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1. SARRERA






1.1.ALKOHOLISMOA

1.1.1. ALKOHOLISMOAREN EPIDEMIOLOGIA

Nahiz eta etanolaren kontsumoa oso hedatuta eta onartua egon, alkoholismoa munduko
ekonomian, gizartean eta osasunean eragin negatibo handien dutenen gaitz
psikiatrikoetako bat da (Heilig et al., 2021; Rehm et al., 2009). Osasunaren Mundu
Erakundearen 2018ko alkoholaren eta osasunaren txostenaren arabera (“Global status
report on alcohol and health 2018” World Health Organization (WHO, 2018)) 2016an
alkoholismoak munduko heriotzen % 5,3a eta gaixotasun-karga osoko % 5,1a (ezgaitasuna,

doitutako bizi-urteari dagokionez edo disability-adjusted life year (DALY)) eragin zituen.

Espainian 2010. eta 2017. urteen artean batez beste 15.500 heriotza eta heriotza
estandarizatuen % 4a alkohola edatearen ondorio izan ziren (Observatorio Espafiol de las
Drogas y las Adicciones, 2021a). Aipatzekoa da Espainian 2018. urtetik 2019. urtera
alkoholismoagatik tratatutako pertsonen kopurua % 5,5 igo zela (25.753 kasu 2018an vs
27.209 kasu 2019an) (Observatorio Espanol de las Drogas y las Adicciones, 2021b). Gainera,
Espainiako gobernuak 15 eta 64 urte bitarteko biztanleei egindako inkesta baten arabera,
2019an etanola izan zen gehien kontsumitu zen droga, egunero % 8,8k eguneroko
kontsumoa egiten zutelarik (2017ko datuekin alderatuta 1,4 puntu gehiago) (Observatorio
Espafiol de las Drogas y las Adicciones, 2021a). Biztanleria beran % 5,2k alkohol-kontsumo
arriskutsua egiten zela aurkeztu zuen, alkohol-kontsumo arriskutsuak hurrengo definizioa
duelarik: kontsumitzailearentzat edo haren hurbileko senideentzat ondorio negatiboak

izateko probabilitateak areagotzen dituen kontsumo-eredua.

Gainera, alkoholaren gehiegizko kontsumoa faktore kausala da 200 gaixotasun baino
gehiagotan: gaitz mentaletan, minbizietan, zirrosi hepatikoan eta gaixotasun
kardiobaskularretan, besteak beste (WHO, 2018). Halaber, azkenengo datu
epidemiologikoek erakusten dute alkoholarekin erlazionatutako heriotza gehienek
hurrengo arrazoiengatik gertatzen direla, bai munduan bai Espainian: zauriengatik,
minbiziengatik eta gaixotasun digestibo, kardiobaskular eta infekziosoengatik

(Observatorio Espaiiol de las Drogas y las Adicciones, 2021b; WHO, 2018).

Alkohola droga arriskutsuena eta kaltegarriena da kontsumitzaileen inguruko

pertsonentzat (heroina baino gehiago). Izan ere, kontsumitzaileen osasunari kalte egiteaz
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gain, haren gertuko senideei ere kalte egiten baitie modu askotan: etxeko indarkerian,
trafiko-istripuetan, sexu-transmisiozko infekzioetan, delituetan, senideen antsietatean eta
depresioan, ondasunen kalteetan eta lapurretetan parte hartzen du, besteak beste
(Karriker-Jaffe et al., 2018; Nutt et al., 2010). Alkoholismoak eragindako galera ekonomikoa
ere nabarmena da edari alkoholdunen kontsumo-tasa handia duten herrialdeetan.
Europan adibidez kalkulatzen da herrialde bakoitzaren urteko guztizko kostua 1.000 milioi
eurotik 7.800 milioi eurora bitartekoa izan zela 2012an (0,04-barne produktu gordinaren %

0,31a), gastu handiena ospitalizazioen ondorioz izan zelarik (Laramée et al., 2013).
1.1.2. ALKOHOLISMOAREN EZAUGARRI KLINIKOAK

Alkoholismoak bi sintoma nagusi ditu, gizabanakoari bere funtzioak normaltasunez
garatzea eragozten diotenak: etanolaren kontsumoaren gaineko kontrolaren galera eta
alkohola abstinentzian kontsumitzeko premia etengabea (desira edo “craving” ingelesez)
(Spanagel et al., 2016; Weiss eta Porrino, 2002). Beste droga-menpekotasun askorekin
batera, alkoholismoak sintoma fisiko negatiboak sortzen ditu abstinentzian, eta gero eta
dosi handiagoak eskatzen ditu efektu positibo berberak lortzeko (tolerantzia) (Spanagel et
al., 2016). Etanolaren menpekotasunaren zikloa elkarrekin lan egiten duten bi prozesu
nagusik osatzen dute: errefortzu positiboak eta errefortzu negatiboak (Koob, 2021; Koob
eta Volkow, 2016). Errefortzu positiboa etanolaren kontsumoaren emaitza da eta drogak
dituen ezaugarri onuragarriei lotuta dago (Koob eta Volkow, 2016). Errefortzu negatiboa
edatearen etenak eragiten du, eta hurrengo ezaugarriak ditu: abstinentziaren sintoma
fisikoak eta egoera afektibo negatiboa (antsietatea, disforia, estresa eta suminkortasuna,
besteak beste) (Koob, 2021; Koob eta Volkow, 2016). Horrela, abstinentzian, errefortzu
positiboak drogaren ezaugarri onuragarriak bilatzea bultzatzen du, errefortzu negatiboak
sintoma fisiko eta afektibo negatiboak etetera bultzatzen duen bitartean (Koob, 2021; Koob
eta Volkow, 2016).

Nahiz eta jakina den etanolaren kontsumo akutuak eta kronikoak eragiten dituen garuneko
neurobiologiaren aldaketek prozesu horietan (baita desiran eta tolerantzian ere) parte
hartzen dutela (Abrahao et al., 2017; Koob eta Volkow, 2016), ikerketa biomedikoa oraindik
argitzen saiatzen ari da zeintzuk diren etanolaren mekanismo zehatzak garunean sortzen

dituen ondorioak eragiteko.



1.1.3. ALKOHOLISMOAREN EZAUGARRI GENETIKOAK

Beste gaixotasun neuropsikiatriko batzuk bezala, alkoholismoa faktore anitzeko gaixotasun
konplexu bat da, non gene ezberdinek elkarreraginean jarduten duten, baita ingurumen-
faktoreekin ere (Kendler et al., 2008). Horrek zaildu egiten du faktore genetiko edo
ingurumen-faktore komun bat aurkitzea kasu guztietan. Zenbait ikerketek alkoholismoa
garatzeko heredagarritasuna zenbatekoa den argitu nahi izan dute, 1960an lehen ikerketa
lana argitaratu zelarik (Kaij eta Rosenthal, 1961). Bitxia bada ere, alkoholikodun gurasoa
zuten bikien eta adopziozko haurren jarraipena egin zuten azterketen meta-analisi batean

ikusi zen gaitz honen heredagarritasuna % 50etik hurbil zegoela (Verhulst et al., 2015).

Hainbat meta-analisik aztertu dute zer erlazio dagoen bariazio genetikoen eta alkoholismoa
garatzeko sentikortasunaren eta edateko portaeren artean, eta horietako batzuetan
etanolaren entzima metabolizatzaileen geneak parte har dezaketela aurkitu dute (Lopez-
Leon et al.,, 2021). Alkohol deshidrogenasak (ADH) kontsumitutako etanolaren zatirik
handiena gibelean metabolizatzen du eta oxidazio-erreakzio horretan azetaldehidoa
sortzen da (Wilson eta Matschinsky, 2020). Horretaz gain, beste bi entzimak ere alkohola
metabolizatzeko gai dira antzeko oxidazio-erreakzioan, neurri txikiagoan bada ere: P450
zitokromoa (CYP2E1) eta katalasa (Wilson eta Matschinsky, 2020). Ondoren, bigarren
urrats oxidatzaile batean, aldehido deshidrogenasa (ALDH) entzimak azetaldehidoa azetato
bihurtzen du (Wilson eta Matschinsky, 2020) (1.1. irudia). ADH eta ALDH mota desberdinak
daude, ehunetan zehar modu ezberdinean adierazten direnak eta aktibitate kataboliko
ezberdina dutenak. Egiaztatu da ADH eta ALDH forma batzuek aldaera genetikoak dituztela
talde etnikoen artean, entzimaren ahalmen katabolikoa aldatzen dutenak eta, beraz,
organismoan etanolaren eta bere metabolitoen metaketa ere aldatzen da. Horrek, aldi
berean, etanolaren efektuak eta edateko jarrera ezberdinak eragiten ditu aldaera
genetikoen arabera (Wall et al.,, 2016). Horrela, ADH1B*2, ADH1C*1 aleloak etanola
azetaldehidoaren bihurketa handiagoarekin lotu dira, eta ALDH2*2 aktibitate entzimatikoa
gutxitzearekin (Edenberg eta McClintick, 2018; Zaso et al., 2019). Azkeneko emaitza beti
odoleko azetaldehido maila handitzea da, zeinaren toxikotasunak ondorio kaltegarriak
eragiten ditu eta, ondorioz, etanol gutxiago kontsumitzen da (Wall et al., 2016). Asiarren
artean alelo horiek beste talde etniko batzuetan baino ohikoagoak dira (hau da, ADH1B*

asiarren ipar-ekialdeko % 80tan dago vs europako kaukasiarren % 10ean baino
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gutxiagotan), eta, ondorioz, populazio hori babestuago dago alkoholismoa garatzeko (Wall

et al., 2016; Zaso et al., 2019).

ETANOLA AZETALDEHIDOA AZETATOA

(CH,CH,OH) (CH,CHOH) (CH,COOH)

KATALASA

1.1. irudia. Etanolaren metabolismoaren hiru bidezidor garrantzitsuenak erakusten dituen irudi
eskematikoa. ADH, alkohol deshidrogenasa; ALDH, aldehido deshidrogenasa; CYP2E1, P450 2E1 zitokromoa.

Gainera, neurotransmisore hartzaileen aldakuntza genetikoak alkoholismoa garatzeko
sentikortasunarekin ere erlazionatu dira (Lopez-Leon et al., 2021). Badirudi hainbat
bariazio genetiko D1, D2 eta D4 hartzaile dopaminergikoen geneetan (DRD1, DRD2 eta
DRD4, hurrenez hurren) alkoholismoa garatzeko arrisku handiagoarekin lotuta egon
daitezkeela (Batel et al., 2008; Daurio et al., 2020; Jung et al., 2019). Nukleotido bakarreko
polimorfismo bat 5-hidroxitryptamina (serotonina, 5-HT) 2A (5-HT2a) hartzailearen genean
alkoholismoa garatzeko arriskuarekin ere lotu egin da (Cao et al., 2014). Halaber, jatorri
europarra zuten pertsonetan egindako meta-analisi batek agerian utzi zuen GABAa
hartzailearen GABRAZ2 geneak alkoholismoaren garapenean parte hartzen zuela (Li et al.,
2014). Era berean, aleatorioko entsegu kontrolatu baten datuek iradokitzen dute GABRA2
genearen polimorfismo bat lotuta dagoela etanolaren dosiaren menpeko erantzun
euforikoarekin (Yang et al., 2017). Beste GABAa hartzaile gene asko alkoholismoaren
sintomatologiaren ezaugarri ezberdinekin ere erlazionatu dira: GABRA4, GABRA5 eta
GABRAG6, besteak beste (Koulentaki eta Kouroumalis, 2018). Beste sistema batzuetako
elementuen geneetan gertatzen diren aldaketak alkoholismoaren arrisku-faktore gisa ere
deskribatu dira, adibidez interleukina (IL) -10 genea (/IL10), tumorearen nekrosi faktorearen
(TNF) genea eta garunetik eratorritako faktore neurotrofikoaren (BDNF) genea (Egervari et

al., 2021; Lopez-Leon et al., 2021; Zhou et al., 2020).



Hala eta guztiz ere, oraindik eztabaida handia dago bariazio genetiko horien eta
alkoholismoaren arteko loturari buruz, emaitzak aldakorrak baitira ikerketen artean
(Forero et al., 2015; Lopez-Leon et al., 2021). Gainera, genoma osoko asoziazio-azterlan
(genome-wide association studies edo GWAS, ingelesez) asko egin dira alkoholismoaren
nukleotido bakarreko polimorfismo komunak identifikatzeko helburuarekin, baina

horietako bat ere ez lortu du oraindik (Deak et al., 2019; Lopez-Leon et al., 2021).

Azkenik, heredagarritasunarekin batera, geneen eta ingurumenaren arteko
elkarrekintzaren garrantzia ere nabarmentzen da ikerketa genetikoetan (Agrawal eta
Lynskey, 2008; Verhulst et al., 2015). Izan ere, ingurumen-estresoreek eta estresarekin
lotutako gaitzek kromatinaren arkitektura eta, beraz, adierazpen genikoa aldatzen dutela
deskribatu da, eta horrek, azkenean, alkoholarekiko menpekotasuna errazten duten
alterazio neurobiologikoak eragiten ditu (Palmisano eta Pandey, 2017; Pucci et al., 2019).
Etanolaren kontsumoa bera alkoholismoaren garapena bultzatzen duten aldaketa
epigenetikoekin erlazionatu da, ziurrenik egoera afektibo negatiboa sustatuz (Egervari et
al.,, 2021; Kyzar eta Pandey, 2015). Alegiakoa da, alkoholaren kontsumoarekin lotutako
aldaketa epigenetikoen mekanismoa, neurri batean behintzat, etanolaren metabolismoak
gibelean sortzen duen azetatoarekin lotuta dagoela ; zeren eta azetato horrek azetil-KoA
sintetasa 2 entzimak katalizatutako garuneko histonen azetilazioan parte hartzen du (Mews

et al., 2019).
1.1.4. ALKOHOLISMOAREN NEUROBIOLOGIA

1.1.4.1. Alkoholismoan parte hartzen duten neurotransmisio-sistemak

Etanola substantzia toxikoa da, eta bere erabilera akutuak antsiolisia, giharretako
erlaxazioa, analgesia, sedazioa, amnesia, hipotermia eta anestesia eragiten ditu dosiaren
mende. Denbora luzez kontsumitzeak aldaketak eragiten ditu organismo osoan, hala nola:
sistema kardiobaskularrean, digestiboan, muskulueskeletikoan, metabolikoan eta
immunitate- arnasketa-, gernu-, ugalketa- eta nerbio-sistemetan (Emanuele et al., 2002; La
Vignera et al., 2013; Shield et al., 2014; Timary et al., 2012; Varga et al., 2017; Vonghia et
al., 2008). Alkohola modu kronikoan kontsumitzen denean (hau da, alkoholismoan),
organismoa etanolaren ondorioak orekatzen saiatzen da. Ondorioz, abstinentzian kontrako
sintomak agertzen dira. Horrela, nerbio-sistema zentralean (NSZ) anedonia, antsietatea,
goragalea, dardarak edo hipertermia ager daitezke; kasu larrienetan, konbultsio
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epileptikoak, delirium tremens sindromea edo, esku-artze medikorik gabe, heriotza sortuz

(Anton et al., 2020; Witkiewitz et al., 2019).

Biztanleriaren kontsumo-maila altuak kontuan hartuta, harrigarria dirudi zein informazio
gutxi dagoen etanolaren itu molekularrei buruz, abusuzko beste substantzia batzuekin
alderatuta (Abrahao et al., 2017; Most et al., 2014; Nestler eta Lischer, 2019). Etanolaren
mekanismo molekularrari buruzko lehen teorietako bat hurrengoa izan zen. Etanola
tamaina txikia duenez, itu zehatzik ez daukanez eta bere banaketa organismoan uraren
antzekoa denez, proposatu zen alkoholaren kontsumo akutuak mintz lipidiko neuronalak
kaltetzen zituela, beraien jariakortasuna handiagotuz; eta etanolaren kontsumo kronikoak,
ostera, mintz lipidikoen zurruntzea eragingo zuen, konpentsazio-mekanismo gisa (Chin eta
Goldstein, 1981; Pang et al., 1980; Peoples et al., 1996). Hala ere, mintz neuronalak
kaltetzeko beharrezkoak diren odoleko etanol kontzentrazioak, klinikoki esanguratsuak
direnak baino askoz handiagoak dira (Goldstein, 1984), eta gaur egun badakigu alkoholak
burmuineko itu zehatzekin elkarreragiten duela, zeinek aktibitate neuronala aldatzen dute

(Abrahao et al., 2017).

Etanolak NSZren depresioa eragiten du GABAa hartzaileen bidezko transmisio
GABAergikoaren potentziazioagatik eta NDMA (azido N-metil-D-Aspartikoa) hartzaileen
bidezko transmisio glutamatergikoaren inhibizioagatik (Costardi et al., 2015). Horrez gain,
etanolak beste neurotransmisio-sistema batzuk ere modulatzen ditu (adibidez sistema
dopaminergikoa, opioidea eta serotoninergikoa), eta garuneko hainbat elementuri eragiten
die, besteak beste, zelula glialei, zelula neuralen mezulari sekundarioei eta sistema

neuroimmune eta neuroendokrinoei (Nutt et al., 2021).
1.1.4.1.1. Sistema GABAergikoa

Azido y-aminobutrikoa edo GABA ugaztunen garuneko neurotransmisore inhibitzaile
nagusia da, eta hiru hartzaile dituela uste da: GABAa, GABAg eta GABAc. GABA, hartzailea
bost proteina azpi-unitatez osatutako ioi-erreten bat da, zeinaren bidez kloruro-ioiak (CI")
zelularen konpartimentu zitoplasmatikora pasatzen dira. Zelula barruko CI
kontzentrazioaren igoerak zelula hiperpolarizatzen du, beste neurotransmisoreen
despolarizazio seinaleak blokeatuz (Whiting et al., 1995). GABAa hartzailearen isoformen
kopurua ez dago argi, 19 azpi-unitate ezberdin baitaude elkarren artean bil daitezkeenak
heteropentamero azpimota anitzak sortzeko. Hartzailearen isoforma desberdinak adieraz
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daitezke zelula beraren barruan eta kokapen sinaptiko ezberdinekin. Gainera, bere
aktibazioak inhibizio presinaptiko zein postsinaptikoan parte hartzen du (Khatri et al., 2019;

Sigel eta Steinmann, 2012).

GABA eta substantzia GABA mimetikoek GABAa hartzaileetan eragiten dute, hiru leku
nagusitan: 1) GABA gunea, droga agonista eta antagonistek jarduten duten ustezko lotura
gunea, 2) pikrotoxina gunea, erreten ionikoa blokeatzen duena (modulatzaile alosteriko
negatiboak gune honetan eragiten dute) eta 3) bentzodiazepina gunea, erretenaren irekiera
sustatzen duena (modulatzaile alosteriko positiboak eragiten duten gunea). Etanola GABAa
hartzailearen modulatzaile alosteriko positibo bat da, zeinak nagusiki zelulaz kanpoko
domeinuan jarduten du, zehazki 6 azpiunitatean, bentzodiazepina guneetako bat. Horrela,
etanolak GABA neurotransmisorearen ekintza ahalbidetzen du, bentzodiazepinak eta
barbiturikoak bezala (Olsen, 2018). Aurretik aipatu den moduan, GABAa hartzaileek azpi-
unitate ezberdinez osatuta daude, garun-atalaren eta zelula motaren arabera. Beraz,
etanolak tonu GABAergikoan duen eragina aldakorra da garun atal bakoitzak &
azpiunitateak dituzten hartzaileen kantitatearen arabera, adibidez accumbens nukleoan,
hipokanpoan, talamoan, kortexean edo zerebeloan (Forstera et al., 2016). Etanolak
GABAaren hartzaileen azpi-unitateen fosforilazioaren bidez, beraien funtzioa alda dezakeela

frogatzen duten ebidentziak ere badaude (Kumar et al., 2012; Werner et al., 2016).

Bestalde, denboran zehar mantendutako alkohol-kontsumoak, abstinentzia-aldi
errepikakorrekin batera, GABAaren hartzaileen barneratzea eta desentsitizazioa eragiten
du, inhibizio-tonuaren beherakada orokorrarekin; eta horrek azkenean etanolak sistema
GABAergikoan dituen efektuen tolerantzia eragiten du (Kumar et al., 2009; Olsen eta Liang,
2017). Aitzitik, alkoholaren kontsumoa bat-batean eteten edo murrizten denean,
konpentsazio mekanismoak ez daude jada substantziaren bidez blokeatuta, eta
abstinentzia-sindromea agertzen da, tonu inhibitzailearen eta kitzikagarriaren arteko
desorekaren ondorioz. Horrela, homeostasiaren ondoriozko galera abstinentzia-sintoma

gisa agertzen da (Heinz et al., 2020).

Azkenik, etanolak GABAg hartzaileen funtzioari ere eragiten dio. GABAs G-proteinekin
(GPCR) lotutako hartzaile inhibitzaileak dira, eta GABAa hartzaileak baino erantzun
motelagoa ematen dute. GABAg hartzaileen aktibazioak zelulen mintzaren

hiperpolarizazioa eragiten du hiru mekanismoen bidez: potasio erretenen irekiera,
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potentzial-diferentziarekiko mendekotasuna duten kaltzio-erretenen (voltage-gated
calcium channels, ingelesez) inaktibazioa eta adenilatoaren zikloaren inhibizioa (Terunuma,
2018). Gainera, etanolak eragindako GABAg hartzaileen funtzioaren sustapena eta
baklofeno sendagaiak (GABAg agonista) alkoholarekiko menpekotasuna tratatzeko erabilera

iradokitzen du alkoholismoan hartzaile horien parte hartzea esanguratsua izan daitekeela

(Ariwodola eta Weiner, 2004; Egervari et al., 2021; Federici et al., 2009; Logge et al., 2022).
1.1.4.1.2. Sistema glutamatergikoa

Glutamatoa garuneko neurotransmisore kitzikagarri nagusia da eta bi hartzaile mota
ezberdinen bidez jarduten du, hauek ere etanolaren eraginpean daudelarik: ioi-erreten
ligatuak (hartzaile ionotropikoak) eta GPCRak (hartzaile metabotropikoak) (Goodwani et al.,
2017). Hartzaile ionotropikoak ioi-erretenak dira, eta, ligando baten bidez aktibatzen
direnean, beraien erdiko poroa irekitzen da. Horri esker, ioi espezifikoen sarrera zelulara
edo irteera zelulatik gertatzen da, zelula barneko tentsioa aldatuz. Hiru azpidibisiok osatzen
dute talde hau: NMDA, AMPA (a- amino-3-hydroxy-5-metil-4-isoxazol-azido propionikoa)
eta kainato hartzaileak (Reiner eta Levitz, 2018; Rodriguez-Chavez et al., 2021). Aldiz,
errezeptore metabotropikoek G-proteinen bidez jarduten dute, zeinek zelulaz barneko
mezulari sekundarioak modulatzen dituzte, eta hauek, ondoren, zelula-mintzean ioi-
erretenak aktibatzen dituzte. Mekanismo horren bidez, hartzaile metabotropikoek ligando
baten aurrean (adibidez, etanola edo glutamatoa) duten erantzuna, hartzaile
ionotropikoena baino motelagoa da (Reiner eta Levitz, 2018). Etanolaren efektuak, batez
ere, hartzaile ionotropikoen bidez ematen dira, eta, zehatzago, NMDA hartzailearen bidez,
zeinak etanolarekiko sentikortasun handiena erakusten duen hartzailea da (Naassila eta

Pierrefiche, 2019).

NMDA hartzailearen katioi-erretena lau azpiunitatez osatuta dago, egoera inaktiboan Mg?*
ioien igarotzea blokeatzen duelarik. Glutamatoaren askapenak eta AMPA hartzaileen
bidezko despolarizazio postsinaptikoak Mg?* NMDA hartzailearen ioi-erretenaren erditik
desagertzea eragiten du, Na*, Ca?* and K* katioien fluxua erretenetik igarotzea ahalbidetuz.
Horren ondorioz, mintz neuronala despolarizatu eta zelulaz barneko mezulari sekundarioak

aktibatu egiten dira, funtzio zelularrean eraginez (Reiner eta Levitz, 2018).

Nahiz eta etanolak NMDA hartzaileetan eragiteko erabiltzen duen mekanismo zehatza

ezezaguna den, oro har, bere kontsumo akutuak hartzaile hauen aktibitatea gutxitzen du.
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NMDA hartzaileek etanolarekiko duten sentsibilitatea zelulaz kanpoko Mg?*
kontzentrazioaren, garun atalaren eta hartzailearen azpi-unitatearen konposizioaren eta
fosforilazioaren mende dago (Boikov et al., 2020; Cuzon Carlson, 2018; Lovinger et al., 1989,
1990). Gainera, etanolak AMPA eta kainato hartzaileak inhibitzen ditu eta hartzaile
glutamatergiko metabotropikoak modulatzen ditu (Costa et al., 2000; Gerace et al., 2021;
Joffe et al., 2018; Johnson eta Lovinger, 2020; Wirkner et al., 2000). Horrela, etanolak droga
depresore gisa jokatzen du, garuneko seinaleztapen sistema kitzikagarri nagusia inhibituz,

hau da, sistema glutamatergikoa.

Egokitze-mekanismo gisa, berriz, etanola etengabe kontsumitzeak NMDA hartzaileen
sentsibilizazioa eta gehiegizko adierazpena eragiten du, alkoholismoa duten subjektuen
postmortem giza garunean deskribatu den bezala (Freund eta Anderson, 1996, 1999;
Michaelis et al., 1993) (1.2. irudia). Etanolaren edate kronikoak eragindako NMDA
hartzailearen gainaktibitateak plastikotasun sinaptikoa aldatzen du, iraupen handiko
indartzea (LTP) garuneko hainbat eremutan erraztuz, zeinek drogei lotutako errefortzuan,
oroitzapenetan eta gehiegizko kontsumoan parte hartzen dute (adibidez, area tegmental
bentrala (ventral tegmental area edo VTA, ingelesez), accumbens nukleoa eta hipokanpoa)
(Burnett et al., 2016). Etanolaren presentzian, hau da alkohola kontsumitzen denean,
seinale kitzikagarriaren gehiegizko erantzun hori tonu inhibitzaileak konpentsatzen du.
Etanolaren gabezian ordez, lehen esan bezala (ikus 1.1.4.1.1 atala), seinaleztapen
GABAergikoaren murrizpenak eta kitzikapen tonuaren handipenarekin batera egoera
hiperglutamatergikoa eragiten du. Ondorioz, abstinentzia-sintomak (hau da, takikardia,
goragalea, dardarak, buruko mina, anedonia eta antsietatea) eta drogarekiko desira
(craving) agertzen dira (Krystal, n.d.; Roberto et al., 2021; Spanagel eta Kiefer, 2008) (1.2.

irudia).
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ETANOLA AKUTUKI ETA KRONIKOKI ABSTINENTZIA
KONTSUMITUTA

P

100

Homeostasia

Egoera hiperglutamatergikoa

Sistema glutamatergikoaren aktibitatea (%)

1.2. irudia. Sistema glutamatergikoaren aktibitatearen aurrera egitea alkoholismoan. Etanola hartzeak
sistema glutamatergikoa inhibitzen du. Kontsumoa luzatzen denean, ordez, aktibitate glutamatergikoa
handitzen da homeostasira iristeko. Farmakoaren gabezian (abstinentzia) etanolak eragindako inhibizioa
desagertzen da, eta horrek egoera hiperglutamatergikoa eragiten du. Spanagel eta Kiefer, 2008-tik moldatua.

1.1.4.1.3. Sistema dopaminergikoa

Sari-sistemaren erdigunea VTAn dago, non neurona dopaminergikoak hurrengo
nukleoetara proiektatzen diren: accumbens nukleoa, estriatu dortsala, amigdala,
hipokanpoa, kortex aurrefrontala eta beste eskualde linbiko batzuk. Zirkuitu honen bidez

dopaminak adikzioen motibazio jarrera modulatzen du (Klein et al., 2019).

Abusu edo indartze naturaleko beste edozein droga bezala (elikadura edo sexua, adibidez),
etanolak sistema dopaminergiko mesokortikolinbikoa aktibatzen du, batez ere accumbens
nukleoan dosiaren menpeko dopaminaren askapena handituz (Buck et al., 2021; Clarke et
al., 2014; Di Chiara eta Imperato, 1988; Loftén et al., 2021; Yan, 1999; Yim eta Gonzales,
2000). Accumbens nukleoaren dopamina maila gora egitea hurrengo arrazoiengatik:
dopamina VTAren neurona dopaminergikoen terminal sinaptikoen askapena gertatzen da
eta etanolak neurona GABAergikoenkin eta hartzaile opioideekin elkarreragiten du (Cowen
eta Lawrence, 1999; Gessa et al., 1985; Gilpin, 2008; Spanagel et al., 1992; Yim eta Gonzales,
2000). Izan ere, garezur barneko etanolaren autoadministrazioa areagotu egiten da etanola
zuzenean VTAn ematen denean (Rodd, Bell, et al., 2004; Rodd, Melendez, et al., 2004).
Gainera, abstinentziako animalia ereduetan, dopaminaren askapena estriatuan jaisten da

eta VTAren neurona dopaminergikoen igorpena murriztu egiten dira. Horiek berreskuratu
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daitezke alkoholaren autoadministrazioaren berreskurapenarekin (reinstatement,
ingelesez), dopaminaren gabeziak alkoholaren abstinentzian dagoen errefortzu

negatiboarekin zerikusia duela iradokiz (Rossetti et al., 1992; Weiss eta Porrino, 2002).

Gainera, alkoholismorik gabeko subjektuekin alderatuta, alkoholismoa duten pazienteek D,
hartzaile dopaminergikoen maila baxuagoak dituzte estriatuan eta talamoan (Heinz et al.,
2004; Volkow et al., 1996). D, estriatal horien urritasuna, alde batetik, etanolaren
kontsumoa kontrolatzeko ezintasunarekin erlazionatu da; eta, bestetik, drogaren
kontsumoarekin lotutako seinaleek (cues-mediated, inglesez) eragindako neurona-sareen
gainaktibazioarekin, zeinek arretan, jokabidearen kontrolean eta desiran parte hartzen dute
(Gleich et al., 2021; Heinz et al., 2004; Volkow et al., 1996, 2017; Zorick et al., 2019). lzan
ere, estriatuan D, hartzaileen seinaleztapenaren handipenak alkoholismoa pairatzeko
sentikortasuna duten subjektuentzako babes-faktorea izan daitekeela ematen du (Volkow
et al.,, 2017). Dopamina garraiatzailearen murrizketa ere badago alkoholismoa duten
subjektuetan, kasu honetan defizit kognitiboekin lotuta dagoela dirudiena (Grover et al.,

2020; Tupala et al., 2000; Yen et al., 2015).

Hala eta guztiz ere, ikerketa lan batzuetan 6-hidroxidopamina neurotoxinak eragindako
neurona dopaminergikoen desagertzea animalien accumbens nukleoan ez zuen etanolaren
autoadministrazioaren jarrera aldatzen (lkemoto et al., 1997; Koistinen et al., 2001). Era
berean, beste ikerketa lan batean etanolaren autoadministrazioa ez zen eten dopamina
mailak handitu zirenean, accumbens nukleoan dopaminaren birxurgapena inhibitzearen
ondorioz (Engleman et al., 2000). Datu horiek adierazten dute sistema mesolinbiko
dopaminergikoaren aktibazioa ez dela etanolaren indartze-efektu akutuen erantzule
bakarra, eta, beraz, baieztatu egiten dute alkoholaren autoadministrazioan beste

mekanismo batzuk parte hartzen dutela (Koob eta Volkow, 2010, 2016).
1.1.4.1.4. Opioide-sistema

Opioide endogenoen bidezko sistemaren aktibazioa sarien efektu atseginekin lotuta dago.
Izan ere, gizakietan hartzitzaile p-opioidearen eskuragarritasunaren eta sari-erantzunen

arteko alderantzizko lotura dago (Nummenmaa et al., 2018).

Alkoholismoan, neurotransmisore sistema honek paper kritikoa du. Hainbat azterlanen
arabera, peptido opioideen (adibidez, B-endorfina) eta p- eta/edo 6- hartzaile opioideen

dentsitate altuagoek parte har dezakete etanolaren kontsumo handiaren hastapenean eta
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mantentzean;aldiz, k- opioide hartzaileen edo dinorfina mailen handipena etanolaren
gehiegizko kontsumoa inhibitzen dutela dirudi (Wang, 2019). lzan ere, arratoietan
etanolaren administrazio akutuak endorfinen askapena areagotzen du accumbens
nukleoan eta, saguetan, etanol kronikoaren edateak p-hartzaileen funtzionalitatea
handitzen du, morfinaren efektu onuragarriak indartuz (Olive et al., 2001; Shibasaki et al.,
2013). Gainera, gizakietan egindako ikerketa batek erakusten du, kontrolekin alderatuta,
ohiko gehiegizko alkoholaren kontsumoa (heavy drinkers, ingelesez) egiten dutenek opioide
endogenoen askapen handiagoa dutela kortex aurrefrontalean eta accumbens nukleoan
alkohol-kontsumoaren ondorioz (Mitchell et al.,, 2012). Datu horiek pentsarazten dute
opioide-sistema sistema mesokortikolinbikoarekin lotuta egon daitekeela, etanolak
eragindako dopamina askatzea blokeatu egin baitaiteke p-hartzailearen antagonista bat

administratuz (Job et al., 2007).

Hala eta guztiz ere, sistema dopaminergikoaz gain, beste mekanismo batzuek ere parte har
dezakete opioide-sistemarekin lotutako alkohol-kontsumoan, hala nola naltrexona opioide
antagonista alkohol-kontsumoa, desira eta berriz gaixotzea (bererorketa edo relapse,
ingelesez) murrizteko gai da gizakietan (Burnette et al., 2022); baina seinaleztapen
dopaminergikoaren galera accumbens nukleoan ez du etanolaren autoadministrazioa

eteten (ikus 1.1.4.1.3. atala).

Gainera, ikerlan batean jakinarazi da korrelazio positiboa dagoela p-hartzaileen
erabilgarritasunaren eta alkoholarekiko desiraren larritasunaren artean paziente
alokoholiko detoxifikatuen estriatu bentralean (Heinz et al., 2005). Azkenik, alkoholismo
larria duten subjektuen estriatuko postmortem ehunetan p-hartzaileen maila txikia
detektatu da, etanolak eragindako opioide endogenoen askapenari aurre egiteko
mekanismo neuromodulatzaile gisa (Hermann et al., 2017). Horrek azal lezake p-hartzaile
antagonisten (adibidez, naltrexona) eraginkortasun eza alkoholismoko paziente batzuengan

(Hermann et al., 2017).
1.1.4.1.5. Sistema serotoninergikoa

Serotoninak (5-hydroxytryptamina, 5-HT) garuneko hainbat funtziotan hartzen du parte,
hala nola janguraren kontrolean, lokomozioan, erabakiak hartzean, memorian, ikaskuntzan,

ziklo zirkadianoen erregulazioan, aldartean, bulkadan eta adikzioan (Lv eta Liu, 2017).
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Oro har, animaliei eta gizakiei buruzko hainbat azterlanen arabera, transmisio
serotoninergikoaren hazkundea alkohol gutxiago kontsumitzearekin lotuta dago, eta
alderantziz (Mduller et al., 2020). Gizakiengan, postmortem garunean egindako ikerketa
batek erakutsi zuen alkoholismoa zuten pazienteetan 5-HTia hartzailearen mRNA
adierazpen handiagoa ematen zela (Thompson et al., 2012). Gainera, alkoholismoa duten
subjektuek 5-HT1a hartzailearen dentsitate murriztua dute aurreko zingulu-kortexean, eta

5-HTig hartzaileen handipena dute estriatu bentralean (Hu et al., 2010; Storvik et al., 2009).

Gainera, serotonina garraiatzailearen erabilgarritasuna handitzen duen aldaera genetiko
batek nerabezaroan alkohola edatea sustatzen du (Hinckers et al., 2006). Era berean,
serotonina garraiatzailearen erabilgarritasun txikiagoa deskribatu da alkoholismoa duten
pazienteetan eta alkoholismoa pairatzen zuten subjektuen postmortem ehunetan, ziurrenik
erantzun neuromodulatzaile gisa (Heinz et al., 1998, 2000; Ho et al., 2011; Karkkdinen et
al., 2015; Mantere et al., 2002; Storvik et al., 2006, 2008; Szabo et al.,, 2004). Aldiz,
serotonina garraiatzailearen adierazpenaren handipena ere jakinarazi da alkoholismoko
subjektuen postmortem kortex aurrefrontalean eta aurreko zingulu-kortexean, bere

aldaketek garun ataleko espezifikotasuna izan dezaketela iradokiz (Underwood et al., 2018).

Bestalde, alkoholismoa zuten pazienteetan serotonina-sintesia ere aldatuta aurkitu da,
garun atal espezifikotasuna erakutsiz (Nishikawa et al., 2009). Izan ere, serotoninaren
metabolitoen mailen igoera detektatu egin da giza odolean eta gernuan etanol dosi bakar
baten ondoren, serotoninaren askapena etanola edatearen ondorioz ematen dela iradokiz
(LeMarquand et al., 1994). Serotonina-mailen gutxipena ikusi izan da alkoholismoa duten
pazienteen likido zefalorraquideoan (LZR) eta plaketetan eta etanol-abstinentziaren aldi
goiztiarrean zeuden pazienteen plaketetan. (Bailly et al., 1993; Nedic Erjavec et al., 2021;

Virkkunen et al., 1995).

Karraskarietan, 5-HT1g hartzailearentzako knock-out saguek etanol gehiago edaten dute eta
lokomozio-koordinazio hobeagoa dute sagu basatiekin (wild type, ingelsez) alderatuta,
hartzaile honek alkohol-intoxikazioan parte hartzen duela iradokiz (Crabbe et al., 1996). Izan
ere, 5-HTia/18 hartzailearen agonista partzialek etanolaren kontsumoa murrizten dute
saguetan (Belmer et al., n.d.; Patkar et al., 2017, 2019). Horretaz gain, etanolaren gaitasun
atsegingarriak murriztu egiten dira 5-HT,a hartzailea blokeatzen denean eta etanolaren

autoadministrazioak 5-HT,a hartzailearen adierazpena handitzen du, hartzaile horrek
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etanolaren propietate indargarrietan parte har dezakeela adieraziz (Alexander et al., 2012;
Roberts et al., 1998). Halaber, etanolak seinale serotoninergikoak areagotzen ditu
serotonina eta 5-HTs hartzailearen lotura erraztuz eta ioi-erretena irekita dagoen denbora
luzatuz (Sung et al., 2000; Zhou et al., 1998). Etanolak, gainera, 5-HT3 hartzailea zelula kultur
ezberdinetan aktibatzen du ere (hau da, oozitoetan, kortexean eta gongoil neuronetan)
(Harris et al., 1995; Lovinger eta White, 1991; Sung et al., 2000); eta 5-HT3 hartzailearen
blokeoak etanolaren autoadministrazioa eta kontsumoa murrizten ditu, baita estresak
eragindako alkoholaren kontsumoaren berrezarpena eragin (Hodge et al., 1993; Lé et al.,
2006; Sellers et al., 1994). Era berean, etanola emateak zelulaz kanpoko serotonina mailak
handitzen ditu dosiaren mende hainbat garun ataletan, hala nola accumbens nukleoan,
VTAn, kortex aurrefrontalean eta hipokanpoan (Bare et al., 1998; Deehan et al., 2016;
Easton et al., 2013; Kalinichenko et al., 2019; Pavon et al., 2019; Szumlinski et al., 2007; Yan,
1999).

1.1.4.1.6. Sistema endokannabinoidea

Endokannabinoideak zenbait prozesu fisiologikoen seinaleztapenean parte hartzen duten
neurotransmisore lipofiloak dira. Besteak beste, oroimena, mina, seinale immunologikoak,
gosea, gogoa edo estresa erregulatzen dute (Lu eta Mackie, 2021). Gaur egun, bi hartzaile
kannabinoide deskribatuta daude, biak Gi/o proteina inhibitzaileari akoplatuta daudenak:
1. motako hartzaile kannabinoidea (CB1), garuneko terminal presinaptikoetan adierazten
dena nagusiki (Herkenham et al., 1991; Schurman et al., 2020); eta 2. motako hartzaile
kannabinoidea (CB;), ehun periferikoen zelula immuneetan adierazia batez ere, eta neurri
txikiagoan nerbio-sistema zentralean adierazten dena (Atwood eta Mackie, 2010; Munro et
al., 1993; Schurman et al., 2020; Van Sickle et al., 2005). Azpimarratzekoa da, CB1 hartzaileek
espresio handia dutela sari-sistema mesokortikolinbikoa osatzen duten garun ataletan,

drogekin lotutako sarietan eta motibazioan paper bat iradokiz (Manzanares et al., 2018).

Hartzaile horientzat hobekien ikertutako ligandoak N-arakidoniletanolamina (anandamida
edo AEA) eta 2-arakidonilglizerol endokannabinoideak (2-AG) dira. Endokannabinoideek
seinale kitzikagarri eta inhibitzaileak modulatzen dituzte zenbait neurotransmisoreen
askapena inhibituz, hala nola glutamatoa eta GABA edo dopamina mesolinbikoa (Lu eta
Mackie, 2021). Horrek, aldi berean, funtzio sinaptikoari eragiten dio, eta berehalako

ondorioak edo ondorio iraunkorrak eragiten ditzake, hala nola iraupen handiko depresioa
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(LTD) (Bilbao et al., 2020; Sidhpura eta Parsons, 2011). Alkoholaren gehiegizko kontsumoak
sariarekin, motibazio portaerarekin, ikaskuntzarekin eta oroimenarekin zerikusia duten
garuneko eremuetako plastikotasun sinaptikoaren modulazio endokannabinoidea eten

dezake (Serrano eta Natividad, 2022; Zlebnik eta Cheer, 2016).

Ikertzaileek ebidentzia zientifiko argia aurkitu dute sistema endokannabinoidearen eta
alkoholismoaren fisiopatologiaren loturaren artean (Erdozain eta Callado, 2011). Horrela,
alkoholaren esposizio akutuak eta kronikoak murriztu egiten du endokannabinoide bidezko
ELDa, eta horrek areagotu egin dezake seinaleekin lotutako (cue-related, ingelesez)
ikaskuntza eta ezagutze-memoria (recognition memory, ingelesez) (Clarke eta Adermark,
2010; DePoy et al., 2013; Pefiasco et al., 2020). Orokorrean, badirudi CB; hartzaileen
antagonismoak etanolaren hartzea jaisten duela eta bere aktibazioak, ordez, kontsumoa
sustatzen duela (Henderson-Redmond et al., 2016). Garrantzitsua da aipatzea, gure ikerketa
taldeak alkoholismoa duten subjektuen postmortem giza garunean egindako ikerketa batek
CB1 hartzailearen hiperfuntzioa eta hipofuntzioa erakutsi zituela nukleo kaudatuan eta
zerebeloan, hurrenez hurren (Erdozain et al., 2015). Gainera, kortex aurrefrontalean CB;
hartzailearen adierazpenaren handipena detektatu zen suizidioaren ondorioz hil ziren
subjektu alkoholikoetan. Azterketa horretan, gainera, monoazilglicerol lipasa (MAGL)
entzima endokannabinoidearen aktibitate txikiagoa aurkitu zen alkoholismoa zuten
subjektuetan, heriotzaren kausaz gain (Erdozain et al., 2015). Kontrara, CB1 hartzailearen
adierazpenaren antzeko murrizketa ikusi da kalamu-erretzaileen eta alkoholismoa duten
pazienteetan; eta adierazpenaren murrizketa hori iraunkorragoa da bigarrenetan
lehenengoetan baino, alkoholak CB; funtzioan eragin handia duela iradokiz (Ceccarini et al.,

2014; Hirvonen et al., 2012, 2013).

Alkoholak karraskarien garunean ere endokannabinoideen mailak aldatzen ditu. Hala ere,
honen gaineko dauden datuak aldakorrak dira ikerketa lanen artean, ziurrenik,
ezberdintasun metodologikoak eta faktore esperimentalak direla eta, hala nola: erabilitako
animalia-eredua, alkoholaren esposizioaren programa (iraupena, aldia) eta abstinentzia
aldi baten presentzia edo absentzia (Serrano eta Natividad, 2022). Hala ere, arratoien
amigdalan eta kortex aurrefrontalean ikusi da CB1 hartzaileen murrizketa gertatzen dela
etanol akutuaren eta etanol-abstinentziaren ondoren, baita endokannabinoide mailen

murrizketa ere (Rubio et al.,, 2008, 2009). Ikerketa batzuen arabera, etanolak sistema
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endokannabinoidean dituen ondorioetan sexu-desberdintasun handiak ere egon

daitezkeela iradokitzen dute (Henricks et al., 2017).
1.1.4.1.7. Bestelako sistemak

Bere egitura molekular txikiaren eta bere propietate anfifilikoen ondorioz, etanolak beste
sistema neurokimiko eta endokrino askori eragiten die. Horrela, etanolak hartzaile
nikotinikoa modulatzen du, eta ondorio ezberdinak ditu hartzailearen azpi-unitatearen
osaeraren arabera (Miller eta Kamens, 2020). Era berean, etanolak glizina hartzaileen
aktibitatea sustatzen du bere azpi-unitateekiko espezifikotasunarekin. Horrela erantzun
ezberdinak sortzen ditu hartzaile motaren arabera, adibidez etanolaren lehentasunean eta
kontsumoan, antsietatean edo deskoordinazio motorrean (Blednov et al., 2015; Forstera et

al., 2017).

Alkoholaren esposizioaren arabera (hau da akutua vs luzarokoa edo errepikakorra) aldaketa
ezberdinak ikusi dira eroankortasun handiko kaltzioak aktibatutako potasio-erretenean (BK
erretena, large conductance calcium-activated potassium channel, ingelesez) (Dopico et al.,
2014); eta erreten horretako asaldurak alkoholak eragindako portaera depresiboarekin eta
hipolokomozioarekin erlazionatu dira, besteak beste (Bettinger eta Davies, 2014; Oh et al.,
2017). Etanolak erasandako beste ioi-erretena G-proteinari loturiko barrutik zuzendutako
K* erretena (GIRK; G-protein-coupled inwardly rectifying K* channel, ingelesez) da, zeinek
aktibitate handipena jasaten du etanolarekin zuzenezko elkarreraginaren ondorioz
(Bodhinathan eta Slesinger, 2013). Bitxia bada ere, GIRK erreteneko esanahia aldatzen duen
mutazio batek etanolak eragindako analgesia desagerrarazten du; eta alkoholaren edate

kronikoa, aldiz, haren aktibazioa eteten du (Cannady et al., 2018; Kobayashi et al., 1999)

Sari eta errefortzu erantzunekin batera, bultzatzaile negatiboak ere badaude, drogarik
ezean estresa eta beldurraren erantzunak indartzen dituztenak, drogaren bilatzea eta desira
indartuz. Kortikotropinaren faktore askatzailea (KFA edo corticotropin-releasing factor,
inglesez) errefortzu negatiboetako bitartekari bat da. KFAak seinaleztapen GABAergikoa
areagotzen du amigdalan eta etanolaren esposizio akutuak indartu egiten du transmisio
hori, KFA hartzailearen sentsibilitatea handitzen duelako. Hori, batez ere animalia emeetan
ematen da eta etanolak transmisio inhibitzailea areagotzeko KFAren askapena sustatzen
duela iradokitzen du (Bajo et al., 2008; Cruz et al., 2012; Rodriguez et al., 2022). Etanol
kronikoa hartzeak KFA hartzailearen jarduera ere gutxitzen du hipokanpoan, KFA neuronen
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jarduera oztopatuz stria terminalis-aren ohe-nukleoan (BNST; bed nucleus of the stria
terminalis, ingelesez) (Marty et al., 2020; Snyder et al., 2019). Bere aldetik KFAak transmisio
kitzikatzailea modulatzen du alkoholarekiko menpekotasuna erakusten duten arratoien

amigdalan (Varodayan et al., 2017).

Etanolak sistema purinergikoan ere eragiten du, zeinak adenosina, adenosina
monofosfatoaren (AMP) hidrolisi produktu bat eta adenosina 5'-trifosfato (ATP) bezalako
purinez osatuta dagoen. Sistema hori etanolaren kontsumoaren ondorioekin erlazionatu
zen lehenik, jakinarazi zenean nukleosido-garraiatzaile baten inhibitzaile batek (zelulaz
kanpoko adenosinaren mailak erregulatzen dituenak) deskoordinazio motorra eta loa
eragin zituela, etanolaren dosi altuen kontsumoaren antzekoa (Dar et al., 1983). Adenosina
A1 hartzaileen aktibazioa etanolak eragiten dituen ataxia, efektu antsiolitiko eta
lasaigarriekin erlazionatu da; adenosina A, hartzaileen aktibazioa bere efektu
hipnotikoekin, propietateak indartzearekin eta motibazio portaerarekin lotu den bitartean
(Asatryan et al., 2011; Borea et al., 2018; Fang et al., 2017). Etanolaren kontsumo kronikoa
eta abstinentzia adenosina A: hartzaileen murrizpena eta NMDA eta AMPA hartzaileen
handipena eragiten ditu aldi berean (Bolewska et al., 2019); etanola kontsumitzeak, berriz,
adenosinaren mailak handitzen ditu (Butler eta Prendergast, 2012; SanMiguel et al., 2019).
Gainera, kafeinak, adenosinaren antagonista dena, alkoholaren abstinentziaren sintomak
murrizten ditu (Pitchon et al., 2013; SanMiguel et al., 2019). Nahiz eta berriki egindako
ikerketa batek kafeina eta adenosina A,a hartzaileen aktibazioak etanolaren kontsumoa
handitzen dutela erakutsi, aurreko ikerketek jakinarazi dute adenosina A, hartzaileen
antagonismoak etanolaren autoadministrazioa gutxitzen duela saguetan, dopamina D;
hartzaileen antzeko moduan (Arolfo et al., 2004; Mailliard eta Diamond, 2004; SanMiguel
et al., 2019). Horrek erregulazio sinergikoa gertatzen dela iradokitzen du, bi hartzaileak
estriatuko neuronetan kolokalizatzen direlako (Arolfo et al., 2004; Mailliard eta Diamond,
2004). Horrez gain, orain dela gutxi egindako ikerketa batek erakutsi du, etanolari
erantzunez, astrozitoetatik ATParen eta adenosinaren askapena ematen dela eta hauek
astrozitoen eta neuronen arteko zelulaz barneko komunikazioan parte hartzen dutela (Kim

et al., 2021a).

Azkenik, neurona noradrenergikoek errefortzu, estres eta antsietate-erantzunekin lotuta
dauden prosentzefaloaren eskualde linbikoak inerbatzen dituztelako, sistema

noradrenergikoaren gehiegizko jarduera alkoholismoaren desirarekin, berrerortzearekin
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eta errefortzu negatiboarekin lotu da (Downs eta McElligott, 2022; Haass-Koffler et al.,
2018). Berriki egindako ikerketa batek erakusten du sistema noradrenergikoak ere paper
garrantzitsua betetzen duela alkoholismoaren neurobiologian (Varodayan et al., 2022).
Zehazki, ikerketa horretan aurkitu zuten arratoien amigdalan dauden ai-hartzaileek
seinaleztapen GABAergikoa sustatzen dutela, etanola neurrian hartzen dela kontrolatuz; B-
hartzaileek, aldiz, gehiegizko edaria gidatzen duten bitartean. Gainera, postmortem laginak
erabiliz ikusi zuten aig -hartzailearen mRNA-aren handipena alkoholismoa zuten gaixoen

amigdalan.

1.1.4.2. Garunaren egitura-aldaketak alkoholismoan

Etanolaren esposizioak eragindako garuneko atrofia oso aztertua izan da. Izan ere, giza ehun
postmortem-ean egindako lehen lanetako batek entzefaloaren, bizkarrezur-muinaren eta
nerbio periferikoen asaldura makro- eta mikroskopikoen ilustrazioak erakusten ditu,
etanolaren intoxikazio akutuak eta alkoholismoak eragindakoak (Courville, 1955).
Neuroirudi teknika modernoek, hau da, erresonantzia magnetiko bidezko irudiak (EMI)
alkoholaren kontsumoak eragindako egitura aldaketak egiaztatu dituzte, hainbat lanetan
jakinarazi denez. Horrela, gai grisaren galera nabarmena aurkitzen da eskualde kortikal eta
azpikortikaletan; eta zehazki, kortex aurrefrontalean, zingulu-kortexean, insulan, estriatuan,
talamoan eta hipokanpoan (Daviet et al., 2022; Li et al., 2021). Alkoholaren gehiegizko
hartzeak materia grisean dituen ondorioak bat datoz alkoholismoaren kontsumoaren
progresioarekin eta iraupenarekin, meta-analisi baten jakinarazi duenaren arabera (Yang et
al., 2016). Gai zurian detekta daitezkeen alterazio gehienak mikroestrukturalak dira
(adibidez, tiamina eskasia demielinizazioarekin lotuta dago) eta pazienteen adinarekin eta
alkoholaren dosiarekin mendekotasun handia dute (Hampton et al., 2019). Etanolak
eragindako kalteak garuneko egitura zehatzetan aldaketak eragin ditzake haien funtzioetan,

eta horrek, aldi berean, jokabide adiktiboa bultzatzen du (Nutt et al., 2021; Zou et al., 2018).

Kortex aurrefrontala garuneko funtzio exekutiboez arduratzen denez (hau da, judizioa,
arazoen ebazpena, erabakiak hartzea, planifikazioa, jokabide soziala eta bulkaden kontrola,
besteak beste) (Friedman eta Robbins, 2022; Jones eta Graff-Radford, 2021), alterazioak
kortex aurrefrontalean alkoholismoan gertatzen den gaitasun horien galerarekin lotuta
egon litezke (Koob eta Volkow, 2016; Le Berre et al., 2017). Garrantzitsua da, alkoholismoa

duten pazienteen kasuan, kortex aurrefrontaleko zitoeskeletoaren murrizpena ikusi dela,
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hipokanpoan, nukleo kaudatuan eta zerebeloan a- eta B- tubulina zitosolikoen

murrizpenarekin batera (Erdozain et al., 2014; Labisso et al., 2018).

Era berean, amigdalan, hipokanpoan eta estriatu bentralean bolumen txikiagoa zegoela
adierazten zuen ikerketa batek frogatu zuen, halaber, korrelazioa zegoela amigdala-
bolumenaren galera garrantzitsuaren eta alkoholarekiko desiraren larritasunaren eta
berrerortzearen artean (Wrase et al., 2008), segur aski bulkaden kontrol faltagatik. Horrez
gain, alkoholismoa duten eta talamo-bolumen txikiagoa duten pazienteek alkoholaren
gehiegizko kontsumoa berrabiarazteko joera handiagoa erakusten dute (Segobin et al.,

2014).

Alkoholismoaren ondoriozko Papez-en zirkuituko egitura aldaketak ere deskribatu dira;
zehazki, mamila gorputzen, talamoaren, hipokanpoaren eta zingulu-kortexaren
bolumenaren murrizpen orokorra deskribatu da (Cardenas et al., 2007; Pitel et al., 2012;
Sullivan et al., 1995; Sullivan eta Pfefferbaum, 2009; Topiwala et al., 2017; Wilson et al.,
2017). Hala ere, oraindik ez da frogatu korrelazio zuzenik alkoholismoa duten subjektuetan
gertatzen den oroimen-episdokioaren galeraren eta garuneko Papez-en zirkuituaren

narriadura makroskopikoaren artean (Chanraud et al., 2009).

Zerebeloak koordinazio motorrean ez ezik, adikzioaren garapenean eta mantentzean ere
parte hartzen du, drogek eragindako oroitzapenak sendotuz (Miquel, 2016). Eta, garun atal
gehienetan bezala, bere bolumenean murrizpena ere jasaten du alkoholaren gehiegizko
kontsumoaren ondorioz (Cardenas et al.,, 2007; Sullivan eta Pfefferbaum, 2009).
Zerebeloaren egituraren asaldura ezagutza emozionaleko eta sozialeko, prozedura memoria
eta ataxiako alterazioekin lotu da (Shanmugarajah et al., 2016; Sullivan eta Pfefferbaum,
2019). Alabaina, alkoholaren Wernicke-Korsakoff sindromea (alkohol gehiegi edatearen
ondoriozko tiamina urritasunak eragindakoa) diagnostikatzeko ezaugarrietako bat honako
hau da: zerebeloaren atrofia, bolumen-galera eta erresonantzia magnetikoaren bidez

aurkitutako Wernicke lesioak (Praharaj et al., 2021).

Azkenik, azpimarratu behar da burmuinaren bolumena murriztea ez dela beti atzeraezina.
Hots, abstinentziarekin batera gai grisak bere bolumena handituz doa, erregioaren menpe
eta modu ez-linealean, eta horrek, garrantzitsua izan daiteke abstinentzia mantentzeko
(Durazzo et al., 2015; Gazdzinski et al., 2005; Nutt et al., 2021; Zou et al., 2018). Nahiz eta
gai zuria alkohola edatearen etetearekin ere berreskura daitekeen, badirudi berreskuratze
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honek gai grisak baino erraztasun txikiagoa duela (Alhassoon et al., 2012; Cardenas et al.,

2007; Pfefferbaum et al., 2014; Segobin et al., 2014).
1.1.5. ALKOHOLISMOAN ERABILTZEKO TRATAMENDU FARMAKOLOGIKOAK

Alkoholismoaren kontrako tratamenduaren helburua da pazienteei edateari uzten
laguntzea (abstinentzia) edo kontsumo kaltegarria murriztea, haien osasuna hobetzeko eta
abstinentzia sintomak murrizteko. Beste edozein gaixotasun psikiatrikotan bezala,
ingurumen-faktoreek zeregin garrantzitsua dute alkoholismoa garatzeko eta mantentzeko.
Horregatik, farmakoterapiarekin batera, jokabide-terapia kognitiboak eta motibazio-
terapiak bezalako esku-hartze psikosozialak funtsezkoak dira (Ray et al., 2020). Gainera,
eragin desiragaitzek eta eskura dauden farmakoen eraginkortasun aldakorrak beharrezkoa

egiten dute sendagai seguruagoak eta eraginkorragoak garatzea.

Alkoholismoaren kontrako tratamendu farmakologikoa Europako Sendagaien Agentziak
(EMA; European Medicines Agency, ingelesez) edo Amerikako Estatu Batuetako (AEB)
Elikagaien eta Drogen Administrazioak (FDA; U.S. Food and Drug Administration, ingelesez)
onartutako lau medikamentuk baino ez dute osatzen gaur egun: disulfirama, akanprosatoa,
naltrexona eta nalmefenoa (azken hori EMAk bakarrik onartu du alkoholismoa tratatzeko).
Hala ere, beste medikamentu batzuek edatea murriztu eta abstinentzia luzatzen dutela ere
frogatu dute (Burnette et al., 2022). Hurrengo paragrafoetan, konposatu aipagarrienak

laburki berrikusiko dira.

Disulfirama tratamendu farmakologiko abertsiboa da. Horrek esan nahi du bere ekintza-
mekanismoa berrerortzea saihestean oinarritzen dela, etanola kontsumitzean ondorio
kaltegarriak eta desatseginak eraginez. Zehazki, disulfiramak ALDH alkoholaren entzima
metabolizatzailearen aktibitatea inhibitzen du eta horrek azetaldehido- azetato bihurketa
eragozten du. Ondorioz, etanola kontsumitzeak azetaldehidoa organismoan metatzea
eragiten du, eta erreakzio desatsegina eragiten du: goragalea, gorakoak, hipotentsioa,
takikardia, izerdia eta buruko min larria, besteak beste. Bere erabilerak dituen mugak direla
eta (hau da, tratamenduarekiko atxikimendu handia behar da eraginkorra izateko),
disulfirama gomendatzen da soilik abstinentzia mantentzeko eta inoiz ez alkoholaren

kontsumoa murrizteko (Kranzler eta Soyka, 2018).

Akanprosatoa edo kaltzio N-azetilhomotaurinatuak gizakietan alkoholaren abstinentziak

eragindako antsietatea eta desira murrizten ditu, baina tratatutako pazienteen azpimultzo
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batek baino ez du lortzen erantzun onena (Ho et al., 2022). Plazeboarekin kontrolatutako
hainbat probatan frogatu da akanprosatoa eraginkorra dela alkoholaren berrerortzearen
kopurua murrizteko eta abstinentzia-aldia handitzeko (Jonas et al., 2014; Witkiewitz et al.,
2012). Bere ekintza-mekanismoa erabat ulertzen ez den arren, badirudi akanprosatoak
sistema glutamatergikoaren tonua murrizteko duen gaitasuna inplikatuta dagoela

alkoholismoa tratatzeko duen eraginkortasunean (Kalk eta Lingford-Hughes, 2014).

Naltrexona antagonista opioide ez-selektiboa da, eta hartzitzaile p-opioideentzako afinitate
handia aurkezten du; eta, beraz, endorfinak eragindako askapen dopaminergikoa murrizten
du sari bidezidor mesolinbikoan (ikus 1.1.4.1.4. atala). Nahiz eta animalia-ereduetan
alkoholaren kontsumoa gutxitu eta meta-analisi batean naltrexonarekin tratatutako
pazienteek abstinentzia luzeagoa eta berrerortzeko arrisku murriztua ezagutarazi,
naltrexonak alkoholaren kontsumoa gutxitzeko neurrizko eragina baino ez duela ematen du
(Burnette et al., 2022; Jonas et al., 2014; Swift eta Aston, 2015). Gainera, naltrexonak
opioideen abstinentzia sindromea sortarazi dezakeenez, substantzia honekin tratatutako

pazienteek opiodeen kontsumoaren monitorizazioa behar dute (Kranzler eta Soyka, 2018).

Nalmefeno beste antagonista opioide bat da, naltrexona baino erdibizitza luzeagoa duena.
Hartzaile p-opioideen antagonista izateaz gain, k-hartzaileen agonista partziala ere bada.
(Soyka et al., 2016; Swift, 2013). Zentro anitzeko hiru saiakuntza klinikok eragin zuten EMAk
nalmefeoa onartzea. lkerketa horiek jakinarazten zuten nalmefenoa eraginkorra zela
alkoholaren kontsumoa murrizten, beharrezkoa zenean bakarrik hartzen bazen eta ez modu
jarrai batean. Baina haien metodologiak oso kritikatuak izan ziren, nalmefenoaren eragina
plazeboarekin konparatzen baitzuten, eta ez naltrexona bezalako zuzeneko
konparatzaileekin (Naudet et al., 2016). Naltrexonarekin gertatzen den bezala, opioideak
hartzen dituzten pazienteek monitorizazioa behar dute nalmefeno tratamenduarekin

(Kranzler eta Soyka, 2018).

Gamma-hidroxibutiratoa (GHB) inhibizio GABAergikoa sustatzen duen sendagai lasaigarria
da. Badirudi GHBk alkoholaren eragina imitatzen duela, bere abstinentziaren sintomak eta
desira murriztuz. Nahiz eta Europako herrialde batzuetan GBHaren erabilera alkoholismoa
tratatzeko onartuta dagoen, abusuzko droga gisa kontsumitzeko duen potentziala bere

erabilera paziente zehatzetara mugatzen du (Shen, 2018).
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Baklofenoa GABAg hartzaileen agonista da, espastikotasuna tratatzeko erabilia (Minozzi S
et al.,, 2018). Alkoholismoa baklofenoarekin tratatzeko egindako saiakuntza klinikoek
emaitza mistoak erakusten dituzte. Horrela, kontrolatutako eta aleatorizatutako saiakuntza
batzuek abstinentzia-tasak handitu zirela adierazi bazuten ere, ikerketa handienak ez zuen
ezberdinatsunik aurkitu baklofenoaren eta plazeboaren artean, ziurrenik ikerketa hauetan
sartutako subjektuen banakoen arteko aldagarritasun handiagatik (Minozzi S et al., 2018;

Witkiewitz et al., 2019) .

Bareniklina hartzaile nikotinikoen agonista partziala da eta bere erabilera nagusia
nikotinarekiko menpekotasuna da (King et al., 2022). Erretzaileak diren eta ohiko gehiegizko
alkoholaren kontsumoa egiten duten subjektuekin egindako giza ikerketetan,
bareniklinaren tratamenduak etanolaren kontsumoa eta desira jaitsi zituen plazeboarekin
alderatuta (Hurt et al., 2018; Nocente et al., 2013). Hala ere, beste proba kliniko batean
bareniklinkak ez zuen lortu drogen seinaleekin lotutako desira murriztea, plazeboarekin
alderatuta (Miranda et al., 2020). Hala eta guztiz ere, badirudi aukera oparoa dela erretzaile
astunak diren paziente alkoholikoentzat, albo-ondorio txikiak dituelako (Burnette et al.,

2022).

Ondansetron farmako antiemetikoa eta 5-HTs; hartzaileraren antagonista bat da, zeinak
alkoholismoaren garapen goiztiarra duten pazienteetan (25 urte baino lehen)
eraginkortasuna erakutsi du, batez ere ohiko gehiegizko alkoholaren kontsumoa eta
depresioa eta antsietatea (Johnson et al., 2002; Kranzler et al., 2003). Hala ere, orain dela
gutxiko saiakuntza kliniko batek ez zuen ondansetronen dosi baxuekin ondorio
onuragarririk aurkitu alkoholismoa tratatzeko (Seneviratne et al., 2022). Beraz, beste
tratamendu farmakologikoen antzera, froga gehiago behar dira ondansetronek

alkoholismoan duen erabilgarritasuna baieztatzeko.

Alkoholismoa tratatzeko antikonbultsibanteak erabiltzea (topiramatoa, gabapentina,
karbamazepina, azido balproikoa) tonu glutamatergikoa murrizteko eta transmisio
GABAergikoa handitzeko duten gaitasunean oinarritzen da. Era honetan, abstinentzia
sintomak blokeatzea du helburu abstinentzia luzatzeko. Hala ere, meta-analisien eta
saiakuntza klinikoen ikerketek ez dute ebidentziarik aurkitu konposatu horien
eraginkortasunari buruz alkoholismoaren tratamenduan (Palpacuer et al., 2018; Rojo-Mira

et al., 2022).
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Azkenik, serotonina berrabiarazteko inhibitzaile selektiboak (SSRI) bereziki gomendagarriak
dira alkoholismoa duten pazienteek antsietatea edo depresioa bezalako gaitz bat ere
dutenean (Gimeno et al., 2017). Nahiz eta SSRI tratamenduarekin etanol gutxiago hartzen
dela frogatzen duten ikerketa batzuk egon, kalitate gutxikoak dira (hau da, abstinentzia-
egunen indizearen ebidentzia baxua dago, depresioaren larritasunaren, eragin
desiragaitzen eta tratamendu etetearen datuak falta dira), eta gehien bat alkoholismoaren
depresio-sintomak tratatzera bideratuta daude (Agabio et al., 2018). Era berean,
alkoholismoa tratatzeko antipsikotikoen erabileraren eraginkortasuna eskizofrenia duten
komorbilitatean bakarrik frogatu da (Ceraso et al.,, 2020; Kishi et al., 2013). Eta, neurri
txikiagoan, oldarkortasun tasa altuak dituzten pazienteetan eraginkorrak dira, abstinentzia
mantentzen laguntzeko edo edateko latentzia luzatzeko helburuarekin erabili direlarik

(Anton et al., 2017).
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1.2. PROTEINA MATRIZELULARRAK

Zelulaz kanpoko matrizea (ZKM) burmuinaren bolumenaren % 20 inguru hartzen du, eta
zelula neuronal eta endotelialak inguratzen ditu, euskarri biokimiko eta estrukturala
emanez (Nicholson eta Hrabétova, 2017). Neuronek eta zelula glialek sintetizatuta, ZKMa
osatzen duten molekulak proteoglikanoak (agrekana, brebikana, adibidez), azido
hialuronikoa, proteina fibrosoak (kolagenoak, fibronektina), atxikipen zelularreko
molekulak (integrinak, kadherinak) eta glikoproteinak (adibidez, tronbospondinak (TSPak),
tenaszinak, SPARC (jariatutako proteina azidoa zisteinan aberastua, baita osteonektina edo
BM-40 moduan ezaguna), hevina) (1.3. irudia). ZKMan beste molekula mota batzuk ere
aurki daitezke, hala nola hazkuntza-faktoreak, zitokinak edo proteasak, zeinek ZKMko beste
molekulekin elkar eragin dezaketen (Song eta Dityatev, 2018). Oso onartua dago ZKMko
molekulek garunaren funtzioan zuzenean parte hartzen dutela (Barros et al., 2011), eta
badago ZKMko glikoproteinen azpitalde bat, bere ezaugarri bereziengatik garrantzia hartzen

ari dena: proteina matrizelularrak alegia.
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1.3. irudia. Garuneko zelulaz kanpoko matrizearen (ZKM) konpartimentuen eta horien konposizio
molekularraren irudikapen eskematikoa. (A) Mintz basala, odol-garun mugaren zati bat odol hodien alde
basolateralean kokatuta dagoena eta lamininek, fibronektinek, kolagenoek eta proteoglikanoek osatzen
dituztena. (B) ZKM interstiziala neuronak eta zelula glialak inguratzen ditu garuneko parenkiman eta,
aurrekoez gain, matrizearen metaloproteasak (MMP), azido hialuronikoak, tenaszina-R eta lotura-proteinak
(agrekana eta brebikana, besteak beste) ere osatzen dute. (C) Sare perineuronalak neuronak inguratzen
dituzten dentsitate altuko eta sareta itxurako egiturak dira eta proteoglikanoak, azido hialuronikoa,
tenaszina-R eta lotura proteinak osatzen dute. ZKMko molekulek elkarren artean eta zelulen gainazaleko
molekulekin (adibidez, integrinekin) elkarreragiten dute. Lasek, 2016-tik moldatua.

“Matrizelular” kontzeptua Paul Bornstein-ek definitu zuen 1995ean. Bornstein-ek ZKMko
glikoproteinen talde berezi hori kontzeptualizatu eta definitzeko beharra ikusi zuen, zeren
eta berak egiaztatu zuen glikoproteina haietako batzuek funtzio biologiko konplexuen bidez
zelulen jardueran zuzenean eragiten ziotela eta gainerako ZKMko proteinen ezaugarriekin
bat ez zetozen (Bornstein, 1995). Proteina matrizelularrak biltzen eta bereizten dituzten
ezaugarriak berrikusi egiten dira hurrengo artikuluetan: Bornstein (2009a), Bornstein eta
Sage, (2002), Murphy-Ullrich eta Sage (2014); eta honela laburbil daitezke: 1) ZKMko

molekulek ez< bezala, ez dute egitura-funtziorik, baizik eta zelula-zelula eta zelula-ZKM
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interakzioak modulatzen dituzte, 2) propietate desitsaskorrak dituzte, 3) ZKMko hazkuntza-
faktoreekin, zelulen gainazaleko hartzaileekin, zitokinekin eta proteasekin elkarreragiten
dute zelulen jarduera modulatzeko (1.5 irudia), 4) beraien espresioa zelulen ingurunearen
arabera aldatzen da, eta oso altua da garapenean zehar eta lesio edo gaixotasun baten

ondorioz.

Hasiera batean matrizelulartzat hartzen ziren proteina bakarrak TSP-1, SPARC eta tenaszin-
C ziren. Hala ere, pixkanaka-pixkanaka, izendapen matrizelularreko baldintzak betetzen
dituzten molekula gehiago aurkitu dira, hala nola TSP-2, SPARC familiako beste kide batzuk
(hau da, hevin (SPARCL1 edo SC1), glipikanak, CCN (cyr61-CTGF-NOV), galektinak eta
autotaxina) (Jayakumar et al., 2017; Sage eta Bornstein, 1991). Doktorego Tesi honek
hevina proteina du ardatz, beste proteina matrizelularretatik bereizten dituen zenbait
propietate dituena (ikus 1.2.2.4 atala).

Elkarrekintza hartzaileekin

Antolakuntza zitoeskeletikoa

Seinaleztapen aktibazioa
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Zelulaz kanpoko matrizea: Hevin, TSPs, TNs, SPARC, OPN, CNNs, COMP,
PEDF, fibulinak

Kolageno zuntzen antolaketa

Elastinaren antolaketa

Fibronektinaren antolaketa

ZKMaren kaltzifikazioa

Proteoglikanoekin elkarrekintza

1.4. irudia. Proteina matrizelularren zenbait funtzio erakusten duen irudikapen eskematikoa. Funtzio horiek
zelula barneko edo kanpoko kokapenaren eta beste molekulekin (zelulaz kanpoko matrizeko (ZKM) molekulak,
gorputz jariakinetako molekulak, zelula hartzaileak, barruko mintz plasmatikoan edo erretikulu
endoplasmatikoan (ER) dauden molekulak) duten elkarreraginaren arabera erakusten dira. CCN, cyr61-CTGF-
NOV; COMP, kartilagoaren proteina oligomerikoa (edo baita TSP-5); OPN, osteopontina; SPARC, jariatutako
proteina azidoa zisteinan aberastua; TN, tenaszina; TSP, tronbospondina. Murphy-Ullrich eta Sage, 2014-tik
moldatua.
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1.2.1. PROTEINA MATRIZELULARRAK PLASTIKOTASUN SINAPTIKOAREN
BITARTEKARI GISA

Lehen esan bezala, proteina matrizelularrek zelulak modulatzen dituzte itu molekularrekin
duten elkarrekintzaren bidez. Horrela, garunean, plastikotasun sinaptikoa modulatzen dute
neuronekin eta zelula glialekin elkareraginez. Atal honetan proteina matrizelular
indibidualen deskribapen labur bat egiten da, hevinarena izan ezik, Doktorego Tesi honen

intereseko proteina delako, 1.2.2 atalean luze deskribatuko da eta.

SPARC proteina kaltzioari eta kolagenoari lotzen zaio, garapenean adierazten da gehienbat
eta funtzioa anti-sinaptogenikoa du (Kucukdereli et al., 2011). B3-integrina konplexuen
bidezko elkarreginaren bidez, SPARCek AMPA hartzaileen egonkortzea sinapsietan
inhibitzen du, eta horrela transmisio kitzikagarria kontrolatzen du sinapsi helduetan (Jones
et al.,, 2011). Garapen garaian, SPARC sinapsien ezabatzea sustatzen du neurona
kolinergikoetan, zirkuitu neuronalen funtzioa fintzeko (Lépez-Murcia et al., 2015). Gainera,
SPARCek zelula-ZKM elkarrekintza, hazkuntza-faktoreen seinaleztapena eta zelulen
migrazioa, atxikipena eta ugalketa ere erregulatzen ditu (Brekken eta Sage, 2001; Murphy-

Ullrich, 2001).

Zelula endotelialen ugalketa eta migrazioa inhibitzeko duten gaitasunaren ondorioz, TSPak
antiangiogeniko gisa definitu izan dira normalean, baina horrez gain ZKMko molekulekin eta
zelulen gainazaleko hartzaileekin ere elkarreragiten dute garatzen ari den garunean
sinapsiak sortzen laguntzeko (Bornstein, 2009b; Christopherson et al., 2005; Eroglu et al.,
2009; Xu et al.,, 2010). Hala ere, sinapsi hauek presinaptikoki aktiboak dira, baina
postsinaptikoki isilak, mintz postsinaptikoan duten glutamatoaren AMPA hartzaileen
faltagatik; eta beraz, horrek adierazten du heltze sinaptikoa erregulatzen duten beste
faktore batzuk egon behar direla (Christopherson et al., 2005; Eroglu et al., 2009). Gainera,
hipokanpoko neurona gazteen kulturetan TSP-1 sinapsi kitzikagarriak sortzeko gai da, baina
TSPek seinale kitzikagarriak gutxitzen dituztela ere jakinarazi da, sinapsian AMPA
hartzaileen metaketaren inhibizioagatik eta glizina-hartzaile inhibitzaileen handipenagatik
(Hennekinne et al., 2013; Xu et al., 2010). TSPek zelula barneko muskelina proteinarekin
interakzionatzen dute aktina zitoeskeletoaren organizazioan eraginez (Adams et al., 1998).
Hori dela eta, morfologia sinaptikoa erregulatu dezaketela ere iradoki da (Adams et al.,

1998; Risher eta Eroglu, 2012).

29



Amaia Nunez del Moral

Tenaszina-C garunaren garapena ematen den bitartean adierazten da nagusiki (Bartsch et
al., 1992; Ferhat et al., 1996; Irintchev et al., 2005). Sekelji¢ eta Andjus 2012-ko lanean
berrikusten den moduan, tenaszina-C-ren knock-out saguek aktibitate neuronal hondatua
erakutsi zuten proteinaren gabezia zegoen garun ataletan. Horrek, aldi berean, iradokitzen
du tenaszina-C plastikotasun sinaptikoan parte hartzen duela, L-motako Ca?* tentsioaren
menpeko erretenekiko (L-type Ca®* voltage-dependent channels (L-VDCC), ingelesez)
elkarrekintzaren eta ondorengo zelula barneko Ca?* postsinaptikoaren kontzentrazioaren
igoeraren bidez (Sekelji¢ eta Andjus, 2012). Gainera, tenaszina-C-k neurona-glia
interakzioetan parte hartzen du hazkunde axonalean eta beraien orientazioa eta
garapenean zehar ematen den migrazio neuronala erregulatzeko (Jones eta Bouvier, 2014-

an berrikusia)

Glipikanak sinapsiak antolatzen dituzten proteinak dira, zehazki, itsaskortasun sinaptikoa,
heldutasuna eta plastikotasuna eta bisorkuntza axonala erregulatzen dituztenak (Kamimura
eta Maeda, 2021; Miyata eta Kitagawa, 2017). Glipikanek sinapsi kitzikagarri postsinaptiko
aktiboen formakuntza sustatzen dute, AMPA hartzailearen GIuA1 azpiunitatea handituz eta,
beraz, baita gertaera sinaptiko glutamatergikoen maiztasuna eta anplitudea ere (Allen et

al., 2012).

CCN familiako osagai batzuk zenbait nahasmendu neurologikoetan aldatuta daudela
dirudien arren (adibidez Alzheimerren gaixotasunean, albo-esklerosi amiotrofikoan edo
garuneko traumatismoan), oraindik ez dago argi zein den haien funtzio zehatza (Malik et al.,
2015). Adibidez, CCN1l-aren mRNA-ren adierazpena handitu egiten da hartzaile
azetilkoliniko muskarinikoak estimulatzen direnean eta ikasketa eta oroimen prozesuetako
plastikotasun sinaptiko kolinergikoarekin lotu da (Albrecht et al., 2000). Bestetik, CCN3-ak
oligodendrozitoen diferentziazioa eta mielinazioa bultzatzen dituela ematen du (de la Vega

Gallardo et al., 2019).
1.2.2. HEVIN, PROTEINA MATRIZELULARRA

1.2.2.1. Egitura molekularra

Hevin (SPARC-like 1, SC1 edo MAST9 bezala ere ezaguna) 664 aminoazidoko glikoproteina
bat da, gutxi gorabeherako 71 kDa-eko pisu molekularra duena. Egiturari dagokionez,

seinale-peptidoak, N-terminal domeinu azidoak, folistatina-antzeko (FS) domeinuak eta

30



zelulaz kanpoko kaltzioari lotzeko (EC) domeinuak C-terminalean osatzen dute (Bendik et

al., 1998; Girard eta Springer, 1995; Hambrock et al., 2003) (1.5. irudia).
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1.5. irudia. Hevinen egitura proteikoa erakusten duen irudi eskematikoa, non N-terminal domeinu azidoa,
folistatinaren antzeko (FS) domeinua eta zelulaz kanpoko kaltzioari lotzeko (EC) domeinua erakusten diren, N-
glikosilaziorako toki potentzialekin. Sullivan eta Sage, 2004-tik moldatua.

SPARC proteinaren antzeko egitura duenez, hevin proteinak SPARC -like 1 moduan ere
izendatzen da. lzan ere, biek oso kontserbatuta dagoen EC domeinuaren % 62ko sekuentzia
eta FS domeinuaren sekuentziaren % 56koa partekatzen dute (Fan et al., 2021; Girard eta
Springer, 1995). Bi proteinetan FS domeinuak egituraz antzekoak diren bitartean, EC
domeinuek alde handiak dituzte. Ezberdintasun horien ondorioz, FS-EC tandem-aren
interfazea txikiagoa da hevinean, FS domeinua EC domeinutik urrunduta dagoelarik (Fan et
al., 2021). FS domeinuak epidermiseko hazkuntza faktorearen (EGF edo epidermal growth
factor, ingelesez) antzeko errepikapen bat eta Kazal domeinuak osatzen dute, hevin
proteinaren zisteina hondar gehienak ditu, bi Cu?*-loturarako tokiak ditu eta N-lotutako
karbohidrato konplexu bat (Fan et al., 2021; Yan eta Sage, 1999). Horrez gain, eskualde
horretan N-glikosilazioareko hainbat toki proposatu dira (Asn-444) (Girard eta Springer,
1995; Hambrock et al.,, 2003). FS domeinuak neurexina eta neuroligina atxikipen
zelularreko proteinei lotzen zaie, azkenengo honi kaltzioaren menpeko erreakizoaren bidez,

eta beraz, domeinu hau funtsezkoa da neurexina-neuroligina zubi transsinaptikoak sortzeko
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(Fan et al., 2021; Singh et al., 2016). EC domeinua a-helikoidala da eta bi EF-beso ditu (1.
EF-besoa: His>8-Ala®!8 eta 2. EF-besoa: His®?>-Phe®! amino azidoak gizakietan; 1. EF-besoa:
His>’2-Ala%%% eta 2. EF-besoa: His®''-Phe®’ amino azidoak saguetan) eta kaltzioaren
menpeko eta kontzentrazio txikiko afinitatetarekin | eta V kolagenoei lotzen dela ikusi izan
da orain dela gutxi, SPARC proteinak kolagenoekin duen elkarrekintza antzeko batekin (Fan
et al., 2021; Hambrock et al., 2003; Maurer et al., 1995). EF-besoak beharrezkoak dira hevin
proteina zuzen tolesteko eta bere garraiorako erretikulu endoplasmatikotik zelulaz kanpoko
matrizeraino (Taketomi et al., 2022). Azkenik, duela gutxi aurkitu da hevinaren C-terminalak
(FS-EC tandem domeinuak barne) interakzioan diharduela kaltzion izeneko (calcyon,
ingelesez) neuronentzako espezifikoa den proteina besikular baten N-terminalarekin,
burmuineko lesioen ondoren ematen den sinapsien berreskurapenean parte hartuz (ikus

1.2.2.3. atala) (Kim et al., 2021b).

Hevinean N-terminala gutxien kontserbatutako eremua da eta kaltzioarekin elkarreragiten
du a-helizeak dauden eskualdeak egonkortzeko (Brekken eta Sage, 2001). N-glikosilazio
potentzialeko gune batzuk proposatu dira domeinu honetan (Asn- 12, Asn-131, Asn-151),
baita O-glikosilazio posibleak ere (Girard eta Springer, 1995; Halim et al., 2013; Hambrock
et al., 2003). Gainera, eremu hau hevinen funtzio sinaptogenikoan parte har dezakeela
postulatu da, hevinek eragindako sinaptogenesia antagonizatzen duten bi proteinek eremu
hau ez daukatelako; zehazki, SPARC proteina eta SPARC-antzeko fragmentua (SLF edo
SPARC-Like fragment, ingelesez) (hevinen proteolisi produktua dena) dira proteina horiek

(Fan et al., 2021; Kucukdereli et al., 2011).
1.2.2.2. Kokalekua

Hevin proteina matrizelularra hainbat ehunetan eta zelula-motatan adierazten da. Garapen
garaian hevin gizakietan eta karraskarietan detektatzen da. Gizakietan garunean, heste
mehe eta handietan, biriketan, gibelean, pankrean eta hestegorrian adierazten da (Klingler
et al., 2020; Mongrédien et al., 2019; Strunz et al., 2019). Eta karraskarietan garunean,
hestean, pankrean, erretinan, bihotzean, guruin adrenaletan, epididimoan eta biriketan
adierazten da, eta maila baxuetan giltzurrunean (Girard et al., 1999; Johnston et al., 1990;
Klingler et al., 2020; Kucukdereli et al., 2011; Lloyd-Burton eta Roskams, 2012; Mendis,
1996a, 1996b; Mothe eta Brown, 2000; Soderling et al., 1997).
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Proteina matrizelular gehienak garunaren garapenean adierazten diren bitartean, hevin oso
adierazia dago karraskarien garun helduetan (Eroglu, 2009; Johnston et al.,, 1990;
Kucukdereli et al., 2011; Lively et al., 2007b; Lloyd-Burton eta Roskams, 2012; Weaver et al.,
2011; Weaver et al., 2010). Hevin saguen garun atal guztietan aurkitzen da, bere adierazpen
astrozitiko altuagatik eta neurona mota ezberdinetan duen espresioagatik, bereziki neurona
parbalbumina-positibo GABAergikoetan eta baita beste azpimota neuronal batzuetan ere
adierazten da: zenbait neurona glutamatergiko eta zerebeloaren Bergmann glian (Mendis,
1996a; Mongrédien et al., 2019). Gainera, mikroskopia elektronikoak eta irudi konfokalak
hevin aurkitu dute sinapsien inguruko prozesu astrozitikoetan, mintz postsinaptikoetan eta
garun karraskari helduen zirrikitu sinaptiko kitzikagarrietan (Johnston et al., 1990; Jones et
al., 2011; Kucukdereli et al., 2011; Lively et al., 2007b; eta Brown, 2008a; Risher et al., 2014;
Singh et al., 2016; Weaver et al., 2010).

Hevin gizaki helduen LZRan eta garunean ere detektatzen da, zehazki kortex
aurrefrontalean, nukleo kaudatuan, garun-enborrean eta gongoil sentsorialen neuronetan
(Halim et al., 2013; Hashimoto et al., 2016; Mongrédien et al., 2019; Nilsson et al., 2009;
Yin et al., 2009). Garrantzitsua da saguaren eta giza garun helduaren arteko konparazioak
agerian utzi duela hevinarentzako antzeko zelula-adierazpena bietan (Mongrédien et al.,
2019; Weaver et al., 2011). Eta beraz, horrek hevin proteina aztertzeko animalia-ereduak

erabil daitezkeela iradokitzen du.

Azkenik, hevin hainbat tumoretan ere adierazten da (hau da, meningiometan, biriketako
minbizi ez-zelularrean, kartzinoma gastrikoan eta prostatako eta koloneko kartzinometan),
ehun konektiboan eta muskulu eskeletikoan, non lotune neuromuskularrean aurkitzen den
(Bendik et al., 1998; Brayman et al., 2021; Brekken et al., 2004; Dalan et al., 2017; Gagliardi
et al., 2017; Nelson et al., 1998; Ringuette et al., 1998).

1.2.2.3. Funtzioak

Hevinek sinapsi kortikal eta talamokortikal kitzikatzaileen eraketa eta mantentzea sustatzen
du (Espirito-Santo et al., 2021; Gan eta Sidhof, 2019, 2020; Kim et al., 2021b; Kucukdereli
et al., 2011; Risher et al., 2014; Singh et al., 2016). Hevinen gaitasuna sinapsi kitzikatzaileak

induzitzeko bi mekanismo ezberdinetan oinarritzen da gutxienez.

Lehena Singh et. al. -ek deskribatu zuen 2016an. Lehen esan bezala, hevinek konexio

talamokortikal kitzikagarriak sustatzen eta egonkortzen ditu zubi transsinaptiko bat eratuz,
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zeinak neurexin-la presinaptikoaren eta neuroligin-1B postsinaptikoaren loturaz osatuta
dago (Singh et al., 2016). Zubi transsinpatiko horrek NMDA hartzaileen erreklutamendua
eta horien funtzioa areagotzen ditu, ziurrenik neuroliginekin duten elkarreraginaren bidez

(Singh et al., 2016).

Bigarren mekanismoak, Gan eta Stidhof-ek 2020an deskribatu berri duenak, iradokitzen du
hevinek sinaptogenesi kitzikagarria sustatzen duela neurexina/neuroligina loturak aparteko
eran (Gan eta Sudhof, 2020). Handik gutxira, 2021ean Fan et.al., hevinaren C-terminalak
neurexinekin zein neuroliginekin elkarreragiten duela frogatu zuen, hevinak aipatutako bi
mekanismoen bidez sinaptogenesi kitzikagarria bultza dezakeela baieztatuz, neurexinen eta
neuroliginen mekanismo independentea erabat ulertzen ez den arren. Era berean, hevin
hurrengo proteinekin lehiatzen dela ere frogatu zuten: 1) neuroliginei lotzeagatik
glikosilfosfatidilillinositol proteina duen MAM (meprin, A5 proteina, PTPm) domeinua (edo
MDGA) izeneko proteina sinaptiko antolatzaile batekin lehiatzen da, MDGAk neurexina-
neuroligina zubi transsinaptikoak ezegonkortzen ditu; eta 2) hevinek SPARCarekin (eragin
sinaptogenikorik ez duena) lehiatzen da neurexinaren eta neuroliginaren loturagatik (Fan et
al., 2021). Hori dela eta, proposatu da hevin jariatzen dela neurexinen eta neuroliginen
lotura sustatzeko ez ezik, SPARC eta MDGA proteina inhibitzaileak blokeatzeko ere (Fan et
al., 2021; Kucukdereli et al., 2011). Gainera, 1.2.2.1 atalean esan bezala, hevin V
kolagenoarekin lotzen da neurexinaren eta neuroliginaren bestelako lekuetan. Ematen du
hevin eta V kolagenoaren arteko elkarrekintza neurexina-neuroligina zubi transsinaptikoak
ZKMko toki egokira ainguratzea duela helburu, zubien lokalizazioa eta antolaketa

erregulatuz (Ramirez et al., 2021) (1.6. irudia).

Garrantzitsua da hevinek selektiboki sustatzen dituela konexio kitzikagarri funtzionalak,
baina ez duela inhibitzaileetan eragiten; eta transmisio kitzikagarriak baina ez inhibitzaileak
potentziatzeko gai ere bada, batez ere NMDA hartzailearen adierazpena eta erantzunak
areagotuz (Gan eta Sidhof, 2020). Gainera, hevinek sinapsiaren eraketa eta AMPA
hartzaileen dentsitatea handitzen ditu neurona kortikaletan, neuronentzako espezifikoa
den kaltzion proteina besikularren bidezko AMPA hartzaileen barneratzaea ostopatuz (Kim
et al., 2021b) (1.6. irudia). Lehen esan bezala, hevinen produktu proteolitikoak, SLF zatiak,
luzera osoko hevinen funtzio sinaptogenikoa antagonizatzen duela dirudi, ziurrenik
sinaptogeniesia erregulatzeko helburuarekin (Kucukdereli et al., 2011). Horrez gain, hevinek

kontaktu kitzikagarri anizkoitzeko adarren (spines with multiple excitatory contacts (SMECs),
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Sarrera

ingelesez) eliminazioa kontrolatzen du garapenean zehar (Risher et al., 2014). Prozesu hori
beharrezkoa da adar dendritikoen garapen egokia eta egonkortze sinaptikoa behar bezala

emateko (Risher et al., 2014).
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1.6. irudia. Hevinek sinapsi kitzikatzaileetan dituen funtzioak erakusten dituen irudikapen eskematikoa. (A)
Hevin kaltzion proteinari lotzen da AMPA hartzailearen (AMPAR) barneraketa blokeatuz, beraien espresioa
mintz postsinaptikoetan handiagotuz. (B) Hevinek sinaptogenesia eta NMDA hartzaileen (NMDAR)
errekrutatzea induzitzen du bi mekanismoen bidez: 1) neurexina-neuroligina zubi transsinaptikoen menpekoa
(B.1), 2) neurexina-neuroligina zubien aparteko mekanismoa (B.2). Hevinen eta kolageno V-aren arteko
elkarrekintzak neurexina-neuroligina zubiak egonkortu eta ZKMra ainguratzen ditu (B.1). (C) SPARC eta MDGA
hevinekin lehiatzen dira neurexinaren eta neuroliginaren loturarengatik, hevinen efektu sinaptogenikoa
ostopatuz.
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Hevin proteina anti-itsasgarria da, zelulen migrazioa modulatzen duena. Horrela, garatzen
ari den garun-kortexean zelula glial erradialen migrazio neuronala gelditzeko seinale gisa
funtzionatzen du, neuronak garuneko geruza zuzenera bideratuz (Gongidi et al., 2004). Era
berean, garatzen ari den zerebeloan hevinen mRNAn Bergmann zelula glialetan adierazten
da eta proteina zuntz erradialei atxikitzen zaie zelula granularren migrazioan bitaterkotzeko
(Mendis et al.,, 1994). Hevinek zelula endotelialen atxikimendu fokala mintz basaletan

inhibitzen du ere (Girard eta Springer, 1996).

Lehen esan bezala, hevin tumore askotan adierazten da, eta horietako batzuetan bere
espresioa murriztuta dago. Ematen du hevinen adierazpen murriztuak prostatako
metastasian tumore-zelula endoteliorekiko atxikimendua sustatzeko eta, beraz, zelulen
migrazioa amaitzeko beharraren ondorioa dela (Hurley et al., 2012; Nelson et al., 1998).
Ehun batzuetan hevinek zelulen ugaritzea oztopatzen eta zelulen zikloa inhibitzen badu ere,
beste batzuetan (hau da, zelula linfoideak) zelulen ugalketa sustatzen du (Claeskens et al.,
2000; Framson eta Sage, 2004; Oritani et al., 1997). Horrela, hevinek tumore supresorea
edo faktore onkogeniko gisa joka lezake tumore motaren arabera (Gagliardi et al., 2017).
Adibidez, adenokartzinoma gastrikoan hevinen adierazpenaren murrizketa bere tumoreak
suprimitzeko funtzioen inaktibazioarekin erlazionatu da (Jakharia et al., 2016). Funtzio
kontraesankor hori hevinak ehun motaren arabera hartzaile ezberdinekin elkarreragiteko
duen gaitasunagatik azal daiteke (Sullivan eta Sage, 2004). Gainera, egiaztatu da hevina
antiangiogenikoa dela, odol-hodien morfologia eta osotasuna sustatzen dituela, eta
kanpoko matrize dermikoaren egitura modulatzen duela kolageno zuntz-muntaketaren

erregulazioaren bidez (Regensburger et al., 2021; Sullivan et al., 2006).

1.2.2.4. Hevinen papera gaitz neuropsikiatrikoetan

Gero eta ikerketa gehiagok nabarmentzen dute astrozitoen papera alkoholismoaren
garapenean, funtzionalki promiskuoak diren zelula glial horiek sinapsietan duten funtsezko
funtzioa dela eta (Allen eta Eroglu, 2017). Izan ere, duela gutxi frogatu da astrozitoek, ATP
eta adenosina askatuz, etanolak eragiten duen neuronen zelulaz barneko kaltzio
kontzentrazioaren areagotzea sustatzen dutela (Kim et al., 2021a). Gainera, astrozitoen
aktibazioak etanolaren kontsumoa areagotzen du eta dosi baxuetan hiperlokomozioa eta

dosi altuetan efektu lasaigarriak bultzatzen ditu (Erickson et al., 2021).
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Horrela, frogatuta geratu da jariatutako faktore astrozitikoek, hala nola proteina
matrizelularrek, helduen plastikotasun neuronalean parte hartzen dutela gaixotasun
psikiatrikoetan, adikzioen gaitzak barne (Lacagnina et al., 2017; Nagai et al., 2019; Walker
et al., 2020; Wang et al., 2021). Proteina-familia hau alkoholismoaren jaio aurreko eta jaio
osteko animalia-ereduetan alteratuta dago (Miguel-Hidalgo, 2018; Trindade et al., 2016).
Zehazki, frogatu egin da etanolarekiko esposizioak jaio aurretik (in utero) astrozitoen
fenotipoa biziki aldatzen duela eta hevin proteinaren adierazpena eragiten duela. Horrek
iradokitzen du alkoholak hevinen espresioa aldatu dezakeela eta, beraz, hevinek
alkoholismoaren plastikotasun neuronalean inplikatuta egon daitekeela (Trindade et al.,

2016).

Hevin beste gaitz psikiatriko eta neurogarapenekoekin ere lotu izan da. Adibidez, saguen
estresarekiko portaeraren egokitzapenari buruzko ikerketa batean, hevinen espresioa
eragin zen sagu erresilienteen accumbens nukleoan eta birus-transgenesiaren bidezko
hevinen gainespresioa alderantzikatu egin zuen mehatxu-sozialaren (social defeat,

ingelesez) efektuak saguetan, antidepresore-moduan jokatuz (Vialou et al., 2010).

Postmortem garuneko laginetan egindako ikerketa batek, “cDNA microarray” teknologia
erabiliz, hevin genearen gainadierazpenaren berri eman zuen autismoaren espektroaren
gaitza (AEG) zuten subjektuetan (Purcell et al.,, 2001). Mutazioak, polimorfismoak eta
kopien kopuruaren aldaketak (CNV edo copy number variations, ingelesez) hevin genean
AEG-ren eta eskizofreniaren gaineko ikerketetan ere aurkitu dira (De Rubeis et al., 2014;
Jacquemont et al.,, 2006; Kahler et al., 2008). Gainera, neurexinen eta neuroliginen
mutazioak ere aurkitu dira AEGn, zeinek hevinen mutazioekin batera, iradokitzen dute
hevinez osatutako zubi transsinaptikoek zeregin garrantzitsua izan ditzaketela patologia
honetan (De Rubeis et al., 2014). Konexio talamokortikalek ere alterazioak erakusten
dituzte AEGn, hipotesi hau bermatuz (Nair et al., 2013). Era berean, orain dela gutxiko lan
batek erakusten du SPARCL1 genearen mutazioetako batek, EF-besoaren motiboa falta
duen hevinentzat kodifikatzen duenak, hevina erretikulu endoplasmatikoan metatzea
eragiten duela (Taketomi et al., 2022). Eta horrek, hevinen jariaketa kaltzen du eta txarto
tolestutako proteinen erantzunak aktibatzea eragiten du (Taketomi et al., 2022). Hevinen
alterazioak erakusten dituen beste neurogarapenako gaitz bat Fragile X sindromea da, non
hevin proteinaren adierazpenaren erregulazio okerra deskribatu da, garun atal

espezifikotasunarekin (Wallingford et al., 2017).
37



Amaia Nunez del Moral

Hevin, halaber, neuroendekapenezko gaitzen biomarkatzaile potentzial gisa ere hartu da,
kontrolekin konparatuta haren adierazpena aldatu egiten delako hurrengo gaixotasunak
dituzten banakoen LZRan: narriadura kognitibo arina, albo-esklerosi amiotrofikoa eta
Parkinsonen eta Alzheimerren gaixotasunak (Collins et al., 2015; Strunz et al., 2019;
Vafadar-Isfahani et al., 2012; Yin et al., 2009). Izan ere, Alzheimerren gaixotasuna duten
pazienteetan, hevin genearen bi nukleotido bakarreko polimorfismo gaixotasunaren

progresioaren azelerazioarekin erlazionatu dira (Seddighi et al., 2018).

Horretaz gain, garun helduan duen funtzio fisiologikoa aztertu da batez ere garuneko
gaixotasunen animalia ereduetan, hala nola, garuneko lesioa, infartu iskemikoa eta
epilepsia. Zehazki, hevinen adierazpena astrozito erreaktiboetan indartzen da infartu
iskemikoaren edo karraskari helduen garuneko lesio lokalizatuaren ondoren, ziurrenik
heriotza neuronala konpentsatzeko (Lively et al., 2011; Lively eta Brown, 2007a; McKinnon
eta Margolskee, 1996; Mendis, 1996a; Mendis et al., 2000). Era berean, hevin-kaltzion
elkarrekintzak, garun helduaren lesio baten ondoren, antolaketa eta berreskurapen
sinaptikoan parte hartzen du, zeinetan matrizeko metaloproteasa-3k (MMP-3) ere

inplikatuta dago (Kim et al., 2021b).
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HIPOTESIA

Hevinek plastikotasun estrukturalean eta sinaptikoan duen funtzioa kontutan izanda, bere
espresioaren alterazioa alkoholismoarekin lotutako plastikotasun neuronalaren
aldaketetan parte har zezakeen. Hori dela eta, hevin proteinak alkoholismoaren
fisiopatologiarekin nahastuta egon liteke eta, beraz, patologia honen prebentzio,

diagnostiko eta tratamendurako itu berria izan liteke.
Hipotesi hori frogatzeko hurrengo helburuak ezarri egin ziren:
HELBURUAK

1) Hevin proteinaren adierazpena karakterizatzea kontrol-subjektuetatik abiatutako

giza ehunean.

2) Hevinen mRNA-ren eta proteinaren adierazpena alkoholismoa zuten subjektuen eta

subjektu-kontrolen artean konparatzea postmortem giza garunean.

3) Etanolaren administrazioak hevin proteinaren adierazpenean dituen ondorioak

aztertzea saguen garunean eta plasman.

4) Saguen accumbens nukleoaren astrozitoetan hevinaren adierazpena jaisteak

alkoholaren kontsumoaren gain dauzkan ondorioak aztertzea.
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3. SUBJEKTUAK, MATERIALAK

** ETA METODOAK






3.1. GIZA LAGINAK

3.1.1. GARUNEKO ETA LIKIDO ZEFALORRAKIDEOKO POSTMORTEM LAGINAK

Giza laginak Auzitegi Medikuntzako Euskal Institutuan (Bilbo, Espainia) egindako
autopsietatik lortu ziren, 1999. eta 2019. urteen artean. Lan hau postmortem giza laginekin

ikertzeko Espainiak duen lege-politika eta berrikuspen etikoko kontseiluei jarraituz egin zen.

Heriotza baieztatu eta berehala, gorpua 4 °C-tan gorde zen. Garuneko disekzioak
autopsiarekin batera egin ziren kortex aurrefrontala, hipokanpoa, nukleo kaudatua eta
zerebeloko laginak biltzeko, eta berehala -70 °C-tan gorde ziren, esperimentua egin arte.
Likido zefalorrakideoko (LZR) laginak ere autopsian lortu ziren, eta -70 °C-tan gorde ziren,
esperimentua egin arte. Subjektu guztien odol-laginak ere hartu ziren, beraien azterketa
toxikologikoa egiteko Auzitegi Medikuntzako Euskal Institutuan eta Toxikologiako Institutu
Nazionalean (Madril). Horrela, estandarizatutako hainbat metodo erabiliz (adibidez,
erradioimmunoentsegua, immunoentsegu entzimatikoa, errendimendu handiko
kromatografia likidoa eta gas kromatografia-masa-espektrometroa) heriotzaren unean
etanola, antidepresiboak, antipsikotikoak eta beste psikofarmako batzuren odol-
kontzentrazioa zehaztu zen. Bildu bezain laster, lagin guztiak kodetu egin ziren, subjektu

konfidentzialtasuna gordetzeko.

Doktorego Tesi honetan erabilitako kasu guztiei atzera begirako bilaketa bat egin zitzaien
heriotza aurreko diagnostiko psikiatriko bat lortzeko, DMS-IV, DMS-IV-TR eta DMS-Vn
oinarritua (American Psychiatry Association, 1994; 2000; 2013). Bilaketa horri esker,
subjektuak hiru taldetan sailkatu ahal izan ziren: heriotza aurretik gaixotasun
neuropsikiatriko gabeko subjektuak (kontrol-taldea), heriotza aurretik alkoholismoko
diagnostikoa zuten subjektuak (alkoholismo-taldea) eta heriotza aurretik depresio
nagusiko diagnostikoa zuten subjektuak (depresio-taldea). Bestelako diagnostiko

psikiatrikoren bat zuten subjektuak azterketatik kanpo geratu ziren.

Giza ehunean hevinen adierazpena karakterizatzeko (ikus 4.1. atala) honako lagin hauek

erabili ziren (subjektu horien ezaugarri demografikoak 3.1 taulan laburbiltzen dira):

e Antigorputzak balioztatzeko, 4 subjektu kontrolen kortex aurrefrontalen “Pool”

prestakina (hau da, subjektu guztien laginen nahasketa).
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e Hevinen adierazpena konparatzeko garun atalen eta frakzio azpizelularren
artean, 6 subjektu kontrolen kortex aurrefrontala, hipokanpoa, nukleo kaudatua

eta zerebeloa erabili ziren.

e Aldagai ezberdinak hevinen adierazpenean izan dezaketen efektua neurtzeko
alkoholismoaren ikerketako 25 subjektu kontrol eta beste 4 emakume kontrol

erabili ziren.
e 4 subjektu kontrolen LZRko laginak erabili ziren.

Hevinen adierazpena alkoholismoaren azterketak (ikus 4.2. atala) 25 subjektu kontrol, 25
subjektu alkoholismoko diagnostikoarekin eta 25 subjektu depresio diagnostikoarekin
hartu zituen. Talde bakoitzeko subjektu guztiak bat zetozen adinarekin, sexuarekin,
postmortem atzerapenarekin (PMD, heriotzaren eta autopsiaren arteko denbora-tartea)
eta biltegiratze-denborarekin. Lau parametro horiek ez ziren estatistikoki desberdinak izan
taldeen artean (p>0,05, norabide bakarreko bariantza-analisia (one way ANOVA), ikus 3.2.
taula). Esperimentu guztietan, talde bakoitzarekin bat zetozen subjektuen laginak

paraleloan prozesatu ziren. Subjektu guztien ezaugarri demografikoen deskribapen osoa

3.2. taulan.
Adina
Entsegu mota Laginen kopurua (n) Sexua
(BB+SEM)
Antigorputzen espezifikotasuna, degradazioa eta 4 subjektu kontrolen pool 45+2 4G
entsegu entzimatikoak prestakina
6 KAF
. . . 6 HIP
Adierazpen erregionalalaren eta azpizelularraren 44+1 6G
entseguak 6 KAU
6 ZB
Korrelazioa aldagai ezberdinekin 29 KAF 5042 11E/18G
Likido zefalorrakideoa 4 65+7 4G

3.1. taula. Subjektuen ezaugarri demografikoak eta hevinen adierazpenaren giza karakterizazioan sartutako
subjektuen kopurua. BB, batez bestekoa; E, emakumea; G, gizona; KAF, kortex aurrefrontala; HIP, hipokanpoa;
KAU, nukleo kaudatua; ZB, zerebeloa; SEM, batez bestekoaren errore estandarra.
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. Biltegiratze- . . .
Kasua Sexua (:::;T() (ord“::k) denbora He::)at:(aa-lhr‘::ta 2;?&2:::::: Drogak odolean
(hilabeteak)

Al G 59 22 11 Naturala/ Zirrosia  Alkoholismoa (-)

K1 G 57 3 18 Istripua/ Trafikoa Kontrol (-)

D1 G 55 20 95 Suizidioa/ Trena Depresioa Antidepresibo

A2 G 59 19 159 Naturala/ HKP Alkoholismoa (-)

K2 G 58 16 201 Istripua/ Trafikoa Kontrola (-)

D2 G 60 18 170 Suizidioa/ Depresioa Antidepresibo
Urkatzea

A3 G 61 34 20 Naturala/ HKP Alkoholismoa Etanola

K3 G 62 9 45 Naturala/ HKP Kontrola (-)

D3 G 62 15 96 Suizidioa/ Labana Depresioa Antidepresibo

A4 G 51 23 23 Naturala/ HKP Alkoholismoa (-)

K4 G 51 14 108 Istripua/ Trafikoa Kontrola Etanola

D4 G 51 24 200 Suizidioa/ Depresioa Antidepresibo
Urkatzea

A5 G 55 11 36 Naturala/ HKP Alkoholismoa (-)

K5 G 56 13 96 Naturala/ HKP Kontrola (-)

D5 G 56 3 128 Trongj;lrjm?cifi/smoa Depresioa Antidepresibo

A6 G 61 27 162 Naturala/ HKP Alkoholismoa (-)

K6 G 61 23 202 Istripua/ Trafikoa Kontrola (-)

D6 G 60 24 111 Suizidioa/ Salto Depresioa Antidepresibo

A7 G 52 17 85 Naturala/ HKP Alkoholismoa (-)

K7 G 54 16 112 Istripua/ Zapalketa Kontrola (-)

D7 G 50 23 143 Suizidioa/ Gun Depresioa Antidepresibo

A8 G 47 28 88 Naturala/ HGI Alkoholismoa Etanola

K8 G 46 24 129 Naturala/HKP Kontrola (-)

D8 G 49 27 18 Naturala/HKP Depresioa Antidepresibo

A9 E 50 14 95 Naturala/ HGI Alkoholismoa Etanola

K9 E 50 10 129 Naturala/HKP Kontrola (-)

D9 E 49 19 164 Suizidioa/ Salto Depresioa Antidepresibo

Al10 E 38 22 165 Naturala/ HKP Alkoholismoa (-)

K10 E 36 20 123 Istripua/ Train Kontrola (-)

D10 E 36 32 152 Suizidioa/ Droga i, Antsiolitikoak/

intoxikazioa Antidepresibo

All E 71 16 125 Naturala/ HKP Alkoholismoa (-)

K11 E 71 22 155 Istripua/ Trafikoa Kontrola (-)

D11 E 70 7 92 Suizidioa/ Salto Depresioa Antidepresibo

Al12 G 64 9 104 Naturala/ HKP Alkoholismoa Etanola

K12 G 64 22 46 Naturala/ HKP Kontrola (-)

D12 G 65 12 145 Suizidioa/ Depresioa Antidepresibo
Urkatzea

Al3 G 73 2 168 Naturala/ HKP Alkoholismoa Etanola

K13 G 73 10 202 Istripua/ Salto Kontrola (-)

D13 G 73 11 39 Suizidioa/ Depresioa Antidepresibo
Urkatzea

Al4 G 52 27 114 Naturala/ HKP Alkoholismoa (-)

K14 G 51 19 101 Istripua/ Trafikoa Kontrola (-)

D14 G 53 22 87 Suizidioa/ Depresioa Antidepresibo
Urkatzea

Al5 G 49 10 115 Naturala/ HKP Alkoholismoa Etanola

K15 G 48 10 123 Naturala/HKP Kontrola (-)

D15 G 50 24 118 Suizidioa/ Gun Depresioa Antidepresibo
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Al6 G 56 24 129 Naturala/ HKP Alkoholismoa Etanola
K16 G 55 22 130 Naturala/HKP Kontrola (-)
D16 G 56 22 119 Suizidioa/ Gun Depresioa Antidepresibo
Al7 E 54 7 142 Naturala/ HKP Alkoholismoa Etanola
K17 E 51 10 84 Naturala/HKP Kontrola (-)
D17 E 54 18 169 Suizidioa/ Depresioa Antidepresibo
Urkatzea
Al8 G 60 6 143 Naturala/ HKP Alkoholismoa (-)
K18 G 60 19 87 Naturala/ HKP Kontrola (-)
D18 G 61 5 198 Natur.ala/ Depresioa Antidepresibo
Aneurisma
A9 G 46 11 149 Naturala/ Alkoholismoa )
Hemorragia
K19 G 47 17 205 Naturala/ HKP Kontrola (-)
D19 G 47 18 167 Suizidioa/ Depresioa Antidepresibo
Urkatzea
A20 E 44 11 163 Naturala/ HKP Alkoholismoa (-)
K20 E 45 12 130 Naturala/ HKP Kontrola (-)
D20 E 43 24 143 Naturala/HKP Depresioa Antidepresibo
A21 G 53 25 158 Naturala/ HKP Alkoholismoa (-)
K21 G 54 23 159 Istripua/ Salto Kontrola (-)
D21 G 53 39 191 Suizidioa/ Pistola Depresioa Antidepresibo
A22 G 65 5 159 Naturala/ HKP Alkoholismoa Etanola
K22 G 67 22 166 Naturala/ HKP Kontrola (-)
D22 G 65 11 94 Suizidioa/ Droga i, Antsiolitikoak/
intoxikazioa Antidepresibo
A23 E 50 23 159 Naturala/ HKP Alkoholismoa Etanola
K23 E 45 8 21 Naturala/ Kontrola )
Hemorragia
D23 E 49 18 142 Suizidioa/ Ito Depresioa Antidepresibo
A24 G 57 17 147 Naturala/ HKP Alkoholismoa (-)
K24 G 55 20 37 Istripua/ Trafikoa Kontrola (-)
D24 G 57 21 92 Suizidioa/ Salto Depresioa Antidepresibo
A25 E 46 19 156 Naturala/ HKP Alkoholismoa Etanola
K25 E 43 3 40 Istripua/ Trafikoa Kontrola (-)
D25 E 45 21 89 Suizidioa/ Depresioa Antidepresibo
Urkatzea
BB +
SEM
A1zs  7E/18G 54.9+2  17.2+2 119+10
Ki2s  7E/18G 54.4+2  15.5t1 114412
D125 7E/18G 54.8t2  19.2+2 12649

3.2. taula. Hevinen papera alkoholismoan aztertzeko giza garunean egindako ikerlanean sartu diren
subjektuen ezaugarri demografikoak, postmortem atzerapena (PMD), biltegiratze denbora, heriotza mota
eta kausa, diagnostiko psikiatrikoa eta datu toxikologikoak. Beheko partean kuantifikatu daitezkeen
aldagaien batez bestekoa eta batez bestekoaren errore estandarrak erakusten dira. A, alkoholismoa; K,
kontrola; D, depresioa; E, emakume; G, gizona; HKP, hutsegite kardio-pulmonarra; HGI, hemorragia
gastrointestinala; BB, batez bestekoa.
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3.1.2. GARUNEKO TUMOREEN LAGINAK

Gurutzetako Ospitaleko Neurokirurgia Zerbitzuan (Bizkaia, Espainia) egindako
kraniotomietan tumore zati txikiak bildu ziren eta zuzenean -70 2C-tan gorde ziren,
esperimentuak egin arte. Neuropatologoek laginak hartu zituzten NSZko tumoreen,
Osasunaren Mundu Erakundearen babespean dagoen Nazioarteko Sailkapenaren arabera
diagnostikatzeko. Azterketa horretan 3 astrozitoma anaplasiko (lll. gradukoak) eta 3
meningioma diagnostikatu ziren. Pazienteen ezaugarri demografikoak 3.3 taulan

laburbiltzen dira. Esperimentu guztietan laginak paraleloan prozesatu ziren.

Adi
Entsegu mota Lagin kopurua (n) (BB fl::M) Sexua (E/G)
Astrozitoma 3 4918 3G
Meningioma 3 61+7 2E/1G

3.3. taula. Pazienteen ezaugarri demografikoak. BB, batez bestekoa; E, emakume; G, gizona; SEM, batez
bestekoaren errore estandarra.

3.1.3. ODOL-LAGINAK

Odol laginak lau kontrol subjektu bizidunetatik atera ziren zain-barnetik, odola biltzeko
Vacutainer® zitratodun hodietara (Becton Dickinson & Company), eta berehala prozesatu
ziren. Odol-bilketa Euskal Herriko Unibertsitateko (EHU) Medikuntza eta Erizaintza
Fakultatean egin zen (Leioa, Espainia). Parte-hartzaile guztiek idatziz, txostenaren bidezko
baimena eman zuten ikerketan parte hartzeko, eta ez zuten gaixotasun psikiatrikorik
aurkezten DSM-IV, DMS-IV-TR edo ICD-10 irizpideen arabera. Lau subjektuak emakumeak
ziren eta batez besteko adina 28 + 3 urtekoa izan zen (urteak * batez bestekoaren errore

estandarra, SEM). Esperimentu guztietan laginak paraleloan prozesatu ziren.
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3.2. ANIMALIAK ETA TRATAMENDUAK

Animalien zaintza eta esperimentu guztiak Europar Batasuneko legeekin eta
neurozientzietako ikerketetan animaliak erabiltzeko politikekin bat etorriz burutu ziren
(Europako Batzordearen 2010/63/EB Zuzentaraua). Hevinentzako 129/FBV knockout
saguak Cagla Eroglu doktorearengandik (Duke Unibertsitatea, Ipar Carolina, AEB, ikus 3.2.1
atala) lortu ziren. Peritoneo barneko (i.p. edo intraperitioneal, ingelesez) etanola emateko
eta hevinen adierazpenaren gutxipena (edo knocdown, KD) egiteko erabili ziren C57BL/6)
saguak Janvier Labs-etik (Le Genest-Saint-Isle, Frantzia) lortu ziren. Doktorego Tesi
honetako sagu guztiak Paris-Seine Biologia Institutuko (Paris, Frantzia) animalia-
instalazioetan mantendu ziren. Zehazki, saguak kaioletan bostnaka egon ziren egon ziren,
baldintza estandarretan: 23 °C eta 12 orduko argi eta iluntasun zikloan, ad libitum janari
eta urarekin. Kasu guztietan, esperimentuak 2 eta 4 hilabete bitarteko adineko C57BL/6)

sagu arretan egin ziren.
3.2.1. HEVINERAKO KNOCKOUT SAGUEN GARUNEKO LAGINAK

Cagla Eroglu doktoreak (Duke Unibertsitatea, Ipar Carolina, AEB) hevinerako 129/FBV
kockout saguak (hevin adirazten ez duten saguak) sortu zituen, transkripzioaren hasiera
kodoian bigarren exoiaren birkonbinazio homologoa erabiliz (McKinnon et al., 2000).
C57BL/6) homozigotoak lortu ziren 129/FBV saguak C57BL/6J-ekin 10 belaunaldiz
gurutzatuz. Esperimentuak 2-4 hilabeteko adina zuten 2 hevin-gabeko eta 2 sagu basatien
(wild-type, WT) garunak erabiliz egin ziren. Hevin knockout eta WT saguei burua moztu
zitzaien eta azkar garunak atera ziren. Garunak disekzionatu ziren eta berehala biltegiratu

ziren -70 °C-tan, Western blot-erako prestatu arte (ikus 3.5.2.1.1. atala).
3.2.2. PERITONEO BARNEKO ETANOLAREN ADMINISTRAZIOA

Lau etanol tratamendu egin ziren 2-4 hilabeteko C57BL/6J saguetan. Kasu guztietan, saguak
modu kronikoan tratatu ziren 13 egunez, bai gatz soluzioarekin, bai etanolarekin eta ez ziren
injektatu hurrengo 3 egunetan (abstinentzia); azkenik, berrezartze dosi bat eman zitzaien,

gatz soluzioarekin edo etanolarekin (3.1 irudia). Hona hemen lau tratamendu-taldeak:

e 1. taldea: gatz soluzioarekin tratamendu kronikoa + abstinentzia + gatz

soluzioarekin berrezartze-dosia (gazia-gazia edo S-S), eta kontrol-taldea da.

50



e 2. taldea: gatz soluzioarekin tratamendu kronikoa + abstinentzia + etanolarekin
berrezartze-dosia (gazia-etanola edo S-S), eta etanolaren efektu akutua
imitatzen du.

e 3. taldea: etanolarekin tratamendu kronikoa + abstinentzia + gatz soluzioarekin
berrezartze-dosia (etanola-gazia edo E-S), eta etanolaren tratamendu kronikoa
imitatzen du.

e 4. taldea: etanolarekin tratamendu kronikoa + abstinentzia + etanolarekin
berrezartze-dosia (etanola-etanola edo E-S), eta abstinentzia ondoko

berrerortzea imitatzen du.

Tokiko lehentasuna eragiten duen etanol dosia (1,75 g etanol/kg) edo % 0,9ko NaCl gatzezko
soluzioa peritoneo barnean injektatu ziren (Nocjar et al., 1999). Saguak azken injekzioa jaso
eta 24 ordu ondoren deslokalizazio zerbikalez akabatu ziren eta garuneko disekzioak
berehala egin ziren. Hurrengo bost garun ataletan atal bakoitzeko bi zulaketa egin ziren:
kortex aurrefrontala, amigdala, hipokanpoa, estriatu dortsala eta accumbens nukleoa.
Odola EDTA duten hodietan bildu zen (1 ul 0,5M EDTA pH 8,0), 10 min, 17000 x g-tan eta 4
°C-tan (Eppendorf Centrifuge 5427 R, FA-45-48-11 errotorea) zentrifugatu ziren, eta plasma
laginak hodi freskoetara aldatu ziren. Laginak 70 °C-tan gorde ziren Western blot-erako
prestatu arte (ikus 3.5.2.1.2. atala garuneko laginen prestakinetarako eta 3.5.2.1.3. atala

saguen plasma prestakinetarako).

«, X8 NaCl edo 1,75g EtOH/kg i.p.

TRATAMENDU KRONIKOA ABSTINENTZIA ERRONKA DOSIA LAGIEN BILKETA ETA
Salinoa edo EtOH Injekziorik ez Salinoa edo EtOH Injekziorik ez WESTERN BLOT-A

13egun I 3egun I 1egun I 24h l

3.1. irudia. C57BL/6J saguetan egindako tratamenduen irudikapen eskematikoa.

3.2.3. KIRURGIA ESTEREOTAXIKOA ETA BIRUSEN BIDEZKO INFEKZIOA

Accubens nukleoaren astrozitoetan hevinen adierazpena murrizteko asmoz (KD edo
knockdown, ingelesez) C57BI6/) sagu helduak anestesiatu ziren 100 mg/kg-ko ketamina eta
10 mg/kg-ko xilazina zuen % 0,9 NaCl-ko nahasketa batekin. Hevin KD lortzeko 7 sagu
injektatu ziren AAV2.5-GFAP-EmGFP-miR-Hevin birusarekin (9,4. 1012 vg/ml) eta 7 sagu
AAV5.GFAP.eGFP.WPRE.hGH (9,1. 1012 vg/ml, Ipar Carolinako Unibertsitatea, Amerikako
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Estatu Batuak (AEB)) birus kontrolarekin injektatu ziren. Injekzioak accumbens nukleoaren
bi aldeetan egin ziren (bregmari dagokionez) honako koordenatu hauek erabiliz: +1,6,
erdialbokoa: +1,45, dortsobentrala: -4,3, erdiko lerrotik 10°-ko angeluarekin. Birusaren 500
nl injektatu zitzaizkion sagu bakoitzari 100 nl/min-tan. Portaera-probak kirurgia egin eta 3
astera egin ziren, eta saguak aldian-aldian monitorizatu ziren. Injekzioaren kokapen egokia
eta transgenearen adierazpena immunohistokimikaren bidez berretsi ziren (ikus 3.5.4.

atala)
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3.3. HEVIN ADIERAZTEN DUTEN ZELULAK

BON giza zelula kartzinoideak Bruno Gasnier doktorearengandik lortu ziren (Saints-Péres
Paris Institute for the Neurosciences - CNRS UMR, Frantzia) eta geroago Vincent Vialou
doktoreak prozesatu zituen (Neurosciences Paris Seine - Institut de Biologie Paris Seine,
Sorbonne Université, Frantzia). Zelulak 1:1 DMEM/F12n mantendu ziren % 10 behi fetuaren
serumarekin eta 100 U-100 pg/ml penizilin-streptomizinarekin, 37 °C -tan % 5 CO2
inkubagailu hezean. BON zelulak modu iragankorrean transferitu ziren saguen hevin
cDNArekin (Source Biosciences, Erresuma Batua) edo simulatutako transfekzioa egin zen,
Lipofektamina 2000 transfekzio-protokolo estandarra erabiliz (Thermo Fisher Scientific
Conference). Zelulak pH 7,4ko 5 mM Tris-HCl-an lixatu ziren sonikazioaren bidez (Vibra-Cell
Klinics Bioblock Scientific), eta -70 °C-tan kontserbatu ziren elektroforesiko-karga
indargetzailean (100 mM DTT, % 2 SDS, % 8 glizerola, % 0,01 bromofenol urdina),

poliakrilamidazko elektroforesi-gelean kargatu ziren arte (ikus 3.5.2.3. atala).
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3.4. MATERIALAK

3.4.1. ANTIGORPUTZAK

Doktorego Tesi honetan erabilitako antigorputz primarioak eta sekundarioak 3.4 taulan azaltzen

dira:

Antigorputz Antigorputz
Lagina eta Antigorputz . 8 R P Antigorput & p
. R . primarioaren R sekundarioaren
esperimentu mota primarioa o sekundarioa .
diluzioa diluzioa
Giza garuna Alexa Fluor® 680
. Ahuntzean .
(hevinen . konjugatuta astoan
antigorputzaren sortutako anti- sortutako anti-
. giza hevin 1:3000* . 1:5000
balioztaketa; ahuntza Ag. (Life
. Ag.(R&D systems, ]
karakterizazioa eta AF2728) Technologies,
alkoholismoaren A21084)
ikerketa)
Saguan sortutako Alexa Fluor® 680
anti-giza hevin Ag. konjugatuta astoan
(Santa Cruz 1:500 sortutako anti-sagua 1:3000
Biotechnology, sc- Ag. (Life Technologies,
514275) A21084)
Alexa Fluor® 680
Ahuntzean .
. konjugatuta astoan
sortutako anti- sortutako anti
sagua hevin Ag. ahuntza Ag. (Life 1:5000
(R&D systems, 1:2000 g..
AF2836) Technologies,
A21084)
DyLight™ 800
Saguan sortutako .y &
anti- B-actin Ag konjugatuta astoan
. o 1:100000 sortutako anti-sagua 1:5000
(Sigma-Aldrich,
Ag. (Rockland, 610-
A1978)
745-002)
Alexa Fluor® 680
Ahuntzean .
. konjugatuta astoan
sortutako anti- sortutako anti
sagua biotina Ag. 1:200 . 1:5000
. ahuntza Ag. (Life
(ThermoFisher™, Technologies
B-2763) gles,
A21084)
Giza garuna Saguan sortutako DyLight™ 800
(frakzio anti-giza konjugatuta astoan
azpizelularren SyntaxinlA Ag. 1:2000 sortutako anti-sagua 1:3000
balioztaketa) (Merck Millipore, Ag. (Rockland, 610-
MAB336) 745-002)
Untxian sortutako DyLight™ 800
1:1000 1:3000

anti-giza VGLUT1
Ag. (Salah El

konjugatuta astoan
sortutako anti-untxia
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Mestikawy-k Ag. (Rockland, 611-
emandakoa) 745-127)
IRDye® 800
Ahuntzean koni Z ¢ i
sortutako anti- onjuga uka un >.<|an
giza NR2A Ag. 1:1000 SO:Uta o anti- 1:3000
(Santa Cruz ahuntza Ag.
Biotechnology, sc- (Rockland, 605-432-
1468) 013)
Saguan sortutako DyLight™ 800
anti-giza PSD95 konjugatuta astoan
Ag. (Merck 1:1000 sortutako anti-sagua 1:3000
Millipore, Ag. (Rockland, 610-
MAB1596) 745-002)
Untxian sortutako DyLight™ 800
anti-giza Stathmin konjugatuta astoan
Ag. (Cell Signaling 1:200 sortutako anti-untxia 1:3000
Technology, Ag. (Rockland, 611-
#3352) 745-127)
Untxian sortutako DyLight™ 800
anti-giza IkB-a Ag. konjugatuta astoan
(Santa Cruz 1:500 sortutako anti-untxia 1:3000
Biotechnology, Sc- Ag. (Rockland, 611-
371) 745-127)
Saguen garuna eta Alexa Fluor® 680
Il konij tut t
P a'sma Ahuntzean anti- onjugatuta as 9an
(alkoholismoaren . sortutako anti-
ikerketa) sagua hevin (R&D ahuntza Ag. (Life 1:5000
systems, AF2836) 1:2000 g..
Technologies,
A21084)
DyLight™ 800
Untxian sortutako 'y 8
. . konjugatuta astoan
anti- B-actin . .
sortutako anti-untxia 1:5000
Ag.(Abcam, 1:5000 Ag. (Rockland, 611-
Ab8227) !
745-127)
Immunohistokimika Cy™3 AffiniPure
. . Ahuntzean .
(birusen bidezko . saguan sortutako anti-
infekzioaren sortutako anti- ahuntza IgG Ag
) sagua hevin Ag. 1:2000 ' 1:2000
balioztaketa) (Jackson
(R&D systems, Immunoresearch
AF2836 ’
) 205-165-108)
Cy™3 AffiniP
Oiloan sortutako i iniFure .
) astoan sortutako anti-
anti-GFP Ag. 1:2000 oiloa IgY Ag. (Jackson 1:2000
(A010-pGFP-5, )
. Immunoresearch,
Badrilla)

703-165-155)
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3.4. taula. Lagin mota eta esperimentuaren arabera erabilitako antigorputzen xehetasun komertzialak eta
diluzioak. *1:3000 diluzioa hevinen seinale immunoerreaktiboa detektatzeko erabili zen eta 1:100 diluzioa

hevinen immunoprezipitaziorako. Ag., antigorputza.

3.4.2. ZUNDAK

RT-gPCRrako zundak Thermo Fisher Scientific™-etik lortu ziren, eta guztiak TagMan®
adierazpen genikoaren egiaztapen gisa inbentariatuta zeuden. lkerketa honetan erabilitako
zundak hauek izan ziren: Hs00949886_m1 hevinen genearentzat, Hs99999905 m1l
glizeraldehido 3-fosfato deshidrogenasaren (GAPDH) genearentzat eta Hs01945436_ul S13

erribosoma-proteinaren (RPS13) generentzat.
3.4.3. BEKTORE BIRALAK

e AAV2.5-GFAP-EmGFP-miR-hevin: AAV1 eta AAV2 birus adeno-elkartuen arteko
hibridoa, zuntzetako proteina astrozitiko glial azidoa (GFAP) bideratutako, proteina
fluoreszente berdea esmeralda (EmGFP) eta hevin micro-RNA (miR-hevin) adierazten
dituena (Dr. Vincent Vialou doktorea, Neurosciences Paris Seine - Institut de Biologie Paris

Seine, Sorbonne Université, France).

e AAV5.GFAP.eGFP.WPRE.hGH: birus adeno-elkartuaren 5. serotipoa, zeinak GFAP
promotore astrozitikoak bideratuta, honako hauek adierazten ditu: proteina fluoreszente
berde indartua (eGFP), marmotaren hepatitisaren birusaren transkripzio osteko
erregulazio-elementua (WPRE), adierazpen transgenikoa areagotzeko, eta giza
hazkuntzako hormona (hGH), poliadenilizazioko seinale gisa (poliA), RNA egonkortzen

duena (Ipar Karolinako Unibertsitatea, Estatu Batuak).
3.4.4. BESTELAKO ERREAKTIBOAK
Agilent technologies (Santa Clara, CA, AEB): Agilent RNA 6000 Nano Kit-a.

Bio-Rad Laboratories (Hercules, CA, AEB): Bio-Rad proteina entsegua (Bradford protein
assay), DC proteina entsegua, amonio persulfatea  (APS);  N,N,N’,N’-

tetrametiletilendiamina (TEMED), Precision Plus Dual™ Color Protein Standards.

Bio-techne®, R&D Systems (Minneapolis, MN, AEB): giza hevin proteina errekonbinantea
(2728-SL), giza ADAMTSA4 (a disintegrin and metalloproteinase with thrombospondin motifs
4) proteina errekonbinantea (4307-AD).
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BioWorld (Dublin, OH, AEB): Acrilamida /Bis-Acrilamida 5:1 (30%)
Carlo Erba Reagents (Bartzelona, Espainia): metanola.

GE Healthcare (Buckinghamshire, Erresuma Batua): nitrozelulosa mintzak (pore size: 0,45

pum), Whatman TM 3MM zelulosa paperak.
Honeywell Fluka™ Chemicals (Charlotte, NC, AEB): glizerola, sukrosa.

Invitrogen™ (Bartzelona, Espainia): ditiotreitol (DTT), TRIzol™ Reagent, PureLink™ RNA
Mini kit-a RNA totalaren arazketarako, DEPC-treated water (nukleasarik gabeko ura),

NuPage™ LDS 25% lagin indargetzailea, Fluoromount-G.

Merck (Darmstadt,Alemania): kloruro sodikoa (NaCl), kloruro potasikoa (KCl), disodio
fosfatoa (Na;HPO4), monopotasio fosfatoa (KH,POa), sodio bikarbonatoa (NaHCO3), azido

etilenediaminetetraazetikoa (EDTA), kaltzio kloruro dihidratoa (CaCl,:2H,0), etanola 96%.

New England BiolLabs® (Ipswich, MA, AEB): EndoF3 (Endoglicosidasa F3, P0771S), EndoH
(Endoglicosidasa H, P0702S) and PNGaseF (N-Glicosidasa F, P0708S) entzima

errekonbinanteak.

Panreac quimica S.A.U. (Bartzelona, Espainia): azido azetiko glaziala, azido klorhidrikoa

(HCl).
Santa Cruz Biotechnology (Dallas, TE, AEB): A/G Plus-Agarosa (sc-2003) proteina.

Sigma-Aldrich® (Saint Louis, MO, AEB): tronbina entzima (605195), RNaseZAP", 1-Bromo-
3-kloropropanoa (BCP), glizina, Tris (hidroximetil)Jaminometano-hidrokloruroa (Tris-HCl),
Erradio-immunoprezipitazio entseguaren indargetzailea (RIPA buffer), sodio dodezil
sulfatoa (SDS), polioxietileno (20) sorbitan monolauratoa (Tween 20), Ponceau S,
bromofenol urdina, proteasen inhibitzaileen nahasketa (Sigma Protease Inhibitor Cocktail,
P8340), sodio ortobanadatoa (NasVOs), sodio floruroa (NaF), OptiPrep™, N-(2-
Hidroxietil)piperazina-N'-(azido 2-etanosulfonikoa), 4-(2- Hidroxietil)piperazina-azido 1-
etanosulfonikoa (HEPES-free acid), Triton X-100, fenilmetilsulfonil floruroa (PMSF), azido
etilendiaminotetraazetikoa (EDTA), 4',6-diamidino-2-fenilindola (DAPI, D9542), behiaren

serumeko albumina (BSA).

Sino Biological (Eschborn, Alemania): MMP-3 (matrizearen metaloproteasa -3, 10467-

HNAE) giza proteina errekonbinantea.
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Source Bioscience (Nottingham, Erresuma Batua): sagu hevinen cDNA (IRAVp968E073D).

Thermo Fisher Scientific™ (Waltham, MA, AEB): TagMan™ Fast Universal Master Mix
(4367846), High-Capacity cDNA Reverse Transcription Kit-a (4368814), Lipofektamina 2000
Transfekziorako erreaktiboa eta Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12

(DMEM/F12).
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3.5. METODOAK
3.5.1. POLIMERASAREN ERREAKZIO KATEATUAREN ALDERANTZIKO TRANSKRIPZIO
KUANTITATIBOA (RT-qPCR)

3.5.1.1. RNAren erauzketa

Alkoholismoko eta depresioko subjektuen eta beraien kontrolen kortex aurrefrontalean,
hipokanpoan, nukleo kaudatuan, eta zerebeloan (ikus 3. 2. taula) RNAren erauzketa eta
arazketa egin zen. Lehenik eta behin, zelulen apurketa egin zen garuneko laginei (50-100
mg garun ehuna) 1 mL TRIzol® erreaktiboa (fenola eta guanidina tiozianatoko disoluzio
monofasiko batean) gehituz eta mini errotagailu batekin homogeneizatuz. Homogeinatuak
giro-tenperaturan inkubatu ziren 5 minutuz, eta gero zentrifugatu egin ziren 12000 x g 15
minutuz 4 ° C-tan (Eppendorfeko zentrifugagailua 5810 R, F45-30-11 errotorea). Lortutako
gain-jalkiak (1 mL) hodi berrietara aldatu ziren eta 100 pL 1-bromo-3-kloropropanoko (BCP)
gehitu ziren. Hodien edukiak vortex-arekin ondo nahastu ziren, 5 minutuz inkubatu ziren
giro-tenperaturan eta 15 minutuz 12000 x g zentrifugatu ziren 4 ° C-tan. Zentrifugazio
horrek nahasketa bat sortzen du, hiru fasetan banatua: beheko fase organiko bat (gorria),
interfaze bat (zuria) eta RNA duen goiko fase urtsu bat (kolorerik gabekoa). Fase urtsuko
400 pL bildu ziren eta % 70eko etanol esterilaren bolumen bera (400 pL) gehitu ziren,
vortex-arekin nahastu eta bolumen hori bilketarako flitrodun kartutxo bat daukan
mikrohodi batera eraman zen. Mikrohodia kartutxoarekin 12000 x g zentrifugatu zen 30
segundo giro-tenperaturan. Porsezu horren ostean, RNA iragazki-kartutxoan bilduta
zegoen, eta, guztira, hiru aldiz garbitu zen, bi garbiketa-soluzio komertzialekin eta
ondorengo zentrifugazioekin (12000 x g 30 segundo). Azkenik, RNA iragazi paperetik
askatzeko iragazpen-kartutxoa 100 uL askapen indargetzailearekin (RNAasarik gabeko ura)
inkubatu zen minutu batez giro-tenperaturan eta gero 2 minutuz zentrifugatu 12000 x g-
tan. RNA kontzentrazioa NanoDrop 1000 espektrometroan (Thermo Fisher Scientific™)
neurtu zen. RNAaren integritate zenbakia (RIN) 2100 Bioanalizagailuan (Agilent
Technologies) zehaztu zen Agilent RNA 6000 Nano Kit-a erabiliz. RIN balioak 3.5 taulan
agertzen dira. Araztutako RNA -20 °C-tan biltegiratu zen alderantzizko transkripzioa egin

arte.
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Kasua KAF HIP KAU ZB Kasua KAF HIP KAU ZB
Al 6.6 5.5 6.6 6.5 Al4 8.5 8.1 55 8.3
K1 8 8.1 9 9 K14 8.6 7.7 8.3 7.9
D1 8 8 6.8 8.8 D14 8.8 6.7 6.9 8.2
A2 7.3 7 8 8.9 Al5 6.6 6.4 6.5 8.6
K2 7.5 7.5 8.5 9 K15 6.5 8.1 7.6 8.7
D2 7.4 8.4 8.1 9 D15 7.4 8.1 8.2 8.6
A3 6.7 6.7 6.9 7.9 Al6 7.8 6.1 7.2 6.8
K3 8.4 7.8 7.4 7.8 K16 8.3 7.1 7.6 8.5
D3 8.1 6 6.1 7.4 D16 7.8 8 7.2 8.3
A4 6.9 7.3 7.7 8.3 Al7 8.4 7.8 7.2 7.2
K4 8.1 8.1 8.4 8.6 K17 8.2 8.3 8.7 7.6
D4 7.8 8.4 7.3 8.7 D17 8 8.2 8.6 7.5
A5 8.4 6 6.4 7.6 Al8 6.9 7.8 7.2 8.6
K5 7.1 7.9 7.2 8.1 K18 7.9 7.8 8.3 9
D5 8.6 7.8 8.3 7.8 D18 7.2 6.8 6.4 7.9
A6 7.2 6.6 7.9 8.4 Al9 7.7 6.2 6.9 7.2
K6 8 6.5 6.2 8.5 K19 7.9 5.9 6.2 8
D6 6.8 7.6 6.1 7 D19 8 7 7.5 9
A7 7.3 6.1 5.8 9.9 A20 7.5 6 8.5 8.7
K7 8.2 7.9 8.1 8.6 K20 7.4 7.1 8 8.4
D7 7.7 6.1 8.5 7.9 D20 6.5 5.9 7.4 7.1
A8 6.8 51 5.6 5 A21 8.7 7.3 7 8.5
K8 8.5 7.7 5.2 8.9 K21 7.7 7.4 8.7 8.3
D8 6.8 7.5 5.9 8.6 D21 8 7.9 7.7 8.6
A9 8.3 6.7 8.7 6.2 A22 8 7.1 7.8 8.6
K9 8.2 7.8 8.9 8.4 K22 7.2 7.4 7.3 8.6
D9 7.9 6.1 8.2 7.3 D22 6.7 7.7 6.4 9.1

A10 7.2 6.4 6.6 7.3 A23 7.4 55 7.9 6.3
K10 8.2 6.1 8.7 9.6 K23 9.2 8.5 8.1 8.4
D10 7.2 5 6 6.8 D23 7.9 7.7 7 9.1
All 6.8 7.1 8.3 8.7 A24 7 7.1 7.4 7.9
K11 6.5 6.8 6.9 5.8 K24 6.4 6.5 7.3 6.4
D11 7 8.9 8.9 9.1 D24 8.5 7.5 7.6 7.5
Al2 8.2 8.5 7.8 8.8 A25 7.7 6.1 5.6 7
K12 8.6 7.5 8.7 7.4 K25 9 8.3 8 7.8
D12 6.9 7.4 8.6 8.7 D25 8.5 7.4 8 8
Al3 7.6 6.9 7.4 8.1

K13 6.9 7.6 7.4 8.5

D13 8.1 7.4 8.6 8.8

3.5. taula. Aztertutako lau garun atalen RIN baloreak subjektu bakoitzarentzat. KAF, kortex aurrefrontala;
HIP, hipokanpoa; KAU, nukleo kaudatua; ZB, zerebeloa; A, alkoholismoa; K, Kontrola; D, depresioa.

3.5.1.2. Alderantzizko transkripzioa

Araztutako RNA laginen DNA osagarria (cDNA) lortzeko, alderantzizko transkripzioa egin
zen High Capacity cDNA Reverse Transcription kit-a (Applied Biosystems™) erabiliz eta
fabrikatzailearen  zehaztapenei jarraituz. Lagin  bakoitzaren = RNA totalaren
kontzentrazioaren arabera, horien bolumen egokia hartu zen eta Milli-Q° urarekin diluitu
zen, guztietan DNAren azken kontzentrazio bera lortzeko (50 ng/L). Alderantzizko

transkripzioaren baldintzak 3.6 taulan agertzen dira.
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1.urratsa 2.urratsa 3.urratsa 4.urratsa

Tenperatura (°C) 25 37 85 4

Denbora 10 min 120 min 5 seg oo

3.6. taula. Alderantzizko transkripzioaren baldintzak.

3.5.1.3. Polimerasaren erreakzio kateatua denbora errealean (gPCR)

Hevinen genearen adierazpena denbora errealeko polimerasaren erreakzio kateatuaren
(qPCR) bidez aztertu zen, StepOne™ sistema (Applied Biosystems™) erabiliz. Analisia 5 pL-
ko erreakzio-nahasketan egin zen, zeinetan 20 ng cDNA, TagMan® Fast universal PCR
Master Mix eta aldez aurretik diseinatutako gene-zunda (TagMan® adierazpen genikoaren
entsegua, ikus 3.4.2. atala) zeuden. Adierazpen geniko bakoitzak abiarazle aurreratuak eta
alderantzizkoak zituen, eta FAM™ tindagaiari lotutako zunda. Hevinen mRNA-ren
adierazpenaren zenbatekoak GAPDH eta RPS13 housekeeping geneen (modu osagarrian
adierazten diren eta zeluletan mantentze-lanak betetzen dituzten molekulen geneak)
adierazpenarekin normalizatu ziren. PCR plaka guztietan barne kontrol negatibo bat
(cDNArik gabekoa) eta erreferentziazko kontrol lagin bat (garuneko eskualde bakoitzeko
aztertutako lagin guztien cDNA nahasketa bat) sartu ziren geneen adierazpen-proba

bakoitzeko. PCRaren baldintzak 3.7. taulan agertzen dira.

40 ziklo
Hasierako desnaturalizazioa

Desnaturalizazioa Anplifikazioa

Tenperatura (°C) 95 95 65

Denbora 20 seg 1seg 20 seg

3.7. taula. gPCR baldintzak.

3.5.1.4. Emaitzen analisi matematikoa

gPCRaren anplifikazio-urratsean, xede-geneak esponentzialki anplifikatzen dira (gertaera
hau deskribatzen duen ekuazioa 3.1 ekuazioan agertzen da). Ondoriozko anplikonek seinale
fluoreszentearen hazkunde lineala dute. Fluoreszentzia handitzen duen seinalearen fase

esponentziala oso zehatza da. Seinalea atalasera iristen den ziklo-kopuruari (hondoko
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zarataren gaineko balioa) atalase-zikloa (Ct) deitzen zaio, eta hasierako xede-cDNAren
kopuruarekiko zuzenki proportzionala da. Horrela, Ct balioak lagin batean cDNA zehatz bat
kuantifikatzea ahalbidetzen du, eta bereaz, bere mRNA adierazpen erlatiboa. Lagin
bakoitzaren hevinen mRNA-ren adierazpen erlatiboa (AACt) Ct metodo konparatiboaren
bidez kalkulatu zen, GAPDH eta RPS13 housekeeping geneen mRNA kopuruan oinarrituta,
eta erreferentziazko lagin bateko (lagin guztien cDNA nahasketa bat duena) adierazpen
erlatiboari dagokionez, non (AACt = (Ct (hevin)iagina - Ct (housekeeping)iagina)- (Ct

(heVin)erreferentziazko lagina = Ct (housekeeping)errferentziazko Iagina)-

Datuen analisia StepOne Software v2.1 (Applied Biosystems™) erabiliz egin zen. mRNAren
kantitate erlatiboa 222t + SEM moduan adierazi zen, non kontrol-taldearen batez bestekoa

100 balio erlatibotzat hartu zen.

Xn= Xo(l + Ex)n

3.1. ekuazioa. Anplifikazio esponentziala PCRan. Xn = n zikloko xede-molekulen kopurua; Xo = xede-molekulen
hasierako kopurua; Ex = xede-anplifikazioaren efizientzia (1 TagMan ® Gene Expression Assays guztietarako),
n = zikloen kopurua.

3.5.2. WESTERN BLOT

3.5.2.1. Laginen prestaketa

3.5.2.1.1. Hevin knockout eta sagu basatien garunen prestaketa

Zerebeloko laginak izotzaren gainean homogeneizatu ziren sonikazioaren bidez (Vibra-Cell™
Bioblock Scientific sonicator, Sonics®) 1/1000 diluzioan Sigma proteasen inhibitzaileen
nahasketa duen RIPA indargetzailearen 200 uL -tan. Homogeneizazioaren ondoren, lagin
bakoitzaren proteinen guztizko kontzentrazioak Bradford entseguaren bidez zehaztu ziren
(ikus 3.5.2.2.1. atala). Kontzentrazio bereko diluzioak lortzeko eta laginak ingurune
desnaturalizatzaile eta erreduzitzailean mantentzeko, 50 ug proteina totala zuten laginak
NuPage™ LDS %25 indargetzailearekin (Invitrogen™) eta DTT 1M-ekin nahastu ziren.
Nahasketa horiek -702C-tan biltegiratu ziren, poliakrilamidazko elektroforesi-gelean kargatu

ziren arte (ikus 3.5.2.3. atala).
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3.5.2.1.2. Etanolarekin tratatutako saguen garunen prestaketa

Etanolarekin tratatutako saguen zulaketak (ikus 3.2.2. atala) izotzaren gainean desizoztu
ziren, eta proteasen eta fosfatasen inhibitzaileak gehituta zuen 100 pL homogeneizaziorako
indagetzaile batekin (5 mM Tris-HCI pH 7,4, 50 I/g Sigma proteasen inhibitzaileen nahasketa,
5mM Nas3VO4 eta 10 mM NaF) sonikatu ziren 15 segundo 3 aldiz (Q55 Sonicator, QSONICA
Sonicators). Proteina totalaren kuantifikazioa Bradford metodoaren bidez egin zen (ikus
3.5.2.2.1. atala) eta kontzentrazioak berdindu egin ziren. Azkenik, elektroforesiko-karga
indargetzailea (100 mM DTT, % 2 SDS, % 8 glizerola, % 0,01 bromofenol urdina) lagin guztiei
gehitu zitzaien, erredukzio eta desnaturalizatzeko baldintzak lortzeko. Laginak -70 °C-tan
gorde ziren poliakrilamidazko elektroforesi-gelean kargatu arte (ikus 3.5.2.3. atala). 6
saguen garun homogeneizatuak zituen kanpoko erreferentziazko lagin bat erabili zen,

zeinak prestaketa prozesu bera jarraitu zuen.
3.5.2.1.3. Etanolarekin tratatutako saguen plasmen prestaketa

Saguen plasma laginak izotzetan desizoztu ziren. Proteasen eta fosfatasen inhibitzaileak
gehituta zuen homogeneizaziorako indargetzaile baten 10 pL (5 mM Tris-HCI pH 7,4, 50 I/g
Sigma proteasen inhibitzaileen nahasketa, 5mM Na3VO4 eta 10 mM NaF) gehitu zitzaien 50
pL-ko lagin bakoitzari. Ondoren, horiek sonikatu egin ziren 15 segundoz (Q55 Sonicator,
QSONICA Sonicators) eta berehala elektroforesi-karga indargetzailea gehitu zitzaien (100
mM DTT, 2% SDS, 8% glizerol, 0,01% bromofenol urdina). Azkenik, -70 °C-tan biltegiratu

ziren poliakrilamidazko elektroforesi-gelean kargatu ziren arte (ikus 3.5.2.3. atala).
3.5.2.1.4. Giza garunen eta garuneko tumoreen prestaketa

Izoztutako postmortem giza garun laginak moztu ziren meningeetatik, odoletik eta gai
zuritik ahalik eta gehien garbitzeko. Ehun lagin bakoitza (0,4 g) Ultra-Turrax batekin
homogeneizatu zen (IKA LabortechnlK), 3 bider 10 segundo 4 2C-tan, proteasen eta
fosfatasen inhibitzaileak gehituta zuen homogeneizaziorako indargetzaile baten 4 ml-rekin,
homogeneizazio totaleko prestakina emanez. Esperimentu batzuetarako homogeneizazio
totaleko prestaketa erabili zen, eta beste batzuetan frakzio post-nuklearra (S1), zitosolikoa
eta/edo mintz neuronaletan aberastutako frakzioa (P2) erabili ziren, era honetan prestatu
zirenak. Homogeneizatu totala 10 minutuz zentrifugatu zen (4 °C) 1100 x g-tan (Sorvall® RC-
5C zentrifugatzailea, SM-24 errotorea), eta frakzio nuklearra zuen pellet-a kendu zen, S1

prestakina sortuz. S1 prestakinak berehala gorde ziren 4 2C-tan, proteina kopurua neurtu
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arte. Zatiketa azpizelularrerako, S1 berriz zentrifugatu zen 10 minutuz (4 °C) 40000 x g-tan.
Zatiki zitosolikoari zegokion gain-jalki berria berehala gorde zen 4 ° C-tan, proteina kopurua
neurtu arte. Pellet-a P2 zatiari zegokion. Hori 2 mL 5 mM Tris-HCl pH 7,4 indargetzailearekin
garbitu zen (lehen aipatutako proteasa eta fosfatasaren inhibitzaileekin osatua) eta
hirugarren aldiz zentrifugatu zen 10 minutuz (4 °C) 40000 x g-tan. Azkenik, pellet-a 1,2 ml-
tan birsuspenditu zen, proteasa eta fosfatasaren inhibitzaileekin, eta 4 ° C-tan biltegiratu

zen, proteina kantitatea zehaztu arte (3.2 irudia).

Kasu guztietan, proteina-kantitatea Bradford metodoaren bidez neurtu zen (ikus 3.5.2.2.1.
atala) lagina prestatu zen egun berean. Azterketa-talde bakoitzerako proteina totaleko
kontzentrazio berdina zuten diluzioak prestatu eta berehala, elektroforesiko- karga
indargetzailea (100 mDTT, % 2 SDS, % 8 glizerola, % 0,01 bromofenol urdina) gehitu zitzaien
lagin guztiei, baldintza erreduzitzailean eta desnaturalizatzailean jartzeko. Azkenik, laginak
-70 °C-tan gorde ziren, poliakrilamidazko elektroforesi-gelean kargatu arte (ikus 3.5.2.3.

atala).

i’" HT Gainjalkia (2IT)
7% P Gainjalkia /
&y = LI
L=y 1100 x g 40000 x g =] _ FElts
% =2 7~ ¥ birsuspenditu (P2)
Frakzio nuklearra 40000 x g

(deuseztatu)

3.2.irudia. Giza ikerketako garun-ehunen prestakinak lortzeko urrats nagusiak erakusten dituen irudikapen
eskematikoa. HT, homogeneizatu totala; S1, prestakin post-nuklearra; ZIT, frakzio zitosolikoa (disolbagarria);
P2, mintz neuronaletan aberastutako frakzioa.

3.5.2.1.5. Giza likido zefalorrakideoaren prestaketa

Lau LZR laginak 10 minutuz zentrifugatu ziren (4 °C) 1100 x g-tan (Sorvall® RC-5C
zentrifugatzailea, SM-24 errotorea) zelulak eta hondakinak kentzeko. Lortutako gain-jalkiak
hodi freskoetan bildu ziren, gero proteinen edukia DC proteinen entseguaren bidez neurtu
zen (ikus 3.5.2.2.2. atala) eta haien kontzentrazioak berdindu egin ziren. Lagin guztiei

elektroforesiko- karga indargetzailea (100 mDTT, % 2 SDS, % 8 glizerola, % 0.01 bromofenol
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urdina) gehitu zitzaien. Ondoren, laginak -70 °C-tan gorde ziren poliakrilamidazko

elektroforesi-gelean kargatu arte (ikus 3.5.2.3. atala).
3.5.2.1.6. Giza odolen frakzioen prestaketa

Giza odol freskoaren zatiketarako, odol-lagin bakoitzeko 5 mL gehitu ziren poliki 5 mL
dentsitate-zutabe batera (0,9 mL OptiPrep™, 0,85% (w/v) NaCl, 20 nM HEPES-NaOH pH 7.4,
1 mM EDTA) bi faseen nahasketa saihestuz, eta 15 minutuko (20 °C) 350 g-ko zentrifugazioa
eginez kulunkako errotorean (Eppendorf™ zentrifugatzailea 5810 R, A-4-62 errotorea). Odol
osoa lau fasetan banatu zen eta bakoitza bere aldetik berreskuratu zen, plasmari (goiko
fasea), plaketei (tarteko geruza mehea), leukozitoei (tarteko geruza, plaketen azpian) eta
eritrozitoei (beheko fasea) zegozkiela (3.3. irudia). Plaketan eta leukozitoetan aberastutako
frakzioen zatietan egon zitekeen seruma kentzeko, 5 minutuz zentrifugatu ziren, 20 °C -tan
600 x g-tan, eta gain-jalkiak deuseztatu ziren. Pellet-a 500 plL-ko soluzio batekin (0,85%
(w/v) NaCl, 20nM HEPES-NaOH pH 7,4, 1 mM EDTA) birsuspenditu zen eta berriro
zentrifugatu egin zen. Homogeneizaziorako indargetzailea, proteasarekin eta fosfatasaren
inhibitzaileekin osatua, odolaren frakzio bakoitzari gehitu zitzaion eta 15 segundoz (Q55
Sonicator, QSONICA Sonicators) sonikatu ziren. Proteina-edukia DC proteina entseguaren
bidez neurtu zen (ikus 3.5.2.2.2. atala), eta odoleko frakzio bakoitzerako proteina totaleko
kontzentrazio berdina zuten diluzioak prestatu ziren. Elektroforesiko- karga indargetzailea
(100 mM DTT, 2% SDS, 8% glizerol, 0.01% bromofenol urdina) lagin guztiei gehitu zitzaien,
eta berehala -70 ° C-tan biltegiratu ziren, poliakrilamidazko elektroforesi-gelean kargatu

arte (ikus 3.5.2.3. atala).
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PLASMA

PLAKETAK
LEUKOZITOAK

ERITROZITOAK

3.3. irudia. Odolaren zatiketaren ondorengo plasman (goiko fasea), plaketetan (tarteko geruza mehea),
leukozitoetan (tarteko geruza, plaketen azpian) eta eritrozitoetan (beheko fasea) aberastutako faseak
erakusten dituen irudia.

3.5.2.1.7. Karakterizazio-entseguak
3.5.2.1.7.1. Immunoprezipitazio-entsegua

4 subjektu kontrolen laginen nahasketa egiteko, kortex aurrefrontaleko postmortem-aren
homogeneizatu totala prestatu zen. Horretarako garun ehuna lisi-indargetzaile batekin (10
mM Tris-HCl, 1% triton X-100, proteasa eta fosfatasa inhibitzaileekin (50 ulL/g of Sigma
Protease Inhibitor Cocktail, 5mM Na3VOs and 10 mM NaF)) nahastu zen. Homogeneizatu
totala osoa 10 minutuz zentrifugatu zen (4 °C) 1100 x g-tan (Sorvall® RC-5C zentrifugatzailea,
SM-24 errotorea). S1 frakzioari zegokion gain-jalkia hodi fresko batera transferitu zen eta 1
h 4 °C-ra laborategiko gurpil kulunkari batean garbitu zen A/G Plus-Agarose proteina
suspentzioaren (sc-2003, Santa Cruz Biotechnology) 30 ulL-rekin, A/G bolatxoen loturak
proteina ez-espezifikoekin kentzeko. Ondoren, nahasketa minutu batez zentrifugatu zen (4
°C) 2000 x g-n, eta A/G agarose bolatxoak zuen pellet-a bota zen. Garbitutako S1 frakziotik
1 mL-ko 3 alikuota jaso ziren. Bat erabili zen giza hevinen (anti-hSPARCL1 antigorputza;

AF2728, R&D Systems) aurkako ahuntz antigorputz poliklonalarekin (1:100eko diluzioan)
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immunoprezipitazioa egiteko. Horretarako, ordubetez 4 °C-tan inkubatu zen laborategiko
errotazio-gurpilean. Beste alikuota bat lotura ez-espezifikoaren isotipoa kontrolatzeko
erabili zen, eta horretarako, ahuntzaren IgG anti-sagu-biotinarekin (B-2763, Thermo Fisher
Scientific™) immunprezipitatu zen 1: 200eko diluzioan, ordubetez 4 °C -tan inkubatuz
laborategiko errotazio-gurpilean. Hirugarren alikuota -70 °C -tan gorde zen zuzenean
kontrol gisa erabiltzeko. Alikuotak antigorputzekin inkubatu ondoren, A/G agarosa
proteinaren suspentsioaren 75 plL gehitu zitzaien eta gau osoan zehar 4 °C -tan inkubatu
ziren laborategiko errotazio-gurpilean. Hurrengo egunean, 1 minutuko hiru garbiketa egin
ziren (4 °C-koa 2000 x g-n) proteasa eta fosfatasaren inhibitzaileekin osatutako lisis
indargetzailearekin. Azkenik, antigorputz proteina konplexuaren askapenerako nahasteak
95 2C-tan 7 minutuz berotu ziren elektroforesi-karga indargetzailean (100 mM DTT, 2% SDS,
8% glizerol, 0,01% bromofenol urdina). Ondoren, zentrifugatu egin ziren 1 minutuz (4 °C)
2000 x g-tan agarosa bolatxoak pellet-ean metatzeko Gain-jalkiak -70 °C-tan gorde ziren,
poliakrilamidazko elektroforesi-gelean eta kromatografia likidoa-tandem masa
espektometrian (LC-MS/MS) kargatu ziren arte (ikus 3.5.2.3. eta 3.5.3. atalak, hurrenez

hurren).
3.5.2.1.7.2. Degligozidazio-entsequak

Fabrikatzaileen gomendioei jarraituz, giza kortex aurrefrontaleko nahasketatik
(karakterizazioko nahasketa, 3.5.2.1.4. atalean prestatua) lortutako homogeneizatu
totalaren 8 pg proteina totala edo giza hevin errekonbinatzaileko 50 ng (R & D Systems,
2728-SL) (kontrol positibo gisa), hurrengo hiru deglicosidasekin banan-banan tratatu ziren:
EndoF3 (P0771S, New England Biolabs), EndoH (P0702S, New England Biolabs) eta PNGase
F (PO708S, New England Biolabs). EndoF3 bidezko erreakzio entzimatikorako 50 U (U,
substratuaren 1 pumol minutuero katalizatzen duen entzima kopurua, entseguaren
baldintza espezifikoetan) erabili ziren; EndoH entzimaren bidezko erreakziorako 5000 U eta
PNGase F entzimaren bidezko erreakziorako 1000 U erabili ziren. Laginak erreakzio-
indargetzaile egokian inkubatu ziren (20 pl-ko azken bolumena lortuz) 5 orduz 37 °C -tan,
entzimaren presentzian edo absentzian. Erreakzioa gelditu egin zen PMSF 2 mM-ko, DTT
100 mM-ko, Laemmli indargetzailea (% 2 SDS, % 8 glizerol, % 0,01 bromofenol urdina)
gehituz eta 5 minutuz 98 °C—tan berotuz, poliakrilamidazko elektroforesi-gelean kargatu

aurretik (ikus 3.5.2.3. atala).
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3.5.2.1.7.3. Denboraren eta tenperaturaren menpeko degradazio-

entseguak

Kortex aurrefrontaleko homogeneizatu totaleko nahasketak (karakterizazioko nahasketa,
3.5.2.1.4 atalean prestatua) erabili ziren hevinen proteolisia aztertzeko. Denboraren
menpeko entsegurako, homogeneizatu totalak proteasen eta fosfatasaren inhibitzaileen
aurrean edo ezean prestatu ziren, hevinen degradazioa eta inhibitzaileen efektua hobeto
bistaratzeko. Lagin guztiak 37 °C-tan inkubatu ziren, 0 minututik 180 minutura. Zehazki,
proteasen eta fosfatasaren inhibitzailerik gabeko laginak inkubatu ziren 0 eta 180 minutuz;
inhibitzaileekin prestatutako laginak, berriz, 0, 30, 60, 90, 120, 150 eta 180 minutuz
inkubatu ziren. Ondoren, laginei elektroforesiko-karga indargetzailea (100 mM DTT, 2%
SDS, 8% glizerol, 0,01% bromofenol urdina) gehitu zitzaien eta 5 minutu 95 °C-tan berotu

ziren, poliakrilamidazko elektroforesi-gelean kargatu aurretik (ikus 3.5.2.3. atala).

Tenperaturaren menpeko proteolisiaren entseguaren kasuan, laginak zuzenean inkubatu
ziren elektroforesi indargetzailean (ikus 3.5.3.3. atala) 15 minutuz, 4 ° C eta 95 ° C arteko
tenperatura ezberdinetan (5°C,20°C,37°C,50°C, 65 °C, 80 ° C eta 95 ° C). Laginak ez
ziren gehiago berotu eta berehala kargatu ziren poliakrilamidazko elektroforesi-gelean

(ikus 3.5.2.3. atala).

3.5.2.1.7.4. Digestio entzimatikoa hevin degradatzen duten

entzimekin: ADAMTS4, MMP-3 eta tronbina-rekin

Kortex aurrefrontalLeko nahasketatik lortutako homogeneizatu totalaren (karakterizazioko
nahasketa, 3.5.2.1.4 atalean prestatua) 140 ug proteina totala ADAMTS4ko 2 pg-rekin
(tronbospondina 4 motibodun desintegrina eta metaloproteasa) edo MMP-3ko 0,4 pg-rekin
(matrizeko metaloproteasa-3) nahastu ziren B1 inkubazio-indargetzailearen (50mM Tris-
HCI, 125 mM NaCl, 5 mM CaCl,-2H,0, pH 7,5) 100 pl-rekin eta 37 2C-tan inkubatu ziren ordu
batez edo 5 orduz. Tronbinaren kasuan, giza kortex aurrefrontaleko nahasketatik lortutako
homogeneizatu totalaren 70 pg proteina eta entzimaren 1 U konbinatu ziren B2
indargetzailearen (20 mM Tris-HCI, 0,15 m NaCl, 2,5 mm CaCl2). 2H20, pH 8,4) 50 pl-rekin
eta 37 2C-tan inkubatu ziren 15 orduz. Gainera, giza hevin errekonbinatzailearen 400 ng eta
20 ng (R&D Systems, 2728-SL) kontrol positibo gisa erabili ziren ADAMTS4/MMP-3 eta
tronbinaren bidezko digestioetarako, hurrenez hurren. Kontrol negatiboetarako, laginak
berdin tratatu ziren, baina entzimarik gabe. Kasu guztietan, erreakzioa gelditu egin zen
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PMSF 2 mM, DTT 100 mM, Laemmli buffer (2% SDS, 8% glizerol, 0,01% bromofenol urdina)
gehituz eta 10 minutuz 75 ° C-tan berotuz. Laginak -70 ° C-tan gorde ziren, poliakrilamidazko

elektroforesi-gelean kargatu arte (ikus 3.5.2.3 atala).

3.5.2.2. Proteina totalaren edukiaren zehaztapena

3.5.2.2.1. Bradford metodoa

Giza LZR laginekin eta giza odolaren prestakinekin izan ezik, esperimentu guztietan Bradford
metodoa erabili zen proteinen edukia neurtzeko (Bradford, 1976). Proteina totalaren edukia
estrapolazio-kurbaren irismen linealaren gainetik egon ohi denez, 1:10 edo 1:15eko
diluzioak prestatu ziren lagin bakoitzerako 5 mM Tris-HCI| pH 7,4 indargetzailea erabiliz.
Ondoren, diluzioaren 10 puL 96 putzuko plaketan jarri ziren, hiru aldiz lagin bakoitzerako, eta
200 pL Bradforden proteina entseguaren erreaktiboa 1:5 diluitua gehitu zen. Plakak 10
minutuz inkubatu ziren giro-tenperaturan. Absorbantzia 630 nm-ko uhin-luzeran zehaztu
zen EIX808 Absorbance mikroplaken irakurgailuan (BioTek Instruments). Paraleloan,
proteinen balioak erregresio linealaren bidez estrapolatzeko, BSArekin lerro estandar bat
egin zen, 0 ug/mL eta 0,7 pug/mL arteko kontzentrazio-tartean. Ondoren, guztizko proteina
kantitateak birkalkulatu ziren laginaren diluzioaren arabera. Erregresioaren analisi lineala

eta datuen estrapolazioa GraphPad Prism 9 ® softwarearekin egin zen.
3.5.2.2.2. DC proteina-entsegua

Giza LZRaren eta giza odol-laginen prestakinen proteina-eduki totala DC proteina-
entseguaren (Bio-Rad) bidez zehztu ziren. Aztertutako ehunen frakzioek proteina-edukia
aldakorra zenez, diluzio desberdinak prestatu ziren bakoitzarentzat 5 mM Tris-HCl pH 7,4
indargetzailea erabiliz, proteasen eta fosfatasaren inhibitzaileekin osatua (50 pL/g of Sigma
Protease Inhibitor Cocktail, 5 mM NasVO4; and 10 mM NaF). Zehazki, LZRrako 1:2 diluzioa
prestatu zen eta 1:20 diluzioa plaketa eta leukozitoen frakzioentzat, 1:30 diluzioa
plasmarentzat eta 1:100 diluzioa eritrozitoak dituen frakzioarentzat prestatu ziren.
Ondoren, diluzioaren 5 plL 96 putzuko plaketan jarri ziren, hirukoiztuta, A erreaktiboko 25
pL (DC proteina-entsegua) eta B erreaktiboko 200 pL (DC proteina-entsegua) gehituz. Plaka
kontu handiz astindu zen, edukia nahastu eta 5 minutuz inkubatu zen. Absorbantzia 630
nm-ko uhin-luzeran zehaztu zen EIX808 Absorbance mikroplaken irakurgailuan (BioTek
Instruments). BSArekin 0 pg/L eta 0,5 pg/L arteko kurba estandar bat egin zen paraleloan,

absorbantzia estrapolatzeko. Laginetan proteinen azken kontzentrazioa zehazteko,
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estrapolatutako proteinen kontzentrazioak kasu bakoitzean erabilitako diluzioaren arabera

birkalkulatu ziren.

3.5.2.3. Elektroforesia poliakrilamidazko geletan

Tenperaturaren menpeko degradazioa aztertzeko laginen kasuan izan ezik, esperimentu
guztietan laginak 95 °C-tan berotu ziren 5 minutuz, proteinak erabat desnaturalizatzeko
elektroforesi gelean kargatu baino lehen. Proteina solubilizatuak SDS-PAGE (sodio dodezil
sulfato-poliakrilamida gel elektroforesia) geletan ebatzi ziren. Esperimentu guztietan,
erabilitako SDS-PAGE geletako goiko zatia % 5a poliakrilamida (gel pilatzailea) zen eta
beheko zatia % 10a poliakrilamida (gel disolbatzailea) zen. Gelak elektroforesi indargetzaile
batean murgilduta egon ziren denbora guztian ( % 0,1 SDS, 192 mM glizina, 25 mM Tris-
HCI, pH 8,3) korronte elektrikoaren transmisio eta proteinen banaketa zuzenerako.
Desnaturalizatutako laginak gelean kargatu ondoren, gelei 60 V-ko korronte elektrikoa
eman zitzaien 30 minutuz, eta horri esker, laginen proteina guztiak gelean pilatzeko.
Ondoren, korronte elektrikoa 120 V-ra igo zen 2 ordu eta 30 minutuz, proteinak euren pisu
molekularraren arabera bereizteko. Pisu molekularren identifikazio bisualerako, pisu
molekularreko markatzaile bat (Precision Plus Protein™ Dual Color) gehitu zen gel
guztietan. Gainera, seinale immunoerreaktiboaren kuantifikazio-kasuetan kanpoko

erreferentzia-lagin bat sartu zen.

3.5.2.4. Transferentzia nitrozelulosa mintzean

Proteinak SDS-PAGE geletik nitrozelulosazko mintz batera transferitu ziren. Horretarako,
transferentzia-sandwhich-a prestatu zen, zeinetan gela nitrozelulosazko mintza zuzenean
ukitzen du eta kanpoko aurpegiak hiru Whatman paperez (3MM) eta esponja batez (3.4A
irudia) inguraturik daude. Proteinak mintzera transferitzeko 110 V-ko korronte elektrikoa
erabili zen. Prozesu guztia transferentzia-indargetzailean egin zen (25 mM Tris-HCI, 192
mM glizina, % 20 metanola, pH 8,3). Proteinen transferentzia zuzena baieztatzeko,
nitrozelulosazko mintzak Ponceau S soluzioan inkubatu ziren ( % 0,5 Ponceau S gorria, % 1
azido azetiko glaziala) 3 minutuz eta ondoren Milli-Q® urarekin garbitu ziren. Giza eta
saguen odolen azterketako mintzak Ponceau-ren tindaketarekin eskaneatu ziren, proteina-
eduki totalaren intentsitatea analizatzeko lagin bakoitzeko (3.4B irudia). Azkenik, mintzak
fosfatato-indargetzaile soluzioan (PBS) garbitu ziren (137 mM NaCl, 2,7 mM KCl, 12 mM
Na2HPO4, 1,38 mKH2PO4, pH 7,4) Ponceaus S tindaketa erabat kentzeko.
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Subjektuak, materialak eta metodoak

A

Katodoa (-)

Whatman papera

Korrontea

I GELA
1

MINTZA

Whatman papera

A FSPONA

Anodoa (+)

B

3.4. irudia. A) Transferentzia sandwhich-aren irudikapen eskematikoa. B) Ponceau S-rekin tindatutako
nitrozelulosa mintz baten adibidea (kasu honetan gizakiaren odol-ikerketakoa).

3.5.2.5. Blokeoa eta immunodetekzioa

Seinale immunoerreaktibo ez-espezifikoa murrizteko, mintzak blokeo-soluzio batean
inkubatu ziren 1 orduz giro-tenperaturan (% 5 esne lehor ez-koipetsua PBSn). Ondoren,
mintzak antigorputz primarioekin inkubatu ziren (4. taula) inkubazio-soluzioan (% 5 esne
lehor ez-koipetsua PBSn eta % 0,1 Tween 20), 4 °C-tan gau osoan zehar, etengabeko
agitazioarekin. Giza hevinaren aurkako antigorputza balioztatzeko (R&D sistemak, AF2728),
antigorputza peptido blokeatzailearekin inkubatu zen (R&D Systems 2728-SL, 1:150) 1
orduz giroko tenperaturan inkubazio soluzio berean nitrozelulosazko mintzaren
inkubazioaren aurretik. Hurrengo egunean, mintzak PBST soluzioan garbitu ziren (PBS gehi
% 0,1 Tween 20) 30 minutuz (10 minutu 3 aldiz) eta giro-tenperaturan 90 minutuz inkubatu

ziren Ig-G-rekin konjugatutako antigorputz sekundario fluoreszentearekin (4. taula)
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inkubazio-soluzioan diluituta. Mintzak PBST soluzioan garbitu ziren (PBS gehi % 0,1 Tween
20) 30 minutuz (10 minutu 3 aldiz), eta azken aldia PBS soluzioarekin. Azkenik, seinale
immunoerreaktiboa (integratutako intentsitate balioak) Odyssey infragorrien irudi sistema

(LI-COR Biosciences) erabiliz detektatu zen.

3.5.2.6. Seinale immunoerreaktiboaren kuantifikazioa

Kuantifikazioa Image Studio Lite 5.2 (LI-COR Biosciences) erabiliz egin zen.
Inmunoerreaktibitate-balioak aktina-seinalearen arabera normalizatu egin ziren.
Homogeneizatu totalaren nahasketa estandar bat gel horretan prozesatu zen kanpoko
erreferentziazko lagin gisa erabilitzeko. Saguaren plasma laginetan, zelularik ez egoteak
aktina seinalearen bidezko normalizazioa oztopatu zuen. Kasu horretan, Ponceau S-rekin
tindatutako irudiakaztertu ziren eta lagin guztietan proteina kopuru bera zegoela zehaztu

zen.

3.5.3. PROTEINEN IDENTIFIKAZIOA, KROMATOGRAFIA LIKIDOA-TANDEM MASA
ESPEKTROMETRIA ERABILIZ (LC-MS/MS)

Hevin proteina, giza-hevinen kontrako antigorputzarekin immunoprezitatu zen (R&D
systems, AF2728) (ikus 3.5.2.1.7.1. atala). Euskal Herriko Unibertsitateko (UPV/EHU, Leioa,
Espainia) Proteomikako Unitatea-SGlker erakundeak laginak prozesatu zituen SDS-PAGE
erabiliz, zeinetan ~130 and ~100 kDa-eko bandak eskuz moztu eta analizatu ziren LC-
MS/MS-aren bidez. Gel zatiak DTTrekin (10 mM in 50 mM NH4HCOs, 56°C, 45 minutu) eta
iodoazetamidarekin (25 mM in 50 mM NH4HCOs, 30 minutu giro -tenperaturan eta
iluntasunean) inkubatu ziren, eta proteomikarako tripsinarekin (12.5 ng/pl in 50mM
NH4HCOs, 37°C, gau osoan zehar) digeritu ziren. Berreskuratutako peptidoak SpeedVac-ean
lehortu ziren (Thermo Fisher Scientific™) eta etxeko C18 (3M Empore C18) puntekin
gatzgabetu ziren. Masa-espektrometriako analisiak EASY-nLC 1200 kromatografia likidoko
sisteman egin ziren, Q Exactive HF-X masa-espektrometroarekin (Thermo Scientific)
tartekatua, nanospray ioi-iturri baten bidez. Peptido gatzgabetuak Acclaim PepMap100
zutabe batean kargatu ziren (75 um x 2 cm, Thermo Scientific) Acclaim PepMap RSLC (75
um x 25 cm, Thermo Scientific) zutabe analitiko bati konektatuta. Peptidoen askapena
azido formikoa % 0,1ean zeukan % 2,4 eta % 24 arteko azetonitrilo gradiente lineala erabiliz
egin zen, 18 minututik gorako 300 nL/min-ko emarian. MS eskaner osoa 375etik 1800erako
m/z-rekin hartu ziren 120.000-ko erresoluzioarekin 200 m/z-tan. 10 ioi gogorrenak zatikatu
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egin ziren C-trap disoziazio energia handiagoa eta 28-ko kolisio energiaren bidez eta
MS/MS espektroak 15.000 m/z-ko erresoluzioarekin grabatu ziren. loi-injekzioen
gehienezko denbora 100 ms-koa izan zen azterketa egiteko eta 120 ms-koa MS/MS
eskanerretarako, non 3 x 10° eta 5 x 10° AGC itu balioak erabili ziren azterketarako eta
MS/MS eskanerretarako, hurrenez hurren (Elu et al., 2019). Fitxategi gordinak Proteome
Discoverer 2.2-rekin(Thermo Scientific) prozesatu ziren eta UniProtkKB-SwissProt Human
(2020_02) datu-basearekin konparaketa-bilaketak egin ziren. Aitzindari eta zatikien masa-
tolerantziak 10 ppm eta 0,02 Da-koak izan ziren, hurrenez hurren, eta zatiketa huts bat ere
baimendu zen. Zisteinen karbamidometilazioa Meteoninen eraldaketa finkotzat eta

oxidaziotzat jo zen. Peptidoa eta FDR proteina % lean zeuden.
3.5.4. IMMUNOHISTOKIMIKAKO ENTSEGUA SAGU-GARUNEAN

Saguei 150 mg/kg-ko pentobarbital (Euthasol ® 400 mg/mL) dosi hilgarria eman zitzaien eta
% 4 paraformaldehido (PFA) fosfato soluzioan (PBS; 137 mM NaCl, 2,7 mKCl, 12 mM
Na;HPOQs, 1,38 mM KH,POg4, pH 7,4) bihotz barnetik perfunditu zen. Garunak % 4ko PFAn
eta 4 °C-tan gorde ziren erabili arte. Garunak bibratomean moztu ziren (Leica VT1000 S,
Leica biosystems) 40 um-ko sekzio koronaletan. Garun-mozketak % 0,2 gelatina eta % 0,25
Triton X-100 zuen PBS soluzio batekin blokeatu ziren ordubetez giro-tenperaturan.
Ondoren, sagu-hevinen aurkako antigoputzarekin (anti-mhevin; AF2836, R&D systems
1:2000 diluzioa) eta proteina fluoreszente berdearen aurkako antigorputzarekin (anti-GFP;
A010-pGFP-5, Badrilla, 1:2000 diluzioa) inkubatu ziren blokeo-indargetzailean, 4 °C-tan gau
osoan zehar. Garbitu ondoren, mozketak zegozkien zianina Cy™3-ri konjugatutako
antigorputz sekundarioarekin inkubatu ziren (4. taula) 1:2000-ko diluzioan 2 orduz giro-
tenperaturan. Mozketak DAPIrekin (4',6-diamidino-2-fenilindol, Sigma-Aldrich, D9542)
inkubatu ziren 1: 15000-ko diluzioan 20 minutuz giro tenperaturan eta mikroskopiokorako
porta batean jarri ziren eta kristalezko estalkia jarri zen Fluoromount-G erabiliz. Mozketa
guztiak NanoZoomer 2.0-HT (Hama-matsu Photonics) batean eskaneatu ziren 20x
bereizmenarekin. Laserraren intentsitatea eta eskuratzeko denbora bereiztuta ezarri ziren
seinale inmuoerreaktibo bakoitzerako. Irudiak NDPview2 (Hamamatsu Photonics)
softwarea erabiliz aztertu ziren. Eskualde interesgarriak Paxinos saguaren burmuinaren
atlasaren arabera identifikatu ziren (Paxinos & Franklin, 2001). Zelula positiboek gorputz
zelularraren tindaketa indartsua adierazten dute eta DAPI-z tindatutako nukleo baten

inguruan daude. Kolokalizazioa bi antigorputzen seinaleak zelula bereko soman egoteak
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zehazten zuen. Accumbens nukleoko eskualde osoa ebaluatu zen. llustraziorako,
NanoZoomer irudiak TIFF formatuan esportatu ziren NDP viewer programa erabiliz. Irudien

kontrastea zuzendu zen, Photoshop CS6an moztu ziren eta lllustrator CS6an bildu ziren.
3.5.5. ETANOLAREN ALDIZKAKO EDATEAREN (EAE) EGITARAUA SAGUETAN

Saguen aldi aktiboko alkohol-kontsumoa neurtzeko, esperimentua hasi baino astebete
lehenago, argi eta iluntasun zikloa aldatu zen argiak goizeko 9etan itzaliz eta gaueko 9etan
piztuz. Horretarako ura eta janaria ad libitum jarri ziren. Esperimentua goizeko 9etan hasi
zen, hevin murriztuta zeukaten saguak (KD, n = 7) eta kontrol-saguak (n = 7) egunero banaka
jarriz. Saguak bi ur botiletara ohitu ziren 3 egunez. EAE egitaraua 18 egunetan egin zen
guztira; ur eta etanol botilak egunero goizeko 9etan jartzen ziren eta arratsaldeko bostetan
kentzen ziren eta berriro ura jartzen zitzaien. Kontsumitutako bolumena esperimentua hasi
eta 4 ordu eta 8 ordu igaro ondoren neurtzen zen, eta botilen posizioa egunero aldatu zen
botilen kokapeneko lehentasuna saihesteko. Etanolaren kontzentrazioa (w/v) 3 egunetik
behin handitzen zen alkohola edatera bultzatzeko. Horrela, etanolaren hasierako
kontzentrazioa% 5ekoa izan zen eta hurrengoak jarraitu zioten: % 10, % 15, % 20, 3 egun
etanola ez zuen botilarekin (erretiratzea) eta bererorketa % 10 etanolarekin (3.5 irudia).
Etanol soluzioak prestatu ziren % 96 (v/v) etanola urarekin nahastuz. Ur botilek ur-lasterra
zeukaten. Saguen pisua hiru egunetik behin neurtzen zen. Etanolaren lehentasuna
(neurketa bakoitzerako bolumen totalarekiko kontsumitutako etanolaren ehunekoa non, %
50a bainoa handiagoa etanolaren lehentasuntzat hartzen zen) eta kontsumoa (neurketa
bakoitzerako edandako g etanola/kg sagua) kalkulatu ziren sagu bakoitzarentzat, etanol

kontzentrazio bakoitzeko hirugarren eguneko neurriak erabiliz.

Berrerorketa 10%
[Etanol] (w/v) 5% EtOH 10% EtOH 15% EtOH 20% EtOH Abstinentzia EtOH

(egunak)

3.5. irudia. EAE egitarauaren eta esperimentuaren urrats bakoitzean erabilitako etanol kontzentrazioen
irudikapen eskematikoa.

3.5.6. ANALISI ESTATISTIKOA

Kasu guztietan, analisi estatistikoa GraphPad Prism 9® softwarearen bidez egin zen eta
emaitzak estatistikoki adierazgarritzat hartu ziren p balioa < 0.05 zenean. RT-qPCR eta

Western blot tekniketan lortutako datuen emaitzak zutabe-eta-bibote-ko grafiketan
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erakusten dira non, “zutabeak” batez bestekoa 25 eta 75 kuartilak erakusten dituzte eta
“biboteak” 5 eta 95 pertzentilak eraskusten dituzte. Datuen banaketari buruzko informazio

zehatzagoa emateko, banakako datua gainjarri dira grafiketan.

Analisia egin aurretik, datu multzo guztiak bi irizpideren arabera egiaztatu ziren: (i)
banaketa normala eta (ii) bariantzen berdintasuna. Banaketa normala D 'Agostino &
Pearson normaltasun proba eginez egiaztatu zen. Bariazioen berdintasuna F-testarekin
egiaztatu zen. Banaketa normalaren eta bariantza berdinen kasuan, konparazio
estatistikoak egin ziren Student-en bakundutako t testarekin edo norabide bakarreko
bariantza-analisiarekin (ANOVA), eta ondoren Dunnett-en konparazio anitzeko testarekin.

Bestela, proba ez-parametrikoak erabili ziren.

Giza kontroleko garunean hevinen luzera osoko (~130 eta ~100 kDa) bi formetarako
adierazpen azpizelularra eta erregionala. Hevinen mailen konparazioa homogeneizatu
totaletan, frakzio zitosolikoan eta mintz neuronaletan aberastutako (P2) frakzioan eta
kortex aurrefrontalean, hipokanpoan, kaudatu nukleoan eta zerebeloan 6 banako garuneko
laginetan (n = 6) egin zen. Datuak Kruskal-Wallis-en test batekin aztertu ziren, eta ondoren

Dunn-en konparazio anitzeko testa egin zen.

Sexu-desberdintasunak giza garuneko hevin banden adierazpenean. Datu multzoa
aurrez-aurreko kortexaren 29 laginek osatzen zuten, 11 emakume eta 18 gizonenak.

Student-en bakundutako t testa egin zen.

Hevin isoformen mailak giza garunean eta beraien korrelazioa Korrelazioa adinarekin,
PMDarekin, biltegiratze-denborarekin. Pearson-en bi lerroko korrelazio-proba egin zen
hevinen isoformeen mailak eta adinaren, PMDaren, biltegiratze-denboraren eta isoformen

arteko korrelazioa zehazteko.

Giza astrozitoma eta meningioma garun-tumoreak. Hevinen luzera osoko (~130 eta
~100 kDa) formen adierazpena astrozitoman (n = 3), meningioman (n = 3) eta b kortex

aurrefrontalean (n = 6) Mann-Whitney-ren testarekin aztertu ziren.

Postmortem giza garunean hevinen mRNAren eta proteinen adierazpen-mailen
konparazioa alkoholismoa edo depresioa zuten subjektuen eta subjektu kontrolen artean.

Datuak ANOVAren bidez aztertu ziren eta Dunnett-en konparazio anitzeko testa egin zen.
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Etanola ematearen eragina hevinen adierazpenean garunean eta plasman. Saguaren
burmuineko ~130 kDa-eko banda eta plasman detektatutako ~ 130 kDa eta ~ 47 kDa
isoformeen adierazpena Kruskal-Wallis testarekin aztertu zen, ondorengo Dunn-en

konparazio anitzeko testarekin.

Saguetan hevinen adierazpenaren murrizketak etanolaren lehentasunean eta
kontsumoan duen eragina aztertzea. Hevin KD saguen eta sagu-kontrolen arteko aldeak
Mann-Whitney testaren bidez kalkulatu ziren eta Friedman testa etanol kontzentrazioen

arteko ezberdintasunak kalkulatzeko erabili zen.
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4.1. CHARACTERIZATION OF HEVIN EXPRESSION IN HUMAN SAMPLES BY
WESTERN BLOT

4.1.1. DETERMINATION OF HEVIN IMMUNOREACTIVITY SPECIFICITY

4.1.1.1. Validation of hevin antibodies

Three antibodies against hevin were tested for specificity by Western blotting on human
prefrontal cortex total homogenate: anti-human hevin (R&D systems, AF2728), anti-mouse

hevin (R&D Systems, AF2836) and anti-human hevin (Santa Cruz, sc-514275) antibodies.

Anti-mouse hevin (R&D Systems, AF2836) and anti-human hevin (Santa Cruz, sc-514275)
antibodies were rapidly discarded, as neither showed specific immunoreactivity at the
expected molecular weight (Figure 4.1B, C). Conversely, anti-human hevin antibody (R&D
systems, AF2728) showed two marked bands at the expected molecular weight (Figure.
4.1A, left). More specifically, hevin immunoreactive upper band migrated at 130 kDa and
the lower band at around 100 kDa, similar to what has been described by other authors
(Brekken et al., 2004; Johnston et al., 1990; Kucukdereli et al., 2011; Lively & Brown, 20083;
Lively & Brown, 2008c; Mendis, 1996b; Weaver et al., 2010; Weaver et al., 2011). The signal
intensity of both bands increased in a dose-dependent manner with the increase in protein

concentration (Figure 4.1A, right), suggesting specificity.
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Figure 4.1. Validation of human hevin antibody specificity. (A) Protein dependent-curve of hevin
immunoreactivity in prefrontal cortex total homogenate pool (5-60 mg) with goat anti-human hevin antibody
(R&D AF2728, right) and the corresponding quantification of ~130 kDa and ~100 kDa hevin bands (/eft), (B)
with goat anti-mouse hevin antibody and (C) with mouse anti-human hevin antibody. Blots A, B and C were
run in parallel with the same sample and blot A was incubated with anti- B-actin antibody.

These two bands also appeared with the recombinant hevin protein (R&D systems, 2728-
SL, Figure 4.2A) and their immunoreactivity was blocked by preincubating the antibody
with the blocking peptide (recombinant human hevin, R&D systems, 2728-SL, Figure 4.2A),
supporting the specificity of both bands corresponding to hevin. In addition, cell extracts
and extracellular medium of BON cells transfected with mouse hevin were analyzed by
Western blot. Hevin immunoreactivity was detected in hevin-transfected cells and their

extracellular medium, but not in mock-transfected cells (Figure 4.2B).
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Figure 4.2. Validation of human hevin antibody specificity. (A) Hevin immunoreactivity with goat anti-human
hevin antibody (R&D AF2728) in prefrontal cortex total homogenate and in human recombinant hevin
(Recomb), in the presence or absence of its blocking peptide. (B) Hevin immunoreactivity with goat anti-
human hevin antibody (R&D AF2728) in cell culture lysate and in the extracellular medium of mock-
transfected (NT) and hevin-tranfected BON cells. Samples were run in duplicate. Blots were incubated with
anti- B-actin antibody.

To further assess the specificity of the selected antibody (R&D AF2728),
immunoprecipitation of hevin from total homogenate fraction of prefrontal cortex samples
was performed. When the immunoprecipated fraction was run in SDS-PAGE and incubated
with R&D AF2728 antibody, the same bands were revealed (~130 and ~100 kDa). Instead,
they were absent when the sample was immunoprecipitated with control IgG (anti-mouse
biotin, ThermoFisher™, B-2763, Figure 4.3A). Finally, in mouse brain TH samples, hevin
immunoreactivity at ~120 kDa was observed with both anti-mouse hevin (R&D Systems,
AF2836) and anti-human hevin (R&D Systems, AF2728) antibodies (Figure 4.3B).
Conversely, it was absent in hevin knockout mice. Altogether, these results demonstrate the

specificity of the R&D anti-human hevin antibody. Therefore, this antibody was selected to

further characterize hevin protein expression in human brain tissue.

A IP: IP: B mouse-Hevin human-Hevin
INPUT hhevin control IsG WT KO WT KO

Hevin ~ 130 kDa Hevin e ‘ “ 3 ‘?‘ ~120 kDa
:3 ~100 kDa B-actin ,. 5
L1 rt

Figure 4.3. Validation of human hevin antibody specificity. (A) Immunoblotting with goat anti-human hevin
antibody (R&D AF2728) after immunoprecipitating hevin protein with the same antibody or control IgG in
prefrontal cortex total homogenate pool. The input loaded in the gel corresponds to 1:20 fraction of the
tissue used in the assays. (B) Hevin immunoreactivity in wild-type (WT) and hevin knockout (KO) mouse
cerebellum homogenates, with goat anti-mouse antibody (R&D AF2836) or goat anti-human hevin antibody
(R&D AF2728). Blot B was incubated with anti- B-actin antibody.
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4.1.1.2. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

analysis of immunoreactive bands

Protein bands at ~130 and ~100 kDa were removed and analyzed by LC-MS/MS. This
analysis unambiguously identified hevin protein (UniProtkB Q14515) in both bands, with a
sequence coverage of 36% and 18%, respectively. Although more unique peptides were
found in the ~130 kDa band (19 vs 8, possibly due to a higher amount of the ~130 kDa
isoform), all but one of the peptides found in the 100 kDa isoform are common to the ~130
kDa and encompassed almost the entire protein sequence from amino acids A47 to R629
(Figure 4.4). This proteomic analysis suggests that the 30 kDa difference observed between
both bands does not correspond to splicing variants but it may be the result of differential

post-translational modifications.

82



A

MKTGLFFLCL
SSVLKSKEES
LAPGVSSFTD
VGTHNDNQER
ASNVNKHIQE
DGPRHSASDD
SEGNMRVHAV
RLEGTKKGHQ
YLDEKRLLAG

FEECDPNKDK

B

MKTGLFFLCL
SSVLKSKEES
LAPGVSSFTD
VGTHNDNQER
ASNVNKHIQE
DGPRHSASDD
SEGNMRVHAV
RLEGTKKGHQ
YLDEKRLLAG

FEECDPNKDK

LGTAAAIPTN

HEQSAEQGKS

SNQQESITKR

KTELPREHAN

TEWQSQEGKT

YFIPSQAFLE

DSCMSFQCKR

LOQLDYFGACK

DHPIDLLLRD

HITLKEWGHC

LGTAAAIPTN

HEQSAEQGKS

SNQQESITKR

KTELPREHAN

TEWQSQEGKT

YFIPSQAFLE

DSCMSFQCKR

LQLDYFGACK

DHPIDLLLRD

HITLKEWGHC

~130 kDa band

ARLLSDHSKP

SSQELGLKDQ

EENQEQPRNY

SKQEEDNTQS

GLEAISNHKE

AERAQSIAYH

GHICKADQQG

SIPTCTDFEV

FKKNYHMYVY

FGIKEEDIDE

TAETVAPDNT

EDSDGHLSVN

SHHQLNRSSK

DDILEESDQP

TEEKTVSEAL

LKIEEQREKV

KPHCVCQDPV

IQFPLRMRDW

PVHWQFSELD

NLLF

~100 kDa band

ARLLSDHSKP

SSQELGLKDQ

EENQEQPRNY

SKQEEDNTQS

GLEAISNHKE

AERAQSIAYH

GHICKADQQG

SIPTCTDFEV

FKKNYHMYVY

FGIKEEDIDE

TAETVAPDNT

EDSDGHLSVN

SHHQLNRSSK

DDILEESDQP

TEEKTVSEAL

LKIEEQREKV

KPHCVCQDPV

IQFPLRMRDW

PVHWQFSELD

NLLF

AIPSLRAEAE

LEYAPTEGTL

HSQGLRDQGN

TQVSKMQEDE

LMEPTDDGNT

HENENIGTTE

TCPPTKPLDQ

LKNILMQLYE

QHPMDRVLTH

ATIPSLRAEAE

LEYAPTEGTL

HSQGLRDQGN

TQVSKMQEDE

LMEPTDDGNT

HENENIGTTE

TCPPTKPLDQ

LKNILMQLYE

QHPMDRVLTH

ENEKETAVST

DIKEDMSEPQ

QEQDPNISNG

FDQGNQEQED

TPRNHGVDDD

PGEHQEAKKA

VCGTDNQTYA

ANSEHAGYLN

SELAPLRASL

ENEKETAVST

DIKEDMSEPQ

QEQDPNISNG

FDQGNQEQED

TPRNHGVDDD

PGEHQEAKKA

VCGTDNQTYA

ANSEHAGYLN

SELAPLRASL

Results

EDDSHHKAEK

EKKLSENTDF

EEEEEKEPGE

NSNAEMEEEN

GDDDGDDGGT

ENSSNEEETS

SSCHLFATKC

EKQRNKVKKI

VPMEHCITRF

EDDSHHKAEK

EKKLSENTDF

EEEEEKEPGE

NSNAEMEEEN

GDDDGDDGGT

ENSSNEEETS

SSCHLFATKC

EKQRNKVKKI

VPMEHCITRF

Figure 4.4. Validation of human hevin specificity by LC-MS/MS. The complete hevin amino acidic sequence
with the unique peptides found in ~130 kDa (A) and ~100 kDa (B) bands marked in blue.

4.1.2. STUDY OF THE HEVIN GLYCOSYLATION PATTERN

In order to gain more insight into the structure of the carbohydrate moieties of each of the
hevin bands observed in human brain, several deglycosylation assays were carried out.
Human prefrontal cortex total homogenate pool and human recombinant hevin (R&D
Systems, 2728-SL) were incubated in the presence of PNGase F, EndoF3 or EndoH

deglycosylases, enzymes that remove different types of N-glycosylations.

83



Amaia Nuinez del Moral

PNGase F (almost all N-glycan, asparagine-linked chains hydrolyzing enzyme (Maley et al.,
1989): high mannose, hybrid, bi-, tri- and tetra-antennary) produced a marked shift in both
hevin bands in prefrontal cortex samples and recombinant protein, leading to lower
molecular weight bands of ~125 and ~90 kDa (Figure 4.5A,B). These results indicate that

both hevin bands are glycosylated proteins.

EndoF3 (asparagine-linked fucosylated-bi-antennary and tri-antennary complex
oligosaccharides cleaving enzyme) (Maley et al., 1989) produced a slight shift of both bands
in prefrontal cortex and recombinant protein samples to lower molecular weight bands,

although not as pronounced as with PNGaseF (Figure 4.5A,B).

And finally, in the presence of EndoH enzyme (high mannose cleaving enzyme (Maley et
al., 1989)), only a fraction of the ~130 kDa band suffered a migration shift in both prefrontal
cortex and recombinant protein, which might suggest that this apparent unique band
corresponds to a mix of slightly different isoforms or is even a doublet (Figure 4.5A,B).
Altogether these results confirm that both hevin bands are glycosylated in human brain but

in a different way as it is rodent brain (Johnston et al., 1990).
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Figure 4.5. Glycosylation patterns of hevin in human brain. (A, B) Hevin immunoreactivity in a prefrontal
cortex total homogenate pool (A) and in human recombinant hevin (B) after treatment with EndoF3, EndoH
or PNGaseF enzymes for 5 h at 37°C. Samples were run in duplicate and experiments were performed in
triplicates. A representative Western blot image for each experiment is shown. Blot A was incubated with
anti- B-actin antibody.

4.1.3. STUDY OF THE ENDOGENOUS PROTEOLYSIS OF HEVIN

To determine if the ~100 kDa band derived from the ~130 kDa band via proteolytic
degradation, prefrontal cortex total homogenate pool samples were incubated at 37°C in
the absence of protease inhibitors for a range of times, then denatured at 95°C for 5 min,
and immediately processed by Western blot. Immunoreactive intensity of both bands
remained unchanged throughout the entire 3 h experiment (Figure 4.6A), suggesting the

absence of endogenous proteolysis.

The effect the temperature factor on hevin proteolysis was also tested. For this purpose,
prefrontal cortex total homogenate pool samples were incubated for 15 min in
temperatures ranging from 4 to 95°C and immediately processed by Western blot.
Temperature-dependent proteolysis did not alter the intensity of neither of both bands
(Figure 4.6B). These results suggest that the lower ~100 kDa band is not a degradation
product of the ~130 kDa band.
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Figure 4.6. Proteolytic degradation of hevin in human brain. (A) Hevin immunoreactivity and corresponding
B-actin-normalized quantification in a prefrontal cortex total homogenate pool (20 pg) after incubation with
(+P1) or without (-PI) protease inhibitors for a duration of 0 to 180 min at 37°C. (B) Hevin immunoreactivity
and corresponding B-actin-normalized quantification in a prefrontal cortex total homogenate pool (20 ug)
after incubation at different temperatures (4°C-95°C) for 15 min. Samples were run in duplicate and
experiments were performed in triplicate. A representative Western blot image for each experiment is shown.
The quantification is represented in box-and-whiskers plots, where “box” shows the median and the 25th and
75th percentile and the “whiskers” depict the 5th and 95th percentile.

86



4.1.4. STUDY OF THE ENZYMATIC DIGESTION WITH THE HEVIN DEGRADING
ENZYMES ADAMTS4, MMP-3 AND THROMBIN PROTEASES

The matrix metalloproteases ADAMTS4 (a disintegrin and metalloproteinase with
thrombospondin motifs 4), MMP-3 (matrix metalloproteinase-3) and thrombin have been
described to cleave hevin in rodent brains, giving as a product the C-terminal SPARC-like
fragment (SLF), which shares a high homology with SPARC, a close homologue of hevin, and
which antagonizes hevin’s synaptogenic function (Weaver et al., 2011; Weaver et al., 2010).
To confirm the sensitivity of human hevin towards ADAMTS4, MMP-3 and thrombin,
proteolysis assays were performed by incubating prefrontal cortex total homogenate

samples and human recombinant hevin with the three proteases.

As expected, incubation with ADAMTS4 or MMP-3 enzymes led in human prefrontal cortex
to a marked decreased in the intensity of the ~130 kDa and ~100 kDa bands with a
concomitant appearance of an intense ~40 kDa double band (Figure 4.7A, arrow), which
seems to correspond to SLF (Weaver et al., 2011; Weaver et al., 2010). Likewise, proteolysis
of human recombinant hevin with the same enzymes decreased the intensity of full-length
hevin protein bands. Surprisingly, the band corresponding to the hypothesized SLF had
slightly greater molecular weight around 47 kDa (Figure 4.7A, filled arrowhead).
Importantly, the SLF fragment was identified in non-digested prefrontal cortex samples,
although it showed lower intensity level compared to the ~130 kDa and ~100 kDa bands
(Figure 4.7A, open arrowhead). On the other hand, hevin proteolytic cleavage by thrombin
in both prefrontal cortex and recombinant proteins, decreased levels of the ~130 kDa and

~100 kDa bands and produced many fragments higher than 50 kDa (Figure 4.7B).
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Figure 4.7. Sensitivity of human hevin to matrix metalloproteases and serine protease. (A) Hevin
immunoreactivity in a prefrontal cortex total homogenate pool (50 pug) and in human recombinant hevin (140
ug) after treatment with ADAMTS4 or MMP-3 enzymes for 5 h at 37°C (arrow: ~40 kDa double band detected
in digested- prefrontal cortex; filled arrowhead: ~47 kDa double band detected in digested-recombinant
protein; empty arrowhead: hypothetical ~40 kDa SLF fragment in non-digested prefrontal cortex). (B) Hevin
immunoreactivity of prefrontal cortex total homogenate pool (70 pg) or human recombinant hevin (20 ng)
after incubation for 15 h at 37°C in the presence or absence of thrombin (1 U). Experiments were performed
in triplicates and samples from thrombin assay were run in duplicate. A representative Western blot image

for each experiment is shown. PFC, prefrontal cortex.
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Results

Finally, in both ADAMTS4 and MMP-3 dependent-proteolysis assays, more pronounced
effects were detected when increasing the incubation time from 1h to 5h. A greater
increase in the ~40 kDa double band from prefrontal cortex and in the ~47 kDa fragment

from the human recombinant protein could be observed (Figure 4.8 and Figure 4.9,

respectively).
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Figure 4.8. ADAMTS4-dependent proteolysis of human hevin. (A) Hevin immunoreactivity of prefrontal
cortex total homogenate (50 ug) and (B) human recombinant hevin (140 pg) after 1 h or 5 h (37°C) incubation
in the presence or absence of ADAMTS4 (2 ug) protease. Samples were run in duplicate and experiments
were performed in triplicates. A representative Western blot image for each experiment is shown. PFC,

prefrontal cortex.
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Figure 4.9. MMP-3-dependent proteolysis of human hevin. (A) Hevin immunoreactivity of prefrontal cortex
total homogenate pool (50 pg) and (B) human recombinant hevin (140 pg) after 1 h or 5 h (37°C) incubation
in the presence or absence of MMP-3 (0.4 pg) protease. Samples were run in duplicate and experiments were
performed in triplicates. A representative Western blot image for each experiment is shown. PFC, prefrontal
cortex.

4.1.5. EFFECTS OF SEX, AGE, POSTMORTEM DELAY AND STORAGE TIME ON HEVIN
IMMUNOREACTIVITY

A large control group of 29 prefrontal cortex total homogenate samples (11 females and
18 males ranging from 18 to 71 years old) was analyzed in order to test the putative effects
of the following variables in the expression of hevin: sex, age, PMD and samples’ storage

time.
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Results

Neither sex (11 females vs 18 males), nor age (18—71 years) showed significant differences
or correlation with the immunoreactivity of any of the two detected bands (sex: ~130 kDa
band p= 0.3544; ~100 kDa band p= 0.9787; age: ~130 kDa p= 0.9248 and ~100 kDa p=
0.0514; Figure 4.10A-D).
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Figure 4.10. Influence of sex and age on hevin expression. (A, B) Sex comparison between 11 females and
18 males of ~130 kDa (A) and ~100 kDa (B) B-actin normalized hevin bands immunoreactivity in prefrontal
cortex total homogenates. (C,D) Correlation of age with B-actin normalized ~130 kDa (C) and ~100 kDa (D)
hevin bands immunoreactivity in total homogenate preparations from human prefrontal cortex of 29 control
subjects. Statistical comparison between sexes was performed by two-tailed Student’s t-test and correlation
analyses by two-tailed Pearson’s correlation test (Pearson’ r value, p value and the regression line are shown
in each correlation graph). In the sexes comparison the quantification is represented in box-and-whiskers
plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers” depict the 5th and
95th percentile. Dots represent the average value of each individual in the performed experiments.

In the same way, no significant correlation was observed between hevin expression levels
and neither postmortem delay (3-39 h) nor storage time (18-244 months; PMD ~130 kDa
p=0.5809 and ~100 kDa p= 0.3022; storage time ~130 kDa p= 0.5252 and ~100 kDa p=
0.9477; Figure 4.11A-D).
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Figure 4.11. Influence of PMD and sample’s storage time on hevin expression. Postmortem delay (A,B) and
storage time (C,D) correlation with B-actin normalized ~130 kDa (A,C) and ~100 kDa (B,D) hevin bands
immunoreactivity in total homogenate preparations from human prefrontal cortex of 29 control subjects.
Correlation analyses were performed by two-tailed Pearson’s correlation test (Pearson’ r value, p value and
the regression line are shown in each correlation graph). Dots represent the average value of each individual
in the performed experiments.
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Interestingly, analyzing this large control group, a positive correlation between ~130 kDa
and ~100 kDa bands (p< 0.0001) was found, indicating that subjects that showed high levels

for one form also showed high levels for the other, and conversely (Figure 4.12).
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Figure 4.12. Correlation between both hevin isoforms. Statistical linear correlation between B-actin
normalized ~130 kDa and ~100 kDa hevin bands immunoreactivity in total homogenate preparations from
human prefrontal cortex of 29 control subjects. Correlation analysis was performed by two-tailed Pearson’s
correlation test (Pearson’ r value, p value and the regression line are shown). Dots represent the average
value of each individual in the performed experiments.

4.1.6. CHARACTERIZATION OF HEVIN PROTEIN EXPRESSION IN POSTMORTEM
HUMAN BRAIN

4.1.6.1. Validation of the human brain subcellular fractionation

In order to study the presence or absence of hevin in the cytosol and/or in the neuronal
membranes, subcellular fractionation of human brain tissue was performed and the
obtained fractions were analyzed by Western blot. By this way, both hevin immunoreactive
bands (~130 and ~100 kDa) were also detected in cytosolic and neuronal membrane-
enriched (P2) fractions from human prefrontal cortex samples (Figure 4.13). To validate the
complete subcellular fractionation, the three prepared fractions from human prefrontal
cortex (total homogenate, cytosolic and P2) were incubated with antibodies against
proteins anchored to the neuronal or vesicular membranes or cytosolic proteins (Table 4).
The immunodetected synaptic proteins were syntaxinlA, VGLUT1 (Vesicular glutamate

transporter 1), NR2A (N-methyl D-aspartate receptor subtype 2A) and PSD95 (postsynaptic
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density protein 95), while the immunodetected cytosolic proteins were stathmin and IkBa

(NFxB inhibitor alpha).

The correct fractionation of human brain tissue was confirmed by the enrichment of the
synaptic proteins (syntaxinlA, VGLUT1, NR2A and PSD95) in the P2 fraction, while they
were almost absent in the cytosolic fraction and, vice versa, the enrichment of the cytosolic
proteins (stathmin and IkBa) in the cytosolic fraction, with very low presence in the P2

fraction (Figure 4.13).
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Figure 4.13. Validation of the subcellular fractionation of human prefrontal cortex pool samples. Enrichment
of synaptic proteins (Syntaxin1A, VGLUT1, NR2A, PSD95) in P2 membrane fraction and enrichment of cytosolic

proteins (Stathmin, IKBa) in the cytosolic fraction. Samples were run in duplicate and a representative
Western blot images are shown. TH: total homogenate, CYT: cytosol, P2: membrane-enriched fraction.

94



4.1.6.2. Subcellular distribution of hevin in postmortem human brain

Using cellular fractionation of human brain samples, the subcellular distribution of both
full-length forms of hevin (~130 and ~100 kDa) was studied by Western blot. The
immunodetection and quantification of hevin was performed individually in four human
brain areas (prefrontal cortex, hippocampus, caudate nucleus and cerebellum) from 6

control subjects’ samples.

Both hevin ~130 and ~100 kDa bands were expressed in cytosolic and membrane-enriched
(P2) fractions, with a strongly enhanced expression in the P2 fraction compared to the
cytosolic one (Figures 4.14-4.17). This subcellular expression pattern was observed in all
assessed brain areas, almost all of them showing statistical significant differences between
cytosolic and P2 fractions, with the exception of the 100 kDa hevin band of the prefrontal

cortex (Table 4.1).

PFC HIP CAU cB

CYT:92% +21 CYT:82%+23 CYT:63%+9 CYT:62%+6

~130kD band  pj.183% +15 P2:186% +27 P2:186% +17 P2:325% +57
(p=0.0042)  (p=0.0110)  (p=0.0002)  (p=0.0001)

CYT:119% +24 CYT:85% +21 CYT:87%+12 CYT:70% + 11

~100kD band  pj.189% +33 P2:166%+32 P2:175% + 14 P2: 148% + 28
(p=0.1168)  (p=0.0399)  (p=0.0014)  (p=0.0266)

Table 4.1. Data of the quantification and statistical analysis of the immunoreactivity of the two hevin bands
(~130 kDa and ~100 kDa) in cytosol (CYT) and membrane-enriched fraction (P2) of different brain areas
(PFC: prefrontal cortex, HIP: hippocampus, CAU: caudate nucleus, CB: cerebellum). Data were calculated as
the percentage of the mean of the total homogenate fraction and shown as the mean of each fraction + SEM
(standard error of the mean). Kruskal-Wallis followed by Dunn's multiple comparisons test was used for each
comparison.
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Figure 4.14. Expression of hevin in total homogenate, cytosolic and membrane-enriched (P2) fractions in
human prefrontal cortex (PFC). B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa
bands quantification in different cellular preparations (TH: total homogenate, CYT: cytosol, P2: membrane-
enriched fraction) obtained from the prefrontal cortex (15 pg). Kruskal-Wallis followed by Dunn's multiple
comparisons test was used for each comparison (**p < 0.01). Samples were run in duplicate and experiments
were performed in triplicate. A representative Western blot image is shown in the figure. The quantification
is represented in box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile
and the “whiskers” depict the 5th and 95th percentile. Dots represent the average value of each individual in
the performed experiments.

96



Results

HIPPOCAMPUS (HIP)
TH CYT P2

HEVIN | gy s s == g @0 ~130 kDa
« « +  ~100kDa

B-actin *

HIP ~130 kDa band HIP ~100 kDa band
Z 3007 —_—— Z  300-
= 2 —_—
5] s
8 — 8 —_—
‘cc', EE_ 200+ ’g E 200+
EHES
S S
] [
T T
0 L] T T 0 ;] T T
TH CYT P2 TH CYT P2

Figure 4.15. Expression of hevin in total homogenate, cytosolic and membrane-enriched (P2) fractions in
human hippocampus (HIP). B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification in different cellular preparations (TH: total homogenate, CYT: cytosol, P2: membrane-enriched
fraction) obtained from the HIP (15 pg). Kruskal-Wallis followed by Dunn's multiple comparisons test was used
for each comparison (*p < 0.05). Samples were run in duplicate and experiments were performed in triplicate.
A representative Western blot image is shown in the figure. The quantification is represented in box-and-
whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers” depict
the 5th and 95th percentile. Dots represent the average value of each individual in the performed

experiments.
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Figure 4.16. Expression of hevin in total homogenate, cytosolic and membrane-enriched (P2) fractions in
human caudate nucleus (CAU). B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa
bands quantification in different cellular preparations (TH: total homogenate, CYT: cytosol, P2: membrane-
enriched fraction) obtained from the CAU (15 ug). Kruskal-Wallis followed by Dunn's multiple comparisons
test was used for each comparison (**p < 0.01, ***p < 0.001). Samples were run in duplicate and experiments
were performed in triplicate. A representative Western blot image is shown in the figure. The quantification
is represented in box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile
and the “whiskers” depict the 5th and 95th percentile. Dots represent the average value of each individual in
the performed experiments.
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Figure 4.17. Expression of hevin in total homogenate, cytosolic and membrane-enriched (P2) fractions in
human cerebellum (CB). B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification in different cellular preparations (TH: total homogenate, CYT: cytosol, P2: membrane-enriched
fraction) obtained from the cerebellum (15 pg). Kruskal-Wallis followed by Dunn's multiple comparisons test
was used for each comparison (*p < 0.05, ***p < 0.001). Samples were run in duplicate and experiments were
performed in triplicate. Samples were run in duplicate and experiments were performed in triplicate. A
representative Western blot image is shown in the figure. The quantification is represented in box-and-
whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers” depict
the 5th and 95th percentile. Dots represent the average value of each individual in the performed
experiments.
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4.1.6.3. Regional distribution of hevin in postmortem human brain

The expression pattern of the two full-length hevin forms (~130 and ~100 kDa) was also
compared between different brain regions: prefrontal cortex, hippocampus, caudate
nucleus and cerebellum by Western blot. Hevin immunodetection and quantification was
performed in total homogenate, cytosol and membrane-enriched (P2) fractions. Samples

containing 20 ug of total protein each from 6 control subjects were individually analyzed.

For each subcellular fraction (total homogenate, cytosol and P2), similar regional
distribution was observed for the ~130 and ~100 kDa hevin forms, with the prefrontal
cortex showing the highest expression of hevin bands in all cases. No differences were

detected between the other brain regions (Table 4.2 and Figures 4.18-4.20).

TH CYT P2
PFC: 100% + 7 PFC: 100% + 15 PFC: 100% * 19
HIP: 66% + 6 HIP: 39% + 8 HIP: 29% + 8
(pprrcvsHip =0.0429)  (prrcvship = 0.0341)  (prrcvs vip = 0.0066)
~130 kD band [
CAU: 78% + 5 CAU:47% + 7 CAU: 54% + 15
(prrcvscau = 0.5337)  (prrcvscau = 0.1812)  (p prcvscau = 0.2592)
CB:50% + 6 CB:38% + 10 CB:48% + 11
(ppPrcvsce =0.0006)  (pprcvsce =0.0269)  (pprcusce = 0.1650)
PFC: 100% + 8 PFC: 100% + 6 PFC: 100% + 13
HIP: 45% + 7 HIP: 26% + 6 HIP: 27% + 9
(percvstip = 0.0537)  (pprcvsHip = 0.0058)  (p prcuship = 0.0128)
~100 kD band '

CAU:54% £ 5 CAU:37% + 3 CAU: 61% + 19
(prrcvscau = 0.2592)  (pprcvscau = 0.1986)  (p prcvs cau = 0.2825)

CB:21% + 2 CB:17% +3 CB:23% +5
(ppPrcvsce <0.0001)  (prrcvscs =0.0003)  (prrcvsca = 0.0086)

Table 4.2. Data of the quantification and statistical analysis of the immunoreactivity of the two hevin bands
(~130 kDa and ~100 kDa) in PFC (prefrontal cortex), HIP (hippocampus), CAU (caudate nucleus) and CB
(cerebellum) of different cellular preparations (TH: total homogenate, CYT: cytosol, P2: membrane-enriched
fraction). Data were calculated as the percentage of the mean of the prefrontal cortex and shown as the
mean of each fraction * SEM (standard error of the mean). Kruskal-Wallis followed by Dunn's multiple
comparisons test was used for each comparison.
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Fig. 4.18. Regional distribution of hevin in human brain total homogenate (TH) preparation. B-actin-
normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands quantification in different brain
areas (PFC: prefrontal cortex, HIP: hippocampus, CAU: caudate nucleus, CB: cerebellum) from total
homogenate preparation (20 pg). Kruskal-Wallis followed by Dunn's multiple comparisons test was used for
each comparison (*p < 0.05, ***p < 0.001, ****p < 0.0001). Samples were run in duplicate and experiments
were performed in triplicate. A representative Western blot image is shown in the figure. The quantification
is represented in box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile
and the “whiskers” depict the 5th and 95th percentile. Dots represent the average value of each individual in
the performed experiments.
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Figure 4.19. Regional distribution of hevin in human brain cytosol (CYT) preparation. B-actin-normalized
hevin immunoreactivity and its ~130 kDa and ~100 kDa bands quantification in different brain areas (PFC:
prefrontal cortex, HIP: hippocampus, CAU: caudate nucleus, CB: cerebellum) from cytosol preparation (20 ug).
Kruskal-Wallis followed by Dunn's multiple comparisons test was used for each comparison (*p < 0.05, **p
<0.01, ***p <0.001). Samples were run in duplicate and experiments were performed in triplicate. A
representative Western blot image is shown in the figure. The quantification is represented in box-and-
whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers” depict
the 5th and 95th percentile. Dots represent the average value of each individual in the performed
experiments.
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Figure 4.20. Regional distribution of hevin in human brain P2 preparation. B-actin-normalized hevin
immunoreactivity and its ~130 kDa and ~100 kDa bands quantification in different brain areas (PFC: prefrontal
cortex, HIP: hippocampus, CAU: caudate nucleus, CB: cerebellum) from P2 preparation (20 pg). Kruskal-Wallis
followed by Dunn's multiple comparisons test was used for each comparison (*p< 0.05, **p< 0.01). Samples
were run in duplicate and experiments were performed in triplicate. A representative Western blot image is
shown in the figure. The quantification is represented in box-and-whiskers plots, where “box” shows the
median and the 25th and 75th percentile and the “whiskers” depict the 5th and 95th percentile. Dots
represent the average value of each individual in the performed experiments.

4.1.7. EVALUATION OF THE EXPRESSION LEVELS OF THE PROTEIN HEVIN IN
ASTROCYTOMA AND MENINGIOMA HUMAN SAMPLES

The relative expression of both hevin forms (~130 kDa and ~100 kDa) was evaluated in
astrocytoma (n=3) and meningioma brain tumors (n=3) by Western blot. Hevin protein

expression was clearly detectable in both type of tumors (Figure 4.21).

Interestingly, the hevin ~130 kDa immunoreactive band signal was significantly increased in
astrocytoma tumors compared with prefrontal cortex total homogenates, and significantly
decreased in meningioma tumors compared with prefrontal cortex (PFC) total
homogenates (~130 kDa band: PFC 100% + 7, astrocytoma 200% * 37 and meningioma 15%
t 7, P(prc vs astrocytoma) = 0.024, p(prc vs meningioma) = 0.024). A lower immunoreactive signal
intensity was detected in meningioma tumors in comparison to prefrontal cortex total

homogenates for the ~100 kDa form, while no differences were detected between
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prefrontal cortex total homogenates and astrocytoma samples (~100 kDa band: PFC 100%

+ 8, astrocytoma 121% + 44 and meningioma 4% + 2, p(prc vs meningioma) = 0.024) (Figure 4.21).
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Figure 4.21. Hevin expression in astrocytoma and meningioma human samples. B-actin-normalized hevin
immunoreactivity and its ~130 kDa and ~100 kDa bands quantification in total homogenate preparations of 3
astrocytoma, 3 meningioma and 6 prefrontal cortex samples . The statistical comparison was done by Mann-
Whitney test (*p < 0.05). Samples were run in duplicate and experiments were performed in triplicate. A
representative Western blot image is shown. The quantification is represented in box-and-whiskers plots,
where “box” shows the median and the 25th and 75th percentile and the “whiskers” depict the 5th and 95th
percentile. Dots represent the average value of each individual in the performed experiments. PFC, prefrontal

cortex.
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In order to assess if a differential alteration occurred for the both bands, the ~130 kDa/
~100 kDa bands ratio was also calculated. This ratio was similar in both brain tumors
(astrocytoma 34 + 9 and meningioma 47 + 13). However, it seems to be higher in both tumor
types compared to control prefrontal cortex total homogenates (PFC ratio: 6 + 1,

astrocytoma ratio: 34 + 9 and meningioma ratio: 47 + 13, p= 0.024 in both cases) (Figure

4.22).
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Figure 4.22. Relative expression of the hevin ~130 kDa and ~100 kDa bands in astrocytoma, meningioma
and prefrontal cortex (PFC) samples. Relative expression levels of hevin bands calculated as ~130 kDa/ ~100
kDa ratio from total homogenate preparations of 3 astrocytoma, 3 meningioma and 6 prefrontal cortex
samples. The statistical comparison was done by Mann-Whitney test (*p < 0.05). The quantification is
represented in box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile and
the “whiskers” depict the 5th and 95th percentile. Dots represent the average value of each individual in the

performed experiments.
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4.1.8. EVALUATION OF THE EXPRESSION LEVELS OF THE PROTEIN HEVIN IN
HUMAN CEREBROSPINAL FLUID AND BLOOD FRACTIONS

Hevin protein expression was analyzed in 4 postmortem CSF samples from control subjects,
and 4 plasma samples from living subjects. Hevin immunoreactive signal was detected in
both CSF and plasma samples, with apparent higher levels in the CSF (Figure 4.22).
Significantly, a new pattern of hevin immunoreactivity was observed in both fluids. A
shorter novel band of ~90 kDa band and the ~130 kDa band were detected, without the

presence of ~100 kDa band (Figure 4.23).

CSF PLASMA
1 2341 2 3 4 PFC

Hevin L - "‘130 kDa
H ~100 kDa

B-actin

~130 kDa
~100 kDa

Ponceau S

Figure 4.23. Hevin immunoreactivity in human CSF and plasma. Hevin immunoreactivity in CSF (n=4, 3.6
ug), plasma (n=4, 3.6 ug) and total homogenate prefrontal cortex control pool samples (15 ug). B-actin and
Ponceau S staining are also shown. Prefrontal cortex pool sample was run in duplicate and experiments were
performed in triplicate. A representative Western blot image is shown.
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The presence of hevin in the plasma raised the question of what would be its source (i.e.
where it would be released from). Therefore, the expression of hevin in different blood
fractions (plasma, platelets, erythrocytes and leucocytes) was tested in order to assess if
hevin is produced by blood cells or derives from other organs that would secrete it.
Western blot analysis revealed that hevin, which was highly expressed in plasma, was
absent in any other blood cell fraction (Figure 4.24), suggesting that hevin is transported

into the bloodstream and not synthesized by any blood cell type.

PM PT E L PFC

~130 kDa
~100 kDa

Ponceau S |+ B D ~130 kDa

i 4 | ~100 kDa

[,

Figure 4.24. Hevin immunoreactivity in different blood fractions. Hevin is present in human plasma, but
absence in any blood cell type (PM: plasma, PT: platelets, E: erythrocytes, L: leucocytes). The same amount of
protein was loaded for each sample (37 pg) with the exception of leucocytes (37 ug). B-actin and Ponceau S
staining are also shown. Samples were run in duplicate and experiments were performed in triplicate. A
representative Western blot image is shown.
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4.2. THE HUMAN BRAIN STUDY FOR THE EVALUATION OF HEVIN’S ROLE
IN ALCOHOL USE DISORDER

4.2.1. HEVIN mRNA EXPRESSION IN POSTMORTEM HUMAN BRAIN FROM
SUBJECTS WITH ALCOHOL USE DISORDER

Hevin mRNA expression levels were measured by RT-gPCR in four human brain areas
(prefrontal cortex, PFC; hippocampus, HIP; caudate nucleus, CAU; and cerebellum, CB)
from 75 subjects. Individuals were divided into three experimental groups according to
their antemortem psychiatric diagnosis: control (n=25), AUD (n=25) and a depression
groups (n=25) (see section 3.1.1.). In all the studied brain areas a significant increase in
hevin’s mRNA was detected in the AUD group compared to the controls (PFC: AUD 159%
+ 19, control 100% = 5, p= 0.0028; HIP: AUD 172% + 22, control 100% * 7, p= 0.0058; CAU:
AUD 192% + 25, control 100% + 7, p= 0.0028; CB: AUD 170% + 25, control 100% + 11, p=
0.0344). Conversely, no significant differences were detected between the depression and

control groups (Figure 4.25A-D).
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Figure 4.25. Hevin mRNA expression in the prefrontal cortex, hippocampus, caudate nucleus and
cerebellum from human control, AUD and depression groups. (A-D) Relative hevin mRNA levels quantified
by RT-gPCR in human postmortem samples from subjects with AUD (n=25), depression (n=25) and controls
(n=25). One-way ANOVA followed by Dunnett’s post hoc test was used for the comparison (*p < 0.05, **p <
0.01). Samples were run in triplicate. The quantification is represented in box-and-whiskers plots, where
“box” shows the median and the 25th and 75th percentile and the “whiskers” depict the 5th and 95th
percentile. Dots represent the average value of each individual in the performed experiments.

4.2.2. HEVIN PROTEIN EXPRESSION IN POSTMORTEM HUMAN BRAIN FROM
SUBJECTS WITH ALCOHOL USE DISORDER

Hevin protein expression levels were measured in the same four human brain areas of the
same control (n=25), AUD (n=25) and a depression (n=25) subjects (see section 4.2.1.)
Specifically, both ~130 kDa and ~100 kDa hevin bands, previously described in human
control subjects (see section 4.1 and/or Nufiez-delMoral et al., 2021) were measured in the
post nuclear fractions of prefrontal cortex (PFC), hippocampus (HIP), caudate nucleus (CAU)

and cerebellum (CB) by Western blot.

In accordance to the alterations observed in hevin’s mRNA, a significant increase in “130
kDa and 100 kDa forms was detected in prefrontal cortex and cerebellum of the AUD group
in comparison to the control group (PFC “130 kDa band: AUD 126% + 11, control 100% + 9,

p =0.0015; PFC "100 kDa band AUD: 146% * 14, control 100% * 8, p< 0.0001; CB 130 kDa
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band: AUD 132% + 15, control 100% + 11, p= 0.0344; CB “100 kDa band: AUD 138% + 14,
control 100% + 6, p= 0.013) (Figures 4.26, 4.27).

PREFRONTAL CORTEX (PFC)
ALC CONT DEP

Hevin y-q---qq ~130 kDa
------' ~100 kDa

B-actin T — G Sty ——

PFC ~130 kDa band PFC ~100 kDa band
> 300 — > 400
= > —kkkk —
g - —
S S 200- = o2 =
25 25 .
g O X g O 2001
Y “6 AlA
£ @ 1001 £ g -
£~ £ ~ 100+
3 >
= 0 * 0
AUD CONTROL DEPRESSION AUD CONTROL DEPRESSION

Figure 4.26. Expression of the two hevin forms in the prefrontal cortex (PFC) from human control, AUD and
depression groups. B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification in prefrontal cortex post nuclear fractions (~15 pg) from human control subjects and subjects
with antermortem diagnosis of AUD or depression (n=25). One-way ANOVA followed by Dunnett’s post hoc
test was used for the comparison (**p< 0.01, ****p< 0.0001). Samples were run in duplicate and experiments
were performed in triplicate. A representative Western blot image is shown in the figure. The quantification
is represented in box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile
and the “whiskers” depict the 5th and 95th percentile. Dots represent the average value of each individual in
the performed experiments.
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Figure 4.27. Expression of the two hevin forms in the cerebellum (CB) from human control, AUD and
depression groups. B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification in cerebellum post nuclear fractions (~25 pg) from human control subjects and subjects with
antermortem diagnosis of AUD or depression (n=25). One-way ANOVA followed by Dunnett’s post hoc test
was used for the comparison (*p< 0.05). Samples were run in duplicate and experiments were performed in
triplicate. A representative Western blot image is shown in the figure. The quantification is represented in
box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers”
depict the 5th and 95th percentile. Dots represent the average value of each individual in the performed
experiments.
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In the hippocampus, only the 100 kDa band was significantly increased in the AUD group
in comparison to the control group (7100 kDa band: AUD: 156% + 30, control: 100% + 14,
p=0.0384). Although the “130 kDa band showed a similar trend, the increase did not reach
statistical significance (p= 0.0836, Figure 4.28). In contrast, no differences were observed in
the expression of neither of the bands in the caudate nucleus, albeit the trend towards an
increase in the upper band (Figure 4.29). To note, Grubbs outlier test was performed in all
analysis and it identified a significant outlier sample (p < 0.05) in the AUD group of the
caudate nucleus. Therefore, that sample and their matched samples from the control and

depression groups were excluded from the study in the caudate nucleus.

Finally, the depression group did not show statistical significant differences in the levels of

protein expression in comparison to the control group in any brain area (Figures 4.26-4.29).
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Figure 4.28. Expression of the two hevin forms in the hippocampus (HIP) from human control, AUD and
depression groups. B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification in hippocampus post nuclear fractions (~15 pg) from human control subjects and subjects with
antermortem diagnosis of AUD or depression (n=25). One-way ANOVA followed by Dunnett’s post hoc test
was used for the comparison (*p< 0.05). Samples were run in duplicate and experiments were performed in
triplicate. A representative Western blot image is shown in the figure. The quantification is represented in
box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers”

depict the 5th and 95th percentile. Dots represent the average value of each individual in the performed
experiments.
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Figure 4.29. Expression of the two hevin forms in the caudate nucleus (CAU) from human control, AUD and
depression groups. B-actin-normalized hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification in caudate nucleus post nuclear fractions (~15 pg) from human control subjects and subjects
with antermortem diagnosis of AUD or depression (n= 24). One-way ANOVA followed by Dunnett’s post hoc
test was used for the comparison. Samples were run in duplicate and experiments were performed in
triplicate. A representative Western blot image is shown in the figure. The quantification is represented in
box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers”
depict the 5th and 95th percentile. Dots represent the average value of each individual in the performed
experiments.

113



Amaia Nuinez del Moral

4.3. THE ANIMAL STUDY FOR THE EVALUATION OF HEVIN’S ROLE IN
ALCOHOL USE DISRODER

4.3.1. EVALUATION OF THE EFFECT OF DIFFERENT ETHANOL TREATMENTS ON
HEVIN EXPRESSION IN MICE

4.3.1.1. Effect of ethanol treatments on hevin protein expression in mouse
brain

In order to determine whether ethanol exposure alters hevin expression in mice’s brain,
hevin protein expression was analyzed after a challenge dose of ethanol or saline, with or
without a history of prior ethanol exposure (see section 3.2.2.). Experiments were
performed in total homogenates of the following five brain regions: nucleus accumbens,
amygdala, frontal cortex, hippocampus and dorsal striatum. Samples containing around 10

pg of total protein were individually analyzed.

In contrast to human brain, mice did not express the ~100 kDa band, or its immunoreactive
signal was too low to be analyzed, as it has been previously described (M. S. Weaver et al.,

2010). Therefore, the present data correspond only to the ~130 kDa band.

The nucleus accumbens showed increased hevin levels after chronic ethanol administration
followed by reinstatement (E-E) compared to saline treatment (S-S: 100% + 5; E-E: 174% +
16, p=0.0041), to acute ethanol treatment (S-E: 106% * 10; E-E: 174% * 16, p=0.0232) and,
more markedly, to ethanol withdrawal schedule (E-S: 78% + 11; E-E: 174% + 16, p=0.0007)
(Figure 4.30.).

114



Results

NUCLEUS ACCUMBENS (NAc) NAc ~130 kDa band

ss _SE__ES__EE > *x .
; = 3004
Hevin gy g 9 onee e o @@ & ~130kDa 5 Ak
©
. AR T}
B-aCtin we G G e a=b Gup S=p &= 82200_
3 0
=~ 100 * ?
>
()
o
1 1 1 1

S-S S-E ES E-E

Figure 4.30. Effect of ethanol i.p. treatment on hevin protein expression in mouse nucelus accumbens
(NAc). A representative Western Blot image for the mice nucleus accumbens and the graphics representing
the B-actin-normalized quantification of the hevin "130 kDa band in the four administered ethanol
treatments (S-S: saline —saline (n=13), S-E: saline — ethanol (n=14), E-S: ethanol-saline (n=5) and E-E: ethanol-
ethanol (n=8)). Kruskal-Wallis followed by Dunn’s post hoc test was used for the comparison (*p< 0.05, **p<
0.01, ***p< 0.001). Two different mouse samples were run for each treatment group and experiments were
performed in triplicates. The quantification is represented in box-and-whiskers plots, where “box” shows the
median and the 25th and 75th percentile and the “whiskers” depict the 5th and 95th percentile. Dots
represent the average value of each individual in the performed experiments.

In addition, acute ethanol injection (S-E) reduced hevin protein levels in amygdala in
comparison to the saline treatment (S-S) (S-S 100% * 15, S-E 44% + 4, p(s-s vs s-5)= 0.0471

(Figure 4.31). No changes were observed in the other brain regions assessed (Figure 4.32).
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Figure 4.31. Effect of ethanol i.p. treatment on hevin protein in mouse amygdala (AMY). A representative
Western Blot image for the mice amygdala and the graphics representing the p-actin-normalized
quantification of the hevin “130 kDa band in the four administered ethanol treatments (S-S: saline — saline
(n=6), S-E: saline — ethanol (n=7), E-S: ethanol-saline (n=6) and E-E: ethanol-ethanol (n=8)). Kruskal-Wallis
followed by Dunn’s post hoc test was used for the comparison (*p< 0.05). Two different mouse samples were
run for each treatment group and experiments were performed in triplicates. The quantification is
represented in box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile and
the “whiskers” depict the 5th and 95th percentile. Dots represent the average value of each individual in the
performed experiments.

115



Amaia Nuiez del Moral

A FRONTAL CORTEX (FC) FC~130 kDa band
. 200-
ss SE  ES  EE =
. =
Hevin qmm awe eup e emp eun emn &= ~130 kDa § 1504
A . U
. O 1
-actin e== GHD s w— S— — — 2
B-actin ‘g e S %5 100
Ex
= 50+ n
>
T
O 1 1 1 1
S-S S-E E-S E-E
HIPPOCAMPUS (HIP) 200 HIP ~130 kDa band
s-S S-E E-S E-E §
Hevin s exs eme eeo-asn ous o8 &8 ~130 kDa § 1504
)
. S o
=Tt [ [ ———— gqaloo_ i
s o
£ 507
]
T
0 1 1 1 1
S-S S-E E-S E-E
C DORSAL STRIATUM (CPu) 250 CPu ~130 kDa band
S-S S-E E-S E-E §
Hevin eue e exs e o oo o=e @ ~130 kDa § 200
m —
B-actin e == gup SND G o= = = §£ 1504 -
=)
£ x 100- é
g 504
T
0 1 1 1 1

S-S S-E ES E-E

Figure 4.32. Effect of ethanol i.p. treatment on hevin protein in mouse frontal cortex (A), hippocampus (B)
and dorsal striatum (C). A representative Western Blot image for the three brain regions (FC: frontal cortex,
HIP: hippocampus: CPu (caudate-putamen): dorsal striatum) and the graphics representing the B-actin-
normalized quantification of the hevin “130 kDa band in the four administered ethanol treatments (S-S: saline
—saline (n, FC= 11, HIP= 6 and CPu =15), S-E: saline — ethanol (n, FC= 14, HIP= 8 and CPu =12), E-S: ethanol-
saline (n, FC= 6, HIP= 5 and CPu =6) and E-E: ethanol-ethanol (n, FC= 7, HIP= 8 and CPu =8)). Kruskal-Wallis
followed by Dunn’s post hoc test was used for the comparison. Two different mouse samples were run for
each treatment group and experiments were performed in triplicates. The quantification is represented in
box-and-whiskers plots, where “box” shows the median and the 25th and 75th percentile and the “whiskers”
depict the 5th and 95th percentile. Dots represent the average value of each individual in the performed
experiments.
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4.3.1.2. Effect of ethanol treatments on hevin expression in mouse plasma

The consequences of different ethanol i.p. administrations (see section 3.2.2.) in hevin
expression levels in mice’s plasma were also analyzed. In addition to the ~130 kDa band, an
additional band with a molecular weight around 47 kDa was analyzed due to the high

immunoreactivity signal of this band in most of the samples.

The 7130 kDa plasmatic band showed similar profile to the one described in the mouse
nucleus accumbens indwith the same ethanol treatment. Specifically, mouse plasma
showed statistically significant greater levels of hevin "130 kDa band in the E-E group
(ethanol chronic treatment followed by a single dose ethanol challenge after a withdrawal
period) in comparison to the E-S group (ethanol chronic treatment followed by a
withdrawal period) (7130 kDa band: E-E 127% + 23, E-S: 62% * 26 increase, p=0.0396). It
should be noted that two individuals from the E-S group barely expressed “130 kDa band
(Figure 4.33).

In addition, mouse plasma showed high variability in the expression levels of the 47 kDa
band between individuals, with some of them expressing high levels of this form, as for two
of the E-S group, and almost undetectable levels for others. Altogether, no significant
differences in hevin expression levels were detected between the ethanol treatments for

the 47 kDa band.
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Fig. 4.33. Effect of ethanol i.p. treatment on hevin protein in mouse plasma. A representative Western Blot
for hevin in mouse plasma and its Ponceau S stain images; the graphics representing the quantification of
~130 kDa and ~47 kDa hevin bands in the mouse plasma after the four administered ethanol treatments (S-S
(n=7): saline — saline, S-E (n=8): saline — ethanol, E-S (n=7): ethanol-saline and E-E (n=8): ethanol-ethanol).
Kruskal-Wallis followed by Dunn’s post hoc test was used for the comparison (*p < 0.05). The quantification
is represented in box-and-whiskers plots, where “box” shows the median and the 25" and 75 percentile and
the “whiskers” depict the 5™ and 95 percentile. Dots represent the average value of each individual in the
performed experiments.

118



Finally, in order to assess if the expression of the lower band was the result of the cleavage
of the "130 kDa band, the ratio of the immunoreactivity of both bands was also calculated

("130 kDa/ ~“47 kDa), but no significant differences were detected between treatment

groups (Fig. 4.34).
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Fig. 4.34. Effect of ethanol i.p. treatment on hevin protein in mouse plasma. The graphic representing the
130 kDa band/47 kDa ratio in the mouse plasma after the four administered ethanol treatments (S-S (n=7):
saline — saline, S-E (n=8): saline — ethanol, E-S (n=7): ethanol-saline and E-E (n=8): ethanol-ethanol). Kruskal-
Wallis followed by Dunn’s post hoc test was used for the comparison (*p< 0.05). The quantification is
represented in box-and-whiskers plots, where “box” shows the median and the 25" and 75t percentile and
the “whiskers” depict the 5" and 95 percentile. Dots represent the ration of each individual.

4.3.2. EVALUATION OF THE EFFECT OF HEVIN DOWNREGULATION IN ASTROCYTES
OF THE NUCLEUS ACCUMBENS OF MICE ON THE REWARDING PROPERTIES OF

ETHANOL

In order to test the role of hevin in the rewarding properties of ethanol, the expression
levels of the protein were downregulated in the nucleus accumbens astrocytes by the RNA
interference strategy (see section 3.2.3.) and the consumption of ethanol in a two-bottle

choice paradigm was tested using IEA schedule (see section 3.5.5.).

4.3.2.1. Validation of the viral infection location and hevin downregulation in

astrocytes of the nucleus accumbens

In order to confirm that the viral infection was correctly performed and the downregulation
of hevin achieved in the nucleus accumbens astrocytes of the mice infected with the
AAV2.5-GFAP-EmGFP-miR-hevin (hevin knockdown mice, KD), hevin protein was
immunodetected in brain slices comprising the nucleus accumbens of perfused mice (see
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section 3.2.3. for the viral infection specifications and 3.5.6. for immunohistochemistry
assay details). In the same way, hevin immunoreactivity was also examined in brain slices
containing the nucleus accumbens from the mice infected with the control viral vector
AAV5.GFAP.eGFPWPRE.hGH (control). In both cases, green fluorescent protein (GFP) was
immunodetected as a control of the viral infection location and selectivity for astrocyte cell
type. DAPI (4',6-diamidino-2-fenilindol) was also used for the identification of the cell

bodies.

As expected, hevin knockdown mice showed almost a complete absence of the hevin
protein in the nucleus accumbens astrocytes (the low expression made the quantification
inviable). The localization of the injection and the expression of the transgene exclusively
in the nucleus accumbens was demonstrated by GFP immunofluorescence signal in both
hevin knockdown and control mice, with a very little spread to adjacent brain areas in the

left hemisphere (Figure 4.35).

Figure 4.35. Validation of hevin downregulation in the mouse nucleus accumbens (NAc) astrocytes.
Schematic representation of the viral injection performed in mouse NAc (modified from (Kaplan et al., 2011)
followed by a representative immunohistochemical image of hevihn downregulation in mouse NAc after
injection of miRNA containing viruses. Hevin immunofluorescence is shown in red, GFP in green and DAPI in
blue.

4.3.2.2. Effect of hevin downregulation in the astrocytes of the nucleus

accumbens on the rewarding properties of ethanol

In the IEA schedule (see section 3.5.5.), every day ethanol and water volumes drunk by each
mouse were measured after 4h and 8h of the begging of the experiment. Both consumption
(ingested ethanol expressed as g ethanol/kg) and preference (percentage of ethanol
consumed from the total volume) were calculated for the first 4 h (from 0 h to 4 h) and for

the last 4h (from 4 h to 8h). For the comparisons, only the third day of the setting of the
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new ethanol concentration was used, as it was assumed that a period of two days was

necessary for the mice to get used to the flavor.

The first 4 h (0-4 h) of the implemented IEA paradigm did not reveal alterations neither in
the preference nor for the consumption of ethanol at low and medium concentrations (5%,
10% and 15%, w/v) administered the first 9 days (Figures 4.36A and 4.37A). Nevertheless,
the 12t day at 20% concentration of ethanol, the consumption was significantly higher in
the hevin knockdown (KD) mice than in controls (hevin KD: 3.8 + 0.4, control: 2.7 + 0.2,
p=0.0262) (Figure 4.36A). Interestingly, the preference for ethanol between hevin
knockdown and control mice was similar (Figure 4.37A), suggesting that both ethanol and
water intake were increasing at the same time. After a period of three days of withdrawal,
when the mice were again submitted to the IEA paradigm with a 10% of ethanol
concentration, the same ethanol intake profile as for the 20% of ethanol was found, i.e. an
increased consumption in hevin knockdown mice (hevin KD: 3.3 + 0.3, control: 2.3 £ 0.2,
p=0.0379) (Figure 4.36A). In addition, hevin knockdown group showed a greater ethanol
consumption at the 12t" day with a 20% ethanol concentration in comparison to the 3™ day
at 5% ethanol concentration (5%: 2 + 0.3, 20%: 3.8 + 0.4, p=0.0072) (Figure 4.36A).
Altogether, these data show higher ethanol consumption in hevin knockdown animals, as
an effect of the withdrawal period, while no differences were observed for ethanol

preference.

In contrast, the last 4 h of the IEA experiment (from 4 h to 8 h) revealed that both, hevin

knockdown and control mice, drunk as much water as ethanol (Figures 4.36B and 4.37B).
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Figure 4.36. Effect of hevin downregulation in the nucleus accumbens astrocytes on the ethanol
consumption (A-B). Ethanol consumption quantification every third day of each ethanol concentration. The
ordinate represents the grams of ethanol per kg of mouse taken by hevin knockdown (KD) and control groups
from 0 h to 4 h of the experiment (A) or from 4 h to 8 h (B). The abscissa shows the ethanol concentration
tested. Squares show the mean + SEM from hevin KD mice values and circles show the mean * SEM from
control mice values. Mann-Whitney test was used for the comparison of the preference and consumption
between the hevin KD and controls (*p< 0.05, **p< 0.01); and Friedman followed by Dunn’s post hoc test was
used for the comparison of the preference and consumption between ethanol concentrations.
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Figure 4.37. Effect of hevin downregulation in the nucleus accumbens astrocytes on the preference for
ethanol (A-B). Ethanol preference quantification every third day of each ethanol concentration. The ordinate
represents the average of the percentage of ethanol taken by hevin knockdown (KD) and control groups from
0 h to 4 h of the experiment (A) or from 4 h to 8 h (B). The abscissa shows the ethanol concentration tested.
Squares show the mean = SEM from hevin KD mice values and circles show the mean + SEM from control mice
values.
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5. DISCUSSION






The data collected in the present Doctoral Thesis provide new and original knowledge about
the expression pattern of the matricellular protein hevin in human brain and its

involvement in the pathophysiology of AUD.

Firstly, a deep characterization of the hevin protein expression was performed using
different human tissues. Two glycosylated forms of the protein were detected in human
brain. The expression of both hevin forms was measured and compared in four postmortem
human brain areas (prefrontal cortex, hippocampus, caudate nucleus and cerebellum) and
in their respective subcellular preparations (total homogenate, cytosol and P2 fraction).
Hevin expression was also detected and compared between astrocytoma and meningioma
brain tumors. Besides, hevin was found to be expressed in human CSF and plasma, but

absent in any blood cell type.

Secondly, in order to asses if the protein hevin is implicated in AUD, hevin mRNA and protein
expression levels were compared between subjects with AUD and controls, using
postmortem human brain samples of prefrontal cortex, hippocampus, caudate nucleus and

cerebellum; which showed hevin overexpression with brain area specificity.

Thirdly, in order to determine if the alterations detected in hevin expression levels in human
brain were the consequence of the excessive and chronic consumption, adult male mice
were administered with four different ethanol regimens and hevin protein expression was
measured in these mice’s brain and plasma. The data obtained in this study suggest that
ethanol affects hevin brain expression, in a different manner depending on the brain area

and the treatment.

Finally, to further elucidate the implication of hevin in the ethanol rewarding properties and
assess whether the changes observed in humans could be related with the vulnerability to
develop AUD, hevin expression was downregulated in mice’s nucleus accumbens astrocytes
and voluntary ethanol intake was measured. The obtained ethanol consumption
measurements showed altered ethanol drinking, suggesting an involvement of hevin in the

rewarding system.

The discussion of all these data has been divided into two major sections. The first section
consists on the characterization study of hevin in human samples from control subjects. The

second section refers the data from the study of hevin’s role in AUD.
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5.1. CHARACTERIZATION OF HEVIN EXPRESSION IN HUMAN SAMPLES

5.1.1. CHARACTERIZATION OF HEVIN EXPRESSION IN HUMAN BRAIN

Although the expression of hevin protein has been widely studied in rodents’ tissues
previously (Johnston et al., 1990; Kucukdereli et al., 2011; Lively & Brown, 2008b; Mendis,
1996a, 1996b; Weaver et al., 2011; Weaver et al., 2010), the data from the first section of
the present Doctoral Thesis provide the first detailed description of hevin’s physiological
expression in human brain (Annex 1, Nufiez-delMoral et al., 2021). Two major hevin forms
of different molecular weight were detected in total homogenates of human prefrontal
cortex by Western blot, one intense band of ~130 kDa and a lower molecular weight band
of ~100 kDa, which agrees to a great extent with previous results in the literature. Hevin
immunoreactivity has mostly been described as a 120/116 kDa doublet in rat brain
(Johnston et al., 1990; Lively & Brown, 2008a, 2008c; Mendis et al., 1996b), but ~130 kDa
and 105 kDa hevin bands have also been described in human and mouse brain lysates

(Brekken et al., 2004; Kucukdereli et al., 2011; Weaver et al., 2010).

It is necessary to mention that the reliability of the Western blot results rests on a thorough
validation of the specificity of the selected antibody, which was indeed performed in this
study. Immunoreactive signal of hevin in postmortem human brain disappeared when the
antibody was previously incubated with the blocking peptide, and importantly, it was
absent in mock-transfected cells and hevin knockout mouse brain lysate. Besides, the two
hevin bands signal increased after the immunoprecipitation with the selected antibody and
disappeared when immunoprecipitated with a non-specific antibody. In addition, the
identity of the ~130 kDa and ~100 kDa immunoreactive bands were further confirmed by

the LC-MS/MS analysis.

In order to investigate the nature of the main hevin bands, the hypothetical proteolytic
relationship among them was studied first. Time- and temperature- dependent proteolysis
assays ruled out the possibility that ~100 kDa hevin form as a degradation product of the
~130 kDa form. Furthermore, these assays confirm that any of the detected hevin bands
were susceptible of the degradation by neither time nor temperature, under our

experimental conditions.
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Since several potential N-glycosylation sites have been proposed along hevin’s protein
sequence (Girard & Springer, 1995; Hambrock et al., 2003), glycosylation assays were also
performed to further study these two hevin forms using common deglycosidases.
Interestingly, both hevin bands appeared to be glycosylated as PNGaseF (a deglycosidase
that cleaves almost all N-glycosylations) cleaved both forms (Freeze & Kranz, 2010). Part
of those glycosylations corresponded to biantennary or tri-antennary fucosylation, as both
bands were sensible to EnfoF3 cleavage. In addition, some of the glycosylations in the ~130
kDa band were N-linked high-mannose hybrid glycosylations, since they were sensible to
the EndoH cleavage (Freeze & Kranz, 2010). In the ~100 kDa band PNGaseF deglycosylation
led to a ~90 kDa band, which may correspond to native hevin with a calculated theoretical
molecular weight of ~71 kDa (Johnston et al., 1990), or alternatively, to hevin with other
post-translational modifications, such as phosphorylation or O-glycosilation, which do not
confer a marked increase in the molecular weight. These results concord with those
described in rat brain lysates and mouse recombinant hevin (Hambrock et al., 2003;
Johnston et al., 1990). In particular, in a study performed on rat’s brain homogenate in
which two hevin protein bands were detected around 120 kDa and 116 kDa, both bands
were cleaved by EndoF enzyme leading to ~110 kDa and ~105 kDa bands respectively;
while, only the lower band was sensible to EndoH enzyme cleavage, leading to a band
around ~105 kDa (Johnston et al., 1990). In addition, mouse recombinant full-length hevin,
with a molecular weight around 94 kDa, was digested by both EndoF and EndoH enzymes

leading to different hevin products (Hambrock et al., 2003)

Nevertheless, the differences between the ~130 kDa and ~100 kDa bands remain unknown.
The LC-MS/MS analysis obtained in this work suggests that the difference between bands
does not correspond to splicing or protein-truncating variants. Indeed, since the average
molecular weight of an amino acid is 110 Da, the 30 kDa difference would correspond to a
difference of approximately 272 aminoacids; however all but one of the peptides found
were common for both bands and encompassed from amino acids 47-629 out the 664.
Alternatively, the most probable explanation for this difference in the apparent molecular
size may be the result of post-translational modifications. In the same way, previous
reported Matrix-Assisted Laser Desorption/lonization - Time-Of-Flight (MALDI-TOF) mass
spectrometry indicates that hevin has more than 12kDa of post-translational modifications,

which further suggests that the differences between both bands may be due to post-
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translational modifications (Hambrock et al., 2003). One of the proposals includes O-
glycosilations, with eight potential target sites in the hevin protein structure (Hambrock et
al., 2003). Another possibility is that the two bands could correspond to different isoforms

of the hevin protein, due to the alternative splicing of the hevin mRNA (Viloria et al., 2016).

In addition to the post-translational modifications, the discrepancy between the expected
hevin molecular weight (~71 kDa) and the protein migration in the SDS-PAGE has been also
related to the following possible factors: i) hevin could form homodimers and, thereby, the
migration of the band appears the double of its molecular weight (~71 kDa vs ~140 kDa) or
ii) because its high content of acidic residues confers a great negatively charged domain,
producing the abnormal migration (Bendik et al., 1998; Brekken et al., 2004; Claeskens et
al., 2000; Girard & Springer, 1996; Hambrock et al., 2003).

In this Doctoral Thesis, the characterization of hevin forms was further studied in regard to
their enzymatic proteolysis by enzymes that endogenously cleave hevin in mice tissue and
in the recombinant protein, but had never been studied in human hevin before. Proteolysis
of hevin by ADAMTS4, MMP-3 and thrombin liberates the C-terminus portion of mouse and
recombinant hevin (amino-acids 350-650), which possess 60% of identity to SPARC, and
hence was named SPARC-Like fragment or SLF (Kucukdereli et al., 2011; Weaver et al., 2011;
Weaver et al.,, 2010). SLF, like SPARC, antagonizes the synaptogenic activity of hevin
(Kucukdereli et al., 2011). Furthermore, increased MMP-3 activity in the early phases after
brain injury has been negatively correlated to hevin-calcyon interaction and impairing of
hevin-mediated synaptogenesis, due to the MMP-3 Induced cleavage of hevin (Kim et al.,
2021b). The data of the present Doctoral Thesis confirmed for the first time that human
hevin is cleaved by these three enzymes. Incubation of human prefrontal cortex total
homogenate samples with ADAMTS4 or MMP-3 produced a double band with similar
molecular weight (~40 kDa) to that described in mouse brain (Weaver et al., 2011; Weaver
et al., 2010). By contrast, the cleaved product of the recombinant human hevin was larger
(~47 kDa). Differences in post-translational modifications in hevin prefrontal cortex or
recombinant protein (in this case produced in a mouse myeloma cell line) could explain the
observed molecular weight differences of the cleaved product. Hevin proteolysis by
thrombin produced very different molecular weight fragments in both PFC and
recombinant proteins, due to thrombin nonspecific cleavage sites (Rajalingam et al., 2008).

Regardless of the protease identity, in vivo endogenous digestion of hevin in human brain
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tissue also occurs, since the hypothetical SLF fragment was also detected in non-digested
prefrontal cortex samples, despite very low levels compared to full-length hevin.
Biochemical studies in ADAMTS4—null mice suggest that hevin is endogenously digested
primarily by ADAMTS4, at least in the cerebellum (Weaver et al., 2010). Nevertheless, it has
not been performed any similar in vivo study about the effect of the absence of MMP-3
and thrombin enzymes on hevin proteolysis, nor a direct comparison between these

enzymes’ activities with that of ADAMTS4 in brain tissue.

In the research on psychiatric diseases, studies using postmortem human tissue are of high
value, since they represent the biological substrate of disease (the human) and include the
environmental factors that can not be mimicked in animal models (Meana et al., 2014).
However, the complexity of the samples makes it essential to consider some demographic
and clinical measures as confounding factors, such as sex, age, PMD and storage time
(McCullumsmith et al., 2014). In order to detect the influence of these variables in the
expression of the hevin ~130 kDa and ~100 kDa bands, an immunoblot assay of a large
cohort of control subjects composed of a total of 29 prefrontal cortex samples (11 of them
females and 18 males) was performed. None of the confounding factors showed a
significant correlation with the immunoreactivity signal of both hevin bands in our study.
In terms of the differences between sexes, although no direct study on hevin protein has
been performed, an analysis of the hevin’s transcriptome on rat CNS tissue microglia did
not show sex differences (Ewald et al., 2020). Furthermore, studies on tissue of patients
with gastric adenocarcinoma or rectal cancer showed that the differences observed in
hevin expression were independent of the sex factor (Jakharia et al., 2016; Kotti et al.,
2014). However, a great correlation was detected between the ~130 kDa and ~100 kDa
bands expression (i.e. subjects with intense ~130 kDa band also showed strong ~100 kDa
band, and inversely), suggesting that the expression level of both hevin forms is commonly

regulated.

5.1.2. HEVIN EXPRESSION IN HUMAN BRAIN, ASTROCYTOMA AND MENINGIOMA
BRAIN TUMORS, CEREBROSPINAL FLUID AND BLOOD

In order to determine the subcellular expression profile of the two hevin forms in human
brain, different subcellular fractions were prepared: total homogenate, cytosol and P2

fraction. The correct fractionation was confirmed by the enrichment of cytosolic proteins
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(stathmin and IkBa) in the cytosolic (soluble) fraction and their impoverishment in the P2
fraction; and, conversely, the enrichment of synaptic proteins (syntaxin1lA, VGLUT1, NR2A
and PSD95) specifically in the P2 fraction, with relatively much lower expression in the
cytosolic one. Thus, consistent with the wealth of experimental evidences showing hevin
expression in synaptic junctions (Hambrock et al., 2003; Johnston et al., 1990; Mendis et
al., 1996b; Singh et al., 2016), it was found that both human hevin forms, ~130 kDa and
~100 kDa, are strongly enriched in membranous, P2, fraction compared to cytosolic
preparations in all brain regions tested. The enrichment in membrane preparation suggests
that hevin is trapped in the complex mesh-like matrix of the synapses. However, hevin’s
presence (albeit lower) in the cytosolic fraction reflects its soluble nature and indicates that
it can also attach to different targets before being secreted into the ECM (Ge et al., 2020;
Hambrock et al., 2003; Sullivan et al., 2006).

Additionally, the two human hevin immunoreactive bands were detected in the four brain
regions studied (prefrontal cortex, hippocampus, caudate nucleus and cerebellum), with
the largest expression detected in the prefrontal cortex. This data is similar to the regional
expression of hevin mRNA shown in mouse brain, with a strong expression in cortical
regions (Mongrédien et al., 2019). Our group has previously observed also in adult human
brain, that hevin mRNA is expressed in prefrontal cortex and caudate nucleus (Mongrédien
et al., 2019). Thereby, the present results confirm that hevin mRNA is translated in adult
human brain and add evidence for a region-specific expression of hevin. Importantly, the
strong cortical expression of hevin detected in the present Doctoral Thesis, together with
the previous evidences showing its role in the promotion of the glutamatergic synapses
formation, maintenance and function (Espirito-Santo et al., 2021; Gan & Stidhof, 2019,
2020; Kim et al., 2021b; Kucukdereli et al., 2011; Risher et al., 2014; Singh et al., 2016),
suggests a major role of hevin in higher cognitive functions such as decision-making, social
and emotional behavior, learning and memory. The expression of two post-translationally
distinct forms of hevin with brain area specificity may suggest a particular role in adult

physiological brain function.

Besides being expressed in the non-pathological brain, previous studies have demonstrated
that hevin protein expression is induced in reactive astrocytes (Jones & Bouvier, 2014;

Lively et al., 2011; McKinnon & Margolskee, 1996; Mendis et al., 2000), and abnormal
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astrocyte activation has been related with tumor formation, such as astrocytoma (Gronseth
et al., 2018; Yang et al., 2013). Upregulated hevin mRNA expression has also been reported
in human meningioma or meningeal tumors (Dalan et al., 2017), which are typically slow-
growing tumors of the meninges, where the arachnoid mater cells transform into
meningioma cells (Buerki et al., 2018; Fathi & Roelcke, 2013). However, these studies did
not distinguish between the different hevin forms. The data of the present Doctoral Thesis
show that astrocytoma samples exhibited greater hevin immunoreactivity than
meningioma samples, in both hevin bands, and the ~130 kDa isoform expression was
increased in the astrocytoma samples in comparison to healthy brain tissue. However, no
significant differences in the relative expression (ratio) of the ~130 kDa and ~100 kDa bands
were detected between both types of tumors, suggesting that astrocytoma and
meningioma tumors present similar alteration of both bands. These results are consistent
with the well-known role of hevin and other ECM molecules in tumor invasion, and the
proposal of hevin as a marker of glioblastoma and astrocytoma progression (He et al., 2016;
Turtoi et al.,, 2012; Virga et al.,, 2018). Nevertheless, the fact that hevin expression is
downregulated in other types of human cancers (e.g. prostate and colorectal cancers,
gastric adenocarcinoma) (Han et al., 2018; Hurley et al., 2012; Jakharia et al., 2016; Nelson
et al., 1998), has suggested that it may play different roles in tumor biology, as both
oncogene and tumor suppressor, based on tumor type (Gagliardi et al., 2017). Overall,
hevin’s implication in cell adhesion, migration and proliferation highlight its role as a key
protein in the regulation of tumor biology (Claeskens et al., 2000; Gagliardi et al., 2017;
Sullivan & Sage, 2004).

Finally, the expression pattern of hevin in CSF and blood samples was also evaluated. The
present data demonstrate that both hevin forms are secreted into the CSF in subjects
without any psychiatric or neurological disorders. In contrast, a previous study showed that
hevin protein was absent in normal/control CSF, albeit being upregulated in the CSF of
multiple sclerosis patients (Hammack et al., 2004). As mentioned in the cited article, due
to the sensitivity of the used proteomics it is possible that the hevin levels in the CSF of
controls were undetectable, while the samples of patients with multiple sclerosis
presented higher levels of hevin (Hammack et al., 2004). However, the origin of CSF hevin
remains unknown; it may originate from brain’s astrocytes and/or neurons, meninges or
anywhere in the periphery, and arrive by bloodstream. In addition, although hevin was
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clearly detected in blood plasma, none of the blood cell expressed it (platelets, erythrocytes
and leucocytes). It suggests that the hevin present in blood derives from other organs
where it is expressed, such as brain, liver, stomach, small intestine, esophagus, lung
pancreas, heart, spleen or kidney (Bendik et al., 1998; Johnston et al., 1990; Klingler et al.,
2020; Soderling et al., 1997; Weaver et al., 2011; Weaver et al., 2010). Interestingly, it was
noted that, while ~130 kDa band was present in both CSF and serum, the ~100 kDa band
was absent in these samples, and a novel ~90 kDa band was detected. This band may
correspond to non-glycosylated form, as shown in deglycosylation assays. The different
proportion of the two detected hevin forms in CSF and in blood suggests a different
glycosylation/deglycosylation pattern and/or a different source of origin for hevin in each

fluid (Barone et al., 2012; Karlsson et al., 2017).

Overall, the data from this section provide the first thorough characterization of hevin
protein expression in postmortem human brain tissue. The data herein presented reveal
that there are two forms of hevin, both glycosylated, whose expression is higher in the
membrane-enriched fraction compared to the cytosolic (soluble) fraction. Furthermore,
hevin expression is higher in the prefrontal cortex in comparison to other brain regions and
in astrocytoma brain tumors in comparison to healthy tissue. It is also shown that hevin is
expressed in human CSF and blood plasma, but not in blood cells, suggesting a potential
role as a brain biomarker in these fluids. Taken together, these results constitute an
essential resource for future studies of hevin in brain tissue under different pathological

and non- pathological conditions.
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5.2. THE ROLE OF HEVIN IN ALCOHOL USE DISORDER

5.2.1. HEVIN’S mRNA AND PROTEIN EXPRESSION LEVELS IN THE PREFRONTAL
CORTEX, HIPPOCAMPUS, CAUDATE NUCLEUS AND CEREBELLUM OF SUBJECTS WITH
ALCOHOL USE DISORDER

As it has been previously reviewed in the introduction, studies over the last decades are
providing strong evidence about the implication of matricellular proteins in neuronal
plasticity. In this way, the peculiarities of the protein hevin, such as its high expression in
adult brain and its ability to promote synapse formation, have placed this protein in the

focus of many studies in neuropsychiatric diseases.

In the present project, the main objective was to elucidate the possible implication of the
protein hevin in AUD. For that purpose, hevin mRNA and protein expression levels were
determined in postmortem human brain samples from subjects with no antemortem
history of any neuropsychiatric disease (control group), subjects with antemortem
diagnosis of AUD (AUD group) and subjects with antemortem diagnosis of major depression
(depression group). Similarly to previous works performed using postmortem human
samples, the depression group was included as a control of disease’s specific changes
(Erdozain et al., 2015; Ramos-Miguel et al., 2019; Rivero et al., 2015). It is important to note
that each AUD and depression subject was matched by sex, age and PMD to a control, in
order to avoid any confounding effect. Nevertheless, as it has been previously shown in the
first part of this Doctoral Thesis, none of these demographic characteristics affected hevin

expression (section 4.1.5).

Four brain areas were studied in the present study: prefrontal cortex, hippocampus,
caudate nucleus and cerebellum. These regions were selected based on different aspects
of AUD. Briefly, the prefrontal cortex was selected due to its crucial role on executive
functions and cognitive control, such as decision-making, emotional control and impulse
inhibition, among others (Abernathy et al., 2010; Friedman & Robbins, 2022; Jones & Graff-
Radford, 2021). The hippocampus, was chosen because of its involvement on the memory
consolidation, emotional processing, social cognition, motivation and, therefore, in the
establishment of drug-context associations (Kennedy & Shapiro, 2009; Kutlu & Gould, 2016;
Zhu et al., 2019). The caudate nucleus, together with the putamen, conform the main input

nuclei of the basal ganglia and takes part in motivation, learning, feed-back processing and
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goal-directed behaviors (Driscoll et al., 2022; Grahn et al., 2008). Last, the cerebellum was
selected due to its role not only in the motor coordination, which is highly affected in long-
term AUD, but also due to its involvement in the drug-related cue-memories (Miquel et al.,
2016). Importantly, all these brain regions are functionally and structurally affected due to
the excessive alcohol consumption, alterations that are shortly reviewed in the section

1.1.3.2.

Hevin gene expression was measured using the RT-qPCR technique, showing that, in the
AUD group, every studied brain region presents higher relative hevin mRNA levels in
comparison to the control group. No differences were detected between the depression
and control group. In order to see if the same changes were observed in the protein levels,
the immunoreactivity of the two previously detected hevin bands, at a molecular weight of
~130 kDa and ~100 kDa, was analyzed by Western blot and compared between the three

groups of study.

The analysis of hevin protein expression was performed using the post nuclear total
homogenate- preparations from each brain region. This fraction was used in order to
increase the sample purity by the elimination of the nuclear fraction; and it was selected
considering that it contains both fractions in which hevin is expressed (cytosolic and P2

fractions), as previously reported in the study of the subcellular distribution of hevin.

In this case, the results were not homogeneous for all brain areas. In accordance to the
relative mRNA levels, the prefrontal cortex and cerebellum of the AUD group showed
increased expression levels of the ~130 kDa and ~100 kDa hevin protein forms, in
comparison to the control group; while, only the ~100 kDa band of the hippocampus
presented higher signal than in the control group. In contrast, the hevin mRNA
overexpression in the alcoholic group was not replicated in the protein expression in the
caudate nucleus. As previously, the depression group did not show differences in the

expression of the hevin protein in comparison to the control group.

Despite of this consistent data showing an overexpression of the hevin transcript in AUD,
the mRNA levels of a cell does not have to necessarily correlate directly with the translated
protein levels and/or function. There are many molecular mechanisms that take part in the
gene expression pathway, which could explain the dissimilarities between the gene and
protein expression (Buccitelli & Selbach, 2020; Greenbaum et al., 2003). For instance:
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Firstly, mRNA alternative splicing can lead to different protein isoforms, as it has been
proposed in order to explain the different hevin isoforms of around 110 kDa, 49 kDa and
39 kDa found in a pancreatic cell line (Viloria et al., 2016). Specifically, in this work an
alternative splice variant of hevin lacking the signal peptide was detected by analyzing the
splice variants and coding sequences databases. By RT-gPCR performed in this study,
different hevin mRNA splice variants could be being detected and measured as a single
transcript; while, by Western blot, both hevin isoforms (~130 kDa and ~100 kDa forms) are
being measured independently. Thus, the differences between the AUD group and control

group reported for the transcript would be diluted in the protein quantification.

Secondly, alternative polyadenylation phenomenon can cause the production of different
protein isoforms. The polyadenylation of the pre- mRNA at the 3’-untranslated regions
(3’UTRs) prevents its enzymatic degradation and mediates its export from the nucleus
(Stewart, 2019; Zhang et al., 2021). Thus, improper functioning of polyadenylation
polymerases in specific brain areas such as caudate nucleus could be causing hevin mRNA
degradation or export blockade. In fact, in neurodegenerative diseases such as
amyotrophic lateral sclerosis, Parkinson’s and Alzheimer’s diseases, different alternative
polyadenylation profile has been identified among brain regions (Patel et al., 2019).
Although there are still few evidences of the consequences of the polyadenylation
alterations on disease, its implication in AUD is emerging with some preliminary studies
trying to find alternative polyadenylation variants related to different alcohol consumption
behaviors (Lusk et al., 2022). Furthermore, as one pre- mRNA might have more than one
polyadenylation site, the mRNA can be cleavage or polyadenylated in different ways,
creating many isoforms (Stewart, 2019; Zhang et al., 2021). Hevin mRNA presents more
than one polyadenylation site, and, therefore, alternative polyadenylation could be
mediating also the expression of different forms of the hevin protein (Jiang et al., 2022;

Shen et al., 2022; Zhang et al., 2022).

Apart from the splicing or the polyadenylation of the 3’-terminus mentioned above, the
mRNA suffers many other modifications to be transported from the nucleus to the
cytoplasm or to be degraded. One is the capping of the 5’-terminus, a biological process
that can alter the mRNA transport, and in which are involved many enzymes (Ramanathan

et al., 2016).
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Fourthly, a mRNA expressed in a given neuron can in some cases travel through the
dendrites and axons to reach very distant sites, before being locally translated into protein
(Das et al., 2019; Rodrigues et al., 2021) and this could in part explain the differences
between mRNA and protein levels detected in the caudate nucleus. Thus, hevin mRNA may
travel through the abundant inhibitory medium spiny neurons projections to be translated
and secreted in other brain areas with higher glutamatergic synapse density or activity,
such as prefrontal cortex, cerebellum or hippocampus, in agreement with the hevin protein
overexpression detected in this brain areas (Consalez et al., 2021; Ferguson & Gao, 2018;
Vigneault et al., 2015). In this way, hevin mRNA in the caudate nucleus may correspond to
its expression in GABAergic parvalbumin local interneurons, while the mRNA and protein
expression in glutamatergic projection neurons would be detected in other brain regions.

(Gan & Sudhof, 2020; Mongrédien et al., 2019).

Fifthly, even if the same unique transcript would be mediating the ~130 kDa and ~100 kDa
protein translation, post-translational modifications (phosphorylation, ubiquitylation,
glycosylation, addition of glycosaminoglycans) give rise to different hevin proteins and their
subsequent independent detection and analysis, as it has been demonstrated in the
present Doctoral Thesis (Buccitelli & Selbach, 2020). In fact, as mentioned before, the ~30
kDa difference in the molecular weight between the both bands might be caused by a wide
range of post-translational modifications; some of them (e.g. ubiquitination) which could
be mediating greater hevin protein degradation in the AUD group than in the control group,
specifically in the caudate nucleus (Ravid & Hochstrasser, 2008). Indeed, altered
transcriptome of elements implicated in the ubiquitination system have been reported in
different brain areas of mice exposed to ethanol (Liu et al., 2006; Liu et al., 2022; Mignogna

et al., 2019).

Finally, in the human brain both hevin forms are sensible to the cleavage by two proteases,
ADAMTS4 and MMP-3. The activity of these enzymes might be regulating the levels of hevin
~130 kDa and ~100 kDa forms, as well as the ~47 kDa double band, identified as the possible
SLF fragment. Therefore, it is possible that the activity or expression of these enzymes
modulate the presence of hevin protein in response to ethanol with brain region specificity.
Despite the current lack of information about the regional expression of ADAMTS4 and
MMP-3 in the literature, there is an open access platform named The Human Protein Atlas

(www.proteinatlas.org), that integrates and combines data from transcriptomics, single-
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cell genomics, in situ hybridization and protein profiling (Sjostedt et al., 2020). This website
collects data from ADAMTS4 RNA-seq in human brain, showing that this protease is
expressed with brain region specificity. In particular, ADAMTS4 is primarily expressed in
basal ganglia, cerebellum and midbrain and, in a less extent, in the thalamus, hippocampus,
hypothalamus and amygdala (data available from

https://www.proteinatlas.org/ENSG00000158859-ADAMTS4/tissue). However, currently

there is not reported data for the MMP-3 enzyme in the Human Brain Atlas. Importantly,
the present Doctoral Thesis reveals that the hevin protein is altered in the brain of
individuals suffering from AUD. Specifically, an overexpression of the ~130 kDa and ~100
kDa hevin forms in the prefrontal cortex and cerebellum, and of the ~100 kDa form in the
hippocampus was detected in the AUD group in comparison to the control group. Even if
the mechanisms underlying this feature or its consequences are difficult to determine in

humans, several hypotheses can be postulated.

Hevin promotes the formation and maintenance of excitatory synapses specifically and
modulates the refinement and stabilization of dendritic spines (Gan & Stidhof, 2019;
Kucukdereli et al., 2011; Risher et al., 2014; Singh et al., 2016). Therefore, the upregulation
of hevin expression could be implicated in the profound structural rearrangement or
adaptation that occurs in AUD (Avchalumov & Mandyam, 2020; Gass & Olive, 2012). Indeed,
previous works have reported important loss in neurons, dendritic spines and neuronal
structural proteins in AUD subjects (Bengochea & Gonzalo, 1990; Erdozain et al., 2014;
Ferrer et al., 1986; Gass & Olive, 2012; Labisso et al., 2018). Furthermore, as previously
mentioned (section 1.1.3.2), chronic alcohol consumption causes a loss of volume in the
brain areas in which an increase of the hevin protein appears to be expressed (i.e. prefrontal
cortex, cerebellum and hippocampus). Hevin increase could thus be an adaptive

mechanism triggered in order to counteract ethanol’s effects on neuronal structure.

Besides, at a molecular level, hevin increases NMDA receptor content and their function
(Gan & Stidhof, 2019, 2020; Singh et al., 2016). Hence, hevin could also mediate part of the
synaptic plasticity occurring after chronic ethanol, such as long-term potentiation and
NMDA receptor- dependent plasticity, as it has been widely described in preclinical studies
as well as in postmortem human brain from subjects with AUD (Avchalumov & Mandyam,
2020; Burnett et al., 2016; Freund & Anderson, 1996; Loheswaran et al., 2017; Michaelis et

al., 1993). Interestingly, despite its high expression in GABAergic parvalbumin interneurons,
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hevin does not modulate inhibitory synapse formation or their transmission (Gan & Siidhof,
2020; Mongrédien et al., 2019). Hence, the increase in hevin expression matches with the

GABA/glutamate brain imbalance caused by alcohol (Wang et al., 2021).

Overall, the proposed hevin induced enhance in the excitatory transmission in the
prefrontal cortex, cerebellum and hippocampus could be mediating the cognitive
dysfunction and habituation of the behavior, which has previously been related to the

glutamatergic signaling disruption in AUD (Burnett et al., 2016). In particular:

The prefrontal cortex is one of the main responsible areas for inhibitory control of the
consumption and, thus, it moderates the drug craving and seeking behaviors. However,
when the glutamatergic homeostasis is lost, the prefrontal cortex is overactivated and is not
able to control properly these behaviors, thus promoting the preoccupation and
anticipation of the drug consumption (Fish & Joffe, 2022; Yang et al., 2022). It is possible
that hevin is taking part in this phase of the addiction cycle, due to its functions in the
glutamatergic signaling. In regard to the cerebellum, during ethanol withdrawal the
increase in the glutamatergic signaling has been related with neuron degeneration and the
subsequent locomotor disturbances (i.e. ataxia) (Jung, 2015). Furthermore, the cerebellum
controls the dopamine release in the prefrontal cortex through two glutamatergic
pathways that reach the VTA, which suggest that it participates in the reward system
(Miquel et al., 2016). The glutamatergic system also mediates the drug-induced
sensitization in the cerebellum (Palomino et al., 2014). Although, further evidences are
necessary to determine the implication of the cerebellar excitatory transmission in
addiction disorders, hevin could be boosting all this processes in AUD by strengthening

glutamatergic synapses.

In the same way, there is huge evidence in humans about the ethanol-induced
hyperglutamatergic state in the hippocampus (e.g. elevated glutamate levels, increased
expression of NMDA and AMPA receptors, downregulation of glutamate transporters)
(Alasmari et al., 2018; Frischknecht et al., 2017). Since the hippocampus plays a critical role
in the regulation of emotions, as well as in the contextual emotional memory, which are
tightly regulated by the glutamatergic system, hevin might take part in the ethanol-related
consolidation of memories and emotional dysregulation that occurs in AUD (Goncalves-

Ribeiro et al., 2019; Joyce et al., 2022).
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On the other side, since hevin expression is increased in reactive astrocytes (McKinnon &
Margolskee, 1996), another possible link between hevin overexpression and alcohol intake
could be the astrocytic reactivity produced by alcohol (Tagliaferro et al., 2002). In fact,
altered astrocytic gene expression has been reported in patients with AUD (Flatscher-Bader
et al., 2005; Liu et al., 2007; Mayfield et al., 2002). Nevertheless, the large evidence on the
ethanol-induced astrogliosis in preclinical models make more appropriate to discuss this

hypothesis below, in the section referred to the results in animals (section 5.2.2).

Despite of the previously mentioned differences between the hevin mRNA and the protein,
there is a linear correlation between the ~130 kDa and ~100 kDa bands immunoreactive
signal in all brain regions for the three groups of study (Annex 3A-D). The linearity on the
two bands expression shows that the both of them have similar expression pattern, when
one is highly expressed, so is the other. This is especially relevant in the case of the
hippocampus, in which, although the increase in the ~130 kDa band in the AUD group in
comparison to controls did not reach statistical significance, the ~100 kDa band did.
Therefore, the correlation in the expression between the both bands in both groups (AUD
group: r=0.8954, p<0.0001; Control: r=0.8491, p<0.0001) suggests that the ~130 kDa band
may also be overexpressed in the hippocampus of AUD subjects, albeit not reaching

statistical significance in our study.

Moreover, these data suggest that the extent of hevin’s alterations in AUD are specific for
each brain region: (i) percentage of increase, ii) whether the increase is observed in both
protein and mRNA levels or only mRNA levels. Even if hevin’s overexpression in subjects
with AUD could be associated to the overall toxicity of the molecule, these region-
dependent effects might suggest that hevin has a specific role in AUD’s pathophysiology
(Zink et al., 2020). In fact, distinct effects on synaptic plasticity has been reported depending
on the phase of the dependence (acute and chronic intake, withdrawal or abstinence) and

the brain region studied (Abrahao et al., 2017; Avchalumov & Mandyam, 2020).

Finally, consistent with a previous study and the results from the hevin transcript analysis,
hevin protein expression was unaltered in the depression group, which was used as a
control for disease specificity (Teyssier et al., 2011). This suggest that the alterations on the

protein hevin might be characteristic for addictions disorders.
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5.2.2. EFFECT OF ETHANOL TREATMENT ON THE EXPRESSION LEVELS OF THE
PROTEIN HEVIN IN MOUSE BRAIN AND PLASMA

The data obtained in present Doctoral Thesis from the postmortem human brain raised the
guestion of whether hevin overexpression is induced by ethanol or whether it is a pre-AUD
state, suggesting vulnerability. In order to tackle this question, first a preclinical animal
model of AUD was used to study the effects of ethanol administration on hevin protein

expression and presence in both brain and plasma.

The C57BL/6J strain was selected since is the most widely used strain in neurobehavioral
research and it has special sensitivity to addiction (Rhodes et al., 2007; Sloin et al., 2022).
C57BL/6J male mice were injected i.p. with 1.75 g ethanol/kg, due to the ability of this dose
to produce place preference in mice (Nocjar et al., 1999). Mice were submitted to four
different ethanol treatments, which allowed the observation of the consequences of no
alcohol consumption (S-S group), ethanol’s acute effect (S-E group), the withdrawal effect
(E-S group) and the effect of reinstatement after a withdrawal period (E-E group) (Bahi &
Dreyer, 2012). The study of the withdrawal period outcome is of great interest since, as
previously mentioned, the absence of the drug leads the brain in a hyperglutamatergic state
and enhances stress and anxiety- like responses which produce neuroadaptative changes

(Gerace et al., 2021; Hashimoto & Wiren, 2008; Patel et al., 2022; Yang et al., 2022).

The study of hevin expression in mouse brain was performed using total homogenate
preparations, as the small amount of sample available from brain punches did not allow the
use of post nuclear preparations (which was performed in the human brain study). Cortico-
limbic brain regions involved in the neurocircuitry of drug addiction were selected, in
particular nucleus accumbens, dorsal striatum (caudate nucleus and putamen), frontal
cortex, hippocampus and amygdala (Koob & Volkow, 2016). In addition to the other brain
areas mentioned before, the nucleus accumbens was selected as it is the main core of the
mesocorticolimbic reward system and the amygdala due to its role in the reinforcement of
negative emotional responses during alcohol withdrawal (Koob & Volkow, 2010; McCool,

2021; Roberto et al., 2021).

In respect to the mice’s brain Western blot analysis, only the main band of around ~130
kDa was detected in mice’s cerebral tissue, which is consistent with previous reports in the

literature (Brekken et al., 2004; Danjo et al., 2022; Kucukdereli et al., 2011; Wallingford et
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al.,, 2017; Weaver et al., 2010). Regarding the study of the ethanol’s acute effects on hevin
expression, only the amygdala and the nucleus accumbens showed alterations after the

ethanol treatment in comparison to the saline treatment.

In the amygdala, a decrease in hevin levels was observed after a single dose of ethanol, but
not after chronic ethanol administration. In this context, acute and low doses of ethanol
inhibit excitatory transmission and increase dendritic spines in rodents’ amygdala,
coinciding with anxiolytic effects (Harrison et al., 2017; Pandey et al., 2008; Roberto et al.,
2021). Therefore, and according to the possible role of hevin in regulating the glutamatergic
signaling and neuroplasticity in response to ethanol, hevin could be also taking part in the
ethanol-mediated inhibition of the excitatory transmission in the amygdala. In contrast,
chronic ethanol treatment increases glutamatergic transmission in rodents, causing
tolerance to ethanol anxiolysis, while repeated withdrawal periods normalize dendritic
arborization (Avegno et al., 2021; Pandey et al., 2008; Roberto et al., 2021; You et al., 2014).
Although neither the ethanol withdrawal nor the reinstatement to which were submitted
the mice produced alterations on hevin expression in the amygdala, it is possible that a
prolonged ethanol treatment would be needed to activate the compensatory mechanisms

in this key region.

On the contrary, in the nucleus accumbens, hevin was overexpressed only with a challenge
dose after withdrawal, while no changes were observed after acute ethanol injection. It has
already been described that chronic ethanol exposure and withdrawal in rodents’ nucleus
accumbens produces alterations in dendritic spine number, structure and organization,
higher glutamate levels, as well as an increase in NMDA and AMPA receptors expression
and function (Griffin et al., 2014; Ji et al., 2017; Kircher et al., 2019; Laguesse et al., 2017,
Peterson et al., 2015; Uys et al., 2016; Zhou et al., 2007). This suggests that hevin increase
observed in the nucleus accumbens could be the compensatory response to the ethanol-
related glutamatergic inhibition. In this way, it is known that ethanol-mediated
hyperglutamatergic state after prolonged intake is mediated, in part, by the increase in the
NR2B containing NMDA receptors and their function (Burnett et al., 2016). Indeed, hevin
increases the activity of these specific receptors (Chen et al., 2022; Singh et al., 2016).
Furthermore, these results are also coherent with the alterations found in human brain,

taking into account the high probability for alcoholic patients to experience withdrawal
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periods followed by a relapse, even if this precise information was not available for the

subjects included in the present Doctoral Thesis (Becker, 2008).

Overall, while changes in hevin’s levels in the amygdala could be implicated in the acute
alcohol experience, the increased hevin expression in the nucleus accumbens after chronic
ethanol exposure suggests that hevin might also participate in the long-term adaptation to

ethanol.

As noted, mouse and human brain showed different pattern of hevin expression levels in
several regions (i.e. prefrontal cortex, hippocampus) after alcohol exposure. This difference
could be explained by two essential factors largely discussed in the literature previously: i)
the different regimen of alcohol exposure (time course, total drug intake and probable
withdrawal period) which arises the question of what is the necessary cumulative effect of
the drug to cause neuroplasticity, and ii) different psychosocial and environmental stressors

(Koob & Volkow, 2010; Mackinnon et al., 2019).

How chronic alcohol exposure increases hevin brain expression remains unknown. Hevin
has been found increased in reactive astrocytes in several pathological conditions, such as
pilocarpine-induced epilepsy and ischemic models (Lively et al., 2011; Lively & Brown,
2007a, 2008b, 2008c; McKinnon & Margolskee, 1996). Both hevin expression and astrocytic
activation and density are modulated by regulators of neuroinflammation (i.e. IL-10
induces hevin expression) (Blakely et al., 2015; Bull et al., 2014; Miguel-Hidalgo et al., 2006).
Although in the present study the astrocytic reactivity has not been measured, since
chronic ethanol intake induces reactive astrocytes (Tagliaferro et al., 2002; Teng et al.,
2015; Vilpoux et al., 2022) and the upregulation of IL-10 (Patel et al., 2021), a possible
explanation is that ethanol-induced astrogliosis led to the observed upregulation of hevin

expression.

Regarding the study of hevin protein in the ethanol treated mice’ plasma, two hevin bands
were detected, the already described ~130 kDa band and additional band of around 47 kDa.
Similar expression profile was obtained for the ~130 kDa band compared to that of the of
nucleus accumbens, with increased hevin expression with a challenge dose after
withdrawal. In this case, the increase was statistically significant only in comparison to the
withdrawal period. However, the expression of ~¥47 kDa band appeared to be highly variable
within the experimental groups, with some cases showing great immunoreactive signal and
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other ones almost it absence. Although the identity of this band is not completely
determined, it is possible that it corresponds to the hevin proteolytic cleavage product
named SLF previously described at around 37-43 kDa for the murine hevin (Weaver et al.,
2011; Weaver et al., 2010). Nevertheless, further experiments would be needed to verify
the nature of this band and if its expression variability is due to altered activity of specific
enzymes, such as ADMATS4 or MMP-3 which are present in plasma (Collazos et al., 2015;
Kalebota et al., 2022; Zha et al., 2010).

The origin of hevin protein in blood plasma is still uncertain. As it has been demonstrated
in the present Doctoral Thesis, hevin is not expressed by any blood cell type, but is
expressed in other tissues than the brain, such as lung (Bendik et al., 1998), endothelial
cells of high endothelial venules (Girard & Springer, 1995, 1996) or stomach (Klingler et al.,
2020). The increase of the hevin ~130 kDa band in the plasma of ethanol-treated mice,
suggests that hevin could be used as a biomarker in AUD relapse, as it has been proposed
in the progression of the traumatic brain injury, severity of ischemic stroke,
neurodegenerative diseases and several cancers (Ambrosius et al., 2018; Huang et al., 2019;

Lau et al., 2006; Yin et al., 2009).

5.2.3. EFFECT OF HEVIN DOWNREGULATION IN THE ASTROCYTES OF THE NUCLEUS
ACCUMBENS ON THE ETHANOL REWARDING PROPERTIES

In order to test the potential role of hevin on alcohol consumption, RNA interference
strategy was used to downregulate hevin expression in the nucleus accumbens astrocytes,
where it is essentially expressed (Mongrédien et al., 2019). Then, the consequence of hevin
manipulation was evaluated in the intermittent ethanol access (IEA) model of voluntary
ethanol intake. This animal model is one of the most used to study ethanol intake, since it
induces ethanol intake escalation (Rosenwasser et al., 2013). Furthermore, the ethanol
intake schedule has been selected based on the literature, since it allows to observe the

effects of an abstinence period in the consumption reinstatement (Portero-Tresserra et al.,

2018).

The downregulation of hevin was performed using hevin micro-RNA, a highly valuable tool
that allows the selective repression of a given mRNA by promoting its degradation

(Svoboda, 2020). The immunohistochemistry analysis of every mouse used in the study
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verified the specific hevin knockdown and/ or the GFP expression in the astrocytes of the

nucleus accumbens.

The obtained results indicate a disrupted reward system when hevin is downregulated.
Specifically, in the first 4h, higher ethanol consumption was observed in hevin knockdown
mice in comparison to control mice, in two cases: i) at high ethanol concentration (20%)
administered after 12 days of intake, and ii) after three days of withdrawal with a medium
ethanol concentration (10%). These findings suggest that ethanol addiction and withdrawal
are associated with dysregulated hevin signaling. Since hevin increases excitatory synaptic
plasticity, knocking-down hevin might disrupt the glutamatergic plasticity involved in the
rewarding effects of ethanol (Alasmari et al., 2018; Griffin et al., 2014), making it necessary

to increase alcohol consumption in order to reach the same hedonic response.

The effects of the hevin knockdown in the nucleus accumbens astrocytes on the ethanol
intake, together with the observed increase in hevin expression in the nucleus accumbens
after the reinstatement of the ethanol administration, suggest that hevin might be a key
factor in the previously mentioned glutamatergic alterations subsequent to the chronic
ethanol exposure and withdrawal (Griffin et al., 2014; Ji et al., 2017; Kircher et al., 2019;

Laguesse et al., 2017; Peterson et al., 2015; Uys et al., 2016; Zhou et al., 2007).

To note, hevin knockdown mice drank significantly more of those preparations containing
high ethanol concentration (20% at day 12) than those of low ethanol concentration (5% at
day 3). This could either reflect the preference of hevin knockdown mice for higher ethanol
containing beverages or, more probably, the need for a habituation period to make visible

the behavioral consequences, as mentioned above.

Nevertheless, the consumption of ethanol in the last 4h of the experiment (4-8h) was
similar between the hevin knockdown and control mice, and the ethanol preference
analysis revealed that both groups drank as much water as ethanol, showing no differences
in the preference at any dose and at any time. This suggests that mice undergo
autoregulation in the water intake probably to avoid the dehydration produced by the

higher ethanol intake.

In conclusion, the study of hevin implication in AUD data revealed increased hevin levels in
various brain regions of subjects with AUD. In the same way, by the mouse model of chronic

ethanol administration, it was found that relapse after chronic ethanol increases hevin in
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the brain reward center, the nucleus accumbens. In addition, hevin manipulation in the
astrocytes of the nucleus accumbens affected alcohol-related behavior, in particular,
alcohol consumption. Therefore, these data suggest that hevin might be implicated both on
ethanol’s effects on the brain and/or on the processes leading to AUD. Thus, it is possible
that chronic alcohol consumption in humans, coupled with repeated phases of abstinence
and subsequent relapses could be altering hevin expression, which in turn would alter
alcohol consumption, hence feeding the addiction cycle in AUD. Overall, the present
Doctoral Thesis provides the first evidence for the role of hevin in alcohol consumption and

addiction.
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6. CONCLUSIONS

&






The main conclusions obtained from the present Doctoral Thesis are:

1. The matricellular protein hevin presents two immunodetectable isoforms in postmortem

human brain, one migrating around 130 kDa and another one around 100 kDa.

2. The ~130 kDa and ~100 kDa hevin bands detected in human brain correspond to

differently glycosilated hevin isoforms.

3. The ~130 kDa and ~100 kDa hevin bands in human brain are cleaved by ADAMTS4, MMP-
3 and thrombin enzymes. The proteolytic cleavage of human hevin by ADAMTS4 and MMP-

3 leads to a ~47 kDa fragment similar to that described as the SLF protein.

4. In control subjects, hevin expression is not affected by neither sex, age, PMD nor storage

time; and there is a linear correlation between the expressions of both hevin isoforms.

5. The ~130 kDa and ~100 kDa hevin bands are strongly enriched in membranous fraction
compared to cytosolic preparations, in all the studied regions (i.e. prefrontal cortex,

hippocampus, caudate nucleus and cerebellum).

6. The ~130 kDa and ~100 kDa hevin bands are detected in the prefrontal cortex,
hippocampus, caudate nucleus and cerebellum, with the largest expression detected in the

prefrontal cortex.

7. Human astrocytoma samples exhibit greater expression of both hevin bands, with no
significant differences in the relative expression of the ~130 kDa and ~100 kDa bands
between both types of tumors. Additionally, the ~130 kDa isoform expression is increased

in the astrocytoma samples in comparison to prefrontal cortex tissue.

8. Hevin is detected in CSF and plasma from control subjects, but it is absent from any

blood cell type.

9. Hevin mRNA is significantly overexpressed in the prefrontal cortex, hippocampus,
caudate nucleus and cerebellum of subjects with antemortem diagnosis of AUD in

comparison to control subjects.

10. Subjects with AUD present increased expression of the ~130 kDa and ~100 kDa hevin
isoforms in the prefrontal cortex and cerebellum, and increased expression of the ~100 kDa

hevin isoform in the hippocampus, in comparison to controls.
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11. In mice, a single dose of ethanol produces a decrease in hevin expression in the
amygdala in comparison to the saline treatment, while in the nucleus accumbens, ethanol
withdrawal and reinstatement leads to an increase in the hevin expression in comparison
to the rest of the treatments. In addition, these mice’ plasma show increased hevin
expression after ethanol withdrawal and reinstatement in comparison to the withdrawal

without reinstatement.

12. The downregulation of hevin mRNA in the nucleus accumbens astrocytes increases
ethanol consumption in mice at high ethanol concentration administered after prolonged
access to the drug, and after three days of withdrawal with a medium ethanol
concentration. However, no differences are detected in the ethanol preference in these

mice.
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Abstract—Hevin is a matricellular glycoprotein that plays important roles in neural developmental processes such
as neuronal migration, synaptogenesis and synaptic plasticity. In contrast to other matricellular proteins whose
expression decreases when development is complete, hevin remains highly expressed, suggesting its involve-
ment in adult brain function. In vitro studies have shown that hevin can have different post-translational modifi-
cations. However, the glycosylation pattern of hevin in the human brain remains unknown, as well as its relative
distribution and localization. The present study provides the first thorough characterization of hevin protein
expression by Western blot in postmortem adult human brain. Our results demonstrated two major specific
immunoreactive bands for hevin: an intense band migrating around 130 kDa, and a band migrating around
100 kDa. Biochemical assays revealed that both hevin bands have a different glycosylation pattern. Subcellular
fractionation showed greater expression in membrane-enriched fraction than in cytosolic preparation, and a
higher expression in prefrontal cortex (PFC) compared to hippocampus (HIP), caudate nucleus (CAU) and cere-
bellum (CB). We confirmed that a disintegrin and metalloproteinase with thrombospondin motifs 4 (ADAMTS4)
and matrixmetalloproteinase 3 (MMP-3) proteases digestion led to an intense double band with similar molecular
weight to that described as SPARC-like fragment (SLF). Finally, hevin immunoreactivity was also detected in
human astrocytoma, meningioma, cerebrospinal fluid and serum samples, but was absent from any blood cell
type. © 2021 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: hevin, SPARCL1, human brain, postmortem, Western blot.

INTRODUCTION

Hevin, also called SPARC-like1 (SPARCL1 or SC1),
ECM2 or Mast9, is a matricellular glycoprotein of the
secreted protein acidic and rich in cysteine (SPARC)
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migration in the appropriate cortical layer due to its antiad-
hesive properties (Gongidi et al., 2004). During synapto-
genesis, hevin expression in astrocytes promotes the
formation of excitatory synapses during brain develop-
ment (Kucukdereli et al., 2011; Risher et al., 2014), prob-
ably by bridging non-interacting presynaptic neurexin-1o
and postsynaptic neuroligin-1B proteins (Singh et al.,
2016).

Whereas most of the matricellular proteins are
expressed mostly during brain development, hevin
remains highly expressed in adult brain (Eroglu, 2009;
Lively et al., 2007; Lloyd-Burton and Roskams, 2012;
Weaver et al., 2011). Recently, we identified hevin cellular
expression profile in adult human brain, specifically in
astrocytes and in various types of neurons, in particular
in GABAergic parvalbumin-positive neurons, as well as
other GABAergic neuronal subtypes and some gluta-
matergic neurons (Mongrédien et al., 2019). The system-
atic comparison between mouse and human adult brain
revealed a conserved cellular expression pattern for hevin
(Mongrédien et al., 2019; Weaver et al., 2011). Hevin is
found in all mouse brain regions by virtue of its astrocytic
expression and has been observed in every human brain
region studied so far including prefrontal cortex (PFC),
caudate nucleus (CAU), brainstem and sensory ganglion
neurons (Hashimoto et al., 2016; Mongrédien et al.,
2019). Its physiological role in adult brain has been inves-
tigated mainly in animal models of brain diseases such as
brain injury, ischemic infarction and epilepsy. Thus, hevin
expression is enhanced in reactive astrocytes after
ischemic infarction or localized brain injury in adult
rodents (Lively et al., 2011; McKinnon and Margolskee,
1996; Mendis et al., 2000). In a study of behavioral adap-
tation to stress, hevin was induced in resilient individuals
and its overexpression by viral-mediated transgenesis
reversed the effects of social defeat in mice acting like
an antidepressant (Vialou et al., 2010). Accordingly, hevin
is one of the most downregulated transcripts in the fron-
topolar cortex of depressed/suicide victims (Zhurov
et al., 2012). Hevin has also been looked at as a potential
biomarker of neurodegenerative disorders and has been
found in the cerebrospinal fluid (CSF) of individuals with
Parkinsons and Alzheimers diseases (Yin et al., 2009).

Post-translational modifications are essential to the
physiological function of extracellular proteins (Correia
et al., 2019). Hevin is a 80 kDa protein that is post-
translationally modified, mainly by glycosylation. The gly-
cosylation pattern of hevin was first described in rat brain
in 1990 (Johnston et al., 1990); it was thereafter studied in
recombinant hevin in an eukaryotic expression system
(Hambrock et al., 2003), and described in human CSF
(Halim et al., 2013; Nilsson et al., 2009). However, so
far no study has assessed hevin’s glycosylation pattern
in human brain tissue. In addition, despite being charac-
terized as a synaptic junction protein in rodents
(Kucukdereli et al., 2011; Risher et al., 2014; Singh
et al., 2016), the subcellular distribution of the protein
hevin in human brain remains unknown. In the present
study, we provide the first detailed characterization of
hevin immunoreactivity by Western blot in several post-
mortem human brain regions. First, we performed the bio-

chemical characterization of hevin  proteolysis,
deglycosylation and protease cleavage pattern. Second,
we performed regional and subcellular expression analy-
ses of hevin in human PFC, hippocampus (HIP), cerebel-
lum (CB) and CAU. Sex and age-differences in hevin
immunoreactivities in human PFC were also analyzed.
In addition, we explored the expression levels of hevin
protein in human astrocytomas, meningiomas, CSF and
blood samples.

EXPERIMENTAL PROCEDURES
Materials

The different primary antibodies used in this study
(catalogue number, type, dilutions) are detailed in
Table 1. Goat-IlgG anti-mouse biotin (B 2763) was
obtained from ThermoFisher Scientific. Recombinant
human hevin (2728-SL) and recombinant human
ADAMTS4 (A Disintegrin and Metalloproteinase with
Thrombospondin motifs 4, 4307-AD) proteins were
obtained from R&D Systems. Thrombin, was purchased
from Sigma-Aldrich (605195) and human MMP-3 protein
(Matrixmetalloproteinase 3, 10467-HNAE) from Sino
Biological. EndoF3 (Endoglycosidase F3, P0771S),
EndoH (Endoglycosidase H, P0702S) and PNGaseF (N-
Glycosidse F, P0708S) recombinant enzymes were
obtained from New England BiolLabs.

Human samples

Human samples from subjects who died by sudden and
violent causes were obtained at autopsy in the Basque
Institute of Legal Medicine, Bilbao, Spain. All the
subjects died by sudden and violent causes;
postmortem tissue examinations and medical histories
determined they were free of psychiatric or neurological
disorders. At the time of autopsy, samples from the
brain PFC, CAU, HIP, CB and CSF were extracted, at
the time of autopsy and immediately stored at —70 °C
until assayed. Small pieces of brain tissue containing
tumor were collected at the time of craniotomy for tumor
resection at the Neurosurgery Service, Cruces Hospital
(Bizkaia, Spain) and stored at —70 °C until assays were
performed. Samples were also taken from each patient
for diagnosis by neuropathologists according to the
International Classification of CNS (central nervous
system) tumors drafted under the auspices of the World
Health Organization. The tumors were diagnosed as
anaplastic astrocytoma (grade Ill) or meningioma.
Samples of blood were immediately processed after
extraction from living subjects. The demographic
characteristics and the number of the subjects included
in the different types of experiments are shown in
Table 2. The study was performed in compliance with
legal policy and ethical review boards for postmortem
brain studies.

Hevin knock out mouse brain samples

Hevin-null mice were obtained from C. Eroglu (Duke
University, North Carolina, USA). Hevin-null mice were
generated using homologous recombination of the
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Table 1. References and dilutions of the primary antibodies used in this study
Primary antibody Trading house Catalog number Antibody type Immunized Dilution
specie

Anti-human SPARCL1 R&D Systems AF2728 Polyclonal Goat 1:3000
Anti-human SPARCL1 Santa Cruz Biotechnology sc-514275 Monoclonal Mouse 1:500
Anti-mouse SPARCL1 R&D Systems AF2836 Polyclonal Goat 1:2000
Anti-human f-actin Sigma-aldrich A1978 Monoclonal Mouse 1: 100.000
Anti-human Syntaxin1A Merck Millipore MAB336 Polyclonal Mouse 1:2000
Anti-human Vglut1 Donated by Salah EI Mestikawy e Polyclonal Rabbit 1:1000
Anti-human NR2A Santa Cruz Biotechnology sc-1468 Polyclonal Goat 1:1000
Anti-human PSD95 Merck Millipore MAB1596 Monoclonal Mouse 1:1000
Anti-human Stathmin Cell Signaling Technology #3352 Polyclonal Rabbit 1:200
Anti-human Ikb-o Santa Cruz Biotechnology Sc-371 Polyclonal Rabbit 1:500

Table 2. Demographic characteristics and number of the subjects included in each assay of this study

Type of assay

Sample number (N)

Age (Mean + SEM) Sex (female/male)

Antibody specificity, degradation and enzymatic assays

Pool preparation containing

samples from 4 different subjects

Regional and subcellular expression assays 6 PFC
6 HIP
6 CAU
6 CB
Correlations with different variables 29 PFC
Astrocytoma 3
Meningioma 3
Cerebrospinal fluid 4
Blood 4

45 + 2 4 M

44 + 1 6 M

50 + 2 11F/18 M
49 + 8 3M

61 £7 2F/1M
65 £ 7 4 M

28 £3 4F

second exon at the transcription start codon resulting in
the absence of hevin protein expression (McKinnon
et al., 2000). Hevin-null mice were backcrossed to
C57BL/6J for 10 generations. Experiments were per-
formed on brains of 2—4 months old hevin-null, wild-type
(WT) littermates and C57BL/6J mice, after sacrifice.
Briefly, mice were decapitated and their brain quickly
removed. CB was dissected and stored at —80 °C. Sam-
ples were homogenized by sonication in 200 pul of RIPA
buffer 1x containing protease inhibitor at 1/1000 on ice
(Sigma, Protease Inhibitor Cocktail #11836153001). Pro-
tein concentrations were determined by Bradford assay
(Bradford, 1976). Proteins samples (50 pg) were sus-
pended in NuPage LDS sample buffer 25% (Invitrogen,
Carlsbad, CA, USA, #NP0008) and DTT 1 M, heated at
90 °C for 10 min, and then analyzed by western blot. All
experiments were performed in conformity with the Euro-
pean Union laws and policies for use of animals in neuro-
science research (European Committee Council Directive
2010/63/EU), and were approved by the local animal
research committee. C57BL6J mice were housed in
groups under conditions at 22 + 1 °C and a 12 h light/-
dark cycle, with food and water provided ad libitum.

Hevin expressing cells

Human carcinoid BON cells maintained in 1:1 DMEM/F12
supplemented with 10% fetal bovine serum and 100 U—

100 ug/ml of penicillin—streptomycin, at 37 °C in a
humidified 5% CO, incubator, were transiently
transfected with mHevin or mock-transfected, using
Lipofectamine 2000 standard protocol. Cells were lysed
in 5 mM Tris-HCI pH 7.4 with a sonicator and then
analysed by Western blot.

Preparation of brain subcellular fractions

Human brain samples were prepared in order to obtain
total homogenates, cytosolic/soluble fractions and
membrane-enriched (P2) fraction, as previously
described (Brocos-Mosquera et al.,, 2018), with minor
modifications.

Preparation of CSF samples and blood fractionation

Human postmortem CSF samples were centrifuged for
10 min (4 °C) at 1100xg to remove cell and debris, as
previously published (Collins et al., 2015). For blood frac-
tionation (n = 4), 5 mL of blood were added slowly to a
5 mL density bar (0.9 mL Optiprep™, 0.85% (w/v) NaCl,
20 nM HEPES—NaOH pH 7.4, 1 mM EDTA) to avoid mix-
ing the two phases, and centrifuged 15 min (20 °C) at
350xg on a swinging rotor (Eppendorf centrifuge 5810
R, A-4-62 rotor). Whole blood was separated into four
phases that were recovered separately, corresponding
to serum (top phase), platelets (intermediate thin layer),
leucocytes (intermediate layer, under platelets) and ery-
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Fig. 1. Validation of human hevin antibody specificity. (A) Protein dependent-curve of hevin immunoreactivity in PFC total homogenate pool (5—
60 pg) with goat anti-human hevin antibody (and the corresponding quantification of ~130 kDa and ~100 kDa hevin bands), (B) with goat anti-mouse
hevin antibody and (C) with mouse anti-human hevin antibody. Blots A, B and C were run in parallel with the same sample and blot A was incubated
with B-actin. (D) Hevin immunoreactivity with goat anti-human hevin antibody in PFC total homogenate and in human recombinant hevin (Recomb),
in the presence or absence of its blocking peptide. (E) Hevin immunoreactivity with goat anti-human hevin antibody in cell culture lysate and in the
extracellular medium of mock-transfected (NT) and hevin-tranfected BON cells. (F) Immunoblotting with goat anti-human hevin after
immunoprecipitating hevin protein with goat anti-human hevin or control IgG in PFC total homogenate. The input loaded in the gel corresponds
to 1:20 fraction of the tissue used in the assays. (G) Hevin immunoreactivity in wild-type (WT) and hevin knockout (KO) mouse brain homogenates
(50 pg), with goat anti-mouse antibody or goat anti-human hevin antibody. Molecular weights are shown on the figure. Samples in (D, E) were run in

duplicate.
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Fig. 2. Distinct glycosylation patterns of hevin in human brain. (A, B) Hevin immunoreactivity in a PFC
total homogenate (A) and in human recombinant (B) hevin after treatment with EndoF3, EndoH or

(Shevchenko et al., 1996), with
minor modifications. Gel pieces
were incubated with DTT (10 mM
in 50 mM NH4HCO;, 56 °C,
45 min) and lodoacetamide
(25 mM in 50 mM NH4HCO3, room

<100 kDa

PNGaseF enzymes for 5 h at 37 °C. Experiments were performed in triplicates. Representative ~t€mperature, 30 min, dark) and

Western blot image for each experiment is shown.

throcytes (bottom phase) enriched fractions. To remove
any serum content of fractions enriched in platelets and
leucocytes, they were centrifuged again (5 min, 20 °C
600xg) and the supernatants were discharged. The pellet
was resuspended in 500 pL of resuspending solution
(0.85% (w/v) NaCl, 20 nM HEPES—NaOH pH 7.4, 1 mM
EDTA) and centrifuged again. Homogenization buffer
supplemented with protease and phosphatase inhibitors
was added to each blood fraction and sonicated for 15 s
(QSONICA Q55). Protein content was measured by the
Bradford method (Collins et al., 2015) and stored at
—70 °C until analyzed by Western blot.

Western blot

Western blot assays were performed as previously
described (Brocos-Mosquera et al., 2018) with the excep-
tion of degradation assays and specificity assays, in
which the primary antibody was incubated (1 h at room
temperature) with the blocking peptide (R&D Systems
2728-SL, 1:150) in the same incubation solution prior to
incubation with the nitrocellulose membrane. The hevin
immunoreactivity values were normalized to B-actin sig-
nal. A standard pool of total homogenate was processed
on the same gels and used as external reference sample.

Immunoprecipitation assay

Immunoprecipitation assays were performed as
previously described (Brocos-Mosquera et al., 2018).
Polyclonal goat anti-hSPARCL1 antibody (R&D Systems
AF2728) was used for immunoprecipitations and goat
IgG were used as isotype control of unspecific binding.
Lysates were precleared 1 h at 4 °C with protein A/G
agarose (Santa Cruz, sc-2003) and incubated with

digested with proteomics grade

trypsin (12.5 ng/ul in 50 mM NH,-

HCOj;, 37 °C, overnight). The

recovered peptides were dried in
a SpeedVac (Thermo Fisher Scientific) and desalted with
homemade C18 tips (3 M Empore C18). Mass spectro-
metric analyses were performed on an EASY-nLC 1200
liquid chromatography system interfaced with a Q Exac-
tive HF-X mass spectrometer (Thermo Scientific) via a
nanospray flex ion source. Desalted peptides were loaded
onto an Acclaim PepMap100 precolumn (75 um x 2 cm,
Thermo Scientific) connected to an Acclaim PepMap
RSLC (75 um x 25 cm, Thermo Scientific) analytical col-
umn. Peptides were eluted using a linear gradient of 2.4—
24% acetonitrile in 0.1% formic acid at a flow rate of 300
nL min~" over 18 min. Full MS scans were acquired from
mjfz 375 to 1800 with a resolution of 120,000 at m/z 200.
The 10 most intense ions were fragmented by higher
energy C-trap dissociation with normalized collision
energy of 28 and MS/MS spectra were recorded with a
resolution of 15,000 at m/z 200. The maximum ion injec-
tion time was 100 ms for survey and 120 ms for MS/MS
scans, whereas AGC target values of 3 x 10° and
5 x 10° were used for survey and MS/MS scans, respec-
tively (Elu et al., 2019). Raw files were processed with
Proteome Discoverer 2.2 (Thermo Scientific) and
searches were performed against a UniProtKB-
SwissProt Human (2020_02) database. Precursor and
fragment mass tolerances were set to 10 ppm and
0.02 Da respectively and up to 1 missed cleavage was
allowed. Carbamidomethylation of Cys was set as fixed
modification and oxidation of Met as variable modification.
Peptide and protein FDR were set to 1%.

Deglycosylation assays

Following the manufacturers recommendations, 8 pg of
total homogenates obtained from a pool of human PFC
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Fig. 3. Proteolytic degradation of hevin in human brain. (A) Hevin immunoreactivity and correspond-
ing B-actin-normalized quantification in a PFC total homogenate pool (20 pg) after incubation with
(+PI) or without (—Pl) protease inhibitors for a duration of 0-180 min at 37 °C. (B) Hevin
immunoreactivity and corresponding B-actin-normalized quantification in a PFC total homogenate
pool (20 pg) after incubation at different temperatures (4—95 °C) for 15 min. Experiments were
performed in triplicates. Representative Western blot image for each experiment is shown.

or 50 ng of human recombinant hevin (R&D Systems,
2728-SL) as positive control were treated with three
deglycosylases separately: EndoF3 (50 U), EndoH
(5000 U) and PNGase F (1000 U). Briefly, samples

were incubated in the appropriate reaction buffer (final Western blot

volume of 20 pl), in the presence
or absence of the enzyme, for 5 h
at 37 °C. The reaction was
stopped by addition of a final
concentration of PMSF 2 mM,
DTT 100 mM, Laemmli buffer (2%
SDS, 8%  glycerol, 0.01%
Bromophenol Blue), and by
heating for 5 min at 98 °C, before
being analyzed by Western blot.

Proteolysis study

A pool of total homogenates
obtained from human PFC was
prepared in the presence or
absence of protease inhibitors, as
previously  published (Brocos-
Mosquera et al., 2018), and incu-
bated at 37 °C for a range of time
(0—180 min). Then samples were
prepared in the loading buffer,
heated at 95 °C for 5 min and ana-
lyzed by western blot. In
temperature-dependent proteoly-
sis assays, a range of different
temperatures (4 °C-95 °C, for
15 min) was used to heat the sam-
ples in the loading buffer.

ADAMTS4, MMP-3 and thrombin
proteases digestion

One-hundred and forty micrograms
of total protein of PFC pool were
combined with 2 ug of ADAMTS4
or 0.4 pg of MMP-3 in 100 pl
incubation buffer B1 (50 mM Tris-
HCI, 125 mM NaCl, 5 mM
H,OCaCl,, pH 7.5) and incubated
1 hor5hat37 °C. In the case of
thrombin, 70 pg of total protein of
PFC pool were combined with 1 U
of enzyme in 50 pl buffer B2
(20 mM Tris-HCI, 0.15 M NacCl,
2.5 mM H,OCaCl,, pH 8.4) and
incubated 15 h at 37 °C. Four-
hundred nanograms and 20 ng of
human recombinant hevin (R&D
Systems, 2728-SL) were used as
positive controls for ADAMTS4/
MMP-3 and thrombin digestions,
respectively. For negative
controls, samples were treated in
the same way but without the
enzyme. In all cases, the reaction
was stopped by addition of PMSF
2 mM, DTT 100 mM, Laemmli

buffer (2% SDS, 8% glycerol, 0.01% Bromophenol Blue)
and heated 10 min at 75 °C, before being analyzed by
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Fig. 4. Sensitivity of human hevin to matrix metalloproteases and the serine protease thrombin. (A)
Hevin immunoreactivity in a PFC total homogenate and in human recombinant hevin after treatment
with after treatment with ADAMTS4 or MMP-3 enzymes for 5 h at 37 °C (arrow: ~40 kDa double band
detected in digested-PFC; filled arrowhead: ~47 kDa double band detected in digested-recombinant
protein; empty arrowhead: hypothetical ~40 kDa SLF fragment in non-digested PFC). (B) Hevin
immunoreactivity of PFC total homogenate pool (70 pg) or human recombinant hevin (20 ng) after
15 h (37 °C) of incubation in the presence or absence of thrombin (1 U). Experiments were performed
in duplicate and a representative Western blot image is shown.
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Data analysis

Results are shown in box-and-whiskers plots with the tests.

“box” depicting the median and the 25th and 75th
quartiles and the “whisker” showing the 5th and 95th
percentile. All statistical calculations were performed

tests were wused as detailed
below. All used statistical models
were fixed-effect models. Results
were considered statistically
significant when p value <0.05.
Significance levels are symbolized
with asterisks if p < 0.05 (%),
p < 0.01 (**)or p < 0.001 (***).

Subcellular  and regional
expression pattern for both full-
length forms of hevin at ~130 and
~100 kDa. Comparison of hevin
levels in total homogenates,
cytosolic and membrane-enriched
(P2) fraction, and in PFC, HIP,
CAU and CB were performed
from  brain samples of 8
individuals (n = 6). Because
these data displayed a non-
parametric distribution, they were
analyzed with a Kruskal-Wallis
test followed by a Dunn’s multiple
comparisons test.

Sex differences on the
expression of hevin bands. The
data set composed of 29 PFC
samples from 11 females and 18
males passed the normality test,
and had equal variance. Student’s
unpaired t test was used and
showed no significant differences.

Correlation with age,
postmortem delay (PMD), storage
time and hevin isoform levels. A
simple linear regression analysis
was performed to determine the
correlation between hevin isoform
levels and age, PMD, storage
time and in between isoforms. No
significant correlation was
observed except between hevin
isoform (r = 0.8313, p < 0.0001).

Astrocytoma and meningioma.
Full-length forms of hevin at ~130
and ~100 kDa in astrocytoma
(n = 3), meningioma (n = 3) and
PFC (n = 6) did not passed
normality test. These data were
analyzed with  Mann-Whitney

RESULTS

using GraphPad Prism 7®. Prior to analysis, all data
sets were tested for two criteria: (i) normal distribution
and (ii) equality of variances. The normal distribution
was tested by applying a D’Agostino and Pearson
normality test. The equality of variances was tested with
an F-test. In the case of normal distribution and of equal
variances, statistical comparisons were made with
Student’s unpaired t test. Otherwise, non-parametric

Specificity of hevin immunoreactivity

Three antibodies against hevin were tested for specificity
by western blotting on human PFC total homogenate
pool. Anti-human hevin antibody (R&D systems,
AF2728) showed two marked bands at the expected
molecular weight (Fig. 1A, left), while neither anti-mouse
hevin (R&D Systems, AF2836) nor anti-human hevin
(Santa Cruz, sc-514275) antibodies showed specific
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Fig. 5. ADAMTS4-dependent proteolysis of human hevin. (A) Hevin immunoreactivity of PFC total
homogenate pool (50 pg), (B) and human recombinant hevin (140 ng) after 1 h or 5 h (37 °C) of
incubation in the presence or absence of ADAMTS4 (2 ug) protease. Experiments were performed in

extracts and its extracellular med-
ium of BON cells transfected with
mouse hevin. Hevin immunoreac-
tivity was detected in hevin-
transfected cells and its extracellu-
lar medium, but not in mock-
transfected cells (Fig. 1E). To fur-
ther assess the specificity of the
selected antibody (R&D AF2728),
immunoprecipitation of hevin from
PFC total homogenate samples
revealed the same bands (~130
and ~100 kDa), which were absent
with control 1gGs (Fig. 1F). To fur-
ther assess the specificity of the
selected antibody (R&D AF2728),
immunoprecipitation of hevin from
PFC total homogenate samples
revealed the same bands (~130
and ~100 kDa), which were absent
with control IgGs (Fig. 1F). Impor-
tantly, protein bands at these
molecular weights were removed
and analyzed by LC-MS/MS,
which unambiguously identified
hevin protein (UniProtKB Q14515)
in both ~130 and ~100 kDa bands
(sequence coverage 36% and
18% respectively). Although more
unique peptides were found in
~130 kDa band (19 vs 8, probably
due to a higher amount of the
~130 kDa isoform), all but one pep-
tide found in the 100 kDa isoforms
are common to the ~130 kDa and
encompassed almost the entire
protein sequence from amino acids
A47 to R629 (Supplementary Fig-
ure). This proteomic analysis sug-
gests that the 30 kDa difference
observed between the two bands
are not splicing variants but the
result of  differential post-
translational modifications. Finally,

duplicate and a representative Western blot image is shown.

immunoreactivity at the expected size (Fig. 1B, C). Hevin
immunoreactive upper band migrated at 130 kDa and the
lower band at around 100 kDa, similar to what has been
described by other authors (Brekken et al., 2004;
Johnston et al., 1990; Kucukdereli et al., 2011; Lively
and Brown, 2008a, 2008b; Mendis, 1996b; \Weaver
et al,, 2010, 2011). Intensity of the immunoblot signal
increased in a dose-dependent manner (Fig. 1A, right),
suggesting specificity. These two bands also appeared
when the recombinant hevin protein was loaded
(Fig. 1D) and their immunoreactivity was blocked by
preincubating the antibody with the blocking peptide (re-
combinant human hevin, R&D systems, Fig. 1D), support-
ing the specificity of both bands corresponding to hevin. In
addition, we performed Western blot experiments on cell

in total homogenates of mouse

brain samples, we observed hevin

immunoreactivity at ~120 kDa with
both anti-mouse hevin (R&D Systems, AF2836) and
anti-human hevin (R&D Systems, AF2728) antibodies
(Fig. 1G), which was absent in hevin knockout mice. Alto-
gether, these results demonstrate the specificity of the
R&D anti-human hevin antibody. We selected this anti-
body to further characterize hevin protein in human brain
tissue.

Deglycosylation, endogenous proteolysis and
proteases digestion assays

We determined to study the glycosylation pattern of hevin,
its endogenous proteolytic degradation, and its
proteolysis by matrix metalloproteases. Firstly, several
deglycosylation assays were carried out in order to gain
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oligosaccharides cleaving enzyme)
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~130 kDa band suffered a migra-
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nant protein, which might suggest
that this apparent unique band cor-
responds to a mix of slightly differ-
ent isoforms or is even a doublet

L ) n r .40 kDa (Fig. 2A, B). Altogether these
: - results confirm that both hevin

bands in human brain are glycosy-
lated but in different manner, as in
rodent brain (Johnston et al.,
1990).

Second, we  wanted to

determine if the ~100 kDa band
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Fig. 6. MMP3-dependent proteolysis of human hevin. (A) Hevin immunoreactivity of PFC total
homogenate pool (50 pg), (B) and human recombinant hevin (140 ng) after 1 h or 5 h (37 °C) of
incubation in the presence or absence of MMP-3 protease (0.4 ng). Experiments were performed in

duplicate and a representative Western blot image is shown.

more insight into the structure of the carbohydrate
moieties of each of the hevin bands observed in human
brain. Human PFC total homogenate pool and human
recombinant hevin (R&D Systems, AF2728) were
incubated in the presence of PNGase F, EndoF3 or
EndoH deglycosylases, enzymes that remove different
types of N-glycosylations. PNGase F (almost all N-
glycan, asparagine-linked chains hydrolyzing enzyme
(Maley et al., 1989): high mannose, hybrid, bi-, tri- and
tetra-antennary) produced a marked shift in both hevin
bands of PFC and recombinant protein, leading to lower
molecular weight bands of ~125 and ~90 kDa (Fig. 2A,
B). These results indicate that both hevin bands are gly-
cosylated proteins. EndoF3 (asparagine-linked
fucosylated-bi-antennary and ftri-antennary complex

. "= s .130 kDa
100 kDa

via proteolytic degradation. We
incubated PFC total homogenate
samples at 37 °C in the absence
of protease inhibitors for a range
of times, then denatured the
samples at 95 °C for 5 min and
immediately processed them by
western  blot.  Immunoreactive
intensity of the bands was
remained unchanged throughout
the entre 3 h experiment
(Fig. 3A), suggesting the absence
of endogenous proteolysis. We

8 -47kDa s,
next tested the effect of

increasing temperatures on hevin
proteolysis. PFC total
homogenate samples were
incubated for 15 min in
temperature ranging from 4 to
95 °C, then immediately
processed for western blot.
Temperature-dependent
proteolysis did not alter the intensity of the two bands
(Fig. 3B). These results suggest that the lower
~100 kDa band is not a degradation product of the
~130 kDa band.

The matrix metalloproteases ADAMTS4, MMP-3 and
thrombin have been described to cleave hevin in rodent
brains resulting in a C-terminal SPARC-like fragment
(SLF), which shares a high homology with SPARC, a
close homologue of hevin, and which antagonizes
hevin’s synaptogenic function (Weaver et al., 2010,
2011). To confirm the sensitivity of human hevin towards
ADAMTS4, MMP-3 and thrombin, we preformed proteoly-
sis assays incubating PFC pool preparations and human
recombinant hevin with the three proteases. As expected,
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Fig. 7. Human hevin expression in membrane-enriched and cytosolic
fraction. Validation of the subcellular isolation of cytosol and P2
fractions from human PFC samples. Immunoreactivities of synaptic
proteins (Syntaxin1A, VGLUT1, NR2A, PSD95) are enriched in P2
membrane fraction. Immunoreactivities of cytosolic proteins (Stath-
min, IKBa) are enriched in cytosolic fraction. Western blot experi-
ments were performed using a goat anti-human hevin antibody (R&D
Systems, AF2728) and those specified in Table 1. Experiments were
performed in duplicate and a representative Western blot image is
shown. TH: total homogenate, CYT: cytosol, P2: membrane-enriched
fraction.

incubation with ADAMTS4 or MMP-3 enzymes in human
PFC led to a marked decreased in the intensity of the
~130 kDa and ~100 kDa bands with a concomitant
appearance of an intense ~40 kDa double band
(Fig. 4A, arrow), that seems to correspond to the SLF
fragment (Weaver et al., 2010, 2011). Likewise, proteoly-
sis of human recombinant hevin decreased the intensity
of full-length hevin protein bands. Surprisingly, the band
corresponding to the hypothesized SLF had slightly
greater molecular weight (Fig. 4A, filled arrowhead). In
contrast, hevin proteolytic cleavage by thrombin in both
PFC and recombinant proteins, which decreased levels
of the ~130 kDa and ~100 kDa bands, produced many
fragments higher than 50 kDa (Fig. 4B). In both
ADAMTS4 (Fig. 5) and MMP-3 (Fig. 6) dependent-
proteolysis assays, pronounced effects were observed
when increasing the incubation time (1 h or 5 h of incuba-
tion). Importantly, the SLF fragment was identified in non-
digested PFC samples, although it showed lower intensity
level compared to the ~130 kDa and ~100 kDa bands
(Fig. 4A, open arrowhead).

Subcellular and regional distribution of hevin in the
human brain

We studied the subcellular distribution of both full-length
forms of hevin at ~130 and ~100 kDa in human brain by
Western blot using cellular fractionation of brain
samples into both a cytosolic and a membrane-enriched
(P2) fraction. The expression of stathmin and IKBa
(NFKB inhibitor alpha) in the cytosolic fraction, together
with the enrichment of syntaxin1A, VGLUT1 (Vesicular
glutamate transporter 1), NR2A (N-methyl D-aspartate
receptor subtype 2A) and PSD95 (postsynaptic density
protein 95) and in P2 neuronal membranes confirmed
the correct fractionation of brain preparations (Fig. 7).
Both hevin ~130 and ~100 kDa bands were strongly
enhanced in the membrane-enriched P2 fraction
compared to the cytosolic fraction. This subcellular
expression pattern was observed in all brain areas
(Fig. 8A-D).

For each subcellular fraction (total homogenate,
cytosols and P2), similar regional distribution was
observed for the ~130 and ~100 kDa hevin forms, i.e.
PFC showed the highest expression of hevin bands in
all cases (Fig. 9A-C). In addition, greater levels were
detected in ~130 kDa and ~100 kDa bands of total
homogenate and ~100 kDa band of cytosol fractions in
CAU compared to CB (p < 0.05, p < 0.01 and
p < 0.01, respectively); and in ~100 kDa band of
cytosol in HIP compared to CB (p < 0.05).

Effect of sex, age, PMD and storage time on hevin
immunoreactivity

To test for sex and age differences on the expression of
hevin bands, a larger control cohort of 29 PFC samples,
composed of 11 females and 18 males ranging from 18
to 71 years old, was analyzed. Neither sex (11 females
vs 18 males), nor age (18-71 years) showed significant
differences or correlation with the immunoreactivity of
any of the two detected bands (sex ~130 kDa band
p = 0.3544; ~100 kDa band p = 0.9787; age ~130 kDa
p = 0.9248 and ~100 kDa p = 0.0514; Fig. 10A-D).
Importantly, no correlation was observed between hevin
expression levels and postmortem delay (3—-39 h) and
storage time (18-244 months; PMD ~130 kDa
p = 0.5809 and ~100 kDa p = 0.3022; storage time
~130 kDa p = 0.5252 and ~100 kDa p = 0.9477;
Fig. 10E—H). Interestingly, analyzing this larger control
cohort there was found to be a positive correlation
between the ~130 kDa and ~100 kDa bands in human
PFC (p < 0.0001), indicating that subjects that showed
high levels for one form also showed high levels for the
other and conversely (Fig. 10l).

Hevin expression in astrocytomas, meningiomas,
CSF and blood

Next the relative contribution of the two forms of hevin in
astrocytoma tumors (n = 3) in comparison with
meningioma brain tumors (n = 3) were evaluated.
Hevin protein expression, clearly detectable in both
tumors, was significantly increased in astrocytoma
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Fig. 8. Prominent expression of hevin in membrane-enriched fraction along different brain regions. (A—D) Hevin immunoreactivity and its ~130 kDa
and ~100 kDa bands quantification (B-actin-normalized) in different cellular preparations (TH: total homogenate, CYT: cytosol, P2: membrane-
enriched fraction) obtained from prefrontal cortex (A), hippocampus (B), caudate nucleus (C) and cerebellum (D). Representative Western blot
images are shown in the figure. Kruskal-Wallis followed by Dunn’s multiple comparisons test was used for each comparison. IR: immunoreactivity.
PFC 130 kDa: H, = 9.696; CYT vs P2: p = 0.004; PFC 100 kDa: H, = 5.626; CYT vs P2: p = 0.117; HIP 130 kDa: H, = 7.17; CYT vs P2:
p = 0.011; HIP 100 kDa: H, = 4.363; CYT vs P2: p = 0.04; CAU 130 kDa: H, = 14.36; CYT vs P2: p = 0.0002; CAU 100 kDa: H, = 11.66; CYT
vs P2: p = 0.0014; CB 130 kDa: H, = 14.75; CYT vs P2: p = 0.0001; CB 100 kDa: H, = 4.994; CYT vs P2: p = 0.0266. Significance levels:
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Brain regions were collected from six individuals. Experiments were performed in duplicate.

Data points are added to the box-and-whiskers plot.

tumors compared with meningioma tumors (~130 kDa
band: astrocytoma 200% <+ 37 and meningioma
15% =+ 7; ~100 kDa band: astrocytoma 121% =+ 44
and meningioma 4% =+ 1; Fig. 11A). However, the
relative expression of the ~130 kDa and ~100 kDa
bands (calculated as the 130/100 ratio) was similar in

both brain tumors (astrocytoma 34 + 9 and
meningioma 47 + 13). In contrast, the relative 130/100
hevin bands ratio seems to be increased in both tumor
types compared to control PFC brain regions (ratio of
6 + 1, and p = 0.002 in both cases).
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Hevin protein expression was
also detected in CSF (n = 4) and
serum (n 4), with apparent
higher levels in the CSF
(Fig. 11B). Significantly, a new
pattern of hevin immunoreactivity
was observed in both fluids. A
shorter novel band of ~90 kDa
band and the ~130 kDa band
were detected, without the
~100 kDa band (Fig. 11B).

The presence of hevin in the
serum raises the question of its
source of expression. We tested
the expression of hevin in
different blood fractions (serum,
platelets, erythrocytes and
leucocytes) in order to assess if
hevin is produced by blood cells
or derives from other organs that
would secrete it. Western blot
analysis revealed that hevin,
which was highly expressed in
serum, was absent in any blood

cell fraction (~130 kDa and
~90 kDa bands; Fig. 11C),
suggesting that hevin is

transported into the bloodstream
and not synthesized by any blood
cell type.

DISCUSSION

In recent years, a number of
glycoproteins that constitute the

ECM have been shown to
participate in synaptic function
(Trinidad et al.,, 2012). These

matricellular proteins are often
secreted by astrocytes and play
essential roles during development
in synapse formation and plasticity.
Among these matricellular pro-
teins, hevin function has been well
characterized during development
(Eroglu, 2009; Kucukdereli et al.,
2011; Lively and Brown, 2008b;
Lloyd-Burton and Roskams, 2012;
Mendis, 1996a; Mendis et al.,
1996b, 2000; Risher et al., 2014),
but its level remains high during
adulthood, suggesting a physiolog-
ical role in adult synaptic plasticity
(Johnston et al.,, 1990; Lively
et al.,, 2007; Lively and Brown,
2008b, 2010; Mendis et al.,
1996a; Mongrédien et al., 2019).
In rodents, astrocytic secretion of
hevin is increased after brain injury
(Lively et al., 2011; McKinnon and
Margolskee, 1996; Mendis et al.,
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2000) and hevin expression is altered in models of neu-
ropsychiatric disorders (Purcell et al., 2001; Yin et al,
2009). In humans, hevin has also been associated with
several mental disorders (Yin et al., 2009; Zhurov et al.,
2012). In this context, it is crucial to better characterize
hevin protein expression in the human brain. Here, we
provide a detailed characterization of hevin protein
expression by Western blot in postmortem adult human
brain.

The reliability of our Western blot results rests on a
thorough validation of the specificity of the selected
antibody. Immunodetection of hevin in postmortem
human brain disappeared when the antibody was
previously incubated with the blocking peptide, and was
absent in mock-transfected cells and hevin knockout
mouse brain lysate. Conversely, hevin signal increased
in a protein-dependent manner and after antibody
immunoprecipitation. In our study, two main hevin
immunoreactive bands were detected in human brain,
an intense band of ~130 kDa and a lower molecular
weight band of ~100 kDa, which agrees to a great
extent with previous results in the literature. Hevin
immunoreactivity has mostly been described as a
116/120 kDa doublet in rat brain (Johnston et al., 1990;
Lively and Brown, 2008a, 2008b; Mendis et al., 1996a),
but ~130 kDa and 105 kDa hevin bands have also been
described in human and mouse brain lysates (Brekken
etal., 2004; Kucukdereli et al., 2011; Weaver et al., 2010).

In order to further investigate the nature of the main
hevin bands, we performed several biochemical assays.
Time- and temperature- dependent proteolysis assays
discharged ~100 kDa hevin form as the degradation
product of the ~130 kDa form. Hevin is a 664 amino-
acids glycoprotein composed of a signal peptide, an
acidic N-terminal domain, followed by a follistatin-like
domain and an extracellular Ca™* binding-domain at the
C-terminus. Several potential N-glycosylation sites have
been proposed along hevin’s protein sequence, mainly
in the acidic N-terminal and in the follistatin-like domain
(Asn-444) (Bendik et al., 1998; Girard and Springer,
1995; Hambrock et al., 2003). Additionally, several O-
glycosylation sites have also been experimentally
observed in human CSF (Halim et al., 2013). Our degly-
cosylation assays demonstrated that both hevin forms in
human brain are N-glycosylated (PNGaseF cleavage).
In both bands, some glycosylations corresponded to bi-
antennary or tri-antennary fucosylation (EnfoF3 cleavage,
but less migration shift than PNGaseF), while some N-
glycosylation were due to N-linked high-mannose hybrid
glycosylation (EndoH cleavage) only in the ~130 kDa form
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(Freeze and Kranz, 2010). PNGaseF deglycosylation
leads to a ~90 kDa band, which may correspond to native
hevin -with a calculated theoretical Mw of ~71 kDa
(Johnston et al., 1990), or to some form of hevin with
other post-translational modifications such as phosphory-
lation. These results concord with those described in rat
brain lysates and mouse recombinant hevin (Hambrock
et al., 2003; Johnston et al., 1990). The expression of
two post-translationally distinct forms of hevin in different
species suggests a conserved role in adult physiological
brain function.

Proteolysis of hevin by ADAMTS4, MMP-3 and
thrombin liberates the C terminus portion of mouse and
recombinant hevin (amino-acids 350-650), which
possess 60% of identity to SPARC, and hence was
named SLF (Kucukdereli et al., 2011; Weaver et al.,
2010, 2011). SLF, like SPARC, antagonizes the synapto-
genic activity of hevin (Kucukdereli et al., 2011). Here we
confirmed that human hevin is cleaved by these three
enzymes. Incubation of human PFC total homogenate
samples with ADAMTS4 or MMP-3 produced a double
band with similar molecular weight (~40 kDa) to that
described in mouse brain (Weaver et al., 2010, 2011).
By contrast, the cleaved product of the recombinant
human hevin was larger (~47 kDa). Differences in post-
translational modifications in hevin PFC or recombinant
protein (in this case produced in a mouse myeloma cell
line) could explain the observed molecular weight differ-
ences of the cleaved product. Hevin proteolysis by throm-
bin produced very different molecular weight fragments in
both PFC and recombinant proteins, due to thrombin non-
specific cleavage sites (Rajalingam et al., 2008). Regard-
less of the protease identity, in vivo digestion of hevin
occurs as we could detect the hypothetical SLF fragment
in non-digested PFC samples, despite very low levels
compared to full-length hevin. Biochemical studies in
ADAMTS4—null mice suggest that hevin is endogenously
digested primarily by ADAMTS4 at least in the CB
(Weaver et al., 2010). Future studies are needed to iden-
tify the proteases responsible for the cleavage of hevin in
human brain. Based on the antagonistic role of SLF on
hevin synaptogenic function, it would be relevant to
include the quantification of SLF levels along with hevin
in future studies on human neuropsychiatric disorders.

Consistent with the wealth of experimental evidences
showing hevin expression in synaptic junctions
(Hambrock et al., 2003; Johnston et al., 1990; Singh
et al., 2016), we found that the two human hevin forms,
~130 kDa and ~100 kDa, are strongly enriched in mem-
branous fraction compared to cytosolic preparations in

Fig. 9. Comparison of human hevin expression among different brain regions. (A—D) Hevin immunoreactivity and its ~130 kDa and ~100 kDa bands
quantification (B-actin-normalized) in different brain areas (PFC: prefrontal cortex, HIP: hippocampus, CAU: caudate nucleus, CB: cerebellum).
Representative Western blot images are shown in the figure. Kruskal-Wallis followed by Dunn’s multiple comparisons test was used for each
comparison. IR: immunoreactivity. TH 130 kDa: H3 = 15.02; PFC vs HIP: p = 0.043; PFC vs CB: p = 0.0006; TH 100 kDa: H; = 18.47; PFC vs
CB: p = 0.0001; CYT 130 kDa: H; = 8.867; PFC vs HIP: p = 0.034; PFC vs CB: p = 0.027; CYT 100 kDa: H3 = 17.21; PFC vs HIP: p = 0.006;
PFC vs CB: p = 0.0003; P2 130 kDa: H3 = 9.58; PFC vs HIP: p = 0.007; P2 100 kDa: H3 = 11.49; PFC vs HIP: p = 0.013; PFC vs CB: p = 0.009.
Significance levels: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Brain regions were collected from six individuals. Experiments were

performed in duplicate. Data points are added to the box-and-whiskers plot.
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all brain region tested. The enrich-
ment in membrane preparation
suggests that hevin is trapped in
the complex mesh-like matrix of
the synapses. However, hevin’s
presence in the cytosolic (soluble)
fraction reflects its soluble nature
and also suggests that it can also
attach to different targets before
being secreted to the ECM (Ge
et al., 2020; Hambrock et al.,
2003; Sullivan et al., 2006). Addi-
tionally, the two human hevin
immunoreactive bands were
detected in the four brain regions
studied with the largest expression
detected in the PFC. This data is
similar to the regional expression
of hevin mRNA shown in mouse
brain, with a strong expression in
cortical  regions  (Mongrédien
et al.,, 2019). In addition, we have
previously observed in adult
human brain, hevin mRNA expres-
sion in astrocytes and parvalbumin
interneurons in PFC and CAU, and
in glutamatergic neurons in PFC
(Mongredien et al., 2019). Our pre-
sent results confirm that hevin
mMRNA is translated in adult human
brain and add evidence for a
region-specific  expression  of
hevin. Hevin strong cortical
expression suggests a major role
in higher cognitive functions such
as decision-making, social and
emotional behavior, learning and
memory. Thus, future analysis of
hevin in several limbic brain
regions of patients with psychiatric
disorders such as depression, drug
addiction and schizophrenia would
be particularly relevant. In addition,
based on recent evidence showing
that post-translational modifica-
tions are crucial in synaptic func-
tions (Zhang et al, 2018),
analysis of hevin expression levels
should differentiate between the
two isoforms.

Besides being expressed in the
non-pathological brain, previous
studies have demonstrated that
hevin  protein  expression is
induced in reactive astrocytes
(Jones and Bouvier, 2014; Lively
et al, 2011; McKinnon and
Margolskee, 1996; Mendis et al.,
2000), and abnormal astrocyte
activation has been related with
tumor formation, such as astrocy-
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toma (Gronseth et al., 2018; Yang et al., 2013). Upregu-
lated hevin mMRNA expression has also been reported in
human meningiomas or meningeal tumors (Dalan et al.,
2017), which are typically slow-growing tumors of the
meninges, where the arachnoid mater cells transform into
meningioma cells (Buerki et al., 2018; Fathi and Roelcke,
2013). However, these studies did not distinguish
between the different hevin forms. Here we show that
astrocytoma samples exhibited greater hevin immunore-
activity than meningioma samples, in both hevin bands.
However no significant differences in the relative expres-
sion of the ~130 kDa and ~100 kDa bands (ratio) were
detected between both types of tumors. These results
are consistent with the well-known role of hevin and other
ECM molecules in tumor invasion, and the proposal of
hevin as a marker of glioblastoma and astrocytoma pro-
gression (He et al., 2016; Turtoi et al., 2012; Virga
et al., 2018). Nevertheless, the fact that hevin expression
is downregulated in other types of human cancers, has
suggested it may play different roles in tumor biology,
as both oncogene and tumor suppressor, based on tumor
type (Gagliardi et al., 2017). Hevin’'s implication in cell
adhesion, migration and proliferation highlight its role as
a key protein in the regulation of tumor biology
(Claeskens et al., 2000; Gagliardi et al., 2017; Sullivan
and Sage, 2004).

Finally, we evaluated hevin expression pattern in CSF
and blood samples. It has been shown that hevin protein
is upregulated in the CSF of multiple sclerosis patients,
while it is absent in normal CSF in the same study
(Hammack et al., 2004). In contrast to that study, herein
we demonstrate that two hevin forms are secreted into
the CSF in subjects without psychiatric or neurological
disorders. However, the origin of CSF hevin remains
unknown; it may originate from brain’s astrocytes and/or
neurons, meninges or anywhere in the periphery and
arrive by bloodstream. In addition, although we clearly
detected hevin in blood plasma, none of the blood cell
expressed it (platelets, erythrocytes and leucocytes), sug-
gesting that hevin present in blood derives from other
organs where hevin is expressed such as brain, endothe-
lial cells of high endothelial venules (Girard and Springer,
1995, 1996), liver (Klingler et al., 2020), stomach (Klingler
et al., 2020), small intestine (Klingler et al., 2020),
oesophagus (Klingler et al., 2020), lung (Bendik et al.,
1998; Klingler et al., 2020; Weaver et al., 2010), pancreas

<

(Bendik et al., 1998; Weaver et al., 2010), heart (Bendik
et al., 1998; Johnston et al., 1990; Weaver et al., 2011),
spleen or kidney (Bendik et al., 1998; Soderling et al.,
1997). Interestingly, it was noted that, while ~130 kDa
band was present in both CSF and serum, the
~100 kDa band was absent and a ~90 kDa band was
detected. This band may correspond to non-
glycosylated form, as shown in deglycosylation assays.
The different proportion of the two detected hevin forms
in CSF and in blood suggests a different glycosylation/
deglycosylation pattern and/or a different source of origin
for hevin in each fluid (Barone et al., 2012; Karlsson et al.,
2017).

The present study provides a thorough
characterization of hevin protein expression by Western
blot in postmortem human brain. The data herein
presented reveal that there are two forms of hevin, both
glycosylated, whose expression is higher in the
membrane-enriched  fraction compared to the
cytosolic/soluble fraction. Furthermore, hevin expression
is higher in the PFC in comparison to other brain
regions. Hevin protein in PFC did not vary with age, nor
sex. It is also shown that hevin is expressed in human
CSF and blood plasma, but not in blood cells. Taken
together, these results constitute an essential resource
for future studies of hevin in brain tissue under
pathological and non-pathological conditions.
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Fig. 10. Influence of sex, age, PMD and storage time on hevin expression, and correlation between the two hevin isoforms. (A, B) Sex comparison
between 11 females and 18 males of ~130 kDa (A) and ~100 kDa (B) hevin bands immunoreactivity (B-actin-normalized) in PFC total homogenates.
Age (C, D), postmortem delay (E, F) and storage time (G, H) correlation with the immunoreactivity of the ~130 kDa and ~100 kDa bands in total
homogenate preparations obtained from human PFC of 29 control subjects. (I) Statistical linear correlation of hevin ~130 kDa and ~100 kDa bands
immunoreactivities in PFC total homogenate pool of 29 subjects. IR: immunoreactivity. Statistical comparison between sexes was performed by
two-tailed Student’s t-test and correlation analyses by two-tailed Pearson’s correlation test. No statistically significant linear correlations were
observed (Pearson’ r value and p value are shown in each correlation graph). Simple linear regression analysis showed correlation between the
levels of the 130 kDa band with the 100 kDa band (r = 0.8313, p < 0.0001). Prefrontal cortex samples of 29 subjects were used and run in triplicate.
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Fig. 11. Strong expression of hevin in astrocytoma, meningioma and CSF but not in any blood cell type. (A) Hevin immunoreactivity and
corresponding B-actin-normalized quantifications in total homogenate preparations of 3 astrocytoma (18 pg), 3 meningioma (18 pg) and 6 PFC
samples (15 pg). (B) Hevin immunoreactivity in 4 CSF (3.6 pg) and 4 serum samples (3.6 pg). (C) Hevin immunoreactivity in different blood fractions
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Experiments were performed in duplicate. Representative Western blot image is shown. The statistical comparison between astrocytoma,
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A novel role for the matricellular protein hevin in alcohol use disorder
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ABSTRACT

Astrocytic-secreted matricellular proteins have been shown to influence various aspects of
synaptic function. More recently, they have been found altered in animal models of
psychiatric disorders such as drug addiction. Hevin, a matricellular protein highly expressed
in the adult brain, has been implicated in resilience to stress and antidepressant treatment
suggesting a role in motivated behaviors. To address the possible role of hevin in drug
addiction, we quantified its expression in human postmortem brains and in animal models
of alcohol abuse. Hevin mRNA and protein expression were analyzed in postmortem human
brain of subjects with an antemortem diagnosis of alcohol use disorder (AUD, n = 25) and
respective controls (n=25). Overall, all the studied human brain regions (prefrontal cortex,
hippocampus, caudate nucleus and cerebellum) showed an increase in hevin levels either
at mRNA or/and protein levels. To test if this alteration was the result of alcohol exposure
or indicative of a susceptible factor to alcohol consumption, mice were exposed to different
regimens of intraperitoneal alcohol administration. Hevin protein expression was increased
in nucleus accumbens (NAc) after alcohol withdrawal and reinstatement. The possible role
of hevin on AUD was determined using an RNA interference strategy to downregulate hevin
expression in NAc astrocytes, which led to increased ethanol consumption. Additionally,
ethanol reinstatement after withdrawal increased hevin levels in blood plasma, suggesting
that hevin could be used as a biomarker of alcohol abuse. Altogether, these results support

a novel role for hevin in the neurobiology of AUD.
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INTRODUCTION

Alcohol use disorder (AUD) is one of the
psychiatric diseases that most negatively
affect global health, society, and the
economy [1,2]. Ethanol is considered the
most dangerous and harmful drug of abuse
with an estimated 5.1% of the total disease
burden (in terms of disability-adjusted life
years) and 5.3% of deaths worldwide [3,4].
AUD is characterized by compulsion to take
or seek alcoholic beverages, craving,
withdrawal symptoms, tolerance and
relapse [5,6]. Chronic ethanol consumption
alters the activity and the long-term
function of brain regions such as the
prefrontal cortex (PFC), hippocampus (HIP),
striatum, amygdala (AMY) or cerebellum
(CB), which result in cognitive impairments,
learning and memory deficits, and a shift
from positive to negative reinforcement
[7,8]. An essential aspect of AUD is the high
rate of relapse, depicted as recurrent
abstinence periods followed by
reinstatement of the consumption. This
pathological pattern of alcohol
consumption might take part in the
progression and deepening of the disorder
[9-11]. Ethanol’s effects on the brain
involve alterations in synaptic plasticity and
morphological reorganization of circuits
implicated in reward, stress and executive
functions. Although the contribution of
various molecular mediators has been
recognized, including monoamines,
neuropeptides, and stress hormones [8],
no key genetic switch mediating significant
traits of the AUD phenotype has been
characterized.

Astrocytes play critical roles in central
nervous system homeostasis and are
implicated in the pathogenesis of
neurological and psychiatric conditions,
including drug dependence [12,13]. In
regard to AUD, activation of mouse cortical
astrocytes by chemogenetic approaches
increases alcohol consumption and alters
its locomotor and sedative effects [14].
Likewise, activation of the astrocytes of the
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nucleus accumbens (NAc) potentiates the
rewarding properties of alcohol and
decreases alcohol self-administration after
prolonged abstinence [15]. Chronic alcohol
exposure  profoundly modifies the
transcriptomic profile of astrocytes in vitro,
in utero and in vivo, with changes in the
expression of genes involved in cellular
differentiation, metabolism, gene
transcription, extracellular matrix
composition and synaptogenesis [16—19].
Astrocytic synaptogenic factors promote
excitatory synapse formation, maturation,
and refinement during development
[12,20-24]. In particular, it has been shown
that in prenatal and postnatal animal
models of AUD, hevin, a secreted
synaptogenic astrocytic factor, is induced
[18,25].

The matricellular protein hevin (SPARCL1 ,
SC1, ECM2 or Mast9) specifically promotes
the formation and maintenance of
thalamocortical excitatory synapses, by
linking presynaptic neurexin-la and the
postsynaptic neuroligin-1B [21,22,24,26]. It
is highly expressed in human and mouse
adult brain [27-32], in astrocytes and
parvalbumin interneurons, and in a
restricted number of other neuronal
subpopulations, including glutamatergic
neurons in cortical and subcortical regions
[30]. Importantly, hevin has been
implicated in resilience to stress, showing
an antidepressant-like effect in a model of
social defeat [33].

Considering the effects of alcohol on the
brain limbic system, and the role of hevin in
structural and synaptic plasticity, the
pattern of hevin expression was assessed in
human cortico-limbic structures associated
with AUD. Additionally, we assessed the
status of hevin in brain and blood of mice
exposed to different regimens of
intraperitoneal alcohol administration.



MATERIALS AND METHODS

Human samples

Human samples were obtained at autopsy
in the Basque Institute of Legal Medicine
(Bilbao, Spain). Brain dissections were
performed at the moment of the autopsy
for the collection of PFC, HIP, caudate
nucleus (CAU) and CB samples, which were
immediately stored at -70°C until assay. A
blood toxicological study by the National
Institute of Toxicology (Madrid), using
different standard methods (including
radioimmunoassay, enzymatic
immunoassay, high-performance liquid
chromatography and gas chromatography-
mass spectrometry) determined the
presence or not of ethanol,
antidepressants, antipsychotics and
psychotropic drugs at the time of death.
The study included 75 subjects divided into
three experimental groups: 25 subjects
with an antemortem diagnosis of AUD, 25
subjects with an antemortem diagnosis of
major depression and 25 control subjects
(with no antemortem history of any
neuropsychiatric disease). The
antemortem diagnosis were performed by
psychiatrists based on DMS-IV and ICD-10
criteria. The depression group was included
as a control of disease-specific changes.
Each subject with AUD was matched by
age, sex and PMD (postmortem delay) with
a control and depression subject
(summarized in Table 1); none of these
parameters was statistically different
between groups (p >0.05, one-way
ANOVA). A full description of the
demographic characteristics of all the
subjects is shown in Supplementary Table
1. Samples from matched AUD, depression
and control subjects were processed and
tested in parallel. The study was performed
in compliance with legal policy and ethical
review boards for postmortem brain
studies.

Animals and treatments
All experiments were performed in strict

conformity with the European Union laws
and policies for use of animals in
neuroscience research (European
Committee Council Directive 2010/63/EU).
C57BL6J mice were housed in groups of five
animals per cage under the standard
condition: 23°C and a 12 h light/dark cycle
with food and water provided ad libitum.
Experiments were performed on 2 to 4
months C57BL/6J mice.

Four ethanol regimens were performed in
C57BL/6J mice (Fig. 3A) [34]. Mice were
chronically treated either with saline or
ethanol for 13 days, not injected for the
following 3 days (withdrawal), and
ultimately, given a challenge dose of saline
or ethanol (reinstatement). The four
resulting experimental groups were as
follows: 1) saline — saline (S-S), 2) saline —
ethanol (S-E), 3) ethanol-saline (E-S) and 4)
ethanol-ethanol (E-E). The dose of 1.75 g
ethanol/kg injected i.p. or a 0.9% NaCl
saline solution i.p. were used [35]. Mice
were killed 24h after the last injection, and
brain  dissections were performed
immediately after. Five brain areas were
collected with bilateral punches: frontal
cortex (FC), amygdala (AMY), hippocampus
(HIP), dorsal striatum (CPu) and nucleus
accumbens (NAc). Blood was collected in
EDTA-coated tubes and centrifuged. All the
samples were stored at —70°C until their
preparation for western blot assays.
For hevin downregulation in the astrocytes
of the NAc, mice were anesthetized with an
i.p. mixture containing 100 mg/kg of
ketamine and 10 mg/kg of xylazine i.p.),
placed in a stereotaxic frame, and injected
with AAV2 .5-GFAP-EmGFP-miR-hevin
(9,4.1012vg/ml) or the control viral vector
AAV5.GFAP.eGFPWPRE.hGH
(9.1x10e12 vg/ml, University of North
Carolina, USA). Coordinates used to target
NAc were: anteroposterior: +1,6,
mediolateral: +1.45, dorsoventral: -4.3,
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with an angle of 10° from the midline. 0.5
pl of the virus were injected at a rate of 0.1
ul/min. Behavioral tests were performed 3
weeks after surgery and monitored
regularly. The correct injection site and the
expression of the transgene were
confirmed by immunohistochemistry.

Sample preparation

For Western blot experiments both human
and animal brain samples were processed
as previously described previously [31],
with the following modifications: 1) in
human brain samples the nuclear fraction
was removed for all of the total
homogenates, and 2) in mice brain punches
the homogenization was performed by
sonication (QSONICA Q55), due to the
small sample volume. Protein content was
measured by the Bradford method [36] and
stored at -70°C until analyzed by Western
blot. Regarding mouse plasma samples,
they were homogenized in buffer
supplemented  with  protease and
phosphatase inhibitors (5mM Tris-HCI pH
7.4, 50 pL/g of Sigma protease inhibitor
Cocktail, 5mM NasVOs and 10 mM NaF)
before sonication (QSONICA Q55) and
stored at -70°C until analyzed by Western
blot.

Real-time reverse transcription
polymerase chain reaction (RT-qPCR)
mMRNA extraction, cDNA synthesis and qPCR
of the four human brain regions were
performed as previously described [37]
with  minor modifications. The ¢gPCR
reactions were performed on a StepOne™
system using TagMan™ Fast Universal
Master Mix (Thermo Fisher) reactive and
the specific gene probes for hevin,
glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and ribosomal
protein S13 (RPS13) (TagMan® gene
expression assay Hs00949886_m1,
Hs99999905 m1 and Hs01945436 ul,
respectively). The hevin’s mRNA expression
amounts were normalized to the
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expression of the GAPDH and RPS13
housekeeping genes and with a reference
sample (pool of all samples for each brain
region); and determined by the
comparative Ct method (AACt), where AACt
= (Ct (hevin)sample - Ct (housekeeping)sample)-
(Ct (hevin)reference sample - Ct (housekeeping)
reference sample) USing StepOne™ Software
v2.1. A negative internal control (mQH-0)
was also included. The gPCRs were run in
triplicates for each cDNA.

Western blot

Western blot experiments were performed
as previously described [31]. In human and
mouse brain samples hevin
immunoreactivity was normalized by pB-
actin signal. For mouse plasma samples,
the Ponceau S staining confirmed the equal
amount of protein load. In all cases, a
standard pool of total homogenate (from
human or mouse origin, respectively) was
used as an external reference sample. The
primary and secondary antibodies used for
the detection of hevin and B-actin proteins
are detailed in the Supplementary Table 2.

Intermittent ethanol access schedule
(IEA) in hevin knockdown mice

In order to measure the alcohol intake in
the active period of the mice, one week
before starting the experiment, their light
cycle was changed to a light and dark cycle
of 12 h, with water and food ad libitum.
Lights were off at 9 a.m. and on at 9 p.m,,
starting the experiment at 9 a.m., when
both hevin knockdown (KD, n=7) and
control (n=7) mice were individually
housed. Mice were first habituated to two
bottles of water for 3 days. IEA was
performed for a total of 18 days [38]; water
and ethanol bottles were placed every day
at 9 a.m. and removed at 5 p.m. in each
cage. The consumed volume was measured
after 4 h and 8 h of the beginning of the
experiment, and the bottles’ position was
switched every day to avoid possible bottle
side preference bias. Ethanol concentration



(w/v) was increased every 3 days in order
to induce an alcohol intake behavior. The
beginning ethanol concentration was 5%,
followed by 10%, 15%, 20%, 3 days of
ethanol withdrawal and a 10% of ethanol,
as the reinstatement concentration.
Ethanol solutions were prepared by mixing
96% (v/v) ethanol with tap water. Mice’s
weight was measured every 3 days. Ethanol
preference  (percentage of ethanol
consumed from the total volume for each
measurement; > 50% was considered as
the preference for ethanol) and
consumption (g ethanol/kg mouse ingested
for each measurement) were calculated for
each mouse.

Immunohistochemistry

Mice were anesthetized with a lethal dose
of pentobarbital at 150 mg/kg i.p. and
perfused intracardially with 4%
paraformaldehyde in a phosphate-buffered
solution. Brains were removed and stored
at 4°C in 4% paraformaldehyde until use.
Brains were cut on a vibratome in coronal
sections of 40 um. Slices were incubated in
a blocking buffer containing 0.2% gelatin
and 0.25% triton in PBS for 1 hour at room
temperature, then treated with antibodies
against hevin (R&D mSPARCL1 AF2836,
1:2000) or anti-GFP (A010-pGFP-5, Badrilla,
1:2000) overnight at 4°C. After washing,
slices were incubated with a Cyanine Cy™3
conjugated secondary antibody for 2 hours
at room temperature (Jackson
Immunoresearch, USA). Slices were
incubated with DAPI (4',6-diamidino-2-
fenilindol, 1:15000, Sigma-Aldrich, D9542)
before mounting with Fluoromount-G (20
min at RT). All the slices were scanned on
a NanoZoomer 2.0-HT (Hamamatsu
Photonics, Hamamatsu City, Japan) as
previously described [30].

Statistical analysis

Statistical analysis was performed using
GraphPad Prism 9°®. Briefly, a comparison
of mMRNA and hevin protein levels in the

human brain between the AUD, depression
and control groups was performed using
one-way ANOVA followed by Dunnett's
multiple comparisons test. Taking into
account the large sample size (n=25) and
the high inter-subject variability in human
brain morphology and configuration, data
was considered normally distributed
[39,40]. Data obtained in animal studies did
not pass the D’Agostino and Pearson
normality test and F-test for the equality of
variances. As a result, non-parametric
statistical tests were used in all these cases.
More specifically, biochemical analyses in
mouse brains and plasma were performed
using the Kruskal-Wallis test followed by
Dunn's  multiple comparisons test.
Differences between hevin KD mice and
controls in ethanol preference and
consumption were calculated by the Mann-
Whitney test and the Friedman test was
used for ethanol concentration data.
Results were considered statistically
significant when the p-value was <0.05.
Significant differences are symbolized by
asterisk, where if p < 0.05 (*), p < 0.01 (**),
p < 0.001 (¥**) or p < 0.0001 (****).

RESULTS

Hevin expression in postmortem human
brain of subjects with AUD

Hevin mRNA and protein expression levels
were measured in four human brain areas
(PFC, HIP, CAU and CB) from 75 subjects.
Individuals were divided according to their
antemortem psychiatric history: AUD
(n=25), depression (n=25) and control
(n=25) groups. Interestingly, in all the
studied brain areas an increase in hevin’s
mRNA was detected in the AUD group
compared to the controls (PFC: 59%
increase, p = 0.0028; HIP: 72% increase, p =
0.0058; CAU: 92% increase, p = 0.0028 and
CB: 70% increase, p = 0.0344). However, no
significant differences were detected
between the depression and the control
groups (Fig. 1A-D).
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Fig. 1. mRNA expression of hevin in postmortem human brain of AUD subjects. Relative
hevin mRNA levels quantified by RT-qPCR in human postmortem samples from subjects
with AUD, depression and controls in PFC (A), HIP (B), CAU (C) and CB (D). n=25 per
group. One- way ANOVA followed by Dunnett’s post hoc test was used for the
comparison (*p< 0.05, **p< 0.01). Samples were run in triplicate. The quantification is
represented in box-and-whiskers plots, where “box” shows the median and the 25" and
75% percentile and the “whiskers” depict the 5t and 95" percentile. Dots represent the
average value of each individual in the performed experiments.
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To further elucidate whether hevin mRNA
increase paralleled an enhancement in the
translation process, the protein expression
levels were also determined. Both
previously described ~130 kDa and ~100
kDa hevin bands [22,31,41,42] were
measured in total homogenates of PFC, HIP,
CAU and CB. In accordance to the
alterations observed in hevin’s mRNA, an
increase in the "130 kDa and “100 kDa
forms was detected in PFC and CB of the
AUD subjects in comparison to controls
(PFC: 25% increase in ~130 kDa band, p =

0.0015 and 46% increase in ~100 kDa band,
p <0.0001; CB: 32% increase in ~130 kDa
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band, p =0.0344 and 38% increase in ~100
kDa band, p = 0,013) (Fig. 2A,D). In the HIP,
only the "100 kDa band was significantly
increased in AUD (56% increase in ~100
kDa band, p = 0.00384), although the 130
kDa band showed a similar trend (Fig. 2B).
In contrast, in the CAU no significant
differences were observed between both
groups in the expression of any of the
bands (Fig. 2C). Finally, the depression
group did not show significant differences
in the levels of protein expression in
comparison to the control group in any
brain area, as observed for the mRNA levels
(Fig. 2A-D).
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Fig. 2. Protein expression of hevin in postmortem human brain of AUD subjects. Hevin
protein expression in human postmortem samples from subjects with AUD, depression
and controls in PFC (A), HIP (B), CAU (C) and CB (D). Representative western blot images
for each brain region are shown, along with the graphics representing the actin-
normalized immunoreactivity (IR) of both 130 kDa and 100 kDa hevin bands. n=25 per
group. One- way ANOVA followed by Dunnett’s post hoc test was used for the
comparison (*p< 0.05, **p< 0.01, ****p<0.0001). Experiments were performed in
triplicate. The quantification is represented in box-and-whiskers plots, where “box”
shows the median and the 25t and 75" percentile and the “whiskers” depict the 5" and
95t percentile. Dots represent the average value of each individual in the performed
experiments.

Hevin protein expression in mouse brain
after ethanol administration

Hevin expression was evaluated in several
mice brain regions (FC, AMY, HIP, CPu and
NAc) after different ethanol regimens. Mice

were

intraperitoneally

injected with

ethanol (13 days) followed by a withdrawal
period (3 days) and a challenge dose of
ethanol or saline. In contrast to the human
brain, mice did not express the “100 kDa
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in the performed experiments.

Fig. 3. Hevin protein expression in the brain of mice exposed to different regimen of
ethanol. A) Schematic figure showing the four ethanol treatments performed. (B-F)
Representative western blot images for each brain region are shown, along with the
graphics representing the actin-normalized immunoreactivity (IR) of 130 kDa band in
the four administered ethanol treatments (S-S: saline — saline, S-E: saline — ethanol, E-S:
ethanol-saline and E-E: ethanol-ethanol) in the following brain regions: B) nucleus
accumbens, NAc, C) amygdala, AMY, D) frontal cortex, FC, E) hippocampus, HIP, and F)
dorsal striatum, CPu. n=5-15 per group. Kruskal-Wallis followed by Dunn’s post hoc test
was used for the comparison (*p< 0.05, **p< 0.01, ***p< 0.001). Experiments were
performed in triplicate. The quantification is represented in box-and-whiskers plots,
where “box” shows the median and the 25 and 75t percentile and the “whiskers”
depict the 5% and 95 percentile. Dots represent the average value of each individual

band, or its immunoreactive signal was too
low to be analyzed, as it has been described
before [42,43]. Therefore, the present data
correspond only to the "130 kDa band.
Twenty-four h after an ethanol challenge in
animals treated repeatedly with ethanol
injections, an increase in hevin protein
expression was observed in the NAc in
comparison to the other 3 treatments
(saline, one single dose of ethanol and
withdrawal  period after  repeated
injections) (74% increase vs S-S, p = 0.0041;
68% increase vs S-E, p =0.0232 and 98%
increase vs E-S, p = 0.0007) (Fig. 3A). Acute
ethanol injection reduced hevin protein
levels in AMY (54% decrease vs S-S,
p =0.0471 (Fig. 3B). No significant changes
were observed in the other brain regions.

Hevin protein expression in mouse
plasma after ethanol treatment.

Hevin expression levels were also analyzed
in mouse plasma after chronic ethanol
treatment. The 100 kDa band was not
identifiable in these samples. Concerning
the 130 kDa band, ethanol challenge after
withdrawal produced higher levels of hevin
in comparison to the saline challenge after
withdrawal (65% increase vs E-S, p=0.0396)
(Fig. 4.). An additional band with a
molecular weight around “47 kDa was also
analyzed due to the high immunoreactivity
signal of this band in most of the samples.
Plasma showed high variability in the

expression levels of the 47 kDa band
among mice, with some of them expressing
high levels of this form (i.e. two of the E-S
group), and almost undetectable levels for
others. As a result, no differences were
detected in hevin expression levels
between the ethanol treatments for the 47
kDa band (Fig. 4.). In order to assess if the
expression of the lower band was the result
of the cleavage of the 130 kDa band, the
ratio of the immunoreactivity of both
bands was also calculated (130 kDa/ 47
kDa). No significant differences were
detected between treatment groups in the
130 kDa/ 47 kDa ratio (Fig. 4.).

Behavioral consequences of hevin
downregulation in NAc astrocytes on
ethanol consumption

To test the role of hevin in the long-term
adaptation to ethanol, we downregulated
hevin expression in NAc using an RNA
interference strategy, and tested the
consequences of this cell-specific and
regional downregulation of hevin on the
consumption of ethanol in an intermittent
ethanol access schedule (IEA). The
downregulation of hevin in the astrocytes
of the NAc was verified by the
immunohistochemistry of hevin protein
and GFP in the mice’s brain slices after the
IEA schedule was completed. Indeed,
immunohistochemistry assays revealed a
complete deletion of hevin expression in
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NAc astrocytes from mice infected with the
miRNA-containing viruses (Fig. 5A).

Mice showed a high preference for the
initial low dose of the ethanol solution
(Fig. 5B). Preference for the ethanol bottle
(calculated as the percentage of ethanol
consumed from the total volume) was
similar between hevin KD mice and control
mice for every dose during the entire
procedure (Fig. 5B). When measuring total
alcohol consumption (ingested ethanol
expressed as g ethanol/kg), hevin KD in NAc
astrocytes did not affect consumption of
ethanol at low and medium concentrations
(5%, 10% and 15%, w/v) (Fig. 5C). However,
when exposed to a higher concentration of
ethanol (20%), hevin KD showed an
increased consumption compared to the
lowest dose (5%), while control animals
maintained a similar intake over time (Fig.
5C). After three days of withdrawal, hevin
KD mice showed a higher relapse to
consuming 10% ethanol dose than controls
(Fig. 5C). Interestingly, these effects were
only observed in the first 4 h of ethanol
access. The last 4 h of the IEA experiment
(from 4 h to 8 h) revealed that both groups,
hevin KD and control mice, drank as much
water as ethanol. Altogether, these data
demonstrate that hevin KD animals
consume more ethanol at the highest
concentration and after ethanol
withdrawal, while having a similar
preference for ethanol.

DISCUSSION

AUD is characterized by two main features,
the loss of control over the consumption of
alcoholic beverages, and the relentless
necessity to consume alcohol during
abstinence, known as craving [5,6].
However, their neurobiological bases
remain mainly unknown. Postmortem
brain samples from subjects with a reliable
antemortem diagnosis of AUD, and
appropriately matched control subjects,
provide a unique opportunity to search for
any clinical relevance of altered molecular
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expression of different proteins in patients
with AUD [44]. In this line, the principal
finding of the present study is that the
matricellular protein hevin is
overexpressed in the brain of subjects with
AUD.

Human brain regions analyzed in this study
were selected based on their implication in
different aspects of AUD and on tissue
availability. The PFC was chosen for its role
in executive functions, such as control,
planning and inhibitions of behaviors; the
HIP for its important role in the association
of particular environments and emotional
states with the effect of the drug; the CAU,
for its involvement in cognition, learning,
memory, and feedback processing; and the
CB, for its role in movement and balance
incoordination after long-term alcohol
consumption, in addition to its role in
cognition, emotion and drug addiction [8].
Overall, all the studied regions showed an
increase in hevin levels either at mRNA
or/and protein levels in AUD subjects. This
is the first evidence in humans for the role
of hevin in the pathophysiology of AUD.
Even if the mechanisms underlying this
feature or its consequences are difficult to
determine in humans, several hypotheses
can be postulated. Hevin promotes the
formation and maintenance of excitatory
synapses specifically and modulates the
refinement and stabilization of dendritic
spines  [22,24,26,45]; therefore, the
upregulation of hevin expression could be
implicated in the profound structural
rearrangement/adaptation that occurs in
AUD [46,47]. Indeed, we previously found
an important loss in neuronal structural
proteins in AUD subjects, and other
authors have reported that AUD subjects
also suffer neuronal and dendritic spines
loss [47-51]. Hevin increase could thus be
an adaptative mechanism triggered to
counteract ethanol’s effects on neuronal
structure. Besides, at a molecular level,
hevin increases NMDA-receptor (NMDA-R)
expression and their function [21,24,45].
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Fig. 4. Hevin protein expression in mouse plasma after different regimen of ethanol. A
representative western blot for hevin in mouse plasma and its Ponceau S stain images,
along with the graphics representing the actin-normalized immunoreactivity of “130 kDa
and 47 kDa hevin bands and the ratio 130 kDa band/47 kDa in mouse plasma after the
four administered ethanol treatments (S-S: saline — saline, S-E: saline — ethanol, E-S:
ethanol-saline and E-E: ethanol-ethanol). n=7-8 per group. Kruskal-Wallis followed by
Dunn’s post hoc test was used for the comparison (*p< 0.05). Experiments were
performed in triplicate. The quantification is represented in box-and-whiskers plots,
where “box” shows the median and the 25 and 75% percentile and the “whiskers”
depict the 5" and 95 percentile. Dots represent the average value of each individual
in the performed experiments.

Hence, hevin could also mediate part of the overexpression is induced by ethanol or if it
synaptic plasticity occurring after chronic is a pre-AUD state, suggesting vulnerability.
ethanol, such as long-term potentiation We used preclinical models of AUD and
and NMDA-R dependent plasticity, as it has compared the effects of chronic alcohol
been widely described in preclinical studies withdrawal, chronic alcohol relapse and
as well as in postmortem human brain from acute alcohol administration on hevin
subjects with AUD [46,52—-54]. In our study protein levels in mouse brain. We selected
we did not find any difference in hevin cortico-limbic brain regions involved in the
expression levels between sexes. As a neurocircuitry of drug addiction, in
control for disease specificity, a group of particular ventral and dorsal striatum, PFC,
subjects with antemortem diagnoses of HIP and AMY [8]. In contrast to human
depression was added. Hevin expression data, we observed hevin protein expression
was unaltered in the depression group in changes only in the AMY and NAc. In the
our study, consistent with a previous study AMY, a decrease in hevin levels was
[55]. These results in the human brain raise observed after a single dose of ethanol, but
the question of whether hevin not after chronic ethanol administration. In

this context, and according to the possible
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Fig.5. Effect of hevin protein downregulation in mouse NAc astrocytes on ethanol
consumption. A) Immunohistochemical validation of hevin downregulation in mouse
NAc after injection of miRNA-containing viruses (hevin immunofluorescence, in red, is
absent in astrocytes infected with hevin miRNA and co-expressing EmGFP). B) Ethanol
preference quantification every third day of each ethanol concentration. C) Ethanol
consumption quantification every third day of each ethanol concentration. The ordinate
represents the average of the percentage of ethanol taken by hevin KD and control
groups (B) or the grams of ethanol per kg of mouse taken in 4h (C). The abscissa shows
the ethanol concentration tested. N = 8/group. Empty squares show the mean + SEM
from hevin KD mice values and filled circles show the mean + SEM from control mice
values. Mann-Whitney test was used for the comparison of the preference and
consumption between the hevin KD and controls (*p< 0.05, **p< 0.01); and Friedman
followed by Dunn’s post hoc test was used for the comparison of the preference and
consumption between ethanol concentrations. Values represent the mean + SEM.

role of

hevin in regulating the

anxiolysis [56—58]. On the contrary, in the

glutamatergic signaling and neuroplasticity
in response to ethanol, acute and low
doses of ethanol decrease excitability and
increase dendritic spines in rodents’ AMY,
coinciding with anxiolytic effects, while
repeated withdrawal normalizes dendritic
arborization, causing tolerance to ethanol
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NAc, hevin was overexpressed only with a
challenging dose after withdrawal, while no
change was observed after acute ethanol
injection. It has already been described
that chronic ethanol intake and withdrawal
in rodents” NAc produce alterations in
dendritic spine number, structure and



organization, as well as an increase in
NMDA-R and AMPA-R expression and
function, which suggests that hevin
increase observed in NAc could be a
compensatory response to the ethanol-
related glutamatergic inhibition [59-64].
Overall, while changes in hevin levels in
AMY could be implicated in the acute
alcohol experience, the increased hevin
expression in NAc after chronic ethanol
exposure suggests that hevin might also
participate in the long-term adaptation to
ethanol. As noted, mouse and human
brains showed a different pattern of hevin
expression levels in several regions (i.e.
PFC, HIP) after alcohol exposure. This
difference could be explained by two
essential factors largely discussed in the
literature previously: 1) the different
regimens of alcohol exposure (time course,
total drug intake and probable withdrawal
period) which arises the question of what is
the necessary cumulative effect of the drug
to cause neuroplasticity, and 2) different
psychosocial and environmental stressors
[65].

To test the potential role of hevin on
alcohol consumption, we used RNA
interference strategy to downregulate
hevin expression in NAc astrocytes, where
it is essentially expressed [30], and
evaluated the consequence of hevin
manipulation in the IEA model of voluntary
ethanol intake. Our results indicate a
disrupted reward system when hevin is
downregulated (KD). Specifically, we
detected a higher ethanol consumption in
hevin KD mice in two cases: i) at high
ethanol concentrations (20%), which were
administered after 15 days of intake and ii)
after three days of withdrawal with a
medium ethanol concentration (10%).
These findings suggest that ethanol
addiction and withdrawal are associated
with dysregulated hevin signaling. Since
hevin increases excitatory synaptic
plasticity, knocking-down hevin might
disrupt the glutamatergic plasticity

involved in the rewarding effects of ethanol
[66], making it necessary to increase
alcohol consumption in order to reach the
same hedonic response [67]. Nevertheless,
the ethanol preference analysis revealed
that both hevin KD and control mice drank
as much water as ethanol, showing no
differences in the preference at any dose
and at any time. We suggest that mice
undergo autoregulation in the water intake
probably to avoid the dehydration
produced by the higher ethanol intake.
Finally, we tested whether hevin levels
would be altered in the blood plasma of
mice after chronic alcohol withdrawal,
chronic alcohol relapse or acute alcohol
administration. Interestingly, a very similar
expression profile was obtained after the
different ethanol treatments in plasma
samples compared to NAc, with increased
hevin expression only with a challenge
dose after withdrawal. The origin of hevin
protein in blood plasma is still uncertain.
Hevin is not expressed by any blood cell
type [31], but is expressed in other tissues
than the brain, such as lung [68],
endothelial cells of high endothelial
venules [27,69] or stomach [70]. The
increase of hevin in the plasma of ethanol-
treated mice, suggests that hevin could be
used as a biomarker in AUD relapse, as it
has been proposed in neurodegenerative
diseases and several cancers [71,72].

As a whole, this study sheds light on the
role of hevin in the pathophysiology of
AUD. In humans, we previously found that
hevin is expressed in astrocytes and some
glutamatergic and GABAergic neurons [30].
Although, the source of hevin
overexpression in  AUD subjects s
unknown, our cell-specific RNA
interference strategy in mice shows that
hevin expression in NAc astrocytes is
crucial for increased voluntary ethanol
consumption. As described above, we
hypothesized that hevin could take part in
the acquisition of the addiction behavior by
strengthening and promoting specific
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synaptic signaling and/or modulating
neuronal plasticity/adaptation in brain
areas involved in AUD.

In conclusion, our postmortem brain
analysis revealed an increase in hevin levels
in various brain regions of subjects with
AUD. In order to explore whether this
increase was a consequence of alcohol
intake, we used a mouse model of chronic
ethanol administration and found that only
chronic ethanol relapse increases hevin in
the brain reward center, the NAc. In
addition, we also evaluated whether
alterations in hevin expression would affect
alcohol-related behavior, and revealed that
hevin manipulation in NAc astrocytes,
where the vast majority of hevin s
expressed in this region, modulates alcohol
consumption. Overall, this study provides
the first evidence for the role of hevin in
alcohol consumption and addiction.
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Storage Psychiatric
Case Sex Age PMD time Cause of dead diagnosis Drugs in blood
(years) (hours)
(months)
Al M 59 22 11 Natural/ Cirrhosis AUD (-)
C1 M 57 3 18 Accident/ Crushing Control (-)
D1 M 55 20 95 Suicide/ Train Depression Antidepressants
A2 M 59 19 159 Natural/ CRF AUD (-)
c2 M 58 16 201 Accident/ Traffic Control (-)
D2 M 60 18 170 Suicide/ Hanging  Depression Antidepressants
A3 M 61 34 20 Natural/ CRF AUD Ethanol
C3 M 62 9 45 Natural/ CRF Control (-)
D3 M 62 15 96 Suicide/ Knife Depression Antidepressants
A4 M 51 23 23 Natural/ CRF AUD (-)
c4 M 51 14 108 Accident/ Traffic Control Ethanol
D4 M 51 24 200 Suicide/ Hanging Depression Antidepressants
A5 M 55 11 36 Natural/ CRF AUD (-)
c5 M 56 13 96 Natural/ CRF Control (-)
D5 M 56 3 128 ThronI:ls:;:Zolism Depression Antidepressants
A6 M 61 27 162 Natural/ CRF AUD (-)
c6 M 61 23 202 Accident/ Traffic Control (-)
D6 M 60 24 111 Suicide/ Jumping  Depression Antidepressants
A7 M 52 17 85 Natural/ CRF AUD (-)
c7 M 54 16 112 Accident/ Work Control (-)
D7 M 50 23 143 Suicide/ Gun Depression Antidepressants
A8 M 47 28 88 Natural/ AUD Ethanol
Hemorrhage
c8 M 46 24 129 Natural/CRF Control (-)
D8 M 49 27 18 Natural/CRF Depression Antidepressants
A9 F 50 14 95 Natural/ AUD Ethanol
Hemorrhage
c9 F 50 10 129 Natural/CRF Control (-)
D9 F 49 19 164 Suicide/ Jumping  Depression Antidepressants
Al10 F 38 22 165 Natural/ CRF AUD (-)
Cc10 F 36 20 123 Accident/ Train Control (-)
D10 F 36 32 152 Suicide/Drug o csion  Amolvtics/
intoxication Antidepressants
All F 71 16 125 Natural/ CRF AUD (-)
C11 F 71 22 155 Accident/ Traffic Control (-)
D11 F 70 7 92 Suicide/ Jumping  Depression Antidepressants
Al2 M 64 9 104 Natural/ CRF AUD Ethanol
Cc12 M 64 22 46 Natural/ CRF Control (-)
D12 M 65 12 145 Suicide/ Hanging  Depression Antidepressants
Al3 M 73 2 168 Natural/ CRF AUD Ethanol
C13 M 73 10 202 Accident/ Jumping Control (-)
D13 M 73 11 39 Suicide/ Hanging  Depression Antidepressants
Al4 M 52 27 114 Natural/ CRF AUD (-)
C14 M 51 19 101 Accident/ Traffic Control (-)
D14 M 53 22 87 Suicide/ Hanging Depression Antidepressants
Al5 M 49 10 115 Natural/ CRF AUD Ethanol
C15 M 48 10 123 Natural/CRF Control (-)
D15 M 50 24 118 Suicide/ Gun Depression Antidepressants
Al6 M 56 24 129 Natural/ CRF AUD Ethanol
C16 M 55 22 130 Natural/CRF Control (-)
D16 M 56 22 119 Suicide/ Gun Depression Antidepressants
Al7 F 54 7 142 Natural/ CRF AUD Ethanol
c17 F 51 10 84 Natural/CRF Control (-)
D17 F 54 18 169 Suicide/ Hanging Depression Antidepressants
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Al8 M 60 6 143 Natural/ CRF AUD (-)
Cc18 M 60 19 87 Natural/ CRF Control (-)
D18 M 61 5 198 Natural/ Aneurism  Depression Antidepressants
A19 M 46 11 149 Natural/ AUD )
Hemorrhage
Cc19 M 47 17 205 Natural/ CRF Control (-)
D19 M 47 18 167 Suicide/ Hanging  Depression Antidepressants
A20 F 44 11 163 Natural/ CRF AUD (-)
Cc20 F 45 12 130 Natural/ CRF control (-)
D20 F 43 24 143 Natural/CRF Depression Antidepressants
A21 M 53 25 158 Natural/ CRF AUD (-)
Cc21 M 54 23 159 Accident/ Jumping control (-)
D21 M 53 39 191 Suicide/ Gun Depression  Antidepressants
A22 M 65 5 159 Natural/ CRF AUD Ethanol
c22 M 67 22 166 Natural/ CRF control (-)
D22 M 65 11 94 Suicide/Drug o ocsion  Aniolvtics/
intoxication Antidepressants
A23 F 50 23 159 Natural/ CRF AUD Ethanol
c23 F a5 8 21 Natural/ Control ()
Hemorrhage
D23 F 49 18 142 Sumnde/ Depression Antidepressants
Submersion
A24 M 57 17 147 Natural/ CRF AUD (-)
c24 M 55 20 37 Accident/ Control ()
Mountain
D24 M 57 21 92 Suicide/ Jumping  Depression Antidepressants
A25 F 46 19 156 Natural/ CRF AUD Ethanol
C25 F 43 3 40 Accident/ Traffic Control (-)
D25 F 45 21 89 Suicide/ Hanging Depression Antidepressants
A 7F/18M  55%2 1742 119410
C 7F/18M  54+2 15+1 114412
D 7F/18M  55%2 1942 12749

Supplementary table 1. Demographic characteristics, postmortem delay (PMD), storage
time of the sample, cause of death, psychiatric diagnosis and toxicological findings of the
subjects included in the study. A, AUD (alcohol use disorder); C, control; D, depression; M,

male; F, female; CRF, cardiorespiratory failure.
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Sample Primary Ab Primary Ab Secondary Ab Secondary Ab
dilution dilution
Human brain Goat anti-human 1:3000 Alexa Fluor® 680 1:5000
(PFC, HIP, CAU, hevin (R&D conjugated donkey
CB) systems, AF2728) anti-goat (Life
Technologies, A21084)
Mouse anti- B- 1:100.000 DyLight™ 800 1:5000
actin (Sigma- conjugated donkey
Aldrich, A1978) anti-mouse (Rockland,
610-745-002)
Mouse brain Goat anti-mouse 1:2000 Alexa Fluor® 680 1:5000
(FC, NAc, CPu, hevin (R&D conjugated donkey
HIP, AMY) and systems, AF2836) anti-goat (Life
plasma Technologies, A21084)
Rabbit anti- B- 1:5000 DyLight™ 800 1:5000
actin (Abcam, conjugated donkey
Ab8227) anti-rabbit (Rockland,

611-745-127)

Supplementary table 2. Details of the primary and secondary antibodies used in western

blot assays.
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ANNEX 3

Correlation between both hevin protein isoforms

Statistical linear correlation between B-actin normalized ~130 kDa and ~100 kDa hevin
bands immunoreactivity in post nuclear preparations from human prefrontal cortex (A),
cerebellum (B), hippocampus (C) and caudate nucleus (D) of alcohol use disorder (AUD),
control and depression groups of subjects. Correlation analysis was performed by two-
tailed Pearson’s correlation test (Pearson’ r value, p value and the regression line are
shown). Dots represent the average value of each individual in the performed experiments.
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