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Seznam zKkratek

4-AP 4-aminopyridin

ANG Il angiotensin 11

[Ca®*]; intacelularni koncentrace Ca®*

DMSO dimethylsulfoxid

EDTA (ethylenediaminetetraacetic acid) kyselina ethylendiamintetraoctova

GAPDH glyceraldehyd-3-fosfat dehydrogenaza

HPH hypoxicka plicni hypertenze
HPV hypoxicka plicni vazokonstrikce
Hsp 90 heat shock protein 90

Ikn neinaktivovatelny draselny proud
Kca vapnikem fizené draselné kanaly
Kv napétove fizené draselné kanaly

L-NAME nitro-L-arginine-methyl-ester

NOx NO a jeho oxidac¢ni produkty

PASMCs (pulmonary artery smooth muscle cells) hladké svalové bunky plicnich arterii
pO; parcialni tlak O,

PGF,, prostaglandin F2a

RT-gPCR (reverse transcription - quantitative polymerase chain reaction) kvantitativni
polymerazova fet€zova reakce s pfedchozi reversni transkripci

SDS sodiumdodecylsulfat

SR sarkoplasmatické retikulum

TBS Tris-buffered saline

Tris tris[hydroxymethyl]-aminomethan
TTBS TBS s 0,1% Tween 20
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1. Literarni uvod

1.1. Plicni cévni obéh a jeho zmény kolem porodu

U dospélého ¢loveéka existuje maly, plicni a velky, systémovy krevni obéh. Obé ¢asti
maji odliSnou funkci. Systémové feciste privadi k organiim a tkanim kyslik a ziviny a odvadi
oxid uhli¢ity a zplodiny metabolismu. Naproti tomu plicni fe¢isté piivadi krev bohatou na
CO; do plic a odvadi krev obohacenou o O;. Ob¢ fecisté maji stejny pratok, tim je srdecni
vydej, ale zcela odlisny cévni odpor a tedy i krevni tlak.

Plicni cévni fecisté ma n€kolikanasobné nizs§i odpor cév. To je dano jednak odlisnou
morfologickou stavbou a jednak nizkym bazalnim tonem plicnich arterii. Plicni cévy jsou ve
srovnani se systémovymi kratsi, coz ptispiva k niz§imu odporu. Prekapilarni cévy v plicnim
recisti maji ve srovnani dle vnéjsiho priméru se stejné velkymi cévami systémového feciste
tensi sténu. U vétSich arterii je stfedni svalova vrstva tvofena jednou vrstvou hladkych
svalovych buné¢k, kterych do periferie ubyva a prekapildrni arterioly souvislou svalovou
vrstvu nemaji viibec, jen jednotlivé tzv. intermedialni buiiky a pericyty téz schopné kontrakce
(Ostadal et al., 2003). Tato struktura dava plicnim cévam vysokou poddajnost a nizky odpor
proudu Kkrve.

Narozdil od systémovych cév neni popsana funkce a stavba plicnich cév stejna béhem
celého ontogenetického vyvoje. V pribéhu intrauterinniho vyvoje okyslicovani krve zajistuje
placenta, neni tedy potieba oddélené plicni cirkulace. Plicemi protékd asi jen 10 %
spole¢ného srde¢niho vydeje obou komor (Guyton et al., 2006). To je umoznéno vysokym
odporem plicniho cévniho Fecisté a existenci fetalnich zkratt. Krev vypuzena z pravé komory
odtéka otevienou tepennou duceji do aorty diky nizké systémové resistenci. Vysoka
vaskularni resistence fetalnich plicnich arterii je déna jejich strukturou a vysokym bazalnim
tonem. Tloustka a sloZeni cévni stény je podobné systémovym cévam. Tonus je zvySen i diky
nizkému parcialnimu tlaku O, (pO,) fetalni krve. V okamziku porodu, kdy je prerusena
placentarni cirkulace a novorozenec za¢ne dychat, se musi cirkulacni poméry velmi rychle a
z4dsadn€¢ zmeénit. PieruSenim pupeCniku stoupad systémova cévni resistence a tedy 1 tlak
v aorté. Diky rozepéti plic v souvislosti s prvnim nadechem dochazi k poklesu plicni cévni

resistence. Zvyseni pO; Vv plicich vede k vyrazné plicni vazodilataci, coz pfispiva k poklesu
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plicni resistence. Behem velmi kratké doby plicnim fecistém protéka cely srdecni vydej pravé
komory. Zkrat tepennou duceji se nejprve obraci na levopravy, pozdéji se ducej uzavira.
V prubéhu nasledujicich dnli az tydnl probihd piestavba plicnich cév spocivajici v ubytku
hladkého svalu a vaziva. Zasadni zmény v plicni cirkulaci v perinatadlnim obdobi vedou
Kk tomu, Ze pravé perinatalni obdobi je kritickou vyvojovou periodou plicniho fe€isté. Plicni

feciste je velmi citlivé na rizné patogenni podnéty vV obdobi kolem porodu.

1.2. Plicni hypertenze

Plicni hypertenze znamena chronické zvyseni tlaku v plicnici. Tento stav je pisoben
zvySenym plicnim cévnim odporem. Pfi€in plicni hypertenze je celd fada. Pfi hyperkinetické
plicni hypertenzi u vrozenych srdec¢nich vad s velkym plicnim pritokem dojde k poskozeni
plicnich cév, zvyseni jejich odporu a k vzestupu tlaku v plicnici, ktery neodpovida pouze
nadmérnému pritoku. Pii postkapilarni plicni hypertenzi pti postizeni levého srdce ¢i stenose
plicnich zil dojde opét k vzestupu tlaku v plicnici vice nez by odpovidalo pouze zvySenému
venosnimu tlaku. Pii prekapildrni plicni hypertenzi dojde k zvySeni odporu a snizeni
poddajnosti prealveolarnich plicnich cév. Do této skupiny patii hypoxicka plicni hypertenze
(HPH), ke které vede chronicka hypoxie. Chronicka hypoxie mize byt nasledkem alveolarni
hypoventilace jako je tomu u chronickych plicnich nemocech nebo nizsiho pO, ve
vdechovaném vzduchu jako pfi pobytu ve vysokych nadmotskych vyskach. Déle jsem patii
primarni plicni hypertenze, jejiz pfi¢ina je neznama. Prognoza pacientl s plicni hypertenzi je
riznd. Zatimco primarni plicni hypertenze je ¢asto bez transplantace plic fatdlni onemocnéni,
tak HPH je po odstranéni pfi¢inné hypoxie plné reversibilni (Herget et al., 1978).

Morfologické zmény perifernich plicnich cév pfi riznych formach plicni hypertenze
jsou v hlavnich rysech podobné, soudi se tedy, ze patologické mechanismy vedouci k nardstu
plicniho cévniho odporu jsou alespon zc¢asti spole¢né a Ize se domnivat, ze klicovym prvkem
je rekonstrukce perifernich plicnich cév jako reakce na poskozeni cévni stény. Pfi plicni
hypertenzi hladky sval v medii hypertrofuje a proliferuje smérem k menSim plicnim arteriim,
hypertenze hladky sval proliferuje az do intimy (Sobin et al., 1983). Pfi plicni hypertenzi je

zvySen metabolicky obrat bilkovin pojivové tkan¢ a dochazi k fibrose prevazné adventicie a
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také medie (Davies et al., 1985). Hemodynamickym nasledkem morfologické piestavby je
zOzeni lumen a snizeni poddajnosti perifernich plicnich cév. (Finlay et al., 1986).

Na vzestupu plicni cévni resistence se pii HPH podili 1 plicni vazokonstrikce.
Vazodilataéni latky snizi tlak v plicnici pifi plicni hypertenzi, nikoliv vSak v normalni plicni
cirkulaci (Adnot et al., 1988; Emery et al., 1981). Mechanismus vazokonstrikce pfi plicni
hypertenzi je odlisny od mechanismu akutni hypoxické plicni vazokonstrikce (HPV). Naopak
HPV je pfi HPH oslabend. Chronicka hypoxie zplsobuje polycytémii, ktera diky zvySeni
viskozity krve téz zvysuje plicni cévni resistenci (Barer et al., 1983; Fried et al., 1983).
Rozvoj plicni hypertenze je doprovazen hypertrofii pravé komory a zménou biochemického
slozeni jeji stény (Rabinovitch et al., 1979). Komplex plicni hypertenze a hypertrofie pravé
komory pii chronickém plicnim onemocnéni se nazyva cor pulmonale.

HPH je vzhledem kjednoduchosti a snadné reprodukovatelnosti nejcastéjsi
experimentdlni model pro studium plicni hypertenze. Chronické expozici hypoxii lze
doséhnout ve vysokych nadmotskych vyskach (hypobaricka hypoxie) nebo snizenim frakce

O, v normobarické hypoxické komofte.

1.3. Hypoxicka plicni vazokonstrikce a KCNQ kanaly

Plicni cévy reaguji na akutni hypoxii vazokonstrikci (HPV). HPV je klicovy
fyziologicky mechanismus zajistujici redistribuci krevniho pritoku v plicich vzhledem
k ventilaci a tim optimalizuje arterialni pO,. Sensorem nizkého pO; jsou samotné hladké
svalové bunky plicnich arterii (PASMCs) (Madden et al., 1992). HPV je zahajena inhibici
napétoveé fizenych draselnych kanali (Kv) (Archer et al., 2000). Inhibice Kv kanalt vede
k depolarizaci plasmatické membrany, aktivaci napétové fizenych vapenatych kanalt L-typu,
influxu Ca** do buiiky a kontrakci (Mauban et al., 2005). Arterialni hladké svalové buiiky
exprimuji rizné draselné kanaly (Nelson et al., 1995). Pro regulaci klidového membranového
potencialu a reakci na hypoxii byla studovana fada podskupin Kv kanalt (Archer et al., 1998;
Patel et al., 1997; Remillard et al., 2007). Pro klidovy membranovy potencial se zda byt
vyznamny neinaktivovatelny draselny proud (Ikn), ktery ma napétové zavislou a napétove
nezavislou komponentu (Joshi et al., 2006; Osipenko et al., 1997). Vlastnosti Iy se velmi

podobaji tzv. neuronalnimu M-proudu (Evans et al., 1996), za ktery jsou odpovédné KCNQ
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(Kv7) kanaly (Robbins, 2001; Wang et al., 1998).

Skupina KCNQ kandli ma pét raznych podtypti: KCNQ 1-5. Jsou exprimovany
V riznych tkanich a maji rizné funkce (Robbins, 2001). Jako u jinych Kv kanald, jeden
funk¢ni kanal je tvofen Ctyfmi o-podjednotkami. Kazda a-podjednotka se sklada z Sesti
transmembranovych domén (,,TMD®) a jedné por tvoiici klicky (,,P-loop®) (Xiong et al.,
2008). Funkci kanalu a nekteré jeho vlastnosti mohou ovliviiovat piidatné -podjednotky,
které ale netvoii vlastni kandl. Jednotlivé KCNQ podjednotky se spojuji, a tim tvofi vlastni
funk¢éni kanal. Pokud vznikne kandl se Ctyfmi shodnymi podjednotkami, hovoiime o
homomultimerech. Jednotlivé KCNQ podjednotky avS8ak mohou interagovat i s jinymi
KCNQ podjednotkami nebo i s podjednotkami jinych Kv kanalti (heteromultimery) (Robbins,
2001).

KCNQ 1 kanaly jsou exprimovany v srdci, kde ovliviiuji repolarizacni fazi akéniho
potencidlu. Mutace v KCNQ 1 genu jsou zodpovédné za nejCastéj$i vrozenou formu
dlouhého QT intervalu (Wang et al., 1996). KCNQ 2, 3 a 5 jsou exprimovany v neuronech.
Mutace V jejich genech mohou byt odpovédné za nékteré typy epilepsie (Rogawski, 2000).
KCNQ 1 a 4 jsou exprimovany ve vlaskovych buiikédch vnitiniho ucha a jejich mutace jsou
spojovany s nékterymi typy vrozené hluchoty (Kubisch et al., 1999).

PASMCs exprimuji KCNQ 1, 4 a 5. Nejvétsi zastoupeni mé mRNA KCNQ 4.
V porovnani s expresi v mezenteridlni arterii je mnozstvi v plicnici mnohonasobné vétsi
(Joshi et al., 2009). Blokatory KCNQ kanali (linopirdin, XE 991) zpusobuji plicni
vazokonstrikei, nekontrahuji vak systémové arterie (Joshi et al., 2006; Joshi et al., 2009). Pti
podani linopirdinu in vivo dochéazi u laboratorniho potkana k vzestupu tlaku v plicnici,
systémovy krevni tlak se neméni. Naopak aktivatory KCNQ kanalt relaxuji prekontrahované
plicni arterie. Jejich efekt neni zavisly na endotelu a je inhibovan snizenim gradientu pro K*
pfes bun&énou membranu, coz znadi, Ze aktivuji K* kanaly na membrané hladkych svalovych

bunék (Joshi et al., 2009).

1.4. Dlouhodobé nasledky perinatalni hypoxie

Barker svymi epidemiologickymi studiemi ukdzal souvislost mezi prenatalnim a

Casn¢ postnatadlnim vyvojem a vyskytem kardiovaskulédrnich chorob a diabetu u dospélych
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(Barker, 1995; Barker et al., 1993a; Barker et al., 1993b). Experimenty na zvifecich
modelech tuto hypotézu potvrzuji. Potkani, jejichz matky byly v prubéhu téhotenstvi krmeny
nizkoproteinovou dietou, nikoliv v obdobi laktace, maji v dospélosti vys$si krevni tlak
(Langley et al., 1994). Kritickym obdobim pro plice a plicni fe¢isté zvlasté je perinatalni
obdobi. Jen né&kolikahodinova expozice 10% O, kolem porodu ovlivni vyvoj plic.
Morfologické zmény ve struktufe plic jsou jesté po 30 dnech od expozice témeér stejné
vyjadieny jako po nékolikadenni perinatalni expozici hypoxii (Massaro et al., 1989). Funk¢ni
a morfologické vlastnosti plic lze ovlivnit perinatilnim podavani dexamethasonu (le Cras et
al., 2000; Massaro et al., 1992). Efekt dexamethasonu je odlisny u samct a samic (Massaro et
al., 1992). Chronicka hypoxie pusobi plicni hypertenzi, ktera je vice vyjadiena u
novorozenct nez u dospélych (Tucker et al., 1984). Chronicka hypoxie v perinatalnim obdobi
zpusobi zmény v reaktivité plicniho fecisté pretrvavajici do dospélosti (Hampl et al., 1990).
Expozice hypoxii v pozd&jsim véku tento efekt nema (Hampl et al., 1990).

Dlouhodobé zmény zptisobené perinatalni hypoxii jsou v riznych studiich popisovany
rizn€, ale zjednuduSen¢ lze fici, ze perinatadlni hypoxie zpisobuje zvySenou nachylnost
k rozvoji plicni hypertenze v pozd&jsim veéku (Keith et al., 2000). Potkani vystaveni
perinatalni hypoxii maji v obdobi zotaveni z dal$i chronické hypoxie v dospélosti zvySenou
HPV (Hampl et al., 1990). HPV je u dospélych potkant, kteti maji HPH, oslabena
(McMurtry et al., 1980; McMurtry et al., 1978; Voelkel et al., 1980; Walker et al., 1982).
Pti¢ina neni zcela jasnd. MiZze byt nasledkem poskozeni cévni stény chronickou hypoxii a
naslednym edémem (Sobin et al., 1983; Sugita et al., 1983). Naopak v obdobi zotaveni
zZ chronické hypoxie je reaktivita na akutni hypoxii zvySena, v del§im ¢asovém horizontu od
hypoxického inzultu se dostava do normalu (McMurtry et al., 1978). Nalez zvysené HPV po
dvou tydnech zotaveni z chronické hypoxie u perinatalné¢ hypoxickych potkani muze byt
nasledkem opozdéného ¢i nekompletniho zotavovani z pobytu v hypoxickych podminkach.
Tento nalez je klinicky relevantni. Rozvoj HPH je intermitentni. Obdobi respiracni
insuficience (naptfiklad akutni exacerbace chronické bronchitidy) se stfidaji s fazemi
zotaveni. Dal$i ataka postihuje zménéné, reaktivnéjsi plicni fecisté. Proto kratk4 perinatalni
hypoxie ovlivni rozvoj HPH u dospélych (Hampl et al., 1990).

Jind préce popisuje zmeny plicniho cévniho fecisté pomoci zavislosti perfuzniho tlaku
na prutoku krve plicemi (P/Q kiivka). P/Q ki¥ivka je Vv rozmezi kolem normalnich hodnot

plicniho prutoku linearni (Soohoo et al., 1987). Ma dva parametry: prusecik s tlakovou osou,
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ktery vznikne extrapolaci pfimky k nulovému pritoku, odpovida stfednimu kritickému
uzaviracimu tlaku plicniho fecisteé, ktery odrazi sily proti kolapsu stfedniho kolapsibilniho
segmentu (intravaskuldrni tlak) a sily uzavirajici tento segment (perivaskularni tlak,
intraalveolarni tlak a aktivni tonus stén cév). Druhy parametr, sklon P/Q k¥ivky, odrazi odpor
zvySujicimu se prutoku, ktery kladou nekolapsibilni segmenty plicni cirkulace (Permutt et al.,
1963). Odpor zvySujicimu se pritoku u izolovanych perfundovanych plic je u perinatalné
hypoxickych potkand snizen a akutni hypoxie zvySuje nejen kriticky uzaviraci tlak jako u
kontrol, ale i sklon P/Q kiivky (Herget et al., 1995b). Metoda dvojité okluze ukazala (Hakim
et al., 1982), Ze akutni hypoxie u perinataln¢ hypoxickych potkant kontrahuje nejen stiedni
cévni segment jako u kontrol, ale i arteridlni cévni segment. Vysvétleni miize byt, ze ¢ast
puvodné kolapsibilniho fecisté ztratila schopnost kolabovat, ale neztratila schopnost reagovat
na akutni hypoxii. Ztrata kolapsibility mize byt nasledkem zmény ve slozeni cévni stény -
vice vazivové tkan¢ ¢i hladkého svalu (Herget et al., 1995b).
1986; Linehan et al., 1992). Vyuziva nelinearni zavislosti tlaku na pratoku pii alveolarnim
tlaku niz8im nez tlak v plicnich Zilach (tzv. zona 3), kdy alveolarni tlak ztraci vliv na plicni
prutok (Soohoo et al., 1987). Vztah lze opét popsat dvéma parametry: odpor pii pratoku
blizicimu se 0 (,, resistance at near-zero flow*) a cévni roztazitelnost (,,vascular
distensibility*) (Linehan et al., 1992). Tato prace ukazuje, ze nizsi tlak v plicnici pii Sirokém
rozmezi pritokll u perinatdlné hypoxickych potkani je dan vys§i cévni roztaZitelnosti,
V druhém parametru neni u perinatalné hypoxickych a kontrol zadny rozdil (Hampl et al.,
2000). Tyto vysledky koreluji s pfedchozi praci stejné skupiny (Herget et al., 1995b). Podil
jednotlivych ¢asti plicniho feciSt€é na celkovém vaskularnim odporu lze zjistit pomoci
okluznich metod. Na nizsich perfaznich tlacich u izolovanych plic perinatalné hypoxickych
potkanti se podili niz$i odpor jak prekapilarni tak postkapilarni ¢asti plicniho cévniho fecisté
(Hampl et al., 2000). Zajimavé je, Ze navzdory niz§im perfuznim tlakim, méli perinatalné
hypoxicti potkani vy$$i bazélni tonus. Po podani vazodilata¢ni davky nitroprusidu sodného u
nich doslo narozdil od kontrol k poklesu perfuznich tlaki (Hampl et al., 2000).

Chronickd HPH je méné vyjadfena u samic neZ u samct dospélych potkanl
(Rabinovitch et al., 1981). U dospélych ovci je akutni HPV méné vyrazna u samic nez u
samcil. Tento rozdil neni u mladych pohlavné nevyzralych ovci a je pravdépodobné zplisoben

estradiolem, ktery oslabi reakci na akutni hypoxii u dospélych samic (Wetzel et al., 1984).
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Naopak zmény zpisobené perinatalni hypoxii jsou vice vyjadfené u samic. Perinatalné
hypoxické samice maji v dospélosti hypertrofii pravé komory, kterd neni u perinatalné
hypoxickych samci. Pokud jsou tyto samice kastrovany v novorozeneckém obdobi, maji
plicni hypertenzi. Znamena to tedy, ze funk¢ni vajecniky chrani nejen ptred HPH, ale 1 pfed
dlouhodobymi nasledky perinatalni hypoxie. Bez funkce vaje¢nikli je plicni cirkulace
mnohem vice vnimava k dlouhodobym nasledkim perinatdlni hypoxie. Vzhledem
k protektivni funkci zenskych pohlavnich hormont, zvlasté estrogenu na cirkulaci obecné
(Dubey et al., 2001; Mendelsohn et al., 1999), véetné plicnich cév (Parker et al., 2001; Parker
et al., 2000), se lze domnivat, ze pravé estrogen ma tento efekt. Dulezité je, Ze vajecniky
musi byt funkéni v pribéhu postnatalniho vyvoje plicniho fecisté. Pokud dojde ke kastraci az
v dospélosti, zminovany efekt nenastane (Hampl et al., 2003). Vé&tsi vnimavost sami¢iho
plicniho fecisté k dlouhodobym nésledkiim perinatidlni hypoxie, miize souviset s tim, Ze
primarni plicni hypertenze, zavazné a Casto fatadlni onemocnéni, se Castéji vyskytuje u zen
v reproduk¢nim véku (Gaine et al., 1998; Rubin, 1997).

Sartori ukazal, ze perinatalni hypoxie ovlivituje reaktivitu na hypoxii v dospélosti i u
lidi (Sartori et al., 1999). Pacienti se znamkami HPH v prvnim tydnu Zivota, se znamkami
pravolevého zkratu bez strukturalni srdeéni vady byli v dospélosti (primérny vék 21 let)
vySetfeni v normalni nadmotiské vySce a po 3-dennim pobytu ve vysoké nadmoiské vysce
echokardiograficky Kk stanoveni tlaku v plicnici. U pacientd s novorozeneckou plicni
hypertenzi doslo k vyraznéjSimu nartstu tlaku v plicnici ve vysoké nadmoiské vySce nez u
kontrolnich pacienti. V nizké nadmoiské vysSce se tlak v plicnici nelisil (Sartori et al., 1999).
Vysledky ukazuji, ze pfechodny perinatalni inzult ma dlouhodobé nasledky a zvySuje riziko
rozvoje plicni hypertenze v dospé€losti.

Perinataln€ hypoxické plicni cévy reaguji odlisn€ i na jiné vazokonstrikéni podnéty.
Izolované perfundované plice laboratorniho potkana jsou hyporeaktivni k angiotensinu Il
(Hampl et al., 2000). Perinatalni hypoxie snizuje reaktivitu izolovanych plicnich cév na KCl
a PGF,, (Jones et al., 2004).

Mechanismy odlis$né reaktivity perinatdlné hypoxického plicniho fecisté nejsou jasné.
Mechanismy urcujici reaktivitu plicniho cévniho fecisté se v pritbé¢hu ontogenetického vyvoje
meéni. Zatimco u plodu maji na klidovy membranovy potencial klicovy vliv vapnikem fizené
draselné kanaly (Kca), v dospélosti pfevazuji napétove fizené draselné kanaly (Kv) (Reeve et

al., 1998). Jini autofi popisuji narust vyznamu RhoA/Rho kinazového systému v plicni
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vazokonstrikci v postnatalnim obdobi (Cogolludo et al., 2005). Perinatalni hypoxie zvySuje

expresi a aktivitu Kc, a Kv kanali v plicnich arterii u dospélych mysi (Marino et al., 2007).
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2. Cil prace a hypotéza

Cilem prace bylo objasnit roli KCNQ kanali v reakci plicniho cévniho fecisté na
hypoxii. Zabyvali jsme se reakci plicnich cév na akutni hypoxii (HPV), chronickou hypoxii
(HPH) a na dlouhodobé nasledky perinatalni hypoxie.

V prvni ¢asti jsme se zabyvali roli KCNQ kanali pii HPV. Na izolovanych plicich
perfundovanych solnym roztokem jsme testovali hypotézu, zda selektivni KCNQ blokator
linopirdin ovlivni reaktivitu plicnich cév na akutni ventila¢ni hypoxii (priming), dale jsme
zkoumali efekt linopirdinu na jiz vyvolanou HPV a porovnavali jsme pusobeni linopirdinu
s neselektivnim Kv blokatorem 4-aminopyridinem (4-AP).

V druhé c¢asti jsem se zabyvali aktivitou KCNQ kanali v ¢asnych fazich rozvoje
HPH. Pro rozvoj HPH je kliovy prvni tyden expozice hypoxii, proto jsme zkoumali
vlastnosti plicniho cévniho fedisté po 3-5 denni expozici hypoxii. Testovali jsme efekt
akutniho podani linopirdinu a selektivhiho KCNQ aktivatoru flupirtinu na odpor zvysujicimu
se pratoku métfeny jako sklon P/Q kiivky. Dale jsme testovali hypotézu, zda podavani
flupirtinu béhem expozice hypoxii zabrani rozvoji HPH. Méfili jsme i expresi KCNQ mRNA
a Kv7.4 proteinu v hypoxickych plicnich cévach.

Ve treti ¢asti jsem se zabyvali KCNQ kandly v plicich exponovanych hypoxii
V perinatalnim obdobi. Testovali jsme hypotézu, Ze citlivost perinatalné hypoxickych plicnich
cév k linopirdinu je odlisna. Dale jsme se zabyvali vazokonstrikci indukovanou KCI a jejim

ovlivnénim linopirdinem.
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3. Metody

Vsechny experimenty byly schvaleny Etickou komisi 2. 1ékatské fakulty Univerzity
Karlovy a byly provadény podle mezinarodnich doporuceni, jak zachdzet s laboratornimi
zvitaty. Pokusy byly provadény na laboratornich potkanech kmene Wistar z chovu firmy

Biotech Konéarovice.

3.1. Izolované perfundované plice

Mg¢fieni byla provadéna na preparatu izolovanych perfundovanych plic popsaném
diive (Obr. 3.1.) (Herget et al., 1995a). Po anestesii thiopentalem sodnym (50 mg/kg
intraperitonealné) jsme zavedli ventilaéni kanylu do trachey a plice jsme ventilovali
ptetlakem 10 cm HO, tlak na konci vydechu (PEEP) 2 cm H,0O, frekvence 50 dechii za
minutu. Hrudnik jsme otevieli roztfizenim sterna a podali heparin do pravé komory.
Vtokovou kanylu jsem zavedli do plicnice a vytokovou do levé srde¢ni komory po rozruSeni
mitralni chlopng. Blok srdce-plice byl vyjmut z hrudniku a umistén do vyhtivané (37°C) a
vlhéené komirky. Plice byly ventilovany normoxickou smési plyni (21% O, 5% CO,, 74%
N2) a perfundovany fyziologickym roztokem s albuminem (4 g/100 ml perfuzatu).
Fyziologicky roztok obsahoval (v mmol/l): 119 NacCl, 4,7 KCI, 1,16 MgSO,, 17 NaHCOs3,
1,18 KH,PQy4, 3,2 CaCl; a 5,5 d-glukosy. Do perfuzatu jsem piidali inhibitor NO syntazy L-
NAME (nitro-L-arginine-methyl-ester, 50 umol/l) a inhibitor cyklooxygenazy meklofenamat
(17 umol/1). I kdyz meklofenamat aktivuje neuronalni KCNQ 2/3 kanaly (Peretz et al., 2005),
nema efekt na vazokonstrikci indukovanou analogem linopirdinu XE991 (Yeung et al.,
2007). Predpokladali jsme, ze meklofenamat nebude ovliviiovat vazokonstrikci zptisobenou
KCNQ blokatorem linopirdinem v izolovanych plicich. Naopak protoze meklofenamat
dilatuje izolované cévy, pravdépodobné diky aktivaci Kv7 kanald (Yeung et al., 2007), pfi
testovani efektu KCNQ aktivatoru flupirtinu nebyl meklofenamét ptidan do perfuzatu. Plice
byly perfundovany konstantnim pritokem 4 ml/min na 100 g hmotnosti zvifete. Kontinualné
jsme zaznamenavali perfuzni tlak v plicnici. Pfi konstantnim pritoku zmény perfazniho tlaku

odpovidaly zménam plicni cévni resistence.
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Obr. 3.1. - Schéma izolovanych perfundovanych plic.

Experiment 1A — priming HPV linopirdinem

K reakci izolovanych plic perfundovanych solnym roztokem na hypoxii je nezbytna
prestimulace ¢i priming rtiznymi vazokonstrikénimi stimuly (Herget et al., 2011; Herget et
al., 1987; McMurtry, 1984). Mechanismus zodpovédny za priming neni znam, ale reaktivitu
izolovanych plic 1ze navodit neselektivnim blokatorem Kv kanali 4-AP (Hasunuma et al.,
1991). V prvnim pokusu jsme testovali schopnost selektivniho KCNQ blokatoru linopirdinu
indukovat HPV v izolovanych plicich perfundovanych solnym roztokem. Na zacatku
experimentu byl do vtokové kanyly podan bolus 230 pg linopirdinu (tim ziskana koncentrace
12 umol/l v perfuzatu). Tato koncentrace inhibuje KCNQ kanaly (Robbins, 2001), kontrahuje
izolované plicni arterie (Joshi et al., 2006), a ma maly efekt na jiné iontové kanaly (Lamas et
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al.,, 1997; Wang et al., 1998). 15, 30 a 65 minut po podani linopirdinu jsme plice (n=6)
ventilovali hypoxickou smési plyni (0% O, 5% CO,, 95% N) a velikost HPV porovnali s
kontrolnimi plicemi ve shodnych c¢asovych intervalech, kde ale neptedchézelo podéani

linopirdinu (n=5).

Experiment 1B — HPV po linopirdinu a 4-AP

V druhém pokusu jsme srovnavali HPV po akutnim podani KCNQ blokatoru
linopirdinu a po nasledném ptidani neselektivniho Kv blokatoru 4-AP do perfuzatu. Po 15
minutové stabilizaci jsme nejprve navodili reaktivitu plic dvéma cykly angiotensin |l -
hypoxie (podani angiotensinu Il [ANG I1] 0,2 ug do vtokové kanyly, ventilace hypoxickou
smési plynt [0% O, 5% CO,, 95% N3] do dosaZeni maximalni vazokonstrikce cca 7 minut).
U prvni skupiny plic (n=6) jsme podali linopirdin k dosazeni koncentrace 12 pmol/l
Vv perfuzatu a po 10 minutové stabilizaci jsme opakovali podani ANG II a ventilaci hypoxii. U
druhé skupiny (n=6) jsme po podani stejného mnozstvi linopirdinu a stejné¢ dlouhé stabilizaci
pridali 4-AP k dosazeni koncentrace 3 mmol/l v perfuzatu. Po 10 minutach jsme plice
vystavili opét ANG II a hypoxii. Zmény v perfiznim tlaku jsme srovnavali pied a po podéni
pouze linoprirdinu ¢i po podani linopirdinu s 4-AP a odpovidajici odpovédi mezi obéma

skupinami.

3.2. Expoxice chronické hypoxii

V dalSich experimentech jsme laboratorni potkany vystavili chronické hypoxii.
Zvitata byla umisténa do normobarické hypoxické komory (FiO, 0,1) na dobu 3-5 dnd. HPH
je plné rozvinuta po 1-2 tydnech expozice hypoxii, ale pro rozvoj HPH je prvnich n¢kolik
vytvoien jak popsano vyse. Vlastnosti plicniho cévniho fecisté jsme hodnotili podle zavislosti

perfuzniho tlaku na pratoku (P/Q kiivka) (Obr. 3.2.).
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Obr. 3.2. — Zavislost tlaku P na pritoku Q.

Kolem klidovych hodnot prutoku je P/Q kiivka linearni, lze tedy popsat dvéma parametry.
Prisecik s tlakovou osou, ktery vznikne extrapolaci pfimky k nulovému pritoku, odpovida
sttednimu kritickému uzaviracimu tlaku a sklon P/Q piimky, ktery odpovidd odporu
zvySujicimu se prutoku (Permutt et al., 1963; Soohoo et al., 1987). Protoze perfuzni tlak je
ovlivnén alveolarnim tlakem, pfi méfeni zavislosti P/Q plice nebyly ventilovany a alveolarni
tlak byl konstantn¢ 2 cm H,O (PEEP). Nejprve byla zastavena perfizni pumpa, poté byl

zvySovan prutok na cca 150 % norméalniho klidového pratoku.

Experiment 2A — akutni podani linopirdinu u chronické hypoxie

V tomto experimentu jsem testovali efekt akutniho podani selektivniho KCNQ
blokatoru linopirdinu u potkanl vystavenych 3-denni hypoxii. Po 15 minutové stabilizaci
jsme nejprve navodili reaktivitu plic dvéma cykly ANG Il - hypoxie. Poté jsem zastavili
perfuzni pumpu a postupné zvysSovali priitok na cca 150 % klidovych hodnot, perfizni tlak
byl zaznamenavan kontinualné. Pak jsme pfidali do perfuzatu linopirdin na koncentraci 10
umol/l a po 10 minutové stabilizaci jsme opét provedli méfeni zavislosti tlaku na prutoku.
Stejnému protokolu jsme podrobili plice z potkant po 3 dnech stravenych v hypoxii (n=6) a

kontrolni skupinu (n=6). Porovnali jsme P/Q kiivku pfed a po podani linopirdinu u
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kontrolnich a hypoxickych potkanti.

Experiment 2B — akutni podani flupirtinu u chronické hypoxie

Pti dalsim pokusu jsme testovali efekt akutniho podani KCNQ aktivatoru flupirtinu na
P/Q zévislost u potkant vystavenych 5-denni hypoxii. Pokus byl proveden na izolovanych
plicich potkanii vystavenych 5-denni hypoxii a u kontrolni skupiny bez expozice hypoxii.
Meg¢ieni P/Q bylo provedeno stejné jako v predchozim pokusu po navozeni reaktivity
izolovanych plic dvéma cykly ANG II - hypoxie. U poloviny potkani z kazdé skupiny byl do
perfuzatu piidan flupirtin na cilovou koncentraci 20 umol/l a méfeni P/Q bylo provedeno po
10 minutové stabilizaci. Pfi této koncentraci flupirtin aktivuje Kv7 kanaly a m4 minimalni
efekt na jiné iontové kanaly (Klinger et al., 2012). P/Q kiivky byly porovnavany u 4 skupin

potkanti (n=5 pro kazdou skupinu).

Experiment 2C — 1é¢ba flupirtinem v priibéhu chronické hypoxie, méireni NOx

V tomto experimentu jsme testovali, zda podavani KCNQ aktivatoru flupirtinu
Vv prib¢hu expozice hypoxii zabrani rozvoji plicni hypertenze. Potkani byli rozdéleni do 4
skupin: 1. hypoxie (n=6) — expozice 5-denni hypoxii (FiO; 0,1), 2. hypoxie + flupirtin (n=6)
— potkanim v priibéhu pobytu v hypoxické komote poddvan flupirtin gavazi v davce 15
mg/kg 2 x denné, flupirtin byl rozpustén v dimethylsulfoxidu (DMSO), 3. hypoxie + DMSO
(n=6) — potkaniim v pribé¢hu pobytu v hypoxické komote podavano pouze rozpoustédlo
DMSO ve stejném objemu jako u skupiny ¢islo 2, 4. normoxie (n=6) — kontrolni skupina bez
expozice hypoxii.

Pii tomto experimentu jsme pied zavedenim kanyl k perfuzi plic odebrali z levé
komory krev k analyze NO a jeho oxidacnich produkti (nitrity a nitraty, NOXx). Krev byla
centrifugovana (3 minuty, 5 000 otaek/minutu), oddélena plasma ihned zmraZena na -70°C.
Koncentraci NOXx v plasmé jsme méfili pomoci chemiluminiscenéniho analyzatoru (Sievers
model 2801) metodou popsanou diive (Isaacson et al., 1994).

Pak byl pfipraven preparat izolovanych perfundovanych plic jako Vv pfedchozich
experimentech. Po tivodni stabilizaci, dvou cyklech ANG Il - hypoxie jsme méfili zavislost
perfuzniho tlaku na kontinudln€ zvySujicim pritoku (P/Q). Vztahem byla proloZena pfimka a
jeji parametry (sklon a priseCik s tlakovou osou) byly hodnoceny oddélené. Déle jsme

porovnavali vazokonstrikci zptisobenou ANG II a HPV pied méfenim P/Q zavislosti.
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Experiment 2D — exprese KCNQ mRNA (RT-gPCR) u chronické hypoxie

V tomto experimentu jsme méfili mnozstvi mRNA kodujici kanaly KCNQ 1,4 a 5 u
potkant vystavenych 3-denni hypoxii (FiO, 0,1, n=3) a kontrolni normoxické skupiny (n=3).
Pobyt v normobarické hypoxické komote probihal v Praze, kde byly izolovany
intrapulmonalni arterie, analyzu mRNA provadéla Dr. S. Joshi v Manchesteru, Velka
Britanie. RNA z intrapulmonalnich arterii byla extrahovana pomoci RNeasy Micro Kit
(Qiagen). Méfeni bylo provedeno pomoci real-time kvantitativni PCR na cDNA
syntetizované z RNA po piedchozi reakci s DNazou. Primery byly navrZzeny pomoci Gene
Runner softwaru (verze 3, Hastings software) a Vector NTI (Invitrogen) pro KCNQ 1,4 a 5
pomoci sekvenci z GenBank s piistupovymi ¢isly NM 032073, XM 233477 a XM_237012.
Sekvence primeri jsou uvedeny v tabulce 1 v publikaci v piiloze (Sedivy et al., 2015).
Reakce probihaly ve vzorku o objemu 25 pl obsahujicim 1 pl cDNA, 12,5 ul SYBR Green
master mix, 10 pl H,O a 7,5 pmol kazdého primeru pomoci ptistroje Applied BioSystems
7500 PCR podle doporuceni vyrobce. Amplikony byly 77-106 bp dlouhé. Parametry PCR
reakce byly nastaveny na 95°C 15 min, dale 40 cykla pii 95°C po 1 minuté, pak 58°C na 40
vtefin a 68°C na dalSich 40 vtefin. Vysledna data byla hodnocena pomoci ABI 7500
softwaru. Urovent exprese byla vztazena k housekeeping genu glyceraldehyd-3-fosfat
dehydrogenaze (GAPDH) métené soucasné ve stejném vzorku. Exprese mMRNA KCNQ 1, 4 a
5 byla vyjadrena jako podil mRNA KCNQx/GAPDH u hypoxickych a kontrolnich zvifat.

Experiment 2E — exprese Kv7.4 proteinu (Western blot) u chronické hypoxie, efekt
1é¢by flupirtinem

V tomto experimentu jsme méfili mnoZstvi Kv7.4 proteinu v plicnich arteriich u 3
skupin potkant. 1. hypoxie (n=4) — expozice 4-denni hypoxii (FiO, 0,1), 2. hypoxie +
flupirtin (n=4) — potkanum 1 den pied a 4 dny v prib&éhu pobytu v hypoxické komote
podavan flupirtin gavazi v davce 15 mg/kg 2 x denné, 3. normoxie (n=4) — kontrolni skupina
bez expozice hypoxii. Vlastni Western blot analyzu provadéla Doc. J. Novotna. Maximum
plicnich arterii z kazdého potkana bylo homogenizovano v RIPA pufru obsahujicim 25
mmol/l Tris HCI (pH 7,5), 150 mmol/l NaCl, 1% NP-40, 0,5% sodium deoxycholate, 1
mmol/l ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl sulfate (SDS) a 1x
cOmplete Mini EDTA-free Protease Inhibitor Coctail (Roche Diagnostics, Burgess Hill,
Velka Britanie). Vzorky byly centrifugovany 2 minuty pii 1000 G a supernatant analyzovan
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Western blotem po piedchozim urceni celkové koncentrace proteinu pomoci BCA protein
assay kit (Thermo Fisher Scientific, Cramlington, Velka Britanie). Vzorky supernatantu byly
inkubovéany 7 minut pti 95°C s Laemmli pufrem obsahujicim 25 mmol/l Tris HCI (pH 6,8),
10% glycerol, 5% B-mercaptoethanol, 2% SDS a 0,04% bromophenol blue. Proteiny byly
separovany 10% SDS-PAGE, pteneseny na Immobilon-P PVDF membranu (Millipore, Velka
Britanie) a tfikrat promyty v Tris-buffered saline (TBS: 25 mmol/l Tris HCI, 150 mmol/I
NaCl, pH 7,3) s 0,1% Tween 20 (TTBS). Membrana byla zablokovana 5% suSenym mlékem
v TTBS pfi pokojové teploté na 1 hodinu a rozstiizena mezi 50 a 70 kDa markery. Horni ¢ast
membrany byla inkubovana pti 4°C pies noc s mysSi monoklonalni protilatkou anti-Kv7.4
(katalog. # 75-082, Neuromab) roziedénou v 1% suseném mléce v TTBS. Spodni cast
membrany byla inkubovana stejnym zptisobem, ale s protilatkou proti B-tubulinu (Sigma,
Poole, Velk4 Britanie) jako vnitini kontrola. Po promyti byly membrany inkubovéany 2
hodiny se sekundarni protilatkou snavédzanou kienovou peroxidazou (Jackson
ImmunoResearch Laboratories, West Groove, USA) roziedénou v 1% suseném mléce
v TTBS. Navazané protilatky byly detekovany pomoci SuperSignal West Femto (Kv7.4)
nebo Pico (B-tubulin) Chemiluminescent Substrate Kits (Thermo Fisher Scientific) a
ChemiDoc imaging systémem (Bio-Rad). Porovnali jsme relativni mnozstvi Kv7.4 proteinu
(relativni densita Kv7.4/B-tubulin) u 3 skupin potkant: vystavenych hypoxii, 1écenych

flupirtinem v pribéhu hypoxie a u kontrolni skupiny.

3.3. Perinatalni hypoxie

V dalSich experimentech jsme testovali reaktivitu plicnich cév u perinatalné
hypoxickych potkanii. Potkani v pokusnych skupinach byly vystaveny chronické hypoxii
V obdobi kolem porodu. Bfezi samice byly 1 tyden pfed oCekdvanym porodem umistény do
normobarické hypoxické komory, kde FiO, bylo 0,12. Porod probéhl v hypoxickych
podminkach a mladi potkani stravili v hypoxii jesteé prvni tyden zivota, byli tedy celkem
vystaveni 2-tydenni perinatalni hypoxii (Hampl et al., 1990). Méfeni probihalo po dosazeni
dospelosti ve véku 20 tydnl. K pokusné skupin€ jsme méli kontrolni normoxickou, ktera
zahrnovala stejné staré potkany, ktefi stravili cely svij zivot v normoxickych podminkach.

Na zmény v reaktivité plicniho cévniho fe€isté navozené perinatalni hypoxii mé vliv pohlavi,
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proto byli potkani v obou skupinach rozdéleni na samce a samice (Hampl et al., 2003).
Me¢feni probihalo na preparatu izolovanych plic perfundovanych solnym roztokem jako u

predchozich experiment.

Experiment 3A — akutni podani linopirdinu u perinatalni hypoxie

V tomto experimentu jsme testovali efekt akutniho podani KCNQ blokatoru
linopirdinu u perinatalné hypoxickych potkant. Reaktivita plic byla navozena dvéma cykly
ANG Il - hypoxie jako v piedchozich experimentech. Poté byl do perfuzatu ptidavan
linopirdin ve stoupajici koncentraci (0,5 — 16 umol/l) a kontinualné zaznamenavan tlak. Pti
konstantnim prutoku zvySeni perfuzniho tlaku odpovida vazokonstrikci plicniho cévniho
recisté. Mefeni bylo provedeno u potkanl vystavenych perinatilni hypoxii (4 samci a 4

samice) a kontrolnich potkani (6 samcii a 6 samic).

Experiment 3B — vazokonstrikce indukovana KCl, efekt linopirdinu

V dal$im experimentu jsme testovali reakci izolovanych plic na zvysujici koncentraci
K*. Reaktivita plic byla navozena dvéma cykly ANG II - hypoxie, poté jsme piidavali do
perfuzatu KCI ve stoupajici koncentraci (2,5 — 12,5 mmol/l) a kontinudlné¢ zaznamenavali
perfuzni tlak. Pti konstantnim pratoku zvySeni perfizniho tlaku odpovida vazokonstrikei.
M¢teni bylo provedeno u perinatalné hypoxickych potkant (5 samc a 6 samic) a u
normoxickych kontrol (7 samct a 7 samic). Pro objasnéni role aktivity KCNQ kanélii jsme
KCI indukovanou vazokonstrikci testovali i u plic po podani KCNQ blokatoru linopirdinu
V koncentraci 3 pmol/l. Dose-response kiivky na KCl (2,5 — 12,5 mmol/l) jsme porovnavali u
perinatalné hypoxickych potkani (6 samcti a 6 samic) a normoxickych kontrol (6 samcti a 5

samic).

3.4. Statistické zpracovani dat

Vsechny vysledky jsou uvéadény jako primeér + standardni chyba priméru (SEM).
Statistické hodnoceni bylo provedeno pomoci programu StatView 5.0 (SAS Institute Inc.,
Cary, USA) s pouzitim parového t-testu, ANOVA nebo ANOVA pro opakovana méteni s
Fisherovym PLSD post hoc testem dle hodnocenych dat. Rozdily byly povazovéany za
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statisticky vyznamné pii p <0,05.
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4. Vysledky

4.1. Akutni hypoxie — vysledky

Experiment 1A — priming HPV linopirdinem

Bazalni perfuzni tlak se v celém pribéhu experimentu mezi obéma skupinami nelisil.
Po 15 minutach perfuze byl 10 £ 1,5 mmHg u kontrolni skupiny a 8,1 = 0,57 mmHg u
skupiny, kde byl na zac¢atku podan linopirdin, za 30 minut 9 + 1,1 mmHg u kontrol a 7,89 +
0,46 mmHg u skupiny primované linopirdinem, za 65 minut 9 + 1,1 mmHg vs. 8 £ 0,52
mmHg. Bez predchoziho primingu tedy linopirdin nezpisobuje vazokonstrikci. U kontrolni
skupiny, kde nebyl Zadny priming, byla velmi mald odpovéd na hypoxii, na rozdil od
skupiny s linopirdinem, kde ventilace hypoxickou smési zpusobila vazokonstrikei, ktera byla

po 30 a 65 minutach asi 7 x vétsi nez u kontrolni skupiny (Obr. 4.1.).
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Obr. 4.1. Priming hypoxické plicni vazokonstrikce (HPV) linopirdinem v izolovanych plicich
perfundovanych solnym roztokem. HPV po 15, 30 a 65 minutach perfuze u kontrolnich plic

(bez primingu, ¢erné, n=5) a plic, kde na zacatku perfize byl podan bolus linopirdinu 230 pg
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(odpovida koncentraci cca 12 umol/l v perfuzatu) (Sedé, n=6). *p < 0,05.

Experiment 1B — HPV po linopirdinu a 4-AP

Bazalni perfizni tlak, reakce na ANG II a HPV se pted podanim blokatora Kv kanala
mezi obéma skupiami neliSily. Podéani linopirdinu (12 pmol/l) zptisobilo u obou skupin
vzestup perfuzniho tlaku. Vazokonstrikce vyvolana linopirdinem se mezi skupinami nelisila:
1,4 £ 0,24 mmHg u skupiny pouze s linopirdinem (n=6) vs. 2,0 + 0,7 mmHg u skupiny, kde
byl pozdé&ji pfidan 4-AP (n=6). Linopirdin v izolovanych plicich perfundovanych solnym
roztokem, pokud je navozena jejich reaktivita - priming (zde 2 cykly ANG Il - hypoxie)
zpisobuje vazokonstrikei. Pfidani 4-AP do perfuzatu (3 mmol/l) u druhé skupiny zptisobilo
dalsi narust tlaku o 4,3 £ 0,37 mmHg (Obr. 4.2.A).

Vazokonstrikce zplisobend ANG II byla potencovéna linopirdinem a dale jesté
zvysena, pokud byl k linopirdinu ptidan 4-AP (Obr. 4.2.B). Naproti tomu HPV byla sice
potencovana linopirdinem, ale v druhé skuping, kde byl v perfuzatu i 4-AP k dalsimu zvySeni
jiz nedoslo (Obr. 4.2.C). Linopirdin zvysil HPV u prvni skupiny z 14 + 3 mmHg na 26 + 4
mmHg (p < 0,05), u druhé skupiny linopirdin spolu s 4-AP potencoval HPV z 15 + 4 mmHg

na 23 + 4 (p <0,05), coz neni odlisné od zvySeni pouze linopirdinem u prvni skupiny.

Obr. 4.2. (na nasledujici strance). Ovlinéni plicni cévni reaktivity blokatory Kv kanald.
Bazalni tlak (A), angiotensinem II indukovand vazokonstrikce (B) a hypoxickd plicni
vazokonstrikce (C) u plic pfed podanim Kv blokatorti (kontrolni ¢erné sloupce) a po podani
12 pumol/l linopirdinu (LNP) nebo 12 pumol/l linopirdinu plus 3 mmol/l 4-aminopyridinu
(LNP+4-AP) (8edé sloupce). # p < 0,05 kontroly vs. LNP nebo LNP+4-AP, * p < 0,05 LNP
vs LNP+4-AP, n=6 pro obé& skupiny, NS neni signifikantni.
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4.2. Chronicka hypoxie — vysledky

Experiment 2A — akutni podani linopirdinu u chronické hypoxie

Zavislost tlaku na zvySujicim pratoku (P/Q) byla u potkand vystavenych hypoxii i
kontrolnich normoxickych linearni (R2 > 0,94). P/Q zévislost u potkant vystavenych 3-denni
hypoxii (n=6) a normoxickych kontrol (n=6) se nelisila (Obr. 4.3. normoxické kontroly panel
A vs. hypoxické kontroly panel B). Podani linopirdinu (10 pmol/l) u normoxickych potkant
vedlo ke zvySeni perfuzniho tlaku, na rozdil od potkant vystavenych hypoxii, kde podani
linopirdinu nemélo zadny efekt. Rozdil je patrny v hodnoceni P/Q kiivek, kdy u P/Q
zavislosti u normoxickych potkanii doslo k signifikantnimu posunu P/Q kifivky po podani
linopirdinu (Obr. 4.3. A), zatimco u hypoxickych potkant stejna koncentrace linopirdinu
neméla zaddny efekt (Obr. 4.3. B). U normoxickych potkani linopirdin zvysil sklon P/Q
ptimky z 0,49 + 0,01 na 0,81 = 0,08 mmHg*min/ml (p < 0,05) a neovlivnil prisecik

s tlakovou osou. U hypoxickych potkant linopirdin neovlivnil sklon ani prasecik P/Q ptimky.
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Obr. 4.3. Linopirdin nekontrahuje plicni cévy u hypoxickych potkani. P/Q kiivky u
normoxickych kontrol (A) a potkanli vystavenych 3-denni hypoxii (B) pted (kontroly, ¢erné
¢tverce) a po podani linopirdinu (10 pmol/l). *p < 0,05 linopirdin vs. kontroly pifed jeho

podanim; n=6 pro ob¢ skupiny.
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Experiment 2B — akutni podani flupirtinu u chronické hypoxie

Opacny efekt nez v predchozim pokusu mélo podani KCNQ aktivatoru flupirtinu.
Flupirtin (20 pmol/I) nemé¢l Zadny efekt u normoxickych potkanti, ale zptisobil vazodilataci u
potkanti vystavenych 5-denni hypoxii. P/Q zavislost u hypoxickych potkani po podani
flupirtinu byla signifikantné niz$i nez u skupiny bez podani flupirtinu (Obr. 4.4. B). Sklon
P/Q ptimky poklesl z 0,75 + 0,07 mmHg*min/ml na 0,49 + 0,05 mmHg*min/ml po podani
flupirtinu (p < 0,05), prusecik s tlakovou osou zustal stejny. U normoxickych potkani nemél

flupirtin na sklon ani prusecik Zzadny vliv (Obr. 4.4. A).
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Obr. 4.4. Flupirtin dilatuje plicni cévy u hypoxickych potkanti. Efekt flupirtinu (20 pmol/l)
na P/Q kiivky u normoxickych kontrol (A) a potkanii vystavenych 5-denni hypoxii (B).
*p < 0,05 flupirtin vs. kontroly; n=5 pro kazdou skupinu.

Experiment 2C — 1é¢ba flupirtinem v priubéhu chronické hypoxie, méreni NOx

Vysledky experimentu, kdy byli potkani v pribéhu expozice 5-denni hypoxii 1é¢eni
flupirtinem (30 mg/kg/den) shrnuje tabulka 4.1. Potkani po 5 dnech v hypoxickém prostiedi
méli signifikantné vyssi sklon P/Q pfimky. Lécba flupirtinem v prubéhu expozice hypoxii
zamezila zvySeni P/Q sklonu, zatimco podavani samotného rozpoustédla (DMSO) takovy
efekt nemelo. Prisecik s tlakovou osou se u jednotlivych skupin nelisil, ale je patrna tendence
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k vys$§i hodnoté u potkant 1écenych v priabéhu hypoxie flupirtinem. Déle byla hodnocena
reaktivita plicnich cév na ANG II a ventilacni hypoxii (HPV). Potkani vystaveni hypoxii méli
vétsi HPV nez normoxické kontroly, tomuto zvySeni zabranilo podévani flupirtinu, nikoliv
pouze DMSO. Efekt byl selektivni k HPV, protoze vazokonstrikce indukovana ANG II byla
potencovana ve vSech hypoxickych skupinach bez ohledu na 1é¢bu.

Kv7 aktivatory dilatuji plicni arterie pfimo ptisobenim na hladky sval (Joshi et al.,
2009). Aktivatory Karp kanaltt hyperpolarizuji hladky sval, dilatuji pulmonalni arterie a
inhibuji HPH (Clapp et al., 1992; Oka et al., 1993). Nedavné studie soudi, Ze efekt aktivatora
Katp kanalt pii HPH je pfes endotelialni Katp kanaly, které obnovuji produkci NO (Zong et
al., 2012). Divod pro méfeni NOx byl objasnit, zda flupirtin neovliviiuje produkci NO
behem chronické hypoxie. Tabulka 4.1. ukazuje, Ze koncentrace NOx byla zvySena u vSech

hypoxickych potkanii a nebyla ovlivnéna 1é¢bou flupirtinem.

Skupina P/Q sklon P/Q prase¢ik HPV ANG Il kontrakce  NOx v plasmé
[mmHg*min/ml]  [mmHg] [A mmHg] [A mmHg] [UM]
Normoxie 0.541+0.052  3.60.7 5.31.0 5.6£0.6 26.0+2.5
Hypoxie 0.672:0.05 *  37:04 85:1.1 * 93+13 * 46.6+8.3 *
Hypoxie + Flupirtin | 0.475:0.022 #  5.30.5 49510 # 11714 7% 475126 *
Hypoxie + DMSO  |0.678+0.111 * 361 1 96:1.4 * 9008 * 40.0+2.5 *

Tab. 4.1. Parametry P/Q pifimky (sklon a priseCik s tlakovou osou), hypoxicka plicni
vazokonstrikce (HPV), angiotensinem Il (ANG II) indukovana vazokonstrikce a koncentrace
oxida¢nich produkti NO (nitrity, nitraty, NOx) v plasmé u potkanl vystavenych 5-denni
hypoxii (Hypoxie), 1éenych v prubéhu hypoxie flupirtinem (30 mg/kg/den) (Hypoxie +
Flupirtin), 1éCenych pouze rozpoustédlem DMSO (Hypoxie + DMSO) a kontrolni
normoxické skupiny (Normoxie). *p < 0,05 vs. Normoxie, # p < 0,05 vs. Hypoxie a Hypoxie

+ DMSO; n=6 pro vSechny skupiny.
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Experiment 2D — exprese KCNQ mRNA (RT-gPCR) u chronické hypoxie

Obrazek 4.5. ukazuje relativni exprese KCNQ 1, KCNQ 4 a KCNQ 5 mRNA
V plicnich arteriich u potkani vystavenych 3-denni hypoxii a normoxickych kontrol. U
KCNQ 1 a KCNQ 5 mRNA nebyl patrny v expresi zadny rozdil, ale hypoxie signifikantné
snizila mnozstvi KCNQ 4 mRNA v plicnich arteriich.
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Obr. 4.5. Expresni profil mRNA KCNQ 1, KCNQ 4 a KCNQ 5 podjednotek v plicnich
arteriich u potkanti vystavenych 3-denni hypoxii a normoxickych kontrol. Detekce pomoci
RT-gPCR a vztazeno na expresi GAPDH. *p < 0,05 hypoxie vs. kontroly; n=3 pro obé¢
skupiny.

Experiment 2E — exprese Kv7.4 proteinu (Western blot) u chronické hypoxie, efekt
1é¢by flupirtinem

Obrazek 4.6. ukazuje expresi Kv7.4 proteinu v plicnich arteriich u potkant
vystavenych 4-denni hypoxii, kontrolni skupiny a potkan léCenych v pribé¢hu expozice
flupirtinem. Densitometrickd analyza prouzka proteinti neukazala signifikantni rozdil

v mnozstvi Kv7.4 proteinu (vztazeno k B-tubulinu) mezi jednotlivymi skupinami.
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Obr. 4.6. Densitometricka analyza Western blotu Kv7.4 proteinu vztazeného k B-tubulinu
kontrolni skupiny, potkanti vystavenych 4-denni hypoxii a hypoxickych potkanti 1é¢enych
v prub&hu hypoxie flupirtinem 30 mg/kg/den. N=4 pro vSechny skupiny.

4.3. Perinatalni hypoxie — vysledky

Experiment 3A — akutni podani linopirdinu u perinatalni hypoxie

Perinatalné hypoxické samice (n=4) méli signifikantné vyssi bazalni perfizni tlak nez
normoxické kontroly (n=6): 11,5 + 0,8 mmHg vs. 7,6 £ 0,5 mmHg (p < 0,05). Bazalni
perfuzni tlak u samct se nelisil: 11,0 £ 1,1 mmHg u potkanil vystavenych perinatalni hypoxii
(n=4) vs. 9,7 £ 0,6 mmHg u kontrol (n=6). Reakce na linopirdin byla shodna u obou pohlavi.
Potkani vystaveni perinatalni hypoxii byli citlivéjsi k linopirdinu. Vazokonstrikce zpisobena
maximalni koncentraci linopirdinu (16 umol/l) byla u perinatalné hypoxickych potkand (n=8)
10,2 £ 1,6 mmHg, zatimco u kontrol (n=12) pouze 5,0 = 0,8 mmHg (p < 0,05). Zavislost
perfuzniho tlaku na zvySujici koncentraci linopirdinu v perfuzatu (0,5 — 16 pmol/l) je

znazornéna na obr. 4.7.
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Obr. 4.7. Zavislost perfizniho tlaku na zvySujici koncentraci linopirdinu u potkant
vystavenych perinatalni hypoxii (n=8) a normoxickych kontrol (n=12). Osa x ma

logaritmické méftitko. *p < 0,05 perinatalni hypoxie vs. normoxie.

Experiment 3B — vazokonstrikce indukovana KCl, efekt linopirdinu

KCI indukovana vazokonstrikce byla odlisnd u samct a samic. U samic expozice
perinatalni hypoxii signifikantné¢ posune kiivku k vy$§im perfuznim tlakim. Jiz niz$i
koncentrace K zpiisobi vétsi vazokonstrikci u perinatalng hypoxickych samic nez u
normoxickych kontrol. Perfazni tlak po pifidani 10 mmo/l KCl do perfuzatu byl u samic
vystavenych perinatalni hypoxii (n=6) 35,7 + 3,4 mmHg zatimco u kontrol (n=7) 21,5 + 1,7
mmHg (p < 0,05). Pfidani linopirdinu do perfuzatu (3 pmol/l) posunulo dose-response kiivky

k vyssim perfuznim tlakiim u obou skupin samic. Perfuzni tlak po postupném ptidavani KCl1
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do perfuzatu u samic je na obr. 4.8.
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Obr. 4.8. KCI indukované vazokonstrikce u samic. Perinatalni hypoxie zvysuje citlivost ke
KCl, KCNQ kanaly se uplatiuji v KCI indukované vazokonstrikei u perinatalné hypoxickych
i normoxickych potkant. PH - potkani vystaveni perinatalni hypoxii (n=6), N - normoxické
kontroly (n=7), PH+LNP - potkani vystaveni perinatalni hypoxii, v perfuzatu 3 pmol/l
linopirdinu (n=6), N+LNP - normoxické kontroly, v perfuzatu 3 umol/l linopirdinu (n=5), *p
< 0,05 PH vs. N, #p < 0,05 PH vs. PH+LNP a N vs. N+LNP.

Na rozdil od samic, u samcii samotnd expozice perinatdlni hypoxii neovlivnila
velikost KCI indukované vazokonstrikce. Perfuzni tlak byl u samct po pfidani 10 mmol/l

KCl u obou skupin stejny, u perinatalné hypoxickych (n=5) 35,1 + 4,3 mmHg, respektive
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36,5 = 4,7 mmHg u kontrol (n=7). Naopak ptedchozi inhibice KCNQ kanalt linopirdinem (3
umol/l) posunula dose-response kifivku pouze u perinataln¢ hypoxickych potkant, u potkanti
bez expozice hypoxii zadny efekt neméla. Perfuzni tlak po postupném piidavani KCIl do

perfuzatu u samcu je na obr. 4.9.

50+ S ;
1 adMcCl

451 #
40

2

£ 35

E

o 30

=

7

925i

O i

§ 207

CE —m— PH

£ 151

2 | —o— N

10? —B— PH + LNP
57 —o— N+LNP
07“‘\“‘\“‘\“‘\“‘\“‘\“‘\
-1 1 3 5 7 9 11 13

+ KCI [mmol/l]

Obr. 4.9. KCI indukovana vazokonstrikce u samci. Expozice perinatalni hypoxii neovliviiuje
KCI indukovanou vazokonstrikci, KCNQ kandly se uplatiuji v KCl indukované
vazokonstrikci pouze u perinatalné hypoxickych potkani. PH - potkani vystaveni perinatalni
hypoxii (n=5), N - normoxické kontroly (n=7), PH+LNP - potkani vystaveni perinatalni
hypoxii, v perfuzatu 3 umol/l linopirdinu (n=6), N+LNP - normoxické kontroly, v perfuzatu
3 umol/l linopirdinu (n=6), #p < 0,05 PH vs. PH+LNP.
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5. Diskuze

Nase prace ukazuje vyznam KCNQ kanald v reakci plicniho cévniho fe¢isté na akutni
hypoxii (HPV), pfi rozvoji HPH a v mechanismech dlouhodobych nasledk perinatalni
hypoxie. Specificky KCNQ blokator linopirdine navozuje odpovéd izolovanych plic
perfundovanych solnym roztokem k ventila¢ni hypoxii (HPV) a potencuje HPV v plicich s jiz
navozenou reaktivitou (priming). KCNQ kanaly maji tedy inhibi¢ni roli pii HPV,
hyperpolarizuji membranu PASMCs a brani influxu Ca®*. Nékolika denni expozice hypoxii
vede ke snizeni exprese KCNQ 4 mRNA a ztrat¢ odpovédi na linopirdin. To znaci snizenou
aktivitu KCNQ 4 kanald, ktera se mize podilet na zménéné reaktivité hypoxickych plicnich
cév. Mnozstvi Kv7.4 proteinu av$ak neni u hypoxickych plic zménéno. Naopak KCNQ
aktivator flupirtin dilatuje hypoxické plicni cévy a jeho podavani v pribéhu hypoxie zabrani
rozvoji HPH. Podavani flupirtinu neméni koncentraci oxidacnich produktii NO v plasm¢ a
tedy pravdépodobné puisobi pfimo na PASMCs a nikoliv pies tpravu endotelialni dysfunkce
navozené hypoxii. Zmény navozené perinatalni hypoxii jsou vice vyjadfené u samic.
Perinatalné hypoxické samice maji vyssi bazalni perfizni tlak a vétsi vazokonstrikéni
odpovéd’ na KCI. Linopirdin potencuje reakci plicnich cév na KCI u samic nezéavisle na
expozici perinatalni hypoxii, ale u samcti pouze po predchozi expozici hypoxii v perinatdlnim
obdobi.

Reakce plicnich cév na hypoxii zavisi na jejich tonu v situaci, kdy je snizen pO..
Tonus plicnich cév je nizky (Emery et al., 1981), ¢aste¢né aktivitou K* kanald. Proud K*
iontl ven z bunék drzi negativni membranovy potencidl, tim brani depolarizaci, aktivaci
nap&tové Fizenych Ca®* kanalti a vazokonstrikci. Bylo popsano n&kolik typa K* kanalt
zodpovédnych za trvaly eflux K*, ale nékterym chybi dilezité vlastnosti, aby mohly takto
fungovat (Gurney, 2002; Gurney et al., 2006; Osipenko et al., 1997). Vlastnosti Kv7 kanala
naznacuji, ze jsou aktivni pfi membranovém potencialu PASMCs a podili se na trvalém
efluxu K* (Gurney et al., 2010). Homo- &i heteromultimery Kv7 kanalti z KCNQ 1, KCNQ 4
a KCNQ 5 podjednotek maji nizky aktivacni prah (pod - 60 mV) a jsou stale otevieny 1 pfi
dlouhotrvajici depolarizaci (Robbins, 2001).

V izolovanych plicich perfundovanych solnym roztokem Kv7 blokator linopirdin
(0,5-10 umol/l) zpusobuje na davce zavislou vazokonstrikci (Joshi et al., 2009). Nalezy

ukazuji, Ze v klidovém stavu jsou Kv7 kanaly oteviené a jejich aktivita se podili na klidovém
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membranovém potencialu PASMCs. Pii téchto pokusech ale byla nejprve reaktivita plic
navozena 2 cykly ANG Il - hypoxie (priming). Pokud plice nejsou primovany, linopirdin (12
umol/l) vazokonstrikci nezpisobi (Experiment 1A). Linopirdin pisobi tedy na izolované
plice perfundované solnym roztokem podobné jako hypoxie, ktera zpiisobi vazokonstrikci
pouze u plic, které jsou pfedem primovany vazokonstrikénim stimulem (McMurtry, 1984).
Navic, i kdyZz linopirdin neovlivnil bazalni perfuzni tlak u neprimovanych plic, byl schopen
navodit HPV a vyrazné ji potencovat. Pravdépodobné vysvétleni tohoto jevu je, Ze linopirdin
depolarizuje PASMCs a tim umoziuje efekt hypoxie, ale depolarizace sama je nedostatecna
k tomu, aby aktivovala nap&tové zavisly Ca®* influx a tim vazokonstrikci (Clapp et al.,
1991).

Pro¢ pottebuje linopirdin k tomu, aby vyvolal vazokonstrikci v izolovanych plicich
perfundovanych solnym roztokem priming stejné jako hypoxie, neni znamo. Linopirdine i
hypoxie depolarizuji myocyty o 10-15 mV (Joshi et al., 2009; Osipenko et al., 1997; Yuan et
al., 1993). Pokud budou myocyty pted primingem hyperpolarizovany, nestac¢i depolarizace
k otevieni Ca®* kanalti. Druhou moZnosti je vazodilataéni efekt endotelu nebo dalsich bungk
v plicich, které mohou pisobit proti depolarizaci nebo influxu Ca**. | kdyz meklofenamat a
L-NAME byly pfidany do perfuzatu k potlaceni produkce prostaglandinii a NO, nemiiZzeme
vyloudit vliv jinych vazodilata¢nich substanci (Herget et al., 1987).

Dals§i moznosti je, Ze priming souvisi se sloZitou homeostazou Ca® v myocytech,
kterd je fizena fadou iontovych kandli a transportérii na plasmatické membrané,
sarkoplasmatickém retikulu (SR) a mitochondriich (Lee et al., 2002). Opakované cykly ANG
Il - hypoxie stimuluji myocyty ke kontrakci diky opakovanému zvySovani intracelularni
koncentrace Ca?* ([Ca*'];) influxem Ca®* z extracelularniho prostoru a jeho mobilizaci ze SR.
Pti déletrvajici kontrakci Ca?*, ktery vstupuje do bungk, slouzi k doplnéni zasob v SR. Pti
klidovych podminkach také malé mnoZstvi Ca?* vstupuje do bungk, je ale rychle z cytosolu
odstranéno SR na periferii a dale do extracelularniho prostoru (Lee et al., 2002). Tedy pokud
myocyty nejsou stimulovany, neni dostatek Ca** v centralnim SR, ktery je nutny ke kontrakci
a priming miize slouzit k doplnéni zasob Ca®* do SR. Takto maze priming zajistit HPV, kdy
je nezbytné Ca** z SR (Sylvester et al., 2012), ale nevysvétluje priming nutny ke kontrakci
linopirdinem, protoe ta zavisi na Ca®" z extracelularniho prostoru (Joshi et al., 2006).
Moznym vysvétlenim mize byt, Ze vzestup [Ca2+]i pii primingu aktivuje ca® dependentni

enzymy, které ovlivni Kv kanaly, aktivaéni prah pro Ca®* kanaly nebo sensitivitu k Ca* (Lee
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et al., 2002). Dalsi moznosti je, ze aktivace drahy Rho-kinazy nebo proteinkinazy C ANG I
b&hem primingu zvy3i citlivost k Ca®*, a tim potencuje vazokonstrikéni odpovéd’ na nasledny
vstup Ca** do myocyti.

Vzestup perfuzniho tlaku po podani linopirdinu u primovanych plic je dan
vazokonstrikci a tim zvySenim cévni rezistence. Odpor zvySujicimu pritoku méfeny jako
sklon P/Q kiivky byl po podani linopirdinu zvySen (Obr. 4.3. A). Tento nélez je ve shod¢
s predchozimi, kdy linopirdin kontrahuje izolované plicni cévy, kdy jako priming se bézné
pouziva opakovana stimulace KCI (Joshi et al., 2006). Nasledné podani 4-AP potencuje
vazokonstrikci vyvolanou linopirdinem (Obr. 4.2. A). Testovana koncentrace linopirdinu 12
umol/l kontrahuje plicni arterie s maximalnim efektem (Joshi et al., 2006), koncentrace 4-AP
3 mmol/l pln¢ blokuje 4-AP sensitivni Kv kanaly (Cox, 2005). Aditivni efekt linopirdinu a 4-
AP na perfuzni tlak znaci, Ze ob¢& latky pusobi odliSnymi mechanismy, pravdépodobné
inhibici rGznych iontovych kanald, a tim dosahuji aditivniho efektu na membranovy
potencial.

Linopirdin potencuje vazokonstrikci indukovanou ANG Il i HPV (Obr. 4.2. B, C).
Oba efekty mohou byt vysvétleny zvySenim [Ca?']; zpusobenym depolarizaci vyvolanou
linopirdinem. ZvySeni HPV neni zpiisobeno zvySenim bazalniho tonu, protoze dalsi zvySeni
bazalniho tonu 4-AP nezvysi HPV. 4-AP potencuje HPV (Hasunuma et al., 1991). Efekt 4-
AP a linopirdinu na HPV neni aditivni, coZ znaci, Ze obé latky pusobi stejnym
mechanizmem, pravdépodobné depolarizaci. Nalez je v souladu s mySlenkou, ze citlivost k
hypoxii je navozena depolarizaci, ktera aktivuje Kv kandly citlivé na O, které by jinak
piisobily proti depolarizaci a minimalizovaly by tak influx Ca?* , ale jsou inhibovany hypoxii
(Turner et al., 1997). Nezalezi vSak, ¢im je tato depolarizace vyvolana. Aditivni efekt
linopirdinu a 4-AP na vazokonstrikci vyvolanou ANG II svéd¢i o tom, ze odpovéd’ na ANG
IT a hypoxii ja fizena odliSnymi mechanismy.

Podani linopirdinu u potkant vystavenych 3-denni hypoxii nevede k vazokonstrikci
plicnich cév (Obr. 4.3. B). Ztrata efektu linopirdinu u hypoxixckych potkani koreluje s nizsi
expresi KCNQ 4 mRNA, mnozstvi KCNQ 1 a 5 mRNA se nezménilo (Obr. 4.5.) . To
znamend, 7e linopirdin vyvoldvad vazokonstrikci plicniho feci§t¢ inhibici Kv kanald
obsahujici KCNQ 4 podjednotku. Kv7.4 kanaly jsou downregulovany v ¢asné fazi rozvoje
HPH a pravdépodobné se podileji na depolarizaci PASMCs v obdobi rozvoje HPH (Hong et
al., 2004). Mnozstvi Kv7.4 proteinu u hypoxickych a normoxickych potkand se neli$i.
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SniZzeni mnozstvi proteintt se miize projevit za delsi Casové obdobi nez snizeni mRNA.
Mnozstvi Kv7.4 proteinu jsme stanovili v celych intrapulmonalnich cévach, nikoliv pouze v
membranach PASMCs. Ztrata funkce Kv7 kanali tedy mulze byt zpusobena jejich
nedostatkem v membranach PASMCs. Ke spravné asemblaci Kv7.4 proteinu do plasmatické
membrany je potfeba molekularni chaperon heat shock protein 90 (Hsp 90) (Gao et al.,
2013). Na nedostatku Kv7.4 proteini v membrané se mutize podilet chybna interakce s Hsp
90. 3-denni expoxice hypoxii narusila interakci mezi Hsp 90 a NO syntazou a ovlivnila NO
dependentni vazodilataci u prasat (Fike et al., 2010).

Kv7 aktivator flupirtin nema zadny efekt na plicni perfuzni tlak a neovliviuje sklon
P/Q kiivky u normoxickych potkant (Obr. 4.4. A). Nalez je v souladu s nizkym bazalnim
tonem plicnich cév, pro prukaz dilatace izolovanych plicnich cév je nutnd jejich
prekonstrikce (Joshi et al., 2009). U potkanti vystavenych hypoxii, pfesto Ze je sniZena
funkce Kv7.4 kanala (viz vyse), flupirtin snizuje odpor zvySujicimu prutoku méfeny jako
sklon P/Q ktivky (Obr. 4.4. B). Duvodem pro vasodilataci zptisobenou flupirtinem je
pravdépodobné zvySeny tonus plicnich cév pii hypoxii, ale mechanismus neni jasny.
Vysvétlenim mize byt, Ze snizena exprese Kv7 nebo jinych Kv kanala (Hong et al., 2004)
vede ke zvySeni resistence membrany a tim zvétSenim hyperpolarizace zptisobené aktivaci
mensiho poctu Kv7 kanali. Pfimy dikaz pro zménénou resistenci membrany pii hypoxii
neni, ale sniZeni resistence je pravdépodobné (Suzuki et al., 1982). Flupirtin muze
vazodilataci zpUsobit otevienim zbylych Kv7.4 kanalti nebo aktivaci Kv7.5 kanalu, ev. jejich
heteromultimery. V plicnich arteriich jsou exprimovany i Kv7.1 kanaly, ty ale flupirtin
neaktivuje (Robbins, 2001). Jinym mechanismem vazodilatace vyvolané flupirtinem mize
byt blokada Ca®" kanalg, popsana u flupirtinu (20 umol/l) a jeho analogu retigabinu (Mani et
al., 2013).

Schopnost flupirtinu dilatovat cévy v hypoxickych plicich je pravdépodobné dana
pusobenim proti depolarizaci vyvolané hypoxii, kterd zpiisobuje Ca’* influx a tim nejen
vazokonstrikci, ale i proliferaci hladkych svalovych bunék (Platoshyn et al., 2000).
Normalizace membranového potencialu PASMCs flupirtinem mtize byt vyhodné&js$i nez
blokada Ca®" kanaldi, protoZe nezabrani pouze influx Ca** ale i normalizuje membranovy
potencial a tim zabrani napétoveé vazanému piestupu i jinych iontl pies bunéénou membranu.
Pozitivni vliv podavani flupirtinu byl popsan u plicni hypertenze u mysi vyvolané jak hypoxii

tak nadmérnou expresi serotoninového transportéru (Morecroft et al., 2009). Nase prace
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ukazuje, Ze podavani flupirtinu béhem casné faze expozice hypoxii ma vliv na rozvoj HPH a
proto by lécebny potencial aktivatord Kv7 kanali mél byt studovan u pacientii s plicni
hypertenzi.

Perinatalni hypoxie zpusobuje zmény plicniho cévniho feéisté, které jsou vice
vyjadieny u samic. Perinataln¢ hypoxické samice méli zvySeny bazalni perfuzni tlak, ktery
odrazi zvySeny cévni odpor. Nalez je ve shod¢ s predchozimi vysledky, kdy perinatalné
hypoxické samice maji v dospélosti na rozdil od samcti hypertrofii pravé komory (Hampl et
al., 2003). Odpoveéd perinatalné hypoxickych cév na vazokonstrikéni stimuly je obvykle
popisovana jako snizena jak u ANG Il (Hampl et al., 2000) nebo u KCI (Jones et al., 2004).
Nase vysledky ukazuji zvysenou KCl indukovanou vazokonstrikei u perinatalné hypoxickych
samic a stejnou u perinatalné hypoxickych samci. Pfedchozi prace se pohlavnimi rozdily
nezabyvaly a pokusy byly provadény pievazné u samctll. Soudi se, Ze hypoxicky inzult kolem
porodu narusi piestavbu vysokotlakého fetdlniho plicniho feCiSté na nizkotlaké adultni.
Fetalni plicni fecisté se podoba zménénému plicnimu fecisti nasledkem chronické hypoxie
(remodelace, zvyseny tonus). Reaktivita chronicky hypoxickych plicnich cév je odlisSna
(Karamsetty et al., 1995). Odlisna reaktivita u perinatalné hypoxickych potkani mize byt
zpusobena nedostateCnou piestavbou fetalniho na adultni plicni fecisté zpuisobené expozici
hypoxii kolem porodu.

Perinatalni hypoxie zvySuje citlivost izolovanych plic k linopirdinu, aktivita KCNQ
kanalt je tedy u perinatdlné hypoxickych potkand vys$si. Nalez je ve shod¢é se zvySenou
aktivitou Kv kanald v plicnich arterii u perinatalné hypoxickych mysi (Marino et al., 2007).
Linopirdin potencuje KCI indukovanou vazokonstrikci u samic nezavisle, zda byly vystaveni
perinatalni hypoxii, ale pouze u perinatalné¢ hypoxickych samct. Odlisnad odpovéd na KCI

miiZze byt dana odlisnym zastoupenim K* kanali v membrané PASMCs.
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6. Zavér

KCNQ kanély ovliviiuji reakci plicniho cévniho fecist¢ na akutni i chronickou

hypoxii a maji vyznam pro dlouhodobé nasledky perinatalni hypoxie.

1. KCNQ blokator linopirdin navozuje reaktivitu izolovanych plic perfundovanych
solnym roztokem k akutni ventilaéni hypoxii. V izolovanych plicich s jiz navozenou
reaktivitou (priming) linopirdin potencuje HPV. Nasledné podany 4-AP sice plsobi dalsi
vazokonstrikci, potencuje vazokonstrikci indukovanou ANG II, ale jiz neovliviiuje HPV.

vvvvvv

blokada ostatnich Kv kanala.

2. Nékolika denni expozice hypoxii vede ke ztrat¢ vazokonstrikéni odpovédi na
linopirdin. Nalez koreluje se snizenim exprese Kv7.4 mRNA, avSak mnozstvi celkového
Kv7.4 proteinu v plicnich cévach neni expozici hypoxii ovlivnéno. Naopak akutni podani
KCNQ aktivatoru flupirtinu plsobi vazodilataci u potkani vystavenych hypoxii. Navic
podavani flupirtinu v pribchu expozice hypoxii (30 mg/kg/den) zabrani zvySeni plicni
vaskuldrni resistence a normalizuje odpovéd’ na akutni hypoxii. Flupirtin neovliviiuje

produkci NOX, pusobi tedy pravdépodobné ptimo na PASMCs.

3. Perinatalni hypoxie zvySuje aktivitu KCNQ kanald Vv dospélosti. Perinatalné
hypoxické samice maji vyssi bazalni perfuzni tlak a vétsi KCl indukovanou vazokonstrikei.
KCNQ kandly brani vazokonstrikci indukované KCl u samic nezavisle na expozici
perinatalni hypoxii, ale u samct pouze pokud byli vysaveni hypoxii kolem porodu. Aktivita
KCNQ kanald je tedy odpovédnd za dlouhodobé zmény zpusobené perinatalni hypoxii a

podili se i na pohlavnich rozdilech.
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7. Abstrakt

Plicni cévni tecisté se odliSuje od systémového reakci na hypoxii. Akutni hypoxie
zpusobuje vazokonstrikci (HPV), ktera je nezbytnd pro udrZeni optimalniho pO;
v organismu, chronicka hypoxie plicni hypertenzi (HPH) a pokud je organismus vystaven
hypoxii kolem porodu (perinatalni hypoxie), tak navodi dlouhodobé zmény ve vlastnostech
plicnich cév, které zvysuji nachylnost k plicni hypertenzi v dospélosti. Pii reakci hladkych
svalovych bun¢k plicnich arterii (PASMCs) na hypoxii dochazi k depolarizaci membrany
inhibici napétoveé fizenych draselnych (Kv) kanali. Mezi nimi maji KCNQ (Kv7) kanaly
dulezité elektrofyziologické vlastnosti, které naznacuji jejich kli¢ovou roli v reakci na
hypoxii.

Specificky blokator KCNQ kanalti linopirdin navozuje reaktivitu izolovanych plic
perfundovanych sodnym roztokem na akutni hypoxii (priming), ale sdm o sob& bez
ptedchoziho primingu nezplsobuje vazokonstrikci, piisobi tedy na plicni cévy podobné jako
akutni ventilacni hypoxie. Navic potencuje HPV a tim brani zvétSeni HPV nespecifickym Kv
blokatorem 4-aminopyridinem. Zda se tedy, ze pro HPV ma inhibice KCNQ kanali kli¢ovou
roli.

U potakni vystavenych 3-5 denni hypoxii (normobaricka komora, FiO, 0,1) jsme
zkoumali vlastnosti plicniho cévniho fec€isté pomoci zavislosti perfuzniho tlaku na zvySujicim
pratoku (P/Q kiivky). U hypoxickych potkant, na rozdil od kontrol, linopirdin nezplsobuje
vazokonstrikei. Ztrata vazokonstrikéni odpoveédi na linopirdin byla doprovdzena sniZenim
exprese mMRNA Kv7.4 kanalt, mnoZstvi Kv7.4 proteinu nebylo ovlivnéno. Naproti tomu
specificky KCNQ aktivator flupirtin dilatoval pouze plicni cévy z hypoxickych potkant,
nikoliv z normoxickych. Navic podavani flupirtinu (30 mg/kg/den) v prubéhu expozice
hypoxii zabranilo zvySeni plicni cévni rezistence a normalizovalo odpovéd’ na akutni hypoxii.
Nase vysledky ukazuji na downregulaci Kv7.4 kanali v pribéhu ¢asné faze rozvoje HPH a
moznost ovlivnéni rozvoje HPH podavanim KCNQ aktivatoru flupirtinu.

Zmény navozené perinatalni hypoxii (2 tydny v normobarické komote, FiO, 0,12)
jsou vice vyjadiené u samic. Dospélé perinatalné hypoxické samice maji vyssi plicni cévni
rezistenci a vétsi reaktivitu na KCI. U perinatalné hypoxickych potkant obou pohlavi je vétsi
citlivost plicnich cév na linopirdin. KCNQ kanély se podili na vazokonstrikéni odpovédi na

KCI u samic nezavisle na expozici perinatalni hypoxii, ale u samci pouze po expozici
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hypoxii Vv perinatalnim obdobi. Aktivita KCNQ kanald se tedy podili na odlisné reaktivité

perinatalné hypoxickych plicnich cév a je odpovédna i1 za pohlavni rozdily.

Klicova slova: Kv7 kanaly, izolované plice, hypoxicka plicni vazokonstrikce, flupirtin, plicni

hypertenze, P/Q zavislost, perinatalni hypoxie, pohlavni rozdily
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8. Abstract

Reaction of pulmonary vascular bed to hypoxia is different than in systemic
vasculature. Acute ventilatory hypoxia constricts pulmonary arteries (HPV), diverts blood to
better oxygenated alveoli and optimises arterial pO,. Chronic hypoxia causes pulmonary
hypertension (HPH) and exposure to hypoxia at birth (perinatal hypoxia) results in longterm
changes of pulmonary vasculature, which makes it more susceptible to develop pulmonary
hypertension in adulthood. Reaction of pulmonary artery smooth muscle cells (PASMCs) to
hypoxia involves membrane depolarization by inhibition of voltage gated potassium channels
(Kv). Among them KCNQ (Kv7) channels have biophysical properties (low voltage threshold
for activation and lack of inactivation during sustained depolarization) which suggest them to
play a key role in hypoxic response.

Specific KCNQ channel inhibitor linopirdine primes HPV in saline perfused lungs,
but in not primed lungs does not cause vasoconstriction, it behaves in the same way as acute
ventilatory hypoxia. Moreover, in primed lungs linopirdin potentiates HPV and prevents non-
specific Kv inhibitor 4-aminopyridine to potentiate HPV. It seems, that KCNQ channel
inhibition has a key role in HPV.

In rats exposed to hypoxia for 3-5 days (normobaric chamber, FiO, 0,1) we examined
relationship of pulmonary perfusion pressure on increasing flow (P/Q plot). In hypoxic rats,
contrary to controls, linopirdine fails to constrict pulmonary vessels. This loss on
responsivness to linopirdine correlates with reduced expression of Kv7.4 mRNA in hypoxic
lungs, amount of Kv7.4 protein was not affected. In contrast, KCNQ channel activator
flupirtine dilates only vessels from hypoxic rats, not from normoxic controls. Moreover,
flupirtine treatment during exposure to hypoxia (30 mg/kg/day) prevents increase of
pulmonary vascular resistence .and normalizes response to acute hypoxia. Our results point
out downregulation of Kv7.4 channels in early stage of HPH development and possibility of
flupirtine to influence developement of HPH.

Changes induced by perinatal hypoxia (2 weeks in FiO, 0,12) are more expressed in
females. Adult perinatal hypoxic females have increased pulmonary vascular resistance and
vasoconstriction induced by KCI. Perinatal hypoxic rats of both gender are more sensitive to
linopirdine. KCNQ channels are involved in KCI induced vasoconstriction in females

independently on exposure to perinatal hypoxia, but in males only if they were exposed to
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hypoxia at birth. KCNQ channel activity participates in different reactivity of perinatal

hypoxic pulmonary vasculature and is involved in gender differences.

Key words: Kv7 channels, isolated saline perfused lungs, hypoxic pulmonary
vasoconstriction, flupirtine, pulmonary hypertension, P/Q relationship, perinatal hypoxia,

gender differences
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ABSTRACT

Patassium channels are central to the regulation of pulmonary
vascular tone. The smooth muscle cells of pulmonary artery
display a background K* conductance with biophysical prop-
erties resembling those of KCNQ (K,7) potassium channels.
Therefore, we investigated the expression and functional role of
KCNQ channels in pulmonary artery. The effects of selective
KCNQ channel modulators were investigated on K* current
and membrane potential in isolated pulmonary artery smooth
muscle cells (PASMCs), on the tension developed by intact
pulmonary arteries, and on pulmonary arterial pressure in iso-
lated perfused lungs and in vivo. The KCNQ channel blockers,
linopirdine and XE991 [10,10-bis(4-pyridinylmethyl)-9(10H)-
anthracenone], inhibited the noninactivating background K*
conductance in PASMCs and caused depolarization, vasocon-

striction, and raised pulmonary arterial pressure without con-
stricting several systemic arteries or raising systemic pressure.
The KCNQ channel openers, retigabine and flupirtine, had the
opposite effects. PASMCs were found to express KCNQ4
mRNA, at higher levels than mesenteric artery, along with
smaller amounts of KCNQ1 and 5. It is concluded that KCNQ
channels, most probably KCNQ4, make an important contribu-
tion to the regulation of pulmonary vascular tone, with a greater
contribution in pulmonary compared with systemic vessels. The
pulmonary vasoconstrictor effect of KCNQ blockers is a poten-
tially serious side effect, but the pulmonary vasodilator effect
of the openers may be useful in the treatment of pulmonary
hypertension.

The pulmonary circulation delivers deoxygenated blood to
the lungs at less than 20% of systemic pressure. This low
pressure 1s maintained, at least in part, by the activity of K*
channels in pulmonary artery smooth muscle cells
(PASMCs), which mediate a background efflux of K*, driving
the membrane potential to a negative value and preventing
the opening of voltage-gated Ca®* channels. The vasocon-
strictor effect of agents causing membrane depolarization
(Hara et al., 1980; Hasunuma et al., 1991) and vasodilation
by drugs causing hyperpolarization (Clapp et al., 1993) illus-
trate the importance of membrane potential for pulmonary
artery (PA) function.

The resting potential of PASMCs generally is agreed to
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depend on a noninactivating K™ conductance, but the molec-
ular nature of the underlying K™ channels is disputed. The
voltage-gated channels, Ky, 1.5 (Archer et al., 1998; Moudgil
et al., 2006; Remillard et al., 2007) and Ky,2.1/K,9.3 (Patel et
al., 1997), have been widely studied as mediators of resting
potential. Recent work suggests roles for the voltage-inde-
pendent, two-pore domain channels, TASK-1 (Gurney et al.,
2003; Olschewski et al., 2006) and TASK-2 (Génczi et al.,
2006). We showed that the resting potential depends on a
background K current (Iy) comprising voltage-dependent
and -independent components (Osipenko et al., 1997; Joshi et
al.,, 2006) and suggested that TASK channels mediate the
latter (Gurney and Joshi, 2006; Gurney et al., 2003). The
biophysical and pharmacological properties of the voltage-
dependent component differ, however, from those of K1.5
and K,/2.1 channels (Evans et al., 1996). Distinguishing prop-
erties of Iy include a low voltage threshold for activation
(below —60 mV), slow activation (time constant, ~1 s), ab-
sence of inactivation (Evans et al., 1996), and low sensitivity
to 4-aminopyridine (Osipenko et al., 1997, 1998), which de-

ABBREVIATIONS: PASMC, pulmonary artery smooth muscle cell; PA, pulmonary artery; /iy, noninactivating K™ current; PSS, physiological salt
solution; PG, prostaglandin; RT, reverse transcription; PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;

AT, angiotensin II; TASK, TWIK-related acid-sensitive potassium.
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polarizes PASMCs at concentrations above those required to
inhibit K;;1.5 channels (Osipenko et al., 1997; Coetzee et al.,
1999). Thus, although K;1.5 may be important in preventing
membrane depolarization, and it has been implicated in the
development of pulmonary hypertension (Moudgil et al.,
2006; Remillard et al., 2007), voltage-dependent channels
with a lower activation threshold than K/1.5 or K2.1 are the
key determinants of I and resting potential in PASMCs.

In early studies of I, its kinetic properties were noted to
bear a striking resemblance to the neuronal M-current
(Evans et al., 1996). The channels responsible for the M-
current are encoded by genes of the KCNQ (K,7) family
(Wang et al., 1998; Robbins, 2001). Together with the finding
that KCNQ channel blockers are potent pulmonary vasocon-
strictors (Joshi et al., 2006), the similarity of Iy to the
M-current led us to consider the possibility that KCNQ chan-
nels mediate the voltage-dependent component of Iyy. The
KCNQ gene family has five members, KCNQ1 to 5, which
carry out distinct functions when expressed in different tis-
sues (Robbins, 2001). KCNQ1 is expressed in the heart,
where 1t contributes to action potential repolarization,
whereas KCNQ2, KCNQ3, and KCNQ5 contribute to the
M-current and help to set the resting potential in neurons
(Robbins, 2001; Wladyka and Kunze, 2006). KCNQ4 sets the
resting potential and regulates submembrane Ca®" concen-
tration in inner ear hair cells (Oliver et al., 2003). KCNQ
channel subunits originally were thought to be largely con-
fined to these tissues, but it is becoming clear that they are
also expressed in smooth muscle organs, including the vas-
culature where systemic arteries express KCNQ4 and
smaller amounts of KCNQ1 and 5 (Ohya et al., 2003; Yeung
et al., 2007).

This study investigated the expression and functional role
of KCNQ channels in PA. Funetional studies exploited a class
of drugs that specifically inhibit or activate KCNQ channels
at concentrations having little effect on other ion channels
(Dalby-Brown et al., 2006). Linopirdine and XE991 (Dalby-
Brown et al., 2006), originally developed as cognition enhanc-
ers, block KCNQ channels, with ECy, values in the low or
submicromolar range. Both drugs are at least 20-fold less
potent at inhibiting neuronal delayed rectifier, A-type, and
BE., currents and members of the EAG gene family (K, 10—
12) and 100-fold less potent at inhibiting K,,1.2, K,2.1, and
Ky4.3 (Lamas et al., 1997; Schnee and Brown, 1998; Wang et
al., 1998; Wladyka and Kunze, 2006). Retigabine and flupir-
tine are antiepileptic and analgesic drugs that act by selec-
tively opening KCNQ2-5, but not homomeric KCNQ1 chan-
nels, at micromolar concentrations (Tatulian et al., 2001).
The effects of these drugs were investigated on PASMC mem-
brane potential and Iy in rat isolated PASMCs and on
pulmonary vascular function in rat isolated arteries, isolated
perfused lungs, and in vivo. The results suggest a key role for
KCNQ channels, particularly KCNQ4, in the control of mem-

brane potential and tone in pulmonary arteries.

Materials and Methods

The functional effects of KCNQ channel modulators were investi-
gated on preparations of rat intrapulmonary artery (200-300-pm
external diameter), isolated saline-perfused lungs, and in vivo he-
modynamics, as described previously (Herget and McMurtry, 1987;
Joshi et al., 2006). Experiments on isolated lungs and in vive hemo-

KCNQ Channels in Pulmonary Artery 369
dynamics were carried out in Prague and used adult male Wistar
rats (age, 7-8 weeks; 240 + 15 g), treated in accordance with the
Declaration of Helsinki and the Guide for Care and Use of Labora-
tory Animals (Institute of Laboratory Animal Resources, 1996). All
procedures were approved by the Animal Studies Committee at
Charles University, Prague. For experiments on isolated vessels and
cells (in Manchester), male Sprague-Dawley rats (250-300 g) were
killed by cervical dislocation in accordance with the UK Animals
(Scientific Procedures) Act 1986, and the lungs were excised into
physiologieal salt solution (PSS) eontaining 120 mM NaCl, 5 mM
KCI, 1 mM MgCl,, 0.5 mM NaH,PO, 0.5 mM KH,PO,, 10 mM
HEPES, 10 mM glucose, and 1 mM CaCl,, pH 7.4.

Myography. PA rings were mounted in a wire myograph (DMT
A/S, Aarhus, Denmark) in PSS at 37°C, under 5 mN basal tension.
After 30 min equilibration, vessels were challenged three times with
50 mM KCl, and subsequent responses to drug application were
measured as a percentage of the final KCl constriction. Where indi-
cated, the endothelium was removed by rubbing the vessel lumen
with a human hair. Linopirdine and XE991 (hydrochloride salts from
Tocris Bioscience, Bristol, UK) were applied to vessels at resting
tone, and the increase in force was measured relative to the response
to 50 mM KCI. The effects of retigabine and flupirtine were tested on
vessels preconstricted with phenylephrine (1 pM), prostaglandin
(PG) Fy, (3 uM), or 50 mM K*. The K" in the PSS was raised by
equimolar replacement of Na™.

Isolated Saline-Perfused Lungs. Rats were anesthetized with
sodium thiopental (50 mg/kg i.p.) and ventilated (peak inspiratory
pressure, 12 em of H,O; positive end expiratory pressure, 2 cm of
Ho() through a tracheal cannula with normoxic gas mixture (21%
03, 5% COg, 74% Ng). The main PA and left ventricle were cannu-
lated, and the lungs were perfused at 4 ml/min/100 g via the PA with
bicarbonate-buffered salt solution containing albumin (4 g/100 ml)
and meclofenamate (17 pM) in 119 mM NaCl, 4.7 mM KC1, 1.16 mM
MgS0,, 17 mM NaHCO0,, 1.18 mM KH,PO,, 3.2 mM CaCl,, and 5.5
mM D-glucoge. The pulmonary perfusion pressure was measured via
a transducer connected to the inflow cannula (PowerLab; ADInstru-
ments Ltd., Chalgrove, Oxfordshire, UK), and after equilibration for
15 min, two cycles of angiotensin II (0.2 pg) followed by hypoxia (0%
0g, 5% CO,, 95% N,) were delivered to check viability. When pres-
sure returned to baseline, linopirdine (Sigma-Aldrich, St. Louis, MO)
dissolved in dimethyl sulfoxide (0.5-10 pM) was infused, and pres-
sure was measured after reaching a stable level. Constrictor re-
sponses were measured as the peak increase in pulmonary perfusion
pressure.

In Vivo Hemodynamics. Hemodynamic measurements were
made in spontaneously breathing rats anesthetized with sodium
thiopental (50 mg/kg i.p.). Mean systemic arterial pressure was
measured via a cannula in the left carotid artery, and pulmonary
arterial pressure was measured by a transducer introduced into the
pulmonary artery via the jugular vein and right ventricle. Linopir-
dine dihydrochloride (Tocriz Bioscience), dissolved in PSS, was in-
jected via a venous catheter at 10-min intervals in cumulative bolus
doses of 1, 5, and 5 mg/kg. Because 2.5 mg/kg i.v. linopirdine given to
rats provided an immediate plasma concentration of 5.9 pM
(Rakestraw et al., 1994), these doses are expected to produce plasma
concentrations covering the range over which linopirdine causes
pulmonary vasoconstriction (Joshi et al., 2006). With a plasma half-
life of 36 min (Rakestraw et al., 1994) the plasma concentration of
linopirdine would decline by around 17% between doses and remain
elevated at the end of each experiment.

Electrophysiology. PASMCs were isolated, and resting mem-
brane potential and K™ currents were studied using the whole-cell
patch-clamp technique as described previously (Osipenko et al.,
1998). Pipette =olution contained 130 mM KC1, 1 mM MgCl,, 1 mM
EGTA, 20 mM HEPES, and 0.5 mM Na,GTP, pH 7.2. To isolate Iy
from other K™ currents in the cell, 10 mM tetraethylammonium
chloride and 10 pM glibenclamide were added to the PSS, and the
membrane was clamped at 0 mV for =5 min (Evans et al., 1996).
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KCNQ Subunit Expression. RNA was extracted from rat arter-
ies, brain, heart or isolated PASMCs and mRNA expression identi-
fied using reverse transcription (RT)-polymerase chain reaction
(PCR), as described previously (Gurney et al., 2003). Primer se-
quences for amplifying KCNQ transcripts are listed in Table 1. Cycle
parameters were typically 95°C for 10 min, followed by 20 to 35
cycles at 95°C for 1 min, 52°C to 58°C for 30 s, and 68°C for 1 min.
Reverse transcriptase was omitted from control ¢DNA reactions.
Products were resolved by agarose gel electrophoresis, purified, and
verified by sequencing. Experiments were repeated on separate sam-
ples of RNA isolated from at least three rats.

Real-time quantitative RT-PCR with SYBR Green detection was
used to quantify expression levels of KCNQ mRNAs, using the prim-
ers listed in Table 1. Reactions were carried out in 250p] volumes
containing 1 pl of e DNA, 12.5 pl of SYBR Green master mix, and 7.5
pmol each primer, using an Applied Biogystems 7500 PCR system
according to the manufacturer’s instructions (Applied Biosystems,
Foster City, CA). Cycling parameters were 95°C for 15 min followed
by 40 cycles at 95°C for 1 min, 58°C for 40 s, and 68°C for 40 5. A
dissociation step was performed for melting eurve analysis, a single
peak representing specificity. An absolute quantification method
was used in which the input copy number was determined by relat-
ing the PCR signal to a standard curve. Expression levels were then
normalized against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), measured simultaneously in the same samples. Experi-
ments were carried out in triplicate from the pooled RNA of three
rats and repeated on separate extractions from two sets of animals.

To determine whether KCNQ4 protein was expressed in PASMCs,
immunofluorescence experiments were carried out using three dif-
ferent KCNQ4 antibodies (G14, S18, and N10, 1:100 or 1:200 dilu-
tion; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) as described
previously (Gurney et al.,, 2003). Staining was detected using the
Alexa fluor 594-conjugated secondary antibody (Molecular Probes,
Carlsbad, CA). Control ecells were proecessed without primary anti-
body or with primary antibody preincubated with excess antigen.

TABLE 1
Primers for RT-PCR and quantitative RT-PCR

Results

Pulmonary-Selective Effects of KCNQ Channel
Blockers. Linopirdine and XE991 were shown previously to
constrict PA while having little effect on mesenteric arteries
(Joshi et al., 2006). XE991 has since been shown to constrict
systemic arteries, especially if tone i1s already raised (Yeung
et al., 2007). To directly assess the selectivity of the KCNQ
blockers for PA, we compared the effects of linopirdine and
XE991 on rat pulmonary, renal, mesenteric, femoral, coro-
nary, carotid, cerebral, and tail arteries under identical con-
ditions, using drug concentrations previously shown to max-
imally constrict PA (Joshi et al., 2006). The original traces in
Fig. 1A (inset) confirm that 10 pM lnopirdine and 1 pM
XE991 constricted PA almost as effectively as 50 mM K™ but
had a small effect on the renal artery, which responded to the
drugs with constrictions of only 15 = 5% (n = 4) and 17 =
10% (n = 4), respectively, of the response to K'. The
mesenteric artery was even less sensitive, with linopirdine
and XE991 inducing only 5 * 2% (n = 5)and 4 + 1% (n =
6), respectively, of the response to K*. All other vessels
failed to respond to either drug, despite robust responses
to K* (Fig. 1A).

The vasoconstrictor action of linopirdine was apparent in
isolated, saline-perfused lungs (Fig. 1Bi). The effect was slow
to develop compared with the response to angiotensin II (AT),
taking ~10 min to reach maximum. This is consistent with
the slow time course of constriction seen in isolated arteries
(Joshi et al., 2006; see Fig. 1A, inset). In the absence of
linopirdine, pressure remained stable over the same time
course in at least five preparations, and reproducible re-
sponses to bolus injection of AT before and after perfusion

Forward (For) and reverse (Rev) primers for genes with the indicated accession numbers amplify transcripts of the size indicated. Internal (Int) primers amplified a region

inside that was spanned by outer (Out) primer pairs and were used for real-time PCR.

Gene Primer Primer Pair Sequences (5'-3') Predicted Size Aﬁiﬁ;:
bp

KCNQ1 Out.For 1 AGC AGA GGC AGA AGC ACT TCA ACC 447 NM_0320773
Revl GCA GCT GTG ACA CAT GGG TGA TG
Out.For 2 GGCATACTTGGCTCTGGGTTTG 194
Rev2 CTGGGGGAGAGCAAAGTGTG
Int. Forl GGCTCTGGGTTTGCACTG
Revl CATAGCACCTCCATGCAGTC 106

KCNQ2 Out.For 1 ACG CCT TCT ACC GCA AGC TGC 460 NM_133322
Revl TAC CGA TCC CAA GAG CTT CCA GG
Out.For 2 CCGCAAGCTGCAGAATTTCC 354
Rev2 AAGACATTGCCCTGGGAGCC

KCNQa Out.Forl AAG ACC AAA GCATGA TGG GGA AGT T 807 (T765) NM_031597
Revl TGG AAG GGG TCC ATA TGG AAT CTG
Out.For2 AAG ACC AAA GCATGA TGG GGA AGT T 731
Rev2 CCC AGT GGA TGA CAT AGG CAT G

KCNQ4 Out.For 1 CGCTTCCGGGCCTCTCTAAGAC 561 XM_233477
Revl GTCCTCGTGGTCTACAGGGCTGTG
Int. Forl CCCCGCTGCTCTACTGAG 86
Revl ATGACATCATCCACCGTGAG

KCNQ5 Out.Forl GAT GCC AGT GTG ACG TCT CTG TGG 386 XM _237012
Revl CCT TTC CGG AGG ACC TGT TGA TAG
Out.For2 GATGCCAGTGTGACGTGTCCGTGG 394
Rev2 CCTTTCCGGAGGACCTGCTGGTAG
Int. Forl CGAGACAACGACAGATGACC 77
Revl TGGATTCAATGGATTGTACCTG

GAPDH For CACCAGCATCACCCCATTT 157 NC_005103.2
Rev CCATCAAGGACCCCTTCATT

bp, base pair.
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with linopirdine indicated that the lungs remained viable.
The increase in pulmonary perfusion pressure caused by
linopirdine was concentration dependent, reaching signifi-
cance above 0.5 pM (Fig. 1Bii). Linopirdine also raised mean
PA pressure in vivo, without raising mean systemic pressure
(Fig. 1C). Figure 1Cii shows that the in vivo effect was dose
dependent and significant above 1 mg/kg.

Vasodilator Effect of KCNQ Channel Activators.
When applied to rat PA, the KCNQ activator retigabine
reduced the contractile response to phenylephrine in a con-
centration-dependent manner (Fig. 2A). Responses reached
steady state within 10 to 15 min, but recovery took 40 min or
so and required copious washing. To determine the site of
action of retigabine, responses were compared in intact ves-
sels and vessels with endothelium removed and nitric oxide
and prostacyclin synthesis blocked by the addition of N“-
nitro-L-arginine methyl ester (100 pM) and indomethacin (10
pM). Figure 2B shows that the vasodilator action of retigab-
ine occurred independently of a functional endothelium. Fig-
ure 2B also shows that flupirtine, an analog of retigabine,

produced concentration-dependent dilation of pulmonary ar-
teries, but with an approximately 5-fold lower potency. The
phenylephrine-induced preconstriction was 50% reversed by
retigabine at 13 = 4 pM (n = 5) and by flupirtine at 62 = 12
pM (n = 5, p < 0.05). The effect of flupirtine was also
endothelium-independent (data not shown).

If vasodilation were due to the opening of KCNQ channels,
it should be inhibited by reducing the transmembrane K™
gradient. As shown in Fig. 2C, the effect of retigabine was
greatly reduced when the artery was preconstricted with
raised extracellular K™ (50 mM). Figure 2D compares the
effects of retigabine and flupirtine on vessels preconstricted
with either 50 mM K™ or the receptor agonists phenylephrine
(10 pM) or PGF,, (3 pM). At 10 and 100 pM, retigabine and
flupirtine were both significantly less effective (p < 0.01) at
relaxing vessels constricted with K than those constricted
with phenylephrine or PGF,,. Retigabine reduced PGF,,
constrictions by 50% at 14 = 5 pM (n = 4), not significantly

different from the concentration causing 50% inhibition of

phenylephrine constriction.
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Fig. 2. Effect of KCNQ channel openers on rat PA. A, sustained constric-
tion induced by 10 pM phenylephrine followed by relaxation upon cumu-
lative application of retigabine at concentrations indicated. Calibration
bars, 1 mN vertical and 10 min horizontal. B, concentration-response
curves for retigabine-induced relaxation in the presence (+E) or absence
(—E) of endothelium and flupirtine (n = 5). Relaxation measured as
percentage of constrictor-induced pretone. C, constriction induced by 50
mM K* followed by relaxation upon cumulative application of retigabine
at concentrations indicated. Calibration as in A. D, histogram comparing
mean relaxation amplitudes for flupirtine and retigabine (10 and 100 M)
when the preconstrictor agent was phenylephrine (10 pM), PGF,, (3 pM),
or 50 mM K'; n = 4-6. E, histogram comparing relaxation responses to
KCNQ activators and leveromakalim (leverom), all at 10 pM, in the
absence and presence of 10 pM glibenclamide (n = 3). F, histogram
comparing constrictor effects of linopirdine (10 pM) and XE991 (1 pM) in
the presence and absence of retigabine at the concentrations indicated
(n =4). %, p < 0.05; #+, p < 0.01; *+*,p < 0.001, paired Student’s ¢ test
versus control.

Activation of K rp channels relaxes PA (Clapp and Gur-
ney, 1992). To test whether the vasodilation caused by KCNQ
activators could be explained by K, p channel opening, the
ability of the K,rp blocker glibenclamide (10 pM) to inhibit
their effects was investigated. Figure 2E shows that gliben-
clamide did not inhibit vasodilation evoked by retigabine (10
pM) or flupirtine (10 pM), but it did abolish vasodilation
caused by the K, channel opener leveromakalim (10 pM).

If the KCNQ blockers and activators act on the same chan-
nels, their effects might be expected to be antagonistic. Fig-
ure 2F shows that retigabine reduced the vasoconstrictor
effects of linopirdine (10 pM) and XE991 (1 pM) in a concen-
tration-dependent manner, with 100 pM almost abolishing
vasoconstriction. Flupirtine (10 pM) had a similar effect
(data not shown), increasing the linopirdine ECy;, from 0.5 =
01te2 =04 pM(n=>5,p < 0.05) and the XE991 EC,, from
0.1 £0.03to 1.8 £ 0.2 uM (n = 5, p < 0.05).

Electrophysiological Effects of KCNQ Channel
Blockers. The resting potential of rat PASMCs was —44 = 2
mV (n = 71). Recordings were allowed to stabilize for at least
1 min before measuring or applying drugs. Both linopirdine
and XE991 evoked depolarization (Fig. 3, A and B), which
could take several minutes to reach steady state and often
showed only partial recovery over the time course of the
experiments (=30 min), as found previously with recombi-
nant KCNQ channels (Wickenden et al., 2001). Linopirdine
depolarized cells by 9 mV (from —45 * 3to —36 * 3 mV;n =
8,p < 0.05) at 1 pM and by 15 mV (from —48 + 3 to —33 =
TmV;n =5, p < 0.05) at 10 pM. Similar responses were seen
with XE991 (Fig. 3B), and because the depolarization evoked
by 5 pM XE991 was not significantly larger than that evoked
by 1 pM, these seem to be maximal concentrations, consis-
tent with XE991-induced vasoconstriction (Joshi et al., 2006).
Note that these measurements include six of 30 cells that
showed no response.
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Fig. 3. Effects of KCNQ channel blockers on membrane potential and
Loy A, membrane potential traces show depolarization upon application
of linopirdine (10 pM) or XE991 (5 pM). B, mean depolarizations induced
by linopirdine and XE991 at the concentrations shown (n indicated above
bars). C, I;,; under control conditions, in the presence of 10 wM linopir-
dine (left) or 5 pM XE991 (right) and after 15 to 20 min of washing. Inset,
voltage protocol. D, histogram comparing linopirdine and XE991 effects
on [y measured at 0 mV (paired data, n indicated above bars). P, control
PSS application in place of drug. = p < 0.05. E, mean amplitude of
delayed rectifier K* current, under control conditions, after 5 pM XE991
application, then washout (n = 5). Inset, voltage protocol and typical
traces before (con) and during (XE) XE991 application and after drug
washout, recorded with a step to +40 mV.
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Figure 3C illustrates reversible effects of linopirdine and
XE991 on the noninactivating, background K current, Iy,
which mirror their effects on membrane potential. The ap-
plication of linopirdine or XE991 reduced I, amplitude at
potentials above —60 mV. As shown in Fig. 3D, at 0 mV,
linopirdine reduced current amplitude by 29% at 1 pM and
38% at 10 pM, whereas XE991 reduced it by 36% at 5 pM. As
found with their effects on membrane potential and vessel
tone, the mmhibition took several minutes to develop, and
recovery required washing for 15 min or more.

Linopirdine and XE991 can inhibit non-KCNQ channels at
higher concentrations than used here (Lamas et al., 1997;
Wang et al., 1998). Therefore, we tested the effects of the
blockers on the delayed rectifier current of PASMCs, under
the same conditions used to study [y . PASMCs were
clamped at —80 mV, and a family of delayed rectifier cur-
rents, evoked by 200-ms steps to increasingly depolarized
potentials, was applied at 5-s intervals. Figure 3E shows that
5 pM XE991 had no significant effect on the delayed rectifier
current.

Electrophysiological Effects of KCNQ Channel Acti-
vators. The KCNQ activators, retigabine and flupirtine,
both hyperpolarized PASMCs (Fig. 4A). Retigabine (10 pM)
hyperpolarized five of seven cells with an average response of
=7 = 3mV (n = 7). When applied to cells clamped at 0 mV,
neither retigabine (10 pM) nor flupirtine (10 pM) had a
measurable effect on Iy;y. Because KCNQ channel activation
may be saturated at 0 mV, precluding further activation by
drugs (Tatulian et al., 2001), we investigated the effects of
KCNQ activators at negative potentials where [}, is too
small to measure under physiological conditions. To facilitate
measurements, the extracellular K* concentration was

raised to 130 mM by equimolar substitution of Na™, shifting
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Fig. 4. Effects of KCNQ channel openers on membrane potential and Ijcy.
A, membrane potential traces upon application of retigabine (10 pM) or
flupirtine (10 pM). B, mean Iy amplitude over a range of potentials,
under control conditions (130 mM K*) and after application of 10 pM
retigabine (n = 4). Inset, voltage protocol. *, p < 0.05, paired Student's ¢
test versus control.
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A heart
M B

brain
+RT -RT +RT

KCNQS

B KCNQ1 KCNQ2 KCNQ3 KCNQ4 KCNOS
M -RT +RT -RT +RT -RT +RT -RT +RT -RT +RT M

RT +RT -RT

KCNQ1 447 bp

KCNQ2 =460 bp

KCNQ3 «+807bp

-+—1500 bp
-+ 500bp

<= 100 bp

Fig. 5. KCNQ transcripts in pulmonary artery. RT-PCR detection of
KCNQ transcripts in whole-rat PA, heart, and brain (A) and isolated
PASMCs (B). Each column represents a separate reaction with (+RT) or
without (—RT) reverse transcriptase. M, size marker; B, water blank.

the K equilibrium potential to 0 mV and amplifying i,
(now inward) at negative potentials. Figure 4B shows that
under these conditions, retigabine increased I, amplitude
between —20 and —70 mV. At —60 mV, retigabine (10 pM)
increased [ by 34% from a control amplitude of —70 + 32
to —94 = 37T pA(n = 5, p < 0.05).

KCNQ Channel Expression in PASMCs. The expres-
sion of KCNQ subunit mRNAs was first investigated in
whole arteries, using heart and brain as positive controls
(Fig. 5A). RT-PCR with KCNQ1 primers amplified the ex-
pected transcripts in heart but not brain. They also amplified
a transcript in PA. Specific KCNQ2 primers detected tran-
scripts in brain, but not PA. KCNQ3, 4, and 5 transcripts
were amplified in brain and heart, as found before, and also
in PA. RT-PCR performed on freshly dispersed PASMCs
detected transcripts for KCNQ1, 4, and 5, but not KCNQ3
(Fig. 5B), which may originate from a different cell type. At
least two sets of primer pairs were used to test the expression
of each transeript, with the same result each time.

Figure 6A compares the expression profile of KCNQ sub-
unit mRNAs in whole pulmonary and mesenteric artery mea-
sured relative to the housekeeping gene GAPDH. KCNQ4
was the most highly expressed subunit in both vessels, but its
expression in PA was significantly higher (>10-fold) than in
the mesenteric artery. The highest expression of KCNQ1 was
also in PA, but KCNQ5 expression was low in both vessels.
Normalizing PA expression relative to the control tissues of
brain and heart revealed that PA expresses KCNQ1 almost
as well as heart, KCNQ4 expression is almost 20-fold higher
in PA than brain, but KCNQ5 expression is small in PA
compared with brain (Fig. 6B). Figure 6C shows that KCNQ4
protein is expressed in PASMCs. A similar staining pattern
was seen with three antibodies directed against different
parts of the KCNQ4 protein. In each case, staining had a
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Fig. 6. Expression of KCNQ. A, expression profile of KCNQ1, 4, and 5
channels in whole-rat PA and mesenteric artery (MA) measured with
gRT-PCR and normalized to GAPDH (n = 3). #, p < 0.05, analysis of
variance with Tukey's pair-wise comparison versus KCNQ4 in PA. B,
KCNQ subunit expression in PA expressed relative to brain and heart
(n = 3). C, fluorescence images of PASMCs labeled separately with three
different anti-KCNQ4 antibodies, G14, 818, and N10. Staining was ab-
sent in control cells treated identically but without primary antibody
(fluorescence and bright-field images of the same cell shown). Calibration
bar, 20 pm.

punctate distribution and was present at the membrane.
Labeling was consistently observed in PASMCs from three
separate preparations, but not when the primary antibody
was omitted from the incubation or was preincubated with
excess antigen.

Discussion

This study demonstrates a key role for KCNQ channels,
notably KCNQA4, in setting the resting membrane potential of
PASMCs and regulating the intrinsic tone of PAs. We previ-
ously demonstrated a potent pulmonary vasoconstrictor ac-
tion of the KCNQ channel blockers, linopirdine and XE991,
on isolated vessels (Joshi et al., 2006). This study shows that
the KCNQ blocking drugs preferentially constrict PAs over
systemic arteries from different anatomical locations and
that the pulmonary vasoconstriction results in elevated PA
pressure, both in 1solated lungs and in vivo. It 1s important
that the rise in PA pressure occurred without a rise in sys-
temic pressure, confirming a preferential action of KCNQ
blockers on the pulmonary circulation.

The vasodilation produced by the KCNQ activators, retigab-
ine and flupirtine, and their ability to antagonize the constrictor
effects of KCNQ blockers, provide further evidence of a role for
KCNQ channels in the pulmonary circulation. Vasodilation was
endothelium-independent and inhibited by reducing the K"
gradient across the plasmalemma, consistent with an action
involving the activation of smooth muscle K* channels. The

vasodilation was not mediated by K, channels because it was
not prevented by glibenclamide. Retigabine and flupirtine re-
laxed agonist-constricted vessels with potencies comparable
with their effects on KCNQ channels in other tissues. For ex-
ample, flupirtine activated M-current in rat visceral sensory
neurons at 10 to 20 pM (Wladyka and Kunze, 2006), and reti-
gabine activated the M-current in sympathetic neurones, with
an EC,, of ~1 pM (Tatulian et al., 2001). Retigabine is gener-
ally more potent than flupirtine (Blackburn-Munro et al., 2005),
as found with their effects on PA.

The simplest explanation for the effects of KCNQ blockers
and activators on PA is that by modulating KCN@Q channels,
they change the membrane potential and influence voltage-
gated Ca®" entry. The effects of the KCNQ modulators on
isolated PASMCs confirm that they affect the background K*
conductance and membrane potential. Both linopirdine and
XE991 reduced Iy and evoked membrane depolarization,
whereas retigabine and flupirtine enhanced I, at negative
potentials and evoked membrane hyperpolarization. The
KCNQ blockers inhibited I at potentials as low as —50 to
—60 mV, implying an action on voltage-gated K channels
with a low activation threshold and similar to the effects of
linopirdine on the neuronal M-current (Lamas et al., 1997).
The ability of retigabine to enhance Iy between —70 and
—20 mV 1s also consistent with activation of a low threshold
channel and is similar to its effects on the M-current in
sympathetic neurons and several recombinant KCNQ chan-
nels (Tatulian et al., 2001). It 12 important that Iy inhibition
by linopirdine oceurred without an effect on the delayed
rectifier current, activated with short depolarizing steps from
—80 mV, indicating a selective action on the slower activat-
ing, background K* conductance that regulates resting po-
tential in PASMCs.

Linopirdine and XE991 evoked maximal depolarization at
10 and 1 pM, respectively, which mirrors the concentration
dependence of their effects on vessel tone. These concentra-
tions are comparable with those inhibiting the M-current in
rat hippocampal neurons and sympathetic ganglia (Lamas et
al., 1997; Schnee and Brown, 1998) and background K cur-
rent in the node of Ranvier (Schwarz et al., 2006) and visceral
sensory neurons (Wladyka and Kunze, 2006) but lower than
required to inhibit a range of other K" channels (Lamas et
al., 1997; Schnee and Brown, 1998; Wang et al., 1998; Wla-
dyka and Kunze, 2006). Nevertheless, even at maximal con-
centrations, linopirdine and XE991 reduced I, (at 0 mV)
and membrane potential by only 40%. That is probably be-
cause more than one channel mediates I}, reflected in volt-
age-dependent and -independent components (Gurney and
Joshi, 2006; Gurney et al., 2003; Joshi et al., 2006). We
previously reported that TASK channel blockers inhibited
I and membrane potential by 50% at most, and some
PASMCs failed to respond (Gurney et al., 2003), in the same
way that some PASMCs failed to respond to KCNQ modula-
tors. Thus, KCNQ and TASK channels may contribute vari-
ably to [ and resting potential in different PASMCs.

PASMCs expressed KCNQ1, KCNQ4, and KCNQ5 sub-
units, with KCNQ4 mRNA the most abundant. The higher
expression of KCNQ4 compared with the other subunits sug-
gests that it is most probably responsible for the pharmaco-
logical effects of KCNQ modulators on pulmonary arterial
smooth muscle. The higher expression of KCNQ4 in PA com-
pared with mesenterie artery is also consistent with KCNQ4
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mediating the larger pulmonary vasoconstrictor responses to
linopirdine and XE991. Therefore, KCNQ4 subunits are
likely to be mediators of Ik and resting potential in
PASMCs. Because the pharmacology of recombinant KCNQ
channels is incompletely understood (Robbins, 2001), the
sensitivity of the PA channels to KCNQ modulators is of
limited help in identifying the specific subunits involved. We
can rule out a major contribution from homomeric KCNQ1
channels because they are insensitive to retigabine (Tatulian
et al., 2001). Homomeric KCNQ4 channels are less sensitive
to block by linopirdine and XE991 (Robbins, 2001) than Iy
and the resting potential of PASMCs. On the other hand,
KCNQ channel pharmacology can be influenced by interac-
tions with KCNE proteins and other ancillary subunits
(Strutz-Seebohm et al., 2006), and we have yet to determine
which, if any, of these are present in PA. It is also possible
that KCNQ4 expressed in PASMCs is a specialized splice
variant (Beisel et al., 2005), or it is expressed with KCNQ5 in
a heteromeric channel assembly (Xu et al., 2007).

Expression of KCNQ4, with lower levels of KCNQ1 and 5,
was recently reported in systemic arteries (Yeung et al.,
2007; Mackie et al., 2008), and these studies did find effects
of KCNQ modulators on systemic vessels. In agreement with
the present work, however, XE911 was ineffective on mouse
mesenteric artery and had little effect on femoral and carotid
arteries, unless they were preconstricted with phenylephrine
(Yeung et al., 2007). Although the aorta was more responsive,
constriction to 10 pM XE991 was only 26% of the response to
KCI (Yeung et al., 2007), compared with 75% at 1 pM in PA.
Perhaps lower KCNQ4 expression in systemic vessels gives
rise to a smaller contribution to the resting potential, so that
KCNQ channel inhibition alone provides insufficient depo-
larization to activate substantial voltage-gated Ca®" entry.
In contrast to our results and those of Yeung et al. (2007),
however, linopirdine constricted mesenteric arteries
mounted in a pressure myograph, albeit by only 35% of
maximum (Mackie et al., 2008). Perhaps in these conditions,
vessels experienced some pretone, but because vessel diam-
eter was =300 pm, myogenic tone was unlikely to be present
(Sun et al, 1992). Harder to reconcile is the report that
intravenous linopirdine raised mean arterial pressure
(Mackie et al., 2008). In our study, systemic pressure was
unchanged or even decreased at the highest dose of linopir-
dine. We cannot explain the discrepancy, but our findings
concur with reports that linopirdine does not affect blood
pressure in humans (Saletu et al., 1989; Pieniaszek et al.,
1995).

Overall, this study implicates KCNQ channels, especially
KCNQ4, as determinants of resting K* conductance and
membrane potential in PASMCs. The results challenge the
widely held view that K, 1.5 and K,,2.1 channels are the most
important K* channels for regulating and modulating PA
tone (Patel et al., 1997; Archer et al., 1998; Moudgil et al.,
2006; Remillard et al., 2007) and provide evidence that
KCNQ channels contribute to the regulation of PA tone in
vivo. The results additionally indicate that pulmonary vaso-
constriction 1s a potentially serious side effect of KCNQ
blockers, which should be considered as a possible limitation
to their development for clinical use. On the other hand, the
ability of KCNQ activator drugs to dilate pulmonary arteries
suggests that these drugs could provide an effective treat-

KCNQ Channels in Pulmonary Artery 375

ment for lowering pulmonary vascular resistance in pulmo-
nary hypertension.
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Sedivy V, Joshi S, Ghaly Y, Mizera R, Zaloudikova M, Bren-
nan S, Novotna J, Herget J, Gurney AM. Role of Kv7 channels in
responses of the pulmonary circulation to hypoxia. Am J Physiol Lung
Cell Mol Physiol 308: LAB-1.57. 2015. First published October 31,
2014; doi:10.1152/ajplung (0362.2013. —Hypoxic pulmonary vaso-
constriction (HPV) is a beneficial mechanism that diverts blood from
hypoxic alveoli to better ventilated areas of the lung, but breathing
hypoxic air causes the pulmonary circulation to become hypertensive.
Responses to airway hypoxia are associated with depolarization of
smooth muscle cells in the pulmonary arteries and reduced activity of
K* channels. As Kv7 channels have been proposed to play a key role
in regulating the smooth muscle membrane potential, we investigated
their involvement in the development of HPV and hypoxia-induced
pulmonary hypertension. Vascular effects of the selective Kv7
blocker, linopirdine, and Kv7 activator, flupirtine, were investigated
in isolated, saline-perfused lungs from rats maintained for 3-5 days in
an isobaric hypoxic chamber (Fig, = 0.1) or room air. Linopirdine
increased vascular resistance in lungs from normoxic, but not hypoxic
rats. This effect was associated with reduced mRNA expression of the
Kv7.4 channel o-subunit in hypoxic arteries, whereas Kv7.1 and
Kv7.5 were unaffected. Flupirtine had no effect in normoxic lungs but
reduced vascular resistance in hypoxic lungs. Moreover, oral dosing
with flupirtine (30 mg/kg/day) prevented short-term in vivo hypoxia
from increasing pulmonary vascular resistance and sensitizing the
arteries to acute hypoxia. These findings suggest a protective role for
Kv7.4 channels in the pulmonary circulation, limiting its reactivity to
pressor agents and preventing hypoxia-induced pulmonary hyperten-
sion. They also provide further support for the therapeutic potential of
Kv7 activators in pulmonary vascular disease.

KCNQ: Kv7 channels: flupirtine; isolated lungs; hypoxic pulmonary
vasoconstriction; P/Q relationship

HYPOXIC PULMONARY VASOCONSTRICTION (HPV) is an important
physiological mechanism that helps to match ventilation with
perfusion in the lungs. It reduces perfusion in poorly ventilated
alveoli in order to optimize the oxygenation of arterial blood.
The main sensors of Oy and effectors of HPV are pulmonary
artery smooth muscle cells (PASMC) (30). The cellular mech-
anisms leading to HPV remain unclear, but the response
probably involves multiple pathways that raise the cytoplasmic
Ca®" concentration ([Ca®"];) and sensitize the smooth muscle
contractile proteins to Ca®™ (50).

A consistent finding is that hypoxia depolarizes PASMC, at
least in part by inhibiting K™ channels (29, 39, 43). The extent
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to which this contributes to HPV is controversial, opinions
ranging from essentially no role (46) to its being a key initiator
of HPV (3, 32, 34). Whether or not depolarization is required
for HPV, it 1s clear that it has the potential to promote or
enhance the response. With a sufficiently large depolarization,
the membrane potential will reach the threshold for L-type
Ca*™ channel activation (5), causing Ca®*" influx and promot-
ing vasoconstriction. The nature of the K™ channels contrib-
uting to hypoxia-induced depolarization is also debated. Volt-
age-gated Kv1.5 and Kv2.1/9.3 channels have both been im-
plicated (2-3, 32), as have voltage-independent, two-pore
domain TASK channels (12, 38). Kv7 channels are new po-
tential candidates, because several genes encoding Kv7 chan-
nel e-subunits (KCNQ1, KCNQ4, and KCNQS) are expressed
in PASMC and the channels appear to be active at the resting
membrane potential (24, 25). This was demonstrated by the
selective Kv7 channel inhibitors, linopirdine and XE991, caus-
ing pulmonary selective, endothelium-independent, but Ca®*-
influx dependent vasoconstriction (24). The low voltage
threshold for activation of Kv7 channels and their lack of
inactivation during sustained depolanzation suit Kv7 channels
to a role in regulating the resting membrane potential (13). The
susceptibility of Kv7 channels to pharmacological manipula-
tion additionally makes them an attractive therapeutic drug
target.

Following prolonged exposure to a hypoxic environment,
for example in obstructive lung disease patients or at high
altitude, the pulmonary circulation becomes hypertensive. This
disease state is assoclated with sustained depolarization of the
PASMC, along with loss of K* channel activity (39, 47, 49,
53). The loss of K* channel expression occurs early during the
development of hypoxia-induced pulmonary hypertension
(HPH), suggesting a causative role. Kv1.2, Kv1.5, and Kv2.1
were found to be downregulated within 24 h of exposure to
hypoxia, while other K channel a- and p-subunits were
unaffected (21). The expression of Kv7 channels in HPH has
not been investigated, but in a mouse model of pulmonary
hypertension (PH) induced by overexpression of the serotonin
transporter, the ability of a Kv7 inhibitor to constrict and a Kv7
activator to dilate pulmonary arteries was markedly suppressed
(35). Reduced vasodilation in response to Kv7 activators was
also observed in systemic arteries from spontaneously hyper-
tensive rats, where it was linked to loss of expression of the
Kv7.4 channel subunit (23). Interestingly, despite the reduced
sensitivity of pulmonary arteries to Kv7 modulators in mice
with PH, the Kv7 activator, flupirtine, was able to return
pulmonary artery pressure to normal, and it was able to prevent
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the development of HPH in mice exposed chronically to
hypoxia (35).

This study investigated the role of Kv7 channel activity in
the reaction of the rat pulmonary vascular bed to acute and
short-term (3-5 days) hypoxia, in isolated, saline-perfused
lungs. This preparation develops large pressor responses to
airways hypoxia, but only if the lungs are first prestimulated, or
primed, with a vasoactive substance that raises the basal
perfusion pressure and overall vasoreactivity (16, 18, 33). The
mechanism responsible for this priming effect 1s unknown, but
it can be induced by the nonspecific Kv channel inhibitor
d-aminopyridine (4-AP) and other agents promoting smooth
muscle depolarization and Ca®™ influx (15, 33). The ability of
the Kv7 blocker, linopirdine, to modulate HPV was therefore
investigated in both priming of the lungs to hypoxia and the
steady-state HPV in preprimed. saline-perfused lungs. To as-
sess the potential involvement of Kv7 channels in the devel-
opment of HPH, we investigated how in vivo exposure to
hypoxia for 3-5 days affects Kv7 channel expression and the
responsiveness of the pulmonary circulation to Kv7 modula-
tors. This period corresponds to the earliest time that structural
changes and a rise in mean pulmonary artery pressure can be
detected (19, 44). The mechanisms investigated may differ
from those operating in established PH but are likely to be
important during the onset of disease. In each case pulmonary
vascular resistance, which is elevated in hypoxic rats (7), was
measured from the slope of the pressure-flow (P/(Q) relation-
ship. Oral dosing with flupirtine assessed its ability to prevent
early changes in pulmonary vascular reactivity that take place
during the development of HPH in rats.

METHODS

Experiments employed male Wistar rats aged 1-2 mo, weighing
290 = 10 g (Biotest, Konarovice, Czech Republic) and were approved
by the Animal Studies Committee at Charles University Second
Medical School, in accordance with European Community and US
National Institutes of Health guidelines for using experimental ani-
mals. Experiments on isolated lungs and in vivo exposure to hypoxia
(normobaric chamber, Fio, 0.1) were carried out in Prague. Arteries
from lungs excised in Prague were either spap-frozen in liguid
nitrogen for later protein extraction, stored in RNAlater (Life Tech-
nologies, Paisley, UK) for mRNA analysis, or mounted in paraffin
blocks for sectioning and immunolabeling. Samples were shipped to
Manchester for analysis.

Isolated saline perfused rat lungs. Isolated perfused rat lungs were
prepared as described previously (17). Rats were anaesthetized (350
mg/kg ip thiopental) and ventilated through a tracheal cannula [peak
inspiratory pressure 10 cmH;0, positive end-expiratory pressure
(PEEP) 2 ¢cm H20, 50 breaths/min]. The chest was opened, heparin
introduced into the right ventricle, and the pulmonary artery and left
ventricle cannulated. The heart-lung block was placed into a humid-
ified chamber and maintained at 38°C. The lungs were ventilated with
a normoxic gas mixture, containing 21% Oz and 5% CO-, balanced
with Na. The lung circulation was perfused with a physiological salt
solution (PSS) containing albumin (4 g/100 ml perfusate) via the
pulmonary artery, using a peristaltic pump. The perfusate dropped
freely from the left ventricle cannula into a reservoir, from which it
was pumped again into the pulmonary artery. PSS contained in mM:
119 NaCl, 4.7 KCl, 1.16 Mg80,, 17 NaHCO,, 1.18 KH,PO,, 3.2
CaClz, and 5.5 p-glucose. The potentially confounding effects of
endothelial vasoactive mediators like nitric oxide (NO) and prosta-
glandins were prevented by including inhibitors of their synthesis [17
pM meclofenamate and 50 pM nitro-v-arginine-methyl-ester (1-
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NAME)] in the perfusate. Although meclofenamate activates neuronal
K¥7 channels comprising KCNQZ2/3 subunits with an ECsg of 20 pM
(40), 1t was reported to have no effect on vasoconstriction induced by
the linopirdine analog XE991 (54). Meclofenamate is not therefore
expected to interfere with the vascular action of linopirdine in isolated
lungs. On the other hand. because meclofenamate can dilate isolated
arteries, possibly as a consequence of activating Kv7 channels (54),
we omitted this drug from the perfusate when testing the effects of the
Kv7 activator, flupirtine.

Isolated lung protocols. When investigating the effects of linopir-
dine on the pulmonary perfusion pressure and its response to stimu-
lation, we perfused lungs at a constant flow rate of 4 ml-min—'-100
g~ !. Changes in perfusion pressure therefore directly reflected
changes in vascular resistance. The relationship between pulmonary
perfusion pressure and perfusion flow (P/Q) plot) was measured by
increasing flow in a stepwise manner until it reached ~ 150% of the
basal level. Lungs were not ventilated during this protocol and the
alveolar pressure was 2 cmH:0 (PEEF). Before beginning P/} mea-
surements the lungs were perfused with PSS for 15 min to ensure a
stable perfusion pressure, followed by priming with two cycles of
angiotensin II application (0.2 pg added into the inflow cannula)
followed by ventilation for 7 min with a hypoxic gas mixture (0% O,
5% COa, 95% Nz) to induce HPV. After linopirdine or flupirtine was
added to the perfusate the drugs could not be washed out to test for
recovery. We therefore investigated drug effects by comparing groups
of untreated lungs with treated lungs.

The effect of linopirdine on the responsiveness of the pulmonary
circulation to hypoxia was first investigated in lungs that had been
continually perfused with PSS for various periods but not primed with
any vasoconstrictor stimulus. Linopirdine (230 pg) was administered
as a bolus injection into the inflow cannula at the start of the
experiment to give an effective concentration of ~12 pM. This
concentration was maximally effective at constricting rat pulmonary
arteries in vitro (24) and within the range of ECso values reported for
Kv7 channel inhibition (45), while having little effect on a wide range
of other ion channels (27, 36, 52, 53). Hypoxic pressor responses were
elicited after 15, 30, and 65 min of lung perfusion by switching the
ventilation gas mixture. HPV was then compared between lungs
exposed to linopirdine (n = 6) and untreated. control lungs (n = 5).

The effects of linopirdine on HPV were also investigated in lungs
that had been equilibrated for 15 min then primed by two cycles of
angiotensin II (0.2 pg) injection followed by 7 min exposure to
hypoxia. In this series of experiments we also investigated the effect
of adding 4- AP, a nonspecific but mainly Kv1 channel blocker, in the
presence of linopirdine. After priming, linopirdine was added to the
reservoir to give a circulating concentration of 12 pM. After allowing
10 min to reach a steady state, we repeated stimulation with angio-
tensin II followed by hypoxia. In a separate group of lungs, linopir-
dine exposure was followed 10 min later by the addition of 4-AP to
the reservoir, to give a circulating concentration of 3 mM, and after
another 10 min the lungs were challenged again with angiotensin 11
followed by hypoxia. The perfusion pressures before and during the
test stimulation with angiotensin II or hypoxia were measured and
compared before and after the lungs were treated with linopirdine only
or linopirdine followed by 4-AP.

The effects of flupirtine were tested on isolated lungs that had been
primed by two cycles of angiotensin II followed by acute airways
hypoxia. Flupirtine was added to the reservoir to give a circulating
concentration of 200 wM. At this concentration flupirtine evokes nearly
50% of its maximum pulmonary vasodilator effect (25) and activates
K¥7 channels, while having minimal effects on a number of other ion
channels (26). Higher concentrations were not tested, because even at
20 pM, flupirtine caused partial inhibition of Ca®* channel currents in
bladder smooth muscle cells (1).

In vivo treatment. This part of the study was designed to investigate
the in vivo effects of the Kv7 activator flupirtine on hypoxic pulmo-
nary hypertension induced by ventilatory hypoxia. Groups of rats
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were exposed to an hypoxic environment by maintaining them in an
isobaric hypoxic chamber (Fio, 0.1) for 5 days (14). An age-matched
control group of rats was kept in room air (normoxia, n = 6). One
group of rats exposed to hypoxia was administered flupirtine 15
mg/kg twice a day by gavage (n = 6) throughout the exposure period.
As flupirtine was dissolved in dimethyl sulfoxide (DMSO), a further
group exposed to hypoxia was administered the same volume of
DMSO as a vehicle control (n = 6). A third group (hypoxia control)
was exposed to hypoxia but received no other treatment (n = 6). At
the end of the treatment period, isolated perfused lungs were prepared
as above for subsequent in vitro experiments.

mRNA analysis. As many intrapulmonary arteries as possible were
dissected from rat lungs and used for the extraction of total RNA with
an RNeasy Micro Kit (Qiagen). Real-time quantitative PCR was
performed on cDNA synthesized from the DNase-treated RNA. Prim-
ers were designed with Gene Runner software (version 3, Hasting
software) and Vector NTI (Invitrogen) for KCNQI1, KCNQ4 and
KCNQ5, using GenBank sequences with the respective accession
numbers NM_0320773, XM_233477, and XM_237012. Where pos-
sible, primers were designed to span introns, to detect any contami-
nation by genomic DNA. The primer sequences are listed in Table 1.
Reactions were carried out in 25 pl volumes containing | pl cDNA,
12.5 pl SYBR Green master mix, 10 pl H20, and 7.5 pmol of each
primer, using an Applied BioSystems 7500 PCR system, according to
the manufacturer’s instructions. Amplicons were 77—106 bp long. The
cyeling parameters were 95°C for 15 min, followed by 40 cycles at
95°C for 1 min, 58°C for 40 s, and 68°C for 40 s. A dissociation step
was performed at the end of the reaction for melting curve analysis, a
single peak in the curve representing specific production of the
product. ABI 7500 software was used for data analysis. An absolute
quantification method was used, in which we determined the input
copy number by relating the PCR signal to a standard curve. Expres-
sion levels were then normalized against the housekeeping gene
glyceraldehyde-3-phosphate  dehydrogenase, measured simultane-
ously in the same samples using the primers listed in Table 1.
Experiments were carried out in triplicate from the pooled RNA of
three rats exposed to normoxia or hypoxia.

Protein expression. Kv7.4 protein expression was measured in
arteries from control rats, rats exposed to hypoxia for 4 days, and rats
administered flupirtine (30 mg/kg/day) for 1 day before and during
exposure to hypoxia for 4 days (n = 4). As many arteries as possible
were collected from each lung and homogenized with a Wheaton glass
tissue grinder (VWR International, Lutterworth, UK) in ice-cold
RIPA buffer, containing 25 mM Tris-HCI (pH 7.5), 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 1 mM ethylenediaminetet-
raacetic acid (EDTA), 1% sodium dodecyl sulfate (SDS), and [x
cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Roche Di-
agnostics, Burgess Hill, UK). Samples were centrifuged at 1,000 g for
2 min, and we analyzed the supernatant by Western blotting after
determining the total protein concentration using a BCA protein assay
kit (Thermo Fisher Scientific. Cramlington, UK). Supernatant samples
were incubated for 7 min at 95°C with Laemmli loading buffer
containing 25 mM Tris-HCI (pH 6.8), 10% glycerol, 5% B-mercap-
toethanol, 2% SDS, and 0.04% bromophenol blue. Proteins were

Kv7 CHANNELS IN ACUTE AND SHORT-TERM HYPOXIA

separated by 10% SDS-PAGE, transferred onto a Immobilon-P PVDF
membrane [Millipore (UK), Watford, UK] and washed three times in
Tris-buffered saline (TBS: 25 mM Tris-HCI, 150 mM NaCl, pH 7.3)
with 0.1% Tween 20 (TTBS). The membrane was blocked for 1 h at
room temperature with 5% milk powder in TTBS then cut between the
50 and 70 kDa size markers. The vpper part of the membrane was
incubated overnight at 4°C with a mouse monoclonal anti-Kv7.4
antibody (cat. #75-082, Neuromab) diluted in 1% milk powder in
TTBS. The lower part was treated in the same way, but with an
antibody directed against B-tubulin (Sigma, Poole, UK) as an internal
control. After being washed, the membranes were then incubated for
2 h with a horseradish peroxidase-conjugated secondary antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA), diluted in
1% milk powder in TTBS. Antibody binding was detected with
SuperSignal West Femto (Kv7.4) or Pico (B-tubulin) Chemilumines-
cent Substrate kits (Thermo Fisher Scientific) and a ChemiDoc im-
aging system (Bio-Rad).

We validated the Kv7.4 antibody by comparing Western blots
obtained from proteins extracted from wild-type human embryonic
kidney 293T (HEK-293T) cells and HEK-293T cells transfected
with recombinant KCNQY (GenBank accession number AF105202)
using the pcDNA 3.1 Expression Vector (Life Technologies) and
X-tremeGENEY (Roche Diagnostics).

Immunostaining. Lungs were removed en bloc, perfused via the
trachea (12 Torr) and pulmonary artery (25 Torr) with 4% parafor-
maldehyde and then dipped in paraformaldehyde for 24 h. The left
lung was cut into four sections and fixed in paraformaldehyde for 4
days before being washed in running water for 3—4 h. The fixed
sections were then dehydrated with alcohol in increasing concentra-
tion: 80% for 24 h, 96% for 4 h, and then absolute alcohol overnight.
After being dipped in cedar oil for 2 days, the sections were incubated
in xylene for 10-15 min and then embedded in paraffin wax. We
deparaffinized issue sections (5 pm) cut with a microtome and
rehydrated by dipping them in xylene and graded alcohol as follows:
xylene for 5 min twice, 100% alcohol for 3 min twice, 90% alcohol
for 3 min, 70% alcohol for 3 min, phosphate-buffered saline (PBS) in
distilled HzO for 3 min twice. The sections were placed in citrate
buffer and heated in a microwave at medium power for 15 min before
being washed three times with PBS and permeabilized with 0.1%
Triton X-100 in PBS for 1 h. After being blocked with 1% BSA for
1 h, tissue sections were incubated with an anti-Kv7.4 antibody (Santa
Cruz, 518, 1:100 dilution) for 24 h and then probed for 1 h with
secondary antibody conjugated to Alexa fluor 594 (Molecular Probes).
The fluorescent DNA marker 4" 6-diamidino-2-phenylindole was
added at 2 pg/ml to enable visualization of cell nuclei. Duplicate
sections were processed without primary antibody or after the primary
antibody was incubated with excess antigen, for controls. Fluores-
cence was imaged using a confocal microscope with x40 water
dipping objective (Nikon).

Analysis of plasma NO. Blood samples were collected from the left
ventricles of rats used to study the in vivo effects of flupirtine, before
the lungs were prepared for experiments. Plasma was separated from
the blood, and the total plasma concentration of NO and its oxidation

Table 1. Primers used for quantitative PCR analysis of KCNQ expression

Gene GenBank Accession Number Primer Pair Sequences (3'-3") Forward; Reverse Span Region

KCNQI NM_032073 GGCTCTGGGTTTGCACTG, 1131-1236
CATAGCACCTCCATGCAGTC

KCNQ4 XM_233477 CCCCGCTGCTCTACTCAG; 11811265
ATGACATCATCCACCCTGACG

KCNQ5 NM_001134643 COAGACAACGACAGATGACG: 2012-2088
TCGATTCAATGGATTGTACCTG

GAPDH NM_017008 CCATCAAGGAGCCCTTCATT: 164-343

CACCAGCATCACCCCATTT
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Fig. 1. Linopirdine primes hypoxic pulmonary vasoconstriction (HPY) in

saline-perfused rat lungs. HPV response measured in unprimed lungs 15, 30,
or 65 min after bolus injection of 230 pg linopirdine into the inflow cannula
to give an effective concentration of ~12 pM (gray, n = 6) and in time-
matched controls (black, n = 5). *P <2 (L03 vs. control.

products (NOx) was measured with a NO chemiluminescence ana-
lyzer (Sievers model 2804) as previously described (20, 22).

Drugs. Linopirdine dihydrochloride and flupirtine maleate were
purchased from Tocris Bioscience and prepared as 10 mM stock
solutions dissolved, respectively. in water or DMSO. Aliquots of the
stock solutions were stored frozen and thawed once for each experi-
ment. All other drugs were from Sigma Aldrich. 4-AP was dissolved
in PSS and 0.2 ml added to 40 ml of circulating perfusate for each
lung preparation.

Statistical analysis. All data are shown as means *= SE and
analyzed by Statview software with ANOVA or repeated-measures
ANOVA and Fisher's protected least significant difference post hoc
test. Where indicated a paired f-test was used. Differences were
considered statistically significant when P = 0.05.

RESULTS

Linopirdine primes HPV in saline-perfused rat lungs. In the
absence of priming, salt-perfused lungs respond poorly to
hypoxia (33), and this was seen in our study (Fig. 1). The basal
perfusion pressure before each challenge with hypoxia was not
found to differ significantly at any time point between the
control and linopirdine-treated lungs. There was also no sig-
nificant change in the basal perfusion pressure during the
experiments. At 15 min it was 10 = 1.5 mmHg in control lungs
and 8.1 = 0.57 mmHg in lungs exposed to linopirdine. The
values at 30 min and 65 min were respectively (control vs.
linopirdine) 9 = 1.1 vs 7.80 + 0.46 mmHg and 9 = 1.1 vs
8.0 = 0.52 mmHg. Thus, in the absence of priming, pulmonary
perfusion pressure was unaffected by linopirdine. In contrast,
the pressor response to acute hypoxia was found to be signif-
icantly potentiated, by approximately sevenfold, at 30 and 65
min after linopirdine injection (Fig. 1).

Linopirdine potentiates HPV in primed lungs. The effects of
linopirdine on primed lungs are summarized in Fig. 2. Before
Kv channel blockers were administered, the basal perfusion
pressure and the reactivity to angiotensin I and hypoxia did
not differ between the groups at any time point. The adminis-
tration of linopirdine to primed lungs. either on its own or with
4-AP, caused an increase in basal perfusion pressure (Fig. 24),
reflecting its vasoconstrictor action. The rise in pressure caused
by linopirdine alone was the same in both groups: 1.4 = 0.24
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mmHg (n = 6) in lungs exposed to linopirdine only and 2.0 =
0.7 mmHg (n = 6) in lungs that were later exposed to 4-AP as
well. The addition of 4-AP caused a further increase in perfu-
sion pressure, of 4.3 = 0.37 mmHg over and above that
induced by linopirdine.

A baseline pressure

*
#
16
14
= 12 #
I
E 10
£ 8
g
7 6
w
B 4
=%
2
[i]
contrdl LNP contral LNP+&-AP

B angiotensin Il induced contraction

*

R

Apressure [mmHg]
@

=]

control  LNP control  LNP+4-AP
C hypoxic pulmonary vasoconstriction

NS

A pressure [mmHg]
TR AT

o

=]

control  LNP control  LNP+4-AP

Fig. 2. Kv channel inhibition modulates pulmonary vascular responses to
hypoxia and angiotensin 11 in primed lungs. Baseline perfusion pressure (4),
angiotensin Il-induced vasoconstriction (B), and HPV (C) measured in primed
lungs before (control, black bars) and after exposure to 12 pM linopirdine
(LNP} or 12 pM linopirdine plus 3 mM 4-aminopyridine (4-AP) (LNP +
4-AP) (gray bars). #P < 0.05 control vs. LNP or LNP + 4-AP, *P < 0.05 LNP
vs. LNP + 4-AP: n = 6 for both group. NS, not significant.

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00362.2013 - www.ajplung.org

- 65 -



L52

A normoxic rats

Kv7 CHANNELS IN ACUTE AND SHORT-TERM HYPOXIA

B hypoxic rats

16 5 W control 16— [lcontrol
14_: Q) linopirdine 14_: O linopirdine
Fig. 3. Loss of response to linopirdine in chronic g 12_: [ E
hypoxia. Pressure-flow (P/Q) plots measured in = E 453 E 103
primed lungs from normoxic (A) and 3-day hy- E‘ . E‘ ]
poxic (B) rats in control conditions and afterexpo- 5§ g3 5 g
sure to linopirdine (10 pM). *P <2 0,05 linopirdine & ] o 3
vs. control; n = 6 for each group. @ &— @ &
a 1 a 7
4 4
2_|||||||||||||||||||||||||||||||| 2-IIIIIIIIIII|III|III|III|III|III|
o 2 4 & 8 10 12 14 16 o 2 4 6 8 10 12 14 16
flow [mifmin] flow [mlfmin]

The pressor response to angiotensin I in primed lungs was
enhanced by linopirdine, and it was further enhanced when
4-AP was added (Fig. 2B). In contrast, although HPV was
potentiated by the Kv channel blockers, the addition of 4-AP
did not cause any greater increase than that produced by
linopirdine on its own (Fig. 2C). Linopirdine caused the pres-
sor response to hypoxia to increase from 14 + 3 to 26 = 4
mmHg (P < 0.05, paired t-test). With the combined adminis-
tration of linopirdine and 4-AP, the pressor response to hyp-
oxia increased from 15 = 4 to 23 = 4 mmHg (paired t-test,
P < 0.05), which was not significantly different from that seen
with linopirdine alone.

Loss of Kv7 channel activity early in the development of
HPH. The P/Q relationships measured during stepwise in-
creases in flow rate were linear (R* = 0.94) in all primed lungs
studied, whether from rats exposed for 3-5 days to isobaric
hypoxia or maintained in a normoxic environment. The slope
of the line corresponds to incremental flow resistance and the
pressure axis intercept to the average cntical closing pressure
(41, 48). The P/Q relationships measured in normoxic lungs
(n = 6) and 3-day hypoxic lungs (n = 6) did not differ
significantly (Fig. 3; compare normoxic control in A with
hypoxic control in B). The ability of linopirdine to constrict
pulmonary vessels in primed lungs was, however, lost in the
hypoxic rats. Although linopirdine caused a significant eleva-

A

normoxic rats

tion of the baseline pulmonary perfusion pressure in the lungs
of rats exposed to normoxic air, it had no effect in the lungs
from matched hypoxic rats. This difference 1s apparent in the
P/Q relationships measured before and 10 min after the addi-
tion of linopirdine (10 pM) to the reservoir (Fig. 3): two-factor
ANOVA indicates a significant effect in control, but not
hypoxic lungs. Linopirdine increased the slope of the P/Q
relationship in normoxic lungs from 049 = 0.01 to 0.8]1 =
0.08 mmHg-min/ml (P < 0.03, paired t-test), without changing
the intercept with the pressure axis (Fig. 34). Neither the slope
nor the pressure intercept in hypoxic lungs were affected by
linopirdine (Fig. 3B).

Effect of hypoxia on the dilator response to flupirtine. In
contrast to what was found with linopirdine, flupirtine, circu-
lating at a concentration of 20 pM, had no effect on the
pulmonary perfusion pressure of lungs from control rats but
caused pulmonary vasodilation in the lungs from hypoxic rats.
Figure 4 shows P/Q) measurements (n = 5) made in primed
lungs, with or without the addition of flupirtine to the reservoir
10 min after priming. Two-factor ANOVA indicates a signif-
icant effect of flupirtine only on the lungs from hypoxic rats.
When the slope and pressure intercept of the P/Q plot were
analyzed separately, flupirtine was found to have no significant
effect on either parameter in the normoxic lungs. In contrast,
the lungs from the hypoxic rats displayed a significant reduc-

B hypoxic rats
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Fig. 5. Hypoxia downregulates Kv7.4 mRNA
expression. A: fluorescence images of lung
sections from normoxic rats showing auto-
fluorescence (green) and labeling with an an-
ti-Kv7.4 antibody (red) and the nuclear marker
4 f-diamidino-2-phenylindole (DAPT) (blue).
Sections were treated identically, except for
omission of the Kv7.4 antibody in the control.
Calibration bars 100 pm. B: expression pro-
file of KCNQ1, KCNQ4, and KCNQS subunit
* mRNAs in rat pulmonary artery from rats
maintained in a normoxic (control) or hypoxic
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tion in the slope of the P/Q relationship, without a change in
the pressure intercept (Fig. 4B). The slope fell from 0.75 =
0.07 mmHg-min/ml in control conditions to 0.49 + 0.05
mmHg-min/ml (P <2 0.05) after addition of flupirtine, indicat-
ing a drop in incremental flow resistance.

Altered expression of KCNQ4 mRNA in hypoxic pulmonary
arteries. Immunostaining of fixed lung sections showed that
Kv7.4-positive cells are mainly localized to bloed vessels and
form a ring around the blood vessel lumen (Fig. 5A). Figure 5B
shows the relative expression of KCNQI1, KCNQ4, and
KCNQS5 mRNAs in pulmonary arteries from age-matched rats
maintained for 3 days in a hypoxic or normoxic environment.
While no significant differences were detected in the expres-
sion of KCNQ1 or KCNQ5 mRNA between hypoxic and
normoxic lungs, there was a significant loss of KCNQ4 mRNA
expression in the hypoxic lungs. Western blots confirmed the
expression Kv7.4 protein in pulmonary arteries from normoxic
and hypoxic lungs (Fig. 5C). Densitometric analysis of the
protein bands did not detect a significant change in Kv7.4

environment for 3 days. Detected with quan-
titative RT-PCR and normalized to the ex-
pression of CAPDH (n = 3). *P < 0.05
hypoxic vs. control. C: Western blots of pul-
monary artery proteins from 5 separate nor-
moxic (C1-C4) and hypoxic (HI-H4) rats
and proteins from nontransfected HEK-293T
cells (NT) and HEK-293T cells overexpress-
ing Kv7.4 channels (T). Proteins were sepa-
rated on a 106 SDS-PAGE and transferred to
a PVDF membrane, which was cut between
the 50 and 75 kDa markers and probed sepa-
rately with antibodies against Kv7.4 and B-tu-
bulin. Arrowheads indicate the positions of
molecular weight markers (kDa). D: densito-
metric analysis of Western blots showing
Kv7.4 expression normalized to B-tubulin in
arteries from normoxic (control) and hypoxic
rats, as well as rats administered flupirtine (F,
30 mgfkg/day) and exposed to hypoxia for 5
days (n = 4).
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protein (measured relative to P-tubulin) in vessels from hy-
poxic rats, whether or not they were administered flupirtine
(Fig. 5D).

Flupirtine inhibits hvpoxic pulmonary hypertension. Table 2
shows the effects of 5-day hypoxia and oral flupirtine
treatment (30 mg/kg/day) on the P/Q relationship and vas-
cular reactivity measured in isolated lungs. Five-day expo-
sure to hypoxia caused an increase in the P/Q slope relative
to the normoxic controls, indicative of increased incremen-
tal flow resistance. This increase was absent in the rats
treated with flupirtine, but not in those treated with vehicle.
Thus flupirtine prevented the early rise in pulmonary vas-
cular resistance that leads to HPH. Exposure to hypoxia or
flupirtine did not affect the P/Q intercept (Table 2). More-
over, lungs from animals exposed to 5-day hypoxia had an
enhanced response to acute hypoxia compared with the
normoxic controls. This effect of hypoxia was also pre-
vented by flupirtine treatment but not vehicle. Flupirtine did
not alter the overall reactivity of hypoxic lungs, because the

Table 2. Flupirtine treatment decreases incremental flow resistance and HPV in rats exposed to 5-day hypoxia

Group PQ Slope, mmHg-min/ml PIQ Intercept, mmHg HPFV, A mmHg ANG Il Constriction, A mmHg NOx in Plasma, pM
Normoxia 0.541 = 0,052 iex07 5310 56 * 06 260+ 25
Hypoxia 0.672 = 0.05* 17x04 BSx L1¥ 03+ L3+ 46.6 = B3+
Hypoxia + flupintine 0.475 = 0.022% 5305 4.9 = 1.0% 117 * 1.4% 47.5 = 6%
Hypoxia + vehicle 0.678 =0.011% isx Ll 06 = 14% 9.0 * 0.8 40.0 = 2.5%

The pressure-flow (P/Q) slope and intercept, amplitude of hypoxic pulmonary vasoconstriction (HPV), and angiotensin [I (ANG II) induced vasoconstriction
and total plasma concentration of nitric oxide (NO) and its oxidation products (NOx) in rats exposed to normoxic or hypoxic conditions. One group of hypoxic
rats also received 30 mg/kg/day flupirtine, while another group had an equivalent volume of vehicle. *P < 0,05 vs. normoxia. §P <2 0.05 vs. hypoxia and hypoxia
with vehicle: n = 6 for each group.
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vasoconstriction to angiotensin Il was potentiated in all
groups exposed to hypoxia (Table 2).

Plasma NO levels. KvT activators dilate pulmonary arteries
through a direct action on smooth muscle (25). Activators of
Katpe channels also dilate pulmonary arteries by hyperpolariz-
ing the smooth muscle (4) and inhibit HPH (37). Recent studies
suggest, however, that the effectiveness of K y1p channel acti-
vators in HPH may be due to an action on endothelial Kap
channels, which rescues NO production from the dysfunction
induced by hypoxia (57). As Kv7 channel expression in endo-
thelial cells has not been addressed, we tested the possible
involvement of such an effect in the response to short-term in
vivo hypoxia and the protective effect of flupirtine by measur-
ing plasma levels of NO and its oxidation products (NOx).
Table 2 shows that the plasma concentration of NOx was
increased in all groups of rats exposed to hypoxia, but it was
unaffected by flupirtine.

DISCUSSION

The results of this study implicate Kv7 channels in the
development of HPV and the response to short-term hypoxia in
vivo. In saline-perfused lungs, the specific Kv7 channel
blocker, linopirdine, was found to prime the lungs for HPV and
to potentiate HPV after priming. Kv7 channels may therefore
play an inhibitory role, hyperpolarizing the membrane and
preventing excitation and Ca" influx. Exposing rats to hyp-
oxia for a few days reduced the expression of KCNQ4 mRNA
and the responsiveness of the pulmonary circulation to Kv7
modulating drugs. This suggests that there is loss of Kv7.4
channel activity, which would contribute to enhanced excita-
tion and vasoreactivity. Despite the apparent loss of functional
Kv7 channels, there appeared to be little change in the level of
Kv7.4 protein expression, and flupirtine was able to return the
raised pulmonary vascular resistance to control levels and to
prevent the effects of short-term hypoxia. The lack of effect of
flupirtine on plasma NO confirmed that its protective effect
against hypoxia was due to its direct action on pulmonary
artery smooth muscle and not to enhanced endothelial function.

HPV depends on the level of tone present in the pulmonary
circulation at the time Os 1s reduced (9, 33). Vascular tone is
normally low (7), at least in part because of K™ channels that
mediate a background K efflux from PASMC and drive the
membrane potential to a negative value, thereby preventing
voltage-gated Ca®" channels from opening. While several
distinct K™ channels have been proposed to contribute to this
background K* efflux, many lack the biophysical properties
necessary to fulfill such a role effectively (11, 12, 39). Al-
though less is known about Kv7 channels in the pulmonary
circulation, their properties suggest that they would be active at
the resting potential of PASMC and able to contribute to the
background K efflux (13). These properties, characteristic of
homo- or heteromeric Kv7 channels formed from the KCNQI1,
4, or 5 genes, include a low voltage threshold for activation
(below —60 mV) and lack of inactivation during sustained
depolarization (45).

We previously reported that blockade of Kv7 channels with
linopirdine (0.5-10 pM) causes dose-dependent vasoconstric-
tion in saline-perfused rat lungs (23), consistent with Kv7
channels being open and contributing to the PASMC resting
potential. In that study, we tested linopirdine after priming the
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lungs with cycles of angiotensin Il-hypoxia stimulation. We
have now found that without priming, linopirdine (at 12 pM)
does not cause a detectable change in the baseline pulmonary
perfusion pressure. In this respect linopirdine behaves much
like hypoxia, which only raises pulmonary artery pressure in
saline-perfused lungs after they have been primed with a
substance that enhances vasoreactivity (33). Interestingly, de-
spite the lack of effect of linopirdine on the baseline perfusion
pressure in unprimed lungs, it was able to prime the lungs for
HPV, causing marked enhancement of the HPV response. The
most likely explanation for this is that linopirdine depolarized
the PASMC, thereby facilitating the effects of hypoxia, but the
depolarization was too small by itself to activate sufficient
Ca®" influx for contraction (3).

Although HPV in saline-perfused lungs is known to require
priming, why the effects of linopirdine should require priming
is unclear. Both linopirdine and hypoxia depolarize myocytes
by 10-15 mV (25, 39, 56). If the cells are in a hyperpolarized
state before priming this may not be enough to open Ca®"
channels. Alternatively, vasodilator influences generated by the
endothelium or other lung cells could offset any depolarization
or stimulated Ca®" influx. Although meclofenamate and L-
NAME were included in the perfusate to prevent interference
from prostaglandin and NO production (18), we cannot rule out
influences from other substances generated in the salt-perfused
lungs, either before or during priming. Priming may alterna-
tively reflect changes in Ca®* homeostasis, which in myocytes
is regulated by complex coupling between ion channels and
transporters in the plasmalemma, sarcoplasmic reticulum (SR),
and mitochondria (28). During priming with repeated cycles of
angiotensin [I-hypoxia, the myocytes are stimulated to contract
and raise pulmonary artery pressure. Underpinning the con-
tractions are transient increases in [Ca®"];, due to Ca®" entry
from the extracellular space and the SR. Ca®" entering the cell
further serves to replenish the SR store, in order to maintain
contraction. Although Ca?™ enters the cell in resting condi-
tions, it is rapidly buffered by the peripheral SR, from where it
is returned to the extracellular space (28). Thus in the absence
of stimulation it is possible that the central SR, required for
contraction, becomes depleted of Ca®™ and priming serves to
replenish the store. This could be important for the priming of
HPV, which has been shown to depend on SR Ca®" release
(50), but it does not easily explain priming of the linopirdine
response, which relies exclusively on Ca® " entry (24). Perhaps
the rise in [Ca®"]; during priming activates Ca®"-dependent
enzymes (28), which alter the activity of Kv7 channels, the
activation threshold of Ca?™ channels, or the Ca®" sensitivity
of contraction. Another possible explanation is that activation
of the Rho-kinase and/or protein kinase C pathways by angio-
tensin I during priming leads to persistent Ca®" sensitization,
which amplifies the contractile response to Ca>* influx.

The increase in perfusion pressure induced by linopirdine in
primed lungs was due to vasoconstriction and an increase in
pulmonary vascular resistance, because it was accompanied by
an increase in the slope of the P/Q relationship. This agrees
with its vasoconstrictor effect on isolated pulmonary artery,
where it was measured after routine priming with repeated
exposure to KCl (24). The pressor response to linopirdine
could be further potentiated by 4-AP. At the concentration
tested (12 pwM), linopirdine is maximally effective on isolated
rat pulmonary arteries (24), and 3 mM 4-AP is expected to
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fully block 4-AP-sensitive Kv channels (6). The additive na-
ture of their effects on pulmonary perfusion pressure is con-
sistent with the drugs acting through independent mechanisms,
most likely by inhibiting different ion channels to give an
additive effect on membrane potential.

Linopirdine enhanced the pressor response to angiotensin 11
and further potentiated HPV after it was primed with angio-
tensin II. Both of these effects may reflect a larger [Ca®'];
signal, caused by depolarization-induced Ca®* influx adding to
the sources of Ca** mobilized by hypoxia or angiotensin II.
The potentiation of HPV was not due simply to the increase in
baseline vascular tone, because increasing it further with 4-AP
had no additional effect on HPV. On its own 4-AP 1s known to
enhance HPV (15). The lack of synergy between 4-AP and
linopirdine suggests that they potentiate HPV by the same
mechanism, i.e., depolarization. This is consistent with the idea
that sensitivity to hypoxia may be conferred by a “priming”
depolarization that activates O-sensitive Kv channels, which
would normally oppose the depolarization and minimize Ca®*
influx but are inhibited by hypoxia (51). It may not matter how
the depolarization 1s generated. The additive effects of linopir-
dine and 4-AP on the angiotensin II response suggest that the
pressor responses to hypoxia and angiotensin I involve distinct
mechanisms.

In rats exposed for only 3 days to a hypoxic environment,
the vasoconstrictor effect of linopirdine was essentially abol-
ished. This loss of activity correlated with markedly reduced
expression of the KCNQ4 mRNA, but not KCNQ1 or 5. Thus
it appears that the pulmonary pressor effect of linopirdine may
require K* channels containing the Kv7.4 subunit. The result
also implicates Kv7.4 channel downregulation in the early
phases of development of HPH, and this is likely to contribute
to the PASMC depolarization seen around this time (21).
Positive staining with a Kv7.4 antibody, seen as a distinct ring
around blood vessels, is consistent with expression of the
Kv7.4 protein in PASMC. Despite the apparent loss of Kv7
function and Kv7.4 mRNA, we did not detect a significant
reduction in Kv7.4 protein in the arteries taken from hypoxic
rats at the same time. Protein levels may take longer to fall than
the mRNA. On the other hand, as protein levels were assessed
in the whole blood vessel, changes in smooth muscle mem-
brane protein may have been missed. Unfortunately, we could
not extract sufficient protein to isolate the membrane fraction at
detectable levels. The loss of Kv7 function could therefore
have been caused by a loss of membrane protein. As the
molecular chaperone heat shock protein 90 (Hsp90) is required
for Kv7.4 channel assembly in the membrane (10), an impaired
interaction between these proteins could also contribute. Three
days’ exposure to hypoxia was sufficient to disrupt the inter-
action of Hsp90 with endothelial nitric oxide synthase and
impair NO-dependent pulmonary vasodilation in piglets (8).

The Kv7 activator, flupirtine, had little effect on the perfu-
sion pressure recorded from primed normoxic lungs. This
probably reflects the low basal pulmonary vascular tone in
these lungs, because to see a dilator effect on rat isolated artery
preparations it was necessary to preconstrict the vessels (25).
Interestingly, despite the apparent loss of functional Kv7.4
channels in hypoxic lungs, flupirtine produced a drop in pul-
monary perfusion pressure, due to reduced vascular resistance.
The ability to evoke vasodilation probably reflects raised in-
trinsic tone in the hypoxic lungs, but the mechanism is less
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clear. One possibility is that the loss of expression of Kv7
function and/or another K™ channel (21) led to an increase in
membrane resistance, thereby amplifying the hyperpolarization
produced by activating a small number of Kv7 channels. Direct
evidence for altered membrane resistance in response to hyp-
oxia is lacking, but a decrease in resistance seems more likely
(49). Although flupirtine could have produced its effects by
activating residual Kv7.4 channels, activation of Kv7.5 chan-
nels or a heterologous combination of Kv7.4/7.5 is also pos-
sible. Flupirtine does not activate Kv7.1 channels (43), so
although they are expressed in pulmonary artery, Kv7.1 chan-
nels could not mediate the drug’s effects. Blockade of Ca®™
channels could also contribute to the dilator action of flupirtine,
because both flupirtine (at 20 pM) and its structural analog
retigabine have been reported to cause inhibition of Ca®™"
channel currents in smooth muscle cells (31).

The ability of flupirtine to dilate vessels in hypoxic lungs
suggests it may be able to reverse or counteract the depolar-
ization caused by hypoxia, which promotes voltage-gated Ca®™
influx and vasoconstriction, as well as smooth muscle cell
proliferation (42). The ability to restore the membrane poten-
tial to a normal level could have beneficial effects over and
above those of calcium channel antagonists, because it would
not only inhibit calcium influx but also restore the electrical
driving force for a range of ions that cross the cell membrane.
The beneficial effects of flupirtine found in this study mirror its
effects in a mouse model of HPH (35). Along with the finding
that flupirtine could reverse spontaneous PH in a further mouse
model (35), these studies implicate Kv7 channels in the early
development of HPH and suggest Kv7 activators should be
explored further to determine their potential as a treatment for
PH in patients.
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