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ABSTRAKT

Teoreticka Cast disertaCni prace se zabyva mechanismy vzniku
plicni hypertenze po plicni embolii (PE) a shrnuje poznatky z literarnich
pramenu v této problematice. Okrajové se vénuje mechanické obstrukci
plicniho cévniho fecisté, podrobné rozebira vazokonstrikéni odpovéd
plicnich cév na PE. Duraz je kladen na roli reaktivnich slou¢enin kysliku
(ROS) a NO pfi vzniku vazokonstrikce po PE. V experimentalni ¢asti jsou
popsany tfi samostatné experimenty. Prvni experiment testoval vliv ROS
a preventivni podani jejich scavengeru — inhibitoru superoxiddismutazy
tempolu na bazalni perfuzni tlak, vazokonstrikci, aktivitu NO syntazy a
produkci NOx po akutni PE. Vysledky dokazuji, Ze po PE roste aktivita
NO syntazy i produkce NOx, podani Tempolu snizuje bazalni perfuzni
tlak i vazokonstrikci po PE. Ve druhém experimentu jsme mefili bazalni
perfuzni tlak a vazokonstrikci po PE, které predchazela 5denni chronicka
hypoxie, za téchto podminek jsme testovali ovlivnéni poddajnosti plicnich
cév po podani inhibitoru PDE-5 sildenafilu. Sildenafil snizil bazalni
perfuzni tlak po PE pfi chronické hypoxie, jeho podani neovliviiuje
vazokonstrikci plicni ceév, ale zvySuje jejich poddajnost. Posledni pokus
testoval vliv aktivatoru K* kanald flupirtinu na hypoxickou plicni
hypertenzi. Analyzou P/Q kfivky jsme zjistili, ze flupirtin snizuje plicni
cévni rezistenci, ale neovlivhuje kriticky oteviraci tlak plicnich cév.
DisertaCni prace shrnuje dosavadni poznatky v oblasti plicni hypertenze

po PE a rozsituje je o vysledky experimentl autora.



ABSTRACT

Theoretical part of the thesis deals with mechanisms of pulmonary
hypertension after pulmonary embolism (PE) and summarizes the
knowledge of literary sources in this issue. Peripherally deals with the
mechanical obstruction of pulmonary vessels, particularly discusses
vasoconstriction after the PE. In the experimental part are described
three separate experiments. The first experiment tested effect of reactive
oxygen species (ROS) and preventive administration their scavenger -
superoxide dismutase inhibitor tempol on basal perfusion pressure,
vasoconstriction, NO synthase activity and the production of NOx after
acute PE. Results show that after PE grows NO synthase activity and the
production of NOx, the administration of tempol reduces basal perfusion
pressure and vasoconstriction after PE. In the second experiment, we
measured basal perfusion pressure and vasoconstriction after PE in
lungs exposed to 5 day chronic hypoxia. We tested influence of PDE-5
inhibitor sildenafil on the pulmonary vessels tone. Sildenafil decreased
basal pressure after PE in chronic hypoxia, its administration does not
affect the pulmonary vasoconstriction of pulmonary vessels, but
increases their compliance. The last project tested effect of K* channels
activator flupirtin in hypoxic pulmonary hypertension. Analysis of P/Q
line, we found that flupirtin reduces pulmonary vascular resistance. The
thesis summarizes existing knowledge in the field of pulmonary
hypertension after PE and upgrades them by results of author’'s

experiments.



SEZNAM POUZITYCH ZKRATEK

ET-1 — endothelin 1

HPV — hypoxicka plicni vazokonstrikce

cGMP - cyklicky guanosinmonofosfat

CHOPN - chronicka obstrukéni plicni nemoc
METC - transportni elektronovy fetézec na membrané mitochondrii
MMP — matrix-metalo-proteinazy

NAD(P)H — nikotinamid adenin dinukleotid fosfat
NO - oxid dusny

NOy — oxidacni formy NO

PAF — destiCky aktivujici faktor

PAP — arterialni plicni tlak

PDE-5 - fosfodiesteraza 5

PE — plicni embolie

PEEP - pozitivni endexpiratorni tlak

PG-l2 — prostacyklin

PIP — pozitivni inspiraéni tlak

PMN — polymorfonuklearni leukocyty
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ROS - reaktivni slouCeniny kysliku

SOD - superoxiddismutaza

tPA — aktivator tkanoveého plasminogenu
Tx-Az — tromboxan A2

5-HT - 5-hydroxytriptamin



1. TEORETICKA CAST

Akutni plicni embolie je zivot ohrozujici onemocnéni s incidenci
0,5-1/1000/rok a predstavuje po infarktu myokardu a cévni mozkové
prihodé tfeti nejCastéjSi pricinu umrti na kardiovaskularni onemocnéni v
operacich velkych kloubl a dlouhych kosti. PE patfi mezi vyznamné
pFiCiny morbidity a mortality hospitalizovanych pacientld (10 % vSech
umrti v nemocnici), zejména v dusledku vzestupu tlaku v plicnim cévnim
fecCisti s naslednym akutnim pravostrannym srdecnim selhanim (Torbicki,
2008; Widimsky J., 2011). Déletrvajici sukcesivni mikroembolizace vede
k narustu plicni cévni rezistence a vzniku plicni hypertenze s nasledkem
chronického pravostranného srdecniho selhavani. Na vzniku a rozvoji
plicni hypertenze po PE se podili 2 hlavni mechanizmy - mechanicka
obstrukce embolem a vazokonstrikce plicnich cév (Stratmann And
Gregory, 2003).

Obvyklé terapeutické zasahy se zaméruji na ovlivnéni obstrukéni
slozky plicni hypertenze. Metodou prvni volby pfi PE, pokud neni pacient
kontraindikovan, je trombolyza tPA kombinovana s antikoagula¢ni terapii
nizkomolekularnim heparinem. V indikovanych pfipadech je mozné
pripojit chirurgické feSeni — embolektomii (Torbicki, 2008). Pfes Cetné

experimentalni vysledky s inhalaci NO ¢i podavanim sildenafilu (Gries et
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al.,, 1997; Tanus-Santos et al., 1999) nebyla dosud do klinické praxe
zavedena terapie vazokonstrikCni slozky plicni hypertenze. Jedinou
leéCebnou metodou, ktera mimo jiné ovlivhuje i vazokonstrikéni slozku
plicni hypertenze je oxygenoterapie.

Mimo zvySeni plicni cévni rezistence narusuje akutni PE funkci plic
I jinymi mechanizmy. P¥i plicni embolii vznika plicni edém a atelektazy,
coz vede ke snizeni plicni poddajnosti a také k porucham vymény plynu
na alveolokapilarni membrané - snizuje se difuzni kapacita plic (Elliot,
1992). Dale dochazi ke zvySeni odporu dychacich cest, popsan byl vliv
uvolnéného serotoninu na odpor dychacich cest pfi PE (Thomas et al.,
1964). Zaroven se pfi poCateCnich fazich masivni plicni embolie rozviji
vyznamna hyperventilace, ktera ustava az po vyCerpani respiracnich
svalu. Patrné nejvyznamnéjsSi zménou plicnich funkci po PE je naru$eni
ventilaCné perfuzni rovnovahy. V alveolech kolem embolizované casti
plicniho fecCisté se nachazi mrtvy prostor, zatimco v neembolizované
Casti reCisté vlivem hypercirkulace vznika venozni pfimés. Dale dochazi
k otevirani intrapulmonalnich a intrakardialnich zkratt. (Elliott, 1992)
Vysledkem vSech téchto zmén je arterialni hypoxemie (Haynes, Iseman,
1979), ktera PE provazi. Koncentrace CO> v krvi je pfi plicni embolii
nezménéna, stoupa az v terminalnich fazich pravostranného srdec¢niho

selhani.



1.1. Mechanicka obstrukce

NejCastéjSi priCinou PE je trombdza hlubokych Zil dolnich koncCetin
nebo panevnich Zilnich pleteni, embolizace trombu z jinych oblasti
Zilniho Fecisté je vzacna (Torbicki, 2008). Druhou nejCastéjsi, i kdyz
nepomeérné vzacnéjSi, je embolie tukova, ktera se vyskytuje jako
komplikace fraktur dlouhych kosti a velkych ortopedickych operaci
(nahrady kloubu, nitrodfefiové osteosyntézy). Dale je popisovana
embolie vzduchova, embolie nadorovych hmot, embolie plodové vody a
embolie cizich téles (katétry). Plicni hypertenze nasledujici prostou
mechanickou obstrukci plicniho fecisté embolem ma jednoduchy
mechanismus vzniku — pfi zachovani srde¢niho vydeje dochazi pred
prekazkou (embolem) ke zvySovani tlaku v dané cévé. Celkové zvySeni
PAP nastava jiz pfi obstrukci 25-30 %, pokud je obstrukce zplusobena
tromboembolem (Wood, 2002). Pfi embolizaci hmoty netrombogenniho
puvodu (tuk, sephadex v experimentu) je tfeba obstrukce 60-70 %
plicniho cévniho fecCisté ke zvySeni PAP (Nelson, Smith, 1959). Z tohoto
vyplyva, ze latky uvolnéné z tromboembolu hraji vyznamnou roli pfi
vzniku plicni hypertenze a Ze plicni hypertenze po PE vznika i jinymi

mechanismy nez jen prostou mechanickou obstrukci.
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1.2. Vazokonstrikce

Tonus plicnich cév je v klidovém stavu velmi nizky, cévy jsou
maximalné dilatovany. Tento stav je zplsoben jednak specifickou
stavbou plicnich cév a dale prevahou vazodilataénich faktord nad
vazokonstrikCnimi. Stavba stény prekapilarnich plicnich cév se vyrazné
liSi od stény prekapilarnich cév stejného rozméru v systémovém obéhu.
U vétSich plicnich tepen se mezi subendotelialni elastickou laminou a
adventicii nachazi pouze jedna tenka vrstva hladké svaloviny, smérem
k periferii se lamina muscularis stava neuplnou a neobklopuje cely obvod
cévy. Tato morfologicka odliSnost zaruCuje plicnim cévam zdravého
jedince vysokou poddajnost a nizky hemodynamicky odpor.
Z vazodilatacnich faktord tlumicich vazokonstrikéni reaktivitu plicnich cév
a udrzujicich nizky cévni tonus je tfeba zminit zejména oxid dusny a
prostacykilin.

Poprvé se o vazokonstrikci v souvislosti s PE zmiriuje Comroe v
roce 1953 (Comroe, 1953), jeji podstata v8ak doposud nebyla piné
objasnéna. Mechanizmu, které ji zplUsobuji, je cela fada a vzajemné
spolu interaguji. Vazokonstrikce po PE ma 3 hlavni slozky: neurogenni,
endotelialni a tromboticko-leukocytarni (popis jejich patofyziologického
mechanismu viz nize). Propojeni mezi poslednimi dvéma jmenovanymi

je velmi uzké — pusobky uvolnéné z trombocytd a leukocytl ovlivAuji
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endotel plicnich cév a naopak funkéni endotel brani rozvoji trombu v
plicni cévé. Nedilnou soucasti akutni PE je také hypoxie (vznik viz vySe),
ktera zplUsobuje vznik hypoxické plicni vazokonstrikce. Ta za normalnich
podminek snizuje prutok v plicnich cévach hife ventilovanych oblasti plic
a zefektiviiuje vyménu plynt zlepSenim ventilaéné perfuzniho pomeéru.
Pfi PE jsou hypoxické neembolizované cCasti plic a HPV tak nevede k

redistribuci, ale pouze ke zvySeni perfuzniho tlaku.

1.2.1. Neurogenni slozka vazokonstrikce

Akutni PE vyvolava tzv. Bezold-Jarischuv reflex (apnoe,
bradykardie, hypotenze), ktery muze byt jednou z pfi€in umrti na masivni
plicni embolii. Reflex vznika podrazdénim chemoreceptorl, Sifi se
cestou n. vagus a reflexné vyvolava vySe uvedené priznaky (Chen, Kou,
2000). Zablokovani tohoto reflexu vSak nevede k poklesu tlaku v plicnici
po PE a také preventivni vagotomie nedokaze zabranit vzestupu PAP po
PE (Chen, Kou, 2000). Naproti tomu preventivni sympatektomie (blokada
ganglion stellatum) snizuje vazokonstrikéni odpovéd po akutni plicni
embolii (Bageant, Raper, 1947). Vazokonstrikce na neurogennim

podkladé se tedy Sifi cestou sympatiku, cela fada pokusul na izolovanych
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a tedy denervovanych plicich vSak prokazuje minoritni vyznam reflexni

slozky plicni vazokonstrikce.

1.2.2. Trombocytarni slozka vazokonstrikce

Jednim z hlavnich vazokonstrik&nich C¢initel(, uvolfiovanych z
denznich granuli aktivovanych trombocytl, je 5-hydroxytryptamin
(Thomas, Vane, 1967). Ten je v plicnim feCisSti metabolizovan. Pfi PE
dochazi k redukci perfundované ¢asti plicniho fecisté, a tedy i k redukci
plochy urCené pro metabolizaci 5-HT, plazmaticka hladina 5-HT stoupa.
5-HT puasobi jednak zvySenou agregaci a adherenci trombocytd a také
tlumi uvolfiovani prostacyklinu (PG-l2) — dulezitého vazodilatacniho
pusobku (Thomas, Vane, 1967; Utsunomiya et al., 1981).

DalSim vazokonstrikénim agens uvolfiovanym z trombocytd v
embolu je tromboxan A2 (Tx-Az2). Tx-A> ma proagregacni efekt, zvySuje
hladinu 5-HT a ovliviuje produkci endotelidlnich vazodilatacnich faktoru
— zejména PG-l> (Szabo et al., 1983). V aktivovanych trombocytech se
pfi PE tvofi ADP, ktery cestou G proteinu aktivuje membranovou
fosfolipazu. Ta tvofi z fosfatidylcholinu arachidonovou kyselinu, ktera je
substratem pro cyklooxygenazou tvorené prostaglandiny, které maji

vazokonstrikCni vliv na plicni cévni fecisté (Tanus-Santos et al., 2000).
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Trombocytarni rustovy faktor (PDGF) je dalSim 2z fady
vazokonstrikénich  faktorl pochazejicim z trombocytd. Sam je
vazokonstriktorem, aktivuje ostatni vazokonstrik¢ni latky a podili se na
remodelaci stény cév (Deuel et al., 1985, Coughlin et al., 1980).

DalSim z fady vazokonstrikCnich agens vyskytujicich se v embolu
je trombin, jeho uloha v procesu vazokonstrikce plicnich cév je dvoiji:
pfima — trombin pusobi vazokonstrikéné (Glusa et al., 1996) a nepfima —
trombin aktivuje fosfolipazy A2 a C v trombocytech a endoteliich plicnich
cév, coz vede k produkci prostaglandini a leukotrienl s pFevazujicim
vazokonstrikCnim efektem (Perlman et al., 1989). V literatufe je vSak
zmifiovano i vazodilatatni pulsobeni trombinu, zejména ovlivnénim
produkce PG-l2 a NO (Sato et al.,, 1999), vazokonstrikCni efekt vSak
prevazuje. Vyznamnou roli hraje i produkce desticky aktivujiciho faktoru
(PAF) v trombocytech a polymorfonuklearnich leukocytech. PAF aktivuje
zarovenn trombocyty i PMN, zvySuje produkci endotelinu a snizuje
produkci NO endotelem plicnich cév, ¢imz vyznamné pfispiva k jejich

vazokonstrik€ni odpovédi na PE (Clavijo et al., 2000).
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1.2.3. Endotelialni slozka vazokonstrikce

Endotel plicnich cév hraje pfi PE klicovou roli. Pokud je
neposkozen, pusobi vazodilatatné a antikoagulacné. Naopak kazdé
poSkozeni endotelu vede k vazokonstrikci a ke vzniku trombU na sténé
plicnich cév. K poskozeni endotelu plicnich cév po PE dochazi zejména
diky zvySenému stfiznému napéti v neembolizovanych ¢astech plicniho
feCisté, paradoxné i snizenému stfiznému napéti v recisti za embolem,
aktivaci neutrofilt a hypoxii.

NejsilnéjSim vazokonstrikCnim agens uvolhovanym z endotelovych
bunék plicnich cév je endotelin-1 (ET-1). Jeho hladina po PE stoupa
vlivem hypoxie, stfizného napéti, uvolhovaného angiotenzinu Il a dalSich
faktord — zvySuje se jeho exprese a klesa clearence, ktera probiha v
plicnim cévnim Fecisti. Jeho prekurzor, big endotelin, pusobi
vazokonstrikci koronarnich arterii a zhorSuje kardiovaskularni stabilitu po
big endotelinu na ET-1 pomoci matrixovych metaloproteinaz (MMP) (Van
den Steen et al., 2002; Fernandez-Patron et al., 2001), jejichz aktivaci
zpusobuje zvySena koncentrace ROS po PE (Grote et al.,, 2003).
VazokonstrikCni ucCinek ET-1 je jednak pfimy pres receptory ET-A a ET-B
a nepfimy — ET-1 zvySuje aktivitu cyklooxygenazy, ktera produkuje Tx-A:

(Schmeck et al., 1998).
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Dalsim z dulezitych funkci endotelu plicnich cév je produkce NO a
PG-l. NO se za klidovych podminek prakticky neprodukuje, jeho
produkce se zvySuje pfi zvySeni stfizného napéti, hypoxii atd. NO pusobi
vazodilatatné pomoci aktivace guanylatcyklazy, ktera zvySuje hladinu c-
GMP v cytosolu hladkych svalovych bunék stény plicnich cév. PFi
vzestupu hladiny ¢c-GMP klesa hladina Ca?* a dochazi k vazodilataci
(Gries et al., 1997). V experimentech se opakované prokazalo, ze
inhalace NO snizuje plicni cévni rezistenci po PE (Gries et al., 1997;
Tanus-Santos et al., 1999). Nasledkem zvySené produkce NO muze byt
v8ak i vazokonstrikéni efekt — pfi reakci NO s ROS dochazi ke vzniku
peroxinitritu, ktery je silnym vazkostriktorem plicniho cévniho fecisté. Je-
li tedy produkovano vice NO, muze byt disledkem zvySeni hladiny
peroxynitritu s pFfevazujicim vazokonstrikénim efektem. PG-l> pusobi
vazodilatacné na rozdil od NO prostfednictvim c-AMP. PG-I2 snizuje také

hladinu vazokonstrikéné pusobiciho 5-HT (Utsunomiya et al. 1981).
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1.3. Volné kyslikové radikaly (ROS)

1.3.1. Vznik ROS pf¥i plicni embolii

Na vzniku kyslikovych radikalu pfi plicni embolii se podili vSechny
bunécné elementy zainteresované v procesu vzniku plicni hypertenze po
PE (trombocyty, leukocyty, endotelové a hladké svalové bunky stény
plicnich cév). V literatufe jsou popsany celkem 4 rizné mechanizmy
tvorby ROS po akutni PE:

1. zvySeni stfizného napéti na sténu plicnich cév

2. snizeni stfizného napéti v embolizované ¢€asti plicniho cévniho

fecisté

3. uvolnéni z aktivovanych leukocytu

4. hypoxie

Ad 1.

Ke zvySeni mechanického napéti na sténu plicnich cév dochazi pfi
zachovaném srdeCnim vydeji v neembolizovanych ¢astech plicniho
cévniho fecCisté. Nasledkem zvyseného stfizného napéti je upregulace
Nox-1 podjednotky NAD(P)H oxidazy, ktera se nachazi v cytosolu

hladkych svalovych bunék stény plicnich cév. Dochazi rovnéz ke zvyseni
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exprese p47phox membranové podjednotky a jeji translokaci na
membrané hladké svalové buriky (Grote et al., 2003). NAD(P)H oxidaza

produkuje superoxid, kyslikovy radikal.

Ad 2.:

V oblastech, které jsou embolizaci vyfazeny z cirkulace, klesa
stfizné napéti. Poté dochazi opét k upregulaci NAD(P)H oxidazy a
produkci superoxidu stejné jako v oblasti se zvySenym prutokem (Fisher
et al., 2002). Dale se v hladkych svalovych bunkach neperfundovanych
plicnich cév zvySuje intracelularni hladina Ca?*, coz vede ke konverzi
xantin-dehydrogenazy na xantin-oxidazu, ktera produkuje ROS (Test et

al., 1984; Fisher et al., 2002).

Ad 3.:
ZvySena produkce PAF (destiCky aktivujiciho faktoru) a dalSich
cytokini (viz vySe) pfispiva k aktivaci polymorfonuklearnich a

neutrofilnich leukocytu, ktera vede k produkci ROS.

Ad 4.
PFi akutni plicni embolii se rozviji hypoxie. Cetné experimentalni
studie prokazaly zvySenou hladinu ROS pfi hypoxii (Liu et al., 2003).

Dale bylo prokazano, ze z Casti za vzestup hladiny ROS pfi hypoxii

18



odpovida upregulace NAD(P)H oxidazy (Gupte et al., 2005). DalSim
zdrojem ROS pfi hypoxii je elektronovy transportni fetézec na membrané

mitochondrii — METC (Waypa, Schumacker, 2005).

1.3.2 Podil ROS na vazokonstrikci po PE

Samotnou podstatou vazokonstrikce cév je kontrakce hladkych
svalovych bunék cévni stény. Dulezitou ulohu v udrZzeni nizkého tonu
plicnich cév maji napétové fizené draslikové kanaly (napf. Kv7) na
membrané hladkych svalovych bunék. Experimentalni blokada téchto
kanall vede v plicni cirkulaci k vazokonstrikci (Joshi et al. 2006).
Kyslikové radikaly maji oxidaCni potencial, oxiduji cysteinové a
methioninové zbytky napétové fizenych K* kanall, a tak zpUsobuiji jejich
konformacéni zmény. Inhibice téchto kanald zplsobuje depolarizaci
bunéfné membrany hladkych svalovych bunék stény plicnich cév s
naslednou aktivaci L-typu Ca?" kanal(l. Nasleduje influx Ca?* iontll a
vazokonstrikce plicnich cév (Moudgil et al., 2005).

Pri vzniku vazokonstrikce hraje také klicovou roli vztah kyslikovych
radikalid a NO. Superoxid reaguje s NO za vzniku peroxynitritu. Tato
reakce probiha velmi rychle, 4x rychleji nez reakce superoxidu se

superoxiddismutazou za vzniku peroxidu vodiku. Vytvofeny peroxinitrit
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ma velmi silny vazokonstrikéni efekt (Belik et al., 2004). Peroxid vodiku
se za pusobeni glutathionperoxidazy a katalazy rozpada na vodu, za

pfitomnosti Fe?* vznika dals$i z rodiny ROS — hydroxylovy radikal.

NO

+

o, — 0., | Peroxynitrit

superoxiddismutaza

!

OH- [€={Fe? |=| H,0, | kataldza || H,0
Glutathion
peroxidaza

v

H,0

Obr. 1: Metabolismus ROS

DalSi z moznosti, jak ROS pfispivaji k vazokonstrikci po plicni
embolii je aktivace systému RhoA/Rho kinaz, ktera vede k senzitizaci
Ca?* kanalu (Jernigan et al. 2008, Shimokawa and Satoh 2014).

Kyslikové radikaly aktivuji matrix-metalo-proteinazy (Grote et al.,
2003). MMP maiji vyznam zejména pfi chronickém pusobeni — vedou k
prestavbé stény plicnich cév a ke vzniku plicni hypertenze. Po akutni PE
mohou aktivované MMP Stépit big endotelin na funkCni endotelin-1, ktery

pusobi vazokonstrikéné i vakutni fazi oxida¢niho stresu. Preventivni
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podani inhibitoru MMP dokaze zmirnit hemodynamické zmény po akutni

PE (Palei et al., 2005).

leukocyty hypoxie | shear stress t shear stress
\
NADPH
oxidasa
\ 2 ! v
oxidace reakce s NO aktivace
cysteinovych a MMP
methioninovych
zbytki K* kanalu | I l
depolarizace vznik mensi Stépeni big
membrany a peroxynitritu mnozstvi ETsna ET;
influx Ca * volného NO

=i W B

Obr. 2: Vznik ROS po PE ajejich vliv na vazokonstrikci

1.4. Zaver teoretické casti

Na vzniku plicni hypertenze po akutni plicni embolii se podili cela

fada patofyziologickych mechanizmU — od prosté mechanické obstrukce
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plicnich cév az po vazokonstrikci podminénou uvolnénim vysSe
uvedenych vazokonstrikénich plisobki. Rada experimentalnich praci
ukazuje, Zze ovlivnéni vazokonstrikéni slozky plicni hypertenze po akutni
plicni embolii by se mohlo stat novym koadjuvantnim terapeutickym
postupem a rozsSifit tak souCasné omezené moznosti [éCby tohoto

zavazneého onemocnéni.

22



2. EXPERIMENTALNI CAST

2.1. Uvod experimentalni éasti

Jak bylo zminéno v teoretickém uvodu disertaCni prace, klicovou a
dosud malo terapeuticky ovliviiovanou soucasti plicni hypertenze po PE
je vazokonstrikce plicnich cév. Proto jsme se na snizeni této
vazokonstrik€ni slozky zaméfili ve 3 experimentech.

Prvni z nich vychazi z poznatkl, Ze plicni embolii provazi u
laboratornich zvifat oxidacni poskozeni plicni tkané (Dias-Junior et al.
2010). Kli¢ovym Kkyslikovym radikalem pfitomnym u ruznych typu
poskozeni plicni tkané vCetné PE je superoxid. Superoxid reaguje s NO
za vzniku silné vazokonstrikéniho peroxinitritu. Proto jsme pouzili Tempol
(4 hydroxy-2, 2, 6, 6-tetramethylpiperidin-1-oxyl), aktivator superoxid
dismutazy, ktery snizuje hladinu superoxidu.

Druhy experiment simuloval podminky akutni PE v terénu
chronické hypoxie. V klinické praxi by se dal pfirovnat k pacientovi, ktery
trpi chronickym plicnim onemocnénim (napf. CHOPN) a prodéla akutni
PE. Neékteré publikace naznacovali pozitivni efekt inhibitoru
fosfodiesterazy 5 sildenafilu na zvySeni plicni poddajnosti po akutni PE
(Dias-Junior et al. 2005). Sildenafil (1-((3-(6,7-dihydro-1-methyl-7-oxo-3-
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propyl-1H-pyrazolo-(4,3-d)-pyrimidin-5-yl)-4-ethoxyfenyl)sulfonyl)-4-
methylpiperazin) je selektivnim inhibitorem PDE-5, snizuje odbouravani
cGMP a tak potencuje vazodilatacni ucinek NO. Je soucasti preparatu
pouzivaného na lécbu erektilni dysfunkce (Viagra®) a dale léGivych
pfipravkd ovliviiujicich primarni plicni hypertenzi. Pfi preventivnim
podavani Sildenafilu jsme méfili vzestup poddajnosti plicnich cév a tedy
pokles plicni hypertenze po PE u zvifat vystavenych 5denni chronické
hypoxii.

Ve tfetim experimentu jsme se snazili ovlivnit plicni cévni rezistenci
a potazmo i vazokonstrikci zplsobenou chronickou 5denni hypoxii
aktivaci KCNQ napétové Fizenych draslikovych kanall. Pfedpokladali
jsme, Ze podavani selektivniho aktivatoru KCNQ flupirtinu (ethyl(2-
amino-6-((4-fluorobenzyl)amino)pyridin-3-yl)carbamat) v prubéhu

hypoxie snizi plicni cévni rezistenci.
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2.2. SCAVENGER KYSLIKOVYCH RADIKALU TEMPOL
SNIZUJE PERFUZNIi TLAK, VAZOKONSTRIKCI A AKTIVITU

NO SYNTAZY V PLICNi CIRKULACI PO AKUTNI PE

2.2.1. Cile studie

Cilem experimentu bylo ovéfit, zde se superoxid podili na plicni
vazokonstrikci po mikroembolizaci plic sephadexovymi Casticemi a zda
aktivator SOD Tempol snizi plicni hypertenzi po PE. Zaméfili jsme se na
zmény v perfuznim tlaku, pfitomnosti vazokonstrikce, aktivitu NO syntazy
a produkci oxidacnich forem NO (NOx) po PE.

Vysledky této studie byly zverejnény v publikaci, ktera tvori soucCast

disertacni prace (Pfiloha 1).

2.2.2. Metoda

V experimentu jsme pouzili 30 samcl laboratorniho potkana
kmene Wistar (vék 7-8 tydnu, vaha 240+20g). Prace se zvifaty byla
provadéna v souladu s doporucenimi European Community guidelines a

US National Institute of Health guidelines for the use of experimental
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animals. VSechny soucasti experimentu byli pfedem konzultovany
s Komisi pro praci s laboratornimi zviraty 2. Iékafské fakulty Univerzity

Karlovy v Praze.

2.2.2.1. Mikroembolizace plicnich cév

V celkové anestezii za pouziti intraperitonealni aplikace thiopentalu
sodného v davce 40mg/kg byla vypreparovana prava vena jugularis
interna. Do této zily bylo podano 0,2 ml fyziologického roztoku,
obsahujiciho 320mg sephadexovych mikrosferul (G-26). Sephadexové
Castice byly rozpustény v pufrovaném fyziologickém roztoku po dobu 12
hodin pfed samotnym experimentem tak, aby nabobtnanim zvétSili svij
rozmér na definitivnich 15 — 50 um. Otevfeni hrudniku pro izolaci bloku

srdce-plice nasledovalo 20 minut po embolizaci. (Herget et al. 1982).

2.2.2.2. Preparace izolovanych plic laboratorniho potkana

Po otevfeni hrudniku stfedni torakotomii jsme vypreparovali
tracheu a zavedly trachealni kanylu. Plice byly ventilovany normoxickou
smési plynd (21% Oz, 5% CO2, 74% N2) prostfednictvim implantované

trachealni kanyly s nasledujicimi ventilaCnimi parametry: PEEP 2cm
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H20, PIP 10 cm H20. Vtokova kanyla byla vlozena do plicnice, vytokova
do levé srdeCni komory, nasledné byla plicni cirkulace perfundovana
solnym roztokem s albuminem (4g/100 ml) za konstantniho pratoku
(4ml/min/100g). Cely blok srdce-plice byl umistén do vyhfivané vihké
komurky. Perfuzat z vytokové kanyly volné odkapaval do zasobniku, po
kalibraci byl perfuzni tlak méfen na vtokové kanyle. Cely okruh byl
vyhfivan na teplotu 37°C. Funkéni plicni cirkulaci jsme tonizovali
podanim angiotenzinu Il a dvojitou expozici akutni hypoxii — obé
s vyraznou vazokonstrikCni odpoveédi. Po 20 minutach stabilizace
odpovidaji zmény tlaku pfi konstantnim pratoku zménam plicni cévni

rezistence. (Herget and MC Murtry 1987, Hampl and Herget 1990).

normoxicka  |H /
smés plynd \
ventilacni
pumpa
out-flow
tlakovy perfuzni
sensor pumpa
P solny roztok se
4% albuminem

Obr. 3: Preparat izolovanych perfundovanych plic laboratorniho

potkana
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2.2.2.3. Experimentalni protokol

Experimentalni protokol byl rozdélen na 4 Casti (obr. 4):

a) Méreni bazalniho perfuzniho tlaku

V této Casti experimentu byla zvifata rozdélena do 3 skupin: C —
kontroly (n=10), E - zvifatdm byla provedena pfed izolaci plic
mikroembolizace podle vySe uvedeného popisu (kap. 2.2.2.1.) (n=10),
ET — stejny postup jako ve skupiné E, potkanim byl navic pred
mikroembolizaci aplikovan Tempol intraperitonealné v davce 50mg/kg

(n=10). Bazalni perfuzni tlak byl méfen po 20 minutach stabilizace.

b) Pfitomnost vazokonstrikce

Rozdéleni zvifat do skupin bylo analogické jako v prvni casti
experimentu: CN — kontrolni skupina (n=5), EN — mikroembolizace
predchazela izolaci plic (n=5), ETN - tempol byl aplikovan ve stejné
davce pred mikroembolizaci jako v pfedchozi €asti experimentu (n=5).
Po odecteni bazalniho perfuzniho tlaku jsme pfidali do perfuzatu 0.5 ml
20uM roztoku nitroprusidu sodného v kazdé z vySe uvedenych skupin.
Po 10 minutach pusobeni nitroprusidu jsme znovu odecetli perfuzni tlak.
Nitroprusid sodny je velmi silny vazodilatator plicnich cév, odboura

prakticky veSkerou vazokonstrikci, rozdil mezi hodnotami tlaku pred a po
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podani nitroprusidu tedy odpovida plicnimu cévnimu tonu a prenesené i

vazokonstrikci plicnich cév.

c) Produkce NO - aktivita NO syntazy

Zvirata byla opét rozdélena do 3 skupin: CL — kontrolni skupina
(n=5), EL - mikroembolizace pfedchazela izolaci plic (n=5), ETL — tempol
byl podan v davce 50mg/kg pfed mikroembolizaci (n=5). Po izolaci a
stabilizaci plic byl do perfuzatu pfidan L-Name (inhibitor NO syntazy) —
koncentrace L-Name v perfuzatu byla 50uM. 10 minut po podani L-Name
byl opét zméren perfuzni tlak — rozdil mezi hodnotami pfed a po podani

L-Name odpovidal efektu blokady produkce NO na plicni cirkulaci.

d) Koncentrace oxida¢nich produktd NO v plazmé

Z levé vena jugularis interna byla pfed mikroembolizaci odebrana
Zilni krev u 11 potkanl, nasledovala mikrombolizace plicni cirkulace
stejné jako u vySe uvedenych experimentu. Po 20 minutach stabilizace
byl opét stejnou technikou ze stejného mista odebran vzorek Zzilni krve.
Vzorky jsme centrifugovali po dobu 3 minut na 5000 otacek/min,
oddélena plasma byla hluboce zamrazena. Takto zpracované vzorky
jsme analyzovali na NO analyzatoru a stanovovali plasmatickou

koncentraci nitritd a nitratd (Sun et al. 2010, Hodyc et al. 2012).
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anestezie Embolie podani Nitroprusidu

thiopentalem sephadexem sodného/L-Name
‘ (320mg/kg) ‘
= 20" Hizolace plic § 10’ TT 10’ l,_
odeéteni
TEMPOL hodnoty méfeni zmény
baseline (torr) tlaku (torr)

Obr. 4: Schéma protokolu experimentu 1

2.2.2.4. Statistické zpracovani vysledkl

Vysledky byly zpracovany v programu Microsoft Office Excel s
naslednymi testy dle Fishera (Fisher PLSD post hoc) a Scheffe. K
vyhodnoceni byl pouzit software StatView 5.0 (SAS Institute Inc., Cary,

NC, USA). Vysledky jsou Ciselné vyjadfovany jako stfedni hodnoty + SE.

2.2.3. Vysledky

2.2.3.1. Tempol snizuje bazalni perfuzni tlak po PE

V plicich izolovanych ze zvifat, ktera prodélala plicni embolii (E), je

signifikantné vyssi perfuzni tlak nez u kontrolni skupiny (C). Zvirata,
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kterym byl aplikovan tempol pfed provedenim plicni embolie (ET) maji
prokazatelné nizsi perfuzni tlak nez skupina s PE tempolem neléCena
(E). Mezi kontrolni skupinou (C) a skupinou léCenou tempolem (ET)

nebyl zaznamenan signifikantni rozdil v perfuznim tlaku.

Perfusion pressure % *
[torr]

16 - | || I

14

12 -

10 -

C E ET

graf 1.: Tempol snizuje bazalni perfuzni tlak po PE (p<0,01)

2.2.3.2. Pritomnost vazokonstrikce

Ve skupiné s plicni embolii (EN) jsme pozorovali signifikantné vysSi
pokles perfuzniho tlaku po pfidani nitroprusidu sodného do perfuzatu nez

v kontrolni skupiné (C). Vazodilatace navozena nitroprusidem se neliSila
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mezi skupinou kontrolni (C) a skupinou, ve které byl tempol podan pfed

PE (ETN).

EN ETN

o
> o
1 1
I

25 4

34 * *
A Perfusion pressure
[torr]

graf 2.. Efekt podani nitroprusidu sodného na perfuzni tlak (vyssi
vazodilatace EN proti CN) doklada vzestup vazokonstrikce po PE

(p<0,05)

2.2.3.3. ZvySena aktivita NO syntazy po PE

Za pouziti obdobnych skupin jako v pfedchozim experimentu jsme
méfili zmény perfuzniho tlaku 10 minut po podani L-Name. Signifikantné

vySSi vzestup tlaku po pfidani L-Name byl naméfen ve skupiné zvirat
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vystavenych plicni embolii (EL) proti kontrolni skupiné (CL) a skupiné

s aplikovanym tempolem pfed PE (ETL).

A Perfusion pressure
[torr]

6 -

Q

_

CL EL ETL

graf 3.: Pricinnou vysSiho vzestupu tlaku po podani L-Name ve

skupiné po PE (EL) je vysSSi aktivita NO syntazy po PE (p<0,01)

2.2.3.4. ZvySena koncentrace NOx v plazmé po PE

U vSech zvifat vystavenych plicni embolii byla koncentrace NOXx
v plazmé vysSi po plicni embolii (primér 24.62 uM) nez pred ni (pramér
22.3 uM). Koncentrace NOx pfed a po embolii byla srovnavana

samostatné pro kazdé zvife a vyhodnocena parovym t-testem.

33



2.2.4. Zhodnoceni vysledku a dilci zaver

Hlavni zavéry z tohoto experimentu jsou nasleduijici:
- vazokonstrikce, ktera se rozviji po akutni PE, je CcasteCné
zpUsobena vzestupem produkce ROS
- po PE roste aktivita NO syntazy a produkce NOXx
- scavenger ROS tempol snizuje plicni hypertenzi i aktivitu NO
syntazy po PE
Vysledky studii zabyvajicich se problematikou plicni hypertenze
ukazuji na vyznamnou roli ROS v plicni hypertenzi, doposud vSak nebylo
spolehlivé prokazano, jak ROS po PE vznikaji a ktery z nich konkrétné
zpUsobuje vazokonstrikci po PE. Jak bylo v nasem pokusu prokazano,
po PE se zvySuje jak produkce NO NO syntazou, tak i produkce
superoxidu. Tyto dvé latky spolu reaguji za vzniku peroxinititu, ktery ma
silny vazokonstrikCni potencial a mohl by tak byt jednou z pficin

vazokonstrikce po akutni PE.
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2.3. SILDENAFIL SNIZUJE PLICNi HYPERTENZI PO AKUTNI

PLICNi EMBOLII PRI CHRONICKE HYPOXII

2.3.1. Cile studie

Zatimco pfi akutnim pUsobeni hypoxie na sténu plicnich cév
dochazi k vazokonstrikci mechanismem dobre popsanym v literature
jako hypoxicka plicni vazokonstrikce, vliv dlouhodobé expozice hypoxii
vede k remodelaci cévni stény. KliCové zmény probihaji v tunika media —
dochazi k mnozeni hladkych svalovych bunék a ke snizeni poddajnosti
plicnich cév. V naSem experimentu jsme se snazili odpovédét na otazku,
jaky vliv ma akutni PE za podminek jiz remodelované plicni cirkulace
chronickou hypoxii. Dale jsme ovérovali ucCinnost inhibitoru
fosfodiesterazy 5 sildenafilu na plicni hypertenzi po akutni plicni embolii.
NO produkovany NO syntazou endotelovych bunék plicnich cév udrzuje
nizky tonus plicnich cév prostfednictvim cGMP. cGMP je vSak
kontinualné odbouravano PDE-5 a tak vazodilatacni uCinek NO klesa
(viz obr. 5).

Predpokladali jsme, Ze inhibice PDE-5 snizi plicni cévni tonus a

tim i perfuzni tlak po akutni PE u zvifat vystavenych chronické hypoxii.
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2.3.2. Metoda

v

cGMP

L-arginin NO syntaza —=p{ L-citrulin
NO
GTP guanylatcyklaza @

PDE-5

v

cGMP kinaza

y

relaxace hladkych
svalovych bunék

Obr. 5: Vznik a pusobeni NO, efekt inhibice PDE-5 sildenafilem

V experimentu jsme pouzili 30 samcl laboratorniho potkana

kmene Wistar. Prace s laboratornimi zvifaty probihala za stejnych

podminek jako v prvnim experimentu — opét byla schvalena Komisi pro

praci s laboratornimi zvifaty 2. |ékarské fakulty UK v Praze. Zvirata byla

rozdélena do 5 skupin:

C — kontrolni skupina, (n=6)

H — zvifata byla vystavena 5 dni trvajici chronické hypoxii

v hypoxické komore (10% O2), (n=6)
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E - po uvedeni do celkové anestezie byla provedena
mikroembolizace sephadexovymi partikulemi dle protokolu
experimentu 1 (n=6)

EH — po expozici 5 denni chronické hypoxii nasledovala
mikroembolizace plicni cirkulace (n=6)

EHS — zvifatiim byl v pribéhu 5 denni chronické hypoxie podavan
sildenafil v denni davce 25mg/kg peroralni formou, poté byla

vystavena mikroembolizaci (n=6)

skupina | sildenafil 25mg/kg | 5denni hypoxie | embolie | pocet zvirat

C - - - 6
E - - + 6
H - + - 6
EH - + + 6
EHS + + + 6

Tab. 1: Skupiny experimentu 2

DalSi postup pokusu byl pro vSechny skupiny totozny. Ze vSech
zvifat byl vypreparovan organovy blok srdce-plice, ventilovany a
perfundovany jako v experimentu 1. Po 20 minutach stabilizace byl
zméfen bazalni perfuzni tlak, poté nasledovalo podani nitroprusidu
sodného a s odstupem 10 minut dalSi méfeni perfuzniho tlaku. Rozdil

mezi témito hodnotami perfuzniho tlaku odpovidal vazodilataci
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zpUsobené nitroprusidem sodnym a tedy aktualni mife vazokonstrikce

plicni cirkulace.

anestezie Embolie podani Nitroprusidu
thiopentalem sephadexem sodneho
‘ (320mg/kg) l
1 20" Hizolace plicH 10° ‘ l 10° l
5denni hypoxie odecteni
10% O, hodnoty méfeni zmény
’ baseline (torr) tlaku (torr)

| sidenafiluEHs |

Obr. 6: Schéma protokolu experimentu 2

Vysledky byly stejné jako v experimentu | zpracovany v programu

Microsoft Office Excel a vyhodnoceny za pouziti StatView 5.0 (SAS

Institute Inc., Cary, NC, USA). Vysledky jsou Ciselné vyjadfovany jako

stfedni hodnoty + SE.

2.3.3. Vysledky

2.3.3.1. VySsi perfuzni tlak po PE pri chronické hypoxii

Bazalni perfuzni tlak po akutni PE byl signifikantné vyssSi ve
skupiné, ktera byla pfed mikroembolizaci vystavena chronické hypoxii
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(HE) oproti skupiné normoxickych embolizovanych potkant (E). Dle
oCekavani jsme naméfili vysSi perfuzni tlaky u skupiny po PE (E) i po

chronické hypoxii (HE) ve srovnani s kontrolni skupinou (C).

Perfusion pressure
[torr] *
30

25" ]'

207

157 7

C H E HE

graf 4.. Signifikantné vyssi perfuzni tlak po akutni plicni embolii v

terénu chronicky hypoxickych plicnich cév (p<0,01)

2.3.3.2. Sildenafil snizuje perfuzni tlak po PE pfi chronické hypoxii

Ve skupiné zvifat, které uzivali Sildenafil po dobu 5 denni
chronické hypoxie (EHS) byl naméren signifikantné nizsi perfuzni tlak po

PE nez ve skupiné hypoxické sildenafilem neléCené (HE). Perfuzni tlak
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sildenafilem Ié€ené skupiny (EHS) se statisticky vyznamné neliSil oproti

ostatnim skupinam (C, H, E).

Perfusion pressure
[torr]
30

257

207

157

C H E HE EHS

graf 5.: Signifikantné nizsi perfuzni tlak po akutni plicni embolii v
terénu chronicky hypoxickych plicnich cév u zvirat, které uzivali

Sildenafil (p<0,01)

2.3.3.3. Nevyznamneé rozdily mezi skupinami ve vazokonstrikci po PE pri

chronické hypoxii

Mezi jednotlivymi skupinami (E, H, HE, EHS) vyjma kontrol (C)

nebyl staticky vyznamny rozdil v poklesu perfuzniho tlaku po podani
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nitroprusidu sodného. Mira vazokonstrikce se tedy u jednotlivych skupin

prakticky neliSila.

A perfusion pressure
[torr] C H

0

HE EHS

\m

graf 6.: Jednotlivé skupiny vyjma kontrol se neliSily v mire

vazokonstrikce po akutni plicni embolii pri chronické hypoxii

2.3.4. Zhodnoceni vysledku a dil€i zavér

Z uvedenych vysledku experimentu Il vychazeji nasledujici zaveéry:
- Po akutni plicni embolii je vy8Si perfuzni tlak v plicnich cévach u
laboratornich  potkanu vystavenych 5denni hypoxii nez u

normoxickych kontrol.
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- Sildenafil snizuje plicni hypertenzi po akutni plicni embolii v terénu
chronické hypoxie.

- Vazokonstrikce se nelisi mezi skupinou lé€enou a neléenou
sildenafilem.

Akutni plicni embolie zpUsobuje v plicnim cévnim fecisti
zménéném chronickou hypoxii vysSi vzestup perfuzniho tlaku proti
normoxickym kontrolam. SpiSe nez vySSi vazokonstrikci je tento rozdil
hladkych svalovych bunék. Inhibice PDE-5 sildenafilem dokaze
ucinné zvysit tuto poddajnost a vede tak ke snizeni plicni hypertenze

po akutni plicni embolii u potkanu vystavenych chronické hypoxii.

2.4. AKTIVACE KCNQ KANALU BRANi ROzVOJI

HYPOXICKE PLICNi HYPERTENZE

2.4.1. Cile studie

Cilem experimentu bylo ovéfit, zda podavani aktivatoru KCNQ
kanall v pribéhu chronické hypoxie snizi plicni cévni rezistenci a tedy i

plicni hypertenzi. ROS vznikajici napf. na podkladé hypoxie oxiduji
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cysteinové a methioninové zbytky KCNQ a mohou zpusobit jejich
uzavieni. Aktivace napétového draslikového kanalu flupirtinem by méla
zabranit depolarizaci bunééné membrany hladkych svalovych bunék ve
sténé plicnich cév, udrzet uzaviené Ca?* kanaly a naslednym snizenim
influxu Ca?* do bunék zabranit vazokonstrikci a snizit tak hypoxickou
plicni hypertenzi.

Vysledky tohoto experimentu jsou soucasti Clanku publikovaného

v Casopise American Journal of Physiology (pfiloha 2).

2.4.2. Metoda

V tomto experimentu jsme pouzili 21 samcu laboratorniho potkana
kmene Wistar. Prace s laboratornimi zvifaty probihala za stejnych
podminek jako v pfedchozich experimentech — projekt byl schvalen
Komisi pro praci s laboratornimi zviraty 2. I1ékarské fakulty UK v Praze.
Zvirata byla rozdélena do 3 skupin:

C — kontroly (n=7)

H — zvifata byla vystavena 5denni hypoxii v hypoxické

normobarické komofe s 10% koncentraci O, (n=6)

HF — béhem expozici 5 denni hypoxii podavani flupirtinu zaludecni

gavazi 2xdenné v davce 15mg/kg (n=8)
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Obdobné jako v pfedchazejicich experimentech byl ze zvirat vSech
skupin vypreparovan organovy blok srdce-plice, ventilovan normoxickou
smési plynd a perfundovan solnym roztokem s albuminem. Po 20
minutach stabilizace nasledovalo méfeni zmény perfuzniho tlaku

v zavislosti na linearné stoupajim pratoku (P/Q).

(n=7) - izolované méreni
N 4[ normoxie (21% 0,) l— plice P/IQ
H —"——{sti denni hypoxie (10% 0, }— *%}7e2" e
plice P/Q
I I izolované méfeni |
flupirtin 2x denné 15 mg/kg plice P/Q

zaludeéni gavazi

Obr. 7: Schéma protokolu experimentu 3

Vysledkem méfeni je P/Q pfimka, charakterizovana 2 parametry:

prusecikem s tlakovou osou, ktery odpovida kritickému oteviracimu tlaku

a sklonem pfrimky odpovidajicim plicni cévni rezistenci (obr. 8).
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(torr)

prusecik s P-osou

.Q

(ml/min)

Obr. 8: Prfimka zavislosti tlaku na stoupajicim priatoku (P/Q), a =

sklon P/Q pfimky

Vysledky byly zpracovany v programu Microsoft Office Excel a

vyhodnoceny testem ANOVA pro opakovana méfeni s pouZzitim softwaru

StatView 5.0 (SAS Institute Inc., Cary, NC, USA). Vysledky jsou Ciselné

vyjadfovany jako stfedni hodnoty + SE.

2.4.3. Vysledky

2.4.3.1. Flupirtin snizuje plicni cévni rezistenci po chronické hypoxii

Sklon P/Q pfimky skupiny vystavené 5ti-denni hypoxii (H) se
statisticky vyznamné liSi od sklonu P/Q pfimky skupiny Ié€ené v pribéhu
hypoxie flupirtinem (HF). Mezi skupinou |é€enou flupirtinem a kontrolami
nebyl ve sklonu P/Q pfimky signifikantni rozdil.
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graf 7.. Signifikantné nizsi sklon P/Q prfimky u skupiny lécené
flupirtinem (HF) proti skupiné nelé¢ené (H) odpovida nizsi plicni

cévni rezistenci (p<0,05)

2.4.3.2. Flupirtin neovliviuje kriticky oteviraci tlak plicnich cév

PruseCik P/Q pfimky s tlakovou osou, ktery vyjadfuje hodnotu
kritického oteviraciho tlaku plicnich cév se mezi jednotlivymi skupinami

(N, H, HF) signifikantné nelisil.
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prusedik s tlakovou osou (torr)

HF H N

graf 8.. Statisticky nevyznamné rozdily v hodnoté kritického

oteviraciho tlaku plicnich cev mezi jednotlivymi skupinami.

2.4.4. Zhodnoceni vysledkt a dil€i zavér

Prezentovany experiment se da shrnout do nasledujicich tezi:
- podavani aktivatoru KCNQ kanall flupirtinu v prabéhu chronické
5denni hypoxie snizuje plicni cévni rezistenci
- flupirtin neovliviiuje kriticky oteviraci tlak plicnich cév po chronické
hypoxii
Z vysledkl naseho experimentu vyplyva, Zze se v pocatecnich

stadiich chronické hypoxie podili na rozvoji plicni hypertenze inhibice
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napétové fizenych draslikovych kanalt (v naSem pfipadé typu KCNQ).
Tato inhibice, vyvolana napf. oxidaci cysteinovych a methioninovych
zbytki KCNQ kanall pusobenim ROS, vede k depolarizaci membrany
hladkych svalovych bunék a prostfednictvim L-typu Ca?* kanall ke

kontrakci hladké svalové bunky a zvySeni plicni cévni rezistence.
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3. CELKOVE SHRNUTI VYSLEDKU, ZAVER

VSechny uvedené experimenty se zabyvaly moznosti ovlivnit plicni
hypertenzi po akutni plicni embolii. Na rozdil od klinické praxe, ktera
dominantné ovliviiuje obstrukéni slozku PE (embolektomie, trombolyza,
antikoagulacni terapie) jsme se vénovali vazokonstrikCni slozce plicni
hypertenze po PE, ktera dosud nebyla terapeuticky ovliviiovana.

V prvni experimentu byla v navaznosti na teoretickou Cast prace
ovérovana role ROS pfi vniku plicni hypertenze po PE a moznosti jejiho
farmakologického ovlivnéni. Zavéry z experimentu jsou nalseduijici:

- zvySeni perfuzniho tlaku a vazokonstrikce, rozvijejici se po
akutni PE, jsou castec¢né zpusobeny vzestupem produkce

ROS

- po PE roste aktivita NO syntazy a produkce NOx
- scavenger ROS tempol snizuje plicni hypertenzi i aktivitu NO

syntazy po PE

Rostouci aktivita NO syntazy a s ni i zvySena hladina NO spolu s
produkci ROS po PE umoziuje vzajemnou interakci superoxidu a NO za
vzniku silné vazokonstrikCniho peroxinitritu. Tato reakce |je

pravdépodobné jednou =z pfi€in vazokonstrikce po PE. ZvySena
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koncentrace NO muizZe mit kromé pozitivniho vazodilataéniho efektu i
zcela opacny ucinek. Vzniku ROS po PE je komplexni proces, na kterém
se podili zména stfizného napéti stény plicnich cév, aktivované
granulocyty i pusobeni hypoxie na endotelialni vystelku, pficiny vzniku
ROS jsou Siroce diskutovany v teoretické Casti. V naSem experimentu
jsme pouzili jako scavenger ROS tempol — zejména pro jeho dobfe
zmapovany mechanismus ucinku — inhibuje SOD a tak snizuje mnozstvi
volného vysoce reaktivniho superoxidu. Jeho nevyhodou je omezena
pouzitelnost v pfipadném klinickém experimentu, dosud neni zaveden do
klinické praxe pro celou fadu nezadoucich ucinka. V lékarské praxi jsou
vSak bézné pouzivany jiné antioxidacni latky (napf. askorbat, vitamin E),
které by se dali pouzit namisto tempolu. Dosud ne zcela jasny
mechanismus ucinku vitaminu E a askorbatu na jedné strané je vyvazen
jejich  bezpe€nosti a dlouholetou klinickou zkuSenosti. PouZiti
scavengeru ROS v prevenci a |éCbé vazokonstrickni slozky plicni
hypertenze po akutni plicni embolii se jevi jako potencialné vhodna
koadjuvantni terapie, je vSak tfeba jejich vliv nadale testovat jak na
zvifecim modelech, tak i v klinickém experimentu.

Cilem druhého experimentu bylo ovéfit chovani plicniho cévniho
feCisté po PE u potkanu, ktefi byly vystaveni 5denni chronické hypoxii.
Ke zvySeni plicni poddajnosti a snizeni plicniho perfuzniho tlaku byl
pouzit inhibitor PDE-5 sildenafil. Zjistili jsme, Ze:

50



- po akutni plicni embolii je vyssi perfuzni tlak v plicnich cévach
u krys vystavenych 5denni hypoxii nez u normoxickych
kontrol
- sildenafil snizuje plicni hypertenzi po akutni plicni embolii v
terénu chronické hypoxie
- vazokonstrikce se neliSi mezi skupinou lééenou a nelééenou
sildenafilem, snizeni plicni hypertenze tedy odpovida zvyseni
poddanosti plicnich cév
Plicni cirkulace pacientl s celou Fadou plicnich onemocnéni (napf.
CHOPN, cysticka fibr6za apod.) je vystavena chronické hypoxii.
V plicnich cévach dochazi vlivem hypoxie k remodelaci cévni steny, pri
které dominuje proliferace hladkych svalovych bunék. V takto
remodelovanych plicnich cévach dochazi k poklesu plicni poddajnosti.
Nas experiment prokazal, ze plicni embolie v takto remodelovaném
feCisti vyvola vySSi vzestup perfuzniho tlaku. Z vysledkl vSak také
vyplyva, ze davodem ke zvySeni bazalniho perfuzniho tlaku neni
zvySena vazokonstrikce, ale zfejmé nizSi plicni cévni poddajnost.
Sildenafil, ktery je bézné klinicky vyuzivan k IéCbé erektilni dysfunkce a
zejména ke zmirnéni nasledkd primarni plicni hypertenze, se
v experimentu ukazal jako efektivni prostfedek ke zvySeni plicni cévni
poddajnosti po PE vterénu chronicky hypoxickych plic. Na efekt

sildenafilu na snizeni plicni hypertenze po PE ukazuji i dalSi publikace
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(Dias-Junior et al.,, 2005). Ovlivnéni metabolismu NO sildenafilem je
dalSim z fady nadéjnych postupu, které by mohli po ovéfeni pozitivhiho
efektu v klinickém experimentu rozSifit paletu terapeutickych moznosti
v [é€bé plicni hypertenze po akutni PE.

V tfetim experimentu jsme se zameéfili na samotny mechanismus
vazokonstrikce plicnich cév, sledovali jsme zmeény hypoxické plicni
hypertenze po podavani aktivatoru napétové fizenych draslikovych
kanall z rodiny KCNQ flupirtinu.

Vysledky experimentu potvrzuji nasledujici hypotézu:
- flupirtin snizuje rezistenci plicnich cév vyvolanou chronickou
hypoxii, ale neméni kriticky oteviraci tlak.

Pri chronické hypoxii dochazi mimo remodelaci stény plicnich cév
zminéné vySe také k vazokonstrikci. Hypoxie je i nedilnou soucasti plicni
embolie a také jednou z moznych pficin vyvolavajicich pfi PE zvySenou
produkci ROS s naslednou vazokonstrikci. Jednim z moznych
mechanismu vzniku vazokonstrikce plicnich cév je zména konformace
napétové fizenych draslikovych kanald na podkladé oxidace
cysteinovych a methionivych zbytk(. Tato zména vede k jejich inhibici,
depolarizaci membrany nasledované otevienim Ca?* napétové fizenych
kanal(. Influx iontd Ca?* zpusobi kontrakci hladké svalové bunky a
vazokonstrikci. Tento mechanismus se nam podafil v experimentu

ovlivnit pusobenim aktivatoru KCNQ kanald flupirtinu, snizit plicni cévni
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rezistenci a tak i hypertenzi vyvolanou chronickou hypoxii. Flupirtin se
v nékterych zemich pouziva k 1é€bé bolesti, patfi do skupiny neopiodnich
analgetik. Mechanismus jeho analgetického uc€inku nebyl dosud pIné
objasnén a v Ceské republice neni registrovan pro pouziti k lé&ebnym
ucellim. Efekt flupirtinu v naSem experimentu naznacuje dalSi moznosti
jeho vyuziti v 1éCbé hypoxickeé plicni hypertenze.

Z vysledkl vSech experimentd vyplyva, Zze vazokonstrikce resp.
snizeni plicni poddajnosti je vyznamnou soucasti plicni hypertenze po
akutni PE, tento =zavér je ve shodé s citovanou literaturou.
Farmakologické ovlivnéni vazokonstrikéni sloZzky plicni hypertenze se
jevi v experimentalnich podminkach jako vhodny koadjuvantni
terapeuticky postup, je vSak potfeba nadale podrobné studovat moznosti
ovlivnéni produkce reaktivnich sloucenin kysliku na vSech urovnich jejich
metabolismu, interakci s NO a dalSi vazokonstrikCnimi mechanismy a
zkoumat nové zplsoby farmakologické intervence v terapii plicni

hypertenze po akutni PE.
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Summary:

Two mechanisms contribute in the development of pulmonary hypertension in pulmonary
embolism (PE) - obstruction of pulmonary blood vessels and vasoconstriction. We
hypothesize that hypoxia, increased shear stress and/or activation of gathered leukocytes in
the PE may cause a release of reactive oxygen species (ROS). Therefore our aim was to
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determine the influence of the ROS scavenger Tempol on pulmonary hypertension and to
describe NO synthase activity and production of NO oxidative products (NOx) after PE. In
general anaesthesia sephadex microspheres suspended in PSS were applied in right jugular
vein as the pulmonary microembolism. Than we measured in isolated salt solution-perfused
lungs the changes in perfusion pressure, activity of NO synthase and NOx plasma
concentration in 7 groups of rats: C: control group (n=5), CN: C + sodium nitroprusside
(SN) (n=5), EN: PE + SN (n=5), ETN: Tempol + PE + SN (n=5), CL:

C + L-NAME (n=5), EL: PE + L-NAME (n=5), ETL: Tempol + PE + L-NAME (n=5).

Tempol was applied intraperitoneally before PE. Animals that received Tempol (groups TN,
TL) had significantly lower basal perfusion pressure than those which didn’t recieve Tempol
(EN, EL). Overall we measured a higher decrease of perfusion pressure than in the control
group (C) after application of SN. Administration of LNAME after PE (EL) increased the
pressure more than in the control group (NL). NOx concentration was higher after PE. We
found that preventive administration of Tempol decreases the increase in perfusion pressure
after PE. PE increased NO release and concentration of NOX.

Key words: ROS scavenger, pulmonary hypertension, pulmonary embolism, nitric oxide,
free radicals

Introduction

Acute pulmonary embolism (PE) is a serious condition with an incidence of 20/1000 per year
and is the third most common cause of death from cardiovascular disease after heart attacks
and strokes in Europe. It is the most serious post-operative complication, particularly after
long bone and joint surgeries. Pulmonary embolism is a significant cause of mortality and
morbidity in hospitalized patients (10% deaths during hospitalization) (Torbicki et al. 2008).
Successive pulmonary embolism which develops for a longer time leads to an increase in
pulmonary vessel resistance, pulmonary hypertension and chronic right side heart failure.
There are two important mechanisms in the development of pulmonary hypertension after PE
- obstruction of pulmonary vessels by the embolus and vasoconstriction. Our hypothesis is
that radical substances released in the lungs after PE may participate in some cases of PE
induced increase of vascular resistance. Hypoxia, increased shear stress and activation of
gathered leukocytes may cause the release of reactive oxygen species (ROS). ROS may be
responsible for pulmonary vasoconstriction after PE (Stratmann and Gregory 2003).

Therapy of PE is based mainly on the release of the obstruction by thrombus. The first choice
of therapy is tPA thrombolysis combined with heparin anticoagulation. In certain cases a
surgical method — embolectomy — is indicated (Torbicki et al. 2008). Though experiments
with vasodilatation by NO inhalation or by Sildenafil have been performed (Tanus-Santos et
al. 1999, Dias-Junior et al. 2010), the vasodilatory therapy of PE induced pulmonary
hypertension has not been implemented in clinical practice. Experimental evidence indicates
that models of PE in laboratory animals are accompanied by oxidant stress of lung tissue
(Dias-Junior et al. 2010). The key oxygen radical present in various types of lung injury
including PE is superoxide. In our experiments we used Tempol (4 hydroxy-2, 2, 6, 6-
tetramethylpiperidin-1oxyl), which acts as a superoxide dismutase mimetics, for
vasodilatation after experimental lung microembolism. Superoxide dismutase decreases the
level of superoxide. In the presence of NO and superoxide these substances readily combine,
yielding the biologically very reactive peroxynitrite.
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In the present study we questioned the hypothesis that superoxide participates in lung
vasoconstriction after pulmonary microembolism by Sephadex particles. In the first part of
our study we focused on changes in perfusion pressure and the presence of vasoconstriction
after PE with preventive application of Tempol. The second part describes observed changes
in NO synthase activity and production of NO metabolic products after PE.

Methods

We used 30 male Wistar rats (aged 7-8 weeks, weight 240+£20g). Work with animals was
performed in accordance with European Community guidelines and US National Institute
of Health guidelines for the use of experimental animals. All parts of the experiment were
approved by the Commission for Work with Laboratory Animals of the Second Medical
School, Charles University in Prague.

Pulmonary microembolism

The right internal jugular vein was dissected in general anesthesia using a 40 mg/kg
intraperitoneal injection of sodium thiopental. Then 0.2 ml saline solution, which contained
320 mg of Sephadex microspheres (G-26, Superfine per kilogram of body weight), was
applied into the exposed jugular vein. The microspheres had been suspended in the PSS for
12 hours before the application in order to enlarge their diameter by swelling (final particle
size was 15 — 50 um). The heart-lung block was isolated twenty minutes after embolization
and the preparation of isolated perfused lung was established (Herget et al. 1982).

Preparation of isolated perfused rat lungs

After thoracotomy, the lungs were ventilated by a normoxic gas mixture (21% O2, 5% CO,
74% N) by tracheal tube with the following ventilation parameters: PEEP 2 cm H20, peak
inspiratory pressure 10 cm H2O. An inflow cannula was inserted into the pulmonary artery
and an outflow cannula into the left heart chamber, the lungs had been perfused with saline
perfusate containing albumin (4g/100 ml) at a constant flow rate (4ml/min/100g). Isolated
lungs were placed into a heated humid chamber. The outflow cannula was set up into a circle
through a perfusate reservoir. The perfusion pressure was measured in the inflow cannula.
After 20 minutes of stabilization, the changes in pressure corresponded to changes in the
pulmonary vascular resistance (Herget and MC Murtry 1987, Hampl and Herget 1990).

Experimental protocol (Fig. 1)

Experimental protocol included 4 parts:

1. Basal perfusion pressure

In this part of the experiment, animals were divided into 3 groups: C — control group (n=10),
E — pulmonary embolization had been induced in the animals before the isolation of the lungs
(n=10), ET — similar as E but the animals had received 50mg/kg of Tempol intraperitoneally
before the embolization (n=10). The basal perfusion pressure was measured after 20 minutes
of stabilization.
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2. Presence of vasoconstriction

Groups of animals were analogous to the previous part: CN — control group (n=5), EN -
pulmonary embolization had been performed on the animals before the isolation of the lungs
(n=5), ETN - the animals had received 50mg/kg of Tempol intraperitoneally before the
embolization (n=5). The isolation of the lungs was followed by a stabilization period of 20
minutes. After reading basal perfusion pressure, 0.5 ml 20uM solution of sodium
nitroprusside was added to the perfusate in each group and the basal perfusion pressure rate
was noted after 10 minutes. The difference between perfusion pressure before and after
sodium nitroprusside reflects the pulmonary vascular tonus.

3. NO release

Rats were divided again into 3 groups: CL — control group (n=5), EL - pulmonary
embolization had been performed on the animals before the isolation of the lungs (n=5), ETL
- the animals had received 50mg/kg of Tempol intraperitoneally before the embolization
(n=5). After the isolation of the lungs and stabilization, the L-Name NO synthase inhibitor
was added to the lung perfusate (final concentration 50uM in perfusate). After 10 minutes,
perfusion pressure was measured again — the difference between these pressures reflects the
effect of block of NO production on pulmonary vasculature.

4. NO oxidation products (NOx) concentration in plasma

Before the embolization, venous blood samples from the left subclavian vein were taken from
11 animals. PE was performed exactly as described in the protocol above, followed by 20
minutes stabilization. Subsequently, similar venous blood samples were obtained. They were
centrifuged for 3 minutes at the speed of 5000 RPM and the acquired plasma was deeply
frozen. An NO analyser was used to analyse NOx (Sun et al. 2010, Hodyc et al. 2012).

Statistical Analysis

All data are shown as mean + SE and analysed by Statview software with ANOVA or
ANOVA repeated measures and Fisher’s PLSD posthoc test. Where indicated a paired t test
was used. Differences were considered statistically significant when p<0.05.

Results

Tempol decreases basal perfusion pressure after PE

In lungs isolated from rats that had PE (E), the perfusion pressure was significantly higher
than in the control group (C). Animals that received Tempol before the embolization (ET)
had significantly lower basal pressure than the animals with PE without a previous Tempol
application (E). Basal perfusion pressure did not differ significantly between the control
group (C) and animals treated with Tempol (ET) (Fig.2).

Presence of vasoconstriction

In the group with PE (EN), we observed a significantly higher decrease in perfusion pressure
after application of sodium nitroprusside than in the control group (CN). Vasodilatation
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induced by nitroprusside in the group with Tempol aplication (ETN) was similar as in
controls (C) (Fig. 3).

Increased activity of NO synthase after PE

Using similar groups as in the previous experiments, the changes of perfusion pressure were
measured 10 minutes after application of L-Name. Significantly bigger increase in perfusion
pressure after L-Name administration was found in the group which contained PE exposed
animals (EL) than in the control group (CL) and in rats that received Tempol prior to the
embolization (ETL) (Fig. 4).

Increased concentration of NOx in plasma after PE

In all the animals with PE, concentration of NOx measured after PE was higher (mean 24.62
uM) than before PE (mean 22.3 uM). The concentration of NOX before and after PE was
compared separately for each animal and evaluated by paired t-

test.

Discussion
The main conclusions of our study are the following:

Vasoconstriction which develops after PE is partly caused by an increase of ROS production.
After PE, the activity of NO synthase increases and the production of NO rises; application of
Tempol lowers the activity of NO synthase.

Our experiment clearly indicates the possible role of ROS in pulmonary hypertension after
acute PE, how ROS is generated after PE has not yet been clarified as well as the actual
nature of all ROS which cause vasoconstriction of pulmonary vessels.

Possibilities of ROS generation after PE

All cell elements involved in the process of pulmonary hypertension after PE (thrombocytes,
leukocytes, endothelial cells and vascular smooth muscle cells) participate in the production
and release of reactive oxygen species during PE. There are four hypothetical ROS
generation mechanisms after acute PE: increased shear stress on the wall of pulmonary
vessels in the non-embolized part of pulmonary circulation, decreased shear stress in the
embolized part behind the embolus, release from activated leukocytes and finally hypoxia.

There is an increase in mechanical pressure on the wall of pulmonary vessels in
nonembolized regions of pulmonary circulation by preserved cardiac output. The result of
increased shear stress is the upregulation of NAD(P)H oxidase subunit Nox-1, which is found
in the cytosol of smooth muscle cells of the pulmonary vessel wall. It also leads to an
increase in expression of membrane subunit p47phox and its translocation on the smooth
muscle cell membrane (Grote 2003). NAD(P)H oxidase produces superoxide. In the regions
which have been cut out of the circulation by embolization, the level of the shear stress drops
down. This leads to the upregulation of NAD(P)H oxidase and production of superoxide
similarly as in the regions with increased shear stress (Fisher et al. 2002). In the smooth
muscle cells of nonperfused pulmonary vessels, the intracellular level of Ca?* rises, which
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leads to a conversion of xanthine dehydrogenase to xanthine oxidase, which produces ROS

(Test et al. 1984, Fisher et al. 2002).

Numerous experimental studies have proven an increase in ROS during hypoxia (Liu 2003).
Furthermore, the upregulation of NAD(P)H oxidase is partly responsible for the increase of
ROS in hypoxia (Gupte et al. 2005). Another source of ROS in hypoxia is the mitochondrial
electron transport chain (Waypa and Schumacker 2005).

Possible roles of ROS in vasoconstriction after PE

Reactive oxygen species have oxidation potential, they oxidize cysteine and methionine
residues of voltage-gated potassium channels and so cause changes in their conformation.
Inhibition of these channels leads to the depolarization of cell membranes of smooth muscle
cells in the pulmonary vessel wall, which is followed by activation of L-type Ca2+ channels.
The next step is Ca2+ ion influx and pulmonary vessel vasoconstriction (Moudgil et al.
2005).

The relationship between ROS and NO plays the key role in the generation of
vasoconstriction. Superoxide reacts with NO to form peroxynitrite. This reaction occurs very
quickly, four times faster than the reaction of superoxide with superoxide dismutase. The
peroxynitrite which is created has a vasoconstrictor effect (Belik 2004).

The second possible pathway of increase in pulmonary vascular tonus after lung
microembolism is the Ca®* sensitization through ROS-dependent activation of RhoA/Rho
kinase signaling (Jernigan et al. 2008, Shimokawa and Satoh 2014).

ROS activate matrix metalloproteinases (MMPs) (Grote 2003). MMPs have a significant
effect when activated chronically — they induce remodeling of pulmonary vessel walls and
finally pulmonary hypertension. After acute PE, activated MMPs are able to break down big
endothelin-1 to activated endothelin-1, which has a strong vasoconstrictor potential (Van den
Steen et al. 2002, Fernandez-Patron et al. 2001). The preventive application of an MMP
inhibitor reduces hemodynamic changes after acute PE (Palei et al. 2005).

Conclusion

Presented results may help to obtain the insight in the pathogenesis of changes of pulmonary
hypertension after the multiple pulmonary microembolism.
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Sedivy V, Joshi S, Ghaly Y, Mizera R, Zaloudikova M, Brennan 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: L48-L57, 2015.
First published October 31, 2014; doi:10.1152/ajplung.00362.2013.—Hypoxic pulmonary vasoconstriction (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 (Fio. 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 -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
hypertension. 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 O and effectors of HPV are pulmonary artery smooth muscle
cells (PASMC) (30). The cellular mechanisms 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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Plzenska 221/130, Prague 5, 150 00 Czech Republic (e-mail: vojtech.sedivy @seznam.cz).
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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 is 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 promoting vasoconstriction. The
nature of the K channels contributing to hypoxia-induced depolarization is also debated. Voltage-gated Kv1.5 and
Kv2.1/9.3 channels have both been implicated (2—-3, 32), as have voltage-independent, two-pore domain TASK
channels (12, 38). Kv7 channels are new potential candidates, because several genes encoding Kv7 channel -
subunits (KCNQ1, KCNQ4, and KCNQ5) 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, causing 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
depolarization suit Kv7 channels to a role in regulating the resting membrane potential (13). The susceptibility of
Kv7 channels to pharmacological manipulation 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 associated with sustained
depolarization of the PASMC, along with loss of K channel activity (39, 47, 49, 55). 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 - and -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 hypertensive 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 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 is unknown, but it can be induced by the nonspecific Kv channel inhibitor 4-
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 assess the potential involvement of
Kv7 channels in the development 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 modulators. 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) relationship. 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 animals. 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 snap-frozen in liquid nitrogen for later protein extraction, stored in RNAlater (Life Technologies, 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 (50 mg/kg ip thiopental) and ventilated through a tracheal cannula [peak inspiratory pressure 10 cmH20,
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 humidified chamber
and maintained at 38°C. The lungs were ventilated with a normoxic gas mixture, containing 21% Oz and 5% COz, balanced
with N2. 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 KCI, 1.16
MgSOs4, 17 NaHCOs, 1.18 KH2PQO4, 3.2 CaClz, and 5.5 p-glucose. The potentially confounding effects of endothelial
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vasoactive mediators like nitric oxide (NO) and prostaglandins were prevented by including inhibitors of their synthesis [17
M meclofenamate and 50 M nitro-L-arginine-methyl-ester (LNAME)] in the perfusate. Although meclofenamate activates
neuronal Kv7 channels comprising KCNQ2/3 subunits with an ECso of 20 M (40), it 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 linopirdine on the pulmonary perfusion pressure and its response
to stimulation, 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 cmH20 (PEEP). Before beginning P/Q measurements the lungs
were perfused with PSS for 15 min to ensure a stable perfusion pressure, followed by priming with two cycles of angiotensin
11 application (0.2 g added into the inflow cannula) followed by ventilation for 7 min with a hypoxic gas mixture (0% Oz, 5%
COz2, 95% N?) 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 g) was administered as a bolus injection into the inflow cannula at the start of the experiment to give an effective
concentration of 12 M. 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 11 (0.2 g) 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 M. After allowing 10 min to reach a
steady state, we repeated stimulation with angiotensin Il followed by hypoxia. In a separate group of lungs, linopirdine
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 Il followed by hypoxia. The perfusion pressures before
and during the test stimulation with angiotensin Il 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 11 followed by
acute airways hypoxia. Flupirtine was added to the reservoir to give a circulating concentration of 20 M. At this concentration
flupirtine evokes nearly 50% of its maximum pulmonary vasodilator effect (25) and activates Kv7 channels, while having
minimal effects on a number of other ion channels (26). Higher concentrations were not tested, because even at 20 M,
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 pulmonary hypertension induced by ventilatory hypoxia. Groups of rats were exposed to an hypoxic environment by
maintaining them in an isobaric hypoxic chamber (F10.0.1) 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. mMRNA 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. Primers were designed with Gene Runner software
(version 3, Hasting software) and Vector NTI (Invitrogen) for KCNQ1, KCNQ4 and KCNQ5, using GenBank sequences with
the respective accession numbers NM_0320773, XM_233477, and XM_237012. Where possible, primers were designed to
span introns, to detect any contamination by genomic DNA. The primer sequences are listed in Table 1. Reactions were
carried out in 25 | volumes containing 1 | cDNA, 12.5 | SYBR Green master mix, 10 | 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 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
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. Expression
levels were then normalized against the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase, measured
simultaneously 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-HCI1 (pH 7.5), 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% sodium dodecyl sulfate (SDS), and 1
cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail (Roche Diagnostics, 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
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with Laemmli loading buffer containing 25 mM Tris-HCI (pH 6.8), 10% glycerol, 5% -mercaptoethanol, 2% SDS, and 0.04%
bromophenol blue. Proteins were 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'HCl, 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 upper 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 -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 (-tubulin) Chemiluminescent Substrate kits (Thermo Fisher Scientific) and a
ChemiDoc imaging 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 KCNQ4 (GenBank accession
number AF105202) using the pcDNA 3.1 Expression Vector (Life Technologies) and X-tremeGENE9 (Roche Diagnostics).

Immunostaining. Lungs were removed en bloc, perfused via the trachea (12 Torr) and pulmonary artery (25 Torr) with 4%
paraformaldehyde 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 concentration: 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 m) 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 H20 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,
S18, 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 g/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. Fluorescence was imaged using a confocal microscope with 40 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 (5=-3=) Forward; Reverse Span Region

KCNQ1 NM_032073 GGCTCTGGGTTTGCACTG; 1131-1236
CATAGCACCTCCATGCAGTC

KCNQ4 XM_233477 CCCCGCTGCTCTACTGAG; 1181-1266
ATGACATCATCCACCGTGAG

KCNQ5 NM_001134643 CGAGACAACGACAGATGACC; 2012-2088
TGGATTCAATGGATTGTACCTG

GAPDH NM_017008 CCATCAAGGACCCCTTCATT, 164-343
CACCAGCATCACCCCATTT
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Fig. 1. Linopirdine primes hypoxic pulmonary vasoconstriction (HPV) in saline-perfused rat lungs. HPV response measured in unprimed
lungs 15, 30, or 65 min after bolus injection of 230 g linopirdine into the inflow cannula to give an effective concentration of 12 M
(gray, n 6) and in timematched controls (black, n 5). *P 0.05 vs. control.

products (NOx) was measured with a NO chemiluminescence analyzer (Sievers model 280i) 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
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once for each experiment. 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 t-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 significant 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 7.89 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 significantly
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 Il and hypoxia did not differ between the groups at any time point. The administration of linopirdine
to primed lungs, either on its own or with 4-AP, caused an increase in basal perfusion pressure (Fig. 2A),
reflecting its vasoconstrictor action. The rise in pressure caused by linopirdine alone was the same in both
groups: 1.4 0.24 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 perfusion pressure, of 4.3 0.37
mmHg over and above that induced by linopirdine.
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Fig. 2. Kv channel inhibition modulates pulmonary vascular responses to hypoxia and angiotensin Il in primed lungs. Baseline perfusion
pressure (A), angiotensin ll-induced vasoconstriction (B), and HPV (C) measured in primed lungs before (control, black bars) and after
exposure to 12 M linopirdine (LNP) or 12 M 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.
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The pressor response to angiotensin Il 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 pressor response to hypoxia to increase from 14 3 to 26 4 mmHg (P 0.05,
paired t-test). With the combined administration of linopirdine and 4-AP, the pressor response to hypoxia
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 increases 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 critical 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 elevation 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 is apparent in the P/Q relationships
measured before and 10 min after the addition of linopirdine (10 M) 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 0.49 0.01 to 0.81 0.08 mmHg -min/ml (P 0.05, paired t-test), without
changing the intercept with the pressure axis (Fig. 3A). 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, circulating at a concentration of 20 M, 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 significant 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-
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environment for 3 days. Detected with quantitative RT-PCR and normalized to the expression of GAPDH (n 3). *P 0.05 hypoxic vs.
control. C: Western blots of pulmonary artery proteins from 5 separate normoxic (C1-C4) and hypoxic (H1-H4) rats and proteins from
nontransfected HEK-293T cells (NT) and HEK-293T cells overexpressing Kv7.4 channels (T). Proteins were separated on a 10% SDS-
PAGE and transferred to a PVDF membrane, which was cut between the 50 and 75 kDa markers and probed separately with antibodies
against Kv7.4 and -tubulin. Arrowheads indicate the positions of molecular weight markers (kDa). D: densitometric analysis of Western blots
showing Kv7.4 expression normalized to -tubulin in arteries from normoxic (control) and hypoxic rats, as well as rats administered flupirtine
(F, 30 mg/kg/day) and exposed to hypoxia for 5 days (n 4).

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 0.05) after addition of flupirtine,
indicating 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 blood vessels and form a ring around the blood vessel
lumen (Fig. 5A). Figure 5B shows the relative expression of KCNQ1, KCNQ4, and KCNQ5 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 expression 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
protein (measured relative to -tubulin) in vessels from hypoxic rats, whether or not they were administered
flupirtine (Fig. 5D).

Flupirtine inhibits hypoxic 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 vascular reactivity measured in isolated lungs.
Five-day exposure to hypoxia caused an increase in the P/Q slope relative to the normoxic controls, indicative of
increased incremental 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 vascular resistance that leads to HPH.
Exposure to hypoxia or flupirtine did not affect the P/Q intercept (Table 2). Moreover, 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 prevented by flupirtine treatment but not vehicle. Flupirtine did not alter the overall
reactivity of hypoxic lungs, because the vasoconstriction to angiotensin Il was potentiated in all groups exposed
to hypoxia (Table 2).

Plasma NO levels. Kv7 activators dilate pulmonary arteries through a direct action on smooth muscle (25).
Activators of Karp channels also dilate pulmonary arteries by hyperpolarizing the smooth muscle (4) and inhibit

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

Group P/Q Slope, mmHg" min/ml P/Q Intercept, mmHg HPV, mmHg ANG Il Constriction, mmHg NOx in Plasma, M
Normoxia 0.541 0.052 3.6 0.7 53 1.0 5.6 0.6 26.0 2.5
Hypoxia 0.672 0.05* 3.704 85 1.1* 9.3 1.3* 46.6 8.3*
Hypoxia flupirtine 0.475 0.022F 5.3 % 49 1.0 11.7 1.4* 475 2.6*
Hypoxia vehicle 0.678 0.111* 36 1.1 9.6 1.4* 9.0 0.8* 40.0 2.5*

The pressure-flow (P/Q) slope and intercept, amplitude of hypoxic pulmonary vasoconstriction (HPV), and angiotensin 1l (ANG 1) 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. TP 0.05 vs. hypoxia and hypoxia
with vehicle; n 6 for each group.



HPH (37). Recent studies suggest, however, that the effectiveness of K are channel activators in HPH may be due
to an action on endothelial Kate channels, which rescues NO production from the dysfunction induced by
hypoxia (57). As Kv7 channel expression in endothelial 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 measuring 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 hypoxia 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
excitation 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 O is 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). Although 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 KCNQZ1, 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 M) causes dose-dependent
vasoconstriction in saline-perfused rat lungs (25), consistent with Kv7 channels being open and contributing to
the PASMC resting potential. In that study, we tested linopirdine after priming the lungs with cycles of
angiotensin I1l-hypoxia stimulation. We have now found that without priming, linopirdine (at 12 M) 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, despite 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 (5).

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 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 alternatively 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 Il-hypoxia, the myocytes are stimulated to contract and raise pulmonary artery pressure.
Underpinning the contractions 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 conditions, 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 Ca2-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 angiotensin Il during priming leads to persistent Ca? sensitization, which
amplifies the contractile response to Ca? influx.
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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 KCI (24). The pressor response to linopirdine could be further
potentiated by 4-AP. At the concentration tested (12 M), linopirdine is maximally effective on isolated rat
pulmonary arteries (24), and 3 mM 4-AP is expected to fully block 4-AP-sensitive Kv channels (6). The additive
nature of their effects on pulmonary perfusion pressure is consistent 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 Il and further potentiated HPV after it was primed
with angiotensin 11. Both of these effects may reflect a larger [Ca?]; signal, caused by depolarization-induced Ca?
influx adding to the sources of Ca? mobhilized by hypoxia or angiotensin 1. 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 is 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 is generated. The additive effects of linopirdine and 4-AP on the
angiotensin 1l response suggest that the pressor responses to hypoxia and angiotensin Il involve distinct
mechanisms.

In rats exposed for only 3 days to a hypoxic environment, the vasoconstrictor effect of linopirdine was
essentially abolished. This loss of activity correlated with markedly reduced expression of the KCNQ4 mRNA,
but not KCNQL1 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 mMRNA. On the other hand, as protein levels were assessed in the
whole blood vessel, changes in smooth muscle membrane 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 interaction 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 perfusion 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 pulmonary perfusion pressure,
due to reduced vascular resistance. The ability to evoke vasodilation probably reflects raised intrinsic tone in the
hypoxic lungs, but the mechanism is less 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 hypoxia 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 channels or
a heterologous combination of Kv7.4/7.5 is also possible. Flupirtine does not activate Kv7.1 channels (45), so
although they are expressed in pulmonary artery, Kv7.1 channels 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 M) 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
depolarization 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 potential 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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