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Abstrakt

Mortin a dalsi opioidy jsou vyznamné 1€ky pouzivané pii 1€cb¢ bolesti. Pti jejich dlouhodobém
uzivani vSak Casto dochazi k vytvoieni zavislosti a tolerance coz omezuje jejich pouziti
v klinické praxi. Opioidy se vazou na opioidni receptory a kromé& bolesti reguluji naptiklad
emoce a stres. Opioidy a opioidni receptory maji hlavni funkci v centralni nervové soustave, ale
vyznamné ovlivituji 1 imunitni systém. Mechanismus, kterym opioidy imunitni systém ovliviiuji
stejn€ jako mechanismy rozvoje zavislosti a tolerance nebyly doposud zcela objasnény. Zmény
v mnozstvi opioidnich receptori mohou odrazet tyto procesy, dile muze také dochazet
k zménam ve funkci, nebo oligomerizaci. Oligomerizace opioidnich receptort je kontroverzni
téma, protoZe doposud publikované vysledky jsou nejednoznaéné a mnohdy protichidné.

V ramci této praci bylo zjisténo, Ze pisobenim morfinu se v kiife pfedniho mozku potkana
nezménilo celkové mnozstvi opioidnich receptorti. V buitkidch imunitniho systému bylo
pratokovou cytometrii stanoveno, ze morfin zptsobil specificky nartistu mnozstvi p-opioidniho
receptoru. Zvysené mnozstvi mRNA p-opioidniho receptoru byva v literatufe spojovano se
sniZzenou funkci imunitniho systému. Zjisténé zvySeni mnozstvi tohoto receptoru tak ukazuje na
imunosupresivni U¢inky morfinu. Vliv morfinu na celkové proteinové slozeni lymfocytli bylo
stanoveno proteomickou analyzou, jejiz vysledky naznacuji, Ze morfin miize také zpiisobit
epigenetické zmeény nebo poskozeni DNA.

Oligomerizace opioidnich receptoriit v modelovych buiikdch byla stanovena metodami
fluorescenéni mikroskopie. Tyto metody umoznily detailni pohled na jednotlivé molekuly
opioidnich receptori a tak bylo mozné pozorovat, zda opioidni receptory tvoii oligomery. Bylo
zjiSténo, ze pii vyS$im mnoZstvi receptorti v membrané bunék, existuji k-opioidni receptory ve
form¢ dimerd, zatimco p-, a d-opioidni receptory jsou monomerni. Tato zjiSt€éni mohou mit
vyznamnou roli pfi dal§im vyzkumu signalizace a funkce opioidnich receptorti a také pifi vyvoji

novych k-opioidnich ligandd.
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1. Uvod

,, Pokud by se cela materia medica, kterou mame k dispozici, omezovala na vyber a pouZiti pouze
jedné drogy, jsem si jisty, Zze by si mnozi z nas, pokud ne vétsina, vybrali opium; a jsem

vvvvvv

méli bychom vsichni umistit opium na prvni pozici. “ David 1. Macht (1915).

Tento citat z prace doktora Machta je 1 po vice nez sta letech stale aktudlni. Mozna dnes
by opium, nebo opioid morfin jako hlavni analgeticka slozka opia, nebyl vybran jako ten
nejdulezitéjsi 1ék. Moderni medicina porad spoléha na tyto latky pti 1€cbé silné bolesti.

V nasem t¢le se tvofi endogenni opioidy, které reguluji bolest a rozkos a ptisobi tak, ze
se vazou na opioidni receptory. Endorfiny jsou zfejmé ty nejznamé;jsi endogenni opioidy a ¢asto
se oznacuji 1 jako ,,hormony §tésti*“. Uvoliiuji se béhem sexu, jedeni ¢okolady, smichu nebo pii
sportu a vytvaii pocity euforie (Farrhud a kol. 2014). Exogenni opioidy, kam se fadi i morfin,
napodobiiuji plisobeni endogennich opioidi. To, Ze opioidy vyvolavaji euforii, je piimo
pfedurcuje na to, aby byly lidmi zneuzivany. Pfi nadmérném uZivani vSak dochazi ke vzniku
zavislosti a tolerance. V psychiatrii je zavislost mozné definovat jako nekontrolovatelny popud
drogu uzit za ucelem poZitku a uniknout z nepfijemného vnitiniho psychického rozpoloZeni.
Tolerance byva popisovana je rostouci potieba uzit drogu ¢astéji, nebo ve vétsi davce (Goodman
1990). Molekularni mechanismy toho, jak zavislost a tolerance vznikaji a rozviji se, doposud
nejsou presné znamé. Popsani téchto mechanisml by mohlo vést k vyvoji novych 1é€iv bez
nezadoucich ucinkd, lepSimu zplisobu 1écby bolesti a zavislosti.

Ve spojenych statech americkych vrcholi ,,opioidni krize*. To poukazuje vice nez kdy
predtim v moderni spole¢nosti, jak dilezité je studovani opioidd, jejich plsobeni, interakce,

signalizace a dalSich procesi, z hlediska mediciny a dalSich vé€dnich obort.



2. Cile

e Prvnim cilem této prace je pfispét k objasnéni vzniku zavislosti a tolerance, se
zaméfenim na moznou zménu v mnozstvi opioidnich receptorti v centralni nervové

soustave.

e Druhym cilem této prace je rozsifit znalosti o pisobeni morfinu a mitogenu na
proteom imunitnich bunék, se zaméfenim na vyskyt a mnoZzstvi opioidnich

receptort.

e Tietim cilem této prace je popsani homooligomerniho stavu opioidnich receptort.

3. Material a metodika

Zvireci model

Samci potkana kmene Wistar - Mladi dospéli, vék 2- 6 mésici.

Experimentalni model zavislosti na morfinu

Davkovani morfinu: 10 mg/ kg (den 1 a 2), 15 mg/ kg (den 3 a 4), 20 mg/ kg (den 5 a 6),
30 mg/ kg (den 7 a 8), 40 mg/ kg (den 9 a 10).

Morfin byl podavan intramuskuldrni injekci. Kontrolnim zvifatim byl injekovan

fysiologicky roztok.

Izolace tkani a bunék ze zvirat
Kira pfedniho mozku izolovéna z kontrolnich a morfinem ovlivnénych zvirat.
Lymfocyty ze sleziny nebo periferni krve kontrolnich zvifat byly izolované na ficoll-paque

PLUS gradientu. Nasledovala 48-hodinova inkubace s (bez) morfinu nebo konkanavalinu A.

Lidské bunky



Lymfocyty z periferni krve izolovany na ficoll-paque PLUS gradientu, a inkubované 48 h

inkubace s (bez) morfinu.

Mesenchymalni kmenové bunky (MSC) izolovany na gelofusine. Néasledné byly bunky
inkubované 48 h s (bez) IFN-y, TNF-a.

Bunécné linie
CHO-K1
Transfekované fluorescenéné znacenymi opioidnim receptorem ((u-, 6-, nebo k-OR) nebo

monomerni kontrolou.

»Western blotting*
Stanoveni p-, 6-, a k-opioidnich receptori v klite predniho mozku.
Stanoveni p-, -, a k-opioidnich receptora v lidskych MSC.
Protilatky: Anti-6-OR-1 (sc-9111), anti-k-OR-1 (sc-9112), anti-u-OR-1 (sc-15310) anti-pu-OR-
1 (sc-7488), IgG-HR (sc-2004), Santa Cruz Biotechnology

Prutokova cytometrie
Stanoveni p-, 6-, a k-opioidnich receptorii v potkanich lymfocytech z krve i sleziny, v lidskych
krevnich lymfocytech a lidskych MSC.
Neptimé znacni protilatkami.
Protilatky: Anti-8-OR-1 (sc-9111), anti-k-OR-1 (sc-9112), anti-pu-OR-1 (sc-15310), Santa Cruz
Biotechnology, IgG H&L Alexa Fluor® 555 (ab150074) Abcam.

Permeabliziace a fixace bunék: FoxP3/Transcription Factor Fixation/ Permeabilization Kit
(eBioscience).

LSRII pratokovy cytometer

Molekularni biologie
Plazmidy pWHEG636¢ obsahujici opioidni receptory nebo monomerni kontrolu, modifikované
fluorescen¢nimi znackami. Fluorescencni znacky mEGFP, SNAP-tag, ,.split GFP* spolu s

mKate nebo SNAP-tag.



Fluorescen¢ni mikroskopie
,»State-of-the-art™ mikroskop
,»Split GFP* metoda s troj-barevnym znacenim
Fluorescen¢ni mikroskopie s Uplnym vnitinim odrazem — pozorovani jednotlivych molekul
s dvoj-barevnym znacenim
Metoda ,,PhotoGate*
Vyhodnoceni: Fluorescenéné znacené receptory byli pozorované jako ,,zafici body*“. Zelené
body — signal GFP, ¢ervené body — signal SNAP-549, a zluté body — zelené a ¢ervené body se

stejnou pozici po piekryvu dvou kandlu. Mira kolokalizace byla stanovena podle

2XNy

rovnice:coloc.ratio = —————
2XNy+Ng+Nr

Kde Ny, Ng, Nr je pocet zlutych, zelenych a ¢ervenych bodi.

Vazebné studie s radioligandy
Agonistem stimulovand vazba [>>S]GTPyS
Stanoveni funk¢ni aktivity p-, 8-, a k-opioidnich receptorti
Stanoveni funk¢ni aktivity geneticky modifikovanych p-, -, a x-opioidnich receptort

pfechodné exprimovanych CHO-K1 bunkami.

4. Vysledky a diskuse

4.1 Stanoveni mnozstvi y-, 5-, a k-opioidnich receptoru v predni mozkové kire

potkana po 10-denni aplikaci morfinu metodou ,,Western blotting“

Opioidni receptory byli stanovené v postnukledrnim supernatantu predni mozkové kiiry
potkand. /n vivo 10-denni aplikace morfinu neovlivnila mnozstvi proteinu p-OR. Prouzky na
imunoblotu odpovidajici p-OR byly pozorovany pii vyssi molekulové vaze (Mv), nez by se
ocekavalo na zakladé primarni struktury tohoto receptoru. Podobny vysledek je uvadény i
v jinych studiich (Garzon et al. 1995, Petaja-Repo et al. 2001, Huang et al. 2015b).

Posttranslacni Gpravy proteind, jako glykosylace, mohou ovlivnit pohyblivost proteinil v gelu.
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Ve vzorkach které byly vystavény ptisobeni N-glukosidazy F, prouzky odpovidajici u-OR byly
pozorovany pii nizSich Mv. N-glykosylce je tak hlavni faktor ovliviiujici pohyblivost u-OR.
Celkové mnozstvi proteinu 6-OR a k-OR také nebylo zménéno plisobenim morfinu. Vliv N-
glukosidazy F na pohyblivost 6-OR a k-OR byl jiny nez na p-OR. Prouzky odpovidajici k-OR
byly stanoveny pii Mv odpovidajici primarni struktufe receptoru. d-Opioidni receptory byli
stanovené pti vysSich Mv i po pasobeni N-glukosidazy F. Je mozné, Ze k snizené pohyblivosti
0-OR prispivaji jiné posttranslacni upravy. Naptiklad O-glykosylace, ktera je dualezita pro
strukturni a funk¢éni zrani 6-OR (Petaja-Repo et al. 2001, Leskela et al. 2009).

4.2 Stanoveni mnozstvi -, &6-, a k-opioidnich receptori v potkanich
lymfocytech ovlivnénych konkanavalinem A pomoci pratokové cytometrie

a agonistem stimulovana vazba [**S]GTPyS

Slezinni lymfocyty byli vystavéné ucinku konkanavalinu A (Kon A) in vitro po dobu 48 hodin.
Zvysené mnozstvi mRNA a proteinu 6-ORs a k-ORs uc¢inkem Kon A bylo dfive zaznamenano
u mysich lymfocyti ze sleziny, ale efekt tohoto mitogenu na mnozstvi proteinu OR v potkanich
lymfocytech stanoven nebyl (Sharp et al. 1997, Miller 1996, Miller 1998, Bidlack & Abraham
2001). Pokud byly lymfocyty pfed analyzou permeabilizované, populace bunék, které méli p-,
0-, a K-OR, byla vétsi neZ u kontrolniho vzorku. Procento kontrolnich bunék, u kterych byl
stanoven k-OR, bylo vyss§i ve srovnani s procentem buné€k positivnich na p-, 8-OR. KdyzZ bylo
provedeno povrchové znaceni receptorll, mnozstvi buné€k positivnich na OR bylo zanedbatelné
jak u kontrolniho tak i u Kon A ovlivnéného vzorku. Stanoveni funkéni aktivity OR
v lymfocytech byla provedena pomoci agonistem stimulované vazby [*S]GTPyS. Zadna
specificka vazba na OR nebyla stanovena. Stanoveni OR pomoci radioligandovych vazebnych
studii bylo Uspésné pouze pti pouziti bunéénych linii a ve vzorkach lidské periferni krve. Bylo
navrzeno, Ze na bunach tohoto typu se opioidy vadzou na nizko afinni mista.

Na zakladé vysledku této prace, je mozné piedpokladat, ze opioidni receptory se nachazi
spise uvnitt bunék a nejsou funkéné zralé.

Potkani lymfocyty z periferni krve méli podobnou odpovéd’ na Kon A jako buiky ze
sleziny. U¢inkem Kon A doslo ke zvySeni mnozstvi bun&k, které mé&li opioidni receptory, ale
celkové nebylo toto zvySeni tak vyrazné jako u lymfocytl ze sleziny. Opét byl v kontrolnich

buiik4ch nejvice zastoupeny k-OR.



V¢étsi mnozstvi k-OR bylo stanoveno u nezralych T-lymfocyti. U mysi postradajicich «-
OR byla pozorovana zvysena odezva latkové imunity (Kowalski 1998, Ignatowski & Bidlack
1998, Gaveriaux-Ruff et al. 2004, Roy et al. 2001). Na zéklad¢ téchto pozorovani je mozné
predpokladat, ze opioidni receptory maji ulohu v zrani, diferenciaci, latkové odpovéedi

lymfocytl a zvySeni mnozstvi OR miize byt regulacnim procesem.

4.3 Stanoveni mnozstvi -, 8-, a k-opioidnich receptori v potkanich

lymfocytech ovlivnénych morfinem pomoci pritokové cytometrie

Potkani lymfocyty byli vystavéné Uc¢inku morfinu po dobu 48 hodin in vitro. Ovlivnéni
imunitniho systému, pievazn¢ imunosuprese zpisobend morfinem je védci pozorovana dlouhou
dobu, ale mechanismus tohoto déje a pridruzené procesy nejsou zcela objasnéné (Sharp 2006,
Mellon & Bayern 1998). V této praci bylo zjisténo, Ze vysokéa koncentrace morfinu (10 M)
zplsobila nariist mnozstvi u-OR v lymfocytech ze sleziny, ale nizsi koncentrace (10° M),
mnozstvi u-OR nezménila. Pocet lymfocyti, u kterych byl stanoven 6-OR a k-OR nebyl zménén
ucinkem morfinu.

V lymfocytech z periferni krve morfin, v obou koncentracich, zpisobili nariist mnozstvi
n-OR v porovnani s kontrolou. Populace buné€k positivnich na 6-OR a k-OR byla nezménéna a
zlstala mala.

Dlouhodobé podavani morfinu zptisobilo u mysi prodlevu v naboru imunitnich bun¢k do
rany a doslo k zmenSeni populace téchto bune¢k (Martin et al. 2010). V jiné studii, prolifera¢ni
aktivita lymfocytu vyvolana Kon A byla niz8i u mysi, kterym byl dlouhodobé podavan morfin,
a tento efekt by doprovozen zvySenou apoptézou. U mysi, které postradali gen pro u-OR, oba
tyto efekty pozorovany nebyli (Wang et al. 2002). Tyto zjisténi indikuji, Ze imunosupresivni
ucinky morfinu jsou napojeny na ptitomnost p-OR. V dalsi studii bylo zjisténo, ze PI3K/ AKT
signalni drdha je zapojena do morfinem zesilené genové exprese pu-OR. Transkripéni faktor
E2F1, byl zvySeny, coz vyvolalo transkripci p-OR genu v bunkach linie CEMx 174 (Liu et al.
2010).

Vysledky této disertacni prace ukazuji, ze morfin ma ovlivituje specificky mnozstvi p-OR
v potkanich lymfocytech ze sleziny a periferni krve a tento efekt je vyvolany pfimim kontaktem

morfinu s imunitnimi bunky. Tyto vysledky podporuji pfedchozi zjiSténi, ze opioidy ovliviuji
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imunitni systém i piimo (Borner et al. 2013, Roy et al. 2001, Karaji et al. 201 1, Ninkovic & Roy
2013).

4.4 Stanoveni mnozstvi p-, 8-, a K-opioidnich receptort v lidskych lymfocytech

ovlivnénych morfinem pomoci pratokové cytometrie

Lymfocyty z periferni krve zdravych dobrovolnika byli vystavéné pasobeni morfinu po dobu
48 hodin in vitro. Mnozstvi lymfocyti, které méli p-OR bylo vétsi po piisobeni morfinu nez u
kontrol, coz odpovida vysledkiim ziskanych na zvifecim modelu. V jiné studii zvyseni mRNA
p-opioidniho receptoru bylo pozorovano u pacientt, kteii byli 1é¢eni morfinem po dobu 12
mesicl. Podobny vysledek byl ziskan 1 po 24 mési¢ni 1écbé. Tato zména, byla doprovozena
snizenym poctem NK bunék (z ang. ,, Natural killer cells*), coz byva spojovano s imunosupresi
(Campana et al. 2010).

V této praci se U€¢inkem morfinu zvysil 1 pocet lymfocytl, které méli 6-OR. V potkanich
lymfocytech mnozZstvi 8-OR ovlivnéné nebylo. Pocet bunck, které méli x-OR, se U¢inkem
morfinu nezménil, ale k-OR bol opét nejvice zastoupeny, coz opét odpovida studii na zvifecim
modelu. V jinych studiich bylo zvySené mnozstvi mRNA «-OR stanoveno v lymfocytech
periferni krve pacientd, ktefi prochdzeli substitucni metadonovou 1é€bou (Shahkarami et al.
2019) a mnozstvi u-OR a 3-OR bylo naopak sniZzené (Toskulkao et al. 2010). Je tak mozné, ze
rizné opioidy maji rizny vliv na expresi opioidnich receptord. Zména v mnozstvi p-OR
ucinkem morfinu je spojovana praveé s imunosupresi, to znaci, ze pii pouziti morfinu jako Iéku,
by se mélo zvazit u pacientll se snizenou funkci imunitniho systému. Pro pochopeni této

problematiky je nutny dalsi vyzkum.

4.5 Proteomicka analyza potkanich lymfocytli ovlivnénych konkanavalinem A,

nebo morfinem

Potkani lymfocyty ze sleziny byly vystavéné ucinku Kon A, nebo morfinu po dobu 48 hodin in
vitro. Proteomicka analyza poskytla komplexni pohled na to jak Kon a morfin ovliviiuji
proteinové slozeni téchto lymfocytl. V1iv Kon A na proteom lymfocytii byl zna¢ny. Proteiny
cytoplasmy a jaderné proteiny byly nejvice zménéné a piedstavovali vice nez 50 % ze vSech
zmén. VéEtSin proteinli, kterych mnozstvi bylo zvySeno U¢inkem Kon A, ma funkci ve

zpracovani RNA, metabolisme, negativni regulace apoptdzy, a proliferaci, coz jsou funkce
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spojené s bunécnym rustem a délenim. Proteiny, kterych mnozstvi bylo snizeno uc¢inkem KonA,
sehravaji ulohu pfedev§im pii apoptoze, prenosu signalu, ovliviuji tvar bunék, pohyb a
metabolismus.

Proteomické analyza lymfocyti, které byly vystavéné i€inku morfinu, ukazala, Ze zmény
ve slozeni proteinu neni tak dramatické jako po plisobeni Kon A. Pouze mnozstvi 23 protein
bylo zménéno. VétSina proteind, u kterych byla pozorovana zména, jsou proteiny jadra, nebo
cytoplasmy. Tyto proteiny jsou zapojeny predev§im do procesti zpracovani RNA, organizace
jadra, a ovliviiyji bunéény tvar a pohyb. Morfin zvysil mnozstvi histonu H3 a histonu H2A,
kterych acetylace a metylace ovliviluje DNA transkripci. Tyto histony maji také funkci
v reparaci posSkozené DNA (Li et al. 2008, Tolstorukov et al. 2012). Dtive bylo prokazané, ze
morfin zplsobuje poSkozeni DNA v T-lymfocytech (Tsujikawa et al. 2009). Vysledky této
proteomické analyzy také poukazuji na mozné epigenetické zmény, nebo poskozeni DNA

ucinkem morfinu.

4.6 Stanoveni homooligomerniho stavu opioidnich receptori v bunkach linie
CHO-K1

Pro stanoveni intermolekularnich interakci opioidnich receptorti byly tyto receptory pozorovany
na urovni jednotlivych molekul pomoci fluorescencni mikroskopie s plnym vnitinim odrazem
(TIRFM - z ang. ,,total internal reflection fluorescence microscopy*). Fluorescencné oznacené
opioidni receptory byly pfechodné exprimovany CHO-K1 bunikami.

Vysledky metody ,,split GFP* s troj-barevnym znafenim ukazali, Ze k-OR maji nejvyssi
tendenci k tvorbé dimerd, protoze poskytli mnohem vyssi frakci GFP signélu, ve srovnani s
monomerni kontrolou. Frakce signal GFP p-OR a 6-OR byla srovnatelnd s monomerni
kontrolou.

Metoda TIRFM s dvoubarevnym znacenim, kterou byly pozorovany jednotlivé molekuly
OR, byla pouzita na kvantitativni stanoveni poméru monomery/ dimery. Tato metoda vyzaduje,
aby byla hustota fluorescen¢né znacenych proteinti nizka (< 5 fluoroforti/ um?), protoze pii vyssi
hustot¢ by nebylo moZné pozorovat jednotlivé molekuly. To by vyustilo k vysokému
nahodnému prekryvu signalu, tj. kolokalizaci. Hodnoty miry kolokalizace (frakce Zlutych spoti)
byly podobné pro vSechny typy OR ve srovnani s monomerni kontrolou, co zdanlivé vypada

jako protichidny vysledek k vysledku metody ,,split GFP* pro k-OR. Dimerizace receptorti vSak
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zavisi 1 na jejich hustoté. Proto byla dale vyuzita technika ,,PhotoGate“, ktera umoziuje
pozorovani jednotlivych molekul, ale zaroven je hustota receptori na membrané vysoka.
Pomoci této techniky bylo stanoveno, ze k-OR tvofi dimery pfi hustotach 10-125 fluorofori/
pum?, pficemz p-OR, a §-OR jsou monomery. Pozorovana kolokalizace mEGFP a SNAP-
znacenych u-OR, 6-OR a monomerni kontroly byly pouze ptechodna, zatimco kolokalizace «-
OR byla pozorovéana po delsi ¢as, tj. tvorili dimery, pfi stejnych hustotach. Vyssi stupen
oligomerizace nebyl pozorovan, to znamena, ze dimerizace k-OR je specificky efekt a neni
vysledkem nédhodné kolokalizace, nebo shlukovani. Jiné fluorescen¢ni mikroskopické metody
jako FRAP a FRET vyzaduji hustotu receptori kolem 160 fluorofort/ pm? a vétsi, k ziskani
kvalitnich dat (Sarabipour & Hristova 2016). Klasické metody, které umoziuji pozorovani
jednotlivych molekul, naopak vyzaduji nizkou hustotu do 5 fluorofort/ um? (Kasai et al. 2011).
V této praci byl pomoci ,,PhotoGate* poprvé studovan rozsah hustoty od 10 po 100 fluoroforti/
um? (redlna hustota molekul 20—250 / pm?), ktery je zarovei fyziologicky rozsah hustoty téchto
receptord (Meral et al. 2018). Protoze byly opioidni receptory modifikované fluorescenénimi

znacky, jejich funkéni aktivita byla ovéfena agonistem stimulovanou vazbou [*S]GTPyS.

5. Zavéry

Po 10 denni in vivo aplikaci morfinu nedoslo ke zméné mnozstvi proteinu opioidnich receptort
v predni mozkov¢ kiife potkana. Tolerance a zavislost tak zfejme nejsou presentovany zménou
v mnozstvi OR. Tento vysledek je v souladu s pozorovanim, Ze exprese opioidnich receptort

muze byt regulovana rizné€ v rozli¢nych strukturdch mozku.

V potkanich lymfocytech, kratkodobé in vitro plisobeni mitogenu konkanavalinu A
zpiisobilo vyraznou zménu v mnoZstvi riiznych proteind, véetné opioidnich receptort. VéEtsina
proteind se zvysenou expresi po Kon A mé tlohu ve zpracovani RNA, metabolismu a negativni
regulaci apoptdzy. Proteiny se sniZenou expresi, jsou proteiny zapojeny do procesti apoptozy a
prenosu signalu. Tyto vysledky pfinaSeji novy pohled na to jak piisobeni mitogenu ovliviiuje

proteom téchto bunck.
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Kratkodobé piisobeni morfinu in vitro na potkani lymfocyty zptisobilo zménu v mnozstvi
proteintl, které jsou zapojeny do regulace transkripce a také do oprav poskozené DNA. Tyto
vysledky podporuji teorii, ze morfin zpusobuje epigenetické zmény a poskozeni DNA.
Proteomickd analyza poskytla novy, uceleny pohled na morfinem vyvolané zmény
v proteinovom slozeni. U¢inkem morfinu se zvysilo mnoZstvi p-OR, ale mnoZstvi 8- and k-OR
zménéno nebylo. Toto zvySeni p-OR naznacuje, ze specificky tento opioidni receptor je zapojen
do piimé odezvy lymfocytii na morfin.

Ptredbézné vysledky poukazuji na to, Ze in vitro ptisobenim morfinu na lidské lymfocyty
dochdzi ke zménam v mnoZzstvi proteinu pu-OR a 3-OR.

Tahle zména byla pozorovana po kratkodobém ptisobeni, coz naznacuje, ze morfin
navozuje nahlou modulaci imunitniho systému. Pro objasnéni toho jak tento opioid ovlivituje

imunitni systém je potieba dal§iho vyzkumu.

Homooligomerni stav opioidnich receptort byl stanoven. V buiikach linie CHO-K1, «-
OR tvorili dimery ve vysSich hustotach receptoru, zatimco p-OR a 6-OR byli pfevazné
monomery. Homooligomerizace je zékladni vlastnost, kterou tfeba znat, protoze mize mit vliv

na farmakologii, signalizaci receptoru, a také na vyvoj novych 1é¢iv.
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Abstract

Morphine and other opioids are powerful drugs used for pain relief, but their clinical use has
limitations as prolonged treatment leads to tolerance and addiction. Opioids bind to opioid
receptors, and besides pain, they regulate mood and stress. Even though the primary role of
opioids and opioid receptors is in the central nervous system, they also affect the immune
system. The mechanisms of how they affect the immune system, but also the mechanisms of
tolerance and addiction build-out, are not fully understood. These processes may be
demonstrated as changes in the opioid receptor expression level, alteration in their function or
oligomeric state. The dimerization of opioid receptors is a controversial topic in literature with
many contradictory results.

In this work, changes in the protein level of opioid receptors in the rat forebrain cortex
were not observed after morphine treatment. However, a specific increase in the amount of -
opioid receptors was determined in rat lymphocytes, using flow cytometry. In other studies, an
increased mRNA level of the p-opioid receptor was connected with immunosuppression. The
increased p-opioid receptor protein level indicates a similar effect. The overall effect of
morphine on the protein composition of lymphocytes was determined by proteomic analysis.
The results imply that morphine might cause epigenetic changes or DNA damage in
lymphocytes.

To resolve the oligomeric state of opioid receptors, it was "zoomed in" to the single
molecules in a model cell line using fluorescence microscopy techniques. It was revealed that
k-opioid receptors form homodimers in higher densities, while p- and 6-opioid receptors exist
predominantly as monomers. This result may impact future studies of opioid receptor signaling

and function and the new drug design of k-opioid receptor ligands.
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1. Introduction

“If the entire materia medica at our disposal were limited to the choice and use of only one
drug, I am sure that a great many, if not the majority, of us would choose opium,; and I am
convinced that if we were to select, say half a dozen of the most important drugs in the
Pharmacopeia, we should all place opium in the first rank.” David 1. Macht (1915).

More than a century later, the quote from doctor Macht’s work seems quite relevant.
Maybe today, opium, or its main analgesic compound, opioid morphine would not be chosen as
the most important drug. Still, modern medicine relies on these compounds in the treatment of
severe pain. In the body, endogenous opioids, are present to regulate pain and pleasure, and they
do so by binding to opioid receptors (OR). Endorphins are probably the most famous
endogenous opioids and are often referred to as the “hormones of happiness.” They are released
during sex, chocolate-eating, laugher, or continuous exercise, creating those euphoric feelings
(Farhud et al. 2014). Exogenous opioids, like morphine, mimic the action of endogenous
opioids. The euphoric effects caused by opioids predestine these drugs to be misused, and
excessive use leads to addiction and tolerance. In psychiatry, addiction can be defined as the
uncontrollable incentive to take drugs to produce pleasure and provide an escape from internal
discomfort. Tolerance is described as a growing need for higher or more frequent doses to
achieve desired effects (Goodman 1990). However, the molecular mechanisms describing the
genesis and rise of addiction and tolerance are not fully understood. Potentially, resolving of the
mechanism might lead to the synthesis of new drugs, lacking those undesired effects, and result
in better pain treatment and management of opioid addiction.

As the “opioid epidemic” in the USA is peaking, it shows us more than ever in these
days how important it is to study opioids, their actions, effects, interactions, signaling, and other

features from a medical point of view to the basic science.
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2. Aims

o The first aim of this study is to contribute to the elucidation of opioid addiction and
tolerance build-out, focusing on the potential change in the opioid receptor protein

level in the rat central nervous system.

. The second aim is to expand the knowledge of how morphine and mitogen
stimulation affect the proteome of the cells of the immune system with a focus on

opioid receptor expression.

o The third aim is to resolve the homo-oligomeric state of opioid receptors

3. Materials and methods

Animals

Male Wistar rat — young adults, age 2—6 months

Experimental model of morphine addiction
Morphine administration schedule: 10 mg/ kg (day 1-2), 15 mg/ kg (day 3-4), 20 mg/ kg (day
5-6), 30 mg/ kg (day 7-8), 40 mg/ kg (day 9-10)
Morphine was applied by intramuscular injection. To control animals, normal saline was

injected.

Tissues and cells isolated from animals
Forebrain cortex from the morphine-treated and control animals
Splenic lymphocytes and peripheral blood lymphocytes from non-treated animals
Lymphocytes were isolated on Ficoll-Paque PLUS gradient and then incubated for 48 h in the

presence or absence of concanavalin A or morphine.

28



Cells from Humans
Human peripheral blood lymphocytes were isolated on Ficoll-Paque PLUS gradient and

incubated for 48 h in the presence or absence of morphine

Isolation of mesenchymal stem cells was done on Gelofusine. MSCs were then incubated 48 h

in the presence or absence of IFN-y, TNF-a.

Cell line
CHO-K1

Transfected with fluorescently tagged opioid receptor (u-, 0-, or k-OR) or monomeric control

Western blotting
Detection of -, 8-, and k-opioid receptors in rat forebrain cortex
Detection of p-, 8-, and k-opioid receptors in human MSCs
Antibodies: Anti-3-OR-1 (sc-9111), anti-k-OR-1 (sc-9112), anti-u-OR-1 (sc-15310) anti-p-OR-
1 (sc-7488), IgG-HR (sc-2004), Santa Cruz Biotechnology

Flow cytometry
Detection of p-, 6-, and k-OR in rat splenic lymphocytes, rat PB lymphocytes, human PB
lymphocytes and human MSCs.
Indirect immuno-labeling.
Antibodies: Anti-3-OR-1 (sc-9111), anti-k-OR-1 (sc-9112), anti-u-OR-1 (sc-15310), Santa
Cruz Biotechnology, IgG H&L Alexa Fluor® 555 (ab150074) Abcam.

FoxP3/Transcription Factor Fixation/ Permeabilization Kit (eBioscience).

LSRII flow cytometer.

Molecular biology
Different plasmids pWHE636¢ containing p-, 6-, k-OR, monomeric control, modified with
fluorescent tags. Fluorescent tags: mEGFP, SNAP-tag, split GFP with mKate of SNAP-tag.

Competent bacteria E. coli strain DH5a.
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Fluorescent Microscopy
State-of-the-art microscope.
Three-color split GFP assay.
Dual-color single-molecule total internal reflection fluorescence microscopy.
PhotoGate.
Evaluation: Fluorescently tagged receptors were observed as luminous 'spots'. Green spots -
mEGFP signal, red spots - SNAP-549 or as yellow spots — green and red spots that shared

position in an overlay of two channel. The co-localization ratio was calculated by the equation:

2XNy

coloc.ratio = —————
2XNy+Ng+Nr

Where Ny, Ng, Nr are numbers of yellow, green, and red spots, respectively.

Radioligand assay
Agonist stimulated [**S]GTPyS binding.
Determination of the functional activity of p-, 8-, and k-OR in rat splenic lymphocytes
Determination of the functional activity of genetically modified p-, 6-, and k-opioid receptors

transiently expressed by CHO-K1 cells.

4. Results and Discussion

4.1 Detection of y-, 8-, and k-opioid receptors in rat forebrain cortex after 10-

day morphine treatment by western blotting

Opioid receptors were detected in postnuclear supernatant of rat forebrain cortices. Prolonged
in vivo morphine treatment had no effect on the p-OR protein amount. The p-opioid receptor
was detected as multiple bands at a higher molecular weight (Mw) than expected based on its
primary structure. A similar result was obtained by other scientists (Garzon et al. 1995, Petaja-
Repo et al. 2001, Huang et al. 2015b). Posttranslational modifications, including glycosylation,
can affect mobility in a gel. When the samples were pre-treated with N-glycosidase F, bands

were present in a lower range of Mw. N-glycosylation is the main reason for the lower mobility
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of u-ORs. The overall amount of 6-OR and k-OR was also not altered by morphine. A similar
effect of N-glycosidase F on 98-, k-ORs mobility was not observed. k-opioid receptors were
detected at expected Mw. 6-Opioid receptors were not detected at lower Mw after pre-treatment
with N-glycosidase F, which implies that other posttranslational modifications are affecting 6-
OR mobility in the gel. e.g., O-glycosylation is known to be important for 3-OR maturation
(Petaja-Repo et al. 2001, Leskela et al. 2009).

4.2 Detection of p-, 8-, and k-opioid receptors in concanavalin A-treated rat

lymphocytes by flow cytometry and [3°S]GTPyS assay

Splenic lymphocytes were exposed to concanavalin A (Con A) for 48 h in vitro. It was
previously reported, that Con A-treatment up-regulates mRNA and protein expression of 3-ORs
and x-ORs in murine splenic lymphocytes, but the effect of Con A on the protein level of all
ORs in rats was not examined before (Sharp et al. 1997, Miller 1996, Miller 1998, Bidlack &
Abraham 2001). When cells were permeabilized before analysis, the populations of Con A-
treated cells expressing -, 6-, and k-ORs proteins were increased compared to controls. The
percentage of control cells expressing k-ORs was higher compared to the percentage of p-OR-
or 0-OR-positive cells. When surface immunolabeling was performed, the amount of control
and Con A-stimulated cells that were positive on opioid receptors was negligible. [*>S]JGTPyS
assay was used to confirm the functional activity of opioid receptors in these cells. No specific
binding for neither of the opioid receptors was observed. Previously, successful radioligand
binding assays were performed only in cell lines or peripheral blood lymphocytes from humans.
Atypical, low affinity opioid binding sites on these types of cells were proposed (Mehrishi &
Mills 1983, Madden et al. 1987, Toskulkao et al. 2010, Sharp 2006). Based on the results, it is
reasonable to assume that the newly synthesized opioid receptors are located intracellularly and
are not functionally mature.

Rat peripheral blood (PB) lymphocytes reacted similarly to Con A exposure as splenic
lymphocytes. Treatment with Con A resulted in a larger population of cells positive for p-ORs,
0-ORs, and «-ORs, but the up-regulation was not so profound as observed in cells from the

spleen. k-Opioid receptors were again the most abundant OR type in untreated cells.
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High expression of k-ORs was found in immature T-cells. In the k-OR knock out mice,
humoral activity was enhanced (Kowalski 1998, Ignatowski & Bidlack 1998, Gaveriaux-Ruff et
al. 2004, Roy et al. 2001). These observations suggest a physiological role of opioid receptors
in maturation, differentiation, the humoral response of lymphocytes, and the up-regulation of

protein levels of ORs might have regulatory effects.

4.3 Detection of p-, 8-, and k-opioid receptors in morphine-treated rat

lymphocytes by flow cytometry

Rat lymphocytes were exposed to morphine for 48 h in vitro. Immunomodulation,
mainly immunosuppression caused by morphine, has been observed by scientists for a long time,
but the mechanism of action and the contingent effects are still not well understood (Sharp 2006,
Mellon & Bayern 1998). This work shows that a high concentration of morphine (104 M)
increased the expression of u-ORs in splenic lymphocytes, but lower concentration (10 M) of
this opioid did not change the u-OR amount. The populations of splenic lymphocytes positive
for 0-ORs and k-ORs were not altered by morphine.

In rat peripheral blood lymphocytes, both concentrations of morphine resulted in higher
expression of p-when compared to controls. Populations of 6-OR- and k-OR-positive PB cells
were not altered and remained small.

In mice, chronic morphine administration resulted in a delay in the recruitment of cells
of the immune to a wound and a reduction in the population of these cells (Martin et al. 2010).
In another study, the proliferative response of lymphocytes to Con A was decreased in mice
chronically treated with morphine, accompanied by increased apoptosis, while in p-OR knock
out mice, these effects were not observed (Wang et al. 2002). These observations indicate that
immunosuppressive effects are caused by p-OR. Are connected to presence of the p-OR.
Another study reported that PI3K/ AKT signaling pathway is involved in morphine-induced
enhancement of n-ORs gene expression. The E2F1 transcription factor was up-regulated and
triggered the u-OR gene transcription in CEMx 174 cells (Liu et al. 2010).

The results of this work imply, that morphine specifically modifies the protein
expression of u-ORs in rat splenic and peripheral blood lymphocytes, while other types of OR
are not affected, and that this effect is evoked by direct contact of lymphocyte and morphine.
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The results support previous findings that opioids act directly on the immune system (Borner et

al. 2013, Roy et al. 2001, Karaji et al. 2011, Ninkovic & Roy 2013).

4.4 Detection of y-, 8-, and k-opioid receptors in human lymphocytes exposed

to morphine by flow cytometry

Peripheral blood lymphocytes of healthy individuals were exposed to morphine for 48 h in vitro.
More lymphocytes were positive for pu-ORs after incubation with morphine compared to
controls, which agrees with results from the animal model. In another study, the up-regulation
of n-OR mRNA in lymphocytes was found in patients, who were treated with morphine for 12
months, and the results were confirmed after 24 months. That change was accompanied by a
decrease in the number of natural killer cells, which was connected to immunosuppression
(Campana et al. 2010).

In this study, morphine increased the number of human lymphocytes expressing 6-ORs.
In rat lymphocytes, -ORs protein expression was not altered. The number of cells positive for
k-ORs was not changed by morphine, but k-ORs were the most abundant opioid receptors in
control cells, which complied with the animal study. In other studies, up-regulation of k-ORs
mRNA in peripheral blood lymphocytes was detected in methadone-maintenance treated
patients (Shahkarami et al. 2019), and p-OR and 3-OR were found to be down-regulated
(Toskulkao et al. 2010), which implicates that different opioids have various effects on the
opioid receptor expression. Morphine alters opioid u-OR protein levels, and since the change of
n-ORs expression was connected to immunosuppression, it suggests that the use of morphine in
pain treatment should be carefully considered, especially in already immuno-deprived patients.

However, more research is needed to resolve these concerns.

4.5 Proteomic analyses of rat lymphocytes exposed to concanavalin A or

morphine

Rat splenic lymphocytes were exposed to Con A or morphine for 48 h in vitro. The proteomic
analysis presented a complex view of how concanavalin A and morphine affect the proteome of

lymphocytes. The effect of Con A on the lymphocytic proteome was profound. Cytoplasmic
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and nuclear proteins represented more than 50 % of proteins with a changed expression. The
majority of all Con A-up-regulated proteins were involved in RNA-processing, metabolism,
negative regulation of apoptosis, and proliferation, which are functions connected to cell growth,
mitosis. Down-regulated proteins are proteins mainly involved in processes of apoptosis, signal
transduction, cell shape, movement, and metabolism.

Proteomic analysis of rat splenic lymphocytes exposed to morphine reported less dramatic
changes in protein expression. The expression of only 23 proteins was altered. The majority of
the proteins with changed expression were nuclear and cytoplasmic proteins. They have
involved mainly in RNA processing, nucleus organization, and cell shape and movement.
Morphine up-regulated expression of histone H3 and histone H2A. These histones are
methylated or acetylated in order to modulate DNA transcription and are involved in reparation
of damaged DNA (Li et al. 2008, Tolstorukov et al. 2012). Morphine was shown to induce DNA
damage in T-cells (Tsujikawa et al. 2009). Results of this proteomic analysis suggest that

morphine might cause epigenetic changes or DNA damage.

4.6 Determination of the homo-oligomeric state of opioid receptors in CHO-K1

cell line using fluorescence microscopy techniques

To resolve the intermolecular interactions of opioid receptors, it was "zoomed in" into single
molecules of the receptors using total internal reflection microscopy (TIRFM). Fluorescently
tagged opioid receptors were transiently expressed by CHO-K1 cells.

Three-color split GFP complementation assay results showed that k-ORs has the highest
tendency to form a homodimer as it gave much higher GFP-positive fraction when compared
the monomeric control. u-OR and 6-OR gave similar GFP-positive fraction as the monomeric
control.

Dual-color smTIRFM was used to estimate the monomer-dimer ratio quantitatively.
Single-molecule TIRFM requires low densities of expressed fluorescently tagged receptors (<
5 fluorophores/ pm?), as higher densities would not allow identifying individual molecules, and
it would result in high random co-localization. The co-localization ratio (fraction of yellow
spots) for all ORs was similar to the monomeric control and provided seeming contradictory

results to the split GFP assay result for k-ORs. However, the dimerization of receptors is
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dependent on receptor density. Therefore, to access higher opioid receptors densities while still
observing single molecules, the PhotoGate technique was introduced. By that technique, it was
resolved that k-OR forms homodimers at densities up to 100 fluorophores/ um?, while p-OR
and 6-OR stay monomeric. The observed co-localization of mEGFP- and SNAP-labeled pu-OR,
or 8-OR, or the monomeric control was only transient, whereas k-OR formed longer-lasting co-
localized spots, i.e., homodimers, at the same densities. Higher-order oligomers were not
observed, which means that dimerization is a specific effect not caused by random co-
localization or clustering. Different, more common fluorescence microscopy techniques like
FRAP or FRET require densities around 160 fluorophores/ pm? or more to obtain quality data
(Sarabipour & Hristova 2016). For the conventional single-molecule techniques, maximum
densities of 5 fluorophores/ pm? can be used (Kasai et al. 2011). In this study, using PhotoGate,
a range of densities 10—125 fluorophores/ pm? (real densities of 20—250 molecules/ pm?) was
covered, which was not previously studied, but it is the range of physiological densities (Meral
et al. 2018). As fluorescent tags were attached to the opioid receptors, the functionality of ORs
was verified by [**S]GTPyS binding assay.
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5. Conclusions

After prolonged in vivo treatment, morphine did not alter the protein level of opioid receptors
in the rat forebrain cortex. Therefore, addiction and tolerance to morphine are not accompanied
by changes in the total protein level of ORs in the forebrain cortex. This result supports the
observations that the expression of opioid receptors might be regulated differently in various

brain structures.

In rat lymphocytes, short-term in vitro stimulation by mitogen concanavalin A caused a
major change in the expression level of a large number of proteins, including opioid receptors.
The majority of Con A-up-regulated proteins have a role in RNA-processing, metabolism, and
negative regulation of apoptosis. Down-regulated proteins have involvement in the processes of
apoptosis and signal transduction. The results bring a new broad perspective on how mitogen-

stimulation affects the proteome of lymphocytes.

The short-term in vitro morphine treatment of rat lymphocytes altered the expression of
proteins involved in DNA methylation. It complies with a recent theory that morphine causes
epigenetic modulations and/ or DNA damage. The proteomic analysis provided a new complex
view on changes in protein expression caused by morphine. Morphine also caused up-regulation
of u-ORs, but 6- and k-ORs protein amounts were unchanged. The up-regulation of pu-OR
implies that this opioid receptor is specifically involved in the direct response of lymphocytes
to morphine.

Preliminary data suggest that the expression of u-OR, but also 3-OR, is altered by in vitro
morphine treatment in human lymphocytes.

The change in ORs protein level can be detected after short-term exposure to morphine,
indicating acute immunomodulation caused by the opioid. More research needs to be conducted

in the future to resolve the mechanism of how the opioid modulates the immune system.

The homo-oligomeric state of opioid receptors was resolved. In the CHO-K1 cell line, -
ORs formed homodimers in higher receptor densities, while pu-OR and 06-OR were

predominantly monomers. Homodimerization of the receptors is an essential feature to
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understand, because it may impact the pharmacology, signaling of the receptor, or strategies of

new drug development.
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