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Abstrakt

Neuropaticka bolest se nejcastéji objevuje po poskozeni nervové tkané a také jako
doprovodny priznak u fady onemocnéni nebo jako nezadouci vedlejsi ucCinek nékterych
cytostatickych 1éc¢iv. V soucasné dobé neuropaticka bolest predstavuje vyznamny Kklinicky
problém, jelikoZ aktualné dostupna analgesticka 1éc¢ba je stale neuspokojiva. Pro rozvoj
novych ucinnych lécebnych postupii neuropatické bolesti je dtlezité odhalit mechanizmy
jejiho vzniku. Stale vSak chybi presné informace o procesech, které se podileji na vyvoji a
udrzovani neuropatické bolesti.

Cilem této dizertacni prace bylo prozkoumat mechanizmy zapojené do vzniku
neuropatickych bolestivych stavii u nékolika modelti. Hlavni ¢ast prace je zamérena na
losartanu, u dvou jiZ etablovanych modelli periferni neuropatie a to navozené podanim
cytostatika paclitaxelu (PIPN) nebo podvazanim miSniho nervu (SNL). Dalsi ¢ast této prace
je vénovana zkoumani dlohy vaniloidnich receptorii typu 1 (TRPV1) u procest aktivace
misSnich neuronti pod vlivem aplikace chemoterapeutika paclitaxelu nebo chemokinu CCL2.

Pro dosaZeni postavenych cili byly pouzity jak behavioralni, tak i molekuldrné
biologické metody. U Kkazdého modelu byly méfeny odpovédi potkanli na
tepelné/mechanické podnéty, které indikuji miru zvySené patologické citlivosti k témto
podnétlim (alodynie a hyperalgezie). Imunohistochemické metody byly vyuzity pro
stanoveni miry zvySené aktivace neuronti v zadnim rohu miSnim (SCDH), a také pro
vyhodnoceni poctu cirkulujicich makrofagli vstupujicich do dorzalnich ganglii (DRG). K
vyhodnoceni exprese specifickych proteini a mRNA v DRG a SCDH byly pouZity metody
western blot, ELISA a RT PCR.

/////

losartanu u SNL a PIPN modeli neuropatie. U obou zminénych modelt 1é¢ba losartanem,
pravdépodobné prostrednictvim agonizmu receptorii aktivovanych proliferatory
peroxizomu typu y (PPARYy), dokazala potlacit rozvoj neuropatické bolesti a snizit expresi
prozanétlivych markeri CCL2, TNFa, CD11b, CD68 a dalSich. U PIPN modelu 1écba
mozny zpusob modulace neurogenniho zanétu. Nase vysledky ukazuji také aktivni ulohu
miSnich TRPV1 receptorii v mechanizmech centrdlni senzitizace. Zablokovani téchto
receptori zabranilo zvySené aktivaci neuronti v miSnich fezech, inkubovanych s
paclitaxelem nebo chemokinem CCL2. Intratekalni aplikace TRPV1 antagonisty navic
zabranila vzniku akutni tepelné hyperalgézie vyvolané podanim CCL2.

Studium mechanizmii vzniku neuropatické bolesti je zasadni pro vyvoj novych
analgetickych lé¢ebnich postupi. Tato prace prinesla nové poznatky, které mohou prispét k
pochopeni patofyziologickych pochodii u neuropatickych stavii a odhaluje nové informace
o mechanizmech rozvoje neurogenniho zanétu na irovni michy a DRG.



Abstract

Neuropathic pain represents a possible outcome of neural tissue injury; it occurs
also as a concomitant symptom of different diseases or as a side effect of several
treatments. Up to date, it constitutes a great challenge in clinical practice, as currently
available treatments are still unsatisfactory. Mechanism-based treatment approaches are
promising strategy in neuropathic pain management. However, there is still a lack of
information about the exact mechanisms involved in the development and/or maintenance
of neuropathic pain.

This Doctoral Thesis is aimed to explore the mechanisms underlying the
development of neuropathic pain states in different models. The principal part of this work
is focused on the study of anti-inflammatory effect of Angiotensin II receptor type 1 (AT1R)
blocker, losartan, in two different models of peripheral neuropathy: paclitaxel-induced
peripheral neuropathy (PIPN) and spinal nerve ligation (SNL). The work also aimed to
access the involvement of spinal transient receptor potential vanilloid type 1 (TRPV1)
channels in the process of neuronal activation induced by paclitaxel (PAC) and chemokine
CCL2 treatment.

In order to fulfil the abovementioned aims, behavioral, immunohistochemical and
molecular methods were used. For every model of peripheral neuropathy, the behavioral
responses to thermal/mechanical stimuli were tested as a measure of increased
pathological sensitivity - allodynia and hyperalgesia. Inmunohistochemical methods were
used to evaluate enhanced neuronal activation in the spinal cord dorsal horn (SCDH) and
macrophage invasion in the dorsal root ganglia (DRGs). Western blot, ELISA, and RT PCR
were used to determine the expression of specific proteins and mRNAs in SCDH and DRGs.

Our results demonstrate analgesic and anti-inflammatory effects of systemic
treatment with losartan in the SNL and PIPN models of neuropathy. In both these models,
losartan treatment, presumably through peroxisome proliferator-activated receptors
gamma (PPARy) agonism, attenuated the development of neuropathic pain and suppressed
the expression of pro-inflammatory markers: CCL2, TNFa, CD11b, CD68, and others.
Moreover, in the PIPN model, losartan treatment induced the expression of pro-resolving
markers, indicating the possible approach for the modulation of neuroinflammation. Our
results also indicate active role of the spinal TRPV1 receptors in the mechanisms of central
sensitization, as blockade of these receptors prevented increased activation of dorsal horn
neurons in spinal cord slices, incubated with cytostatic PAC or chemokine CCL2. Moreover,
TRPV1 antagonist intrathecal treatment prevented CCL2-induced thermal hyperalgesia in
rats.

Studying mechanisms underlying the development of neuropathic pain is essential
for the elaboration of new effective analgesic treatments. This work brings new
information that may help to understand the complexity of neuropathic pain
pathophysiology and reveals new evidence about the mechanisms underlying the
development of neuroinflammatory changes in the DRGs and spinal cord.
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Bolest je nedilnou soucasti ochranného systému téla. Mezinarodni asociace pro
studium bolesti (IASP) definuje bolest jako ,neprijemny smyslovy a emocni zazitek spojeny
se skute¢nym nebo potencialnim poskozenim tkané nebo popsany jako takové poskozeni“.
Akutni pocit bolesti ma za nasledek reflexivni odtazeni od bolestivych podnétd, tendenci
chranit postiZenou cast téla a predchazet bolestivé situaci v budoucnosti. Definice bolesti
podle IASP také naznacuje, Ze bolest je vysoce subjektivni zaleZitost, protoZe stejné
podnéty mohou u riiznych jedincti vyvolat rizné reakce. Intenzita vhimani bolesti skutecné
zavisi na pohlavi, véku, psychickém stavu nebo dokonce i naladé.

Za patologickych podminek vSak bolest ztraci svoji ochrannou funkci a stava se
problémem sama o sobé. Neuropatickd bolest piedstavuje hlavni priznak neuropatie,
patologického stavu, ktery ma vyrazny dopad na kvalitu Zivota jednotlivce. Pficiny, které
spoustéji patologické zmény ve zpracovani bolesti, byly studovany od samého pocatku
lidské mediciny, jelikoZ bolest je hlavnim priznakem dysfunkce organismu na mnoha
urovnich. Neuropatickd bolest muze byt indukovana poskozenim periferniho nebo
centralniho nervového systému riiznymi mechanizmy zahrnujicimi zejména traumatické a
metabolické poskozeni, chemoterapii a virovou infekci (Woolf, 2010). Zmény nocicepce
(detekce, transdukce a pienos bolestivych podnéti do specializovanych struktur mozku) a
vnimani bolesti mohou byt ovlivnény také stresem, tizkosti nebo rtiznymi psychiatrickymi
poruchami. Navzdory dlouhodobé rozsahlé studii nejsou mechanizmy, které jsou zdkladem
vyvoje neuropatické bolesti, zcela pochopené, takZze lécebné strategie zatim nejsou
uspokojivé.

Zanétlivé zmény nervového systému, také oznacované jako neurogenni zanét neboli
neuroinflamace, obvykle doprovazeji vyvoj a udrZovani neuropatické bolesti (Ellis a
Bennett, 2013). Intenzita a rozsah neuroinflamacni reakce jsou vysoce zavislé na typu a
zavaZznosti poSkozeni nervového systému. V centrdlnim a perifernim nervovém systému
navic dochazi k rGznym zanétlivym zménam. Micha je povaZovdna za imunitné
privilegovanou tkan, protoZe je chranéna miSni hematoneuralni bariérou (BSCB) a je
vybavena imunitnimi gliovymi buiikami nazyvanymi mikroglie (Bartanusz et al., 2011).
Mikroglie se ve spolupraci s astrocyty reaguji na specifické podnéty svou aktivaci,
produkuji prozanétlivé faktory a nasledné moduluji nociceptivni prenos signalu. Na druhou
stranu, DRG postradaji difuzni bariéru a tato morfologicka zalezitost zptisobuje, Ze burniky v
DRG jsou vice citlivé na riizné cirkulujici molekuly, které maji omezeny pristup k imunitné
privilegovanym organtim (Liu et al., 2018).

Protinddorova lécba paclitaxelem ¢asto vyvolava nezadouci vedlej$i ucinky zvané
paclitaxelem vyvolana periferni neuropatie (PIPN), coZ je bézna pricina ukonceni lécby
(Polomano et al., 2001). Presné mechanizmy, z nichZ tento jev vychazi, zlistavaji nejasné a
predstavuji tak vyznamnou terapeutickou vyzvu. Nedavné studie naznacuji, Ze
neuroinflamac¢ni zmény v periferni i centralni nervové soustavé hraji kliCovou roli pri
vzniku a udrzovani periferni neuropatie zplisobené jak chemoterapii, tak i perifernim
poskozenim (Moalem a Tracey, 2006; Peters et al,, 2007). Losartan je Siroce pouzivany
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blokator angiotenzinovych receptort typu 1 (AT1R). Kromé antihypertenzniho uc¢inku byly
losartan a dal$i sartany studovany na protizanétlivé a neuroprotektivni vlastnosti u
riznych modell. Napriklad priznivé 1écebné ucinky sartanti byly prokazany u
neurodegenerativnich poruch, jako je Parkinsonova choroba (Mertens et al, 2010),
Alzheimerova choroba (Wang et al., 2007), ateroskler6za (Yamamoto et al., 2015); diabetes
(Nakamura et al.,, 2009) a u dalSich zanétlivych stavili. Protizanétlivy ucinek losartanu je
pravdépodobné zprostiredkovan signalizaci PPARy receptord, jelikoZ jeden z metabolitt
losartanu (EXP3179) je Castenym agonistou téchto jadernych receptort (Schupp et al,
20006).

Jiz pred triceti lety Hunt a jeho kolegové popsali indukci exprese proteinu c-Fos v
povrchovych vrstvach michy po periferni stimulaci Skodlivé intenzity (Hunt et al., 1987). c-
Fos je proteinovy produkt raného genu c-fos, ktery je exprimovan v bunécné perinuklearni
cytoplazmé neuronti v SCDH, proto je Siroce pouzivan jako marker aktivace nociceptivnich
neuronfi pti $kodlivé periferni stimulaci. Skodliva periferni stimulace zaroveii aktivuje
fosforylaci kinaz regulovanych extracelularni signalizaci typu 1 a 2 (ERK1 a ERK2) v
povrchovém SCDH - oblasti, kde kon¢i periferni aferentni vldkna (Ji et al., 1999).
Fosforylovany ERK (pERK) je také Casto pouZivanym a dobie zavedenym markerem
bunécné aktivace Skodlivymi stimuly. Podobné jako c-Fos je exprese pERK indukovana
riznymi stimuly a zavisi na intenzité (Gao a Ji, 2009).

Chemokin CCL2 je povaZovan za jeden z hlavnich pronociceptivnich markert po
poskozeni perifernich nervi. Zvysena exprese chemokinu CCL2 v DRG neuronech byla
popsana u raznych modelli neuropatické bolesti, véetné konstrikce nervu (Zhang a De
Koninck, 2006), CCI a SNL (Jeon et al., 2009). Kolokalizace CCL2 a substance P, CGRP a
TRPV1 v DRG neuronech naznacuje syntézu CCL2 hlavné v nociceptivnich neuronech
(Dansereau et al, 2008). Po poSkozeni perifernich nervii je CCL2 syntetizovan v
postiZzenych DRG neuronech, transportovan pies centralni terminaly do SCDH, kde plisobi
jako pronociceptivni neuromodulator (Van Steenwinckel et al., 2011).

Tato dizertacni prace je primarné zaméfena na studium neuroinflamacnich zmén
béhem stavl periferni neuropatie vyvolané chemoterapii a poranénim periferniho nervu.
Dalsi cast této prace je vénovana mechanizmim centralni sensitizace na misni drovni a
dopadim na nociceptivni signalizaci. S ohledem na rozmanitost moznych patologickych
periferni neuropatii jsou zasadni 1éCebné strategie zaloZené na mechanizmu vzniku tohoto
onemocnénti.

Cile prace

Obecnym cilem této prace bylo prozkoumat mechanizmy vyvoje patologickych
bolestivych stavli pomoci modelt akutni a chronické bolesti s vyuzitim in vitro a in vivo
pristupli. Hlavni Cast této prace je zaméfena na protizanétlivou roli systémové 1écby
losartanem u modelli neuropatické bolesti. Druha ¢ast je vénovana tloze signalizace TRPV1
receptori ve vyvoji centralni senzitizace.



Konkrétni cile jsou nasledujici:

1) studovat ucinek systémové 1écby losartanem na vyvoj periferni neuropatie po poskozeni
periferniho nervu;

2) popsat ucinek systémové lécby losartanem na neuropatické zmény vyvolané PIPN a
prozkoumat mozny zakladni mechanizmus ucinku losartanu;

3) vyhodnotit dcinek paclitaxelu na aktivaci miSnich neuroni a popsat roli TRPV1
receptorti vtomto procesu;

4) charakterizovat ucast signalizace TRPV1 receptorii na CCL2-indukované aktivaci
miSnich neuront a na vyvoji akutni hypersenzitivity u potkani s intratekalni aplikaci CCL2.

Materidly a metody

Experimentadlni zvirata. VsSechny experimenty byly schvaleny Etickou komisi
Fyziologického tistavu AV CR v souladu s platnou legislativou. V$echny experimenty byly
provadény na samcich potkanti Wistar (Slechtitelsky program CAS Fyziologického tstavu).
Akutni mi$ni fezy byly pripraveny z juvenilnich samcii potkant Wistar (P21-P23). VSechny
experimenty in vivo byly provadény na dospélych samcich potkani Wistar (250 - 300 g).
Zvirata byla drzena v 12hodinovém cyklu svétlo / tma v plastovych klecich s mékkou
podestylkou, v prostredi s odpovidajici teplotou a ventilaci (22 + 1 ° C) s potravou a vodou
ad libitum. Pokusy byly provadény béhem svételné faze denniho cyklu.

Méreni mechanické a tepelné citlivosti. Ve vSech experimentdlnich skupinach byly
kontrolni hodnoty ziskany pred indukci modelu periferni neuropatie nebo pred jakymkoli
jinym experimentalnim postupem. Mechanicka citlivost (PWT) byla hodnocena na zadnich
tlapkach pomoci elektronického dynamického plantarniho von Freyova estesiometru (IITC
Inc Life Science, Model 2390 Series). Mechanicky prah odtahu byl tlak vyvijeny (v
gramech), ktery spustil odtazeni tlapky. Latence odtazeni tlapky k tepelnym podnétim
(PWL) byly méreny salavym teplem aplikovanym na povrch zadni tlapky, dokud nebyl
pozorovan umyslny unikovy pohyb.

Podvazani misniho nervu (SNL). Podvazani miSnich nervi (SNL) byla provedena pod
anestézii ketaminem (100 mg / kg i.p., Narketan, Zentiva) a xylazinem (25 mg / kg i.p.,
Xylapan, Zentiva). L5 SNL byla provedena podobné jako metoda popsana Kimem a
Chungem (Kim and Chung, 1992). Levy pri¢ny vybéZek obratle L6 byl nejprve odstranén a
poté miSni nerv L5 byl pevné podvazan hedvabnou niti 5,0. Byla potvrzena uplna
hemostaza a rana byla chirurgicky uzaviena ve vrstvach.

Implantace intratekdlniho katétru. Katétry byly vyrobeny ze dvou polyethylenovych
hadic o rizné velikosti PE-5 a PE-10. Hadice PE-10 byla nejprve ohnuta do potfebné formy
a poté na jedné strané spojena s hadici PE-5 epoxidovym lepidlem. Implantace katétru byla
provadéna v hluboké anestezii soucasné s operaci SNL. Konec katétru PE-5 byl vloZen do
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subarachnoidalniho prostoru a fixovan zubnim cementem. Konec katétru PE-10 byl
externalizovan v tylni oblasti a uzavren.

Poddni léciv. Pro intratekdlni aplikaci CCL2 nebo SB366791 bylo podano 10 pl
fyziologického roztoku, 10 ul roztoku CCL2 nebo 15 pl roztoku SB366791 a nasledné 45 pl
fyziologického roztoku pomoci lumbosakralniho intratekalniho katétru. V dal$i sadé
experimentd byly intratekalni injekce provedeny piimym vpichem mezi obratly L4 a L5.
Krysam byl injek¢né podan fyziologicky roztok, CCL2 a /nebo SB366791 v objemu 30 pl
pod anestézii isofluranem (Forane, Abb Vie s.r.o., Ceska republika). Losartan byl podavan
per os (p.o.) nebo intratekalné (i.t.). Pro p.o. podavani (100 mg/kg/den), losartan (Lozap,
Zentiva) byl rozpustén v pitné vodé (skupina LOS). Pro it aplikace - 10 pl 20 uM roztoku
losartanu (Losartan draselny, Tocris) nasledované 40 ul fyziologického roztoku bylo
injikovano lumbosakralnim katétrem v anestézii isofluranem (3%, Forane, AbbVie).
Paclitaxel (PAC) byl podavan formou intraperitonealnich (i.p.) injekci (5 x 2 mg/kg, skupina
PAC). Krysy v kontrolni skupiné dostaly i.p. injekce vehikula (Kolliphor EL (Sigma Aldrich,
Némecko) / ethanol, 1: 1, skupina VEH) ve stejny cas.

Imunohistochemie na DRG a dorzalnich korenech a kvantifikace dat. Experimentalni
krysy byly hluboce anestetizovany kombinaci ketaminu (100 mg/kg, Narketan, Zentiva) /
xylazinu (25 mg/kg, Xylapan, Zentiva), intrakardalné perfundovany fyziologickym
roztokem a nasledné ledové studenym 4 % paraformaldehydem. L5 DRG a ptilehlé dorzalni
koreny (DR) byly odstranény a dodatecné fixovany pii 4 °C po dobu 24 hodin,
kryoprotektovany sachar6zou pres noc a krajeny v kryostatu pti 16 um. Tyto fezy byly dale
zpracovany pro imunohistobarveni na CD68 pomoci mysi anti-CD68 (1:200; Serotec,
Raleigh, NC) primarni protilatky a osli anti-mySi sekundarni protilatky Alexa Fluor® 488
(1:400, Jackson Immuno Research Inc, USA). VSechny fezy byly vizualizovany a zachyceny
pomoci fluorescentniho mikroskopu vybaveného digitdlnim kamerovym systémem
(Olympus BX53). Pro kaZdou sekci byl méren region zajmu (ROI) (v pixelech). Oblast CD68-
imunoreaktivnich (IR) bunécnych tél v této oblasti byla mérena pomoci softwaru Image]
(NIH, USA). Poméry IR / ROI byly vypocteny a vyjadreny v procentech (IR%).

qPCR v redlném case (RT PCR). Zvirata byla hluboce anestetizovana 3% isofluranem
(Forane®, Abb Vie s.r.o., Ceska republika), pozadované tkané byly odstranény, zmrazeny v
tekutém dusiku a uloZeny pfti -80 °C. Celkovd RNA ze zadniho rohu miSniho a DRG byla
izolovana komerc¢né dostupnou sadou RNeasy Mini (Qiagen, Némecko) podle protokolu
vyrobce. Reverzni transkripce na cDNA byla provedena pomoci systému reverzni
transkripce ImProm-II (Promega Corporation, Madison, WI, USA). Kvantitativni RT PCR
byla provedena za pouziti Viia 7 Real Time PCR System (Applied Biosystems, Foster City,
CA, USA), 5x Hot Firepol Probe QPCR Mix Plus (ROX) (Solis BioDyne, Tartu, Estonsko) a
TagMan Assays (Life Technologie) specifické pro studované geny. PreloZené rozdily hladin
mRNA oproti kontrole vehikula byly vypocteny metodou 2-24Ct (Livak a Schmittgen, 2001).

Méreni proteinii (ELISA). Hladiny proteinu arginazy 1 byly méfeny pomoci sady ELISA
(Rat Argl ELISA Kit, MyBioSource, San Diego, CA, USA) podle pokynii vyrobce. Potkani byli
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hluboce anestetizovani isofluoranem; tkané byly odstranény a okamzité zmraZeny v
tekutém dusiku. Pfed ELISA mérenim byly vzorky tkané zpracovany pro kvantifikaci
proteinu pomoci Pierce® BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA).

Western blot. Zvirata byla hluboce anestetizovana a byly odstranény L3-L5 DRG a sekce
michy L3-L5. Vzorky byly zmrazeny a uloZeny pfi -80 °C. Pro kaZzdy vzorek byla
koncentrace proteinu stanovena metodou Bradfordové (BioRad proteinovy test). Vzorky
proteint byly separovany SDS-PAGE 4-10% bis akrylamidovym (Serva) -ricinovym (Sigma-
Aldrich) gelem. Nitrocelulézové membrany se vzorky transferového proteinu byly
inkubovany pres noc s prisluSnymi primarnimi protilatkami. Bloty pak byly inkubovany s
kozi anti-mys$i IRdye 800 spojenou s IRdye 680 a skenovany pomoci Odyssey System
Imager. Imunoreaktivita sledovanych proteinti byla porovnana s kontrolnimi hodnotami
imunoreaktivity -aktinu a kvantifikovana na zakladé skent bloti pomoci softwaru Aida
image analyzer (AidaTM). VSechny hodnoty pro SNL studii byby ziskdany prvni
standardizaci hodnot na odpovidajici hodnoty (-aktinu a naslednou normalizaci s pouzitim
kontralateralni hodnoty vzorku michy jako reference (100%). Pro studii PINP byly hodnoty
ziskany standardizaci namétrenych hodnot na odpovidajici hodnoty (-aktinu a naslednou
normalizaci s pouZitim hodnoty vzorku michy kontrolni VEH skupiny jako reference
(100%). VSechny hodnoty jsou vyjadieny jako prameér + SEM.

rv_ 7

Priprava misnich rezii a indukce neurondlni aktivace. Po hluboké anestézii isofluranem
byla bederni micha rychle odstranéna a ponoiena do vychlazeného(4°C) a okysliceného
disek¢niho roztoku. Micha pak byla nakrajena pomoci vibratomu (Leica VT1200S,
Némecko) na 200 pm (pro inkubaci s CCL2) nebo 350 pum silné platky (pro inkubaci s PAC).
Ve studii s c-Fos byly platky inkubovany s PAC (100 nM) po dobu 60 minut (skupina PAC).
Jiné platky byly inkubovany s TRPV1 antagonisty (10 uM) po dobu 10 minut, a poté byl do
inkubacni komory pridan PAC (100 nM, 60 minut) (skupiny SB + PAC a AMG + PAC). Dalsi
skupina platki byla inkubovana pouze s antagonistou TRPV1 (10 uM, 70 minut, skupiny SB
a AMG). Kontrolni skupina platkd byla inkubovana s vehikulem (DMSO, 2 %o, 70 min,
skupina CTRL). Pro indukci pERK byla jedna skupina platkiti inkubovana s CCL2 (10 nM po
dobu 10 minut); dalsi skupina byla inkubovana s SB 366791 (10 um po dobu 5 minut), poté
byl pridan CCL2 (10 nM po dobu 10 minut). Béhem inkubacni doby byly platky neustale
promyvany roztokem nasycenym 95% 02 a 5% CO2.

Imunohistochemickd detekce c-Fos a pERK. Bezprostredné po inkubaci (viz vySe) byly
platky fixovany ve 4% paraformaldehydu. Kryoprotekce byla zajiSténa ponofenim do
roztoku sachardézy. Platky pro studii s c-Fos o tlouStce 350 nM byly rozkrajeny pomoci
kryostatu na tloustku 16 pum. Rezy byly poté zpracovany pomoci imunohistochemické
metody SABC s pouzitim primdarnich protilatek anti-c-Fos (kralik, 1: 2000; Santa Cruz
Biotechnology, Santa Cruz, CA) nebo anti-pERK 1/2 (kralik, 1: 500, Cell Signaling
Technology). Pro detekci reak¢niho produktu byly platky inkubovany po dobu 2-5 minut v
roztoku 1,85 mM DAB a 0,003% peroxidu vodiku v PBS po dobu 2-5 minut (Sigma Aldrich,
Ceska republika). Preparat michy byl vyfotografovan (Olympus BX53) a povrchové laminy I
/1l zadniho miSniho rohu byly méreny. Exprese c-Fos byla kvantifikovana pomoci software

11



Image] (NIH), byl spoclitan pocet imunoreaktivnich (IR) c-Fos-pozitivnich neuronalnich
jader na plochu (buiiky/plocha x 1000). Pro studii pERK byl zprimérovan pocet pERK
pozitivnich bunék z levého a pravého dorzalniho rohu a poté byly zpriimérovany vysledky
z jednotlivych zvitat.

Statisticka analyza dat. Vsechny statistické testy byly provedeny pomoci softwaru
SigmaStat™ a kritériem statistické vyznamnosti bylo P<0,05. VSechna data jsou uvedena
jako primér + SEM. Pro imunohistochemii s akutnimi fezy byly skupiny porovnany pomoci
jednocestné ANOVA a naslednym Holm-Sidakovym post hoc testem pro c-Fos studii a
Student-Newman-Keulsovou metodou pro hodnoceni pERK exprese. Pro SNL studii byla
pouzita dvoucestnd RM ANOVA nasledovana Holm-Sidakovym post hoc testem rozdili v
¢ase mezi experimentdlni a kontrolni tlapkou. Pro vyhodnoceni statistickych rozdilt v
riznych cCasovych bodech mezi experimentdlnimi skupinami byla pouzita dvoucestna
ANOVA. Pro studii PIPN byla pouZzita dvoucestnd ANOVA ndasledovand Holm-Sidakovym
post hoc testem. Pro analyzu dat z western bloti ve studii SNL byly porovnany hladiny
proteinli mezi ipsi- a kontralateralnimi stranami nebo mezi skupinami SNK a LOS pomoci
Mann-Whitney Rank Sum tesu. Pro korekci nasobnych srovnani byla nasledné pouZzita
Bonferroniho korekce. Pro statistické srovnani hladin proteinu mezi experimentalnimi
skupinami ve studii PIPN byla pouZita jednocestna ANOVA nasledovana Holm-Sidakovym
post hoc testem. Pro imunohistochemii na CD68 byly srovnany rozdily mezi
experimentalnimi stranami pomoci Wilcoxon Signed Rank testu; k porovnani vyznamnosti
rozdilti mezi skupinami SNL a LOS byl pouzit Mann-Whitney U test. Experimenty RT PCR a
ELISA byly vyhodnoceny pomoci jednosmérné metody ANOVA a Holm-Sidakova post hoc
testu.

Vysledky a diskuze

Protizanétlivy ucinek systémové lécby losartanem v modelu periferni neuropatie
vyvolané SNL (Publikace A: Kalynovska et al., 2019)

V této studii jsme ukazali, Zze 1écba losartanem brani u potkand rozvoji SNL-
indukované tepelné hyperalgezie a neuroinflamac¢nich zmén v miSe a DRG. Systémova lécba
losartanem (100 mg/ kg /den, p.o.) také zmirnila zvySenou expresi prozanétlivych proteini
v ipsilateralni miSe zvifat soperaci SNL. U¢innost lé¢by losartanem zavisi na jeho
schopnosti proniknout pres hematoencefalickou bariéru. Farmakokinetické studie
potvrdily, Ze p.o. podani losartanu vede k dostatecné, ale ne uUplné inhibici centralné
zprostiedkovanych ucinki angiotenzinu II, pokud je podavana davka dostatecné vysoka
(30-100 mg /kg) (Culman et al.,, 1999). Je dilezité zdlraznit, Ze v nasi studii jsme pouzili
relativné vysokou davku losartanu, kterd by méla vést k jeho uc¢inné koncentraci v miSe.
SNL vyvolalo v miSe zvySeni hladin TNFa a CCL2, o kterych je znamo, Ze se podileji na
modulaci synaptického prenosu v SCDH (Spicarova et al., 2011, Spicarova et al., 2014).
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Lécba losartanem vyrazné snizila nadmérnou expresi téchto signalnich proteini, coz
koreluje se zmirnénim tepelné hyperalgézie u potkanti, leCenych losartanem.

Je zndmo, Ze poskozeni perifernich nervii vede k neuroimunitni reakci v centralnim i
perifernim nervovém systému. V nas$i studii SNL vyvolalo infiltraci makrofagli do
ipsilateralnich DRG a prilehlych doryalnich kotenii a také aktivaci mikroglie v SCDH na 7.
den po operaci. Lécba losartanem sniZila aktivaci spinalnich mikroglii, coZ se projevilo na
hladinach proteinti CD11b (0X42). Vysledky imunohistochemie také odhalily sniZenou
akumulaci CD68-pozitivnich makrofagi ve skupiné LOS. Zde predpokldadame, zZe
agonismem PPARY receptort(, protoZe je znamo, Ze metabolit losartanu, EXP3179, se vaze
na PPARy v makrofazich (Gordon, 2003).

V SirSim kontextu muze 1écba losartanem ucinkovat proti patologiim vyvolanym

///////

Antialodynické a protizanétlivé ucinky systémové 1écby losartanem u potkanii lécenych
paclitaxelem (publikace B; Kalynovska et al., prredloZzeny manuskript)

Nase behavioralni vysledky ukazuji preventivni ti¢inek systémové 1écby losartanem
(100 mg /kg /den) na vyvoj mechanické alodynie, vyvolané 1é¢bou paclitaxelem (5x2 mg /
kg, i.p.). Tento ucinek se projevil zmirnénim poklesu PWT ve srovnani se skupinou PAC 14.
den po zahajeni 1é¢by. Podavani losartanu také zmirnilo vyvoj neuroinflamacnich zmén u
DRG a SCDH u potkant 1écenych paclitaxelem a tento ucinek byl jesté vyraznéjsi béhem
pozdéjsi, chronické faze PIPN (21. den po zahajeni 1éc¢by paclitaxelem). Lécba losartanem
konkrétné zrusila nadmérnou expresi hlavnich prozanétlivych mediatort - CCL2 a IL6
v DRG, a CCL2 a TNFa v SCDH, ktera je vyvolana paclitaxelem. Jak jiZ bylo zminéno, CCL2 a
TNFa hraji dtleZitou roli pri centralni senzitizaci a rozvoji patologické bolesti
prostiednictvim modulace synaptického prenosu v SCDH. SniZeni hladin CCL2 a TNF«a
vedlo k vyznamnému oslabeni behaviordlnich odpovédi na mechanické stimulace ve
srovnani se skupinou PAC. Paclitaxel prfi systematické aplikaci Spatné prochazi
hematoencefalickou bariérou, pronikd vsak bariérou hematoneuralni a hromadi se
prevazné v DRG, kde pretrvava ve vysokych koncentracich az 10 a vice dni po posledni
injekci (Xiao et al., 2011). V této studii 1é¢ba paclitaxelem také indukovala zvySeni hladin
specifickych mRNA v DRG, coz ukazuje na piitomnost prozanétlivych M1 makrofagl -
CCR2, CD68, CD11b, NOX2, iNOS a CD64. PPARYy receptory jsou ted’ intenzivné studovany
v souvislosti s polarizaci makrofagli. Rostouci pocet studii potvrzuje, Ze aktivace PPARy
sniZzuje mistni neuroinflamaci a nasledné neuropatickou bolest (Churi et al, 2008,
Hasegawa-Moriyama et al., 2012). Lécba losartanem podstatné snizila expresi M1markert,
a zatoven vedla k robustnimu zvyseni hladin mRNA markert M2 makrofagl - arginazy 1 a
IL10. Nékolik studii potvrdilo, Ze aktivace PPARy vede k podstatnému zvySeni hladin
proteinu arginazy 1 a IL10 a jejich mRNA v makrofazich (Bouhlel et al., 2007, Gao et al,,

s

2015, Suetal,, 2017). IL10 je protizanétlivy cytokin produkovany M2 makrofagy. Mezi jeho
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komplexu histokompatibility tridy II (Gordon a Taylor, 2005). Je znamo, Ze zvySené hladiny
proteinu IL10 v miSe zpusobuji ulevu od bolesti u modelti neuropatickych bolesti vetné
PIPN (Ledeboer et al.,, 2005, Vanderwall et al.,, 2018). PIPN-indukovanou mechanickou
alodynii lze zmirnit a/nebo zvratit intratekalni terapii IL10 u potkanti (Ledeboer et al,,
2007). V naSich experimentech zvySené hladiny IL10 mRNA v DRG potkant skupiny LOS
dobfte koreluji se zmirnénim allodynického stavu u potkanti l1é¢enych paclitaxelem. Exprese
arginazy 1, ktera je obecné povaZovana za typicky marker M2 makrofagi (Gordon, 2003,
Martinez a Gordon, 2014), je rovnéZ regulovana prostfednictvim PPARy (Odegaard et al.,
2007). V nasi studii jsme navic ukazali zvySeni mRNA hladin PPARy receptort ve skupiné
LOS, coZ s nejvétsi pravdépodobnosti ukazuje na mechanismus pozitivni zpétné vazby
(Wakabayashi et al.,, 2009). Tato data dale potvrzuji hypotézu, Ze protizanétlivy ucinek
losartanu v nasich studiich je zprostredkovan hlavné prostrednictvim PPARy receptort.

NasSe studie ukazuje vyznamné protizanétlivé acinky 1écby losartanem u modelu
PIPN. Vzhledem kznamé toxicité kompletnich agonisti PPARy, predstavuje parcidlni
agonismus PPARy receptorli s méné toxickym losartanem slibného kandidata na 1é¢ebnou
strategii pro pacienty s PIPN.

rv_ 7

Lécba antagonisty TRPV1 receptorii zeslabuje aktivaci misnich neuronii vyvolanou
paclitaxelem (Publikace C; Kalynovska et al., 2017)

V této studii jsme se zamérili na zkoumani role misnich TRPV1 receptorii u procest
neurondlni aktivace vyvolané paclitaxelem. NaSe imunohistocemickd analyza odhalila
neuronalni aktivaci v SCDH indukovanou paclitaxelem, coZ se projevilo zvySenou expresi
proteinového produktu raného genu c-Fos. Tato indukce exprese c-Fos je pravdépodobné
zavisla na signalizaci miSnich TRPV1 receptord, jelikoZ preinkubace akutnich mis$nich rezi
s antagonisty TRPV1 (SB366791 a AMG9810) vedla k utlumu exprese c-Fos v porovnani s
inkubaci se samotnym paclitaxelem. Kviili specifickému navrhu nasi in vitro studie, byly v
misnich fezech p¥itomny pouze centralni vybézky primarnich aferentti. Uc¢inek paclitaxelu
na neurony mohl byt zprostredkovan bud’ aktivaci presynaptickych zakonceni a/nebo
pfimym uc¢inkem na postsynaptické neurony. Nékolik studii prokazuje, Ze aktivace TLR4
receptori mize piimo spustit aktivaci genu c-fos (Introna et al.,, 1986, Guha a Mackman,
2001). Je znamo, Ze paclitaxel miiZe ptimo aktivovat TLR4 receptory u hlodavci (Li et al.,
2014; Li et al., 2015). AvSak na urovni michy jsou TLR4receptory exprimovany prevazné v
gliovych bunkach (Saito et al., 2010, Li et al., 2014), ale ne v neuronech (Li et al.,, 2014).
Aktivace mikroglii dale vede k uvoliiovani cytokini a chemokint (Saito et al., 2010), coz
miiZe potenciovat presynaptickou funkci TRPV1 receptori (Spicarova et al, 2011,
Spicarova et al., 2014). TudiZ ucinek paclitaxelu na neuronalni aktivaci byl s nejveétsi
pravdépodobnosti zprostredkovan presynaptickymi a/nebo gliovymi TLR4 receptory,
jejichz aktivace vedla k nasledné aktivaci presynaptickych TRPV1 receptorid. Tato signalni
kaskada vedla ke zvySenému uvoliiovdni neurotransmiterti a neuromodulatort, jako je
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glutamat, substance P a CGRP, s naslednou aktivaci postsynaptickych neuronti a expresi c-
Fos. Tato hypotéza je v souladu s elektrofyziologickymi Udaji mérenymi za podobnych
podminek in vitro, kdy zvySena frekvence spontannich a miniaturnich excitacnich
postsynaptickych proudd po podani paclitaxelu byla zavisla na aktivaci TRPV1 receptort
(Li et al,, 2015). Nase nalezy dale potvrdily aktivni roli miSnich TRPV1 receptorii ve vyvoji
neuropatické bolesti navozené 1écbou paclitaxelem.

Uloha signalizace TRPV1 receptorii ve vyvoji akutni bolestivé precitlivélosti vyvolané
CCL2 (publikace D; Spicarova et al., 2014)

Pro zjisténi role TRPV1 receptorii ve vyvoji hyperalgezie vyvolané CCL2, jsme
potkanlim pomoci intratekdlni aplikace podavali antagonisty TRPV1 receptori a/nebo
CCL2. Aplikace CCL2 pomoci intratekalniho katétru vyvolala vyznamné sniZeni jak PWL, tak
PWT jiZ 1 hodinu po podani. Tyto vysledky potvrdily pritomnost tepelné hyperalgézie a
mechanické alodynie po intratekalni aplikaci CCL2, coz je v souladu s dfive publikovanymi
pozorovanimi (Tanaka et al., 2004, Dansereau et al.,, 2008, Gao et al., 2009). Aplikace
antagonisty TRPV1 receptorii SB36679 pred podanim CCL2 bud’ pomoci lumbosakralniho
katétru nebo primou intratekdlni injekci odstranila rozvoj CCL2-indukované tepelné
hypersenzitivity, zatimco vzniku mechanické alodynie se nepodarilo zabranit. NaSe
vysledky jsou v souladu s literaturou. Cavanaugh et al. (Cavanaugh et al., 2009) ukazuji, Ze
farmakologicka ablace centrdlnich termindlii peptidergickych nociceptori exprimujicich
TRPV1 receptory ma za nasledek podstatnou ztratu nociceptivni tepelné, ale ne
mechanické citlivosti. Autori také pozorovali selektivni sniZzeni mechanické citlivosti po
genetické ablaci nemyelinizovanych senzorickych neuronii exprimujicich s G proteinem
sprazeny receptor Mrgprd (Cavanaugh et al, 2009). Pokud jde o presny mechanismus
plisobeni CCL2 na miSni TRPV1 receptory, domnivame se, Ze je zprostiedkovan CCR2
receptory exprimovanymi na presynaptickych zakoncenich v SCDH. Aktivovany CCR2
receptor zprostredkovava své funkce prostrednictvim aktivace fosfolipazy C (PLC) a
nasledné hydrolyzy fosfatidylinositol 4, 5-bisfosfatu (PIP2). TRPV1 receptory jsou tonicky
blokovany PIP2, proto jeho hydrolyza umoznuje aktivaci TRPV1 receptorii (Chuang et al.,
2001). Dale miize byt stav senzitizace/aktivace TRPV1 receptorii regulovan fosforylaci
proteinovou kinazou C (PKC), ktera zvySuje pravdépodobnost otevieni kanalu pro tyto
receptory (Huang et al,, 2006, Jung et al., 2008). NaSe vysledky dale podporuji hypotézu, Ze
misSni TRPV1 receptory se primarné podileji na vyvoji Skodlivé precitlivélosti na teplo,
nikoli vSak na vzniku mechanické alodynii.

Nase imunohistochemicka analyza ukazuje, Ze preinkubace s antagonistou TRPV1
receptoru SB366791 zamezuje zvySeni aktivity pERK v miSnich rezech po aplikaci CCL2.
Elektrofyziologické vysledky v nasi studii (Publikace D, Spicarova et al., 2014) ukazuji, Ze
ucinek CCL2 v SCDH je zprostredkovan CCR2 receptory sprazenymi s G-proteinem na
presynaptickych zakoncenich. Aktivace CCR2 receptori nasledné vyvolala na TRPV1
zavislé uvolnéni glutamatu ze synaptickych terminald. Preventivni tcinek SB366791 na
CCL2 indukovanou expresi pERK odpovida také jeho protihyperalgetickému ucinku v
behavioralnich experimentech s intratekalnim podavanim CCL2 a kombinace SB366791 /

15



CCL2.

Tyto vysledky tedy ukazuji na vyznamnou roli miSnich TRPV1 receptori v

mechanismu CCL2-indukované neuronalni aktivace a akutni tepelné precitlivélosti.

Zaver

1)

2)

3)

4)

Dle konkrétnich cilli prace byly u¢inény nasledujici zavéry:

Systémova lé¢ba losartanem ma preventivni ucinek proti neuroinflamac¢nim a
neuropatickym zménam po poskozeni periferniho nervu. Losartan vSak neni u¢inny
proti mechanické alodynii vyvolané SNK, coZ naznacuje odliSny mechanismus jejiho
vyvoje ve srovnani s tepelnou hyperalgézii. Léc¢ba losartanem tak predstavuje
slibnou strategii v rozvoji protizanétlivych lIécebnych postupti.

Systemickd lécba losartanem je také uUCinna proti neuropatickym zméndam
vyvolanym chemoterapii. Vzhledem knasemu vyzkumu a v SirSim kontextu je
antineuropaticky ucinek losartanu s nejvétSi pravdépodobnosti zprostredkovan
PPARY receptory. Spolu s analgetickymi a protizanétlivymi ucinky losartanu jsme
také prokazali vyznamny vliv na aktivaci reparacnich procesti, ktery mize byt
zvlasté zajimavy jako nova 1é¢ebna strategie pro pacienty s PIPN.

Nase vysledky ukazaly dtlezitou roli TRPV1 receptort ve zvySeni aktivace misnich
neuronl (prokazano zvysenou expresi c-Fos) po aplikaci paclitaxelu. To dale
potvrzuje vyznamnou ulohu TRPV1 receptorli ve vyvoji neuropatické bolesti po
1é¢bé paclitaxelem.

Nase studie prokazuje vyznamnou roli CCL2/CCR2 signalizace v miSe ve vyvoji
akutni hypersenzitivity. Dale ukazujeme, Ze miSni TRPV1 receptory hraji
podstatnou roli ve vyvoji CCL2-indukované akutni termalni hyperalgezie, odhalujici
novy mozny cil pro vyvoj 1écby hypergézie. Spinalni TRPV1 receptory jsou také
zapojeny do mechanismii CCL2-indukované aktivace misnich neuront v SCDH. Je
tedy mozné predpokladat aktivni roli miSnich TRPV1 receptori ve fenoménu
centralni senzitizace, coz mtze dale vést k rozvoji syndromu neuropatické bolesti.
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English Part

Introduction

Pain is a principal integral part of the body's protective system. The International
Association for the Study of Pain (IASP) defines pain as "an unpleasant sensory and
emotional experience associated with actual or potential tissue damage or described in
terms of such damage". Acute sensation of pain results in reflexive retraction from the
painful stimulus, and tendency to protect the affected body part while it heals, as well as to
avoid painful situation in the future. The IASP definition of pain also suggests that pain is a
highly subjective matter, as the equal stimuli may induce various reactions in different
individuals. Indeed, the intensity of pain perception depends on sex, age, psychological
state or even mood.

However, under pathological conditions pain loses its protective function and
becomes a problem itself. Pathological neuropathic pain represents a main sign of
neuropathy, a highly debilitating disorder that has a robust impact on the quality of
individual's life. The variety of causes that trigger pathological changes in pain processing
has been studied from very beginning of human medicine, as pain is the main symptom of
organism's dysfunction at many levels. Neuropathic pain may be induced by injury of
peripheral or central nervous system by various mechanisms involving traumatic injury,
metabolic damage, chemotherapy and virus infection (Woolf, 2010). The changes in
nociception (the detection, transduction and transmission of nocuous stimuli to specialized
brain structures) and/or in pain perception may be influenced also by stress, anxiety or
different psychiatric disorders. Despite of long-lasting extensive study, the mechanisms
underlying neuropathic pain development are still not understood completely, hence,
treatment strategies are not satisfactory for now.

Inflammatory changes in the nervous system, also referred as neuroinflammation,
usually accompany the development and maintenance of neuropathic pain (Ellis and
Bennett, 2013). The intensity and extent of the neuroinflammatory reaction is highly
dependent on the type and severity of injury to the nervous system. Additionally, different
neuroinflammatory changes take place in central and peripheral nervous systems. Spinal
cord is considered as immune-privileged tissue, as it is protected with blood-spinal cord
barrier (BSCB) and is equipped with immune-like glial cells - microglia (Bartanusz et al.,
2011). Microglia, in cooperation with astrocytes, become activated in reaction to specific
stimuli, produce pro-inflammatory factors and subsequently modulate nociceptive signal
transmission. On the other side, DRGs lack any diffusion barrier, and this morphological
issue makes DRG cells more susceptible to different circulating molecules that have limited
access to the immune privileged organs (Liu et al,, 2018).

Anticancer paclitaxel treatment often induces unwanted side effect called paclitaxel-
induced peripheral neuropathy (PINP), which is a common cause for treatment termination
(Polomano et al, 2001). The exact mechanisms underlying this phenomenon remain
unclear, causing a significant therapeutical challenge. Recent studies suggest the
neuroinflammatory changes in both peripheral and central levels to play a pivotal role in
the establishment and maintenance of peripheral neuropathy caused by chemotherapy and
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peripheral injury as well (Moalem and Tracey, 2006; Peters et al., 2007). Losartan is a
widely used Angiotensin II receptor type 1 (AT1R) blocker. Besides its antihypertensive
effect, losartan and other sartans were also studied for anti-inflammatory and
neuroprotective properties on different disease models. For example, beneficial treatment
effects of sartans were shown in neurodegenerative disorders, such as Parkinson’s
(Mertens et al.,, 2010) and Alzheimer’s disease (Wang et al., 2007); in atherosclerosis
(Yamamoto et al., 2015); in diabetes (Nakamura et al., 2009), and other inflammatory
conditions. Anti-inflammatory effect of losartan is thought to be mediated via PPARy-
induced signaling, as one of losartan’s metabolites, EXP3179, is a partial agonist of these
nuclear receptors (Schupp et al., 2006).

Already thirty years ago, Hunt and colleagues reported robust induction of c-Fos
protein expression in spinal cord superficial laminae following peripheral noxious
stimulation (Hunt et al,, 1987). c-Fos is a protein product of early gene c-fos, which is
expressed in the cell perinuclear cytoplasm of the SCDH neurons, hence, it is widely used as
a marker of nociceptive neuron activation upon noxious peripheral stimulation. Along with
the induction of c-Fos expression, noxious peripheral stimulation also activates the
phosphorylation of extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2) in
superficial SCDH, the area where peripheral afferents terminate (Ji et al., 1999).
Phosphorylated ERK (pERK) is also an often used and well-established marker of cell
activation by noxious stimuli. Like c-Fos, pERK expression is induced by the variety of
stimuli, and is intensity-dependent (Gao and Ji, 2009).

Chemokine C-C motif ligand 2 (CCL2) is considered as one of the main
pronociceptive markers after the peripheral nerve injury. The increased CCL2 expression
by DRG neurons was described in different neuropathic pain models, including nerve
constriction (Zhang and De Koninck, 2006), CCI and SNL (Jeon et al., 2009). Co-localization
of CCL2 and the substance P, CGRP and TRPV1 in DRG neurons suggests the CCL2 synthesis
mainly by nociceptive neurons (Dansereau et al., 2008). After the peripheral nerve injury,
CCL2 is synthesized in the affected DRG neurons, transported via central terminals, and
acts as pronociceptive neuromodulator in the SCDH (Van Steenwinckel et al., 2011).

This doctoral thesis is primarily focused on the study of neuroinflammatory changes
during chemotherapy- and injury-induced peripheral neuropathy states. Another part of
this thesis is devoted to the mechanisms of central sensitization at the spinal cord level in
nociceptive signaling. Considering the diversity of possible pathological triggers, it is clear
that mechanism-based treatment strategies should be essential in the elaboration of
potentially safer and more effective medication for peripheral neuropathy.

Aims of the Thesis

The general goal of this thesis was to investigate the mechanisms underlying the
development of pathological pain states using acute and chronic pain models with in vitro
and in vivo approaches. The main part of this thesis is focused on the anti-inflammatory

18



role of systemic losartan treatment in neuropathic pain models. The other part is devoted
to the role of TRPV1 receptor signaling in the development of central sensitization.

The specific aims are the following:

1) to study the effect of systemic losartan treatment on the development of peripheral
neuropathy after peripheral nerve injury;

2) to describe the effect of systemic losartan treatment on PIPN-induced neuropathic
changes and to investigate the possible underlying mechanism of losartan’s action;

3) to evaluate the effect of paclitaxel treatment on spinal neuronal activation and to
describe the role of TRPV1 receptors in this process;

4) to characterize the involvement of TRPV1 receptor signaling in CCL2-induced spinal
neuronal activation and in the development of acute pain hypersensitivity in rats with
intrathecal CCL2 application.

Materials and Methods

Experimental animals. All experiments were approved by the Animal Care and Use
Committee of the Institute of Physiology CAS. All experiments were conducted in male
Wistar rats (Institute of Physiology CAS breeding program). Acute spinal cord slices were
prepared from juvenile male Wistar rats (P21-P23). All in vivo experiments were
conducted in adult male Wistar rats (250 - 300g). Animals were kept on a 12-h light/dark
cycle in plastic cages with soft bedding, in an environment with adequate temperature and
ventilation (22 + 1°C) with pellet food and water ad libitum. The experiments were carried
out during the light phase of the cycle.

Assessment of mechanical and heat sensitivity. In all the experimental groups, baseline
behavioral data were obtained before the induction of peripheral neuropathy model or any
other experimental procedure. Mechanical paw withdrawal threshold (PWT) was assessed
on hind paws using electronic dynamic plantar von Frey aesthesiometer (IITC Inc Life
Science, Model 2390 Series). The mechanical withdrawal threshold was the pressure
exerted (in grams) that triggered the paw withdrawal. Paw withdrawal latencies (PWL)
were measured via the radiant heat applied to the plantar surface until a deliberate escape
movement was observed.

Spinal nerve ligation (SNL). The spinal nerve ligation (SNL) was performed on the left side
of the rat under ketamine (100 mg/kg i.p., Narketan, Zentiva) and xylazine (25 mg/kg i.p.,
Xylapan, Zentiva) anesthesia. The day of the surgery is referred as day 0. The ligation of L5
spinal nerve was performed similar to the method described by Kim and Chung (Kim and
Chung, 1992). The fur was shaved, and the skin was disinfected with antiseptic (Jodisol,
Spofa), an incision was made on the left side of the spine at the L4-S1 level. The left
transverse process of L6 vertebra was first removed; L5 spinal nerve was exposed and then
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tightly ligated with 5.0 silk thread. Complete hemostasis was confirmed, and the wound
was surgically closed in layers.

Intrathecal catheter implantation. Catheters were made with two polyethylene tubes of
different size PE-5 and PE-10. PE-10 tube was first bended to the necessary form and then
connected on one side with the PE-5 tubing with epoxy glue. Catheter implantation was
performed under deep anesthesia simultaneously with the SNL operation. The PE-5 end of
the catheter was inserted to the subarachnoidal space and fixed to the vertebral column
with dental cement. PE-10 end of the catheter was externalized in the occipital region and
sealed.

Drug administration. For the intrathecal application of CCL2 or SB366791, 10 pl of saline,
10 pl of CCL2 solution or 15 pl of SB366791 solution followed by 45 pl of saline, were
delivered via lumbosacral intrathecal catheter. In another set of experiments, intrathecal
injections were performed by a direct lumbar puncture between the L4 and L5 vertebrae.
Briefly, rats were injected with saline, CCL2 and/or SB366791 in a volume of 30 pl under
the isoflurane anesthesia (Forane, Abb Vie s.r.o., Czech Republic). Losartan was
administered per os (p.0.) or intrathecally (it.). For the p.o. administration (100
mg/kg/day), losartan (Lozap, Zentiva) was dissolved in the drinking water. For the it.
application - 10 pl of 20 uM solution of losartan (Losartan Potassium, Tocris) followed by
40 pl of saline was injected via lumbosacral catheter under isoflurane anesthesia (3%,
Forane, AbbVie). Paclitaxel was administered via intraperitoneal (i. p.) injections (5 x 2
mg/kg) on five alternate days. Rats in the control group received i p. injections of the
vehicle (Kolliphor EL (Sigma Aldrich, Germany)/ethanol, 1:1) on the same 5 alternate days.

Immunohistochemistry on DRGs and dorsal roots and data quantification. The rats
were deeply anesthetized with ketamine (100 mg/kg, Narketan, Zentiva)/xylazine (25
mg/kg, Xylapan, Zentiva) combination, perfused intracardially with a saline followed by ice
cold 4% paraformaldehyde. L5 DRGs and adjacent dorsal roots (DR) were removed and
post-fixed at 4°C for 24 hours, cryoprotected with sucrose overnight, and cut in cryostat at
16 pm. These sections were further processed for CD68 immunohistolabelling using mouse
anti-CD68 (1:200; Serotec, Raleigh, NC) primary antibody and donkey anti-mouse
secondary antibody Alexa Fluor ® 488 (1:400, Jackson Immuno Research Inc, USA). All
sections were visualized and captured using fluorescence microscope equipped with a
digital camera system (Olympus BX53). For every section, the region of interest (ROI) was
outlined and measured (in pixels). Area of CD68-immunoreactive (IR) cell bodies in this
region was measured using Image] software (NIH, USA). IR/ROI ratios were calculated and
expressed as percentage (IR%).

Real Time qPCR. The animals were deeply anesthetized with 3% isofluranum (Forane®,
Abb Vie s.r.o., Czech Republic) and tissues of interest were briefly removed, frozen in liquid
nitrogen and stored at - 80°C. The total RNA from the spinal cord dorsal horn and DRGs
was isolated with the commercially available kit RNeasy Mini (Qiagen, Germany) according
to the manufacturer's protocol. Reverse transcription to cDNA was performed using
ImProm-II Reverse Transcription System (Promega Corporation, Madison, WI, USA).
Quantitative RT-PCR was carried out using a Viia 7 Real Time PCR System (Applied
Biosystems, Foster City, CA, USA), 5x Hot Firepol Probe QPCR Mix Plus (ROX) (Solis
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BioDyne, Tartu, Estonia) and TagMan Assays (Life Technologies) specific for the studied
transcript. Fold differences of mRNA levels over vehicle control were calculated by 2- 2ACt
method (Livak and Schmittgen, 2001).

Protein assay. The Arginase 1 protein levels were measured by the ELISA kit (Rat Argl
ELISA Kit, MyBioSource, San Diego, CA, USA) according to the manufacturer's instructions.
Rats were deeply anesthetized with isofluorane; tissues were removed and immediately
frozen in liquid nitrogen. Prior to ELISA measurement, tissue samples were processed for
protein quantification using Pierce ™ BCA Protein Assay Kit (Thermo Scientific, Rockford,
IL, USA).

Western blot assay. Animals were deeply anesthetized and L3-L5 DRGs and L3-L5 spinal
cord section were removed. The samples were frozen and stored at -80°C. For each sample,
protein concentration was determined by Bradford method (BioRad protein assay). Protein
samples were separated by SDS-PAGE 4-10% Bis acrylamide (Serva)-Tricine (Sigma-
Aldrich) gel. The nitrocellulose membranes with transferres protein samples were
incubated overnight with respective primary antibodies. Blots were then incubated with
fluorocore-coupled goat anti mouse [IRdye 800 and goat anti rabbit LiCor IRdye 680 and
scanned with the Odyssey System Imager. The immunoreactivity of proteins of interest was
compared with 3-actin immunoreactivity values controls and quantified based on scanned
images of the blots, with Aida image analyzer software (AidaTM). For SNL study, all values
were obtained after first standardization of the raw values to 3-actin corresponding values
and then normalization using the contralateral spinal cord sample value as reference of
100%. For PINP study, values were obtained after first standardization of the raw values to
B-actin corresponding values and then after normalization using the VEH group spinal cord
sample value as reference of 100%. All values are expressed as means + SEM.

Spinal cord slice preparation and induction of neuronal activation. After deep
isoflurane anaesthesia, the lumbar spinal cord was briefly removed and immersed in
oxygenated ice-cold dissection solution. The spinal cord was then cut with vibratome
(Leica VT1200S, Germany) to slices 200 pm (for incubation with CCL2) or 350 um thick
(for incubation with PAC). In c-Fos study, slices were incubated with PAC (100nM) for 60
min (PAC group). Other slices were incubated with TRPV1 antagonists (10 pM) for 10 min,
and then PAC (100nM, 60 min) was added to the incubation chamber (SB+PAC and
AMG+PAC groups). Another group of slices was incubated with TRPV1 antagonist only (10
uM, 70 min, SB and AMG groups). A control group of slices was incubated with vehicle
(DMSO, 2%o, 70 min, CTRL group). For the pERK induction, one group of slices was
incubated with CCL2 (10 nM for 10 min); another group was incubated with SB 366791 (10
pum for 5 min), then CCL2 (10 nM for 10 min) was added. During the incubation time slices
were constantly perfused with solutions saturated with 95% 02 and 5% COa.

Immunohistochemistry for c-Fos and pERK. Immediately after the incubation, the slices
were fixed in 4% paraformaldehyde and cryoprotected with sucrose. For c-Fos study, the
350 nM slices were cut in cryostat at 16 pum. These sections were then processed for
immunohistochemistry using SABC method using anti-c-Fos (anti-rabbit, 1:2000; Santa
Cruz Biotechnology, Santa Cruz, CA) or anti- pERK1/2 (Rabbit, 1:500, Cell Signaling
Technology) primary antibody. The reaction product was visualized with 1.85 mM
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DAB/0.003% hydrogen peroxide in PBS for 2-5 min (Sigma Aldrich, Czech Republic).
Images of the spinal cord were captured; the superficial laminae I/II of the spinal dorsal
horn were measured. For c-Fos slices, area and the numbers of immunoreactive (IR)
neuronal nuclei for c-Fos were counted using Image] software and ratio was calculated
(cells/area*1000). For pERK study, the numbers of pERK positive cells from the left and
right superficial DH were averaged, and then the results from the individual animals were
averaged.

Data analysis. All statistical tests were performed using SigmaStatTM software and the
criterion for statistical significance was P<0.05. All data are presented as means * SEMs.
For acute slices immunohistochemistry, the difference between the groups was compared
using One-way ANOVA followed by Holm-Sidak post hoc test for c-Fos, and Student-
Newman-Keuls Method for pERK evaluation. For SNL study, Two-way RM ANOVA followed
by Holm-Sidak post hoc test was used to analyze differences over time between the
experimental and control paw. Two-way ANOVA was used to assess statistical differences
at different testing time points between the experimental groups. For the PIPN study, Two-
way ANOVA followed by Holm-Sidak post hoc test was used. For the western blot data
analyses in the SNL study, Mann-Whitney Rank Sum Test was used for the statistical
comparison of protein levels between ipsi- and contralateral sides, as well as between the
SNL group and the LOS group, followed by Bonferroni correction to counteract the problem
of multiple comparisons. One-way ANOVA followed by Holm-Sidak post hoc test was used
for the statistical comparison of protein levels between the experimental groups in the
PIPN study. For CD68 immunohistochemistry, Wilcoxon Signed Rank test was used to
compare side-to-side differences and Mann-Whitney U test was used to determine the
significance of the difference between the SNL and LOS groups. For RT PCR and ELISA
experiments, One-way ANOVA was followed by Holm-Sidak post hoc test.

Results and Discussion

Anti-inflammatory effect of systemic losartan treatment in the model of SNL-induced
peripheral neuropathy (Publication A: Kalynovska et al., 2019)

In this study, we show that treatment with losartan prevents the development of
SNL-induced thermal hyperalgesia and neuroinflammatory changes in the DRG and spinal
cord in rats. Systemic losartan treatment (100 mg/kg/day, p.o.) attenuated also the
increased expression of pro-inflammatory proteins in the ipsilateral spinal cord of SNL-
operated animals. The efficacy of the losartan treatment depends on its ability to penetrate
the blood-
brain barrier. Pharmacokinetic studies confirmed that losartan p.o. administration leads to
satisfactory, but not complete inhibition of centrally mediated actions of angiotensin I, if
the administered dose is high enough (30-100 mg/kg) (Culman et al., 1999). It is important
to emphasize, that in our study we used relatively high dose of losartan for p.o. treatment
that should lead to its effective levels in the spinal cord. The SNL induced increase in spinal
levels of TNFa and CCL2, which are known to be involved in the modulation of synaptic
transmission in the SCDH (Spicarova et al, 2011, Spicarova et al, 2014). Losartan
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treatment markedly reduced the overexpression of these signaling proteins, and this
correlates well with the abolishment of thermal hyperalgesia in losartan-treated rats.
Peripheral nerve injury is known to lead to neuroimmune response both in central and
peripheral nervous systems. In our study, SNL promoted the infiltration of macrophages
into ipsilateral DRG and adjacent dorsal roots, as well as microglia activation in the SCDH
on the Day 7 after the surgery. Losartan treatment attenuated the spinal microglia
activation, reflected in CD11b (0X42) protein levels. Additionally, our
immunohistochemistry results revealed decrease also in the SNL-induced CD68-positive
macrophage accumulation in LOS group. We hypothesize here, that anti-inflammatory
effect of losartan treatment on macrophage accumulation is mediated by PPARy agonism,
as losartan metabolite, EXP3179, is known to bind to the PPARY in invaded macrophages
(Gordon, 2003).

Taken together and considering a larger context, losartan treatment might be
effective against neuroinflammation-driven pathologies. Hence, it represents a promising
strategy for the anti-inflammatory treatment development.

Anti-allodynic and anti-inflammatory effects of systemic losartan treatment on
paclitaxel-treated rats (Publication B; Kalynovska et al., submitted manuscript)

Our behavioral results demonstrate the preventive effect of systemic losartan
treatment (100 mg/kg/day) on the development of mechanical allodynia induced by
paclitaxel treatment (5x2 mg/kg, i.p.). This effect reflected in attenuation of PWT decrease,
when compared to the PAC group, on Day 14 after the start of PAC treatment. Also, losartan
treatment attenuated the development of neuroinflammatory changes in DRGs and SCDH of
paclitaxel-treated rats, and this effect was even more prominent during later, chronic phase
of PIPN (Day 21 after the start of paclitaxel treatment). Namely, losartan treatment
abolished the PAC-induced overexpression of main pro-inflammatory mediators - CCL2
and IL6 in DRGs and CCL2 and TNFa in SCDH. As it was mentioned before, CCL2 and TNFa
play an important role in central sensitization and pathological pain development through
the modulation of synaptic transmission in the SCDH. The decrease in CCL2Z and TNFa
levels resulted in significant attenuation in behavioral responses to mechanical
stimulations, when compared with the PAC group. When applied systemically, paclitaxel
crosses the blood-brain barrier poorly, but penetrates the blood-nerve barrier and
accumulates predominantly in DRGs, where persists in high concentrations up to 10 days
and more after the last paclitaxel injection (Xiao et al., 2011). In this study, PAC treatment
induced also an increase in specific mRNA levels in DRGs, indicating the presence of pro-
inflammatory M1 macrophages - CCR2, CD68, CD11b, NOX2, iNOS, CD64. Recently, PPARy
have been intensively studied for their role in macrophage polarization. A growing number
of studies confirm, that PPARy activation triggers macrophage polarity shift from M1 to
anti-inflammatory M2 phenotype, thus reducing local neuroinflammation and neuropathic
pain behavior (Churi et al., 2008, Hasegawa-Moriyama et al., 2012). Indeed, losartan
treatment abolished the expression of M1 markers and, on the other hand, resulted in
robust increase in the mRNA levels of M2 macrophage markers - Arginase 1 and IL10.
Several studies confirmed that activation of PPARy leads to the substantial elevation of
Arginase 1 and IL10 protein and mRNA levels in macrophages (Bouhlel et al., 2007, Gao et
al, 2015, Su et al, 2017). IL10 is an anti-inflammatory cytokine produced by M2
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macrophages. Its pro-resolving properties include also macrophage deactivation,
characterized by inhibition of pro-inflammatory cytokines production via destabilization of
mRNA transcripts for TNF or IL1f (Vanderwall et al., 2018), increased anti-inflammatory
cytokine production and reduced major histocompatibility complex class Il expression
(Gordon and Taylor, 2005). Elevated protein levels of IL10 in spinal cord are known to
produce pain relief in neuropathic pain models including PIPN (Ledeboer et al., 2005,
Vanderwall et al., 2018). Moreover, PIPN-induced mechanical allodynia may be prevented
and/or reversed by the intrathecal IL10 therapy in rats (Ledeboer et al, 2007). The
elevated levels of IL10 mRNA in DRGs of the LOS rats correlate well with the abolishment
of allodynic state in PAC-treated rats in our experiments. The expression of Arginase 1,
which is widely viewed as a typical marker of M2 macrophages (Gordon, 2003, Martinez
and Gordon, 2014), is also regulated by PPARy (Odegaard et al.,, 2007). Moreover, PPARy
mRNA levels in the LOS group were elevated in our study, indicating most probably a
positive feedback loop mechanism (Wakabayashi et al., 2009). These data further confirm
the hypothesis that anti-inflammatory effect of losartan in our study is mainly mediated
through PPARY receptors.

Our study demonstrates significant anti-inflammatory and pro-resolving effects of
losartan treatment in the model of the PIPN. Considering the toxicity of PPARy complete
agonists, the safety profile of losartan partial PPARy agonism with mainly positive
outcomes may be used as a novel treatment strategy for PIPN patients.

Treatment with TRPV1 antagonists attenuates paclitaxel-induced neuronal activation
in the SCDH (Publication C; Kalynovska et al., 2017)

In this study, we aimed to investigate the role of spinal TRPV1 receptors in the
mechanism of PAC-induced neuronal activation. Our immunohistocemical analysis
revealed paclitaxel-induced neuronal activation in the SCDH, reflected in the increased
expression of early gene protein product c-Fos. The mechanism of c-Fos induction by
paclitaxel appears to be dependent on spinal TRPV1 receptor signaling, as preincubation of
acute spinal cord slices with TRPV1 antagonists (SB366791 and AMG9810) led to the
attenuation of c-Fos expression, when compared to paclitaxel incubation alone. Due to the
specificity of our in vitro study design, only central branches of primary afferents were
present in our spinal cord slices. Thus, the effect of PAC on spinal dorsal horn neurons had
to be mediated either by the activation of presynaptic endings and/or by the direct effect
on the postsynaptic neurons. Several studies demonstrate that the activation of TLR4
receptors may trigger c-fos gene activation directly (Introna et al, 1986, Guha and
Mackman, 2001). It is known that PAC may directly activate rodent toll-like receptors 4
(TLR4) receptors (Li et al., 2014; Li et al., 2015). However, at the spinal cord level, TLR4
receptors are expressed predominantly by glial cells (Saito et al., 2010, Li et al., 2014), but
not by neurons (Li et al., 2014). The activation of microglia leads to the release of cytokines
and chemokines (Saito et al., 2010), which in turn may potentiate presynaptic TRPV1
receptor function (Spicarova et al., 2011, Spicarova et al., 2014). The effect of paclitaxel
incubation on neuronal activation was most likely mediated through presynaptic and/or
glial TLR4 receptors, which induced the activation of presynaptic TRPV1 receptors. This
signaling cascade led to the increased release of neurotransmitters and neuromodulators
such as glutamate, substance P and CGRP, followed by activation of postsynaptic neurons
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and c-Fos expression. This hypothesis is in agreement with electrophysiological data,
measured under similar in vitro conditions, when increased spontaneous and miniature
excitatory postsynaptic currents frequency after PAC treatment were dependent on TRPV1
receptors activation (Li et al., 2015). Our findings further confirmed an active role of spinal
TRPV1 receptors in the development of neuropathic pain development after paclitaxel
treatment.

The involvement of TRPV1 signaling in the development of acute CCL2-induced painful
hypersensitivity (Publication D; Spicarova et al., 2014)

In order to evaluate the involvement of TRPV1 receptors in the development of
CCL2-induced hyperalgesia, we treated adult Wistar rats with TRPV1 receptor antagonist
and/or CCL2 via intrathecal application. CCL2 i.t. application through intrathecal catheter
induced a significant decrease in both the PWL and the PWT already 1 hour after the
administration, when compared to the saline treatment. These data confirmed the presence
of thermal hyperalgesia and mechanical allodynia after the intrathecal application of CCL2,
which are in the agreement of previously published observations (Tanaka et al., 2004,
Dansereau et al., 2008, Gao et al., 2009). Application of TRPV1 antagonist SB36679 prior to
CCL2 either using lumbosacral catheter or via direct intrathecal injection abolished the
development of CCL2-induced thermal hypersensitivity, while failed to prevent the
establishment of mechanical hypersensitivity. Our results are in accordance with
previously published findings. Cavanaugh and colleagues (Cavanaugh et al, 2009)
demonstrate that pharmacological ablation of the central terminals of TRPV1-expressing
peptidergic nociceptors results in substantial loss of noxious heat, but not mechanical pain
sensitivity. On the other side, they observed a selective reduction of mechanical sensitivity
after genetic ablation of unmyelinated sensory neurons expressing the G protein-coupled
receptor Mrgprd, which consist approximately 90% of the cutaneous nonpeptidergic
nociceptors (Cavanaugh et al,, 2009). Regarding the exact mechanism of CCL2 action on the
spinal TRPV1 receptors, we believe that it is mediated also by CCR2 receptors expressed on
the presynaptic endings in the SCDH. Upon activation, CCR2 receptor mediates its functions
through the activation of phospholipase C (PLC) and further hydrolysis of
phosphatidylinositol 4, 5-biphosphate (PIP2). As TRPV1 receptors are tonicaly blocked by
PIP2, its hydrolysis enables TRPV1 receptors to become active (Chuang et al, 2001).
Additionally, TRPV1 sensitization/activation state may be also modulated via
phosphorylation by protein kinase C (PKC), which increases the channel open probability
for TRPV1 receptors (Huang et al., 2006, Jung et al., 2008). These results further support
the hypothesis that spinal TRPV1 receptors are involved primarily in the development of
noxious heat hypersensitivity, but not of mechanical allodynia.

Our immunohistochemical analysis show that CCL2-induced increase pERK labeling
in spinal cord slices was diminished after preincubation with TRPV1 receptor antagonist
SB366791. The electrophysiological results in this study (Publication D) indicate that CCL2-
induced effect in the SCDH is mediated via G-protein coupled CCR2 receptors on the
presynaptic endings, the activation of which was followed by TRPV1-dependent glutamate
release from the synaptic terminals. The preventive effect of SB366791 on the CCL2-
induced pERK expression corresponds also with its anti-hyperalgesic effect in the
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behavioral experiments with intrathecal administration of CCL2 and SB366791/CCL2
combination. Taking together, these results indicate a significant role of spinal TRPV1
receptors in the mechanism of CCL2-induced neuronal activation and acute thermal
hypersensitivity.

Conclusion

1)

2)

3)

4)

Following conclusions were made according to the specific aims of the Thesis:

Systemic losartan treatment exerts protective effects against the
neuroinflammatory and neuropathic changes after the peripheral nerve injury.
However, losartan is ineffective against the SNL-induced mechanical allodynia,
suggesting distinct mechanism of its development, when compared to the thermal
hyperalgesia. Nevertheless, losartan treatment represents a promising strategy for
the anti-inflammatory treatment development.

Systemic losartan treatment is also effective against chemotherapy-induced
neuropathic changes. Considering our findings and a wider context, anti-
neuropathic effect of losartan is the most likely mediated by the PPARy receptors.
Along with analgesic and anti-inflammatory effects of losartan, we demonstrated
also a significant pro-resolving effect, which may be of particular interest as a novel
treatment strategy for PIPN patients.

Our results have shown an important role of TRPV1 receptors in increased
activation of dorsal horn neurons (demonstrated by increased c-Fos expression)
after application of paclitaxel. This further confirms the role of TRPV1 receptors in
the development of neuropathic pain following paclitaxel treatment.

Our study demonstrates a significant role of spinal CCL2/CCR2 signaling in the
development of acute pain hypersensitivity. Here, we also demonstrate that spinal
TRPV1 receptors play a substantial role in the development of CCL2-induced acute
thermal hyperalgesia, revealing a new possible target for anti-hyperalgesic
treatment development. Spinal TRPV1 receptors are also involved in the
mechanisms of CCL2-induced neuronal activation at the level of the SCDH. Hence, it
is plausible to assume the active role of spinal TRPV1 receptors in the central
sensitization phenomenon, which may further result in the development of
neuropathic pain syndrome.
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