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Eikéva eéwe@uAlou: ATmeikOviOn [IE OUVECTIQKN) MIKPOOKOTTIA Twv auénuévwv
EMTEOWY TWV QUTOQPAYOOWUATWY OE VEUPIKA KUTTAPQA TTAPOUCIa TOU K-OTTIOEIO0US
aywvior) U50,488H. lMa ™ Afwn ¢ €IKGvag xpnoiotoinbnke 10 TOAUQWTOVIKO
ouveaTIakO  IKPookOtTio Leica TCS SP8 MP 1mn¢ Movddas ZuveoTiakig
Mikpookortriag, Ivarirouro BiosmoTtnuwy Kai Eeapuoywv, EKE®PE «Anuokpitog»
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«H éykpion tng AidakTopikAg AlatpifAg amé Tto TuAMA BioAoyiag Tng
2xoAng OeTikwv EmiotTnuwv Ttou EBvikou ka1 KatmrodioTpiakou
MavemoTnuiou ABnvwy dev UTTOBNAWVEI ATTOBOX TWV ATTOYEWV TOU

ouyypag@iar»

(N.5343/1932, 4p@po 202)



«To keipevo T1ng AiIdakTopikAg Alatpifig Oe&v  atroTeAei TTpoIdV

AoyokAoTriig»



2TOUG YOVEIG Hou,



NMPOAOIOZ-EYXAPIZTIEZ

H trapouca &idaktopikr SiaTpIy ektrovrBnke oto Epyactipio Kuttapikng
2nuaroddétnong kai MopiokAg PapuakoAoyiag Tou IvoTiTouTou BIOETTIOTANWY KOl
E@apuoywv (IBE) tou E.K.EE.®.E. «Anudkpitogy, umd tnv emifAewn g Ap.
Zageipouhag-Hpw lMewpyouon. H peAétn yxpnuatodotiBnke amd 1o [Npdypapua
«SANITURA» kai «OPENSCREEN-GR» pe emoTtnuovikry utretBuvn 1 Ap. Hpw
ewpyouon.

Oa Bela va euxapioTiow Bepud TN Ap. Mewpyouon, yiati he OEXTNKE OTO
EPYAOTHPIO TNG KAl YIA TNV EUTTIOTOCUVN TTOU POU £J€IGE OTA TTPWTA HOU £PEUVNTIKA
BruaTa. AigBavopal TNV avAaykn va TV eUXapIoTACW IBIITEPA YIA TNV ETTIGTNUOVIK
kaBodAynon, TNV €miBAEWnN Kal TNV APEPIOTN UTTOOTHPIEN TTOU UOU TTapeixe OAa autd
Ta Xpévia.

Euxapiotw etmiong 1a YéEAN NG TpiueAoUg ZUPBOUAEUTIKAG ETMITPOTING, TOUg
Kabnyntéc KwvoTtavtivo Bopyid kai Oupavia ToltolAwvn yia TNV CUPPETOXH Kal
TTapakoAouBnaon g Tpoddou auTrg TnG dIaTPIBAG.

‘Eva peydAo Kai BepPd euxXapioTw AVAKEI OTOUG CUVADEAQOUG HOoU Kal PJEAN TOu
epyaoTtnpiou. [diaitepeg euxapiotieg otnv lMaoxaAiva TaAAGkn kol AAegavdpa
JUPEWVW® ME TOUG OTIOIEG €iXa MIO €CAIPETIKA cuvepyaoia Kal 101AITEPA QIAIKN
eTMKoIVwvia KaBOAn 1n didpkeia NG diaTpIBrg pou. EuxapioTw Toug ouvadéAQoug,
Ap. Mapia [MamrakwvoTavrtivou, Aavdan [MamauBpavouon-Aatrévre Kai  AyyeAikn
ZwTnpiou Xwpig Tn Pondeia Twv otoiwv dev Ba nTav duvartr n oAokARpwaon NG
TTapoucag diatpIBig. ‘Eva peydAo euxapiotw oTtov opomiyo Epeuvnmy A’ KwoTta
latpou kai Epeuvnti I lwdvvn ZwTtnpdtTouAo yia TIG OTTEPIOPIOTEG EPEUVNTIKEG
OUMBOUAEG TTou e BonrBnoav yia Tnv Tepdtwaon Tng d1aTpIBAG pou. Euxapiotw
ermiong 1o uttoAoITa PéEAN  Tou  epyacTnpiou  Avtwvn  Mupiddkn, [pnyopn
Ka@eT{O1TOUAO KABWG Kal TOUG GUVADEAPOUG Pou aTTd Ta UTTOAOITTA £pYACTHPIa TOU
IBE 1Tou cupTtropeutiAkape padi OAa autd ta xpovia. Toug suxapioTw OAoug yia Tnv
Katavonorn, TNV UTTOJOVH, TNV dpioTn cuvepyaacia Kal TNV apépioTn CUPTTapAoTaon.

‘Eva 1TOA0 peydho euxaploTw o@eilw kal ota utmoloimra péAn Tou IBE,
EpeuvnTég, TEXVIKO TTPOCWTTIKO KAl QOITNTEG OI OTTOIoI JE TO évav i} Tov AAAo TpOTTO,
OIEUKOAUVAV TNV KOBNPEPIVOTNTA Pou Kal BoriBnoav oTnv OAOKANpwon TNG EPYacCiag
auTAg. T€Aog, euxapioTw Bepud Tov Ap. Mavayiwtn Anuntpdkn amd 10 IvoTiTouTo
Navotexvoloyiag kal  Navoemotnuwy Tou E.KE.®.E. «Anuokpitog» yia Tnv
€CQAIPETIKA KOl ETTOIKOOOMITIKOTATN CUVEPYATia TTOU €ixape KABWG Kal TRV OIKOVOUIKN

TOU OUUBOAN oTnV TTEPATWON TNG EPYATiag Hou.



Katd tnv exmmovnon tng OI6AKTOPIKAG Hou OIaTpIBAG IDIITEPO KAl ONUAVTIKO
poAo EtTai§av o1 cuvadeA@ol Kai Kapdiakoi pou @iAol o MNwpyog, o MNavvng kai o Nikog
Tou yvwpiléuacTte ammd TNV QoItnTIKA pag Cwr. AKOPG va €uxapioTHoW Yia TNV
uTTOdOVH] TNG TNV oUvTpo@o Hou EAiva tou pe ompife otnv oAokAApwaon Tng
olaTpIfng.

To Mo peydAo euxapioTw At OAA JIKAIWMOTIKA TO aQIEPWVW OTNV OIKOYEVEIX
Mou. ©a nBeAa va ekppdow Tn BabId Jou euyvwpooUvn OTOUG YOVEIG pou MavayiwTn
Kal lwavva koBwg etmiong kal otov adeA@d pou [lavayiwTtn, ol OTToiol Jou
oupTTapaoTadnkav oAdyuyxa oTnv Tropeia pou. H évapgn aAAd kai n oAokArpwon
auTAg TNG O18aKTOPIKAG dIaTPIRRG dev Ba ATav duvarh, €dv dev gixa TNV a1rdAUTN
OTAPIEN TWV YOVIWV Pou, NBIKA KAl OIKOVOUIKA, Kal EUXOUal va atroTeAEl pia SiIKaiwaon
TWV KOTTWV Kal TWV TTPooTTaBeiwyv Toug. H diatpifr) autr eival a@iepwuévn 0Toug

YOVEIG hou, wg eAaxIoTn avTapoifn.



7TMRs
AC
ADP
AMPA.
AMPK
APS
ATF
ATG5
ATP
BSA
CAMP

ChIP
CREB
DADLE
DAG
DAMGO
DMEM
DMSO
DPDPE
DSLET
DTT
ECL
EDTA
EGTA
ERK

EtBr
FST
GABA
GAP

2YNTMHZEIZ

Seven-transmembrane receptors, €TTTA-eAIKOEIOEIG UTTODOXEIG
Adenylyl cyclase, adevuAikry KUKAGon
Adenosine diphosphate, dipwo@opIKr) adevoaivn
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMP-activated protein kinase;
Ammonium persulfate, utrepBeiikd auuwvIo
Activating transcription factor
Autophagy Related Gene 5
Adenosine triphosphate, TpIQwo@opIKr) adevoaivn
Bovine serum albumin, aABoupivn Bdgiou opou
Cyclic adenosine monophosphate, KUKAIKI} HOVOQWOQOPIKA
adevoaivn
Chromatin immunoprecipitation, AvOOOKOTAKPAMVION XPWHATIVAG
cAMP response element-binding protein
[D-Ala?, D-Leu’]-enkephalin
Diacylglycerol, didkuho-yAukepdAn
[D-Ala?, N-MePhe*, Gly-ol°]-enkephalin
Dulbecco’s modified Eagle’s medium
Dimethyl sulfoxide, dipéBuAo-couApoteidio
[D-Pen?, D-Pen’]-enkephalin
[D-Ser?, Leu®]-enkephalin-Thr®
Dithiothreitol, 510€100p€iTOAN
Enhanced chemiluminescence, evioxuuévn XnUEIOPWTAUYEIQ
Ethylenediaminetetraacetic acid, aiBuAevodIQUIVOTETPAOEIKO OgU
Ethylene glucol tetraacetic acid, aiBuAevoyAUKOATETPOOEIKG OEU
Extracellular signal-regulated kinase, kivaon puBui{épevn amo
ECWKUTTAPIKA ONUATO
Ethidium bromide, Bpwpiouxo aiBidio
Forced swim test, Aokiyacia egavaykaouévng KoOAUuBNong
Gamma-aminobutyric acid, y-apivoouTtupikd ogu
GTPase activating protein



GDP
GIRK
GPCR

GR
GRK
GST
GTP
HPA
HRP
IP3
IPTG
JNK
LB
LC3
LIR
MAPK
MRs
MmTOR
NAcC
NBR1
NF-kB
nor-BNI
NRS
N2A
oD
OPTN
ORL-1
ORs
PAG
PAGE
PBS
PCR
PI3K

Guanosine-5"-diphosphate, diQwao@opIKr youavoaivn
G protein-activated inwardly rectifying potassium channel
G protein-coupled receptor, uttodox£ag TTou culeuyvuTtal he G
TTPWTEIVEG
Glucocorticoid receptor, uTTod0X£aG YAUKOKOPTIKOEIBWV
GPCR kinase, GPCR kivaon
Glutathione S-transferase, S-Tpavo@epdon TnNG yAoutaBeidovng
Guanosine-5"-triphosphate, TpIQWOPOPIKI] youavoaivn
Hypothalamic-pituitary-adrenal axis
Horseradish peroxidase, utrepoeidaon Tng patravidag
Inositol trisphosphate, TPIPWOQOPIKN IVOCITOAN
Isopropyl-B-D-thio-galactoside
c-Jun NH,-terminal kinase
Lysogeny broth
microtubule-associated protein Light Chain-3
LC3-interacting region
Mitogen-activated protein kinase, TTPWTEIVIKI KIVAON
Mineralocorticoid receptors, peTaAANOKOPTIKOEIDEIG UTTODOXEIG
mechanistic target of rapamycin
ETKANVAG TTUprvag
Neighbor of BRCA1 gene 1
Nuclear factor-kB, TTupnvikdg mrapdyovrag-kB
nor-binaltorphimine;
Normal rabbit serum, @uoloAoyikKdG 0pdG KOUVEAIOU
Neuroblastoma cell line 2A
Optical density, oTTTIKA TTUKVOTNTA
Optineurin
Opioid receptor-like 1
Opioid receptors, OTTIO€IdEIG UTTODOXEIG
Periaqueductal grey matter, Trepiudpaywyog @aid ouacia
Polyacrylamide gel electrophoresis, nAekTpo@dpnon o€ TIMKTWUA
Phosphate buffered saline, puBuIoTIKO SIGAUNO QWO POPIKWV
Polymerase chain reaction, aAuc1dwTr] avtidpaon TToAugepaong
Phosphatidylinositol 3-kinase, kivdon 3 Tng @wo@aTidulo-



PIP2 Phosphatidylinositol 4,5-bisphosphate, 4,5-819pwo@opikr| IVOGITOAN

PKA Protein kinase A, TTpwTeiVIKA Kivdon A

PLC Phospholipase C, pwo@oAittaon C

PMSF Phenylmethylsulfonyl fluoride

PSD95 Postsynaptic Density Protein 95

PTX Bordetella pertussis toxin, Toivn Tou KOKiTN

PVDF  Polyvinylidene fluoride

RGS Regulators of G protein signaling, puBuIoTéG TNG onUATOdOTNONG
Twv G TTPpWTEIVWV

rpm Revolutions per minute

SDS Sodium dodecyl sulfate, Benk6 dwdeKUAIKS vATPIO

SNPs Single nucleotide polymorphisms

SNAP25 Synaptosomal Associated Protein 25

TAD Transcriptional activation domain

TAE Tris acetate EDTA

TEMED N,N,N’,N’-tetramethylethylene diamine

U50,488H 2-(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1-

ylcyclohexyl] acetamide.

VTA Ventral tegmental area, KOINIGKA wXp& o@aipa

0-OR 0-opioid receptor, 8-0TTI0EIBNG UTTOBOXEQG

K-OR K-opioid receptor, K-oTTio€Id®\¢ UTTOd0XEAG

M-OR M-opioid receptor, P-OTTIOEIBNG UTTOBOXEQG



NEPIAHWYH

O1 omoeideig utrodoxeic (U-OR, 8-OR kai k-OR) avAkouv o©Tnv
UTTEPOIKOYEVEID TWV UTTOdOXEWV TTou ouleuyvuovtal pe TIG G TTpwTEiveg
(GPCRs), o1 otroiol KATAVEPOVTAl OTO KEVTPIKO Kal TTEPIPEPIKO VEUPIKO
ouoTnua kal pubpifouv digpyaoieg TTou OxeTiCovral he Tn O1IABEoN KAl TO
aiobnua avrapoifng. Or k-ommoeldeic uttodoxeic (K-ORs) ekppalovtal eupEwg
o€ ONO TO KEVTPIKO VEUPIKO OUCTNPA KAl EVEPYOTTOIOUVTAI ATTO EIOIKA EVOOYEVNH
OTTIoEId TTOU TTPOEPXOVTAl ATTO TO YOVidlo Tng TTpoduvopivng Kal atrd
eCwyeveig TpoodETeg. O aywVIOTEG TWV K-OTTIOEIdWY UTTODOXEWV TTPOKAAOUV
duo@opia, avndovia Kal KATOBMNITITIKEG CUPTTEPIPOPEG O€ avBpPWTTOUG Kal
MOVTEAD TPWKTIKWV €VW Ol aviaywvioTég Tou K-OR atrotpétrouv  TIg
OUMTTEPIPOPIKEG ATTOKPIOEIG TTOU TTPOKAAOUVTAl aTrd TO OTPES. a To AdyO
auTd TO £VOOYEVEG cuoTnPa duvopivng/kK-OR TTaidel TTOAU onuavTike poAo o€
dlatapaxég TG d1d6eong OTTWG 0 €6I0WAG, To AyXog Kal N KatddAiyn. O k-OR
TpoodéveTal Pe TIC TTPpWTEIiVES Gi/o yia va puBuioel KaBOdIKA PoOpIa TEAEOTEG
OTTWG N adeVUAIKA KUKAGon, ol SiavAol K/Ca*?, n pwogoAimdon C kai oi ERK
1,2 KIVAoeg €TTNPEACOVTOG £TO1 TNV UETAYPAQPN YOVIBIWV KAl TNV KUTTAPIKN
@uaoiohoyia. ‘Exel atrodeixbei 611 évag aplBuog diagopeTikwv GPCRs pubpilel
TNV auToQayida, HEOW BIAPOPETIKWYV PNXavIoOUwV. H autogayia atroTeAei Evav
OMOIOOTATIKO PNXAVIOUO ATTOIKOOOUNONG KUTTAPOTTAACOMOTIKOU UAIKOU PEOW
TWV AUCOCWHATWY KAl OTO VEUPIKO KUTTAPO puBuidel Tnv avamTtuén, Tn
AeiToupyia Twv agévwy, Twv OevOPITWV KAl TWV CUVAYEWV. AVETTOPKNAS A
UTTEPPBOAIKI} auToPayia OTOUG VEUPWVEG GUMPBAAAEI O EKQUAIOUO QUTWV TWV
dopwv odnywvtag oe TTaBoloyikéG aAayéS. H auTtopayia PeTaBAAAEl €TTioNG
TNV KIVNTIKA TNG atreAeuBEpwong veupodiapIBacTwy Kal TV TTUKVOTATA TWV
OUVOTITIKWV  KUOTIOiwV OUPBAAAOVTAG €TO1I O€  PNXAVIOPOUG OUVATITIKAG
TAQOTIKOTNTAG. H TTapouoa epyacia £XEl WG TTPWTO OTOXO VA DIEPEUVATEI €AV
N EVEPYOTTOINON TOU K-OTTIOEIOOUG UTTOOOXEQ ATTO €CEIDIKEUMEVA, €CWYEVN I
evdoyevy meTmidia, O6mmwg 10 U50,488H kai n Auvop@ivniiz, avrioToixa,
puBuiCouv Tov punxavioud TNG auToPAYiag OTOUG VEUPWVEG in vitro Kail in vivo.
EmmAéov, va eAéygel TIG alhayEég TTou  TTapaTtnpouvial o€ OIAPOPES
OUVOTITOOWMIKEG TTPWTEIVES KAl 0T HOPPOAOYia Twv veEupwvwy. ETTITTAéOV wg

OeUTEPO OTOXO £XEI va TTPOCOIOPICEI TO MOPIOKO PMOVOTTATI JECW TOU OTTOIOU O



evepyoTroinuévog K-OR puBuicel Tov auto@ayikd Pnxaviopo Kai va SIEPEUVATEI
TUXOV OAAOYEG TTOU TTPOKOAOUVTAI OTNV £KPPACH AUTOQAYIKWY YOVIOiWV.
TENOG, PE yVWHOVA TO YEYOVOG OTI, TO £VOOYEVEG cuoTnPa duvopivng/k-OR
EVEPYOTIOIEITAI O€ KATAOTACEIG AYXOUG Kal KATABAIWNG £vag onuavTikdg Kal
TPITOG OTOXOG TNG MEAETNG pag €ival va OIEPEUVACEl av TO OEU OTPES
EvepyoTTOIEl TNV auToayia péow Tou K-OR kal eTnpeddel Tic ouvayelg. Ta
TTEIPAPATIKG dedopEva TNG TTapoucag dlaTpIBig dnAwvouv Ot €kBeon
VEUPWVIKWVY KUTTAPpWV oToVv aywvioT Tou K-OR, U50,488H kal oTo evdoyeveg
VEUPOTTIETTTIOIO Ouvop@ivrn, odnyouv OTnV aufnon KOUPIKWY AUTOPAYIKWVY
OeIkTwyv Me O600- Kal Xpovo- eCapTwuevo TpoOTTo. H  emidpaon auth
avTIOTPEPETAI OTTO ETTIAEKTIKOUG avTtaywvioTéG Tou K-OR. O mpwreiveg Gy Kal
ERK1,2 kivaceg eivalr utreuBuveg yia tnv U50,488H-etTayduevn autoayia.
‘Eva evdla@épov elpnua TNG MEAETNG pag ATav OTI n €CApTWMPEVN OTTO TNV
U50,488H evepyomroinon Ttou CREB pubpifer 1t petaypagry Tou
TTpoauTo@ayikou yovidiou becn1, empBefaiwvovrag 611 o K-OR odnyei o€
augnon TNG METAYPOPNAG OUYKEKPIMEVWV aUTOQAYIKWY Yovidiwv. AvaoToAl
Twv ERK1,2 kivaowv atotpémel Tnv U50,488H-eCapTwpevn ouwao@opuliwon
Tou CREB, dnAwvTag 611 Ta onUAvTIKOTEPA KABOBIKG OnuaTtodoTIKG CUCTATIKA
TTOU OUMUETEXOUV OTnV £TTayouevn atmd tov K-OR autogayia ek1é6g atrd TIg
Gi/o kai ERK1,2 kivdoeg TrepIAauBdvouv Kal TOV PETAYPOQPIKO TTAPAyovTa
CREB, o otroiog mpoodéveral oTOov UTTOKIVNTA BIa@OpwyV auTO@AYIKWV
yovidiwv. In vivo TreipduaTta, uotepa amod xoprynon tou U50,488H, £deigav OTi
n emmayoépevn atod Tov K-OR autogayia epgavifetal JOvo OTOV ITTTTOKAPTTO KAl
Oxl 0TO0 PABdWTO Kal TO PAOIO OTTWG ATTOOEIKVUETAI E TA AUENUEVA ETTITTEDQ
Twv autogayikwyv oeiktwv LC3-1I kai Beclin1. EmtAéov, n xoprynon
U50,488H o¢ pueg odrynoe otnv atmmoikodounon Twv BAcIKWV CUVATITIKWYV
TTPWTEIVWV OTTWG o1 oTTivo@IAivn, PSD95 kai SNAP25 pévo oTov ITTTTOKAPTTO.
O1 TTPWTEIVEG QUTEG CUPUETEXOUV OTNV avadIauop@waon Kal AgIToupyia Twv
OevOPITIKWY aKAvBwv Kal ue BAon Ta eupriuata Tng Trapoucasg MEAETNG
Bpédnke 611 aAAnAemidpouv pe TNV TTpwrTeivn LC3 kaBuw¢ evroTriCovial aTo
EOWTEPIKO QATTOPOVWHPEVWY auTo@ayoowudTtwy. EmimTAéov, n avaoToAr Tng
auto@ayiag dev 0dAynoe OE MEIWON TWV CUVOTITOOWUIKWY TTPWTEIVWIV
OUMTTEPAIVOVTAG OTI N ATTOIKOOOUNON QUTWV TWV TTPWTEIVWV OQEIAETAI OTNV

EOWTEPIKEUOT] TOUG OTa autopayoowuara. [MpwToyeveic  KAANMEPYEIEG



VEUPWVWYV £8¢e1Eav etTiong 6T n evepyotroinon Tou K-OR pelwvel Tov apiBud
TWV OIOKAAOWOEWY TWV VEUPITWYV OTOV ITITTOKAUTIO QATTOOEIKVUWVTAG OTI N
EVEPYOTTOINON TNG auTtoQayiag emnpPedadel Gueca Tnv UOpP@OAoyia Twv
VEUPWVWV. Eva dANO evBIOQEPOV ATTOTEAECUA TNG TTAPOUCAG MEAETNG ATAV OTI
n €gavaykaouévn KoAUupBnon (FST) oe pueg odAynoe otnv e€maywyr Tng
autopayiag. H emidpaon autry avaoTEAAETAI PE TN XOPAynon Tou €10IKOU
avraywvioTi Tou K-OR, nor-BNI. TéAog, evdla@épov TTapouCIAlel TO YEYOVOG
OTI n xopriynon tou nor-BNI og pueg o€ KATAOTAOEIG OTPEG, OdNYEi OTNV
Meiwon TG omvo@iAivng, TNG PSD-95 kai Tng SNAP-25, oTtov ITTTTOKauTTo
aAAG 6x1 aTov @AoI6 Twv {WwV TTou UTTOPARBNKaV o€ OTPES. Ta aTTOTEAEOUATA
aQuTd dnNAWvVOUV OTI KATW ATTO0 OUVOAKEG 0EEOC OTPEG, N ATTEAEUBEPWON TNG
duvopPivNG EVEPYOTTOIEI TOV  QUTOPAYIKO MPNXOVIOPNO TTou  odnyei o€
OUVATITOOWMIKEG METABOAEC OTOV ITTTTOKAUTTIO. H TaX€WG avaTTTUCOOPEVN
BiBAIoypagia oxeTikd pe TNV Acitoupyia Tou K-OR e€oTidlel TO evdiapépov NG
OTNV AvdaTtrTugn avraywvioTwy Tou UTTODOXEQ VIO VEEG BEPATTEUTIKEG AYWYEG
yia TNV KatdBAiyn Kai TIg ayxwoEelg diatapaxEg, Kabuwg Kal yia 1n puduion Tou
OTPEG Kal Tn Meiwon Tng Ouocgopiag oe KataoTdoelg €Biouou. Ta
ATTOTEAEOUATA PAG TTAPOUCIAloUV £va VEO oNUATOOOTIKO POVOTTATI Tou K-OR,
OTTOU Ol ETTIAEKTIKOI TTPOCOETEG TOU UTTOPOUV va puBuifouv TNV auto@ayia Kal
va TTPOKOAOUV aANQYEG OTIC OUVAWEIC O€ KATOOTAOEIG 0O&E0oG OTpeG. Ta
gupnuaTa autd PITopouV ETTIONG va €ENYrOOUV TOV TPOTTO dPACNG TwV EIBIKWV
K-OTTIOEIOWV AVTAyWVIOTWY TTOU BpiokovTal oruepa o€ KAIVIKEC SOKIUES @AONG
Il yia T Bepartreia veupowuxlatpikwy dlatapaxwyv Adyw Tou oTpes. Ta
atmroTeAéopaTa TNG TTapouong diaTpIRrg Ba dicupUvouv TNV UPICTAUEVN YVWOT
TTOU UTTAPXEI O€ OXE0N ME TNV AEITOUPYIKOTNTA KAl TO pOAO TTOU TTailel 0 K-OR
og Béuara TTou a@OopouUv aAAayEC OTNV VEUPWVIKN TTAAOTIKOTATA Kal Ba
Bonbnoel otov TTPOCdIOPICHO VEWV PAPPAKOAOYIKWY TTAPAYOVTWY KAl OTOXWV
YO TNV KOTATTOAEUNON TWV VEUPOWUXIOTPIKWY TTABACEWV TTOU OXETICOVTal HE

TO AyXOG Kal TNV KatadAiyn.



SUMMARY

The molecular mechanisms that govern anxiety, depression and
associated stress-related neural responses and pathologies are poorly
understood. Opioid receptors (U-OR, 8-OR and k-OR) regulate motivational
processes and are important players in psychiatric disorders. Accumulating
evidence suggests that k-OR antagonists and 8-OR agonists exert promising
antidepressant potential. Consistent with these findings the k-OR and its
endogenous neuropeptide ligand dynorphin A were found to play a key role in
modulating stress and mood and specific k-OR antagonists are currently in
phase Il clinical trials. Opioid receptors and their complex signalling are
known to regulate neuronal plasticity and neurotransmission; however, the
underlying mechanisms remain as yet, unclarified. A growing body of
evidence indicates that systemic administration of k-OR ligands produces
mood altering effects in classical models of depression. Notably, k-OR
agonists and antagonists showed depressant and antidepressant effects
respectively, in the forced swim test and learned helplessness in rats. Stress
blocks LTP through release of endogenous opioids, a finding supporting
previous observations that stress is accompanied by release of the
endogenous k-OR agonist dynorphin and subsequent activation of the k-OR
with an as yet unknown mechanism. Emerging evidence suggests that G
protein-coupled receptors (GPCRSs) are direct sensors involved in regulation
of the autophagic machinery while autophagy is recently shown to regulate
synaptic morphogenesis and function.

Autophagy is a regulated process for degradation of cytosolic
components and organelles through delivery to lysosomes. Its primary role is
to ensure cell survival under stress conditions. In neurons, basal levels of
autophagy help to control the cellular quality of proteins and protect cells from
protein aggregation. Recent results suggest that autophagy regulates the
development and function of axons, dendrites and synapses whereas,
insufficient or excessive neuronal autophagy contributes to pathological
changes in these structures. Autophagy alters the kinetics and
neurotransmitter release and the density of synaptic vesicles. The modulation

of vesicle numbers or evoked neurotransmitter release by presynaptic



autophagy may contribute to synaptic plasticity mechanisms such as synaptic
potentiation and depression. Autophagy has also been implicated in the
degradation of postsynaptic receptors such as GABAx and AMPA receptors.
Moreover, it was previously demonstrated that activation of the 8-OR with
selective agonists is implicated in the regulation of neuronal differentiation,
neurite outgrowth and survival through the formation of a dynamic protein
complex “signalosome” composed of Gi/o, RGS proteins transcription factors
and the neuronal protein spinophilin.

Using in vitro and in vivo studies, this study aims to clarify the potential
role of autophagy and k-opioid receptor (k-OR) signaling on synaptic structure
and integrity. We hereby demonstrate that the selective k-opioid receptor (k-
OR) agonist, U50,488H and the endogenous neuropeptide dynorphin induce
autophagy in a time-and dose-dependent manner in neuronal cells by
upregulating microtubule-associated protein light chain 3-11 (LC3-Il), Beclin 1,
Atg5 and reducing p62 protein levels. Moreover, pre-treatment of neuronal
cells with pertussis toxin blocked the above k-OR-mediated cellular changes,
indicating the involvement of Gi/o proteins in the k-OR effects. Our molecular
analysis also revealed a k-OR-driven upregulation of becnl gene through
ERK1,2-dependent activation of the transcription factor CREB in neuronal
cells. Our in vivo studies demonstrate that mice treated with U50,488H
displayed profound increases of specific autophagic markers in the
hippocampus with a concomitant decrease of several pre- and post-synaptic
proteins such as spinophilin, PSD-95 and SNAP25, which interact with LC3,
suggesting that these proteins are plausibly engulfed in the k-OR-induced
autophagic cargo. Also, using acute stress (force swim), a stimulus known to
trigger synaptic loss and also increase levels of the natural ligand of k-OR,
dynorphin, we demonstrated that the administration of the k-OR selective
antagonist, nor-binaltorhimine (norBNI) before stress blocked the stress-
evoked reduction of synaptic protein and the accompanied induction of
autophagy in the hippocampus. Finally, pre-treatment of neuronal cells with
the k-OR antagonist CERC-501, which is at clinical phase Il as anxiolytic
drug, inhibits k-OR mediated autophagy in vitro. These findings provide novel
insights about the essential role of autophagic machinery into the
mechanisms through which k-OR and its signaling regulated brain plasticity.



Elucidating these molecular mechanisms will revolutionize disease diagnosis,
allow the identification of new therapeutic targets and lead to the discovery of

novel therapeutic agents and effective treatments.
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1.1 Emra-eAikos1deig diapepPBpavikoi utrodoxeig ou oculeuyvuovTal
ME G-rpwTEiveg (GPCRS)

O1 emrragAikoeideic diapepBpavikoi uttodoxeic TTou ouleuyvuovtal Pe Tig G-
mpwreiveg (G-Protein Coupled Receptors, GPCRs) atmoteAolv Tn upeyaAuTtepn Kai
O TTOAUTTOIKIAN  OIKOYEvEId  DIAUEUBPAVIKWY UTTOOOXEWV OTOUG  EUKOPUWTEG.
XapaKkTnPIOTIKO gival TO yeyovog 6Tl Ta yovidla TTou KWAIKOTTOIOUV auTrh TNV opdda
UTTOOOXEWV ATTOTEAOUV TTEPICCOTEPO TOU 1% Tou avBpwTTivou yovidiwpaTtog (Allen &
Roth, 2011). AuToi ol SIaPEUPPAVIKOI UTTODOXEIG HETAPEPOUV EVOOKUTTAPIKA TO ONUa
OexdueVOl UNVUPOTA OTTWG N EVEPYEID TOU QWTOG, TTETTTIOIA, AITTidla, odakxapa Kal
TTPWTEIVEG. H AgiToupyia Toug auTr] eMITEETTEI TNV OIOKUTTOPIKI ETTIKOIVWVIO IE OKOTTO
Ta KOTTAPA va avtiAn@Bouv Tnv TTapouadia f TNV aTTousia QwTtog, BPETTTIKWV OUCIWV
TTou dlaTnpPouV TN {wn oTO TTEPIBAAANOV TOUG KAl VO  PETAPEPOUV TTANPOYPOPIES TTOU
atrooTéAovTal atrd aAAa kUTTapa. H oikoyévela Twv GPCRs 1Tou gvToTriCovTal OTOV
avBpwTtro xwpiletar o€ 4 PeYAAEG KATNyopieG avAAoya HE TNV AMIVOEIKA TOUg
aAAnAouyia:

I. A (rhodopsin),
II. B (secretin and adhesion),
lll.  C (glutamate), kai

IV.  F (Frizzled) utrooikoyéveia

Mapadeiyyata TETOIWV  UTTOOOXEWV ATTOTEAOUV O UTTODOXEIG OPHOVWV
(kaAaiTovivng), veupodiafiBacTwy OTTWG TNG OEPOTOvivng, TNG VTOTTAMIVNG, TWwV
OTTIOEIBWV, TWV 16VTWYV, TOU QWwTAG, 1 Kal oopwy. O GPCRs gAéyxouv Tn @ualoAoyia
TWV KUTTAPpWV 0€ OAOUG OXEDOV TOUG OPYAVIOHUOUG KABWGS AEITOUPYOUV WG PUBUIOTEG
TTANBWPAG KUTTAPIKWY CNPATOOOTIKWY HOVOTTOTIV WG ATTOKPIoN O& OIAQOPETIKA
€idn epeBiopudTwy Kai yia autoUug Tou Adyoug n Opdon Toug €xel ouvoedei pe
o1d@opeg TmaBoAoyieg. H cuppetoxry Twv GPCRs oTtn @uaoioloyia kal o€ aocBéveleg
Tou oxeTiovial pe Tnv OUCAEITOUPYiO TOUG, KATATACOOUV QUTH TNV OIKOYEVEIQ
UTTOOOXEWV OTOUG TTPWTOUG PAPHAKOAOYIKOUG OTOXOUG BepaTreiag oe oxéon ME
GAAoug uttodoxeig. YTroAoyietal 611 TTAvw aTtd 10 36% TWV QAPPAKWY TTOU £XOUV
eykpIBei atmd 10 avrioToixo @opéa NG Auepikng FDA otoxelouv o€ Kdtroio atrd Ta
MEAN TNG oikoyévelag Twv GPCRs. TeAeutaia oTaTioTikd dedouéva dnAwvouv o011 527
POPUOKEUTIKEG OUOieg KaBWG Kal 60 akOua uTToYnRPIa GAPUAKA TTOU £XOUV EYKPIOET

atré Tov FDA otoxelouv oe GPCRs. O1 YeAETEG yia TV KaTtavonaon Tng Asitoupyiag
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Twv GPCRs xdapioav 10 2012 10 Bpapeio Nobel otoug €18IKOUG ETTIOTHOVEG GTOV
xwpo Twv GPCRs, Robert Lefkowitz kai Brian Kobilka kaBwg fiTav o1 TpwTol TTou
oAokAjpwoav Tnv KAwvoTtroinon, Tnv aAAnAouxion kai kpuoTaAAwon Tou [2-
adpevepyikou uttodoxEa avoiyovtag €10l TOV OPOUO YIa TOV TTPOCBIOPICHO Kal TNV
avdAuon TnG Ooung akdéua Tepioadtepwv GPCRs (Schaffhausen, 2013). H
evepyotroinon Twv GPCRs atmd Sl1apopeTIKOUG TTPo0dETEG 0dnyel o€ aAAayr TG
OTEPEOBIANOPPWONG TOU UTTODOXED HE ATTOTEAECUA VA TTUPOOOTEI TNV KUTTAPIKA
onuatrodoétnon péow dUO KUPIWV HPOVOTTATIWY, AUTO TWV G-TTpWTEIVWV aAAG Kal
avegdptnta ammd TG G-Tpwrteiveg OTTwWG  €ivar n  onuatodétnon HEOowW TwV
appeoTivioy. O1 TTpoodéteg Twv GPCRS, avdloya pe tnv €midpacn 1Tou £XOUV WG
TPOG ThV evepyotroinon Twv G-TTpwTeEivwy, dlaxwpifovial o€ TTAAPEIG AywVIOTEG,
MEPIKOI AyWVIOTEG, AVTAYWVIOTEG KAl avTioTpo@oug aywvioTéG. O aywvIoTEG TwV
GPCRs TrpokaAoUv Tnv evepyotroinon TTOANGTIAWY  BloXNMIKWY  avTIOPATEWY
KABOOIKWV HOPiwV TEAEOTWV HPE ATTOTEAECHA TNV YovOIOKA PUBUION €VW OI PEPIKOI
aywvIoTEG 1 Ol AVTIOTPOPOl AYWVIOTEG TTPOKAAOUV  HEIWMEVEG  ATTOKPIOEIG
OUYKPIVOUEVOI JE TOUG aywvioTéG. AvTIBeTa, o1 aviaywvioTég JTTopolv  va
eutrodicouv TNV PETAdOON €VOOKUTTOPIKA TOU OAMOTOG KOaBWG JTTopouvV va
TPpoodeBouV o€ auToug Kal va TTapeUBAAAoOUV OTnV TTPOCOECN TOU AywvIOTN A va
0dnyouv OTNV ATTEVEPYOTTOINCT TOU UTTOdOXEA PEOW TNG EOWTEPIKEUONG Tou. 'ETOI, N
Asiroupyia Twv GPCRs kai n diagopikry 6pAdon Twv TTPOCOETWY TOUg TTaifouv TTOAU
onpavTiké pOAo GTNV QUOIoAoyia Tou avBpWITIVOU CWHATOS Kal N Katavonaon autwy

TWV UTTOB0XEWV EXEI ETTNPEACEI O€ PMEYAAO BaBud Tn oUyxpovn IaTPIKN.

1.2 Omoe1deig utrodoXEig

O1 omiocideig gival dlapeuBpavikoi UTTODOXEIG TTOU AVIKOUV OTNV OIKOyévela A
TNG UTTEPOIKOYEVEIOG TwV UTTOdoXEWV TTou culelyvuvtal pe G Tpwreiveg (G protein
coupled receptors, GPCRs) (Corbett et al, 2006). O1 Tpeig BaAcIKOi UTTOTUTTOI TWV
otmogIdwv uttodoxéwv d-, 6- Kal K- (M-OR, 6-OR, k-OR), kwdikoTToloUvTal aTmd TO
avtioToixa yovidia OPRM1, OPRD1, OPRK «kal avaAuoeig Twv aAAnAouxiwyv Toug
£deiEav Peyadho TTooooTd opoAoyiag petau toug (Law et al, 2013). Ké&Be TtUTTOC
UTTOOOXEQ KATNYOPIOTTOEITaI 0€ BIAPOPOUG UTTOTUTTOUG OI OTTOI0I XapakTnpiovTal atrd
O1aQOpPETIK)  ouyyévela TPOodeong yia OIGPOPOUG TIPOCDETEG, QYWVIOTEG KAl
avraywvioTég (Dietis et al, 2011). Tautdxpova £xel TautoTroINOei évag akdpa TUTTOG

oTmiogidoug utrodoxéa, o opioid receptor like-1 (ORL1), o otroiog evw eival aTevd
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OUYYEVIKOG JE TOUuG UTTOAOITTOUG, BACN TNG AUIVOEIKNG OUOAoYiag TTou TTapouaialel Pe
auToug (TTepIoodTEPO atmo 60%), xapaktnpietal amd xaunAfl ouyyéveia TpoOodeong
yia Toug oTriocldeic TTpoodéTec (Mika et al, 2011).

O1 ommogideig utTodOoXEIG EPPaviCouv PeTagU Toug opoIdTnTa ~60-70% pE TIG
MEYOAUTEPEG BIOPOPES va EVTOTTICOVTAI OTA AMIVOTEAIKA Kal KapBoEuTeAIKA Toug Akpa
EVW TN PeyaAuTepn opoAoyia Tnv gugavidouv oTig dlapeuBpavikég Toug éAkes (Chen
et al, 1993; Waldhoer et al, 2004). O ommocideig uttodoxeic (ORs) evepyoTroloUvTal
ammd HIa o€Ipd XNUIKWY Hopiwv OTTwg Ta evdoyevr OTTIOEIdr, dIAQopa OTTIOEIdN
TeTTiOIa KAl Ta aAKAAOEI®A (QUOIKA i ouvBeTIKA). AauBdvouv PEPOG ot dIAPOPES
EYKEQAAIKEG dlepyaaieg TTou oxeTiCovTal he TRV avaiynoia, Tn didbeon, 1o dyxog, TNV
KaTtdBAIyn kal 1o aiobnua avrauolfrig. Téoo ol ORs 600 Kal Ta vOOYEVH OTTIOEIDN
memTidla (B-evOop®iveg, eykePaAiveg, duvopeives yia Tov P-OR, 6-OR kai k-OR
QVTIOTOIXO) TTOU TIPOOBEVOVTOI OE AUTOUG e€KPPAlovVTal 0 ONO TO KEVTPIKO Kal
TTEPIPEPIKO VEUPIKO OUCTNUA, OTO VEUPOEVOOKPIVIKO GUCTANA (YOOTPOEVTEPIKN 000G,
oupodOXoG KUOTn, Bupeocidrig adévag), oTa KUTTAPA TOU avoOoOoTIoINTIKOU, TNG
kapdiag kai Tou dépuartog (Stein & Machelska, 2011). Or TreploxéG TOU eyKePAAOU
o6tTou evromiovTal ol ommocldeic utTodoxEic €ival utTelBuveg yia Tn puBuicn Tou
TéVoU, TNG EUPOPIaG, TNG EUXAPIOTNONG, TOU AICOAUATOG avTapoIBrG, TNG aTTOKPIoNG
OTO OTPEG Kal To Ayxog (Eikéva 1). Tautdxpova, ol OTTIoeIdEIG UTTODOXEIG EKPPAlovTal
EMAEYPEVA O€ I0TOUG KAl Opyava dIAQOPETIKA TOU VEUPIKOU, OTTWG O€ KUTTAPA TOU
Huokapdiou, evOOKPIVIKA Kal VEUPIKA KUTTAPA TOU TTETTTIKOU CUCTANOTOG, OAAG KaI O€
evooBnAlokG KUTTapa Twv KUWeAidwy Twv Trveupdvwy. Etol eumrAékovral o€
AgiToupyieg 6TTWG N PUBPION TNG KAPBIAKNG AEIToUpyiag, n KapdioTTpooTacia EvavTi
IOXaIgiog  Kal n  avaoTaATIK )  puBpion Tng OpAong TOU YAOTPEVTIEPIKOU Kal
avaTveuoTikoUu cuoTAPaTog (De Luca & Coupar, 1996; Sobanski et al, 2014; Wong
et al, 2010; Zebraski et al, 2000).

O1 omoeideic utrodoxeic ouleuyvuvial Kupiwg He TIG Gy, TTPWTEIVESG Kal
peTafiBalouv 1o onfua puBuifovrtag €101 KOBOOIKA WOpPIa TEAEOTEG. ZUYKEKPIUEVA
TIPOKAAOUV TNV KATAOTOAR TnG €vepyoTntag Tng adeVUAIKNAG KUukAGong (adenylyl
cyclase, AC), pe amoTtéAeopa Tn Peiwon Twv emmmédwy Tou KUKAIKOU AMP (cAMP)
oTo KUTTapo (Standifer et al, 2007). EmmitAéov, o1 oTTio€IdeiG uTTodOoXEIG TTai(ouv POAO
oTn PUBUIoN TTANBWPAS SIOPOPETIKWY POVOTTATIWY KUTTAPIKAG oNPaToddTtnong 0TTwg
givar n evepyotrroinon T1nNG Qwo@oAirrdong C (phospholipase C, PLC), Ttwv

TTIPWTEIVIKWV KIVOOWV EVEPYOTTOIOUUEVWY aTrd pIToyova (mitogen-activated protein
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kinases - MAPKs) aAAG Kai Twv 1ovTIKWV KavaAiwv K kai Ca*? (Corbett et al, 2006;

Law & Loh, 1999; Law et al, 2000).
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Eixova 1. Karavoun twv TpIWV KUPIWV EVOOYEVWYV OTTIOEIOWY TTEMTIOIWYV Kal TwV TPIWV
urmodoxéwv U-OR, 6-OR kal k-OR, 01N TEPIOXT] TOU EYKEPAAOU O€ eyKAPOIES TOUES. Ta OXETIKA
EMITESA EKPPATNS TWV OIAPOPETIKWY TTETTTIOIWVY KAl UTTOBOXEWV avTioToiXouv atn diafBd6uion

ToU ueyéBouc Twv auuBoAwy (Benarroch, 2012).

2UhQwva e dedopéva Tou 2018 ammd 10 National Institute of Drug Abuse Tng

Apepikng, 128 avBpwtrol xavouv Tn {wr Toug KaBnuepiva atrd uttepBOoAIKH doon

OTTIOEIBWV ETTIPEPOVTAG MIO YEVIKEUMEVN KPION OTO oUCTNUAO uyEiag aAA& kai Tnv

KOIVWVIKOOIKOVOMIKY Cwr). H KaTtamoAéunon autwyv Twyv Qaivopévwy £EAPTNONG Kal

avoxnig mpouTToBéTel BabuTepn Katavonon Twv PNXaviopwy dpdong Twv OTTIoEIdWV

UTTOOOXEWV OTN KUTTAPIKN @QuaioAoyia Péow TNG METAYWYAS ONPOTOS WOTE vd



dlatnproouy TIG avaAynTikEéS 1I016TNTEG TTApaKAUTITOVTAG TIG TTapeveépyeieg (Volkow &
Baler, 2018).

1.3 Aopn Twv oTriogIdwV UTTOSoXEWV

O1 omioeideic uttodoxeic ammoTeAouvTal ATTO €TTA SIANEUPPAVIKEG ENIKEG TTOU
ouvOiovTal JE TPEIG £CWKUTTAPIKESG KAl TPEIG EVOOKUTTAPIKEG BNAIEC. TO auIvOTEAIKS
Gkpo evToTTiCeTal EEWKUTTAPIA KAl padi Pe TIG EEWKUTTAPIEG BnAIEG euBuvovTal yia TNV

avayvwpion Kai TNV aAANAeTTidpacon e Toug TTpoadéTeg (Eikdva 2).

Extracellular
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1-66 67-96 TM2  146-165 T™M4 237-259 TM6 314-330  331-400

Extracellular TM1 85-102 TM3 175-190 TMS 262-284 TM7 Intracellular
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Extracellular TM1 96-117 TM3 174-196 TMS  276-299 TM7 Intracellular
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1-58 59-85 TM2 133-154 TM4 223-247 TM6 312-333 334-380

Eikéva 2: Sxnuarikn ameikévion NS 00unNS Twv ormiogidwyv uttodoxéwyv. Ta auivoééa tou givai
ouvrinpnuéva petaéu Twv avBpwmivwyv p-OR, 6-OR, k-OR ¢ivar pe kOKKIvo xpwua.
Arreikoviovrai duvntikés Béoeic yAukoluAiwong aomrapayivng oto eEWKUTTAPIKO AUIVOTEAIKO
dkpo kai duvnTikéG Béoels TTaAuITuAiwong karaAoimwy kuoTeivng oto KapBoéureAikd dakpo. O
poAoc 1n¢ Asp ornv Tpitn SiausuBpavikn mepioxy (TM3:08) kai tng His otnv €ékmn
OraueuPpavikyy mmepioxy (TM6:17) éxer amodeixBei 611 givar onuavriky yia 1 1TPOCOECN



omogidwv avaAdywv. H peydAn evookurrapikp 6nAid petaéo TMS kar TM6 arroreAsi 6éon
EMAPNS pE TNV a-utropovada tng G mpwreivng.

O1  eCwkuttapikég BNAIEG  TTapouoidfouv  KATTOIA  cuvTnpEnuéva  OouIKA
XOPAKTNPEIOTIKA OTTWG O OICOUAQIBIKOG OeONOG METAEU auIVOLEwV TNG TPITNG Kal
0elTePNG €AIkag TTou puBpiel TN oTaBepdTnTa TNG OOWNAG Tou uTTodoxéa OTO
€EWKUTTAPIO TUAMA Kal oxnuaTifel To onueio €l06dou Tou TTPoodETN OTO binding
pocket. H Tpwtn e€wkuttapiki OnAId TTapéxel dOUIKA OTAPIEN OTO EEWKUTTAPIO TUHAMA
TOoUu uTTodoXEa Kal PTTOpEl va eTTnpedoel Tn B€on SE0PEUONG TOU TTPOCOETN EVW N
0eUTePN, TToU BIABETEI TN MIKPOTEPN OPOoAOYia PETAEU Twv UTTOdOXEWYV, €UBUVETAl YIO
TNV E€MAEKTIKOTNTA TWV TTPOCOETWV Kal TNV aAAOCTEPIKA pUBUIoN Tou uttodoyxéa. H
TPITN €€WKUTTAPIKA BNAIG eTTnpedlel T6OO TNV TTPOCOECN 00 Kal TNV EVEPYOTTOiNON
Tou uttodoxéa atrd Toug TTpoodéTteg (Peeters et al, 2011).

H 71piTn evdokuttapiK BNAIG Twv OTTIoEIdWY UTTOBOXEWV  €ival APKETA
ouvTNENMEVN METALU TWV TPIWYV UTTOTUTTWV M-, 8-, K-OR kal Bewpeital wg o BACIKOG
KaBopIoThG TNG €¢e1dikeuong oTn oUCeuén PETAEU BIAPOPETIKWY UTTOPOVAdWY Twv G
TPWTEIVWYV. ZUYKEKPIYEVA, TA TTEIPAPATO QUTWV TWV HEAETWYV aTTédEIGav TNV
OUVEICQOPA TOU apPXIKOU Kal TEAIKOU THAMATOG TNG TPITNG EVOOKUTTAPIKAG BNAIGG 0T
o0geugn Twv Gia, kal Gias UTTooVAdWY e Toug U- Kal 6-ORs Kal oTnv evepyoTToinoh
TOUG KABWG Kal OTnNV €vepyoTToinon TnG adeVUAIKAG KUKAAONG TTou gival o KUPIOG
TeEAEOTAG TOoug (Georgoussi et al, 1997; Megaritis et al, 2000; Merkouris et al, 1996).
EmmAéov, peAéteg €dei§av OTI n TPt vOOKUTTAPIKA OnAId Twv OTTIoEIdWV
uttodoxéwv pecoAaBei atnv  €dIkfy evepyotmoinon Twv G TpwTeivwv  atTd
OuyKekpIpuévoug aywvioTég (Chaipatikul et al, 2003, Merkouris et al, 1996). Mépav
Opwg aTTé TN onuagcia TnG TPITNG vOOKUTTAPIKAG BNAIAG 0Tn 0UCeuén Twv OTTIOEIdWV
uttodoxéwv Pe TIG G TTPWTEIVEG, @aiveTal OTI QuTh N TTEPIOX €uBUvVETaI Kal yia TV
OAANAETTIOpaCN PE TTOAAEG KUTTAPOTTAQOMATIKEG TTPWTEIVEG KABWG Kal yia TN aAAayn
TOU ONUATOdOTIKOU PovoTTaTiou Tng TTAnpogopiag trou diafifaderal. ‘ETol, £xel Bpedei
OTI N TTPGOdEON TNG KAAWOBOUAIVNG yiveTal oTnv TpIiTN €VOOKUTTAPIKK BnAid Tou pu-OR
kai 0-OR, otnv idia Trepioxny o6mou Tmpocdévovtal Kal ol G TTpwTEiveEG, Kal O
avTaywviopog otny Tpoadeon odnyei o€ peiwpévn evepyotroinon Twv G TTPWTEIVWV
(Wang et al, 1999, Georgoussi et al, 2006). In vitro TTeipauata pulldown TTpdodeong
€deicav Ot n TpiTn BnAIG Tou 8-OR d1a6€Tel eTTioNG onueia aAAnAeTTidpaong pe TIg B-
appeoTiveg 1 kai 2 (Cen et al, 2001).

To kapBouteAikd akpo Twv GPCRs, tTou diabétel Tnv €Aika VIII, atToTeAei pia

OUVAMIKA TTEPIOXN YIa TNV PUBUIOH TwV UTTOBOXEWY AUTWY, KABwWG TTaiel onuavTiko
.



pPOAO OTn peTAdoONn Tou gpeBiouartog, otnv avadimAwon, OTIwWG ETTIONG Kal oTnv
evepyotroinon Twv GPCRs (Bockaert et al, 2003). H éAika VI avayvwpilel didgpopeg
aAANAeTIOpWOES TTPWTEIVEG OTTWG gival oI G-TTPWTEIVES, TTPWTEIVES IKPIWKATA OTTWG N
OTTIVOQIAIVN Kol AAAEG PUBUIOTIKEG TTPWTEIVEG OTTWG 01 appeaTiveg (Georgoussi et al,
1997, Georgoussi et al, 2012). O1 aAAnAemdpdoeig autég emnpedlouv TNV
gVEPYOTTOINON, TNV EVOOKUTTAPWOTN TOUu UTTodoxéa aAAG Kal Tnv onuatoddTnorn Tou
uttodoxéa. Ta KapPoEUuTEAIKA Akpa Twv M-, 8- Kal K-OR éxouv TTapouolo péyebog,
arroteAovupeva amod 63 apivoééa yia Tov - uttodoxéa, 55 apivoééa yia Tov O-
uttodoxéa Kal 51 apivo&éa yia Tov K- uttodoxéa, dIaPEpouv OUWG OTO PEYAAUTEPO
MEépoG TNG aAAnAouyiag Toug. MNMapdAa AUTd, TA CUYKEKPIPEVA THAKATA TWV OTTIOEIBWY
UTTOO0XEWV BIABETOUV HIO CUVTNPNMPEVN TTEPIOXN KOVTA oTnv £Bdoun dlaueuBpavikni
TTEPIOXH], KOIVA KAl YIO TOUG TPEIG UTTOTUTTOUG OTTIOEIBWY UTTOBOXEWV. H TTEPIOXA auTh
atroteAgital atrd Tnv apivoéikh aAAnAouxia YAFLDENFKRCFRXXC.

Ta kKapBoGuteAikd dAKpa Twv OTTIOEIdWY  UTTOOOXEWY  gival  TTEPIOYEG
aAAnAemidpaong yia advw amd 10 GIPs (Georgoussi, 2008; Milligan, 2005). To
KapPoluteAlkdO Akpo Twv  omoeidwy  uTtodoxéwv  gival  €mmiong  OTOX0G
QwaoopuAiwong yia TiIS GRKs kal GAAeg KIvaoeg, KaBwg TTePIEXEl TTOAAG KATAAOITTO
oepivng/Bpeovivng. Meipapatika dedopéva €xouv Ocgitel Twg n  avrikardotaon 3
auIvVOEEWV-KAEIBILWV 0TO KapBogUTEAIKO dKpo Tou B-OR, ammoTpéTrel TNV TTPOCOECN TNG
GRK aTtov utmrodoxéa kal Tn Qwo@opuAiwon Tou (Guo et al, 2000). Akdua, ol
STAT5A/B petaypa@ikoi TTapdyovteg aAANAETIOPOUV pe Ta KAPBOEUTEAIKG AKPa TwWV
M-OR kai 8-OR, kai n mpdodeon yivetal oto YXXL cuvrnpnuévo portiBo (6tmou Y
OTTOIOONTTOTE QUIVOEU) TTOU UTTAPXEI KAl OTOUG TPEIG OTTIOEIDEIG UTTODOXEIG OTTWG EXEI
avaeepBei TTapatrdvw, SEIKVUOVTaG OTI TO KAPPOEUTEAIKO dkpo Twv P-OR kar 6-OR
XPNOIYEVEI WG TTAATPOPHA VIO TO OXNUATIOHNO TTOAUTTPWTEIVIKWY CUUTTAOKWY TTOU
mepIAapBavouv TiIg STATS kai péAn Twv Ga kai GRy utropovédwy (Georganta et al,
2010; Mazarakou & Georgoussi, 2005).

OAa autd Ta atroteAéopaTa UTTOOEIKVUOUVY OTI N TPITN eVvOOKUTTAPIKY BnAId Kal
TO KAPPOGUTEAIKO AKPO Twv OTTIOEIdWV UTTOBOXEWV OTTOKTOUV MIO OUYKEKPIPEVN
OTEPEOBIANOPPWOT ECWTEPIKA TNG HEPBPAEVNG, OTTOU dnuIoupYEITAl HI «TTAATOOPHON»
TAvw OTnv otoia  utmopolv  va  TTPocdévovTial  BIAPOoPES  TTPWTEIVEG  TOU
KUTTapoTTAdopatog. Me autdv Tov TpOTTo €ival duvatr) n dnuioupyia CUPTIAOKWY
€VOOKUTTOPIKA TOU uTrodoxéa, Ta oTroia eubuvovtal yia Tnv e&eidikeuon Tng

onparoddétnong, yia TN QWo@OPUAIWON TOU UTTOdOXEd, TN QUOPOPUAIWCN GAAWV
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TTPWTEIVWY, YIa TOV TEPUATIONO TOU OAMATOS Kal TEAOG yia Tnv €vOOKUTTWON TOU

uTTO00XEQ KAl TN HETAYPA®A SlIaQOpwY YOVIBiwV.

1.4 TMpoodéreg TWV OTMIOEIBWYV UTTOSOXEWV

O1 TTPoCOETEG TWV  OTTIOEIdBWY  UTTOOOXEWY  ATTOTEAOUV  TTETTTIOIN  TTOU
TTapdyovTal evOOYEVWG, MOpIa TTou evroTTi(ovTal TNV QUon, OTTWG TO aAKAAOEIDES
Mop@ivn, OUVBETIKA Kal NUICUVOETIKA €pyacTnpIaKa MOpIa aTrd TPOTIOTIOINCOEIS
QuoikKwy oTTioeidwy. O1 diIapopol TTPOCOETEG DIAPEPOUV WG TIPOG TNV CUYYEVEIQ
TPOCcdeoNG Tou eu@aviouv yia KABe TUTTO uttodoxéa KaBwg Kal w¢ TTPOG TNV
KUTTOPIKA aTTOKPIOTN, OKOPa Kal yia Tov idlo TUTTo uttodoxéa. lMNa 1o Adyo autd ol
OTTIOEIOEIC TTPOCOETEG KATNYOPIOTTOIOUVTAl WG €IDIKOI, 1} MN €I0IKOi, avaAhoya WeE Thv
OUYYEVEID TTPOCOECNG TTOU TTAPOUCIAZOUV PETOEU TWV UTTODOXEWYV, WG AYWVIOTEG,
MEPIKOUG aywVIOTEG A avTaywvioTéG avaloya pe Tnv BloAoyik aTrdékpion Trou
eTTAYOUV PETA TNV TTPOCOECT TOUG.

Ta evdoyevry otmiocid TTETTIOIO TTAPAYOVTAl O VEUPWVEG TOU KEVTPIKOU
VEUPIKOU OUOTANOTOG Kal 0 €VOOKPIVEIG DOUEG, OPWVTAG OTO idI0 TOV VEUPWVA I OF
YEITOVIKO €iTE O€ TTEPIOOOTEPO ATTOPNOAKPUOUEVOUG OTOXOUG. 2TA €VOOYEVA TTETTTIOIN
TepIAapBAavovTal oI eyKEPAAVES, oI SUVOPYIVES Kal evOOPPIVES T OTTOIa TTPOEPXOVTAI
amd Ta PeYAAUTEPO TTPOTIETITIOIN OTTWG O TTPOEYKEPAAIVEG, TTPOdUVOPYIVN Kal
TIPOOTTIOPEAQVOKOPTIV avTioToixa. Ta Tapatmdvw evdoyevr) TETTTIOIA dlaBéTouv
OIOPOPETIKA IKAVOTNTA TTPOCOECNG YIa KABE éva atmd Toug TPEIG TUTTOUG OTTIOEIdWV
uttodoxéwv P-OR, 6-OR kai K-OR. Ta TrepicodTepa vOOyEVH OTTIOEIdN TTPOKUTITOUV
aTré TTPOOPOMES EVWOEIG KOl TTEPIEXOUV TN YVWOTH OTTIoEIdA apivogik akoAouBia Tyr-
Gly-Gly-Phe-Met/Leu oT1o apivoteAiké Toug akpo (opioid motif). 210 apivoteAIkd akpo
auTwV Twv TETTISIWY gu@aviletal To id1o TeTpaTTeTTTido [Leu]Enkephalin (YGGF), kai
eV KaBéva TTapouciadel dIAQOPETIKY CUYYEVEIQ yia TOV KABE OTToEIdr) uTTodoxEq,
Kavéva atmd autd Oev TTPOCOEVETAI ATTOKAEIOTIKG O€ €vav POvVo uttoTuTro. QOTOCO
EKTOG aTTO TO EVOOYEVA UTTAPXOUV Kal TTOAAG OUVOETIKG OTTIoEIdA e dpAan aywvioTh,
QVTAyWVIOTH KAl PEPIKOU aywvioTr. O1 evdop@iveg eugavifouv TTPOTIMNON OTOUG M-
OR ka1 6-ORs, e TTOAU PIKPOTEPN OUYYEVEID Yia TOV K-OR, evd oI eyKeEPaAiveG £xouv
MEYAAN cuyyéveia yia Tov 6-OR, TTOAU piIkpdTEPN Yia ToV J-OR Kal apeAnTéa yia TOV K-
OR. Ztov k-OR T1pocdévovTal €KAEKTIKA Ol BUVOPQIVEG, Ol OTTOIEG €XOUV WIKPN
OUYYEVEIQ Kal JE Toug AAAouG U0 uTTodoXEiG, v N op@avivn aTToTEAEI TTPOCDETN

Twv ORL1, he 10 TTPWTO apIvoél Tng va diagopoTroieital atrd Tyr oe Phe (Meunier et
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al, 1995). To TeTpaTETTIOIO TOU AMIVOTEAIKOU GKPoU gival n aAAnAouyia TTou TTapExEl
TNV TTANPOQYOPIa yia avayvwpion Twyv OTTIoEIdWY UTTodoXEwy, TNV HETaywyr TOu
onpaTog Kal TEAIKA TNV BIOAOYIKA atTOKpIon, VW TO KAPPBOEUTEAIKO AKPO TOU EKAOTOTE
meTmdiou e€mTnpPeddel TNV ouyyévela TTPOCOEONG Kal TNV €18IKOTNTA YIa Tov KABe
uttodoxéa (Goodman et al, 1993). Baoi{ouevol aTnv doun Kal Ta XGPAKTNPIOTIKA Twv
EVOOYEVWV OTTIOEIDWYV TTETITIBIWY €XOuV TTapaxBei epyacTnpiokd, TTOAAG CUVBETIKA
TETITIOIO TA OTTOI XPNOIMOTTOIOUVTAl VIO TIG DIAPOPES PAPUAKOAOYIKEG UEANETEG TWV
OTTIOEIDWV UTTODOXEWV.

2XETIKA HE Ta aAKOAOEIOA OTTIOEION, O YVWOTOTEPOG AYWVIOTAG ival N Jopgivn.
To OUYKEKPIUEVO WOPIO XAPOKTNPEICETAlI KUPiIWG wg aywvioTAG Tou P-OR Adyw Tng
UWNANG ouyyévelag TTpOoOECNG HE TOV CUYKEKPIPEVO UTTODOXED WOTOCO TTAPOUCIALE!
XOUNA ouyyévela TTpoodeong e Toug GAAoug OUo uttodoxeic (Takemori &
Portoghese, 1987). Amé Ttnv AGA\n TTAcupd n vaho&dvn eival éva ouvoeTikd
aAKaAoEIdéG TTOU €xel dpdon avrtaywvioT) dnAadn TTPOCdEVETAI GTOV UTTODOXED
dlIaTNPWVTAG TOV O€ Wia avevepyn KATAOTACN WN ETTITPETTOVTAG VO AAANAETIOPAOEl e
TOUG QYWVIOTEG. XAPAKTNPICETAl WG YEVIKOG AVIAYWVIOTAG TWV OTTIOEIdWY, a@oU
TTPOCOdEVETAI IOXUPA 0 GAOUG TOUG TUTTOUG OTTIOEIdWYV UTTODOXEWY KAl ATTOTPETTEI TNV
evepyoTToinar Toug atmod aywvioTéS (Blumberg & Dayton, 1973). Ymrdpyxouv Opwg Kai
TTapadeiyyaTa aviaywvioTwy, 0TTwg ol avraywvioTég nor-BNI, JDTic, CERC-501 ue
eMAEKTIK TPOCcdeon oTov K-OR, n VvoATpivOOAn (naltrindole) kai vaAtpegdvn
(naltrexone) yia Tov 8-OR kai CTOP, CTAP yia tov uy-OR (Portoghese et al, 1987).
(Mivakag 1).

YT1rodoxeag
u-OR 0-OR K-OR
Mopeivn Eykepahiveg U50,488H
deviavuhn B-evdopwiveg U69593
MeBaddvn DSLET nalfurafine
AywvioTég DAMGO DADLE asimadoline
Evdopopeiveg DPDPE oaABIvopivn
EYKEPAAIVES duvop@ivn
B-evdopoiveg
CTOP Naltrindole norbinaltorphimine
. CTAP vaAogovn vaAogovn
AVIGYWVIOTEG vaAo&ovn JDTic
alvimopan CERC-501
AvaAynoia, AvaAynaia AvaAynaoia
ApGon Twv EGTGGA’I(,UI], /f\vaoro/m AloUpnqn
, u@opia, EKKpIONG Auvogopia
NS Quaikn e€aptnon, vrorrauivng KarabAiyn
AVvQaTTVEUOTIKN) KATAOTOAN AYXWTIKES OIATAPAXES

lMivakac¢ 1. [TpoO0dETEC TWV OTTIOEIOWV UTTOOOXEWV
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1.5 Kuttapikij onuatod0Tnon Twv OTTIoEIdWV UTTOOOXEWV HEOW TWV
G-TrpwTEIVWLV

H evepyommoinon evég omoeidoug uTttodoxéa Trapoudia Tou TTPOCdOETN,
oUPQWVA JUE TO KAACIKO POVOTTATI ONuatoddTnong Péow Twv G TTpwreivioy, aANACEl
™ OTePEOdIaNOpPwWan Tou. YeioTavral pia petafoAnl otn diaudp@wory Tou TTou
OIEUKOAUVEI TNV OAANAeTTIdOpaon €vOg €vOOKUTTAPIKOU TUAMATOG TOou UTTOdOXE
(kupiwg TNG 2™ kai 3™ evdokuTTaPIKAG BNAIGS Kal Tou KapBoguTteAikoU GKpou) PE Hia
erepotpiyepr) G mpwreivn (Kobilka & Deupi, 2007). Aut n aAAnAemidopaon odnyei
otnv evepyotroinon Tng G TmpwrTeivng, dleukoAUvovTag Tnv  aviaAAayy Tou
deopeupévou otnv Ga utropovada GDP pe éva popio GTP kal Tnv gvepyoTroincn Tng
G mpwrteivng pe To GTP mpoodedepévo oe auth. H evepyotroinuévn G TTpwrTeEivn, oTn
OUVEXEIQ, atTooudeuyvuTal atmmd Tov uttodoxéa kal dlacTrartal otnv evepynn GTP-
oeopeupévn Ga uttodovada kal 1o eAelBepo GRy Oipepég. O1 evepyotroinuéveg Ga
UTTOMOVAOEG aAANAemOpPOUV pe OIAQOpPOUG TeAEDTEG, oI oTroiol  TrepIAaPBavouv
KIVAOEG, QWOPATACES, I0VTIKA KavAaAia kal AAAEG dlapeUBpavikKES | PN TTPWTEIVES
peTadidoviag 1o OAPa KabBodikd. Metd Tnv evepyotroinon ouleuén Twv G
UTTOPOVAdWY MPE TOUG TEAEOTEG, n Ga utropovada aAAnAemdpd pe GAP (GTPase
Activating Proteins) mpwrteiveg, Omwg eivar o RGS (Regulators of G protein
Signaling), TTou augavouv Tnv gvdoyevr) evepyotnta GTPdaong tng Ga utTouovadac.
Me Tov TpOTTO auTo, N evepyn Ga-GTP uttopovada udPOoAUEl TN Y-QWOQOPIKI Ouada
Kal petatpEmmetal o Ga-GDP. Auti n GDP-Ga pop@ry TG G-TTpwTeivng EXE
uwnAGTEPN Ouyyévela TTPOodeong yia TIG GRy uttopovadeg kal avaoxnuatifetal 1o
avevepyd Gapy €TePOTPILEPEG, OAOKANPWVOVTOG TOV KUKAO evepyottoinong Twv G
mpwTteivwy (Eikéva 3) (Bridges & Lindsley, 2008). H petaywyr Tou GAPATOS HECW
TWV Y-, O- KAl K-OTTIOEIDWY UTTOBOXEWVY TTPAYUATOTTOIEITAI KUPIWG HE TNV OIKOYEVEIX
Twv avaoToATIKwy G TTpwreivwv Gai/o TTou TrepIdapBavel Ta péAn Gairz, Gaoro,
Gagust, GOz, Gayog KAl Glicon. TA HEAN TNG OIKOYEVEIAG QUTAG Gaiyz, Ga, kal Ga, gival
ol KUplol aAANAETTIOPWVTEG €Taipol Twv OTToEIdwy uttodoxéwv (Standifer and
Pasternak, 1997). Aecimoupyikd Bewpouvial avaoTaATikéG G, uTttopovadeg dIoTI
avaoTéAouv T dpdon NG adevUAIKAS KUKAGONG Kal Twv kavahiwv Ca*? | ev
avtifeTa dieyeipouv Ta Kavalia K* kal gvepyotrololv TNV Src TUPOCIVIKA KIvAon Kal
ouppeTEXOUV oTn BeTikn puBuion Twv ERK/MAP kivacwv (Extracellular signal-
Regulated protein Kinase). O1 Gayog Kal Goyon, TTOU Bpiokovtal oTa pafdia kal Ta

Kwvia Tou 0B0APOU avTioToIXa, METEXOUV OTNV METAYWYH OAUATOG aTmd TOUg
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QwToUTTod0XEIG puBuiovTag TN ewaogodicotepdon Tou cGMP (cyclic guanosine
monophosphate) eviy n Gagust petéxel otn petddoon TNG yelong ammd Toug
YEUOTIKOUG uttodoxeic. OAeg o1 Gay, pe €€aipeon Tnv Ga,, €ivalr guaiobnreg otnv
Baktnpiakn Togivn Tou KokiTn (pertussis toxin } PTX) n otoia 1ig piBoluliwvel e ADP
(adevooikn dipwaoopik pIBGCN) kal TIG adpavoTrolei diaTnpwvTag autég otn ADP-
ETEPOTPIMEPY MOPYR. 2ZUVOAIKA Ta yeyovoTa auTtd odnyolv O  HEIWMEVN
OIEYEPOINOTNTA TWV VEUPIKWY KUTTAPWY TTOU odnyei o€ ueiwon otn PeTddoan Twv

VEUPIKWYV EPEBICUATWY.

e e Aywviotig
e

m\‘

S = / \

I GTP - Gayy, EEAPTWHEVOL TEAEOTEG

GBy e§apTwPEVOL TEAECTEC

oD

GTPdon

Eikéva 3: KUkAog evepyorroinong twv G-mpwreivwv. MeTd thv evepyorroinon evog ommiogidous
urmodoxéa amd €évav aywviorn, TTPOoKaAgitai n amoouleuén ToU OUUTTAGKoUu Twv GaBy
TPWTEIVWV atré 1oV UTTOO0XEQ, ETITPETTOVTAC TNV EVEPYOTTOINON KABOSIKWYV LopiwV TEAEOTWV
1600 Qo v evepyn Ga-GTP 6go kai arro 10 diugpéc GRy. H evdoyeving evepyornta GTPaong
n¢ Ga umouovadag udpoAuel to GTP tepuarifovrag éror n dpdaon t¢. H diadikagia tng
udpoAuans amd MPWTIEIVES TOU auéavouv TNV evepyoTNTa TPIPWOPATACNS TNS youavooivng
n¢ Ga umropovaodag (GAPS), ommwce givar ol puBuIoTéEC TNS anuAaToddTnons Twv G mpwTEVWY
(RGS). H emavaoculeuén ¢ Ga-GDP pe 10 GBy oUumAoko rtepuarilel Ty pubuion twv
TeEAEOTWV Ao TIC By UTTOUOVADES KAl OAOKANPWVEI TOV KUKAO.

H didpkeia 1ng onuatoddétnong twv GPCRs utropei va puBuiotei amd duo
TTapdyovTeg: Tov evdoyevh pubud udpodAuong Tou GTP amd tTnv Ga uttopovada kai
TNV emTéyxuvon Tou ev Adyw puBuou atrd opiouévoug TeAeoTéC TNG Ga uTTOUOVADAG,
OTTWG givar yia TTapadelypa n ewo@oAitdon CB (PLCR). Qotdoo, n emTdyxuvon Tou
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puBPOoU UdPOAuUCNG UTTOPEl va emTEUXBEI ATTO TOUG PUBMIOTEG TNG ONUATOBATNONG
Twv G mpwreivwv (RGS, regulators of G protein signaling), o1 otroiol auéavouv Tnv
gvepyoTnNTa TPIYWOPATACNSG TNG youavoaivng Tng Ga uttopovadag €mmnpedloviag
TOUG UNXavIoPoUg onuaToddTnong Twyv ommoeidwy uttodoxéwv (De Vries et al, 1996;
Druey et al, 1996). O1 TpwTteiveg auTég atroTeAolvTal atmmd éva ouvtnENUEVO TUAMA
mepiTTou 125 apivoééwyv, Tou ovopdadetar  «RGS box». Méxpl onuepa €xouv
TpoodiopioTei Tévw atmd 30 RGS mpwreiveg ata BnAaoTIKé, KABE pia €K Twv OTToIWYV
mTEPIEXEl 23 ouvTnpnuéva udpopofa kartdhoimra péoa oto «RGS box». O1 RGS
TPWTEIVEG AAANAETIOPOUV Aueca pe TIG evepyéG Ga UTTOPOVADEG KAl OPOUV WG
apvnTIKOi PUBMIOTEG TNG onuATOdOTNONG Twv G TTPWTEIVWY, ETTITaXUVOVTOG TNV
evdoyevr) dpaon GTPdAong tng Ga uttopovadag kKal avraywvifouevol 1n déoueuon
Tou TeAeOTRH o€ auThyv (Eikdva 3). Q¢ atroTéAEoa, PEIVETAI TOOO N dIAPKEIA GCO0 KAl
n akepaIOTNTA TNG oNnuatoddTnong (Ross & Wilkie, 2000).

Evllapépov atmoteAei TO  yeyovog TWG N puUBuIon NG KUTTAPIKAG
oNpaToddTNONG KAl KAT ETTEKTACT TNG AEITOUPYIOG TWV OTTIOEIdWY UTTOBOXEWV YiveTal
OKOMN TTI0 TTOAUTTAOKN KaBwg n atmroouleuén NG Ga-GTP atd 1ig¢ GRY UTTOPOVAdES
O0ev oupBaivel kABe @opd 1 dev civar Tavra TAARPnG. ‘Etol, éxel Bpebei 6T o€
OPICUEVEG  TTEPITITWOEIG Ol G UTTOPJOVADEG TTAPOUEVOUV  DECHEUPEVEG  OTRV
ETEPOTPIYEPI) TOUG HOPPI] aKOUN KAl JETA TNV EVEPYOTTOINOT) TOUG ATTO TOV UTTODOXEQ
(Gales et al, 2006).

151 G-mpwreiveg

O1 G-mpwrteiveg atmoteAolvTal OTTO TPEIG UTTOMOVAdEG TIG @, [ KAl Yy Kal
TaglvopouvTal Ot TEOOEPIG WEYAAEG olKoyeéveleg (Gas,Gai, Gagri, GOiznz), EVW 0
OIaXWPIoUOG auTodg BaaoifeTal 0Tn VOUKAEOTIOIKN OpoAoyia Twv 21 avayvwpIoPEVWY
avBpwtvwy Ga T1ou KwdikoTrolouvTal amdé 16 diagopetik& yovidia. H Ga
utTopovada atroTeAeital ammd dUo OIAKPITEG TTEPIOXEG, Mia TTOU aTTOTEAEITal aTTd
MEYAAO TTO00O0TO a-eAiKwV Kal gival utrelBuvn yia Tnv TTpdcdeon Tou GTP kal pia TTou
@épel PeydAn opoloyia yia Tnv Ras GTPdon [ras-homology domain (RHD)]. Ta péAn
TwV Gas evepyoTTololv KaBodIKOUG TEAEOTEG evwy avTiBeTa n Ga; avaoTEAAEl KaBodIKA
MOpIa TNG oNUATOBOTNONG TWV OTTIOEIBWY UTTOOOXEWY, ATTOTEAWVTAG TN MEYOAUTEPN
Kal 1Mo TToIKIAOpop@n utrooikoyévela, (Gai, Gap, Gais, Ga,, Gat, Gag and Ga,) n
oTroia ekppafovTal o€ OAoug Toug 10ToUg (Syrovatkina et al, 2016). H To&ivn ToU
KOKiTn katoAuel Tnv ADP-piBoculiwon €vOg OUYKEKPIMEVOU KATAAOITTOU KUOTEIVNG
oTtn Béon -4 amod 10 KAPPOLUTEAIKO AKPO TNG A UTTOPOVADOG Kal YE QUTO TOV TPOTTO

13



TapeuTTodilel TNV aAAnAeTTidpacn Tng G TTPWTEIVNG PE TOV UTTOOOXEQ KAl OUVETTWG
MTTAOKApPEI Ta povoTTdTia KaBodIka Tou uttodoxéa (Sunyer et al, 1989). ‘Evag 1diaitepa
ONMAvTIKOG POAOG TwV Gajo-ETTAYOUEVWY CNUATODOTIKWY HOVOTTATILV €ival auTOg
Tou dladpapatiouv OTn VEUPITIK avaTiTuén META TNV €vEPYOTTOINON OPICUEVWV
GPCRs.

Ga urmropovadadeg

Ta péAn TG Gy OIKoyévelag trepIhapBavouv T Gai;, Gap, Gaiz kar Ga,, ol

otroieg avaoTéAAouv Tnv adevuAikry KukAdon (AC). EmimrAéov, trepiAaupBdavouv duo
ICOMOPYPEG TNG A UTTOPOVAdOG Tou au@IBAncTpocidolg, Gay Kal Gop, TNV o
uttogovada Tng yeuong, Gag,s: Kal Tnv Ga,. OAeg ol iIcopop@ég, pe ecaipean 1N Ga,,
MTTOPOUV va aT1roouleuxBouv PN avTIoTPETTTA atmd TOUG UTTOOOXEIG TTapoUdia Tng
T0givng Tou Kokitn (PTX) (Kaslow and Burns, 1992).
H Gs oikoyévela mreplAaupdvel Tnv Gas kal Tnv oo@pnTIKA a uttogovada, Gayr. H
onuatoddétnon yevikd Twv GPCRs péow Gs uttopovadwv €xel ouvdeBei pe tnv
gvepyotroinon NG AC Kal TV TTapaywyr KUKAIKAG HOVOQWOQPOPIKAG adevoaivng
(cAMP, cyclic adenosine monophosphate) (Cotton & Claing, 2009; Neves et al,
2002). H Gas utropgovada pIBocUANIWVETAI TTO TNV EVEPYOTTOINUEVN A-UTTOPMOVAdA TNG
T0givng TNG XOAEPOG, KATAA)yOvTag OTn CUVEXN €vEPyOTToinon TNG dpacTnpidTnTag
NG adevUAIKNG KukAdong (Milligan & Kostenis, 2006).

21NV olkoyéveia Gq trepiExovtal ol Gag, Gayy, Gayy, Gags Kal Gaye TTPWTEIVEG. H
gvepyoTroinon Twv Gg uttopgovAadwy odnyei OTNV evepyoTroinon TG ewaogoAiTtdong C
(PLC) ka1 OTn WETOTPOTIA TNG MEMBPAVIKAG Qwao@aTidulo-ivooitoAng (PIP2) o€
TPIPWOPOPIKN IVOOITOAN (IP3) kai didkuAo-yAukepoAn (DAG). H mmpdodeon ng IP3
OTOUG UTTO0OXEIC TNG oTo  evdoTAaouaTiké OikTuo 0dnyei o€  augnon TG
€VOOKUTTOPIKAG OUYKEVTPWONG aofBeoTiou, €vog TTOAU OnuavtikoU OguTepoyevoug
ayyeAiopopou. Me tn oeipd Tng, N DAG etrdyel TNV evePyoTToinON TNG TTPWTEIVIKAG
Kivaong C (PKC), n otroia @wo@OpUAIWVEI OPKETOUG KATAPPOIKOUG TEAEOTEG OTTWG
TNV KaApodouAivn TTou pubpilel Tnv eEapTwpevn atmd 10 aoBEoTio onuaToddTnon
(Cotton & Claing, 2009; Neves et al, 2002).

H evepyotroinon twv G12/13 uttopovadwy odnyei OTnv evepyoTToincn Twv
MIKpwv G TpwTeivwv TNG Rho oikoyévelag tmou mmpoodévouv GTP. AUTEG oI PIKPEG
TIPWTEIVEG PE EVEPYOTNTA TPIPWOPATACNG TNG YOUAVOCivng £XOUV XOPOKTNPIOTE WG
PUBUIOTEG TOU KUTTAPOOKEAETOU TNG OKTIVNG KAl OTTOTEAOUV «OTAUPOOPOUI» HETAEU
TWV ONUATOBOTIKWY povoTraTiwy Twv GPCRS Kal Twv KIVAOWY TUpOCivng.
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O1 Ga uttopovadeg dev dIOBETOUV KATTOIO TTEPIOXT OUVOEONG ME TN MEUPBPAvVN,
OAeg Toug cuvdéovTal he TNV TTAAouaTIKN HEPPBpavn (Casey et al, 1994). O1 Ga; kal
Ga, uTTopovAdeG TPOTTOTIOIOUVTAl META-PETAPPACTIKA ME TNV TTPOCOAKN TOU
MUPIOTIKOU 0&E0G O€ €va ApIVOTEAIKO KATAAOITTO yAuKivng, Kai n TPOTTOTIOINGN QUTH
QTTaITEITAI IO TN OUVOEDT Toug oTn HEUPBPAavn. OAeg ol Ga uttouovadeg, Pe eCaipean
TNV Gay, utTToRAAAOVTaI £TTIONG O€ TTAAMITOUAIWON €VOG A TTEPICCOTEPWY ANIVOTEAIKWV

KATAAOITTWV KUOTEIVNG, Wia €€icou onuavTik TPOTTOTTOINCN YIa TOV EVIOTTIONO TOUG

oTn pepBpavn.

Gy umropovadec

O1 GBi4 civar o TpwTteg Téooeplc GB utTodovadeg TTOU AvAKOAUPOnKav,
éxouv péyeBog trepitrou 36 kDa kai epgpavi¢ouv 78-88% apivogikn tautdétnta. H Gfs
(40 kDa) diogpépel doMIKA aTTd TIG UTTOAOITTEG G UTTOUOVAREG, TTapouaIdlovTag Uévo
51-53% apIvogIk TAUTOTNTA ME TIG AAAEG 4 1o0opop@és. O GBy4 cival TTavTaxou
TTapouoeg, o€ avtiBeon pe TN GPs, N OTTOIa EKPPACETAI JOVO OTO KEVTPIKO VEUPIKO
ovotnua. O1 GB utrodovadeg poipdlovral pia koivr TpiodidoTtatn Oour) ME TO
QuIVOTEAIKO TOug Akpo va eu@avilel coiled-coil dopr), oTnv otroia cuvdéeTal OTEVA N
Gy utropovada (Smrcka et al, 2008).

O1 Gy utropovadeg (7-8.5 kDa) diagpépouv TTEPICTOTEPO PETAEU TOUG OTTO OTI Ol
GB kai poipalovtal a1rd 27% €wg 76% apivogiky opoAoyia. ZTnv €TEPOTPIUEPN
katdoTaon, n GB uttopovdda e@atTeTal TOC0 HYE TO AMIVOTEAIKO GKpo, 600 Kal JE
ekTeTapéveg BEaeig otnv Trepioxy GTP/GDP mrpéodeong tng Ga utropovadag. H a-
eNikoeidg Gy uTtropovada eival oTevd evowpatwuévn oTtnv em@edveia ng GB
uttopovadag kai Ogv €pxetal o€ emapny pe TN Ga. O1 GRy uttopovadeg eivai
TPWTEIVEG, OI OTToie¢ TTPocdEvovTal 0TV TTAACMUOTIKY) MEUPBPAVN HEOW UETA-
METOQPACTIKWY TPOTTOTTOINCEWV. To eAeUBepPO GPRY CUPTTAOKO £xEl TNV IKAVOTNTA va
puBuiCel, eCioou pe TN Ga uttopovada, T dpdon dlIoPOpwWV TEAEOTWY, OTTWG gival N
PLCB, o1 MAPKs, did@opeg 10opop@ég NG AC, kavaAia 16vtwv kail n PlI3-kivaon,
MeTagU dAAwv. Tautdxpova, cival o€ B€on va aAANAETTIOPA PE TOUG UTTODOXEIG, HEoW
NG KAPPOEUTEAIKNG TTEPIOXNG TwV B KOl Y UTTOPOVAdWY, Kal va TTPOCBEVETAI OTNV
KUTTAPIKN MEMBPAVN, ASITOUPYWVTAG WG IKPIWKA yIa TN dnuioupyia CUPTTAOKWY WE
GAAeg TTpwTEiveg. AtiCel va onueiwBei 6TI To GRY dIuEPES Bev EXEl KATTOIO KATAAUTIKA
TEPIOX] KOl  CUVETTWG  pubpifel T onuatodotnon  PEow  TTPWTEIVIKWV

aAnAemdpacewy (Smrcka et al, 2008).
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EmmAéov, o1 GBRy uttopovddeg aAAnAeTmidpolv dueca e pia oeipd GPCRs,
oupTtrepIAauBavouévwy Twv M2 kai M3 pouokapivikwy, Twv B-adpevepyIKWY Kabwg
Kal Twv J- kai O- ommoeidwy (Gales et al, 2006; Georgoussi et al, 2006). O1 GBy
UTTOUOVAOEG OCUMPMETEXOUV  €TTiong ot oTpatoAdynon Twv GRKs  oToug

EVEPYOTTOINUEVOUG UTTODOXEIG.

1.5.2 PuBuioTég TwV G-rpwTeivwv (RGS TpwTEiveg)

€ QuOIoAOYIKEG oOuvBnkeg n uttodovada Ga Aeiroupyei wg HOPIOKOG
OIOKOTITNG METOPOPAC TwV EEWKUTTAPIWY ONUATWY aTTO TOUG UTTODOXEIC OTO
EOWTEPIKO TWV KUTTApwyv. H Ga utropovada éxel T duvaTtdTNTa VO PETATTITITEl UE
MeEYAAN TaXUTNTA OTNV EVEPYN KAl AVEVEPYN KATAOTOON PEOw TNG udpdAucng Tou
GTP. ZTIG TTPWTEG PEAETEG O EPEUVNTEG TTAPATHPNCAV TTWG N ATTOPOVWEVN in vitro
mpwrteivn Ga dlaBétel TTOAU  Treplopiopévn  IkavotnTa udpdAucng Tou GTP
OUYKPITIKG JE QUTA TTOU £UPavViCel OTa KUTTAPIKA cuoTAWATA. H atrdvinon o€ auth
TNV TTEPiepyn Trapartripnon 600nke o6tav véa Oedopéva XAPOKTAPIoAV Mia vEa
OIKOYEVEIQ KUTTAPOTTAAOUATIKWY TTPWTEIVWY 0T BNAACTIKE, o1 oTroieg emTéyxuvav
TNV dpaoTikOTNTa GTPaong Twv Ras and Ras-like pikpwv G-trpwreivwy (Trahey et
al. 1987) ka1 auv¢noav tTnv udpdAuon Tou GTP kal katd cuvéttela eTTnpéacav To
XPOvVo TNG onuaToddtnong omoTe Kal Xapaktnpiotnkav wg GAPs (GTPase-
accelerating proteins). O1 avrtioToixeg TpwrTeiveg pe GAP dpacTikOTNTA YIa TIG
utTopovadeg Ga Twv BNAACTIKWY avakaAu@Onkav Aiyo apydtepa Kal OVOUGOTNKAV
Regulators of G protein signaling (RGS) (De Vries et al, 2000; Druey et al, 1996).
‘Exouv xapaktnpioTei Touhdxiotov 20 kal TAéov RGS mrpwreiveg kal 17 RGS-like
TTPWTEIVEG PE TTOAUAEITOUPYIKOUG POAOUG OTNV KUTTAPIKN onuatodotnon (Ross &
Wilkie, 2000; Willars, 2006).

O1 RGS mpwreiveg dpouv Kal eEAEyxouv pe TTOAaTTAoUGg TpoTToug TNV GPCR
onuatodotnon cupBaAlovTag oTn PUBPICN Kal OTOV TEPUATIONO TOU EVOOKUTTAPIOU
gnvopatog péow Twv G-rpwrteiviov. EkT6¢ ammd tnv 181oTnTa GTPAong Ttmou
d1a6£Touv Kal eTmITaXUVouV To puBusd udpdAucong Tou GTP Twv gvepyoTroinuévwy Ga
UTTOHOVAdWY oAANAeIdpwvTag dueca pe autég, ol RGS otaBepotroiolv Tnv
avevepyrl Ga uttopovada Trou éxel Tpoodécel 10 GDP  gptrodiovrag Tnv
atreAeUBépwan Tou Kai T déopeuan popiwv GTP.

Ymapyxouv TTOAUGPIOUES HEAETEG TTOU O€IKvUOUV TNV GUECN E€TTIPPOA TNG

RGS4 ot1n Acitoupyia kai 1 onuatodotnon dlagopeTikwv GPCRs éttwg civar ol
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OTTIoEIDEIG UTTODOXEIG, 01 UTTOBOXEIG TNG AKETUAOXOAIVNG Kal auToi TNG oEpoTovivng.
MeAETEG in Vitro pe KaBapEG XIMAIPIKEG TTPWTEIVEG AAAG Kal TTEIpapaTIKG dedouéva o€
KUTTapa HEK293 amédeiav yia mpwTtn opd Tnv aueon aAAnAettidopacn 1ng RGS4
ME Tov u- O- Kal K-OR. In vitro peAéTeg amédeiav Tnv aueon aAAnAemidpacn Tou
KapPotuTteAikoU akpou (ouvTtnpnuévo TuAuUa) Tou P-OR e Tnv RGS4 pévo mmapouaia
aywvioTr. EmmpdoBeta meipdpata €xouv d¢gitel TTwg n RGS4 kaBodnyei Tov u-OR
va aAANAeTIOPA eIAEKTIKG e TIG Gairs, Gapp, Ga, HOVO OTRV EVEPYOTTOINUEVN TOU
kardoTaon. O aAAnAemdpdoeig auTtég petagu Tng RGS4 kal Tou P-OR @aiveTal TTwg
Oev emnpeddouv TNV IKAvOTNTa TPO0deong Tou aywvioti DAMGO evw avtiBeTa
avacTéAouv TN delwpévn TTapaywyl cAMP tmou emdyetal amd Tov 4-OR kabwg
MEIWVOUV Kal Ta eTTITTEdA TV Po@opuAlwpévwy ERK petd tnv evepyotroinon Tou
M-OR pe Tov €181kd aywvioti DAMGO (Leontiadis et al. 2009). H aAAnAeTTidpacon Tng
RGS4 pe TOUG TPEIG TUTTOUG OTTIOEIdWY UTTOOOXEWY QaiveTal TTWG ETTNPEALE!
OIaQOPETIKA TN onuatodoTtnon Tous. MNa tov 6-OR, 1TpocdlopioTAKAV o1 aKpIBEiG
Béocic aAnAemidpaong Tou uTrodoxéa pe TNV RGS4. Zuykekpiyéva, n 3"
evOOKUTTOPIKA OnAld kal 1O KapPofuTeAikd dAkpo Tou uUTTodOXEQ HTTOPEI va
aAAnAeTmdpdoel pe 1o apivoteAlkdO dkpo TG RGS4 (Leontiadis et al. 2009).
JUYKeKpIYEVa, TO TIETTTIOIO Twv 12 aupivoééwv tng VIII éAikag TTou avAkel oTo
KapPBotuTteAikd dkpo Tou 6-OR utropei va aAAnAeTIdpdoel Ye Ta TpwTa 17 apivotéa
TOU apIVOTEAIKOU Gkpou TG RGS4. EmimTAéov, PEAETEG TTPOCOPOIWONG HOPIAKNG
OUVANIKAG €XOUV TTAPOUCIACE!l, dUVNTIKA, TOV TPOTTO PE TOV OTTOIO JIAPOPPWVETAI
OTOV XWPO TO €TEPOTPINEPEG OUPTTIAOKO 8-OR/RGS4/Ga; (Eikova 4) (Karoussiotis et
al, 2020). ‘Exer ocixBei emmimrAéov OTI N ékppacn TN RGS4 peiwvel Ta eTTiTeda Twv
QwoeopuAiwpévwy MAPK kivacwv (ERK1/2) petd tnv evepyotroinon tou 6-OR e
DSLET evw avrtiBeta n RGS4 dev ernpeddel o peydho BaBud tnv avacToArl Tou
cAMP petd ammé xopriynon DPDPE (Leontiadis et al. 2009).

H o6pdon 1ng RGS4 o1n onuatoddtnon Tou K-oTmogidols uttodoxEa
TTPOoCdIoPIoTNKE O€ Hia oeIpd TTeipaudTwy o€ KUTTapa HEK293 1Tou utrepek@pdlouv
otaBepd 1OV K-OR. In vitro pull down peAéteg mpoodidpicav Tnv dUEDN
aAAnAemmidopaon Tng RGS4 ue tov K-OR pe utrelBuvn TTePIOX TO APIVOTEAIKO AKPO
NG RGS4 kai 10 kKapoguTeAikd akpo Tou K-OR. EmmTpdoBeteg peAéteg £deigav tnv
IKavotnTa NG RGS4 va kaBodnyei TiI¢ aAAnAemdpdoeig petagy Ttou K-OR e
Oouykekpipéveg Ga utropovadeg oTwg pe TIg Gap kal Ga, evw pe v Gaipz, Ogv

TTapaTtnpeital kayia aAAnAettidopaon pe TNV RGS4. To AciToupylkd aTTOTEAECOHUA TWV
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TTaPATTAVW GAANAETTIOPACEWY QaiveTal ATTO TN PEIWMEVN avaoToAr Tou cCAMP kai Twv
MElWMEVWY  emTTEOWY  QWo@opuAiwpévng ERK  T1ou pecoAafeital petd  Tnv
gvepyoTtroinon Tou K-OR (Papakonstantinou et al. 2015).

Ek16¢ amod Toug oTmiocideic uttodoxeic AAAeg peAéETeg ammédeiCav 611 n RGS4
MTTopeil va  aAAnAemidpdoel péOw Tou apIVOTEAIKOU Tng dAKPOU WE Tnv TpiTh
€VOOKUTTOPIKA BNAIG Twv utTodoXEWV VToTTapivng D2 kai D3 pe Asitoupyiki ammoppola
TN MEiwon NG avaoToAlg Tou Trapayouevou cAMP (Min et al. 2012). MaAaidTtepeg
MeEAETEG €0eiEav TTWG N RGS4 TTpoodéveTal OTOUG UTTODOXEIG OKETUAOXOAIVNG
puBuiCovTag apvnTika TN PETaywyr ofpaTtog péow Tng PLCR aAAd kal TN pETa@opd
Twv 16viwv Ca** ota kavdhia CI' Trou eAéyxovral amméd 1o acBéoTio (Xu et al. 1999).
Meipduara cuv-avoookatakphpviong €deicav o1l n RGS4 aAAnAemidpd evdoyevwg
OTO PABdWTS CWHA, PE TOUG PETARBOAOTPOTTIKOUG utrodoxeic mGIUR5S aAAd kal pe
AaMAeg TTpwrTEiveg TTou oxetiCovral e Tov mMGIURS 61Twg o1 uttopovadeg Gagaay, N
QwaooAitTdon C-B1 puBuifovrag Tn cuvaTrTikh TTAACTIKOTNTA (Schwendt et al. 2007)
Mapd 1O yeyovog OT Oev uttdpxel dueon aAAnAemidopaon g RGS4 pe Toug
UTTOO0XEIG TepoTOovivng, TTEIpapaTikG dOedouéva €xouv Ocicel n RGS4 peiwver
onpaTodoTnon Twyv uttodoxéwv 5-HT1A péow Twv Ga; utTtopovAadwy Kal TTNPEALE! TO
Tapayopevo cAMP (Beyer et al. 2004).

EmmAéov, o RGS mpwrteiveg pubpidouv Tn onuaTodoTnoNn Kai o€ ETTTTEd0
TEAEOTWYV, KOBWG avraywvifovTal yia TIg Béoeig d€oPEUONG OTIG evepyoTToinuéveg Ga
UTTOPOVADEG TEPPATICOVTAG TN METAYWYN ONPaTog EKTOG atrd Tn onuatodoTnon Twv
Ga utropovadwyv oi RGS mpwreiveg pubpifouv €tTiong kai TN onuatoddtnon Twv
GBy utropovadwv kabwg peTaBdAlouv Tov aplBud Twv eAeuBepwv  GRY
UTTOMOVABWY TTOU PTTOPOUV va OAANAETTIOPACOUV e TOuG TeAEoTEG. Me autd Tov
TPOTTO augdvetal n IKavoTNTa dE0UEUONG TWV avevepywv Ga pe TIg GRY UTTOUOVAdEG
evioxUovTag Tov ETTAVOOXNUATIONO TOU TPINEPOUG OCUPTTAGKou Gafy Kal Tnv
METATTTWON oTnv avevepyl katdoTtaon (De Vries et al. 2000). 'Eva evaAAaKTIKO
MovTéAo dpdong Twv RGS mpwTreiviov 0TOV KUKAO gvepyoTToinong Twv G-TTpwTeiviov
gival autd TNG eVIOXUMEVNG KIVNTIKAG TOU TPINEPOUG CUUTTAOKOU aywvioTh/GPCR/G-
TpWTEIVWV Péow TNG dueong aAAnAemidpaong Twv RGS pe 1ig Ga uttopovadeg
(Benians, 2015).
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palmitoylated
Cys2and Cys12

RGS4 box

Eikova 4: Movrédo Tou Tpiuepous ouutmAdkou 0-OR, RGS4 kai Ga O0mwg mMPoékuwe arro
TTPOCOUOIWOEIS OPIaKNS duvauikig. AAMnAsmidpaon tng RGS4 kai Gai péow tou RGS-box
Kal TPOadean Tou auIvoTeAIKoU akpou TnG RGS4 kai tou kapBoéuteAikoU dkpou Tou 6-OR.
(PDB ID: 1AGR, orange transparent), auivoreAiké dkpo ¢ RGS4 (pink transparent), doun
Tou evepyormroinuévou 6-OR  (cyan transparent) kai  KpuoTaAdoypagikp doun  1ng
evepyorroinuévng Gai (PDB ID: 20ED, grey transparent) (Karoussiotis et al., 2020).

1.5.3 ZnuatoddTnon Twv oToEIdwV UTTodoXEWwV avegdpTnTa a1ro 11§ G
TTPWTEIVEG

MANBwpa BIOXNUIKWY KAl KUTTOPIKWY MEAETWYV €xouv atrodeitel o1 oI GPCRs
€XOuv TNV duvaTtdTNTA VA UETAYOUV TO OHa Toug ave¢dptnta atrd TG G TTPWTEIVEG
(Rajagopal et al, 2005). Qo160 o1 dU0 TUTTOI ONPOTOBOTNONG, EITE AVEEAPTNTNG EiTE
eCaptwuevng amo TiIg G TpwrTeiveg, péow Tou idlou uttodoyéa dev ATTOKAEIOUV O évag
TOoV GAAO. Mapddeiyua atroTeAei o B,AR, 0 oTToiog peTapaivel atmd Tn yecgoAaBoupevn
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Méow Twv G TTPWTEIVWV oTNV aveEdpTntn ammo TI¢ G TTPWTEIVEG evEPYOTTOINCN TWV
ERK avdAoya pe Tn OUYKEVIPWON TOU QYWVIOTA. Z€ XOUNAEC OUYKEVTPWOEIG
aywvioTr, o B,AR petdyel 10 ofua péow Twv G TTpwTEiVWV. AvTIBETa, o€ UWPNAEG
OUYKEVTPWOEIG aywvioTr], o0 B,AR aAAnAemdpd dueca pe TN Src kivdon, n
gvepyotroinon Tng otroiag emdyel o ERK/MAPK povomdm avegdptnta twv G
TpwTeivwy (Sun et al, 2007). 'Eva dAAo TTapddelyua atroTeAEl N EVEPYOTTOINCTN TWV
ERK1/2 kivacwv a1t 10 K-01TI0I€1I01 UTTodoXEA. H 0&Ela xopriynon Tou €18IKoU yIa TOV
K-OR aywvioty U50,488H yia 15 Aetrtd odnyei otnv wo@opuliwon twv ERK1/2
KIVAoOWV PEOw Twv G TTPWTEIVWV EVW N TTOPATETAPEVN XOPYNon TOU QyWVIOTH
(MEPIKEG WPEG) 0dNnyei OTNV EVEPYOTTOINON TWV KIVAOWV PECW “OUVEPYOOTIKAG
opdaong” Twv G TTPWTEIVWV Kal JIaG GAANG oIKoyEveIag AAANAETTIOPWOWY TTPWTEIVIV
TIG appeoTiveg (Gesty-Palmer et al. 2006, McLennan et al. 2008). ZuveTtwg, yiveTal
OaQEG OTI UTTAPYXOUV TTOAAG HOVOTTATIO EVOOKUTTAPIKAG HETAYWYAS OANATOG, TA OTTOIx
oev eCaptwvTtal atrd TIG G TTPWTEIVES, AAAG PUTTOPOUV va ETTNPEATOUY TN OPACTIKOTNTA
TOAMWY  KAAOIKWV TEAEOTWYV, evioxuovTag Tnv ToAuTTAokoTnNTa Twv GPCR
onpaTtodoTiKwy pnxaviopwy (Woehler & Ponimaskin, 2009).

EmmAéov, n atreuaioOnrotroinon Twv GPCRs Kal KAT ETTEKTACN TWV OTTIOEIOWV
uttodoxéwv dev eEaptatal amo TI¢ G TTpwTeiveg KaBwg or GRKS @uwa@opuliwvouv
auIvoEIKG KaTaAoImTa oepivng i Bpeovivng OTIG KUTTOPOTTAAOUATIKEG BNAIEG Kal Ta
KapBoguteAikd akpa Twv evepyoTtroinuévwy GPCRS Kal O QOQOPUAIWOCEIG QUTEG
KataAfyouv oTnv TPOCoOEcn Twv APPECTIVWOV Kal gTnv aTreuaicbnrotroinon Twv
utrodoxéwv n otroia akoAouBeitar atmd Tnv evdokuTTdpwor Toug (Shenoy &
Lefkowitz, 2005). Ek16¢ amdé 1¢ G TIpwTEiveG, OI OTIOIEIBEIG UTTODOXEIG
oAANAemIdpoUv pe évav peydAo apiBud Tpwreivwv e TIG oTroieg of GPCRs
oxnuartifouv Asitoupyik@ ouuTTAoka (Bockaert et al, 2004; Bockaert et al, 2010). Oi
OAANAETIOPWOEG QUTES TTPWTEIVEG puBUiCouv TNV KUKAOQOPIa, TOV UTTOKUTTOPIKG
EVTOTNIOMO, TNV KIVATIKA Kal TNV I0XU TNG oNUATO00TNONG TWV OTTIOEIBWY UTTODOXEWV
Kal ev yével Twv GPCRs (Ritter & Hall, 2009). OAeg auTég oI aAANAeTTIOPACEIS yivovTal
OKOMN TTO TTOAUTTAOKEG aTTO TO yeyovog OTI Aaupdavel Xwpa a) O BINEPICHOS 1 O
oAiyouepiopds Twv GPCRs (Milligan & McGrath, 2009), kai B) eviomouég Twv
GPCRs o0¢ ouykekpiyéva dlapepioyara tng peppPpavng (Insel et al, 2005). Ol
OAANAETIOPACEIC QUTEG METAEU iDlIwv 1 JIAQOPETIKWY UTTOOOXEWV  @aiveTal OTI

TTOPAyouv VEEG ONUATODOTIKEG OVTOTNTEG, Ol OTI0IEG E€M@AVICOUV  BIAPOPETIKO
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3671863/#R33
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3671863/#R68

QPAPHOKOAOYIKO TTPO®IA  Kal  OIOQOPETIKEG  ETTIOPACEIS ATTO TOUG  QAVTIOTOIXOUG

Movouepeic uttodoxeig (Fuxe & Kenakin, 2010; Milligan & McGrath, 2009).

1.5.4 H peraywyn tng mwAnpo@opiag evog GPCR utrodoxéa eaptdral
a1rd 10 €id0g TOoU TrPOoodéTN («biased agonismy)

H mpocdeon evog aywvioth oe évav GPCR katd mAcioyneia odnyei otnv
gvepyotroinon  TOAAQTTAWY  KABOdIKWY  Hopiwv  TEAEOTWV 1 ONUATOOOTIKWV
MOVOTTaTIWV HE OIOQOPETIKN £vTaON N KAl PE BIAPOPETIKO MOTIRO eveEPYOTTOINUEVWV
TEAEOTWYV. TO YyEYOVOG AUTO QaiveTal OTI OXETICETAI YE TO yEYOVOGS OTI TTOAAOi GPCRS
oulelyvuvTal Je TTEPIOOOTEPEG aTrO pia G TTPWTEIVEG, OI OTTOIEG PE TN O€Ipd TOUug
EVEPYOTTOIOUV TTOAANATTAG GNPATODOTIKA WOVOTTATIA, pecoAaBoupeva 1 un ammo Tig G
mpwreiveg (Rajagopal et al, 2010). 'ETol, kamoiog 8a utréBete 6T 01 GPCRS Kai kar’
ETTEKTOON Ol OTTIOEIDEIG UTTOBOXEIC TTapousidaouv amAwg OUo  eKOOXEG TwV
dlapopewoswyv Toug Tnv evepyn (‘on’) kair Tnv avevepyAv (‘off’). ETTopévwg ol
TTPOCOETEG TOUG XwpifovTal o€ dUO PEYAAEG KATNYOPIEG, AUTOUG TTOU EVEPYOTTOIOUV
TOV UTTO0OXED (AYWVIOTEG) | TTAPEUTTOBICOUV TNV EVEPYOTTOINOT TOU (AVTAYWVIOTEG).
Qoté00 1O Ocdopéva deixvouv va gival dIAQOPETIKA  KABwG @aivetal o1l KEOe
TTPOCOETNG MUTTOPEI vO OTOOEPOTIOIEI HIA CUYKEKPIUEVN €veEPYN dlIauOpPPwWon £vog
utTodOoXéa, aTrd TIG TTOAAEG TTOU WTTOPEI va UIOBETACEI, ETTITUYXAVOVTAG TNV ETTIAOYNA
MIOG OUYKEKPIMEVNG TTOPEIOG ETAYWYNG TOU OAUATOG, avTi piag diagopeTikAg (Pineyro
& Archer-Lahlou, 2007).2uptrepaivetal Aoitrév, 0TI OPIOPEVOI TTPOCOETEG EUPAVICOUV
OUYKPITIKA OIQQOPETIKI AEITOUPYIK ETTIOpACH OTNV &vepyoTroinon OIAPOPETIKWY
oNUATOdOTIKWY MOVOTIATIWY, ETTAYOVTAG /KAl OTOBEPOTIOIVTAG OUYKEKPIUEVES
OIAPOPPWOEIS TOU UTTOOOXEA, O OTTOIEG UTTOPOUV va OAANAETTIOPACOUV a) POVO HE
opIopéveg G TTPWTEIVEG Kal OXI GAAEG, 1 B) ME OPIOPEVOUG TEAEOTEG, PE ATTOTEAEOUQ
va TTapdayouv dIaQOPETIKEG KUTTAPIKES aTTokpioelg (Eikéva 5) (Galandrin et al, 2007).
To @aivéuevo autd opiletal wg «AeIroupyikh emAekTIKOTNTA» (‘functional selectivity’
or ‘biased agonism’), i «konuatodéTnon Kareubuvouevn aTté Tov aywvioTh» (‘agonist-
directed trafficking of signaling’), petagu dAAwv (Pineyro, 2009; Smith et al, 2011).
EmmAéov, o1 OI0QOPETIKOI aywVIOTEG, €KTOG aTrd TNV aAAayry SIaudpPwong oTo
eTTiTEdO TOU UTTOBOXEQ, UTTOPOUV va PeTaBdAAouv TNV aAAnAemTidpaon Tou uttodoxEéa
ME TO eTepoTpIEPEG GaBy (Audet & Bouvier, 2008). ‘Etol, Aoimmdv, kataAfjyoupe va
Bewpoupe OTI CUYKEKPIYEVES DIANOPPUICEIS TOU UTTODOXEA €UVOOUV TTEPICOOTEPO N

AlyOTEPO TNV TTPOCOECT CUYKEKPIUEVWY G TTPWTEIVWV OTOV EKACTOTE UTTOO0XEQ.
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To @aivouevo auTd TTapaTneEEiTal Kal oTnv TTepimtwon Tou K-OR. O TTpocdétng
Tou K-OR, U50,488H, atroteAei pia TTOAG uTToOXOMEVN BEPATTEUTIKH aywyr] yia TovV
TTOVO Kal TN @ayoUupa XwpIic va TTPOKAAEI TIG aveTTIBUUNTES EVEPYEIEG TNG KATATGTOANG
kKal g ouagopiag. O cuykekpigévog aywvioTig Tou K-OR (unbiased agonism)
TpoKaAei TN ouleuén kal evepyotroinon 1600 TN G TpwTEivNg 600 Kal TNG fB-
appeoTivng. Q¢ aTTOTEAECA, AV KOl KATAOTEAAEl ATTOTEAECUATIKA TIG AIOBROEIG TTOVOU
Kal KvnouoU péow TnG €€apTwpevng atd Tnv G mpwTeivn 0doU onuatoddtnong,
odnyei €1miong o€ duoPopia KAl KATOOTOAR, €VOEXOUEVWG HECW TWV EEOPTWHEVWV
até TNV B-appeoTivn. Mpdoearta avakaAueenke 0TI évag aywVvIOTHG PE TNV ovouaaia
Triazole 1.1, evepyoTtrolei €KAEKTIKA TNV TTpwTEivn Ga; €vavTl TNG B-appeaTivng. Z€
CWIKA POVTEAQ TTOVTIKIWV Kal apoupdiwy, To Triazole 1.1 dlatApnoe TIG avaAynTIKESG
ID16TNTEG TOU KAl TNV KATACTOAN TNG @ayoUupag woTdoo dev 0dynoe O€ NPEUIOTIKEG
KAl QUOQOPIKES ATTOKPIoEIG. Ta atmoTeEAETPATA AQUTA evIoXUOUV ThV 10€A OTI AYWVIOTEG
TOU K-OR PTTOPOUV VA EVEPYOTTOIOUV ETTIAEKTIKG KABOBIKA POVOTTATIO onUaTOddTNONG
in vivo Kal emTAéOV UTTOPOUV va ATTOTEAECOUV HOVTEAO OXEOIOOMOU AvaAyNnTIKWV
QPAPMAKWY XWPIG TNV EUPAVION KOIVWV avemmouunTwy evepyeiwyv. O avemBuunTteg
TTOPEVEPYEIEG TNG OUCQOPIOG Kal TNG KATOOTOANG artrodidovral, €V HEPEl, OTNV
IKavOTNTA TWV AywVIOTWV Tou K-OR va PEIWvouV TNV €EWKUTTAPIKI CUYKEVTPWOT
VIOTTOMIVAG OTIG VTOTTOMIVEPYIKEG VEUPIKEG OTTOAALEIS. OTTwg  avapevotav  To
U50,488H pegiwoe onuavtik@ Tnv KIVATIKA dpaoTnpioTNTA  TWV  TTOVTIKWY  HE
0000eCaApPTWHEVO TPOTIO evw TO Triazole 1.1 dev peTéBaAe onuaAvTIKG TNV KIVNTIKN
atrokpion. Eival evdia@épov 0TI auTr) n atmoucia nEeUIOTIKAG £TTidpacng Tou Triazole
1.1 TpoKUTITEl ATTO TNV aduvapia Tou va PEIWOEl TRV ATTEAEUBEPWON VIOTTANIVNG OTO
PABOWTO CWHA TWV TTOVTIKWY, N €TTNPEACOVTOG £T01 apvnTIKA TN VTOTTOMIVEPYIKI)
peTAdooN. Ta atroTeAéouaTa AUTA TEKUNPIWVOUV APECO TNV IKAVOTNTA TOU AYWVIOTH
Triazole 1.1 va diaxwpilel @UOIOAOYIKA TA ONUATOBOTIKA POVOTTATIO TTOU OXETICOVTAI
ME TNV KATAOTOAN TNG @ayoupag atrd Ta NEEUIOTIKA Kal SUCPOPIKA CUUTITWHATA,
EVEPYOTTOIWVTAG KATA TTPOTiMNoN TNV Ga; évavtl Twv B-appecTiviov UOTEPA atmd Thv
gvepyotroinon Tou K-OR. O aywvioTAg Tou J-OR, TRV130, evepyoTrolei EKAEKTIKA TNV
Ga; kai Bpioketar og KAk dokiur @dong Il yia Tn diaxeipion Tou PETPIOU €WG
ooBapou ogfog Tévou. O aywviotng TRV130 mrapouciddlel eTriong TIAEKTIKA oUleuén
Kal evepyoTroinon Tou Ga; £vavT Twv B-appeCTIVWV. Z& OUYKPION UE TN MOP®ivn, O
TRV130 ep@aviel peiwpéveg  avemmBuunteg  evépyeieg, OTTWG  AVOTTIVEUOTIKA

KATOOTOA KOl yOOTPEVTEPIKA OuCoAsiToupyia, o0t CwIKA POVTEAA, dlaTNPWVTAG
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TapdAANAa Ta emBuuntd avoAynTikG aTroTeAéopaTa  TTAPOUOIO ME  EKEiVO TNG
HopP®ivNG.

H 1816TnTa TNG «ETTIAEKTIKAG KATEUBUVOUEVNG oNUATOdATNONG» €XEI DEIXOEN, EKTOG
Twv AWV, yia Toug uttodoxeic 5-HT,a kal 5-HT,s NG oepoTovivng (Cussac et al,
2008), Tov CB1 kavvapivoeldr) uttodoxéa (Georgieva et al, 2008), Tov B,-adpevepyIKo
Kal €TTioNg yia Toug otriocideig uttodoxeis (Pineyro, 2009; Pineyro & Archer-Lahlou,
2007) kai atroteAei TTAéoV Eva vEo TTEDIO TG QAPUAKOAOYIAG, TO OTTOI0 avaBewpPEi TNV
MEXPI OfjpEpa KpaTouoa dammoywn OTI N evepyotroinon evog GPCR emmdyel povo €va
KUTTAPIKO WOVOTTATI Kal MIa opliopévn PBIoAoyikr atmokpion. AvtiBeta, eivar 1TAéov
a1TOOEKTO OTI N PUON TOU EKACTOTE QAYWVIOTH KaBopilsl TNV TTopeia PHETAYWYAS Tou

oNPaTog atrd Tov UTTOd0XED OTA KABOBIKG ONUATODOTIKA HOpIA.

Igoppomnnpévog mpoadEtng Mpoobétng G e§aptwpevng onpatodotnong Npoobdétng eEaprwusvnc ONHATO8GTNONG APPECTIVAG

Eikéva 5: Synuamkn ameikovion NG €EAPTWUEVNS QTTO TOV TTPOCOETN  KUTTAPIKNG
onuarodoTnang vos omoeidous urodoxéa. O 100ppoTTNHEVOS TTPOGOETNS EvepyOTTOIET £€iOU
OU0 BIaPOPETIKG onuUATodOTIKA [IOVOTTATIA OE avTiBeon ue ekeivoug mou pubuifouv dIaQOopIKa
TOU KaB0OIKOUS TEAEDTES TNG oTTIoUXaS SpAoNC.

1.6 O pOAog TwV OTTIOEIBWYV UTTOSOXEWV OTO VEUPIKO oUoThA
1.6.1 O p6Aog Tou J-OR OTO VEUPIKO CUOCTHHA

O p-ommocidrig utrodoxéag (U-OR) ATav o TTPWTOG TOu OTToiou N douNn

AUBnke kpuoTaldoypagikd (Manglik et al, 2012). O1 dia@opég METAEU TwWV
TTapaAdaywv Tou yovidiou OPRM1 cuoxetiCovtal o peydho Babud pe TiIg alayég
OTIG aTTaITACEIG BOTOAOYIaG yia opiopéva e¢wyevr otmogidn. To 1o koivd SNP oTo
yovidio OPRM1 eival n utrokataotaon A/G (rs 1799971) o1o €€wvio 1, TTOU TTPOKAAET
aAAayn otnv aAAnAouyia apivogéwy Tng Tpwreivng u-OR (Asn—Asp, N40D). Auto 10
SNP evioxuel Tn ouyyéveia déapeuong TnG B-evdopeivng o1o P-OR, n oTToia TTPOKOAEI
auénuévn 10x0 otov utrodoxéa. O p-OR evromietal o OAO TO KEVIPIKO VEUPIKO
oU0TNUO O€ TIEPIOXEG TTOU €UTTAEKOVTAI OTAV QI0BNTIKA Kal KIVATIKA AgIToupyia
OUMTTEPIAOUBAVOUEVWY KOl TTEPIOXWY TIOU €uBUvovTal yia TNV avTiAnywn, Tnv
emeepyaoia TTANPOPOPIWY, TNV HAKPAG OIAPKEIAG WVAUN, TNV 60@PNon Kai Tnv
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emegepyaoia Twy ouvaliIcONUATWY OTTWG TO PETAIXMIOKG cUoTNPa. BpiokovTal Kupiwg
OTO EYKEPOAIKO OTEAEXOG Kal OTOV €0W BAAAUO, aAAG ek@pdalovTal €TTIONG Kal O€
KUTTapQ TOu avoooTroinTikou cucThpaTtog (Mansour et al, 1995). To mRNA tou y-OR
QavIXVEUETAl OTOUG 00@PNTIKOUG BOABOUG, OTOV ITTITTOKAWTIO, OTNV 0dovIwTh €AIKaQ,
oTnv apuydaAn, otov Baaikd TTUpAVA TNG TEAIKAG TaIViag, a€ TTEPIOXES TOUu padwTou
OWHATOG, OTNV UTTOUECOASBIO TTEPIOXN, OTOV ETTIKAIVA TTUpRva, 0TV WXPA oeaipa
KAl oToV TTupriva Tou dlagpdypartog. Etiong uwnAd emimeda tou mRNA Tou u-OR
UTTAPYXOUV O€ APKETOUG BaAAUIKOUG TTUPRAVEG KAl OTOV €0W TIPOOTITIKG TTUPAVA TOU
utToBaAGuOU aAAG eTTiong Kal oTnv Kevipikl @aid oucia. O P-OR evroTrieTal
METOOUVATITIKA WOTO0O, UTTAPXOUV OPICUEVEG TTEPITITWOEIS CUVEVTOTTIOHOU WE TOV
Tapdyovta Tau Kal TNV CUVATITOQUGIVN, Ta oTroia eival OeikTeg yia veupdEoveg
(Arvidsson et al, 1995).

O1 utrodoxeic auToi avTITTPOOWTTEUOUV TOUG KUPIOUG HOPIAKOUG OTOXOUG TNG
Hop@ivNg in Vivo Kal JECOAABOUV OTIG EUEPYETIKEG OAAG KOl OTIG APVNTIKEG ETTITITWOEIG
TWV EUPEWG XPNOILOTTOIOUUEVWY OTTIOEIdWY avaAoywv (Matthes et al, 1996). Eivai
uTTEUBUVOI YIa @aivOueva OTTWGS N avaAynaia, n avaTTvEUSTIKA KATAOTOAR, N eupopia,
N MEIWPEVN KIVATIKOTNTO TOU YOOTPEVTEPIKOU CWArva kal Quolkd n e€¢dptnon. O
TIPOCUVOTITIKOG €VTOTTIONOG Tou P-OR OTOUG TTPWTOYEVEIG TTPOCAYWYOUG VEUPWVEG
TOU paxIaiou KEPATOG TOU VWTIAIOU JUEAOU, oI OTToiol avaaTEAAOUV TNV ATTODETHEUON
yAoutauivikou, divel otov U-OR puBuioTikd pdAo oTn HETAdOON Twv AICONTIKWVY
epebiopdTwy amod TG iveg C (MIKPNG SIAUETPOU iVEG XWPIG JUEAIVN) yia Tn YETAdOON
QTTAAWY PINXAVIKWY, BEPUIKWY Kal XNUIKWVY EPEBICUATWY OTTWG payoupa Kal apAaBig
BeppoTnTa Kai TIG iveg Ad (didpeong SlapéTpou iveG PE PUEAivn) yia Tn YETAdOON
IOXUPOTEPWY AIOONOEWY OTTd PNXavIKA, Beppik& Kal XnUIKG epebiopdra OTTwG
uwnAoTEPN BepAOTNTA KAl TTOVOG.

H kevipikn @aid oucia (KPO: periaqueductal grey) eival pia tepioxr) Tou
MECEYKEPAAOU TTOU EUTTAEKETOI OTOV KEVTPIKO €AeyXo TnG peTaBiBaong Tou Tmévou. H
ekpor] epebiopdtwy amd v KOO petafifadetal oTov vwTiaio YueAd OTTOU dpa
avaoTéANOVTOG TNV PETABOOT TWV £PEBICPATWY TTOVOU aTTO TIG TTPOCAYWYEG VEG Kal
gival ato oUVOAS TNG YVWOTH WG KaTioUoa avaoTaATIKr 006¢ eAéyxou. Ztnv KPO o u-
OR ek@ppaletal o€ PeYAAN OUYKEVTPWON KAl N avaAynoia 1Tou TTPOKAAOUV KATTOIO
otmoeIdny €xel TTpoTaBei OTI TTPOKaAEiTAl aTTd TNV ATTOPAKPUVON TOU KOTAOTOATIKOU

TOVOU TOU Y-auivoBouTupikoU o&éog (GABA) ag auTr Tnv TTEPIOXT TOU €yKeEPAAou. To
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GABA cival 0 KUplog KaTaoTAATIKOG SIaBIBACTHG GTOV EYKEPAAO KAl Opa JEIVOVTAG
QTTOTPETTOVTAG TNV EKPON avaAynTIKwy veupodiafifaoctwy atd Tnv KPO.

H KoTaoToA} TOUu QvATIVEUOTIKOU OUCTAMATOG MEOW TnG Meiwong Tng
€UQIOONCIAg TWV XNUEIOUTTOO0XEWY CE UTTEPKATTVIA KOl N MEIWAON TwV EKKPICEWYV Kal
TWV TIEPIOTAATIKWYV KIVIIOEWV TOU YAOTPEVTEPIKOU OWANvVa HE OUVETTAKOAOUON
QUOKOINIOTNTA OUYKATOAEYOVTAl OTIG ONUAVTIKEG TTOPEVEPYEIEG TTOU OXETICOVTAl E
Toug aywvioTég Tou P-OR. O1 kUpieg avaAynTikéG emdpdoelg Tou U-OR Kal Twv
AyWVIOTWY TOU TIPOKAAOUVTal aTrd ThV EVEPYOTTOINON TWV UTTOOOXEWV  TTOU
Bpiokovtal 01O KeVvTPIKO VEUPIKO OUCTNMA, evd O apiBudg Twv ouvnBIouEVWY
TTOPEVEPYEIWY TOU pPuUBuIeTal aTmmd TNV €VEPYOTTOINON TWV UTTOBOXEWV  TTOU
evrtotriCovTtal TepIPePIKA. MapaTeTapévn €kBeon Tou P-OR og dIAPOPOUS aywVIOTEG,
odnyei 0T Wo@opuAiwar] Tou aTrd TIG KIvaoeg Twv GPCRs (GRKS) pe eTak6Aoubn
OéoEUON TWV APPECTIVWOV OTOV UTTodoXED. META TN 0UCEUCH TOU WE TIG B-ApPECTIVES
o J-OR kateuBuvetal oTa evOOoWHATA, OTTOU ATTOPWTPOPUAILVETAI KOl GTN OUVEXEIQ
OVOKUKAWVETAI, ETTAVEPYXOUEVOG «EUAICONTOTTOINKEVOG» OTNV TTAACUATIKN HEUPBPAVN,
£TOIMOG Yia évav vEO KUKAO evepyoTtroinong (Corbett et al, 2006). O y-OR, o otroiog,
oe avtiBeon pe Tov O-OR, eviomifeTal Kupiwg aOTnv TTAQOUATIK HEUPBPAEVN,
XOPOKTNPICETaI WG £vag TaXEWG avakukAoUpevog utrodoxéag (Wang et al, 2018). O
EVEPYOTTOINUEVOG  HE  TO  OAKOAAOEIDEG  Mopgivn  P-OR  epgpavidel  pgovadikda
XOPOKTNPIOTIKA, KaBwg dev pwaopopuAiwvetal amd Tig GRKs kai oUte oTpaTtoloyei
OTTOTEAECPATIKA TIG OPPECTIVEG, TTAPOTI BPioKeETaI OE evepyn dilaudpewon. EmAéoy,
n Mop@ivn aduvarei va TTpodAyel TNV evOOKUTTAPWON Tou Y-OR, TOOO Of KUTTAPIKEG
KOAAIEPYEIEG, OO0 KOl OTOUG VEUPWVEG, O QvTIBEON PE TOUG £vOOYEVEIG TTETTTIOIKOUG
TIPOCOETEG KAI TA TTEPICCOTEPA EEWYEVWG XOPNYoUHEVa OTTIoEIdr pdpuaka (Waldhoer
et al, 2004).

MeAéteg oe diayovidiakd knockout (KO) Ttrovrikia yia tov p-OR €dei§av 0TI
autd epeaviCav auénuévn cuaioBnoia oe Bepuikd aANG Ox1I O¢€ PNXOVIKO TTOVO
KatadeikvoovTag 6T N avaAynTiky dpdon Tou P-OR cival dia@opeTIKA Kal ¢apTaTal
amd 10 €idog Tou epeBioparog. Kapia amd TIg TTPoPAeTTONEVEG £MIOPACEIS
TTOPEVEPYEIEG TNG HOoPYivNG eV TTaPATNPNBNKAV OE TTOVTIKIO TTOU OTEPOUVTAI TOV -
OR. Ta diayovidioké autd KO povTtéAa dev eppaviCav avahynaia rj aAAayr) otov Tdvo
TOU QVOTTVEUCOTIKOU COUCTHAPOTOG META TN XoprRynon Hop®ivng A GAwWvV eEwyevwg
Xopnyoupevwy otmosidwyv aywviotwv (Mogil & Grisel, 1998). Ta dsdopéva atmmo Ta

KO movtikia yia tov p-OR katadeikviouv 0TI autdg O UTTOdOXEAG KATEXEI €vav
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Bepehiwdn poAo oTnv emme€epyacia Tou aIoBAPATOG avTauolBig 1600 ammd QUOIKA
gpeBioyara 600 kai amd Tnv katdxpnon ouciwv. H 1oxuph TOoUu auTr €TTidpaOon
OUMBAAAEl oTnv XpAON VAPKWTIKWY Kal OIEUKOAUVEI Tnv €vapén Twv €0I0TIKWV
oupTtTEPIPOpWwY. To 10XUpd aioBnua emBpdpeuong Twy Y-OR aywvioTwy mBavov
OUMBAAAel oTnv ava@epouevn emmiTuxia TnG oTmoeidols Bepatreiag evavtia oTnv
KatdBAiyn (Tenore, 2008). Ze avtiBeon pe Ta TTAPATTAVW, BUO €PEUVNTIKEG OPADEG
QvEQEPAV UEIWON OTIC AYXWOEIS KAl KATABMNITITIKEG CUUTTEPIPOPEG CE TTOVTIKOUG UE
avettapkela o€ P-OR, uttodelkvUovTag To TTapddogo o Y-OR va €xel KAl KATEUVAOTIKO
pPOAO OTN pUBUIoN cuvaloBnuaTikwy avTidpdocwy (Yoo et al, 2004), deixvovtag OTI N
EUTTAOKA TOU UTTOOOXEQ AUTOU OE PNXAVIOPOUG eAéyXou TG dIABsong WTTopEi va ival

MO TTEPITTAOKN aTTO O, TI avapevoTav TTponyoupévwg (Lutz & Kieffer, 2013).

1.6.2 O p6Aog Tou 5-OR OTO VEUPIKO CUCTHHA

O d6-omocIdn¢ utTTodox£QG TOU TTOVTIKOU ATAV O TTPWTOG OTTIOEIBNG UTTODOXEAG
mou kKAwvoTtroindnke (Evans et al, 1992; Kieffer et al, 1992). O &-omoeIdAg
uttodoxéag atroteAcital ammd 372 apivoéa. O atrAGg VOUKAEOTIOIKOG TTOAUHOPPIGHOG
A/G (rs569356) atmodeixBnke OTI auédvel Tnv €kepacn Tou yovidiou OPRD1 pe
ammoTéAECPa TNV auénpévn avtapoIf o€ TTEPITITWOEIG KATAXPNONG VOPKWTIKWV
ouciwv. EkT16g amd TG Béoeic @wo@opuAiwong TTou diaBétouv ol 6-ORg oTO
KApPOEUTEAIKO AKPO TOUG WOTE va onPaTodoTouv Tnv evOOKUTTApWan Toug (Zhao et
al, 1997), diaBétouv eTTITTAEOV BECEIG PETA-UETAPPACTIKWY TPOTTOTTOINCEWY OTTWG U0
Béo€1g YAUKOCUAiwoNG oTo auIvoTeAIKG AKpo TTou cupBdAouv otnv avadiTtAwaon Tou
uTTodOXEQ Kl OTNV ££000 TOU ATTO TO £VOOTTAACUATIKG OiKTUO.

210 ONAQOTIKE, in Vivo QaPUOKOAOYIKEG HEAETEG EXOUV TTPOTEIVEI TNV UTTOPEN
OUo uTtoTUTTWYV TOU UTTodOXED, Twv O; Kal &, (Vanderah et al, 1994).0 &;-uttodoxéag
Bewpeital 611 evepyotroicital amd Ta memTidia DPDPE, DADLE kai ptrAoképeTal atro
v [Ala?, Leu®, Cys®leykeahivn. O d,-utrodoxéag éxel TTPoTadei OTI EVEPYOTTOIEITA
atré 1N OeAtopivn Il (deltorphin II) ko Tto TreTTidlo DSLET kai n dpdon Tou
TTapeUTTOdICETAI TTAPOUTIa TNG VAATPIVOOANG.

O 6-OR @wo@opuAitoveTal, YETA TRV evepyoTroinon Tou, amd TiG GRKs oTig
B¢oeig Ser 363 kai Thr 358 (Guo et al, 2000), aAAG PTTOPE ETTIONG VO QWOPOPUNIWOET
Kal a1mé TNV TTPpWTEiVIKN Kivaon C otn 6éon Ser 344 (Xiang et al, 2001) ka1 T Src
TUPOOIVIKN Kivéion otn 6éon Tyr 318 (Kramer et al, 2000). H pwo@opuAiwon Tou &-
OR o00nyei oTn aTpatoAdynon Twv B-appeCTIVIOV, YE ATTOTEAECUA TNV ETWTEPIKEUDN
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Tou uttodoxéa (Zhang et al, 2008). O puBuOG TNG €TTAYOUEVNG ATTO TOV QYWVIOTA
eowTepikeuong Tou 6-OR @aivetal va gival TaxUTEPOS aTTd OTI TWV [- KAl K-OTTIOEIdWV
uttodoxéwv. MeTd Tnv ecwTepikeuan, o 8-OR UTTOKEITAI OE ONUAVTIKA aTToppuBuIon,
n otroia o@eiAeTal KATd KUPIO Adyo oTnV A1ToIKodouNon autol oTa AUCOCWUATA.

O1 &-omioeideic uttodoXEiG ekPpAlovTal o€ UWNAG eTTITTESA OTIG TTEPICCTOTEPES
TTEPIOXEG TOU EYKEPAAOU HE TN PEYOAUTEPN €KPPAOCN VA EVTOTTICETAI OTO PAOIO, OTIG
OOUEG TOU HETAIXMIGKOU CUCTANOTOG OTTWG €ival N APUYDdAAr Kal O ITTTTOKAMTIOG,
OTOUG 00QPNTIKOUG AoBoug, oTo pafdwTd CWHa, OTOV ETIKAIVI TTUpfva, oOTnV
auuydaAf, otov @Aold, otov BAAapo, oTov UTTOBAAQUO KAl O€ VEUPWVEG TTOU
ouvdéovtal Je TNV Kivnon. AkOUa evtoTriCovTal O¢ TTEPIPEPIKOUG 10TOUG, OTTWG OF
Oepuatiké kutTapa (Bigliardi et al, 2009), oe T kai B ocIpéc AeUPOKUTTAPWV
(Gaveriaux et al, 1995), otoug kepatoeldeig, ota BAEpapa kal Ta xeiAn (Wenk &
Honda, 1999). OAeg ol Trapatmdvw TTEPIOXEG €XOUv OuvdeBel e  eyKEQAANIKEG
AeIToupyieg OTTWG N YVWOTIKA AgIToupyia, n PvhAPn Kal N gaénon, n kivnon, &1a0son
aAAG Kal e dlaTapaxEG TOU VEUPIKOU CUCTAMATOS OTTWG TO AyX0G, O TTOVOC KAl JE TO
aioOnua avrapoIfng kai KiviiTpou (Gendron et al, 2015).

2€ KUTTOPIKG ETTITTEDO OI O-UTTOOOXEIC KATAVEUOVTAI OTO KUTTAPOTTAACHA Twv
VEUPWVWYV, EVW HOVO £va PIKPO UTTOOUVOAO TwV UTTODOXEWV AUTWY EVTOTTICETAI OTNV
TAaopaTik pepBpdvn (Cahill et al, 2001). Anpioupyia @AEYPOVAG 1} TTAPATETAPEVN
Xoprnynon Hop@ivng PTTopei va odnynoel o€ YETAVAOTEUCN TWV O-UTTODOXEWV OTNV
KUTTapIKN em@aveia. O1 6-OR BpiokovTal €TMiONG TTPOCUVATITIKG OTOUG TTPWTOYEVEIG
TTPOOOYWYOUG  VEUPWVEG  OTTOU  avaoTEAAouv  Tnv  atreAeuBépwon  Twv
veupodiaBifacTwy. T6CO péow vwTIaiwY GCGO KAl TWV UTTEPVWTIaiwWY BECEWY TOU O O-
OR eutrAékeTal 0TV KATATTPAUVTIKA KAl AvaAynTIKr dpdon Twv OTTOEIdWY OUCIWV
oTa epeBioudTa movou. Ouwg o1 d-aywvioTEG €xel €TTionNG OeIXBei OTI PEILVOUV TNV
KIVATIKOTNTA TOU YOO TPEVTEPIKOU CWANVA KAl TIPOKAAOUV AVATTVEUCTIKI) KATAOTOAN.

DapuaKOAOYIKEG WEAETEGC OE TPWKTIKA TTOU TOUG Yopnynodnkav O-oTTioeIdEig
QYWVIOTEG O€ TTEPIOYEG, OTTWGS N auuydoAl Kal 0 QAocIOG, TTapoudicoav PEIWPEVN
OUMTTEPIPOPIKA aTTOKPION OTO OTPEG Kal TNV  KatdbAiyn e&vw n  xopnAynon
avtaywvioTwy Tou 8-OR, 6TTwg n VAATPIVOOAN, augnoe TIG CUUTTEPIPOPEG Ayxous. O
0-OR @aivetal TTwg Katéxel pubBuIoTIKG pOAo oTov €BIoud ammd To AAKOOA KaBwg
TTOAMG dedopéva €xouv ammodeifel TTwG n xopriynon O-aviaywvioTwv OTwg n

vaATpIvOOAn, naltriben kar SORI-9409 peiwoe Tnv ekouoia katavaAwon A avalntnon
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OAKOOA evw avTiBeTa n xoprynaon &-ommoegIdwyY aywVvIoTWY O€ OUYKEKPIMEVES TTEPIOXEG
TOU eyKe@AAou audvel To aioBnua eUpeang aAKOOA.

2¢e poplakd emmiedo €xel ammoocapnvioTei 0 poAog Tou 8-OR oTo oloTnua TG
€€AGPTNONG Ao Ta OTOEIdN YEOW TNG AUENUEVNG TTPOCUVATITIKNAG aTTEAEUBEPWONG
TNG VTOTTAMIVNG OTIG TTEPIOXEG TNG KOIAIAKNAG WXPAS Oo@aipag Kal Tou ETTIKAIVOUG
TTUpiva 01 KUPIEG TTEPIOXEG TTOU OXETICOVTOI HPE TNV AVATITUEN TNG €EAPTNONG
(Klenowski et al, 2015). OAa Ta TTapammavw dedopéva utrodnAwvouv o1l 0 8-OR
MTTOPEI VO aTTOTEAECEI POAPUAKEUTIKOG OTOXOG YIO Th BEpATTEI TOU UTTOTPOTTIOCUOU O€
Qaivoueva €0i1ouoU.

Me dedopévo 011 0 8-OR ekppdaletal o uPnAd eTTireda oTo PABdWTO CWHA TO
OTTOi0 PUBUICEl TNV KIVNOIOAOYIO KOl TO OUYXPOVIOWO TWV €KOUCIWV KIVAOEWY, N
xopnynon XapnAwv 86cewv &-0TTIoEIdWV aywvioTwy oTTws 1o SNC80 kal To UFP-
512 OTn OUYKEKPIYEVN TTEPIOXN £OEIEE TTWG EVIOXUE TOV OUYXPOVIOHO KIVACEWV O€
TTOPKIVOOVIKA HOVTEAD MUWV. € KUTTOPIKO €TmiTredo, n dpdon Tou O-0TTogIdoug
UTTOO0XEQ €XEI OUOXETIOTEI PE TNV VEUPOTTPOOTACIO O€ TTPWTOVEVEIC KAANIEPYEIES
veupwvwyv (Pallaki et al, 2017) kaBwg kal o€ UTTOEIKOUG Kal I0XAIMIKOUG EYKEQAAOUG
(Wang et al, 2016). H evepyotroinan tou 6-OR euTTAéKETAI € KAPOIOTTPOOTATEUTIKES
(Gross et al, 2004), avtikataBAITTTIKEG (Jutkiewicz, 2006) kal VEUPOTTPOGTATEUTIKEG
VEUPOYEVETIKEG OPAOTEIS. [NpAyHATI N EVEPYOTTOINON TOU UTTOBOXEQ ATTO TOV OYWVIOTH
SNC80 obnyei otnv emBiwon Twv PC12 kuttdpwyv, aAAd Kal VEUPWVWV TOU
KEVTPIKOU VEUPIKOU OUCTAPATOG, TOUG OTTOIOUG TTPoOoTaTeUEl ATTd KUTTOPIKO Bdvato
(Narita et al, 2006). NoAA& epeuvnTIKG Ocdouéva £DeIEav OTI N EvEPYOTTOINCN Tou O-
OR evioxUel Tnv emBiwon Twv VEUPIKWY KUTTAPWYV TTEPIOPICOVTAG TNV ATTOTITWON
Toug AOYw TOU KUTTAPIKOU I0XQIMIKOU BavdaTtou evy o€ CWIKGE POVTEAQ IO0XaIdiag n
evdoeyke@aAIky xopriynon DADLE (intracerebroventricular) aluénoe tov KUTTOPIKO
TTOAQTTAQCIOONO Kal TNV VEUPIKA SIaQOopoTroincn OToV ITTTTOKAKTIO 0dNnywvTag o€
aAAayEg TTou BeATiwvouy Tn pviun (Wang et al, 2016).

ATraAolpn Tou yovidiou Tou 3-OR o€ SiayoviBiakd HovTéAa PUV (B3-OR™) £de1Ee
OTI auTd cival Biooiga, yoviua kai dgv TTapoucidfouv avaTodIKEG avwPoAieg aAAd
gu@avi¢ouv uTTEPKIVNTIKOTNTA. Ta dedopéva autd cuvnyopouv OTo yeyovog OTl O 6-
OR utté o@uololoyikég ouvlnAkeg puBuifel TNV KIVATIK CUPTTEPIPOPA  SPWVTAG
nEeWIoTIKE. Ta diayovidiokd (3-OR™) Tovrikia  eugavifouv auénuéva  eTmimeda
KATAOAITTITIKWY CUUTTEPIPOPWY KOl AYXOUG O€ DOKIYEG £LavayKaopévnNg KOAUPBNONG

Kal QokIuNng @wtog-okoTtoug (Filliol et al, 2000; Roberts et al, 2001). Axopa
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TTapouaialouv augnuévn KatavaAwaon aAkooA mBavda Adyw Twv uwnAwv emTEdwyY
AyXoug TTou TTapoucIdlouyv cuuTTEpaivovTag OTI N KatavaAwon aAKoOA atroTeAei éva
€id0o¢ autd-pubuiIong Tou ayxoug (Chu et al, 2013). EmimmAéov, TOGO 0 QAeyHOVWONG
400 Kal 0 VEUPOTTABNTIKAS TIOVOC €ival eviovoTepol oTa 8-OR™ Trovrikia (Nadal et al,
2006).

1.6.3 O p6Aog Tou K-OR oTO VEUPIKO oUOCTHUA

O k-omosidng uttodoxéag (K-OR) ATav o OeUTEPOG TNG OIKOYEVEIAS TWV
OTTIOEIBWYV UTTOBOXEWV TTOU KAWVOTTOIRBNKE apyIKG atrd Tov e€yKEPAAO apoupaiou
(Chen et al, 1993) kai akoAouBnoav autd Tou TTovTiKoU (Yasuda et al, 1993) kai Tou
avBpwTtrou (Mansson et al, 1994). AmroTeAei Tov TpiTO KOTA O€Ip& ATTO TOUG OTTIOEIDEIG
TToU avaokaAugelnke n doul Tou (Wu et al, 2012) kal ovopdoTtnke £1al Adyo Tou
TPWTOU aywvVvIioTA TTou PBpEOnke va TTPoodEveTal GE auTOv, TNV KETOKUKAALoaivn
(Eikéva 6). >tov AavBpwtio 10 Yovidld Tou K-OR, 10 OPRK1, Bpioketal oTO
Xpwuoocwua 8, €xel éktaon 26 kbp kar atorteAcital amd 4 €€wvia Tou divouv TNV
KwoIKoTTolouoa aAAnAouxia evw Oivel 3 OIAQOPETIKA TTpoidvTa paTiopaTtog. Eival
afloonueiwTo OTI 01 BECEIC PaTIOPATOS Kal Twv Tplwv yovidiwv P-OR, 8-OR kal K-OR
gival ota idla apivogéa Twv KWOIKOTTOIOUCWY GAANAOUXIWV YEYOVOG TTOU KATADEIKVUEI
TTwg TMBavév va egelixbnkav atmd koivd Trpoyovikd yovidio. Meipdpata mpoéodeong
(binding assays) £xouv TAUTOTTOINOEI TPEIG UTTOTUTTOUG, TOV K1, K2 Kal K3 JE Tov K1 va
gival 0 povadIkog TTou £xel KAwvoTtroinBei (Mansson et al, 1994; Rothman et al, 1989).
Auénuéva emmimeda MRNAS kal TTpwTteivng 1600 TNG duvopivng 6co Kal Tou K-OR
TTapaTnpEiTal oTig TTEPIOXEG Tou ImTmmokauTTou  (hippocampus), TG AapUydaAAg
(amygdala), Tou TTapakolAiokou TTupriva Tou utto8aAduou (paraventricular nucleus of
hypothalamus), Tou emmikAnvA TTupriva (nucleus accumbens), Tou paBdwWToU CWUATOG
(striatum) ka1 TG péAavag ouoiag (substantia nigra) ota TpwkKTIKA (Mansour et al,
1996; Peng et al, 2012). MNapduoio TTPOTUTTIO £KPPACNG TTAPOUCIAETAI KOl OTOV
avOpWTTIVO EYKEPAAO ATTOBEIKVUOVTAG UE QUTO TOV TPOTTO TTWG TO EVOOYEVEG GUCTNHO
Tou K-OR uTtrodoxéa pe 1O e€vdoyevr) TIETTIOION £XOUV OUVTNPNUEVO POAO OTa
dla@opeTIKA €idn opyaviopwv (Hurd, 1996; Simonin et al, 1995).

O k-OR, Omwg o1 Y- Kal 8- uTTodOXEIG, UPIOTAVTOlI HETO-PETOPPOOTIKES
TPOTTOTTOINCEIG OTTWG YAUKOCUAIWON N OTToia OXETICETAI PUE TOV EVTOTTIONG TOUG, OTNV
KUTTOPIKN MEUBPAvN kai Tnv onuatoddétnon Ttous. O avBpwtvog k-OR (hk-OR)
ugioTtartal YAukoQuAiwan 1600 N- 600 kai O-tUtrou. H N-yAukoluAiwon TTpooTaTeUEl
TOoV UTTOd0oXEa ATTO TN PWOPOPUAIWGN, TNV ATTEUAICONTOTTIOINGT, TNV ECWTEPIKEUON
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Kal TEAIKG Tnv atroikodéunon Tou, diadikagia AOyw Tng evepyoTroiong Tou atmod
aywvioTn Ouwg Tnv idla wpa KabuoTepei TNV wpiyavor Tou Kal TRV TTPoaywyr Tou

a1 10 EA ota kuoTidia Golgi (Li et al, 2008).

4

MP1104

Eikéva 6: KouotaAAikh doun Tou avBpwirivou K-o1Tiogidous utrodoxéa. KouataAAoypapia e
aktive¢ X Tou avBpwtivou K-OR O& CUUTTAOKO L€ TOV OTTIOEIO) aywVvIaTh £TOEULOPPIVAVNG
(MP1104) kai To vavoowuaridio (Nb39) mmou oraBsporroisi Thv evepyrj Tou kardoraon (Che et
al, 2018).

O1 k-uttodoxeig, o€ avTmioToixia e Toug O, Bpiokovtal kKatd KUplo AGyo o€
€VOOKUTTOPIKA dlapepiopata Kal PETOTOTTICOVTAI OTNV TTAQOMATIKA MEPPPAVN WG
atrékpion ota didgopa epebiopata (Corbett et al, 2006; Wang et al, 2008). H
gvepyoTtroinon Tou K-OR @aiveTal va avtaywvidetal TTOAEG atTd TIG £TTIOPACEIG TOU W-
OR otov eyképalo, cuptrepiAapBavopévwy TnNG avaAynoiag, TG avoxng, Tou
QI00ANATOS avTANOIBAS Kal TwV AEITOUPYIWY UVARNG Kal uddnong (Pan, 1998).

O1 TrepIo00TEPEG ATTO TIG EYKEPAANIKEG TTEPIOXEG OTIC OTTOIEG €VTOTTICETAI O
uTTO00XEQG aVIKOUV OTO oUCTNUA avTapoIBAg, WE Tnv evepyoTroinon tou K-OR va
EUTTAEKETAI OTNV  AVACTOATIKA PUBMION Twv VTOTIAUIVEPYIKWY VEUPWVWY TOU
OUOTAMOTOG, HEow Meiwong TG veupodiaBifaong. H dpdon autr) Tou K-0TTIoIEIBOUG

uttodoxéa oxeTiCeTal AUECA ME TIG TTEPITITWOEIS XPOVIAG XPAONG ouaiwy, OTTwG n
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KOKOivn Kal n aiBavoAn, Omou n peiwon Twv uwnAwv emmédwy  VTIOTTAIvNG
AgIToupyei WG €vag OPoIOOTATIKOG UNXAVICHOG TTOU ATTOTPETTEI TRV VEUPOTOLIKOTNTA.
Apketd SNPs kupiwg oTtov utrokivnTi Tou yovidiou OPRK1, 1Tou odnyouv o€
augnuévn PMETAYPOQIKN EVEQYOTNTO WE CUVETTEIQ TNV alEnon Twv eTTITTEdWYV Tou K-OR,
€XOUV OUOXETIOTEl PE Tnv  €EGpTnon amd TO OAKOOA. Tautoxpova Ouwg
TTapouciadovTal KATaoTAoelg duopopiag KAaTtd Tnv améoupon atrd TIG OUCIiEG AUTEG,
MéOW TNG avaoToAng tou aioBiuatog avrapolfg (Di Chiara & Imperato, 1988;
Bruijnzeel, 2009; Logrip et al, 2009; Chartoff et al, 2016;).

O1 k-OR Traifouv onuavtikd poAo oTnv avaAynoia, woTtéco dnuioupyouy,
OTTWG Kal ol U-ORs, TTOAAEG QVETTIBUUNTEG TTAPEVEPYEIEG, OTTWG gival N dUCTIVOIA KAl N
ouogopia (Trescot et al, 2008). AvrtiBeta, Otav 01 K-OTTIOEIOEIC AYWVIOTEG
TTeplopiovTal YOVO OTNV TTEPIPEPEIN, EKTOG TOU KEVTPIKOU VEUPIKOU CUCTANATOG,
avakou@ifouv 1 TTPOAAUBAVOUV TOV TTOVO, ATTOPEUYOVTAG TIG TTAPEVEPYEIEG TTOU
oxetiCovral ye To KNZ (Vanderah, 2010). O1 K-0TogIdeic aywVvIoTEG £X0OUV TTPOCPATA
MEAETNOEI yia TIC BEPATTEUTIKEG TOUG duvaTOTNTEG €vavTl Tou €BiIopoU. Ta dedouéva
£deiav 6T n duvopeivn, 0 evOOYEVNG K-QywVIOTHG ATTOTEAEI £Evav QUOIKO PNXaviouo
eAéyxou Tou cwuartog oTtov €BiIcud (Frankel et al, 2008). EmmmAéov, TTOAAOI K-
OTTIOEIDEIGC AYWVIOTEG ETTIOEIKVUOUV VEUPOTTPOOTATEUTIK) OpAcn O€ TTEPITITWOEIG
utroiag Kal 1oxaIpiag, utrodeikviovTag Tov K-OR w¢ évav vEo BePATTEUTIKO OTOXO
(Zeynalov et al, 2006).

ISiaitepo  evdlapépov TTPOKaAEi TO yeyovog OTi 0 K-OR OuppeTéxel o€
VEUPOAOYIKEG BlEpyaaieg TTou oxeTiCovTal P Tn SIABECN KAl €XEI CUOXETIOTEI AUECA E
TNV ENQAvion ayxwTikwv diatapaxwv (Bruchas et al, 2010). ZUPTTEPIPOPIKEG PEAETEG
O€ TPWKTIKA Trou €ixav UTtofAnBei o€ Wuxoloyikd oTpecooydva epebiouara
katédeiav augnuéva emmimeda MRNA Tou evdoyevoug TTpoodETn Tou K-OR, Tnv
ouvopeivn, OTTWG Kal Tou idIoU Tou UTTOBOXEA, O€ TTEPIOXEG TOU E€YKEQPAAOU TTOU
EUTTAEKOVTOI PE TO OTPEG, OTTWG N APUYOAAR Kal O IMTTTOKAPTIOG. H TTapateTapévn
onpaTodétnon Tou K-OR, wg atrdékpIon o€ XPOVIO 1 AVEEEAEYKTO OTPEG, TTAPATNEEITAI
amd  dIAPOPoUG OTPECOYOVOUG TTapAyovTeG OTTWG N KOIVWVIKA ATTa KAl N
emmavalapBavopevn e€avaykaopévn KoAuppnon (Knoll & Carlezon, 2010) 1rou ptropei
va odnynoel o€ oAAayEG OTn CUMPTTEPIPOPA Twv JWwv OUOIEG WE QUTEG TTOU
TapatnpouvTal o€ dloTapaxeés KaAtdbAiyng oTov AvBpwITo.  ZUYKEKPIMEVA, N
Xopriynon aywviotwyv Tou K-OR, o€ apoupaioug, 6Tmwg 10 U69493 kai to U50,488H

KabBwg ol avraywvioTég 6TTwg 10 JDTic kai 70 nor-BNI 0dnyouv 0g ayXwTIKEG Kal
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QYXWAUTIKEG CUMTIEPIPOPEG avTioTOIXA, O OOKIUACIEG CUMTTEPIPOPAS OTTWG N
eCavavaykaopévn koAuppnon (Knoll et al, 2007). To oTpeg TapeutTodifel TNV
Makpoxpovn evduvauwaon Tng veupikAg wong (Long-Term Potentiation, LTP) péow
NG atmmeAeuBEPWONG evOOyEVWV OTTIOEIDWYV KAl TNG EVEPYOTTOINONG TWV UTTOBOXEWV
(Atwood et al, 2014). To eUpnua autd evioxUeTal ATTO TTPONYOUNEVEG UEAETEG TTOU
ava@épouv OTl KATW aTTd OTPECOYOVEG KATAOTACEIG TTAPATNPEITAI ATTEAEUBEPWON TOU
£vOOYyeVOUG K-OTTIOEIDOUG TTETTTIOIOU duVOopP@ivn KAl CUVETTAKOAOUBN evepyoTroinon
Tou K-OR pe éva avegepeuvnto péxpl onuepa pnxaviopo (Bruchas et al, 2010). To
evdoyevég ouotnua  Tng  duvop@ivng/k-OR  Tmapoucidlel  Oonuepa  €EQIPETIKO
QPAPHOKOAOYIKO eVOIOQPEPOV KABWG AVTAYWVIOTEG TWV K-OTTIOEIBWY UTTODOXEWY OTTWG
0 ALKS5461 (Alkermes) kai o CERC-501 (LY2456302) amd tnv Eli-Lilly Bpiokovtai
o€ KAIVIKEG doKIUEG @aong I yia TV Xopriynon Toug wg ayxoAuTIKA @apuaka. MNa 1o
AGYO auTO N KATOAUTIKA CUMPETOXH Tou K-OR o€ KaTaoTAoEIg AyXoug Kal KatdBAiyng
ToVv avadelkvuel wg €va moavo BepatreuTikd oT1oxo (Hang et al, 2015; Land et al,
2008; McLaughlin et al, 2003; Tejeda et al, 2015). ETimtAéov, evOla@EéPoV aTTOTEAEI TO
yeyovog o1 o1 mpocdéteg Tou K-OR  TTAgovekTouv  Evavtl GAAwV  OTTIoEIdwvY
TTPOGOETWY, KABWS &V TTPOKAAOUV QVATIVEUGTIKI) KATAGTOAR.

MeAéteg o€ GTOMO  dloyvwOoPEVa HE  WUXIATPIKEG dIOTAPAXEG OTTWG N
OXICOPPEVEID UTTOOTNPICOUV TNV EUTTAOKI) TOU OUCTAPOTOG Tou K-OR 0€ auTég
(Shippenberg, 2009; Tejeda et al, 2012). TéAog, évag QUOIKOG AAAG €EwyeEVAG
aywvioTng Tou K-OR, n agaABivopivn TTou TTpoépxeTal atmd 1o QuTd Salvia divinorum,
EMQaViCEl WUXOTPOTTEG KAl TTOPAIOONCIOYOVEG 1810TNTEG avAAOyeG auToU TOU
Auoegpyikou o&éog (LSD), dnAwvovtag Tnv ocuppetox Tou K-OR Kal 0€ OUCTAPATO
AVWTEPWYV EYKEQAAIKWY AgIToupylwy, 6TTwg autd Tng avTiAnwng (Butelman & Kreek,
2015).

AtraAoipry Tou yovidiou Tou kK-OR (knockout) ae diayoviSIaKG POVTEAQ PUWV
oev Tmapouciddouv aAAayr) ota Bacika eTTiTeda euaioBnoiog e BEPUIKO 1 Pnxavikéd
TOVOo, €V QUEAVETAI N €UAICONCIa TWV PUWYV OE EVOOTTEPITOVAIKEG €VETEIG OIKOU
0&€og (Simonin et al, 1998) kai yia T0 AOyo auTd, 01 K-OTTIOEIBEIS aywVIOTEG UTTOPET va
BewpnBouv wg KatdAAnAa avaAynTika yia Tn Bepatreia Tou oTTAAyXVIKOU TTOVOU
(Gebhart et al, 2000). EmmAéov, k-OR” pUeg Bev eppavifouv aAAayéc oTnv
avaAynoia TTou TTPOKaAEiTal aTTd TO OTPEG META atmd OoKIiyacia egavaykaouévng
KoAuuBnong (Gaveriaux-Ruff et al, 2003). O k-OR CUUUETEXEI OE CUNTTEPIPOPIKES

OTTOKPICEIG TTOU OPEIAOVTaI OTO OTPEG OTTWG €xEl OEIXOei atrd TNV PeEIwPEvN akivnaoia
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TTou gp@avifouv Ta {wa Pe EANEIYn Tou yovidiou TNG TTPOdUVOPYIVNG WG aTTOKPIoN O€
oTpeG. AUuTO TO QaIVOPEVO €xEl €TTioNg TTapatnenBei kal o€ TTovTikia Aypiou TUTTOU
Katd Tn xopAynon tou K-€1dikou avraywvioTig norBNI (McLaughlin et al, 2003). Ta
dedopéva autd atré Siayovidiakd {wa K-OR™ SnAWVouV 6Tl 0 UTTOBOXEAS HEIWVEI TV
avtauoIfr) kar v e€aptnon o€ ouaieg 6TTwg n Kokaivn (Bruchas et al., 2010a)
(Bruchas et al, 2010), av kal autd dev gival aviXVEUOIUO YIa OAEG TIG OUCIEG OTIG
OTTOIEG YiIVETAI KATAXPNON KAl TIPOKAAOUV €010U6.

TENOG, ava@OPIKG PE TA TTEPIPEPEIAKO OoUOTNUA, N TTapoucia Tou K-OR o€
VEUPWVEG TOU QUTOVONOU VEUPIKOU CUCTANATOG, TOU EVTEPIKOU VEUPIKOU BIKTUOU aAAG
KAl KUTTAPO TOU PUOKOPDIOU, OXETICETAI JE PEIWON TNG YOOTPEVTEPIKAG KIVNTIKOTNTAG
(Holzer, 2009) kai Tnv CUPMETOXN oOTnV puUBUION Kal TTPOCTACia TNG KAPDIAKNG
Aeiroupyiag (Cao et al, 2003; Sobanski et al, 2014). O k-OR evToTri(eTOI £TTIONG OTO
QVOOOTTOINTIKO cUCTNUA 0€ KUTTAPA OTTWG TA HAKPOPAYa KAl T T-Aeu@OKUTTOPA KAl
N EVEPYOTTOINOT TOU 0o0nyei O PETAPROAEG TWV ETTITTEOWY TTOAAWYV KUTOKIVWOV Kl
KAT €TTEKTAON O€ TMBavh KATaoToAl TG TTapaywyng avricwudtwy (Bidlack, 2000;
Radulovic et al, 1995).

1.6.3.1 Kuttapiki onpatodoTtnon tou K-OR 0TO VEUPIKO oUOCTHUA

O1 K-ORs aAAnAemdpolv Kupiwg PE TNV OPAdA TwV AVAOTAATIKWY Gy
UTTOOVAdWY Twv G TTpwTeividv (Law et al, 2000). MeAéTeg evowpdtwaong Tou [a-*2P]-
GTP-aidoavihidiou og Ga utropovadeg oe kuTTapa CHO TTou egéppalav oTabepd
Tov K-OR £€&¢1Eav 611 0 utTodOoXEQG EVEPYOTTOIOUOE TIG UTTOPOVASES Gyis, Gz, Gaozs
onAwvovTtag TTwG 0 K-OR di1abétel TNV IKavoTnTa aAAnAeTTiOpaong pe TTOANATTAEG G
mpwreiveg (Standifer and Pasternak, 1997).

H evepyorroinon tou k-OR atrd evdoyeveic 11 OUVOETIKOUG QywVvIOTEG
0dnyouv OTNV AvaOTOAN TnG evepyoTnTaG TNG adeVUAIKAG KUKAGong (Lawrence &
Bidlack, 1993), peiwvel Tnv KUTTOPIK OIEyEPON Kol  OTTEAEUBEpWON  TwV
veupodiaBiBacTwy peTaBaAlovTag Tn AsiToupyia Twv KavaAiwv acBeaTiou Kal KaAiou.
Otav 10 cDNA 10U K-OR dI10p0OAUVENKe o¢ KUTTapa HEK293 o1 aywviotég Tou
avéaTellav TNV ouoowpeuon Tou CAMP péow evdoyevwg ekppalouevwy G
TPWTEIVWYV guaiocOnTwyv otnv PTX dnAWvovTag TTwG n EvEPYOTTOiNON TOU UTTODOXEQ
odnyei o0¢ peiwon TG ocuocowpeuong Tou CAMP péow Twv Gy, AKOHA, n
gvepyotroinon Tou K-OR, 0€ VEUPWVEG Kal aOTPOKUTTAPA, EVEPYOTTOIEI TO POVOTTATI
Twv MAP kivaowv (mitogen activated protein kinase, MAPK) Kal OUYKEKPIPEVA TWV
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ERK1/2 xivacwv (Extracellular signal-Regulated Kinases) (Belcheva & Coscia, 2002;
Bohn et al, 2000; Papakonstantinou et al, 2015). EKTOG atmd TNV puo@opuAiwon Twv
ERK1/2 kivacwv, n evepyotmoinon tou K-OR emdyel TN @wo@opuliwon Tng p38
KIVAONG O€ aoTPOKUTTaPA Kal veupwveg péow Tou GRK3/appeoTiviov povoTttaTiou
onpartodétnong. H oikoyeveia Twv MAP Kivaowy QvTaTTOKPIVETAI OE MIO GEIPA OTTO
ecwyevn gpebiopara pubuiovTag KUTTAPIKES dIAdIKATieg OTTWG O TTOAAATTAQCIOOUOG,
n dia@opoTroincn, N ATOTITWOoN Kal n yovidlok €k@pacn. EmTAéov, PEAETEG TTOU
TIPAYHATOTTOINBNKAV O€ I0TOUG ATTO TNV TTAPEYKEPAAiIdA TOU IVOIKOU XoIpIdiou, OTTOU O
K-OR cival 1Diaitepa  €utTAOUTIONEVOG, £DeIEav OTI O UTTODOXEAG QVAOTEAAEL TIG
OpacTIKOTNTEG TNG GTPaong kai TG PLC péow Twv Gy Kal Ggip, aAAG 6X1 TNG Ggo. H
emmidopaon ¢ K-OR onuatoddtnong ota IoVTIKA KAVAAIa odnyei oTnv atrdéToun Kal
ogcia atreAeuBépwon veupodiafiBacTwy Tou TMBAvOV  va  OXETICETAl ME  TIG
OUMTTEPIPOPEG UOTEPA ATTO OgU OTPEG €V N €TTayOpevn atmd Tov K-OR yovidIiakn
pUBuIoN MMBavév va Taifel poAo oTig kaTaoTdoelg Xpdviou oTpeg (Knoll & Carlezon,
2010). H evepyotroinon twv MAPK, TIg 0dnyei oTtov TTuprjva TTou dueca i EPueca
PWOPOPUAILIVOUV HETAYPAPIKOUG TTapdyovTeg cuutrepihapBavopévwy Twy CREB,
zif268, Fos kai Jun. O petaypa@ikdg mapdyoviag CREB £xel wg atmmoTéAeoua Tnv
TPOOdECN TOU ME TIG TIEPIOXEG TOU UTTOKIVNTH TTou  TrepIAauBdvouv  onpeio
aAANAeTTidpaong pe Tov peTaypa@ikd apayovra (CRE) og didgopa yovidia kal wg €k
TOUTOU OTPATOAOYEI TNV évapén TG METAYPAQRG Kal Ekppaong yovidiwv (Carlezon &
Krystal, 2016). H evepyotroinon twv MAPK péow Tou k-OR utropei va odnyAnoel o€
ofeieg emdpdoeIC TOUu OTPEG MEOW  ypPryopwv aAAaywv OTnV  KUTTAPIKA
OIEYEPOINOTNTA, KABWG KOl HETAYEVECTEPWY ATTOKPIOEWV O€ OTpECOYOva epeBiopaTa
TIPOKAAWVTAG OOMIKES Kal AEITOUPYIKES VEUPIKES aAlayég (Thomas et al, 2004).
MapateTapévn evepyotroinon Tou K-OR €x€l WG ATTOTEAECHA TN QUWOPOPUAIWGCN
Kal atrevaicOnrotroinofy Tou utrodoxéa. O1 Béoeig puwo@opuAliwong Bpiokovtal
KUPiwg 01O KApPOEUTEAIKO GKPO TOU UTTodOoXEA Kal eTTITEAOUVTAI ATTO TIG KIVAoeg GRK
(G-protein coupled Receptor Kinase) (Land et al, 2008). O ¢@wo@OopUAIWPEVOG
uTTo00XEQG DIABETEl PEIWMEVN OUYYEVEIa TTPOODECAHS TOU E TO ETEPOTPIUEPES TwV G
TIPWTEIVUWV EVWD QUEAVETAI N CUYYEVEIQ yIa TA POpIa Twy appeoTivwy. MapdAo TTou n
atreuaiodnToTToinon Kai n evOokUTTWwaoN Tou K-OR egaptdral atd tnv SEC0UEUCT] TOU
ME TIC APPECTIVEG, UTTAPXOUV MHEAETEG TTOU ONAWvouvV OTI TO CUMTTAOKO TOU
PWOPOPUAIWMEVOU UTTOBOXEQ-OPPEDTIVNG OEV gival avevepyd aAAd PTTopEi Kal ETTAYEI

éva ved KUPa onuatodoTtnong péow Twv MAPK kivaowv (Lefkowitz & Shenoy, 2005).
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H mpbodeon Tou K-OR pe TIG appeaTiveg €apTdTal Kal atmd To €i00¢ TOU aywvVIOTA
KaBwg KABe TIPpoodETNG MTTOPEl va  OTABEPOTIOIEl [Ia  CUYKEKPIYEVN EVEPYN
olapopewon evog uttodoxéa, ammod TIC TTOAAEG TTou uTTopei va uloBetroel (biased
agonism).

EmmAéov, éxel OeixBei 6T Ta OTmoeIdr] avaoTéAAouV TNV aTTEAEUBEpwOnN
veupodiaBIBacTwy, OTTWG gival N akeTUAOXOAivn kai n vopadpevalivn, oto KNZ. H
aTTEAEUBEPWON TOU YAOUTOUIKOU, TOU Y-apivoBouTupikoU o&éog (GABA) kal Tng
yAukivng oto KNZ trapeptrodidetal atrd otmiocldr] avaloya €18IKA yia KA0e UTTOTUTTO
oTmiogIdoug uttodoxéa (Williams et al, 2001).

H evepyotroinon Tou K-OR eTTnpEeAdel TN CUVATITOOWHMIKA TTAAOTIKOTATA KAl TN
QuoloAoyia Twv KUTTAPWY OTO VEUPIKO cUCTNPA MECW OANQywv OTnV £KQPOCH
OUYKeEKPIPEVWVY yovidiwv (Christie, 2008). Autég o1 aAhayég oTn yoviBIoKA ékgpaon
OoXeTiCovTal PE TNV QVATITUEN TWV VEUPWVWY Kal CUPPBAAOUV o€ @aivépeva avoxng
KAl €EAPTNONG TTOU TTAPATAPOUVTAI E TTOPATETAMEVN XPACN VOPKWTIKWY ouciwy. H
¢€KBeon o€ OTTIOEIdN) TTPOKAAEI YEVETIKO ETTAVATTPOYPAMMATIONO TNG AgIToupyiag Twv
veupwvwyv. MNa mapddeiyua, TTOAEG aTTd TIC TTPOCAPPOYEG Kal dIAPOPOTIOINCEIS TTOU
oupPaivouv pPETA TN Xpovia Xoprnynon oTmocidwy, odnyolv ot aAAayég aTnv
QPXITEKTOVIKA TWV VEUPWVWY, TWV CUVAYEWY, OTN Hop@oAoyia Twv devOpITWV Kal
OTIG DIAKAQBWOEIG TWV VEUPIKWYV afdvwy, Adyw TnNG EVEPYOTTOINONG TOU PETAYPAPIKOU
mapayovia CREB 1 T1ng emaywyng Tou upeTaypagikoU Trapdyovria deltaFosB
(Zachariou et al, 2006) (Eikéva 7).

Dynorphins (Enodgenous)
U50,488H (E xogenous)  K* Ca?

|
l

Adenylyl |

ey
UOOLOOUL U~ =

| ERK12

Anxiety/ Tolerance/ Cell P— Neurite
Depression Addiction survival Aalaesla outgrowth

|

EikOva 7: pa@ikn ammeikovion Twv KUPpIwV OnUAaTodO0TIKWY UOVOTTATIWV TN EVEQYOTTOINONG
Tou K-OR. Merda tnv gvepyorroinon amd €10IkoUs aywviaTéG, ol K-ORS uerdyouv 10 £p€0ioua
uéow Twv Ga, Tou Oluepous GRy, aAAd kai péow povorrariwv aveédptniwv amd 1ic G
mpwreiveg. O1 TEAEOTEC TTOU gvepyoTToloUvTal odnyoUv O QaivOueva TTou oxeriovral ue tnv
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avalAynaia, tnv Vveupitikn avamruén, TNV KUTTApIKN €mBiwon Kai TNV gU@avion ayxwrikwv
dlarapaywy.

1.6.3.2 [poodéteg Tou K-OR

Auvopegiveg

Ta veupoTeTTidla TNG duvop@ivnNg atmoTeAOUV TOUG EVOOYEVEIG aywVIOTEG TOU
K-OTTIOE1000G uTTodoXEa Kal €Xouv PeyAAn auyyévela TTpocdeong o€ autdv (Chavkin
et al, 1982). Ta memTidia autd TTPOKUTITOUV OTTé TNV TTPWTEOAUTIKA dpdon eviUuwy,
o€ €va peyaAuTepo péplo, Tnv Trpoduvopeivn (Pdyn) (Berman et al, 2000). Me autov
Tov TpOTTO TrapdayovTtal n duvop@ivn 1-32 kal atmd autrv n duvoppivn A (1-17), n
ouvopeivn B (1-13), kaBwg¢ kal HIKPOTEPA TTETITIO, TUAMOTA TWV HEYOAUTEPWV
popiwv (Dupuy et al, 1994; Kakidani et al, 1982) (Eikéva 8).

To TTpwTO HOPIO dUVOPYIVNG TTOU XAPOAKTNPIOTNKE Kol MEAETABNKE egival TO
THAPA TNG duvop@ivng A(1-13). To TUAUa autd XPNOIMOTTOINONKE EKTETAUEVA OF
MEAETEG KABwG €xel deixBei va  epgavifel uwnAn  IkavotnTa TTPOCdEONSG  Kal
EVEPYOTTOINONG TOU UTTO0OXEQ Kal Oev EKTOTTICETAI €UKOAQ TTAPOUCIA, TOU YEVIKOU
QvTOYWVIOTH Twv Oommoeidwy uttodoxéwy, VvaAo&dvn, Ocixvoviag £€1ol PeyAAn
e€e1dikeuan Tpoodeong yia Tov K-OR (Goldstein et al, 1979).

MeAéteg TTPOOdEONG O€  KUTTOPIKEG MEUPPAVEG KUTTAPWY atmd  10ToUG
eyke@aAou €deicav 0Tl n  duvopwivn A(1-17), O6Tmwg Kal AANeg DuVOPYIVEG,
mpocdévovTal oTtov K-OR pe peyaAutepn ouyyévela amm OTI oToug OUO AAAoUG
otmocideic  uttodoxeic. AvTtiBeTa, HIKPOTEPA MOpIG TTOU  TTapdyovTal amd TNV
TTpoduvop@ivn OTTwWG N duvop@ivn (1-8) aAAG kal n B-véo-evdop®ivn, eu@avifouv
MIKPOTEPN OUYYEveEla yia Tov K-OR Kal onuavTikr] OUyyEvela TTPOCOECNG TTPOG TOU
aAAoug duo oTTiosldeig uttodoxeig (James et al, 1984).

AopikéG avaAuoelig TG duvopwivng, €deigav OTI Ta BACIKA KATAAOITTO TOU
KapBoguteAikou dkpou TnG (apyivivn-7, Auaivn-11, Aucivn-13) euBuvovtai yia Tnv
e€e1dikeuan ouleuéng NG duvopeivng A yia Tov K-OR péow aAAnAoeTTidpaong Ye TNV
apvNTIKA QopTIopEVN EWKUTTAPIO BnAIG Tou uttodoxéa (Eikdva 8). AvtiBeta, dGAAa
TUAMATA TNG TTPOdUVOoPYIvNG O6TTWG N duvopeivn (1-8) kai n B-véo-evdop@ivn TTou dev
@EPOuV TIG Auaiveg Tou KapBo&UTEAIKOU TURMATOG TTAPOUCIAZOUV PIKPOTEPN EIBIKOTNTO

yla Tov K-01TI0€101] uttodoxéa (Chavkin & Goldstein, 1981).
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Eikéva 8: >xnuarikni amreikévion 1ng diadikaaiag mapaywyns twv memTidiwy duvopeivng amo
70 TPOOPOUO LOpIO TNS TTPOOUVoPPivnS (ProDyn). 210 mpomemTidlo smionuaivovrar onusia
komns wg Baoikd auivoééa (K, Auoivn kai R, apyivivn) kai ta mapaydueva menTidia, a-
neoendorphin (a-NE), DynA/B (1-32), DynA(1-17), DynB(1-13), DynA(1-8), Leu-enkephalin-
Arg, Leu-enkephalin (Hauser et al, 2005).

2uvlstika aAkaAoeidn

O KupIdTEPOG OUVOETIKOG QYWVIOTHAG TOU K-OTTIOEIBOUG UTTOBOXEQ Eival TO
aAkahoeldég U50,488H. 'Eva GAANO POPIO TTOU AVAKEI OTAV CUYKEKPIPEVN KATNyopia
Kal egpavicel 181aitepeg 1010TNTEG €vavTl Tou K-OR, gival n vop-ptmivaAtop@iyivn (nor-
BNI) (Eikéva 9). XapakTtnpideTal wg évag €18IKOG Kal JOKPAG SIAPKEING AVTAYWVIOTAG
ToU K-OR, pg TNV avtaywvioTIKr dpdaon Tou va BIaPKEI in VIVO £€wG KAl OPKETEG NUEPES
(Endoh et al, 1992). H dpdon Tou popiou autou dev gival avTioToixn OTTWG AUTA TNG
vaAogévng n oTroia aTmroTPETTEl TNV onuaTtodoTnon Tou K-OR kaBiotwvrtag Tnv
olapopewaon Tou uttodoxéa o€ pia avevepyr katdotacn. O nor-BNI diakétrrer Tnv
METAdOON TOu Onpartog Tou K-OR péow evog povotraTioU TTou TrepIAapBavel Tnv
QwoeopuAiwon TG JINK Kkivdong Kal TNV  UETETTEITO  €OWTEPIKEUON  Kal
atreuaiodnroTToinon Tou utrodoxéa (Bruchas et al, 2010).

TENOG @apuakoAoyiké evdiapEpov TTapouaidlel To yeyovog 0TI 0 €TTioNG €101KOG
avraywviotTAg Tou K-OR, CERC-501, Bpioketal o€ kAwvikp ¢@daon IlI (Janssen
Pharmaceuticals) wg ayXoAuTIKO QAPUAKO O€ TTEPITITWOEIG AYXWTIKWY OlaTAPaXWY
o¢ aoBeveic pe TPOPANUa Xpdviou alkooAiopou (Domi et al, 2018). To CERC-501

atroTeAel évav 10XUPO, E€KAEKTIKO, Bpaxeiag dpaong avraywvioth pe Ki = 0,81 nM
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évavti 24,0 nM kai 155 nM yia Tov p-OR kai Tov 8-OR avriotoixa. e Cwikd
oupTTEPIPOPIKG HOoVvTEAa peiCovog kaTdBAiyng 1o CERC-501 trapoucoialel ioxupn
OUVEPYIOTIKA aTTOTEAEOHATIKOTNTA O OUVOUACHO PE GAAG avTIKATABAITTTIKA, OTTWG N
orraloTrpdun kai n ipimmpayivn (Urbano et al, 2014). H atreikdvion pe Topoypagia
EKTTOUTIAG TTolITpoviwy £0¢€ie OTI oI K-ORS OTnv TTEPIOXN TOU E€YKEPAAOU ATAV
Kopeopévol 2,5 wpeg Petd ammd xopriynon 10 mg tou CERC-501 evwy mmapdAAnAa
OAeg 01 AveTTIBUPNTEG eVEPYEIEG TTOU TTaPATNENBNKAV ATAV ATTIEG £WG METPIEG KAl eV
BewpnBnke 6T opeihovTav oTov avraywvioT) CERC-501 (Naganawa et al, 2016). H
ola oTépaTog BiodiabeoipdoTnta Tou CERC

-501 eival 25% kal TO QAPUAKO OTTOPPOPATAl TAXEWG, ME TIG MHEYIOTEG

OUYKEVTPWOEIG Va eupavidovTal 1-2 wpeg JETA TN Xopriynon Tou (Li et al, 2016).

HaNC NH N, NH

N

U50,488H

o

norBNI CERC-501

Eikéva 9: Xnuiknp doun tou evdoyevous eIGIKOU QywvVIOT] yia Tov K-OTTIoEId) UtTodoxéa
ouvopeivn A(1-13) kai ouvBetikoU memridiou U50,488H kabBw¢ Kai Twv EIOIKWY aviaywVvIoTwV
Tou K-OR norBNI kar CERC-501.

1.6.3.3 O pdAog TOU K-OTTIOEIBOUG UTTOodOoXEN OTN YuxoTtTaBoAoyia Tou
dyxoug Kal Tng KatabAiyng

To evdoyevég oOTmoEIdEG  ouUOTNUa  TTEPIANOUPBAVEL  TPEIG  OIKOYEVEIEG
VEUPOTTETTTIOIWV TIG €VOOPQIVEG, E€YKEPAAIVEG Kal dUVOPQIVEG TTOU TTPOCOEVOVTAI
QVTIOTOIXO OTOV M-, O-, K- OTTIOEION] UTTOO0XEQ KAl ATTOTEAEI éva onUAVTIKO PUBMIOTN
TWV OUVAICONUATIKWY CUUTTEPIPOPWY KOl Twv avTidpdoewv 0O OTpecooyodva
epebiopara. H oikoyéveia Twv duvop@iviov TTepIAaUBAvel €€ TTETTTIOIO SIAPOPETIKOU

MAKOUG TToU oxnuarti¢ovral atré 1o Tpodpopo pbéplo TnG TTpoduvopeivng (Schwarzer,
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2009) Ta otoia evepyotroloUv Tov K-OR Kai evroTtriCovral OTO TTEPIPEPIKO Kal OTO
KEVTPIKO veEUPIKO ouoTnua. H evepyotroinon Twv W-, O- KAl K- OTTIOEIBWY UTTOBOXEWV
odnyei oe paivoueva avaiynoiag HEow avacoToArg TNG veupodiafiBaong o€ TTEPIOXES
TOoU eyke@AAou TTou oxeTiCovral Pe TOV TTOVO wWOTO00 n onuatoddétnon tou k-OR
odnyei o avtiBeta amoteAéapata otn O1dBeon (Lutz & Kieffer, 2013). MNpdyuaTi, n
evepyotroinon Tou K-OR TTpokaAei duo@opia, TTou opifeTal w¢g HiIa duodpeoTn R
QTTOTPETITIKA  KATAOTACN, OTOUG avOPWITTOUG Kal KATOBMNITITIKEG OCUUTTEPIPOPES
OUMTTEPIAOUPBAVOUEVWV EKEIVWV TTOU AVTIKATOTITPICOUV TNV avndovia, Tn ducopia Kal
TO0 Ayxog oTa TPWKTIKG (Carlezon, 2003; Carlezon et al, 2006; Carlezon et al, 2009;
Mague et al, 2003) evw n evepyoTtroinon Tou P-OR 1} Tou 6-OR BeATiwvel Tn didBeon
(Filliol et al, 2000; Shippenberg, 2009). H caABivopivn A, évag €18IKOG aywVIOTAG TOU
K-OR TTOU OAuEPA KUKAOQOPET WG Jia ao@aAAG Kal VOPIPN WuXoTPOTTOG ouaoia, odnyei
o€ ayxoyevh gpebiopata oToug avBpwTtroug (Gonzalez & Robinson, 2004).

2¢ KOTAoTAOEIG 06€0G OTPEG N onuaToddTnon Tou K-OR augdvel T QUOIKN
IKavoTnTa (TTPOKaAWVTAS avaAynoia) Kai To KivnTpo yia diaguyr] TnG aTtmelAng
(TTpoKaAWVTAG aTTOOTPOPN) OIEUKOAUVOVTAG €TCI TNV AVATITUEN CUPTTEPIPOPWIV
Tpocapuoyns. QoTdéC0, N TTapATETAUEVN evepyoTroinon Tou kK-OR w¢ amokpion oTo
XPOVIO 11 QveCEAEYKTO OTPEG MTTOPEI va odnyrioel o€ POVINEG OANayEG OTn
OUMTTEPIQPOPA  TTOU  €ival  XOPOKTNPIOTIKEG EKEIVWYV  TTOU  TTAPATNPOUVTAl  OTIG
KataBAITTTIKEG dlaTapaxég Tou avBpwtrou (Nestler & Carlezon, 2006; Pittenger &
Duman, 2008). ZupTTEPIPOPIKEG WEAETEG OE TPWKTIKA £0€1Eav OTI O KOTABAITITIKEG
OUMTTEPIPOPEG TTOU TTPOKUTITOUV ATTO TO XPOVIO OTPEG MEIWVOVTAlI UOTEPA ATTO
XOpAynon avraywvioTwy Tou K-OR A attaloipry Tou yovidiou TToU KWOIKOTTOIEI TOV
utrodoxéa (Mague et al, 2003; McLaughlin et al, 2003). EmimAéov, T0 0E0 OTPEG
TIPOKOAEI  TTOAUGPIBUEG  aANAayéG  OTn  QuOIoAoyia Kol CUMTTEPIPOPE  TTOU
olapecoAafouvtal atrd TN onuatodoTnon Tou K-OR OTIG PETAIXUIAKES TTEPIOXEG TOU
eyke@aAou. H amreAeuBépwon duvopeivng ptmopei va egivalr 1600 n airia 600 Kai n
OUVETTEIO TNG aTTEAEUBEPWONG TNG OPUAVNG TOU OTPEG i UTTOPEI va GUMBE wg Aueco
QTTOTEAECPO QUENOEWY TNG VEUPWVIKAG dpacTnPIOTNTAG TTOU TTPOKGAOUVTAI ATTd TO
oTpeg. Ta oToixeia uttodnAwvouv 6Tl o1 0&gieg emMOPACEIC TOU OTPEG TTPOKAAOUVTAI,
TOUAGXIOTOV €V MEPEL, ATTO TNV €VvEPYOTTOIiNONn Tou &vOdoyevoUG OCUOTHPATOG
ouvopeivng/k-OR (Land et al, 2008).

MNeipapaTikEG HEAETEG £xOuv OEigel OTI TOOO OTOUG avBPWTTOUG OO0 Kal O€

TTEIPAPATOlWa, o1 aywvioTEG Tou K-OR 1TpokaAouv duc@opia kai avndovia, Ta oTroia
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gival XapakTnpIoTIKA yvwEIioHata Twv TTAaoXOVIwy aTOPwY atmd  KATABAITTTIKEG
olatapaxég (American Psychiatric Association DSM-IV-TR, 2000). O1 cuuTrepi®opég
QUTEG aiveTal va OlapecoAaBolvtal, TOUAAXIOTOV €V MEPEL, aTTO TN MEIWMEVN
A€IToupyia TOU PECOMETAIXMIOKOU OUGCTHPOTOG VTOTTOWivnG, TO OToio eival éva
KEVTPIKO cUuoTnua oTo SikTuo avtauolfrig Tou eykepdalou (Carlezon et al, 2009). Oi
OUMTTEPIPOPEG ATTOCTPOPNG TTOU TTAPATAPOUVTAI UCTEPO OTTO CUCTNUATIKI XOopPrynon
(Land et al, 2008; Shippenberg, 2009) 4 WIKPOEYXUON TOUG OTO HECOMETAIXMIAKO
ouoTtnua vrotrapivng (Bals-Kubik et al., 1993- Sante et al., 2000) ammodeikKvOwvTag
TNV AAANAETTIOPACT TOU CUCTNPATOG TOU K-OR g TO VTOTTAMIVEPYIKO ouoTnua. Ot idiol
TTapdyovTeg dev TTPoKaAoUv atrooTpo@r] ot K-OR™ poeg (Simonin et al, 1998),
ATTOOEIKVUOVTAG OTI TO ATTOTPETTITIKA AUTA ATTOTEAEOUATA ATTAITOUV TV ONPATOd4TNON
Tou K-OR. Ta meipapaTikd dedopéva autd ouvAdouv e PEAETEG TTOU OEiXVOUV TTWG
XopnRynon Twv avtaywvioTwy Tou K-OR KaBwg Kal JUeg TTou oTEPOUVTAl TO YOVidIo
g Tpoduvopeivng (Pdyn™) Tmapouciaouv ayxoAuTiki Spdon UoTEpa  OTIO
ookipyaoieg e€avaykaouévng KoAuupnong (Force Swim Test) 1 dokiyacia AWV
XTUTTNUATWY 1100100 (Foot Shock stress) (Land et al, 2008).

O1 Tpo-KaTaBAITITIKES 1010TNTEG TWV AYWVIOTWY Tou K-OR o@eilovtal oTn
MEIWMEVN PETADOON TNG VTOTTIAMIVNG OTO PECOMETAIXUIOKO cuoTnua, 6tou ol K-ORs
ekppadovtal o€ veupwveg Tou VTA (Ventral Tegmental Area) kai oTa TTpOCUVATITIKA
AKpPa TWV TTPOCAYWYWYV VEUPWVWYV aTTé To VTA 11pog 1oV £1mIKAnVa TTupriva (Nucleus
Accumbens) (Margolis et al, 2003; Svingos et al, 1999). MNapadd&wg, TO NTTIO OTPEG
au&dvel Ta eTTITTEdO VTOTTAMIVNG OTOV ETTIKANVA TTUPHVA VW TO £VTOVO A XPOVIO OTPEG
TTPOKOAEl onuavTikéG peiwoelg (Marinelli et al, 2007; Yadid et al, 2001). Téoo 10
OTPEG 000 Kal OIAPOPES VOPKWTIKEG OuCieg €VEPYOTTOIOUV TOV  HETAYPAPIKO
mapdyovia CREB kai augdavouv tn duvop@ivn oTto emikAnv trupAva (NAc) og
TPpwKTIK& (Shirayama et al, 2004; Walters et al, 2005). Zuykekpiyéva, n
emavolapBavopevn €kBeon O€ VOPKWTIKEG OUCIEG EVEPYOTTOIEI TOV HETAYPAPIKO
Tapdyovia CREB kal Ta emmitreda duvop@ivng PE TAUTOXPOVN EPPAVION OPVNTIKWY
ouvaIoBnuaTIKWy KAataoTaoewv (11.X. duaopia kai dyxog) (Cole et al, 1995; Koob,
2009).

AT Tnv AAAn TTAcupd, éxel Bpebei 6T n emavalapBavopevn €kBeon o€
OTPECOOYOva epeBiopata OTTWG BOKIPACIEG eEavayKaouévng KOAUUPBNONG TTPOKAAEI
TNV evepyotroinon Twv p38 kal ERK1/2 kivaowv 1mou pecoAaBeital amd tov k-OR 010

NAc (Bruchas et al, 2010). Zwikd Siayovidioka poviéAa k-OR™ 4 PDyn™™ A akéun
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kai GRK3™™ TrpokaAoUv peiwon TG OKIVNOIOS Of SOKIJAOIEG €EAVAYKOOTUEVNG
KOAUMBNONG, éva @QaIVOUEVO TIOU XOPAKTNPEICETAl WG AyXOAUTIKOG @AIVOTUTTOG
onAwvovtag 611 n onuatoddtTnon Tou K-OR 0dnyei o€ VEUPIKEG TTPOCAPHOYEG TTOU
OUdBAAouv oTnv  gu@Avion ayXwTikwy @aivoTutTtwy  (Bruchas et al, 2009;
McLaughlin et al, 2003).

O ITTTOKAUTIOC €ival Pia TTEPIOX) TOU E€YKEQAAOU TTOU EUTTAEKETAI OTN
veupoBioAoyia Tou oTpeg. O1 oTTIoEIdEIG UTTODOXEIG EKPpAlovTal o€ PETPIA £wg UWNAA
emmimeda  oTnv TEPIOXy Tou ITTTokdutou (Drake et al, 2007). TloAudpiBuol
OTPECOYOVOI TTAPAYOVTES (eCavaykaopévn KoOAUUBNon, dokiyaaia eykAwpIopou, ATTa
XTUTTAMOTO  TTOdIoU) augdvouv Ta eTTireda NG Ouvop@ivng OTOV  ITTITTOKAPTIO
(Shirayama et al, 2004), evw avtiBeTa PIKPOEYXUOEIG avTaywvioTwy Tou K-OR, o€
EYKEQAAOUG puwyv, €£xouv avTikaTabAImTiky Opdon (Eikéva 10). H duvopeivn
EKQPACeTal OTOUG VEUPWVIKOUG Agoveg Kal devdpiteg Twv granule cells kai n o&eia
atmeAeuBépwon  duvopPivng  HEIWVEL TN VEUPIKA  Won KAl avaoTENAEl T
MOKPOTTPOBeaUN €vioxuon TOUu VEUPIKOU GHUATOG (Drake et al, 2007).
ZUMTTEPIPOPIKES MEAETEG £XOUV BEICel TTWG N Aueon £yxuon TNG duvopivng Kal AAAwvV
aywvioTwy Tou K-OR aTtnv 1repioxi CA3 Tou ITTTTOKAUTIOU TTPOKOAET EAAEIYN PVAKNG
(Daumas et al, 2007). To emavaAauBavouevo oTpeg UoTepa aTrd €§avayKAOUEVN
KOAUUBNoN TTPpoKoAei €tmiong TpoBAfuara oTtn uvAun Kabwg Kal o€ OOKIPACieEg
avayvwpliong veou avrtikeiyévou (Novel Object Recognition, NOR) Ta oTroia
atroTpéTrovTal UoTepa atrd xoprynon avraywvioTwy Tou K-OR 1 atmraloipr Tou
yovidiou Tng PDyn (Carey et al, 2009). MNapdAo 1mou 10 NOR TtrepiAapBavel Tov
TEPIPIVIKO PAOIO, auTr] n TTEPIOXN €xEl aupolfaia ouvOESIUOTNTA WE TOV ITTITTOKAUTIO
utmodnAwvovtag 61t o K-OR putmropei va emnpedoel TR Airoupyia  eupuTEPWV

VEUPWVIKWY BIKTUWVY TToU eUTTAéKOVTOI OTN HdBNnon kai Tn Pviun (Carey et al, 2009).

during stress after stress after stress+norBNI

Eikéva 10: Mpagikn ameikovion t1he oupupeToxns tou k-OR artnv veupodiBiBacn kai ouvarrTikn
TAaoTIKOTNTA O€ KATdoTaon oTpes. Kard 1n didpkeia Tou OTpES, N Oéousuon NS duvopeivng
orou¢ kK-ORs mrupodorei Tnv peraBacn tou urodoxéa O€ UIa TTAPATETAUEVN EVEQYT KaTdaTaon.
Eumrodilovrac tnv mpoéodeon tng duvoppivng eite pe tov avraywviori norBNI eite pe 63-
naltrexol (6GNal) mapeurmrodilerar n usiwon tng ameAsubépwons tou GABA. H dépdon rou
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norBNI oxeriferar ue 1o INK povorrdrn onuarod0rnaong 10 O1T0i0 UEIWVEI N QVTAYWVIOTIKA TN
opaortnpiétnTa Tou k-OR (Polter et al, 2017).

MoAAG cuoTAuATa TTOU AVTATTOKPIVOVTOlI OTO OTPECOOYOva epebiouara
EXOUV EUTTAEKOVTAI OTNV AITIOAOyia Kal TNV TTaBo@ualoloyia Twv dIaTapaxwy Tng
01G0eong, ouptrepIAauBavopévwy  eKEiVwy TG KOPTICOANG, Tou  TTapdyovTta
atmeAeuBépwong g koptikoTpoTrivnG (CRF), Tng Bacootrpeooivng kai Tou BDNF
(Duman & Monteggia, 2006; Koob, 2008; Mathews et al, 2008).

O1 uttodoxeic Twv YAUKOKOPTIKOEIdWY €EUTTAEKOVTAl OTIG dIadIKaoieg TTou
oxetiCovral pe TNV OTTOKPION TOU EYKEPAAOU OTO OTPECOOYOVO €pEBIOUa Kal
ek@pacovtal oe uwnAd etritreda atov ITTTTOKAPTTO. H TTapartétapévn onuatodoTnon
TWV YAUKOKOPTIKOEIOWY ETTNPEACEI TN CUVATITIKA TTAACTIKOTNTA TWV VEUPWVWYVY CTNV
TTEPIOXN TOU ITITTOKAUTIOU KaBw¢ TrapaTnpeital OevOPITIKI aTpo@ia Kal HEIWUEVN
veupoyéveon (McEwen et al, 1999; Meaney, 2001). AuTéC oI VEUPWVIKEG OAAQYEQ
ouxva ouvOiovTal JE KATABMITITIKEG CUUTTEPIPOPEG O€ CWIKA HOVTEAQ TPWKTIKWV
(Pittenger & Duman, 2008) av kal OIAQopeG HEAETEG TTPOTEIVOUV OTI UTTOPEI va
QVTIKATOTITPICOUV TTPOCAPUOCTIKEG BIOBIKOTIEG TTOU TTPOCTATEUOUV TOV EYKEQAAO ATTO
ekteTapéveg BAGBeg (McEwen, 2008). To poTifo ékgpaong Twv K-ORs Kal n
OAANAETTIKGAUYN TOU ME TO CUCTAPATA TIOU TTAPAdOCIaKA €UTTAEKOVTIAlI OTRV
QTTOKPION TOU OTPEG AUEAVEL TNV TTIBAVOTNTA VO CUUMETEXOUV OTN PUBJION Tou dgova
HPA (hypothalamic—pituitary—adrenal) (Eikéva 11). To OTpeg TTPOKOAEI
atmeAeuBépwaon duvopivng Kal n evepyotroinon Twv K-ORs augdvel Ta eTTimeda
kopTikooTEPOVNG (CORT) o¢ apoupaioug, Ta eTTireda KOPTICOANG O¢ TTIBNKOUG rhesus
Kal avBpwTtToug. O unxaviopdég Péow Tou oTToiou ol K-ORS evepyoTrolouv Tov dgova
HPA cival aca@ng, aAAa mmlavoTtata TrepIAapBavel diéyepon TG atreAeuBEépwong
CRF (corticotropin release factor) oTtov umoBdAauo KaBwg Kal PNXaviopoug
avetdptnToug ammé 1o CRF (Buckingham & Cooper, 1986; Calogero et al, 1996;
Nikolarakis et al, 1987). Ta emimeda CORT peiwvovTal 1600 oe PDyn” Siayovidioka
CWIKA PovTéEAa 600 Kal O PUEG AypIou TUTTOU PETA aTTO XOPAYNON TOU QVTaywVIOTH
norBNI. Meiwpéva etrimeda CORT TrapatnpouvTal €TTioNg Kal O€ apOUPaioug TTouU
ToUug xopnynbnke norBNI w¢ amdkpion oOTOV TTEPIOPICPO TNG TPOPNG KAl OTNV
mpoékAnon/avadAtnong kokaivng (Allen et al, 2013) . Qotéco, Ba TpéTTel va
onuEIWBEl TTwG N evepyoTroinon Tou K-OR d¢gv gival atrapaitnTn yia TNV €VEPYOTTOinon
Tou aéova HPA Trou TrpokaAgital amd 10 oTpeS. Ta Teipapartikd autd dedopéva

atmodelkvUouv OTI N onuaTodéTnon TTou pubpietal ammd 10 evdoyevég oUOTnUaA

42



ouvopYivne/k-OR etTnpeddel kal eTTnpeddeTal amd autd Ta CUCTAMATA TovidovTag TNV

OUMUETOXN] TOU OTTIoIEB0UG CUCTHMOTOG O€ QYXWTIKES BIATAPAXEG.

I K-ORs

Anterior Pituitary

I K-ORs

‘ Adrenal Cortex

Eikéva 11: O déovac HPA kai oI VveUPWVIKES ouvoéaelic. To OTPEC TTPOKAAEI TV
arreAeuBépwaon tou CRF kai AVP amo toug veupwvee oro PVN mou mpoBdaAdouv othv
mpoobia urréuaon. H ouverrakoAoubn ékkpion ACTH odnyei o auvBeon yAUKOKOPTIKOEIOWV
Kal ammeAsuBépwaon ammd Tov @AoIo Twv emiveppidiwy. O1 6pAoeEIC TwWV YAUKOKOPTIKOEIOWY
olauecoAaBouvrar amrd touc GR kar MR uttodoxeic o€ OAo Tov eykEQPAAO Kal TNV TTEPIPEPEIQ.
Ta yAUKOKoPTIKOEIO €vepyoTToioUV BpOyxous apvntikig avadpaonc evroc tou PVN, tn¢
utréQuUOonNg Kai Tou Immmokautou. O1 VEUPWVIKES £10p0éC arrd Tov HIPP, BNST, PFC kar AMY
puBuiCouv ™ dépaarnpidtnta tou HPA déova. Or k-ORs ekppalovrai Oc TTEPIOXES TOU
gykepdAou mou emnpealouv v gvepyorroinon tou déova HPA. O JIQKEKOUUEVES YPAUUES
QVTITTPOOWTTEUOUV EUUETES OUVOEDEIS e To PVN.

ACTH: adpevokoprtikoTpotikf) opudvn, AMY:auuydaAn, AVP: apyivivp vasopressin, BNST:
mupnvac kAivng tou stria terminalis, CRF:mapdyovrac ameAeubipwons KopPTIKOTPOTTIVAG,
GR:ummodoxéas yAukokoprikoeidwy, HIPP:mmokaumog, HPA axis:Aéova¢ ummobaAduou-
urépuong-emiveppidiwy, MR: umodoxéac uerarAokoprikoeidwy, PFC:mpoueTwimaios @Aoidg,
PVN:mapakoiAiakdg muprivag rou utroBaAduou (Van't Veer & Carlezon, 2013).

1.7 PuU6uion Tou pnxaviopou ThG autopayiog

Ta KUTTQpO  €XOUV  AVAYKN atmmod  did  OuveX  avavéwon  Twv
KUTTAPOTTAQOHATIKWY TOUG CUCTATIKWY WOTE VA dNUIOUPYOUV UOKPOUOPIOKA SOUIKA
OTOIXEIO KAl VO TTaPAyouV eVEPYEIQ TOOO UTTO QUOIOAOYIKEG OGO KAl OE OTPECOOYOVEG
kKataotaoelg. H auto@ayia cival i puBuicpévn  dladikacia  atmoikodounong
KUTTOPOTTAQOATIKWY OCUCTOTIKWY KOBWG Kal KATEOTPAUMEVWYV ] BUCAEITOUPYIKWV
opyavidiwv péow TNG AucoowpaTIKAG 0dou. H diepyacia autr gival ammapaitntn yia
TNV emBiwon, TN dlagopoTroincn, TNV avdmTuén, TNV ouoldoTacn Kal CGUPBAAAEl
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onMavTIK& TNV KUTTOPOTIPOOTOCIa PECW avayévvnong Twv KUTTAPOTTAGCHOTIKWYV
UAIKWV €UTTOBICOVTAG TAUTOXPOVO TN CUCCWPEEUCN TOSIKWY TTAPAyOVTIWY Kal TTOAU-
ouBIKITIVIWHEVWY TTpwTEivWY. H autogayia Acitoupyei o€ Pacikd emimeda oTa
TEPIOTOTEPA KUTTAPA, EEAAEIPOVTAC CUCCWHATWHATA TIPWTEIVWV KOl KATECOTPAMPEVA
opyavidla TTpOKEINEVOU va diatnenBei n KUTTOPOTTAAOHATIKA OpolIdaTaon. AuTO
TePINAPPBAveEl TNV aTTOIKODOUNON TwV OUCAEITOUPYIKWY MITOXOVOPIWY HECW TNG
MITOQAYIAg, MIOG KUTTAPOTTPOOTATEUTIKAG OIadIKOCIAg TToU  TTEPIOPICEl TOOO TNV
TTapaywyr dpacTikwy pidwv oguydvou (ROS) 600 Kal TNV atreAeuBEépwan TOEIKWV
eVOOUITOXOVOPIOKWY TTpwTEiVWV (Lieberman & Sulzer, 2020; Nikoletopoulou et al,
2015; Nikoletopoulou & Tavernarakis, 2018; Shen et al, 2015). H autogayia erayeTal
Katd tn didpkela da@dpwy TTABOAOYIKWY KAl QUOIOAOYIKWY KATAOTACEWY, OTTWG N
aoitia. H etrayouevn atrd tnv EAAEIYPN BPETTTIKWY CUCTATIKWY QUTO@AYia aTTOTEAE YIa
€EENKTIKA  ouvTnpnuévn oTTOKPION OTOUG  EUKOPUWTEG TIOU  ETTITPETTEL TNV
atroIKodéUNoN TTPWTEIVWY, udaTaVvOPAKwWY Kal AImdiwy Pe atmoTEAEOUA TO KUTTAPO
va TTPOCAPPOCEl TO PETAROAICUO TOU yia va KOAAUWEI TIG EVEPYEIAKEG TOU QVAYKEG
(Nixon, 2013). lMpdyuaT, n €maywyn Tng auto@ayiag OTa veoyévvnTa TTOVTIKIA
Oladpaparti¢el onuavtikdé poAo oTn dIaTHENCN TWV ETTITTEOWV EVEPYEING TE dIAPOPOUS
I0TOUG META Tn OIOKOTTA TNG TTAPOXAS BPETITIKWY CUCTATIKWY OTTO TN PNTEPA PECW
Tou TAakoUvTa. EmmmAéov, n e€mayodevn ammd TNV  OOITia  auto@ayia  €xel
KUTTOPOTTPOCTATEUTIKY] dpAON ePTTOdICOVTAG TNV £TTAYWY TNG ATTOTITWONG aTTo TA
MITOXOVOPIO. 2Ta VEUPIKA KUTTOPA N auTo@ayia e€AEyXEl TNV OKEPAIOTNTA TwV
TPWTEIVWYV Kal TTpooTaTelEl TA KUTTAPA ATTO OCUCCWHOTWHATA, KATECTPAUMEVA
opyavidia kai €ivar atrapaitntn kartd T OidpkeEla TNG  avdamTuéng Kal TG
dlagopoTToinong.

MBavry ducAsiToupyia OTO PUNXAVICHO TNG AUTOPAYIAG EXEI TUOXETIOTEN Gueca
ME éva peydAo aplBud avBpwtivwy aoBeveiwv O6TTwG HOAUCUATIKEG aoBéveleg,
KAPKiVOG, VvEUPOEKQUAIONOS Kal wuyottaBoAoyieg. Etmiong éxel avagepBei eutTAOK
TNG OTNV VEUPWVIKA TTAACTIKOTNTA O€ VIOTTAMIVEPYIKOUG VEUPWVEG, HECW TNG MEIWONG
NG veupodiaBifaong (Hernandez et al, 2012; Nixon, 2013).

YTapyouv Tpeig TOTTOI autoPayiag, N JAKpo-autoayia, n Jikpo-auto@ayia Kai
n olapecoAafouuevn ammd cuvodég TTpwreiveg autogayia (Chaperone Mediated
Autophagy), €k Twv OToiwv OAoI €TAYOUV TNV TIPWTEOAUTIKI] aTTOIKOOOUNON
KUTTOOOAIKWV CUCTATIKWV OTa Aucocwuata. H diagopotroinon peTagu Twv TpIWV

EYKEITAI OTOV TPOTTO HYE TOV OTIOI0 UETAPEPETAI TO TTPOG ATTOIKOBOUNOT UAIKG OTa
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AucocwpaTta. Katd tnv udkpo-auto@ayia n Tapddocn TOU UTTOOTPWHATOS YivETal
MéOw €vog kuoTIdiou pe OITTAR peEUPpPAvn, TOU QUTOPAYOCWHATOG, TO OTIOIO
OUVTAKETOI ME TO AucOowpa. AvTiBeTa oTnv Mikpo-autogayia, To UTTOOTPpWUA
TpocAaupdveTal ameubeiag amd 10 AuCOCWHA PECW EYKOATTWONG TNG MEMPBPAvVNG
Tou. 2TnVv OlayecoAafoupevn amd GCUVODEG TTPWTEIVEG QAUTOQPAYIQ, OTOXEUMEVEG
TpwTEiveg TOU dIaBETOUV €va POTIBO TNG cuvtnpnuévng akohouBiag KFERQ
METOQEPOVTAI OTO ECWTEPIKO TOU AUCOOWHATOG PECW TOU OXNMATIOHNOU GUUTTAOKWY
ME TOOTTEPOVEG, 01 OTTOIEG avayvwpifovTal atrd TNV AUCOCWWIKA JEPBPAVIKN TTPWTEIVN
LAMP-2A (Glick et al, 2010).

1.7.1 Z1dd1a TG HOKpOOAUTOPAYiaG

H pokpoautogayia civar  pia  diadikacia  padikig  atrolkoddunong
KUTTAPOTTAQOMATIKOU UAIKOU Kal €UTTAEKETAI OTNV €KKABAPION MOKPAsG OIGPKEING
TTPWTEIVWV Kal opyavidiwv. Katd tn didpkeia TG autoayiag, ol ¢ayo@opol TTou
ovopddovTal  TTPO-OQUTOPAYIKEG OOMEG  ETTIMNKUVOVTOL KOl éva  PEPOG  TOU
KUTTAPOTTAGOHOTOG  €0WTEPIKEUETAI  OXNUATICOVTAG TA  AUTOPAYOOWHOTA  TTOU
armoteAouvtal ammd  OUo  pePPpdveg  dlaBétoviag péyeBog ~300-900nm. Ta
AUTOPAYOCWHATA APXIK&A CUYXWVEUOVTAl UE TA €vOOCWMATA YIO va OXnuUaTioouv
UBpPIBIKA opyavidia TTou ovOUAZovTal AUPICWHATA TTOU ApyOTEPA CUYXWVEUOVTAI HE
6¢iva  Aucoowpata  6mou  Ta  eyKAWPRIOPEVA  KUTOOOAIKA  TTepPIEXOMEVA
atrolkodopouvTal. MéCw TOUu OUYKEKPIYMEVOU TUTTOU auTtogayiag eivalr duvati n
EYKOATTWON KAl OTTOIKOOOUNON MEYAAOU pEYEBOUG UTTOOTPWHATWY, OTTWG Ta
MITOXOVOPIO 1 TUAMATO TOU €VOOTTAACMATIKOU OIKTUOU, MECW EKAEKTIKWY 1 uN
MNXavIOpWV. MeydAo pEPOG Twv pNXavIoPwV pUBPIoNg Kal OIEKTTEPAiIWONG TOU
Qaivouévou £xel ueAETNOEI oTnv CUun (Saccharomyces cerevisiae), Je aTTOTEAECOUA VA
éxouv TautotroinBei TouAdxiotov 32 oxemi{opeva pe TNV auto@ayia yovidia (Atg
genes) TTOANG €K Twv OTToiWV gival ouvinpnuéva amd Ta QUTA €wg Ta BnAacTIKA
(Nakatogawa et al, 2009).

H TTpoéAeucn Tou QUTOPAYOCWUATOG, WG APETNPIA TNG HAKPOAUTOPAYIAG, EXEI
XOPAKTNEIOTEl WG MIa PIKp) dourl TTou ovouddetal pePPpdvn ammoudvwong 1
Qayopopog. Q¢ TynR TG PeUPPdvng ammoudvwong éxouv TrpoTadei didpopeg
€VOOKUTTOPIKEG PEMPBPAvVES, OTTWG TO evdoTTAaouaTIKG dikTuo, n ouokeury Golgi, Ta

HITOXOVOPIa, KABWS Kal n TTAACMATIKY MEUPBPAvn. QoTdo0o, OI uNXAVIOUOiI TToU
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OIETTOUV T OTPATOAOYNON QUTWV TWwV MPEUPBPAVWY Yyid TO OXNMATIOPO

QUTOPAYOOWHATWY TTapauévouv acageic (Dikic & Elazar, 2018)
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Eikéva 12: Baoikoi tUmmor autogayiag:Makpoautogayia, uiKpoautogayia kai auto@ayia
o1auegoAaBouuevn arré ouvodoUS TTPWTEIVEG.

Ekkivnon tng yakpoauroagayiag
H évapgn Tou pnxaviopou TG auto@ayiag gival 0 oxnuUaTionog NG JeRPPAvVNG
atTopévWoNnG, YVWOTAG WG payopopogs. Mpokerrar yia pia AImdIkr dimAooTiBdada pe
mOavoTepn TTpoéAeucn  TIGC MEUPBPAvEG TOUu  EVOOTTAAOUATIKOU  OIKTUOU, TOU
ouotiuaTtog Golgi kai Twv evdoowpdtwy (Simonsen & Tooze, 2009). H évapén
mepIAaPBAvel TN cuyKPAOTNON TOU TTPWTEIVIKOU cupTTAdOKou ULK TTou atrapTidetal atrd
TIg ULK1, Atgl3, FIP200 kai Atg101 oTig pepPpdveg ammoudvwong. To TTPWTEIVIKO
autd OUMTTAOKO OuvepydleTal Kal PE GAAeG TTpwTeEiveG TTOUu OXeTiCovTal pe TNV
auTto@ayia yia Tnv £vapén Tou oXNUATIoOPNoU auTo@ayoowUAaTwy OTTWG Ol TIPWTEIVES
Atg. H pakpoauto@ayia emmayetal €mmiong PEOCW TNG METABOAAG TNG METAYPAPNG
yovidiwv TnNg pakpoauto@ayiag 1 TNG Meiwong Twv KUTTapikwy emmédwy g 1,4,5-
TPIPWOPOPIKAS IvoOoITOANG (IP3). Eivar evdiagépov o1 Ta peiwpéva emmimeda IP3
MEIWVOUV TTEPAITEPW TNV OCUYKEVTPWON 16VIWY aoBe0TiOU €VOOKUTTAPIKA Kal TN
OpACTIKOTNTA KOATTAIVNG OTTOTE pelwvovTal Ta eTTiTTeda Tou CAMP, pe atmmoTéAeoua va
onuioupyeital évag Bpdyxog avadpacong yia TNV EVEPYOTTOINON TOU PNXAVIOUOU TNG
MakpoauTo@ayiag. O1 Atgd kal Atgl2 TTpwrTeiveg, TTou evroTTifovTal OTIG PEPPBPAvES
OXNUATIONOU  TWV  OUTOQAYOOWMATWY, E€ival €mmiong Pacikoi  pubBuIOTEG  TNG
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MakpoauTto@ayiag. H aAAnAemidpaon tTng AtgS pe Tnv Atgl6L1 omig pepBpdveg
QTTOPOVWONG OIEUKOAUVEI TOV oXNUATIONO autopayoowudtwy (Dikic & Elazar, 2018;
Glick et al, 2010; Johansen & Lamark, 2020; Lieberman & Sulzer, 2020;
Nikoletopoulou et al, 2015; Nixon, 2013).

2ZXnuarionog TnS HEpBPAvNS amroudvwong

O oXNUATIOPOG TWV AUTOPAYOCWHATWY TTPOXWEA HE TNV EUTTUPAVWON Kal
ETTINAKUVON TWV PEPPPAVWY ATTOUOVWONG Yia Tn dnuioupyia KUoTIdIaKWY dopwy. H
onuIoupyia Twv PEUBPAVWV OTTOPOVWONG ATTAITEl TO OXNMATIONO €vOg peydAou
TTPWTEIVIKOU OUMTTAGKOU, yvwaoTou wg OUMTTAOKO g 3-KIivaong-
ewoeatidulivooitohn  (PI3K) Beclin  1/Class Ill, 710 otoio TmepIAauBavel
OAANAETIOPWVTA CUPTTAOKA BIAQOpWY TTPWTEIVWV, CUUTTEPIAaBavouévng Tng Beclin
1, Tng UV irradiation resistance-associated tumor suppressor gene (UVRAG), Atgl4,
B-cell leukemia/lymphoma-2 (Bcl-2), p150, Ambra1, endophilin B1, kai PI3K
Vacuolar protein sorting 34 (Vps34) (Turco et al, 2020). O oxnuUaTIONOG Tou
oupTttAdkou Beclin 1/PI3K kai n dpacTikdtnTa TnG PI3K avacTtéAAovtal étav n Beclin
1 eival ouvdedepévn pe Tnv Bel-2, aAAd digyeipovTal katd Tnv TpocAnywn T1ng UVRAG
oTto ouumrAoko. H Ambra1l Oecpevel emiong tnv Beclin 1 yia va puBuicel 10
oxnuaTioud Tou cupTrAdkou Beclin 1/PI3K. Eivai evdiagépov 611 n Atg14 kai n
UVRAG, T1rou atroteAouv pépog Tou cupttAdkou Beclin 1-PI3K, avraywvifovtal yia Tn
Tpododeon Toug pe TNV Beclin 1 yia 1o oxnuaTioyd Twv autopayocwudtwy (Kang et
al, 2011). Akéua, n evdo@iAivn B1, etmiong yvwoTi wg TTapdyovtag aAANAeTTIdpaong
Me Tov Bax 1 (Bif-1) €ival péxpl oTiyung n govn TTpwTeivn TToU TTEPIEXEI TNV TTEPIOXN
Bin-Amphiphysin-Rvs (N-BAR) pe N-teAiké dkpo TTOU £X€I avayvwplioTei o€ auTtd 1O
ouutrAoko Beclin 1/PI3K kai mioTeUeTal 0TI SnUIOUPYEI KAUTTUAOTNTO PENBPAVWY KATA
N OIdpPKEId TOU OXNMATIONOU Twv KUuoTISiwv. KATToIEG aKOua TTPWTEIVEG, OTTWG N
PTEN-induced putative kinase 1 (PINK1), n death-associated protein kinase (DAPK),
o uttodoxéag IP3 kai to high mobility group box 1, éxouv etriong avayvwpioTei wg
TpwrTeiveg TTou deopelouv Tnv Beclin 1 kai puBuifouv Tn pakpoautoayia (Zhang &
Ney, 2009). Metrd 10 OTAdIO TNG EPTTUPAVWONG, oTpaTtoAoyouvTtal AAAeg Atg
TPWTEIVEG OTN PEUPBPAVN TWV TTPO-AUTOPAYOCWHATWY YIO va TTPowbnAcouv Tnv
ETTIPAKUVON, TNV ETTEKTOON KAl TEAIKA TNV OAOKAApWON TOou OXNUATIOMOU TOU
auTo@ayoocwpatog. Kard tn didpkela Twv oTadiwv ETTIUAKUVONG KAl ETTEKTOONG, Ol
TpwreiveG Atg7 kai Atg10 digukoAUvouv TOv OXNUATIOPO €VOG OUOIOTTOAIKA

ouvdedepévou oupTTAGKoU Atg5-Atg12, To otToio aAANAETTIOPA £TTioNG e TV Atg16L1
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(Dikic & Elazar, 2018). H peuBpdvn amopdvwong €TeEKTEIVETAI Kal axnuatiel €va
KUOTIOIO TTOU €YKOATTWVEI TO TTPOG ATTOIKOBOUNGN KUTTAPIKO UAIKG, OTTWG TTPWTEIVIKA
OUCOWHMATWHOTA, OUBIKOUITIVOPEVEG TTPWTEIVEG Kal EAATTWMATIKA opyavidia, €wg
O0TOU OAOKANPWOEi 0 OXNUATIONOG TOU auToPayIKOU KUOTISioU, OTO OTTOI0 TO (POPTIO

TepIkAgieTal amod pia diITAR Amidikr) otoiBada (Eikéva 13).
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Eikéva 13. Mopiakoi unxaviouoi euttAekéuevol oTnv emaywyn NS auroayias kai atnv
Bioyéveon Twv autopayoowuarwy (Sarkar, 2013).
Qpiuavon kair amoikod0unocn Twv autoPpayocwHATwWV

Ta auto@ayocwpaTa ouvtAkovTal He  OIGPOPOUS  TUTTOUG  KUCTIBiWV
TTpoepXOUEva aTTd T EVOOOWMIKA/AUCGOCWHUIKA JOVOTTATIO. Katd ouvétreia, n
wpigavon Kal N amoikodOuNon TwV QUTOPAYOCWHATWY aTraitei TR dpdon NG
TTPWTEIVNG-OEIKTN TWV WpINwY evooowudtwy Rab7 kaBwg kal TG AUCOCWWIKAG
MEpBpaviKAG TTpwTeivng LAMP-2. O1 poplakoi ynxaviopoi TTou SIETToUV TNV wpigavon
TWV QUTOPAYOCWHATWY TTapapévouv acageic. MNMpdoeateg PEAETEG EXOUV EVTOTTIOEI
VvEOUG PUBUIOTEG TNG WEIMAVONG KAl TNG aTTOIKOOOUNONG TWV QUTOPAYOCWHATWY,
O0TTwg aut Tou cuuttAdkou SNARE, syntaxin-5. H UVRAG aAAnAemdpd pe 10
ouptTAoKO TTpwTeivoy TééNg C, évav Bacikd pnxaviopo yia Tnv evOOCWHATIKA
ouvTtnén, Kai evioxuel Tn dpacTikOTNTa TNG Rab7 yia tnv Tpowbnon Tng ouvinéng Twv
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QUTOPAYOCWHATWY PE Ta OYIPa evOOOWHHATA Kal Ta Aucoowpata. Eivar evdiagpépov
OT1 N aAAnAeTTidpacon Tou UVRAG pe 1o Rubicon puBuilel apvnTiké Tnv wpigavon Twv
autogayoocwudtwy (Barth et al, 2010; Dikic & Elazar, 2018; Glick et al, 2010). Meta
TNV oAoKAApwon TG ouvinéng Twv AKPWV TNG MEUPPAVNG OTTOPOVWONG TTPOG
oxnMaTioud Tou KUuoTI®iou, TO auTOPAYOCWHA CUVTAKETAI €ITE JE TO AUCOCWHA TTPOG
TTaPAYwWYr TOU OUTOAUCOCWWOTOG, €iTE PE KATTOI0 e£vOOCOWHA, TTPOG OXNMUATIONO
AuEICWUATWY, Ta oToia Ba ouvinxBoUv OTnv CUVEXEID ME Ta AuCOOWUATO
(Eskelinen, 2008; Mizushima, 2007). Mg Tnv oAokArpwaon TNG oUVTNENG, N ECWTEPIKN
MEMBPAVN TOU auToPayOCWHATOG aTTolkodopeital, Je Tnv LC3-II Tou BpiokeTal o€
QUTAV va udpoAueTal, evw N LC3-Il TNG eEWTEPIKAG HEUPPAVNG AVAKUKAWVETAL.

MpouTtréBeon TNG AEITOUPYIKATNTAG TOU QUTOAUCOCWHATOG gival n 6&uvon Tou
pH o€ ~4,5-5,0, WoTe Ta UBPOAUTIKG £vEUQ TTOU TTEPIEXOVTAI O€ AUTO va gival evepPyd.
H 6&uvon auth TTpayuaToTTolEiTal JeEoW Miag avTAiag 10viwv udpoyovou, n oTroia
BpiokeTal otV AucoowuIkA MeRPBpPAvn (Saftig & Klumperman, 2009). Mépia Ta oTroia
avaoTEAAOUV Tnv AeIToupyia TNG avtAiag auTrig, OTTWG €ival N PTTAQIAOMUKAVN, N
oTroia odnyei o€ aduvauia OAOKANRPWONG TG auToPAYiag Kal TNV CUCCWPEEUON TNG
mpwrTeivng LC3-Il oto kuttapdTAacua (Mauvezin et al, 2015).

Evliagépov civar 0TI TpéopaTta dedopéva dnAwvouv OTI N "BacikA” kal n
"eTrayopevn atd oTpeg/TTaboAoyiKi" pakpoauTogayia PTropei va avadeixbouv wg duo
UTTOTUTTOI HOKPOAUTO@AYIaG TTOU TTIBaVWG EUTTAEKOVTAI SIOQOPETIKOI unxaviouoi. lMNa
TTOPAdEIYUA, OE VEUPWVEG apoupaiou, N pwapopuliwon Tng evdo@iAivng B1 atrd mnv
Cdk5 atraireitar yia Tn gakpoauTo@ayia Kal ToV VEUPWVIKO BAvVATO TTOU TTPOKAAEITal
a1ré didgopa epebioparta TTou TTPOKAAOUV OTPeG A BAvaTto, aAAG gival TTEPITTA yia TN
Baoikn pakpoautogayia (Ugland et al, 2011). Ta supfuata autd uTTOdNAWVOUV OTI N
mOavr TTapoudia SIaQOPETIKWV PHAKPOAUTOPAYIKWY PNXAVIOUWY Yyia Tn "Baciki" Kai
TNV "emTayouevn atméd oTpeg/TTaboAoyiki" pakpoauTto@ayia evioyxuel Tnv mavoTnTa va

TIPOKEITAI YIO OUO BIPOPETIKOUG UTTOTUTTOUG OKPOOUTOPAYIaG.

1.7.2 ZUPPETOXN TG HOKPOAUTOPAYIAG OTN VEUPWVIKEN TTAACTIKOTNTA

H 1TAaoTIKOTNTO TOU KEVTPIKOU veupikoU cuoThpatog (KNX) oxeriCetar pe
avayévvnon Twv VEUPWVWYV TOOO avATOPIKA 600 Kal AEITOUPYIKA WOTE VO JTTOPECOUV
va oxnuatioouv véeg ouvatiTikéG ouvdéoelg. H TTpooappooTIKOTNTA OTO VEUPIKO

oUoTNPO ETITPETTEI OTOV EYKEQPAAO va QvTIHETWTTIOEI BAGBES 1 dlaTapPaxEG KAl va
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MEIWOEI TIG ETTITITWOEIG TWV aAAdywv TTou ogeilovTal o€ aoBéveieg 6TTwg n Parkinson,
n véoog Alzheimer, okAfpuvon KaTtd TTAGKAG Kal GAAEC VEUPOEKQUAIOTIKEG A0 BEVEIEG.

O evAAIKog eyké@alog atroTelei €va  efaipeTikd SUVAMIKO Opyavo Trou
METABAAAEl cuvexwg Tn OOMN Tou HEOW TNG €EAAEIYPNG KOl TOU OXNMATIOMOU VEWV
ouvdéoewyv. O1 alhayég auTtég xapaktnpEifovial wg eYKEQAAIKN Kal VEUPWVIKNA
mAaoTikoTNTa (Viscomi & D'Amelio, 2012). H TAACTIKOTNTA TOU €yKEPAAoU Ba
MTTOPOUCE VO XWPIOTEN o€ TTAAOTIKOTNTA dOUAG KAl 0 TTAACTIKOTNTA AgiToupyiag. H
OOUIKN TTAACTIKOTATA TOU EYKEQAAOU AVOPEPETAI OTO YEYOVOG OTI OI CUVOEDEIG JETAGU
TWV OUVAWEWY OVAPECO OTOUG VEUPWVEG WTTOPOUV va dnuioupynBouv Adyw Tng
€TTiIdpaONG TNG HABNONG KAl TNG EPTTEIPIAG VW N AEITOUPYIKA TTAACTIKOTNTA OXETICETAI
Me TNV veupodiaBifaon kal Tn douA Twy cuvdyewy (De Pitta et al, 2016).

Mpéogpara dedopéva Ocixvouv OTI N auToayia €ival €vag OMOIOOTATIKOG
HNXaviopog TTou eTTIOPA GPeCca OTO PIKPOTTEPIBAAAOV TNG oUvaWnG eTTNPeAlovTag TNV
veupodiaBifaon. H veupwvikA TTAACTIKOTATA PETABAAAETAI £CAITIAC TNG PlOYEVEONG KOl
NG aTToIKOdOUNOoNG opyavidiwv Kal TTPWTEIVWV TTou puBuiouv Tnv Asiroupyia Twv
ouvaygewy. Q¢ ek TOUTOU, N auToPAYia ATTOTEAEI £Eva UNXaVIGUO “TTOIOTIKOU eAéyxou’”
TWV OPYaVIOIWY Kal TWV TTPWTEIVWV OTOUG VEUPWVES TTOU OladpauarTiCel anuavTiko
poAo oTn Quaolohoyia kai TRV TTaBoAoyia Toug (Viscomi & D'Amelio, 2012). Baoikég
PUBMIOTAG TNG auToayiag atroTeAei N TTpwTeivn MTOR 1ToU diadpapartifel CNUAVTIKO
POAO OTNV AuTo@ayia dIAPOPPWIVOVTAG TN UAKPOXPOVIA CUVATITIKA TTAAOTIKOTNTA, TN
MVAMN Kal TN pdénon péow TG pUBUIONG TNG OUVOEONG TWV BEVOPITIKWY TTPWTEIVIOV
(Bockaert & Marin, 2015).

H pokpoauto@ayia peiwvel Tnv  ammeAeuBépwon veupodiafifacTwy OTO
TPOCUVOTITIKG AKPO JeElwvovTag €Tal Tn  veupodiaBifacn KAl TPOTTOTIOIEl TNV
TTPocuvaTITIKA doun. EAAEITTAG AsiToupyia TNG JakpoauTo@ayiag EXEl WG ATTOTEAEO A
TNV EUPAVION VEUPOEKPUAIOTIKWYV TTaBRoewv (Hernandez et al, 2012) (Eikéva 14).

O1 devdpITikéG dkavBeg atroteAolv duvapikéG douéG KaBWS n doun Kal o
apIBPOG Toug utTopei va aAANGlel oe ouvTopa (MepIK& AeTTTA) Kal PeydAa (NUEPES €wWG
€BOouadeg) xpovikd diaocTtApaTa (Alvarez & Sabatini, 2007; Trachtenberg et al, 2002;
Yang et al, 2009). Auti n dlagopoTroincn TNG MOPPOAoYiag Twv CuvAywewv
eTNPEeddeTal amd TO PNXaviopd TG autopayiog HECW avakUKAWONG OOMIKWV
OUVATITOOWMIKWY  TTPWTEIVWY. O1 e&v AOyw OUvAWEIS €ival KPIOIUEG yia TNV

atroBnkeuon TNG YVAUNG Kal oI aAAayEég oTn dopr Kal TNV 10XU Toug OXETICovVTal HE
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MOP@EG HGBNoNG UTTOdNAWVOVTAG TNV CUMMETOXNA TNG AUTOQAYIag OTNV CUVATITIKN

TTAQOTIKOTNTA.
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Eikéova 14: O pubBuioTikég poAo¢ Tng aurogayiag oTic ouvanTikéS amoAnéers. (A) To
KutrapomAaouatiké UAiké  ouuttepidauBavouévwy  Twv  AavBaouévwy  avadimAwuévwy
TPWTEIVWV Kal opyavidiwv E0WKAEiwvTal amd Ta auropayoowudria. Ta mepicooTepa amo 1a
auTOQPAYOOWUATIa OUVTIOEVTAI TOTTIKG OTOUS GEOVES KAl OTH OUVEXEIQ UETAPEPOVTAI KATA UNKOS
TWV UIKPOOWANVIOKWY TTPOS TO KUTTAPIKO owua. (B) 21mic mpoouvamTikéS amoAnéeic twv
VIOTTQUIVEPYIKWY VEUPWVWY, 1 aurogayia odnyei ornv amoikodOunon Twv CUuvartTIKwV
KuaTIGiwv Kai karaaTéAAer Tnv ameAeuBépwan DA. () Zta ueraouvarTika dkpa n auropayia
ouuBdaAAel otnv amoikodounon Twv LETAOUVATITIKWY UTTodoxEéwyv, Oommws ol GABARS kai ol
AMPARs. (Shen et al, 2015).

2UVOTITOOWMIKEG METAPBOAEG, TTOU eTTnpeddouv TNV avadiauopewaon Twv
OevOPITIKWY  aKAVOWYV, TIOU  TTPOKOAOUVTAl aTmd TNV  €TTAyOEVN  auTopayia
TTaPATNPOUVTAI KOI O€ KATAOTAOCEIG vNOTEIag. 'EAAEIPN BPETTTIKWY CUCTATIKWY 0dnyei
o€ eTaywyn NG autopayiag péow Tou BDNF pe ammotéAeopa Tnv atmmoikodounon Twv
mpwTteivwy PSD95, PICK1, SHANK3 kai Tnv ouverrakdAoubn peiwon tou apiBuou
TwV devopITKWY akavBwyv (Nikoletopoulou et al, 2017) (Eikéva 15).

BiBAloypa@ikd dedopéva utrooTnpifouv 611 ol MAPKS utropouv va puBuicouv
TNV dokpoautoayia(Wang & Ren, 2016). O1 ERK1,2 kai p38 kivaoeg
dladpapartiCouv Bacikd poAo oTov €Aeyxo TnG auTto@ayikng dladikaciag katd Tn
d1dpkela NG wpigavong Tou auto@ayoowpatog (Corcelle et al, 2007). MNoAAoi
VEUPOTPOPIKOi  TTOPAYOVTEG TTOU  EUTTAEKOVTOI  OTRH  CUVATITIKA  TTAACTIKOTNTA

evepyotrolouv TIg ERK1,2 kivdoeg dpwvTag 0€ KUTTAPOTTAAOUATIKO KAl TTUPNVIKO
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emmimedo. H BpaxutrpdBeoun ouvaTt ik TTAACTIKOTATA, dnAadr) o oxXnUaTIou6G f/kail n
atraAoipr) cuvaywewv Bacifovral 6To YOVOTTIATI TNG auTogayiag TTou diauecolaBeital

atd Tnv evepyotroinon Twv MAPKSs (Giachello et al, 2010).

Long-term depression O‘ AMPAR subunits
/ \ By Cytoskeleton
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?
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G V°
(A
Local biogenesis of autophagic vesicles A &
| |
O,':' ) \ B Shrinkage/eliminatior
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Eikdéva 15: Ixnuatikr ameikdvion NG emidpacnc NS aurogayiag, oTouc TUpauidikouc
OIEYEPTIKOUG VEUPWVESG, OTNV ETAYWYH TNS UAKPOXPOVNS armoduVAuwons tNS VEUPIKNG WonS
(LTD). 210 oxnua mapoucialeral n TOTIKH Lloyéveon auto@ayikwyv KuoTidiwv (AVs) oroug
Oevopitec kara tnv LTD, ue tnv omoia ta WETAOUVATITIKE OUCTATIKG odnyouvral Tpog
auropayikh amroikodounon (Kallergi & Nikoletopoulou, 2021).

1.7.3 PO6Aog TnG MOKpOAUTOQPAYIOG OTIG VEUPOEKQPUAIOTIKEG OaOOEveIEG
Kal oTnNV yuyxotradoAoyia

H auto@ayia gival pia Aucoowpikr 006¢ atmoikoddunong, N oToia GUPPBAAAE
OxI MOVO OTnv TTOPOXN OPETTIKWY OCUCTOTIKWY OAAG Kal oTnv  aTmmoudkpuvon
empBAaBwY  UAKWv, OTTwg AavBaopéva avadITTAWMEVEG  TTPWTEIVEG, yia TNV
UTTOOTAPIEN TNG  KUTTAPIKAG oOpoidoTacng kai  emfBiwong. AucAeitoupyia oT1o
MNXaviopd TNG auto@ayiag €xel OUCXETIOTEN PE OIAQPOPES avBPWTTIVEG ACBEVEIEG,
OTTWG O KapKivog, ol PETABOAIKEG OlIOTAPAXEG KAl OI VEUPOEKQPUAIOTIKEG QO0BEvEIEG
(Kroemer & White, 2010).
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O1 veupwveg eival 181aiTepa eudAwTol otn ducAsiToupyia TnNG auTtogayiag
KaBwg OI1a0ETouV PEYAAEG TTOOOTNTEG KUTTAPOTTAAOHATOG KOI XWPIKA ETEPOYEVEIG
evOOOWMATIKOUG  TANOBUOHOUG HE  QTTOTEAECHA T  OCUCCWPEEUCH  KUTTAPIKWV
ammoBAATWY TTou dnuioupyei TOEIKG QOpPTIO yia Ta KUTTapa. Ta KUTTapIka atrépAnTa
gmmiong &ev peiwvovTal, Kabwg ol veupwveg dev diaipouvtal. ‘Exer Bpebei oI
dlayovIdIaKA TTOVTiKIa TTou oTepouvTal T yovidla Atg Ttrapoucialav €uBpuikn n
VEOYVIKI] Bvnoigdotnta. To yeyovog autd UuTTOdNAWVEl TNV  OTTOUdAIOTNTA  TNG
auToQayiag oTnv eYKEPAAIKN Asitoupyia kal opoidoTacn (Nixon, 2013). EmimrAéov,
dlayovidlakd POVTEAQ PUWYV TTou oTepoUvVTal T BaCIKA TTPWTEIVR TNG autogayiag,
ATG5 A ATG7, TpokAAECE CUCOWPEUCH TTOAUOUBIKOUITIVIWPEVWY CUCCWHATWY Kal
oupTTEPIPOPIKES aAAaYEG. Mapouoiwg, n atrooiwtnon eite NG ATGS cite TnG ATG7
ota KUTTapa Purkinje trpokdAcce kivnTikr ducAsiroupyia (Nishiyama et al, 2007). H
QTTaAOIQr) MIAG ETTIONG CNUAVTIKAG TTPWTEIVAG GTOV UNXAVIOUO TNG auToayiag, OTTwG
n FIP200, o€ veupwveg TIOVTIKWY 0BAYNOE O€ WeEiwon TOU OXNUATIOPOU
AUTOPAYOOWMPATWY Kal €KQUAION TNG TTAPEYKEPONIDOAG HE TTPOODEUTIKI] ATTWAEIQ
veupwvwyv (Liang et al, 2010). TéAog, n atroolwTTnon TNG p62, €vdg auToPayikou
uTTO00XEQ TTOU avayvwpilel €I0IKA TIG TTOAUOUBIKOUITIVIWUEVES TTPWTEIVEG, alénoe Tov
oXNUATIOPO VEUPOIVIOIOKWY JECHWY Kal dnUIoUpYyNoE aVWHOAIEG CUUTTEPIPOPAG OF
MovTéAa puwv kal zebrafish (Lattante et al, 2015)

Ta TepIcodTEPA VEUPOEKPUAIOTIKA VOCHUATA €P@AVICOUV CUCCWPATWHATA
TTPWTEIVWYV, TTABOAOYIKG OTNV TTAEIOWNQIa TOUG, OTTWG OTIG TTEPITITWOEIG 0TN VOO0 TOU
Alzheimer (AD) pe tnv AB, otn véoo Tou Parkinson (PD) pe tn petaAdayuévn a-
OUVOUKAEivn, otn véoo Tou Huntington (HD) pe Ta cucowpatwuata polyQ Huntigtin
KAl TNV auuoTpo@IKA TTAEUpIKN okAfpuvon (ALS) pe TN peTaAAaypévn utTEPOECEIDIKA
diopyoutdon 1 (SOD1) kar TAR DNA-binding protein 43 (TDP-43). Autd T1a
TPWTEIVIKA  CUCOWUATWHATO  OTTOPOKPUVOVTAlI  Kupiwg péow TG odou
a1roIKodOUNONG TNG AUTOPAYIaG/AUCOCWHOTOG. [EVETIKEG WETAAANAEEIC O UTTODOXEIG
NG autogayiag, omwg or p62, OPTN, NBR1 kai ALFY/WDFY3, éxouv ouxvd
OUOYXETIOTE PE VEUPOEKPUAIOTIKEG vOooug. H yhnpavon, atmoTeAei Tov TTI0 KOIVO
TTapdyovTa KIvOUVOU YIa VEUPOEKPUAIOHO KOBWG HEIVEI ONUAVTIKA TNV AuTOPAYIKNA
opacTnpIoTNTa. Q¢ €K TOUTOU, N SUCAEITOUPYIKA auToPayia PTTOPEi va 0dnyAocEl aTnv
QvATITUEN VEUPOEKPUAIOTIKWY aoBevelwy (Jung et al, 2020b).

H AD cival n 1o Koiv) VEUPOEKQUAIOTIKA vOOOG, TTou TTpoKaAei dvoia. H

OuoowpPEUon TAaKWY AR Kal VEUPOIVIOIOKWY OeOuwY tau OTov eYKEPAAO TwV
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aoBevwv Bewpeital TTABOAOYIKO XOPAKTNPIOTIKO Tng vOoou, KABwG Kal KPioiho
KOMMATI TNG TTaBoyéveldg Tng. H amopdkpuvon Tng AR emTuyXAveTal KUPiwg PEoW
NG autogayiag (Uddin et al, 2018). H aténon 1ng dpacTtnpidTnTag TG p62 f Tou
peTaypagikou Trapayovia EB (TFEB) ammodeixbnke OTI PEIWVEI TOV OXNMOTIONO
mAakwy AB, pe atrotéAeopa T BeATiwon Tng TTaBoAoyiag Tng AD o€ uleg (Song et al,
2020). AvriBeta, Ta aufnuéva OAlyopepr) Tou AP euttddIcOV TNV  AUTOQPAYIKA
opacTnEIOTNTA  HPECW TNG Melwpévng  dlakivnong Kal TG  Ployéveong  Twv
AucoowuaTWY o€ CWIKG povTéAa (Tammineni et al, 2017). ZUucOWPEUOT TTPWTEIVWV
TG QUTOPAYIKNAG-AUCOOWHATIKAG 0000, OTTWG oI p62, LC3 kai LAMP1, kaBwg Kai
QUTOQAYIKEG KOl AUCOCWHATIKEG PAAPBEG TTapaTNPAONKAY OTOUG WETABAVATIOUG
eyke@aAoug aoBevwyv TTou gixav AD (Piras et al, 2016).

H vooog tou [Mapkivoov (PD) cival pia TTPOOBEUTIKA VEUPOEKPUAIOTIKA
diarapaxn NG Kivnong TToU XOpaKTnpideTal amd CUCCWUATWHATA a-OUVOUKAEIVNG
TTou ovopdlovtal cwHdTiIa Lewy OTOUG VTOTTOMIVEQYIKOUG VEUPWVEG TNG MEAAvOG
ouaiag (substantia nigra). MNeipapaTtikad dedouéva £xouv atmodeifel OTI N ATTWOIWTTNON
Tou vyovidiou ATG7 TrpokaAei pia €EapTwuevn amd Tnv nAiKia aufnon Tou
OXNMOTIONOU CUCCWUHATWHATWY TNG a-CUVOUKAEIVNG TTOU TTEPIEXOUV TNV TTPWTEIVN
p62 o€ VTOTTOUIVEPYIKOUG VEUPWVEG KOl €AAEIiPPOTA  KIVNTIKAG A€ITOUpYioG O€
nAIKIwpEVa TTovTiKIa (Sato et al, 2018). APKETEG MEAETEG DEIXVOUV OTI N G-GUVOUKAEIVN
TTou @Epel TTaBoyoveg PeTAANAEEIS atToikodopueiTal amd To oUOTNPO auTopayiag-
Aucoowpatog. Kard 1n OIdpKEID TOU OUPTITwHATIKOU oTadiou Tng PD, otav ol
TTEPIOCOTEPOI VTOTTAMIVEPYIKOI VEUPWVEG OTOV PECO e€yKEPAAO €xouv ndn xobei, n
OlapecoAaBouuevn atméd Tnv TFEB petaypaen twyv Beclin-1, CTSD kai LAMP1 civai
MEIWMEVN o€ OUYKPION HE TO TTPOCUUTITWHATIKG oTAdIo (Decressac et al, 2013).
Opiopéveg peAéTeg €xouv Beicel 0TI N amwAela TNG LRRK2 e&aoBevei 10 povottdri
QUTOPAYiIAaG-AUCOCWHOTOG, ME QTTOTEAECHO TOV KUTTAPIKO Bdavato (Ramonet et al,
2011).

H voéoog Tou Huntington (HD) €ival gia auToOCWWIKA €TTIKPATOUCO TTPOOSEUTIKA
VEUPOEKPUAIOTIK} vOOOG, TToU TTapoucidlel KivnTikh ducAsiroupyia, diatapaxég
CUMTTEPIPOPAG Kal yVwOoTIKA OuoAeitoupyia. H uttepék@pacn Tng PETOAAAYHEVNG
TpwrTeivng Huntingtin TTou amoteAeital amd emavaAapBavopeva polyQ TTpokaAei
TTPOOJEUTIKA KIVNTIKEG OUOCAeITOUpyieG TTOU cuvodeuovTal aTtd TN CUCOWPEEUOH
auto@ayoowpdtwy. apopoiwg, 1N CUCCWPEEUON  AUTOPAYIKWY  KUOTISiWV

TTapatnpenénke oe aobeveic ye HD (Heng et al, 2010). AkOua avdAuon OTO yovidiwua
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oTnv TrepIoxn Tou paBdwTol cwuaTog £0€I1EE OTI TTOAAG yovidla TTou oxeTiCovTal JE
TNV auto@ayia, 6TTwg Ta Atgdb kai Tfeb @aivetalr va poAaufdvouv Tnv T0EIKOTNTA
NG peTaAAaypévng mHtt (Wertz et al, 2020).

Ek16¢ Opwg amd T CUMMPETOX TNG autoayiag o€ OIAPOPES
VEUPOEKPUAIOTIKEG aaBéveleg N dladikagia auTh @aiveTal TTwg TTaifel TTOAU onuavTikG
poOA0 0t WuyoTraBoAoyikéG aoBéveleg OTTwg To Ayxog Kal n kardBAiyn. To
TpoyevvnTIKO OTpeg (Prenatal Stress) em@épel TTOAUAPIBUES ETITITWOEIG OTOUG
aTTOyOvVoUG, OTTWG AYXOG, CUUTTEPIPOPA TTOU HOIAZEl e KATABAIWN Kal GAAEG
YVWOTIKEG dlatapaxés. Eivar evdiagépov 0TI To PS augnoe onpavtikd Ta €TTiTredo
auToPayiag OTOV ITTTTOKAPTIO APCEVIKWY atroydvwy. ETriong, dlamoTtwlnke 611 ol
QvaoToAgic TNG auTto@ayiag eCAAsipav ONPAVTIKA TIG METABOAEG TNG yOVIBIOKNG
éKQpaong ToOU  TTpoKaAoUvTal ATl TNV  KOPTIKOOTEPOVN. Ta atroteAéopara
uttodnAwvouv OTI N puBuion TNG auTo@ayiag JTTOPEl va ATTOTEAECEl MIO VEQ
OTOXEUMEVN BepaTreia yia TNV avakou@ion Twv BAABWY TTou TTpokaAouvTal atrd TNV
PS o¢ ¢pnBoug apcevikoug atmoydvoug (Zhang et al, 2017).

To Xpovio OTPeC N TTAPATETAMEVN XOPHyNnon YAUKOKOPTIKOEIdWY 0dnyei o€
OTTWAEIO VEUPWVWY TOU ITITTOKAWTIOU KOl Of€ HEIWON Tou MPEyEBOUG TG TTEPIOXNG
autig. ‘Etol treipaparikd  dedopéva  aTTOdEIKVUOUV  TTWG N XPOvia  doKIpoaia
eykKAwBeiopou (Restraint Stress) o€ pUeg KATOOTEAAEI T VEUPOYEVECN ME TNV
ETTAYWYN TOU aQUTO@AYIKOU KUTTOPIKOU BavaTtou (ACD) Twv VEUPIKWY BAACTIKWY
KUTTApwV Tou ITTTTOKauTTou (NSCs) (Eikéva 16). Otrwg TTpoKUTITEl aTTd dIayovISIak&
MOVTEAD OTTOU €xel aTTooiwToiNBei To yovidlo Tng Atg7 @aivetalr OTI gixav ABIKTO
aplBud NSCs kai eTriredo veupoyEveong UTTO XPOVIO OTPEG Kol ATAV AVOEKTIKA O€
YVWOTIKEG SUCAEITOUPYiEG TTOU TTPOKOAOUVTAI TTO TO OTPEG N TNV KOPTIKOOTEPOVN
(Jung et al, 2020a). Autd Ta €upfpaTa OTTOOEIKVUOUV TTWG N auTogayia civai
€CQIPETIKA ONMPAVTIKA yIa TNV OPoId0TACH TWV VEUPWVWY KATW atmmd ouvoinkeg
WUXOAOYIKOU OTPEG KATI TTOU UTTOPEI va aTTOTEAECEI HIa VEQ BEPATTEUTIKI 000 yia TNV
Bepatreia Twv WPUXOAOYIKWY dIATAPAXWY TIOU TTPOKAAOUVTAl ATTO OTPECOOYOVA

gpeBiopara.

)= (¢

ATG7 cKO mice Decreased hippocampal  Wigh anxiety, Depression and
I neurogenesis Cognitive deficits

AC‘I:{> QO@‘)

O
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Eikéva 16: To xpdvio o1pec eyAwPiouou (CRS) 1 n xopriynon KOPTIKOOTEPOVNS ETTAYEI TOV
autopayik6 Kutrapik6Bdvaro (ACD) ora NSCs orov immrmékauimo eviAikwy pwv péow SGK3 in
vivo kai in vitro. To CRS peiwvel 17 vEUPOYEVEDH TOU ITTITOKAUTIOU TwVv EvnAikwyv, n omoia
ouvodeveTal amd ayxog, KarabAiwn Kai yvwaTikéS duaAsiToupyisg. Tpotrotroinuévn gikéva amro
(Jung et al, 2020b). H @akbébva TOU TOVTIIKOU XPnNOIUOTIOINONKE Qmmd TO
http://togotv.dbcls.jp/ja/pics.html kar Tou auropayoowuaro¢ amrd 1o (Kraft & Martens, 2012).

1.7.4 Zupperoxn Twv GPCRs oTnv autogayia

‘Evag  peydAog aplBuds  BiBAloypagikwy  avagopwy  €xouv  Oegitel TN
oupueToxn Twv GPCRs oTn puBJion Tou punxaviopou Tng autogayiag (Wauson et al,
2014). H kuttapiki onuatodotnon Twv GPCRs trepIAapBavel Tnv evepyoTroinon mg
oikoyévelag Twv MAPK ol otroieg éxel ammodeixBei 611 ymmopouv va pubuicouv Tov
unxavioud TG autogayiag. Zuykekpigéva Ppédnke om n ERK2  kivaon
owaoopuhiwvel TNV GAIP (G alpha interacting protein), TTou amoTteAei yéAog Twv
RGS mpwrteivwv kal emrayxuvouv Tnv opacTikdétnTa GTPAong odnywvrtag €101 O€
auTto@ayia eEapTwpevn atd 1 Gaid. H onuarodotnon péow tTwv ERK1,2 kivacwv
MTTOPEI va puBpicel TNV £KPPAC AUTOPAYIKWY KAl AUGOCWHIKWY YoVIOIiwV PNECW TNG
PWOoPOpPUAiwoNng Tou peTaypagikou trapdyovia TFEB (Ogier-Denis et al, 2000).
EmmAéov, pia mpdoeartn peAETn €0e1fe OTi ol ERK1/2 kivaoeg ouvevtotrifovTal pe
TPWTEIVEG TTOU OxeTiCOVTAI HE TNV auTogayia OTnv eEWTEPIKA TTAEUpd Twv
auToPayocwudTwy Kabwg Kal oto TTuprva (Martinez-Lopez et al, 2013).

H evepyotroinon twv utmrodoxéwv D2 kai D3 1ng vromapivng (DRD2 kai
DRD3) pe Toug avtioTolXoug €18IKOUG aywvVvIOTEG eVIOXUEI TN HETAYPA®A Tou yovidiou
TN BECN1 0dnywvTag og emaywyr NG auto@ayiog o€ dIAPOPES KUTTAPIKEG OEIPEG
KaBwWG Kal O€ TTPWTOYEVEIG VEUPWVEG TOU Meoeykepalou (Wang et al, 2015). H
EVEPYOTTOINON TNG auTo@ayiag atrd Toug UTTodoXEIG auToug £xouv Tn duvaTtdTnTa VA
MEIWOoOUV T cucowpeuon a-cuvoukAgivng (SNCA) o€ TTapKIVOOVIKA JOVTEAD PECW
atmoikodéunong TnG atd Ta autoayoowuarta. Ouoiwg, n evepyotroinon Tou P2-
adpevepyikou uttodoxéa pubuidel Tnv auto@ayia kai audvel TNV Atroikodounaon Tou
KOAAayOvou TTpokeIuéEVou va diatnpnBei n opoidoTaon TNG KAPdIOKAG EEWKUTTAPIKAG
puATpag (Aranguiz-Urroz et al, 2011). EmmAéov, n evepyorroinon Ttou mGIuR
UTTOdOXEQ ETTAYEI TNV AUTO@AYIA KAl £XEI WG ATTOTEAEOUA TNV ATTOIKOOOUNGCN TTOAU
ONPAVTIKWV OOMIKWY KAl AEITOUPYIKWY OCUVATITOOWUIKWY TrpwTeivwov (Kallergi &
Nikoletopoulou, 2021). Ocov agopd Toug OTTIOEIDEIG UTTOBOXEIG, MOopPPivn ETTAYEI THV
autogayia o€ KUTTapa veupoBAacTwuatog SH-SYSY kal oTov ITTTTOKAPTIO apoupaiou
Méow Tou P-OR au&dvovtag Ta TTPpWTEIVIKA emTiTreda TNG Beclin 1 kai peiwvovrag tnv

aAAnAeTTidpaon petagu Beclin 1 kai Bel-2. O1 Beclin 1 kai ATGS traifouv Baoiké poAo
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otnv emayouevn amd TN Pop@ivn auto@ayia, n oTroia PTTopeEi va cupPBdaAel otnv
eTTayouevn amo Tn Jop@ivn veupwvikh BAGRN (Zhao et al, 2010). Akéua n eTTAYOPEVN
atrd TN Jop®ivn autoayia diatapdooel TN CUVATITIKA ICOPPOTTIO OTOV ITTTTOKANTTO,
Mia TTOAU Baciki TTeploxr) Tou eykKe@AAou uttelBuvn yia TN PJABNoN Kal TNV PvAun
MEOW €vOG VEOU ONUATOdOTIKOU HovoTratioU TTou TTEPIAaUBAvEl TIG OPACTIKES UOPPES
o¢uyovou (ROS), 10 oTpeg o010 evdoTTAaouaTiKG dikTuo (ER) kai Tnv autogayia. Ol
VEUPWVEG TOU ITITTOKAPTIOU 0dnyouvTal O HEIWON TNG TTUKVOTNTAG OIEYEPTIKWYV
OUVAWEWY HE TAUTOXPOVN aUgNon TNG TTUKVOTATOG TWV AVOOCTOATIKWV OUVAYEWV
MEOW TNG evepyoTToinOoNG TOU U-OTTIoEIdoUG utTodoxEéa (Cai et al, 2016). Q¢ ek TouTOU,
n emayopevn autogayia atméd didgpopoug GPCRs diatnpei TNV KUTTAPIKY OPoIGOTAC
Kal €TTNEEAZEI TNV OUVATITIKA TTAACTIKOTNTA ATTOEIKVUWVTAG TO KEVIPIKO POAO TTOU
KATEXEl OTN  ASIToupyid TwV  VEUPWVWY. ZUVETTWG YiveTal avTIANTITO  TTWG
OuoAsiToupyia oTnV OUYKEKPIPEVN dladikagia JTTopEl va odnynoel o€ gueavion
VEUPOEKQUAIOTIKWV a0BeveIly  KABWG Kal  WuxXotraBoAoyiwv  KaBIoTWVTAG Tnv

auToQayia wg PAPPAKOAOYIKO GTOXO YIA TNV QVTIMETWTTION TOUG.

57



2. ZKOTIOG
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Ta omoeidy avaloya emnpedlouv Tnv veupodiafifacn Kal VEUPWVIKA
TAQOTIKOTNTa pubuifovrag diadikaoieg TTou oxeTiCovTal Pe Tov TTOVO Kal Tn didbeon.
EmmAfov, €€c1dikeupEvol OTTIOEIBNG TTPCOETEG BIABETOUV VEUPOTTPOOTATEUTIKI dPACN
OuVTEAWVTAG €TCI OTNV OTTOKATACOTAON TNG KUTTAPIKAG opoidoTaong. Mpéogarteg
MeAETEG Oeixvouv OTI n evepyotroinon Tou P-OR pe T pop@ivn, odnyolv GTO
MNXavIoud TG auTOPAYiag HE éva AyvwoTo PEXPI OANEPA UNXAVIOUO.

Me Bdon Ta dedopéva autd, n TTapolca epyaoia EXEl wg TTPWTO OTOXO va
OlepeuvAoEl €AV n €vEPYOTTOINON TOU K-OTTIOEIOOUG UTTOOOXED ATTO €EEIDIKEUNEVQ,
ecwyevn A evdoyevr meTTidIa, 0TTwg 10 U50,488H kai n Auvopegivn,.iz, avTioToixa,
puUBuiCouv ToV PUNXavioud TG auTOPAYIaG OTOUG VEUPWVEG in vitro Kal in vivo. AKOuQ,
va eAEyEel TIC aAAayEG TTou TTapaTnPoUvTal o€ SIGPOPES CUVATITOOWHIKESG TTPWTEIVES
Kal oTn Hop@oloyia Twv veupwvwy. EmTAéov wg delTepo OTOXO £xel va
TTPOCdIoPIcEl TO HOPIOKO HOVOTTATI PECW TOU OTToiou O evepyotroinuévog k-OR
puUBUICel TOov QUTOPAYIKO MNXOVIOPO Kal va Olgpeuvioel TuxXOv oaAAayég TTou
TIPOKAAOUVTAI OTAV EKQPOCN AUTOPAYIKWY YOVIOiwV. TENOG, HE YVWHOVA TO YEYOVOG
0TI, TO evdoyevéG auoTnua duvopPivng/k-OR evepyoTToIEiTal O KATAOTACEIS AYXOUG
Kal KaTdbAwng évag onuavtikdG Kal TPITOG OTOX0G TNG MEAETNG pag eival va
dlepeuvNOEl av TO 0EU OTPEG EVEPYOTTOIET TNV auToPayia péow Tou K-OR kal eTTnpeddel

TIG CUVAYEIG.

AN

K- OTILOELSN G UTtoSoXEaG Kataotaoeig otpeg

?

Autodayia
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3.

TeXVIKEG Kal HEBoDOOI
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3.1 YAka kai Mé@odoi Kuttapikig BioAoyiag
3.1.1 KuttapokaAAiépyeleg
3.1.1.1 KaAAiépyeleg KUTTAPWY BNAAOTIKWV

Neuro-2A: Ta Neuro-2A kUTTapa €ivalr €va KAQAOIKO KUTTOPIKO HOVTEAO HEAETNG
ONPATO®OTIKWY  POVOTTATIWY  TWV  VEUPIKWY  KUTTAPWVY KOl HJOPQPOAOYIKWY
XOPOKTNPIOTIKWY. Ta KUTTapa autd diabétouv Thv idla pop@oAoyia pe Ta VEUPIKA
BAACTOKUTTAPA TTOU TOUG ETTITPETTOUV VA dIAQopoTToIiNBoUV o€ dIAPOPES ATTOKPIOEIG
Tou TTrEPIBGANOVTOG Kai €mTITTAéoV DIABETOUV TTOAAG aTTd TA XOPOKTNPIOTIKA TWwV
VEUPWVWYV OTTWG Ta veupoividia. Ta KUTTapa autd eival veupoBAAoTIKG KUTTapA
eyke@aAou puwv (mouse Albino neuroblastoma) ammopovwyuéva atd évav aubdpunto
OyKo o€ PUeg Tou €idoug albino strain A. H xprion Toug eivai diadedouévn oTnv €peuva
otov Topéa TNG NeupoBioAoyiag, agou TTapd 1o yeyovog OTI TIPOKEITAI YIa KAPKIVIKA
KUTTOPQ, TTPOOQPEPOUV £V KUTTAPIKO UTTOOTPWHA TTOAU OUYYEVIKO WE Ta VEUPIKA
KUTTapa TIOU ouvaviwvTtal oTtov avBpwTtro. O1 ouvlrAkeg KaAAIEpyeElag Toug
mepIAapBavouv Tnv avamtuén Toug oe Bpemmikd péco DMEM trapouaia guppuikol
opoU Bodiou (1x puBuioTIKG didAupa aAdTtwyv Dulbecco's Modified Eagle's Medium,
10% Fetal Bovine Serum, 0.375% 6&¢vo avBpakikd vatpio pH 7.2, 2mM L-
yAoutapivn, 100units/mL TrevikiAivn, 100pg/mL oTpetrTopukivn). H KutTapikr o€ipd
Neuro2A dev ek@pAlel eVOOYEVWG OTTOIOEIDEIG UTTODOXEIG, TUVETTWG YIa TNV PEAETN
NG Opdong TOU K-OTTOIOEIBOUG UTTOOOXE, O€ VEUPIKO KUTTAPIKO TTEPIBAAAOY,
KOTOOKEUAOTNKE MIA TPOTTIOTTOINMEVN YEVETIKA KUTTAPIKA oeclpd. H ék@pacon Tou
uttodoxéa emTeEUXONKE MPETG ammd poviun OlauoAuvan Twv KUuTTdpwv N2A e
avacuvduaopévo TTAAoUIBIaKG @opéa pA3M, tmou @épel TV aAAnAouyia Tou myc
EMTOTIOU Kal TO yoviblo Tou avBpwTTivou K-OTTiogidry utrodoxéa. H ékppaon Tou
UTTOOOXEQ, META TNV KATOOKEUN TNG O€Ipdg, TTPOCIOPIOTNKE HE PAPHOKOAOYIKEG

MEBGBOUG oTa 292 fmoles uttodoxEa/mg TTPWTEIVNG JEMPBPAVWDV.

3.1.1.2 MNMpwrtoyeveig KAAAIEPYEIEG VEUPWVWYV TOU ITITTOKAUTTOU OTTo
EYKEQAAO gURPpUWYV ULV

O1 TTpwToyeveiG KAANEPYEIEG VEUPWVWY XPNOIUOTTOIOUVTAl €UPEWG VIO Tn
MEAETN TNG QuUOIOAOYIAG TOU VEUPIKOU CUCTHAPATOG in Vitro wg poviéAo dlapopwv

VEUPOEKPUAIOTIKWV OOBEVEIWV KAl OTTOTEAEI TTOAU ONUAVTIKO €pYaAcio PEAETNG TNG
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AgIToupyiag kal TNG oNUAToddTNONG TWV OTTIOEIBWYV UTTOO0XEWV KaBWG ek@pdalovTal
EVOOYEVWG.

O1 kaAAiépyeleg avatrTiooovTal o BpeTmikO UAIKO avattuéng Neurobasal
media oTo oTToio TTpooTiBevtal 2% viv B27 supplement, 0.5mM yAoutapivng kai 1%
TTEVIKINAIVN-OTPETTTOMUKIVN. Ta TNV KAAMEPYEIQ VEUPIKWY KUTTAPWY, ApPXIKA £yIve
QTTOPOVWON TNG TTEPIOXNAS TOU ITITTOKANTIOU aTTo €UPBPUa PUWV Ta OTToia BpiokovTav
omv 16.5 nuépa avamrtu¢ng toug (E16.5) kal agaipolvTdl Ol WPRAVIYYEG TTOU
atroTeAOUV TTNYH POAUvVOoNG yia TIG in Vitro KOANEPYEIEG KABWG evTOTTICETAI JEYAAOG
apIBUOG €pUBPWYV AIPOCEAPIWY KAl CNUAVTIKA TTO00TNTA digaTtog. H Trapatmdavw
olepyacia yiveral oe €va atrooTEIPWPEVO TPUPBAIO 0€ KpUo atrooTelpwuévo 1X PBS
ME TN Xprion oTepeooKoTTiou. O1 TTEPIOXEG TOU eYKEPAAOU EETTAEVOVTAI OE TTAYWHEVO
PBS kai @uyokevipouvtal o€ 300rpm vyia 5 min, o€ Bepuokpacia dwuariou.
AkoAouBei eTTwaon oTto didAupa Bpuyivotroinong (0.25% Bpuwivn kar 100mg/ml
DNAse diaAupéva oe PBS) yia 25 min, otoug 37°C pe diapkn avakivnon kdbeg 10
min. Mg 1o TTépag Twv 25 min, n Bpuyivn aTTOPPITITETAI KAI TIPOCTIBETAI OTA KUTTAPA
icog oOykog OlaAupato¢ DMEM Ttapoucia 10% FBS, woTte va eméNBel
QTTEVEPYOTTOINGN TWwV UTTOAEINPATWY Bpuyivng Kal pnxavik atmokOAAnon Ttwv
KUTTapwyv. O 10T0G @uyokevTpeital yia 5 min otoug 300rpm o¢ Bepuokpacia
dwuariou. To i¢nua E&emrAéverar kai etmmavadiaAvetal éviova 2 @opég pe DMEM
aTToucia opou Kal Ta KUTTAPA ETTAVAQUYOKEVTPOUVTaAl oTIG 800rpm yia 5 AeTrtd. MeTd
TN OeUTEPN QPUYOKEVTPNON TO iI(NUO TWV KUTTApWYV €TTavadIOAUETOI, OTO BPETTTIKO
MEOO yIa TTpwToYEVEiG KaAAIEpyeleg veupwvwy Neurobasal+B27, évrova he Tn XprRon
TITTETAG WOTE VA YiVEl N AYN Povhpwy KUTTApwV. TEAOG 01 VEUPWVEG ETTICTPUWIVOVTAI
o¢ TpuBAia 12 Béoewv TToU TTEPIEXOUV i OXI YUAAIVEG KOAUTTTPIOEG Twv 18-mm, o€
TukvéTNTa 100.000 KUTTapa/cm?. Ta TpuPAia TposTrwalovial o didAupa poly-L-
lysine (1pg/ml poly-L-lysine oe 1X PBS) yia 12-16 wpeg 1piv TNV KaAANiEpyeia. OAeg
ol TTeIpapaTIkEG dladikaoieg TTpaypaToTroloUvTal 10 Yépeg PeTd TNV €MICTPWON TWV

VEUPWVWYV, WOTE Va €XEI ETTITEUXOEI N WPiNavon TWV VEUPWVWV.

3.1.1.3 Zuvlnkeg KOAAIEPYEIOG KUTTOPIKWY  CEIPWV-TTIPWTOYEVWYV
KOAAIEPYEIWV VEUPWVWV

O1 KaANIEPYEIEG KUTTAPWY avaTITUCOOVTAlI € OTEIPEG ouvlnkeg o BAAauo
KABeTNG vnuaTikAG porig TUTTou laminar air flow kol pe amooTeipwpéva péoa OTTwG
mITETEG, doxeia 15ml Kal atTooTeipwHEVA UAIKG (BpeTTTIKO péoo, Bpuyivn, PBS) woTte

VA NV UTTAPYXOUV €CWTEPIKES POAUVOEIC aTtd BaKTApla Kal puknteg. Ta KUTTOPO
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TOTTOBETOUVTAI GE OPETITIKG UAIKO HECO O€ ATTOOTEIPWHEVES PAAOKES 75cm? iy TPUBAia
o1dpopwyv peyebwv (100, 35 ) 22mm) kal eTTWALOVTAI O€ ETTWACTIKOUG BaAduoug o€
oT1aBepég ouvenkeg Bepuokpaaiag 37°C kai atudagaipag 5% diogeidiou Tou avopaka.

Me 1O TTéPAG TwV NUEPWV Ta KUTTOPA TTOAAQTTAGCIAZOVTal WE ATTOTEAEOUA
otav koAugouv TO 80-90% Tng em@dveiag TG QAGoKag avakaAAiepyouvTal
TPoKeINéEVvOU va dlatnpnBouv Jwvtavd Kal va agaipouvial Ta TTPOoIdvTa  Tou
METOBOAICHOU TOUG €K TWV OTTOIWV OPICUEVA ATTOTEAOUV TOGIKOUG TTapdyovTeg. MNa 1o
AGYO auTO agaipeital To BPETTTIKO UAIKS Kal Ta KUTTapa eTTwadovTal ge 1ml Bpuyivng
(0.05% og ddH,0) oToug 37°C oTov KAiBavo £TTWaCNS yIa 2 min. Tn CUuvéXEld Ta
KUTTapa cUAAEyovTal pe 10ml BPeTTTIKOU UAIKOU Kal guyokevTpouvTtal oTig 1200rpm
yia 3 min. To KUTTOPIKO inua etravadiaAvusTal oe Sml BpeTTIkoU ue KA avadeuon
KAl JEPOG TWV OICAUPEVWY KUTTAPWY TOTTOBETOUVTAI €K VEOU OTIG PAACKES OTTOU 10N
éxouv TTpoaTéOel 10ml BpeTTTIKOU UAIKOU (OTaV TTPAKEITaI yia 75cm? AGOKA) WOTE Va
olatnpnBoulv oTIC KOAMEPYEIEG i ToTTOBeTOUVTAl O€ TPURBAIQ yia Tnv €eKTEAEON
meipauaTikwy  Oladikaoiwyv. Ocgov  agopd TIC OCUVONKEG KOAAIEpyEIdg  Twv
OTTOMOVOUEVWY VEUPWVWY, Ta KUTTApa SlaTneouvTal € £TTWACTIKOUG BaAduoug ue
oTaBepEg ouvlnkeg Bepuokpaaiag 37°C kal aTudo@alpas 5% diogeidiou Tou AvBpaka
ME aAAayr TnG PIoNG TTo00TNTOG BpeTtTikoU péoou (Neurobasal+B27) kdBe Tpeig
MEPEG WOTE va aTTORAAAETAI HEYAAO PEPOG TOEIKWY PETABOAITWY Kal va diatnpouval

OTO OPETITIKO YECO VEUPOTPOPIKOI TTAPAYOVTEG TTOU EKKPIVOVTA.

3.1.1.4 Kpuo-ocuvtipnon Kai amoguin Kuttdpwv amd pabia
Karayugn/uypo alwTto

Ta eukapuwTIKG KOTTapPa SlatneouvTal yia PeyaAa xpovikd dlaoTAPATA OTO
uypo alwto (-196°C). Akoloubwvtag Ta Brpata Tng Trapatdvw Oiadikagiag, To
QPXIKO inUa TwWV KUTTApwV oTrd pia AAOKa TTou  XPEIAZeTal avakaAAIEpyEIX
emavadiaAvetal o diIGAuPa YoENG KUTTAPWY TTOU aTToTEAEITal atrd eUPPUIKO BoEio
opd (FBS) kai dipeBuro-coulgpoteidio (DMSO) (90% FBS kai 10% DMSO). To
DMSO TpooTareUsl TNV KATACTPOPN TwV KUTTAPWY aTrd TNV KPUOTAAAWGOTN TOUu
udatog e€aimiag Twv XaunAwv Beppokpaoiwy. Ta KUTTapa atmodnkelovial O€
OTTOOTEIPWHEVEG KPUOTTPOOTATEUTIKEG QUTTOUAEG OTTOU WUYovTal Babuiaia oToug -
80°C kal ol auTToUAeg atrobnkelovTal o€ doxeio Pe uypd alwrto (-196°C, doxeio
Taylor Wharton). Ta tnv amoéyuén Twv TTaywuévwy KUTTApwY TOTTOBETOUVTAI
kateuBeiav amd 1o uypd alwto oe udatdAoutpo 37°C WOTe va TTPAyPATOTIONBE N

aueon amoywugn autwy. OTtav LeTTaywoel TO KUTTAPIKO EVAIWPNKA, HETOQEPETAI OF
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falcon tmou TTepIExel SmL TTAfpoug BPETTTIKOU UAIKOU Kol KATOTTIV QUYOKEVTPOUVTAI YIa
5 min omig¢ 3000rpm, WOTE va KATAKPENUVIOTOUV Ta KUOTTOPA. TO UTTEPKEIUEVO
QTTOPPITITETAI WOTE TO KUTTAPIKG i(nua va emTavadiaAuBei o€ véo BpeTTIKO UAIKO
atmmoAAaypévo ammdé 1o DMSO tou oe ouviBelg ouvbnikeg BepuoKpaciag atToTeAE
To¢IKO Tapdayovta. Ta KUTTApa €MOTPWVOVIAI O QAGOKG 1 TpuBAio kail

ToTT00ETOUVTAI O€ KAIBavo oTabeprc Bepuokpaaiag 37°C kal 5% CO,.

3.1.1.5 Métpnon KUTTApPIKAG EMIRiwoNG YE TN XPWOTIKA Trypan blue

Kuttapa Neuro-2A emioTpwvovTal o€ TpuPAio 6 Béocwv. KABe BEon TTepIEXEl
250.000 kuUTTapa Kal 6 WPEG HETA TNV ETTIOTPWOT ETTWALOVTAI JE TOV EIDIKO YIA TOV K-
otmoieidn utrodoxéa U50,488H yia 6, 24, 48 wpeg. O ouvoAIkOG TTANBUCHOG Twv
KUTTAPWY CUAAEYETOI OTO OPETITIKO TOUG Kal TOTTOBETEITAl 0 éva owAnvdpio. To
EVAIWPNUA TWV KUTTApWV avauelyvieTal o¢ ion moodtnta trypan blue kai o
TTANBUOPOG Twy (wvTavwy KUTTApwv KataueTpeital. To Trypan Blue xpwuartilel Ta
KUTTaPQ PE BIEPPNYHEVES MEMPBPAVESG XOPAKTNPIOTIKO TWV KUTTAPWY TTOU €ival vekpd
N €xouv €10€ABgl 0TO OTASIO TNG ATTOTITWONG OTTOTE KOl QUTA OTTOKAgiovTal atTd TN
péTpnon. O apIBPOG Twv {WVTAVWY KUTTAPWY TTOOOTIKOTTOINBNKE CUYKPIVOUEVA HE
10 deiypa avagopdg, dnAadr Neuro2A kUTTapa TTou Ogv €ixav €TTWOOCTEI UE TOV

QYWVIOTH KAl UTTOAOYIOTNKAV Ol KAUTTUAEG BIWCINOTNTAG.

3.2  Biloxnuikég pééodol

3.2.1 Amopdévwon TTPWTEIVIKWY KUTTOPOTTAAOMATIKWY EKXUAICHATWYV
atrd KUTTapa Neuro2A

MNa tTnv amoudévwaon Twv KUTTAPOTTAACMOTIKWY TTPWTEIVWV aTTd KUTTApO
Neuro-2A, 6Aa T1a diaAUparta TTou Ba xpnoigotroinBouv TTIPETTEN va BpioKovTal o€
Bepuokpaaia 4°C woTe va diatnENOEi N akEPAIOTNTA TWV TIPWTEIVWV KAl VO JEIWOEI
n OpaoTIKOTNTA TWV TTPWTEOAUTIKWY €v{UPWY TTOU atreAeuBepwvovTtal amd Ta
KUTTapa. MNa 1o Adyo autd, agaipeitar 6An n To0OTNTA TOU BPETITIKOU UAIKOU TTOU
Bpioketal ota emoTpwuéva Neuro2A KUTTapa Kal EETTAEVOVTAI PE TTOOOTNTA KPUOU
1X PBS woTe va attopakpuvBouv utroAcigpata Tou FBS kal Tou BpeTTikou UAIKOU.
Ta kUTtTapa eTavadioAvovTal oto PBS Kal TO evaIWpnPa QUYOKEVTPEITAI yia 5 min
oTig 3000 rpm. AKOAOUBWG, TO UTTEPKEIPEVO QTTOPPITITETAI KAl OTO KUTTAPIKO i¢nua
mpooTiBeTal didAupa Auong (25mM Tris—HCI pH 7.4, 150mM NaCl, 1mM Na,EDTA,
1% viv Igepal, ImM DTT, 100uM sodium orthovanadate, 0.2mM PMSF, 2 ug/mL
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AeuTteTTivn) (QvaoTOAEQG TTPWTEACWY OEPIVNG, KUOTEIVNG Kal Bpeovivng), 1 ug/mL
BevZaudivn (avaoToAéag Bpuwivng Kal TTpwWTEAcwWwY oepivng), dIGAUNa avaoToAEwyY
mpwTeacwv (Protease inhibitors coctail), avacTtoAcic pwogatacwyv (Phosphatase
inhibitors)). Ta kUTTapa emwdalovral oToug 4°C pe 1o Topatdvw SidAupa yia 30
AETITA Pe ouvexeic avadeuoelg e TN xpon mirétag. Metd 10 TTEPAg ToUu XPOvou
£TTWOONG, Ta KUTTOpa @uyokevTpouvtal oTig 8000 rpm yia 30 min. O xpdvog Kal N
TaxUTNTA TNG QUYOKEVTPNONG €apTWVTAl ATTO TIG 1010TNTEG KAl TO MEYEBOG TWwV
TIPWTEIVWV TTOU OTTOPOVWVETAL. TO UTTEPKEIUEVO TNG QUYOKEVTPNONG CUAAEYETAI O€
KaBapd owAnvdpia Kol aKOAOUBEi TTOCOTIKOG TTPOCBIOPICPOS TNG OCUVOAIKAG
OUYKEVTPWONG TNG TTpwTeivng Tou Octiypatog pe Tn péEBodo Bradford omwg
mepypdgeTal oTnv Trapdypa@o 3.2.5. To kuttapikd AUua o€ autd To OTAdIO0 YTTOPEI
va otmofnkeutei otoug -80°C (pakpd arrobrikeuon) 1 otoug -20°C  (Bpaxeia
amoBnkeuon). EmmAéov, duvartal va Xpnolgotroindei dueca oe TTEIpAuaTa Ouv-
OVOOOKATOKPMAMVIONG 1 MTTOPEI va PEAETNOBEI e OKOTTO TOV TTPWTEIVIKO SIOXWPICHO
ME TN MeEBodO Tou SDS-PAGE a@oU mponyouuévwg Ppebei o€ atmodIaTakTIKES

OuVOnKeg Bpaapoul yia 5 min HeTd TNV TTAPOUGIa AVAYWYIKWY TTApayovTwy.

3.2.2 Amopévwon AupddTwy atrd eyKEQAAOUG HUWV

O1 ammoyovwuéveg TIEPIOXEG aATTO  TOUG  EYKEPAAOUG  EVAAIKWY  HUWV,
opoyevoTtrolouvtal o€ 25 dykoug dlaAupatog RIPA (1% v/v Triton X-100, 0.2% v/v
SDS, 50mM Tris — HCI pH 7.4, 150mM NaCl, 1mM Na2EDTA, 1% v/v sodium
deoxycholate, 100uM sodium orthovanadate, 0.2mM PMSF, 2 pg/mL Aeutretrtivn, 1
pug/mL Bevfauidivn, diGAupa avaoTOAéEWV TTPWTEACWY, AVOOTOAEIS QUOPATACWY).
O1 1o70i eTTwagovTal yia 1 Wpa oo didAhupa AUong ot Beppokpacia 4°C. AkoAoUBwg
Ta OciypaTa Twv eyKeEPAAwV uttoRdAAovTal o€ uTTEPrXOUG (évTtaon:40%, kKUkAoI:0.5)
yla 10sec waoTe va TpayhaTotroinBei €Tapkrig AUon Tou I0TOU. XTn OUVEXEID
emwadovtal epetaipw yia 30 min otoug 4°C Kal To KXUANIOUO (QUYOKEVTPEITAI OTIG
10.000 rpm vyia 30 Aemrrd. To utrepkeipevo OUAAEyeTal Kal TTPOOdIOPICETAl N

OUYKEVTPWON TWV delydATWY pe TNV PéBodo Bradford (Trapaypagog 3.2.5).

3.2.3 Amouévwon CuvaTTTOOCWHATWY ITTTTOKAMTIOU EYKEQAAWY HUWV

H amopdévwon ouvamtoowpdTwy divel Tnv  duvatdtnta  PEAETNG  TNG
veupodiaBifaong kal TG digpelivnong TuxOv aAlaywyv o€ SOPIKGE XapaKTNPIOTIKA

OTTWG Ol CUVATITOOWWIKEG TTPWTEIVEG TTOU €TTnpedlouv Tnv veupodiapifacn, Ta
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ouvaTmikd  KuoTidla 1 o1 utrodoxeig veupodiafiBacTwy. O  PETACUVATITIKEG
MEMBpPAvEG evwvovTal PE TO TIPOCUVATITIKO AKPO TOU VEUPWVA HECW HOPIWY
TIPOCKOAANCNG Kal TTapauévouv  TTIPOOKOAANUéva kaB '6An 1n didpkela NG
o1adikdoiag KaBapIoPoU TwV CUVATITOCWMHATWY OTTOTE ETITUYXAVETAI N UTTApEn Tou
TIPOCUVOTITIKOU Kal TOU PETAOUVATITIKOU AKpou. Ta aTTOPOVWHEVO GUVATITOCWHATO
XPNOIYEUOUV WG UAIKO €évapéng yia Tnv armopévwon KoaBapwyv CuvattTIKwV
MepBpavwy TTAGopaTtog (SPM) TToU oTepoUvVTal Opyavidiwv aTTd TO E0WTEPIKO
TEPIBAAAOV TOU VEUPIKOU TEPUATIKOU, OTTWG UITOXOVOPIA Kal CUVOTITIKG KuoTidia. Ta
atmmopovwpéva SPM utropoulv va xpnoipoTroinBouv yia TNV PEAETN TwWV KAVAAIWV
IOVTWV vaTtpiou kKal aofeoTiou, KABwWG KaBWws Kal SIOAUTOTTOINKEVOUG TTAPAYOVTEG
OTTwG o1 veupodiafiBacTés. H diadikacia ammopdvwong Twv CUVATITOCWUATWY
TTpaydaToTToINenkKe 0Twg Treplypagetal (Carlin et al, 1980). Zuykekpiyéva, C57BL/6
MUEG KaTd TNV PeTayevvnTiKA NEépa 90 BavaTtwvovtal 3 WPeg META TNV TEAEUTAIA
Xopnynon A Jn ME Tov K-OTTOoEIdN aywvIioTh OTTwG TTEPIYPAPETAl OTNV TTAPAYPAPO
3.5. 21N ouvéxela, aTTOPOVWYOVTAl O ITITTOKAUTTON aTTd TOUG €YKEPAAOUG Twv dUO0
opGdwv Cwwyv, EemmAévovtal ye 1X PBS kai he mn xpron opoyevotroint dounce
opoyevoTrolouvTtal aTo didAupa ogoukpolng (0.32 M sucrose, 1mM sodium carbonate
(NaHCO3), 1mM MgCI2, 0.5 mM CaCl2.6H,0, 10mM sodium pyrophosphate,
protease inhibitors, ddH20). AkoAouBei @uyokévipnon ota 1400xg yia 10 min oToug
4°C kal ouMéyovtal Ta utrepkeiyeva. Ta 1IfAuata emavadioAlovtal oe didAupa
opoyevoTToinong ooukpolng kata 10% w/v kai @uyokevipouvtal ota 710xg yia 10
min. Ta uTTepKeieva OUAAEyovTal EVWTTOIOUVTAI ME TA  UTTEPKEIMEVA  TTOU
OUAAEXBNKav oTo TTponyoUpevo Bripa Kai uyokevipouvTal ota 13,800xg yia 10 min
otoug 4°C. Ta 1AuyoTa ToU TIpoékuyav etTavadioAUovial o€ OldAupa  TTou
atroteAouvtav ammd 0,32M coukpdlng, 1 mM NaHCO; kal TTIoTpwYOVTAl ATTIA 0TNV
em@aveia dIaAUPaTog pe diaBabuicpévn ouykevIipwon ooukpdldng (oTpwpata 10 mi
1.2 M, 1.0 M kai 0.85 M ooukpdln). AkohouBei guyokévipnon ota 82,500xg yia 2
WPES KAl TO ATTOLOVWHEVA CUVATITOOWHATA ATTO TOUG JUEG TTOU gixav Xopnynoei pe
U50,488H kai puaoioAoyiké opd atropovwBnkayv atrd 1o OTPpWHa TTou dnuioupyndnke
METAEU TNG ooukpddng 1.2-1M (Eikéva 17).

Ta ouvamToowuata diatnpolvial ot Bgppokpacia -20°C kal kpiBnke
QTTOPAITNTO TIPIV TNV OTTOIAdNTIOTE TTEIPAMATIKI XPAoN va digpeuvnOei n KabBapdTnTa
TwWV KAQOPATWY TTOU  OTTOPOVWONKOV WG TIPOG TOV  ETTAOUTIONO TOUG  O€

ouvatrroowpata. MNa 10 Adyo autd eAéyyovTal Ta ETTITTEdA TNG CUVATITOCWHMIKAG
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mpwrTeivng PSD95 (PostSynapticDensity 95) mmou evToTieTal Kupiwg OTIC CUVAYEIG
1600 OTO KAGOUA TwWv CUVATITOOCWHATWY (Syn) 600 Kal OTA UTTEPKEIMEVA TTOU
TPoéKUYaV atrd TNV OpoyevoTroinon Tou eyke@dAou (Y1) kai autd Tng TeAeuTaiag
Quyokévtpnong (Y2) mrpiv Tnv ToTmoBETnon Tou UAIKOU aTo SidAupa diaBaBuiouévng

OUYKEVTPWONG 0oUKPOZNG (ZxAMa 1).

ATIOLOVWON UTIOKAUTTIOU

,,L/” ( h )

’ / Opoyevornoinon oto StdAupa (0.32M coukp6lng, ImM NaHCO3, 1mM
MgCl2, 0.5 mM CacCl2, 10mM sodium pyrophosphate, protease inhibitors

@uyokévtpnon 1400Xg yta 10min

NS
1\ \
(, . EnavasdidAuon oe StdAupa
Yrepkeipevo 1 I{npa 1 opoyevorolnong
(10%w/v)
Evomoinon @Duyokévtpnon 710g yia 10min
Yriepkeipevo 2 'llf“m 2
(aréppudn)
Quyokévtpnon 710g yia 10min ‘ l
Ynepkeipevo 3 TTnpa
(anéppun)

Quyokévrpnon 13.800g yia 10min l

EnavadidAvon oe StdAupa
\L J/ opoyevornoinong
(0.32M coukpdZng-1mM NaHCO3)
>

0.8M coukpdIng

Ynepkeipevo Tnpa

A 1M coukpo
(aréppupn) poln

<€—— Yuvantoowpata

TonoBétnon oe StGAupa
Slapabuiopévng cuyKEVTPWONG
coukpdlng
(0.8M-1M-1.2M)
Duyokévtpnon 82.500g yta 2 Wpeg

Eikéva 17: ZSxnuamkh ameikovion  1ng  melpauarikng - oiadikaoiag  amouovwaong
ouvanToowWUdTwWVY aTrd TOV ITTITOKAUTTO JUWV.

] 1,2M ooukpding

O1wg @aivetal kal oto ZXAMa 1 avooooTUTTwoN KATA western o€ aTTOPOVWHEVA
ouvaTITooWwuaTa atrd pueg TTou €xel xopnynOei 1 un U50,488H £6¢€1Ee 0TI uTTAPXEI
MIa TTOAU peydAn avénon ota TTpwTEivIKG etmireda Tng PSD95 o010 TeAIKG KAGOUa
TWV OUVATITOOWMATW OUyKpIivoueva e Ta  KAGopata T1ou  AAgOnoav o€

TTponyouueva oTadia.

Saline U50,488H
Y1l Y2 Syn Y1l Y2 Syn

PSD-95
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2xnua 1: lMpoadiopioud¢ KabapdrnTag Twv ATOUOVWHEVWY CUVATITOOWNATWY airé Tnv
mepioxy Tou Immokaumou. H mpwreivn PSD-95 avixvedbnke pe 1 xpnon &i0IKoU
avriowparo¢ (PSD-95: 1.1000) oe orumrwua kard Western. H mooortikorroinon yiverai ue rov
TPOadIoPICUOG TNS aKTiVNS uE €10IKO avTiowua (B-ACTIN 1:1000).

3.2.4 Amopévwon auTo@OYOOWMATWY  OTTé  TOV  ITTTTOKOUTTO
EYKEQAAWYV HUWV

MNa TNV ammopdévwon Twv auto@ayocwudtwy 10 apoevikoi pueg BuaidoTnkav
Kal ammopovwenkav ol ITTTTOKAUTIOl  OTTou  CUAAEXBnkav o€ 5ml  didAupua
opoyevoTtroinong (Homogenization Buffer 1X: 250mM sucrose, 10mM HEPES, 1mM
EDTA pH 7.3). O1 10710i opoyevotroOnkav pe 20 XTUTTAPATA XPNOIMOTIOIWVTAG
YUGAIVO opoyevotrointy Dounce. ZTn OCUVEXEID, TO OMOYEVOTTOINKEVO TTPOIOV
peTagépeTal oe 15ml doxeio kal TTPooTéBNKE WIOOG Oykog (2,5ml) amd 10 didAuua
opoyevotroinong Tou  Trepigixe  1,5MmM  yAukuA-L-@aivuAaAavivn  2-va@Bulapidn
(GPN), woTe va emiteuxBei TeAikr) ouykévipwon GPN 0,5mM. To uAIké emmwdoTnke
otoug 37°C yia 7min WOTe To AUCOCWHMATA VO JIOCTIACTOUV OCHWTIKG KOl OTNn
ouvéxela Yoxbnke oTtoug 4°C. AT auTtd TO BrApA Kal PETA OAeg ol dladikaagieg
TTpaydaToTrolouvTal o€ TTyo. TO OMOYEVOTTOINUEVO TTIPOIOV (PUYOKEVTPRONKE OTa
2000xg yia 2min Kal CUAAEXBNKE TO UTTEPKEIPEVO. TO i{NUa TTOU TTPOEKUWYE EKTTAUBNKE
Mia @opd pe 2 ml HB 1X kal puyokevTpABnKe €k véou. Ta UTTEPKEIMEVA EVWTTOIRBNKAV
ylo va TTPOKUYEl TO eviaio WeTammupnvikd utrepkeigevo (PNS) amd 10 oTroio
QuAdooovtal ~ 300PA WoTE va XpNoIdoTToINBoUV yia Tov EAeyX0 TnG KaBapdTnTag Tou
OciypaTog.

MNa Tnv amopakpuvaon Twv MITOXOVOPIWV Kal TwV UTTEPOEEICWHATWY
TTapackeudoTnkav acuvexeic kAioeig Nycodenz (60% wi/v) xpnoigotroiwvTtag avd
kAion 4.5ml Nycodenz 22,5% ka1 10.35ml Nycodenz 9,5% &iaAupéva oe SidAupa
opoyevotroinonog HB. To PNS tomoBetinke otnv kopu@r Twv PBabuidwv o€
owAnvapia kal guyokevTpronke ota 140.000g yia 1 wpa atoug 4 °C. H diem@dveia
(Autopayoowpara kal  evOOTTAAOMATIKO OikTuo) aTropovwenke (~4-5 ml) kai
apaiwbnke o€ 0o Oyko diaAupatog HB 1X. Amd 10 didAupa autd @uAdooovtal
~300pA woTe va dilommoTwlei N KaBapdTNTA TOU TEAIKOU WOG TTPOIOVTOG ATTO TO
eVOOTTAAOUATIKO OIKTUO. XTn OUVEXEID TO UTTOAOITTO UAIKO TOTTOBETEITAI O€ KAIOEIG
Nycodenz-Percoll, mTpokeiyévou va atmmohakpuvlei 10 pn PEPPBPavWdEG UAIKG. Ol
KAiogig Nycodenz-Percoll TTapackeudoTnkav o€ owAnvapia TOTTOBETWVTAG OTOV
TuBuéva 7 ml Nycodenz 22,5% (1,127 g/ml) pye pubuioTiké didAupa HB kai 21 ml
Percoll 33% oe dITTAG 10xU0g didAupa opoyevotroinong (HB 2X) otnv Kopu®n. ZTn
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ouvéxela, To UAIKO @uyokevTpriBnke oTig 72.000Xg (puyokevipo Sorvall) yia 30min
oToug 4°C yia TNV aTTOPdKPUVON Tou €vOOTTAQCHATIKOU SIKTUOU Kal N SIETTIQPAVEIQ
OUAAEXBNKE €K VEOU.

2TN OUVEXEID TO UAIKO TTOU TTEPIEXEI TG QUTOPAYOoCWUATA apalwdnke pe 0,7
oykoug Tou OlaAupaTtog Optiprep 60%. To Optiprep 60% TTPONYOUNEVWG  EiXE
puBuioTei e TNV TTpooBrkn dioAupatog 1M HEPES pH 7.3 - 0,1M EDTA o¢ avaloyia
100:1 (10ml Optiprep+100uA puBuicTIKOU BlOAUMATOG). "YOTEPA akoAouBnoe n
atmmoudkpuvon Twv cwuaTidiwv Percoll pe Tnv ToTT00£TNON TOU APAIWPEVOU UAIKOU O€
owAnvapia otov TUBuéva, v emmkAAuwn pe 30% Optiprep (60% Optiprep+icog
Oykog HB 1X) kai éva avwTtepo oTpwua atrd 10 didAupa opoyevoTtroinong HB 1X. Z1n
OUVEXEID, TO UAIKO @UYOKevTprOnke ata 72.000g yia 30min aToug 4°C pe atrotéAeopa
Ta cwuartidia Tou Percoll va kaBifdvouv oTov TTUBPéva Tou CWARVA Kal N Cwvn Twv
auto@ayoowudTtwy  va  €mmAéel  otn  diem@daveia  Tou  Optiprep/HB.  Ta
QUTOPAYOCWHATA CUAAEXBNKAV Kal apaiwbnkav Pe TPEIG Oykoug Tou dlaAupatog HB
kal avaueixfnkav. To UAKG HOIPACTNKE I00PEPWS O OwAnvapia Twv 1.5ml
Quyokevipribnke ce otmig 15.000rpm vyia 20 Aemmtd yia va ammobnkeutolv wg

Katewuyuéva I¢nuata yia tnv avadAuon Western blot i yia tnv TTpayparotroinon

TTEIPAPATWY EKXUAIONG aVOPAKIKWY OAATWV.

Eikéva 18 Zxnuamkn ameikovion 1N  TeEpauatikig  0ladikdoiag  amouovwong
auToPAyoOoWUATWY arTo TOV ITTTITOKAUTTO [JUWV.

3.2.5 Zuv-avOOOKATAKPAMVION TTPWTEIVIKWV CUUTTAOKWYV

H ouv-avoookatakpruvion atmoTeAEl pia BIOXNUIKA TEXVIKN HECW TNG OTToIOg
MTTOPEl  KAVEIG va TTPOOodIopioel TTPWTEIVIKEG aAAnAemdpdoelg. H peBodoAoyia
otnpifetar otn duvaTtéTNTa €VOG QVTICWHPOTOG TTOU QVIXVEUEl Wi OUYKEKPIUEVN
TTPWTEIVN-0TOXO, Va deCPEUETAI 0€ QUTAY oxXnNuUaTiCovTag €101 éva avooo-CUPTTAOKO
ME TNV TTPWTEIVN-0TOXO OTO €KAOTOTE Miypa. TO avoOoo-CUUTTAOKO OECHEUETAI KOl

aKlvnToTroleiTal  oTa  oQaipidia  ayapdldng TmAvw OTa  oToia  PBpiokovTal
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OKIVNTOTTOINUEVEG TTPWTEIVEG OETUEUONG AVTICWHATWY (6TTwG T1.X Protein A 4 G). O1
TpwTteiveg TToU Ogv  deopelovial OTa  o@aipidia  ayapolng EemmAévovTal  Kal
OTTOPOKPUVOVTAI KAl HEVOUV OKIVNTOTTOINUEVEG JOVO Ol AAANAETTIOPWOES TTPWTEIVEG.
Ta avoocooupTTAéyuata, TEAOG, ekAoUovtal atrd Ta o@aipidia pe diGAuPa TTAUONG
(25mM Tris-HCI pH 7.4, 300mM NaCl, 1mM EGTA, 1mM EDTA, 1% v/v Triton X-
100, 0.2mM PMSF, 0.2mM sodium orthovanadate) kai avaAvovrtal o€ TKTWUA
TToAU-akpuAauidng SDS-PAGE akolouBwvTag availuon katd western. Ta oc@aipidia
NG ayapodng éxouv ouvdedepéveg TG TTpwTeiveg A, G i A/G. O1 A/G Trpwreiveg givai
YEVETIKA TPOTTOTTOINKEVEG TTOU auvdudlouv Tnv Trepioxn IgG Tng Tpwreivng A Kai TNg
G. H A/G mrpwrteivn attoTeAeital ammd 4 TTepIoxEG OETUEUONG AVOCOOQPAIPIVWV (BUO
atrd A kai dUo atrd G) ol oTToieg €xouv TN duUvVATOTNTA VA AAANAETTIOPOUV e T Bapid
aAucida Twv avoooo@alpivwy Kal €xouv pEyeBog 50kDa. Kdbe pia amd TG
TPWTEIVEG OECOHUEUONG AVOCOOPAIPIVWOV  €XEl  OIOPOPETIKO TTPOPIA  déouEUONG
QvTICWHATWY KABw¢ eEapTtdtal amd 10 €idO¢ TOU opyaviopou Kail Tov TUTTO Tou
avriowuarog. la TNV Ouv-QvOOOKATAKPAMVION  Xpnoidotrolouvtalr  700ug
TPWTEIVIKOU AUpatog yia kd@Be Ociyya, oTOo OTToi0 TTPOCTiBeTal MO TTOOOTNTA
QvTIOWHATOG (2-4ug) €vavil TG TTPWTEIVNG-OTOXOU. 2Tn OUVEXEI To OldAuua
TIPWTEIVWV Kal AvTIOWHOTOS €TTWALeTal yia ToUAdyxioTov 16 Wwpeg oToug 4°C utiod
avadeuon. lMpokeiyévou va eAeyBei eav n eKAOTOTE AVOOOKATOKPNMVION HE €va
YVWOoTO avTiowpa gival €18IKR yIa TNV TTPWTEIVN eVOIAQEPOVTOG GTO TTPWTEIVIKO AUua
TTPOOTIOETAI, avTi yiIa TO avTiowua, n idia TTo0OTNTa 0PpOoU PUOG A KouveAIOU avaAoya
ME TA XOPAKTNPIOTIKA TOU TTPWTOU AVTIOWHATOC. Tnv €mouevn Pépa oTo dIGAUNQ
TTPWTEIVWV KAl avTiIowpaTtog TTpooTiBevtal (20-40ul) oaipidia ayapdlng ota oTtroia
gival akivnrotroinuéveg ol Tpwreiveg A/G kai avadevovTal yia 3 wpeg atoug 4°C. Ta
aKIvnToTroINUéVa TTPWTEIVIKG oUuTTAOKa geTTAévovTal e 1ml didAupa TTAUONG (OTTWG
TEPIYPAPETAI TTAPATTAVW) Kal TO Piyda @uyokevTpeital diadoxikd oTig 3000rpm yia 5
min oTtoug 4°C. Ta o@aipidia kabi{dvouv, emavadiaAlovtal o Laemmli buffer
(300mM  Tris—HCI pH 6.8, 12% SDS, 47% vyAukepoAn, 0.6% kuavolv Tng
BpwpogaivoAng, 600mM B-pepkatrroaiBavoin, ddH20) kai Ta deiypata BpdlovTal
oToug 100°C yia 10 AeTrTd.

3.2.6 MoooTikdG TTPpocdiopIouog TTpwTEIVWV HE TN PéEBodo Bradford

MNa Tov TTPOCdIOPICPO TNG OUYKEVTPWONG OAIKAG TTpwTeEivng og dIdAupa

akohouBnbnke n péBodog Bradford. AtroTeAei pia XpWUOTOUETPIKN HEBODOG Kal
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Baciletar otnv Tpdodean TG XpwoTikig Coomassie Brilliant blue (G-250) oe¢
TTpwTEIVEG. H avIoviK HOP®R TNG XPWOTIKAG TTPOCOEVETAlI PECW QOBEVWYV, MN
OMOIOTTOAIKWYV OECUWY C€ KATAAOITTA apyIvivng Kal 0€ apWMATIKE KaTtdAoimma Tng
EM@PAVEIAG TWV TTPWTEIVWY, Adyw Tou apvnTikoU TG QOPTIOU HE ATTOTEAEOUA va
peTaBdAAeTal avaloyikd n amoppdenor TG ota 595 nm, OTTou €ival n PEYIOTN
ATTOPPOPNON TNG XPWOTIKAG. H TTPpWTEIVIKA cuykévTipwon evdg dyvwoTou OeEiyuaTog
KaBopigeTal PeTG atmd OoUYKPION HE HIO OLIPA TTPWTEIVIKWY TTPOTUTTWY YVWOTAG
OUYKEVTPWONG TTOU TTAPOUCIAZoUV £va TTPOQIN YPAPUIKAG ATToppoPnong, To OTToio
MTTOPEl va aTmoTUTTWOE hE PIa KAPTTUAN avagopds. H eiowon atrd TNV KOTAOKEUR
TNG TIPOTUTING KOUTTUANG OTTOU CUOXETICOVTAI Ol YVWOTEG OUYKEVTPWOEIS TNG
TpwTteivnGg BSA (pg/ul) (xX' agovag) Je TIG OTITIKEG ATTOPPOPACEIS oTa 595nm (yy’
agovag) XPNOIKOTIoIEITAl WAOTE va UTTOAOYIOTEI N OAIKA TTpwTeEivn oTa dyvwoTa
Ociyuara. Ta Oeiyuara 1mOU Ba YXpnoligotroinBolv yia TNV TTPOTUTIN KAWTTIUAN
TTEPIEXOUV OIODOXIKEG OUYKEVTPWOEIS 2, 4, 6, 8 kai 10 pug/pA BSA o¢ 1,5ml didAupa
Bradford (5,25mg xpwoTikig Coomassie Blue G-250 (Sigma, B-1131), 8,8%
PWOQOPIKO 0&U, 4,25% aiBavoAn). To TUPAS diGAupa TTOU XPNOIYOTTOIEITAI IO TO
MNOEVIOUS TOUu QWTOUETPOU dev TrepiExel TTooodTNTa BSA aAAG 1O SidGAupa pe TO
OTT0i0 BIAAUTOTTOINBNKE TO KUTTAPIKO UAIKS. AKOAOUBEi Ioxup avadeuan Kal JETpnon
ota 595nm. Mg 10 «TUQAO» deiypa opietal n Ty uNdEv TNG atroppdPnong oTo
QPOOMOTOPWTOUETPO  («uNOEVIOUOG» TOU OpPydAvou), evw ammd TIG TIMEG TNG
aTToPPOPNONG TWV TTPOTUTTWYV KAl TIG OXETIKEG TIUEG YVWOTAG Ouykévipwong BSA
KATOOKEUAETAI TTPOTUTTN KAWTTUAN attoppd®nong we TTPOG TNV OAIKI) CUYKEVTPWON
mpwrTeivnG. Edv 10 SIGAUPG TWV ayvWwoTwy OEIYUATWY TTEPIEXEI ATTOPPUTTAVTIKO,
OTTWG OTNV TTEPITITWON TOU SIOAUNATOG AUCEWG KUTTAPWY, TOTE YiveTal JEYAAUTEPN
apaiwon yia va amo@euxBei n AavBaopévn pétpnon Adyw TTapePBoAAg Tou
atmopputtavtikol. Me T1n Bonrbeia TG TIPOTUTING KAWTTUANG KAl TIG TIMEG
aTToPPOPNONG TWV AYVWOTWY OelyudTwy, UTTOAOYICETAl N CUYKEVTPWON KABE

ociypatog o€ pug/ul, Aaupdavovrtag uttéyn Kai TNV EKAOTOTE apaiwaon.

3.2.7 HAektpo@dpnon mMPWTEIVWYV O€ TTAKTWHA TTOAUAKPUAauISiou pE
a1rodIaTAKTIKOUG TrapdyovTeg (SDS-PAGE)

O1 rpwreiveg diayxwpifovTal ye Bdon 10 PEyeBOG TOUG KAl TO POPTIO TOUG OF
TTNKTWHATA  TTOAUGKPUAaPidNG. O1 TTpwTEiveg NAEKTpOQOPOUVTal O  TTAKTWHA

TTOAUOKPUAQUI®NG TOo OTToi0 aTToTEAET £va TPIOOIAOTATO TTAEYUA ATTOTEAOUUEVO ATTO

71



OAEIPATIKEG aAUCIdEG TTOAUOGKPUAQUIONG o1 oTroie¢ ouvdéovtal e popia N-N-
MEBUAevOo-BIG-akpuAauidng (bis-acrylamide). To TmAKTwua ToAuuepileTal, o€
Bepuokpacia  dwuaTiou (25°C), Adyw TOU TIOAUMEPIOPOU TWV HOVOUEPWIV
OKPUAQUIidNG Kail diIg-akpuAauiong kai n diadikacia autr) emTtaxuvetal ue Tn Pondeia
TWV  TTOAUMEPIOTIKWY  TTOPAyOVIWY TOUu UTTEPBelIkoU aupwviou (ammonium
persulfate, APS) kai Tou TEMED (N,N,N,N-tetpapéBuio-1,2-diauivo-aiBavio), T10
OTT0i0  KATOAUEI TO OXNUATIONO €AeUBepwyv pidwv atmd 10 APS. 210 TAKTWUA
TTOAUAKPUAQUI®NG oI TIpWTEIVEG UTTOPOUV va dlaXwpPIoTOUV JE BAon To PEYEBOG TOUg
(Dalton) ka1 6x1 ToUu YopPTiOU TOUG 0€ ATTOBIATAKTIKEG OUVOAKeS (SDS-PolyAcrylamide
Gel Electrophoresis, SDS-PAGE) 6tou éxel mpooTeBei  avaywyikd  SidAupa
OIAAUTOTTOINONG TTPWTEIVWYV, TO OTTOI0 TTEPIEXEI dWdEKAKUAOBEIKS vaTpio (SDS) Kkai
B-uepkamroaiBavoAn. To SDS artroteAei €va avioviké QTTOPPUTTAVTIKO TTOU divel
apPVNTIKO QOPTIO OTIG TTPWTEIVEG UE ATTOTEAECUA va dlaxwpilovTal OTO TIAKTWHG HE
Baon 10 péyeBog Toug Kal Oxl TO DIOPOPETIKO TOug QopTio. H pepkatrTroaifavoAn
avayel Toug OICOUAPIOIKOUG OECOHOUC PETAEU TWV KUCTEIVWV aATTodIatdocovTag TV
TpIToTay dOPN Twv TTPWTEIVWY, N oTToia OAOKANPWVETAlI YETG atmd Bpacud oToug
100°C yia 5-10 Aemitd KGBe TTpwTEivn TTAEOV QTTOKTA T dour €vdg TTOAUTTETITISIOU
XWPIG avadITTAWOEIG.
To ammodIaTakTIKO TTAKTWHA aTToTEAEITAI ATTO:

e 7O TMKTWMO emoToiBagng (5% w/v Acrylamide, 0.125M Tris-HCI, 0.1% wi/v

SDS, 0.1% w/v APS, 0.006mI TEMED, distilled water)
e 1O TTAKTWHA dlaxwplopou (10%-17% w/v Acrylamide, 0.375M Tris-HCI, 0.2%
w/v SDS, 0.2% w/v APS, 0.006ml TEMED, distilled water)

To TAKTWHPO emoToiBagng E€XEl MIKPOTEPO MEYEDOG OUYKPITIKA HE TO TTAKTWHO
OlaXWpPICUOU KaBWG eguttnpeTel 0Tn dnuioupyia BEocwv POpTWONG TWV dEIYUATWY
Kal Eao@aAIdel P KOIVI] a@ETNPia OTO TTHKTWHA SIaXwPICHoU yia TO GUVOAO TwV
OclypaTwy. Ta deiypaTa TOTTOBETOUVTAI OTIG KEVEG BECEIC OTO TIMKTWHA ETTIOTOIRAENG,
TTapoUCia Tou PUBUICTIKOU BIaAUPATOG NAekTpo@Opnong (25mM Tris, 0.01% wi/v
SDS, 200mM yAukivn) kai pe N BorBeia tdong (100V) tepvouv OTO TTAKTWUA
dlaxwpliopou o1Tou Kai diaxwpidovtal Babuiaia. Na emonuaveei TTwg 0 xpdvog NG

NAETPOPOPNONG OXETICETAI E TNV OUYKEVTPWON AKPUAANIdONG OTO TIMKTWHA
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3.2.7.1 AvoooatroTuTrTwon TTPpWTEIVWV Kartd Western

H avoooatrotumwon katd Western tepiAapBdavel Tnv  PeTagopd Twv
OlaXWPICUEVWY  TTPWTEIVWY atmd To TIAKTWHA TToAUuakpuAapidiou o€ pePBpdvn
vitpokutTapivng 1 PVDF (polyvinylidene dufluoride) woTe va yivel avixveuon twv
TTIPWTEIVWV EVOIQQEPOVTOG UE TN XPHON EIBIKWY avTICWHATwy (avoooavixveuon). lNa
va TTpayHaToTToINBEl N HETa@opPd aTTaITeiTal apyIka n evepyotroinon 1ng PVDF woTe
va petaTpatrei ammd udpopofn o€ udPOPIAN WOTE Ol TTPWTEIVEG va AAANAETTIOPACOUV
Kal va 1Tpoodebouv o autry. MNa 1o Adyo autd n pepPpdvn emmwdadetar ye 100%
MEBavVOAN yia 2-5AeTtTd. K&t TTapouolo Ogv atraiteital av xpnoiyoTroinBei ueufpdvn
VITPOKUTTAPIVNG KaBwg Oev XpeldleTal KATTola TTapdpola €TTEEEpyania Tapa Povo
eTwaon yia 10-15 Aetrtd pe 10 SidAupa peTapopds (25mM Tris, 200M yAukivn, 20%
viv. heBavoAn). ZTn ouvéxelm n  PEPPPAvVN TOTTOBETEITAI TTAVW OTO TTAKTWHO
OIaXWPICUOU aTTO TO OTTOIO £XEI ATTOKOTTEI KAI ATTOPPIPOET TO TTAKTWHA £TTIoTOIRBAgNG
Kal ekatépwBev TG MEPBPAVNG Kal TOU TINKTWHATOG TOTTOBeTOUVTAI  XAPTIA
Whatmann ka1 o@ouyyapdkia euBaTITIoéVA O0TO SIGAUPA PHETAPOPAG T OTToIa gival
ToTroBeTnuUéva otnv €10IKA Kaoéta Tng ouokeung Mini Trans-Blot Electrophoretic
Transfer Cell Tng Bio-Rad. AkoAouBwg¢ n kacéta TotroBeteital oTto doxeio NG
OUOKEUAG atmd OTTou uttdpxel diafifaon pedpatog, TTapoucia Tou SIAAUNATOG
METaQOPAg, oTabeprc Tdong 100Volt yia 100 Aetrtd og Bepuokpacia 4°C. MeTd Tn
AAEN TNG PETOQOPAG TWV TTPWTEIVWV OTR PEPPPAvN, auTh emTwadetal o diGAupa
O0éopeuong un €1dIkwv Béocwv 5% kadeivng diaAupévn oe PBS-Tween 0.1% yia pia
wpa og ouvorkes dwuartiou (25°C). H kalgivn Tou yAAAKTOG KOAUTITEN TIC WN EISIKES
Béoeig mpwreivwy TG PVDF e€aopalidoviag TTwg Ta €1dIk& yia Tnv TTpwTEivn-
evola@épovTog Ba TTPoodeBouv €10IKA OTNV CUYKEKPIYEVN TTPWTEIVN Kal OXI O€

Katrola pn €181k B6éon déopeuong TnG HEUPBPAvNG.

3.2.7.2 AVOOOEVTOTTION TTPWTEIVWYV ME XNMEIOPWTAUYEIN

H péBodog autnh TTepIAaPBAvel TNV avixveuaon TwV TTPWTEIVWV OTn hEPPPAvN
ME TNV XpNon Twv UTTo UEAETN avTiIowHdTwy A@oTou, €Xel OAOKANPWOEI n eTTwacn
NG MEPBPAVNG pe To SiIdAUPAO BETPEUONG KN EIBIKWY BECEWY, OKOAOUBEI eTTWacn TNG
MEMBPAVNG PE TO TTPWTO QVTICWHA TO OTTOIO XpnoiyoTrolciTal o€ apaiwon 1:1000-
1:3000 diaAupévo oe didAupa déapeuong un eIdIKwy BEoewv 3% aABoupivng yia 24
wpeS aToug 4°C. AkoAouBouv Tpeig diadoxikég TTAUCEIC TNG MEPBPAVNG HE DIGAUMa
ékmAuong ueppBpavwy (PBS-Tween 0.1%) kal OTn OuvéXela €MWAETAl PE TO
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OEUTEPOYEVEG QVTIOWHA YIa Pia wpa o€ Bepuokpacia dwpatiou o€ apaiwon 1:5000-
1:20000. To OcuUTepo avTiowpa avayvwpilel Tn oTaBepry TTEPIOXN TOU TTPWTOU
QVTICWHATOG Kal TauToxpova €£xel ouleuyuévo To €vCUPO TNG UTTEPOEEIBACNG TOU
patraviou (HRP) 10 oTroio o&eidwvetal Trapoucia utrepoeidiou Tou udpoydvou
(H20,) ka1 oTnv avaywyikfy Tou pop®n o&eidwvel TN AoUupIvOAn odnywvtag oTnv
EKTTOUTTA  OpaTOU  QWTOG. 2TIG QOVOOOXNMIKEG TEXVIKEG TA QVTICWHATO TTOU
Xpnoigotrolouvtal, gival kupiwg TotTou 1gG. H Bacikr dour Twv avticwudaTtwy 1gG
gival TTapoépola Kal €I8IKOTEPA YIa TOV id10 opyaviouo. INa TTapddelypa eav TO TTPWTO
avTiowua avatTuxtnke o0& KOUVEAI TTPOaTiOeTal avoooo@aipivny atrd  avTl-opo
KouvehioU. Metd Tnv oAoKANpwon TG €mwacng He To OelTEPO  avTiowudA
akoAouBouv TpeIg BIAdOXIKEG TTAUCEIG e BIGAUMA EKTTAUCNG TwV PEURPAVWYV YIa 5
AETITG WOTE VA QATTOMOKPUVOEI n TTEPICOEI0 TWV AVTICWPATWY TTOU Ogv €XOUV
TPocdelei OTIC TTPpWTEIVES. H peUPPAVN TEAOG ETTWACETAI yIA 2 AETTTA e TO SIGAUMO
avixveuong xnuelopwrtavyeiag ECL 10 otroio  TrepIAapupavel dU0  dIa@opeTIKA
avTidpacTipia 10 umméoTpwpa (H,O,) kal 1o dIdAupa evioXuTr] Ta OTroia TIpIvV TN
Xpnon Toug otn ueuBpdvn avaueryvoovtal oe avahoyia 1:1. Merd 10 TTEPAC TNG
eTWaong n PeuPpdvn TomroBeteital otov avaAuth Luminescent Image Analyzer,
Fujiflm LAS-4000 kai n €KTOUTI TNG XNMEIOPWTAUYEIQG QVIXVEUETOI KOl

KaTtaypd@eTal.

3.2.8 ETmidpaon tng 1ogivng Tou Kokitn (PTX)

H Togivn Tou kokitn (Pertussis ToXin- PTX) amopovwBnke amd 10 PBAKTAPIO
Bordetella pertussis kai BpéBnke 611 ADP-pifoluliwvel €va KatdAoITTo KUOTEivnG OTO
KApPBoEUTEAIKO GKpo Twv G-TTpwTEIiVWV Kal ouykekpigéva Twv Ga;, Ga, kar Ga,. H
TPOTTOTTOINON QUTA OTO KATAAOITTIO TNG KUOTEIVNG €xEl WG QTTOTEAECUA TNV
TapeuTTéddIon TNG aAAnAeTTidpaong PETAEU Twv Ga UTTOPOVAdWY HE TOUG UTTOBOXEIG
(GPCRs). Zuvettwg ol uttopovadeg Gai/o TTapauévouv oTnv avevepyr katdoTtaon
TOoug €Xovtag TTpocdedepévo 10 POpIo Tou GDP kal atmmooulelyvutal otmd TOUg
UTTOOOXEIG ME OTTOTEAECHO va pnv PTTOpouv va Opdoouv KaBodIKA Kal va
evepyotroijoouv kaBodikd popla TeAeoTéc NG GPCR onuatoddétnong (Milligan
2006). H emidpaon Tng TO&IVNG TOU KOKITN TIpayuartotroleital yia 18 wpeg o€
ouykévipwaon 100ng/ml kal UOTEPA AKOAOUBE £TTWACN ME AYWVIOTEG YA TN MEAETN

NG CUPMPETOXNAG TwV Gi/o TTpwTeivov (Georgoussi et al. 1997).
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3.2.9 ETmidpaon Tou avaoToAéa Twv ERK1,2 Kivacwyv (PD98059)

To PD98059 civai €vag €faipeTik& €KAEKTIKOG in vitro avacToAéag Tng
evepyotroinong g MEK1 kivdong. To @AaBovoeidég PD98059 cuvdéetal e
avevepyEg Mop@éc TG MEK1 kai gutrodilel Tnv evepyoTroinon amd avodikd pépia
EVEPYOTTOINTEG, OTTWG TO c-Raf. Akdpa 1o PD98059 dev avaoTéAAEl TRV evepyoTToinon
AANWV TTPWTEIVIKWY Kivacwyv. ETol emwacon Twv KUTTApwV HPE TOV OUYKEKPIUEVO
avaoToAéa eutTodicel TNV Wo@opuAiwon TG ERK1,2 kivdong eutrodioviag pe autd
TOV TPOTIO TNV PETAdOON TOU CHPOTOG O€ OTOXOUG TWV OUYKEKPIMEVWY KIvaowy. TMa
va peAeTnBei Aoimrdév n cuppetoxy Twv ERK1,2 kivacwyv oTig dladikacieg TTou
€EETAOTNKAV T KUTTAPA TTPO-£TTWACTNKAV Yia 2 wpeg pe 20 uM Ttou PD98059 kai

UoTEPA aKOAOUBNOCE ETTWOOCN HE AYWVIOTEG.

3.2.10 Emidpaon Tou avacToAéa TnG autogayiag Bafilomycin Al

H Bafilomycin A1 avAkel aTnv OIKOYEVEIQ TwWV PAKPOAIdWY avTIBIOTIKWY TTOU
TTapdyovtal amrd JIa TTOIKIAIQ OTPETTTOMUKNTWY Kal TTapoucidalouv €va eupl @AcHa
BioAoyIknAg opacTnNEIOTNTAG, oupTrepIAapBavopévng g QAVTIKAPKIVIKAG,
QVTITTOPAOCITIKAG, AVOOOKATAOTOATIKAG KAl TNG QVTIMUKNTIOOIKAG dpaoTtnpidétntag. H
Bafilomycin Al aroteAei €vav  10xupd avaoToAéa TnG  PAKPOOUTOQAYIaG.
Suykekpiyéva oToxelel 1o éviupo H'-ATPase (V-ATPase) Tou evromileTal oTn
MEMBPAVN Twv Aucoowudtwy Kal dnuioupyei To 6¢ivo TTepIBGAAOV 0TO AUCOCWA.
‘Etol eymodietal n ouUvinén Twv QUTOQAYOOWHATWY HE TO AUCOCWHA ME
ATTOTEAECUA VA PNV TTPAYUOTOTIOIEITAI N OTTOIKOdOUNON TOU QUTOPAYIKOU (POPTiou.
MNa Ta in vitro Teipduara, kKOTtapa Neuro2A 1rpo-emwdaoTtnkav pe 30nM Bafilomycin
A1 yia 16 wpeg Kal UOTEPA akoAoubnoe emmwacn Pe Tov €1d0kO aywviotn U50,488H

yia 6 A 24 wpeg.

3.2.11 ZuveoTIOKN HIKPOOKOTTIO

H ouveoTiakn pikpookoTria (confocal laser scanning microscopy) €ival pia
TEXVIKA OTITIKAG ameikéviong augnuévng avaAuong kail avtiBeong. To Kupio
XOPAKTNPIOTIKG TNG CUVECTIOKAG MIKPOOKOTTIOG €ival n KaTtaypa@r] Tou dgiyNaTog o€
TTOAATTIAEG €IKOVEG 2-0100TACEWV HE OIOQPOPETIKO PABOG TTpoo@épovTag £T01 TN
ouvartotnTa avarmmAaong TpIcOIACTATWY dOPWY PEoa aTo idI0 TO deiyua. H avixveuon
TWV TTPWTEIVWV YyiveTal e @Bopifouces ouaieg (GFP) N pe 1dikd avricwpata. Ta
KUTTapa ¢etTAévovTal pe PBS 1X Kal GTrn CUVEXEIQ OVIUOTIOIOUVTAI HE SIAQOPETIKOUG
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TPOTTOUG avAaAoya JeE TIG IBI0TNTEG TOU TTPWTOU AVTICWHATOS TTou Ba XpnolpoTToindei
yIO TN XPWOTn TNG CUYKEKPIMEVNG TTPWTEIVNG. 'YoTepa, atrd To TEAOG TWV ETTWACEWV
TWV KUTTAPWY HE TOUG KOTAAANAOUG aywvVvIOTEG Kal QVTAYWVIOTEC QKOAOUOEI €iTe
goviyoTToinon PE TTapa@opUaAdeldn OTTou Ta KUTTapa etmrwdalovial o 4% PFA
olaAupévo oe PBS oe Bepuokpaaia dwuartiou yia 10’-20’ gite poviyotroinon pe 100%
ueBavoAn yia 10’ atoug -20°C. MeTG TO TTEPAG TOU XPOVOU £TTWACNG ME TO SIGAUMA
HovigoTtroinong Ta KUTTapa ¢etTAévovtal pe PBS 1X TpeIg Qopég Kal eTTWALoVTaAl JE TO
O1dAupa kKdAuywng Twv un eIdIKWy Béocwv (5% BSA og 0.1% Triton-X100 diaAupévo
oe PBS) yvia 1 wpa oe Bepuokpacia dwuatiou. 2Tn ouvéxela Ta coverslips otTou
BpiokovTal T akIivnTOTTOINUEVA KUTTOPA ETTWACOVTAI JE TO TTPWTOYEVEG AVTICWHA TO
oTroio gival dlaAupévo oe 2,5% BSA Triton-X100 dioAupévo oe PBS 1X yia 16 wpeg
oToug 4°C. Tnv emouevn Yépa Ta coverslips emmAévovtal 3 gopég ot didAupa PBS
1X Kol OTn CUVEXEID ETTWACETAI PE TO OEUTEPOYEVEG AVTIOWHPO Ta oTroia eival
ouvOEdEPEVa E IO XPWHOPOPa opdada oTréTe eival wToguaiodnTo (anti-mouse
Alexa Fluor 568 r anti-rabbit CFL 488). To deUtepo avriowpa diaAveTal o€ 2.5%
BSA Triton-X100 diaAupévo oe PBS 1X evwy mmapdAAnAa oto idlo didAupa Pe TO
0elTEPO avTiowpa TTpoaTiBeTal n xpwoTik TO-PRO-3 1TOU onudvel Toug TTUPAVES
TwV KUTTGpwv o€ apaiwon 1:500. Ta kUTTOpa eTTwdlovTal o€ autd To dIGAUPA Yia 2
WpPES Kal o€ Bepuokpacia dwuatiou o€ paupo adiaPaveg Kouti. MeTd 1o TTEPAG Ol
KOAUTTTPIOEG pE TO KUTTApPA CETTAEvOvTAl TPEIS QOPEG O atrooTEIpwéVO PBS, n
TeAeutaia  TAUON yivetar o€ ddH,O kai oTn  ouvéxela ToTToBeTOUVTAl O€
QVTIKEIUEVOPOPEG TTAGKEG OTIG OTTOiEG £XEl TTPOOTEBEI pia oTayova MOWIOL (peiypa
oTeEYyAvwong Kal TTPooKOAAnonG). H mrapatmdvw diadikaoia TTpayuaToTIOIEITaI O€
OWMATIO PE TTEPIOPICHEVO QWG Yia va unv aAAoiwBei n TroidétnTa Twv deiypdtwy. MNa
TNV TTAPATAPNON TWV BEIYHATWY OTO HIKPOOKOTTIO XPNOIUOTIOINBNKE TO CUVECTIOKO
MIKPOOKOTTIO  Leica kai  xpnoldotoifinkav 1o @QiATpa  eKTTOPTIAG 488
(absorbance/emission 495/519) vyia Tnv avixveuon Tou FITC kai 594
(absorbance/emission 590/617) yia 10 Alexa Fluor-red. H xpwoTtikp TO-PRO-3
EKTTEUTTEI OTO UTTEPUBPO, 0 QYaKOG TTOU XPNOIYOTTOINBNKE ATav oc Peyébuvon 40X-

60X kai 0 apiBudg Z-stucks eival petagu 4-6, kai step size ~ 0.5

3.2.12 Métpnon O&EIBWTIKOU OTPEG KAl TTOCOCTWV AITOTITWONG HE
KUTTOPOUETPIa poNg
H kuttapopetpia pong (Flow Cytometry) gival pJia TEXVIKA TTOU XPNOIUOTIOIEITAI

ylo TNV avixveuon Kal Tn METPNON QUOIKWY Kal XNMIKWY XOPOKTNEIOTIKWY €VOg
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TANBuopoU kuttdpwy. Katd tTn diadikacia autr, éva dOciyua TTou TTEPIEXEl KUTTapA
alwpEiTal o€ €va uypd Kal €yXEETAl OTO KUTTAPOMETPNTH PONnG. To deiyha péel Kai
10avik& povadiaio KUTTapo Trepva pyéoa amo pia déoun A€iIlep, OTTOU TO QWG TTOU
okedAdeTal gival XapakTNPIOTIKO TWV KUTTAPWY Kal TwWV CUCTATIKWY Toug. Ta KUTTapa
ouxvda emonuaivovTal he @Oopiovteg BEIKTES, WOTE TO WG VA ATTOPPOPATAI KAl OTN
OUVEXEIQ VO EKTTEPTIETAI O€ MIO VN PNKWV KUupatog. Aegkddeg xINAdeg KUTTapA
MTTOPOUV VO €EETOCTOUV YPryopd HE OTTOTEAEOMO KAAUTEPN TTOCOTIKOTTOINON TWV

OedONEVWV.

Mérpnon oésidwrikou oTpeg (Reactive Oxygen Species, ROS)
H xprion g ouciagc (CMDCFH-DA) atroteAei pia amd TIC 1O €upéwg

XPNOIUOTIOIOUUEVEG TEXVIKEG yia Tnv Aueon péETpNOn TnG  ogeidoavaywyikrg
KatdoTaong evog Kuttapou. H DCFH-DA cival pia kuttapodiatrepartr], un ¢Bopifouca
mpodpoun oucia ™G DCF kal pmopei va xpnoigomoinBei wg evOOKUTTAPIKOG
QVIXVEUTAG YIa TO OCEIDWTIKO OTpeg. H TeEXVIKN auTr gival eCaIpeTIKA guaiodnTn OTIG
aAayéc oTnv  ogeidoavaywylkp KoTdoTaon €vog  KUTTAPOU KAl UTTOPEl  va
xpnoigotroinBei yia Tnv TapakoAouBnon Twv aAAaywyv oTi¢ ROS (Reactive Oxygen
Species) katd TN Tapodo Tou Xpovou. O1 evOOKUTTAPIKEG £0TEPAOES SIOOTIOUV TO
DCFH-DA, tmrapdyovtag éva OXeTIKG TTOAIKG Kal adiatmépacTo atrd TNV KUTTAPIKA
MePBPAvn kavd Trpoidv, H,DCF. Autd 10 Pn @Bopifov POpPIO CuUCCWPEUETAI
eVOOKUTTApPIO Kal N €TTakOAoUBN o&cidwon divel To eEaIpeTIKA Bopifov TTpoidv DCF.
H o&eidoavaywyikr] Katdotaon Tou Otiyuatog PTTopel va TrapakoAouBeital pe tnv
avixveuon Tng auénong Tou @Bopicpol. H cucowpeuon DCF oTa KUTTAPA UTTOPEI va
METPNBEI e augnon Tou PBopicuol ota 530 nm étav 1o deciyua dieyeipeTal oTa 485
nm. O @Bopiopdg o 530 nm pTTOPEi Va PETPNOET PE KUTTOPOPETPO PONG Kal BewpeiTal
om e€ival avdAoyn TNG OUYKEVTPWONG Tou UTTEPOEEIdiou Tou udPOoyodvou OTO OTa
KUTTOPQ.

‘Eto1, kUtTapa N2A (250.000kuttapa/well) emwdotnkav i ox1 pe 20 uM
U50,488H yia 6 wpeg. ZTn ouveExela Ta KUTTapa emwdalovral ge 0,5 mM CMDCFH-DA
o€ Péoo xwpic opod yia 30 AeTITa o€ eTTwaoThpa pe Beppokpaaia 37°C kal 5% CO2.
MeTd 10 TTEPOG TNG ETTWAONG Ta KUTTapa EeTTAévovTal ue PBS waoTe va atrTopakpuvOei
n TeEpicoEId TG XPWOTIKAG. Ta KUTTapa a1ToKOAAOUVTAl Kal avaAuovTtal OTOoV
KUTTOPOUETPNTA PONG WOTE VO avixveubouv Ta eTTireda @Bopiopou. Ao KaBe deiyua

40.000 koTTapa mTepdoav atré 1o FACS kal avaAudnkav.
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Mérpnon emmédwyv amdémrwong ue tnv evowudrwon Tou Propidium lodide (PI)

To 1wdiouxo trpoTidio (Propidium lodide, PI) cival éva pikpd ¢Bopifov Hopio
TTou cuvdéetal he To DNA aAAG dev ptropei va dlatrepdoel TNV KUTTAPIKY UEUBPAvN
TTaONTIKA av Ta KUTTapa dlaBETouv ABIKTN TTAACUATIKY hePPpdvn. H TTpdocAnwn tou Pl
MTTOpPEl va xpnolgotroin®ei yia T OIAKPIoN VEKPWY KUTTApwY, OTA OTToia Ol
TTAQOUATIKEG PePBPAveG yivovTal dlatTepatéc aveEdpTnta amd TovV  PNnXavioud
Bavartou, atd Ta {wvTavd KUTTOPa Pe ABIKTEG pePPpaveg. To Pl dieyeipeTal atmd PAKN
KUpatog petagl 400 kal 600 nm Kai eKTTEPTTEI QWG PeTAEU 600 kat 700 nm eTTOPéVWG
gival cupBaTd pe Ta AICEP KAl TOUG QUTOAVIXVEUTEG TTOU XPNOIKOTTOIoUVTal CUVABWG
OTO KUTTOPOUETPO PONG.

Kotrapa N2A (500.000kutTapa/well) erwaotnkav i 6x1 ge 20 yM U50,488H
yia 6 1 24 wpeg. ZulNAéyovtal Ta KUTTapa o€ PBS kal guyokevtpouvTal ota 300xg yia
5 Aemrtd. TomroBeToUvTal o€ wAAva TToAuTTpoTTUAEviou 15 ml kal TTpooTiBovral 5 ml
Kpuag aiBavoAng 70% oTdydnv evw Tautdxpova avadeuovTal ATma Ye vortex. Eav ta
KUTTapa Oev avadeUovtal pe vortex katd Tnv TPooBrkn Tng aibavoAng, Oa
TTPOCGKOAANBOUV PETAEU TOUG dNUIOUPYWVTOS CUCCWHATWHATA. 'YaTepa EETTAEvovTal
2 @opég Ta KUTTapa pe PBS pe evdidueoeg @uyokeviprioelig ota 600xg. TEAoG,
mpooTiBeTal 1 ml diaAvpatog xpwong Pl (50ug/ml) kai emwadeTar o€ Bgpuokpaacia
dwuyariou yia 30 AeTrTd pe Tnv TTPooBrkn dioAupatog RNase A (TEAIKr) ouyKEVTpwaon
0,5ug/ml). Ta KUTTAPO PETAPEPOVTAI OTOV KUTTAPOUETPNTH OTTou peTpriBnkav 40.000

KUTTOpa ava deiyua.

3.3 EvdoTtrepITovaikeg EVEOEIG O EVAAIKOUG HUEG

MNa ™ peAéTn NG K-OR emTaydpevng auto@ayiag o€ in vivo (wikd povTéAa
TIPAYMOATOTTOINBNKAV EVOOTTEPITOVAIKES EVETEIG ME TOV €idIKO aywviaTr) U50,448H. O
OUYKEKPIPEVOG aywVvIOTHG €xel TN duvaTdTnTa va SIATTEPACEl TOV AIATOEYKEPAAIKO
PPAYUO EVEPYOTTOIWVTAG TOUG UTTODOXEIC OTIC OIAPOPES TTEPIOXEG TOU E€YKEPAAOU.
‘ETo1 éOow Twv eVOOTTEPITOVAIOKWY EVECEWVY N OUCia TTEPVAEI OTNV KUKAOQOpia Tou
QiJOTOG KOl METAQEPETAI OTNV TTEPIOXN] TOu eyke@ahou. OAa Ta Treipduata
TpaydaToTroiénkav oe eviAikoug pueg 90 nuepwv e yeveTIKO uTTORaBpPO dypiou
TuTTou C57BL/6J. Apoevikoi pueg xwpiotnkav o€ dU0 opadeg 4 ava opdda Kai
gyxuBnkav pia @opd tTnv nuépa pe gualoloyiké opd (Saline), 1 5 mg/kg U50,488H
yia 7 nuépes. To U50,488H utto popery okévng SIAAUTOTTOINBNKE O QUCIOAOYIKO

opo (0,9% NacCl) wote va mpokuyel didAupa SPg/PA Kal oe KGBe Pu pe OUVOAIKO
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Bapog 30 ypauuapiwv xopnyouvrav 30pA. Me TO TTéPAg TOU TTEIPAPATIKOU
TTPWTOKOAAOU O pUeg Buoidotnkav 3  wpPeg META TNV  TeAeuTaia €veon
U50,488H/@uaioloyikd opd Kal O ITTTTOKAUTIOG, O QAOIOG Kal To pafdwTd cwua
atropovwenkav atrd Toug eykepdAoug. Or 10Toi diaAuToTroiBnkav o€ didAupa Auong
10T0U 1% v/v Triton X-100, 0.2% v/v SDS, 50mM Tris — HCI pH 7.4, 150mM NacCl,
1mM Na2EDTA, 1% v/v sodium deoxycholate, 100uM sodium orthovanadate,
0.2mM PMSF, 2 pg/mL Aeutrerttivn, 1 pug/mL Bevlapidivn, diGAUPa avaoToAEwv
TIPWTEACWY, OAVOOTOAEIC QWOEPATOOWY) KOl €YIVE €AEYXOG TWV  AUTOPAYIKWV
TTPWTEIVWV.

EmmAéov, yia Tn digpelivnon TNG CUMMPETOXNG TNG auTogayiag HEow Tou
evdoyevolg  ouoTAPaTog  Auvop@ivng/k-OR  oe  diadikacieg  oféou  OTPEG
TIPAYHOTOTTOINBNKAY £VOOTTEPITOVAIKEG EVECEIG E TOV €IOIKO avTaywvioTh norBNI o
OTT0I0G €xel TN dUvVATOTNTA va dIOTTEPACEl TOV QINATOEYKEPAAIKO @payud. OAa Ta
TelpduaTa TTpaypaToTroIdnkav o€ eVAAIKOUG HUEG 90 NUEPWV PE YEVETIKO UTTORaBPO
aypiou TUTTOU C57BL/6J. Apoevikoi pieg xwpioTnkav o€ 4 ouddeg 6 ava oudda Kai
eyxubnkav pia @opd Tnv TPWTN nUéEPa HE @ualoAoyikd opd (Saline), 1 10 mg/kg
norBNI. To norBNI utro pop@r okévng dIAAUTOTTOINBNKE 0€ YUAIOAOYIKO 0PO WOTE VA
TpokUwel didAupa 10ug/pA Kol o€ KABe pu pe ouvoAikd Bdapog 30 ypappapiwy
xopnyouvrtav 30pA. Me 1o TTEPOG TOU TTEIPAPATIKOU TTPWTOKOAAOU 1 wpa PETA Ol HUEG
BuoidoTNKaV PE QUXEVIKI) METATOTTION Kal akoAouBnoe didppnén Tou Kpaviou e
TIPOCEKTIKI] ATTOMOVWON TOou eykepaAou. H Trapeyke@alida atmoppipdnke Kai
aKOAOUBNGE aTTONOVWON TWV TTEPIOXWYV TOU ITTTTOKANUTIOU, TIPOMETWITIAIOU @AOIOU Kal
paBdwTtou. O1 gyképalol Bpiokovrav kaB® OAn Tn diapkeia TNG ammoudvwong Twv

Ol1aPOPWYV TTEPIOXWV C€ TTaywuévo PBS.

3.4 Mopiakég pédodol
3.4.1 Amopévwon mAaopuidiakou DNA atréd Bakrhipia

O1 pyovadiaieg avaTTuypéveg BAKTNPIAKES OTTOIKIEG TTOU TTPOEKUYWAV WETE aTTo
pMeTaoXNUOTIONd BakTnpiwv amooTrwvtal amd 1o TPUBAio TTOoU TTEPIEXEl OTEPED
BPEeTITIKO UAIKO pE avTIBIOTIKA Kal TOTTOBETOUVTAI O€ UYypO BPETITIKO UAIKO LB (1% wiv
tryptone, 0.5% w/v gkxUMNopa Cuung, 0,5%NaCl, 1,5% w/v dayap). AuTéG ol
BakTnplakég atroikieg TepiExouv 10 DNA  Tng emAoyng Mag. TN OUVEXEID
ToTToOeTOUVTON O0TOUG 37°C UTTo avdadeuon (220rpm) yia 12-16 WPES Kal TNV ETTOPEVN

MEPa TO UypO BPeTITIKO UAIKO OTTOU £XOUV avaTITUXBEi Ta BAKTHPIA QUYOKEVTPEITAI KAl
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TO BaKTNPIAKO iCnua XpnolpoTTolEiTal yia Tnv attopovwaon Tou DNA, ouykekpipéva Tou
TTAAOHIBIOKOU POpEa TTOU £xEl EvOowHaTwOEi To yovidlo Tou avBpwtrivou K-OR, PE TN
xprion Twv QIlAprep Spin Miniprep Kit kair Midiprep kit Tng etaipiag Qiagen
0KOAOUBWVTAG TIG 0ONYIEG TOU KATAOKEUAOTH.

3.4.2 Amopévwon RNA

Ta kOTTapa Neuro 2A, a@ou TTPONYOUUEVWG EiXav ETTWOOTEN i OXI yIa 6 WPEG
ME TOV €10IKO aywVvIoTH Tou K-0TTIo€1dr) uttodoxéa U50,488H oe ouykevipwon 20 uM,
ouMéyovtal o€ 1mL didAupa TRizol kai emavadiaAlovTal éviova ue vortex yia 1’
omou emwddlovtal ot Bepuokpacia dwpatiou (15-30°C) yia 5. X1n ouvéxela,
mrpocTiBeTal 200ul xAwpo@dppio yia kaBe 1ml TRIzol, To didGAupa avakiveitalr Eviova
yia 15” ka1 akoAouBei avapovr o€ Bepuokpacia dwuaTiou WwaoTe va dIaxwpIoToUV Ol
QAceIgc. 2Tn Oouvéxela Yivetal @uyokévipnon vyia 15 Aemrd o1ig 10000rpm o€
Bepuokpacia 4°C. H udatiki @don peTagépetal o KaBapd aTTOOTEIPWHEVO
owAnvapio kal agoU TpooTedei 200ul xAwpopdpuio avakiveitar Eviova yia 157,
eTwadeTal yia 2-3’ o€ Bepuokpacia dwuatiou Kal akohouBei puyokévipnon yia 15°
oTIc 10000rpm ot Oepuokpacia 4°C. H udaTmiki @daon deTagépeTal ot Kabapd
owAnvapio kal TpooTiBeTanl 800ul 1I00TTPOTTAVOANG KAl TO EVAIWPNHA ETTWAZETAI YIa
10’ aToug 25-30°C 6TToU OTN COUVEXEID QuyokevTpeiTal yia 10" aTig 10000rpm GTOUG
4°C. To umepkeiyevo amoppitrtetal, 10 inua (RNA) EemmAévetan pe 1ml 75%
a1BavéAng kal akoAouBei guyokévipnon oTi 7500rpm yia 5’ oe Bepuokpaaia 4°C.
2TN OUVEXEIQ TO UTTEPKEINEVO ATTOPPITITETAI KAI TO iCNUA aPAVETAlI WOTE VA €EATUIOTET
TTAAPWGS N a1BavoAn. Téhog To RNA etravadioAuetal o 50ul DEPC ddH,O. lMNa va
eAeyBei n ToI6TNTA TOU RNA XpnOoIdoTIoIoUE pia dikpr) TToodtnTa (~500ng) é1Tou
nAekTpo@opeital oe gel ayapdlng, OTTwG TrEPIYPA@EeTal 0TV Trapaypago 3.4.7,
ouyKkEvTpwaong 2% xpnoipotroiwvtag DEPC vepd kal RNA loading buffer.

3.4.3 MpoodiopiouOg OUYKEVTPWONG Kal KaBapoTnTag TOU
mAaouidiakoUu DNA kai RNA

H cuykévipwon tou DNA 1TpocdiopileTal QaOUATOPETPIKA PE PETPAOEIS OTA
260nm (atroppdPnon Twv VOUKAEIKWY o&Ewv) kal ota 280nm (armoppdéenon yia
TPWTEIVEG). O AOYOG TNG OTITIKNAG aTToppoPnong ota 260nm/280nm S&nAwvel Tnv
KaBapotnta Tou Ociyparog. Or TIHEG Twv delyudTwy pe TTAaouidiakd DNA T1mou

mAno1alouv oTto 1,8 dnAwvouv TTwg T0 deiyua eivalr kKaBapd Kai atTaAAaypévo atrd
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TpwrTeiveg evw yia To RNA or Tigég Tou Adyou 260/280 TTou deixvouv Tnv KaBapdtnta

Tou O¢iypartog Ba TTPETTEl va BpiokovTal KOVTa OTo 2.

3.4.4 XovBeon cDNA

H ouvBeon Tou cDNA éyive pe Tov €VvQUPO QVTIOTPOQN WHETAYPOPACT
(Invitrogen Superscriptlll). To €vfupo xpnoigotrolel wg KaAout 10 RNA yia va
ouvBéoel hIa HOVOKAWVN CUPTTANPpwHATIK aAucida DNA (cDNA). H ouvBeon Tou
cDNA trpaypatoTrolgital o€ 2 oTadia CUUPWVA WE TIG 0dNYiEG TOU KATAOKEUAOTH TNG
QvTiIoTPOPNG METAYPAPAonG. Atmaiteital n mapackeuny dloAupdTwy (Master mixes-

mix1 ka1 mix 2) 6TTwg avaypda@ovTal GTOUG TTAPOKATW TTIVAKEG.

MIX 1 MIX 2
RNA uiTpa 1ug 5X Fisrt-Strand buffer 4ul
dNTPs 10mM 1l DTT 0.1M 0.5uM
Random Primers | 250ng RNase Inhibitors 40u
ddH_0 ~13pA Superscript Il RT 200u
VTENIKO 20pl

To didAhupa 1 (MIX 1) emwadletal oe Beppokpaaia 65°C yia 5 AeTITd Kol AuEéCWS
METOQEPETAI OTOV TTAyOo yia TouAdyiotov 1'. Zta idla doxeia PE Ta TTAPATTAVW
Ociypata TTpooTiBevial To didAupa 2 (MIX 2) kai avapelyviovTal €viova. 2T
ouvexeia Ta deiypata Tou Trepiéxouv MIX 1 kai MIX 2 emmwdlovtal otoug 25°C yia 5°
epoéoov xpnolyotroloUvTal random primers. XTn Ouvéxela Ta idla  Ociypata
emmwadovtal atoug 50°C yia 45’ kal n avtidpaon adpavoTrolsital Je BEépuavan oToug
70°C yia 15°. To cDNA 10U TTpoKUTITEl atroBnKeUETal 0TOUG -20°C OTTOU dIaTNPEITAl
yI0 HEYAAO XPOVIKG dIAOTNA.

3.45 ZZxedlaopdg Primers yia T1oOOTIK] aAucidwTh avTidpaon
TTPAYHATIKOU XpOvou quantitative Real-Time PCR

Ao Tn Bdon dedopévwv Pubmed karaypdenke n aAAnAouxia NG KwOIKAG
aAucidag Twv autopayikwy yovidiwv ATG5, Beclin 1 kar GAPDH yia Tov opyavioué
mus musculus agou Ta Treipduata Ba TpaypatotToinBolv oe kKUTTapa Neuro-2A TTou
TTPoEpXovTal ammod veupoPAacTwua puwyv. MNa TN dnuioupyia ekKivnTwY TEBNKAvV
OUYKEKPIPEVEG TTPOUTTOBECEIG OXETIKA WE TO pEyeBog Tou PCR TrpoidvTog 10 OTT0i0
Empete va Kupaivetav atmd 70 €wg 300bp. AkOpa emAEXONKAV €KKIVNTEG PE TTOAU
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KOVTIVEG Bepuokpaaieg TENG (Tm), TTou va avayvwpifouv Tnv yovidiak aAAnAouyia
eviog Tng petaypaouevng epioxnsg (UCSC in silico PCR) kair dev atroteAolv
KOMMATI KATToIoUu AAAoU yovidiou (éAeyxog ue BLAST).

O1 ekkivnTég Twv yovidiwv OTOXwv ToU Ba eAeyxBouv oOTn TTapouca HEAETN
Taparifevral otov Mivaka 2.

O1 BéATIoTEG OUVONKEG BepuoKpaTiag yia TNV TTApaywyr  TTPOIOVTOG
puBuitovtal ye ammAfj PCR. Ta amoteAéopata tng PCR pag divel Tn duvatdotnta va
eAéyCoupe €dv uTTGpXOUV TTAPATTPOIOVTA 1 DIPEPN TwV eKKIVNTWVY. Ta SlaAupaTa
TTpocToIuddovTal CUPQWVA JE TIGC 0dNnyieg Kal TIG KATAAANAEG OUYKEVTPWOEIG TOU

kataokeuaoTr) TNG DNA TToAupEepdong.

Movidio EkKivnTég

ATGS FWD: 5AAGTCTGTCC-TTCCGCAGTC3’
(Autophagy-related gene 5) RV: 5GAAGAAAGTTATCTGGGTAGCTCA3’

Beclin 1 FWD: 5GGCCAATAAGATGGGTCTGAYZ

RV: 5GAAGAAAGTTATCTGGGTAGCTCA3’

FWD: 5GGCCAATAAGATGGGTCTGAZ’
RV: 5CCTGCTTCACCACCTTCTTGAZ’

Mivakag 2. Ekkivntég tng qRT- PCR Twv auro@ayikwv yovidiwv

GAPDH

3.4.6 TMoooTIKA aAUCIBWTA avTidpacH TTPAYHATIKOU XpOVOU

O €éAeyxog vyia TNV €KQPOON TwV YOVIOiwv OTOXWV TIPAYUATOTIOIEITAlI PE TNV
TTOOOTIKA aAUCIOWTA avTidpaon TTPAyPaTIKOU XPOvou 2 oTadiwv oUPQwVA HPE TIG
odnyieg Tou karaokeuaoTr) KAPPA SYBR GREEN. Tpia gival Ta Baocikd oTtadia kabe
KUkAou TnG RT-PCR (40 kUkAolI GuvoAikd).

e Oc¢puokpaocia amodiaraéng (melting temperature)

H Oepuokpacia amodidraing eivar uwnA (95°C) waoTte va emteuxBei n
atrodidragn Tou dikAwvou popiou cDNA og dUo povokAwva popia. H Bepuokpacia
atrodidragng ptropei va augndei edv To TTOCOOTO TNG UATPAG gival uwnAod oe GC.

e Ocspuokpacia upBpidiouou (annealing)

Katd tn didpkeia Tou uBpidiopol cuPTTANPWHATIKEG AAANAoUXiES WG TTPOG TO
MOVOKAWVO pOpIo  €XOuv TNV IKAVOTNTA va  uBpidiovral UTTO  OUYKEKPIMEVN
Beppokpacia oUP@Wva  pPe TNV uTtoAoyiopévn Ty Tm Twv  ekkivnTwy (5°C

XOUNAGTEPN TOU Tm TWV EKKIVATWV).
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e Ocgpuokpacia emunkuvong

>¢ Beppokpacia 70-72°C n DNA TToAUhEPAON TTPAYHOTOTIOIEI TNV ETTEKTOON
TWV EKKIVNTWV PE puBuo 100 Baoeig/deuTepOAETTTO.

H diadikacia Tng péETpnong Kai TmoooTikotroinong tou mMRNA o€ TTpayuatikéd
XPOVO CUVOTITIKA TTEPIYPAPETAI TTOPAKATW:

H mrpocToiyacia Twv avnidpdoswyv pétpnong Tou mRNA TTpayuatoTrolital oToug 4°C
Kal otav Ta Ociyparta ToTroBeToUvTal OTO pnxdvnua péTpnong n Bepuokpacia
otadlokd audveral. Me Oedopévo OTI KABe TIpoidv £xel TNV avTioToixn Kal
OUYKEKPIUEVN Bepuokpacia omou 10 OikAwvo poépio cDNA avoiyel (melting
temperature-ammodidtaéng) kair 611 n SYBR mpocdéverar pévo oe dikAwva popia
TTAPATNPEITAI YIa ATTOTOMN TITWOTN Tou @BopIcpoU Adyw N Tpdodeong Tou SYBR. O1
KAQUTTUAEG oTnv avaAuon amoteAeoudtwy Dissociation Curves 6a Tpémel va
TTapouaialouv Jia Jovo Kopu®n epocov 1o TTpoidv TG PCR eival €181k Kal TTEPIEXEI
MOVO TO TTpoidv Tou yovidiou TTou Pag evolagépel. H TTapoudia TTepIcOOTEPWY TNG
Miag KOpU®AG, onuaivel TTwG N avTidpaon £xel TTapaTTPoidvTa, yeyovog TTou eUTTODICE!
TN OWOTH TTOCOTIKOTTOINON OTTOTE KAl XPACEI BEATIOTOTTOINCN TWV BEPUOKPATIWV.

Ta amoTeAéopaTa epunvevovTal ammd TO CUVOUOOHO TWV KOUTTUAWY Evioxuong Kai
atmodidragng Kabwg kai atrd TIg TiuéG Ct.

O1 kauTrUAeg evioxuong (amplification plots) divouv TTAnpo@opicg yia Tnv
éK@paon Tou yovidiou, Tov akpIB KUKAO TToU gu@avifeTal To TTPOIdV TNG avTidpaong
KaBwg Kal Tov apiBPd Twv HETAYPA@WY TOU OUYKEKPIMEVOU yovidiou. OTroTe 600
MIKPOTEPOG €ival O KUKAOG TTOU gU@avifeTal TO TTPOIOV TOCO PEYOAUTEPN N TTOOOTNTA
Tou avrioToixou MRNA Tou yovidiou oT1o deiypa (KaVOVIKOTTOIEITAI PJE TNV AVTIOTOIXN
TIMA yia TO yovidlo ava@opdg). O1 kapTTuAeg atrodidragng divouv TTANPOQOpPIES yIa TRV
KaBapdTnTa Tou TTPOoiIdvTog TG PCR Kai n duvardtnta auTr) oTnpifeTal TNV IKAvVOTNTA
NG xpwoTikAG SYBR Green va @Bopilel 61av kal pévo deopeutei o dikAwva uopia
DNA. MNa Tnv 1TToooTikoToinon Twv delyudTwy opideTal éva deiypda wg control TTou
gival o papTupag oTToTE OAQ T UTTOAOITTA TTOU €XOUV UTTOOTEI TNV €TTiIdpacn dIdPopwv
TTApayoOvTwWV CUYKPivovTal wg TTpog auTd. H Tiur Tou control opideTal auBaipeTa a1o 1
KOl N €K@PAcn Twv UTTO PEAETN yovISIwV avaypa@EeTal WG OXETIKA augnon A peiwon

NG €KYPACNG.

3.4.7 AvoookaTtakphnuvion xpwuartivng (chiP)
H avoookatakpruvion xpwpativng (Chromatin ImmunoPrecipitaiton) TTou

XpnoiyoTrolgital yia Tn Olepelivnon MIAG OCUYKEKPIUEVNG aAAnAeTTidpacng METagU
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TTPWTEIVNG-DNA, TTOAAWY aAAnAemmidpdocwy TTPpwTEIVNG-DNA Kal aAANAeTIOpACEWY
o¢ OAOKANpo TO yovidiwpa 1 €éva uttooUvoAo yowvidiwv. Ta 10 Adyo autd
XPNOIYOTTOIOUVTal  AVTICWMATA TToU  €TTIAEKTIKG  avayvwpilouv kal  deouelouv
TTPWTEIVEG, CUUTTEPIAAUBAVOUEVWV TWV ICTOVWYV, TWV TPOTTOTTOINCEWY I0TOVNG, TWV
METAYPOAQPIKWY TTAPAYOVTWY KOl TWV CUUTIOPAYOVIWY Kal TTapEXEl TTANPOPOPIES
OXETIKA PE TN YOVIDIAKI UETAYPAPH.

Mia 1o Adyo autd 5X10° kUTTapa K-Neuro-2A emmwdoTtnkav i éx1 ye 20uM
U50,488H yia 6 Wpeg. 2TN CUVEXEIA ATTOPPIPONKE TO BPETTTIKO UAIKO Kal Ta KUTTOPA
MoviyoTTroInenkav pe 1% @oppaAdelidn yia 10 Aemrtd o€ Bepuokpacia dwuaTtiou (25
°C) kal akoAouBnaoe emmwacn 5 AeTTwv e didAupa 125 mM yAukivng yia Tnv SI0KOTTN
NG OladIKaoiag TG MOVIYOTToINONG OTTwg Treplypd@eTal ammd (Carey et al, 2009).
AtroTeAei  onuavTikG OToIXEiO TO yeyovdg TIwG n TTPooBikn  TnG  YAukivng
TTpayuaToTroleiTal oTdydnv kabwg avadelovral Ta KUTTOPA OTn  QOPUOASeUdN.
Yotepa Ta KUTTApa EeTTAEVOVTAl Pe TTaywuévo PBS kal pe EUOTpa GUAAEyovTal Ta
KUTTAPQ TTOU PUYOKEVTPOUVTAl yia 5 AeTTTd oTic 1200rpm o€ Bgppokpaaia 4°C. To
KUTTapIKG i¢nua eavadiahletal o 750 pL didAupa AUong yia kdbe 1x107 kUTTapQ,
(ChIP lysis buffer: 0.5% v/v Igepal, 20mM Tris — HCI pH 7.4, 85mM KCI, Protease
inhibitors, ddH,0) kai emwdalovtal yia 10 min oTov TAYO. £TN OUVEXEID, OKOAOUBEI
@uyokévtpnon oTig 10.000rpm yia 10 min otoug 4°C. To ifnua emavadioAleTal og
500 pA atd 1o didAupa Auong Truprivwy (ChiP nuclei lysis buffer: 1% v/iv SDS, 20mM
Tris — HCI pH 8, 10mM Na,EDTA,Protease inhibitors, ddH,0) kai 10 &iGAupa
emwaletar yia 30min otoug 37°C pe 10 €éviupo MNase, Tou JlOOTIG Ta
VOUKAEOOWMATA, WOTE va KaTakeppaTioTei TOo DNA o0& KOPPATIA MIKPOTEPO TWV
900bp. Akdua, To dIGAUPa BEXETAI ETTWOOCN WE UTTEPRAXOUG Yia 3 min (amplitude:50%,
cycle:0.5 30sec sonication-30sec rest) pe OKOTIO TNV  ATTOTEAECHATIKOTEPN
katakepudmion Tou DNA. AkoAouBei @uyokévipnon yia 10 min oTig 7.500rpm oToug
4°C. ZuMAéyoupe TO UTTEPKEIMEVO yIa va TTPOXwpPERooupe oTtnv diadikacia Tng
QVOOOKATAKPAMVIONG KaBwg emmAéov ouAAéyoupe 50 uL ammd 10 deiypa yia va
TTpoodIopIoTEl N ouykévipwon Tou DNA aAAG kal va  OIaTOTWOOUNE TOV
KatakepuaTiopd Tou DNA péow nAektpo@dpnong o€ 1,5% wiv TTAKTwPa ayapdlng.

MNa tnv &iadikacia TNG avOOOKOTAKPRUVIONG Xpnoldotroincape 25 g
OTTOMOVWMEVNG XPWHATIVNG ME AVOOTOAEIG TTPWTEACWYV KAl TO €TTAVABIAAUCANE O€
OidAupa RIPA 1:10. Ta dciypata avoOOKATAKPNUVIOTNKAV XPNOIMOTTOIWVTOG éva

avtiowpa BaBuou ChIP évavri tou petaypa@ikou Trapayovia CREB (cAMP
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Response Element-Binding Protein, CST 9197) i Tou guaioAoyikoU opoU KouveAIoU
(NRS) avakivwvtag yia 24h otoug 4°C. Ta ocupmAéypata  SiaouvOedeEvwV
TPWTEIVWYV eMwaoTnKav Pe 60 uL TTpo-eTwacuévwy (salmon sperm DNA-5% BSA)
A/G oaipidiwv ayapdlng yia 2 wpeg otoug 4°C umtd TepIoTPo@r]. ATTOTeAE]
onpavTiké aToixeio va atroocUpoupe 50 Pl atmd Tn Xpwuativn TTou Ba xpnaoidoTToinbel
w¢ dciyua avagopds. Ta avoooCUPTTAEyUaTa TTPOCdedepéva TTAEOV OTa G@aIpidIa,
0éxovtal 1 TAUON pe didAupa TTAUONG XOaunANG ocuykévipwong aAdTwv(0.1% viv
SDS, 20mM Tris — HCI pH 8, 1% v/v Triton X-100, 2mM Na,EDTA, 150mM NacCl,
Protease inhibitors, ddH,0), 1 TTAUON pe OIGAUPA TTAUONG AVOCOCUUTIAEYUATWY
XPWHATIVNG uWNARG ouykévipwaon aldtwy (0.1% viv SDS, 20mM Tris — HCI pH 8,1%
viv Triton X-100, 2mM Na,EDTA, 500mM NaCl, Protease inhibitors, ddH,0) kai 2
TAUOE€IG pE dIGAUPA TTAUONG avooOOUUTTAEYHadTwy Xpwuativng LiCl (0.25M LiCl, 1%
viv Igepal, 10mM Tris — HCI pH 8, 1% v/v sodium deoxycholate, 1mM Na2EDTA,
500mM NaCl, Protease inhibitors, ddH,0). Avdueca TI¢ TTAUCEIG pECOAABOUV
(PUYOKEVTPROEIS yIa 5Smin aTig 2000rpm aTtoug 4°C kai émreTal n diadikaoia ékAouong
TOU avoooKaTakpnuviouévou DNA.

MNa 10 Adyo autd, Ta agaipidia eTwdacTnkav yia 16 wpeg aTtoug 65°C e 70
ML atd 1o didAupa ékhouong (100mM NaHCOg, 0.1%SDS) kai mpooTiBevtal 4.8 pL
NaCl (5 M) ka1 2 yL RNase A (10 mg/mL). MeTd 10 TTépag TnNG ETTWACNG TTPOCTIBEVTAI
10 pL o1é proteinase K (20 mg/mL) kai emwadovral otoug 60°C yia 1 h. To DNA
TToU eKXUAIOTNKE KaBapioTnke pe PCR cleaning kit (Zymo Research) cupgwva pe TIg
odnyieg Tou KataokeuaoTh. To amropovwpévo TAéov DNA xpnoigotroifénke wg
MATPa yia TRV avtidpaons Tng PCR pe okotrd va dIATNOTWOOUPE av ouvTnpnuéva
onpeia mpdodeong yia Tov CREB, TTou €vToTTi(ovTal GTOUG UTTOKIVITEG QUTOPAYIKWV
yovidiwv, avoookaTakpnuvioTnkav UoTepa atmrd tnyv evepyotroinan tou kK-OR. ‘ETol,
oxedIAoTNKAV EKKIVNTEG TTOU UPBPIdOTTOIOUVTAI EKATEPWOEV TOU Onueiou TTPOCdECNS
CRE oTtov utrokivnTt Tou yovidiou Becn1 pudg. Ta mpoiévra Tng PCR diaxwpioTnkav

O€ TTNKTWHATA ayapolng 2% wiv 6TTwg TrEpIypa@eTal oTnV Trapdypago 3.4.8.
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EkkivnTtég

FWD: 5' CGGGTAAACAGGGATCTGGAG 3'
RV: 5 GCCAGGGACTC-3TAGGCTTT 3’

PCR avridpaon Mpéypappa aviidpaong
ZuoTaTikd Tf)‘"“:' 95°C 3 min 1 KOKAOG
OUYKEVTPWON

DNA pATtpa 20ng 98°C 20 sec
EkkivnTAC FWD 0.3uM 65°C 15 sec 30 kUKAoL
Exkkivniig RV 2LZfOE, 72°C 60 sec
MoAupepdon 2 units 72°C 5 min 1 KOKAOC
5X PuBuioTiké didAupa D% USRS 4°C 5 min 1 kUKAOG

SIGAupa
dNTPs 0.3mM

~25uL TENIKOG

ddH,O . .
GYyKOG avTidpaong

Mivakag 3. Ekkivntég tng avridpaons PCR kai To mpdypauua tng avridpaong amo 1o
chlP rwv aurogayikwv yovidiwv

3.4.8 HAekTpo@bpnon og TAKTWHA ayapolng

H nAektpogpopnon Tou DNA 0g TIKTWPA ayopodng €TMTPETTEl  TOV
TTPOCBIOPICUO TOU popIakoU BAPOUG VOGS pOopiou KABWG Kal TOV TTOIOTIKO TOU EAEYXO.
H nAektpo@dpnon Bacietal oTnV IKAVOTNTA TWV APVNTIKA QOPTIOPEVWY popiwv DNA
va KivouvTal péoa o€ nAekTpikd 1edia. To @opTio gival avdAoyo Tou pJopiakou Bapoug
TOU popiou. H TTukvOTNTO TOU TINKTWMOTOG €6apTdTal a1md TNV OUYKEVTPWON TNG
ayapodns o€ auTo, YE TINKTWHATA XAUNAAG OUYKEVTPWONG VA XPNOIYOTTOIOUVTaI YIO
TO SIOXWPICHO PeydAwy popiwv DNA evy TIKTWHATG UWPNAARS OUyKEVTPWONG, Yid
MIKp& popla. Apxikd uttoAoyidetal n €mOuUPNTA TTUKVOTNTA TOU TINKTWHUATOG KAl
CuyiCetal pe akpiBeia n katdAAnAn TToooTNTa ayapdlng. Autr tTrpooTiBetal og 100mL
olaAUuatog TAE, 10 omoio Adn Beppaivetal Kai yivetalr TePIOdIKA avdadeuon Tou
MiypaTog KaBwg Bpdlel, waoTte n ayapdln va diaAubei TARpwe. OTtav yivel TARpPNg
opoyevoTtroinon, 10 SIGAUPO Q@RAVETAI VO KPUWOE! YIa PEPIKA AETTTA, aAA& 6x1 1600
woTe n e€méABel TAEN, Kal TTPOCTIBeTal 0 autd Ppwpuiolxo aiBidlo ot TeAIKA
ouykévipwaon 0.5mg/mL. To didAupa ToTTOBETEITAI O KOAOUTTI KQI Q@AVETAl VO
Kpuwoel yia 1-2 wpeg. H 1816TnTa Tou Bpwpiouxou alBidiou gival n evowudTwaor] Tou
METAEU Twv Bdoewv Tou dikAwvou DNA, n atmmoeAikwaor Tou Kal 0 ¢BopIcUGS Tou UTTO

UTTEPIWAN OKTIVOBOAia.
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Metd Tnv &N, TO TTAKTWHG TOTTOBETEITAI OTNV GUOKEUR NAEKTPOPOPNONG N
oTroia yepicetan pe TAE 1X, pe 1a @pedmd Tou va BpiokovTal TTPOG Tov apvnTIKO TTOAO
Kal @optwvovtal Ta ociypata DNA, kaBwg kal éva Otiyua PaApTUPa TO OTTOIO
amoteAeital  amd  didgopa  TUAMATA YVWOTWV Joplakwy  Bapwv. [piv TNV
NAEKTPOPOPNAON £XEI YiVEl TIPOOBNKN XPWOTIKNAG OTA deiyuaTa o€ TEAIKI) CUYKEVTPWOT
1X. H nAektpo@dpnon yivetal yia 45 Aetrtd ota 80V. Otav TeA€iwoel, TO TTAKTWUA
TOTTOBETEITAI O€ CUOKEUR EKTTOUTTAG UTTEPIWAOUG OKTIVOBOAIAS Kal TTapaTnpouvTal ol
Cwvwoelg Tou DNA.

EmmAéov av Béloupe va egetdooupe 10 péyeBOG Tou TTAaCWIBIoKOU DNA
TTPAYUATOTTOIEITAI TTEYPN WE TTEPIOPIOTIKA EVOOVOUKAEACT TTOU KOPBEI 0€ £va Povadiko
OnpEio, eUBUYPAUMICEl TO POPIO Kal KATA TNV NAEKTPOPOPNON ed@avideTal pia puévo
Cuovn TTOU QVTIOTOIXEI OTO HOPIOKO ToU BAPOG.

H olUoTtaon TG véAng oc ayapdln egapTtdtal amo 10 PEYEBOG TWV YPAUIKWY
Mopiwv DNA, yia tnv avixveuon popiwv DNA pe TToAAéG Bdoeig xpelddeTal WIKPN
TTEPIEKTIKOTATA O€ ayapdln evw vyia MIKPOTEPA KOuMATIa i yia avixveuon RNA n
TEPIEKTIKOTNTA  augdvetal ~2%. Ta mpoidvia g PCR amd 10 Treipduata

QVOOOKOTOKPHMVIONG XPWHATIVAG NAEKTpo@oprOnkav o€ 2% TTHKTwUA ayapdlng

3.5 Aokipaoia egavaykaopévng KoAUuBnong (Force Swim Test)

H dokipacia egavaykaoupévng koAuupBnong nn Force Swim Test (FST)
atroTeAei Eva TTEPIBAANOVTIKO €pEBICUAO TTOU TTPOCOPOIAZEl TO OEU Kal avATTOYEUKTO
OTPEG TTAPEXOVTAG £TC1 TTANPOPOPIEG YIA TNV ATTOKPION TOU VEUPIKOU CUCTAUATOG
KATw o1rd auTtég TIG ouvbnikes. To OTpeg, 10IaiTEPA TO XPOVIO OTPEG, €ival €vag
TTapdyoviag TIoU OUMPBGAAEl OoTnv  ep@avion katdBAiyng oToug  avBpwIToug.
EmmAéov, 1O avTIKATaBAITITIKG @QAPPOKA  TTOU  €ival  ATTOTEAEOUATIKA  OTOUG
avBpwTToug ouVNBWG TTOPOUCIAlOUV OTTOTEAECMATIKY QvTIUETWTTION oTo FST. Katd
OUVETTEIA, N OUYKEKPIPEVN Odokiyaoia pag divel Tn duvatotnTa va HEAETHOOUUE
aAAayEG TTou oupBaivouv 01O VEUPIKO 10TO KATd TO 0&U OTPEG Kal VO OIEPEUVIIOOUUE
TNV €Tidpacn avTIKATABAITITIKWY @Aapudkwy OTnv Bioxnueia Twv veupwvwy. Ta
TPWKTIKA TTOU  UTTOKEIVTAI OTNV  TrEipapaTiky  diadikacia autp  KaAouvtal  va
“KoAupTtnoouv” o€ vepd OTToU BIVIEOCKOTTOUVTAI OI KIVAOEIG TOUG. 2TN CUVEXEIQ, E TN
XPNon €18IKwy NAEKTPOVIKWY TTPpoypauudTwy TTpoadiopileTal o XpOvog Kivnong Tou

CWou KaBwg Kal 0 XpAvog aKIvnoiag TTou XapakTnpEilel TNV “ayxwTiké” @aivoTuTro.
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KoAUpuBnon Akwnoia

Eikova 19: Amekévion 1ng Ookiuacia¢ eavaykaouévng KoAuuBnong OTou Ta TPWKTIKA
TorroBerouvral o€ yudAivo KUAIVOPO ue vepd Kai apnvovral eAsUBepa va koAuutrioouv. OTwg
paiverar apiaTepd 1o {Wo mpootabei va arabei arnv empaveia evw 0€id 1o {wo Biwver T
“améyvwaon” mapauévovrag akivnro. lMpoadiopilerar 0 xpovos Kivnonsg Kai akivnoiag twv
{wwv.

H dokiyaocia e¢avaykaopévng koAUppnong (FST) Tpayuatotroindnke 0mmwg

mepiypdgetal oto McLaughlin et al, 2003. O1 pieg xwpioTnkav o€ 4 ouadeg (6 (wa
avd ouada) Kal TNV TTPWTN NUEPa 2 OMAdEG PUWV evEBNKav evOOTTEPITOVAIKA ME
Quaioloyikd opd (Saline group) Kal oI UTTOAOITTEG 2 pE ToV avTaywvioT Tou K-OR,
nor-BNI (norBNI group). Mia wpa YETA TIG evETEIG, Pia opdda atrd 1o Saline group Kai
1 opdda atd 1o nor-BNI group TotmoBethBNnKav o€ TToTrApI (E0swg 5 AiTpwv (Uwoug 40
cmx25 cm didueTpo) yepdato pe 2,5 | vepou Beppokpaciag 30:1°C woTe va
KOAUNTTAOOUV Yyia pia pévo dokipacia 15 Aetrtwv. Eival TToAU onpavtiké 10 yeyovog
TTwG n Bepuokpacia Tou vepou ATav auotned otoug 30°C kabwg Ta oTmoeIdn
avaAoya TTpokaAoUv uttoBepuia. Autr) n PETABANTA Ba pTTOpOoUCE va €TTNPEACE! TIG
TTapaTNPNOEIS Jag KaBwg n moavh “akivnoia” 8a ptmopolce va ATaV ATTOTEAECUA
TNG UTTOBEPUiag Kal OXI Tou “ayxwTIkou @aivotutrou”. Tn deltepn nuépa, Ta {wa atrd
TIG OU0 OuAdEeG TOTTOBETHONKAV OE VEPO YIa VO KOAUUTIHIOOUV yia 6 ATt o€ 4
O1a00XIKG OET OOKIUACIWY. XTA EVOIGUETO XPOVIKG OlO0TAUATA Ol JUEG agrvovTav
OTOUG KAWPOUG TOUG yIa TOUAGXIOTOV 6 AETTTA TTpIv ammd TTeEpaITéEpw Ookiyacia. H
“aKivnoia” opioTnNKe wg N TTapauov Tou {Wou o€ akivntn B€on A TTPAYUATOTTOIWVTAG
MOVO UIKPEG KIVIOEIG TTOU dev OoXeTiCovTal he Tn dlaguyn. MNa va XapoKTnpIoTEl wg
akivnoia k&g oTdon Tpémel va eivar kabapd opaTth Kal va dlatnpeital yia
TouAdxioTov 2 OeutepdAeTta. H OQuokoAia oTnv KOAUWBNGoN 1 n Trapauovr) otnv
EM@AVEIQ ATAV KPITAPIA YIA TOV OTTOKAEIONO TOu KABE {wou atd TNV TTEIPAPATIKA
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oladikacia, woTtdéoo, Kavéva TovTiki 0ev TTAnpouce autd Ta KPITAPIO OE QuUTH TN

MEAETN.

3.6 YmroAoyIoTIKd TTpoypaupaTa
3.6.1 MéTpnong MAKOUG VEUPITWV

O1  S10kKAGdWOEIC TWV  VEUPWVWY  PETPABNKAV  XPNOIJOUTIOIWVTAS TO
mpoypappa Neurond (Imaged-Public Domain). ATTOHOVWUEVOI VEUPWVEG ATTO TNV
TTEPIOXNA TOU ITTTTOKAUTIOU EUPRPUWYV TTovTIKWY E16.5 emTwdoTtnkav pe 20uM U50,488H
yia 16 WPEG. ZTN CUVEXEIA 01 VEUPWVEG AVOCOCTUAVONKAVY E TO QVTICWHA £vavTl TNG
B-1l TouptouAivng (TUJ-1, 1:1000) kai TTOOOTIKOTIOIRONKE O APIBUOS TwV
dlakAadwoewyv oe ~300 KUTTapa avd ocuvlAkn. ZT0 TEAOG TTPOKUTITEI O PHECOG OPOG
+ Standard Error of the Mean (SEM) kal o aplBudg autdg OuykpiveTal e TO

avTIOTOIXO VEUPIKA KUTTOPA TTOU OEV ETTWACTNKAV UE KAVEVA TTAPAYOVTA.

3.6.2 MNoooTikotroinon pe rukvopérpnon (GELPRO analyzer)

H mmoooTikotroinon Twv €IkOvwy atéd TIg avogoatroTuTTwoelg katd WESTERN
yivetal pge 10 uttoAoyioTikd TTpoypaupa GELPRO analyzer. O1 eikdveg NAEKTPOVIKAG
MOP®AG €xouv An@Bei amd Tov avaAutr Fujifim  LAS-4000. O1 Tigég Tng
TTUKVOPETPNONG (TOUAdYIOTOV 3 TTEIPAPATWY) TTapouciadovial wg HECOG OPOg
e = Standard Error of the Mean (SEM). Ta amoteAéopara gugavi¢ovral wg QopES
auénong n peiwong (fold of change) kai amodidovrtal (KavovikoTroinon) TTavia wg

TTPOG TO avTioToIXo Oeiyua eAéyxou (control).

3.6.3 ZTATIOTIKNA £TTESEPYATia

Ta Treipduata emavaAieonkav TouAdxioTov TpeEliG QOpEG aAA& Kal ol
METPAOEIG KUTTApWY TTEPIAAUBave éva peydAo apiBud Kuttdpwyv o€ KGBE ouvelnikn.
Ta amoTteAéopata avaypd@ouv Toug PECOUG OPOoUG OAWY TWV TTEIPAPATWY ME TIG
TIWEG o@dAuaTog + SEM. O1 ouykpioeig og OAeg TIG PETPAOEIS YivovTal PETAEU TNG
TTEIPAMATIKAG OUAdAG Kal TNG ouddag eAéyxou. H oTaTIoTIKA £megepyacnia Eyive PE TO
students t-test, one-way ANOVA 1 two-way ANOVA kai post-hoc analysis kai ol
OIaQOPEG OTIG TIMEG TTOU TTPOEKUWAV XOAPOKTNPIOTAKAY ONUAVTIKEG £pOOOV ATAV
*p<0.05, **p<0.01,*** p<0.001.
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4.1 H evepyomoinon Tou K-OR e€mdyel TNV auto@ayia og KOTTOPO
Neuro-2A

MpwTtioTwg €&eTAOTNKE N €TmidpaAcn Tou K-OTMOEIdOUG UuTTodoxEéa OTnv
pUBUIoN TOU ONUATOBOTIKOU PovoTTaTIoU TNG auTogayiag. Kard To oxnuatiopd Twy
QUTOQAYOOWWMATWY N KuTTapoTrAacuatiky pop®r m¢g LC3 tmpwreivng (LC3-,
Hopiakd Bdpog:18kDa) petatpétetal otnv  PeBpavo-ouvdeduevn poper LC3-I
(Mopiakd Bapog:16kDa). H LC3-1l evroTtideTal 0Tn PEMPPAVN TOU VEOOUVTIOEUEVOU
QUTOPAYOCWHATOG KAl N CUCCWPEUCT TNG OTO KUTTAPATTAAOUA gival EVOEIKTIKI TNG
augnong Tou apiBuoU TwV AUTOPAYOCWHATWY Kal yia To AOyo auTd Tnv KaBIoTd Tov
Mo agIOTTIOTO PAPTUPA TNG auTo@ayiag. INa va eAEyEoue GV N EVEPYOTTOINGN TOU K-
OR emdyel T0 PnXaviopo TG auto@ayiag HEAETABNKAV Ta TTPWTEIVIKA TTITTEdQ TOU
BaoikoU autou deiktn NG autogayiag. Kuttapa Neuro-2A 1Tou ek@pdlouv oTtabepd
Tov avBpwTtivo K-OR (myc-hk-OR) emmwdotnkav yia 6 wWpeg PE aAUEAVOUEVES
ouykevtpwaoelg (10, 20, 50 uM) Tou €181KoU yia Tov K-uttodoxéa, aywvioth U50,488H
Kal JeEAETABNKaV Ta TTPWTEIVIKA eTTiTeda TG LC3-11 (ZxApa 1A). OtTwg gaiveTal Kal
oT0 OXNMa TrapaTtnpeital hia dooco-e€aptwuevn avénon mg LC3-1l ota kuTTapa
yeyovog TTou dnAwvel TNV augnon auTo@ayoowUATWY CUYKPIVOUEVA PE Ta KUTTAPA
avagpopdag.

H dladikagia Tou auto@ayikou BavdaTtou TTepIAAUBAVEI TOV OXNMATIONS Twv
AUTOPAYOCWHATWY EVOOKUTTAPIKA KAl TV ATTOIKOOOUNOT TOUG atrd Ta AUCOCWHATA.
Qotéc0, n auvgnon TnG LC3-Il mpwrteivng OnAwvel Tnv OuCOWPEUCOH TwWV
QUTOPAYOCWHATWY EiTE €CAITIAC KATTOIOU £PEBICUATOG TTOU £TTAYEI TRV OUVOEGN TOUG
gite AOyw OduoAeitoupyikg amoikoddpnong Toug amd Ta Aucocwpuata. MNa va
atmooa@nvioTei 0 pOAog Tou K-OR oTnv auénon tng LC3-11 TTou TTapatnpeital UoTepa
atré Tnv evepyoTroinon Tou, kKUTTapa Neuro-2A TTPOETTWACTNKAV UE TOV AVOOTOAEQ
Tou Aucoowpatog, Tnv Bafilomycin A1, trou TapeptTodifel Tnv ouvinén Twv
QUTOPAYOCWHATWY HE TO AUCOOWHA HE ATTOTEAECHA TNV €AAITT ATTOIKOBOWNON
Toug. Emmwaon Neuro-2A kuttdpwv pe Tov aywvioti U50,488H Ttrapoucia kai
atroucia g Bafilomycin A1 (BafA1) €ixe oav ammotéAeopa Tnv onuavTiki augnon
ota emieda NG LC3-Il mapoucia t1ng BafA1, cuykpivoueva pe Tnv atmmouadia auTtAg
(Zxnua 1B).

Ta amoreAéoparta autd dnAwvouv TTwg n aug¢non Tng LC3-Il mpwreivng tTou

TTapatnpeital UoTEPA aTTd TNV EVEPYOTTOINON Tou uttodoxéa deixvouv Tnv augnon
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TWV  AUTOPAYOCOWMATWY Kal  Oxl  KATTola  duCAsiToupyia oTnV  AUCOCWHATIK
atroikodéunon.

A B

1 2 3 B 1 2 3 R

LC3-1 (M S S — LC3-1 ~15kDa
LC3-11| S S S — LC3-11] S—

B-ACTIN | D S S e | 25kDa B-ACT|N|-— — -|—45kDa

US50,488H (uM) - 10 20 50 Us0,488H - + - ¢+
BafAl - -+ 4
4 ok #
z 28 — '
Cs 5 e
L * < 6
‘! * F—I : H
81 4%
5 ] H =, 10 ﬂ []
U50,488H (uM) - 10 20 50 U50,488H - + - +
BafAl - . @

2xnua 2: Evepyomoinon rtou k-omogidoug umodoxéa odnysi ornv  auénon
gxnuarioyou auropayoowudrwv os Neuro-2A kurrapa. A) Neuro-2A  kUTTapPQ
emrwaotnkav ue auvéavoueves ouykevipwaoel§ (10, 20, 50 uM) Tou €IdIKoU, yia TOV K-OTTIOEIdN
utrodoyéa, aywvior U-50,488H yia 6 wpes. H mpwreivn LC3-1 kar LC3-1I avixvetbnkav ue
xpnon €dikou avriowuaro¢ (LC3B 1:1000) évavri Twv MPWTEIVWY QUTWV G€ avoOOoOTUTTWUA
kard Western. B) Neuro 2A kurrapa mpoemwdaornkav ue 30nM Bafilomycin A1(BafAl) yia 16
wpeS Kal akoAoubwe emwdarnkav ue U-50,488H oe ouykévipwaon 50 uM yia 6 wpeg. O
mpwreives LC3-1 kai LC3-11 avixvetbnkav e tn xpnon €dikou avriowparos (LC3B 1:1000)
&vavrl Twv TTPWTEIVWY autwyv o¢ oTrurmwua kara Western. H mmooorikomroinon yiverar ye tov
TPO0dIoPICUO TNG aKTivng LE €10IKO avriowua évavrl 1N mpwreivng (B-ACTIN 1:1000). Ta
arroteAéouara arroreAolv UETO OpPO TPIWV OIAQOPETIKWY TTEIPAUATWY Kal ekppdlovral w¢
+SEM ypnaoiuotroiwvrac one-way 1 two-way ANOVA ue *p <0.05, **p <0.01 ouykpivoueva e
To Control kai #p <0.05 ouykpivoueva e 1o oeiyua U50,488H.

21N ouvéxela ye okotrd va emBeBaiwdei 611 N aug¢non tng LC3-II rpwreivng
gival amotéAeopa Tng evepyotroinong tou K-OR kal &ev  atroteAsi  kétmola
MeEpOVWHEVN dpdon Tou aywvioTh U50,488H, rpo-etwdoTtnkav Neuro-2A kUTTapa
ME TOV avTaywvVvIoTA Twv oTTIoIEdwy uttodoxEwv vadogovn. MNa 1o Adyo autd KUTTapa
Neuro-2A mpo-emwdoTtnkav yia 45 min ye 50uM Tou avTaywvioTh Twv OTTIOEIdWY
uTTOOOXEWV VaAOZOVN HeE eTakOAouBn evepyotroinon Ttou K-OR PE TOV aywvioTh
U50,488H o¢ ouykevipwoelg 20 kai 50 uM. Omtwg @aiverar oto EXxApa 2 n k-OR
eTayouevn auto@ayia avaoTEAAETal TTapoudia valogdvng emmIRERaIWVOVTAG TO

YEYOVOG TTWG TTPOKEITAI YIA VO PAIVOUEVO TTOU ETTITEAEITAI HEOW TOU UTTODOXEQ.
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Zxnua 3: AvaoroAn tn¢ k-OR emayduevng aurogayiag mapouodia Tou aviaywviorn
vaAoéovn. Neuro-2A kuUrrapa mpoemwactnkav pe 50uM vaAoédvne yia 45 Aemrd kai
akoAoUBw¢ ue 20 kar 50 uM U50,488H yia 6 wpeg. O1 mpwreiveg LC3-I kar LC3-
avixvelubnkav ue n xprnaon €0ikou avricwuarog (LC3B 1:1000) évavr Twv MPWTEivWY auTwv
o¢ orummwua kara Western. H mooorikorroinon vyiverar e tov mpoodiopioud tnS aKTivng Ue
€10IK6 avriowpa (B-actin 1:1000) évavri Tn¢ mpwreivng. Ta amoreAéouara amoreAolv éao 6po
TOIWV OIQQOPETIKWY TTEIPAUdTWY Kal ekppalovrar w¢ *SEM  ypnaiuomoiwvrag two-way
ANOVA pe *p <0.05, ouykpivéueva ue 1o Control kar “p <0.05 ouykpivépeva e 1o Seiyua
U50,488H.

MNa va digpeuvriooupe TTepaItépw TNV K-OR eTTayouevn auto@ayia eAEygaue
TNV aufnon Twv auto@ayoowudTtwy Tapoucia Ttou U50,488H pe Treipduarta
OUVECTIOKNG MIKpookoTTiag. Ommwg @aivetal oto ZXAMA 4 emmwaon Twv Neuro-2A
KUTTapwV yia 6 wpeg Ye Tov aywvioTh U-50,488H kai cuvettakdAouBn avoooxpwaon
ME avTiowpa évavt TNG LC3 mpwrteivng €0€iEe TNV alénon Twv OTNKTWYV OTIYMATWY

NG LC3 1Tou avTIKaTOTITPICOUV Ta AUTOPAYOCWHATA CUYKPIVOUEVa pE To Control.
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- .

TO-PRO-3 MERGE

/
g
»
7
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Zxnua 4. EAsyxog Tou apibuou Twv autopayoowpdrwyv os Neuro-2A kUrrapa uorepa
amo svepyorroinan Tou K-omogidoug ummodoxéa. Neuro 2A kurrapa smwaornkav pe 20uM
U-50,488H yia 6 wpe¢ kai akoAoUBwg poviporrombnkav pe 100% pebavoin omwg
eplypdoerar arnv mapaypago 3.2.11. Ta KOTTapa UEAETHONKAV UE GUVEDTIQKN IKPOOKOTTIA
aou eixe mpayuarorroinBei avogoesmonuavan ue avriowua LC3B (1:200) yia Ttov evromoué
TWV aQUTOQPAYOOWUATWY Kai |IE CUYKEKPINEVA OEUTENLA QVTIOWLATA TTOU QELOUV XPWLOPOPES
ouadeg (Alexa-Fluor565nm, 1:200). H xpwaon tou rupnva €yive ue TO-PRO-3 iodide (1:500).

TéNog yia va emBeBaiwBouv Ta eupfuata autd oe éva KUTTApPIKG ouoTnua
TTou ek@PAdel evdoyevwg Tov K-OR TrpaypaTtotroiifnkav Treipduata oUveOTIOKAG
MIKPOOKOTTIOG O€ TIPWTOYEVEIG KAAMEPYEIEG VEUPWVWY OTTd TNV TTEPIOXH Tou
ITTTTOKAPTIOU  €UPPUWY  puwv. Neupwveg atmd TNV TTEPIOX TOU  ITTTTOKAUTIOU
armopovwenkav ammd éuBpua puwv E16.5, emoTpwlnkav o€ KAAUTITPIOEG Kal
emwaotnkav yia 10 pépeg OTTWG TTEPIypd@eTal oTnv Trapdypago 3.1.1.2. tnv
OUVEXEIQ, Ol TIPWTOYEVEIG KOANIEPYEIEG eTTWACTNKAY | oxl Ye 20uM U50,488H yia 6
wpeg  OTTOU  TTaPATNERBNKE alénon Twv AUTOPAYOOWHATWY UOTEPA  aTTo

gvepyotroinon tou K-OR.

TUJ-1 TO-PRO-3

Zxnua 5: EAgyxog Tou apifuou Twv autoQayoowWUATWY OE TPWTOYEVEIC KAAAIEPYEIES
VEUPWVWV ITTITOKAUTTOU UOTEPA ATO EVEPYOTTOiNaON TOU K-0OTmogidous umrodoxéa.
Arrouovwuévol veupwves emmwaartnkav e 20uM U-50,488H yia 6 wpe¢ kKai akoAoUuBwg
HoviuotToinenkav e 4% mapa@opuaidelidn omwe mepiypdeeral atnv mapaypaeo 3.2.11. Ta
KUTTQpQ  UEAETABNKav e  OUVECTIOKN)  UIKPOOKOTTIQ  a@oU  €ixe  mmPAyuaToTroinOesi
avoooemianuavon ue avriowpa LC3B (1:200) yia 1ov &viomoud Twv QuTo@ayoTWUATWY,
TUJ-1(1:1000) yia tn onuavon twv wpiuwv veupaéovwy kai TO-PRO-3 iodide (1:500) yia mn
xpwan tou rupnva. Ta amoreAéouara ammoTeAoUV ECO OPO TPIWV OIQQOPETIKWY TTEIPAUATWY
mooorikorroiwvrag 30 kKUTTapa ava ouvenkn WETpwvrag Tov apiBud twv LC3 anyudrwy ava
KkUtTapo Kai ekppalovrar w¢ *SEM  xpnoiuyomoiwvra¢ one-way ANOVA pe *p <0.05,
ouykKpIvoueva ue o Control.

MERGE
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Control U50,488H
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Ta eupAuata autd atmodelikvliouv TTwG N evepyotroinon tou K-OR atd Tov
€10IK6 aywvio U50,488H e1rdyel TNV auToQAYia O£ VEUPWVIKA KUTTAPA.



4.2 TlpoodIoPICHOS TWV EMITEOWY ATTOTITWONG KAl OEEIBWTIKOU OTPEG
(ROS) voTepa atrd evepyotroinon Tou K-OR o€ KOTTOpa Neuro-2A

H auto@ayia AciToupyei wg £€vag OPOIoTATIKOG UNXAVIOHOG TTOU ETTAYETAI WWOTE
va eUTTOdIOTE 1 aKOPa Kal va kabuoTteprnoel n évapén Tou ammoTITwTIKOU BavdaTou.
MNnvwpiCovtag 611 N auto@ayia PTTopei va evepyotroindei Adyw TnG aténong Twv pIfwv
oéuyovou (ROS) 6trou odnyoulv oe oTpeg oTo evooTTAacpaTikd dikTuo (ER stress)
(Cai et al, 2016) eCetdotnke av n evepyotroinon Tou K-OR odnyei o€ ofeIdWTIKO
otpeg. MNa 10 Adyo autd kuTTapa Neuro-2A emmwdoTtnkav rp ox1 ue U50,488H yia
O1d@popa Xpovika SIaCTAUATA Kal JE avaAUCn KUTTAPOMETPIOG PONG €EETAOTNKAV T
eTTTTEdA TOU OGEIBWTIKOU OTPEG KAl TNG ATTOTTTWONG TWV KUTTApwY. OTTWG @aiveTal
oto XXAMa 6A Ta emimeda Twv ROS mapoucia U50,488H trapéucivav otaBepd
OUYKPIVOUEVA HE Ta KUTTapa €A&yxou. Mapduoia amdTAéouata TTaparnehonkav Kai
ota emimeda amoOTTTWONG OTTWG @Qaivetar oto ZXAMa 6B omou Trapéueivav

QUETABANTO UOTEPA ATTO TN EVEPYOTTOINGN TOU K-OR yIa dIAPOPES XPOVIKEG OTIYHEG.

A B
2 =z, 27
- = Q@
U w
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Zxnua 6: Evepyomoinon tou k-OR Oev odnyei og aAdayéc ora emimeda ROS kai
amonmrwong og Neuro-2A kurrapa. A) Neuro-2A kdrrapa emwaornkav pe 20uM U50,488H
yia 6 wpes Kal akoAoUBw¢ emwdotnkav ue 10 @Bopilov uépio CM-H2-DCFDA yia tnv
TTOCOTIKOTTOINGN Twv EmMTEOWY €AeUBepwy pilwv oéuydvou. B) [lMapouoiw¢ Neuro-2A
kuUtTapa emwdaornkav ue 20uM U50,488H yia 6,24 kai 48 wpes. Ta kOTTapa poviuorroinénkav
ue 70% aiBavoAn, otn ouvéxela Eyive xpwon ue Propidium lodide (50ug/ml) kai avaAuBnkav
UE KUTTAQPOUETPIa pOAS OTTOU TTOOOTIKOTTOINONKE TO TTOCOOTO TWV ATTOTITWTIKWY KUTTGpwv. Ta
arroreAéouara ammoTreAoUV PEGO OPO TPIWV OIAPOPETIKWY TTEIPAUATWY Kal ekgppalovral w¢
1SEM xpnoiuorroiwvrag one-way ouykpivoueva e ro Control.

Ta eupriuata autd uTTodNAWVOUV OTI N EVEPYOTTOINON TOU K-OTTIOEION
uttodoxéa atrd 1o U50,488H dev odnyei o€ 0geIdwTIKO OTPEG OTA KUTTAPA KAl
WG €K TOUTOU Ogv OTTOTEAEI AUTO TO EVOOKUTTAPIKO €PEBICUA yIa TNV ETTAYWYA
NG auto@ayiag. EITTAéov, n €TWaACN TWV KUTTAPWY WE TOV €10IKO aywvIOTA
Oev odnyei o€ ATTOTITWTIKO KUTTAPIKO BAvaTo OeiXxvovTag TTwG eV ATTOTEAEI
TOgIKO TTapAyovTa yia Ta KUTTAPQ.
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4.3 'EAeyxog Tng K-OR emraydpeveng aurto@ayiag Trapoucia Tng
duvop@Pivngi 13, O TTPWTOYEVEIG KAAAIEPYEIEG VEUPW VWYV TTOVTIKOU.

‘Exovrag non amodeifel 611 n evepyotroinon Tou K-OR atmd 10 aAKOAOEISEC
U50,488H etrdyel Tnv auto@ayia o€ veupik@ KUTTApa akoAoUBwG eAEyEape €AV Kai N
EVEPYOTTOINOT TOU UTTOOOXEQ HE TO EVOOYEVEG VEUPOTIETTTIOIO, DUVOPYPIVN 13, ETTIQPEPEI
Tapouola amoteAéopata. Ommwg Tpoava@épdnke, n duvopeivn A aTtroTtelei éva
£VOOYEVEG OTTIOEIBEG TTETTTIOIO, HE auénuévn CUuyyEvEla KAl aywVvIoTIKA dpdon yia Tov
K-OTTIOE10r) UTTOOOXEQ.

20PeWVa PE TO TTAPATTAVW, VEUPIKA KUTTAPO TTOVTIKWY ATTOPOVWONKAV aTTod
TOV eYKEQAAO euBpuwyv E16.5 (BAéTre TTapdypago 3.4) kal emOoTpwONKav oe TpuAia
TTOU TTEPIEIXaV YUAAIVEG KAAUTTTPIOEG e€MIOTPpWUEVEG We poly-D-lysine. Ta kKUTTApPQ
apédnkav atov BaAapo emmwacng (37°C, 5%C0O;) va avatrTuxBoUv yia déKa NUEPES
woTe va emmTeUXOei N wpipavon Toug. Ev ouvexeia €yive TTPOETTWOON AUTWY PE 5 UM
norBNI yia 1 wpa, TToU atroteAei €va €idIkG yia Tov K-OR avraywvioThH Kal
akoAouBnaoe emmwacn PE TNV duvopeivni.is Yo 6 wpes. Ommwe @aivetal KAl GTo
ZXApa 7A n evepyotroinon Tou K-OR ammd 10 evdoyevég TTeTTidlo odnyei otnv
ETTAYWYN TNG auto@ayiag, OTTwg TTapatnerRdnke amod Ta augnuéva emiteda Tng LC3-
I, éva @aivouevo TTou avaoTéAAETal TTapouaia Tou norBNI, TTou emiBeBaiwver 6T n
ETTAywyn NG autogayiog emTeAeital péow Tou K-OR. AkOpa, e&eTdoTnkav Ta
TpwTeEivika etTireda TG Beclin 1, TTapoucia tng duvop®ivni iz, TTOU ATTOTEAEI €va
Baoiké TTapdyovia puBUIONG TOU OXNUATIONOU TWV QUTOQAYOCWHATWY Kal TTaidel
KeVTPIKO pOAO OTNV eKKivnon Kal oAokAripwaon TnG diadikaaoiag Tng autopayiag. ‘ETol,
TIPWTOYEVEIG KAANEPYEIEG VEUPWVWY ETTWAOTNKAY HE OIODOXIKEG OUYKEVTPWOEIG
ouvopYivnG.1z Yo 6 wpeg. Mapatnpndnke, augnon Twv emmédwy TG Beclin 1
votepa  ammd  evepyotroinon Tou K-OR ammd 710 €vOOYEVEG  VEUPOTIETTTIOIO
ouptrepaivovTag €101 TMwg N K-OR  emmayOuevn  autoayia  JTTOpEi  va
TTpayuatoTroin®ei kal atd Tnv duvop®ivny. iz (EXAMa 7B).

MapdaAAnAa, éAeyxog Twyv emmTédwy TG LC3 TTpwTeivng pe tnv puéBodo tng
OUVECTIOKNG MIKPOOKOTTIAG £€0€16e aunon Twv XOPaKTNEIoTIKWY LC3 oTiyudTwy o€
TIPWTOYEVEIC  KAANIEPYEIEG  VEUPWVWY  ITTTTOKAUTIOU  TTapoucia  duvopivnGi.is
Ouykpivopeva pe autd Tou atrouciale To evdoyevég ommoeldég (ExApa 7). H
TOUUTTOUAIVN TOU KUTTAPOOKEAETOU TWwV VEUPIKWY KUTTApwv (B-IIl tubulin  TUJ-1)
EMQaVICeTal PE TTPACIVO XPWHA KABWGS TO OEUTEPOYEVEG avTiowua €vavTi TnNG anti-f-

lll-TouptrOUAiVNG  €ival ouleuyuévo pe TTPACIVO  XPWHOQOPo. Méow autrig Tng
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onpavong yivetal o dIoXwPEIoCHOS TWV VEUPWVWY atmd Ta uttéAoITTa KUTTapa TTou

MTTOpPEI va TTEpIEXOVTal TNV KAAAIEPYEIQ, OTTWG T YAOIQKA Kal Ol QVWPIKOI VEUPWVEG.

Na onueiwBei 10 yeyovog Ot Ta emireda yAoiag OTa £UPPUA OTO CUYKEKPIPEVO

avatrtuglokd oTddio gival TTOAU XapnAd kdTi TTou e€aa@alilel TV dnuioupyia OXETIKA

“apIywy” VEUPWVIKWY KOAAIEpYEIwyY. Tautdxpova TTPAYMOTOTIOIEITAl XpWwon Twv

KUTTOPIKWY TTUPAVWY e PTTAE XpwoTIK (TO-PRO-3), woTte va gival gugavhy T1d

CwvTa KUTTOPA.
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Zxnua 7 . Emaywyn tng auroayiag puera amo svepyormoinon 1ou K-OR ue Tov evdoyevi
aywvior) Ouvopeivy A iz O& TIPWTOYEVEIC KAAAIEPYEIEC VEUPWVWYV TTOVTIKOU.
Atropovwyuévor veupwves ammd éuppua puwv E16.5 A) mposrrwdornkav e 5uM norBNI yia 1
wpa Kar akoAouBnoe erwaon e 1uM duvoppivn Ay.13 via 6 wpes. H mpwreivn LC3-1 kar LC3-
Il avixvedbnkav ue mm xpnon €dikoU avricwuaro¢ (LC3B 1:1000) évavri Twv TPWTEIVWY
autwv o¢ orumwua kara Western. Ta amoreAéouara amoreAoov uéogo 6po  TpIwv
OIQQOPETIKWV TTEIpAUATwy Kal ekppalovral ws +tSEM ypnoiuormroiwvrag one-way ANOVA e
*p <0.05, **p <0.01 guykpivoueva e 1o Control. B) Ta kUTTapa emwdotnkav yia 6 WPeS e
0.1, 1 ka1 20 uM ka1 n Tpwreivn avixvelubnke e €16Ik6 avriowua (1:3000). H mooorikomoinan
yiverar pe tov mpoadiopioud NS akTivng ue €idiko avriowpa (B-ACTIN 1:1000) évavri g
mpwreivng. Ta amoreAéouara amoreAolv péco 6po TpIWV OIAPOPETIKWY TTEIPAUATWY Kai
ekppalovral wg tSEM ypnoiuomoiwvrag two-way ANOVA ue *p <0.05, auykpivéueva pe 1o
Control kai #p <0.05. ) Ta veupika kOtrapa emwaotnkav ue 1uM duvopeivn Ai.13 yia 6 wpes
Kai akoAouBwcg poviuorroindnkav ue 100% uebavon. Ta KOTTapa LEAETABNKAvY e OUVEDTIAKN
HIKpOOKOTTIa aou ¢gixe mpayuaromoinbei avoooemiaruavon ue avriowua LC3B (1:200) yia
TOV €VIOmMOUG Twv autopayoowudrwy, TUJ-1 (1:1000) yia tnv onuavon Ttwv wpigwyv
veupaéovwy Kal L€ OUYKEKPIUEVA OEUTEPA QVTIOWUATA TTOU QEPOUV XPWHOPOPEC OUAOEC
(Alexa-Fluor565nm, 1:200 kar Alexa-Fluor488nm 1:200). Ta aurogayoocwuara
mapouoialovral ws KOKKIvVa aTiyuarda, Abyw cuoowpeuons tn¢ LC3-1l og aurd, ue mpdaivo o
KUTTAQPIKOG OKEAETOC TWV VEUPWVWY VW WE UTTAE xpwua trapoucialovial ol TTUPHVES TwV
KutTapwyv tnNg KaAAiépyeiag. H xpwan tou mrupriva €yive pe TO-PRO-3 iodide (1:500).TéAog
mapouadialeral GUyXwveuan OAwv Twv xpwuariouwy. Ta amoreAéouara amoreAolv éao 6po
TPIWV OIQQPOPETIKWY TTEIPAUATWY Kal ekgppdloviai ws *SEM xpnaoiuomoiwvra¢ one-way
ANOVA ouykpivoueva e 1o Control. lNoootikommombnkav 30 kUrrapa ava ouvBnkn kai
HETPNONKE 0 apiBuds Twv LC3 ariyudrwy ava kUrrapo.

4.4 H gvepyotroinon Tou K-omiogidoug utrodoxéa odnyei oTnv augnon
TWV TTPO-AUTOPAYIKWYV TTPpWTEIVWV PAS, Beclin 1 kai Atg5s.

H Onuioupyia Twv auto@ayikwy KUoTIBiwv KATA TO HNXAVIOPO NG
Makpoauto@ayiag TTEPIAaBAve! TTOANG SIOKPITA OTABIA OTA OTTOI0 CUMMETEXOUV £vag
TOAU  peydAog aplBuog  Tpwrteivwoy  (BAetre  TTapdaypago  1.7.1). Ta va
ATTOC0@NVIOOUNE TOV HOPIOKO PNXAVIOWO YECW TOU OTTOIOU N EVEPYOTTOINON TOU K-
OR emdyel TNV auto@ayia eEAEYEaUE TNV €TTIOPOACN TNG ETTWACNG TWV KUTTAPWY PE TOV
€1I0IkKd aywvioTt) U50,488H o€ TTPO-QUTOQAYIKEG TTPWTEIVEG TTOU CUMMETEXOUV O€
d1dpopa oTAdia TNG dNUIOUPYIAG TWV AUTOPAYOCWHATWV.

ApxIKG eEeTAOOQUE TO TTPWTEIVIKA ETTITTESQ TWV TTPO-AUTOPAYIKWY douwv (PAS
components) PETA aATTO €TTWACN TTPWTOYEVWY KAANEPYEIWY VEUPWVWY EPRPUWY
MUWV pe 20uM U50,488H yia didgopa xpovikd diaoTtripata. Omwg @aiveral Kal oTo
ZxApa 8A n evepyoTroinon Tou uttodoxéa o0dfRynoe oTnv augnon Twv TTPWTEIVWV
FIP200 kair ULK1 tTou oxnuaTti¢ouv £va TTOAU-TTPWTEIVIKO CUUTTAOKO YIO TNV €KKivnon
NG diadikaoiag. Evdiagépov atroTeAei TO0 yeyovog OTI n augnon autrh QTAVEl OTO
MEYIOTO UoTEpa aTTd 6 WpeS eTTwacon e To U50,488H kal cuvexiCouv va TTapapévouv
augnuéves €wg Kal 24 wpeg PETA uttodnAwvovtag OTI n auTogayia €TTAyETAl KAl
TTOPAMEVEI QUENPEVN VIO APKETO XPOVIKO dIdoTnA.
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EmmAéov, peAetiBnkav OUo Paoikeég TTpwTeiveg OTTwg ol Beclin 1 kair Atg5 Ttmou
OUMUETEXOUV OTNV E€MAYwyh Tng auto@ayiag puBuiovrag Oidgopa oTdadIa TOU
MNXaviopou TnG. ApxIKd, eAéyBnkav Ta TTpwTEiviKa eTTireda Tng Beclin 1 UoTtepa amod
gvepyotroinon Tou K-OR pe 20uM U50,488H oe kUttapa Neuro-2A yia didgopa
XPOVIKA dlaoTApaTa. 210 XXAMa 8B trapatnpeital auénon tng Beclin 1 petd amod pia
Wwpa evepyoTToinOoNG KAl CuveXidel va augdvetal UEXPI KAl 6 WPEG APYyoTEPA. 2TNV
ouvéxela eAéyBnkav TUXOV TPOTTOTTOINCEIG OTA ETTTTEDA TWV TTPO-AUTOPAYIKWY
TTPWTEIVWYV PETA aTTO evepyotroinon Tou K-OR. Ta 10 Adyo autd kutTapa Neuro-2A
ETTWAOTNKAV YIa 6 wpeg Ye did@opeg ouykevTpwoelg U50,488H. OTTwg @aivetal 010
IxApa 8 ta mpwreivikd emireda Twv Beclin1l kai Atg5 au&davovtal TTapouaia
U50,488H katd d000-£¢apTWHEVO TPOTTO. M'VWwpifovTag 6Tl N autoPayia aTToIKOOOET
TTOAU-OUBIKITIVIWUEVEG ] WN TTPpwTEIiVEG eAéyEaue TTapdAAnAa kal Ta eTiTeda TG
TpwTEiVNG p62, n omoia xapakTnpifetar wg “autophagy receptor protein” kai
OAANAETTIOPA HE TIG OURBIKITIVEG 0BNYWVTAG TA AQUTOPAYOCWHATA VO AVAYVWPIoOUV TO
TTPOG aTToIKOdOOUNON KUTTAPOTTAaouaTIKO (popTio (autophagic cargo). lNa 10 Adyo
auTd eAéyxBnkav Ta TTPWTEIVIKA eTTiTreda TNG p62 oe kUTTapa Neuro-2A petd atrd
emwaon 6 wpwv ce auéavoueveg ouykevipwoelg U-50,488H. Ta atroteAéouaTta
€deiCav peiwon Twv emMTTEdWY TNG P62 0€ AUEAVOUEVEG OUYKEVTPWOEIG TOU AYWVIOTA
oe oUykpion Mde Ta AOpaTta  atouciag aywvioTr) (control) (ZxAqupa 8IN). Ta
atroteAégpaTa autd dnAwvouv OTI N eTTayouevn atrd Tov K-OR autogayia odnyei aTtnv
aT1ToIKOOOUNON TTOAU-OUBIKITIVIWHEVWY TTPWTEIVWV Kal TTIRERaIvouV TNV aTTd TOV K-
OR etmrayéuevn autogayia.

TEANOG, €TMIOILUKOVTAG VO ATTOCOQPNVIOTEN av n evepyoTtroinon tou K-OR etnpéadel
O€ METAYPAPIKO €TTITTEDO TIG TTPO-AUTOPAYIKEG TTPWTEIVEG PEAETABNKAV Ta ETTITTEdA
Twv MRNAs Becn1 kai Atg5 yovidiwv petd ammd evepyotroinon tou uttodoxéa o€
KUTTapa Neuro-2A. OTrwg @aiveral oto ZXApa 8A, emwacn yia 6 wpeg pe 20uM Tou
€1dIkoU aywvioTr U50,488H, atropdvwaon Tou oAikoU RNA Kai TTOOOTIKA MEAETN TwV
MeTaypdowyv Twyv yovidiwv Becn1 kai Atg5 pe Real time PCR, €0cie 61 uttdpxel

augnon Twv MRNA emmmédwyv Twv Becn1 kai Atg5 yovidiwv.
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Zxnua 8. H evepyomroinon rou k-OR odnyei e aAdayéc ora smimeda Siapopwv mpo-
AUTOQPAYIKWY TTPWTEIVWYV. A) ATTOUOVWUEVOI VEUPWVES ETTWAECTNKAY O OUYKEVTPWwan 20 uM
mapoucia Tou €1dikoU yia Tov k-OR aywviorr) U50,488H yia 1, 6, 24 wpeg. Nooortikorroinon
Twv mpwreivikwy emmmédwv FIP200 kar ULKT éyive ue tn xpnon €dikwv aviiowudrwy évavri
Twv mpwreivwy autwy FIP200 (1:1000), ULK1 (1:1000). H mpwreivn Tuj-1 xpnoiuorroiiénke
yia Tnv mmogorikotroinon Twv oelyudrwy. B) Neuro-2A KUTTQpa eMWACTNKAV GE GUYKEVTOPWON
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20uM mapouacia tou €idikoUu aywviori U50,488H yia 0,5-6h kai 1mogorikotroiénkav.ra
mpwreivika emireda tng BECNL (1:1000). I') Neuro-2A kUtTapa eTwdoTnkav o CUYKEVTPWON
20-50 uM mapoudia tou €i1dikou aywviot) U50,488H yia 6 wpes kal Ta mpwreivika emimeda
Twv Beclin 1, ATG5, p62 éyive ue T XpNon €I0IKWY aVTICWUATWY EvavTl TwV TTPWTEVWY aQuTwy
ATG5 (1:500), BECN1 (1:3000) «ar (P62 1:500). H rmooorikomoinon &yive ue TOV
mpoadiopicud TS aktivng (B-ACTIN 1:1000). Ta amoreAéouara armmoteAouv péao 6p0 TPIWV
OIQQOPETIKWV TTEIpAUATWY Kal ekppdlovrai w¢ *SEM xpnoiuotroiwvia¢ one 1 two-way
ANOVA e *p <0.05, **p <0.01 guykpivéueva ue 1o Control.

45 H oupperoxn Twv G TpwTEIivWY 0TV K-OR £ITayouevn autopayia

MNvwpifovtag 611 0 K-0TMoEIdNG UTTodoXEaG oulelyvuTal PE VA CUYKEKPIUEVO
TANBuopod Gi/o TTpwTEivoy Kal OTI N EvePyOTToiNGN Tou 0dnyei 0Tn eWa@opUAiwGn
Twv MAP kivacwv (Papakonstantinou et al, 2015) o emouevog oTOXOG ATAV VA
eAeyxBei n ouppetoxn Twv Gi/lo kKivaowv oTtnv puBuion TG K-OR emmayduevng
auTto@ayiag. Kuttapa Neuro-2A 1Tou eK@pdlouv oTtaBepd Tov K-OR TTPOETTWACTNKAV
yia 16 wpeg he v Toivn Tou KOKKUTN (Pertussis-toxin, PTX) oe ouykévipwon 100
ng/ml ka1 oTn ouvéxela katepydotnkav o€ 20 kal 50uM U50,488H. H PTX odnyei otn
puBoluAiwon Tng Ga uttopovadag Twv Gi/o TTPWTEIVWY HE ATTOTEAECHA TNV
atrevepyoTroinan autwyv. OTTwg @aivetal oto ZXAMA 9A, Ta TTPWTEIVIKA €TTiTTeda TNG
LC3-1l peiwbnkav TTapoudia TNG TogivnG CUYKPIVOPEVO HE TO QVTIOTOIXO QATTOUCIOG
QUTAG OTa KUTTOPA TTOU €ixe evepyotroindei o uttodoxéag. MNapduola atroteAéouara

TTapatnpenénkav kal ota mimeda NG Beclin 1 (ZxApa 9B).
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Zxnua 9: PoAo¢ twv G, mpwreivwv ornv pubuion 1n¢ aurogayias uéow tou k-OR. A)
Neuro-2A korrapa mpoemwaotnkav pe 100 ng/ml mapouadia 1n 1oéivng Tou kokkUTn (PTX) yia
16 wpeg kai akoAoUbw¢ emwdoTnkav ue auéavoueves ouykevipwaels Tou U50,488H (20, 50
UM) yia 6 wpes. H avdiuon twv emmédwv tng LC3-I kai LC3-Il ue m xprion €dikou
avriowuarog (LC3B 1:1000) évavr Twv mpwreivwy autwv o€ otumwua kara Western. B)Ta
emmieda tn¢ Beclin 1 aviyveuBnkav oe avooooTumwua kard Western. H mpwreivn LC3-1 kai
LC3-Il aviyveubnkav.H tmooortikorroinon yiverai pe tov mpoodlopioué tNS aktivng ue &idIkO
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avriowpa (B-actin 1:1000) évavr tng mpwreivng. Ta amoreAéouara amoreAolv uéoo 6po TPIwV
OIaPOPETIKWY TTEIPAUATWY Kal ekppddovral ws +SEM #xpnaluorrma')vrag two-way ANOVA e *p
<0.05,**p<0.01 ouykpivéueva ue 1o control kar “p<0.05, p<0.01 ouykpivéueva e T0
U50,488H.

Ta dedopéva auTd deixvouv TTwG n atrevepyoTroinon Twv G TTpwTEIVWV odnyei o€
Meiwon 1) Twv emMTTEdWY TNG TTPOAUTOQPAYIKNG TTPpwWTEIvNG Beclin 1 kai i) o€ peiwaon
TNG ETTAYOUEVNG ATTO TOV K-OTTIOEIdN uTTodoXE D augnong TG LC3-1I emBefaiwvovtag
TNV UTTOBEON TTWG N £TTAYOPEVN aTTd Tov K-OR autogayia yivetal pe 1n JEGOAARNON

TWV Gjo TTPWTEIVWV.

4.6 H oupperoxn Twv ERK1,2 Kivacwv otnv K-OR g1Tayépevn autopayia

Ommwg Adn €xel avoeepBei n  evepyorroinon Tou K-OR  o0dnyei oTnv
QWoPopuAiwon Twv ERK1,2 KIvaowyv TTou PE TNV o€Ipd Toug pubpifouv KaBodikd
onNPaTodoTIKG JovoTTaTia. [Na To AOyo autd egeTdoape TNV oupueToxn Twv ERK1,2
Kivaowv oTtnv emayouevn amdé Ttov K-OR autogayia. Kuottapa Neuro-2A
TPOETWACTNKAV YyIa 2 Wpeg HME Tov €10IKG avaoToAéa Twv ERK1,2 kivaocwv
PD98059 kal akoAouBnoe ékBeon Twv KUTTApwV 01OV K- aywvioti U50,488H.
Mapartnpeital 611 n evepyotroinon tou K-OR atré 1o U50,488H yia 6 wpeg TTpAyuaTi
odAyei otnv Qwo@opuAiwon Twv ERK 1,2 Kivacwv Kal N Q¢wo@OpUAiwon auTr
avaoTéAMeTal TTapoucia Tou avaoToAéa PD98059 (ZxApa 10A). EmmimmAéov, n
avaoToAn TNG ewopopuliwong Twv ERK1,2 kivaowv odnyei otnv peiwon tng K-OR
eTayouEvNG auto@ayiag KabBwg trapaTtnendnke peiwon Twv emmmédwWY TNG TTPO-
auTto@ayikng TTpwTeivng Beclin 1 kai Tng LC3-I.

MNa va atroocagnvioTei av ol ERK 1,2 kivdoeg €ival ol povadikég avapeoa atnv
olkoyévela Twv MAP KIvaowv TTOU CUMMPETEXOUV OThV K-OR eTTayouevn autogayia
eNéyOnke emiong n  ouppetoxy Twv  JINK  kivaowv. Kottapa  Neuro-2A
TTpoeTwWACTNKAV yia 1 wpa WE Tov €10IKO avaoToAéa Tng evepyotroinong Twv JNK
Kivacwv SP600125 kai akoAolBnoe emwacn Twv Kuttdpwv pe U50,488H.
MapatnperiBnke o1 Ta TTpwTEIVIKA TTiTTeda TG LC3-II dev TTapouciacav avtioToixeg
MeTaBoOAéG oTa emmireda auto@ayiag TTApOAO TTOU N evepyoTToinon Tou UTTOdOoXEQ
0dnynoe atnv wo@opuliwon Twv JNK Kivaocwv uttodnAwvovTag TN Un CUPHETOXT

TwVv JNK Kivaocwv oTtnv K-OR etTayopevn autogayia. (ExAua 10B).
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Zxnua 10: O1 ERK 1,2 kivaoeg oupusréxouv ornv k-OR gmraydusvn aurogayia. A) Neuro-
2A kurrapa mposmwdatnkav e 20uM PD98059 yia 2 wpes Kai akoAoUuBwe evepyorroinbnkav
ue 20 uM U50,488H yia 6 wpeg. O1 mpwreiveg LC3-1, LC3-Il, Beclin 1, p-ERK1,2 (1:500) kai
ERK1,2 (1:1000), mou xpnoiuotroinénke yia tnv moCOTIKOTTOINGON, avixveubnkav ue 1n xpnon
EI0IKWV avTIOWUATWY €vavil Twv TPWTEIVWY autwy of avooooTurmwua kard Western. B)
Neuro-2A «kUrrapa mposmwdornkav ue 10 uM SP600125 yia 1 wpa kai akoAouBwg
evepyorroinbnkav pe 20 uM U50,488H yia 6 wpec. O1 mpwreiveg LC3-1, LC3-11, p-IJNK (1:500)
avixveulbnkav Ue TN xpNon EI0IKWV avTiowUAarwy évavrl Twv mpwreivwy autwyv. H mpwreivn
GAPDH (1:1000) xpnoiuotroiibnke yia Tnv TTOOOTIKOTTOINGN, O AaVvOOOOTUTTWMLA KATd
Western. Ta amoreAéouara amoreAoUv UECO OpO TPIWV OIQQOPETIKWY TTEIPAUATWY  Kal
ekppalovral ws £SEM xpnaoiuorroiwvrac two-way ANOVA e *p <0.05,**p<0.01 ouykpivéueva
ue 1o control kai #p<0.05 ouykpivoueva pe 1o U50,488H.

Ta amoteAéoparta autd uTTOdNAWVOUV TTWG O K-OTTIOEIONG UTTodoXEaG puBuilel TNV
auTogayia HEow £VOG ONUATOdOTIKOU JOVOTTATIOU TTOU EUTTAEKOVTAI £1DIKA Of ERK1,2

KIVAOEG.

4.7 H evepyotmroinon Tou K-OR egmdyer Tnv @Wo@opuAiwon Tou
METAypa@IKOU Trapdyovra CREB kai puBuilel Tnv £ék@pacn Tou
yovidiou tng Becnl.

lNa TNV Karavonorn Tou PopIakoU PovoTIaTiou PJECW TOU OTTOIOU N EVEPYOTTOINGN
Tou K-OR auédvel Ta emmieda TnG TTPo-auToPayikKAg TTpwTeivng Beclin 1 eAéygaue tnv
aAAnAouyia Tou UTTOKIVNTA TOU avTioTolxou Yyovidiou. BIBAIOYPA@IKEG avOQOPES
ammodeIkvUouv  Tnv UTTapEn &vog ouvinpnuévou onueiou 1mpdodeong yia Tov

MeTaypagikd TTapdyovia CREB oToug utrokivnTéG S1a@opwy auTtoQayikwy yovidiwy,
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oTTwg Beclin 1, Atg5, Ulk1 o€ Cwika povTéAa puwy (Seok et al.,2014). Otrwg @aiveTal
oTo ZXApa 11A, avodikd Tou yovidiou TnG Beclin 1 evroTrideTtal éva CRE ouvtnpnuevo
onueio mpoodeong (5-TGACGTCA-3’) yia 10 peTaypagikd Tmapdyovia CREB.
MNnwpifovtag 611 0o K-OR ouletyvutal e G TrpwTeiveg pubpidoviag KaBodikoug
oNPaTodoTIKOUG O0TOX0UG OTTWG N adevUAIKN KUukAdorn, ol MAP kivaoeg kair dAAoug
TEAEOTEG 0 UVOUAOHO Kal he To yeyovdg 6T ol ERK 1,2 kivdoeg @uwo@opuAiovouv
Tov peTaypa@ikd Trapdyovra CREB o1n oegpivn 133 eAéyEape av n evepyoTroinon Tou
K-OR @wo@opuhiwvel Tov CREB péow Twv ERK1,2 kivacwv. ‘ETTwaon KUTTapwv
Neuro-2A pe U50,488H kal PETETTEITA EAEYXOG TWV ETTITTEDWYV TNG QUOPOPUAIWUEVNG
Mopori¢ CREB éd¢ciEav TNV @wo@opuAiwan Tou PETAYPAQIKOU TTapdyovta (ZXAHA
11B). AvriBeta, o€ KOTTOPA TTOU €iXav TTPO-ETTWAOTEI YE TOV €I0IKO AVACTOAEQ TWV
ERK 1,2 kivacwv PD98059 £0ciCav peiwon Tng emaydpevng amd Tov k-OR
QwWoeopuAiwong Tou CREB. Ta amoteAéopaTta autd dnAwvouv 611 o K-OR
PwWopopuAiwvel Kal gvepyoTrolei Tou CREB péow twv ERK 1,2 kivacwyv. lMNa va
OIOTTIOTWOOUNE AV OVIWG O EVEPYOTTOINUEVOG METAYPA@IKOG Trapdyoviac CREB
odnyei oTnv peTaypagr Tou becnl yovidiou peTd amd evepyotroinon Tou K-OR
TTpaydaToTTOINenKav  TTeIpduaTa  AvOOOKATAKPAMVIONG TNG  XpwpaTtivng. Otmwg
@aivetal oto ZXAMa 11N n evepyotroinon Tou K-OR gvioxuel Tnv Tpdcdeon Tou CREB
OTOV UTTOKIVNTA TOUu yovidiou o€ ouykpion Pe To deiyua avagopdg (Cwveg 3-4). Ta
atroteAéoPaTa auUTG dnAwvouv OTI 0 pETaypa@ikdg TTapdyoviag CREB cupBdaAAel

oTnv a1o Tov K-OR emmayduevn augnon Tng £kppaong Tou becnl yovidiou.

A
Forward primer Reverse primer
—_— S
5'-[ UTR [ ]Promoter i BECNI] -3’
-439 | 5'-TGACGTCA-3' | -432
Consensus CRE site
B
1 2 3 4 " ; H#
- a o * *
P-CREB | e M s g,
P
—45kDa g2
CREB | (D EHED G e S
0
U50,488H - + - + U50,488H - + -+
PD98059 - - + + PD98059 - - o+ o+
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0,8
NRS CREB Inputs 0,6

1 2 3 4 5 6 4
02

Becnl —‘”0"9 o L]

U50,488H = = o = ¥ U50,488H - +

% of input
o

Zxnua 11: O usraypagikoc mapdyovragc CREB emdyer tnv usraypaen tou Becnl
yovidiou uerd amdé svepyomoinon tou k-OR A) Sxnuartikiy ameikévion 10U GUVINPENUEVOU
onueiou mpoadeang (TGACGTCA) yia rov peraypagikd mapdyovra CREB arov umokivnti Tou
yovidiou 1ng Becn1. B) Neuro-2A kUtrapa mposmwaotnkav pe 20uM PD98059 yia 2 wpeg Kai
akoAoUBw¢ emrwdaaornkav e 20 uM U50,488H yia 6 wpes. H pwopopuliwuévn mpwreivn p-
CREB (1:1000) avixvetbnke e 1n xpHNoN €10IKOU avTiowUaTrog Evavti TN TPWTEIVNS autnS Kai
Ta EMMTeda autrd TTOOOTIKOTTOINONKAV OUYKPITIKG UE Ta OAIKG emmireda tn¢ mpwreivne CREB
(1:1000) oe avoooorumwua kard Western. Ta amoreAéouara amoreAouv péoo 6po TPIWV
OIaQOPETIKWV TTEIpaudTwy Kai ekppalovral ws £SEM ypnoiuomoiwvrag two-way ANOVA ue
**n<0.01 ouykpvoueva ue To control kar *p<0.01 ouykpivéueva pe o U50,488H. I)) Neuro2A
kutrapa emrwdotnkav f oxi pe 20 uM U50,488H yia 6 wpes kai poviyotroimnOnkav ue 4%
Tapaopualdeudn ue OKOTTO TNV QkKIvNTOTTOINON Twv TTPWTEIVWY OTnV xpwuarivn. 2T1nv
OUVEXEID, aTTolovwonKav ol TTUPHVES Kal TTAPEANQOnNKe 10 yeveTIKO UAIKO o Bpauouara twv
200 Bdoewv. Ta Ociyuara emwdoTnkav e avriowua TTOU avayvwpilel 10 UETAYPAPIKO
mapayovia CREB 13 opoU TmoviikoU (apvnrik6¢ uapTupag) Kai akoAoubnoe ouv-
AVOOOKATAKPHUVION TwV CUUTTAGKWY QVTioWUATOS-UETAYPAPIKOU TTapdyovra-xpwuarivne oc
opaipidia ayapdlng. 2Zxediaotnkav €idIKG& OAlyovoukAgoTidla TTou TTpoodévovral  OToV
urrokivnt) tou Becn1 yowvidiou, ekarépwbBev Tou CRE onueiou mpoodeons. To DNA
arrouovwlnke amdé ta avoooouutAéyuara kai ue PCR moAAamAaoidoaue 10 onugio tou
utrokivnt) Tou yowvidiou Ttou Tmpocdéverar o CREB. Ta avriypapa mou mpoékuwav
nAektpogopnénkav oe TNkt ayapolng 2% wiv. Ta amoreAéouara auta amoreAoudv uéco 6po
TPIWV JIAPOPETIKWY TrEIpaudTwy e *p<0.05, auykpivéueva e To control.

Me Bdon OAa Ta TOpATTAVW OupTTEPaivoupe OTI 0  evepyotroinuévog K-OR
Qwoopuliovel TIC ERK1,2 Kivdoeg Tou ME Tn OEIpd TOUG EVEPYOTTOIOUV TOV
peTaypagikd TTapdyovia CREB o otroiog petafaivel otov TTuprva, TTPOCOEVETAI OTN
PUBUIOTIKR TTEPIOXH TOUu becnl yovidiou Kal €TTAYEl TNV PETAYPAPH Kal aug¢non Tng
ékppaong g Tpwreivng Beclin 1. H aténon aut) Tng Beclin 1 cupBdAAel oTo

oXNMATIOPS TWV AUTOPAYOCWHATWY KAl OTNV ETTAYWYN TG AUTOPAYIAG.

4.8 "EAeyX0g TNG £TTAYOUEVNG QUTOPAYIOG META OTTO EvEPyOTTOinoN Tou K-OR o€
{wikd povtéAa
‘Exovtag atmodeicel 0T n evepyotroinon tou K-OR etmrdyel Tnv autogayia o€
KUTTapa veupoPAactéuarog Neuro 2A Kal 0€ TIPWTOYEVEIGC KAANIEPYEIEG VEUPWVWV
TTOVTIKOU O €TTOUEVOG OTOXOG NTavV va emMREBAIWOOUYE AV AUTO TO QAIVOUEVO

TTapatnpeital Kar o€ in vivo {wik& povtéAa puwv. MNa 1o Adyo autd, xopnyrndnke
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evOOTTEPITOVAIOKA 0€ OUO opadeg puwyv (C57BL/6G) kaBnuepivd, yia 7 nuépeg, 5ma/kg
U50,488H kai 1o £€kd0ox0 (PUCIOAOYIKOG 0pAG). MeTd TO TEAOG TNG XOPAYNONS O MUEG
BavaTwbnkav Kal aTTopovwenKav TPEIS OIOPOPETIKEG TTEPIOXES TOU EYKEPAAOU OTTWG
0 QA0IOG, TO PABOWTO CWHA KAl O ITIMTTOKAWTTOS yia Tov EAEyX0 TwV ETITTEDWY TNG
mpwrteivng LC3 kai Tng Beclin 1. AvdAuon katd Western €0<i€e OTI Xoprynon
U50,488H odrynos o onuavtik augnon g LC3-1l mpwreivng OTOV ITITTOKAUTTO
OnAwvovTag TNV €maywyr TNG auto@ayiag oTnv CUYKEKPIPEVN TTeploxXn (EXAMa 12A).
AvtiBeta, kapia allaynota emireda TG LC3 dev mmapatnprnke orta AUppara
EYKEQPAAWY aTTd TIG TTEPIOXEG TOU QAoIOU Kal Tou paBdwTtol owuartog (ZxApa 12B-
12r).

A

IMNOKaUTOG

Saline U50,488H

BECLIN 1f s s # s (—60kDa

-rusuun S ...

w
w

~
~N
HH %

%

-

[

Saline U50,488H

Kok 15kDa 0 0
Les-n - Saline U50,488H Saline U50,488H

B-TUBULIN | S S

LC3-11/B-TUBULIN

BECLIN 1/B-TUBULIN

—45kDa

DAoLog
Saline U50,488H
BECLIN 1| s SN S S c0kDa = 3 " 3
2 S
2 =
=
B-TUBULIN’ — — — c— \-askoa ; 2 s 2
~ '
«Q
. z 1] =1 .
Saline U50,488H g I—X—‘ §

: o l— 0o L—
M- .“. —15kDa Saline U50,488H saline U50,488H

LC3-1I

B TUBULIN| —

Paféwto owua
Saline U50,488H

BECLIN 1| SSE_————-— - OkDa

23 3
3 z
2 =]
B-TUBULIN‘ — o G G |_45kD,., 272 L2
@ 73
s A
saline  U50,488H 2 -
g g

LC3-I G 5
Lc3-|||... .“15""“‘ Saline U50,488H Saline U50,488H

B-TUBULINI- — — —
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Zxnua 12: MeAérn tn¢ pubuiong tng auroeayiag uera amoé xopnynon U50,488H in vivo
og {wika povréAa puwyv. EAEyOnkav ta mpwreivikG emimeda twv LC3-1, LC3-1l kar Beclin 1
aTIC TTEPIOXEC Tou  A) imrrrokdutrou, B) @AoioU kai ') paBéwrou Uartepa armrd xopnynon tou
U50,488H. EvhAikor uieg C57BL/6 evéBnkav evOOTTEQITOVAIAKG 7 OUVEXOUEVES IEPES IE TOV
&10Ik6 aywviot) U50,488H diaAupévo oe @uaiodoyikd opd (0.9%NaCl) oe ouykévipwon
5mg/kg 1 ue 10 €KOOXO (PUTIOAOYIKOS 0p0C). MeTd TO TTEPAS TWV EVECEWVY aTTouovwonKav ol
TPEIC TTPATTAVW TTEPIOXEC TOU EYKEQAAOU Kal Ol TTPOAVAQPEPOEVTEC TTPWTEIVES OEIKTEC TNG
auro@ayiag avixveubnkav ue 1 xpnon &dikwv avriowuarwy (LC3B 1:1000, Beclin 1:1000)
évavri Twv TTPWTEIVWY autwyv o€ arumwua kard Western. H mooorikormroinan yiverai ue tov
mPOo0dIoPIoUS TNG TOUUTTOUAIVNG e €16IK6 avriowua (B-tubulin 1:1000). Ta amoreAéouara
arroreAoulv péao 6po 1piwv dIaPopeTikwy Treipaudrwy (n=4 {wa avd ykpourr) kai ekppalovrai
w¢ +SEM xpnaiuorroiwvrag one-way ANOVA pe *p<0.05 ouykpivéueva ue 1o saline group.

Ta amoteAéopaTa autd uttodnAwvouv TTWG N Xpovia Xopriynon U50,488H in vivo og

CWIKA PoVTEAD eVAAIKWY PJUWV 0dNyEi 0€ ETTAYWYA TNG QUTOPAYiAG GTOV ITTTTOKAUTTO.

4.9 Zuvanmrtoowpikég aAAayég UoTepa amd evepyotroinon Tou K-OR o€ in vivo

{WIKA HovTéAa

270 VEUPIKA KUTTAPO N QuTOQAYid CUMMPETEXEI OTAV CUVATITIKA TTAACTIKOTATA
KaBw¢ PtTopei va peiwaoel Tn veupodiaBifacn péow aTTolKOdOUNONG TWV CUVATITIKWY
KUOTISiwY TTPOCUVATITIKA A TWV UTTodoXEWV PeTaouvaTTika (Hernandez et al, 2012).
MoAAoi uttodoxeig 6TTwg o NMDA kal 0 MGLUR €xouv Tnv duvatdtnta va pubuicouv
TNV veupodiaBiBaon péow emaywyng Tng autoayiag (Kallergi et al., 2021).

Me yvwpova Tta trapamdvw, Oligpeuviioape av n K-OR emaydéuevn autogayia
odnyei og aAAayEéG OTn OPPOAOYIa TWV VEUPWVWY Kal EAEYEOUE av TTapaTnPouvTal
OAOYEG O€ OUYKEKPIMEVEG CUVATITOOWMIKEG TTPWTEIVEG PETA aTTO XOpPriynon Tou
U50,488H o¢ pueg. MNa 1o Adyo autd xopnyRbnkav evooTrePITOVAIKG 0€ BUO OPADEG
pMuwv (C57BL/6) U50,488H kai To £kBOXO (PUTIOAOYIKOG 0pAG) yia 7 nuépes. Metd 1o
TENOG TNG X0pPrynong, ol Jueg Bavatwinkav Kal Aarmopovwenkav o ITTTTOKAPTIog, TO
pPaBdwTd Kal 0 @AOIOG woTe va eAeyBouv Ta ETTTEdA TWV OCUVATTTOOWHIKWY
TpwTEIVWV Spinophilin, PSD95 kai SNAP25.

H HEAETN TWV OUYKEKPIMEVWY CUVOTITOOWHIKWY TTPWTEIVWV OEV OTTOTEAECE TUXAIT
€TMAOYA KOBWG Kal Ol TPEIG EVTOTTICOVTAI EITE TTIPOCUVATITIKA €iTE JETACUVATITIKA OAAG
EMTTALOV OTTWG TTPOKUTITEl aTTS in silico avaAuoeig TNG auivogikhig aAAnAouyiag autwv
TWV TPIWV TTpWTEIVV dlaBéTtouv poTiBo aAAnAemidpaong pe tnv Tpwrteivn LC3. To
MoTiBo autd “LIR motif’ (LC3 Interacting Region) xapartnpietal amd tnv aAAnAouxia
WIYIFXXI/LIV 6tou  TponyolvTial 1 i3 2 @opTiopéva  apivoééa kalr 1a “X

QVTITTPOCWTTEUOUV OTTOIAOATTOTE AUIVOEEQ.
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-
] LI R Autophagy Database

Home LIRCPs . BLAST GO Annotation » Search . Bibliography Help

Query: *NEURABIN Il

Motif Start End Pattern PSSM Score LIR in Anchor
WoexL 396 401 SAYSGL 5 Yes
WL G669 674 HKFKEL 5 Yes
WL 746 751 AQYQAL 9 No
Query: > PSD85
| Motif Start End Pattern PSSM Score | LIR in Anchor
xLIR 521 526 LSYETV 11 No
XLIR 695 700 DSFEEI 15 No
WaaxL 61 66 MEYEEI 12 No
WL 234 239 NTYDVV 11 Yes
WoaxL 292 207 RRYSPV 6 [ No
WaxL 323 328 LGFNIV 6 No
WaxxL 454 459 FHFGDV 3 [ No
WaxL 497 502 REWSRL 16 No
WaxxL 578 583 RDYHFV 13 [ No
WaxL 686 691 ECFSAI 5 No
WaxxL 713 718 GPYIWV 4 | No

Query: > SNAFP25

| Motif | Start | End Pattern | PSSMScore | LIR in Anchor |
WixL | 82 a7 GKFCGL 2 | Yes

Eikéva 18 : MBava LIR porifa yia 1i¢ 1peIg ouvanToowuikéS mpwreives Neurabin I
(Spinophilin), PSD95 kar SNAP25. livakag pe 1o povréAo mpoLAswng yia duvnrika onueia
aMnAemidpaong pe thv mpwreivn LC3 yia 1i¢ mpwreiveg Neurabin I, PSD95 kai SNAP25. H
aAAnAouyia tou xpnaiuomoiinke oro iLIR database (https://ilir.warwick.ac.uk/search.php)
TPOEPXETAI aTTod TO €i00¢ ToUu mus musculus gro ormroio mpayuarorroiénkav kai 1a OIKA Lag
eipdauara.

MN'vwpifovtag 6T n TpwTeivn LC3 egival duvnTikd oe B€on va aAAnAemdpdoel
ME TTPpWTEIVEG TTOU BlaBETouv TTEPIOXEG avayvwplong LIR mou uttdpyouv o€ didgopeg
mpwreiveg (Johansen & Lamark, 2020) kaBwg kai To yeyovog 6T o1 Spinophilin, PSD-
95 ka1 SNAP25 diaBétouv autd TO TTPOTUTTO avayvwpeiong otnv aAAnAouyia Toug,
Oommwg Tpoékuye atd T Bdon Oedopévwy iLIR, eEetdoape €dv  autéc ol
OUVOTITOOWUIKEG TTPWTEIVEG aAAnAemdpolv pe Tnv LC3. Tia 10 Adyo auTtd,
TTPAYHATOTTOINBNKAV TTEIPAPATA OUV-OVOOOKOTAKPAMVIONG O0€ AUPATA ITITTOKAWTTOU
xpnoigotroiwvTtag avriowpa €vavtl TG LC3. Omrwg @aivetal kar oto ZxApa 13A n
LC3 ouvKaTaKPAUVIOE Kal TIS TPEIG CUVATITOOWWIKES TTpwTEiveg Spinophilin, PSD-95
Kai SNAP-25 petd amdé avooooTUTTWON HE TA QVTIOTOIXO QVTICWHATA TTOU TIG
avayvwpifouv. AvtiBeta, avoookatakprjpvion e 1gG (apvnTikdg papTupag) oev
€0€1Ee Kapia atrd TIG TTapATTAvW TTPWTEIVEG deixvovTag OTI Oviwg n LC3 axnuarTicel
TTPWTEIVIKA CUPTTIAOKA PE TIG v AOyw TTpwrTEiveS. ETmiTAéov yia va emiBeBaiwbei ot

TTPAYUATI QUTEG OI TIPWTEIVEG EYKOATTWVOVTAI OTA QUTOQAYOCWHATA ATTOPOVWOnKav
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QUTOPAYIKA KUOTIOIa aTTd TNV TTEPIOXN TOU ITTTTOKANTIOU. OTTWwg Qaivetal 6To ZXAMA
13B oTa aTTOMOVWHEVA AUTOPAYOOWUATA TTAPATNEEITAI N TTAPOUCIa KOl TwV TPIWV
OUVOTITOOWHIKWY  TTpwTeivwy. Ta  va TautomonBei n  kaBapdétnta  Twv
QUTOPAYOCWHATWY HE TTIBAVES TTPOCMIEEIC aTTO TO EVOOTTAACUATIKG OIKTUO TTOU KATA
TNV TmeipapoTikh diadikacia Ppiokovral otnv idla  diemmpdaveia €{eTdoTNKAV  TA
TpwTeiVIKA  emmimmeda ¢ GRP94 10U atmoTeAel  TTpwTEivn  MOPTUPA  TOU
evooTTAaopaTikKoU OIKTUoU. OTwg @aivetal n GRP94 armrouciddel amd 10 TEAIKO
KAQO MO TTOU QTTOTEAEI TO ATTOPOVWHEVA QUTOPAYOCWHATA OE OXECN UE TO AVTIOTOIXO
TTOU TTEPIEIXE T AUTOPAYOCWHATA KAl TO EVOOTTAACUATIKO BiKTUO.

‘Etol, ouptrepaivoupe OTI n LC3 éxel T duvatotnTa va aAAnAemdpdoel ue
QUTEG TIG OUVOTITOOWWIKEG TTPWTEIVEG, VA TIG EYKOATTWOEI e autd Tov TPOTIO OTO
QUTOPAYOCWHA ATTOTEAWVTAG £TC1 TO AUTOQPAYIKO QOPTIO WOTE VA ATTOIKOOOUNBoUV

aKoAoUBwg atrd 10 Aucbowa.

AUpTa UTMOKAPTToU AutodayooswHATA UTTOKAUTOU
NRS LC3 Input Lysate AVs+ER AVs
- —140kDa —140kDa
SPINOPHILIN| Gp— ‘ SPINOPHILIN | 0 s
—100kDa
PSD-95| —— -‘ —100kDa

. PSD-95 | memm  mwees
SNAP-25 | -
LC3-1 — SNAP-25 | D .A —-25kDa

—15kDa
LC3-ll

GRP 94 | = = =100kDa

Zxnua 13: AAAnAsmidpaon Twv cuvanTikwv mpwreivwy Spinophilin, PSD-95, SNAP-25
pe Tnv LC3 Kal E0WTEPIKEUON OTA AUTOPAYOCWHATA OTNV TTEPIOXT) TOU ITTITOKAUTTOU. A)
la tnv avoookarakpruvion 700ug Auudrwy amo TNV TTERIOXH TOU ITTITOKAUTTOU ETTWACTNKAV
e 2ug avriowuaros LC3B 1 mapoucia 19G yia 16 wpeg. Ta avoooouutrAéyuara ueAeTiBnkav
oe orurtwua kard Western kai or mpwreiveg Spinophilin, PSD-95, SNAP-25 avixvetbnkav ue
™M xpnon €okwyv avricwudrwyv (PSD-95:1.1000, SNAP-25:1.1000, Spinophilin:1.1000). H
Tapouadia Twv TTPWTEIVWY auTwy oTo dEiyua avoookarakpruvions pe tnv LC3 urrodnAwver tnv
aAMnAemidpaon Toug ue autn TNV MPWTEIVN evw N TavieAng éAAsipn toug ammo 1o O&iyua Tou
19G umrodnAwvouv Tnv €IdIKOTNTA TNS TTEIPAUATIKAS O1adikaagias (apvnTikos Uaptupag). Avuara
irmokdutrou  (50ug)  yia TV mapoudia  Twv  TPWTEivwy  autwv  ora  Osiyuara  uag
xpnoigorroiibnkav w¢ BeTikd¢ udprupag. B) Na rtov mpoodiopioud T1ng mapouoias twv
oUVaTITIKWV TTPWTEIVWY OTa auropayoowuara, 50ug amd 1a amouovwuéva autopayika
KuoTidla OTTw¢ TTeplypderal otnv mmapaypago 3.2.4 ueAernbnkav kara Western kai ol
mpwreiveg Spinophilin, PSD-95, SNAP-25 aviyvelbnkav pe tm xpnon &0IKWV aviiowudTwy
(PSD-95:1.1000, SNAP-25:1.1000, Spinophilin:1.1000). Ton mrooérnta amd AUua ITTITOKAUTTOU
Kal TOU KAGOUQATOS TTOU TTEPIEIXE QUTOPAYOOWNATA Kal EVOOTTAQOLATIKO OIKTUO XNOIUOTTOINONKE
yia Tov TpoadIiopicud NS Kabaportntag aviyvevovrag tnv mpwreivn GRP94 (GRP94 1:500).
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MNa va peAethooupe av n k-OR emmayéuevn auto@ayia TTPoKaAei aAAayég o€

QUTEG TIG TTPWTEIVEG in vivo yxopnynobnke oe poeg U50,488H yia 6 pépeg. Omrwg

Qaivetal 010 ZXAMa 14A AUpata ITTTTOKAUTTOU PUWYV TTOU TOUG €ixe xopnynoei o k-

OTTIOEIBNG AYWVIOTHG €iXE AV ATTOTEAECUA TN KEIWON TWV ETTITTEDWY TNG OTTIVOPIAIVNG

kal Tng PSD-95. AvtiBeTta, kapia aAAayh oTa €TTITTEdO QUTWYV TWV TTPWTEIVWY O&v

TapaTNPENONKE OTa AUUPATO EYKEQAAWY aATTO TIG TTEPIOXEG TOU @AOIOU KAl TOU

paBdwTtou cwpuatog (ExAMa 14B kai 146N). Ta ammoteAéopata autd Seikvdouv OTI

QUTEG Ol OAAQYEG OTIG CUVOTITOOWMIKEG TTPWTEIVEG TTAPATNEOUVTAI OTNV TTEPIOXT TOU

ITTTTOKAPTTIOU OTTOU KAl TTapaTtnEnénke emaywyn TG autogayiag (IxAHa 12) evw dev

TTapatnENONKav TTapouoleg aAANaYEG OTIG UTTOAOITTEG TTEPIOXEG TTOU BEV UTTHPXE KAMIa

TPOTTOTTOINCN TOU PNXAVIOUOU TG auToPayiag.
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2xnua 14. Msiwon Twv OUVATITOOWUIKWY TPWTEIVWY OTOV ITTITOKAUTTO META armré
gvepyormoinon tou k-OR og {wika povréAa puwv. A) imrmokaumog , B) @Aoidg, IN
papdwré owpa. EAEyOnkav ta mpwreivikd emireda Twv Spinophilin, PSD-95 kar SNAP-25
aTIc TTEPIoXEC Tou  A) 1mrrmokdutou, B) @AoioU kai ') paBdwroU uer@ amd yxopnynon, UE
EVvOOTTEPITOVAIAKES  evEDEIS, eVNAIKwY puwv yia 6 uépes ue US0,488H OSiaAuuévo o€
@uaoioAoyiké opd (0.9%NaCl) oe ouykévipwan 5mglkg 1 pe 10 €k6oXO (PUTIOAOYIKOS 0POC).
MeTa 10 TEPAS TWV EVETEWY QTTOLOVWONKAVY OI TPEIS TTAPATTAVW TTEPIOXEC TOU EYKEPAAOU Kali
ol TTpoavapepBeiose TpwrEiveG aviyveubnkav ue T xpnon &dikwv avriowudtwyv (PSD-
95:1.1000, SNAP-25:1.1000, SPL:1.1000) oe oruomwua kara Western. H 1ogorikomoinan
yiverai pe tov mpoadiopioud tng L-rouuttoudivng ue €10iIk6 avriowyua (B-tubulin 1:1000). Ta
amroreAéouara armoreAolv uéoo 6po TpIwV SIAPOPETIKWY Telpaudtwy (n=4 {wa avd ykpouT)
Kkai ekppalovrai ws £SEM ypnaiuomoiwvra¢ one-way ANOVA e *p<0.05 ouykpivéueva L 10
saline group.

MNa va empBepaiwbei Tepairépw av ol aAAayEG oTa €TTITTEdO TWV TTPWTEIVWV
auTwy, Tou OlapecoAaBolvral Yéow evepyotroinong Tou k-OR, emnpedlouv TIg
OUVAYEIG, TTpaydaToTIONBnKav  TTapPOUOIES MEAETEC  0O€  QATTOPOVWHEVA
OUVATITOOWUATA ATTO TNV TTEPIOXN TOU ITTTTOKAUTTOU. OTTwg @aivetal 010 ZXAMa 15,
TTAPATNPEITAI MIa ONUAVTIKA Peiwan TG omvoiAivng, Tng PSD-95 kai Tng SNAP-25
OTO CUVOTITOOWHATA HUWYV OTOUug otroioug xopnyndnke U50,488H oe cuykpion ue

QuUTOUG TTOU TOUG gixe xopnynOBei puoioAoyikdg opadg.

ZUVOAMTOOWLOLTOL LITITOKALUTIOU

Saline U50,488H
—140kDa K 21 1 .
SPINOPHILIN | s— i 3 O Saline o0 U50,488H
(Y]
<
—100kDa o
PSD-95 | NN PN 5,1
o
a *
SNAP-25 | Ml R 2500 8 . .
.l I ]
PSD-95 Spinophilin SNAP-25
ACTIN - A [ —45kDa

Zxnua 15. Meiwon ouvanmTiIKwy TPWTEIVWY O ATTOUOVWUEVA CUVATITOCWNATA Ao TNV
mepioxn Tou irmokdumou. O1 mpwreives Spinophilin, PSD-95, SNAP-25 avixvetbnkav e
xpnon &dikwv avriowudtwy (PSD-95:1.1000, SNAP-25:1.1000, SPL:1.1000) c¢ orimwua
kara Western. H mmooortikorroinon yiverar pe tov mpoadiopioud TS akTivng ue idIkO avriowua
(B-ACTIN 1:1000). Ta amroreAéouara arroteAoUv péco 6p0 TPIWV SIAYOPETIKWY TTEIPAUATWY
(n=4 Cwa avd ykpourr) kai ekppalovral w¢ +SEM xpnoiuormoiwvrag one-way ANOVA e
*p<0.05 guykpivoueva e 1o saline group.

TéNog, yia va emBeBaiwooupe 0TI AUTA N PEIWON TWV CUVATITOCWHMIKWY TTPWTEIVWV
oQeiAeTal OTAV auToPayia PEAETHOAUE Ta ETTITTEdA TNG OTTIVOPIAIVNG Kal TG PSD-95
o¢ K-Neuro-2A KUTTapa PETA atrd evepyoTroinon Tou K-OR TTapouacia ) atroudia Tou

avaoToAéa Tng autogayiag BafA1. Omrwg gaiveral ato ZXAMa 16 n evepyotroinon Tou

K-OR vyia 16 wpeg pe 20uM U50,488H odAynoe OTn MEiwon Twv TTPWTEIVIKWV
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eMMEDWY TNG OTTIVOQIAIVNG Kal PSD-95 éva @aivopevo TTou avaoTpEPETal TTAPOUTia
NG BafAl.

1 2 3 4

SPINOPHILIN | e o s i |-14003

B-TUBULINl --“ ’-askoa

U50,488H - + - +
BafAl - - + +

~

-
7]

-

SPINOPHILIN PSD-95
12 3 4 .
PSD-05| g & 0 s s [ 100KP2 ’—“ I—Ll
B-TUBULIN | MR A - - |5 . °
+ - + - +

U50,488H - + -
U50,488H - + - + k
BafAl s .+ BafAl s = @y & L

o
«

NORMALIZED PROTEIN LEVELS

2xnua 16: H k-OR emayousvn aurogayia odnyei ormv amoikodounon rtwv
OUVATTTOOWNIKWY TTPWTEIVWYV. K-Neuro-2A kurrapa mpo-emwdartnkav 1 oxi ue 20nM BafAl
yia 16 wpeg Kar ueta ra Korrapa emwdornkav e 20uM U50,488H yia 16 wpes. Or mpwreiveg
Spinophilin, PSD-95 avixvetbnkav pe 1 xpnon &odikwv aviiowuarwy (PSD-95:1.1000,
SPL:1.1000) o€ oruomwua kard Western. H mooorikorroinan yiverai ue tov mpoadiopioud g
ToupTtroUuAivng e €10Ik6 avriowua (B-TUBULIN 1:1000). Ta amoreAéouara aurd amroreAodv 10
UETO 6O TPIWV JIAPOPETIKWY TTEIpauarwy. *p<0.05, ouykpivoueva ue 1o control Kai #p<0.05
ouykpivoueva e 1o U50,488H. Ta amoreAéouara armmoteAolv uéao Opo TpIWV OIAPOPETIKWY
meipaudtwy (N=4 {wa avd ykpout) Kai ekppadovrai w¢ +SEM yxpnoiuomoiwvrag two-way
ANOVA ue *p<0.05 guykpivoueva e 1o saline group.

Ta atmoteAéopata autd dnAwvouv O6TI 0 K-OR emrdyel TNV autogayia in vivo oTov
ITTTTOKAPTIO HUWVY KAl 0dnyei TNV AtroiKodOuNon TwWV CUVATITOCWHIKWY TTPWTEIVWV
ETTNPEACOVTAG £T01 TNV AEITOUPYIA TWV CUVAWEWV.

‘Exovtag atodeigel 611 n xopriynon Tou K-otmogidoug aywvioth US0,488H o¢
MUEG 0dnyei o€ eTTaywyr TNG auToPayiag aAAd Kal 0Tn PEIWoN TwY CUVATITOOWUIKWY
TIPWTEIVWV €I0IKA OTOV ITTTTOKAUTIO EYKEQPAAOU Kal OXI OTIG TTEPIOXEG TOU GAOIOU Kal
TOU PABdwWTOU eAéyEape TuxOV TPOTTOTTOINCEIG TTOU UTTOPEI va TTapatnpenBolv otnv
Hop@oAoyia Twv veupwvwy. MNa 1o Adyo auTd, TTPWTOYEVEIG KAANIEPYEIEG VEUPLWVWY
EUPBPUWYV TTOVTIKWY OTTOHOVWHEVEG ATTO TNV TTEPIOXN TOU ITITTOKAUTIOU ETTWACTNKAV
pe 20uM U50,488H yia 24 wpeg. Ev ouvexeia, ol veupiteg onudvlnkav pe avtiowua
évavtl NG B3-toupTrouAivng (TUJ-1) tTou avixveUel TOUG WPIKNOUG VEUPWVEG YIa Va
yivel n Tapatipnon Twv SIoKAaAdWOoEwY TwV Veupwvwyv. OTIwG @aiveTal 6To ZXAMA
17 n xopnynon U50,488H cixe cav ammoTéAecpa TNV ONUAVTIK HEIWoN Twv
dlakAadwoewv (branches) ouykpivopeva pe Ta kKOTTapa Control. Ta atmoteAéouara
autd dnAwvouv 0TI n K-OR eTTayopevn auto@ayia JETABAAAEI TNV VEUPITIKI avATITUEN

(sprouting) TBavov Adyw TNG ATTOIKOOONNONG TWV CUVATITOCWHIKWY TTPWTEIVWV.
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Zxnua 17: H evepyomoinon tou k-OR odnyei orn upgiwon tou apibuou Twv
SiakAadwoswyv Twv veupwvwy. Neupwves amd éuBpua puwyv (E16.5) kai emwaotnkav yia
10 pépec ware va emTeuxOei n wpiuavaon Toug. 2T GUVEXEIQ ETWACTNKAVY 1 OxI YIa 24 WPES e
20 uM U50,488H. Avoooavixveuon tng mpwreivne B3-rouuttoudivng, ue t xpnon &6ikou
avriowuarog (TUJ-1:1.000), mou evrormilerar oToug wpiuous 6evopites. H avixveuon tng TUJ-1
mpayuarormroinéne ue m xpnon deutepou avriowuarog Alexa Fluor 488 anti-Rabbit (71:500). Or
Tupnves onuavenkav pe 1 xpwortikn TO-PRO-3 (1:500) mou eKTTEUTTEI OTO UTTEPIWOES Kal
gupaviletal w¢ “weudoxpwua” ue UTTAE xpwua. Ta ammoreAéouara armroreAouv 10 uéco 6po
TPIWV OIAQPOPETIKWY TreElpaudrwy (n=100 KUTTApa avd ykpoutr) kai ekppalovral w¢ +SEM
xpnoiuorroiwvras one-way ANOVA ue ***p<0.001, ouykpivéueva e 1o Control.

4.10 H oupperoxn TnG K-OR €mayoOHEVNG AUTOQAYIOG OE KATAOTAOCEIG
0&€0G OTPEG.

H autogayia eival évag pnxaviouog Tou pubpidel TNV VEUPIK won HEoW
aT1ToIKO®OUNONG TWV UTTOOOXEWV OTIG CUVAWEIG KAl TWV CUVOTITIKWY KUOTISIWV.
Aedopéva uttooTNPICOUV TNV CUPPETOXN TNG auTogayiag ot diadikacieg Xpoviou R
o&éog oTpeg (Hernandez et al, 2012; Xiao et al, 2018). Nponyoupeveg PEAETEG, £XOUV
Ociel 0TI 0 KATAOTACEIG OEEOG A XPOVIOU OTPEG, TTAPATNPEITAI EKKPION UVOPQIVWV
ME atroTéAeopa Tnv evepyoTtroinon Tou K-OR. Autd €xel wg atToTEAECPO aP’evog TV
aAMayry otnv veupodiaBiBacn O€ OUYKEKPIMEVEG TTEPIOXEG TOU EYKEQPAAOU Kal
aQ’eTépou OAAQYEG OTNV VEUPWVIKN Hop@oAoyia emTnpedlovtag £T01 TNV CUVATITIK
mAaoTIkOTNTa (Bruchas et al, 2010; Dogra & Yadav, 2015). lNa va digpeuvnBei n
mBeav cuppetox TNG K-OR etmayduevng autopayiag o€ KOATaoTACEIC 0EE0G OTPEG
TE00€EPIC OMAdEG puwyv 3 unvwv uttoBAABnkav o€ dokiyacia e¢avaykaouévng
KOAUPBNnong (Force Swim Test) petd amd xopriynon Ttou €1dIkoUu yia Tov K-OR

avtaywviaT nor-BNI kai Tou ekddxou QualoAoyikou opou.
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Otmtwg @aivetal 010 ZXApa 18A, Tnv TpwTn PéPaA, dUo opdadeg puwyv (C57BL/6)
xopnyhbnkav evooTTePITOVAIKA HE TOV K-0TTIo€1dr avTaywvioTr) nor-BNI kal dUo dAAeg
OMGdeG pe TO €kDOXO (PUOIOAOYIKOG 0pdg). MéTa atmd pia wpa uttoBdAaue TIg dUO
OMGdeg Cwwyv, Tn TTPWTN TTOU €iXe xopnynoei o QuaioAoyIKOG 0pAg Kail TN deUTEPN TTOU
gixe xopnynOei pue Tov avraywvioTtn (Stressed groups) oe dokiyacia e¢avaykaouévng
KOAUPBNONG via 15 Aetrtd. Tautdypova, ol UTTOAOITTEG BUO Opadeg CWwV TTapPEUEVAV
oToUG KAWPBOUG Toug aTov idlo xwpo (Unstressed groups). Tnv emopevn y€pa o1 duo
ouGdeg Cwwv (Stressed groups) uttoBARBnKav o€ 4 d1adoxIKEG DOKIPATieg DIAPKEING
6 AeTTTWV eEavayKaopuEVNG KOAUPBNONG. AU0 WEEG, HETA TO TTEPAG TWV OOKIKATIWY Ol
MUEG BavaTwOnkav Kol OTTOPOVWONKAV Ol TTEPIOXEG TOU ITITTOKAPTIOU KOl Tou
TTPOMETWTTIAIOU PAOCIOU YIO TOV €AEYXO TWV ETTITTEOWYV TWV AUTOPAYIKWY TTPWTEIVWIV
LC3, Beclin 1 kaBwg Kal Twv OUVATITOCWHIKWY TTpwTeivioy PSD-95, SNAP-25 Kal
Spinophilin.

MNa va diamoTwoouphe OTI Oviwg Ta (wa BPIOCKOVTAV O€ KATAOTOON OTPEG
TTPOOBIOPIOTNKE O XPOVOC akivnoiag Tou (wou, TTOU aTToTEAEI KAAOOIKO QaIvOTUTIO
EMOAVIONG AYXOUG VIO TN OUYKEKPIYEVN dladIKaoia avaueoa oTnv ouada TTou Eixe
AGBel Tov Qualoloyikd opd Kal o€ auTr] TTou gixe dexBei Tov avraywvioTi nor-BNI.
Auté pag emTpémTel va emBeBaiwyooupe OTI TTPAyuaT Ta {Wa €XOUV UTTOOTEl TO
TTEPIBAANOVTIKO OTPECOOYOVO €PEBICUO KAl UTTAPXOUV dIa@opEg UoTepa ammd Tn
xopriynon tou avraywvioTi norBNI. Ottwg @aivetal oto ZXApa 18B mTapatnpoulue o1l
0 XPOVOG OKIVNOIOG TwWV PUWV ATV MIKPOTEPOG OTa (wa TTou gixav dOexPei Tov
avraywvioth norBNI, o ouykpion pe autd TTou Toug gixe xopnynOei @uoioAoyikodg
0po¢. To yeyovdg autd dnAwvel OTI n XopAynon Tou avraywvioTr nor-BNI kai n
OUVETTAKOAOUBN avaoToAr, TNG atmd Tnv duvopivn (AOyw OTPEG), EVEPYOTTOINGNG TOU
K-OR, UEIVEI TNV AYXWTIKA CUPTTEPIPOPA TWV PUWYV 0€ GUYKPIoON YE QUTA TTOU Eixav

0exOei Tov PuaCIoAOYIKO 0p0.
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2xnua 18: Zuuperoxn tng k-OR emaydusvng auropayiag o karaoraon o§éog oTpeg. A)
2XNUATIKA ATTEIKOVION TOU TTEIPAUATIKOU TTPWTOKOAAOU The eéavaykaouévng koAuuBnong omou
urmoBAnBnkav ta {wikd povréda perd 1n xopnynon tou avraywviorh nor-BNI (10mg/kg) A
@uaioAoyikoU opou. B) Mérpnon tou xpovou akivnaiag¢ tou {wou (QaivorutroS &Ueaviaong
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dyxoug) avausoa otnv oudda 1mou &ixe AaBer Tov QuUaIOAOYIKO 0p06 Kai O€ auTh TToU gixe OexO¢ei
rov avraywviori nor-BNI (10mg/kg). Fa 1 OUUTTEPIPOPIKES UEAETEC O XPOVOS aKivnaiag
TTOOOTIKOTTOINONKE ue TN xpnon &10IKoU AoyiouikoU avdAuong Twv KIVACEWV OTTwWS
replypderar aric Mebddoug. Ta amoreAéouara aurd amoreAolv 10 péco 6po n=6 {wa avd
YKPOUTT. *p<0.05, ouykpivoueva e 1o Control xpnaoiuorroiwvrag one-way ANOVA.

ATIO TNV GAAN TTAEUPA N €KBEON TWV PUWV O€ OCU OTPEG €iXE WG ATTOTEAETPA va
TapatnenBei augnon Twv TpwTeivwy LC3-1l kai Beclin 1 oTnv TTeEPIOX] TOU
ITTTTOKAPTTOU UTTOONAWVOVTAG TNV £TTaywyr TNG auto@ayiag XxApa 19A. AvriBera,
METPNON Twv idIWV auToPayIkKwV OLIKTWV Oev €D€IGE OTNV TIEPIOX] TOU TTPO-
MeTwTTIaiou @AoioUu ZxAua 19B. Ta atroteAéouara autd dnAwvouv 6TI 0€ KATACTATEIG
0&éog oTpeg emdyetal n autogayia Adyw TnNG atreAeuBépwang Tng duvopivng HE
OUVETTAKOAOUBO TNV gvepyoTToinon Tou K-OR oTnv TTEPIOYT] TOU ITTTTOKAGUTTOU.

EmmAfov, peAetiBnkav Ta emimeda TwV OCUVOTITOOWHIKWY TTPWTEIVWV OTNV
TTEPIOXI TOU ITTTTOKAUTIOU Kal PAOIOU OTIC avTioToIxeG OuGdeg yuwyv. OTTwg @aiveral
oTto0 ZXAMa 19 mrapatnprABnke MPEIWON TwV CUVATITOCWHIKWY TTPWTEIVWV OTNV
oudda Twv puwyv TTou UTToBARBNKav oe e€avaykaopévn KOAUPBNon kai gixav dexOei
TO QUOCIOAOYIKO Opd CUYKPITIKA ME TOUG MUEG TTOU OEV €iXav UTTOOTEI OTPEG OTOV
ImroKapTTo. AvriBeta, dev TTapaTtnpABnKe Peiwon Twv AvTioTOIXWVY TTPWTEIVWV OTA
(wa TToU £ixe TTPoNyNBei n xopAynon Tou avraywvioTh nor-BNI. Evdio@épov attoTeAEi
TO yeyovog Ot dev mmapatnprinkav Trapduoleg aAAayEG oTnv TTEPIOXA TOU TTpO-

METWTTIAIOU PAoIoU (ZXAMa 18A).
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Zxnua 19: Zupueroxn tng k-OR gmaydusvng auropayiag o karaoraon o§éos oTpeg. A)
MeAéTn Tng autopayiag aTov ITIToKauTo Kai B) ato @Aoid, o€ {wika povréAa kara 1n OIGpKeIa
oéoc oTpec 1 un Tmapoudia 1 amoucia Tou avraywviori nor-BNI (10mg/kg).
lNooortikotromnénkav oi autrogayikoi o¢ikte¢ Beclin 1, LC3-I kai LC3-Il ue tn xpnon €idikou
avriowparo¢ (BECNT 1:1000, LC3B 1:1000) oe orummwyua karad Western. Ta emimeda Twv
TPWTEIVWY auTtwyv ouykpiBnkav avdusoa  oni¢ 4 ouddes Jwwv. N Avdiuon twv
ouvamroowuikwy mpwreivwy Spinophilin, PSD95 kar SNAP-25 o€ orummwua kard Western ue
™M xpnon edikwyv aviiowpdarwy (SPL 1:2000, PSD-95 1:1000, SNAP-25 1:1000) orov
IrmrokauTTo Kai A) oto @Aoid puwyv uatepa amé éavaykaouévn koAuuBnon n un mapouadia
arrouoia tou avraywvior) nor-BNIl. H rmooorikorroinon yiverar pe tov mpoadiopioud g L-
ToupTtrouAivng e €161k6 avriowua (B-TUBULIN 1:1000). Ta amoreAéouara autd amoreAouv 1o
Héoo 6po n=6 Jwa ava ykpourr Kai ekppalovrar w¢ *SEM  yxpnoiuomoiwvrag two-way
ANOVA.*p<0.05, auykpIvéueva e To yKpoUTT Twv non stressed {wwv Tou Tou gixe xopnynoei
(UOIOAOYIKOS 0pOC, #p<0.05 OUYKPIVOUEVA [IE TO YKPOUTT Twv stressed {wwyv TTou TOUS &ixe
Xopnynbei puaioAoyIKOS 0p4¢.

Zuptrepaivoupe Aoirév 0TI N TTaywyr TNG auto@ayiag péow Tou K-OR petd
at1rd 0EU OTPEG 0ONYEI 0€ PEIWON TWV CUVATITOCWHIKWY TTPWTEIVWY OTNV TTEPIOXT TOU

ITTTTOKAPTTIOU KATI TTOU OEV GUVERN OTOV TTPOUETWTTIAIO PAOIO.

4.11 Emidpaon Tou ¢€18ikoUu avraywviotly CERC-501 otnv Kk-OR
ETTAYOMEVN auToQayia.
MN'vwpifovtag 611 n pUBIoN TOU ONUOTOBOTIKOU POVOTIATIOU TOU K-OTTIOEIB0UG
UTTOOOXEQ ATTOTEAET PAPPAKOAOYIKO OTOXO YIa TV AVATITUEN AyXOAUTIKWY QAPHAKWY
(Domi et al, 2018; Jacobson et al, 2020) eAéyEape Tnv dpdon TOU K-OTTIOEIOOUG

avraywviat) CERC-501 1rou Bpioketal o€ KAIVIKA @don Il wg ayxoAuTIKO @ApuaKO.
116



MNa 1o Adyo autd, kutTapa Neuro-2A mrpoeTtwdaoTtnkayv e 5 yM CERC-501 yia 1 wpa
KAl OTn OUVEXEID eTTwAcTNKav Trapoudia Tou U50,488H yia 6 wpeg. OTTwg aivetal
o710 ZXAMA 20 TTPO-£TTWACH TWV KUTTAPpWY PE Tov avraywvioThh CERC-501 odriynoe
oTn peiwon TG K-OR emmayouevng augnong 1ng Beclin 1 mpwrteivng kar tng LC3-I

utTodnAwvovTag TNV avaoToAf TNG K-OR eTTayouevng autogayiag.

6 * * 4 ILII_*I
BECLIN 1 | e i — w [T 1 2
24 3’
2 — 2
LC3-1 | i S . & = 1
LC3-11 . —_ =, g,
! US0,488H - + - +  US0488H - + - +
AT | - e  CERCS01 - -+ + CERCS01 - -+ 4
U50,488H - + - +
CERC-501 - - + +

2xnua 20: Emidpaon rou avraywviory CERC-501 ornv k-OR emayousvn auroeayia.
Korrapa Neuro-2A errwaotnkav ue 20 uM U50,488H yia 6 wpe¢ mapouaia 1 6y 5uM CERC-
501 yia 1 wpa. Ta kUTTapa AuBnkav kai 1O KUTTAPOTTAAOUaTikO UAIKG avaAuBnke ue
avaooooTuTwon kara Western. H mpwreivn Beclin 1, LC3-I kai LC3-1I avixvetbnkav ue
xpnon dikwy avriowudrwy (Beclin 1 1:1000, LC3B 1:1000) évavri autwy O€ OTUTTWLA KATd
Western. H mooortikorroinon yiverai pe tov mpoadiopioud 1ng B-aktivng ue €1diko avriowua (B-
ACTIN 1:1000). Ta amoreAéouara autrd amoreAolv 10 €GO OGP0 n=3 TTEIPAUATWY Kai
ekppdadovral ws rSEM xpnoiuomoiwvrag two-way ANOVA me *p<0.05, ouykpivoueva LE 10
Control kar ro U50,488H.

Ta amoteAéoparta autd dnAwvouv 6T n eTTaywyr TNG auto@ayiag yéow Tou K-OR
avaoTéAMetal amdé Tnv dpdon Tou avraywvioti CERC-501 kai pag odnyei va
uttoBéooupe 6T N ayxoAuTiki dpdon Tou CERC-501 mBavév va oxeTifetal Je tnv
pUBuIoN TNG K-OR £TTayOPEVNG AUTOPAYIOG KAl TWV CUVATITOCWHIKWY OAAQYWY TTOU
auTA TTPoKaAeil. To atmoTéAeopa auto odnyei o€ €va véo TTedio €peuvag yia Ty dpdon

Kal KAIVIKA EQOAPHUOYN CUYKEKPIMEVWVY AYXOAUTIKWY KAl QVTI-KATABAITITIKWY QaApPUAKWY.
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5. ZulATnon
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O1 omioeideic uttodoxeic puBuiCouv TIG digpyaaicg TTou oxeTiCovTal he Tn diIdBeon
Kal o1roTeAoUV  OonuUAvTIKOUG TTGPAYOVTEG OTIC  WUXIOTPIKEG  OIOTAPAXEG  TTOU
Xapaktnpifovral atrd dUCAEITOUPYIa OTA CUCTHAPATA TNG avTapoIBng, OTTWG 0 €BICUOG
Kal n katdBAiyn. EmmmAéov, Ta otmoeidry pubpifouv Tov KUTTAPIKO TTOAAQTTAACIOCUO
Kal Tnv €mBiwaon, aAAd Ol JOPIAKOI PNXAVIOKOi TTou SIETTOUV auTd Ta Qalvopeva dev
£€Xouv akoun atrooca@nvioTei. Kal o1 TPEIG UTTOTUTTOI OTTIOEIBWY UTTODOXEWVY U-, O- KOl
K- €ival uttodoxeic ouleuypévol pe G-mmpwreiveg (GPCRs) 1Tou karavéuovtal O0To
KEVTPIKG Kal TTEPIPEPIKS VEUPIKO cUuoTnua. EvepyotToloUvTal atrd evOoyevr) TTETTTIOIA I
atmmd TN xopriynon omocidwyv Qapudkwyv. Ta oTTiogidr) TPOTTOTTOIoUV CNUAVTIKA Tn
veupodlaBifaon kal va MPeTABAAOUV T QUOIOAOYIKA] CUVATITIKA  AEIToupyia,
oupTtrepIAaupavouévwy Twv LTP kai LTD (Dacher and Nougent 2011; Drake et al,
2007). EmimrAéov, Ta evdoyevry OTTIOEION TTETTTIOIO €XOoUV TTPOCQPATA ATTOdEIXOE OTI
TIPOKAAOUV UAKPOXPOVIEG AANAYEG OTN VEUPWVIKA dpacTnpidTNTa oToV UTTOBAAaUO
Kai Tov IrrékapTTo (Atwood et al, 2014).

MeAETeg €xouv Oeifel 0TI OTOV EYKEPAAO 0 K-OR €UTTAEKETAI OTIG ATTOKPITEIG TTOU
oxeTiCovral YE TO OTPEG KOl OTN VEUPOYEVEDT TWV EVNAIKWY KABWCS aywvIoTEG Kal
avTaywviaTéG Tou K-OR aokouv IoXUpr TTPO- Kail avTIKATaBAITTTIK dpdon, avTioToiXa,
oe TpwkTIKA (Kibaly et al, 2019; Lutz & Kieffer, 2013). H gvepyotroinon Tou k-OR in
Vivo TTpoAyel TNV atrooTpo@r], Tn duoc@opia, TNV KATABAIYn KAl CUPTTEPIPOPES TTOU
Moidlouv pe ayxog (Hang et al, 2015; Lalanne et al, 2014; Lutz & Kieffer, 2013;
Tejeda et al, 2012). AvriBeta, o1 aviaywvioTéG Tou K-OR OTTOTPETTOUV TTOAAEG
EMOPATEIG TOU OTPEG KAl TIG CUUTTEPIPOPIKEG ATTOKPICEIG TTOU TTPOKAAOUVTAl ATTO TO
OTPEG Kal yIa TO AOyo auTo BewpolvTal wg vEa BepaTTeuTIkKG Péoa yia dIATAPAXES TTOU
oxetiCovrar ye 10 OTpeg (Jacobson et al, 2020; Rorick-Kehn et al, 2014). To
evdoyevég auoTnua duvopeivng/k-OR dladpapaTifel onUavTikd pOAO O KATAOTACEIG
otpeg (Van't Veer and Carlezon 2013; Lallane et al, 2014; Hang et al., 2015). To
OTPEG UTTAOKAPEI TN HOKpOoXPEOvIa evOUVAUWON Tou veupikou onuatog (LTP) péow
NG ameAeuBépwong  evdoyevwy  OTTIoEIdWY,  cupTrepIAauBavopévng NG
atreAeUBépwong Tou evdoyevoUg K-OTTIoEIdoUG veupoTreTmidiou, TNG duvopeivng. To
OTPEG €ival pia oUVOETN QuGIoAoyIKA dIadikaoia TTou €XEl TTPWTIOTWS TTPOCAPHOCTIKA
agia, aAAG ptTopei va odnynoel oe TTaBOAOYIKEG KOTAOTACEIG KATA TN OIGPKEIN
TTapaTeETOPEVWY KAl UTTEPBOAIKWY  OTpecoydvwy  eutTeipiwy.  Eivar  1TAéov
TEKUNPIWPEVO OTI T gvdoyevr oTmiosid cuoTiuata dladpapaTtiCouv onuavTikdé poAo

O€ KATOOTAOEIG AyXOUG, O€ PAIVOPEVA avTapoIBrG Kal aTn puBuion Tng didbsong. H

119



TTapaTteTapévn onuaTtodoTnon Tou K-OR wg atrékpion o€ XPOVIO 1 aveEEAEYKTO OTPEG
MTTOPEl Vva 0dNyRoEl 0€ HOVIUEG OAAQYEG OTN CUUTTEPIPOPA TTOU Eival XOPAKTNPIOTIKES
QUTWYV TTOU TTapaTnpEouvTal OTIC avBpwTTiveg KatabBAITTTIKEG diatapaxés (Nestler &
Carlezon, 2006; Pittenger kai Duman, 2008). O kaTaBAITITIKOG @AIVOTUTIOG TTOU
OTTOTEAEI CUVETTEIO TOU OTPEG OTA TPWKTIKA PEIWVETAI JE XOPAYNON AvVTAyWwVIOTWYV TOU
K-OR 1] pg atraloiprf Twv yovidiwv TTou KwOIKOTTOIOUV TOUG K-OTTIOEIDEIG UTTODOXEIG N
TNV TTPpoduvop@ivn (Mague et al, 2003; McLaughlin et al, 2003; McLaughlin et al,
2006; Bruchas et al, 2007). Autoi ol KaTaBANITITIKOI @aivéTUTIOl €ival OuxXvda
TEPIOOOTEPO  EUPAVEIC MHETA aTTd  eTTAVOAAUBAVOUEVO OTPEG, Yeyovog TTOU
uttodnAwvel OTI To ouoThua Tou K-OR utropei va eival 181aitepa onPavTikKo yia TV
gvioxuon A TNV eVaioBNTOTTOINCTN AQUTWY TWV ATTOKPICEWY. Av Kal 0 pOAog Twv K-ORS
oTn PUBJIoN TNG dIdBeong dev gival TTARPWG KaTavontog, n duvopivn Kal ol K-ORs
eKQPACoVTal 0€ OAEG TIG TTEPIOXEG TOU HETAIXMIAKOU EYKEQPAAOU TTOU EUTTAEKOVTOI OTNV
TTaBo@uaioloyia TNG KATABAIWNG Kal TwV ayXWTIKWY dIATapaxWwyV. ZTOUG avBpwIToug,
ol €TAEKTIKOI aywvioTéEC Tou K-OR Trapdyouv apvnTikéG KaTtaoTdoelg O1dBeong,
oupTtrepiAaupBavouévng TG duoopiag kair Tou dyxouc. O MclLaughlin kai ol
OUVEPYATEG TOU ATAV Ol TTPWTOI TTOU aVOKAAUWAV ToV POAO Twyv dUVOPQPIVWV Kal TWV
K-ORs 0T PETADOON TWV ETTIOPACEWY TOU KOIVWVIKOU OTPEG. AVTaywVvIOTEG Tou K-OR
r n atraloipr] Tou yovidiou Tou K-OR €xouv w¢ atmmoTéAeopa TV YEiwon TNG akivnaoiog
o€ dokipaoieg e€avaykaopévng koAuupnong (Forced Swim Test) (Mague et al, 2003;
McLaughlin et al, 2006a; McLaughlin et al, 2003a; Pliakas et al, 2001). MNMapduoia
arroTeAéopaTa TTapatnEouvTal £TTiong O6tav N XOpAynon aviaywviotwy Tou K-OR
TTpayuaToTrolEiTal TTpIv Ta {wik& pyovTéAa uttoBAnBoUv o€ dokipaoia e§avaykaouévng
KOAUMBNONG, yeyovog TTou uttodnAWwveEl 0TI N avacToAl TOU OUCTHPATOG Tou K-OR
MTTOpEl va gival €mapkAG yia TNV TTPOANWN TWV VEUPIKWY TIPOCOPHOYWY TToU
OleukoAUvouv TnVv akivnaia. Mapouoiwg, n xopriynon nor-BNI petd amd oTpeccoyovo
epéBiopa Tmapdyel avrikaTabAITTTIKG atroTeAéopaTa oe dokiyaoia footshock (Wiley et
al, 2009).

H auto@ayia eUTTAEKETOI OTAV KUTTAPIKA augnon, Tnv €mRiwon, TNV avarTuén
Kal Tov B4avarto, €MOpEVWG Ta eTTiTeda TNG auTto@ayiag TTpémmel va puBuifovrtal
KAatdAAnAa, OTTwg uttodeikvUEl TO yeyovog OTI n aTToppuBuIouévn auTo@ayia €XEl
ouvoeBei he TTOAAEG avBpwTTIiveg TTaBo@ualoloyieg, 6TTwG 0 KAPKIVOG, Ol HUOTTABEIEG,
O VEUPOEKPUAIOUOG, OI KOPDBIOKEG Kal NTTATIKEG TTABNOEIC KAl Ol YOOTPEVTEPIKES

diarapaxég. Meipapatika dedopéva deixvouv OTI n autoayia pubuifel TNV avaTTuén
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Kal TN Aeiroupyia Twv agdvwy, Twv deVOPITWYV Kal TWV CUVAYEWYV, EVW N AQVETTAPKNAG 1
uTTEPBOAIKA auTOoQaAyia OTOUG VEUPWVESG CUMPBAAAEl o€ TTaBOAOYIKEC OAAQYEC OTIG
Oouég autég (Shen et al, 2015; Nikoletopoulou et al, 2017). KaBwg n veEUpWVIKNA
autogayia eival utrelBuvn yia 10 ~70% TnG METAYEVVNTIKAG €EAAEIYNG TwvV
OevOPITIKWY akdvBwyv gival TBavo 6T n Bacik auto@ayia pubuidel Tnv eSAAeIwn TOUg
o€ oOuvepyacoia Pe  TPOCOETOUG  PUBUICTIKOUG  upnxaviopoug Tou mMTOR,
oupTTEPIAOUBavVOUEVOU TOU £€apTwevou atro Tov elF4E PeTa@paoTIKOU €AEYXOU Kal
TNG VEUPWVIKAG €KQUAIoNG (Santini et al, 2012), kai GANOUG uN VEUPWVIKOUG
€VOOVEVEIC pPUBUIoTIKOUG MnNXaviououg, OUMTTEPIAQUBAVOUEVWV TWv
VEUPOOVOTOAOYIKWY dIATAPAXWY Kal TG EVEPYOTTOINONG TWV QCTPOKUTTApwWY. H
auTto@ayia UETABAAAEI TNV KIVATIKN TNG atreAeuBEépwaong veupodiafiBacTwy Kal TNV
TTUKVOTATA TWV OUVATITIKWY KuoTIdiwv. Auth n Siaudéppwaon Tou aplBuol Twv
KuoTIdiwv 1 NG TPOKANTAG atreAeuBépwaong veupodiafifacTwy amd  Tnv
TIPOCUVOTITIKA  auToQayia pTTopei va OUPBAAEl O0€  PNXAvIOPoOUG  OUVATITIKAG
TTAQOTIKOTNTAG, OTTWG N CUVATITIKI €vOUvVAuwWon Kal amoduvauwon. H autogayia
€TTioNg €UBUVETAI YIA TNV ATTOIKOBOUNOT TWV PETOCUVOTITIKWY UTTOBOXEWYV, OTTWG Ol
avaoToATIKOI uTTodoxeic GABAA kal AMPA, tTpokaAwvTag €10l Tn ouvaTmik LTD
(Shehata et al, 2012). Ta amoTeAéopaTa UTTOBEIKVUOUV MHIA GUECT OUVOEON WETAGU
TN MTOR-auToQAYiag Kal TNG PEIWONG TWV CUVATITIKWY CUVOECEWY KaTA TN dIAPKEIX
TNG METAYEVVNTIKNAG QVATITUENG Kal UTTodnAwvouv OTI N OTOXEUON TNG VEUPWVIKNG
auTo@ayiag Ba PTTopoUCE va TTPOCQPEPEI BEPATTEUTIKO OQeAOG. QOTOCO, N CUMPBOAR
TNG QUTOPAYIAG OTIC AVWTEPES EYKEPOAIKEG AEITOUPYIEG KAl OTOUG UTTOKEIMEVOUG
MNXQVIOPOUG TNG CUVOTITIKAG dlIapuop@waong HOAIG Twpa apxilel va egetdletal. Auto
o€ OUVOUAOPO HPE TO YEYOVOG OTI €ival AyVwOoTO TTWG Ta OTTIoEId) yecoAaBoulv oTn
VEUPWVIKN TTAQOTIKOTATA KAl KATA TTOO0OV N auTo@ayia E€UTTAEKETAI O€ auTd TA
Qaivopeva amoTteAei éva véo elpnua kal Ba Béoel TN BAon yia POKPOTTPOBEOUES
€peuveg yia 1o poAo Twv GPCRs o1n puBbuion Tng autogayiag.

‘Exel ammodeiyBei 611 £vag apiBudg diagopetikwyv GPCRs pubuiel Tnv autogayia,
MEOW OlaQOPETIKWV pnxaviopwy (Wauson et al, 2014). lMpdyuart, o1 utTodoXEig
viotrapivng D2 kai D3 atmodeixbnke Ot e€ival OeTikoi puBuIOTEG TNG auTogayiag,
EUTTAEKOVTOG TA ONUATodoTIKA povotrdtia Akt-mTOR kai Tng AMP-gvepyoTToinuéVng
TPWTEIVIKNAG Kivaon (AMPK) (Wang et al, 2018). Ouoiwg, n evepyotroinon Ttou p2-
adpevepyikoU uttodoxéa pubuidel Tnv auto@ayia kar augdvel TNV ATToiKodOPNan Tou

KOAAayOvou TTpOKEIYEVOU va diatnpnBei n opoidoTach TNG KAPSIaKNG EEWKUTTAPIKNAG
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MATPag (Aranguiz-Urroz et al, 2011). Bp€Bnke 611 n £€kBeon oTn HeBAU@ETAMIVN ETTAYEI
€TTioNg TNV auto@ayia H€ow Tou K-OR w¢ PNXaviouog atmmoTpoTIfG TOU ATTOTITWTIKOU
BavdaTou Twv evdoBNAIOKWY KUTTApwWYV, Hia €TTidpacn TTou €TTiong pecoAaBeital atmo
TNV evepyotroinon Twv ERK1,2 kal Tnv atevepyotroinan tou povotratiol Akt/mTOR
(Ma et al, 2014). Ztov ITTITOKAUTIO TTOVTIKOU, N ocia | xpdvia xopriynon Hop@ivng
pUBUICel TNV QUTOQAYIKI PON WG TTPOCTATEUTIKA ATTAVTNON évavTl TOU €TTAYOUEVOU
atrdé TN PopPQivn VEUPWVIKOU Bavdatou Kal Twv ETTAKOAOUBWY EAAEIUPATWY PVARNG
(Pan et al, 2017). EmitAéov, n Xpdévia xoprynon Hop@ivng METABAAAEI TH CUVATITIKN
TAQOTIKOTNTA OTOV ITITTOKOUTIO Kal odnyei O€ peiwon TG TTUKVOTNTAG TWV
OeVOPITIKWY OKAVOWY KAl TWV OIEYEPTIKWY CUVAYEWY, HEOW TNG TTapaywyng
OpacTIKWV piIfwv ofuyovou (ROS) TTou 0dnyouv O¢ evepyoTroinon ToU OTPEG TOU
evOoTTAaOUaTIKOU dIKTUOU (ER stress) (Cai et al, 2016). H autogayia TT0U
pegoAaBeital ammd TN pop@ivn odnyei otnv evepyotroinon Tou ER stress e
ETTAKOAOUBN evepyoTTOiNON TWV ACTPOKUTTAPWY HECW TOU H-OTTIOEIDOUG UTTOdOXEN
(Sil et al, 2018), yeovog TTou emiBeBaiwvel OTI Ta OomoEIdN €ival TTPAYMATI dUVNTIKOI
BeTIKOI PUBUICTEG TNG auToPaYiag.

21NV Tmapouca HPEAETN, atrodelkvuoupe OTI 0 K-OR diadpapartifel poAo oTnv
ETTAYWYNT NG QUTOPAYIAG OE VEUPWVEG, N OTToia odnyei 0€ OUVATITIKEG PETAPBOAEG.
2UYKeKpIYEVa, N €KBEON VEUPWVIKWY KUTTGpwY OTOV aywvioTr Tou K-OR, U50,488H,
Kal TOU €vOOYeEVOUG VEUPOTIETITIOIOU  duvop@iv 0dnyei OTn  OUCOWPEUOT
OUYKEKPIPEVWY QUTOPAYIKWY OEIKTWY KATA dOCO- Kal XPovo-e€apTwuevo TpoTro. H
ETTIOPACH AUTH AVACTPEPETAI TTAPOUCIA ETTIAEKTIKWY AVTAYWVIOTWY Tou K-OR KAaTI
Tou emBeBalwvEl TTWG N dpPAon auTh oQeiAeTal OTNV gvepyoTroinon Tou K-OR.
Bpébnke 611, o1 Tpwreiveg Gy, Kal n evepyoTtroinan Twv ERK1,2 Kivacwv eubuvovtal
yla Tnv emayodpevn ammd 1o U50,488H autogayia. ‘Eva evdia@épov gUpnua Tng
TTapouoag PEAETNG ATav OTI N egaptwuevn amd tTnv U50,488H evepyotroinon tou
CREB pubuiCer tn petaypagry Tou yovidiou becnl, emBefaiwvoviag 6T n
gvepyotroinon Twv K-ORs o0nyei 0¢ peETAYPAPIKA  ETTAYWYH OUYKEKPIMEVWV
auTto@ayikwyv yovidiwv. H avaotoA Twv ERK1,2 kivaocwv avaoTtéNAel Tnv U50,488H-
eCapTWHEVN QWOoPOpUAiwon Tou CREB, utodeikvlioviag OTI Ta ONPAVTIKOTEPD
KaB0dIKG onuATOdOTIKA CUCTATIKA TTOU EPTTAEKOVTOI OTNV £TTAYONEVN aTTO Tov K-OR
auTto@ayia ekTdég amd Toug Gi/Go kal TIc ERK1,2 kivaceg TrepiAapfdvouv Tov
peTaypa@ikO TTapdyovia CREB, 0 OTT0io¢ OUuVvOEETAl PE TOV UTTOKIVNTH dlapopwv

QUTOQAYIKWY YoVIBiwVv Kal dpa wg Kpiolgog pecoAapntig Tng Asiroupyiag Twv kK-OR
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Tou euTTAéKETal o€ PETOROAEG TNG d1dBeong (Seok et al, 2014, Carlezon & Krystal,
2016). AvriBeta, aAAeg kivaoeg oTTwg n JNK, n otroia etmiong evepyotroigital atrd
Toug K-OR kal Tig¢ G mpwreiveg (Bruchas et al, 2010), @aivetal va punv CUPMPETEXEI
otnv kK-OR gmayodpevn autogayia KabBwg avaoToArn TNG PwWo@opuAiwong TNG PE ToV
€I0IKO avaoToAég SP600125 dev mrapeutréddice Tnv avgnon tng LC3-1l og kUTTOpQ
Neuro-2A. Ta amoteAéopata autd OnAwvouv o1 pévo ol ERKL,2 Kivaoeg
eUTTAéKOVTOI OTNV K-OR £TTaYOPEVN AQuTOQAYIO.

Ta amoteAéopata NG epyaciag €dsiav 0Tl N emayopevn amd tov K-OR
auTo@ayia ed@avietal oTov ITTTTOKAUTTIO, OTTWG TTaPATNPNONKE aTmd Ta Quinuéva
etmimeda Twv deIKTWY autoayiag LC3-11 kal Beclin1 oe pueg 1Tou €ixe xopnynOei 10
U50,488H. H emmaywyn TnG autoayiag atrd Tov K-OR E€IBIKEUETAI OTNV TTEPIOXN TOU
ITTTTOKAUTIOU Kal OXI 0TO PaROwTé cwla 3 0To QAoIO, TTapd Ta uywnAd eTTiTreda
ék@paong Tou K-OR o€ auTég TIG TTepIoxEG. Me Bdon Ta TTapatTdvw, TTPOTEIVOUUE £va
ouvnTIKG HOVOTTATI OoNnUATodOTNONG YIa Tov €AeyXOo Tng autoQayiag PEOW NG
gvepyoTtroinong tou kK-OR. H evepyotroinon tou k-OR odnyei oTnv evepyoTtroinaon Twv
G Tpwrteivwy Kal Twy ERK1,2 Kivaowv TTOU QWOQOPUAILOVOUV TOV HETAYPOPIKO
mapdyovia CREB, pe Tov TeAeutaio va odnyei oe HeETABOAEC oTnv ékppacn
QUTOQAYIKWY YOVISiwV TToU CUPPBAANOUV 0€ PETABOAEG TWV CUVATITIKWY TTPWTEIVWV
(Eikéva 19).
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Eikéva 19: Auvnriké povréAo rou onuarodorikoU uovorrariod tng k-OR emayoduevng
aurogayiag. H svepyomoinan tou k-OR o€ veUpIKA KUTTapa odnyei atn ewaeopuAiwan Twv
ERK1,2 upe tn peooAdBnon twv mpwreivwyv Gi/o. Or ERKL1,2 kivaoeg owopopuliwvouy Tov
CREB o omoio¢ ue 1y oeipd tou uerarormideral gTov mupnva kKai pubuilel tnv ékgpacn Tou
yovidiou becnl. H auénon rwv Beclin1 mpodyel tnv évapén ¢ autogayiag ue amoTéAsaua tnv
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HEIWON TwV oUVATTTIKWY TTPWTEIVWY TOoU ITTITOKauTToU. To 06U aTpES 0dnyei aoTnv emaywyn NS
auro@ayiac Kal ugiwon Twv ouvarTOOWUIKWY TTPWTEIVWV UECW TOU EVOOYEVOUS OUCTAUATOC
ouvopeivng/k-OR.

Ta amoteAéopata TnG TTapolods £PYACiOG CUPQWVOUV WE TTPONYOUUEVEG
MEAETEG TTOU £B€IEQV OTI Ol ETEPOTPIUEPEIG TTPWTEIVEG G EAEyXOUV TNV auTopayia oTa
KUTTapa HT-29 (Ogier-Denis et al, 1995; Ogier-Denis et al, 1996), kai padhioTta 611 n
Gaj, n otoia evepyotrolgital amd Tov K-OR (Papakonstantinou et al, 2015),
dladpapartiel  KpioIo pPOA0  OTnNV  JIAPEPICHATOTIOINCN TWV HEUBPAVWV  TWV
auto@ayoocwudtwy (Gohla et al, 2007) ka1 oTnVv £€vapén Tng autogayiag (Gotthardt et
al, 2006). Eival etriong oupBartd pe TTPonyoUdEVa EUPAUATA TTOU UTTOBNAWVOUV OTI N
aAAnAemmidopaon petaglu TG Gais, €VOG evepyoTToINTA TNG onuatodotnong tng G-
TTPWTEIVNG 3 Kal TNG TTPWTEIVNG TTOU OXETICETAI PE T KUOTIOIO TTOU AAANAETIOPOUV HE
v Ga (GIV), cival Ta onuaTtodoTikd cuoTaTikd TTou kaBopilouv €Av n autoayia
emayeral 1 avacTéAAeTal (Garcia-Marcos et al, 2011) kai 611 n Gajz GAANAETIOPA HE
TNv RGS4 yia Tnv avacToAn Tng auto@ayiag (Bastin et al, 2020).

O1  dupeceg  avmdpdoelc o€ oTpecoyova  epebioparta  epIAapBavouv
VEUPOUOPPOAOYIKEG  aANayEC  ae  TTOAATIAEG  TTEPIOXEG  TOU  €YKEQAAOU,
oupTrepIAauBavopévou Tou ITTTokauTrou (Leuner & Shors, 2013). To 0&U oTpeg
MEIWVEL TNV TTUKVOTNTA Twv OevOPITIKWY akavlwyv, MeTaBAAAEl TN Béon Twv
METOOUVATITIKWY  OTOIXEIWY  TWv  OIEYEPTIKWY OUVAWEWV Kal  €TNEEeAdel TN
MoKpOTTPOBeoun evOuvauwaon NG VEUPIKAG wong Kal Tn uvAun (Leuner & Shors,
2013; Shen et al, 2015). 'Exel ava@epBei 0TI TO XPOVIO OTPEG eVIOXUEI TNV auToPayia
oTa TPpwKTIKG (Woo et al, 2020; Xiao et al, 2018). EmimTAéov, éxel kaTadeixOei o pdAog
TNG AUTOQAYIOG O€ CUUTTEPIPOPES TTOU TTPOCOMOIAJoUV e TNG KaTaBAiyng Kal o€
YVWOTIKEG BlaTapaxEG TTou oPeilovTal 0TO OTPEG TIPIV atrd Tnv yévvnon (Zhang et al,
2017). Ta amoteAéopara pag empBefaivouv Kal guTTAouTiCouv Ta UTTAPXOVTO
oedopéva atodelkvuovrag OTI To ouoTnua Tng Ouvopeivng/k-OR  emrdyel Tnv
auto@ayia, n oTroia 0dnyei o€ ouvVaTITIKEG ETABOAEG TTOU TTPOKAAOUVTOI AOYW OTPEG.
H veupwvikf autogayia diadpapartifel onuavtiko poAo oTn AsiIToupyia Tou eyKeQAAou
pubuifovtag Tn ouvaTTikr opydvwaon Kal Tn popgoyéveon (Hernandez et al, 2012;
Nikoletopoulou et al, 2017). XupBdaAAel o€ aANay€G TNG OUVOTITIKAG TTAAOTIKOTATAG
OTTOIKOOOPWVTOG OUYKEKPIPEVEG CUVATITIKEG TTPWTEIVEG OTTWG oI PSD-95, PICK1 kai
SHANKS3, o1 oTroieg diadpapaTtiCouv onuavtiké pOA0 0Tn CUVATITIKA AsIToupyia Kai Tn
SIapépPwaon Twv devOPITIKWY akavBwyv. Autd dnNAWVEl PiIa AUESN CUOXETION WETAEU

TNG AUTOPAYIAG KAl TNG MEIWONG TWV CUVATITIKWY OUVOECEWV KATA T OIAPKEID TNG
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peTtayevvnTikAG avaTtuéng (Nikoletopoulou et al, 2017). Ze cup@wvia Pe auTég TIG
TpoBAEwelg, Ta eupAuatd pog OnAwvouv 6T n evepyotroinon Tou K-OR o¢
TIPWTOYEVEIC KAANIEPYEIEC VEUPWVWY TOU ITITTOKOUTIOU MEIWVEI TOV apiBud Twv
dlakAadwoewyv Twv veupiTwy. EmimmAéov, n xopriynon tou U50,488H o€ pueg odriynoe
OTNV atmmoikodounon BACIKWY CUVATITIKWY TTPWTEIVWV OTTWG TNG OTTIVOQIAIVNG, TNG
PSD95 kal TNG SNAP25, ouykekpIpéva OTNV TTEPIOXT TOU ITITTOKAUTTIOU, Kal &xI OTOV
QMo16 1 10 pafdOwTd. EmAEEaue va eEeTdooupe QuUTEG TIG TTPWTEIVEG, KABWG
EUTTAEKOVTAl OTNV  avadiauop@waon Twyv OevOpITIKWY akdvOwv. H omvo@iAivn
EVTOTTICETAI OTO METACUVATITIKO AKPO KOl O€ PEYAAN OUYKEVTPWON OTIG OeVOPITIKEG
akavBeg pubpifovrag Tn HOPQOYEVECH Kal TNV wpiyavon Twv akavlwyv péow Tng
pUBuIoNG Tou KUTTapookeAeToU (Feng et al, 2000). AANAeTIOPA €TTiONG GUECO UE
Toug ommocgldeic uTTodoxEiG Kal AAoug GPCRs kai puBuiel T onuaTtoddtnon Toug
TTou odnyei o ouvatTikéEG aAAayég (Feng et al, 2000; Fourla et al, 2012; Sarrouilhe
et al, 2006). A6 Tnv AAANn TTAcupd, n SNAP-25 diadpauartifel Kpioiyo poAo
TIPOCUVOTITIKA JECOAAPBWVTAG OTn oUVINEN TwV OUVATITIKWY KUOTISiwvV Kal Tnv
eEWKUTTApWON Twv veupodiapiBacTtwy. AfloonueiwTo gival To yeyovog o1l ol SNAP-
25 kal PSD-95 atroteAoUv UTTOOTPWHATA TNG OTTOIKOOOUNONG MECW TNG auToPAYiag
TPOTTOTTOIVTAG TN Mop@oAoyia Kal Tn Asitoupyia Twy devdpITikwy akdvBwy (Kallergi
& Nikoletopoulou, 2021).

‘Eva GANO evdla@épov eupnua TnG TTapouoas HEAETNG €ival OTI O€ HUEG TTOU €XOUV
uttoBAnBei oe efavaykaopévn koAuuBnon (FST) TtaparnpABnke emmaywyr TnNg
autogayiag, OTTwg @aivetal atrd Ta augnuéva eTTITEdO TV AUTOPAYIKWY OEIKTWY. H
ETTIOPAON AUTA AVACTPAPNKE UE TN XOPNynon Tou avraywvioTh Tou K-OR, nor-BNI.
Auté utrodnAwvel 611 TO evdoyevég cuoTnpa duvopivng/k-OR  eUTTAéKETON OTNV
ETTayoOuevn aTd TO OTPEG auToQayia Kal evOEXOMEVWG aTtroTeAEl PEPOG OTNV
EVOPXNOTPWONG OOUIKWY GAAQYWYV TTOU TTAPATNEOUVTAI GTOV ITITTOKAUTIO WETA aTTd
ékBeon oTto oTpeg. Evdiagépov TTapoucidlel To yeyovog OTI OTOV ITITTOKAPTIO
TTaPATNPNONKE ETTIONG TAUTOXPOVN MEIWON TWV TPIWV CUVATITIKWV TTPWTEIVWYV, TNG
oTtivo@iAivng, PSD-95 kai SNAP-25, aA\& 6x1 otov @Ao16 Twv wwv TTOU EKTEONKAV
o010 OTPEG. YTToBETOUME AOITTOV, OTI N ATTOIKOOOKNON AUTWY TWV CUVATITOCWHIKWY
TpwTeivwy Ba pmopolce va ammodobei AOyw TnG €OWTEPIKEUCHSG TOUg OTa
auTo@ayocwuarta. Ta eupApata autd evioxUovTal TTEPAITEPW ATTO TO YEYOVOG OTI N
LC3 aAAnAemmdpd PeE QuTEG TIG TPEIS PBACIKEG TTPWTEIVEG TTOU BIABETOUV dUVNTIKA

poTiBa LIR otnv aAAnAouyia Toug. AuTto €TTiong uTTodNAWVEL OTI KATW ATTO OUVONKEG
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0ééog oOTpeg, n atreAeubBépwaon TNG OuvopEivnNG EVEPYOTIOIEI TOV  AUTOQPAYIKO
MNXavioud TTou odnyei 0€ OUVATITOOWHATIKES HETAPBOAEG oTov ITTmmOkauTro. Eival
evolaQépov va onueElwBel OTI TTAPOUOIEG CUVOTITOOWMIKEG METARBOAEC TTOU Eival
Kpiolgeg yia TV avadiaudpewaon Twv OevdpITIKWY aKAvBwv Kal TTpokaAouvral
eCaitiag TNG aTroIkoddUNONG PECW TNG auToPayiag £Xouv £TTiong ava@epBei KATW UTTO
OuVONKeg BIOTPOPIKOU OTPEG (aOITia), HEOW EVOG INXAVIOUOU TTou puBpileTal atrd Tov
BDNF (Nikoletopoulou et al, 2017). H sgavaykaopévn KoAUUBNon o€ apoupaioug
augdavel Ta eTTitTeda NG duvopivng A oTov ITTTékauTTo (Shirayama et al, 2004), evw
N XPovia EAAEIYN auToPayiag o€ VIOTTAUIVEPYIKOUG VEUPWVEG £XEI WG ATTOTEAECUA TO
augnuévo péyebog Twv agovwy, TNV auénuévn atmmeAsuBépwaon VvToTTadivng Kai tnv
Taxeia TpoouvatTikg atrokatdotacn (Hernandez et al, 2012) yeyovég Trou
uttodnAwvel 0TI dladpapaTifel onuUAvTikd POA0 0T CuvaTmiTik opydvwon Kal
Hop@oyévean.

OMa autd T1a ammoteAéouata odnyouv OTO OCUUTTEPACHO  OTI  UTTAPXEI
OUOXETIONOG TNG auTogayiag TTou pecoAaBeital amrd Tnv evepyoTtroinon Tou kK-OR Kal
aANQYWV O€ CUVOTITOOWHMIKEG TTPWTEIVEG TTOU TTPOKOAOUVTAlI AOyw Tou oTpeg. MNa 10
AoOyo auTd TTPOTEIVOUNE YIa TTPWTN QOpA éva vVEO onUATOdOTIKG PovoTTdTr Tou K-OR
MEOW TOU OTIOIOU N €EVEPYOTTINON TOU 0dNyei OTOV PNXAVIOUO TNG auTo®ayiag e
OUVETTAKOAOUBEG aANaYEG O€ OUVOTTTOOWWIKEG TTPWTEIVEG TWV VEUPWVWYV TTOU
QATTOIKOOOMOUVTAI PHECW TWV QUTOPAYOOWHUATWY OTAV TTEPIOXN TOU ITITTOKAUTTOU UTTO
ouvOnkeg oTpeg (ZXAMA 19). AuTdg 0 Unxavioudg autopayiag Péow Tou K-OR €xel wg
arroTéAeopa TNV TTPOKANCN OUCAEITOUPYIOG OTIC OCUVAWEIG OTOV ITITTOKOUTTIO, TTOU
EVOEXOUEVWG VO  OUMBAAAEl OTIC YVWOTIKEG aAAayEG TTOu TrapatnpouvTal o€
KATaoTAoEIG OTPES. Aedopévou OTI o1 avTaywvioTéG K-OR (Domi et al, 2018; Jacobson
et al, 2020) BpiokovTal o€ KAIVIKEG dokIuEG @aong Il yia diatapaxég TG didBeong Kai
TOU dAyXoug TTou OXeTiCovTal e TO OTPEG, Ba ATav evdiagépov va diepeuvnBei KaTd
TOOOV TG @QAPUAKA QUTE avakou@i(ouv QTTOTEAEOMATIKA TIG TraBoAoyieg TTou
oxetiCovral pe 10 OTPEG MEOW TnNG OlapecoAaBolupevng amd kK-OR autogayiag.
2UhQwva e Ta amoTeAéopaTa pag o €1I0IKOG yia Tov K-OR avraywviotig CERC-501,
Tou PBpioketar oe kKAIvikf @daon I, wg ayxoAuTiké @dppako peiwvel TNV K-OR
eTayouevn auto@ayia uttodnAwvovtag éva véo TPOTTO dpACNG TOU CUYKEKPIPEVOY
ayXOAUTIKOU.

H Ttaxéwg avarmrruooduevn €peuva OXETIKGE HPE TNV Asitoupyia Tou kK-OR o€

TTPORAAMATA WUXIKNAG DIABEONG £XEI TIPOKAAETEI HEYAAO EVOIAQEPOV VIO TNV £EEUPEDN
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Kal avamTugn aviaywvioTwyv Tou UTTodoxéa w¢ @apuakoBepaTtreie yia Tnv
KatatroAéunon Tng KataBAiwng kal Twv ayxwdwv odlatapaxwy, KabBwg Kal Tng
MEiwoNg TNG ducPopiag AOyw Tou €BICUOU. Av Kal OpICUEVOI TTPOODBETEG TOU K-OR dev
éxouv emodeicel TIC PEATIOTEC QPAPHOKOAOYIKEG 1810TNTEG, WEPIKOI aTmd  auToUug
BewpouvTal onuUAvTIKOi UTTOWNQPIOI QOPUAKEUTIKOI TTapdayovteg (142). [Mpdyuari,
avtaywvioTég Tou K-OR ptropoulv (i) va eutrodicouv Tnv €TTayOuevn atrd TO OTPEG
evioyuon Tng Katdxpnong VOpKWTIKWY, (i) va atmotpéyouv Tnv £TTayousvn ammo 1o
OTPEG UTTOTPOTT KATA Tn didpkeia TePIddwyY atmoxAg Kal (iii) va Treplopicouv TIG
apvNTIKEG oUVAIOONUATIKEG KATAOTAOEIG TOOO KaTd TN dIdpKEIa o&giag atrdoupong
000 Kal KaTd Tn JIAPKEIN TTAPATETAPEVWY TTEPIOdWY OTTOXNG. Ta aTToTEAECUATA QUTA
Ba dleupUuvouv Tn yvwon TToU UTTAPXEl OXETIKA Pe TO pOAo TTou Traidel o k-OR o€

Béuara TTou agopoulv aAAaYEG OTRV VEUPWVIKHA TTAACTIKOTNTA Kal AEIToupyia.
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KaMepyeteg kottdpov Onhaotikmv (Neuro-2A, HEK293).

Baxtnpraxég kalepyeteg (DH5A, BL21).

ITpawtoyeveig KaA\iepyeleg VEDPOVOV POMV (PAOLOG, UTITOKAPIIOS, PAPO®TO)
Eniotpworn anopoveopévov venpowveov UIOKAapnov kat Neuro-2A Kottdpwv O
nanonAaxida ypagevioo

e M¢é0odot Blioynpetag-Kotrapixrg Blohoyiag:

Anopoveorn kat kabapiopog avaocvvdouaopevev mnpeteveov  (Xpopatoypagia
OvYYEVeLag).

Texvikég OLYKATAKPNPVIONG KAl AVOOOKATAKPIHVIONG MIPDTEIVIKOV HOPlodV e
OKOIO TNV aVAADOT] ITOAD-TIPOTEIVIKOV COPIAOKDV

Avooootonopa kata Western (SDS-PAGE Western Blotting)

Kotrapopetpia pong pe okomo T peAétn) ToV emurédmv arotoong KAt pETpnong Tov

0Gel0MTIKOV OTPEG O KOTTAPA VEVPOPAAOTOPATOG TIOVTLKOD.

2UVEOTLAKI] PIKPOOKOITIA Y1d TOV £VOOKDTTAPIKO EVIOMIOPO MPMTEIVOV KOl PENET)
g Aettovpyiag Tovg.

AVOOOKATAKPIIVION  XPOUATIVIIG yld TV PeAét) HPOOodeong HETAYPAPIKOV
MOPAYOVI®V OTOVG DIIOKLVITEG YOVIOI®V

Kotrapikr) KAaopdteorn) aropovepeévon 10Tod UIIMOKANIIOD e OKOIIO TNV AIIOpHOVMON)
OLVAIITOO®HUATOV OIIO VEDPIKA KOTTAPA

Evéoelg in vivo oe (@1Kd POVTEAA EMPLOV

Aoxipaoteg oopmepupopdg o (@IKA HOVTEAA emipowv pe T Xpnon avti-
KATAOAUIITIK®V QAPPAKOV

e Moprakég pebodot:

Kataokedn ypalpikov mentidiov pe TG xKAaoowkég pebodovg avaoovOvuaopevoo
DNA



Polymerase chain reaction (PCR) ywa tov mOMNAIAACIAOHO OLYKEPLHEVOV
AANAOLYI®V  TOL  YOVIOIWHATOG TOVIIKOD He€  OKOIO TNV  KJTAOKELI
avaovvdvaopévoo maopidion

Aniopoveorn yevopwod DNA xat RNA amd xottapikég oelpég vevpoPAaotopatog
IIOVTIKOD Y1d TV IIOCOTIKI] AVAADOI OVYKEKPIPEVOV YOVIdiaV.

Real-time PCR oe amopoveopévo RNA amo kottapikég oelpég vevpoPAacTopatog
IIOVTIKOD Y1d TV IIOCOTIKI] AVAADOI OVYKEKPIHEVOV YOVIdiV.
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The k-opioid receptor-induced
autophagy is implicated in
stress-driven synaptic alterations
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Alexandra Symeonof?, Danae Papavranoussi-Daponte?,
Vassiliki Nikoletopoulou* and Zafiroula Georgoussi™

*Laboratory of Cellular Signaling and Molecular Pharmacology, Institute of Biosciences and
Applications, National Centre for Scientific Research “Demokritos”, Athens, Greece, ?Institute of
Molecular Biology and Biotechnology, Foundation for Research and Technology-Hellas, Heraklion,
Crete, Greece, *Center for Clinical Research, Experimental Surgery, and Translational Research,
Biomedical Research Foundation of the Academy of Athens, Athens, Greece, *Département des
Neurosciences Fondamentales, University of Lausanne, Lausanne, Switzerland

Recent evidence has shown that G protein-coupled receptors (GPCRs) are
direct sensors of the autophagic machinery and opioid receptors regulate
neuronal plasticity and neurotransmission with anasyet unclarified mechanism.
Using in vitro and in vivo experimental approaches, this study aims to clarify the
potential role of autophagy and k-opioid receptor (k-OR) signaling in synaptic
alterations. We hereby demonstrate that the selective k-OR agonist U50,488H,
induces autophagy in a time-and dose-dependent manner in Neuro-2A cells
stably expressing the human k-OR by upregulating microtubule-associated
protein Light Chain 3-1I (LC3-Il), Beclin 1 and Autophagy Related Gene 5
(ATG5). Pretreatment of neuronal cells with pertussis toxin blocked the above
k-OR-mediated cellular responses. Our molecular analysis also revealed
a k-OR-driven upregulation of becnl gene through ERKI,2-dependent
activation of the transcription factor CREB in Neuro-2A cells. Moreover, our
studies demonstrated that sub-chronic U50,488H administration in mice
causes profound increases of specific autophagic markers in the hippocampus
with a concomitant decrease of several pre-and post-synaptic proteins, such
as spinophilin, postsynaptic density protein 95 (PSD-95) and synaptosomal
associated protein 25 (SNAP25). Finally, using acute stress, a stimulus known
to increase the levels of the endogenous k-OR ligand dynorphin, we are
demonstrating that administration of the k-OR selective antagonist, nor-
binaltorphimine (norBNI), blocks the induction of autophagy and the stress-
evoked reduction of synaptic proteins in the hippocampus. These findings
provide novel insights about the essential role of autophagic machinery into
the mechanisms through which k-OR signaling regulates brain plasticity.

KEYWORDS

k-opioid receptor, autophagy, Beclin 1, ERK1,2, Gi/o, CREB, dynorphin, synaptic
alterations
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Introduction

The k-opioid receptor (k-OR), that is distributed in the central
and peripheral nervous system mediates the diverse effects of
opioids ranging from pain perception, neurotransmitter release and
respiratory depression to the regulation of a variety of psychiatric
disorders including anxiety and addiction (Bruchas et al., 2010). The
k-OR and its endogenous neuropeptide, dynorphin A, were found
to play a key role in modulating anxiety and stress-related behaviors.
Thus, stress has been shown to increase endogenous dynorphin
levels and up-regulate k-OR signaling in the nucleus accumbens and
the CA3 region of the hippocampus (Shirayama et al., 2004).
Ablation of k-OR from brain dopaminergic neurons produced
anxiolytic effects, confirming that the regulation of dopaminergic
neurotransmission by k-OR is critical for manifestation of stress and
anxiety (Van't Veer and Carlezon, 2013).

Recent results also suggest that k-OR antagonists possess
promising antidepressant potential, indicating that the x-OR and its
endogenous neuropeptide ligand, dynorphin A, are critical mediators
of stress and mood disorders with specific k-OR antagonists being
currently tested in phase II clinical trials (Lutz and Kieffer, 2013;
Rorick-Kehn et al.,, 2014; Hang et al., 2015). However, the signaling
constituents responsible for the neurobiological responses that
regulate these physiological phenomena have yet to be deduced.

In the brain, the k-OR is coupled to pertussis toxin sensitive
Gi/o proteins to regulate a variety of downstream effectors
including adenylyl cyclase, K* and Ca** channels, phospholipase
C, and ERK1,2 phosphorylation (Schulz et al., 2004; Bruchas et al.,
2010). Such diverse signaling events are mediated not only by
interactions with G proteins but also by other proteins that
determine the generated signal and alterations in the trafficking,
targeting and fine tuning of this receptor (Bruchas et al., 2010;
Georgoussi et al., 2012; Papakonstantinou et al., 2015).

Macroautophagy, herein referred as autophagy, is a highly
conserved degradation process in which proteins and organelles are
engulfed in autophagic vesicles and subsequently targeted for
degradation in lysosomes (Chen and Klionsky, 2011). Autophagy

Abbreviations: AC, Adenylyl cyclase; AMPK, AMP-activated protein kinase;
ATG5, Autophagy related gene 5; AMPA, a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid; ChIP, Chromatin immunoprecipitation; CREB, cCAMP
response element binding protein; DMEM, Dulbecco’s modified Eagle’s
medium; ERK1,2, Extracellular signal-regulated protein kinase 1,2; FST, Forced
swim test; GABA , y-aminobutyric acid; GPCRs, G protein coupled receptors;
HRP, Horseradish peroxidase; LC3, Microtubule-associated protein light chain;
MAPK, Mitogen activated protein kinase; mTOR, Mechanistic target of
rapamycin; nor-BNI, Nor-binaltorphimine; NRS, Normal rabbit serum; ORs,
Opioid receptors; PBS, Phosphate-buffered saline; PSD-95, Postsynaptic
density protein 95; PTX, Bordetella pertussis toxin; PVDF, Polyvinylidene
difluoride; SDS-PAGE, Sodium dodecyl sulfate polyacrylamide gel
electrophoresis; SNAP25, Synaptosomal associated protein 25; U50,488H,
2-(3,4-dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1-ylcyclohexyll

acetamide.
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plays an important role in many organisms upon exposure to stress
but is also considered to be an important physiological mechanism
in neuronal homeostasis. In neurons, autophagy occurs
constitutively under physiological conditions, while impaired
autophagy is implicated in many neurodevelopmental and
neurodegenerative disorders (Nikoletopoulou et al., 2015). Recent
evidence suggests that autophagy regulates the development and
function of axons, dendrites and synapses, whereas aberrations in
neuronal autophagy contribute to pathological changes. Autophagy
alters the kinetics of neurotransmitter release and the density of
synaptic vesicles and is also implicated in the degradation of
postsynaptic receptors such as the GABA, and AMPA receptors
(Hernandez et al., 2012; Nikoletopoulou et al., 2015). Autophagy
contributes to such alterations by degrading specific synaptic
proteins involved in spine remodeling and retraction suggesting a
direct link between autophagy and pruning of synaptic connections.
Consequently, the targeting of neuronal autophagy may have great
clinical implications in terms of treatment of various psychiatric
disorders (Shen et al., 2015; Nikoletopoulou et al., 2017).

Additional findings also suggest that GPCRs are direct
regulators of autophagy (Wauson et al., 2014). Previous studies
have shown that exposure of SH-SY5Y and endothelial cells to
morphine or methamphetamine respectively, induces autophagy
through the involvement of opioid receptors by as yet undefined
mechanisms (Zhao et al., 2010; Ma et al., 2014). Moreover, other
studies have shown that morphine dysregulates synaptic balance in
the hippocampus via a novel signaling pathway involving reactive
oxygen species, endoplasmic reticulum stress and autophagy (Cai
et al., 2016). Although opioid receptors and interacting, Gi/o and
Regulators of G protein signaling (RGS) proteins, were shown to
play key roles in neuronal signaling (Georganta et al., 2013;
Papakonstantinou et al., 2015; Pallaki et al., 2017), it is unknown
whether k-OR activation by specific agonists can induce the
autophagic machinery in neuroblastoma cells stably expressing the
human k-OR and whether these effects could result in synaptic
alterations implicated in stress-related behaviors.

The present study demonstrates a novel signaling pathway via
which a specific representative of opioid receptors, k-OR, induces
autophagy resulting in synaptosomal changes. In addition, we show
that administration of the k-OR specific antagonist, nor-BNI, to
mice during acute stress exposure [daily forced swim test (EST)],
prevents autophagy induction and stress-induced degradation of
synaptic proteins. These results provide a novel insight to the role
of this receptor in the regulation of neuronal autophagy and
demonstrate that k-OR-mediated autophagy is responsible for
specific changes in stress-induced synaptic alterations.

Materials and methods
Reagents

Opioid U50,488H, naloxone and nor-BNI

(nor-binaltorphimine) were purchased from Tocris Bioscience

ligands
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(Cookson MI, United States). Dynorphin, ;;, pertussis toxin,
bafilomycin Al, phosphatase inhibitors and TRI-reagent for RNA
extraction were from Sigma Aldrich (St Louis, MO, United States).
Protease inhibitors were from Roche (Roche Diagnostics, Basel,
Switzerland). Protein A/G agarose beads and PD98059 (MEKI
inhibitor SC-3532) were from Santa Cruz Biotechnology (Santa
Cruz, CA, United States). Kapa Hi-Fi PCR, Kapa SYBR Fast QPCR
kits for ChIP assay and Real-time PCR, respectively, were purchased
from Kapa Biosystems (Roche, IN, United States). All reagents were
purchased from Sigma Aldrich (Sigma Aldrich MI, United States).

Antibodies

Antibodies used for immunoblotting and microscopy analysis
were the following: LC3B (Cell Signaling Technology Cat# 2775,
RRID:AB_915950), p-CREB (Cell Signaling Technology Cat#
9198, RRID:AB_2561044), CREB (Cell Signaling Technology Cat#
9197, RRID:AB_331277), p-ERK1,2 (Cell Signaling Technology
Cat# 9101, RRID:AB_331646), ERK1,2 (Cell Signaling Technology
Cat# 9102, RRID:AB_330744), B-actin (Cell Signaling Technology
Cat# 8457, RRID:AB_10950489), f-tubulin (Cell Signaling
Technology Cat# 2128, RRID:AB_823664), p-SAPK/JNK (Cell
Signaling Technology Cat# 9251, RRID:AB_331659) ULK1 (Cell
Signaling Technology Cat# 8054, RRID:AB_11178668), FIP200
(Cell Signaling Technology Cat# 12436, RRID:AB_2797913) and
B-III tubulin (Cell Signaling Technology Cat# 5568,
RRID:AB_10694505) were purchased from Cell Signaling
Technology Inc. (Danvers, MA, United States). Beclinl (Santa Cruz
Biotechnology Cat# sc-11,427, RRID:AB_2064465), p62 (Santa
Cruz Biotechnology Cat# sc-48,402, RRID:AB_2255371), ATG5
(Santa Cruz Biotechnology Cat# sc-133,158, RRID:AB_2243288),
Neurabin II/Spinophilin (Santa Cruz Biotechnology Cat#
sc-14,774, RRID:AB_2169477) PSD-95 (Santa Cruz Biotechnology
Cat# sc-32,290, RRID:AB_628114) and SNAP25 (Santa Cruz
Biotechnology Cat# sc-20,038, RRID:AB-628264) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
United States). All secondary antibodies were from KPL (Maryland,
United States). For confocal microscopy the anti-rabbit Alexa-
Fluor 568 (Thermo Fisher Scientific Cat# A~ RRID:
AB_143157) and anti-mouse CFL 488 (Santa Cruz Biotechnology
Cat# sc-362,257, RRID:AB_10989084) sera were used.

Cell cultures

Neuro-2A neuroblastoma cells (ATCC Cat# CCL-131, RRID:
CVCL_0470) stably expressing the myc-tagged human k-OR
(k-Neuro-2A) were cultured in Dulbeccos modified Eagle’s
MA. United States) with
2mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin

medium (Merck Millipore,
and 10% fetal bovine serum (Biosera, France) under humidified

atmosphere 5% CO, at 37°C. For the generation of the stable cell
line expressing the human myc-k-OR, Neuro-2A cells were
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transfected with the hk-OR in pA3M vector (k-Neuro-2A). Clonal
cell lines stably expressing the k-OR (260 fmol/mg protein) were
established upon selection with G418. The expression levels of
K-OR were determined by [*H]-diprenorphine saturation binding
of cell membranes, as described by Morou and Georgoussi (2005),
and western blotting. For the pertussis toxin (PTX) ribosylation
experiments, k-Neuro-2A cells were treated with PTX (100 ng/
mL) for 16h prior of agonist stimulation as described by
Georganta et al. (2013).

Animals and treatments

Animal maintenance and experimentation were conducted in
strict compliance with the European and National Law for
Laboratory Animal use (Directive 2010/63/EU and Greek Law
161/91), the FELASA recommendations and the ethical and
practical guidelines for the care and use of laboratory animals set
by the competent veterinary services of Athens. All experiments
were carried out in wild-type C57BL/6] mice. Three-month-old
male mice were divided into two groups (n=4/ group) and injected
intraperitoneally once per day with saline or 5mg/kg U50,488H for
6 consecutive days. The mice were sacrificed 3h after the last
U50,488H/saline injection and the hippocampus, cortex, and
striatum were rapidly dissected on ice. Isolated regions were placed
in cold PBS and immediately homogenized by sonication in RIPA
buffer containing 50 mM Tris-HCI pH 7.2, 150 mM NaCl, 2mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.5% SDS and
1 mM dithiothreitol in the presence of protease inhibitors and
incubated for 1h at 4 °C. The resulting supernatant was collected
after centrifugation at 8,000 x g for 20 min.

Primary neuronal cultures

Hippocampi were isolated on embryonic day 16 (E16.5)
rinsed and dissected in ice-cold PBS and incubated with 0.25%
trypsin for 25 min at 37°C. The digestion was terminated by the
addition of DMEM solution supplemented with 10% FBS followed
by trituration tissue dissociation. The resulting cells were
centrifuged for 5min at 800rpm and neurons dissolved in
2%  B-27,
0.5mM L-glutamine and 1% penicillin/streptomycin. The cells

Neurobasal medium  supplemented  with
were plated at a density of 2x10° cells/well in 6-well poly-L-lysine-
coated tissue culture dishes or on coverslips where necessary. Cells
were cultured for 10days (DIV10) for neuron maturation under
5% CO, at 37°C. Neuronal purity was >90% as determined by

immunofluorescence using the neuronal marker BIII-tubulin.
Isolation of synaptosomes

Synaptosomes were isolated as previously described by Carlin
et al. (1980). Briefly, mice at postnatal days 90-95 were treated as
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described above. Brain hippocampi from the two animal groups
were collected, rinsed and homogenized in solution A, consisting
of 0.32M Sucrose, 1mM NaHCO;, 1mM MgCl,, 0.5mM
CaCl,eH20, 10mM sodium pyrophosphate and protease
inhibitors using a dounce homogenizer. After centrifugation at
1,400 x g for 10min at 4°C, the resulting supernatants were kept
and the pellets were diluted 10% w/v in solution A and spun at
710xg for 10 min. The supernatants were collected and centrifuged
at 13,800 x g for 10 min at 4°C. The pellets were resuspended in
0.32M sucrose and 1 mM NaHCO; using a dounce homogenizer
and layered on a discontinuous sucrose gradient (10 mL-layers of
1.2M, 1.0 M and 0.85M sucrose). After centrifugation at 82,500 x
g for 2h, the synaptosomes from U50,488H-or saline-injected
mice were isolated from the 1.2-1 M sucrose layer.

Western blotting

Neuronal cells treated or not with different k-OR ligands were
rinsed in PBS containing 0.1 mM PMSF and 0.1 mM Na;VO,.
Cells were lysed in buffer containing 25 mM Tris pH 7.4, 150 mM
NaCl, 5mM EDTA, 1% Igepal, 1 mM dithiothreitol and 1% of a
protease and phosphatase inhibitor cocktail. Proteins were
separated on 10 or 17%-SDS-PAGE and transferred onto PVDF
membranes (Immobilon-P, Merck Millipore, MA, United States)
as described by Papakonstantinou et al. (2015). Blots were
visualized using enhanced chemiluminescence (Pierce-Thermo
Scientific, MA, United States) and a luminescent image analyzer
(Fujifilm LAS-4000). The densitometric analyses were performed
using Image] software (National Institute of Health, Bethesda,
MD, United States). B-Actin and p-tubulin were used as loading
controls for protein analysis.

Detection of mitogen activated protein
kinases phosphorylation

K-Neuro-2A cells were cultured in 60 mm plates for 48 h in the
presence or absence of U50,488H (20 pM) for 15min and 6h at
37°C. Cell monolayers were rinsed with PBS following the
procedure as described by Fourla et al. (2012). Where necessary
cells were exposed to the ERK1, 2 inhibitor PD98059 (20 pM for
45min), or the JNK inhibitor SP600125 (20 pM for 30 min) prior
to agonist treatment. The proteins were resolved in 10%
SDS-PAGE and visualized by immunoblotting with the
appropriate antibodies as described previously by Morou and
Georgoussi (2005).

Immunofluoresence staining
Primary neuronal cultures on poly-L-lysine coated coverslips

were treated with k-OR ligands for different time intervals. Cells
were fixed for 10 min with 100% methanol at —20°C and incubated
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overnight at 4°C with the anti-LC3B antibody (1:200) followed by
2h incubation with the fluorescein-conjugated secondary
antibody Alexa fluor 488 goat anti-rabbit (1:100) and TO-PRO-3
(1:500) for nuclear staining. The cells were mounted on slides with
Vectashield mounting media (Vector Laboratories Inc.,
Burlingame, CA, United States) and visualized using a Leica SP8

confocal microscope (Leica Microsystems, Germany).

Measurements of branching in
hippocampal neurons

Primary hippocampal neurons were isolated from mice
embryo at E16.5 and coated at poly-L-lysine coverslips with
2%  B-27,
0.5mM L-glutamine and 1% penicillin/streptomycin. The cells

Neurobasal medium  supplemented — with
were plated at a density of 2x10° cells/well in 6-well tissue culture
dishes. Cells were cultured for 10days (DIV10) for neuron
maturation under 5% CO, at 37°C. Then the cells were treated or
with 20pMU50,488H for 24h
immunolabeled with the neuronal marker III-tubulin (TUJ1,
1:1000) to visualize the neurites and with TO-PRO-3 (1:500) for

nuclear staining. The cells were mounted on slides and visualized

not and subsequently

with confocal microscopy. To count the number of branches 100
cells per condition were measured from 3 independent
experiments. The branching of neurons was estimated by counting
the branches that arise from each neurite using the Image
] software..

Co-immunoprecipitation assay

Hippocampi from wild-type C57BL/6] mice were isolated and
lysed in RIPA lysis buffer containing 1% v/v Triton X-100, 0.2%
w/v SDS, 1% w/v sodium deoxycholate, 50mM Tris-HCI (pH
7.6), 5mM EDTA, 150 mM NaCl, 50 mM NaF, supplemented with
antipain, leupeptin, benzamidine (1pg/mL each), complete
EDTA-free ImM PMSF and 1mM
orthovanadate. Approximately, 800 pug of the clarified cell lysates

inhibitors, sodium
were incubated with an LC3B monoclonal antibody (2ug)
overnight at 4°C. Normal rabbit serum (NRS) was used as control.
Immune complexes were recovered on protein A/G agarose beads
for 3h at 4°C, washed extensively with buffer consisted of 25 mM
Tris-HCI (pH 7.4), 300 mM NaCl, l mM EGTA, 1 mM EDTA, 1%
Triton X-100, 0.2mM PMSF and 0.2 mM Na;VO,, subjected to
SDS-PAGE and transferred onto polyvinylidene (PVDEF)
membranes. Co-immunoprecipitation of cell lysate proteins was
verified by immunoblotting using the appropriate antibodies.

Chromatin immunoprecipitation

k-Neuro-2A cells treated or not with U50,488H for 6h were
cross-linked with 1% formaldehyde for 10 min at room temperature
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followed by 5min incubation with 0.125mM glycine as previously
described (Carey et al.,, 2009). Briefly, isolated nuclei were sonicated
and the extracted chromatin (200 pug) supplemented with protease
inhibitors was immunoprecipitated using a ChIP grade antibody
against CREB or NRS. The crosslinked protein complexes were
incubated for 2h at 4°C under rotation with pre-blocked salmon
sperm DNA and 5% BSA protein A/G agarose beads. Following
extensive washes with 0.1% SDS, 1% Triton X-100, 2mM EDTA,
150mM NaCl, 20mM Tris-HCI pH 7.5, the immune complexes
were incubated overnight in 1% SDS, 100mM NaHCO3 and
proteinase K. The immunoprecipitated DNA was extracted by
phenol-chloroform-isoamylyl alcohol and PCR was carried
out using the following primers for Beclinl, BECNI
(forward) 5-CGGGTAAACAGGGATCTGGAG-3’ and (reverse)
5-GCCAGGGACTCTAGGCTTCTT-3', spanning the putative
CRE binding site in the mouse BecnI promoter. The PCR products
were separated on 2% agarose gels.

RNA extraction and real-time polymerase
chain reaction

Total RNA was extracted with TRI-reagent from control or
U50,488H treated k-Neuro-2A cells according to manufacturer’s
instructions. Total RNA (1 pg) was used as template for cONA
synthesis using SuperScript II reverse transcriptase (Thermo
Fisher Scientific). The following primers were designed for Real
Time-PCR: Becnl, (forward):5-GGCCAATAAGATGGGTC
TGA-3’; (reverse) 5-GCTGCACACAGTCCAGAAAA-3"; for
ATG5, 5 (forward) AAGTCTGTCC-TTCCGCAGTC-3’;
(reverse) GAAGAAAGTTATCTGGGTAGCTCA-3"; for GAPDH
(forward) 5-TGTGTCCGTCGTGGATCTGA-3’, (reverse)
5-CCTGCTTCACCACCTTCTTGA-3’, using a MX3000P QPCR
System (Stratagene, La Jolla, CA, United States). The expression of
the mRNAs was calculated using the ACt method.

Forced swim test

The forced swim test (FST) was adapted from McLaughlin
et al. (2003) with minor modifications. Briefly mice were divided
into 4 groups (n=6/group) and on day 1, they were injected
intraperitoneally with the k-OR antagonist, nor-BNT (10 mg/kg),
or vehicle and placed in a 51 beaker (40cm tall x 25cm in
diameter) filled with 2.51 of 30°C water for a single swim trial of
15min. On day 2, the animals were subjected to 4x FST trials,
6 min long, with 6 min intervals. During the last 4 min of the trial
mice were recorded and the time spent immobile was counted as
“stressed behavior.” After each trial, the mouse was removed from
the water, dried with towels and returned to its home cage for at
least 6 min before further testing. Immobility was defined as the
animal remaining motionless or making only minor non-escape-
related movements. To qualify as immobility each posture must
be clearly visible and sustained for a minimum of 2 s. Immobility
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was measured with the specialized video tracking software
Ethovision XT9.0 (Noldus, Netherlands). Difficulty in swimming
or staying afloat were criteria for exclusion, however, no mice met
these criteria in this study.

Statistical analysis

Statistical analysis was performed using one or two-way
analysis of variance (ANOVA) following by Tukey’s ¢ test for post-
hoc comparisons. All experiments were repeated at least three
times. Bands were quantified by densitometric analysis using
Image ] software (National Institute of Health, Bethesda, MD,
United States) and expressed as mean+SEM. Representative
experiments are shown and statistical significance is shown in
each figure legend.

Results

Selective k-opioid receptor agonists
induce the autophagic flux in neuronal
cells

It is known that neuronal autophagy is involved in cell growth,
survival and synaptic plasticity (Nikoletopoulou et al., 2015,
2017). Here, we investigated whether specific k-OR agonists could
trigger autophagy in k-Neuro-2A cells and modulate synaptic
organization. We thus treated Neuro-2A cells, stably expressing
k-OR, with U50,488H, a k-OR-specific agonist, and monitored the
levels of the lipidated LC3 (LC3-II), a reliable and specific marker
of autophagosome formation located at the membrane of the
autophagosome. As shown in Figure 1A, increasing concentrations
of U50,488H for 6h caused a dose-dependent increase in LC3-II
accumulation. Addition of the lysosomal inhibitor bafilomycin A1l
(BafAl), which prevents the fusion of autophagosomes with
lysosomes indicated a significant increase in LC3-II levels in cells
exposed simultaneously to U50,488H and BafA1, relative to BafA1l
alone (Figure 1B), indicating that k-OR activation upregulates the
autophagic flux. Finally, LC3-II accumulation was markedly
reversed upon treatment with the opioid antagonist, naloxone,
prior to U50,488H exposure, further confirming the k-OR-
dependent autophagic activation (Figure 1C).

To recapitulate U50,488H-mediated autophagy in a native
neuronal milieu, we treated hippocampal neuronal cultures to
U50,488H, that resulted in a significant increase of LC3-positive
autophagosomes that appeared as puncta, compared with untreated
controls (Figure 1D). Consistent with these findings, immunoblot
analysis of primary hippocampal cultures showed that naloxone
blocked the increase in LC3-II accumulation caused by U50,488H
exposure (Figure 1E). Collectively, these results demonstrate that
k-OR activation induces autophagy in neuronal cells.

To deduce whether other x-OR agonists exert similar
effects on autophagy initiation, we exposed k-Neuro-2A cells
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FIGURE 1

Activation of the k-OR induces the autophagic machinery in neuronal cells. (A) Treatment of k-Neuro-2A cells with the x-OR agonist U50,488H
results in upregulation of LC3-Il in a dose-dependent manner. (B) k-Neuro-2A cells were pre-treated with 20nM BafAl for 16h, prior to U50,488H
(20 uM), or (C), with 50uM naloxone for 45min, prior to agonist exposure for 6h. All cell lysates (50pg) were subjected to 17% SDS-PAGE for
western immunoblotting to detect the autophagosome formation, top panels, immunoblots of LC3-Il and p-actin; bottom panels, quantification
of LC3-1I (measured with an anti-LC3B antibody and normalized to p-actin levels). (D) Primary hippocampal cultures were exposed to U50,488H
(20 uM) for 6h. Confocal images of 10 DIV embryonic hippocampal neurons, immunostained with an anti-LC3B antibody (1:200) to label
autophagosomes, Tuj-1 (1:1000) to label dendrites, and the nuclear dye TO-PRO-3 (1:500). (E) LC3-II is up-regulated dose dependently upon
U50,488H exposure (6h) in embryonic primary neuronal cultures (lanes 2—4). Lane 5, represents lysates of neuronal cultures treated with 50 pM
naloxone prior to U50,488H administration. Top panel represents immunoblots of LC3-Il and p-actin. Quantification of LC3-1l was normalized to
B-actin levels. All experiments were performed independently at least 3 times. Error bars represent mean values + SEM. Statistical analysis was
performed using one or two-way ANOVA. *p<0.05 and **p<0.01 as compared in the absence of agonist, *p<0.05 as compared with samples in the
presence of U50,488H

to varying concentrations of the endogenous k-OR
neuropeptide dynorphin, 3, which also resulted in increased
LC3-1I and Beclin 1 levels (Figures 2A,B). This effect was
blocked by the nor-BNI
(Figure 2C). Finally, dynorphin, j;-treated primary neuronal

selective k-OR antagonist

cultures indicated an increase of LC3-positive puncta
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compared to control neurons (Figure 2D). These data suggest
that k-OR-induced autophagy is not selective to U50,488H,
but can also be mediated by the endogenous k-OR
neuropeptide dynorphin.

Because a key initial event of the autophagosome
biogenesis is the formation of the pre-autophagosomal
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FIGURE 2

Control Dynorphin ;5

Dynorphin induces k-OR-mediated autophagy in neuronal cells. Treatment of k-Neuro-2A cells with dynorphin results in upregulation of LC3-Il in
a dose-and time-dependent manner. (A,B). The levels of LC3-II (A) and Beclinl (B) after dynorphin,_;; treatment for 6h were detected by Western
blotting and normalized to B-actin levels. Data represent mean £SEM of three independent experiments; Statistical analysis was performed using
one-way ANOVA. *p<0.05 and **p<0.01 as compared to untreated samples. (C) k-Neuro-2A cells were pre-treated for 1h, with or without the
k-OR antagonist nor-BNI (5uM) following administration with 1 pM dynorphin for 6h. The LC3-II levels were detected by Western blotting. p-actin
served as loading control. Error bars represent mean + SEM of three independent experiments. Statistical analysis was performed using two-way
ANOVA, **p<0.01 as compared with untreated samples, *p<0.05 as compared with samples in the presence of nor-BNI. (D) Representative
confocal images of hippocampal embryonic DIV 10 neurons were treated or not with 1 uM dynorphin for 6h and immunostained with antibodies
against LC3B (1:200) and Tuj1 (1:1000) to label autophagosomes and mature dendrites, respectively, and the nuclear dye TO-PRO3 (1:500)
Statistical analysis was performed using one-way ANOVA. **p<0.01 as compared with untreated cells.

structure (PAS), composed of ULK1, which is a complex of a
serine/threonine protein, with the focal adhesion kinase
(FIP200) and other proteins, we examined the timing of
U50,488H-mediated early autophagic events. Treatment of
primary neuronal cultures with U50,488H for 1, 6, and 24 h,
triggered a marked increase of FIP200 and ULK1 protein
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levels reaching a peak at 6 h agonist exposure (Figure 3A). In
parallel, U50,488H treatment of k-Neuro-2A cells for various
time intervals indicated a time-dependent increase of Beclinl,
a key mediator of autophagosome formation. This increase
peaked at 6 h following U50,488H administration (Figure 3B).
Similarly, as shown in Figure 3C, exposure of k-Neuro-2A
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FIGURE 3

U50,488H treatment of neuronal cultures upregulates autophagosome biogenesis. (A) Primary neuronal cultures were treated with 20 pM
U50,488H for the indicated time intervals and the levels of pre-autophagic markers FIP200 (1:1000) and Ulk1 (1:1000) were identified by western
blotting using the corresponding antibodies. Tuj-1 protein levels were used as loading control. (B) Beclin 1 is upregulated in a time dependent
manner in k-Neuro-2A cell lysates upon 20 pM U50,488H administration. Beclin 1 levels were normalized to p-actin. (C) The levels of Beclin 1 and
ATG5, were increased whereas those of p62 decreased in a dose dependent manner. The protein levels were normalized using p-actin.

(D) k-Neuro-2A cells were treated with 20 pM U50,488H for 6h and the mRNA levels of Becnl and Atg5 were examined by real-time PCR. Error
bars represent average+SEM. Statistical analysis was performed using one way ANOVA. All experiments were performed at least three times.

*p<0.05 and **p<0.01 as compared with untreated samples.
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cells to U50,488H, increased the protein levels of ATG5 and
Beclin 1, with a concomitant decrease of p62 known to
increase when autophagy is inhibited and decrease when
autophagy is induced (Bjorkoy et al., 2009). Additionally,
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Becnl and Atg5 mRNA levels were also elevated after
6h U50,488H cell exposure (Figure 3D). These results clearly
demonstrate that k-OR is involved in autophagosome
biogenesis in neuronal cells.
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Identification of the k-opioid receptor
signaling pathway that regulates the
autophagic machinery

The k-OR is coupled to pertussis toxin-sensitive Gi/o proteins
to regulate a variety of effectors (Bruchas et al, 2010;
Papakonstantinou et al., 2015). To define the role of G proteins,
we pretreated k-Neuro-2A cells with pertussis toxin (PTX), which
ADP-ribosylates Gai/o subunits. PTX blocked U50,488H-
mediated increase of LC3-II and Beclin 1 levels (Figures 4A,B),
suggesting that Gi/o proteins are important players in k-OR-
mediated autophagy. To examine whether ERK1,2 is implicated in
the of ERK1,2
phosphorylation of k-Neuro-2A cells were assessed in the
presence or absence of PTX. U50,488H enhanced ERK1,2
phosphorylation after 15min and 6h post-exposure and this effect

k-OR-induction of autophagy levels

was abolished by PTX exposure (Figure 4C). Moreover, when the
cells were pretreated with the ERK1,2 inhibitor PD98059 prior to
agonist activation, U50,488H-mediated-ERK1,2 phosphorylation
was abolished with a concomitant decrease of the LC3-II and
Beclinl levels, relative to the untreated cells (Figure 4D). We next
wondered whether other members of MAP kinases are involved
in k-OR mediated autophagy. To elucidate that, we studied the
implication of JNK kinase in k-OR induced autophagy. As shown
in Figure 4E, no effects on LC3-II accumulation were detected in
U50,488H-treated cells relative to the untreated ones upon
pre-treatment with the JNK inhibitor SP600125. These results
suggest that ERK1,2 is implicated in k-OR-mediated autophagy.

k-opioid receptor regulates Beclinl
transcription via CREB activation

Because it is known that CREB regulates various autophagic
genes (Seok et al.,, 2014) and that a consensus CRE binding site
(TGACGTCA) exists in the mouse BecnI promoter, we sought to
determine if Beclin 1, a fundamental protein in autophagic process
is regulated by p-CREB upon U50,488H exposure. CREB was
phosphorylated in response to U50,488H cell exposure, and this
effect was abolished by the ERK1,2 inhibitor PD98059 (Figure 4F).
Moreover, chromatin immunoprecipitation (ChIP) assay in
isolated chromatin fragments of k-Neuro-2A cells indicated that
CREB binding in the Becnl promoter was greatly enhanced by
U50,488H exposure relative to untreated cells (Figure 4G).
Therefore, k-OR-mediated increase in Beclinl levels appears to
involve transcriptional activation of the Beclinl gene by ERK1,2-
activated CREB.

U50,488H administration induces autophagy
and promotes synaptic alterations in mouse
hippocampus

We next sought to examine whether we could recapitulate
U50,488H-mediated k-OR autophagy in vivo and determine
whether specific brain regions are involved. To this end, mice were
injected with saline (vehicle) or U50,488H for 6 consecutive days
and the levels of LC3-II and Beclinl were measured in the
hippocampus, cortex and striatum. U50,488H resulted in a
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significant increase of LC3-II and Beclinl in the mouse
hippocampus as compared to vehicle, but with no significant
changes in cortical and striatal lysates (Figures 5A-C). Collectively,
these results suggest that k-OR-mediated autophagy is detected
specifically to the mouse hippocampus.

Autophagy contributes to synaptic plasticity by degrading
specific proteins that are essential for synaptic function and spine
remodeling (Nikoletopoulou et al., 2017). To elucidate whether
U50,488H-mediated autophagy leads to synaptic alterations,
initially the levels of proteins enriched in dendritic spines such as
PSD-95 and spinophilin, were examined in the hippocampus,
cortex and striatum of U50,488H-treated mice. As shown in
Figure 5D, spinophilin and PSD-95 in hippocampal lysates were
significantly decreased in U50,488H-treated mice compared with
saline-treated controls. However, no significant alterations for
these proteins were detected in the cortex or striatum
(Figures 5E,F). 'This was further confirmed in isolated
synaptosomes where a pronounced decrease of spinophilin,
PSD-95, as well as SNAP25 was detected in U50,488H-injected
mice, as compared to control ones (Figure 5G). All these suggest
that these synaptic proteins are degraded, possibly by being
engulfed in the k-OR-mediated autophagic cargo.

To test this hypothesis and in view of the known interaction
of LC3 with autophagic cargos through the LC3-interacting
regions (LIR) of various proteins, spinophilin, SNAP25 and
PSD-95 among them (Nikoletopoulou et al., 2017; Johansen and
Lamark, 2020), we examined whether these proteins interact with
LC3. Co-immunoprecipitation studies of hippocampal lysates
using an LC3 antibody indicated that spinophilin, PSD-95 and
SNAP25 do interact with LC3 (Figure 6A). Moreover, to further
define whether these synaptic protein alterations are indeed due
to autophagy induction we measured their levels in the presence
of BafAl. Treatment of k-Neuro-2A cells with U50,488H decreases
the levels of spinophilin and PSD-95. Inhibition of autophagy by
BafAl treatment did not alter these protein levels, suggesting that
U50,488H-k-OR activation indeed leads to degradation of these
synaptosomal proteins (Figure 6B). Finally, to verify whether these
K-OR-mediated effects are due to alterations in neuronal
sprouting, the number of branches in U50,488H-treated
hippocampal neuronal cultures were measured. U50,488H
significantly reduced the number of branches relative to the
controls (Figure 6C), suggesting that k-OR-induced autophagy
modulates neuronal sprouting, possibly by degrading key
synaptic proteins.

Activation of the endogenous k-opioid
receptor/dynorphin system upon stress
upregulates autophagy in the hippocampus
and results in synaptic alterations

It is well documented that the k-OR/dynorphin system plays
an important role in anxiety and stress-related behaviors and that
k-OR antagonists exhibit anxiolytic effects (McLaughlin et al.,
2003; Fava et al., 2016). To examine whether stress-induced
endogenous dynorphin release impacts on autophagy regulation,

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039135
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Karoussiotis et al.

A B c
2 3 4 5 6 1 2 3 4 5 6

1 2 3 - -

LC3-1 i —45kDa
ST e o [ e e -

BACTIV o e o e [sion AT e TUUUN SRS S SS ] ...

[y

U50,488H(uM) - 20 50 - 20 50 U50,488H - % B U50,488H - 15" 6h - 15" 6h
PTX - - - + o+ + PTX - ® + PTX = = - ¥ + +
_— # E L
z mrm 2

z° **# E : = g " * % %

E by oy

3 ‘ m : i H *

=2 > 21 £, F-I

§ =Ml e e [ g, %, 1l e B 0
U50,488H(uM) - 20 50 - 20 50 U50,488H - + + U50,488H - 15’ 6h - 15 6h
PTX - - -+ o+ o+ PTX TR PTX - - -+ o+ 4

D £ .
1 2 3 a g ) ; .
= LC3-1 .
’ LC3-1l
L3l . ,
L3l — | 15k02 p-INK o |
7 | RRR——— |
P-ERKL/2 [ e o |O5KDR GAPDH ’-...{-%koa AR .. .
ERK1/2 askoz US0,488H - P PD98059 - . % +
U50,488H I r sP600125 - -+ + .
: - ' w * %
PD98059 - . . . g
g s g
E* g. &
e a2
B = US0,488H - + - +
: US0488H -+ -+ PD98OSS - -+ +
0
s SP600125 - -+ +

PD98059 - -

G 08
NRS CREB  Inputs 306
g
1 2 3 4 5 6 504 *
X 02
Becnl

—200bp 0
U50,488H « F . R U50,488H = +

ey

=

LC3-11/B-ACTIN
~

o

- + +
*
U50,488H - + -+
+ o+
—t
ok
+ -+

U50,488H -
PD98059 - -+

FIGURE 4

k-OR activation induces autophagy in a Gy, protein, ERK 1,2 kinase and p-CREB dependent manner. (A) k-Neuro-2A cells were pre-treated with
PTX (100ng/mL) for 16h, followed exposure to U50,488H for 6h and LC3-II levels were assessed by Western immunoblotting. p-actin was used as
loading control. Error bars represent mean values+SEM; Statistical analyses were performed using two-way ANOVA; *p<0.05 and **p<0.01 as
compared to the untreated samples; #p<0.05 as compared to U50,488H treated samples. (B) Beclin 1 levels were detected after PTX pre-treatment
following administration with 20 uM U50,488H for 6h. p-actin was used as loading control. Error bars represent mean values+SEM; two-way
ANOVA was performed. *p<0.05 as compared to the untreated samples and #p<0.05 as compared to treated samples. (C) x-Neuro2A cells were
pre-treated with PTX for 16h, prior to U50,488H (20 uM) for 15min and 6h exposure and the levels of p-ERK1,2 were quantified. Tubulin was used
as loading control. Error bars represent mean values+SEM. Two-way ANOVA was performed with *p<0.05 and **p<0.01 as compared to the
untreated samples; #p<0.05 and #*p<0.01 as compared to U50,488H treated samples. (D) k-Neuro-2A cells were pre-treated with the ERK1,2
inhibitor PD98059 (20 pM) for 2h, followed by U50,488H (20 pM) administration for 6h. Total ERK1,2 was used for quantification. Error bars
represent mean values = SEM. Statistical analyses were performed using two-way ANOVA. *p<0.05 and **p<0.01 as compared with untreated
cells; #p<0.05 as compared with samples in the presence of U50,488H. (E) The levels of p-IJNK were estimated in k-Neuro-2A cells in the presence
or not of the INK inhibitor SP600125 (20 uM) for 30min prior to 6h U50,488H (20 uM) administration. All experiments were performed three times.
GAPDH was used as loading control. Error bars represent mean values + SEM. Statistical analyses were performed using two-way ANOVA.
**p<0.01 as compared with untreated cells. (F) k-Neuro-2A cells were pre-treated with or without PD98059 (20 puM) for 2h, followed by U50,488H
(20 uM) exposure for 6h. The phosphorylated levels of CREB were analyzed by Western blotting using an anti-p-CREB (Ser133) (1:500) serum and
normalized to total CREB using a specific antibody (1:1000). Statistical analysis was performed using two-way ANOVA. **p<0.01 as compared with
untreated samples and #*#p<0.01 as compared with samples in the presence of U50,488H. (G) Chromatin immunoprecipitation was performed in
k-Neuro-2A cells as described in Materials and methods using an anti-CREB (10ug) (lanes 3, 4) or normal rabbit serum (NRS) (lanes 1, 2).
Immunoprecipitated Becnl promoter region was amplified by PCR and the densitometry of the bands was quantified by Image J software on an
agarose gel. CREB immunoprecipitated chromatin from control and U50,488H treated samples were normalized to their respective inputs. Error
bars represent mean + SEM of three independent experiments. Statistical analysis was performed using one-way ANOVA. *p<0.05 as compared
with untreated samples.
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FIGURE 5

k-OR activation induces autophagy in mouse hippocampus and alters synaptosomal protein levels. Male mice were injected i.p. with
saline or 5mg/kgU50,488H for six consecutive days and the hippocampus (A), cortex (B), and striatum (C) were isolated and lysed as
described in section "Materials and methods.” Autophagosome accumulation was measured by Western blotting using LC3B and Beclin
1 antibodies. Brain lysates from hippocampus (D), cortex (E), and striatum (F) of saline-and U50,488H-injected mice were isolated and
the protein levels of spinophilin (1:1000) and PSD-95 (1:1000), were measured by immunoblotting using the corresponding antibodies
B-tubulin was used as loading control. (G) Hippocampal synaptosomes of saline-or U50,488H-injected mice were isolated and the
levels of spinophilin, PSD-95, and SNAP25 (1:1000) were detected using the corresponding antibodies and quantified by Image J
software using B-actin. All data are presented as average+SEM from three independent experiments (n=4/group, *p<0.05 as compared
with saline group using one-way ANOVA with post-hoc test)
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we examined the consequences of acute stress on autophagy in the
hippocampus. To this end, mice injected with either vehicle or the
K-OR selective antagonist, nor-BNI, which is known to exert
anxiolytic effects, were subjected to a two-day modified forced
swim test (FST) (Figure 7A). Male C57BL/6] mice were divided
into 4 groups saline-control or saline-FST (stressed) and
norBNI-not stressed or nor-BNI-FST (stressed). nor-BNI
significantly decreased immobility time following the FST,
compared to saline-treated mice, suggesting that nor-BNI
attenuates stress-related behavior (Figure 7B). Subsequently, the
levels of the autophagic markers LC3-II and Beclinl were
measured in isolated hippocampal lysates and found to
be significantly increased in stressed animals (FST) relative to
vehicle injected-non-stressed ones (Figure 7C). In contrast, this
increase in autophagic markers was not detected in nor-BNI-
treated mice under control or FST conditions when compared
with the saline-control group (Figure 7C). Moreover, as expected,
no significant alterations of LC3-II levels were detected in the
cortices of the same treatment groups (Figure 7D), confirming
that the hippocampus is the target region for k-OR-induced
autophagy under acute stress.
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Finally, to confirm that dynorphin/k-OR-induced autophagy-
mediated changes in hippocampal synapses during stress may
be rescued by nor-BNI, we measured the levels of synaptic proteins
in hippocampi of stressed and naive animals subjected to nor-BNI, or
saline treatment. Our results demonstrated that spinophilin, PSD-95,
and SNAP25 protein levels were significantly reduced in stressed
animals relative to the control ones (Figure 7E). In contrast, the levels
of these synaptic proteins in nor-BNI injected mice prior to FST were
at the same levels as the control nor-BNI-injected ones devote of the
stressor (Figure 7E, lanes 5-8). Again, no significant alterations in
cortical lysates of these proteins were detected, irrespective of the
stress-related regime or nor-BNI administration status (Figure 7F).
Collectively, these results suggest that the endogenous dynorphin
release due to the acute FST results in k-OR-mediated induction of
autophagy that in turn leads to hippocampal synaptic alterations.

Discussion

Previous studies have shown that in the brain the k-OR is
involved in motivation, stress-related responses and adult

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039135
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Karoussiotis et al.

10.3389/fnmol.2022.1039135

B _. 190
= W 180
o E
FST £ m . o ST
b —,
o 5 10 FST+nor-BNI
g 150
Day 1 Day1 Day 2 Sacrifice S w0
15 min trial 6 min trial s
4times T 130
Hippocampus D
Cortex
1 2 3 4 5 6 7 8
BECLINII u—.””m”””{_som 1 2 3 4 : 5 6 7 8
Le3 | e
(3 - e dban ED D e e Lc3-n -~ — 0
LO3- 1 | e i o, . —15kDa
R —— bR ...
eskos FST - -+ o+ - -+ o+
FST = 8 ® & s & F & nor-BNI - - - -+ o+ & 4
nor-BNI - - - - + o+ o+ 4+
#
z 3 * 23 # . 3
g, 3 : S
£ 32 a
a 2 2
= 3 &
z! =1 =1
=1 o 0
2 9 g
“o 0 0
FST -+ -+ FST - & - & FST -+ -+
nor-BNIL - -+ 4+ nor-BNI - - + + nor-BNI - -+ 4+
F
Hippocampus Cortex
1 2 3 4 5 6 7 8
- |-140kDa
SPINOPHILIN ‘ C oI
- 100kDa
e e e - — — — —
PSD-95|
SNAP25 ‘ ————————  |-25kDa
B-TUBULIN ‘-------. _askpa
FST - -+ o+ - - + FST - - + o+ - - + o+
nor-BNI - . .. o+ o+ o+ nor-BNI - - - - + + o+ o+
SPINOPHILIN PSD-95 SNAP-25 , SPINOPHILIN PSD-95 SNAP-25
2
] — 9
B # g
15 — Ys
z " z
B —— I
2 5]
€ 1 €1
e o
Tos E L
= 2 NI
0 N NN
FST -+ - + - 4+ - 4+ - & - % FST -+ - + - + - -+ -
nor-BNI - - 4+ R - -t nor-BNI - -+ + - -+ = = # &

FIGURE 7

Nor-BNI blocks FST-induced autophagy promoting synaptic alterations in mouse hippocampus. (A) Experimental timeline of the nor-BNI
administration protocol and the 2-day repeated FST in C57BL/6J mice. Four groups of animals [saline and nor-BNI (non-stressed groups), and
saline and nor-BNI exposed to FST (stressed groups)], (n=6/group) were injected i.p. with saline or the specific k-OR antagonist nor-BNI (10mg/kg)
on day 1. One hour after injection, mice were subjected to 15min FST. On the second day, mice were subjected to 4x6 min FST trials and
immediately sacrificed and hippocampi and cortices were isolated. (B) For behavioral analysis the immobility time of mice was quantified using a
video tracking software as described in Materials and Methods. Statistical analysis was performed by one-way ANOVA variance, *p<0.05 relative to
FST saline group. For autophagy induction, LC3-1l and Beclin 1 levels were measured in hippocampus (C) and cortex (D) by Western
immunoblotting. (E) The levels of spinophilin, PSD-95 and SNAP25 in the hippocampus were detected from the four groups to evaluate
differences between the stressed and non-stressed animals injected with saline or nor-BNI. B-tubulin was used as the loading control.

(F) Spinophilin, PSD-95 and SNAP25 levels were detected from isolated cortical lysates (50pg) from the four mice groups. The ratio of proteins to
B-tubulin was normalized to control (saline non-stressed), which is set as 1. All data are presented as average+SEM (n=6/group, *p<0.05 as
compared with the saline non-stressed group and #p<0.05 compared with the saline stressed ones using two-way ANOVA with post-hoc test).

neurogenesis and that k-OR agonists and antagonists exert potent
pro-and anti-depressant effects, respectively, in rodents (Lutz and
Kieffer, 2013; Kibaly et al., 2019). However, the mechanistic details
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of the aberrant synaptic function and resulting behavior mediated
by x-OR upon stress remain elusive. In the present study,
we demonstrate that k-OR plays a role in stress-induced
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Schematic representation of a putative signaling pathway via which k-OR activation triggers autophagy resulting in synaptic alterations. Activation
of k-OR in neuronal cells leads to ERK1,2 phosphorylation mediated by Gi/o proteins. Activated ERK1,2 subsequently phosphorylates CREB which
in turn translocates to the nucleus to activate Becnl gene expression. Upregulation of Beclinl and Atg5 promotes the initiation of autophagy
resulting in alterations of hippocampal synaptic proteins enriched in dendritic spines.

autophagy, which leads to synaptic alterations. k-OR-induced
autophagy occurs primarily in the hippocampus despite k-OR’s
high expression levels in cortex and striatum. Gi/o proteins and
U50,488H-induced ERK1,2 activation are responsible for k-OR-
mediated autophagy. An intriguing finding of the present study
has been that U50,488H-dependent-CREB activation regulates the
transcription of the becnl gene, confirming that k-OR activation
leads to transcriptional induction of specific autophagic genes.
We are thus proposing a putative G protein dependent signaling
pathway for the control of autophagy by k-OR. Activated k-OR
leads to activation of ERK1,2 which phosphorylates CREB, with
the later promoting alterations of autophagic genes leading to
synaptic protein changes (Figure 8). This proposal is in agreement
with previous observations which have shown that heterotrimeric
G proteins control autophagic sequestration in HT-29 cells (Ogier-
Denis et al., 1995, 1996), and that Gai3, which is activated by
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K-OR (Papakonstantinou et al., 2015), plays a crucial role in
autophagosomal membrane compartmentalization (Gohla et al.,
2007) and autophagy initiation (Gotthardt et al., 2006). It is also
compatible with previous findings suggesting that a dynamic
interplay between Gai3, the activator of G-protein signaling 3 and
Goa-interacting vesicle-associated protein (GIV), are signaling
components that determine whether autophagy is induced or
inhibited (Garcia-Marcos et al., 2011), and that Gai3 interacts
with RGS4 to increase autophagy (Bastin et al., 2020).

A number of different GPCRs have been shown to regulate
autophagy albeit through different mechanisms (Wauson et al.,
2014). Thus, dopamine D2 and D3 receptors were shown to
be positive regulators of autophagy, involving the Akt-mTOR and
AMP-activated protein kinase (AMPK) signaling pathways (Wang
et al,, 2018). Similarly, activation of the p2-adrenergic receptor
upregulates autophagy and increases collagen degradation in
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order to maintain cardiac extracellular matrix homeostasis
(Aranguiz-Urroz et al., 2011). Methamphetamine exposure also
induces autophagy via the k-OR as a pro-survival response against
apoptotic endothelial cell death, an effect that is also mediated by
ERK1,2 activation and inactivation of the Akt/mTOR pathway
(Ma et al.,, 2014). In the mouse hippocampus, acute or chronic
morphine administration upregulates autophagic flux as protective
response towards morphine-induced neuronal death and
consequent spatial memory deficits (Pan et al., 2017). Moreover,
chronic morphine administration alters synaptic plasticity in the
hippocampus and results in spine and excitatory synapse density
reduction, via generation of reactive oxygen species leading to
Endoplasmic Reticulum (ER) stress activation (Cai et al., 2016).
Finally, it was noted that morphine-mediated autophagy involves
activation of ER stress with subsequent downstream astrocyte
activation via the p-opioid receptor (Sil et al., 2018), a finding
confirming that opioids are indeed potential positive regulators
of autophagy.

The immediate responses to stressful stimuli include neuro-
morphological changes in multiple brain areas including the
hippocampus (Leuner and Shors, 2013). Acute stress reduces the
density of dendritic spines, alters the location of postsynaptic
elements of excitatory synapses, and impairs long-term potentiation
and memory (Leuner and Shors, 2013; Shen et al., 2015). Chronic
stress has been reported to enhance autophagy in rodents (Xiao
etal., 2018; Woo et al., 2020). Furthermore, a role for autophagy in
depressive-like behaviors and cognitive impairment has been
demonstrated following prenatal stress (Zhang et al., 2017). Our
current findings extend the existing evidence by demonstrating a
plausible scenario where the dynorphin/k-OR system initiates
autophagy, which leads to stress-induced synaptic alterations.

Neuronal autophagy plays a major role in brain function by
modulating synaptic organization and morphogenesis (Hernandez
etal., 2012; Nikoletopoulou et al., 2017). It contributes to synaptic
plasticity by degrading specific synaptic proteins such as PSD-95,
PICK1 and SHANK3, which play important roles in synaptic
function and spine modeling. This implies a direct link between
autophagy and pruning of synaptic connections during postnatal
development (Nikoletopoulou et al., 2017). In agreement with
these predictions, our findings demonstrate that U50,488H-k-OR
activation of primary hippocampal cultures reduces the number
In addition, sub-chronic U50,488H
administration in mice led to degradation of the key scaffolding

of neurite branches.

synaptic proteins, spinophilin, PSD-95 and SNAP25, particularly
in the hippocampus, but not in the cortex or striatum.
We specifically chose to examine these proteins as they are
implicated in dendritic spine remodeling. Spinophilin localizes in
the postsynaptic compartment, is enriched in dendritic spines,
and modulates spine morphogenesis and maturation through the
regulation of the actin cytoskeleton (Feng et al., 2000). It also
interacts directly with opioid receptors and other GPCRs to
regulate their trafficking and signaling that leads to synaptic
alterations (Feng et al., 2000; Sarrouilhe et al., 2006; Fourla et al.,
2012). On the other hand, SNAP25 plays a crucial role
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pre-synaptically by mediating synaptic vesicle fusion. Of note is
that SNAP-25 and PSD-95 are substrates of autophagic
degradation modulating dendritic spine morphology and function
(Kallergi and Nikoletopoulou, 2021).

Stress blocks long term potentiation through release of
endogenous opioids including the release of the endogenous
k-opioid neuropeptide dynorphin. Activation of k-OR in vivo
promotes aversion, dysphoria, depression, and anxiety-like
behaviors (Tejeda et al., 2012; Lutz and Kieffer, 2013; Lalanne et al.,
2014; Hang et al., 2015). Conversely, k-OR antagonists prevent
many effects of stress and counteract stress-induced behavioral
responses and for this reason, are considered as novel therapeutics
for stress-related disorders (Rorick-Kehn et al., 2014; Jacobson
etal,, 2020). Forced swim stress in rats elevates dynorphin A levels
in the hippocampus (Shirayama et al., 2004), while chronic
autophagy deficiency in dopamine neurons results in increased size
of axon profiles, increased evoked dopamine release and rapid
presynaptic recovery (Hernandez et al., 2012). Another interesting
finding of the present study has been that FST in mice promoted
autophagy, as indicated by the elevated levels of autophagic markers
and this effect was prevented by administration of the k-OR
antagonist, nor-BNI. This suggests that the endogenous dynorphin/
k-OR system is involved in stress-induced autophagy and could
be part of the orchestration of synaptic changes observed in the
hippocampus under stress exposure. Interestingly, a concomitant
decrease of the three synaptic proteins, spinophilin, PSD-95 and
SNAP25, was also detected in the hippocampus but not the cortex
of stressed animals. A slight increase on the levels of PSD-95 and
SNAP25 in hippocampus detected in the nor-BNI-non-stressed
mice could be attributed to the upregulation of BDNF observed by
nor-BNI administration which regulates spinal density and
morphology and found to increase the levels of synaptosomal
proteins (Russo-Neustadt et al., 2004; Zhang et al., 2007; Ji et al.,
2010; Kellner et al., 2014).

Based on our observations we postulate that degradation of the
synaptic proteins spinophilin, SNAP25 and PSD95 could
be attributed to their engulfment in the autophagosome. These
findings are further supported by the observation that LC3
interacts with these three key protein substrates that possess
putative LIR motifs in their sequence. In turn, this suggests that
under acute stress, the release of dynorphin triggers the autophagic
machinery leading to synaptosomal alterations in the hippocampus.
It is interesting to note that similar synaptosomal alterations that
are crucial for dendritic spine remodeling and are caused by
autophagic degradation have also been reported previously under
conditions of nutritional stress, through a BDNF-regulated
mechanism (Nikoletopoulou et al., 2017). Autophagy was also
reported to play a crucial role in postnatal spine pruning in layer V
pyramidal neurons (Tang et al.,, 2014), suggesting that it plays a
significant role in synaptic organization and morphogenesis.

Based on the present findings, we conclude that an interplay
exists between k-OR-mediated autophagy and stress-mediated
synaptosomal alterations. Indeed, we propose the existence of a
signaling pathway (Figure 8) correlating k-OR-induced
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autophagy in neurons with synaptic hippocampal alterations
under stress conditions. This k-OR-mediated autophagy
mechanism could possibly result in synaptic dysfunction in
hippocampus that may contribute to the cognitive changes
observed upon stress exposure. Given that k-OR antagonists
(Domi et al., 2018; Jacobson et al., 2020) are in phase II clinical
trials for stress-related mood and anxiety disorders, it would
be interesting to explore whether these drugs effectively alleviate
stress-related pathologies via k-OR-mediated-autophagy.
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The &-opioid receptor (8-OR) couples to Gi/Go proteins to modulate a
variety of responses in the nervous system. The regulator of G protein sig-
nalling 4 (RGS4) was previously shown to directly interact within the C-
terminal region of 8-OR using its N-terminal domain to negatively modu-
late opioid receptor signalling. Herein, using molecular dynamics simula-
tions and in vitro pull-down experiments we delimit this interaction to 12
helix 8 residues of 3-OR and to the first 17 N-terminal residues (NT) of
RGS4. Monitoring the complex arrangement and stabilization between
RGS4 and 3-OR by molecular dynamics simulations combined with muta-
genesis studies, we defined that two critical interactions are formed: one
between Phe329 of helix8 of 6-OR and Pro9 of the NT of RGS4 and the
other a salt bridge between Glu323 of 8-OR and Lysl17 of RGS4. Our
observations allow drafting for the first time a structural model of a tern-
ary complex including the §-opioid receptor, a G protein and a RGS pro-
tein. Furthermore, the high degree of conservation among opioid receptors
of the RGS4-binding region, points to a conserved interaction mode
between opioid receptors and this important regulatory protein.

Abbreviations

4Box, RGS domain of RGS4; 5-HT1A, serotonin 1A receptor; 6xHis, hexahistidine; AMF, 100 um AICl3, 2 mM MgCl,, 100 mM NaF, 1 mM
GDP; CT, carboxyl terminus; DSLET, [D—Serzl-Leucine-enkephalin—Thrs; ERK1,2, extracellular signal-regulated protein kinase; GAP, GTPase-
activating protein; GPCR, G-protein-coupled receptors; GST, glutathione-S-transferase; GST, glutathione-S-transferase; HA, haemaglutinin;
HRP, horseradish—peroxidise; MAPK, mitogen-activated protein kinase; NMS, normal mouse serum; NRS, normal rabbit serum; NT, N-
terminus; ORs, opioid receptors; PAR, Protease-activated receptor; PMSF, phenylmethylsulfonyl fluoride; PVDF membrane, polyvinylidene
difluoride membrane; RGS4APL, RGS4 mutant that Pro9 and Lys17 residues are replaced with alanine; RGS, regulators of G protein
signalling; STAT5B, signal transducer and activator of transcription 5B; 8-CT, §-opioid receptor carboxyl terminal tail; 5-OR, 8-opioid receptor;
AN;7,RGS4, RGS4 lacking the first 17 amino acid residues of the N-terminus; ANRGS4, RGS4 lacking its N-terminal domain.
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Introduction

The &-opioid receptor (5-OR) belongs to family A of
rhodopsin-like G-protein-coupled receptors (GPCRs)
and is expressed in the central and peripheral nervous
system to mediate diverse physiological responses
ranging from pain perception, anxiety, respiratory
depression and neurotransmitter release to cell prolif-
eration and neuronal differentiation [1,2]. The 5-OR
mediates these responses via coupling to members of
the Gi/o proteins [3,4], however, ample experimental
evidence has demonstrated that it also interacts with
various accessory proteins, which alter the effectiveness
of agonist-driven cell signalling, trafficking and cellular
localization of this receptor [4]. Of interest is that the
C-terminal domain (CT), and particularly helix 8§,
plays a key role for these interactions. Pull-down
assays encompassing the CTs of 8- p- and k- opioid
receptors, as well as functional assays in living cells,
have previously demonstrated that RGS4, a member
of the B/R4 family of regulators of G protein sig-
nalling (RGS) proteins, directly interacts with all three
opioid receptor subtypes using its N-terminus (NT)
domain to negatively regulate their signalling [5-7].

Regulator of G protein signalling proteins comprise
a large and diverse family of proteins (> 30 family
members) that directly bind to Ga subunits to attenu-
ate their signalling [8]. Experimental evidence has
demonstrated that RGS proteins can also interact with
GPCRs, as well as with other additional partners, to
serve receptor functions distinct from their classical G
protein signalling [9-12]. RGS4 is expressed in devel-
oping neurons and functional studies have linked it to
the regulation of opioid, cholinergic and serotonergic
signalling in the brain [13]. RGS4 was found to nega-
tively modulate signalling of various GPCRs including
5-HTI1A [14] and §-, p- and x-ORs [5-7] and to be
involved in &-OR-mediated behaviours [15]. Recent
findings demonstrated that RGS4 is part of a multi-
component signalling complex encompassing the CT
of 5-OR (5-CT), specific members of the Gi/o protein
(s) and STATSB involved in 8-OR-mediated neu-
rotropic events in neuronal cells [12,13,16].

The precise GPCR-G-RGS protein combinations
determine the nature and duration of a given response.
Little is known on how RGS selectivity for G proteins
and GPCRs is determined in living cells [17,18]. RGS
proteins directly bind to the three switch regions of the
Go subunit through their RGS conserved helical
domain and stabilize them in a transition state confor-
mation [19]. The structural determinants of RGS-Ga
protein interactions are being characterized [20,21].
Functional assays combined with structure-based
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analyses have determined the structural features
involved in the interaction between G proteins and of
a large array of human RGS proteins [20], however,
the molecular mechanisms dictating RGS selectivity
have not been fully answered yet. For example, in the
case of RGS2, recent combined energy calculations
and GTPase activity measurements suggest that RGS-
Goaq specificity is determined by three RGS2-specific
residues of the RGS domain [22], whereas other find-
ings reveal that the chief determinant of RGS8 for
Gagq are most likely found in switch III of Ga [21]. On
the other hand, up to date there is no clear indication
on the way RGS proteins pair with GPCRs. We have
previously shown that RGS4 interacts with all three
opioid receptor subtypes (9, i, K) in an agonist inde-
pendent manner to confer selectivity for a particular
subset of G protein(s) and to negatively modulate their
signalling [6,7,12]. Other observations have shown that
RGS4 and RGS2 are recruited to the plasma mem-
brane by G proteins and/or the expressed receptors
[8,10]. Recent evidence indicates that RGS2 and RGS4
interact directly with PAR1 in a Ga-dependent manner
to modulate PARI1/Go-mediated signalling [23]. All
these observations indicate that selectivity of RGS pro-
teins for a given GPCR or G protein is influenced by
different parameters ranging from the nature and
abundance of G and RGS proteins present in a certain
cellular milieu to the activation state of each receptor.
Taken all these into account, the identification of a
consensus site for RGS binding with receptors would
help clarify how RGS proteins, receptors and G pro-
teins interplay modulate signalling.

In the present work, we provide evidence of 3-OR-
RGS4 direct association demonstrating the importance
of the 17 residues of the initial part of the RGS4 NT
and of 12 residues of the 6-CT (DENFKRCFRQLC)
in helix 8. Our structural insights, combined with
mutagenesis studies, modelling and molecular dynam-
ics (MD) simulations, allowed us to identify critical
interacting residues in the 3-CT and the NT of RGS4
and propose a ternary complex organization including
RGS4, 5-OR and Gay; 5. This model could be useful
towards delineating key binding residues determining
RGS-GPCR coupling selectivity.

Results

Modeling RGS4-6-OR interaction

It was previously demonstrated that RGS4 directly
interacts with the three opioid receptor (OR) subtypes
p-, 6- and k- using its N-terminal domain (NT) and
that deletion of the first 57 amino acids of the NT of

The FEBS Journal 287 (2020) 736-748 © 2019 Federation of European Biochemical Societies 737



Structural determinants of 5-OR-RGS4 interaction

RGS4 abolished this interaction suggesting that this
region is responsible for opioid receptor recognition
and binding [5-7]. In order to clarify the molecular
details of this interaction, we used various modelling
approaches combined with molecular dynamics simula-
tions. We mainly focused on the preferential confor-
mational state of the NT of RGS4 under native
conditions. Previous studies suggested that RGS4
binds to the membrane through an amphipathic o-he-
lix [24]. To support this finding and to evaluate the
possibility of an a-helical arrangement of the NT-
RGS4, we modelled an amphipathic helix for residues
M1 to F25 of the NT region based on the membrane
anchor domain (1-31) of the nonstructural protein 5A
of the hepatitis C virus (PDB 1R7E). Molecular
dynamics simulations monitored the stability of the o-
helical arrangement under different conditions (Fig. 1).
Our data suggest an a-helical conformation of the NT
region up to Leu23 when placed in a favourable
amphipathic environment (Fig. 1A, 8 x 100 ns). Sta-
bility of this region as an o-helix was further con-
firmed by running it in an alternative membrane
composition as well as starting from a de novo pre-
dicted model obtained using QUARK (Fig. 1B,
8 x 100 ns and C 8 x 100 ns). On the basis of these
findings, we next explored the interaction of the helical
NT-RGS4 with the 6-OR. For this reason, we started
from the system which provided the best environment
for NT-RGS4 helical stability (system 2, as seen in
Fig. 1A) and included the crystallized helix 8 region
(YAFLDENFKRCFR) of the 5-OR (PDB ID: 4EJ4).
The choice of this receptor region was based on previ-
ous observations demonstrating that this domain is
critical for 3-OR-RGS4 interaction [6]. Additionally,
knowing that helix 8 is amphipathic and parallel to
the membrane plane, in a similar way as the NT-
RGS4, allowed us to hypothesize that this interaction
mode could be the most plausible scenario. This is fur-
ther supported by the fact that the two palmitoylation
sites at the NT-RGS4 (C2 and C12) are known to be
important for GPCR recognition, trafficking, protein
targeting to the membrane and inhibition of G protein
activation and signalling [6,24,25]. In order to appro-
priately sample other possible interaction modes, we
followed the evolution of complex formation of di-
palmitoylated NT-RGS4 and the helix 8 of 3-OR dur-
ing 12 replicates of 100 ns (starting system in Fig. 2A).
Monitoring complex rearrangement and stabilization,
we found that two critical interactions are frequently
formed in a stable arrangement of the NT-RGS4 and
helix 8 of the 3-OR. The first being a stacking interac-
tion between Phe329%°* (helix 8 of 8-OR) and Pro9
(NT-RGS4) and a second a stable salt bridge
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established between Glu323%® (helix 8 of 3-OR) and
Lys17 (NT-RGS4) (Fig. 2B).

A specific region at the NT-RGS4 is responsible
for 8-OR binding

To validate the results obtained by MD simulations,
suggesting that the region including the amino acids
Pro9 and Lys17 of RGS4 are indeed critical for 8-OR
association, we generated initially an RGS4 mutant
lacking the first 17 amino acid residues of the NT
(AN7RGS4). As shown in Fig. 2C, pull-down experi-
ments using a GST fusion peptide encompassing the d-
CT, together with the truncated AN;;RGS4 and subse-
quent immunoblotting with an anti-His antibody failed
to retain RGS4 binding (lane 4). In contrast, a 24 kDa
polypeptide band corresponding to wild-type RGS4
was detected in similar pull downs (lane 3). No bands
corresponding to RGS4 or AN;RGS4 were detected
using GST alone (lanes 1 and 2). These results suggest
that the initial 17 amino acid residues of RGS4 are
responsible for binding with 3-OR, providing the first
biochemical evidence for the importance of this region
of RGS4 for 6-OR interaction.

Pro9 and Lys17 in RGS4 are critical for 5-OR
association

In order to validate the importance of Pro9 and Lys17
residues of RGS4 for 6-OR association, we replaced
them with alanine (RGS4APL) and tested the ability
of the RGS4APL mutant to interact with 3-OR and
the 6-CT. For that reason, the 6-CT was incubated
with HEK293 cell lysates expressing the wild-type HA-
RGS4 and the HA-RGS4APL. As shown in Fig. 3A,
incubation with wild-type RGS4 and subsequent
immunoblotting with an anti-HA antibody revealed a
polypeptide corresponding to RGS4 (lane 1) as verified
by a band corresponding to RGS4 in the cell lysate
(lane 3). In contrast, in lysates expressing the
RGS4APL mutant, only a very faint binding was
detected (lane 2), suggesting that RGS4APL loses its
ability to interact tightly with the 6-CT.

To further verify the significance of Pro9 and Lys17
residues of RGS4 for 6-OR interaction, lysates from
HEK?293 cells transiently expressing the flag-3-OR
together with the wild-type HA-RGS4 or HA-
RGS4APL, were immunoprecipitated with anti-HA
and immunoblotted with an anti-flag antibody. As
demonstrated in Fig. 3B, RGS4 co-immunoprecipi-
tated with the 3-OR as identified by the same molecu-
lar weight band in cell lysates (compare lanes 2 with
5). This band was absent in lysates expressing the
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Fig. 1. Molecular dynamics (MD) simulations of the conformational
stability of the N-terminal-RGS4 (NT-RGS4) region under different
conditions. (A) To analyse the stability considering different NT-
RGS4 membrane insertions in a DPPG:DPPC bilayer, in system 1
(left) the modelled amphipathic NT-RGS4 a-helix (M1 to F25) was
placed at 22 A along the z direction allowing for only slight
contacts with the membrane (4 x 100 ns); whereas in system 2
(right), NT-RGS4 was placed at 21 A along the z direction allowing
for abundant contacts with the membrane lipids (4 x 100 ns). (B)
To verify whether the membrane environment affects the stability
of the model, system 2 from A using a DPPG: DPPC bilayer (left,
4 x 100 ns) was compared to an alternative system 2 (right,
4 x 100 ns), in which NT-RGS4 was placed in a POPC bilayer. (C)
To evaluate the stability of an alternative ab initio model of the NT-
RGS4 region, simulations of this second model were run in DPPG:
DPPC (left, 4 x 100 ns) and POPC (right, 4 x 100 ns) bilayers. For
each system, o-helical stability is indicated along residues M1 to
F25 by grey bars.

the receptor (lane 4), suggesting that RGS4APL
mutant loses its ability to interact with 5-OR even in
its activated state in HEK293 cells.

It was previously shown that RGS4 has a negative
effect on 3-OR-mediated ERK1,2 phosphorylation [6].
To examine whether RGS4APL expression alters
ERKI1,2 phosphorylation in response to 6-OR activa-
tion, HEK293 cells expressing the 3-OR were chal-
lenged with DSLET. As shown in Fig. 3C, 1 pum
DSLET enhanced ERKI1,2 phosphorylation after
5 min stimulation of 8-OR. This phosphorylation as
expected was abolished in the presence of wild-type
RGS4 (compare lanes 3 with 4). However, when simi-
lar measurements of MAP kinase phosphorylation
were performed in the same cells, expressing
RGS4APL, there was a significant activation of
ERK1,2 in the presence of DSLET (compare lanes 5,
6). These results suggest that RGS4APL loses its func-
tionality and thus does not interfere in 6-OR-mediated
ERK signalling, confirming the importance of Pro9
and Lys17 residues of RGS4 for 8-OR interaction.

Helix 8 of 6-OR determines RGS4 interaction

The C-terminal region (CT) of ORs shares a conserved
domain forming helix 8 known to be critical for Ga,
GPy subunit and RGS4 binding [5,6,26]. Based on our
molecular dynamics results, and in an attempt to
define the importance of the proximal element of helix
8 of the 3-CT we examined whether a synthetic peptide
DENFKRCFRQLC (i4), formed by residues 322-333
of the 8-OR (Fig. 4A), is critical for RGS4 binding.
Gel electrophoresis under nondenaturating conditions
using the i4 peptide preincubated with purified recom-
binant 6xHis-RGS4 after immunoblotting indicated an
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A B helix 8 5-OR
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Helix 8 5-OR X NT-RGS4 U323 Phe32055T Y.
Dy Lys17
Membrane
v Palmitoylated NT-RGS4
Water
Simulated system Top view (palmitoylation not shown)
Cc GST 5CT  Inputs
I.B. His 1 2 3 4 5 6
RGS4 : . 26 kDa
AN7RGS4—> 5 . 24 kDa
1.B. GST
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RGS4 + - + -
AN4;RGS4 - + - +

Fig. 2. Interaction between NT-RGS4 and helix 8 of 3-OR. (A) Molecular dynamics simulation of interaction between NT-RGS4 and helix 8 of
3-OR. (B) Top view of complex formation between NT-RGS4 and helix 8 showing critical interactions (i) stacking between Phe3298%* and

Pro9 and electrostatic interaction between Glu323%5

and Lys17. For simplicity no palmitoylation is shown. (C) The NT1-17 of RGS4 is

responsible for 3-OR interaction. Upper panel: Wild-type recombinant 6xHis-RGS4 and 6xHis-AN17RGS4 (0.5 pum each) were incubated with
the GST-3-CT and pull downs were performed as described in Methods. Bound proteins were subjected to SDS/PAGE, transferred to PVDF
and detected using an anti-His antibody (1 : 3000). Lower panel: The amount of GST fusions loaded was verified after stripping and
reprobing with an anti-GST antibody (1 : 5000). Results shown are representative of three independent experiments.

upward shift in the mobility of RGS4 (Fig. 4B, lanes
5-8) compared with that in its absence (lane 3). At
high concentrations (300 and 500 pum) of i4 peptide,
the RGS4-peptide complex migrates at even higher
molecular weight due to charge difference (lanes 7, 8),
suggesting that peptide i4 forms a complex with RGS4
that migrates at a slower rate. In contrast, when simi-
lar experiments were performed using the truncated
AN7,RGS4 preincubated with increasing concentra-
tions of i4 peptide, no shift in protein migration was
observed, suggesting that the AN;;RGS4 charge and
its hydrodynamic size remained unchanged (Fig. 4B,
lanes 14-16). Similarly, no alterations in protein
charge were detected using the control peptide
MELVPSAR (Fig. 4B, lanes 9 and 10). These data
suggest that deletion of the seventeen NT amino acid
stretch of RGS4 prevents binding to the i4 peptide,
demonstrating for the first time that helix 8 residues
322 to 333 of the 6-OR and the NT17 residues of
RGS4 constitute the interface between these proteins.

Structural features of the RGS4-Gix-6-OR
complex

We have previously demonstrated that RGS4 forms
selective complexes with specific Go subunits upon

5-OR activation in HEK293 cells and that RGS4
and Go form a heterotrimeric complex within amino
acids 311-336 of the 8-CT [5,6]. To explore the nat-
ure of this ternary complex, we tested whether the
AN;RGS4, which does not interact with the &-CT,
can form a stable heterotrimeric complex with pre-
bound active Gat and the §-CT. To do that we ini-
tially characterized RGS4 and Ga binding by
preincubating purified recombinant 6xHis-RGS4 and/
or AN;;RGS4 with Goatgpp in the presence or
absence of AIF™* and Mg?* (AMF). As shown in
Fig. 5A, RGS4, as well as the AN;7RGS4 mutant,
interact with Goa both in the presence or absence of
AMF. To further explore whether AN;7;RGS4 cou-
pled to Goa has the capacity to form a ternary com-
plex with the 6-OR, similar pull-down experiments
were performed in the presence of 3-CT. As shown
in Fig. 5B, only wild-type RGS4 forms a ternary
complex with Gat and the 8-CT in the presence of
AMF (lane 6, upper, middle and lower panels).
AN7RGS4 was not detected upon preincubation
with Goatgpp in the presence of AMF, despite Ga
binding to the §-CT (lane 5, upper panel). As antici-
pated, no bands corresponding to AN;;RGS4 were
detected in the absence of Gat at any conditions
tested (Fig. 5B, middle panel lanes 3 and 4). These
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Fig. 3. RGS4 amino acid residues Pro9 and Lys17 are responsible for 8-OR interaction. (A) HEK293 cells were transiently transfected with
3 pg of flag-6-OR and 3 pg of each wild-type RGS4 and its mutant. 300 pg of HA-RGS4 and HA-RGS4APL expressing HEK293 cells lysates
were incubated with approximately 1 um of the GST fusion encompassing the 3-CT for 20 min at 4 °C and pull-down experiments were
performed as described in Methods. Protein complexes were separated on 12% SDS/PAGE and bound wild-type RGS4 and RGS4APL was
detected with an anti-HA antibody (1 : 1000). The amount of GST fusion loaded was verified after stripping and reprobing with an anti-GST
antibody (1 : 5000). Results shown are representative of three independent experiments. (B) HEK293 cells were transfected with 5 pg of
HA-RGS4 or HA-RGS4APL and flag-8-OR and were challenged or not with 1 um DSLET for 5 min. Immunoprecipitation of the cell lysates
using an anti-HA antibody (1 : 1000) revealed the presence of co-precipitated flag-8-OR (upper panel). Mock transfected cells were used as
control (lane 1). (C) Effect of RGS4 and the RGS4APL mutant on 3-OR-driven ERK1,2 phosphorylation. HEK293 cells stably expressing the
flag-3-OR were transiently transfected with empty vector, HA-RGS4 or HA-RGS4APL. 48 h post-transfection, cells were stimulated with
1 um DSLET for 5 min and cell lysates were resolved in 12% SDS/PAGE. The phosphorylated ERK1,2 was visualized by immunoblotting
with an antiphospho-ERK 1,2 antibody (1 : 1000) (upper panel). Equal loading was verified after stripping and reprobing the PVDF
membranes with tubulin (1 : 1000) (lower panel). Results shown are representative of three independent experiments.

A
Fig. 4. RGS4 forms a complex with the i4
peptide. (A) Schematic diagram of the 3-OR.
The amino acid sequence of i4 peptide is B
shown in cyan. (B) 62 pm of the purified o
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Fig. 5. AN,7RGS4 does not complex with Gai and the 3-CT. (A) A fixed amount of 6xHis-RGS4 and AN,;RGS4 (0.5 pum of each) bound to Ni-
NTA agarose beads were incubated with purified Gatgpp (0.5 pum) in PBS with protease inhibitors and 1 mm GDP in the presence or
absence of AMF for 10 min at room temperature and 20 min at 4 °C. Bound proteins were subjected to SDS/PAGE, transferred to PVDF
and detected using an anti-Ga (1 : 1000) and His antibodies (1 : 3000). Results shown are representative of three independent experiments.
(B) A fixed amount of GST-3-CT (1 um) was bound to glutathione-sepharose beads as described in Methods. Purified Gatgpp, AN;7RGS4, or
RGS4 (0.5 um each) were incubated with PBS, protease inhibitors in the presence or absence of AMF for 20 min at 4 °C. The 8-CT bound
to glutathione-sepharose beads was added to the above samples and further incubated under rotation for 20 min at 4 °C. Bound proteins
were subjected to SDS/PAGE, transferred to PVDF membranes and detected using anti-Go, anti-His and anti-GST antibodies. Upper and
middle panels represent bound proteins visualized after immunoblotting with Ga and anti-His antibodies. Lower panel represents equal
protein loading verified after stripping and reprobing using an anti-GST antibody (1 : 5000).

spatial organization for this interaction. Our challenge OR with RGS4 can be narrowed down to the domain
was thus to define the critical residues involved in 6- DENFKRCFRXXC (322-333) forming helix 8 of the
OR-RGS4 association. Our MD simulations suggested 5-OR. Notably, this region is highly conserved among
that the 12 residues of 8-OR helix 8 and the first 17 all three (5, p and «) opioid receptor subtypes
NT residues of RGS4 could constitute an interface for (Fig. 6A).

these two proteins. They also pointed Pro9 and Lys17 Our next challenge was to validate the importance
located at the NT of RGS4 and Phe329%** and of Pro9 and Lys17 residues of RGS4 for 8-OR associa-
Glu323%%® located in helix 8 of the 8-CT as important tion. Knowing that RGS4 has an antagonistic effect
contact points between these proteins. Further valida- on effectors, we examined whether the RGS4APL
tion by in vitro pull-down experiments indicated that a expression in HEK293 cells modulates 3-OR sig-
truncated RGS4 version lacking the first 17 NT resi- nalling. Opioid receptors stimulate ERK1,2 activity via
dues (AN[7RGS4) retained Ga coupling but prevented Gi/o proteins [27] and RGS4 is implicated in 3-OR-
RGS4-6-OR-Ga ternary complex formation. This sug- mediated MAP kinase phosphorylation [6,7]. In this
gests that the initial 17 residues of NT-RGS4 are study we demonstrate that although RGS4 presence
required for RGS4 coupling with 6-OR and Go. Fur- attenuates MAP kinase phosphorylation, this inhibi-
thermore, using a decapeptide encompassing part of tory effect was fully reversed in cells expressing the
helix 8, indicated that although wild-type RGS4 inter- mutant RGS4APL, suggesting that Pro9 and Lysl7
acted within this domain, AN;7;RGS4 was unable to point mutations of RGS4 have a functional role in o-
interact. These results suggest that the interaction of d- OR-mediated signalling. On the other hand, co-
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Fig. 6. Proposed ternary complex of the &-
OR, RGS4 and Ga. (A) Alignment of helix 8
of the 8, x and p-opioid receptors. (B)
Diagrammatic presentation of the possible
scenarios of 3-OR-Gia and 8-OR-RGS4-Gia
interaction. (C) Interaction of RGS4 and Guai
through the RGS-box would still allow for
the NT of RGS4 to reach helix 8 of the &-
OR establishing the interactions detected Ga

by our computational and experimental

approaches. (PDB ID: TAGR, orange
transparent) and its modelled NT (pink
transparent), the active 86-OR (cyan
transparent) and the crystallized active Gai
(PDB ID: 20ED, grey transparent).

immunoprecipitation studies indicated that RGS4APL
does not interact with 6-OR in living cells either con-
stitutively or upon §-OR activation, suggesting that
mutations of Pro9 and Lys17 impair RGS4 association
with the 5-OR. Additionally, in vitro pull downs using
the 6-CT and cell lysates expressing RGS4APL indi-
cated a profound decrease in RGS4 binding to the -
CT but not complete abolition. This residual
RGS4APL binding could be attributed either to other
residues within helix 8 retaining a weak RGS4 binding,
or another plausible scenario could be that RGS4APL
couples with the 3-CT within its RGS domain of
RGS4 (4Box). The latter explanation is supported by
previous findings demonstrating that the 4Box is cap-
able to bind to the C-terminus of p-opioid receptor
[5,6].

Collectively, the present work allows us to propose
the following organization for the three interacting
proteins (Fig. 6B). In the absence of RGS4, Ga is able
to interact with the 8-CT region irrespective of its acti-
vation state as was also previously shown [6]. How-
ever, when RGS4 is present, this protein could
outcompete Go-5-CT interaction. In this way, RGS4
binding to the 5-OR through its N-terminal region and
to Ga through its RGS box could result in a transient
ternary complex that recruits activated Ga to the prox-
imity of the receptor and then favours Ga inactivation
through the GAP function of RGS4. Although further
experiments will be needed to determine the timeline at
which these interactions occur during the Ga activa-
tion cycle, our observations indicate that the interfaces
of RGS4 with the Ga and 8-OR do not overlap and
consequently allow us to propose the formation of a
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transient ternary complex presented in Fig. 6B. Taking
all these into account and combining information on
the interactions delimited by our experiments with
recent structural evidence on different opioid receptor
activation states [28] and previous Gai-RGS4 crystal-
lized complexes [29], we propose a first schematic 3D
arrangement of J-OR, RGS4 and Go complex
(Fig. 6C).

The selectivity of coupling of a given GPCR to
specific G proteins is critical for exerting a physiologi-
cal response. Likewise, the identification of a recogni-
tion site of an RGS protein with a given receptor will
allow understanding receptor-binding selectivity deter-
minants and their impact on specific molecular
responses. Opioid analgesia and tolerance development
involve complex cellular and molecular mechanisms.
RGS4 has been found to modulate Gi protein sig-
nalling and accelerate the early rate of 8-OR endocyto-
sis, whereas truncation of the N-terminal region of
RGS4 was unable to regulate the internalization path-
way of 6-OR [6]. RGS proteins have been found to be
involved in phenomena of addiction and tolerance and
addictive drugs control the expression levels of several
RGS proteins [30]. The mRNA levels of RGS4 are the
highest in the brain compared to other RGS proteins
and RGS4 has been shown to play key role in synaptic
signalling and plasticity and to be involved in many
brain diseases [13] and 8-OR-mediated behaviours [15].
Indeed, abnormal RGS4 function has been implicated
in schizophrenia [31,32] anxiety [33], Parkinson [34]
and Alzheimer’s disease [35], suggesting that RGS4 is
a multifunctional protein with several roles and func-
tions required for many cellular responses. There has
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been a lot of interest in the development of specific
RGS-inhibitors as targets to regulate G protein sig-
nalling [36,37]. Importantly, our results suggest that
interaction between opioid receptors and RGS4 occurs
through a highly conserved receptor region, an obser-
vation that could point to a common interaction
mechanism. In this sense, the present data can provide
information for the development of small molecules
that can target such complexes to regulate cell physiol-
ogy, as well as to control the duration of the action of
opioids and prevent the adverse effects of tolerance
and dependence.

Methods

Computational methods: Part 1

The N-terminal tail (NT) of RGS4 adopts an amphipathic
a-helical conformation in a membrane composition of
DPPC : DPPG 80 : 20 [24]. In order to validate this possi-
ble conformational arrangement, we first modelled the N-
terminal tail of RGS4 based on the solved amphipathic
membrane anchor domain of the nonstructural protein SA
(NS5A) of hepatitis C virus (PDB ID 1R7E) using the MOE
software (https://www.chemcomp.com/). This template was
selected out of 8 in-plane membrane (IPM) anchors with
3D coordinates found in the Protein Data Bank: 1HOA,
IHUR, 2R45, 4FTB, 1Q4G, 3NTI, 2SQC, 1R7E. An ini-
tial sequence alignment of the amphipathic region to the
NT of RGS4 using the MOE modelling package (https://
www.chemcomp.com/) yielded an extremely low sequence
identity with < 20%. In addition to sequence identity, we
used as second criteria the number of positions that con-
serve any of the amino acid properties: hydrophobic (Ala,
Val, Ile, Leu, Met, Trp, Phe, Tyr), hydrophilic (Ser, Thr,
Asn, Gln, Glu, Asp, Arg, Lys, His), acidic (Glu, Asp),
basic (Arg, Lys, His), aromatic (Phe, Tyr, Trp, His), ali-
phatic (Val, Leu, Ile, Gly, Ala, Met, Pro) and polar (Asn,
Ser, Thr, Gln). Using these criteria the best template was
IR7E with a sequence identity of 17.2% and 17 residues of
conserved properties. The modelled NT of RGS4 was
inserted into an amphipathic environment using the
CHARMM GUI membrane builder (http://www.charmm-
gui.org/) using a membrane composition of DPPC : DPPG
80 : 20. Two different starting systems probing two differ-
ent placements of NT-RGS4 with respect to the membrane
plane were built and then subjected to NPT equilibration
for 20 ns (Fig. 1A). As a control strategy, and taken into
account previous studies demonstrating the helical charac-
ter of the NT region in membranes which are not conven-
tionally used for MD simulation [24], we run the RGS4
NT region in a POPC bilayer further demonstrating that it
retains its helical features irrespective of the membrane sys-
tem used in simulations (Fig. 1B). Given the low homology

C. Karoussiotis et al.

of the NT of RGS4 to any available structurally solved
template, we also generated a de novo protein structure pre-
diction using QUARK [38] as an additional control strategy.
All the five resulting models presented helical structures,
with one of them being compatible with cysteine palmitoy-
lation in residues 2 and 12 resulting in membrane anchor-
ing of the helix. Simulations of this alternative model
further confirmed the helicity and amphipathic character of
this region in our simulations (Fig. 1C). For all systems,
we run four replicates of 100 ns in NVT ensemble yielding
a total simulation time of 0.8 ps.

Part 2

To assess the potential interaction between the modelled
NT of RGS4 (obtained in part 1) with the crystallized helix
8 of the d-opioid receptor, we implemented both proteins
into an amphipathic membrane environment using the
CHARMM GUI membrane Builder (membrane composi-
tion DPPC : DPPG 80 : 20). Three different starting sys-
tems were built and then subjected to NPT equilibration
for 20 ns. Afterwards, we run for each starting system six
replicates of 100 ns in NVT ensemble yielding a total simu-
lation time of 1.8 ps. The above described procedure was
applied to test the preferred interaction of the unmodified
NT of RGS4 (system 1: 1.8 us) as well as the post-transla-
tional modified NT of RGS4 (system 2: palmitoylated Cys2
and Cys12 — 1.8 ps) with helix 8.

Simulation conditions for part 1 and part 2

All simulations were carried out using the simulation soft-
ware ACEMD [39]. In a first step, the systems were equili-
brated using the NPT ensemble with a target pressure
equal to 1.01325 bar, a time-step of 2 fs and using the
RATTLE algorithm for the hydrogen atoms. In this stage,
the harmonic constraints applied to the heavy atoms of the
protein and ligand were progressively reduced from an ini-
tial value of 10 kcalmol A" until an elastic constant
force equal to 0 kcal-mol™' and the temperature was
increased to 300 K. The purpose of this relaxation phase is
to allow a complete adjustment of membrane lipids to the
receptor, thus filling nonphysiological gaps between protein
and membrane lipids. All the simulations were conducted
using the same nonbonded interaction parameters, with a
cut off of 9 /o%, a smooth switching function of 7.5 A and
the nonbonded pair list set to 9 A. For the long range elec-
trostatics, we used the PME methodology with a grid spac-
ing of 1 A. In a third stage, production phases were
performed using the NVT ensemble with aforementioned
parameters but a time-step of 4 fs and a hydrogen scaling
factor of 4. This time step is possible due to the implemen-
tation of the hydrogen mass repartitioning scheme in the
ACEMD code. Importantly, individually generated starting
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structures allow a more robust statistical analysis and thus
the detection of relevant dynamic events that are indepen-
dent from the starting structures.

Part 3: Building the complete complex
comprising RGS4, 5-opioid receptor and Gg;

The active structure of the d-opioid receptor was initially
modelled based on two templates using the MOE software
(standard settings). Thereby, the crystallized p-opioid recep-
tor (6DDE) was used as template for the receptor core,
whereas helix 8 was modelled based on the active B-adren-
ergic receptor (3SN6).Then, various steps of superimposi-
tion were carried out followed by manual adjustments:

The previously modelled active structure of the d-opioid

receptor was superimposed to the crystallized p-opioid

receptor (6DDE).

The RGS4 box (1AGR) was superimposed to crystallized

RGS8 in complex with active Gi_alpha3 in 20DE.

Finally, the modelled NT of RGS4 was connected to the
RGS4 box and the whole system was minimized.

Constructs and reagents

Purified Gtoagpp from bovine retina and the cDNA for
6xHis-tagged RGS4 were kindly provided by H. Hamm,
Vanderbilt University, Nashville, TN and T. M. Wilkie,
University of Texas, TX, USA respectively. Haemaglutinin
(HA)-tagged human RGS4 ¢cDNA in pcDNA3 was kindly
provided by G. Milligan, University of Glasgow, Scotland.
Proteases inhibitor cocktail was purchased from Roche
(Roche Diagnostics, Penzberg, Germany), ECL western
blotting substrate were purchased from Thermo Scientific
(Waltham, MA, USA). Glutathione sepharose 4B beads
and Protino Ni-NTA agarose beads were from Macherey &
Nagel (Duren, Germany). Antibodies against GST and HA
was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA) and His antibody was obtained from BD
Pharmingen (San Jose, CA, USA). Mouse secondary anti-
body conjugated with HRP were purchased from KPL
(Gaithersburg, MD, USA).

Generation of RGS4 mutants

Construction of a seventeen N-terminal amino acid
deletion mutant of RGS4 (AN{7RGS4)

For the generation of the N-terminal deletion of rat RGS4,
two oligonucleotides were constructed so that the 5 end
primer contained an Ncol site and a methionine (ATG) for
translation initiation and the 3’ end primer an Xhol site:
5-ATGCCCATGGATATGAAACATCGGCTG-3'  (for-
ward) and 5-ATACCTCGAGGGCACACTGAGGGAC-
TAG-3' (reverse). The PCR product was digested and
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cloned into the pET28b vector (Novagen, EMD Bio-
sciences, Burlington, MA, USA) using T4 ligase. Positive
clones were selected and the presence of the insert was veri-
fied by nucleotide sequence analysis. For protein expression
0.5 L of LB medium was inoculated and protein expression
was carried out as described by Ref. [6].

Construction of Pro9 and Lys17 mutations of RGS4
(RGS4APL)

For the generation of the double mutant of RGS4, amino-
acids P9A and K17A were replaced to alanine using as a
template the haemaglutinin (HA)-tagged RGS4 in pcDNA3
according to the Manufacturer’s instructions as described
in Q5 site directed mutagenesis kit (New England Biolabs,
Ipswich, MA, USA). The primers used were as follows: 5'-
GAGGAGTGCAGCAGATATGAAACATCGGCTAGG-
3’ (forward) and Y-AAGCAAGAAGCCGCCAGACCTG-
CAAGCCCTTT-3' (reverse). Positive clones were selected
and purified using the Midi-prep kit (Qiagen, Hilden, Ger-
many) and verified by sequencing of the complete protein-
coding region.

Cell cultures and transient transfections

HEK?293 cells stably expressing the flag-d-opioid receptor
(6-HEK293) were grown in Dulbecco’s modified Eagle’s
medium containing 2 mM glutamine, 100 U-mL~' peni-
cillin, 100 pg-mL~" streptomycin and 10% fetal bovine
serum under 5% CO, at 37 °C. Transient transfections of
wild-type RGS4 (WTRGS4) and the double-mutated RGS4
(RGS4APL) were performed using the TurboFect in vitro
transfection reagent (Thermo Scientific) according to the
Manufacturer’s instructions.

GST pull-down assays

Approximately 1 pm of the GST-fusion peptides encompass-
ing the 6-CT were immobilized on glutathione sepharose 4B
beads using PBS, pH 7.4 at 4 °C, containing protease inhibi-
tor cocktail, 0.2 mm phenylmethylsulfonyl fluoride (PMSF),
20 pg-mL~! leupeptin and 20 pg-mL~! antipain. The mix-
ture was washed three times with PBS and subsequently was
incubated with purified recombinant 6xHis-tagged RGS4
and AN{;RGS4 for 15 min or with protein lysates from
transiently transfected HEK293 cells expressing the wild-
type RGS4 and the RGS4APL mutant for 15 min following
the procedure as described by Ref. [5].

Detection of MAPK phosphorylation

HEK?293 cells stably expressing the 6-OR were transiently
transfected with the empty vector pcDNA3, wild-type
RGS4 and the double mutant of RGS4 (RGS4APL) and
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cultured in six well plates for 48 h. Sixteen hours before
the addition of drugs, the culture medium was removed
and replaced by fresh serum-free medium. Agonists were
added to the cells and allowed to incubate at 37 °C. Mea-
surement of MAPK phosphorylation was performed as
described by Ref. [40].

Peptide synthesis

Peptides were synthesized by an Applied Biosystems pep-
tide synthesizer (model 430 A, Norwalk, CT, USA) as
described by Ref. [26]. These were designated peptide i4,
residues 322-333, DENFKRCFRQLC, derived from the C-
terminal and peptide NH,, residues 1-8, MELVPSAR
encompassing the N-terminus of 3-OR.

Western blotting

Protein samples were resolved on SDS/PAGE (14%) and
transferred to PVDF membranes as described by Ref. [39].
For the native gel electrophoresis, a fixed amount of 10 pg
purified recombinant 6xHis-RGS4 and 6xHis-AN;;RGS4
were incubated with increasing concentrations of i4 and
NH, peptides in the presence of 1 mm DTT for 2 h at
4 °C. Protein samples were subjected on a nondenaturating
gel consisting of 10% bis-acrylamide, 40 mm acetic acid
and 80 mm beta-alanine pH 4.3. The gel was incubated for
1 h to 1% SDS buffer and transferred to PVDF mem-
branes as described above. Detection was performed using
the enhanced chemiluminescence (ECL; Pierce-Thermo Sci-
entific) and a luminescent image analyser (Fujifilm LAS-
4000, Tokyo, Japan).
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whether similar effects also occur for the k-opioid receptor (k-OR) and define the ability of members of the
Regulators of G protein Signaling (RGS) of the B/R4 subfamily to interact with kK-OR subdomains we generated
glutathione S-transferase fusion peptides encompassing the carboxyl-termini of k-OR (k-CT). Results from pull
down experiments indicated that RGS2 and RGS4 directly interact within different domains of the k-CT. Co-
precipitation studies in living cells indicated that RGS2 and RGS4 associate with k-OR constitutively and upon
receptor activation and confer selectivity for coupling with a specific subset of G proteins. Expression of both
members, RGS2 and/or RGS4, in 293 F cells attenuated k-agonist mediated-adenylyl cyclase inhibition and
extracellular signal regulated kinase (ERK1,2) phosphorylation with a different amplitude in their modulatory
effect in K-OR signaling. Our findings demonstrate that RGS2 and RGS4 are new interacting partners that play
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key roles in G protein coupling to negatively regulate k-OR signaling.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Kk-opioid receptor (k-OR) belongs to the superfamily of GPCRs dis-
tributed in the central and peripheral nervous system, expressed also
in the intestinal tract and mediates the diverse effects of opioids ranging
from pain perception, neurotransmitter release, respiratory depression,
to regulation of intestinal motility amongst others. The k-OR is coupled
to pertussis toxin-sensitive G proteins [40] to inhibit adenylyl cyclase

Abbreviations: 293 F, cell line of human embryonic kidney origin; 6x His, hexahistidine;
aa,aminoacids; AC,adenylyl cyclase; AR, adrenergicreceptors; AT1,Angiotensin Receptor1;
CT, carboxyl terminus; ANRGS4, RGS4 lacking its N-terminal domain; DAMGO, [p-Ala2,N-
MePhe4, Gly5-ol]-enkephalin (p-selective agonist); DPDPE, [p-Pen(2),0-Pen(5)]-enkepha-
lin (6-selective agonist); DSLET, p-Ser2-Leu-enkephalin-Thr6 (6-selective agonist); GAP,
GTPase-activating protein; GPCRs, G protein Coupled Receptors; GST, glutathione-
S-transferase; HA, hemagglutinin; HEK293, human embryonic kidney; HRP, horseradish-
peroxidase; i3L, third intracellular loop; IPTG, isopropyl 3-p-1-thiogalactopyranoside; M1,
M2, M3, muscarinic acetylcholine receptors M1, M2, M3; ORs, opioid receptors; PAG,
periaqueductal gray; PBS, phosphate-buffered saline; PLC, phospholipase C; PTX, Bordetella
pertussis toxin; PVDF, polyvinylidene difluoride; RGS, Regulators of G protein Signaling;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; U-50,488H, 2-(3,4-
dichlorophenyl)-N-methyl-N-[(1R,2R)-2-pyrrolidin-1-ylcyclohexyl] acetamide (k-selective
agonist).
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[28] and to regulate voltage-sensitive Ca®>* channels, inositol trisphos-
phate formation [25] and phosphorylation of ERK1,2 kinases [34].

Experimental evidence has demonstrated that opioid receptors
(ORs) can physically interact with a variety of accessory proteins,
confirming that their signal transduction mechanisms are not restricted
only to heterotrimeric G proteins [13]. Regulators of G protein signaling
(RGS) are a family of proteins that negatively modulate GPCRs signalling
by interacting directly with G proteins [4,18]. Recent findings demon-
strate that RGS proteins also directly interact with various GPCRs and
serve as scaffolds regulating their function [1]. Employing pull down
assays utilizing the C-termini of the p-OR and 6-OR (p-CT and 6-CT)
have shown that RGS4 directly interacts with these receptors within
its N-terminal domain. These interactions were part of a signalling com-
plex consisting of the opioid receptor, Go, GBy and RGS4 [12]. RGS4 in-
teractions are also detected in living cells, and these associations confer
selectivity for p-OR and -OR to pair with Ga subunits upon opioid
agonist administration and modulate their signalling. RGS4 was found
to reduce DAMGO-mediated adenylyl cyclase inhibition by p-OR and at-
tenuate ERK1,2 phosphorylation by p-OR and 6-OR in HEK293 cells [20].
The structural determinants responsible for RGS4 association were
found to rely on the proximal conserved region of the - and 6-CT that
forms helix VIII which is also the docking site for spinophilin [10,20]
and the transcription factors STAT5A and STAT5B [11,23].

There are a number of studies indicating the diverse agonist-specific
and species-specific signalling of k-OR, the regulatory role this receptor
displays, and how this receptor is regulated and internalized upon acti-
vation [6,22]. However, little is known whether k-OR associates with
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specific RGS proteins and how these proteins affect k-OR signalling. The
present study, using GST-fusion peptides encompassing specific regions
of K-OR, demonstrates the ability of K-OR to interact with members of
the B/R4 subfamily of RGS proteins, such as RGS4 and RGS2, and defines
whether these interactions are influenced by the activated state of the
receptor in 293 F cells. Subsequently, we demonstrate that RGS proteins
pair with a specific subset of G proteins to negatively modulate kK-OR
signalling. Collectively, our data demonstrate that RGS2 and RGS4 are
new interacting partners of k-OR and provide a molecular filter to select
a certain subtype of Ga subunits during k-OR activation.

2. Materials and methods
2.1. Constructs and reagents

Hemagglutinin (HA)-tagged human RGS4 cDNA in pCDNA3, anti-
Goa (OCI) and anti-Gia2 (SG3) antisera were kindly provided by Prof.
G. Milligan, University of Glasgow, Scotland. The cDNAs of mouse
RGS2 in pCMV-Sport 6 (IMAGE clone from Open Biosystems) and
human k-OR (hKOR) in pCR4-TOPO were kindly provided by Dr. H.
Hamm, Vanderbilt University, Nashville, TN, USA. The 293 F cell line
(Invitrogen) was kindly provided by Dr. E. Stratikos, National Centre
for Scientific Research “Demokritos”, Athens, Greece. [*H]-adenine
(23 Ci/mmol) was from Amersham Pharmacia (Vienna, Austria). Opioid
ligand DSLET was purchased from Tocris (Cookson, MI, USA), whereas
the k-agonist U-50,488H, the polyclonal flag and HA antibodies and all
other reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Protease inhibitors cocktail was purchased from Roche. TurboFect
in vitro transfection reagent, ECL Western blotting substrate and PAGE
protein markers were purchased from Thermo Scientific (Waltham,
Massachusetts, USA). Protein A and A/G plus sepharose beads and anti-
bodies against RGS4, RGS2, Gia; 3, and p-ERK1,2 were from Santa Cruz
Biotechnology (Santa Cruz, Dallas, Texas USA). Monoclonal anti-myc
and p44/42 (ERK1/2) MAPK antibodies were from Cell Signaling
Technology Inc. (Danvers, MA, USA), rabbit and mouse fluorescein iso-
thiocyanate (FITC) conjugated secondary antibodies were purchased
by Jackson Immunoresearch Laboratories (Suffolk, UK). Mouse and
anti-rabbit secondary antibodies conjugated with HRP were pur-
chased from KPL (Maryland, USA). [>H]-Diprenorphine (50.9 Ci/
mmol) was purchased from Perkin Elmer (Massachusetts, USA).

2.2. Generation of myc-+-OR and HA-RGS2 for mammalian expression

For the generation of the human myc-k-OR the total coding
sequence of the hk-OR was selected (1143 bp, 380 amino acids). For
that reason the following primers were designed: forward 5’-GGAAAG
CTAGCATGGACTCCCCGATTCAGATC-3’ containing a Nhel site and re-
verse 5'-GGAAAGGGCCCTCATACTGGTTTATTCA TCCCATC-3’ containing
an Apal site. The digested PCR product was ligated to pA3M vector con-
taining a myc-tagging sequence (kindly provided by Prof. G. Mosialos,
University of Thessaloniki, Greece). Positive clones were verified by
sequence analysis. For the generation of the mouse HA-RGS2 (96% iden-
tical to the human), two oligonucleotides partially complementary to
the 5’ and 3’ ends of the mouse RGS2, were designed: forward 5’'-
ATTCGGATCCACAAAGTGCCA-TGTTCCTGGCTG-3’ containing a BamHI
site and reverse 5'-ATACCTCGAGTCATGTAGCATGGGGCTCCG-3' con-
taining a Xhol site. The digested PCR product was ligated with a T4 ligase
to a pcDNA3 vector containing a HA-tagging sequence, kindly provided
by Dr G. Mosialos. Positive clones were selected and the presence of the
insert was verified by nucleotide sequence analysis.

2.3. Preparation of the GST-fusion peptides encompassing the x-CT
For the production of the GST-fusion peptide encompassing the C-

terminus of kK-OR (k-CT), the final 57 amino acids were generated
from a cDNA clone of the human k-OR using the following primers:

forward 5’-CCCGAATTCTAGCCTGAAT CCCATTCTC-3’ containing an
EcoRlI site and reverse 5'-GGGGCTCGAGAATCA TACTGGTTTATTCATC
CC-3’ containing an Xhol site. For the production of the truncated «-
CT, AN25-K-CT, encompassing the final 33 amino acids, the forward
primer 5 -GGGGGAATTCTCTGAAGATGAGGATGGAG-3 containing an
EcoRI site and the reverse primer 5'-GGGGCTCGAGAATCATACTGGTTT
ATTCAT CCC-3/, containing an Xhol site were employed. The PCR prod-
ucts were engineered into the pGEX-5x3vector (GE Healthcare). All
positive constructs were verified by nucleotide sequence analysis.
DNA from positive clones was transformed in E. coli BL21 cells and pro-
tein production was carried out after induction with 0.5 mM Isopropyl
3-p-1-thiogalactopyranoside (IPTG) as described by Georgoussi et al.
[12]. GST-fusion peptides encompassing the i3L of 5-OR and the p-CT
and 6-CT were generated from cDNA clones of the rat p-OR and mouse
5-OR respectively as described previously by Georgoussi et al. [12] and
Leontiadis et al. [20].

2.4. Purification of the recombinant RGS4 and its N-terminal deletion
construct

The cDNA for the recombinant 6xHis-tagged RGS4 from Rattus
norvegicus, presenting 97% identity with the human RGS4, was kind-
ly provided by Dr T.M. Wilkie, University of Texas, TX, USA. The
ANRGS4-N-terminal deletion construct of RGS4, for E. coli expres-
sion, was generated as described by Leontiadis et al. [20]. Production
and purification of the recombinant RGS4 and ANRGS4 proteins was
performed as described by Popov et al. [26]. Briefly for protein ex-
pression, 0.5 L of LB medium were inoculated with E. coli BL21 cells
expressing either the RGS4-His or the ANRGS4-His in the presence
of ampicillin (100 pg/mL) or kanamycin (30 pg/mL) respectively,
and the proteins were expressed after induction with 0.5 mM IPTG
at 37 °C for 3.5 h. For the purification, cells were resuspended in
ice cold TBP buffer containing 50 mM Tris-HCI, pH 8.0, 20 mM B-
mercaptoethanol, 0.1 mM PMSF, 10 mM imidazole and protease in-
hibitors. Lysozyme was added at a final concentration of 0.2 mg/ml
and the bacteria were lysed by sonication. After centrifugation at
30,000 g for 30 min, soluble proteins were purified from the super-
natant by affinity chromatography using Ni-NTA agarose and eluted
at 200 mM imidazole and used for the assays.

2.5. GST pull down assays

Approximately 1 uM of the GST-fusion peptides encompassing the pi-
CT, 6-CT or k-CT, or their truncated versions were immobilized on gluta-
thione sepharose 4B beads using phosphate-buffered saline (PBS),
pH 7.4 at 4 °C, containing protease inhibitor cocktail, 0.2 mM PMSF,
20 pg/ml leupeptin and 20 pg/ml antipain. The mixture was washed
three times with PBS, and the immobilized fusion proteins were incu-
bated with purified recombinant 6x His-tagged RGS4 and ANRGS4 for
15 min, or with lysates from HEK293 cells expressing the HA-RGS2,
for 30 min at 4 °C. The GST-slurry with the bound proteins was subse-
quently washed extensively with PBS containing 0.1% Igepal and
bound proteins were eluted and resolved as described by Georgoussi
et al. [12] and Leontiadis et al. [20].

2.6. Cell cultures and transfections

293 F cells were cultured in Dulbecco's modified Eagle's medium sup-
plemented with 10% fetal bovine serum, 2 mM glutamine, 100 units/ml
penicillin, and 100 pg/ml streptomycin in a humidified atmosphere
consisting of 5% CO2 and 95% air at 37 °C. Transfections were performed
using TurboFect in vitro transfection reagent (Thermo Scientific) accord-
ing to the manufacturer's instructions. For the generation of the stable
cell line expressing the human myc-k-OR, 293 F cells were transfected
with the h-OR in pA3M vector. Clonal cell lines stably expressing the re-
ceptor were established upon selection with 0.5 mg/ml G418. The levels
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of expression of myc-k-OR was determined by [>H]-diprenorphine satu-
ration binding of cell membranes as described by Morou and Georgoussi
[24] and western blotting. A clone expressing 3 pmole/mg of membrane
myc-k-OR was maintained in the presence of 0.2 mg/ml G418 and used
for all experiments.

2.7. Membrane preparations

Confluent monolayers of 293 F cells stably expressing the myc-<-OR
(myc-Kk-293 F cells) were harvested, collected by centrifugation at
1500 rpm for 5 min and washed once with PBS at pH 7.5. Cell pellets
were resuspended in ice-cold membrane buffer consisting of 10 mM
Tris-HCIl, pH 7.5, 0.1 mM EDTA, homogenized and centrifuged at
2000 rpm for 3 min at 4°. Supernatants were further centrifuged at
95,000 g for 30 min at 4°. The membrane pellet was resuspended in
ice-cold membrane buffer at a protein concentration of approximately
1 mg/ml and stored in aliquots at —80°. Rat brain membranes, used
for verification of G proteins, were prepared as described by Georgoussi
and Zioudrou [14].

2.8. Co-immunoprecipitation assays

Myc-+-293 F cells were transiently transfected with HA-RGS2, HA-
RGS4 or with empty vector. 48 h post transfection, the cells were
stimulated or not, with the K-OR selective opioid agonist U-50,488H
for 10 min and rinsed in PBS buffer containing 1 mM PMSF and 1 mM
sodium orthovanadate. Cells were lysed in lysis buffer containing 1%
Triton X-100, 10 mM Tris (pH 7.6), 5 mM EDTA, 50 mM NaCl, 50 mM
NaF, 30 mM Na4P,07, supplemented with 1 pg/ml antipain, 1 pg/ml
leupeptin, 1 pg/mL benzamidine, complete EDTA-free inhibitors, 1 mM
PMSF and 1 mM sodium orthovanadate. Approximately 350-600 pg of
the clarified cell lysates were incubated overnight at 4 °C with polyclon-
al antibodies against HA, Gowo, Gaty 3, Gatia, or the myc monoclonal an-
tibody. Cell lysates from untransfected cells were used as control.
Immune complexes were recovered on protein A or protein A/G plus se-
pharose beads and washed extensively. Protein samples were subjected
to western blotting. Immunoprecipitation of cell lysate proteins was
verified by immunoblotting using the appropriate antibodies as de-
scribed previously [24].

2.9. Western blotting

Protein samples were subjected to SDS-PAGE and electroblotted to
PVDF membranes. The membranes were blocked with 5% milk in PBS,
0.1% Tween for 60 min followed by an overnight incubation with the
appropriate antibody. Bound proteins were visualized using specific
antisera followed by horseradish-peroxidase-coupled secondary
antibodies as described by Swevers et al. [36]. Detection was
performed using the enhanced chemiluminescence (ECL) (Pierce-
Thermo Scientific) and a luminescent image analyzer (Fujifilm
LAS-4000).

2.10. Measurements of cCAMP accumulation

Myc-k-293 F cells were transiently transfected with HA-tagged
RGS2 and RGS4 or the empty vector and incubated in a medium con-
taining [*H]-adenine (1.5 pCi/well) for 24 h. The generation of [*H]-cy-
clic AMP was assessed in response to treatment of the cells with
50 uM forskolin and various concentrations of the opioid kK-OR agonist
U-50,488H (ranging from 0.01 nM to 10 uM) for 30 min in 37 °C in
the presence of 1 mM IBMX to inhibit phosphodiesterase activity. Sam-
ples were processed as described by Salomon et al. [33] and results are
calculated as the ratio of levels of [*H]-cAMP to total [*H]-adenine
nucleotides (x1000) and the data are presented as percentage of
forskolin-stimulated cAMP accumulation upon agonist treatment. The
radioactivity was measured by liquid scintillation counting (Liquid

Scintillation Analyzer, Packard). Analysis of the data was performed
using the Origin 7.5 software (Origin Lab Corporation, Northampton,
USA) as described by Fourla et al. [10].

2.11. Detection of MAPK phosphorylation

Myc-k-293 F cells were transiently transfected with pcDNA3 with or
without the cDNAs of RGS2 or RGS4 and cultured in 60 mm plates for
48 h. Sixteen hours before the addition of drugs, the culture medium
was removed and replaced by fresh serum-free medium. 200 nM of U-
50,488H was added to the cells and allowed to incubate at 37 °C for
the indicated times. Measurement of MAPK phosphorylation was
performed as described by Morou and Georgoussi [24].

2.12. Measurments of cell surface receptors by flow cytometry

Cells 293 F or HEK293 stably expressing the human myc-k-OR or the
flag-5-OR were transfected with RGS2, RGS4 or pcDNA3 and treated for
8 min and 40 min with 1 uM U-50,488H, or for 15 min and 60 min in the
presence of 1 uM DSLET respectively. Samples of 1 x 10° cells were ac-
quired and incubated overnight with a monoclonal anti-myc (1:100)
(Cell Signalling) or a polyclonal anti-flag antibody (1:300) (Sigma) at
4 °C under rotation. Cells were subsequently washed with ice cold PBS
containing 2% FBS, prior to 1 h incubation with an anti-mouse FITC
conjugated (1:100), or anti-rabbit FITC conjugated (1:200) secondary
antibodies (Jackson Immunoresearch Laboratories). Cells were exten-
sively washed and fixed with PBS in the presence of 2% formaldehyde
before analysis on a FACScan flow cytometer (Becton Dickinson
Immunocytometry Systems, Inc). Mean fluorescence intensity of
10,000 cells was collected for each sample. Internalized receptors
were calculated according to the equation: internalized receptors (% of
surface receptors) = 100% — [(the mean fluorescence of 10,000 live
cells upon drug treatment)/(the mean fluorescence of 10,000 live cells
without drug)] x 100% as described by Keith et al. [19].

2.13. Statistical analysis

Statistical analysis was performed using the Student's t-test. The
data are represented as mean =+ SD or mean + SEM. For western blot
analysis, all experiments were repeated at least three times and bands
were quantified by densitometric analysis with Gel-Pro Analyzer and
representative experiments are shown. Statistical significance is de-
scribed in each figure legend. The level of significance for all analyses
testing was set at P < 0.05.

3. Results
3.1. RGS4 and RGS2 directly interact with k-OR

3.1.1. RGS4 interacts with k-OR

Previous observations using the p-CT, 6-CT and 6-i3L expressed as
GST-fusion peptides have shown that RGS4 directly interacts with p
and 6-ORs within these intracellular domains [12,20]. To elucidate
whether RGS4 interacts also with the K-OR, a GST-fusion peptide
encompassing the C-terminus of the human k-OR (k-CT) was con-
structed (Fig. 1A). Pull down experiments using purified recombi-
nant RGS4-His with the kK-CT and subsequent immunoblotting with
an anti-His antibody revealed a 26 kDa polypeptide corresponding
to RGS4, suggesting that the kK-OR interacts with RGS4 protein
(Fig. 1B, lane 2, Fig. 1C, lane 3). No band was detected using GST
alone in the presence of RGS4 (Fig. 1B, lane 1). These results provide
the first biochemical evidence for the direct interaction of RGS4 with
the human x-OR.

The carboxyl-termini (CTs) of 1, 6 and k-ORs share a conserved do-
main consisting of a 20 amino acid (aa) stretch (SSLNPVLYAFLD
ENFKRCFR) forming helix VIII (Fig. 1A), known to be the docking site
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of RGS4 for the pand 6-ORs [20]. To map the site of RGS4 interaction
within the k-CT similar pull down experiments using a truncated por-
tion of the K-CT, that lacks the first 25 aa of the k-CT (AN25-k-CT)
(Fig. 1A), were performed. As shown in Fig. 1B (lane 3) no band corre-
sponding to RGS4 was detected using the AN25-k-CT peptide. This
result suggests that RGS4 binds within the amino acids 323-347 of
the k-CT.

Knowing that the N-terminus of RGS4 is responsible of pand 6-OR
interaction [20], similar pull down experiments were performed using
the K-CT together with a truncated mutant of RGS4-His, in which the
first 57 amino acids of the N-terminus were deleted (ANRGS4). As
shown in Fig. 1C, no band was detected using the ANRGS4 after immu-
noblotting with an anti-His antibody (lane 4), suggesting that the N-
terminal region of RGS4 is responsible for k-OR association. No bands
were also detected using GST alone in the presence of RGS4 and/or
ANRGS4 (Fig. 1C, lanes 1 and 2).

A x-CT: 323 SSLNPILYAFLDENFKRCFRDFCFPLKMRMERQS TSR VRN
TVQDPAYLRDIDGMNKPV 380

AN25-1-CT & coeivie e e e e e 2348 LKMRMERQS TSR VRN
TVQDPAYLRDIDGMNKPV 380

p-CT : 329 SCLNPVLYAFTDENFKRCFREFCIPTSSTIEQQNSTRVRQNTREHP
STANTVDRTNIQLENLEATTAPLP 398

8-CT : 311 SSLNPVL YAFL DENFKRCFRQLCRTPCGRQEPGSLRRPRQATTR
LERVTACTPSDGPGGGAAA 372

AN26-8-CT : e e e e e e 2337 CGROQEPGST.RRPRQATTR
TERVTACTPSDGPGGGAAA 372

AC36-8-CT : 311 SSLNPVLYAFLDENIKRCFRQLCRTP 336..cuuiiimmiinnnsnnanian

8-i3L : 239 RLRSVRLLSGSKEKDRSLRRITR 261

3.1.2. RGS2 directly interacts with k-OR and 6-OR

Taking into account that RGS4 interacts with all three opioid recep-
tors (L-OR, 6-OR, k-OR) we wondered if there is any selectivity for RGS
protein coupling and tested the ability of RGS2, a member of the B/R4
subfamily, to interact with the ORs. For that reason the k-CT, as well as
the p and 6-CTs and the 8-i3L, were incubated with 400 pg of 293 F
cell lysates expressing the HA-tagged RGS2. As shown in Fig. 1D, incuba-
tion of RGS2 with the k-CT and subsequent immunoblotting with an
anti-HA revealed a polypeptide corresponding to RGS2 (lane 3), as ver-
ified by the presence of a band in the same molecular weight corre-
sponding to HA-RGS?2 in cell lysate (lane 10). Similarly, incubation of
RGS2 cell lysates with the 6-i3L and the &-CT (lanes 4 and 5) revealed
a band corresponding to HA-RGS2. In contrast, no bands were detected
with the p-CT (lane 2), GST alone (lane 1), or using the untransfected
cell lysates (lane 9), suggesting that RGS2 does not bind to the p-CT
and displays a differential binding profile than that of K-OR and 5-OR.

o
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Fig. 1. RGS4 and RGS?2 interactions with k-OR. (A) Generation of opioid receptor GST-fusion subdomains. Amino acid composition of the human k-CT (amino acids 323-380), the k-CT
truncated fragment AN25--CT (amino acids 348-380) which contains the final 33 amino acids of the k-CT, the rat p-CT (amino acids 329-398), and mouse 6-CT (amino acids 311-
372), the 6-CT truncated fragments: peptide AN26-56-CT (amino acids 337-372) of the final 36 amino acids of the &-CT, the fragment peptide AC36-5-CT which contains the 26 first amino
acids next to the seventh transmembrane domain (amino acids 311-336) and the peptide 6-i3L, containing amino acids 239-261 of the i3L of the mouse 6-OR. The conserved regions
shared between the three OR subtypes are underlined. Amino acids within the conserved motifs that differ between the three ORs are marked with bold letters. (B) In vitro binding of
RGS4 with the k-CT. Upper panel: Wild type recombinant RGS4-His (0.3 pM) isolated from E. coli as described in Section 2.4, were incubated with the kK-CT (1 uM) (lane 2) or the
AN25-k-CT (lane 3) or GST alone (lane 1) in the presence of PBS containing protease inhibitors for 15 min at 4°C. Bound proteins were visualized after SDS-PAGE and immunoblotting
using an anti-His antibody (1:3000). (C) RGS4 interacts via its N-terminal domain with the k-CT. Upper panel: Wild type recombinant 6x His-tagged RGS4 (0.3 uM) (lanes 1,3) and
ANRGS4 (0.3 uM) (lanes 2,4) isolated from E. coli were incubated with the k-CT (1 puM) (lanes 3,4) of GST alone (lanes 1,2) as described in Fig. 1B. Bound proteins were analyzed by Western
Blotting and detected using an anti-His antibody (1:3000). (D) RGS2 interacts in vitro with 5-OR and k-OR within their final carboxy-terminal portion but not with the p-CT. 400 pg of HA-
RGS2 expressing 293 F cells lysates were incubated with approximately 1 uM of the GST fusions encompassing the p-CT, k-CT, 6-i3L, 5-CT, the truncated fragments AC36-6-CT, AN26-56-CT of
the 6-CT and AN25-«-CT of the k-CT, or GST alone. Protein complexes were separated on 14% SDS-PAGE and bound RGS2 was detected with an anti-HA antibody (1:1000). Lanes 9 and 10,
represent untransfected or RGS2 transfected cell lysates respectively. RGS2 expressing cell lysates failed to interact with the p-CT, the AC36-5-CT, or GST alone (lanes 2, 6 and 1 respec-
tively). Lower panels of B, C and D: The amount of GST fusions loaded was verified after stripping and reprobing with a GST antibody (1:7000). Results shown are representative of four
independent experiments. (E) k-OR interacts with RGS4 in 293 F cells. Myc--293 F cells were transfected with 5 pg of HA-RGS4 and stimulated or not with 1 uM U-50,488H for 10 min.
Immunoprecipitation of the cell lysates using an anti-myc antibody revealed the presence of co-precipitated HA-RGS4 (upper panel, lanes 2-3). The presence of HA-RGS4 in cell lysates and
in the immunoprecipitates was verified using an anti-HA antibody (upper panel, lanes 5,4 respectively). The presence of k-OR was visualized in the same samples after stripping and
reprobing with the anti-myc antibody (lower panel, lanes 2-5). Lane 1 represents immunoprecipitated mock transfected cell lysates. Quantification of co-immunoprecipitated RGS4 by
the myc antibody (lanes 2,3 upper panel) was performed by densitometric analysis and normalization with the immunoprecipitated myc-k-OR (lanes 2,3, lower panel). The ratio of
the untreated cells was taken as 1. Data represent mean =+ SD of at least three independent experiments. Student's t-test was used for the statistical analysis. (F) k-OR interacts with
RGS2 in 293 F cells. Myc-k-293 F cells co-expressing HA-RGS2 were stimulated or not with agonist as above. Immunoprecipitation of the cell lysates was performed using anti-myc or
anti-HA antibodies as described in Section 2.8. Lanes 2 and 3 represent anti-myc precipitated HA-RGS2 of the untreated and treated cell lysates respectively. The presence of HA-RGS2
was verified in cell lysates and in the immunoprecipitates using an anti-HA serum (upper panel, lanes 5 and 4 respectively). Mock transfected cells were used as control (lane 1). The pres-
ence of K-OR in all samples was verified after reprobing with an anti-myc antibody (lower panel, lanes 2-5). Quantification of precipitated RGS2 using a myc antibody was performed by
densitometric analysis and normalized with the precipitated myc-<-OR (upper and lower panels, lanes 2 and 3 respectively). Experiments have been repeated at least three times. Data
represent mean =+ SD of all experiments.

To define the RGS2 binding sites within the CTs similar pull down
experiments were performed using truncated versions of the C-
termini of these receptors, such as a peptide that lacks the first 26 aa
of the 8-CT (AN26-6-CT), a peptide that lacks the final 36 aa of the 6-
CT (AC36-56-CT) as well as a region of the K-CT (AN25-«-CT) that lacks
the first 25 aa, close to transmembrane helix VII. As shown in Fig. 1D,
incubation of the AN26-6-CT and the AN25-k-CT, with cell lysates
expressing HA-RGS2 revealed a band corresponding to RGS2 (lanes 7
and 8). In contrast incubation of the AC36-6-CT peptide fragment with
HA-RGS2 lysates failed to retain RGS2 binding as compared to the
amount of RGS2 detected in the full length k- and &-CTs (Fig. 1D, com-
pare lane 6 with 3 and 5 respectively). These results suggest that the
docking site of RGS2 resides within the truncated region encompassing
amino acids 348-380 and 337-372 corresponding to the non conserved
portion of the k and &-CTs respectively.

3.2. k-OR forms tight complexes with RGS4 and RGS2 in 293 F cells

To confirm the interaction of RGS4 and RGS2 with k-OR in a cellular
context and explore whether these interactions are influenced by the
activated state of the receptor, 293 F cells stably expressing the
human myc-k-OR (myc-k-293 F) were transiently transfected with
the HA-tagged RGS4 or RGS2. 48 h post-transfection, cells were stimu-
lated with 1 pM U-50,488H, a selective k-opioid agonist, and lysates

from these cells were immunoprecipitated with the appropriate anti-
bodies and immunoblotted with an anti-HA antibody. As demonstrated
in Fig. 1E, the anti-myc antibody co-immunoprecipitated RGS4, as iden-
tified by a same molecular weight band in the cell lysates (compare lanes
2,3 with 5). This band was absent in mock transfected cells (lane 1), thus
demonstrating the direct interaction of RGS4 with the kK-OR in 293 F cells.
Activation of the K-OR with U-50,488H did not alter the levels of
immunoprecipitated RGS4, as compared with immunoprecipitated
RGS4 under unstimulated conditions (Fig. 1E, compare lane 2 with 3),
suggesting that RGS4 associates with k-OR in an agonist independent
manner. Similarly, when myc-k-293 F cells were transiently transfected
with HA-RGS2 and lysates were immunoprecipitated with the anti-
myc or anti-HA sera, a polypeptide corresponding to RGS2 was revealed,
as compared to the levels of RGS2 expression in the same cell lysates
(Fig. 1F, compare lanes 2-4 with 5), suggesting that RGS2 interacts
with K-OR. Collectively, these results demonstrate that RGS4 and RGS2
physically interact with human k-OR in living cells and that activation
of this receptor is not a prerequisite for RGS2 or RGS4 association.

3.3. RGS4 and RGS2 form selective complexes with Ga proteins in 293 F cells
expressing the k-OR

We have previously demonstrated that RGS4 and G subunits form
in vitro a heterotrimeric complex with the C-termini of p-OR and 6-OR
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and that RGS4 confers selectivity to these activated opioid receptors
for coupling with a particular subset of Ga subunits [12,20]. Taking
into account that RGS4 and RGS2 directly interact with k-OR, we
sought to determine whether these two RGS proteins influence k-
OR to associate with specific G protein(s). To answer this question,
we tested the ability of specific Ga subunits of G proteins, such as
Gai, 3, Gatp, and Gowo, to interact with RGS4 and/or RGS2 upon k-OR ac-
tivation in 293 F cells. As shown in Fig. 2A, lysates from myc-k-293 F
cells immunoprecipitated with an anti-Gai; 3 and immunoblotted
with the anti-HA antibody, before or after agonist treatment, revealed
no bands corresponding to RGS4 (Fig. 2A, upper panel, lanes 2, 3),
despite the abundance of endogenous Gai, 3 detected with the anti-
Gaiy 3 antibody (Fig. 2A, lower panel, lanes 1, 2). This result suggest
that RGS4 does not pair with Gai, 5 in 293 F cells expressing the k-OR.

On the other hand, immunoprecipitation of myc--293 F cell lysates
with an anti-Gai, and immunoblotting with an anti-HA antibody
revealed a band corresponding to RGS4 both in untreated as well as
after U-50,488H administration (Fig. 2B, upper panel, lanes 4 and 5),
suggesting that RGS4 interacts with Gai,. The association of RGS4-
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Gaip was reduced upon k-OR activation, suggesting that stimulation of
the receptor lowers the Gai,-RGS4 coupling. No band was detected in
untransfected cell lysates (Fig. 2B, upper panel, lane 1). This result sug-
gests that RGS4 forms a heterotrimeric complex with Gai, both in the
resting and activated state of the receptor. In addition, to test whether
Gawo interacts with RGS4 upon k-OR activation the ability of RGS4 to
co-precipitate with Goto before and after stimulation of k-OR in 293 F
cells was detected. As shown in Fig. 2C, immunoprecipitation with an
anti-Gao and subsequent immunoblotting with HA antibody indicated
the presence of a band corresponding to RGS4 in unstimulated cell
lysates (upper panel, compare lane 5 with 3). This interaction was dra-
matically reduced after U-50,488H administration (Fig. 2C, upper panel,
compare lane 6 with 4) suggesting that activation of k-OR reduces
RGS4-Gowo complex formation. No band corresponding to RGS4 was
detected in untransfected cells (Fig. 2C, upper panel, lanes 1 and 2).
These results suggest that in the resting state of k-OR, RGS4 forms
tight heterotrimeric complexes with both Gaii, and Goo in 293 F cells
and that activation of the receptor influences the amplitude of these
interactions.
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Fig. 2. RGS4 interacts differentially with Gow subunits in myc-k-293 F cells. Myc--293 F cells were transiently transfected with 5 pg of HA-RGS4 or vector alone and stimulated or not, with
1 uM U-50,488H for 10 min. 400-500 pg of cell lysates were immunoprecipitated with an anti-HA or the appropriate anti-Goi/o antibodies (3 pg). Immune complexes were electropho-
resed and transferred to PVDF membranes as described in Section 2.9. (A) RGS4 does not interact with Gai; 5. Upper panel: Anti-Gatiy 5 failed to co-immunoprecipitate RGS4 in both treated
and untreated cells (lanes 2,3). HA-RGS4 was visualized by immunoblotting with an anti-HA antibody (1:3000). Lanes 4 and 5 represent the presence of RGS4 in cell lysates
immunoprecipitated with an anti-HA antibody. Immunoprecipitated lysates from mock transfected cells were used as control (lane 1). Samples from rat brain membranes (40 pg)
(BM) and HA-RGS4 transfected cell lysates (100 pg) (L) were used as inputs. The amount of Gaiy 5 is visualized in the same samples using an anti-Gaiy 5 antibody (1:1000) (lower
panel). (B) RGS4 interacts with Gai,. Cell lysates treated or not with agonist were immunoprecipitated with the indicated antibodies. Upper panel: lanes 2 and 3 represent the amount
of immunoprecipitated RGS4 in the cell lysates using an anti-HA antibody as compared to its expression in the lysates (L). Lanes 5 and 4 represent the co-immunoprecipitated RGS4
with an anti-Gai, antibody in stimulated or not cell lysates respectively. Lane 1 represents immunoprecipitated mock transfected cell lysates used as control. Lower panel: The presence
of Gati, in myc-k-293 F cell lysates (lanes 1, 2, L) and membranes (M) was verified using an anti-Gai, antibody (1:1000). BM represents the amount of Gai, present in rat brain mem-
branes (40 pg). Quantification of co-precipitated RGS4 by Gai, (lanes 4,5, upper panel) was performed after densitometric analysis and normalization with the immunoprecipitated
RGS4 (lanes 2,3, upper panel). Data represent mean + SD of three independent experiments. **P < 0.005 as compared to the untreated samples. (C) RGS4 interacts with Goeo in the resting
state of k-OR. Upper panel: lanes 3, 4 represent co-precipitated RGS4 using an anti-HA antibody. Lanes 5, 6 represent co-precipitated RGS4 using an anti-Gao (3 pg) antibody. L represents
the levels of expressed RGS4 in cell lysates, whereas lanes 1, 2 represent immunoprecipitated mock transfected lysates with the indicated antibodies. Rat brain membranes (BM) and myc-
K-293 F mock transfected membranes (M) were used as controls. Lower panel: Lanes 1, 2 represent precipitated Goa as compared with that present in myc-x-293 F cell membranes
(M) and lysates (L) and rat brain membranes (BM) using anti-Gao antibody (1:1000). Quantification of co-immunoprecipitated RGS4 by anti-Gowo was performed by densitometric anal-
ysis and normalization with the precipitated RGS4 (upper panel, lanes 5, 6 and 3, 4 respectively). The ratio of the non treated cells was taken as 1. Data represent mean + SD of three
independent experiments with **P < 0.005 significantly different than the non stimulated cells as calculated by Student's t-test.
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To deduce whether RGS2 also promotes selective coupling with spe- activated state of k-OR. To test whether Gai, follows the same pattern
cific G proteins, the ability of RGS2 to interact with Gai; 3, Gaii; and Gowo of interaction with RGS2 as that detected for Gai; 3 the ability of Gai,
in 293 F cells before and after U-50,488H administration was tested. As to co-precipitate with RGS2 before and after stimulation of myc-k-293
demonstrated in Fig. 3A, the anti-Gaiy 3 co-precipitated RGS2 both F cells was detected. As shown in Fig. 3B, Gai, interacts with RGS2 in
under basal, or stimulated condition of kK-OR as detected by a band of unstimulated condition or after U-50,488H treatment (upper panel,
the same molecular weight corresponding to RGS2 (upper panel, com- lanes 4, 5). However, upon U-50,488H administration the interaction
pare lanes 2, 3 with 4, 5 and L). No band was detected in untransfected of RGS2 with Gai, is decreased (Fig. 3B, upper panel, compare lane 4
cell lysates (Fig. 3A, upper panel, lane 1). This result suggests that RGS2 with 5). This result suggests that k-OR forms a complex with RGS2
forms a heterotrimeric complex with Gaiy 3 both in the resting and the and Gaui, and this ternary complex weakens upon k-OR activation.
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Fig. 3. RGS2 interacts with different Gow subunits in myc-k-293 F cells. Myc--293 F cells were transiently transfected with HA-RGS2 or vector alone and stimulated or not, with 1 pM U-
50,488H for 10 min (A) RGS2 interacts with Gati, 3 independently of receptor activation. Cell lysates treated or not were immunoprecipitated with anti-Gai, 3 (3 pg) and immunoblotted
with anti-HA antibody. Upper panel: Lanes 2,3 represent the amount of RGS2 co-precipitated with the anti-Gai, 3 and lanes 4,5 and L represent the levels of expressed RGS2 in cell lysates.
Mock transfected cells were used as control (lanes 1 and M). Lower panel: Lanes 1,2 represent levels of immunoprecipitated Gaii; 5 as compared with rat brain membranes (BM), myc-<-
293 F membranes (M) and cell lysates (L). The results are representative of one experiment repeated at least three times. Quantification of RGS2 levels precipitated by Gaiy 3 (upper panel,
lanes 2,3) was performed by densitometric analysis and normalization with the precipitated HA-RGS2 (upper panel, lanes 4,5). Data represent mean 4 SD of three independent exper-
iments. (B) RGS2 interacts with Gai,. Cell lysates stimulated or not with agonist were immunoprecipitated with anti-Gai, antibody. Upper panel: Lanes 4,5 represent the co-precipitated
RGS2 by an anti-Gai; antibody. Lanes 2, 3 represent the levels of RGS2 in immunoprecipitates as compared with input cell lysates (L). Lane 1, represents mock transfected cells precipitated
with an anti-HA antibody. M represents cell membranes from the mock transfected cells. Lower panel: The presence of Gai, was verified with an anti-Gai, antibody (1:1000). Lane 1,2
represent the amount of precipitated Gai, as compared with rat brain membranes (BM), myc-k-293 F cell membranes (M), and cell lysates (L). Quantification of co-precipitated RGS2 was
performed by densitometric analysis and normalization as previously described in A. Data represent mean + SD of at least three independent experiments with ***P < 0.0005 as compared
with the untreated cells (Student's t-test). (C) RGS2 interacts with Goo independently of receptor activation. Cell lysates pretreated with agonist or not, were immunoprecipitated with
3 pg anti-Gowo or anti-HA antibodies and immunoblotted with an anti-HA. Upper panel: Lanes 2,3 and L represent the levels of expressed RGS2. Lanes 4 and 5 represent the amount of RGS2
co-precipitated with an anti-Goo. HA-immunoprecipitated cell lysate from mock transfected cells was used as control (lane 1). Lower panel: lanes 1,2 represent the levels of precipitated
Gawo in myc-k-293 F lysates as compared with input of rat brain membranes (BM) and myc-k-293 F membranes and lysates (lanes M and L respectively). The results are representative of
one experiment repeated at least four times. Quantification of co-precipitated RGS2 was performed as described previously and showed no statistical significance as calculated by Student's
t-test. The ratio of the untreated cells was taken as 1.
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RGS2 was also able to interact with Gao equally well under both basal
and stimulated conditions in the same cells (Fig. 3C, upper panel, com-
pare lanes 4, 5 with 2 and 3 respectively). These observations suggest
that RGS2 interacts with all G proteins tested, Gatiy 3, Goip and Gowo
both in the resting and activated state of k-OR.

3.4. Effect of RGS4 and RGS2 protein in k-OR-mediated adenyly! cyclase
inhibition

We have previously demonstrated that RGS4 attenuates DAMGO-
mediated adenylyl cyclase (AC) inhibition in HEK293 cells stably ex-
pressing the |1-OR and that the N-terminal domain of RGS4 is essential
for this effect [12,20]. In an attempt to investigate the functional signif-
icance of RGS4 and RGS2 interactions with kK-OR, we examined the abil-
ity of HA-tagged RGS4 or RGS2 to alter U-50,488H-mediated adenylyl
cyclase inhibition in 293 F cells expressing the myc-k-OR. As shown in
Fig. 4, expression of RGS4 reduced agonist mediated inhibition of
forskolin-stimulated AC as demonstrated by a small rise in the levels
of cAMP accumulation observed in the presence of RGS4 compared
with the cAMP levels observed in mock transfected cells. Indeed, in
cells transfected with vector alone, 10 nM U-50,488H resulted in
68 + 5% inhibition of cCAMP accumulation with an ICsq of 0.82 +
0.03 nM which was attenuated in the presence of HA-RGS4 to 55 +
2.5% inhibition with an ICsg of 1.56 4+ 0.29 nM, suggesting that RGS4
exerts a negative effect on k-OR inhibitory pathway on AC. However,
when similar experiments were performed using RGS2, measurements
of k-OR-mediated cAMP accumulation in myc-«-293 F cells indicated a
robust shift in the amount of cAMP levels after U-50,488H administra-
tion. Indeed, the presence of RGS2 resulted in a dramatic shift of the
cAMP accumulation resulting in 28 + 4.5% inhibition upon 10 nM U-
50,488H treatment, with an ICsq of 4.5 4+ 0.31 nM, as compared to the
mock transfected cells (Fig. 4). These results demonstrate that RGS2
expression blocks k-OR-mediated AC inhibition.

m pCDNA3
O RGS4
A RGS2

100 4 %

cAMP Accumulation (% of the maximum)

10" 107 10° 10°

[U-50,488H], M

Fig. 4. Effect of RGS4 and RGS2 on k-OR-mediated adenylyl cyclase inhibition. Myc--293 F
cells were transfected with the cDNAs of the HA-RGS4, HA-RGS?2 or vector alone. 24 h
post-transfection, cells were incubated with [*H]-adenine (1.5 pCi/mL) as described in
the Materials and methods section. Generation of [*H]-cAMP was measured in response
to treatment with forskolin (50 pM) and increasing concentrations of U-50,488H in
mock transfected cells or cells expressing RGS4 or RGS2. Data are represented as the per-
centage of CAMP accumulation (100% corresponds to the forskolin stimulated samples)
and represent mean + SD of triplicate determinations of five independent experiments.
*P < 0.05 and **P < 0.005 as compared to the corresponding values of mock transfected
cells by Student's t-test.

3.5. Effect of RGS4 and RGS2 on ERK phosphorylation mediated by x-OR
activation

It has been widely demonstrated previously that p- and 6-ORs
stimulate ERK1,2 activity via PTX-sensitive G proteins and that
RGS4 attenuates ERK1,2 phosphorylation mediated by these two
opioid receptors [20,24]. To examine whether RGS expression alters
ERK1,2 phosphorylation in response to k-OR activation, myc-k-293 F
cells were challenged with U-50,488H. As shown in Fig. 5A, 200 nM
U-50,488H enhanced ERK1,2 phosphorylation after 5 and 8 min
stimulation of k-OR. This phosphorylation was attenuated when
RGS4 was co-expressed, suggesting that RGS4 interferes in the k-
OR mediated signalling of ERK1,2. When similar measurements of
MAP kinase phosphorylation were performed in the same cells, ex-
pressing RGS2, a similar reduction on the phosphorylation levels of
ERK1,2 was detected, both after 5 and 8 min of U-50,488H adminis-
tration as compared to the mock transfected cells lysates (Fig. 5B).
These results suggest that both RGS4 and RGS2 have a negative effect
on K-OR mediated ERK1,2 phosphorylation.

3.6. Effect of RGS4 and RGS2 in the internalization of the k-OR and 6-OR

It has been previously shown that RGS proteins could alter the rate
of internalization of ORs in a manner depending on the type of RGS pro-
tein participating [20,27]. To determine whether k-OR internalization
alters upon RGS4 and/or RGS2 expression, we measured by flow cytom-
etry the number of cell surface K-OR in myc-+-293 F cells. As shown in
Fig. 6A, U-50,488H administration for 8 min in mock transfected cells re-
sulted in 21 4 3% internalized k-OR. Co-expression of either RGS4 or
RGS2 indicated no significant effect in the internalization rate of k-OR
(23 £ 0.35% and 17 4 2% in the presence of RGS4 and RGS2 respective-
ly) as compared with the mock transfected cells. Similarly, U-50,488H
administration for 40 min resulted in 47 + 6% of internalized receptors,
an amount that retained in the presence of RGS4 and/or RGS2 (44 + 7%
and 41 + 7% of internalized receptors respectively) (Fig. 6A). These re-
sults suggest that both RGS4 and RGS2 proteins do not exert any effect
in the k-OR internalization rate. However, when similar experiments
were performed in HEK293 cells expressing the 6-OR 15 min of DSLET
exposure resulted in 34 4- 5% of internalized receptors (Fig. 6B). Inter-
estingly, the amount of internalized 6-receptors increased to 64 + 6%
in the presence of RGS4, after 15 min DSLET administration, whereas,
in cells expressing RGS2, the levels of cell surface receptors were similar
as those detected in mock transfected cells. However, the pattern of 6-
OR internalization in the presence of RGS4 or RGS2 after 60 min
DSLET exposure was similar to that detected in mock transfected cells.
These results suggest that while RGS4 accelerates 6-OR desensitization,
RGS2 displays no effect and suggest that k-OR and 6-OR internalize in a
differential manner that depends not only on the receptor type and the
agonist used, but also by the RGS protein present.

4. Discussion

The k-OR is widely expressed throughout the central and peripheral
nervous system and is involved in the regulation of several physiological
responses ranging from analgesia to the control of immune system
among others [8,37]. k-OR couples to PTX sensitive G proteins and has
the ability to interact also with various other proteins, involved in the
signalling, trafficking, intracellular sorting and fine tuning of this recep-
tor [13,40].

RGS proteins negatively modulate GPCR signalling by interacting
directly with these receptors [1]. RGS proteins have been found to be
involved in phenomena of addiction and tolerance, whereas addictive
drugs control the expression levels of several RGS proteins [38]. Previ-
ous observations employing pull down assays utilizing the -CT, the 6-
CT and the 8-i3L indicated the ability of RGS4 to interact with p-OR
and 6-OR, to modulate OR signalling [12,20]. It has also been shown
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Fig. 5. Effect of RGS4 and RGS2 on k-OR driven ERK1,2 phosphorylation. Myc--293 F cells were transiently transfected with the cDNAs of HA-RGS4 (A), HA-RGS2 (B) or pcDNA3 (mock).
24 h post-transfection cells were serum starved and the next day they were stimulated with 200 nM U-50,488H for 5 and 8 min and cell lysates were resolved in SDS-PAGE (12%). Upper
panels of A and B represent phosphorylated ERK1,2 visualized by immunoblotting with an anti-phospho-ERK1,2 antibody (1:1000). Lower panels: Equal loading was verified by stripping
and reprobing with a specific anti-ERK antibody (1:1000). Results shown are representative of an experiment performed at least three times. Quantification of p-ERK was performed by
densitometric analysis of the p-ERK and ERK levels using the ratio of p-ERK/ERK for each sample. For the normalization the ratio of the mock transfected untreated sample of each exper-
iment was taken as 1; data represent mean + SD of different independent experiments, with *P < 0.01, **P < 0.005, ***P < 0.0005, as calculated by Student's t-test.

that RGS14 prevented morphine-induced p-OR phosphorylation and in-
ternalization [29], and that RGS9-2 in PC12 cells delayed p-OR internal-
ization [27].

Little is known about the role RGS proteins exert in k-OR signaling
and whether k-OR interacts with selective members of RGS proteins.
In the present study we demonstrate that k-OR interacts with RGS4
within its N-terminus as it was previously detected for p-OR and 6-OR
[20]. Taking into account that RGS4 is a common interactive partner
for pu-OR, 5-OR and k-OR, we wondered whether other RGS proteins
also associate with ORs. Our results demonstrate that RGS2 associates
with the k-CT and 6-CT but not with the p-CT. RGS2 interacts also with
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5-i3L that displays high sequence similarity between the three OR sub-
types tested. Previous observations have shown that RGS14 interacts
with p-OR in PAG neurons to prevent morphine-induced phosphoryla-
tion [29], whereas interaction of RGS9-2 with arrestin and p-OR in
PC12 cells was also reported [27]. All these suggest that ORs interact
with multiple RGS proteins to modulate OR signalling in a differential
manner. RGS2 was found to directly interact with the i3L of the M1-
muscarinic [5] and the a1A-adrenergic receptors [15] to modulate
their signalling.

The CTs of the opioid receptors share a conserved domain consisting
of a 20aa stretch (SSLNPVLYAFLDENFKRCFR) close to the seventh
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Fig. 6. Effect of RGS4 and RGS2 expression on the internalization rate of k-OR and 6-OR. (A) myc-k-293 F cells were transfected with the HA-RGS4,HA-RGS2 or vector alone. Cells were
treated with 1 uM U-50,488H for 8 min or 40 min and after immunofluorescence staining were analyzed by fluorescence flow cytometry. (B) Flag-tagged 6-HEK293 cells were transfected
with the HA-RGS4, HA-RGS?2 or vector alone. Cells were treated with 1 uM DSLET for 15 min or 1 h and processed as above. The percentage of internalized receptors was determined as
described in Section 2.12. Each value represents the mean 4 S.E.M. of at least three independent experiments performed in triplicate. *P < 0.05 as compared to the corresponding values of

mock transfected cells by Student's t-test.
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transmembrane domain. This region differs in only two amino acids be-
tween all three OR subtypes (Fig. 1A) and forms helix VIII, which is pro-
posed to be the docking site of RGS4, spinophilin, periplakin, GASP and
the transcription factors STAT5A/5B among others [13]. The present
data indicate that RGS4 associates with K-OR within this conserved do-
main, whereas the docking site of RGS2 resides within AN25-k-CT and
AN26-6-CT fragments in which the conserved portion of the C-
terminal tail is eliminated.

RGS4 and RGS2 associate with k-OR in myc-k-293 F cells constitu-
tively and these interactions retain upon U-50,488H administration.
Similar findings were also detected for RGS4 association with p-OR
and 6-OR [20], suggesting that RGS4 is a universal OR interactive partner
that couples with ORs in a similar manner and shares the same site of
interaction. RGS2 and RGS4 have been shown previously to be recruited
to the plasma membrane by the 32-adrenergic, the AT1A-angiotensin II
or the M2-muscarinic receptors in an agonist independent manner [30].

It is known that opioid receptors couple mainly to PTX sensitive Gai/
o subunits [39] with RGS4 presenting preference towards Gai/o and
RGS2 preferring Gaq compared to Gai/o [2,17]. In line of these observa-
tions, we questioned whether RGS4 and RGS2 drive K-OR to selectively
couple with specific Goe subunits upon its activation. Our results indi-
cate that RGS4 can interact with Gai, and Gao in the absence of agonist
but not with Gaiy 3 in myc-k-293 F. k-OR activation attenuates RGS4-
Gaip pair formation with RGS4 losing its capacity to pair with Goo
(Fig. 7). Previous observations have also shown that p-OR by interacting
with RGS4 pairs with Gaiy 3, Gaip and Gao, however all these interac-
tions become tighter upon p-OR activation. In the case of 5-OR, RGS4 in-
teracts with Gai 3 and Goo but not with Gai, while DSLET activation
enhances RGS4-Gai, coupling and attenuates RGS4-Gai 3 pair forma-
tion [20]. The fact that Gai, 3 does not couple with RGS4 in cells express-
ing the K-OR suggests that RGS4-Gai; 3 pair formation is mainly
influenced by the receptor type present and not necessarily by the ago-
nist activated receptor, or the RGS preference for specific G proteins. On
the other hand, RGS2 displays a differential coupling profile for Got pair
formation. RGS2 pairs with all three Goe subunits tested in the resting
state of kK-OR, and remains coupled upon receptor activation with
Gaiq 3 and Gowo and less with Goui,. These results suggest that the

Resting State k-OR

008

— Gy
— aip
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presence of the kK-OR, is the critical parameter that allows RGS coupling
with specific G proteins and that agonist activation of kK-OR alters the
equilibrium of RGS2 and RGS4 to couple with Go. Our results also sug-
gest that RGS2 forms a tight ternary complex with kK-OR and Gat sub-
units. Therefore, someone can assume that RGS2 by interacting to G
proteins more stably upon k-OR activation, negatively modulate recep-
tor signalling in a more robust manner. Collectively, our results demon-
strate that although a GPCR can couple with multiple RGS and G
proteins, the potency, duration and selectivity of the RGSx-Ga subunit
complex formed is influenced not only by the receptor type and its acti-
vation state but also by the RGS protein member present.

It was previously shown that RGS4 and RGS2 play a negative modu-
latory role by attenuating p-OR-mediated adenylyl cyclase inhibition
[12,41]. In the present study we demonstrate that RGS4 and RGS2 atten-
uate U-50,488H-mediated adenylyl cyclase inhibition, with RGS2
displaying a robust effect in this pathway. We can thus assume that
this difference in potency between RGS4 and RGS2 to modulate AC
could be attributed to the differential coupling efficiency these two
RGS proteins exert towards the corresponding Gi/o subunits in 293 F
cells. Previous studies have shown that RGS2 interacts directly with
Gas and several adenylyl cyclase subtypes to block their activity [31,
32]. In contrast to these observations, in our system RGS2 accelerates
Gai/o deactivation resulting in elevated cAMP levels. RGS2 has also
been shown to increase hippocampal synaptic vesicle release by down-
regulating the Gi/o-mediated presynaptic Ca?>™ channel inhibition [16]
and the angiotensin [I-AC inhibition in A10 cells [21]. Moreover, RGS2
negatively modulates several Gag-coupled GPCRs like the o1A-
adrenergic [15] and M1 muscarinic acetylcholine receptors by attenuat-
ing phospholipase C activity [5].

It is evident that opioid receptors stimulate ERK1/2 phosphorylation
via Gai/o and GRy signalling mechanisms [3,24,34]. Moreover, k-OR
mediated-MAPK activation has been linked with anxiety responses
and proaddictive behavior [7]. Herein we demonstrate that expression
of RGS4 or RGS2 in 293 F cells attenuated «-OR-mediated ERK1,2 phos-
phorylation; these results are in accordance with previous observations
indicating that RGS4 reduces MAPK phosphorylation of both activated
1-OR and 6-OR [20], suggesting that both B/R4-RGS members are
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Fig. 7. Schematic diagram of RGS4 and RGS2 coupling with specific G subunits of G proteins under basal conditions or upon U-50,488H activation of k-OR and their subsequent effect on

adenylyl cyclase (AC) inhibition and ERK1,2 phosphorylation.
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negative modulators of K-OR signalling. RGS2 and RGS4 attenuated M2-
Gi/o-induced ERK1,2 and Akt activation with RGS2 being specific only
for M3-signaling [2]. Overexpression of RGS2 prevented
phenylephrine-mediated ERK1,2 activation [42], and RGS4 in the rat
dorsal striatum resulted in suppressed p-ERK1,2 levels by an mGIuR5
agonist [35]. All these observations demonstrate that RGS proteins
exert a modulatory downstream effect.

There is a great interest to understand the mechanisms underlying
opioid receptors desensitization. It was shown that RGS19 facilitates 6-
OR internalization [9] whereas RGS14 and RGS9 prevent -OR internal-
ization [27,29]. Our studies have shown that although RGS4 accelerates
the rate of 5-OR internalization, RGS2 displays no effect. Measurements
of cell surface human k-OR, in the presence of RGS4 or RGS2 indicated
that these proteins have no effect in the internalization fate of the recep-
tor, suggesting that k-OR internalizes in a manner independent of the
presence of the RGS proteins tested. These results suggest that RGS pro-
teins are implicated in receptor desensitization and exert a differential
effect on each individual receptor.

5. Conclusions

Collectively, our experiments indicate for the first time that i) k-OR
interacts directly with RGS2 and RGS4, an interaction that is indepen-
dent of the activated state of the receptor, ii) RGS2 and RGS4 confer se-
lectivity for K-OR to specifically couple with a specific subset of Gai/o
proteins, iii) the potency of the functional effects mediated by the
RGS2 and RGS4 presence upon K-OR activation is different. It can thus
be assumed that multiple RGS-Ga protein complexes are formed at
the cytoplasmic face of each individual opioid receptor and these inter-
actions are influenced not only by the type of the receptor and the ago-
nist used, but also by the member of the RGS protein present. Therefore
RGS proteins could be considered as attractive targets of k-OR signalling,
to control its potency, selectivity and duration of action of opioids. A
better understanding of the regulatory mechanisms involved in the k-
OR-RGS protein association may also provide new insights for various
physiological parameters of k-OR-mediated effects.
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