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Abstrakt

Bolest je hlavnim pfiznakem mnoha onemocnéni a casto se muze stat hlavnim
negativnim faktorem nizké kvality Zivota pacienta. Komplexni problematiku lécby bolesti
dale podtrhuje sniZzena uc¢innost konvencnich analgetik napf. u neuropatické bolesti.
Neuropatickd bolest na rozdil od akutni nociceptivni bolesti vznikd v dusledku poskozeni
periferniho nebo centralniho nervového systému a cCasto prechdzi v syndrom chronické
bolesti. Vétsina dnes dostupnych analgetik poskytuje u chronické neuropatické bolesti pouze
omezenou a neuspokojivou analgezii, ktera je Casto spojena se zavaznymi nezadoucimi
ucinky.

Modulace nociceptivniho pfenosu v zadnim rohu michy (SCDH) je povazovana za
klicovy mechanismus pfi vzniku a udrzovani zejména chronické bolesti. Hlavnim cilem této
diserta¢ni prace bylo studovat, jak modula¢ni procesy synaptického pfenosu v zadnim rohu
miSnim ovliviiyji analgezii navozenou opioidy. Prace byla zaméfena zejména na interakci
mezi CCL2 (z angl. chemokine (C-C motif) ligand 2), TRPV1 (z angl. transient receptor
potential vanilloid type 1) a p-opioidnim receptorem (MOR). Pro pochopeni modulaénich
vlivll opioidni signalizace v SCDH jsme si polozili nasledujici otazky: (I.) Jak CCL2
moduluje u¢inky aktivace MOR na nociceptivni synapticky pfenos v neuronech SCDH in
vitro a in vivo béhem opioidy zprostfedkované analgezie? (II.) Jsou ucinky zprostredkované
CCL2 zavislé na aktivaci mikroglii? (IIl.) Jaka je role receptord TRPV1 pfi vzniku opioidy
indukované hyperalgezie (OIH) a jak miZe aktivace TRPV1 endogennim agonistou N-
oleoyldopaminem (OLDA) modulovat desenzitizaci MOR? Druhym cilem prace bylo
studovat ulohu fosfatidylinositol 3-kinazy (PI3K) v rozvoji neuropatické bolesti vyvolané
chemoterapii paclitaxelem (PAC).

Jako primérni metoda pro zkoumani modulace nociceptivniho pfenosu v SCDH byla
pouzita metoda ter¢ikového zamku (patch-clamp) snimani excitaénich postsynaptickych
proudii (EPSCs) z nociceptivnich neuroni zadniho rohu v akutnich misSnich fezech.
Elektrofyziologicka data byla doplnéna behavioralnimi experimenty a imunohistochemickou
analyzou tkani.

Nase vysledky ukazaly, ze aplikace MOR specifického agonisty [D-Ala2, N-MePhe4,
Gly-ol]-enkefalin (DAMGO) vede k silné inhibici excitacniho nociceptivniho pienosu a
snizeni citlivosti na tepelné podnéty (analgezii). Déle jsme wukazali, ze analgezie
zprostiedkovanda DAMGO je vyrazné oslabena po aplikaci CCL2, a tento efekt je zavisly na
aktivaci mikroglii. Dale jsme ukdzali nutnost aktivace receptoru TRPV1 pro rozvoj opioidy
navozené hyperalgezie (OIH), v naSich experimentech sledované jako opoZdénéd potenciace
evokovanych EPSC v neuronech SCDH. Nase dosud nepublikované vysledky z experimentil
zamétenych na interakci TRPV1-MOR naznacuji, Ze aktivace TRPV1 endogennim agonistou
muze snizit jak DAMGO, tak CCL2 indukovanou desenzitizaci MOR. Vysledky dvou studii
zamétenych na periferni neuropatii vyvolanou PAC (PIPN) potvrzuji vyznamné zvySeni
aktivity PI3K a zndmek neuroinflamace ve spindlnich gangliich (DRG). DileZité je zejména
zjisténi, ze 1€k schvaleny ke klinickému pouZiti Duvelisib, specificky inhibitor PI3K, mize
snizenim aktivity PI3K vyrazné€ omezit infiltraci/proliferaci makrofagi v DRG.

Vysledky tohoto doktorského projektu odhaluji nové potencidlni cesty ve vyzkumu
1écby bolesti a zdiraziuji Gstfedni roli TRPV1, CCL2 a PI3K v modulaci nociceptivniho
pienosu. Dalsi vyzkum téchto zakladnich mechanismii modulace nociceptivni signalizace by
mohl pfispét ke zlepSeni analgetické 1é€by pacienti.

Kli¢ova slova: bolest, nocicepce, neuropatickd bolest, CCL2, opioidy, TRPVI,
paclitaxel, PI3K



Abstract

Pain represents a major symptom in a multitude of medical conditions and can often
become the main negative factor in a patient's low quality of life. The complex issue of pain
management is further underscored by the reduced efficacy of conventional analgesics in
conditions such as neuropathic pain. Neuropathic pain, unlike acute nociceptive pain,
originates from damage to the peripheral or central nervous system and often develops into
chronic pain syndrome. Most analgesics available today provide only limited and
unsatisfactory analgesia in chronic neuropathic pain and are often associated with severe
adverse effects.

Modulation of nociceptive transmission in spinal cord dorsal horn (SCDH) stands out
in recent research as a pivotal mechanism, especially in chronic pain development and
maintenance. The major aim of this doctoral thesis was to investigate how pain-associated
processes interfere with opioid-induced analgesia, with the main focus on the interaction
between chemokine (C-C motif) ligand 2 (CCL2), transient receptor potential vanilloid type 1
(TRPV1), and p-opioid receptor (MOR). To achieve a better insight into opioid signaling in
SCDH we studied the following issues: (I.) How does CCL2 modulate MOR-mediated effects
on nociceptive synaptic transmission in SCDH neurons and in vivo during opioid-mediated
analgesia? (II.) Are CCL2-mediated effects dependent on microglia activation? (III.) What is
the role of TRPV1 receptors in the development of opioid-induced hyperalgesia (OIH) and
how can the activation of TRPV1 by endogenous agonist N-Oleoyldopamine (OLDA)
modulate MOR desensitization? The second part of the thesis aimed to study the role of
phosphatidylinositol 3-kinase (PI3K) in the development of neuropathic pain induced by
paclitaxel (PAC) chemotherapy.

Whole-cell patch-clamp recordings of excitatory postsynaptic currents (EPSCs)
recorded from superficial dorsal horn neurons in acute spinal cord slices were used as a
primary method to investigate nociceptive transmission. Electrophysiological data were
supplemented by behavioral experiments and immunohistochemistry.

Our results demonstrate that the application of MOR-specific agonist [D-Ala®, N-
MePhe’, Gly-ol]-enkephalin (DAMGO) exhibits potent inhibitory control of excitatory
nociceptive transmission and robust hyposensitivity to thermal stimuli (thermal analgesia).
We showed that DAMGO-mediated analgesia is severely attenuated after the application of
CCL2 in a microglia-dependent manner. Furthermore, we showed that TRPVI1 receptor
activation is required for the OIH development, evident in our experiments as a delayed
potentiation of electrically evoked EPSCs. Our unpublished data from experiments aimed at
TRPV1-MOR interaction suggest that activation of TRPV1 can diminish both agonist- and
CCL2-induced MOR desensitization. Results from two studies aimed at PAC-induced
peripheral neuropathy (PIPN) confirm a significant PAC-induced increase in PI3K activity
and neuroinflammatory factors in dorsal root ganglia (DRG). Most importantly, these results
demonstrate that clinically approved PI3K inhibitor Duvelisib can attenuate PI3K activity as
well as macrophage infiltration/proliferation in DRGs.

Taken together, the results of this Ph.D. project reveal new potential avenues in pain
management research by highlighting the central role of TRPV1, CCL2, and PI3K in the
nociceptive transmission modulation. Further research of the underlying mechanisms of
nociceptive transmission modulation could contribute to improved opioid-mediated analgesia.

List of keywords: pain, nociception, neuropathic pain, CCL2, opioids, TRPVI,
paclitaxel, PI3K
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1. Uvod

Mezinarodni asociace pro studium bolesti (International Association for the Study of
Pain, IASP) definuje nociceptivni bolest jako "bolest, ktera vznika v dasledku skute¢ného
nebo hroziciho posSkozeni jiné nez nervové tkan€ a je zpusobena aktivaci nociceptord”
(Merskey et al., 1994). Nociceptivni bolest ma jasnou fyziologickou funkci v ochrané
organismu a nejcastéji ji pocitujeme pii poskozeni kize a svalového apardtu.
Somatosenzorické informace z perifernich a visceralnich orgdnt vstupuji do centralniho
nervového systému (CNS) v oblasti Sedé hmoty v zadnim rohu misnim (SCDH). Spravny
pienos a modulace periferniho vstupu zavisi na komplexni organizaci neuronovych spojeni
mezi periferii a CNS (Todd, 2010).

Naproti tomu neuropatickd bolest vznikd poskozenim periferniho nervového systému
(PNS) nebo CNS a vede k abnormalnim bolestivym pocitim bez fyziologického vyznamu
(McMahon et al., 2006). Slozitost a odliSnost mechanisml podilejicich se na vzniku
neuropatické bolesti znacn¢ komplikuje lécbu neuropatické bolesti béznymi analgetiky
(Woolf, 2011).

Neuropatickd bolest mlize byt dale zesilena nebo dokonce vyvolana jinymi nez
nervovymi bunikami (Watkins et al., 2002), a to prostfednictvim produkce a uvolihovani
chemokind, které jsou piimo spojeny se senzitizaci nociceptorti (Gao et al., 2010). Pro tento
pfehled je nejzajimavéjsi pfima potenciace primarnich nociceptivnich neuront
chemokinovym (C-C motiv) ligandem 2 (CCL2) (Spicarova et al., 2014). V CNS a PNS muze
byt chemokin CCL2 exprimovan neurony, mikrogliemi a astrocyty v rliznych anatomickych
oblastech, Casto jako marker probihajiciho neurogenniho zanétu (Conductier et al., 2010;
Komiya et al., 2020). Cetné studie pozorovaly zvysené hladiny CCL2 u zvifecich modeld
neuropatické bolesti, jako je model chronické konstrikce sedaciho nervu (CCI) (Zhang et al.,
2006; Piotrowska et al., 2016; Kwiatkowski et al., 2019; Zajaczkowska et al., 2020) a
periferni neuropatie vyvolana paclitaxelem (PIPN) (Zhang et al., 2013).

Nejnovejsi studie ukazuji zapojeni chemokinii do desenzitizace opioidnich receptord.
Podavani morfinu v kombinaci s antagonistou CCR2 podstatné zvysilo analgetickou u¢innost
morfinu na chronickou bolest vyvolanou CCI (Kwiatkowski et al., 2017). Jind studie
prokazala, ze protilatka neutralizujici CCL2 tlumi morfinem navozenou aktivaci mikroglii a
morfinovou toleranci (Zhao et al., 2012). In vitro studie také prokéazala pfimé inhibi¢ni
pusobeni ne¢kolika chemokinti prostiednictvim heterologni desenzitizace p-opioidniho
receptoru (MOR) (Zhang et al., 2004). Z tohoto divodu bylo jednim z cili tohoto projektu
prozkoumat roli CCL2 ve sniZené Uc¢innosti analgezie zprostfedkované MOR u neuropatické
bolesti na miSni trovni.

MOR je dominantnim opioidnim receptorem aktivovanym pfii opioidni analgesii a
zaroven receptorem s nejvyssi afinitou k morfinu, nejdulezitéjSimu a nejcastéji pouzivanému
opioidu v mediciné (Ding et al., 1996). Zaroven je MOR zodpovédny za vétSinu nezadoucich
vedlejsich ucinkt opioidd, jako je tolerance, zavislost, respiracni deprese a zacpa.

Cirkulace receptort je dilezitym mechanismem v regulaci signalizace. Internalizace
MOR je zavisla na B-arrestinech, které¢ podporuji odpojeni G-proteinu a endocytézu receptoru
(Pierce et al., 2002). Signalizace B-arrestinii se mize podilet na rozvoji tolerance k opioidim,
protoze u mysi s deleci B-arrestinu 2 byla pozorovana uplnd absence opioidni tolerance
(Raehal et al., 2005). Nedavny vyzkum se zaméftil na interakci TRPV1-MOR, s dlirazem na -
arrestin 2, ktery je Ustfednim uzlem v komunikaci mezi témito receptory. Aktivace TRPV1 v
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bunkach exprimujicich TRPV1, B-arrestin 2 a MOR vede k akutnimu pfesunu B-arrestinu 2 do
jadra, ¢imz se omezuje dostupnost B-arrestinu 2 v cytosolu (Basso et al., 2019). TRPV1
indukovany jaderny transport tak brani schopnosti -arrestinu 2 zprostiedkovat desenzitizaci
MOR. Toto zjisténi naznacuje, ze TRPV1 muize modulovat signalizaci MOR a pomaéhat
zachovat citlivost MOR na endogenni i exogenni agonisty (Basso et al., 2019). Protoze tyto
studie zkoumaji pouze desenzitizaci MOR in vitro a omezuji se na pouziti exogennich
agonisti TRPV1, jako je kapsaicin, cilem tohoto projektu bylo prozkoumat roli endogenniho
agonisty TRPV1 N-oleoyldopaminu (OLDA) v desenzitizaci MOR.

Hyperalgezie vyvoland opioidy (OIH) je zvySena citlivost k bolestivym podnétim
navozend akutnim podanim opioidii nebo jejich vysazenim (Roeckel et al., 2016). Nedavné
studie naznacuji zapojeni TRPV1 do OIH (Chen et al., 2008; Scherer et al., 2017; Wang et al.,
2022). Tepelnou 1 taktilni OIH vyvolanou opakovanou 1écbou morfinem u mysi a potkant Ize
zvratit peroradlnim podanim antagonisty TRPV1, AMGO0374, pfi¢emz subkutanni morfinové
pelety nevyvolaly tepelnou ani taktilni OIH u TRPV1 knock-out mysi (Vardanyan et al.,
2009). Tyto vysledky naznacuji, Zze receptor TRPV1 hraje dilezitou roli v toleranci a
hyperalgezii vyvolané opioidy a lze se na n¢j zaméfit v boji proti témto vedlejsSim G¢inkim
1écby opioidy. V ramci tohoto projektu byla proto zkoumana potencialni role TRPV1 v OIH.

Druh4a c¢ast doktorského projektu byla zaméfena na zkoumani signalizace
fosfatidylinositol-3-kinazy (PI3K) v neuropatické bolesti spojené s PIPN. Paclitaxel (PAC) je
bézné pouzivané chemoterapeutikum, U¢inné pii 1écbeé rakoviny prsu, vajecnikll, jicnu a
dalSich typii rakoviny. Riziko vzniku PIPN a chronické bolesti, kterd PIPN doprovazi, vSak
predstavuje vyznamny limitujici faktor v davkovani chemoterapeutické 1écby PAC (Boyette-
Davis et al., 2018). Uvadi se, ze PIPN vyvolava vyznamnou senzorickou neuropatii, ktera se
projevuje piedevsim v distalnich koncetinach a jejiz ptiznaky zahrnuji mechanickou alodynii,
spontanni palivou bolest a pocit brnéni a necitlivosti (Dougherty et al., 2004). PAC vede k
pfimé aktivaci toll-like receptoru 4 (TLR4) na perifernich senzorickych 1 miSnich neuronech a
nasledné senzitizaci TRPV1, coZ bylo demonstrovéano jako zvySeni odpovédi na kapsaicin v
akutnich miSnich fezech potkana a mysi a v kulturach neuronit disociovanych DRG potkana a
cloveka (Li et al., 2015). Senzitizace TRPV1 vyvolana aktivaci TLR4 je zavisla na fosforylaci
receptoru TRPV1 serin/treoninovymi kinazami, zejména PI3K. Aktivace TLR4 vyvolana
PAC muze navic podporovat aktivaci makrofagl (Kawasaki et al., 2000; Byrd-Leifer et al.,
2001; Guha et al., 2001). Proto jsme studovali, jak cilené ovlivnéni aktivity PI3K v modelu
PIPN miiZe potlacit projevy spojené s neuropatickou bolesti, jako je infiltrace/proliferace
makrofagi do DRG.



2. Cile prace

Cilem mého doktorského projektu a experimentll prezentovanych v této praci bylo
studovat rizné mechanismy, které se podileji na modulaci neuropatické bolesti. Hlavni ¢ast
projektu byla zaméfena na interakci mezi chemokinem CCL2, opioidnimi receptory a
receptory TRPV1 v dorzéalnim rohu michy. Druha ¢ast experimentii se zabyvala tlohou PI3K
v PIPN.

Opioidy za normalnich podminek plsobi na nociceptivni pienos silnym inhibi¢nim
ucinkem. Neuropatickd bolest je spojena s abnormalni aktivitou nociceptivniho pfenosu v
SCDH a je cCasto doprovazena snizenym analgetickym tuc¢inkem opioidi. Dulezitou roli
v internalizaci opioidnich receptorti, ale také v pronociceptivnich tc¢incich chemokinu CCL2,
hraji TRPV1 receptory.

Aplikace PAC vede k PIPN projevujici se syndromy akutni a chronické bolesti. Ackoli
byla prokdzana loha DRG neuronti v tomto patologickém procesu, molekularni mechanismy
jsou dosud neznamé.

Na zaklad¢ téchto skute¢nosti jsme zkoumali nésledujici experimentélni otazky:

1. Jak chemokin CCL2 moduluje u¢inky aktivace MOR na nociceptivni synapticky
prenos v zadnim rohu mis$nim a in vivo béhem opioidy zprostfedkované analgezie?

2. Jsou ucinky zprostiedkované CCL2 zavislé na aktivaci mikroglii?

3. Jaka je uloha receptori TRPV1 pii vzniku OIH a jak muze aktivace TRPV1
endogennim agonistou OLDA modulovat desenzitizaci opioidnich receptor?

4. Které intracelularni signélni drdhy se podileji na PIPN a jak mohou jejich inhibitory
oslabit zmény v DRG souvisejici s rozvojem neuropatické bolesti, jako je infiltrace
makrofagy?



3. Material a metodika

Pouzivana pokusna zvifata: V pokusech byli pouziti samci potkana kmene Wistar
staifi P19-P21, nebo dospéli jedinci (180-300 g). Zvirata byla umisténa v oddélenych
pruhlednych plastovych klecich s mékkou podestylkou, s volnym pfistupem k potravé a vodé
a byla chovana v cyklu 12/12 h svétlo/tma pii pokojové teploté. Pokusy byly provadény
béhem svételné faze cyklu. VSechny experimenty byly schvédleny Odbornou komisi pro
zajistovani dobrych Zivotnich podminek pokusnych zvifat Fyziologického ustavu AV CR
v souladu s platnou legislativou.

Piiprava miSnich Fezi: Zvifata byla anestetizovana isofluranem (3 %) a bederni
micha byla vyjmuta a ponotena do okysliceného ledového disekéniho roztoku obsahujiciho (v
mM) 95 NacCl, 1,8 KCI, 7 MgSO,, 0,5 CaCl,, 1,2 KH,PO4, 26 NaHCOs3, 25 D-glukézy a 50
sachar6zy. Zvitata byla usmrcena naslednym pierusenim kréni michy. Akutni transverzalni
misni fezy ze segmentu L4-L5 o tloust’ce 300-350 um byly pfipraveny pouZzitim vibratomu
(VT 12008, Leica, Némecko). Rezy byly inkubovany v disekénim roztoku po dobu 30 min pfi
33 °C a nasledn¢ premistény do snimaciho roztoku o pokojové teploté, kde byly ponechany 1
h k zotaveni. Snimaci roztok obsahoval (v mM) 127 NaCl, 1,8 KCIl, 1,2 KH;POy4, 2,4 CaCl,,
1,3 MgSOs4, 26 NaHCOs3 a 25 D-glukézy. Nasledné byly fezy umistény do snimaci komory,
kterd byla neptetrzité¢ perfundovana snimacim roztokem (pokojova teplota) rychlosti ~ 2
ml.min™'. V8echny extracelularni roztoky byly po celou dobu nasyceny karbogenem (95 % O,
5 % CO»).

Elektrofyziologické snimani metodou patch-clamp: Snimani v miSnich fezech
probihalo z neuronti povrchovych lamin zadniho rohu. Jednotlivé neurony byly vizualizovany
pomoci mikroskopu s diferencidlnim interferenénim kontrastem (DIC) (Leica, DM LFSA,
Némecko) vybaveného kamerou citlivou na infracervené zareni (Hitachi KP-200P, Japonsko)
se standardnim TV/video monitorem. Snimaci elektrody z borosilikdtového skla méli pfi
naplnéni intraceluldrnim roztokem odpor 3,5-6,0 MQ. Intracelularni roztok obsahoval (v
mM): 125 laktonu kyseliny glukonove, 15 CsCl, 10 EGTA, 10 HEPES, 1 CaCl,, 2 MgATP,
0,5 NaGTP a byl upraven na pH 7,2 pomoci CsOH. M¢feni v konfiguraci sniméni z celé
buniky bylo provadéno pomoci zesilovace Axopatch 200B a digitalniho pfevodniku Digidata
1440A (Molecular Devices, USA) pfi pokojové teploté (~ 23 °C). Zaznamy byly filtrovany
pfi 2 kHz a digitaln€¢ vzorkovany pii 10 kHz. Sériovy odpor neuronii byl rutinné
kompenzovan na 80 % a byl sledovan béhem celého experimentu. Miniaturni a evokované
excitaéni postsynaptické proudy (mEPSC/eEPSC) zprostfedkované AMPA receptory byly
zaznamenany z neurond pfi membranovém napéti - 70 mV v piitomnosti 10 uM bikukulinu a
5 uM strychninu. Miniaturni EPSC byly rozliSeny pfidanim 0,5 pM tetrodotoxinu (TTX) do
snimaciho roztoku. Pro snimani eEPSC byl dorzalni kotfen stimulovan pomoci saci elektrody s
elektrodou naplnénou extraceluldrnim roztokem pomoci izolovaného stimulatoru s
konstantnim proudem (Digitimer DS3, Anglie). Intenzita stimulace byla nastavena tak, aby
vyvolala stabilni EPSC s trvanim stimulu 0,5 ms a alespont 3x minimalnim stimula¢nim
proudem pii frekvenci 0,033 Hz.

Implantace intratekalniho katétru: Pfiblizn€¢ 4 cm dlouhd PE-5 hadicka byla
vloZena do ohnutého konce PE-10 hadicky a zafixovana epoxidovym lepidlem. Hadi¢ka byla
naplnéna sterilnim fyziologickym roztokem pomoci Hamiltonovy stiikacky. Dospéli samci
potkanti kmene Wistar (250-300 g) byli anestetizovani isofluranem (3%) a hibet zvifete byl
ostiihan elektrickym strojkem. Operace byla provedena sterilnim zptsobem. Obratle L4-L5
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byly chirurgicky odkryty a do subarachnoidalniho prostoru bylo umisténo piiblizn€ 0,5 cm
PE-5 konce katétru, ktery byl fixovan dentilnim cementem (Duracryl, Spofa, Ceska
republika). Konec PE-10 katétru byl vyveden na zadni stran¢ krku a otevieny konec katétru
byl utésnén. Zvirata byla ponechéna v kleci k zotaveni po dobu nejméné 7 dni. Poloha katétra
byla ovéiena injekci barviva na konci kazdého pokusu.

Test tepelné citlivosti: Latence odtazeni tlapky k tepelnym podnétim (PWL) byla
testovdna pomoci plantarniho testovaciho pfistroje (Ugo Basile, Italie) se salavym teplem
aplikovanym na plantarni povrch zadni tlapky. Potkani byli umisténi do prahlednych
plastovych kleci na pruhlednou sklenénou desku, pod kterou byl umistén zdroj tepla.
Adaptace na testovaci prostiedi probihala nejméné 15 min pted kazdym pokusem. Kazda
tlapka byla testovana Ctyfikrat v kazdém Casovém bod¢ experimentu s nejméné 5 minutovym
odstupem mezi jednotlivymi podnéty. Data byla analyzovana pomoci jednosmérné analyzy
ANOVA s naslednym postupem vicendsobného porovnani s kontrolou (Bonferroniho post
hoc test). Kritériem statistické vyznamnosti byla hodnota P < 0,05.

Model PIPN s paklitaxelem, 1é¢ba duvelisibem a wortmanninem: PAC Mylan
(Oncotec Pharma Produktion) byl pouzit k vyvolani bolestivé periferni neuropatie. PAC (6
mg/ml) byl tésné pied injekci ztedén 0,9% sterilnim fyziologickym roztokem na 2 mg/ml.
Zasobni roztok vehikula byl pfipraven z makrogolglycerol ricinole4tu (Kolliphor EL, Sigma-
Aldrich) a ethanolu (Penta) v poméru 1:1. Tfi po sobé jdouci davky 8 mg/kg PAC byly
podany intraperitonedlné ve dnech 0, 3 a 6. Podani wortmanninu (0,6 mg/kg, i.p.) probéhlo 1
h pted podanim PAC. Zésobni roztok wortmanninu (WMN) (12,5 mM v dimetylsulfoxidu
(DMSO)) byl ziedén ve sterilnim fyziologickém roztoku. Zvifata lécend pouze PAC v
pokusech s wortmanninem dostala 1 h pted PAC falesnou injekci (DMSO jako vehikulum).
Zasobni roztok duvelisibu (DUV) (LC Laboratories) (az 200 mM) byl pfipraven Cerstvé v
DMSO (Sigma-Aldrich) tésné pted 1é€bou. PiisluSna ddvka DUV byla smichana s vehikulem
(jedly slunecnicovy olej; 500 ul na potkana) a podéna perordlnim podanim do Zaludku. Byly
pouzity plastové krmné trubice (Instech Laboratories) 15 G x 78 mm. DUV (10 mg/kg) byl
podan jako predlécba 30 minut pred PAC.

Imunohistochemicka analyza: Zvifata byla hluboce anestezovana kombinaci
ketaminu (100 mg/kg, Narketan, Zentiva) a xylazinu (25 mg/kg, Xylapan, Zentiva),
intrakardialné perfundovéana fyziologickym roztokem a mnasledné ledovym 4%
paraformaldehydem. Ob& DRG L5 byly vyjmuty a postfixovany ve 4% paraformaldehydu pfi
4 °C po dobu 2 hodin, ptes noc kryoprotekovany 30% sacharézou a nakrdjeny v kryostatu
Leica CM3000 na 16 pm silné fezy. Kazdy tfeti fez DRG byl poté zpracovan pro
imunohistochemii. Kratce, fezy byly 3x promyty po dobu 10 min ve fosfaitovém pufrovacim
roztoku (PBS), blokovany 3% normdalnim oslim sérem (NDS) po dobu 30 min pii pokojové
teploté a inkubovéany pies noc pii 4 °C s krali¢i anti-pAkt (Ser473) (1:200; Cell Signaling
Technology, #4060S, Nizozemsko) nebo mysi primarni protiladtkou anti-CD68 [ED1] (1:100,
Abcam, #ab31630) v 1% NDS s 0,3% Triton X-100. Po promyti v 1% NDS (3% po dobu 10
min) byly fezy vystaveny piisobeni sekundarni protilatky konjugované s Cy2 (1:400, Jackson
ImmunoResearch Lab. Inc, USA) nebo sekundarni protilaitkou proti osli protilatce
AlexaFluor-488 (1:400, Jackson ImmunoResearch Laboratories, #715-545-151) po dobu 2 h.
Pro vizualizaci bunécného jadra byla pouzita inkubace v bisbenzimidu (Hoechst 33342,
Sigma-Aldrich) po dobu 3 min. Snimky z fezli obarvenych proti pAkt byly potfizeny pomoci
digitdlni kamery na fluorescencnim mikroskopu (Olympus BXS53) nebo konfokélnim
mikroskopu (Leica Microsystems, SP8) vybaveném multiimerznim objektivem HC PL APO
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(20x/0,75 NA), Ar multiline laserem (488 nm; 65 mW) a HyD spektralnimi detektory v
ptipad¢ barveni CD68ig. VSechny fezy byly analyzovany offline pomoci softwaru Imagel
(NIH, USA). Pro kazdy fez DRG byla vytycena oblast zajmu (ROI) obsahujici pouze t¢la
neuronalnich bun¢k a v ROI byla pomoci funkce Threshold identifikovana imunoreaktivni
(IR) oblast pAkt nebo CD68. V kazdém gangliu bylo hodnoceno minimélné 5 fezi. Poméry
IR/ROI byly vypocteny a vyjadieny v procentech. Pro analyzu poctu bunék DRG s pAkt IR
byla vSechna bunécna téla v DRG fezu ru¢né obkreslena a byla zmétena intenzita pAkt IR a
plocha jednotlivych bunéénych tél. Bunécna téla byla na zaklad¢ intenzity signalu rozdélena
do skupin pAkt IR a pAkt nonlR. Do analyzy byly zahrnuty pouze bunky s viditelnym
jadrem.

4. Vysledky

Chemokin CCL2 inhibuje opioidy navozenou depresi nociceptivniho
synaptického prenosu v zadnim rohu miSnim. Ziznamy ze snimani neurondlni aktivity
metodou patch-clamp v této studii byly ziskdny z nociceptivnich neuronti lokalizovanych
pfevazné v lamina I a II(vnéjsi). Kratkd aplikace selektivniho MOR agonisty [D-Ala2, N-
MePhe4, Gly-ol]-enkefalinu (DAMGO, 1 uM, 3 min) na akutni miSni fezy snizila frekvenci
mEPSC na 60,8 + 4,0 % ve 2. a 3. minuté aplikace. Po preinkubaci fezi v extracelularnim
roztoku s CCL2 (10 nM, 2 h) akutni aplikace DAMGO snizila frekvenci mEPSC pouze na
82,4 £ 3,9 %. Nasledné zustala frekvence mEPSC stabilni az do konce zaznamu. CCL2
robustné snizil inhibi¢ni u¢inek DAMGO na frekvenci mEPSC v neuronech SCDH.

Pro studium lohy mikroglii v inhibici MOR signalizace vyvolané CCL2 byly miSni
fezy pfedem inkubovany po dobu 2 h s CCL2 a minocyklinem, blokdtorem aktivace
mikroglii. Pfidani minocyklinu (100 uM) 15 min pfed CCL2 (10 nM) nemélo vliv na
supresivni u€inek CCL2 na inhibici vyvolanou DAMGO. Akutni aplikace DAMGO vyvolala
za uvedenych podminek sniZeni frekvence mEPSC na 77,4 + 4,1 %.

Nasledujici experimenty byly zaméfeny na studium ucinki DAMGO a CCL2 na
nociceptivni synapticky pfenos evokovany elektrickou stimulaci zadniho kotene pifi sniméni
eEPSC. Aplikace DAMGO (1 uM, 3 min) vyvolala vyrazny pokles amplitudy eEPSC u vSech
snimanych neurond. U 9/15 snimanych neuront jsme pozorovali opozdéné zvySeni amplitudy
eEPSC na 166,6 + 21,5 % v 17. min vymyvani DAMGO. Akutni aplikace DAMGO (1 uM, 3
min) nevyvolala pokles amplitudy eEPSC v fezech inkubovanych s CCL2. Chemokin CCL2
zabranil nejen depresi amplitudy eEPSC vyvolané DAMGO, ale 1 opozdéné potenciaci.

KdyzZ byl minocyklin (100 pM) pfidan do inkubacni komory 15 min pted CCL2 (10
nM), akutni aplikace DAMGO vyvolala vyznamnou depresi amplitudy eEPSC (56,4 + 8,4 %).
Opozdéna potenciace vyvolana DAMGO nebyla pozorovdna u zadného ze snimanych
neurond. NaSe vysledky naznacuji, ze inhibice mikroglii mize vyznamné¢ oslabit inhibi¢ni
ucinek CCL2 na depresi amplitudy eEPSC navozenou aplikaci DAMGO, zatimco zvySeni
amplitudy eEPSC bé¢hem vymyvaci periody nebylo pfitomno.

Opioidy vyvolana opozdéna potenciace eEPSC byla potla¢ena inhibici TRPVI1.
Antagonista TRPV1, SB366791 (10 uM, 4 min), byl aplikovan pred DAMGO a ponechan
v extraceluldrnim roztoku po zbytek snimani. Po aplikaci DAMGO/SB366791 doslo k
rychlému poklesu amplitudy eEPSC (39,0 = 9,8 %). Béhem 18. min vymyvani dosahla
amplituda eEPSC kontrolni hodnoty (98,8 + 16,3 %). V piitomnosti SB366791 nebyla
zaznamenana opozdéna potenciace amplitudy eEPSC u zadného ze snimanych neurontl.
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CCL2 potlacuje opioidy vyvolanou hyposenzitivitu na tepelné podnéty in vivo. K
podani DAMGO (0,01 pg) a CCL2 (1,4 ng) do michy byl pouzit i.t. katétr. Akutni i.t. injekce
DAMGO vyznamné prodlouzila PWL na tepelné podnéty (196,9 + 12,5 %). Tepelna
hyposenzitivita se v prubéhu experimentu postupné vratila k normalu. V experimentalni
skupin¢ CCL2 + DAMGO byl nejprve aplikovan CCL2 (1,4 pg) a 30 minut pot¢ DAMGO
(0,01 pg). Aplikace DAMGO po CCL2 neprodlouzila PWL na tepelné podnéty v zadném z
hodnocenych c¢asovych bodl. Aplikace CCL2 zcela potlacila analgeticky ucinek
zprostiedkovany aktivaci misnich MOR.

Ke studiu tlohy mikroglii v CCL2 vyvolaném tutlumu analgetického ucinku
zprostfedkovaného DAMGO byl pouzit blokator aktivace mikroglii, minocyklin, v
jednorazové i.p. davce (45 mg/kg) podané 1 h pted CCL2. Intratekélni podani DAMGO po
minocyklinu a CCL2 vyznamné prodlouzilo PWL na tepelné podnéty u vSech testovanych
zvitat. Tento vysledek ukazuje, Ze inhibice MOR zprostfedkované tepelné analgezie navozena
podanim CCL2 je zavisla na aktivaci mikroglii.

OLDA potlacil opioidy vyvolanou desenzitizaci MOR v miSe. Agonistou
indukovana desenzitizace MOR byla studovana v akutnich miSnich fezech, které byly 2 h
inkubovany s 1 pM DAMGO. Kratkd akutni aplikace DAMGO (1 pM, 3 min) snizila
frekvenci mEPSC na 60,8 + 4,0 %. Akutni aplikace DAMGO vsak nedokézala snizit
frekvenci mEPSC u neuronti snimanych z fezli pfedem inkubovanych s DAMGO (1 uM, 2 h).
Uplna absence typické odpovédi na selektivniho agonistu MOR DAMGO v nasich zdznamech
naznacuje funkéni desenzitizaci MOR.

Abychom mohli studovat roli endogenniho agonisty TRPV1 v agonistou vyvolané
desenzitizaci MOR, koinkubovali jsme akutni mis$ni fezy s DAMGO a endogennim agonistou
TRPV1, OLDA. Na zaklad¢ naSich pfedchozich studii jsme pouzili dvé koncentrace OLDA
(0,2 a 10 uM) (Spicarova et al., 2009, 2010). Akutni aplikace DAMGO (1 pM, 3 min) snizila
frekvenci mEPSC v fezech koinkubovanych s 10 uM OLDA + 1 uM DAMGO na 55,48 +
6,07 % a po preinkubaci s 0,2 uM OLDA + 1 uM DAMGO na 63,44 + 7,65 %. Vyznamna
deprese vyvolanda DAMGO v fezech inkubovanych s 0,2 uM OLDA byla patrna pouze béhem
aplikace DAMGO a frekvence se rychle vratila na kontrolni Groven, coz ukazuje, Ze OLDA
sniZuje agonistou vyvolanou desenzitizaci MOR v zavislosti na koncentraci.

OLDA blokuje CCL2 navozenou inhibici analgezie zprostiedkované aktivaci
MOR. Pro navozeni desenzitizace MOR jsme zopakovali dfive publikovany experimentalni
protokol, ve kterém CCL2 inhiboval tepelnou analgezii zprostiedkovanou MOR (Heles et al.,
2021). Potkantim byl i.t. aplikovan CCL2 (1,4 pg), po 30 min nasledovala aplikace DAMGO
(0,01 pg). CCL2 potlacil tepelnou hyposenzitivitu vyvolanou DAMGO. Abychom otestovali
ucinek aktivace TRPV1 endogennim agonistou, podali jsme CCL2 (1,4 pg) soucasné¢ s OLDA
(0,42 pg) 30 min pred poddnim DAMGO (0,01 pg). V tomto piipadé vyvolala aplikace
DAMGO rychlou a silnou hypoalgezii na tepelnou stimulaci. Aktivace TRPV1 pomoci
OLDA tedy potlacila inhibici opioidni analgezie vyvolanou CCL2.

Aplikace paclitaxelu in vivo zvySila expresi pAkt v neuronech DRG. Pro studium
aktivity PI3K jsme sledovali uroven fosforylace kinazy Akt, kterd odrazi aktivaci signalni
drahy PI3K (Zhuang et al., 2004; Pezet et al., 2008). PAC vyznamné zvysil plochu pAkt
pozitivnich bun€k a procento pAkt pozitivnich bunék v fezech L5 DRG, zejména v neuronech
s malym primérem (< 25 pm). WMN, inhibitor PI3K, zabranil zvySeni pAkt pozitivni plochy
1 poctu pAkt pozitivnich neuronti vyvolané PAC.
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DUV potladil fosforylaci Akt po podani PAC. Uroveni fosforylace Akt byla
stanovena 1 h po podani PAC (8 mg/kg, i.p.) v casovych bodech relevantnich pro
pozorovanou behavioralni hypersenzitivitu 7. a 21. den (7D a 21D). Akutni aplikace PAC
zvysila pAkt IR, pievazné v neuronech s malym pramérem (20-25 pum). Toto zvysSeni bylo
vyznamn¢ snizeno aplikaci 10 mg/kg DUV + PAC. V DRG odebranych 7. den PAC
vyznamné zvysil procento pAkt” neuronit a DUV tento nartist zmirnil. Plocha pAkt IR v DRG
byla robustné zvySena ve skupin¢ 7D PAC (37,6 + 1,1 %) ve srovnani se skupinou 7D CTRL
(24,7 £ 1 %). DUV vyznamné potlacil nartst pAkt IR ve skupin¢ 7D DUV + PAC (27,5 £ 1,3
%). Pocet pAkt” bunék ve skupiné 21D DUV + PAC se ve srovnani s 21D PAC snizil (27,3 +
1,9 %). Ve 21. dni nebyly pozorovany zadné vyznamné zmeény v oblasti pAkt IR. Nase
vysledky ukazuji, ze DUV zabranil PAC indukované zvySené aktivité PI3K v senzorickych
neuronech DRG. Tato zvysena aktivita PI3K miize byt jedna z pfi¢in senzitizace senzorickych
neuronl na mis$ni Grovni.

Podani DUV zabranilo PAC vyvolané infiltraci/proliferaci CD68-
imunoreaktivnich makrofiagii v DRG potkana. K analyze distribuce makrofagl v fezech
L5 DRG jsme pouzili imunofluorescencni barveni lysozomalniho membranového proteinu
CD68, ktery je exprimovan pievazné v membranach fagocytujicich makrofagh (M C
Damoiseaux et al., 1994). Kvantifikovali jsme plochu CD68 IR v fezech L5 DRG dospélych
potkant u tii skupin zvitat, u kterych byla provedena i.p. injekce vehikula (CTRL), PAC (3 x
8 mg/kg, i.p.) a DUV + PAC (DUV 3 x 10 mg/kg, 30 min pied PAC). DRG L5 ve vSech
skupinach byly odebrany 24 hodin po posledni 1é¢bé (7. den protokolu PIPN). PAC vyznamné
zvysil CD68 1R (2,0 £ 0,1 % DRG) ve srovnani s CTRL (1,4 = 0,1 % DRG), zatimco
predléceni DUV zabranilo zvyseni CD68 IR vyvolanému PAC (1,5 £ 0,1 % DRG).

5. Diskuze

Deprese synaptického prenosu a analgezie vyvolana DAMGO.

Nase vysledky z elektrofyziologického snimani z neuront povrchového zadniho rohu
odhaluji vyraznou DAMGO indukovanou depresi frekvence mEPSC a amplitudy eEPSC.
Inhibi¢ni ucinek opioidd byl v naSich experimentech pievazné presynapticky,
zprostfedkovany receptory na centrdlnim zakonceni primarnich aferentnich vldken typu Ad a
C. Vliv opioidl byl patrny 1 v dalSich experimentech. Opioidy v téchto excitanich
presynaptickych zakon&enich po aktivaci svych receptord inhibuji nap&tfové zavislé Ca*"
kanaly typu N a P/Q a mechanismus uvoliiovani neurotransmiterd (Zhou et al., 2010).

U 60 % snimanych neuront byla pozorovana potenciace excitatniho synaptického
pfenosu, amplituda eEPSC dosahla béhem vymyvani vyrazné vy$si hodnoty v porovnani s
kontrolou. Bylo prokdzéno, Ze opioidy indukovana dlouhodoba potenciace (LTP) v miSe,
kterd je ¢astecné zodpovédna za OIH a toleranci k opioidiim, je omezena na primarni aferenty
exprimujici TRPV1 (Zhou et al., 2010). Antagonista TRPV1 zcela zabranil opozdéné
potenciaci vyvolané aplikaci DAMGO, coZ naznacuje, Ze aktivace TRPVI1 je klicovym
mechanismem v synaptické potenciaci vyvolané DAMGO.

Chemokin CCL2 v analgezii vyvolané opioidy.

Nase vysledky ukazuji vyznamnou funkéni modulaci signalizace MOR chemokinem
CCL2. Ukazali jsme, ze selektivni agonista MOR, DAMGO, vyvolava rychlou a silnou
analgezii in vivo a vyznamnou inhibici excita¢niho synaptického ptfenosu, kterd se projevuje
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snizenim frekvence mEPSCs a amplitudy eEPSCs snimanych z neuronit SCDH. Chemokin
CCL2 zabréanil jak analgezii vyvolané DAMGO in vivo, tak inhibici excita¢niho synaptického
pfenosu in vitro procesem zavislym na aktivaci mikroglii, pravdépodobné prostiednictvim
desenzitizace nebo internalizace MOR (Zhang et al., 2004).

Nase predchozi studie prokazala, ze CCL2 miize zvysit spontdnni uvoliiovani
glutamatu z centralnich zakonceni nociceptivnich aferentnich vldken a vyvolat tepelnou
hyperalgezii a mechanickou alodynii (Spicarova et al., 2014). Nase vysledky rozsiiuji tato
zjisténi o ulohu CCL2 v dysregulaci analgezie navozené opioidy. Senzitizace neurond
nociceptivnich drah a soucasna inhibice opioidni signalizace by mohly mit synergicky uc¢inek
na rozvoj hypersenzitivity.

Nase zjisténi jsou v souladu s ptedchozimi studiemi, které ukazuji chemokiny
indukovanou internalizaci MOR v bunécnych kulturach (Zhang et al., 2004). Tyto
experimenty ukazuji, jak CCL2 a dalS$i chemokiny naruSuji véapnikovou odpovéd
indukovanou DAMGO a vyvoléavaji heterologni desenzitizaci MOR.

Mikroglie jsou kli¢ové pro desenzitizaci MOR navozenou CCL2.

Zablokovani aktivace mikroglii minocyklinem zabranilo inhibi¢nimu u¢inku CCL2 na
MOR indukovanou depresi amplitudy eEPSC a analgezii in vivo. Navzdory nejistoté¢ ohledné
distribuce CCL2 a CCR2 v typech misnich bunék pramenici z rozporuplnych vysledkl ve
starSi literatufe nase vysledky naznacuji, ze aktivace mikroglii je klicovou udalosti v
desenzitizaci MOR navozené CCL2.

Aktivace mikroglii miiZze zesilovat desenzitizact MOR vyvolanou CCL2 uvoliovanim
pronociceptivnich medidtort (Kwiatkowski et al., 2017). Minocyklin ale nezabréanil t¢inku
CCL2 na DAMGO indukovanou depresi frekvence mEPSC. Na zéklad¢ tohoto zjiSténi
ptedpokladdme, ze CCL2 mulze pifimim pusobenim na presynaptické neurony tlumit depresi
spontanniho uvoliiovani glutamatu vyvolanou poddnim DAMGO, zaznamenanou v nasem
ptipadé jako frekvence mEPSC.

OLDA potlacuje agonistou i CCL2 indukovanou depresi navozenou aktivaci MOR.

MOR jsou exprimovany spoleéné¢ s TRPVI1 na centrdlnich zakoncenich primérnich
aferentnich neuronii v dorzdlnim rohu michy. Aktivace TRPV1 na téchto presynaptickych
zakoncenich aktivuje signalni drahu MAPK, ktera vede k pfesunu B-arrestinu 2 do bunééného
jadra. Toto vylouceni [B-arrestinu 2 z cytosolu brani jeho vazbé na MOR a oslabuje
desenzitizaci MOR (Basso et al., 2019).

Nase vysledky naznacuji, Ze aktivace TRPV1 pomoci OLDA muze sniZit jak agonisty,
tak chemokiny indukovanou desenzitizaci MOR. CCL2 indukovanéd desenzitizace MOR je
patrna jako absence tepelné analgezie po i.t. aplikaci DAMGO. Na zaklad¢ ptedchozich in
vitro studii zkoumajicich signalni drahy aktivované chemokinovymi receptory, které¢ vedou k
internalizaci MOR, pfedpokldddme, Ze tento utlum analgezie je zpiisoben heterologni
desenzitizaci MOR (Kwiatkowski et al., 2019). OLDA podavany spolecné¢ s CCL2 zabranil
desenzitizaci MOR, protoze nasledné i.t. podani DAMGO vyvolalo analgezii srovnatelnou s
kontrolni situaci. To potvrzuje, ze aktivace TRPV1 jeho endogennim agonistou muiize
podporovat opioidni analgezii ve stavech, které vedou ke zvySené hladin¢ chemokinll v miSe,
jako je chronicka neuropaticka bolest. NaSe vysledky odhaluji, jak mtliZze signalizace navozena
endogennimi agonisty TRPV1 interagovat s funkci MOR, snizovat desenzitizaci MOR a
nasledné podporovat Gi€innost opioidll v chronické bolesti.

PI3K v neuropatické bolesti vyvolané paclitaxelem
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Vysledky uvedené v této praci jsou soucasti studie, kterd identifikovala signalizaci
PI3K jako kli¢ovou drédhu pfi rozvoji PIPN doprovazené chronickou neuropatickou bolesti
inhibitoru specifického pro izoformu PI3Ko6/y DUV zabranilo rozvoji chronické bolesti a
oslabilo pronociceptivni signalizaci a dezinhibici v modelu PIPN. Vysledky naSich studii
prokazuji senzitizaci TRPV1 v SCDH jako ztratu tachyfylaxe zprosttedkované kapsaicinem
po akutni i 7 denni 1é¢bé PAC (Adamek et al., 2019, 2022). Senzitizaci TRPV1 zaznamenané
in vitro 1 mechanické alodynii in vivo zabranily inhibitory PI3K LY-294002 a WMN
(Adamek et al., 2019) a inhibitor specificky pro izoformu PI3Ko/y DUV (Adamek et al.,
2022).

Imunohistologicka analyza distribuce pAkt v fezech ziskanych z lumbalnich DRG
podporuje naSe zjiSténi a ukazuje, Ze inhibitory PI3K, WMN a DUV =zabranily zvySeni
fosforylace Akt zprostiedkované PAC. ZvySeni pAkt vyvolané PAC bylo nejvyrazngjsi u
neuront s malym prumérem mezi 15 a 25 pm. Tento vysledek je v souladu s aktivaci TLR4 a
potenciaci TRPV1 zprostiedkovanou PAC, protoze TLR4 i TRPV1 jsou v DRG exprimovany
pievazné v neuronech malého primeéru.

Analyza fosforylace Akt v fezech DRG odebranych 7. a 21. den ukazuje zvySeni pAkt
vyvolané¢ PAC v 7. den 1é¢by a zadnou vyznamnou zménu v 21. den. DUV zabranil zvySeni
pAkt v 7. den, coz je patrné z hladin pAkt IR oblasti srovnatelnych se skupinou CTRL. Tyto
udaje naznacuji, ze DUV miZe u¢inné potladit t€¢inek PAC na aktivitu PI3K nejen pfechodné,
ale po celou dobu vyvoje PIPN v casovych bodech, kdy jsme pozorovali ucinky vyvolané
PAC na senzitizaci TRPV1 a mechanickou alodynii.

U¢inek DUV na infiltraci/proliferaci makrofagia v DRG vyvolanou PAC

Nase vysledky ukazuji, ze DUV miZe zabranit zvySeni infiltrace/proliferace
makrofagh v DRG vyvolané PAC. Infiltrace makrofagi do DRG po podani PAC je
indukovéna zvysenim chemoatraktantti vyvolanym PAC, zejména CCL2 a CX3CL1 (Huang
et al., 2014; Zhang et al., 2016). Infiltrace cirkulujicich makrofdgl a aktivace rezidentnich
makrofagl vede ke zvySené produkci a uvoliiovani prozéanétlivych cytokinli a chemokint,
jako jsou TNFa a IL-1p, které nasledné zvySuji excitabilitu neuronit DRG (Spicarova et al.,
2011; Ji et al., 2016) a podporuji senzitizaci TRPV1 (Spicarova et al., 2014).

Aktivni makrofagy lze rozdé€lit na fenotypy M1 a M2, ptitom PAC, stejné jako DUV,
podporuji zménu fenotypu makrofaghh na M1, pravdépodobné prostfednictvim signalizace
PI3K (Malyshev et al., 2015; Horwitz et al., 2018; Wanderley et al., 2018). Ackoli je fenotyp
makrofagii M1 povazovan za prozanétlivy a pronociceptivni, bylo také prokdzano, ze DUV
inhibuje faktor stimulujici kolonie 1 (CSF1), signalni faktor dalezity pro infiltraci makrofagu.
Bylo prokazano, Ze CSF1 zvySuje neuropatickou bolest (Guan et al., 2016) a pfitahuje
cirkulujici monocyty do michy a DRG (Peng et al., 2016). NasSe tvrzeni o inhibici
infiltrace/proliferace makrofagli je zaloZeno na DUV navozeném sniZeni imunoreaktivity
CD68 v DRG, coz by mohlo pfispivat k antinociceptivnimu u¢inku DUV potla¢enim
makrofagi aktivovanych PAC.

6. Zaver

Modulace synaptického pienosu v neuronech povrchovych lamin dorzalniho rohu
miSniho hraje kli¢ovou roli v nociceptivni signalizaci. Béhem akutnich, chronickych a
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neuropatickych bolestivych stavli mohou riizné mechanismy vyvolat zmény v SCDH a DRG,
které podporuji nejen zvySeni U€innosti prvni nociceptivni synapse, ale mohou také snizit
efektivitu opioidni analgezie. Mezi takové faktory se zvla§tnim vyznamem pro rozvoj
neuropatické bolesti patii chemokin CCL2 a receptory TRPV1. Modulace nociceptivni
signalizace témito faktory byla proto zvolena hlavnim cilem prvni casti vysledkl
prezentovanych v této praci. Druhd cast prezentovanych vysledkli se zaméfila na zmény v
DRG vedouci k bolestivé neuropatii v modelu chemoterapii indukované neuropatické bolesti.
Dalsim cilem bylo také zjistit mozné vyuziti klinicky schvaleného inhibitoru PI3K (Duvelisib)
pro 1écbu bolesti spojené s PIPN.

Nase experimenty jasné ukazaly, ze aktivace MOR specifickym agonistou DAMGO
vyvolava robustni analgezii in vivo a inhibici excita¢niho nociceptivniho pienosu in vitro.
Toto analgetické a inhibi¢ni ptisobeni DAMGO bylo silné snizeno aplikaci chemokinu CCL2
a tento ucinek byl vysoce zavisly na aktivaci mikroglii. Jiz dfive bylo prokazéano, ze hladiny
CCL2 se zvySuji pfi riznych, zejména neuropatickych bolestivych stavech. Nase vysledky
tedy naznacuji, Ze modulace nociceptivniho synaptického prenosu v . SCDH pomoci CCL2
muze byt jednou z pficin sniZzené analgetické €innosti opioidi béhem téchto patologickych
stavi (Heles et al., 2021). V tomto ohledu jsou neméné diilezitd naSe zjiSténi, Ze v modelové
situaci byly ptfiznaky OIH snizeny antagonistou receptort TRPV1. Jiz dfive bylo naznaceno,
ze TRPV1 muze hrat klicovou roli v desenzitizaci MOR, a to prostfednictvim regulace
translokace B-arrestinu 2 (Basso et al., 2019; Melkes et al., 2020). Nase nepublikovana data
prezentovana v této praci ukazuji, ze aktivace receptori TRPV1 jeho endogennim agonistou
OLDA zabranila snizeni U¢inki DAMGO po agonisty indukované a CCL2 indukované
desenzitizaci MOR.

Chemoterapii vyvolané chronické neuropatické bolesti jsou stale velmi obtizné
lécitelné a predstavuji pro pacienty velkou zatéz, kterd casto vede k pieruSeni
chemoterapeutické 1é€by. V naSich experimentech jsme prokdzali vyznamnou roli aktivace
PI3K v bolesti spojené¢ s PIPN. Na modelu PIPN jsme prokazali vyznamné zvySeni aktivity
PI3K 1 infiltrace/proliferace makrofagh v DRG (Adamek et al., 2019). Nase vysledky také
jasné ukazuji, Ze specificky inhibitor PI3K DUV vyznamné oslabil, jak aktivitu PI3K, tak
infiltraci/proliferaci makrofagti. Vysledky prezentované v této praci jsou v souladu s ostatnimi
experimenty vcetné behavioralniho testovani a zaznamii aktivity SCDH neurontl, coZ silné
naznacuje, ze tento klinicky dostupny antagonista PI3K DUV by mohl byt dobrym
potencialnim cilem pro 1écbu bolesti spojené s PIPN (Adamek et al., 2022).

Celkové vysledky prezentované v této doktorské praci ukazuji nové mechanismy
vzniku stavii neuropatické bolesti a zdiraznuji TRPV1 jako dilezity cil pro potencialni vyvoj
ucinngjSich opioidnich analgetik a dokladaji klicovou roli chemokinii v omezené u¢innosti
opioidl u neuropatické bolesti. Publikace zvefejnéné na zdkladé této prace poskytuji zaklad
pro dalsi vyzkum a nové zpisoby 1é€by neuropatické bolesti, které by mohli pomoci
pacientim.

15



1. Introduction

Nociceptive pain is defined by the International Association for the Study of Pain
(IASP) as “pain that arises from actual or threatened damage to non-neuronal tissue and is due
to activation of nociceptors” (Merskey et al., 1994). Nociceptive pain has a clear protective
physiological function and is most commonly experienced in the musculoskeletal system.
Somatosensory information from peripheral and visceral organs enters CNS through spinal
cord dorsal horn (SCDH) grey matter. Proper transmission and modulation of the peripheral
input rely on a high organization of the circuits forming a connection between the periphery
and the CNS (Todd, 2010).

In contrast, neuropathic pain originates from damage to the peripheral nervous system
(PNS) or central nervous system (CNS) and leads to abnormal painful sensations without
physiological significance (McMahon et al., 2006). The complexity of mechanisms involved
in neuropathic pain development greatly complicates pain management by conventional
analgesics (Woolf, 2011).

Neuropathic pain can be further enhanced or even triggered by non-neuronal cells
(Watkins et al., 2002), through the production and release of chemokines, which have been
directly linked to nociceptor sensitization (Gao et al., 2010). Most interesting for this review
is the direct potentiation of the primary nociceptive neurons by chemokine (C-C motif) ligand
2 (CCL2) (Spicarova et al., 2014). In CNS and PNS the CCL2 chemokine can be expressed
by neurons, microglia, and astrocytes in various anatomical regions, often as a marker of
ongoing neuroinflammation (Conductier et al., 2010; Komiya et al., 2020). Numerous studies
observed increased CCL2 levels in animal models of neuropathic pain, such as chronic
constriction injury (CCI) (Zhang et al., 2006; Piotrowska et al., 2016; Kwiatkowski et al.,
2019; Zajaczkowska et al., 2020) and paclitaxel-induced peripheral neuropathy (PIPN)
(Zhang et al., 2013).

Recent studies demonstrate the involvement of chemokines in opioid receptor
desensitization. While opioids exert an analgesic effect in the CCI model of neuropathic pain,
administration of morphine in combination with a CCR2 antagonist substantially enhanced its
analgesic potency (Kwiatkowski et al., 2017). Another study demonstrated that the CCL2
neutralizing antibody attenuates morphine-induced microglial activation and morphine
tolerance (Zhao et al.,, 2012). Direct inhibitory action of several chemokines through
heterologous desensitization of p-opioid receptor (MOR) has been demonstrated (Zhang et al.,
2004). For this reason, one of the aims of this project was to investigate the role of CCL2 in
the reduced efficacy of MOR-mediated analgesia in neuropathic pain.

MOR is the dominant opioid receptor in pain-relieving effects as well as a receptor
with the highest affinity for morphine, the most important and frequently used opioid in
medicine (Ding et al., 1996). At the same time, MORs are responsible for most of the adverse
side effects of opioids, such as tolerance, addiction, dependence, respiratory depression, and
constipation.

Receptor trafficking is an important mechanism in the regulation of receptor signaling.
MOR internalization is dependent on B-arrestins, which promote the G protein uncoupling
and endocytosis of the receptor (Pierce et al., 2002). B-arrestin signaling can be involved in
the development of opioid tolerance, as a complete lack of tolerance was observed in 3-
arrestin 2 knock-out mice (Raehal et al., 2005). Recent research focused on TRPV1-MOR
interaction, with B-arrestin 2 as a central hub in communication between these receptors.

16



Activation of TRPV1 in cells expressing TRPV1, B-arrestin 2, and MOR, leads to acute
trafficking of B-arrestin 2 to the nucleus, thereby restricting the availability of B-arrestin 2 in
the cytosol (Basso et al., 2019). TRPV1-induced trafficking thus hinders the ability of (-
arrestin 2 to mediate the desensitization of MOR. This finding suggests that TRPV1 can bias
MOR signaling and maintain the sensitivity of MOR to both endogenous and exogenous
agonists (Basso et al., 2019). Because these studies provide evidence for in vitro MOR
desensitization only and are restricted to the use of exogenous TRPV1 agonists such as
capsaicin, this project aimed to investigate the role of endogenous TRPVI1 agonist N-
Oleoyldopamine (OLDA) in MOR-desensitization.

Opioid-induced hyperalgesia (OIH) is an increased pain sensitivity following acute
opioid administration or opioid withdrawal (Roeckel et al., 2016). Recent studies indicate the
involvement of TRPV1 in OIH (Chen et al., 2008; Scherer et al., 2017; Wang et al., 2022).
Both thermal and tactile OIH induced by a repetitive morphine treatment in mice and rats can
be reversed by oral administration of TRPV1 antagonist AMG0374, while subcutaneous
morphine pellets failed to induce thermal and tactile OIH in TRPV1 knock-out mice
(Vardanyan et al., 2009). Taken together, the TRPV1 receptor seems to exert a high level of
control over opioid-induced tolerance and hyperalgesia and can be targeted to combat these
side effects of opioid treatment. The potential role of TRPV1 in OIH was thus investigated as
a part of this project.

The second part of the Ph.D. project aimed to investigate phosphatidylinositol 3-
kinase (PI3K) signaling in PIPN-associated neuropathic pain. Paclitaxel (PAC) is a commonly
used chemotherapeutic, effective in the treatment of breast, ovarian, esophageal, and other
types of cancer. However, the risk of the development of PIPN and the chronic pain that
accompanies PIPN represents a major drawback and a dose-limiting factor of PAC
chemotherapeutic therapy (Boyette-Davis et al., 2018). PIPN has been reported to induce
significant sensory neuropathy, manifested mostly in the distal extremities, with symptoms
that include mechanical allodynia, spontaneous burning pain, and feeling of tingling and
numbness (Dougherty et al., 2004). PAC leads to direct activation of toll-like receptor 4
(TLR4) on peripheral sensory and spinal neurons and subsequent sensitization of TRPV1,
which was demonstrated as an increase in the capsaicin-mediated response in acute spinal
cord slices of rats and mice and neuronal cultures of dissociated rat and human DRGs (Li et
al., 2015). TLR4-induced sensitization of TRPV1 is dependent on phosphorylation of TRPV1
receptor by serine/threonine kinases, especially the PI3K and PAC-induced activation of
TLR4 can promote macrophage activation (Kawasaki et al., 2000; Byrd-Leifer et al., 2001;
Guha et al., 2001). Therefore, we looked at how targeting the PI3K activity in the model of
PIPN can improve factors associated with neuropathic pain in PIPN such as macrophage
infiltration/proliferation into DRGs.

17



2. Aims of the thesis

The aim of my Ph.D. project and the experiments presented in this thesis was to study
various mechanisms implicated in the modulation of neuropathic pain. The main part of the
project focused on the interaction between neuropathic pain-related chemokine CCL2, opioid
receptors, and TRPV1 receptors in the spinal cord dorsal horn. The second part of the
experiments studied the role of PI3K in PIPN.

Opioids under normal conditions exert potent inhibitory control over the nociceptive
transmission. Neuropathic pain is associated with abnormal activity of nociceptive
transmission in the SCDH and often does not respond to opioid-mediated analgesia. TRPV 1
receptors are involved in the pro-nociceptive effects of CCL2, and play a role in the
trafficking of opioid receptors.

PAC application leads to PIPN, acute and chronic pain syndromes. While the role of
DRG neurons in this pathological process was demonstrated, the molecular mechanisms are
still unknown.

Based on these facts, we investigated the following experimental questions:

1. How chemokine CCL2 modulates MOR-mediated effects on nociceptive synaptic
transmission in SCDH neurons and in vivo during opioid-mediated analgesia?

2. Are CCL2-mediated effects dependent on microglia activation?

3. What is the role of TRPV1 receptors in the development of OIH and how can the
activation of TRPV1 by endogenous agonist OLDA modulate the opioid receptor
desensitization?

4. Which intracellular signaling pathways are involved in PIPN and how can their inhibitors

attenuate changes in DRG related to the development of neuropathic pain, such as
macrophage infiltration?
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3. Materials and methods

Experimental animals: Male adult and P19-P21 Wistar rats were used in all
experiments. The animals were housed in separate clear plastic cages with soft bedding, free
access to food and water, and maintained on 12/12 h light/dark cycle at room temperature-
controlled conditions. The experiments were carried out during the light phase of the cycle.
All experiments were approved by the Animal Care and Use Committee of the Institute of
Physiology CAS.

Spinal cord slice preparation: Animals were anesthetized with isoflurane (3%), and
the lumbar spinal cord was removed and immersed in an oxygenated ice-cold dissection
solution containing (in mM) 95 NaCl, 1.8 KCI, 7 MgS0O,4, 0.5 CaCl,, 1.2 KH,POy4, 26
NaHCOs, 25 D-glucose, and 50 sucrose. Animals were sacrificed by medulla interruption.
Acute transverse slices 300-350 um thick were cut from L4 to L5 segments using vibratome
(VT 12008, Leica, Germany). Slices were incubated in the dissection solution for 30 min at
33 °C, stored in a recording solution at room temperature, and allowed to recover for 1 h.
Recording solution contained (in mM) 127 NaCl, 1.8 KCI, 1.2 KH,PO4, 2.4 CaCl,, 1.3
MgS0s4, 26 NaHCO3, and 25 D-glucose. Slices were transferred into a recording chamber that
was perfused continuously with a recording solution (room temperature) at a rate of ~2
ml.min"'. All extracellular solutions were saturated with carbogen (95% O, 5% CO,) during
the whole process.

Patch-clamp recording: Patch-clamp recordings in spinal cord slices were made from
superficial dorsal horn neurons in lamina I and II(outer). Individual neurons were visualized
using a differential interference contrast (DIC) microscope (Leica, DM LFSA, Germany)
equipped with a near-infrared-sensitive camera (Hitachi KP-200P, Japan) with a standard
TV/video monitor. Patch pipettes were pulled from borosilicate glass tubing with resistances
of 3.5-6.0 MQ when filled with intracellular solution. The intracellular pipette solution
contained (in mM): 125 gluconic acid lactone, 15 CsCl, 10 EGTA, 10 HEPES, 1 CaCl,, 2
MgATP, 0.5 NaGTP and was adjusted to pH 7.2 with CsOH. Voltage-clamp recordings in the
whole-cell configuration were performed with an Axopatch 200B amplifier and Digidata
1440A digitizer (Molecular Devices, USA) at room temperature (~23 °C). Whole-cell
recordings were low-pass filtered at 2 kHz and digitally sampled at 10 kHz. The series
resistance of neurons was routinely compensated by 80% and was monitored during the whole
experiment. AMPA receptor-mediated miniature and evoked excitatory postsynaptic currents
(mEPSC/eEPSC) were recorded from neurons clamped at — 70 mV in the presence of 10 uM
bicuculline and 5 pM strychnine. mEPSC were distinguished by the addition of 0.5 pM
tetrodotoxin (TTX) to the bath solution. To record eEPSC, a dorsal root was stimulated using
a suction electrode with a glass pipette filled with an extracellular solution using a constant
current isolated stimulator (Digitimer DS3, England). The intensity of the stimulation was
adjusted to evoke stable EPSC with 0.5 ms stimulus duration and at least 3 x the minimal
stimulus current at a frequency of 0.033 Hz.

Intrathecal (i.t.) catheter implantation: Approximately 4 cm long PE-5 tube was
inserted inside bent end of PE-10 tube and fixed using epoxy-glue. Tubing was filled with a
sterile saline solution using a Hamilton syringe. Adult male Wistar rats (250-300 g) were
anesthetized with isoflurane (3%), and the back of the animal was clipped with an electric
razor. The surgery was performed in a sterile manner. L4-L5 vertebraec were surgically
exposed and approximately 0,5 cm of PE-5 end of the catheter was placed into the
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subarachnoid space and fixed in place with dental cement (Duracryl, Spofa, Czech Republic).
The PE-10 end of the catheter was exposed on the back of the neck and the open end of the
catheter was sealed. Animals were left to recover in their cages for at least 7 days. The
position of the catheters was verified by a dye injection at the end of each experiment.

Paw withdrawal latency to thermal stimulation: The paw withdrawal latency
(PWL) to thermal stimulation was tested using a plantar test apparatus (Ugo Basile, Italy)
with radiant heat applied to the plantar surface of each hind paw. Rats were placed in
nonbinding, clear plastic cages on a clear glass plate, with a heat source underneath. Rats
were left to adapt to the testing environment for at least 15 min prior to any stimulation. Each
paw was tested 4 times at each time point of the experiment with at least 5 min between the
trials. Data were analyzed by One Way analysis of variance (ANOVA) followed by multiple
comparison procedure versus control (Bonferroni post hoc test). The criterion for statistical
significance was a P < 0.05.

Paclitaxel CIPN model, Duvelisib and wortmannin treatment: PAC Mylan
(Oncotec Pharma Produktion) was used to induce painful peripheral neuropathy in rats. PAC
(6 mg/ml) was diluted with 0.9% sterile saline to 2 mg/ml, just before injection. A vehicle
stock solution was made using 1:1 macrogolglycerol ricinoleate (Kolliphor EL, Sigma-
Aldrich) and ethanol (Penta). Three successive doses of 8 mg/kg PAC were intraperitoneally
administered on days 0, 3, and 6. Pre-treatment with wortmannin (WMN) (0.6 mg/kg,
intraperitoneal (i.p.)) had preceded 1 h before the PAC treatment. The stock solution of WMN
(12.5 mM in dimethyl sulfoxide (DMSO)) was diluted in sterile saline. The PAC-only treated
animals in experiments with WMN received a sham injection (DMSO as a vehicle) 1 h before
the PAC. Duvelisib (DUV) (LC Laboratories) stock solution (up to 200 mM) was prepared
freshly in DMSO (Sigma-Aldrich) just before the treatment. An appropriate dose of DUV was
mixed with the vehicle (edible sunflower oil; 500 pl per rat) and administered via oral gavage
into the stomach. Plastic feeding tubes (Instech Laboratories) 15 G x 78 mm were used. DUV
(10 mg/kg) was administered as a pre-treatment 30 min before the PAC.

Immunohistochemical analysis: Animals were deeply anesthetized with a
combination of ketamine (100 mg/kg, Narketan, Zentiva) and xylazine (25 mg/kg, Xylapan,
Zentiva), perfused intracardially with saline followed by ice-cold 4% paraformaldehyde. Both
L5 DRGs were removed and post-fixed in 4% paraformaldehyde at 4° C for 2 h,
cryoprotected with 30% sucrose overnight, and cut in cryostat Leica CM3000 to 16 um thick
slices. Every 3rd DRG section was then processed for immunohistochemistry. Briefly,
sections were washed 3x for 10 min in phosphate-buffer solution (PBS), blocked with 3%
normal donkey serum (NDS) for 30 min at room temperature, and incubated overnight at 4° C
with rabbit anti-pAkt (phosphorylated Akt kinase; Ser473) (1:200; Cell Signaling
Technology, #4060S, Netherlands) or mouse anti-CD68 (cluster of differentiation 68) primary
antibody [ED1] (1:100, Abcam, #ab31630) in 1% NDS with 0.3% Triton X-100. After
washing in 1% NDS (3 x for 10 min), the sections were incubated in a donkey anti-rabbit
Cy2-conjugated secondary antibody (1:400, Jackson ImmunoResearch Lab. Inc, USA) or a
donkey anti-mouse AlexaFluor-488 secondary antibody (1:400, Jackson ImmunoResearch
Laboratories, #715-545-151) for 2 h. For visualization of the cell nucleus, incubation in
bisbenzimide (Hoechst 33342, Sigma-Aldrich) for 3 min was used. Pictures from sections
stained against pAkt were captured using a digital camera on a fluorescence microscope
(Olympus BX53); confocal microscope (Leica Microsystems, SP8) equipped with multi-
immersion objective HC PL APO (20x/0.75 NA), Ar multiline laser (488 nm; 65 mW), and

20



HyD spectral detectors was used for CD68 staining. All sections were analyzed offline using
Imagel software (NIH, USA) by an investigator blinded to the treatment. Region of interest
(ROI) containing only neuronal cell bodies was outlined for each DRG section and the
immunoreactive (IR) area of pAkt or CD68 was identified in ROI using the Threshold
function. A minimum of 5 sections were evaluated in each ganglion. IR/ROI ratios were
calculated and expressed as a percentage. To analyze the number of pAkt IR DRG cells, all
cell bodies in the DRG section were manually outlined and the pAkt IR intensity and area of
individual cell bodies were measured. Cell bodies were divided into pAkt IR and pAkt nonIR
groups based on the signal intensity. Only cells with visible nucleus were included in the
analysis.

4. Results

Chemokine CCL2 prevents opioid-induced inhibition of nociceptive synaptic
transmission in spinal cord dorsal horn. Patch-clamp recordings in this study were obtained
from nociceptive neurons predominantly localized in lamina I and II(outer). Short application
of selective MOR agonist [D-Ala”, N-MePhe®, Gly-ol]-enkephalin (DAMGO) (1 uM, 3 min)
on acute spinal cord slices reduced mEPSC frequency to 60.8+4.0% at the 2" and 3"
minutes of application. After CCL2 pre-incubation (10 nM, 2 h) DAMGO depressed the
mEPSC frequency only to 82.4+3.9%. The frequency of mEPSC remained stable until the
end of the recording. CCL2 pre-treatment robustly attenuated the inhibitory effect of the
DAMGO on the mEPSC frequency in the SCDH neurons.

To study the contribution of microglia to the CCL2-induced inhibition of MOR
signaling in SCDH neurons, spinal cord slices were pre-incubated with CCL2 and
minocycline, a blocker of microglia activation, for 2 h before the recording. The addition of
minocycline (100 pM) 15 min before the CCL2 (10 nM) did not have any influence on the
suppressive effect of CCL2 on the DAMGO-induced inhibition. Acute application of
DAMGO elicited the mEPSCs frequency depression to 77.4 +4.1%.

Following experiments aimed to study the effects of DAMGO and CCL2 on the
nociceptive transmission using dorsal root electrical stimulation-evoked EPSCs. DAMGO (1
uM, 3 min) induced a significant eEPSC amplitude decrease in all of the recorded neurons.
We observed a delayed increase in eEPSC amplitude to 166.6 =21.5% in the 17" min of the
washout in 9/15 recorded neurons. Acute application of DAMGO (1 puM, 3 min) failed to
induce a decrease of the eEPSCs amplitude in slices pre-incubated with the CCL2. CCL2
prevented DAMGO-induced eEPSC amplitude depression as well as delayed potentiation.

When minocycline (100 pM) was added to the incubation chamber 15 min before the
CCL2 (10 nM), acute application of DAMGO elicited significant depression of the eEPSC
amplitude (56.4 £ 8.4%). DAMGO-induced delayed potentiation was not observed in any of
the recorded neurons. Our results suggest that microglial activation can significantly attenuate
the inhibitory effect of CCL2 on the DAMGO-induced eEPSC amplitude depression, while
the increase of the eEPSCs amplitude during the washout period was absent.

DAMGO-induced delayed potentiation of eEPSC amplitude was modulated by
TRPV1 inhibition. We applied SB366791 (10 uM, 4 min) as a pre-treatment before
DAMGO and continuously for the rest of the recording. Following DAMGO/SB366791
application elicited a rapid decrease of the eEPSC amplitude (39.0 £ 9.8%). The amplitude of
the eEPSC reached the control value in the 18" min of the washout (98.8+16.3%). In contrast
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to the neurons recorded without SB366791, the delayed potentiation of the eEPSC amplitude
was not present in any of the recorded neurons.

CCL2 attenuates DAMGO-induced hyposensitivity to thermal stimuli in vivo. An
1.t. catheter was used for the delivery of DAMGO (0.01 pg) and CCL2 (1.4 ug) to the spinal
cord. Acute it. DAMGO injection significantly prolonged PWL to thermal stimuli
(196.9+12.5%). Thermal hyposensitivity returned to normal gradually in course of the
experiment. CCL2 + DAMGO experimental group received CCL2 (1.4 pg) first, followed by
DAMGO (0.01 pg) 30 min after. DAMGO after CCL2 failed to significantly prolong PWL to
the thermal stimuli in any of the assessed time points. Pre-treatment with CCL2 was able to
completely diminish the analgesic effect mediated by spinal MOR activation.

Microglial blocker minocycline in a single i.p. dose (45 mg/kg) administered 1 h
before the CCL2 was used to study the possible role of the microglial activation on the CCL2-
induced attenuation of the DAMGO-mediated analgesic effect. DAMGO application after
minocycline and CCL2 pre-treatment was able to significantly prolong the PWL to thermal
stimuli in all of the tested animals up to 1 h after the DAMGO. This result demonstrates how
blocking the microglial activation can prevent the CCL2-induced attenuation of MOR-
mediated thermal analgesia.

OLDA prevented DAMGO-induced desensitization of MOR in the spinal cord.
Agonist-induced desensitization of MOR was studied using acute spinal cord slices pre-
incubated with 1 uM DAMGO for 2 h before the recording. Short application of DAMGO (1
pM, 3 min) on naive acute spinal cord slices reduced mEPSC frequency to 60.8 +4.0%.
However, acute application of DAMGO failed to depress the mEPSC frequency in neurons
recorded from the slices pre-incubated with DAMGO (1 uM, 2 h). The complete lack of
typical response to selective MOR agonist DAMGO in our recordings indicates functional
desensitization of MOR.

To study the role of endogenous agonist-induced TRPV1 activation in agonist-induced
MOR desensitization, we co-incubated the acute spinal cord slices with DAMGO and
endogenous TRPV1 agonist OLDA in two concentrations (0.2 and 10 uM), based on our
previous studies (Spicarova et al., 2009, 2010). Short application of DAMGO (1 pM, 3 min)
depressed the mEPSC frequency in slices co-incubated with the 10 uM OLDA + 1 uM
DAMGO to 55.48 £ 6.07% and 63.44 + 7.65 % after pre-incubation with 0.2 uM OLDA + 1
uM DAMGO. Significant DAMGO-induced depression in slices incubated with 0.2 pM
OLDA was evident only during the DAMGO application and frequency quickly returned to
control levels, showing that OLDA prevents agonist-induced MOR desensitization in a
concentration-dependent manner.

OLDA prevented CCL2-induced inhibition of MOR-mediated analgesia. To
induce MOR desensitization, we have repeated the previously published experimental
protocol of i.t. CCL2-induced inhibition of MOR-mediated thermal analgesia (Heles et al.,
2021). Rats in the CCL2 group received a single i.t. injection of CCL2 (1.4 pg) followed by a
single application of DAMGO (0.01 pg) 30 min after CCL2. CCL2 prevented DAMGO-
induced thermal hyposensitivity. To test the effect of TRPV1 activation, we co-administered
CCL2 (1.4 pg) with OLDA (0.42 pg) 30 min before DAMGO (0.01 pg). Here, DAMGO
induced rapid and potent hypoalgesia to thermal stimulation. Thus, activation of TRPV1 by
OLDA prevented CCL2-induced inhibition of MOR-mediated analgesia.

Paclitaxel in vivo treatment increased the expression of pAkt in DRG neurons. To
study PI3K activity, we looked at the level of Akt kinase phosphorylation, which reflects the
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PI3K signaling pathway activation (Zhuang et al., 2004; Pezet et al., 2008). PAC significantly
increased the pAkt positive area and the percentage of pAkt positive cells in L5 DRG slices,
especially in the small-diameter neurons (< 25 um). PAC-induced increase of both pAkt
positive area and the number of pAkt positive neurons was prevented by a PI3K inhibitor
WMN pre-treatment.

DUYV pre-treatment prevented PAC-induced Akt phosphorylation. Levels of pAkt
were determined 1 h after the PAC (8 mg/kg, i.p.) administration and in timepoints relevant to
observed behavioral hypersensitivity on days 7 and 21. Acute PAC increased the pAkt IR,
predominantly in small-diameter neurons (20-25 pm). This increase was significantly reduced
in the DUV + PAC group. Similarly, the pAkt IR area was significantly increased by the acute
PAC compared with the CTRL, while DUV pre-treatment was able to prevent PAC-induced
increase. In DRGs collected on day 7, PAC significantly increased the percentage of pAkt"
neurons and DUV pre-treatment attenuated this increase. pAkt IR area in DRGs was robustly
increased in the 7D PAC group (37.6 = 1.1%), compared with the 7D CTRL group (24.7 +
1%). DUV significantly reduced the increase of pAkt IR in the 7D DUV + PAC group (27.5 £+
1.3%). The number of pAkt™ cells in the 21D DUV + PAC decreased (27.3 + 1.9%) in
comparison with the 21D PAC. No significant changes in the pAkt IR area were observed on
day 21. Our results show that DUV prevented PAC-induced increased activity of PI3K
signaling in sensory DRG neurons, which can serve as one of the causes of sensory neuron
sensitization at the spinal cord level.

DUV pre-treatment prevented PAC-induced infiltration/proliferation of CD68-
immunoreactive macrophages in the rat DRGs. We have used immunofluorescent staining
of CD68 lysosomal membrane protein, expressed predominantly in membranes of phagocytic
macrophages (Damoiseaux et al., 1994), to analyze the distribution of macrophages in L5
DRG slices. We quantified CD68 IR area in adult rat L5 DRG sections from CTRL (vehicle-
treated), PAC (3 x 8 mg/kg, i.p.), and DUV + PAC-treated animals (30 min pre-treatment
with DUV, 3 x 10 mg/kg, before PAC). L5 DRGs in all groups were collected 24 h after the
last treatment (day 7 of the PIPN protocol). PAC significantly increased the CD68 IR (2.0 +
0.1% of DRG) in comparison with the CTRL group (1.4 + 0.1% of DRG), while the DUV
pre-treatment prevented PAC-induced increase of the CD68 IR (1.5 £ 0.1% of DRG).

5. Discussion

DAMGO-induced depression of synaptic transmission and analgesia

Our results from patch-clamp recordings from superficial dorsal horn neurons reveal a
significant DAMGO-induced depression of mEPSC’s frequency and eEPSC amplitude. The
inhibitory effect of opioids in our experiments was mainly presynaptic, mediated by the
terminals of Ad- and C-type fibers. Opioids in these excitatory presynaptic terminals inhibit
N-type and P/Q-type voltage-dependent Ca®" channels and neurotransmitter release
machinery (Zhou et al., 2010).

Overall 60% of the neurons in eEPSC recordings reached amplitude significantly
higher than their respective control amplitudes during the washout period. Opioid-induced
long-term potentiation (LTP) in the spinal cord, in part responsible for OIH and opioid
tolerance, has been shown to be restricted to a TRPV1 expressing primary afferents (Zhou et
al., 2010). The TRPVI1 antagonist completely prevented DAMGO-induced delayed
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potentiation, suggesting that TRPV1 activation is a crucial mechanism in the DAMGO-
induced synaptic potentiation.
Chemokine CCL2 in opioid-induced analgesia.

Our results demonstrate a significant functional modulation of MOR signaling by a
chemokine CCL2. We showed that the selective MOR agonist DAMGO induced fast and
potent analgesia in vivo and significant inhibition of the excitatory synapse reflected as a
decreased frequency of mEPSCs and amplitude of eEPSCs recorded from the SCDH neurons.
Chemokine CCL2 prevented both DAMGO-induced analgesia in vivo and inhibition of
excitatory synapse in vitro in a microglia-dependent manner, presumably through a MOR
desensitization or internalization (Zhang et al., 2004).

Our previous study demonstrated how CCL2 can potentiate spontaneous glutamate
release from the central endings of the nociceptive afferent fibers and induce thermal
hyperalgesia and mechanical allodynia (Spicarova et al., 2014). Our results expand these
findings by providing evidence for the role of CCL2 in the dysregulation of opioid-induced
analgesia. Sensitization of nociceptive pathways and inhibition of opioid signaling at the same
time might have a synergistic effect on the development of hypersensitivity.

Our findings are in alignment with the previous studies, showing chemokine-induced
MOR internalization in cell cultures (Zhang et al., 2004). Cell culture experiments show how
CCL2 as well as other chemokines impair DAMGO-elicited calcium response and induce
heterologous desensitization of MOR.

Microglia are crucial for CCL2-induced desensitization of MOR.

Blocking the activation of microglia by minocycline prevented the inhibitory effect of
CCL2 on MOR in eEPSC recordings and in vivo analgesia. Despite the uncertainty regarding
the distribution of CCL2 and CCR2 in spinal cord cell types stemming from contradictory
results in older literature, our results suggest that activation of microglia is a crucial event in
the CCL2-induced desensitization of MOR.

Microglia may amplify the CCL2-induced desensitization of MOR by the release of
pronociceptive mediators (Kwiatkowski et al., 2017). In addition, minocycline failed to
prevent the CCL2-induced effect on DAMGO-induced depression of mEPSC frequency.
Based on this finding we assume that CCL2 can attenuate DAMGO-induced depression of
spontaneous glutamate release, recorded in our case as the frequency of mEPSC, directly by
acting on presynaptic neurons.

OLDA prevents both agonist-induced and chemokine-induced inhibition of MOR-
mediated opioid effects.

MORs are co-expressed with TRPV1 on central terminals of primary afferent neurons
in the spinal cord dorsal horn. Activation of TRPV1 at these presynaptic endings promotes
MAPK signaling pathway, leading to the B-arrestin2 trafficking to the cell nucleus. This
exclusion of B-arrestin2 from cytosol prevents its binding to the MOR and thus leads to
attenuated MOR desensitization (Basso et al., 2019).

Our results indicate that activation of TRPV1 by OLDA can attenuate both agonist-
induced and chemokine-induced desensitization of MOR in a concentration-dependent
manner. CCL2-induced MOR desensitization, evident as a lack of thermal analgesia after i.t.
DAMGO application. Based on previous in vitro studies exploring pathways activated by
chemokine receptors that lead to MOR internalization, we assume that this attenuation of
analgesia is caused by heterologous desensitization of MORs (Kwiatkowski et al., 2019).
OLDA administered together with CCL2 prevented MOR desensitization as subsequent i.t.
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DAMGO administration evoked thermal analgesia comparable to the control situation, and
thus confirmed that the activation of TRPV1 by its endogenous agonist can promote opioid
analgesia in conditions that lead to elevated levels of chemokines in the spinal cord, such as
chronic neuropathic pain. In summary, our data reveal how endogenous TRPV1-mediated
pathways may interact with MOR function, reduce MOR desensitization, and in turn promote
the efficacy of opioids in chronic pain.

PI3K in paclitaxel-induced neuropathic pain

Results reported in this thesis are a part of the study which identified PI3K signaling
as a crucial pathway in PIPN development and the accompanying chronic neuropathic pain
(Adamek et al., 2022). The most important finding of the study is that the oral administration
of PI3K§/y isoform-specific inhibitor DUV prevented chronic pain development and
attenuated pro-nociceptive signaling and disinhibition in the PIPN model. Results from our
studies demonstrate sensitization of TRPV1 in SCDH as aloss of capsaicin-mediated
tachyphylaxis after both acute as well as 7 day PAC treatment (Adamek et al., 2019, 2022).
Both TRPV1 sensitization recorded in vitro and mechanical allodynia in vivo were prevented
by PI3K inhibitors LY-294002 and WMN (Adamek et al., 2019) and by PI3K§/y isoform-
specific inhibitor DUV (Adamek et al., 2022).

Immunohistological analysis of pAkt distribution in slices obtained from lumbar
DRGs supports our findings and demonstrates that PI3K inhibitors WMN and DUV prevented
PAC-mediated increase in pAkt distribution. PAC-induced increase of pAkt was most
prominent in small diameter neurons, in categories of neuron soma diameters between 15 to
25 wm. This result is in alignment with the PAC-mediated activation of TLR4 and
potentiation of TRPV1, as both TLR4 and TRPV1 are in DRGs expressed mostly in small
diameter neurons.

Analysis of Akt phosphorylation in DRG slices collected on day 7 and day 21 show
PAC-induced pAkt increase on day 7 of the treatment and no significant change on day 21.
DUV prevented pAkt increase on day 7, evident by levels of pAkt IR area comparable to the
CTRL group. These data imply that DUV can effectively suppress the effect of PAC on PI3K
activity not only transiently, but throughout the development of PIPN at the timepoints where
we observed the PAC-induced effects on TRPV1 sensitization and mechanical allodynia.
Effect of Duvelisib on PAC-induced infiltration/proliferation of macrophages in DRG

Our results show that DUV can prevent the PAC-induced increase of macrophage
infiltration/proliferation in rat DRGs. Infiltration of macrophages to DRGs after the PAC
treatment is induced by a PAC-induced increase of chemoattractants, especially CCL2 and
CX3CL1 (Huang et al., 2014; Zhang et al., 2016). Infiltration of circulating macrophages and
activation of resident macrophages leads to increased production and release of
proinflammatory cytokines and chemokines, such as TNFa and IL-1f3, which in turn increase
the excitability of DRG neurons (Spicarova et al., 2011; Ji et al., 2016) and promote
sensitization of TRPV1 (Spicarova et al., 2014).

Active macrophages can be classified into M1 and M2 phenotypes and PAC, as well
as DUV, promote a switch toward the M1 macrophage phenotype, possibly through PI3K
signaling (Malyshev et al., 2015; Horwitz et al., 2018; Wanderley et al., 2018). Although the
M1 macrophage phenotype is considered pro-inflammatory and pro-nociceptive, DUV was
also shown to inhibit colony-stimulating factor 1 (CSF1), an important signaling factor for
macrophage infiltration. CSF1 was shown to be increased neuropathic pain (Guan et al.,
2016) and to attract circulating monocytes to the spinal cord and DRGs (Peng et al., 2016).
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Our claim on macrophage infiltration/proliferation inhibition is based on a decrease of CD68
immunoreactivity in DRGs and could contribute to the DUV-mediated antinociceptive effect
by suppressing PAC-activated macrophages.

6. Conclusion

Modulation of synaptic transmission in superficial dorsal horn neurons has a crucial
role in nociceptive signalization. During acute, chronic, and neuropathic pain conditions
different mechanisms can induce changes in the SCDH and DRG that promote not only pro-
nociceptive sensitization of the first nociceptive synapse but can also impair opioid-induced
analgesia. Among such factors with particular importance in the development of neuropathic
pain are chemokine CCL2 and TRPV1 receptors. Modulation of nociceptive signaling by
these factors was therefore selected as the main focus of the first part of the results presented
in this thesis. The second part of the presented results focused on changes in DRG leading to
painful neuropathy in a model of chemotherapy-induced neuropathic pain. The goal was also
to determine the possible use of a clinically approved inhibitor of PI3K inhibitor (Duvelisib)
for PIPN treatment.

Our experiments clearly showed that MOR activation by the specific agonist DAMGO
induced robust analgesia in vivo and inhibition of excitatory nociceptive transmission in vitro.
This analgesic and inhibitory actions of DAMGO were potently diminished by treatment with
chemokine CCL2 and this effect was highly dependent on microglia activation. It was shown
before that the levels of CCL2 are increased during various, especially neuropathic pain
conditions. Our results thus suggest that modulation of nociceptive synaptic transmission in
the SCDH by CCL2 may be one of the reasons for decreased analgesic efficacy of opioids
during these pathological states (Heles et al 2021). In this respect, equally important are our
findings that in a model situation the signs of OIH were reduced by TRPV1 receptors
antagonist. It was suggested before that TRPV1 may play a crucial role in MOR
desensitization, through the regulation of B-arrestin 2 translocation (Basso et al., 2019;
Melkes et al., 2020). Our unpublished data presented in this thesis show that activation of
TRPV1 receptors with its endogenous agonist OLDA prevented the reduction of DAMGO
effects after agonist-induced and CCL2-induced MOR desensitization.

Chemotherapy-induced chronic neuropathic pain states are still very difficult to treat
and represent a severe burden for the patients, often leading to interruption of the
chemotherapy treatment. In our experiments, we have demonstrated a significant role of PI3K
activation in the process of PIPN development. We have shown in a PIPN model of CIPN a
significant increase in PI3K activity as well as macrophage infiltration/proliferation in the
DRG (Adamek et al., 2019). Our results also clearly demonstrate that specific PI3K inhibitor
DUV significantly attenuated both the PI3K activity and macrophage infiltration/proliferation.
Results presented in the thesis are aligned with the rest of the experiments including
behavioral testing and recordings of SCDH neurons activity, strongly suggesting that this
clinically available PI3K antagonist DUV could be a good potential target for PIPN treatment
(Adamek et al., 2022).

Overall, the results presented in this doctoral thesis show new potential mechanisms of
neuropathic pain states development and highlight TRPV1 as an important target for the
potential development of improved opioid analgesics and substantiate the key role of the
chemokines in the limited efficacy of opioids in neuropathic pain. Hopefully, data published
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based on this work will provide a basis for future research and novel treatments of
neuropathic pain that would help the patients.
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