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Abstrakt

Bolest je béznym priznakem mnoha klinickych syndromt a nemoci. Zejména lécéba
bolesti neuropatického ptvodu predstavuje zavazny medicinsky problém, nebot dostupna
analgesie je v radé pripadd neucinnd, nebo ma vyrazné nezadouci u¢inky. Vyvoj novych
analgetickych pristuptt a uspésna 1lécba bolesti proto vyzaduje podrobnou znalost
mechanizmt vzniku akutnich i1 chronickych bolestivych stavi. Proces vzniku, kédovani
a prenosu signald o bolestivych podnétech zprostredkovava nociceptivni systém, ktery je
klicovy pro vznik vjemu bolesti v mozku. Modulace nociceptivniho synaptického prenosu
v zadnim rohu misnim predstavuje dulezity mechanismus ve vyvoji a udrzovani ruznych
patologickych stava bolesti.

Tato disertacni prace se zamérila na zkoumani a objasnéni nékterych mechanismt
podilejicich se na zpracovani a modulaci misniho nociceptivniho synaptického prenosu
u ruznych bolestivych stavi. Hlavni pozornost byla vénovana studiu nasledujicich otazek:
(1) Jakou tlohu maji TRPV1 (Transient Receptor Potential Vanilloid type 1) kanaly, TLR4
(Toll-Like Receptor 4) a PI3K (fosfatidylinositol 3-kinaza) v rozvoji neuropatické bolesti po
podani chemoterapeutika paclitaxel (PAC) v akutnim in vitro a subchronickém
in vivo mysim modelu PAC-indukované periferni neuropatie (PIPN)? (I1.) Do jaké miry je
ovlivnéna misni inhibi¢ni synapticka kontrola u animalniho modelu bolestivych stavi
PIPN, akutniho periferniho zanétu a chronického konstrikéniho poranéni sedaciho nervu
(CCI) wutransgenniho kmene mysi VGAT-ChR2-eYFP? (III.) Jak ovlivni inhibice
sodikového kanalu Nay1.7 specifickym antagonistou protoxinem II spinalni nociceptivni
signalizaci u modelu termalniho poskozeni ktze? (IV.) Jak 20:4-NAPE, prekurzor
anandamidu (AEA), moduluje nociceptivni synapticky pienos u modelu akutniho
periferniho zanétu a jakou roli hraji kanabinoidni receptory typu 1 (CB1) a TRPV1 kanaly
v tomto procesu?

Pro zkoumani téchto cild byla vyuzividna metoda patch-clamp v konfiguraci
snimani zcelé bunky, ktera nam umoznila snimani excitaénich ¢i inhibi¢nich
postsynaptickych prouda (EPSC, resp. IPSC). Dale bylo vyuzivano behavioralniho méreni
mechanické ¢i tepelné citlivosti a imunohistochemicka analyza.

Nase vysledky ukazaly, ze: (I.) Prima funkéni interakce mezi TLR4 a TRPV1
receptory, zejména prostiednictvim PI3K signalizace, hraje dtlezitou roli (a) v PAC-
indukovaném v nartustu frekvence miniaturnich excitacnich postsynaptickych proud
(mEPSC) v neuronech zadniho rohu misniho, (b) v modulaci a tachyfylaxi kapsaicinem
vyvolanych odpovédi zprostredkovanych TRPV1 kanaly na presynaptickych zakoncéenich
primarnich aferentti v mise a (¢) v PAC-indukované mechanické alodynii. Vsechny tyto
PAC-indukované zmény bylo mozné zablokovat inhibitorem PI3K wortmanninem.
Mechanismus zavisly na TRPV1 je také nezbytny pro PAC-indukované zvyseni exprese
proteinu c-Fos v neuronech zadniho rohu. (II.) Nase predbézné vysledky poukazuji na
vyznamnou roli disinhibice v zadnim rohu mi$nim v rozvoji mechanické allodynie ve vSech
testovanych modelech bolestivych stavll (PIPN, periferni zanét a CCI). (III.) Inhibitor
Nay1.7 kanalu protoxin II vyznamné omezil zvySenou excitaéni aktivitu v populaci
nociceptivnich, kapsaicin-senzitivnich neurond u modelu termalniho poskozeni kuze.
(IV.) Potvrdili jsme hypotézu, ze 20:4-NAPE slouzi jako zdroj pro endogenni syntézu AEA
v mise in vitro a ze inhibic¢ni ic¢inek 20:4-NAPE je zprostredkovan mechanismem zavislym
na CBi. Tento analgeticky ucinek 20:4-NAPE zprostredkovany CB:1 receptory je vsak za
zanétlivych stava castecné modifikovan dalsim mechanismem zavislym na aktivaci
TRPV1 kanalda.

V souhrnu nase data podporuji nazor, ze modulace nociceptivniho synaptického
prenosu hraje klicovou roli ve vyvoji raznych bolestivych stavi. Prestoze primarni pric¢iny
a mechanismy vyvoje téchto stavi jsou zcela odlisné, zmény, ke kterym dochazi na trovni
michy, jsou casto velmi podobné a zahrnuji nadmérnou excitacni aktivitu spolu
s disinhibici. Pochopeni téchto mechanismi je nezbytnym predpokladem pro navrzeni
novych terapeutickych pristupa pro lécbu patologickych bolestivych stavi.
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Abstract

Pain is a common symptom of many clinical syndromes and diseases. In particular,
the treatment of neuropathic pain represents a serious public health issue because
currently available analgesia is ineffective in many cases or it has adverse effects.
Treatment of pain-related suffering requires knowledge of how pain signals are initially
generated and subsequently transmitted by the nervous system. A nociceptive system
plays a key role in this process of encoding and transmission of pain signals. Modulation
of the nociceptive synaptic transmission in the spinal cord dorsal horn represents an
important mechanism in the development and maintenance of different pathological pain
states.

This doctoral thesis has aimed to investigate and clarify some of the mechanisms
involved in the modulation of the spinal nociceptive processing in different pain states.
The main attention was paid to study the following issues: (I.) Which is the role of
Transient Receptor Potential Vanilloid type 1 channels (TRPV1), Toll-Like Receptors 4
(TLR4), and phosphatidylinositol 3-kinase (PI3K) in the development of neuropathic pain
induced by paclitaxel (PAC) chemotherapy in acute in vitro, and subchronic in vivo murine
model of PAC-induced peripheral neuropathy (PIPN)? (II.) How is affected spinal
inhibitory synaptic control under different pain states, using VGAT-ChR2-eYFP
transgenic mice model of PIPN, acute peripheral inflammation, and chronic constriction
injury (CCI)? (III.) How does the Nav1.7 receptor blocker protoxin II affect the spinal
nociceptive signaling in the model of burn injury? (IV.) How 20:4-NAPE, the precursor of
anandamide (AEA), modulates the nociceptive synaptic transmission under the acute
inflammatory condition and which role plays cannabinoid (CB1) receptors and TRPV1
channels in this process?

To investigate these aims, the main method used was the whole-cell patch-clamp
recording of excitatory- and/or inhibitory postsynaptic currents (EPSCs, respectively
IPSCs). We also used behavioral measurement of mechanical/thermal sensitivity and
immunohistochemistry.

Our results have shown that: (I.) Direct functional interaction between TLR4 and
TRPV1 receptors, in particular via PI3K signaling, play an important role in (a) PAC-
induced increase of miniature excitatory postsynaptic currents (mEPSCs) frequency in
dorsal horn neurons, (b)in the modulation of TRPV1 sensitivity and tachyphylaxis of
capsaicin-evoked responses, and (¢) in the PAC-induced mechanical allodynia. All these
PAC-induced changes have been prevented by PI3SK blocker wortmannin. The TRPV1-
dependent mechanism is also necessary to PAC-induced enhancement of c-Fos expression
in the dorsal horn neurons. (II.) Our preliminary data clearly demonstrates that
disinhibition occurs in a significant manner in all tested models of pain (PIPN, peripheral
inflammation, and CCI). (III.) Nay1.7 receptor blocker protoxin II significantly reduced
aberrant activity induced by burn injury in the population of capsaicin-sensitive
nociceptive spinal cord dorsal horn neurons in the rat. Finally, (IV.) we confirmed the
hypothesis that 20:4-NAPE serves as a source for endogenous AEA synthesis in the spinal
cord in vitro. Inhibitory effect of 20:4-NAPE is mediated by CBi-dependent mechanism.
However, this CBi-mediated analgesic effect of 20:4-NAPE, is under inflammatory
conditions partly modified by an additional TRPV1-dependent mechanism.

In summary, these data support the view that spinal nociceptive modulation plays
a key role in the development of different pain states. Although the primary causes and
mechanisms of development are often entirely different, the changes that occur at the
spinal cord level are often very similar, and include excessive excitatory activity, together
with disinhibition. Understanding these mechanisms is necessary for the improvement of
pain therapy in the future.
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A. CESKA CAST

1. UVOD

Pochopeni mechanismti vzniku bolestivych stavi predstavuje jeden z nejstarsich
problému v historii mediciny. Potiz spo¢iva ve skuteénosti, ze vnimani bolesti je komplexni
biopsychosocialni fenomén, ktery vznikd =z interakce vice neuroanatomickych
a neurochemickych systému s fadou kognitivnich a afektivnich procest [16].

Bolest je obvykle vyvolana tehdy, jsou-li nociceptory vystaveny ruznym podnétiim
skodlivé intenzity [47]. Acdkoliv je AKUTNI NOCICEPTIVNi BOLEST doprovéazena
neprijemnym pocitem, predstavuje dulezity fyziologicky mechanismus, ktery pomaha
chranit nase télo pred skodlivymi a poskozujicimi stimuly. Bolest je vsak také béznym
neprijemnym priznakem mnoha klinickych syndromt a nemoci, kdy ztraci svou ochrannou
funkci a zpusobuje utrpeni pacientti. Lécba CHRONICKE a NEUROPATICKE BOLESTI
predstavuje zavazny problém, protoze v soucasnosti dostupna analgezie je casto
nedostatec¢né i¢inna, nevhodna nebo ma v mnoha pripadech nepriznivé tcinky [14; 18; 32;
33].

ZADNI ROH (DH) misni predstavuje hlavni modulac¢ni centrum nociceptivni drahy na
cesté z periferie do vyssich mozkovych center, protoze se zde nachazi prvni synapse drahy
bolesti. Modulace v dorzalnim rohu muze vyznamné ovlivnit nociceptivni signalizaci
a nasledné vnimani bolesti, zejména za raznych patologickych stava [22; 43; 51; 52].

* Paclitaxelem-indukovana neuropaticka bolest & paclitaxelem-
indukovany syndrom akutni bolesti

Paclitaxel (PAC) je chemoterapeutické 1écivo hojné pouzivané v klinické praxi pro
lécbu solidnich tumord, jako je rakovina prsu, vajecnikt, prostaty a plic. Uzivani
chemoterapeutika PAC vsak bézné doprovazi nezadouci vedlejsi ucéinky v podobé
chronické bolestivé CHEMOTERAPII-INDUKOVANE PERIFERNI NEUROPATIE (CIPN). Ta je casto
doprovazena neuropatickou bolesti a syndromem paclitaxelem-indukované akutni bolesti
(P-APS) [28; 32; 46].

Priznaky doprovazejici CIPN mohou byt natolik obtézujici, Ze mohou vést az
k snizeni davky chemoterapie nebo dokonce k ukonceni 1écby, coz muze byt ve svém
disledku spojeno s horsi mirou preziti. Bylo prokazano, ze prevalence CIPN je v prvnim
meésici chemoterapie pritomna az u 68 % pacientt [37]. V soucasné dobé neexistuje iéinna
prevence CIPN a existuji pouze omezené moznosti jak pomoci pacientliim s jiz rozvinutou
chronickou CIPN [15; 37]. Jak chronicka bolestiva CIPN, tak P-APS jsou ¢asto rezistentni
viuci standardnim analgetikim. Navzdory sirokému pouziti PAC v klinické praxi nejsou
mechanismy chronické CIPN a P-APS dostatecné pochopeny. Nejvétsi c¢ast nasich
experimenti byla proto vénovana studiu mechanism@ vzniku neuropatické bolesti,
respektive P-APS u PAC-indukované CIPN (PIPN).

Rostouci mnozstvi dtkazt ukazuje, ze PAC muze mimikovat aktivitu
prototypického agonisty Toll-like receptoru 4 (TLR4), bakterialniho lipopolysacharidu
(LPS) [5; 18], a Zze TLR4 hraje dulezitou roli ve vyvoji PIPN asociované s neuropatickou
bolesti a P-APS [22; 23; 44; 46]. Dale bylo popsano, ze: (I.) Dorzalni ganglia (DRG)
predstavuje hlavni misto akumulace PAC v perifernim nervovém systému; (II.) PAC muze
v nizkych koncentracich pronikat primo do michy (kde muze potencialné modulovat
synapticky prenos) [7; 19; 46]; (III.) LPS muze prostrednictvim TLR4-dependentniho
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mechanismu modulovat funkeci TRPV1 (Transient Receptor Potential Vanilloid 1) kanalt
[10] — jedné z klicovych molekul v modulaci nociceptivniho synaptického prenosu v DH
[42]. Tato zjisténi naznacuji, ze PAC-indukovana signalizace mezi TLR4 a TRPV1 muze
ovlivnit synapticky prenos v ramci DH.

e Uloha inhibiéni transmise v patologii riuznych bolestivych stavii

Rovnovaha mezi excitaénimi a inhibiénimi mechanismy je zasadnim predpokladem
pro udrzeni normaalniho vniméani bolesti. Naruseni této vratké rovnovahy, napriklad
v dusledku disinhibice (ztraty/oslabeni inhibi¢niho prenosu) nebo v disledku senzitizace
excitacni slozky, muze vést k alodynii, tj. stavu, kdy jsou jako bolestivé vnimany i1 jemné
hmatové podnéty [38]. Predpoklada se, ze snizeni aktivity inhibi¢nich (GABAergnich
a glycinergnich) spinalnich obvodd muze prispivat k rozvoji zanétlivé a neuropatické
bolesti mnohem vice nez zvysSena citlivost samotnych senzorickych/excita¢ni neuronu [49].

Proto jsme se v nasich pilotnich experimentech zabyvali porovnanim zmén
v inhibi¢ni transmisi u zvirecich modeltt PIPN, chronické konstrikce sedaciho nervu (CCI)
a akutniho periferniho zanétu navozeného karagenanem. Ke studiu této otazky jsme
vyuzivali transgenniho kmene mysi VGAT-ChR2-eYFP. Tento kmen exprimuje svétlo-
citlivy kationtovy kanal channelrhodopsin-2 (ChR2), a to pouze v populaci inhibi¢nich
interneurond, coz nam umoznuje rozliSovat mezi excitacnimi a inhibi¢nimi neurony
a zaroven selektivné aktivovat pouze inhibi¢ni interneurony za pouziti LED stimulace
(470 nm).

e Inhibice Nav1.7 na misni trovni jako potencialni analgeticky pristup pro
zmirnéni bolesti pri popaleninovém traumatu

Napétovée rizeny sodikovy kanal Nav1.7 hraje u clovéka zasadni roli v normalnim
vnimani bolesti [10]. Nedavné poznatky naznacuji, ze by inhibice Nay1.7 v primarnich
senzorickych neuronech mohla poskytnout slibny pristup ke kontrole bolesti u pacient
s popaleninami [7; 35; 38]. Proto jsme se zamérili na tuto problematiku v nasich
experimentech, ve kterych jsme sledovali Uc¢innost Nav1.7 inhibitoru protoxinu II
(ProTxII) na synapticky prenos na misni Grovni pri popaleninovém traumatu kize na
zvirecim modelu termalniho poskozeni ktuze [44].

e Mechanismus 20:4-NAPE-zprostredkované modulace nociceptivniho
synaptického prenosu za normalnich a zanétlivych podminek

20:4-NAPE (N-arachidonoylfosfatidylethanolamin) je prekurzor endogenniho
endokanabinoidu (eCB) anandamidu (AEA). eCB, jako napr. AEA, hraji dalezitou roli
v modulaci a zpracovani spindlniho nociceptivniho synaptického prenosu a mohou
vyznamneé ovlivnit vnimani bolesti. AEA je povazovan za endogenniho agonistu
kanabinoidnich receptora typu 1 (CB1) a také TRPV1 kanalt [53]. Za fyziologickych
podminek maji eCB obecné analgeticky ucinek a zmirnuji tedy nociceptivni signalizaci.
Proto mohou byt 1é¢iva na bazi eCB povazovany za vhodna ke zmirnéni akutni a chronické
bolesti [26; 32]. Na druhé strané, aktivace TRPV1 kanalt prostrednictvim eCB je
primarné pronociceptivni a prozanétliva, protoze je znamo, ze aktivace TRPV1 muze také
podporovat tzv. neurogenni zanét prostrednictvim uvolnovani neuropeptida [46]. I pres
tuto skutecnost vsak muze byt modulace TRPV1 kanalt eCB vyznamna pii lé¢bé bolesti a
analgezii [31].
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V nasich experimentech jsme testovali, jak prekurzor AEA, 20:4-NAPE, moduluje
nociceptivni misni synapticky prenos za kontrolni situace a u modelu akutniho periferniho
zaneétu navozeného karagenanem.

2. CILE PRACE

I pres vyznamny pokrok moderni mediciny a lé¢ebnych metod predstavuje 1écba
chronické a neuropatické bolesti stale vyznamny problém. Prestoze mnoho modulac¢nich
mechanismt@ nociceptivniho synaptického prenosu bylo jiz identifikovano a popséano,
mnoho dalSich mechanismu zGstava neobjasnéno. Hlavni pozornost byla proto vénovana
studiu mechanismu PAC-indukované neuropatické bolesti, respektive P-APS. Dale jsme
se také vénovali studiu bolestivych stav zplsobenych termalnim poskozenim kuze,
bolestem vyvolanym perifernim zanétem a neuropatické bolesti vyvolané chronickou
konstrikei sedaciho nervu. Ackoli maji tyto bolestivé stavy zcela odliSné primarni priciny
a mechanismy vzniku, jeden aspekt je pro vsechny stejny — zmény v modulaci
nociceptivniho synaptického prenosu na misni Grovni.

V nasich experimentech jsme zkoumali nasledujici experimentalni otazky:

(I) Hlavnim cilem prace bylo zjistit: (a) Jaka je iloha TLR4 receptori a TRPV1
kanali v rozvoji chronické bolestivé periferni neuropatie vyvolané
paclitaxelem? (b) Které intracelularni drahy a konkrétni kindzy se ticastni
této signalizace? (c) Pomuze farmakologické ovlivnéni téchto signalnich
drah zmirnit bolest navozenou paclitaxelem v animalnim modelu in vivo?

(I1.) Jak razné bolestivé stavy ovliviuji inhibi¢ni synapticky prenos v zadnim
rohu misnim? Cilem bylo popsat a porovnat rozvoj disinhibice v animalnich
modelech periferni neuropatie vyvolané paclitaxelem, periferniho zanétu
a chronické konstrikce sedaciho nervu.

(IT1.) Jak inhibice receptoru Nay1.7 antagonistou protoxinem II ovlivni spinalni
nociceptivni signalizaci u animalniho modelu termalniho poskozeni ktize?

(IV.) Jak prekurzor anandamidu, 20:4-NAPE, moduluje nociceptivni synapticky
prenos za zanétlivych stavl a jakou roli hraji CB: receptory v tomto procesu?

3. MATERIAL A METODIKA

» PouZivana experimentalni zvirata: Dospéli samei mysi kmene C57BL/6 o hmotnosti
25 az 30 g, dospéli samci transgennich mysi VGAT-ChR2-eYFP linie 8 (The Jackson
Laboratory; kat. ¢.: 014548) a samci potkana kmene Wistar (stari P19-P21, nebo dospéli
jedinci, ~180—200 g). VSechna zvirata byla chovana v rezimu 12/12 h svétlo/tma za stalé
pokojové teploty a s volnym pristupem k standardni potravé a vodé. Vsechny experimenty
byly schvaleny Etickou komisi Fyziologického ustavu AV CR, vsouladu s platnou
legislativou.

* Model paclitaxelem indukované periferni neuropatie (PIPN): Pro indukci PIPN
jsme pouzivali dva experimentalni protokoly. V ¢asti experimenta byli dospéli samci mysi
nebo potkani léceni intraperitonealné (i.p.) jednorazovou aplikaci PAC (8 mg/kg; Paclitaxel
Mylan). V dalsim souboru experimentt jsme podavali ¢tyri i.p. injekce PAC (2 mg/kg)
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ob den (dny 0, 2, 4 a 6). Kone¢na kumulativni davka tedy byla také 8 mg/kg. Prahova
hodnota mechanické citlivosti (PWT) byla testovana pred (den 0), béhem (ve dnech 2, 4, 6)
apo podavani PAC (den 7). Néasledné byla zvirata vyuzita pro elektrofyziologicky
experiment. Kontrolni zvirata byla 1é¢ena vehikulem PAC Mylan.

* Model periferniho zanétu: Periferni zanét byl indukovan v 3% isofluranové inhalac¢ni
anestézii. 1% smés karagenanu ve fyziologickém roztoku (~ 30 pl) byla pouzita pro indukei
periferniho zanétu u dospélych mysi, zatimco 3% smés karagenanu s fyziologickym
roztokem (~ 50 pl) byla pouzita u potkant ~P20. Karagenan byl podavan subkutanné do
obou zadnich tlapek. Mechanicka citlivost (PWT) nebo latence odtazeni tlapky k tepelnym
podnétim (PWL) byla testovana pred indukci zanétu karegenanem (den 0) a po
24 hodinach, pred pripravou misnich rez a elektrofyziologickym experimentem. Jako
kontrolni byla pouzivana naivni zvirata.

e Model chronické konstrikce sedaciho nervu (CCI): CCI byl navozen u dospélych
mysi v 3% isofluranové inhalacéni anestézii, pomoci t¥i volnych ligatur, proximalné
k trifurkaci sedaciho nervu (nervus ischiadicus). PWT byl testovan pred (den 0) a po CCI
(1. a 3. den) pred pripravou misnich rezt. Jako kontrolni byla pouzivana naivni zvirata.

* Model termalniho poskozeni kuZe: Byl pouzit animalni model popalenin prvniho
stupné. Samci krys Wistar (P21) byli hluboce anestetizovani 3% isofluranem. Za
nepretrzité hluboké anestézie byly obé zadni tlapky az po kolena ponoreny do vody
o teploté 60 °C (u experimentalni skupiny) nebo 37 °C (u kontrolni/sham skupiny) po dobu
2 minut. Kontinu4lni anestézie (isofluran, 3%) byla udrzovana po dobu dalsich 60 minut.
Nasledné byly pripraveny misni rezy pro elektrofyziologicky experiment.

e Priprava misnich rezu: Stejny experimentalni protokol byl pouzit jak pro dospélé
mysi, tak pro pripravu misnich reztd u mladych potkant. Laminektomie byla provedena
v hluboké 3% isofluranové inhalac¢ni anestézii (Forane, Abbott), nasledné byla bederni
¢ast michy vyjmuta a prenesena do vychlazeného (~4 °C) disekéniho roztoku, obsahujiciho
(v mM) 95 NaCl, 1,8 KCI, 7 MgS04, 0,5 CaClz, 1,2 KH2PO4, 26 NaHCO3, 25 D-glukézu
a 50 sachar6zu. Zvirata byla nasledné usmrcena prerusenim kréni michy. Akutni
transverzalni misni fezy o tloustce 300 pm byly pripraveny ze segmentt L.4—L5 s pouzitim
vibratomu VT 1200S (Leica). Rezy byly inkubovany v disekénim roztoku po dobu 30 minut
pri 35 °C. Nasledné byly rezy preneseny do snimaciho roztoku a uchovavany pri pokojové
teploté (21-24 °C). Snimaci roztok pouzity béhem elektrofyziologického méreni obsahoval
(v mM) 127 NaCl, 1,8 KCl, 1,2 KH2POu, 2,4 CaClz, 1,3 MgS04, 26 NaHCO03 a 25 D-glukézu.
Vsechny extracelularni roztoky byly béhem celého experimentu syceny karbogenem
(95% Oz, 5% COs2).

o Elektrofyziologické snimani metodou patch-clamp: Snimani probihalo
v konfiguraci snimani zcelé bunky (tzv. whole-cell) z vizualné identifikovanych
povrchovych neuroni DH na mikroskopu Zeiss Axio Examiner A.1,, ktery byl vybaven
infracervenym LED-diodovym osvétlenim a infracervenou kamerou Grasshopper 3 (Point
Gray), pripojenou ke standardnimu osobnimu pocitaci. Snimaci elektrody/pipety mély po
naplnéni intracelularnim roztokem odpor v rozmeni 3,5-7,0 MQ. Intraceluldrni roztok
obsahoval (v mM): 125 lakton kyseliny glukonové, 15 CsCl, 10 EGTA, 10 HEPES, 1 CaCls,
2 Mg2ATP, 0,5 NaGTP a byl upraven pomoci CsOH na pH 7,2. Elektrofyziologické métreni
metodou patch-clamp bylo provadéno pomoci zesilovace Axopatch 1D (Axon Instruments)
a digitalniho prevodniku Digidata 1440A (Molecular Devices) pri pokojové teploté
(~23 °C). Zaznamy byly filtrovany pri 2 kHz a digitalné vzorkovany pri 10 kHz. Sériovy
odpor neuronu byl rutinné kompenzovana na 80 % a byl sledovana béhem celého
experimentu. AMPA receptory-zprostredkované spontanni nebo miniaturni excitacni
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postsynaptické proudy (sEPSC/mEPSC) byly snimany z vizualné identifikovanych
neuront DH v laminé I a vnéjsi laminé Il,, pii membranovém napéti —70 mV. Snimaci
roztok pro snimani s/mEPSC obsahoval inhibi¢ni antagonisty, 10 pM bicuculin a 5 ptM
strychnin. Pro zaznam mEPSC snimaci roztok navic obsahoval tetrodotoxin (0,5 pM), tj.
blokator napétovych sodikovych kanalti. Spontanni inhibi¢ni postsynaptické proudy
(sIPSC) zprostredkované GABAa receptory a/nebo glycinovymi receptory a IPSC vyvolané
svetelnou stimulaci (le-IPSC) u transgenniho modelu byly rutinné zaznamenavany za
pouziti stejného intracelularniho a snimaciho roztoku pri napéti 0 mV. IPSC byly snimany
v pritomnosti antagonisty AMPA receptord CNQX (20 mM) a blokatoru NMDA receptort
AP5 (25 mM). le-IPSC byly vyvolany foto-stimulaci modrym svétlem o vlnové délce
470 nM, v sérii deseti 5 ms dlouhych foto-stimulaci s frekvenci 0,1 Hz. Softwarovy balicek
pCLAMP 10.5 (Axon Instruments) byl pouzit pro sniméni i pro off-line analyzu dat.

» Imunohistochemicka analyza pAkt: Samci kmene Wistar (180-200 g) byly nahodné
rozdéleny do tri experimentalnich skupin: (I.) kontrola (vehikulum i.p.); (Il.) paclitaxel
(skupina PAC; vehikulum i.p. + PAC, 8 mg/kg i.p..); (IIl.) wortmannin + paclitaxel
(skupina WMN + PAC; WMN 0,6 g/kg i.p. + PAC 8 mg/kg i.p.). Zvirata byla 1 hodinu po
podani PAC/vehikula hluboce anestetizovana ketaminem (100 mg/kg, Narketan, Zentiva)
a xylazinem (25 mg/kg, Xylapan, Zentiva) a intrakardialné perfundovana fyziologickym
roztokem a nasledné 4% paraformaldehydem. L5 DRG byly vyjmuty a post-fixovany ve 4%
paraformaldehydu pri 4 °C po dobu 2 hodin, pres noc. Kryoprotekce byla zabezpecena 30%
sacharézou. 16 pm tlusté rezy DRG byly zhotoveny v kryostatu Leica CM3000, a nasledné
imunohistochemicky zpracovany. pAkt byla detekovana za pouziti anti-pAkt (Ser473)
primarni protilatky (rabbit; Cell Signaling Technology, #4060S) a sekundarni Cy2
konjugované protilatky (donkey anti-rabbit; Jackson ImmunoResearch Lab.). Oblast
pAkt-imunoreaktivity byla v jednotlivych sekcich DRG meérena za pouziti softwaru
Imaged.

e Experimentalni stanoveni uvolriovani anandamidu in vitro: Misni tezy byly
pripraveny stejnym zpusobem jak bylo uvedeno vyse, ze samct potkana kmene Wistar
P21). Rezy byly béhem experimentu inkubovany po dobu 10 minut ve snimacim roztoku
(syceném karbogenem) se zvysujici se koncentraci prekurzoru anandamidu — 20:4-NAPE
(20 pM, 100 pM, 200 pM). Po kazdé 10 minutové inkubaci byl cely objem roztoku odebran
a 1hned zmrazen pro pozdéjsi experimentalni zpracovani metodou hmotnostni
spektrometrie (provedeno ve spolupraci s prof. Ing. Ivanem Miksikem, DrSc., Fng,
AV CR). Odebrany roztok byl ihned nahrazen novym cistym snimacim roztokem, ci
roztokem s vys$si koncentraci 20:4-NAPE, a rezy byly inkubovany po dobu dalsich
10 minut.

e Statisticka analyza: Vysledky byly vyjadreny jako pramér = SEM. Pro nalezeni
vyznamnych rozdil mezi skupinami s normalni distribuci dat byla pouzita jednocestna
ANOVA niasledovana Bonferroniho post hoc testem (vicendsobné porovnani oproti
kontrole nebo vicenasobné parové porovnani). Pro nalezeni vyznamnych rozdild v jedné
skupiné béhem 1écby jsme pouzili jednocestnou metodu ANOVA pro opakovana méreni.
Pro porovnani standardizovanych dat s ne-normalni distribuci byl pouzit neparametricky
Wilcoxontv Signed Rank test. Pokud to bylo nutné, byl rozdil mezi testovanymi skupinami
zjistovan s pouzitim parového t-testu/t-testu s Bonferroniho korekei (pri opakovném
testovani téze skupiny). Behavioralni data byla analyzovana pomoci dvoucestné metody
ANOVA (treatment X time) a naslednym vicendsobnym porovnanim (Bonferroniho post
hoc test). Kritériem pro statistickou vyznamnost byla hodnota P < 0,05.



4. VYSLEDKY A DISKUSE

e TLR4 receptory, TRPV1 kanaly a PI3-kinaza hraji vyznamnou roli
v rozvoji PAC-indukované neuropatické bolesti:

V nasich experimentech jsme jako prvni prokazali, ze akutni podani PAC (50 nM)
prostrednictvim modulace funkce TRPV1 kanald zvysuje uvolnovani glutamatu
z presynaptickych zakoncéeni v zadnim rohu misnim. PAC zvysil frekvenci mEPSC na
141 % bazalni kontrolni frekvence. Tento uc¢inek PAC byl zablokovan podanim TRPV1
antagonisty SB366791, coz naznacuje TRPV1-dependentni mechanismus.

Rovnéz jsme prokazali, ze PAC prostrednictvim TLR4-dependentniho mechanismu
zvysuje vylev glutamatu vyvolany aktivaci TRPV1 kanalG agonistou kapsaicinem.
Zatimco za kontrolnich podminek dochazi pri opakovaném podani kapsaicinu k vyrazné
tachyfylaxi/snizeni druhé odpovédi (33 %), po podani PAC (50 nM) byla tachyfylaxe
vyrazné zablokovana a druha odpovéd byla takirka srovnatelna s prvni (91 %; frekvence
mEPSC druhé kapsaicinové odpovédi byla vyjadrena v procentech prvni odpovédi, tj.
100 %). Tato data prokazuji, ze po podani PAC dochazi k modulaci funkce TRPV1
receptor, coz muze v duisledku vést ke zvysenému vylevu glutamatu v zadnim rohu
misnim. Kromé toho nasi kolegové z University of Texas M. D. Anderson Cancer Center
potvrdili, ze k primé funkcni interakci mezi TLR4 a TRPV1 dochazi také v potkanich
a lidskych DRG neuronech a TLR4/TRPV1-transfekovanych HEK293 bunkach [24].

V nasich nasledujicich experimentech jsme ukazali, ze PAC (100 nM) vede
v zadnim rohu misnim ke zvysené expresi proteinu c-Fos, a to prostrednictvim TRPV1-
dependentiho mechanismu [19]. Tyto vysledky naznacuji, ze PAC vede k zvysené aktivaci
a senzitizaci neuronud zadniho rohu misniho [9; 22; 40; 41].

Nedavno jsme také jako prvni ukéazali, Ze signalizace prostrednictvim PI3K-
signalni drahy hraje dulezitou roli v ¢asném vyvoji a udrzovani mechanické alodynie
v mysim modelu PIPN (8 mg/kg, PAC i.p., jednorazové podani). Ukazali jsme, ze
jednorazové podani PI3K inhibitoru wortmanninu (WMN, 0,6 mg/kg, i.p.) 1 h pred
podanim PAC vyznamné zmirnilo zvysenou mechanickou senzitivitu a to az po dobu osmi
dni po podani PAC. Premedikace WMN pred samotnym PAC rovnéz zabranila zménam
v tachyfylaxi TRPV1-zprostredkovanych kapsaicinovych odpovédi v elektrofyziologickém
in vitro experimentu. Vysledky in vitro experimentt s akutnimi PAC aplikacemi spolu
s PI3BK antagonisty WMN nebo LY-294002 podporuji nase in vivo nalezy ve vsech
testovanych situacich. Blokovani aktivity serin/threonin kinaz (jako je napr. PKC, PKA
a CaMKII) pomoci antagonisty staurosporinu bylo uc¢inné v akutnich in vitro
experimentech a prvni den behavioralni studie, nemélo vsak vyznamny vliv pozdéji,
béhem nasledujicich osmi dni po aplikaci PAC. Zapojeni PI3SK bylo potvrzeno také
imunohistochemickou analyzou markeru PI3K aktivity, tj. fosforylované formy Akt kinazy
(pAkt) v DRG neuronech po akutnim podani PAC 8 mg/kg in vivo. Analyza pAkt imuno-
reaktivity odhalila, ze PAC indukuje vyznamné zvyseni pAkt v populaci neuronti s malym
az strednim priameérem téla (<25 pm), coz zahrnuje zejména nociceptivni neurony malé
a stredni velikosti s C- a/nebo A&-vlakny. Premedikace WMN pred podanim PAC
vyznamné snizila ucinek PAC na fosforylaci Akt [1].

Schéma nami navrzeného signalniho mechanismu PAC-indukované modulace
funkce TRPV1 kanal prostrednictvim TLR4/PI3SK-dependentni drahy je znazornén na
Obr. 1 na str. 11. Tato modulace muze ve svém dusledku vést k zvysenému vylevu
neurotransmitera z presynaptickych zakonceni nociceptivnich DRG neuront.
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Obr. 1.: Navrhovana signalni draha PAC-indukované modulace funkce TRPV1
kanald v mnociceptivnich neuronech DRG, resp. jejich presynaptickych
zakoncenich v zadnim rohu misnim. Signalizace testovana v nasich experimentech je
naznacena barevneé, zatimco jiné signalni drahy popsané v literature jsou naznaceny Sedé.
K transdukeci signalu po aktivaci TLR4 dochazi prostrednictvim dvou adaptorovych
signalnich molekul MyD88 (Myeloid-differentiation response gen 88) a TRIF (Toll/
interleukin-1 receptor (TIR) domain-containing adapter-inducing interferon-8). Signalni
draha fosfatidylinositol 3-kindzy (PISK) muze byt po aktivaci TLR4 stimulovana
mechanismem zavislym na MyD88 [23]. Aktivace TLR4 muze také aktivovat protein
kinazu C (PKC; prerusované cary) a to pres MyD88 [13], pripadné muze byt PKC
aktivovana prostiednictvim PI3K a CaMKII [5], a nebo PDK1 kinazy [12]. Nase
experimenty ukazaly, ze PI3K inhibitory wortmannin a LY-294002, a dale také inhibitor
serin/threonin kinazy staurosporin, zabranily PAC-indukovanym zménam v tachyfylaxi
reakei vyvolanych kapsaicinem in vitro. Kromé toho, inhibice PISK wortmanninem
signifikantné blokovala rozvoj mechanické alodynie in vivo.

* Disinhibice je vyznamnym podkladem patologickych zmén
v animadlnich modelech PIPN, CCI a periferniho zanéti:

Nasge predbézné vysledky jasné ukazuji, ze u ruznych bolestivych stavi dochazi
v podobném rozsahu k vyznamnym zménam v inhibi¢ni kontrole spinalni synaptické
transmise.

Nase vysledky ukazuji, ze u modelu PIPN, CCI a periferniho zanétu dochazi
k naruseni rovnovahy mezi excitacnim a inhibi¢nim synaptickym prenosem v excitacnich
neuronech zadniho rohu misniho. Vysledky ukazuji, ze zatimco frekvence sEPSC, mérena
v excitacnich neuronech DH v laminé I-II, vzrostla ve vsech experimentalnich skupinach
ve srovnani s kontrolni skupinou, tak v pripadé sIPSC doslo ve vsech skupinach
k vyznamnému snizeni frekvence sIPSC. Tato zjisténi jsou v souladu s jiz diive
publikovanymi studiemi [2; 28; 36; 49]. Tyto vysledky prinejmensim c¢asteéné vysvétluji
vznik bolestivych stavli (mechanické alodynie) v nami testovanych modelech/podminkach.



Pomoci optogenetického pristupu jsme zjistili, Ze amplituda le-IPSC, indukovaného foto-
stimulaci véech ChR2-exprimujicich inhibi¢nich neuront se také vyznamné snizila. Tato
data jasné naznacuji, ze ve vSech testovanych modelech doslo k vyznamnému rozvoji
disinhibice v DH. Tyto predbézné vysledky vsak jasné neodpovidaji na otazku, zda jsou
tyto zmény zprostredkovany presynaptickymi, ¢i postsynaptickymi mechanismy. Proto je
nezbytné provést dalsi podrobnéjsi experimenty, napriklad tzv. ,paired-pulse ratio”
stimulaci, abychom mohli jasnéji definovat tulohu pre- nebo postsynaptickych
mechanismu, zodpovédnych za pozorované zmény.

e Inhibitor Nav1.7 kanalu ProTxII vyznamné sniZuje zvysenou excitacni
aktivitu v populaci spinalnich nociceptivnich neurontt u modelu
termalniho poskozeni kuZe:

Nas elektrofyziologicky experiment prokazal dulezitou tlohu Nay1.7 v modulaci
spinalniho nociceptivniho prenosu u modelu termalniho poskozeni ktze, v rozsahu
popéalenin I.-II. stupné, které zahrnuje poskozeni epidermis a pripadné i hornich c¢asti
dermis. Frekvence sEPSC byla ve srovnani s kontrolnimi zviraty (0,8 Hz) signifikantné
zvysena po navozeni termadalniho poskozeni kuze (3,1 Hz). Akutni aplikace ProTxII
neovlivnila frekvenci sEPSC za kontrolnich podminek, nicméné ProTxII vyznamné snizil
frekvenci sEPSC v misnich rezech pripravenych zjedinct s termalnim poskozenim
(2,1 Hz, 61%) [44]. Nasi spolupracovnici z Imperial College London navic ukazali, ze
termalni poskozeni vyznamné zvysuje expresi proteinu Nav1.7 v segmentech L4-L5 DRG,
a to ipsilateralné k termalnimu poskozeni [44]. Podobna up-regulace byla drive ukazana
také u jinych modelt, napr. modelu periferniho zanétu [4; 17]. Termalni poskozeni
indukovalo také bifazickou upregulaci exprese fosforylované formy transkripéniho faktoru
CREB (cyclic adenosine monophosphate (cAMP) response element-binding protein;
pCREB) [44]. ProTxII G¢inné snizil nejen nadmeérnou excitacni aktivitu v DH, ale také
vyznamneé snizil up-regulaci fosforylované formy kinazy ERK1/2 (pERK1/2), vyvolanou
termalnim poskozenim, a fosforylaci serinu 10 v histonu H3 (pS10H3), coz je novy marker
aktivace nociceptivnich neurontt DH [45].

V souhrnu nase vysledky ukazali, ze ProTxII vyznamné snizuje aberantni aktivitu
indukovanou termalnim poskozenim v populaci nociceptivnich (kapsaicin sensitivnich)
neuront zadniho rohu misniho. Inhibice Nay1.7 na miSni drovni tedy predstavuje
potencialné slibny terapeuticky pristup, ktery by mohl mit vyznamny analgeticky tGcinek
s vyrazné nizsimi vedlejsimi Gc¢inky nez opioidy, které jsou v soucasnosti pouzivané pri
1écbé pacientt s popaleninami [44].

* Periferni zanét ovlivriuje modulacéni mechanismy prekurzoru AEA, 20:4-
NAPE:

Ukazali jsme, zZe aplikace substratu pro syntézu AEA, 20:4-NAPE (NAPE), vedla
in vitro k zvyseni produkce AEA v mise. Ackoli nemuzeme kategoricky vyloucit primé
ucinky samotného NAPE nebo neprimé ducinky jinych metaboliti souvisejicich
s NAPE/AEA na nékteré jiné receptory, predpokladame, ze vétsina pozorovanych tcinka
indukovanych NAPE, potazmo syntetizovanym AEA, je zprostredkovana vyhradné CB:
receptory a TRPV1 kandaly [29]. Tento predpoklad je v souladu s predchozimi zjisténimi
[53].



V nasich elektrofyziologickych experimentech jsme porovnavali uc¢inek NAPE
v kontrolnich podminkach a u zvirat s akutnim perifernim zanétem. Zatimco NAPE
inhibovalo excitacni synapticky prenos (sEPSC a eEPSC) jak za kontrolnich podminek,
tak u zanétu, akutni periferni zanét zmeénil mechanismus NAPE- (resp. AEA)-indukované
modulace na misni irovni u potkant. Ukazali jsme totiz, ze pri zanétu vede inhibice CB1
receptort pomoci blokatoru PF514273 (0,2 uM) k ,,odhaleni“ potencia¢niho uéinku NAPE
na frekvence sEPSC. Tomuto zvyseni frekvence sEPSC bylo mozné zamezit blokadou
TRPV1 kanali antagonistou SB366791 (10 puM). Lze predpokladat, ze toto TRPV1-
dependentni zvysSeni frekvence sEPSC je dtsledkem tonické aktivace TRPV1 receptort
béhem zanétu. Nicméné potenciacni ucinek NAPE, resp. AEA na TPRV1 byl relativneée
slaby a byl odhalen pouze po inhibici CB: receptort [29]. V konec¢ném dusledku vsak tato
tonicka aktivace TRPV1 muze pusobit az anti-nociceptivné, nebot je znamo, ze aktivace
TRPV1 tlumi na akénim potencialu zavislé eEPSC [3].

V souhrnu nase data ukazuji, ze za kontrolnich podminek jsou inhibi¢ni ucinky
NAPE zprostredkovany vyhradné CB: receptory, zatimco po navozeni akutniho
periferniho zanétu je zapojen také TRPV1-dependentni mechanismus [29]. Nase vysledky
rovnéz naznacuji, ze by aplikace substratu (napr. NAPE) pro lokalni syntézu AEA mohla
predstavovat ucinnéjsi analgeticky pristup, nez systémova aplikace AEA nebo inhibice
jeho degradace [26].

6. ZAVER

Zadni roh misni predstavuje hlavni modulacni misto nociceptivni drahy, nebot se
zde nachdazi prvni synapse na ,,draze bolesti“ z periferie do centralni nervové soustavy.
Modulace na misni Grovni je potencialné klinicky velice vyhodna, protoze vhodné
ovlivnénim/modulace nociceptivniho synaptického prenosu v zadnim rohu misnim by
mohlo zmirnit vnimani bolesti bez ovlivnéni vyssich mozkovych center.

V této disertacni praci jsou prezentovany vysledky z péti pavodnich ¢lankt a také
nepublikované vysledky, vSechny zamérené na mechanismy modulace nociceptivniho
synaptického prenosu za patologickych bolestivych stavu.

V modelu periferni neuropatie indukované paclitaxelem jsme poprvé ukazali, ze
prima funkéni interakce mezi TLR4 receptory a TRPV1 kanaly hraje dutlezitou roli
v aktivaci a senzitizaci neuronu in vitro, a také v rozvoji mechanické hypersenzitivity
in vivo v animalnim modelu PIPN [24]. V nasi néasledujici studii jsme prokazali, ze
mechanismus zavisly na TRPV1 kanalech je nezbytny pro PAC-indukované zvyseni
exprese c-Fos proteinu v neuronech DH [19]. V soucasné dobé jsme také ukazali, ze PISK
hraje dulezitou ulohu (I.) v PAC-indukované mechanické alodynii, (I.) v modulaci
citlivosti TRPV1 kanalt a (IT1.) v modulaci tachyfylaxe kapsaicinovych odpovedi [1].

Dale jsme popsali mechanismus analgetického icinku 20:4-NAPE, ktery se zda byt
vhodnym zdrojem pro endogenni syntézu AEA. Ackoliv je za kontrolnich podminek
inhibi¢ni efekt 20:4-NAPE, potazmo AEA, zprostredkovan vyhradné CB: receptory, zda
se, zZze po navozeni zanétu je tento mechanismus doplnén o TRPV1-depednetni
mechanismus [29].

V dalsi studii jsme prokazali, ze inhibitor Nay1.7 kanalu ProTxII v modelu
termalniho poskozeni klize vyraznym zpusobem tlumi zvysenou excitaéni aktivitu
indukovanou termalnim poskozenim v populaci nociceptivnich neuront DH, coz mtze ve
svém dusledku plisobit analgeticky [44].



Konec¢né, nase predbézné udaje naznacuji, ze disinhibice vyznamné prispiva
k rozvoji mechanické alodynie a ke zménam v synaptickém prenosu v DH u vsech
testovanych modeli bolestivych stava, tj. PIPN, CCI a v modelu akutniho periferniho
zanétu.

Tyto vysledky jasné ukazuji, ze nociceptivni synapticky prenos je podstatné
ovlivnén a modulovan za patologickych bolestivych stavi a ze vhodna farmakologicka
intervence/lécba miize pomoci zmirnit aberantni nociceptivni prenos in vitro, ¢i chovani
souvisejici s bolesti u zvirat in vivo.

Nicméné, dalsi vyzkum a hlubsi pochopeni téchto komplikovanych procesu
modulace spindlni nociceptivni transmise je nezbytnym predpokladem pro zlepseni
stavajicich a vyvoj novych terapeutickych pristupt pro tuc¢innou lécbu chronickych
a neuropatickych stavi bolesti v budoucnosti.



B. ENGLISH PART

1. INTRODUCTION

An understanding of pain mechanisms represents one of the oldest problems in the history

of medicine. The difficulty lies in the fact that pain perception is a complex biopsychosocial
phenomenon that arises from the interaction of multiple neuroanatomical and
neurochemical systems with a number of cognitive and affective processes [16].

Pain is usually induced following exposure of nociceptors to different stimuli of
noxious intensity [47]. Although ACUTE NOCICEPTIVE PAIN is accompanied by an unpleasant
sensation, it represents an important physiological mechanism, which helps protect our
bodies from harmful and damaging stimuli. However, pain is also a common annoying
symptom of many clinical syndromes and diseases, when it loses its protecting function
and cause the suffering of patients. In particular, the treatment of CHRONIC and
NEUROPATHIC PAIN represents a serious issue because currently available analgesia is
ineffective, inappropriate or it has adverse effects in many cases [14; 18; 32; 33].

The DorsaL, HorN (DH) of the spinal cord represents a major modulatory site of the
nociceptive pathway because there is located the first synapse of the pain pathway.
Modulation in the dorsal horn may significantly influence the nociceptive signaling and
subsequently pain perception, especially under different pathological conditions [22; 43;
51; 52].

* Paclitaxel-induced peripheral neuropathic pain & paclitaxel-induced
acute pain syndrome

Chemotherapeutic drug paclitaxel (PAC) is a frontline chemotherapeutic agent widely
used in clinical practice for the treatment of solid tumors such as breast, ovarian, prostate
and lung cancer. However, chemotherapy with PAC is commonly associated with the
development of chronic painful CHEMOTHERAPY-INDUCED PERIPHERAL NEUROPATHY (CIPN),
accompanied with neuropathic pain and acute pain syndrome (P-APS) as adverse
debilitating side effects [30; 34; 50]. CIPN symptoms may require chemotherapy dose
reduction or cessation that may be linked with poorer survival rates. The prevalence of
CIPN was up to 68 % when measured in the first month after chemotherapy [37]. There
is no effective CIPN prevention strategy; there is only limited evidence of effective drugs
for the treatment of established chronic CIPN [15; 37]. Both chronic painful CIPN and P-
APS are often resistant to standard analgesic treatments. Despite the widespread use of
PAC in clinical practice, mechanisms of both chronic CIPN and P-APS remain
insufficiently understood. Therefore, the largest part of our experiments was devoted to
a study of the mechanisms of PAC-induced CIPN (PIPN).

A growing body of evidence indicates that PAC can mimic the activity of
prototypical TLR4 agonist—bacterial LPS [6; 20] and that TLR4 play important role in
the development of PIPN associated with neuropathic pain and P-APS [24; 25; 48; 50].
Moreover, it has been reported previously that: (I.) DRG represents the main site of PAC
accumulation in the peripheral nervous system (PNS); (I.) Low concentration of PAC may
also penetrate into the spinal cord [8; 21; 50]; (IIl.) LPS may via TLR4-dependent
mechanism modulate the function of TRPV1 channels [11]—one of the key molecules
in the nociceptive synaptic transmission modulation in the DH [42]. These findings



suggest that PAC-induced signaling between TLR4 and TRPV1 may affect synaptic
transmission within the DH.

e The role of disinhibition in the pathology of different pain states

The balance between excitatory and inhibitory mechanisms is essential to maintain
normal pain perception. Disturbance of this balance, for example, due to disinhibition
(loss/weakening of inhibitory transmission) or due to sensitization of excitatory
component, can lead to allodynia, when light tactile stimuli are perceived as painful [39].
It has been suggested, that reducing the activity of inhibitory—GABAergic and glycinergic
spinal circuits can contribute to the development of inflammatory and neuropathic pain
much more than the increased sensitivity of sensory neurons themselves [51].

Therefore, we compare in our pilot experiments, how animal models of PIPN, CCI,
and acute peripheral inflammation affect/diminish the synaptic transmission in the DH of
the spinal cord in transgenic mice VGAT-ChR2-eYFP. This transgenic strain express
channelrhodopsin-2 (ChR2) only in the population of inhibitory interneurons, which allows
us to distinguish between excitatory/inhibitory neurons and selectively activate only
inhibitory interneurons, using optogenetic approach and LED illumination (470 nm).

e Inhibition of Navl.7 sodium channel at the spinal cord as a potential
analgesic approach to alleviate burn injury-induced pain

The voltage-gated sodium channel Nav1.7 plays an essential role in normal pain perception
in humans [10]. Recent findings suggest that inhibition of Nav1.7 in primary sensory
neurons could provide a promising approach to control pain in patients with burn injury
[7; 35; 38]. Therefore, we focused this issue in our experiments, in which we study the
effectiveness of Nay1.7 inhibitor protoxin IT (ProTxII) on spinal cord nociceptive processing
following burn injury in a model of thermal burn injury [44].

e The mechanism of anandamide precursor 20:4-NAPE-mediated
modulation under the normal and inflammatory condition

20:4-NAPE (IN-arachidonoylphospatidylethanolamine) is a precursor of endogenous
endocannabinoid (eCB) anandamide (AEA). eCBs, such as anandamide (AEA), play an
important role in modulating spinal nociceptive processing and may significantly affect
pain perception. AEA has been reported as an endogenous activator of both cannabinoid
receptor 1 (CB1) and TRPV1 channels [53]. Under the physiological conditions, eCB
attenuates nociceptive signaling and have an analgesic effect. Therefore, eCBs are
considered as therapeutics to alleviate acute and chronic pain [27; 33].

On the other hand, activation of TRPV1 receptors by eCBs is primarily
pronociceptive and proinflammatory, because TRPV1 activation may also support
inflammation via the release of neuropeptides [46]. Despite this fact, TRPV1 modulation
by eCBs may be explicitly important in pain management and analgesia [31].

We tested in our experiments how the AEA precursor 20:4-NAPE modulate the
nociceptive transmission under the control situation and in the model of acute peripheral
inflammation.



2. AIMS OF THE THESIS

Despite the impressive progress of modern medicine and therapeutic methods,
management of chronic and neuropathic pain represents still a significant problem. While
many of modulatory mechanisms have been already identified and described, many other
mechanisms remain unrecognized. Hence, the main attention was paid to study the
mechanism of PAC-induced neuropathic pain/P-APS, burn injury-induced pain, pain
induced by peripheral inflammation and neuropathic pain induced by chronic constriction
of the sciatic nerve. Although these pain states have entirely different causes and
mechanisms of development, one aspect of our research was the same—the modulation of
the nociceptive information at the spinal cord level.

We examined the following experimental questions:

(1)) The main aim of the thesis was to find out: (@) Which is the role of TLR4 and
TRPV1 receptors in the paclitaxel-induced peripheral neuropathy?
(b) Which intracellular pathways and kinases are involved in the signaling?
(c) How does pharmacological targeting of these pathways help to alleviate
pain in vivo?

(II) How do different pain states affect/diminish the inhibitory synaptic
transmission in the dorsal horn? The aim is to describe and compare the
development of disinhibition in the models of paclitaxel-induced peripheral
neuropathy, peripheral inflammation and in a chronic constriction injury of
the sciatic nerve.

(IIT) How does the Nav1.7 receptor inhibition by antagonist protoxin II affect the
spinal nociceptive signaling in the burn injury model of pain?

(IV) How does the anandamide precursor 20:4-NAPE modulate the nociceptive
synaptic transmission under the inflammatory conditions and which role
play CB:1 receptors in this process?

3. MATERIALS AND METHODS

e Animals: Adult male mice C57BL/6 weighting 25 to 30 g, adult male transgenic mice
VGAT-ChR2-eYFP line 8 (The Jackson Laboratory; Stock No: 014548) and male P19-P21
or adult male Wistar rats (180—200 g) were used in our experiments. All animals were kept
on 12/12 h light/dark cycle at room temperature-controlled conditions with free access to
food and water. All experiments were approved by the local Institutional Animal Care and
Use Committee of the Institute of Physiology, CAS.

e Paclitaxel-induced peripheral neuropathy (PIPN) model: We used two
experimental protocols to induce PIPN. In some experiments, adult male mice or rats were
treated intraperitoneally (i.p.) by a single high dose PAC application (8 mg/kg, Paclitaxel
Mylan). In another set of experiments, we used a dosage of 2 mg/kg (i.p.) every other day
(in total four injections on days 0, 2, 4 and 6). Final cumulative dose was 8 mg/kg as well.
Mechanical paw withdrawal threshold (PWT) was tested before (on Day 0), during (on
Days 2, 4, 6) and after PAC treatment (on Day 7). Vehicle-treated animals were used as
controls.



* Model of peripheral inflammation: Peripheral inflammation was induced under
3% isoflurane anesthesia. A 1% mixture of carrageenan in a physiological solution (~30 pl)
was used to induce peripheral inflammation in mice, whereas 3% mixture of carrageenan
with saline (~50 ul) was used in ~P20 rats. Carrageenan was injected subcutaneously to
both hind paws. Mechanical PWT or paw withdrawal latency (PWL) to thermal stimuli
was tested before carrageenan injection (on Day 0), and after on Day 1 (~24 h later), before
spinal cord slices preparation and patch clamp experiment. Naive animals were used as
controls.

* Model of chronic constriction injury (CCI): CCI was performed in adult mice under
3% isoflurane anesthesia. Three loose ligatures were tied proximal to the trifurcation of
the sciatic nerve. Mechanical PWT was tested before (Day 0), and after CCI on Day 1 and
3, before spinal cord slices preparation and patch clamp experiment. Naive animals were
used as controls.

* Burn injury model: The animal model of partial thickness scalding-type burn injury
was used. Male Wistar rats (P21) were deeply anesthetized with 3% isoflurane. The
absence of any nocifensive response was confirmed and under continuous anesthesia, both
hind paws were immersed into 60 °C (Burn injury group) or 37 °C (Sham group) water up
to the knee for 2 minutes. Continuous anesthesia (isoflurane, 3%) was maintained for the
next 60 minutes. Then, the laminectomy and spinal cord slices were prepared.

* Spinal Cord Slice Preparation: The same experimental protocol was used for both
adult mice and juvenile rats spinal cord slices preparation. Laminectomy was performed
under deep anesthesia with 3% isoflurane (Forane, Abbott) and the lumbar spinal cord
was removed and immersed in oxygenated, ice-cold (~4 °C), dissection solution containing
(in mM) 95 NaCl, 1.8 KCl1, 7 MgSO0s4, 0.5 CaClz, 1.2 KH2PO4, 26 NaHCOs, 25 D-glucose and
50 sucrose. Animals were killed by subsequent medulla interruption and exsanguination.
Acute transverse spinal cord slices 300 pm thick were cut from L4-L5 segments were
prepared using a vibratome VT 1200S (Leica). Slices were incubated in the dissection
solution for 30 min at 35 °C. Slices were then stored in a recording solution at room
temperature (21-24 °C). The recording solution used during patch-clamp measurement
contained (in mM) 127 NaCl, 1.8 KCl, 1.2 KH2PO4, 2.4CaClz, 1.3 MgS04, 26 NaHCOs3, and
25 D-glucose. All extracellular solutions were saturated with carbogen (95% Oz, 5% COz2)
during the whole experiment.

* Patch-Clamp Recording: Whole-cell patch-clamp recordings were made from visually
identified superficial dorsal horn neurons using a Zeiss Axio Examiner A.1 (Carl Zeiss
Microscopy) microscope equipped with infrared LED diode illumination and an infrared-
sensitive camera Grasshopper3 (Point Grey), connected to a standard personal computer.
Patch pipettes were filled with an intracellular solution for final resistance of 3.5-7.0 MQ.
The intracellular pipette solution contained (in mM): 125 gluconic acid lactone, 15 CsCl,
10 EGTA, 10 HEPES, 1 CaClz, 2 Mg:ATP, and 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 1D (Axon Instruments) amplifier and Digidata 1440A digitizer (Molecular
Devices) 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-mediated
spontaneous or miniature excitatory postsynaptic currents (sEPSCs/mEPSCs) were
recorded from visually identified superficial dorsal horn neurons in laminae I and outer
II, clamped at -70 mV in the presence of 10 pM bicuculline and 5 pM strychnine in the
bath solution. For the recording of mEPSCs, bath solution contains also VGSCs blocker



tetrodotoxin (0.5 uM). GABAAR- and/or Glycine receptor-mediated spontaneous inhibitory
postsynaptic currents (sIPSC) and light-evoked (le-IPSC) were routinely recorded using
the same intracellular and recording solution at 0 mV. IPSCs were recorded in the
presence of AMPA receptor antagonist CNQX (20 mM) and NMDA blocker AP5 (25 mM).
le-IPSC were evoked by blue light (470 nM) photo-stimulation and recorded as a series of
ten 5 ms long photo-stimulations with a frequency 0.1 Hz. Software package pCLAMP 10.5
(Axon Instruments, USA) was used for data acquisition and for off-line analysis.

e Immunohistochemical analysis of pAkt: Wistar rats (6 weeks old, 180-200 g) were
randomly distributed in three experimental groups: Control (CTRL group, vehicle i.p.);
paclitaxel (PAC group, 8 mg/kg i.p.); wortmannin + paclitaxel (WMN + PAC group; WMN
0.6 mg/kg i.p. + PAC 8 mg/kg i.p.). Animals were deeply anesthetized with ketamine (100
mg/kg, Narketan, Zentiva) and xylazine (25 mg/kg, Xylapan, Zentiva) 1 hour after
paclitaxel/vehicle treatment, perfused intracardially with saline followed by ice-cold
4% paraformaldehyde. The L5 DRGs were removed and post-fixed in 4% paraformal-
dehyde at 4° C for 2 hours, cryoprotected with 30% sucrose overnight, and cut in cryostat
Leica CM3000 to 16 um thick slices. These sections were then processed for pAkt
immunohistochemistry using rabbit anti-pAkt (Ser473, Cell Signaling Technology,
#4060S) primary antibody and a donkey anti-rabbit Cy2-conjugated secondary antibody
(Jackson Immuno Research Lab. Inc). Area of pAkt-immunoreactivity for each DRG
section was measured using Imaged software using threshold function. To analyze
a number of pAkt-IR DRG cells all cell bodies in DRG sections were manually outlined
and intensity and area of individual cell bodies were measured using Imaged software.

» Anandamide release experiment: Acute spinal cord slices from P21 rats were
prepared in the same way as for patch-clamp experiment. Slices were during experiment
incubated for 10 min in recording solution (saturated with carbogen) with an increasing
concentration of anandamide precursor 20:4-NAPE (20 uM, 100 pM, 200 uM). After each
10 min long incubation, the whole volume of the solution was extracted and immediately
frozen for later mass spectrometry experiment (performed by the Prof. Ing. Ivan Miksik,
DrSc., IPHYS CAS) and the solution was immediately replaced and the slices were
incubated with another solution sample for next 10 min.

» Statistical analyses: All data are represented as mean = SEM. To find significant
differences between groups with normal data distribution, One Way ANOVA followed by
Bonferroni post hoc test (multiple comparison procedure versus control or all pairwise
comparison procedure) was used. To find significant differences in one group during the
treatment, we used One-Way repeated measures ANOVA. For comparison of standardized
data with non-normal distribution, non-parametric Wilcoxon Signed Rank Test was used.
If necessary, the difference between the two groups was compared using a paired t-test/t-
test with Bonferroni correction. Behavioral data were analyzed by Two Way ANOVA
(treatment X time) followed by multiple comparison procedure (Bonferroni post hoc test).
The criterion for statistical significance was P < 0.05.



4. RESULTS AND DISCUSSION

e The role of TLR4, TRPV1, and PI3K in the development of PAC-induced
neuropathic pain:

We showed for the first time that acute PAC (50 nM) increase the frequency of mEPSC to
141 % of basal control frequency in TRPV1-dependent/inhibitable manner. This suggests
that PAC via modulation of TRPV1 channels increase the release of glutamate from
presynaptic endings in the DH of the spinal cord.

We also demonstrated that PAC sensitizes spinal neurons to TRPV1-mediated
capsaicin responses via a TLR4-dependent mechanism. These changes were demonstrated
as a decreased tachyphylaxis of second capsaicin response (PAC group 91 %, vs. CTRL
group 33 %; Second capsaicin response is expressed as a percentage of firs caps. response
— 100 %), which indicates increased sensitivity of cells to TRPV1-mediated activation.
Moreover, our colleagues from The University of Texas M.D. Anderson Cancer Center
confirm this direct functional interaction between TLR4 and TRPV1 as well in rat and
human DRG, and TLR4/TRPV1-transfected HEK293 cells [24].

In our following experiments with PAC, we showed that treatment of spinal cord
slices with PAC (100 nM) in vitro enhances expression of the c-Fos protein in TRPV1-
inhibitable manner [19], suggesting the induction of sensitization of the dorsal horn
neurons [9; 22; 40; 41].

Moreover, we have recently demonstrated for the first time that PISK signaling
plays an important role in the early development and maintenance of mechanical
allodynia in a murine model of PIPN (8 mg/kg PAC i.p.). We showed that single
administration of wortmannin (WMN) pretreatment (0.6 mg/kg i.p.) 1 h before PAC in vivo
significantly attenuated increased mechanical sensitivity for up to eight days after the
PAC treatment, and it prevented enhancement of TRPV1-mediated responses to repeated
applications of capsaicin in the electrophysiological recordings. Results from in vitro
experiments with acute PAC applications, together with PI3K antagonists WMN or LY-
294002 supported the in vivo results in all of the tested situations. Blocking the activity
of serine/threonine kinases (such as PKC, PKA, and CaMKII) by the staurosporine
treatment was effective in the acute in vitro experiments and on the first day of the
behavioral study, but it did not have a significant impact later — eight days after the PAC
application. The involvement of PISK was confirmed also by immunohistochemical
analysis of marker of PI3K activity — pAkt in DRG neurons following acute in vivo PAC
8 mg/kg treatment. The analysis reveals that PAC induces a significant increase of pAkt
immunoreactivity in the population of small diameter neurons (<25 um), which
represents putatively nociceptive specific small and medium-sized C/AS-fiber neurons.
WMN pretreatment significantly reduced the effect of PAC on Akt phosphorylation [1].

The scheme of the suggested signaling machinery of PAC-induced modulation
of TRPV1 channels function via TLR4/PI3K-dependent pathway is shown in Fig. 1. The
release of neurotransmitters from presynaptic endings of nociceptive DRG neurons within
the DH can be increased as a consequence of this PAC-induced modulation of TRPV1.
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Fig. 1.: Schematic diagram of the proposed mechanism of the PAC-induced
modulation of the TRPV1 channels function in nociceptive DRG neurons and
their central endings within the DH. For clarity, signaling tested in our studies is in
color, while other signaling pathways are in gray. Signal transduction following the TLR4
activation occurs via two adapter signaling molecules MyD88 (Myeloid-differentiation
response gen 88) and TRIF (Toll/interleukin-1 receptor (TIR) domain-containing adapter-
inducing interferon-8). The PI3K signaling pathway may be stimulated via MyD88-
dependent mechanism after the TLR4 activation [23]. The TLR4 activation may activate
PKC (the dotted lines) via MyD88 [13], or PKC may be activated by PI3K via CaMKII [5]
or via PDK1 [12]. Our experiments showed that PI3K inhibitors WMN, LY-294002, and
serine/threonine kinases inhibitor staurosporine prevented the PAC-induced changes in
tachyphylaxis of capsaicin-induced responses.

* Disinhibition occurs in a significant manner in the models of PIPN,
CCI, and peripheral inflammation:

Our preliminary data clearly show that significant changes in spinal synaptic
transmission occur in different pain conditions. In more detail, our results show that
PIPN, carrageenan-induced peripheral inflammation, and CCI of sciatic nerve changed
the balance between the excitatory and inhibitory synaptic transmission in spinal cord
dorsal horn excitatory neurons. Our data show that the sEPSCs frequency measured in
spinal cord DH lamina I-II excitatory neurons increased in all experimental groups
compared with the Control group, while in all groups were significantly decreased sIPSCs
frequency. These findings are in agreement with previously published studies [2; 28; 36;
49], and at least partly explain the establishment of pathological changes (mechanical
allodynia) in tested models/conditions. The amplitude of total le-IPSC induced by photo-
stimulation of ChR2-expressing inhibitory neurons decreased significantly as well. These
data suggest that disinhibition occurred in a significant manner in all tested models.
However, these preliminary data do not clearly answer the question whether presynaptic



or postsynaptic mechanisms are mainly involved. Therefore, it is necessary to perform
detailed experiments, e.g., paired-pulse ratio stimulation, to define the role of pre- or
postsynaptic mechanisms in our experiments.

* Navl.7 inhibitor ProTxII reduces burn injury-induced spinal nociceptive
processing:

Our electrophysiological experiment confirms the important role of Nav1.7 in spinal
nociceptive processing following partial thickness burn injury of scalding-type, which
includes damage of epidermis and eventually upper parts of dermis as well. The sEPSCs
frequency was significantly increased following burn injury (3.1 Hz) in comparison with
sham-operated animals (0.8 Hz). The application of ProTxII did not change the sEPSCs
frequency under sham-condition, however, ProTxII significantly decreased sEPSCs
frequency in burn injury animals (2.1 Hz, 61 %) [44]. Our collaborators from Imperial
College London showed that burn injury significantly upregulates Nay1.7 protein
expression in L4-L5 rat DRGs ipsilateral to the burn injury [44]. Similar up-regulation
has been reported previously in other peripheral inflammatory models [4; 17]. Burn injury
induced also a biphasic upregulation in the expression of a phosphorylated form of
transcription factor CREB (cyclic adenosine monophosphate (cAMP) response element-
binding protein; pCREB)[44]. ProTxII attenuates effectively not only excessive excitatory
activity within DH, but also significantly reduced burn injury-induced upregulation of
phosphorylated form of ERK1/2 (pERK1/2), and phosphorylated serine 10 in histone H3
(pS10H3), a novel marker for nociceptive activation of spinal dorsal horn neurons [45].

In conclusion, we showed that ProTxII significantly reduced aberrant activity
induced by burn injury in the population of capsaicin-sensitive nociceptive spinal cord
dorsal horn neurons in the rat. Therefore, Nay1.7 inhibition represents a potentially
promising therapeutic approach that could produce a significant analgesics effect with
significantly fewer side-effects than opioids [44].

* Peripheral Inflammation affects the modulatory mechanisms of AEA
precursor 20:4-NAPE:

We showed that application of the substrate for AEA synthesis—20:4-NAPE (NAPE),
increased AEA concentration in the spinal cord in vitro. Although we cannot categorically
exclude the direct effects of NAPE or indirect effects of others NAPE/AEA-related
metabolites on some other receptors, we propose that the great majority of the effects
induced by NAPE was mediated through the synthesis of AEA acting on CB1 receptors
and TRPV1 channels [29]. This assumption is in agreement with previous findings [53].

In our electrophysiological experiments, we compared the effect of NAPE in control
conditions and in animals with acute peripheral inflammation. While NAPE treatment
inhibited the excitatory synaptic transmission (sEPSCs and eEPSCs) in both naive and
inflammatory conditions, acute peripheral inflammation altered the underlying
mechanisms of NAPE (respectively of AEA action) at the spinal cord level in the rat. In
more detail, under the inflammatory condition, inhibition of CB: receptors by PF514273
(0.2 pM) uncover potentiating effect of NAPE on a sEPSCs frequency that was prevented
by blockade of TRPV1 channels (SB366791; 10 uM), which are following inflammation
tonically activated. This effect is unmasked just following CB: receptors inhibition [29].
Nevertheless, tonic activation of TRPV1 may have an anti-nociceptive effect, since
activation of TRPV1 may attenuate or block eEPSCs [3].



In conclusion, our data indicate that application of exogenous NAPE induced
inhibitory effects, which ware mediated mainly by CB: receptors in naive animals, while
TRPV1-mediated mechanisms were also involved after acute peripheral inflammation
[29]. We also suggest that applying AEA substrate for its local synthesis may be more
effective for analgesic purposes than systemic anandamide application or inhibition of its
degradation [26].

6. CONCLUSION

Dorsal horn of the spinal cord represents a major modulatory site of the nociceptive/pain
pathway because there is located the first synapse of the pain pathway. Modulation at the
spinal cord level is potentially advantageous because the appropriate modulation of pain
perception in the DH could attenuate pain without affecting of higher brain centers.

In this doctoral thesis are presented results from five original articles and
unpublished results, all focused on mechanisms of modulation of nociceptive synaptic
transmission under pathological pain conditions.

In the model of paclitaxel-induced peripheral neuropathy, we showed for the first
time that the direct functional interaction between TLR4 and TRPV1 receptors play
important role in neuronal activation, sensitization, and behavioral hypersensitivity in
PAC-induced CIPN [24]. In our following study, we have demonstrated that TRPV1
channels-dependent mechanism is necessary to PAC-induced enhancement of c-Fos
protein expression in the dorsal horn neurons [19]. Moreover, we currently reported that
PI3K plays an important role (I.) in the PAC-induced mechanical allodynia, (IL.) in the
modulation of TRPV1 sensitivity, and (III.) in the modulation of tachyphylaxis of
capsaicin-evoked responses [1].

We also reported the promising analgesics effect of 20:4-NAPE, which seems to be
a potentially good source for endogenous AEA synthesis [29], and Nay1.7 inhibitor ProTxII
in the model of burn-injury [44].

Finally, our preliminary data suggest that disinhibition significantly contributes to
the development of mechanical allodynia and to the changes in synaptic transmission in
the dorsal horn in the model of PIPN, CCI and following acute peripheral inflammation.

Taking together, these data well demonstrates that nociceptive synaptic
transmission is substantially influenced under pathological conditions, and that
appropriate intervention and pharmacological treatment can help alleviate increased
nociceptive transmission or pain-related behavior in animals.

Further Research and deeper understanding of these complicated processes of
modulation of spinal nociceptive transmission are necessary to improve existing
approaches and develop new ones for effective treatment of chronic and neuropathic pain
states in the future.
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