MASARYKOVA UNIVERZITA
LEKARSKA FAKULTA

Morfologické a funkéni aspekty rozvoje
neurogenniho plicniho edému
Habilitaéni prace
(komentovanij soubor praci)

MDDr. MUDr. Jif{ Sedy, Ph.D., MBA, FICD

Ustav normalni anatomie LF Univerzity Palackého v Olomouci

2018



PROHLASENI]
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SEZNAM ZKRATEK

Angl. — anglicky

ALI — Acute Lung Injury, akutni plicni poskozeni (selhdni)

ARDS — Adult Respiratory Distress Syndrome, syndrom akutni dechové tisné
ATP - adenozin trifosfat
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BBB score — $kéla hodnoceni neurologickych funkei u potkana s poSkozenou michou nazvani podle prvnich pismen
pfijmeni autorii: Basso, D.M., Beattie M.S., and Bresnahan J.C. (Basso et al., 1995)
CNS - centralni nervovy systém

CT - Computed Tomography, poé¢itacova tomografie

DAD - diffuse alveolar damage, difuzni poskozeni alveolti

DNA - Deoxyriboneukleova kyselina

FLASh — Fast Low Angle Shot

FOV - field of view, zorné pole

i.m. — intramuskularné, do svalu

inh. — inhala¢ni

i.p. — intraperitonealné

i.v. — intraven6zné, nitrozilné

MR — Magnetickd Rezonance

MRI — Magnetic Resonance Imaging, Magneticka rezonance

NPE - neurogenni plicni edém

pCO: — parcidlni tlak oxidu uhli¢itého

PEEP - Positive End Expiratory Pressure, pietlakovd mechanicka ventilace
P—index — plicni index

PNS — periferni nervovy systém

pO: — parcidlni tlak kysliku

RARE - Rapid Acquistion with Relaxation Enhancement

RTG - Rentgen, Rentgenové vySetieni

s.c. — subkutanné, podkozné

SCI - Spinal Cord Injury, mi$ni poranéni

S.E.M - Standard Error of Mean, smérodatna ochylka

SUDEP - sudden unexpected death in epilepsy

TE — echo time

TEM - Transverse Electro Magnetic

Thai, 2, 3... — hrudni obratel 1, 2, 3 etc.

TR - repetition time

TrueFISP — True Fast Imaging with Steady—state free Precession
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1 UVOD

Neurogenni plicni edém (hemoragicky plicni edém, neurohemodynamicky plicni edém; NPE)
je definovan jako akutné vznikly intersticidlni a/nebo intraalveolarni otok (edém) plicni
tk&né, ktery vznika na zékladé predchoziho poskozeni tkdné centralniho nervového systému
(CNS) (Fontes et al., 2003) (obr. 1). Jako prvni popsal neurogenni plicni edém Shanahan jiz
v roce 1908 jako komplikaci opakovanych epileptickych zachvatii u 11 pacientti — byl to pravé
on, kdo vyslovil tezi o spojitosti téZkého poskozeni centrdlniho nervového systému se
vznikem plicniho edému a zaroven prvni, kdo pouzil pro tento edém nazev ,neurogenni®

(Shanahan, 1908).

Neurogenni plicni edém vzniké Fadové v minutach az hodinach po poranéni. Vzhledem k jeho
Jneurogenni“ povaze jej fadime k nekardiogennim (extrakardidlnim) plicnim edémim.
Z hlediska mechanismu vzniku se vSak jedna o pomérné unikatni klinickou jednotku, nebot
se zde synergicky uplatiuji oba zakladni mechanismy vzniku plicniho edému, jmenovité
vysoky tlak intravaskularni a intersticialni tekutiny spolecné se zvySenou permeabilitou
plicniho parenchymu, které se u jinych typt edému vyskytuji izolované (Colice, 1984). Kromé
toho je zde hemoragicka slozka vyjadfena vyrazné vice, nez u kteréhokoli jiného edému (viz
dale). To je diivodem, pro¢ nejsou jeho etiopatogeneze ani terapeutické piistupy, navzdory

predchozimu vyzkumu a fadé klinickych zkuSenosti, stéle objasnéné.

Obr. 1 Zavazny neurogennti plicni edém na piredozadnim RTG snimku hrudniku u pacienta
se subarachnoidalnim krvdacenim v okamziku piijeti (vlevo) a po tispésné terapii (vpravo).
Podle Weiss a Meyer (2015).

Neni snad na svété Kklinickd jednotka, jejiz epidemiologickd data by vykazovala tak
heterogenni vysledky jako pravé neurogenni plicni edém. Podle riiznych klinickych studii se
vyskytuje v 1—71 % pripadli poskozeni centralniho nervového systému. VétSina studii nastésti

naznacuje, Ze pravda bude zfejmé nékde uprostred, okolo 20-30 % pacientii s tézkym, nahle
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vzniklym poskozenim CNS. Niz§i c¢isla jsou pravdépodobné zavinéna skutecnosti, Ze
neurogenni plicni edém je u celé fady pacienti s poskozenim CNS zamaskovan jinymi
faktory, nebo je jeho v§znam v dané chvili povazovan za druhotady, vzhledem k ¢asto velmi
tézkému celkovému klinickému stavu a nutnosti feSeni dtlezitéjsich, akutné Zivot
ohroZujicich stavli (akutni tepenné krvaceni, pocéinajici znamky herniace mozkové tkané
apod.). ZvySena C¢isla jsou pak pravdépodobné zplisobena oznacenim jakéhokoli plicniho
edému za neurogenni, coZ je opacny extrém. Mortalita neurogenniho plicniho edému se
pohybuje okolo 10 %. Z epidemiologickych tdaji vSak neni jasné, zda je toto pomérné vysoké
¢islo zptisobeno skute¢né edémem plic nebo ptivodnim, ¢asto velmi téZzkym poskozenim CNS.
Neurogenni plicni edém postihuje kromé lidi také fadu zivoéiSnych druhi, je tedy rovnéz

neopominutelnou soucasti veterinarni mediciny (Bouyssou et al., 2017).

Velice rozporuplna epidemiologicka data naznacuji, Ze je tato jednotka spiSe fazena mezi
ostatni plicni edémy a neni kladen dtiraz na jeji neurogenni ptivod. Neurogenni plicni edém
bohuZel klinicky obraz ostatnich plicnich edémii pouze pfipomind, jeho nebezpeci tkvi ve
vyse zminénych patofyziologickych odliSnostech (viz dale), v jejichz diisledku je ¢asto klinicky
pribéh vyrazné proménny a tedy i hiife predvidatelny, coZ mizZe vést v Kklinické praxi

k dramatickym, Zivot ohroZujicim situacim.

1.1 FUNKCNI ANATOMIE NERVOVEHO SYSTEMU

Nervovy systém rozdélujeme na centralni nervovy systém (systema nervosum centrale), a
periferni nervovy systém (systema nervosum periphericum). Centralni nervovy systém tvori
soubor jader a drah, které makroskopicky vytvareji mozek (lat. cerebrum; fec. encephalon), a
michu (medulla spinalis). Periferni nervovy systém tvoii ganglia a nervy, které souborné
vytvareji systém hlavovych nervii (nervi craniales), misnich nervi (nervi spinales), pleteni —
(plexi), ganglii (ganglia) a specializovanych zakonceni bud dostiedivého charakteru
(receptory), nebo odstredivého charakteru (efektory). Shluk neuronti, Sedou hmotu
(substantia grisea), nazgvame v centralnim nervovém systému terminem jadro (nucleus), v
perifernim nervovém systému terminem uzel (ganglion). Skupiny vybézki, bilou hmotu
(substantia alba), nazyvidme v centrdlnim nervovém systému terminem driha (tractus
nervosus), v perifernim nervovém systému terminem nerv (nervus). Periferni nervovy
systém rozdélujeme na ¢éast vili ovladatelnou neboli somaticky nervovy systém (systema
nervosum somaticum), a ¢ast vili neovladatelnou neboli autonomni nervovy systém

(systema nervosum autonomicum).



Obr. 2 Lidsky mozek na sagitalnim fezu. Podle Grim et al. (2017).

Mozek (obr. 2) je soubor nervové tkané uloZené v lebe¢ni dutiné. Pfi vnéjsim pohledu jsou
napadné dvé pravolevé témér symetrické poloviny (hemisféry), spojené pruhem bilé hmoty
(corpus callosum). Mozek se skladd zkoncového mozku (telencephalon), mezimozku
(diencephalon), sttedniho mozku (mesencephalon), Varolova mostu (pons Varoli), mozecku
(cerebellum) a prodlouzené michy (medulla oblongata seu bulbus). Telencephalon se sklada
zmozkové kiry (pallium), podkorovych jader (bazilni ganglia), a malé spojovaci Casti
vytvofené pfi ventralnim okraji corpus callosum, oznacované jako septum. Morfologicky
rozliSujeme na mozkové kiife s typickou zavitovou morfologii (gyrifikaci) ventralné ulozeny
¢elni lalok (lobus frontalis), kranialné ulozeny temenni lalok (lobus parietalis), dorzéalné
uloZeny tyIni lalok (lobus occipitalis), lateralné ulozeny spankovy lalok (lobus temporalis), a
medialné ulozeny vklesly okrsek (lobus insularis; insula). Stfedni mozek, Varoliv most a
prodlouzen4 micha tvofi souborné mozkovy kmen (truncus encephali). Uvnitf mozku jsou
uloZeny ¢tyfi mozkové komory (ventriculi encephali), vyplnéné mozkomi$nim mokem
(likvor). Na povrchu je mozek kryt mékkou plenou (pia mater), pavuénici (arachnoidea
mater) a tvrdou plenou (dura mater). Pia mater piiléhé tésné na povrch mozku. Mezi pia
mater a arachnoideou je vytvofen subarachnoidalni prostor (spatium subarachnoideum),
mezi arachnoideou a dura mater je vytvofen subduralni prostor (spatium subdurale).
V subarachnoidalnim prostoru cirkuluje likvor a hromadi se zde ve specifickych cisternach
(cisternae cerebellomedullares). Likvor je tvoren ultrafiltraci v cévnich choroidalnich
pletenich uvniti mozkovych komor a vstiebava se do Zilnich splavii. Dura mater pevné sriista

s periostem vnitini plochy kosti lebeéniho krytu. Duplikatury dura mater vytvareji typické
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Zilni splavy (sinus durae matris), ve kterych proudi Zilni krev. Mezi dal$i vyznamné
duplikatury patfi: medidnni duplikatura, vytvofena mezi hemisférami velkého mozku (falx
cerebri), fasa tvrdé pleny oddélujici mozedek od velkého mozku (tentorium cerebelli) a
nékteré dalsi.

Obr. 3 Lidska paterni micha na sagitalnim Fezu véetné vztahu misnich a obratlovijch

segmentil (vertebromedualni topografie). Podle Grim et al. (2017).

Micha (obr. 3) je podlouhly, na fezu ovalny provazec nervové tkané, ulozZeny v pateinim
kanalu, ze kterého vychazeji mi$ni nervy. Kranialné pokracéuje do prodlouZené michy mozku,

kaudalné konéi slepé v lumbéalni oblasti. V centru michy je vytvoren kaudalné slepé konéici
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centralni kanalek (canalis centralis), vyplnény likvorem. Na povrchu je micha kryta mékkou
plenou misni (pia mater spinalis), pavuénici (arachnoidea mater spinalis), a tvrdou plenou
mis$ni (dura mater spinalis). Pia mater ptiléhé tésné na povrch michy. Mezi pia mater a
arachnoideou je vytvofen subarachnoiddlni prostor (spatium subarachnoidale), mezi
arachnoideou a dura mater je vytvoren subduréalni prostor (spatium subdurale), mezi dura
mater a periostem kosti patefniho kanalu je vytvoren epiduralni prostor (spatium epidurale).
Autonomni (vegetativni) systém inervuje ty éasti téla, které nejsme schopni ovladat wiili.
Podle funkce jej délime na ¢ast sympatickou neboli sympatikus (pars sympathica), a ¢ast
parasympatickou neboli parasympatikus (pars parasympathica). Nazev sympatiku pochazi
od terminu ,sympathin“, coz je star$si souborné oznafeni mediatori tohoto systému
(adrenalinu a noradrenalinu). Nazev parasympatiku pak vyjadiuje, Ze tento systém pracuje
paralelné se sympatikem (lat. para — vedle). RozlozZeni jader v centralnim nervovém systému
reflektuje oznaceni sympatiku terminem thorakolumbéalni systém (rozsah Cs-L.), oznaceni
parasympatiku pak terminem kraniosakralni systém (oblast hlavovych nervii a kiiZové oblast
S2-S4). Sympatikus tvofi tu ¢ast autonomniho nervového systému, ktera, podle klasického
popisu, pripravuje organismus k obrané, utoku nebo atéku (angl. fight or flight), tj. zrychluje
srdeéni ¢innost, zrychluje a prohlubuje dychani, zvySuje krevni tlak, rozsifuje koronarni
tepny a bronchy, snizuje ¢innost traviciho systému, piisobi vyprazdnéni stfev a mocového
meéchyte a plisobi rovnéz dnes jiz u ¢lovéka nevyznamné vzpiimeni chlupi (,husi kiize®),
odpovidajici zjeZeni srsti u nizsich savcii, které mélo za cil optické zvétseni postavy. Naproti
tomu parasympatikus (fec. para — pfi, vedle) naopak udrZuje organismus v klidu pfi
odpocinku a traveni, proto vyvolava zpomaleni srdec¢ni ¢innosti, snizuje krevni tlak, zuzuje

koronarni tepny a bronchy a zvySuje ¢innost traviciho systému.

Pod spodinou ¢tvrté mozkové komory (fossa rhomboidea), je v prodlouzené mise uloZeno
dychaci centrum. Sklad4 se ze dvou skupin neuronti, usporaddanych jako ventralni a dorzalni
respira¢ni skupiny. Centrum reguluje piredevs§im vlastni pohyb dychacich svali (Grim et al.,
2014). Kraniidlné odtud je uloZeno pneumotaktické centrum, které je dychacimu centru
nadrazeno. Toto centrum zpracovava tdaje o koncentraci kysliku a oxidu uhli¢itého v krvi,
signaly z chemoreceptorii v glomus caroticum a na spodiné ¢tvrté mozkové komory, déle
udaje o télesné teploté a krevnim tlaku (Grim et al., 2014). Aferentni vldkna (nervi
afferentes) k témto jadriim prichazeji z mozkové kiiry, mechanoreceptort plic, dychacich cest
a stény hrudniku, dale pak z centrélnich a perifernich chemoreceptorti a z proprioreceptorii
dychacich svali. Eferentni vldkna (nervi efferentes) naopak sméfuji do dychacich svald,

podkorovych autonomnich center a mozkové kiiry.



Obr. 4 Kmenova jadra hlavovych nervii pi pohledu z dorzokranialni strany na spodinu

Cturté mozkové komory. Podle Grim et al. (2017).

V mozkovém kmeni je v tésné blizkosti dychacitho a pneumotaktického centra, pfi nucleus
dorsalis nervi vagi uloZeno i centrum regulace srdecni akce, ze kterého vystupuji
pregangliovd sympatickd a parasympatickd eferentni vlakna, ktera konc¢i jako sympatické
nervi cardiaci nebo parasympatické rami cardiaci nervi vagi v oblasti srdce, kde vytvareji
povrchovou a hlubokou pleten (plexus cardicacus superficialis et profundus), ve kterych jsou
uloZena i prislusna autonomni ganglia cardiaca, kde dochazi k prepojeni ¢asti téchto vlaken
(Eliska a Eliskova, 1995, Grim et al.,, 2014). Sympatickd postgangliova vldkna na svych

zakoncenich uvolfiuji neurotransmitery (noradrenalin), kterymi ptisobi na alfa- a beta-
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adrenergni receptory kardiomyocyti pracovniho myokardu a ptevodniho systému srdeéniho,
¢imz zvyS$uji tepovou frekvenci (pozitivné chronotropni), silu srdeéniho stahu (pozitivné
inotropni efekt), drazdivost srde¢niho svalu (pozitivné bathmotropni efekt) a rychlost vedeni
vzruchu (pozitivné dromotropni efekt). Naopak terminalni parasympaticka vlakna uvolnuji
acetylcholin (jsou tzv. cholinergni) a vazoaktivni neuropeptidy, pricemz efekt na srdeéni sval
je opacny nez u sympatiku. V télesném klidu tonus parasympatiku nad sympatikem pievlada
(Eliska a Eliskovéa, 1995) (obr. 4, 5).

Déle je v mozkovém kmeni (obr. 4), v retikularni formaci pod trigonum nervi vagi, uloZzeno
vazomotorické centrum, které je Kklicové pro regulaci krevniho tlaku. Toto centrum

prostiednictvim autonomnich vlaken reguluje prisvit cév (Grim et al., 2014).

_ - nucleus dorsalis n. X.
5

S ggl. cervicale superius

-
segmenta _~

spinalia ™~ _ n. cardiacus cervicalis

sup., med. et inf.

- nn. cardiaci thoracici

=~ rr. cardiaci thoracici

_ I cardiacus
cervicalis sup. et inf.

nodus sinuatrialis - — —

nodus atrioventricularis- —

Obr. 5 Autonomni inervace srdce — misni sympatikus (Cervené) a hlavovy parasympatikus

(zelené). Podle Grim et al. (2017).
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1.2 FUNKCNI ANATOMIE DYCHACIHO APARATU

Dychaci aparat ¢lovéka se sklada z vnéjsiho nosu (nasus externus), dutiny nosni (cavitas
nast), vedlejSich dutin nosnich (sinus paranasales), Gstni a hrtanové ¢asti hltanu
(oropharynx et laryngopharynx), hrtanu (larynx), pridusnice (trachea), priadusek
(bronchi) a plic (pulmones), ke kterym funkéné fadime i hrudni ko$ (cavitas thoracis) a
dychaci svaly (musculi respiratorii). Prava plice (pulmo dexter), sloZena ze tii laloki (lobi), je
uloZena v pravé pohrudni¢ni dutiné (cavitas pleuralis dextra), zatimco leva plice (pulmo
sinister), sloZena pouze ze dvou laloki, v pohrudniéni dutiné levé (cavitas pleuralis sinistra).
Prava plice ma deset segmentti, leva pouze osm. Misto, kde do plic vstupuje plicni tepna
(arteria pulmonalis), plicni Zily (venae pulmonales) a zahy se vétvici hlavni priduska
(bronchus principalis) se oznacuje jako hilus (hilum pulmonale). Kranidlni ¢ast plice
oznacujeme jako hrot (apex pulmonis), kaudalni ¢ast jako bazi (basis pulmonis). Plice je
pokryta poplicnici (pleura visceralis), hrudni dutina pohrudnici (pleura parietalis), mezi
nimi je Gzky prostor vyplnény tekutinou — interpleuralni prostor (spatium interpleurale).
Prava a leva hlavni priiduska se uvnitf plicniho parenchymu postupné vétvi na stale mensi
vétve, az do termindlnich plicnich sklipki (alveoli pulmonales). Kolem tohoto vétveni neboli
bronchidlniho stromu (arbor bronchialis), jsou viidkém intersticidlnim vazivu uloZeny
lymfatické uzliny a vétve plicnich tepen, zil, nervii a lymfatickych cév (Cihak, 2002; Williams
a Bannister, 1995).

Prava plice je o 1/10 objemné&jsi nez leva. Celkovy objem plic je okolo ¢tyf litrti, hmotnost ma
pouze 700 g. V inspiriu pojmou plice okolo péti litri vzduchu, z toho tii litry jsou obsazeny
v plicnich sklipcich. Plice obsahuji pfiblizné 300 miliona plicnich sklipki, které zaujimaji
celkovou plochu okolo 70 mz2. Plicni sklipek (alveolus pulmonis), mé primér 0,1—-0,2 mm. V
okoli alveolu je uloZeno 4-12 kapilarnich kli¢ek. Sténu alveolu vystylaji pneumocyty
podloZené basalni membranou a jemnym skeletem z elastickych a kolagennich vlaken.
V alveolu se nachézeji dva typy pneumocytii — membrano6zni pneumocyty I. typu, podilejici se
na difuzi plynti a sekre¢ni (granularni) pneumocyty II. typu, produkujici surfaktant, coz je
jemny film, ktery snizuje povrchové napéti a chrani tak alveolus pred kolapsem. Vyména
kysliku a oxidu uhli¢itého probiha pies alveolo-kapilarni membranu, jez se sklada z vybézku
pneumocytu, bazalni membréany a endotelu kapilary. Intersticium plic je vyplnéno imunitné
aktivnimi bunikami, které zajistuji ochranu proti cizorodym latkam a fagocytuji cizorodé nebo
nepotiebné ¢astice. Mezi hlavni dychaci svaly (musculi respiratorii majores) fadime brénici
(diaphragma), jez funkéné tvori vyznamny inspiracni sval a soucasné také mezizeberni svaly,
pricemz vnéj$i (musculi intercostales externi) jsou funkéné vdechové, inspiracéni, zatimco
vnitini dvé skupiny svalti (musculi intercostales interni et intimi) jsou funkéné vydechovymi,

exspiraénimi svaly. Ostatni pfi¢né pruhované svaly, které se upinaji na hrudni ko$ a podileji
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se tak na dychacich pohybech, oznacujeme jako vedlejsi dychaci svaly (musculi respiratorii
accessorii seu auxiliares). Kromé dychéani (respiratio) maji plice schopnost metabolizovat
urcité slouceniny, udrzovat acidobazickou rovnovahu, filtrovat toxické substance z obéhu a
tvofit zasobnik krve. Vét§ina dychacich svall je inervovana pfislusnymi vétvemi hrudnich
nervi. Za zminku stoji inervace bréanice z mi$niho segmentu C;— C; cestou brani¢niho nervu
(nervus phrenicus). Casti dychacich cest, neschopné vymény dychacich plyné (ventilace),
jako je nosni dutina, priidusnice apod., se oznacuji jako anatomicky mrtvy prostor. Casti plic,
které v daném okamziku nejsou schopny vymény plyni, oznacujeme jako funkéné mrtvy
prostor. Anatomicky mrtvy prostor je konstantni, funkéné mrtvy prostor je proménlivy

(Ganong, 2005; Brozek et al., 1999).

Plice jsou inervovany zejména vili neovladatelnym autonomnim nervovym systémem,
sympatikem a parasympatikem. Parasympatickd vlakna prichazeji cestou vétvi desatého
hlavového nervu (nervus vagus), sympaticka vlakna pochazeji z druhého az ¢tvrtého ganglia
hrudniho sympatiku (ganglion symphathicum thoracicum secundum et quartum). Obecné
plati, Ze plicni relisté je zdsobeno autonomnimi nervy méné, neZ relisté systémové.
Autonomni vldkna pfichézeji do plic pres hilus a pfi dal$im vétveni respektuji vétveni
plicnich cév a bronchidlniho stromu. Vznikaji takto pletené v okoli jednotlivych bronchi a
tepen (plexus peribronchialis et periarterialis). V periarterialni pleteni prevazuji sympaticka
vldkna. Peribronchiilni pletené zasahuji az po interalveolarni septa a prevazuji zde
parasympaticka vldkna, kde jsou misty vimezefena parasympatické ganglia. Autonomni nervy
plicnich cév probihaji v jejich tunica media. Inervace je nejhustsi v misté cévniho vétveni.
Plicni tepny, ve kterych jsou pfitomna autonomni nervova vlakna, maji primér nejcastéji
mezi 30—-500 um. Ve srovnani se systémovymi tepnami maji plicni tepny obecné nizsi obsah
hladké svaloviny a autonomnich nervii. Plicni Zily maji autonomni slozku vyjadifenu jesté
méné. Vétsina aferentnich vldken vede z plic informace z baroreceptorii a chemoreceptort,
vldkna vedouci bolest jsou zastoupena velmi méalo. Poplicnice je s vyjimkou oblasti kolem hilu

aplné nebolestiva (Cihak, 2002; Williams a Bannister, 1995).

1.3 FUNKCNI ANATOMIE CEVNIHO SYSTEMU

Krevni obéh (circuitus sanguinis) rozdélujeme na systémovy (velky, vysokotlaky; circuitus
sanguinis major) a plicni (maly, nizkotlaky; circuitus sanguinis minor). Systémovy krevni
obéh zaéina vystupem aorty z levé srdeéni komory (ventriculus sinister), pokracuje vétvenim
tepen (arteriae) a tepének (arteriolae) do celého téla az v kapilary (vasa capillaria). Z nich
se dale sbiraji postkapilarni venuly (venulae postcapillares), venuly (venulae), Zily (venae) a

nakonec dvé hlavni sbérné zily, horni a dolni duta zila (vena cava superior et inferior), které

usti do pravé srdecni predsiné (atrium dextrum). Plicni krevni obéh zac¢ina v pravé komore
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(ventriculus dexter), ze které vystupuje plicnice (truncus pulmonalis), ktera se zahy rozdéluje
na pravou a levou plicni tepnu (arteria pulmonalis dextra et sinistra), vstupujici plicnim
hilem do pfislusné plice, kde se dale déli az na Kkapilary. Zkapilar se podobné jako
v systémovém obéhu sbiraji Zily az do ¢tyf hlavnich plicnich Zil (venae pulmonales dextrae et
sinistrae, superiores et inferiores), které se vlévaji do levé piedsiné (atrium sinistrum).
Kromé toho existuje obéh lymfaticky (circuitus lymphaticus), ktery sbird tekutinu
z intersticia a pomoci lymfatickych cév ji prevadi zpét do Zilniho systému. Cestou mezi
intersticiem a Zilami prostupuje tato tekutina (lymfa), pfes lymfatické uzliny (nodi
lymphatici). Jako tepny se oznacuji cévy vystupujici ze srdce, jako Zily cévy vstupujici do
srdce. V systémovém krevnim obéhu vedou tepny krev okysli¢enou, v plicnim odkysli¢enou.
Podobné v systémovém krevnim obéhu vedou Zily krev odkysli¢enou, v plicnim okysli¢enou.
Plice jsou napojeny na vSechny tfi obéhy. Plicni krevni obéh zde reprezentuje tzv. funkéni
obéh, ktery predstavuje hlavni zdroj krve pro plice, systémovy krevni obéh reprezentuje tzv.
nutri¢ni obéh, ktery je velmi redukovan. Lymfaticky obéh je vytvoren stejné jako v jinych
organech. Mezi arteridlnim a Zilnim systémem obou obéhii a rovnéz mezi obéma obéhy jsou

vytvoteny spojky, anastomdzy (Eliska a Eliskova, 1995; Williams a Bannister, 1995).

1.4 BIOMECHANIKA DYCHAN{ A VYMENY PLYNU

Do dychacich cest vstupuje vzduch nosem nebo tusty a dale pokracuje orofaryngem,
laryngofaryngem, laryngem, tracheou a bronchy a jejich vétvemi az do alveoli. Kromé toho,
Ze dychaci cesty privadéji vzduch do alveolii, zbavuji jej vétSiny necistot, prostfednictvim
imunity brani zavleceni infekce do organismu, upravuji vzduch tepelné, zvlhéuji jej, ovliviiuji
jeho distribuci do jednotlivych tsekd dychaciho traktu a vytvareji hlas. Optimélni dychani
vznikd na zadkladé optimélniho vyladéni mezi distribuci a difuzi plynti, perfuzi plic a
neurohumorélni regulaci dychani. Dechovy cyklus zahrnuje vdechovou fazi (inspirium),
vydechovou fazi (exspirium) a klidovou fazi. Inspirium je zaloZeno na kontrakci pri¢né
pruhovanych dychacich svali, které rozsifuji hrudnik do vSech stran. Rozsifeni hrudniku je
mozné jednak na zakladé i) pohybt jednotlivich Zeber vkloubech a omezené i
v chrupavéitych spojenich, ii) pohybu bréanice a iii) trojtho zakfivenim Zeber, konkrétné v
horizont4lnim sméru, ve vertikilnim sméru a podél vlastni osy (Cih4k, 2002.). Rozsifeni
hrudniku pasivné rozSifuje i objem plic, diky konstantni Sifce interpleurdlni S$térbiny.
Zatimco tlak v plicich odpovida vnéjsimu atmosférickému tlaku, v interpleuralni $térbiné je
tlak niZzsi; tato skutefnost se oznacuje jako transtorakalni tlakovy gradient. Exspirium je
vesmés déj pasivni, vyznam expiracnich svali roste pfi namaze. Z hlediska plic jsou inspirium
1 exspirium déji pasivnimi — zatimco pii inspiriu se cela plice rozpina na zakladé rozsifovani
objemu hrudniku, pii exspiriu je retraktilnim tahem elastickych vlaken (elasticitou plic),

objem plic obnoven do piivodniho stavu. Jev se souborné oznacuje jako poddajnost plic
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(compliance). Dychani rozliSujeme brani¢ni (bfisni), hrudni (kostalni) a smiSené. Za
normélnich okolnosti dychame smisené, ze 2/3 brani¢nim a z 1/3 hrudnim dychanim; tento
pomér se u muzii a Zen lisi. Dychani se prizptlisobuje potiebdm organismu zménami
dechového objemu, frekvence dychani, perfuze plic a koordinace hrudniho a abdominalniho
dychani (Ganong, 2005; Williams a Bannister, 1995).

Ventilace plic zajistuje vyménu vzduchu mezi okolni atmosférou a alveolarnim prostorem,
perfuze plic zajistuje distribuci plyni do celého organismu a odtud zpét do plic. Vyménu
plynt v plicich umozZiuje proudéni vzduchu v dychacich cestich ve sméru tlakovych
gradientl. Od terminélnich bronchiold k alveoliim se stava vyznamnou také difuze a dychaci
plyny tak difunduji od alveoldrni membrany ve sméru koncentraénich gradienti. Suchy
atmosféricky vzduch se sklada z priblizné 21 % kysliku, 0,04 % oxidu uhli¢itého, 78 % dusiku
a 0,92 % vzacnych plynti. Za normélnich okolnosti je v atmosférickém vzduchu parcialni tlak
kysliku 160 mm Hg, parcialni tlak oxidu uhli¢itého 0,3 mm Hg a parcialni tlak dusiku a
vzacnych plynt 600 mm Hg. Pokud je smés plynt v kontaktu s kapalinou, rozpousti se
jednotlivé plyny v kapaliné tmeérné jejich rozpustnosti v kapaliné a jejich parcidlnim tlakiim
v plynné fazi. Pokud trva kontakt dostateéné dlouho, ustavi se rovnovaha a jednotlivé plyny
ziskaji v kapaliné stejné parcidlni tlaky jako v plynné fazi. V systémové arterialni krvi je
parcialni tlak kysliku 100 mm Hg, parcialni tlak oxidu uhli¢itého 40 mm Hg a parcialni tlak
dusiku a vzacnych plynii 571 mm Hg. Ve smiSené Zilni krvi je parcialni tlak kysliku 40 mm
Hg, parcialni tlak oxidu uhli¢itého 46 mm Hg a parcialni tlak dusiku a vzacnych plynti
571 mm Hg (BroZek et al., 1999; Ganong, 2005).

S kazdym vdechem se do plic dostane piiblizné 0,5 litru vzduchu. Pfi primérné dechové
frekvenci 15/min je minutovy dechovy objem 7,5 litru vzduchu, coz se oznacuje jako celkova
ventilace plic. Zkazdého 0,5 litru vzduchu vsak zistane 150 ml v anatomicky mrtvém
prostoru, realné tedy probiha v klidu ventilace na zékladé pouze 350 ml vzduchu na kazdy

vdech, tedy 5,25 litru za minutu — to je alveolarni ventilace plic.

Zékladem schopnosti plic reagovat na jakoukoli zménu potieby organismu je zajiSténi
optimalniho poméru ventilace—perfuze. Zakladem této regulace je Eulertv-Liljestrandtv
alveolo—kapilarni reflex, kdy na zékladé hypoventilace dojde k lokélni vazokonstrikci malych
plicni arterii. Tento mechanismus je naprosto kli¢ovy pro ekonomiku plicniho fecisté; je totiz
schopen udrZet saturaci krve na vysoké trovni a zaroven piedchazet ,nevyuZiti“ krve,
prichézejici do plic. Ventilace a perfuze jsou i za klidovych fyziologickych podminek rtizné
vruznych ¢astech plic — pomér ventilace/perfuze je pii stoji u hrotu plic vysoky a smérem

k bazi se snizuje. Vleze se pomér na hrotu a pii bazi vyrovnava, coz souvisi se zménami
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hydrostatickych tlak v cévach. Kromé toho je i intrathorakalni tlak réizny v riiznych éastech

plic — pfi apexu je okolo —10 mm H.O, pii bazi plic okolo —2,5 mm H.O.

Dalsi slozkou fyziologie dychéni je difuze kysliku a oxidu uhli¢itého mezi alveolem a plicni
kapilarou, ktera zavisi na difuzni kapacité alveolokapilarni membrany a difuzni kapacité
erytrocytt. Tuto difuzi popisuje Fickliv zakon, podle kterého je rychlost difundujicich plynii
primo umeérna velikosti alveolokapilarni plochy pro vyménu plyni, gradientu parcialniho

tlaku plyni a materialové difuzni konstanté membran (Ganong, 2005) .

Na proces difuze plynti navazuje transport plyni krvi, ktery zavisi zejména na vazbé plynti na
erytrocyty. Pouze malé ¢ast plynt je rozpusténa v krvi. Vazba krevnich plynt na erytrocyty
zavisi na nékolika faktorech (tab. 1). Z tabulky mimo jiné vyplyva znamy fakt, Ze pokud se
parcialni tlak CO. zvysi, syti se erytrocyty CO. a odevzdavaji O.. Tyto efekty lze popsat
vazebnou kfivkou O a disocia¢ni kiivkou CO.. Zavislost vazebné kiivky O. na parcialnim

tlaku CO. se oznacuje jako Bohriv efekt.

Tab. 1 Vliv ruznych zvyseni riznych faktorit na sniZeni/zvyseni syceni hemoglobinu

kyslikem (souborné podle riiznych autorit).

Zvyseny faktor Nasyceni erytrocytu kyslikem
Hemoglobin Zvysuje
Teplota Zvysuje
pH (c H) Snizuje
Parcialni tlak CO. Snizuje
2,3— bis—fosfoglycerat | ZvySuje
ATP ZvySuje

Primérni silou, kterd urcuje prestup tekutiny pres sténu plicnich kapiladr do intersticia a
odtud pripadné i do lumina plicnich alveold, je plicni kapilarni hydrostaticky tlak. Zvyseny
kapilarni hydrostaticky tlak ma proto schopnost indukovat plicni edém. Tlak v plicnich
cévach je vyslednici tlaku na Grovni arteria pulmonalis a tlaku v levé srdeéni predsini. Plicni
kapilarni hydrostaticky tlak vychazi z hodnot plicniho arteridlniho tlaku, cévniho odporu
plicniho Fecisté a celkovych parametrii krevniho toku. Pii pohledu na vlastni plicni tkan tedy
hodnoty kapilarniho hydrostatického tlaku odrazeji stupen plicni rezistence a schopnost
distribuce krve mezi prekapilarni a postkapilarni ¢asti plicniho krevniho obéhu.
V normalnich plicich zdravého c¢lovéka je tlak vlevé predsini mirné nizsi nez plicni
diastolicky tlak. Hodnoty plicniho kapilarniho tlaku se pohybuji okolo 6—8 mm Hg. Jeho

hodnoty mirné rostou v systole a klesaji témér k nule v diastole. V okamziku, kdy je zvySeny
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tlakovy gradient mezi arteria pulmonalis a levou srde¢ni predsini — transpulmonélni tlakovy
gradient, méni se i hodnoty plicniho kapilarniho tlaku. Pfikladem takovych stavii je akutni
syndrom dechové tisné (ARDS), plicni hypertenze, sepse, zanétlivé stavy plicni tkané, hypoxie
nebo kardiovaskuléarni choroby. Méfeni plicniho kapilarniho tlaku je v huménni mediciné
velmi obtizné. DiileZitou skute¢nosti je, Ze na hodnoty kapilarniho hydrostatického tlaku lze
na podkladé castéji mérenych hodnot tlaku v plicnici usuzovat jen velmi piiblizné (Ganter et

al., 2006).

1.5 OBECNE ASPEKTY ROZVOJE PLICNIHO EDEMU SE ZRETELEM
K EDEMU NEUROGENNIMU

Normalni funkee plicni tkdné vyzaduje co nejtenci bariéru pro vyménu plynti mezi krevnim
feCistém a vzduchem v plicich. Za normalnich okolnosti je pohyb tekutiny pies sténu cév

WA

piisné regulovan. Pokud dojde kporuSe tohoto mechanismu znejriiznéjsich pri¢in a
soucasné k relativnimu nebo absolutnimu zmnozeni tekutiny v oblasti mimo cévni fecisté na
ukor tekutiny uvniti cév, vzniké otok tkdné — edém. Plicni edém miiZe mit celou fadu pficin,
miize probihat riizné zavazné, s docasnymi nebo trvalymi disledky (Vin$, 2003). Pro
Kklinickou praxi je diilezité, Ze plicni edém pomérné ¢asto zasadné komplikuje zdravotni stav
pacienta a mtiZze dokonce vést navzdory intenzivni 1é¢bé k jeho smrti. Plicni edém miiZeme
rozdélovat podle celé fady hledisek, pricemZ nejcastéji jsou zdiiraziiovana hlediska
etiologicka a patofyziologickd (Hulin et al., 2009; Necas et al., 2009). Podrobné rozdéleni
plicnich edému viz publikace 13. Plicni edém vznikd na podkladé porusené rovnovéhy
intravaskularni a intersticialni tekutiny. Muze vznikat zcelé fady pfic¢in, které vedou
k jednomu nebo vice z nasledujicich déji (Hulin et al., 2009; Necas et al.,, 2009; Weiss a

Meyer, 2015):

Nejcastéjsi pric¢inou je zvySeni kapilarniho hydrostatického tlaku. Vznika pti pretlaku v Zilnim
systému plic, ktery mtize byt zplisoben jak vlastnimi plicnimi cévami, tak poruchou
precerpavani krve levym srdcem. Dal$im divodem mtize byt zvySeni objemu cirkulujicich
tekutin bud’ vcelém organismu, nebo vyznamné centralizace obéhu do oblasti Zivotné
dilezitych organti, zplisobena nejriznéjs§imi pri¢inami. Mechanismus zvySeni propustnosti
kapilarni stény vznikd na podkladé piimého nebo humoréilné podminéného rozsifeni
prostoru mezi jednotlivymi endotelovymi burikami, piipadné jejich poskozenim. Vede
k nartistu extravazace tekutiny a krevnich elementt do intersticia a odtud eventualné do
intraalveolarnitho prostoru. ZvySeni povrchového napéti vnitini plochy alveolid hraje roli
v okamziku, kdy v diisledku poskozeni nebo zmény struktury surfaktantu, které vede ke
zmeéné vlastnosti na hranici vzduch—tekutina, dojde ke kolapsu pfislusnych ¢asti plic a Gniku

tekutiny do alveolii. Snizeni onkotického tlaku krevni plazmy vznika pri relativnim nebo
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absolutnim poklesu mnozstvi bilkovin krevni plazmy, zejména albuminu. Vysledkem je
zména osmotického gradientu a unik tekutiny z intravaskularniho prostoru do intersticia.
SniZzeni lymfatické drenaze plicniho parenchymu vznikd na podkladé zanétu nebo
metastatického rozsevu. Miize byt rovnéz vrozené. Vede k nedostate¢nému odvadéni lymfy

plicni tkéni a jejimu hromadéni v plicnim parenchymu.

Predstupném plicniho edému je piekrveni plicniho parenchym, kongesce plic. Vlastni plicni
edém se projevuje zvySenim tekutiny nejdiive v mezibunééné hmoté plicniho parenchymu —
intersticidlni edém, nasledné tnikem tekutin do oblasti plicnich sklipkii — intraalveolarni
edém a dale i do dalSich asekt dychacich cest. Neurogenni plicni edém je charakterizovan
vyznamnym stupném dilatace plicnich kapilar, kongesci kapilar krvinkami, intraalveolarnim
krvacenim a intersticidlnim (perivaskularnim) a intraalveolarnim edémem, ktery je tvoren na
proteiny—bohatym tkanovym mokem — exsudatem, jeZ obsahuje vice nez 70 % plazmatické
hladiny proteinti. Stejné jako ostatni typy plicniho edému, je i rozvoj neurogenniho plicniho
edému charakterizovan tiemi fazemi (stadii): preedémovou fazi, intersticidlnim edémem a

rozvinutym alveolarnim edémem (Necas et al., 2009).

U preedémové faze dochazi nejprve ke kongesci plic a nésledné ke zvySenému pohybu
tekutiny z kapilar do intersticia. Prebytek piivodu tekutiny je vSak stile kompenzovan

zvySenou lymfatickou drenazi.

Ve fazi intersticidlniho edému je prekrocena drendzni kapacita intersticia aZ o 30 % a
tekutina se za¢inad hromadit v poddajném vazivu mezi bronchioly, arteriolami a venulami.
Tento edém je nejprve perikapilarni a vétS§inou asymetricky lokalizovany na jedné strané
kapilary, k niZ z obou stran pftiléhaji plicni alveoly. Pfi neposkozené epitelové ¢asti alveolo—
kapilarni membrény jevi tekutina hromadici se v intersticiu tendenci nes$ifit se dale do
alveolli, nebot epitelovad vystelka alveolti je prakticky zcela neprostupna pro proteiny.
V intersticidlni tekutiné je za normalnich okolnosti relativné vysoka koncentrace proteind,
kter4 dosahuje az 75 % plazmatické koncentrace, coZ vytvari velmi silny osmoticky gradient,
ktery tdhne tekutinu zalveolarniho prostoru smérem do intersticia a zabranuje tak
intraalveolarnimu edému. Plicni edém si tedy muZe zachovat charakter intersticidlniho
edému i pfi pomérné vy$sim stupni naplnéni intersticia tekutinou. V tomto stavu se v plicnim
parenchymu roz$ifuje prostor zaujimany alveolarnimi sténami na tkor alveolarnich prostor
vyplnénych plynem a dochazi tak k restrikéni poruse dychani v diisledku zmensené funkéni
kapacity plic. Kromé toho se zasadné zvySuje hmotnost plicni tkané, klesa jeji poddajnost a
zvySuje se plicni cévni odpor. Tekutina vSak intraalveolarné neunikid. Za hranici

intersticialniho edému je u ¢lovéka povazovana tloustka alveolarni stény alespon 2 um (Necas
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et al., 2009). Pfi normalnim objemu intersticialni tekutiny zavisi tlak v intersticiu jednak na
pritomnosti pevnych struktur pojivové tkané, jednak na hydrostatickém tlaku piitomné
tekutiny. Tlak pevnych struktur intersticia je za normélnich okolnosti vyssi ve srovnani s
atmosférickym tlakem vzduchu v alveolech — pevné struktury totiz musi odolat piisobeni
vzduchu. Naproti tomu tlak tekutiny pfitomné v intersticiu je niZ$i nez tlak vzduchu v alveolu
— za normalnich okolnosti neni Zadouci, aby tekutina vystupovala intraalveoldrné. Sumaci
obou tlaki vzniké tlak, ktery je za normélnich okolnosti blizky nule. Nahromadénim tekutiny
vintersticiu se zvySuje hydrostaticky tlak vtomto prostoru. Pokud je primarni pifi¢inou
edému zvySeny intravaskuldrni tlak, ptisobi vlastné zvySeni intersticidlniho tlaku v disledku
hromadéni tekutiny v intersticiu proti zvy$enému intravaskularnimu tlaku. Nahromadéni
tekutiny vSak kromé zvySovani hydrostatického tlaku rovnéZz rozvoliiuje pevné soucasti
intersticia, jehoZ kompenza¢ni mechanismy takto oslabuje. Pfi uréitém objemu nahromadéné
intersticialni tekutiny jsou od sebe pevné struktury intersticia natolik vzdalené, Ze se jejich
role prestava uplatiiovat a dominujicim faktorem se stava pouze hydrostaticky tlak a objem
intersticidlni tekutiny. S dale rostoucim objemem intersticidlni tekutiny se proto zacne
hydrostaticky tlak do té doby nepomérné zvysSovat, a jakmile dosdhne hodnoty
atmosférického tlaku vzduchu v alveolech, za¢ne dochéazet k unikani tekutiny intraalveolarné.
Tekutina, kterd se hromadi v intersticidlnim prostoru, se volné §ifi do perivaskularni a
peribronchiélni tkané, kde je za normalnich okolnosti niz§i hydrostaticky tlak. Dochazi tak
k presouvani tekutiny smérem k plicnim hilim a jejimu odvadéni od mist s vysokou
koncentraci alveolii. Tento kompenzaéni mechanismus umoziuje nahromadéni az 500 ml
tekutiny bez zasadniho zvySeni jejiho hydrostatického tlaku v intersticiu. V tomto prostoru
dochézi rovnéz ke zvysené resorpci tekutiny zpét do krve. Perivaskularni a peribronchialni
Gasti intersticia rovnéZz komunikuji s interlobarnimi septy a viscerdlni pleurou. Tekutina,
kterd takto ve zvySené mife pronikd do pleuralni dutiny, je odtud odvadéna lymfatickym
systémem parietdlni pleury. Nahromadéni tekutiny v pleurdlnim prostoru v podobé
pleuralniho vypotku sice omezuje objemové zmény plic, avSsak méné, nez kdyby byla tato
tekutina v plicnim intersticiu. Pro neurogenni plicni edém je typicka témér uplna absence

tohoto pleuralniho vypotku, coZ ziejmé souvisi s rychlosti, jakou se tento edém rozviji.

Treti stadium, stadium alveolarniho edému, odpovida situaci, kdy jsou prekroéeny objemové
moznosti intersticidlnitho prostoru, a tlak tekutiny vede krozruseni spoji alveolarnich
membréan. Poc¢atkem tohoto stadia je okamzik, kdy se s rostoucim objemem intersticialni
tekutiny za¢ne hydrostaticky tlak zvySovat natolik, Ze dosahne hodnoty atmosférického tlaku
vzduchu v alveolech. Néktefi autoii hovoii o prolomeni epitelové bariéry alveold (Necas et al.,

2009). Roli zde hraje jak tlak tekutiny, tak prekonani povrchového napéti surfaktantu
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pronikajici tekutinou, ktera umozni jeji vyliti do nitra alveolli. Tekutina se miiZe uvnitf

alveolli nachézet jak izolované pii jejich sténéch, tak vypliiovat cely vnitini objem alveolu.

V piipadé neurogenniho plicnitho edému v8$ak na sebe vSechny faze navazuji velmi rychle a
navic jsou doplnény o ¢asto masivni hemoragické poskozeni, které neziidka klinickému
obrazu dominuje. Patofyziologicky piedstavuje vznik neurogenniho plicniho edému
nerovnovahu Starlingovych sil, odvislych od permeability kapilarniho endotelu, cévniho
povrchu a hydrostatického a osmotického tlaku (Malik, 1985; Colice, 1984). Roli
Starlingovych sil pfi vzniku neurogenniho plicniho edému popisuje Starlingova rovnice
(Starling, 1918). Mira efluxu tekutiny je pfimo tmérna hydrostatickému tlaku v kapilare a
nepfimo umérna onkotickému tlaku v kapilare. Za fyziologickych okolnosti prochazi kapilarni
sténou do intersticia okolo 15 ml tekutiny za hodinu, coz odpovida 0,01 % z celkového objemu
plazmy, kterd protefe za tuto dobu systémem plicnich kapilar. V pifipadé rozvoje plicniho
edému je toto mnozstvi vyssi i o nékolik Fadi. Zatimco za normalnich okolnosti je vétsina této
tekutiny odvadéna systémem lymfatickych cév zpét do Zilniho Fecisté, v pripadé zvyseného
uniku tekutiny extravaskuldrné tyto mechanismy brzy nedokaZzi tento de€j dostateéné
kompenzovat a rozviji se nejprve intersticidlni a nésledné intraalveolarni edém plic. Pii
extrémné nahlych objemové—tlakovych zménach v plicnim kapilarnim reéisti navic miize

dojit k mechanickému poskozeni kapilarnich stén a extravazaci krevnich elementi.

1.6 PRICINY NEUROGENN{HO PLICNTHO EDEMU

Etiopatogeneze neurogenniho edému byla pfedmeétem intenzivniho vyzkumu zejména v 70.—
80. letech 20. stoleti, poté byl vyzkum této problematiky z nezndmého diivodu utlumen,
navzdory stile nejasnému mechanismu jeho vzniku. Acékoli je podeziivina celd fada
mechanismi, neni pfes vSechny snahy etiopatogeneze neurogenniho plicniho edému dodnes
spolehlivé vysvétlena. Etiologie neurogenniho plicniho edému je dnes nejcastéji definovana

jako neuro-humoralné-stresova.

Jak bylo fefeno vySe, neurogenni plicni edém se vyskytuje u pacientii s rtiznymi formami
poskozeni centralniho nervového systému. Rozviji se nejcastéji v fadu hodin po poskozeni
centralniho nervstva nebo akutni exacerbaci chronického onemocnéni mozku nebo michy.
Velmi rychle se rozvijejici neurogenni edém se miize vyvinout i viadu minut aZ desitek
minut, tento typ je vSak spiSe vzacny. U tézkych poranéni mozku a michy (zejména kréni) je
plicni edém ¢astym nalezem. Castéji se u téchto tirazt vyskytuje neurogenni plicni edém u
mlad$ich  pacientdi, pravdépodobné vzhledem k paradoxné ,reaktivnéjsimu”
kardiovaskuldrnimu aparatu u mladsich (Simmons et al., 1969a, 1969b). Nejéastéji se rozviji

u tézkych traumat centrdlniho nervového systému, u pacientdi s epilepsii a v pfipadech
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subarachnoidalniho krviceni (Kennedy et al., 2015). Méné Casto se vyskytuje u pacientii se
subdurdlnim  krvacenim, intracerebralnim nebo  intramedularnim  krvicenim,
hyponatremické encefalopatie, meningitidy, intrakranidlnich a intraspinalnich tumort
spojenych s rozvojem hydrocefalu, u lupus erythematodes a u zichvatu roztrousené sklerozy
(Malik, 1985; Fontes, 2003; Tzelepis a McCool, 2015). Kromé toho miiZze neurogenni plicni
edém vzniknout velmi vzacné i iatrogenné pri neurochirurgickych zakrocich (viz kazuistika 7

v publikaci 13) nebo jako jejich komplikace, napiiklad v disledku dysfunkce

atrioventrikularniho shuntu (Cruz et al., 2016) (obr. 6). Podobny mechanismus vzniku jako
v ptipadé neurogenniho plicniho edému je podeziivan i u plicniho edému vznikajiciho na
podkladé feochromocytomu a u onemocnéni rukou, nohou a tst (Rassler, 2007; McMinn,
2002). Relativné sporné je oznaceni neurogenniho plicniho edému u toxickych poskozeni
tk&né centralniho nervového systému exogennimi substancemi jako jsou salicylaty (Broderick
et al., 1976), heroin (Steinberg a Karliner, 1968) ¢i metadon (Frand et al., 1972). Efekty téchto
latek jsou nékdy prirovnavany k experimentalnimu modelu neurogenniho plicniho edému,
ktery je indukovan vpravenim alkaloidu veratrinu do cisterna magna (Minnear a Connel,

1982).

Contrast
Gantry: .5.5°
FoV: 242 mm
Time: 1500 ms
Slice: 8 mm
Pos: 85.71
HFS

Image 11 of 2

Obr. 6 Triventrikularni hydrocefalus v CT obraze u selhavajictho ventrikulo-atridlniho
shuntu. U pacienta se jako diisledek selhani shuntu rozvinul neurogenni plicni edém. Podle

Cruz et al. (2016).
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Neurogenni plicni edém byl popsan az u 20 % tézkych poranéni mozku, charakterizovanych
Glasgow Coma Scale < 8 (Bratton et al., 1997) (tab. 2). Studie Rogerse et al. (1995) popisuje
vyskyt neurogenniho plicniho edému ve 32 % pripadech poranéni mozku s nasledkem smrti,
pricemz 50 % pacientii s NPE zemielo do ti{ dnti. V§skyt neurogenniho plicniho edému byva
v piipadech poranéni mozku nejéastéji sdruZzen s ndhlym vzestupem intrakraniilniho tlaku
(Baumann et al,, 2007). Byly vSak popsany i pripady, kde prokazatelné ke vzestupu
intrakranialniho tlaku nedoslo a presto se edém rozvinul (Popp et al., 1982). Poskozeni plic
v diisledku neurogenniho plicniho edému je vedle infekce nejcastéjsi pricinou kontraindikace
jejich pouziti pro transplantaci u pacientii s diagnostikovanou mozkovou smrti. Trulock
(1997) udava, Ze neurogenni plicni edém je jednou zpfi¢in toho, Ze pouze 20 %
multiorganovych darcii ma plice ve stavu vhodném k transplantaci — to odpovida i idajim
z transplantaéniho centra III. chirurgické klinicky FN Motol (osobni korespondence, MUDr.
Lukas Pollert). Co se tye ostatnich organi, byva transplantace u darcl s rozvinutym
neurogennim plicnim edémem rovnéZz ztiZzend. Novéji se ukazuje, Ze stav darce
s neurogennim plicnim edémem lze vyrazné zlep$it inhalaci oxidu dusnatého; Park et al.
(2014) takto docilili ispésné transplantace ledvin. Plice takového darce vSak pochopitelné

neni mozné pouzit k transplantaci.

Tab. 2 Glasgowska skala kématu (angl. Glasgow Coma Scale). Modifikovano podle Ball a

Phillips (2004).
UKON SKORE UKON SKORE UKON SKORE
Otevieni oci Motoricka Slovni odpovéd’
odpovéd’
Spontanné 4 Vyhovi 6 Orientovany 5
Na osloveni 3 Lokalizuje bolest 5 Zmateny 4
Na bolest 2 Uhyba od bolesti 4 Neptiléhava 3
Chybi 1 Flexni reakce na 3 Nesmyslna 2
bolest
Exten¢ni reakce 2 Chybi 1
na bolest
Chybi 1

Subarachnoidéalni krvéaceni, vznikajici zejména na podkladé ruptury aneurysmatu mozkové
tepny, je jednou z nejcastéjSich pri¢in neurogenniho plicniho edému. Velmi vyznamna data
udavé studie Weira (1978), popisujici vyskyt neurogenniho plicniho edému u 71 % piipadi

fatalniho subarachnoidalniho krvaceni. Z této studie vsak vyplyva, Ze pouze 31 % pacientii
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mélo Kklinické znamky plicniho edému v obdobi pfed tmrtim. V rozsahlé retrospektivni studii
na 477 pacientech nalezli Muroi et al. (2008) neurogenni plicni edém u 8 % pacientii. U vSech
pacientii se jednalo o rozsihly plicni edém s vyraznou hemoragickou slozkou. Edém byl
signifikantné ¢astéj$i u pacientii, u kterych se pfi¢ina nachézela v dorzalni ¢asti Willisova
tepenného okruhu. ZvySeny intrakranialni tlak byl nalezen u 67 % pacienti s edémem. I kdyz
byly u 83 % pacientii nalezeny zvySené srdeéni markery, Zzadny z pacientii nemél v anamnéze
ani v pritbéhu hospitalizace zjisténu zavaznou srde¢ni vadu. Neurogenni plicni edém mél
zasadni dopad na navrat neurologickych funkei; Glasgow Coma Scale (tab. 2) nizsi nez 4 mélo
vice nez 77 % pacienti s neurogennim plicnim edémem ve srovnani s 25 % pacienti bez
neurogenniho plicntho edému. V piipadé subarachnoidalniho krvaceni byl opakované popsan
pozdni nastup rozvoje neurogenniho plicniho edému, ktery se vyvijel i nékolik dni po
nejvyznamnéjsi atace krvaceni. Kromé toho se zpocatku mirny edém po rtzném obdobi

latence nebo zdanlivé resoluce opét rozviji ve vyrazné tézs$i az smrtelny stav (Fisher a

Abdoul-Nasr, 1979).

Epilepticky zachvat je jednou z nejéastéjsich netraumatickych pfi¢in neurogenniho plicniho
edému. Terminologicky se nékdy oznacuje jako postiktalni plicni edém, pokud je nalezen
v ramci autopsie u diagnézy ndhlého neé¢ekaného tmrti u epilepsie (angl. sudden unexpected
death in epilepsy; SUDEP). Nejcastéjsi pricinou je zachvat typu grand mal (Izumida et al.,
2017; Kennedy et al., 2015). Neurogenni plicni edém se zde vzdy rozviji v obdobi po vlastnim
epileptickém zachvatu, u jednoho jedince i vicekrat za Zivot (Colice et al., 1984; Mulroy et al.,
1985; Darnell a Jay, 1982). Neurogenni plicni edém byl nalezen aZ u jedné tietiny pacientii s
fatdlnim status epilepticus (Simon, 1993; Ohlmacher, 1910). V soudné-lékaiské studii
Leestma et al. (1989) se neurogenni plicni edém dokonce vyskytoval ve 45 z 52 pripadi
epileptickych pacientii s nevysvétlenou pii¢inou smrti — u téchto piipadt v$ak bylo sporné,
zda byl plicni edém skute¢nou pri¢inou smrti. Ve studii Mulroye et al. (1985) bylo zjisténo, ze
neurogenni plicni edém ohroZzuje zejména détské pacienty s epilepsii. Na podkladé
roztrousené sklerézy vznika neurogenni plicni edém velmi vzacné, ve svétové literatufe je
popsano pouze nékolik kazuistik. V téchto piipadech vznikd neurogenni plicni edém
nejcastéji na podkladé ztraty inhibi¢ni funkce urcitych jader mozkového kmene, které umozni
hyperaktivaci center neurogenniho plicniho edému v prodlouzené mise mozkového kmene
(viz kazuistika 6 v publikaci 13). Lupus erythematosus je systémové autoimunitni
onemocnéni, postihujici celou fadu tkani téla. V pripadé, Ze postihuje i sténu plicnich cév ve
formé vaskulitidy, ledviny ve formé nefritidy nebo piisobi trombocytopenii, mtize se stét
predisponujicim faktorem pii rozvoji neurogenniho plicniho edému a potencovat tak jeho

hemoragickou slozku (Chang et al., 2005).
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1.7 FUNKCNI MORFOLOGIE CENTER ROZVOJE NEUROGENNIHO
PLICNiHO EDEMU

Bylo prokazano, ze neurogenni plicni edém vznika pii tézkych poskozenich nejriiznéjsich
¢asti mozku i michy. Ac¢koli je tedy a priori splnéna implikace ,poskozeni uréitého centra =>
neurogenni plicni edém®, neni tim Feceno, Ze edém nemiize vyvolat poSkozeni jakékoli jiné
casti centralniho nervového systému. K tomu miiZe prispivat jednak ptlisobeni zvySeného
intrakranidlniho tlaku, jednak vyplaveni celé fady neurohumorélnich ptisobki z poskozené

tkané centralniho nervstva (obr. 7).

Subfomikalni organ
Lamina terminalis

* Area postrema
Hypothalamus l

\d}

Rostralni ventrolateralni medulla oblongatal

2 \\ ‘// A 4
Micha

Nucleus tractus solitarii

0,, pH a cytokiny

Sympaticka ganglia

.
ot
‘1

Tkariové metabolity 0,, CO,, ionty a cytokiny

Srdecni a plicni
mechanoreceptory

Srdce, arterioly a ledviny

Obr. 7 Systémy centrdalntho nervového systému, jeZ se uplatiuji v regulaci bazalniho
sympatického tonu, které jsou zasadni pro udrzovani klidového krevniho tlaku. Hlavnimi
strukturami na urouvni centralntho nervstva jsou rostralni ventrolaterdlni medulla
oblongata, micha, hypothalamus a nucleus tractus solitarii. Vyssi korové struktury na
obrazku nejsou vyobrazeny, nebot maji v regulaci krevniho tlaku relativné maly podil
(vyjimkou jsou nékteré piFipady extrémnim stresem indukované hypertenze). Klicovymi
vstupy pro centralni nervstvo jsou impulzy z kardiopulmonalnich mechanoreceptortl,
z nejriznéjsich chemoreceptorit a signaly zprostredkované tkarovymi piisobky. Peptidergni
regulace je zprostredkovana zcircumventrikularnich organii, kterou zde zastupuji
subfornikdalni organ, oganum vasculosum laminae terminalis a area postrema. Regulaci
rovnéz napomahaji struktury hematoencefalické bariéry (nevyobrazeny). Modifikovdno
podle Guyenet (2006).
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Celd tada experimentdlnich i Kklinickych praci pifimo i nepfimo ukazuje, Ze vznik
neurogenniho plicnitho edému vychazi z vasomotorickych center rostralni ventrolateralni
¢asti prodlouZzené michy — adrenergni area A1, inhibujici vasokonstrikéni sympaticky tonus
(Blessing et al., 1981), adrenergni area As, nucleus tractus solitarii (Reis et al., 1977), nucleus
dorsalis nervi vagi, area postrema a ventralni medularni raphe (Malik, 1985). Blessing et al.
(1981) prokazali v experimentech na kralicich, Ze bilateralni destrukce A1 katecholaminovych
neuront, uloZenych ve ventralni dorzolateralni medulla oblongata, zptsobuje v nékolika
poopera¢nich hodinach smrtelny neurogenni plicni edém. Bilaterdlni 1éze téchto jader
zptsobuje extenzivni sympatickou aktivaci, stimulaci plicnich nervovych vldken typu C a
rozvoj systémové hypertenze a plicniho edému. O nucleus tractus solitarii je znamo, Ze
integruje aferentni chemoreceptivni signaly a pfevadi je na excitaéni impulsy do nervii
ovliviiujicich dechové svaly v okamziku, kdy v jejich blizkosti klesa pH a obsah kysliku — role
nucleus tractus solitarii pii rozvoji neurogenniho plicniho edému je proto rovnéz
podeziivana (Lu et al., 2014). Samotny oxidativni stres mozkové tkané vsak byl jako piiéina

neurogenniho plicniho edému na zvifecim modelu vylouéen (Khademi et al., 2015).

Experimentalni model plicniho edému u potkani je indukovan vpravenim fibrinu do cisterna
magna, model plicniho edému u psi je indukovan vpraveni alkaloidu veratrinu opét do
cisterna magna (viz dale), tedy v obou piipadech do bezprostfedni blizkosti vyse uvedenych
jader. Pokud jsou tato jadra skuteéné mistem vzniku neurogenniho plicnitho edému,
vyznamné to podporuje teorii o excesivni aktivaci sympatiku, oznacované jako
katecholaminova boufe (viz dale), jako pfi¢iné neurogenniho plicniho edému. Preventivni
funkce alfa-adrenergnich blokéatort (fentolamin) pfi vzniku neurogenniho plicniho edému
tuto teorii jen potvrzuji. Kromé toho byly v experimentu s riznymi vysledky k potlaceni
rozvoje pouzity — blokada cervikalnich sympatickych ganglii, sympatektomie, adrenalektomie
a decerebrace. Pomérné dlouhou dobu byla jako centrum rozvoje neurogenniho plicniho
edému podeziivana i nékterd jadra ventralniho hypothalamu, tehdy nazyvana ,edémogenni®,
mezi nimi zejména preopticka area (Reynolds, 1963). Pozdéjsi experimenty vSak prokazaly,
Ze role hypothalamickych jader (obr. 8, 9) pfi rozvoji edému ma spise modula¢ni charakter
(Malik, 1985). Stimulace hypothalamickych jader v experimentu sice vyvola sekreci
katecholamind, které v diisledku zptisobi zvySeni plicniho kapilarniho hydrostatického tlaku,
jejich mnozstvi vak neni schopno vyvolat plicni edém. Toho bylo dosazeno pouze v piipadé

vpraveni alkaloidu akotininu do oblasti ventralniho hypothalamu (Minnear a Connel, 1982).
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Obr. 8 Jadra hypothalamu (modi‘e) na sagitdlnim rezu mozkem. Podle Grim et al. (2017).

1.8 FUNKCNI MORFOLOGIE MECHANISMU ROZVOJE
NEUROGENNIHO PLICNIHO EDEMU

Cel4 fada dat a klinickych zkuSenosti ukazuje, Ze neurogenni plicni edém miiZe
rovnéz zpusobit nahla hyperaktivace vétstho mnozstvi drah, které vedou do center
neurogenniho plicniho edému. Typicky nastava tato situace u subarachnoidalniho
krvaceni (Fontes et al., 2003) nebo u kompresni 1éze v hrudni ¢asti michy (prehled
viz publikace 9). Experimentalni data ukazuji, Ze anestezie, aplikovana epiduralné
nebo intrathekdlné do mista léze miiZe rozvoji neurogenniho plicniho edému
zabranit, coz lze velmi dobie sledovat i ve vymizeni hemodynamické odpovédi (Hall
et al.,, 2002). Experimenty na mechanicky ventilovanych zvifatech také ukéazaly, Ze
neurogennimu plicnimu edému mtizeme zabréanit, pokud provedeme transekci kréni michy
nad trovni nebo pfimo v Grovni misni C, (Chen et al., 1973; Chen a Chai, 1976). V této oblasti
se totiz nachézeji drahy sympatiku, které prevadéji tyto autonomni signély do oblasti plic.
Vzato z opa¢ného pohledu, rozvoj neurogenniho plicniho edému mtizeme potencovat, pokud

mis$ni drahy v této Grovni stimulujeme.

26



&0

c

€

L HEART RATE

3 t
30
20— BLOOD PRESSURE

oL S g mn gy - oy,

.
100
" l
ol tﬁ Hl
w —
I— A = L I A l L J 3 I 3
-1 1 2 ) 4
TIME (hours)

Lesion

Obr. 9 Priibéh krevniho tlaku (blood pressure) a tepové frekvence (heart rate) u potkana
narkotizovaného halothanem, u kterého byla provedena bilateralni elektrolytické poskozent
Jader ventralntho hypothalamu (lesion). Dnes jiz klasicky experiment, ktery v roce 1975
provedli Nathan a Reis, jenz ukazuje kritickyy vyznam spravné volby experimentalniho
modelu. A¢ je experiment proveden zcela korektné, jeho podobnost s klinickou praxi je
minimalni — vysledek experimentu, ktery prezentuje hemodynamiku rozvoje neurogenniho
plicntho edému jako spolecnou elevaci krevniho tlaku a tepové frekvence (!) vedl
k rozsahlym diskuzim, které pracovaly sfenoménem elevace tepové frekvence jako

s nezpochybnitelnym faktem, byt jej ve skuteCnosti provazi jeji pokles (rozsahlejsi diskuze

této problematiky viz publikace 5, 9, 10). Obrazek pievzat z Malik (1985).

Epidemiologickd data ukazuji, Ze neurogenni plicni edém vznika zejména pii rozsahlejsich
poskozenich centrélniho nervstva, s vyraznym podilem p¥ipadd se zvySenym intrakranidlnim
tlakem (Baumann et al.,, 2007). V experimentu bylo prokazéno, Ze pfi ndhlém zvySeni
intrakranidlniho tlaku dochazi ke zvySeni tlaku systémového a mirnému zpomaleni srde¢ni
frekvence, jiZz béhem jedné minuty. ZvySeni systémového a plicniho tlaku, spojené se
zvySenym zilnim navratem, pozitivné inotropnim u¢inkem na srdce a zvySenym srde¢nim
vydejem v zavislosti na zvySeni tlaku intrakranidlniho se oznacuje jako Cushingliv reflex
(Simmons et al., 1969a, 1969b). Cilem tohoto reflexniho mechanismu je za kazdou cenu
perfundovat otékajici tkan centralniho nervstva proti rostouci periferni kapilarni rezistenci;
jeho disledkem je vSak plicni edém. Zakladatel neurochirurgie, Harvey William Cushing sam
vysvétlil tento reflexni mechanismus na z4kladé skute¢nosti, Ze se v prodlouZené mise
hodnoty intrakranialniho tlaku priblizi hodnotam tlaku systémového a mozkovy perfuzni tlak
klesne pod prahovou hodnotu, pfi které je mozkova cirkulace jeSté schopna autoregulace a

zajisténi 100 % nutri¢nich potieb (Cushing, 1901).
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Pfi injekei plné krve nebo roztoku albuminu do cisterna magna umira 50 % pokusnych zvirat
na komplikace spojené se vznikem neurogenniho plicniho edému. P¥itom mnozZstvi vpravené
tekutiny je mnohem diilezitéj$i neZ jeji sloZzeni. Néktefi autofi prokazali, ze role zvySeného
intrakranialniho tlaku pfi vzniku neurogenniho plicnitho edému je diana zejména tlakovou
ischemii jader prodlouzené michy a deformaci mozkového kmene, které vedou ke Cushingové
odpovédi, zejména ve smyslu zvySeni krevniho tlaku (sympatikus) a poklesu srdec¢ni
frekvence (parasympatikus) (Thompson a Malina, 1959). Dnes se ukazuje, Ze mechanicka
deformace mozkového kmene ma mnohem vétsi vliv na rozvoj systémové odpovédi, jejiz

soucasti je i neurogenni plicni edém, nez ischemicka slozka ve smyslu Cushingovy teorie.

Jini autori prokazali, ze pii provedeni bilateralni adrenalektomie pied zakrokem na mise ke
zvySeni systémového tlaku ani zméndm srdeéni frekvence nedochézi (Bravo et al., 2002;
Chen et al., 1973; Schoultz a DeLuca, 1974). Na druhé strané, oboustranna vagotomie nema
zadny protektivni efekt pfi vzniku neurogenniho plicniho edému, naopak rozsah edému jesté
vice zhorsuje. ZvySeni intrakranidlniho tlaku prokazatelné poskozuje centra v prodlouzené
miSe, kterd jsou podeziivana ze spusténi sympatické boute (viz dale). Klinické studie ukazuji,
Ze subarachnoidalni krvaceni z ruptury aneurysmatu v povodi arteria vertebralis vede ke
vzniku neurogenniho plicnitho edému castéji, neZ ruptura aneurysmatu v jiné lokalizaci

(Ochiai et al., 2001).

Nepiimé diikazy nasvédéuji tomu, Ze ztrata krve mutZe mit ,protektivni“ vliv pfi rozvoji
neurogenniho plicniho edému, nebot se nemohou v dostatetné mife uplatnit vyznamné
tlakové zmény, zptisobené sympatickou boufi. Z doby valky ve Vietnamu pochazi kazuistika
vojaka, ktery byl stielen nejdiive do bficha a poté do hlavy. Kulka, ktera zasahla biis$ni
dutinu, zptisobila laceraci vena cava inferior a masivni vnitini krvaceni. Vojak zemfel na
nésledky poranéni mozku, v plicich vSak nebyly nalezeny Zadné zndmky plicniho edému

(Simmons et al., 1969a).

Na vzniku neurogenniho plicniho edému se nejpravdépodobnéji podili nédhle vznikla
systémova alfa-adrenergni stimulace sympatiku a uvolnéni vasoaktivnich substanci,
oznaCovana jako katecholaminova boufe (angl. catecholamine storm) nebo méné casto
Cushingova odpovéd’ (angl. Cushing response). Vysledkem je generalizovana vasokonstrikce
a nartst systémového a plicniho tlaku, vedouci k centralizaci obéhu. Nasledkem téchto zmén
je zvySeni plicniho hydrostatického tlaku, poSkozeni cévni a alveolarni stény, nartst
permeability alveolarni stény a uvoliiovani tekutiny a krevnich bunék do intraalveolarniho

prostoru. Teorie patofyziologického mechanismu, ktera se snazi vysvétlit vznik nahlych
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rozsahlych hemoragii do plicntho parenchymu na zikladé katecholaminové boufe, se

oznacuje jako teorie vybuchu (angl. blast theory) (viz dale).

Role sympatického systému pfi rozvoji neurogenniho plicniho edému byla pfimo i nepiimo
prokazana celou fadou experimentdi s vyuZitim nejriiznéj$ich experimentalnich modela.
Piikladem je studie Novitzkyho et al. (1986), ktefi na opi¢im modelu zabranili rozvoji
neurogenniho plicntho edému, indukovaného nafouknutim balonku intrakranialné,
chirurgickou sympatektomii. Celkovy pohled na tyto experimenty navic ukazuje, Ze ¢im mé
pokusné zvire sofistikovanéj$i plicni autonomni systém, tim pravdépodobnéji se rozvine
neurogenni plicni edém, navic je o to zavaznéjsi. O nachylnosti k jeho rozvoji tedy vypovida
jiz samotny morfologicky substrat (Malik, 1985). Néktefi autofi, aby zdiraznili roli plicniho
redisté a sympatiku pii jeho wvzniku, razili pro neurogenni plicni edém termin
neurohemodynamicky plicni edém (Malik, 1985). Nasledky katecholaminové boufe jsou
zvySeni systémového a plicniho krevniho tlaku, pokles tepové frekvence, centralizace
krevniho obéhu, zvySeny vendzni névrat, zvySeni levostranného end-diastolického tlaku,

zvySeni kapilarniho hydrostatického tlaku a extravazace tekutiny, vedouci k plicnimu edému.

Za zminku v tomto kontextu také stoji hypotéza Zhang et al. (2013), ktera predpoklada, ze
blokadou sympatického ganglion stellatum by bylo moZné zabranit rozvoji neurogenniho
plicniho edému. S timto tvrzenim lze souhlasit pouze do urcité miry, nebot sympatické nervy
ovliviiujici srdecni ¢innost, neprochazeji pouze pres toto ganglion, nybrz také ptfes ganglion
cervicale superius et medium a soucasné pies druhé az paté ganglion sympathicum
thoracicum (Eliska a Eliskova, 1995), které tato blokadda neni schopna postihnout. V kaskadé,
kterou Zhang et al. (2013) nabizeji (viz obr. 10) je také nutné odmitnout rozvoj neurogenniho
plicniho edému pouze na podkladé zvySeni plicniho hydrostatického tlaku a permeability

plicnich kapilar, a pfitom stavét zdvazné hemodynamické zmény samostatné (viz obr. 10).

V experimentech na zviratech bylo opakované prokazano, Ze rozvoji neurogenniho plicniho
edému predchézi ndhlé vyznamné zvyseni systémového krevniho tlaku. Blessing et al. (1981)
pozorovali zvySeni systémového tlaku o 40 mm u kraliki, kterym experimentalné vyvolali
neurogenni plicni edém pomoci bilateralni destrukce A1 neuronti v medulla oblongata. Reis
et al. (1977) vyvolali neurogenni plicni edém pomoci léze nucleus tractus solitarii na modelu
laboratorniho potkana a predpokladali, Ze smrt zvifete nastava na zakladé levostranného
srde¢niho selhéni v terénu tézké hypertenze. Blesssing et al. (1981) pozorovali zvySeni cévni
rezistence vabdominalni aorté o 350 %, a to bezprostiedné po inzultu, spoustéjicim
neurogenni plicni edém. Bradykardie je ¢astym priivodnim jevem pii rozvoji neurogenniho

plicniho edému.
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Obr. 10 Hypotéza mozné prevence neurogenniho plicniho edému autortt Zhang et al.
(2013), publikovana v IF ¢asopise Medical Hypotheses, ktera pracuje se sympatikem jako
s jednim hlavnich etiopatogenetickych faktorii v rozvoji neurogenniho plicntho edému.
Hypotéza vychdazi mimo jiné i z publikact autora (publikace 4, 5, 8, 9), které jsou v ¢lanku

citovany. Te¢kovanou ¢aru doplnil autor habilitaéni prace (vysvétleni viz text).

Experimentalné bylo pozorovano, Ze bradykardie vznika soubéZné s elevaci systémového
tlaku (Blessing et al., 1981). Pravdépodobnym podkladem bradykardie je, podobné jako pfi
aktivaci sympatiku, komprese a ischemie mozkového kmene. Bradykardie piimo nasleduje
zvySeni intrakranidlniho tlaku. Jadra mozkového kmene, odpovédna za tuto reakci, jsou
pravdépodobné nucleus tractus solitarii a nucleus ambiguus. Experimentalni data ukazuji,
Zze osu ,mozkovy kmen - srde¢ni frekvence® neni moZno velmi ovlivnit zménami
systémového krevniho tlaku (Guyenet, 2006). Zajimavé je, Ze experimentalni intrakranialni
hypertenze na levé strané mozkového kmene ma vyrazné vétsi vliv na rozvoj arytmii nez na
strané pravé. Pravdépodobné je to dano asymetrickou autonomni periferni inervaci srdce
(Krasney a Koehler, 1976). Ztéchto pokusii je zfejmé, Ze bradykardie pozorovana u
neurogenniho plicnitho edému mitiZe vznikat vice na zédkladé ovlivnéni center v centralnim

nervovém systému, neZ na podkladé periferntho baroreflexu. Bradykardii u neurogenniho
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plicnitho edému je moZné zvratit pomoci bilaterdlni vagotomie nebo 1éze nucleus dorsalis

nervi vagi.

Zajimava je role nervus vagus, desatého hlavového nervu (obr. 11), ktery je jedinym zdrojem
parasympatiku plic. Stimulace nervus vagus, naptiklad pomoci acetylcholinu, indukuje plicni
vasodilataci a sniZeni kapilarniho hydrostatického tlaku. Plisobeni acetylcholinu je pfitom
dvojiho typu — jednak piisobi na muskarinové receptory plicni hladké svaloviny cév, ktera
takto ochabuje, jednak v plicnim cévnim feéisti inhibuje uvolfiovani katecholamint
(Bergofsky, 1980). Naproti tomu, uvolnéni vazoaktivniho intestinalniho polypeptidu z nervus

vagus je piikladem piisobeni alternativni, non-cholinergni, non-adrenergni cesty.

Obr. 11 Nervus vagus v kontextu topografie parafaryngedlniho a retrofaryngedlniho
prostoru. Pohled z dorzalni strany. Podle Grim et al. (2017).
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V experimentech na morceti, kralikovi a potkanovi bylo ukazino, Ze oboustranné pretéti
nervus vagus (bilateralni vagotomie) je schopno samo o sobé vyvolat plicni edém. Ackoli byl
tomuto edému pivodné piifazovan stejny patofyziologicky mechanismus jako edému
neurogennimu — tj. excesivni aktivace sympatiku na zakladé vytazeni parasympatiku, tedy
ono uplné odstranéni zavazi z jedné misky vah a Gplné prevaZeni misky druhé (Schmitt a
Meyers, 1957), dalsi experimenty tyto tvahy nepotvrdily. Ukézalo se totiz, Ze bilateralni
vagotomie pod odstupem nervus laryngeus recurrens plicni edém nevyvolava a byly tak
potvrzeny tvahy skeptiki, ktefi tvrdili, Ze tento druh edému je zpiisoben obstrukei dychacich
cest v disledku laryngealniho a bronchialniho spasmu. Obstrukce dychacich cest vyusti ve
zvySené nasavani a hromadéni vzduchu v postiZzenych plicnich segmentech. V nepostizenych
plicnich segmentech vznika reflexnim mechanismem negativni intersticialni tlak, ktery vyusti
ve zvySeni transkapilarniho filtraéniho tlaku v pfevzdus$nénych ¢astech plic a dochéazi
k rozvoji plicniho edému. Nakonec se ukéazalo, Ze bilateralni vagotomie pod odstupem nervus
laryngeus recurrens nema ani stupnujici, ani protektivni vliv na rozvoj neurogenniho

plicniho edému (Malik, 1985).

Sympatickd a parasympatickd visceromotoricka inervace plicniho fecisté ovliviiuje tonus
plicnich cév. Jakédkoli zména eferentni autonomni aktivity miize zvysit nebo sniZit plicni
kapilarni hydrostaticky tlak (Bergofsky, 1980). Je nepochybné, Ze zmény v hodnotach
kapilarniho hydrostatického tlaku se zasadnim zptisobem uplatiiuji pfi vzniku neurogenniho
plicntho edému. V disledku zvySené sympatické aktivity dochazi ke zvySeni systémového
tlaku, centralizaci obéhu a tim i zvySenému mnozstvi krve ve vysokotlaké centralni ¢asti
obéhu. Toto zvySeni tlaku je jednak na vrub samotnému poskozeni misni tkané, jednak
zvy$eni intrakraniélniho tlaku a ptisobeni na centra v prodlouzené mise. Na tak ndhle zvySené
néroky zfejmé nemiiZe srdce, zejména leva komora, dostate¢né zareagovat a pravdépodobné
dochézi ke sniZeni mnozstvi krve pieferpané levym srdcem a méstnani krve v nizkotlakém
cévnim systému plic. Bylo prokdzano, Ze existuje korelace mezi tlakem vlevé predsini a
stupném neurogenniho plicniho edému (Malik, 1985). Tato tvrzeni podporuje i paralelni
zjisténi niz$iho krevniho priitoku v aorté na modelu neurogenniho plicniho edému (Malik,
1985). Dochazi tak k nahle vzniklému enormnimu nartstu kapilarniho hydrostatického tlaku,
extrémnim zménam a vzniklé nerovnovaze Starlingovych sil, plisobicich na sténu kapilar,
exsudaci tekutiny a p¥i pfekroéeni uréitych hodnot i k poskozeni az popraskani stén kapilar a
vzniku krvaceni, které je ¢astym doprovodnym znakem neurogenniho plicniho edému a mize
byt pFi¢inou tmrti pacienta. Role sympatikem-aktivované plicni venokonstrikce, a na jejim
zdkladé vzniklé dalsi zvySeni kapilarniho hydrostatického tlaku a plieni vaskularni

permeability, neni rovnéz zanedbatelna (Dauber a Weil, 1983). Hypotéza o zasadni roli
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zvy$eného Kkapilarniho hydrostatického tlaku je podpofena i zjisténim nizkého sérového

poméru tekutina—proteiny u zvifat s neurogennim plicnim edémem (Smith a Matthay, 1997).

Nezanedbatelnou roli v rozvoji plicniho edému hraje i pouZité anestetikum, at jiz v kontextu
chirurgickych operaci, tak v experimentalnim designu na pokusnych zviratech. U inhalaéniho
anestetika isofluranu bylo ukéazano, Ze indukuje reversibilni sniZzeni alveolarni epitelialni
tekutinové clearance a snizuji tak prah pro vznik plicniho edému. Isofluran také inhibuje
mitochondrialni oxidaci, coZz vede ke snizené produkci ATP v pneumocytech II. typu a
stimuluje tak produkci laktatu v téchto bunkéich. Navic sniZuje syntézu fosfatidylcholinu a
indukuje apopt6zu pneumocyti II. typu, coz zasadnim zptisobem poskozuje surfaktant. U
intravendznich anestetik typu pentobarbitalu nebo kombinace ketaminu-—xylazinu tento
nezadouci efekt zjistén nebyl. PouZiti isofluranu tedy priméarné vytvaii podminky pro vznik
neurogenniho plicniho edému. Navic, nizké koncentrace isofluranu ziejmé zvysuji stres
pokusného zvifete a vznik neurogenniho plicnitho edému je dale potencovan. Pii pouZiti
jinych anestetik, jako je napt. lidokain, ketamin, xylazin, pentobarbital, halothan a sevofluran
byl béhem vytvareni miSni léze v experimentu rovnéZ pozorovan rozvoj neurogenniho
plicniho edému, doprovazeného krvacenim (Leal Filho et al., 20052, 2005b). ZvySeni tlaku
v nizkotlakém plicnim feéisti navic pasobi barotrauma endotelu plicnich kapilar a poruchy
kapilarni permeability jsou tak déle stupriovany. Vysledkem je exsudace tekutiny az protrzeni
kapilarni stény, vedouci ke krvaceni. Permeabilitu plicnich kapilar zvySuje neuropeptid Y,

adrenalin a noradrenalin.

Oxid dusnaty je mediator, syntetizovany z L-argininu pomoci enzymu NO syntazy, ktery je
mimo jiné podeziivan i z rozvoje neurogenniho plicniho edému. Anand et al. (1998) ukazali,
Ze intravendzni aplikace L-argininu dokézala zabranit nadmérnému zvySeni permeability
plicnich kapildr u plicniho edému vzniklého v souvislosti s nadmotskou vy$kou (angl. high-
altitude pulmonary edema). Nékteré studie naznacduji, Ze oxid dusnaty plvodem
z prodlouzené michy je schopen zabranit neurogennimu plicnimu edému (Hamdy et al.,
2000, 2001; Kondo et al., 2004). Kromé toho bylo ukazéano, Ze injektaz inhibitori NO syntéazy
do tésné blizkosti nucleus tractus solitarii a rostralni ventrolateralni medulla oblongata zvysi
tonus sympatiku (Hironaga et al., 1998; Zanzinger et al., 1995) a miize tedy pusobit jako

faktor pfispivajici k rozvoji ¢i k hor§imu priibéhu neurogenniho plicniho edému.

Z fady experimentl vyplyva, Ze zvySeny krevni tlak hraje sice velmi dileZitou roli, neni vSak
jedinym zdrojem rozvoje neurogenniho plicniho edému. Vroce 1981 provedli Hoff et al.
pokus, ve kterém modelovému zvireti pomoci pousténi zilou regulovali tlak na normalnich

hodnotach v kritické dobé rozvoje neurogenniho plicniho edému. Neurogenni plicni edém byl
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sice mensiho rozsahu, jeho rozvoj byl vSak pravidlem (Hoff et al., 1981). Podobnou zku$enost
mame 1 u naSich experimentilnich zvifat — pokud zvife béhem vykonu v rameci
experimentalniho poranéni michy vice krvaci, existuje mensi pravdépodobnost, Ze zemie na
nasledky neurogenniho plicntho edému; edém vsak vytvofen bude (Sedy, Zicha,
nepublikovano). Tato zjisténi odpovidaji hemodynamickym vlastnostem krevniho feéiste.

Epitel alveolarni stény hraje kritickou tlohu pii minimalizaci vlhkosti intraalveolarniho
prostoru vzdusnych plicnich sklipkd, ktera je nezbytna pro spravnou vyménu plynti. Mnohé
studie ukazuji kli¢ovou roli epitelu alveolarni stény pii absorpci a reabsorpci isotonické
tekutiny z intraalvelarniho prostoru plicnich sklipkti proti vzristajicimu osmotickému
gradientu do lumina plicnich kapilar. Je zndmo, Zze hlavni podil na tomto procesu maé
transport Na* a K* iontli, coZ lze nepfimo prokazat inhibici procesu vstiebavani tekutiny
z intraalveolarniho prostoru amiloridem a ouabainem. Poruseni této iontové rovnovahy miize

potencovat vznik neurogenniho plicniho edému.

Novéji je vetiopatogenezi neurogenniho plicntho edému diskutovdna teorie vybuchu
(blastick4 teorie), jez predpoklad4d poskozeni jemnych plicnich cév a néasledny vzestup
permeability jejich stén v dlisledku ndhlého vzestupu plicniho vaskularniho tlaku, ktery miize
byt iniciovan napfiklad plicnim vazospasmem nebo ndhlym zvySenim Zilniho névratu do plic.
Blastickou teorii podporuji experimenty West et al. (1992a, 1992b), ktefi prokézali poskozeni
stén plicnich kapilar p¥i piekroéeni tlaku 40 mm Hg. Slabinou této teorie je opakované
experimentalni i klinické zjisténi, Ze plicni vaskularni hypertenze nemusi byt nutné piitomna
u vSech pfipadi neurogenniho plicniho edému (Bowers et al., 1979; Touho et al., 1989).
Kromeé toho bylo zjisténo, ze zvySeny plicni tlak v dlisledku poskozeni centralniho nervového

systému nemusi vZdy vést k neurogennimu plicnimu edému (Landolt et al., 1983).

Rozvoj a stuperi neurogenniho plicniho edému ovliviiuje celd fada farmak a
neurohumoralnich ptisobkti. Mezi nejvyznamnéjsi a nejcastéji diskutované patii adrenalin,
noradrenalin, neuropeptid Y. Adrenalin a noradrenalin hraji prokazatelné roli v pribéhu
katecholaminové boufe, infuze adrenalinu a noradrenalinu vSak per se neurogenni plicni
edém nezptisobuje (Rossel, 1080). Neuropeptid Y je neurohumoralni ptisobek, ktery ma celou
fadu farmakologickych wc¢inki, jako nap¥. antinociceptivni, anxiolyticky a orexigenni
(zvy$ujici chuf k jidlu) a roli v modulaci cirkadianniho rytmu (Naveilhan et al., 2001). Pokud
je experimentilné do plic vpraven neuropeptid Y, ktery je mimo jiné spoleéné
s noradrenalinem vylu¢ovan sympatickymi nervy a zvySuje tak stupen plicni vazodilatace a
plicni vaskuldrni permeabilitu, reaguje organismus pokusného zvifete zvySenim plicni

vaskularni permeability a vznikem plicniho edému. Neuropeptid Y pritom piisobi pfimo na
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endotelové buriky. Neuropeptid Y je schopen plisobenim na GABAergni, glutaméatergni a
dopaminergni nervové drahy ovliviiovat hloubku anestezie na trovni centralniho nervového
systému (Naveilhan et al., 2001). Rizné druhy anestetik, jako napf. pentobarbital nebo
ketamin, jsou zpétné schopny ovliviiovat receptory pro neuropeptid Y a v disledku pak i
modulovat vznik neurogenniho plicntho edému (Leal Filho et al.,, 2005a, 2005b).
Experimentalni udaje ukazuji, Ze endogenni opioidy (napft. endorfiny) jsou zodpovédné za
zvy$eni plicni vaskularni permeability a objem extravaskularni tekutiny na podkladé zvyseni
nitrolebniho tlaku (Peterson et al., 1983). Tato zjisténi jsou zalozena na zakladé
pozorovaného protektivniho vlivu naloxonu (antagonista opioidnich receptortt) pii rozvoji
neurogenniho plicniho edému. Bylo prokizano, Ze podéani fentolaminu je schopno zabréanit
rozvoji neurogenniho plicniho edému (Maron a Dawson, 1980; Malik, 1985; Hakim et al.,
1979). Experimentalni i klinickd data ukazuji, Ze beta-adrenergni slozka je pifi rozvoji
neurogenniho plicniho edému méné vyznamna. Colgan et al. (1983) ukazal na psim modelu

hypertenze, Ze propranolol redukuje plicni intravaskularni tlak a rozsah plicniho zkratu.

Diisledkem zavaznych hemodynamickych zmén, k nimZz dochéazi v pribéhu rozvoje
neurogenniho plicnitho edému, mize byt i sekundarni poskozeni myokardu. Syndrom byva
dasto oznacovan jako syndrom myokardidlniho otfesu (angl. neurogenic stunned
myocardium) nebo Tako-Tsubo kardiomyopatie (Mierzewska—Schmidt et al.,, 2015).
Projevuje se nejcastéji reverzibilni generalizovanou hypokinézou srdeéniho svalu,
doprovazeného sniZenou ejekéni frakei. Vznik syndromu myokardidlniho otfesu je
nejpravdépodobnéji zptisoben nahlym vzestupem sérovych katecholamint, ktery je jednim
z mechanismi, spoustéjicich neurogenni plicni edém. Zvyseni katecholamini bylo u pacienti
dolozeno v nékolika kazuistikach; Weiss a Meyer (2015) jej napiiklad pozorovali spole¢né
s prolongovanou hypertenzi a zvySenim specifické myokardialni kreatinkinizy a troponinu T
u pacienta s tézkym neurogennim plicnim edémem jako nasledkem po subarachnoidilnim
krvaceni, vzniklém na podkladé ruptury aneurysmatu. Kromé toho se miize podilet i
katecholaminy vyvolany narist systémové cévni rezistence. Syndrom je podminén
generalizovanym vyskytem mikronekréz vsrdeénim svalu (Marshall a Nyquist, 2009).
Mimoradné diilezité je zjisténi, Zze navzdory tomu, ze syndrom myokardialniho otfesu vede
v akutnim stadiu ¢asto k vyraznému zhorSeni az smrti pacienta, pii zvladnuti této situace
nezanechiva na myokardu témét zadné funkéné-morfologické stopy a v priibéhu 4—5 dnti se
spontanné upravi. V téchto mistech tedy spociva velky potencial pro budouci vyzkum, jehoz
cilem by mélo byt terapeuticky ochranit srdeéni sval proti ptisobeni negativniho vlivu
neurogenniho plicnitho edému a pomoci mu aktivné pieklenout nejtézsi obdobi, s vyhledem

védomi, Ze v nasledujicim obdobi bude schopen spontanni restituce ad integrum.
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Diferencialné diagnosticky mtiZe byt nékdy obtizné odlisit syndrom myokardialniho otiesu od

infarktu myokardu (Seow et al., 2007).

1.9 NASLEDKY NEUROGENNIHO PLICNIHO EDEMU

Neurogenni plicni edém ma celou Fadu diisledk, z nichZ nejvyznamnéjsi je omezeni kapacity
plic vdtsledku omezeni plochy pro vyménu dychacich plynti a ztoho vyplyvajici sniZeni
mnozstvi kysliku v organismu — hypoxie. Dochézi ke zvétseni vzdalenosti mezi alveoldrnim
vzduchem a krvi a rovnéz zmenseni celé plochy, uréené pro vyménu plynt, coz vede ke
snizeni mnozstvi kysliku, ktery mitize difundovat ptes alveolo-kapilarni membranu (Khademi
et al., 2015). Vyplnéni alveolli tekutinou se zachovanym priitokem krve v bezprostifednim
okoli zaplavenych alveolii zpiisobuje vznik pravolevého plicniho zkratu. ZvySeni obsahu
tekutiny v plicich a pfipadné poskozeni alveolii, provazené sniZenim koncentrace surfaktantu
vede ke snizeni poddajnosti plicni tkané a zvySeni usili, které je nutné vynaloZit k dechové
funkei. Vyznamnym nebezpec¢im neurogenniho plicniho edému je také nahly a velmi razantni
rozvoj, ktery mtze béhem nékolika minut ukoncit Zivot pacienta. V jeho patogenezi hraje
vyznamnou ulohu hemoragickd slozka, kterd je nejvice vyjadiena pravé u tohoto typu
plicniho edému. Vznik neurogenniho plicniho edému mitize byt navic potencovin plicni
kapilarni vasokonstrikei nebo zménami ve sténach plicnich cév v disledku systémové

choroby.

Plicni edém muiZze rovnéz zvySovat odpor dychacich cest kladeny proudéni vzduchu, které tkvi
v omezeni prasvitu drobnych bronchioli peribronchidlnim edémem, reflexnim
bronchospasmu a vtézsich piipadech i vlastnim zaplavenim dychacich cest tekutinou.
Rizikem nelééeného neurogenniho plicniho edému je rozvoj pneumonie, atelektazy a

pleuralniho vypotku.

Poruchy ventilace se jiz tradi¢né rozdéluji na obstrukéni a restrikéni formy. Podkladem
obstrukéni poruchy je sniZzeni objemu vzduchu, ktery je dopraven k ¢astem plicniho
parenchymu, schopnym ventilace. Naopak podstata restrikéni poruchy tkvi vzmenseni
(restrikei) mnozstvi funkéniho parenchymu plice, schopného ventilace. Z tohoto pohledu se
pii vzniku dusnosti u neurogenniho plicniho edému uplatiiuji oba tyto faktory. Obstrukéni
mechanismus je dan zaplnénim dychacich cest edematézni tekutinou a krvi, restrikéni
mechanismus destrukci alveolokapilarnich membran parenchymu a prokrvacenim

intersticia.
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1.10 OSTATNI KLINICKE ASPEKTY NEUROGENNIHO PLICNIHO
EDEMU

Cela tada studii i klinickych zkusenosti naznacuje, Ze neurogenni plicni edém je v huméanni
mediciné velmi komplikovanou klinickou jednotkou, a to nejen z hlediska etiopatogeneze.
Studium dalSich aspektii této problematiky, zejména podrobnosti anamnézy, vySetieni,
diferencialni diagnostiky a terapie presahuje zaméreni této prace, proto zde nejsou dale
rozvadény — byly vSak autorem dfive podrobné zpracovany v monografii tykajici se
neurogenniho plicniho edému (viz publikace 13). Tato monografie rovnéz obsahuje prizna¢né
kazuistiky neurogenniho plicntho edému ze svétové literatury, komentované autorem

v kontextu jeho experimentalni prace (viz publikace 13, s. 38-46).

Neurogenni plicni edém je navzdory své vysoké mortalité a dosud ne zcela dokonale poznané
patofyziologii a pomérné omezenym terapeutickfm moZnostem relativné malo
experimentalné studovanou oblasti. Vyzkum neurogenniho plicniho edému se ve svété
omezuje nejcastéji na publikaci kazuistik zklinické praxe, retrospektivnich studii,
prehledovych ¢lankl a pouze vyjimeéné na experimentalni prace, kde je vSak problematika
neurogenniho plicntho edému studovana pouze okrajové nebo jako vedlej$i fenomén.
Vzhledem k tomu, Ze ve svété v této chvili neni vytvofena skupina védcii, ktera by tento
problém cilené studovala, miize byt prispévek Ceskych védct i vytvofeni experimentalni

skupiny pro studium etiopatogeneze neurogenniho plicniho edému, pf¥inosem.
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2 CILE PRACE
1. Objasnit Glohu anestezie v rozvoji neurogenniho plicniho edému a stanovit rozsah

poskozeni plic u riznych koncentraci anestezie.

2, Vytvorit experimentalni model neurogenniho plicniho edému.

3. Stanovit funk¢éni a morfologicky neurologicky dopad neurogenniho plicnitho edému u
zvifat s tézkym plicnim edémem, navozenym epiduralni balonkovou misni 1ézi v isofluranové
anestezii o nizkych koncentracich.

4. Optimalizovat protokol mi$niho poskozeni u laboratorniho potkana.

5. Stanovit dopad postupné gradace expanze balonku v misnim kanalu na hemodynamické

zmeény a stupen rozvoje neurogenniho plicniho edému.

6. Zjistit tlohu jinych experimentalnich modeld poranéni michy na rozvoj neurogenniho

plicniho edému.

7. Detailné objasnit hemodynamické zmeény provézejici vznik a rozvoj neurogenniho plicniho

edému.
8. Vyhodnotit roli oxidu dusnatého v rozvoji neurogenniho plicniho edému.
9. Objasnit roli sympatického nervového systému v rozvoji neurogenniho plicniho edému.

10. Posoudit tlohu nahlé hyperaktivace misnich drah a zvySeni intrakranialniho tlaku

v rozvoji neurogenniho plicniho edému.

11. Pokusit se nalézt preventivné—terapeutické modality, kterymi by bylo moZné v budoucnu

minimalizovat nebo zvratit rozvoj neurogenniho plicniho edému.

12. Pfispét k diskuzi o neurogennim plicnim edému formulaci vlastni hypotézy o
etiopatogenetickém mechanismu nizkého stupné anestezie na rozvoj neurogenniho plicniho

edému.

13. Prezentovat komplexné problematiku neurogenniho plicniho edému odbornikéim v CR

formou piehledového ¢lanku a monografie.
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3 METODICKE POSTUPY

Ve studiich byla pouZita velkd fada metodickych postupli, z nichZ nejvyznamnéjsi jsou
struéné uvedeny v nasledujicim piehledu. Podrobny popis jednotlivych experimentilnich
procedur a design jednotlivych experimentii je uveden v jednotlivych prilozenych publikacich

v druhé casti prace.

Laboratorni zvifata a modely

V experimentalni ¢asti prace, provadéné v laboratornich podminkach slouzil jako model
laboratorni potkan kmene Wistar o definované vaze. Do studie byli zafazeni pouze samci,
nebot bylo prokazano, Ze charakter a intenzita regenerace tkani se u samic mtze lisit
v zavislosti na hormonalnich cyklech (Luize et al. 2008; publikace 11). Studie byly provadény
v souladu s nafizenim Evropské komise (the European Communities Council Directive) ze
dne 24. 11. 1986 (86/609/EEC), tykajictho se nakladani s experimentilnimi zvifaty a
schvaleny prislusnou etickou komisi. Potkani byli ustajeni v akreditovanych zvéfincich v
prostorach Akademie Véd CR, v.v.i., kde jim byla poskytnuta potrava i voda ad libithum
(publikace 1—5), pokud design experiment nevyzadoval jinak (publikace 6).

MODELY PORANENI MICHY - zakladnim experimentalnim modelem, ze kterého vychazely
dalsi studie, byl model balénkové kompresni misni 1éze, ktery vyvinuli Vanicky et al.
(2001). Model vyuZival kindukei miSniho poranéni Fogartyho katétr, zasunuty do
epiduralniho prostoru do vySe misniho Th8-9, ktery po nafouknuti na objem 15 pl vyvolal
kompresni poranéni michy (transverzalni miS$ni lézi), odpovidajici v klinickém obraze
paraplegii. Po uplynuti doby 5 minut byl katétr vyfouknut, vyjmut a provedena sutura tkani
ve vrstvach. Tento vykon byl providén pii definované teploté, aby byl vyloucen efekt
hypotermie a hypertermie v patofyziologii misniho poranéni (Cambria et al., 1997; ,Urdzikova

et al., 2006). Model jsme modifikovali pro Géely nasich studii (publikace 1—6). Kromé toho

byla provadéna transekce a hemisekee michy vlastniho designu (publikace 1 a 14).
MODEL NEUROGENNIHO PLICNIHO EDEMU - pro tcely dalsiho studia jsme vytvofili a
dale pouzivali vlastni model neurogenniho plicniho edému u potkana (publikace 2), ktery

v

vychéazel z ptivodniho modelu balonkové kompresni misni léze podle Vanického et al. (2001),
doplnény o kontinudlni monitoraci hemodynamickych parametri a fadu dalSich
experimentalnich procedur, popsanych nize.

MODELY HYPERTENZE — v ramci studia vliva hypertenze na rozvoj neurogenniho plicniho
edému jsme studovali nasledujici inbredni kmeny dospélych potkanii: (1) spontanné
hypertenzni potkany (angl. spontaneously hypertensive rats; SHR), (2) stl-rezistentni
Dahlovy potkany krmené dietou s nizkym obsahem soli (angl. salt—resistant Dahl
rats with low—salt diet; DR-LS), (3) stil-rezistentni Dahlovy potkany krmené dietou
s vysokym obsahem soli (angl. salt-resistant Dahl rats with high—salt diet; DR-HS), (4)
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stil-senzitivni Dahlovy potkany krmené dietou s nizkym obsahem soli (angl. salt—
sensitive Dahl rats with low—salt diet; DS-LS), (5) sul-senzitivni Dahlovy potkany
krmené dietou s vysokym obsahem soli (angl. salt—sensitive Dahl rats with high—salt
diet; DS—-HS). Dietu tito potkani pfijimali celkem 4 tydny. Dieta s nizkym obsahem soli
obsahovala 0.3 % NaCl, zatimco dieta svysokym obsahem soli obsahovala 8 % NaCl

(publikace 6).

Experimentalni postupy

Ve studiich byla pouZita velka fada experimentélnich procedur, ze kterych je v nasledujicim
prehledu vybrany nejvyznamnéjsi.

ANESTEZIE - k anestezii experimentalnich zvifat byla ve vétsiné studii pouzita inhala¢ni
isofluranova anestezie o koncentraci 1,5-3 % ve vzduchu, pti proudu anestetické smési
300 ml/min. K aplikaci byla vyuzita individualizovana nosni maska a pristroj Isofluran vapor
(publikace 2). Koncentrace anestetika byla volena v zavislosti na typu dané studie, s ohledem
na vysledky nasi metodické studie na toto téma (publikace 1). V nékterych studiich jsme
rovnéZ vyuzivali celkovou anestezii pentobarbitalem o koncentraci 60 mg/kg (publikace 1 a
2) nebo lokalni epiduralni anestezii 100 ul mesocainu o koncentraci 10 mg/ml (publikace 5).
MONITORACE HEMODYNAMICKYCH PARAMETRU - arterialni krevni tlak a tepova
frekvence byly monitorovany u potkant pomoci systému PowerLab system (AD Instruments,
Colorado Springs, USA) a to po zavedeni monitorovaci kanyly u anestezovaného zvirete do

arteria carotis communis (publikace 1, 3-6).

APLIKACE FARMAK - ve studiich byla experimentalnim zvifatim aplikovdna pomérné
velka plejadda nejriznéjsich farmak, bud k primarnimu Géelu, ktery méla plnit (analgetika,
antibiotika, imunosupresiva) nebo jako soucast studie jejich efektu v daném
experimentalnim designu. Podrobnosti o jednotlivych 1é¢ivech i jejich davkach a zptisobech
aplikace jsou uvedeny v prilozenych publikacich.

BEHAVIORALNI TESTOVANI - potkani ve studiich tykajicich se mi$niho poranéni byli

v poopera¢nim obdobi testovani z hlediska neurologickych funkei (publikace 1 a 11).

Testovani zvifat provadéli dva zkuSeni experimentatofi (autor spole¢né s né€kym ztymu,
zpravidla s Dr. Urdzikovou), u kterych bylo pfedem prokazano, Ze se shodnou ve vice nez 95
% pripadi. Motorika panevnich kondetin byla testovdna pomoci BBB testu (Basso et al.,
1995), senzitivni funkce panevnich konéetin byla testovdna pomoci komeréné dostupného
plantarniho testu (Ugo Basil, Comerio, Italy). Diivody volby pravé téchto testii a soucasné i
jejich prinosy a mozna rizika ve studiu poranéni michy byly Siroce diskutovdny v nasem
prehledovém ¢lanku (publikace 11).

RTG ZOBRAZENI — pomoci dentilniho RTG pfistroje (Prostyle Intra, Planmeca Oy,

Helsinki, Finland) jsme u potkanti provadéli piedozadni snimky hrudniku (publikace 1 a 2).
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ZOBRAZENI MAGNETICKOU REZONANCI - k tomuto téelu jsme vyuzivali piistroj Bruker
Biospec 47/20, 4.7T, 20 cm, opatieny 200 mT/m gradientnim systémem, jehoZz komora byla
prizptisobena k provedeni vySetfeni u potkanti. Potkani byli pfi vySetieni v celkové inhala¢ni
anestezii, pfiemz byla monitorovana jejich dechova frekvence pristrojem Graseby
respiration sensor (Graseby, UK) a srde¢ni funkce pomoci EKGHR2 monitoru (Rapid,
Germany). VysSetfeni v T2 vazeném obraze probihalo u potkant v celkové anestezii. Dle
zadéni studie bylo provedeno MR zobrazeni michy (publikace 1).

ANALYZA KRVE - nékteré experimenty vyzadovaly stanoveni hladiny adrenalinu a
noradrenalinu v krvi pomoci komer¢niho kitu 2—CAT RIA kit (LDN, Hamburg, Germany),
jehoZ senzitivita pro stanoveni téchto katecholaminti byla 0,03 ng/ml (publikace 5).
HISTOLOGICKE A IMUNOHISTOCHEMICKE ZPRACOVANTI — pokud to vyzadovalo zadani
studie, bylo provedeno klasické histologické vySetfeni tkani, barvenych hematoxylin—

eosinem, luxolovou modii ¢éi kresylvioleti (publikace 1 a 2). Klasické a nejjednodussi

vyhodnoceni stupné neurogenniho plicniho edému bylo provadéno pomoci standardniho
histologického zpracovani plicni tkdné a jejiho obarvenim hematoxylinem—eozinem. Toto
zpracovani vSak s sebou priind$i zménu hydrataéniho stavu tkdné v pribéhu fixace,
dehydratace a zalévani do parafinu. ZvaZené a posouzené plice byly fixovany 4%
paraformaldehydem ve fosfatovém pufru imerzi po dobu 1-2 dni. Tkané byly nésledné
odvodnény vzestupnou fadou ethanoldi, prosyceny benzenem a déle parafinem a nakonec
zality do parafinu. Parafinové fezy, silné 5 um byly pripevnény na skli¢ko pomoci smési bilku
s glycerinem na tepelné desticce. Déle byly fezy odparafinovany pomoci xylenu,
rehydratoviny pomoci sestupné fady alkoholi a barveny hematoxylinem—eozinem
(publikace 1 a 2).

VIZUALN{ ANALYZA PLICNIHO EDEMU - pro minimalizaci posmrtnych zmén na plicich a

vyvarovani se jejich poskozeni byl proces vyjimani plic jesté pred zapocetim pokust nacvi¢en

tak, aby netrval déle nez 30 sekund. Pfi vyjiméni plic byl bran zietel na zachovani celistvosti
plicniho parenchymu a odstfizeni cév plicniho hilu v Grovni jejich vystupu z plic za acelem
minimalizace zmény jejich hmotnosti pro nasledné stanoveni plicniho indexu (viz dale).

Stupeni subpleuralniho krvaceni do plic je hodnocen makroskopicky, bezprostiedné po
vyjmuti plic z hrudniku potkana a jejich zvazeni (publikace 1). Kazda plice je posuzovana
zvlast a zarazena do jednoho z nasledujicich stupnii: (i) zdrava plice (Zadné krvaceni na
povrchu plic), (ii) stupen I (maximalné 10 % povrchu plic je prokrvaceno), (iii) stupen II
(25-50 % povrchu plic prokrvaceno) a (iv) stupen III (vice nez 50 % povrchu plic je
prokrvaceno). Mirny stupenn krvaceni v oblasti plicniho hilu, cca. 2 mm v priméru, je
standardnim nalezem, souvisejicim s odfiznutim plicnich cév. Po odbéru plic byla na zavér

provedena pitva zvifete z hlediska moznych nalezti na dalsich organech.

41



HMOTNOSTNI ANALYZA PLICNIHO EDEMU - ke zjistovani stupné plicniho edému byla
pouzita jednoduché, avSak velmi citliva technika stanoveni tzv. plicniho indexu (Leal Filho
et al., 2005a, 2005b), ktery v podstaté odrazi relativni hmotnost plic. Tento index byl
spocditan jako podil mokré hmotnosti plic a télesné hmotnosti zvifete v gramech. Normalni
hodnoty plicniho indexu se pohybuji mezi 0,44—0,49. Plicni index mezi 0,50-0,55 svéd¢i o
zvySeném mnoZstvi tekutiny na tkor intersticidlniho edému a vaskularni kongesce a
odpovida lehkému stupni neurogenniho plicniho edému. Plicni index nad 0,55 je jiz znamkou
stfedné tézkého neurogenniho plicniho edému, u kterého je jiz vyjadiena intraalveolarni
slozka, plicni index nad 0,8 jiz vypovida o velmi tézkém stupni plicniho edému, na ktery
pokusna zvifata ¢asto umiraji. Obecné jsme pozorovali, Ze zévazny plicni edém vykazoval

hodnoty plicniho indexu nad 0,7 (publikace 1—6). Vyhodou pouZiti plicniho indexu bylo, Ze

plicni tkan jsme mohli dale histologicky zpracovavat (publikace 1 a 2). MoZnou alternativou

ke stanoveni plicniho indexu je stanoveni a porovnani suché a mokré vahy plic.
HISTOLOGICKA ANALYZA PLICNIHO EDEMU - pro zji$téni stupné edému alveolarni
stény bylo vyuZito vybranych parafinovych fezii, barvenych hematoxylinem-eozinem.
Vyhodnoceni fezli bylo provddéno mimo hilovou oblast. U kazdého reprezentativniho fezu
byla zmeéfena tloustka vSech alveolarnich stén v daném poli s pouZitim specializovaného
softwaru, programu Neurolucida (MicroBrightField, Inc., USA), dokud nebylo dosazZeno 100
meéfeni. Z jednotlivych méfeni byl vypocitin primér a smérodatnd odchylka. Data z
jednotlivych skupin byla nésledné srovnana pomoci statistickych metod (publikace 1 a 2).
ZOBRAZENI PLICNIHO EDEMU - ke stanoveni stupné plicniho edému in vivo byl vyuZzito
RTG zobrazeni, konkrétné pristroj Image Station In—Vivo FX System (Kodak, Némecko).

Potkani byli jednu hodinu po skonceni vykonu narkotizovani pentobarbitalem (50 mg/kg) a
uloZeni do pfistroje, pomoci kterého byl zhotoven RTG snimek. K zobrazeni jsme vyuzivali i
magnetickou rezonanci, kterd, a¢ se pro vyhodnoceni plicni tkané neosvédéuje, ma velky

vyznam pro odhaleni 1éze v centralnim nervovém systému (publikace 1).

Statisticka analyza

Numerické vysledky byly ve vétsiné studii prezentovany jako primérnéa hodnota + standardni
odchylka (S. E. M.). Ke statistické analyze ziskanych dat byla pouZita plejada statistickych
testii, ve vSech pripadech zvolena na zékladé doporuceni statistika. Nejcastéji pouzivanymi
testy byl Studentiiv T-test, ANOVA, Kruskall-Wallis a Mann—Whitney U-test. Hladina
vyznamnosti byla stanovena pro p < 0,05 (podrobnosti viz publikace 1—6)
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4 VYSLEDKY

Tato sekce je rozdélena na dvé ¢asti. Vprvni éasti autor predkladd koncepci feSeni
jednotlivych cild habilitaéni prace (¢islovani odpovidéd jednotlivym ciliim). Ve druhé sekei
jsou priloZzeny kopie publikovanych praci, kde je tato problematika uvedena podrobné.

Pov$echna diskuze celé problematiky, zavéry a shrnuti, pak nasleduji za touto stati.
4.1 VYSLEDKY — KONCEPCE RESENI JEDNOTLIVYCH CILU

1. Uloha anestezie v rozvoji neurogenniho plicniho edému

Je v8eobecné znamo, Ze jak forma, tak hloubka anestezie maji zdsadni vliv na intenzitu a typ
odpovédi jedince na poskozeni. Riizni autofi ukazuji r@zny vliv anestetik na rozvoj
neurogenniho plicniho edému, at jiz ve smyslu jeho potenciace ¢i inhibice (Leah Filho,
2005a,b; Mesquita et al., 2002; Pandey et al., 2000). Uéinky ketaminu, xylazinu a
pentobarbitalu na rozvoj neurogenniho plicniho edému jiz byly zpracovany (Leah Filho,
2005a,b; Mesquita et al., 2002; Pandey et al., 2000), ale Gloha koncentrace vdechovaného
isofluranu, jednoho znejéastéji uzivanych inhalaénich anestetik jak v experimentu, tak
v klinické mediciné, nebyla dosud v detailu stanovena.

CIL PRACE A HYPOTEZA - cilem této prace bylo objasnéni tilohy anestezie v rozvoji
neurogenniho plicniho edému a stanoveni rozsahu poskozeni plic u rfiznych koncentraci
anestezie. Ktomuto cili nas vedlo vlastni pozorovani, kdy v pribéhu piipravy modelu
epiduralni balénkové kompresni mi$ni 1éze (Vanicky et al., 2001) dochazelo u vyznamného
mnozstvi experimentalnich zvifat k amrti v diisledku respira¢nich komplikaci nékolik minut
po provedeni misni léze. Klinicky obraz respira¢nich komplikaci odpovidal obrazu
neurogenniho plicnitho edému. Protoze jedingm znamym faktorem, ve kterém se jednotlivé
pokusy lisily, byla pravé hloubka anestezie, rozhodli jsme se ji detailné prozkoumat.
METODIKA - experimenty jsme provadéli na potkanech, samcich kmene Wistar o hmotnosti
v rozsahu 270-330 g. Potkani byli uvedeni do inhalac¢ni isofluranové anestezie o definované
koncentraci bud’ 1,5% nebo 3% isofluranu ve vzduchu, v obou piipadech pfi stejném priitoku
anestetické smési (300 ml/min). Zvifatim byla provedena epiduralni balonkova kompresni
mis$ni léze (Vanicky et al., 2001) a nasledné byli vySetfeni sérii diagnostickych metod
z hlediska pfitomnosti neurogenniho plicnitho edému a jeho zavaznosti, z nichz ¢ast jsme

sami navrhli (vice viz publikace 1 a 7).

VYSLEDKY - vysledky price jasné demonstrovaly, Ze u zvifat narkotizovanych 1,5%
isofluranem dos$lo v navaznosti na provedeni balonkové kompresni misni 1éze k rychlému
rozvoji tézkého neurogenniho plicniho edému, na jehoZ nasledky vice nez 40 % zvirat
zemielo. RTG obraz, relativni vaha plic i histologické vySetieni plicni tkédné prokazaly

pritomnost tézkého neurogenniho plicniho edému. Naproti tomu, zvifata narkotizovana 3%
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isofluranem, vSechna preZila provedeni balonkové kompresni mi$ni 1éze bez rozvoje plicniho

edému (vice viz publikace 1 a 7).

DISKUSE - bylo prokazano, ze inhalaéni anestetika typu isofluranu ¢i halothanu snizuji
clearance alveolarniho epitelu a takto snizuji prah pro rozvoj plicniho edému (Rezaiguia—
Delclaux et al., 1998; Laffon et al., 2002). Isofluran kromé toho inhibuje mitochondrialni
oxidaci, coz vede ke snizeni produkce ATP v pneumocytech II. typu a tak stimuluje produkei
laktatu témito burikami. Kromé toho sniZuje syntézu fosfatidylcholinu a indukuje apoptézu
pneumocytt II. typu, coz poskozuje surfaktant (Mollieux et al., 1999). Néktefi autofi proto
vyjadrili svou obavu a doporudili opatrné pouzivani inhala¢nich anestetik (Wiener—Kronisch
a Gropper, 1998). Tento negativni efekt nebyl pozorovan v piipadé intravenéznich anestetik
typu pentobarbitalu nebo ketaminu—xylazinu. I kdyz je tieba tyto a dals$i moznosti ovlivnéni
plicni tkdné a hemodynamickych parametrt isofluranovou anestezii brat v potaz, v ptipadé
rozvoje neurogenniho plicniho edému predpokladame spise celkovy vliv anestetik na inhibici
sympatického nervového systému, jehoz nahla hyperaktivace je nejvice podezfivana z rozvoje
neurogenniho plicniho edému (viz teze €. 9). Tuto problematiku jsme se proto rozhodli dale
studovat.

ZAVER - v této studii bylo prokazano, Ze nizké hladiny isofluranové anestezie umozni rozvoj
neurogenniho plicntho edému u potkanl s poranénim michy, zatimco vysoké hladiny

isofluranové anestezie naopak jeho rozvoji zabrani.

2. Experimentalni model neurogenniho plicniho edému

Za tcéelem vyzkumu neurogenniho plicntho edému byla piipravena cela fada
experimentalnich modeld, které vSak ne vzdy zcela vyhovuji acelu, pro ktery byly zhotoveny.
Piikladem jsou modely na bézi vstfikovani fibrinu (Ishikawa et al., 1988), veratrinu (Kondo
et al., 2004; Maron, 1985) ¢i akotininu (Minnear a Connell, 1982), ve vSech pfipadech do
cisterna magna. Zodpovédné za rozvoj plicniho edému u téchto modeld je vSak povaZzovano
acetylcholinem zprostfedkované zvysSeni permeability cév (Bosso et al., 1990) a nikoli
hyperaktivace sympatiku, podeziivana zrozvoje neurogenniho plicniho edému u pacientt
(Fontes et al., 2003). Pfikladem dal3iho modelu je psi model intravenézni injekce kyseliny
olejové (Dauber a Weil, 1983), ktery je jesté méné vhodny.

CIL PRACE A HYPOTEZA - cilem prace bylo vytvofit experimentalni model neurogenniho
plicniho edému, ktery by svym charakterem i patofyziologickym mechanismem co nejvice
odpovidal klinické situaci u pacienti, a soucasné byl relativné snadno proveditelny,
reprodukovatelny a spolehlivy.

METODIKA - piivytvafeni modelu neurogenniho plicniho edému jsme vychazeli z
predchozich vysledkti popsanych vtezi ¢. 1 a vyhodnotili jednotlivé etapy provadéni

balénkové kompresni misni 1éze pii anestezii 1,5% isofluranem (vice viz publikace 2).
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VYSLEDKY - ukazalo se, ze balonkova kompresni mi$ni 1éze u zvifat narkotizovanych 1,5%
isofluranem muze slouzit jako model tézkého neurogenniho plicniho edému, zatimco
provedeni stejného zasahu pii 3% isofluranové anestezii lze vyuZit jako negativni kontrolu.
Chirurgickou kontrolou k tomuto modelu je situace, kdy v1,5% isofluranové anestezii
nedochazi k nafouknuti balénku zavedeného do pateiniho kanalu. Jako zdrava zvirata pak lze
vyhodnotit potkany, ktefi byli po celou dobu vykonu v pfislu$né anestézii, bez provedeného
chirurgického vykonu (vice viz publikace 2).

DISKUSE - v historii vyzkumu neurogenniho plicntho edému byla popsana celd fada
modeldi, které vSak vétSinou odréazely skuteénou klinickou situaci pouze vzdalené. Jejich
priprava je vétSinou podminéna aplikaci exogennich substanci do cisterna magna (Ishikawa
et al., 1988; Kondo et al.,, 2004; Maron, 1985; Minnear a Connell, 1982) nebo primo do
mozkové tkané (Hamdy et al., 2000, 2001). Jako extrémni se jevi modely typu intraveno6zni
injekce kyseliny olejové (Dauber a Weil, 1983) nebo bilateralni cervikalni vagotomie (Iazzetti
a Maciel, 1988). Vzhledem kvelmi odlisnym etiopatogenetickfm mechanismtim rozvoje
plicniho edému u riznych modeli je nutné pii porovnavani vysledki jednotlivych studii na
tyto rozdily brat zretel.

ZAVER - vytvorili jsme snadno proveditelny, reprodukovatelny a spolehlivy model
neurogenniho plicniho edému u laboratorniho potkana. Jeho hlavni pfednosti je skuteénost,
Ze vychazi z poranéni centralniho nervového systému, které je navic provazeno akutnim

zvySenim sympatické aktivity (viz také teze ¢. 9), coZ presné odpovida situaci u pacienta.

3. Funkéni a morfologicky neurologicky dopad rozvoje neurogenniho plicniho
edému

Poranéni mozku a michy mé Casto zasadni dopady na sensitivni, senzorické, motorické,
autonomni i kognitivni funkce centralniho nervového systému. Dopad neurogenniho plicniho
edému jako jedné z komplikaci poranéni centralniho nervového systém na tyto funkce nebyl
dosud detailné popsin, navzdory tomu, Ze je k dispozici celd fada behavioralnich testt,
rutinn€é pouzivanych khodnoceni zavaZnosti poranéni centralniho nervového systému
(publikace 11).

CIL PRACE A HYPOTEZA - cilem prace bylo detailné popsat funkéni neurologicky dopad
rozvoje neurogenniho plicntho edému u potkanti s poranénim michy, ktery nastava i
u pacientti s poranénim centralniho nervového systému (Fontes et al., 2003; Macleod, 2002).
Vzhledem k zavaznému stavu, kterym tato komplikace je, pFedpokladame rovnéz sekundarni
poskozeni centralnitho nervstva, které by se mohlo odrazit ve zhorS$eném névratu
neurologickych funkei po poranéni michy.

METODIKA - u potkanti jsme navodili neurogenni plicni edém s pouZitim naSeho
experimentalntho modelu (publikace 2). Motorické funkce panevnich koncetin byly
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posuzovany s pouzitim BBB testu (Basso et al., 1995), sensitivni funkce pak pomoci komeréné
dostupného plantarniho testu, pracujiciho na principu méfeni ¢asu, potiebného k reakci na
tepelny stimulus (Ugo Basil, Comerio, Italy). Dva nezavisli badatelé provadéli testovani zvirat
pred provedenim misni léze, 24 hodin po ni a nasledné jedenkrat tydné, celkové po dobu 7
tydnti (vice viz publikace 1).

VYSLEDKY — hodnoceni BBB i plantarniho testu ukazalo zhorSeni jak motorickych, tak
senzitivnich neurologickych funkei v prbéhu celého experimentu u zvifat s tézkym
neurogennim plicnim edémem. Ve 2. a 3. tydnu po poranéni michy doséhly tyto rozdily
statistické vyznamnosti (vice viz publikace 1).

DISKUSE - zhorSeni neurologickych funkei u zvifat s neurogennim plicnim edémem je
pravdépodobné zpiisobeno celkové hor§im zdravotnim stavem téchto experimentéilnich
zvifat. Z klinické praxe je zndma empiricka zkuSenost, Ze pacienti s rozvinutym neurogennim
plicnim edémem maji horsi prognézu neZ pacienti bez plicniho edému, a to i v pfipadech,
kdyZ neurogenni plicni edém vymizi po nékolika dnech (Fontes et al., 2003; Macleod, 2002).
Ze studii zabyvajicich se poranénim michy vyplyva, Ze zmény v prvnich hodinach po poranéni
jsou pro pacienta nejkriti¢téjsi (Bracken et al., 1997; Sykova et al., 2006). Pokud je toto rané
stadium po poranéni komplikovano neurogennim plicnim edémem, miiZze vyrazné zhorSovat
zotaveni nervovych drah, coZz se vnaSem experimentu projevilo zhorSenim v BBB a
plantarnim testu.

ZAVER - rozvoj neurogenniho plicniho edému vyrazné zhorSuje navrat sensorimotorickych

neurologickych funkei po poranéni michy, s maximem v 2.—3. tydnu po poranéni.

4. Optimalizace protokolu misniho poskozeni u laboratorniho potkana.

Poranéni michy predstavuje tézkou, Zivot ohrozujici klinickou jednotku se zavaznymi, ¢asto
trvalymi nésledky. Na svété se vyskytuje s primérnou incidenci 40 pfipadd na 1 milion
obyvatel a postihuje zejména mladé lidi v produktivnim véku (Basso, 2004; Bracken et al.,
1997; publikace 11). Poranéni michy je charakterizovino komplexem motorickych,
sensitivnich a autonomnich dysfunkei, jejichz zavaznost a rozsah trvalého poskozeni
odpovida rozsahu poskozeni michy. V experimentu se ke studiu poranéni michy nejcastéji
pouziva laboratorni potkan (Rattus norvegicus). Jako modely mi$niho poranéni pouZivime
transekei, hemisekei, kontuzi, kompresi, ischemii ¢i excitotoxickou lézi (Basso, 2004;
Bracken et al., 1997; publikace 11).

CIL PRACE A HYPOTEZA - cilem price bylo optimalizovat protokol modelu epidurélni
balénkové kompresni misni léze u laboratorniho potkana, ptivodné popsany v roce 2001
slovenskymi kolegy (Vanicky et al., 2001).
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METODIKA - vtéto studii jsme vychazeli z metodiky v bodech 1-3. Zaméfili jsme se na
anesteticky protokol a na méfeni krevniho tlaku v priibéhu kompresni balonkové misni 1éze

(vice viz publikace 1 a 2).

VYSLEDKY - pro provadéni balénkové kompresni misni léze je optimélni pouziti
isofluranové anestezie v rozmezi 2,5—3 % isofluranu ve vzduchu pii proudu anestetické smési
300 ml/min. Pouziti niz§ich koncentraci anestezie nez 2,5 % isofluranu ve vzduchu vede
k rozvoji neurogenniho plicniho edému, ktery mtize zhorsovat navrat neurologickych funkei a
zkreslovat vysledky. Naopak pouziti vysSich koncentraci nez 3 % isofluranu ve vzduchu vede
k Gmrti zvifete v dlisledku pfedavkovani anestetikem. Béhem balénkové kompresni misni
1éze je mozné monitorovat krevni tlak a tepovou frekvenci, jejichZ typicky pribéh byl popsan
a lze tak hodnotit jejich odchylky v disledku dal$ich soubéznych intervenci, nap¥. rtznych

farmakologickych zasahti (vice viz publikace 1 a 2).

DISKUSE — model balénkové kompresni mi$ni léze podle Vanického et al. (2001) je vyuzivan
celou fadou laboratoii na svété. Do této chvile byl 70x citovan (podle WOS). Je vhodnym
modelem, nebot velmi dobfe odrazi klinickou situaci kompresniho poranéni kaudalniho
useku hrudni michy na podkladé vpaceni kostniho tlomku ¢ hematomu (Vanicky et al.,
2001; Urdzikova et al., 2006; publikace 11). PouZiva se pievazné ke studiu vlivu kmenovych
bunék a nejriiznéjsich dalsich terapeutickych modalit na lé¢bu nésledk misniho poranéni.
Umoznuje jak morfologické, tak funkéni studie (Urdzikové et al., 2006; Sykova et al., 2006).
Naproti tomu neni vhodny pro posuzovani ostrych (feznych) poranéni michy — k tomuto

ucelu vSak mohou slouZit jiné, dobfe dokumentované modely (Hejcl et al., 2008, 20009;

publikace 11).

s as

mis$ni léze a eliminuji nékteré z moznych bias, které by mohly vzniknout v priibéhu jeho

pripravy.

5. Dopad stuprovité expanze baléonku v misnim kanalu na hemodynamické
zmény a stupen rozvoje neurogenniho plicniho edému

Vnasich predchozich studiich byl detailné popsan dopad akutni expanze balénku
modifikovaného Fogarthyho katétru v epidurdlnim prostoru hrudni michy na rozvoj
neurogenniho plicniho edému (viz teze 1—4). V klinické praxi se vSak v nékterych pfipadech
setkdvime i se situaci, kdy dochézi kexpanzi vmi$nim kanale postupné, napiiklad
postupnou tvorbou hematomu (Simard et al.,, 2012). Ackoli existuje celd fada studii,
popisujicich rozvoj akutniho neurogenniho plicniho edému, v literatuie jsme nenalezli studii,
ktera by monitorovala vliv postupné expanze v centrdlnim nervovém systému na rozvoj

neurogenniho plicniho edému.
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CIL PRACE A HYPOTEZA - cilem préce bylo stanovit i¢inky postupné provadéné balonkové
kompresni mi$ni 1éze na rozvoj neurogenniho plicniho edému. Vzhledem k tloze akutni
hyperaktivace nervovych drah, zapojenych do regulace sympatiku (viz také teze ¢.10)
predpokladame pri rozlozeni balonkové expanze v ¢ase méné vyraznou akutni sympatickou
odpovéd, coz by se projevilo méné vyraznym vzestupem krevniho tlaku a poklesem tepové
frekvence a vedlo i k rozvoji lehéiho stupné neurogenniho plicniho edému, mozna i
k zabranéni jeho vzniku. Vysledky prace tak mohou prispét ke klinické interpretaci rozvoje
neurogenniho plicniho edému rozvijejiciho se s odstupem delsi doby po poranéni centralniho
nervového systému (Mackersie et al., 1983).

METODIKA - ve studii byl pouZit model neurogenniho plicniho edému (viz teze ¢. 2). Pro
Gcely studie byl modifikovan protokol vytvareni miSni léze tak, aby misto okamzité expanze
bal6nku na cilovy objem 15 pl bylo provadéno postupné nafukovani balonku bud' v ,rychlém*
rezimu 5 pl — 5 pul — 5 pl, nebo ,pomalém“rezimugpl—2pl—2pl—2pl—-2pl—2pl -2 pl -
2 ul (ve vsech piipadech byl cilovy objem 15 pl). Casovy interval mezi jednotlivymi etapami
nafukovani balénku byl 30 sekund. Kromé toho jsme provedli pokus s jednorazovym
nafouknutim balénku na cilovy objem 5 pl resp. 10 pl. VSechny ostatni soudasti
experimentalniho zasahu byly zachoviny shodné s pilvodnim protokolem modelu
neurogenniho plicniho edému (viz teze ¢. 2). V pribéhu vykonu jsme monitorovali krevni tlak
a tepovou frekvenci. Nasledné byl vyhodnocen stupen neurogenniho plicniho edému dle
metodiky zavedené v piedchozi studii (viz teze ¢. 1) (vice viz publikace 3).

VYSLEDKY - studie prokézala, Ze rychly rezim expanze baléonku v mi$nim kanale zpfisobuje
zavazny neurogenni plicni edém, zatimco reZim pomalé expanze rozvoji této komplikace
zabranuje. Hemodynamické zmény odpovidaji rozvoji neurogenniho plicniho edému (viz také
teze €. 7). Vsituaci, kdy je balonek nafouknut na cilovou hodnotu mensi nez 15 pl, také
nedochézi k rozvoji edému (vice viz publikace 3).

DISKUSE — nase vysledky ukazuji, Ze pomalé nafouknuti balonku v misnim kanale nevyvola
rozvoj neurogenniho plicniho edému, snejvyssi pravdépodobnosti v dasledku snazsi
adaptace organismu na postupné hemodynamické zmeény nastdvajici vdelsim casovém
intervalu (viz také teze ¢. 7). Poulat a Couture (1998) ve své studii ukazali, Ze intrathekalni
injekce endothelinu—1 zpiisobi aktivaci endotelinovych receptorii typu A v sympatickych
mi$nich neuronech. Jejich aktivace nasledné zptisobi hyperaktivaci sympatiku, masivni
uvolnéni katecholaminti, intenzivni plicni vazokonstrikei, zvy$eni plicni permeability a plicni
edém (Poulat a Couture, 1998). Jednim z moznych vysvétleni miize byt skute¢nost, Ze pomal4
stupnovitd 1éze vede kpostupnému uvoltiovdni vazoaktivnich substanci, na které se
organismus muze dobfe adaptovat, zatimco v pripadé rychlého nafouknuti baléonku je
hyperaktivace sympatiku prili§ silna. Podkladem dalsi hypotézy miize byt aktivace rtizného

mnozstvi nervovych drah, vedoucich do spoustécich zén neurogenniho plicniho edému
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lokalizovanych na bazi étvrté komory mozkové (Baumann et al. 2007, Leal Filho et al. 2005a,
2005b). Neni vylouc¢ena ani kombinace téchto faktort (vice viz publikace 3).
ZAVER — pomal4 stuptiovitd kompresni mini léze nevyvol4 neurogenni plicni edém, zatimco

rychlé stupniovita nebo okamzita léze vedou k jeho rozvoji.

6. Vliv riizného typu poranéni michy na rozvoj neurogenniho plicniho edému
Rozvoj neurogenniho plicniho edému byl popsdn na celé fadé modell (viz teze ¢. 2). Z
modeli vyuZzivajicich poranéni michy jsou to zejména model popsany Leal Filhem et al.
(2005a, 2005b) a nas model (viz teze ¢. 2). Nebylo vSak dosud systematicky popsano, zda
mizZe u potkana v isofluranové anestezii neurogenni plicni edém vznikat i na podkladé jiného
typu poranéni michy.

CIL PRACE A HYPOTEZA - cilem préace bylo objasnit, zda poranéni michy jiného typu nez
komprese hrudni michy je schopna vyvolat neurogenni plicni edém. Vzhledem k nasi teorii
vzniku neurogenniho plicntho edému na podkladé sympatické hyperaktivace a
konkomitantniho akutniho zvySeni intrakranidlniho tlaku (viz teze ¢. 9), jsme pfedpokladali,
Ze intervence typu hemisekce ¢i transekce michy neurogenni plicni edém nevyvola. Chtéli
jsme také ovérit, jaky bude mit vliv komprese bederni michy, kde je sidlo parasympatiku,
nikoliv sympatiku jako v pfipadé modelu neurogenniho plicniho edému.

METODIKA - zvifata byla uvedena do 1,5% isofluranové anestezie a byl jim zaveden katetr
na méfeni krevniho tlaku a tepové frekvence (viz teze 1 a 4). Nésledné byla zvifatim
provedena (1) kompletni transekce michy, (2) hemisekce michy ¢i (3) zavedeni a nafouknuti

katetru v oblasti bederni michy. Nésledné byl vyhodnocen stupen rozvoje neurogenniho

plicniho edému a zhodnoceny hemodynamické parametry (vice viz publikace 3 a 5).
VYSLEDKY - v souladu s nasi hypotézou nezptisobovala ani jedna ze zminénych intervenci

neurogenni plicni edém (vice viz publikace 3 a 5).

DISKUSE - znaSich studii vyplyva, Ze intervence, které neptisobi néhlou hyperaktivaci
mis$nich drah zapojenych do regulace sympatiku (viz teze ¢. 9) jako jsou transekce michy,
hemisekce michy nebo balénkovi kompresni misni 1éze v bederni oblasti michy, neptisobi
neurogenni plicni edém. Navic jsme jiz diive ukézali, Ze pouze rychla a nikoliv pomala
stupriovita 1éze je schopné vyvolat neurogenni plicni edém (viz teze ¢. 5). Cel4 fada klinickych
zkuSenosti ukazuje, Ze okamzik nahlé hyperaktivace misnich a mozkovych nervovych drah se
uzce shoduje s okamzikem vzniku neurogenniho plicniho edému (Baumann et al., 2007;
Fontes et al., 2003). Je tedy ziejmé, Ze v rozvoji neurogenniho plicniho edému hraje roli jak
rozsah, tak délka ptisobeni stimulu. Chen et al. (1973) a Dragosavac et al. (1997) ukéazali, zZe
mozkova komprese vedla k systémové arterialni hypertenzi a plicnimu edému, pfi¢emz této
odpovédi bylo mozné zabranit transekci michy v Grovni C,, av§ak nikoliv decerebraci. Na

druhé strané jsme nepozorovali rozvoj neurogenniho plicnitho edému p¥i nafouknuti balonku
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v patefnim kanélu v seku, odpovidajicim uloZeni bederni ¢asti michy. Tato skutecnost je
pravdépodobné disledkem chybéni sympatickych nervovych vlaken a neuronti na této tirovni
michy.

ZAVER - intervence, které nepiisobi nahlou hyperaktivaci misnich drah, zapojenych do
regulace sympatiku, jako jsou transekce michy, hemisekce michy nebo balonkova kompresni

1éze bederni michy, neptisobi neurogenni plicni edém.

7. Hemodynamické zmény provazejici vznik a rozvoj neurogenniho plicniho
edému

V experimentech na zvifatech bylo opakované prokazano, Ze rozvoji neurogenniho plicniho
edému piredchazi nahlé vyznamné zvySeni systémového krevniho tlaku, jako projev
hyperaktivace sympatiku, kterd je predpoklddanym zadkladnim mechanismem vzniku
neurogenniho plicniho edému (Fontes et al., 2003, Baumann et al., 2007). Blessing et al.
(1981) pozorovali zvySeni systémového tlaku o 40 mm Hg u kraliki, kterym experimentalné
vyvolali neurogenni plicni edém pomoci bilateralni destrukce A1 neuroni v medulla
oblongata. Reis et al. (1977) vyvolali u laboratorniho potkana neurogenni plicni edém pomoci
léze nucleus tractus solitarii a predpokladali, Ze smrt zvifete nastdvd na zakladé
levostranného srde¢niho selhani p¥i mimoradné tézké akutni hypertenzi.

CIL PRACE A HYPOTEZA - cilem prace bylo vyhodnotit hemodynamické zmény v pritbéhu
neurogenniho plicniho edému na modelu balénkové kompresni misni 1éze u laboratorniho
potkana. Pfedpokladali jsme vyraznou systémovou tlakovou odpovéd, korelujici s okamzikem
nafouknuti balénku v pateinim kanalu potkana.

METODIKA - ke studiu hemodynamické odpovédi jsme pouzili vlastni model neurogenniho
plicniho edému (viz teze €. 2) a jako kontrolu zvifata narkotizovana 3% isofluranem, kterym
byla rovnéz provedena balonkova kompresni misni 1éze (viz teze 1 a 3). Zviratim byl po
tvodu do anestezie zaveden katetr do arteria carotis, za téelem kontinudlniho méfeni
krevniho tlaku a tepové frekvence (systém PowerLab, AD Instruments, Colorado Springs).
Zvirata byla monitorovana 5 minut pied vykonem, v pribéhu celého vykonu a 5 minut po
skonceni vykonu. Nasledné byl vyhodnocen stupeni neurogenniho plicniho edému, v souladu

se zavedenou metodikou (vice viz publikace 1 a 2).

VYSLEDKY - kromé predikované vyrazné odpovédi krevniho tlaku na kompresi dolni hrudni
michy pomoci baléonku uvnitf pateiniho kanélu jsme rovnéZz pozorovali vyrazné snizeni
tepové frekvence u zvifat narkotizovanych 1,5% isofluranem, u kterych se rozvinul
neurogenni plicni edém. Naopak u zvifat narkotizovanych 3% isofluranem, kde jsme

pozorovali mirné zvySeni systémového krevniho tlaku, avsak typickd baroreflexni reakce
chybéla (vice viz publikace 1).
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DISKUSE - zjisténi baroreflexni bradykardie jako vyvolavajicitho faktoru neurogenniho
plicniho edému povazujeme za jeden z kli¢ovych bod vyzkumu neurogenniho plicniho
edému. Jiz diive bylo pozorovéano, Ze bradykardie vznika soubéZzné s vzestupem systémového
tlaku (Blessing et al., 1981). Bradykardie také pfimo néasleduje po zvySeni intrakranialniho
tlaku. Jadra mozkového kmene, odpovédna za tuto reakci, jsou patrné nucleus tractus
solitarii a nucleus ambiguus. Bradykardii u neurogenniho plicniho edému je proto mozné
zvratit pomoci bilateralni vagotomie nebo 1éze nucleus dorsalis nervi vagi (Bosso et al., 1990;
Hashiba et al., 1989).

ZAVER - zakladnim spojovacim ¢lankem poranéni centralniho nervového systému a vzniku

plicniho edému je baroreflexni bradykardie.

8. Role oxidu dusnatého v rozvoji neurogenniho plicniho edému.

Oxid dusnaty (NO) je velmi G¢inny vazodilataéni mediator. Oxid dusnaty hraje mimo jiné roli
i vregulaci ventilaéné-perfuznich poméra v plicich (Blanco et al., 2011). Anand et al. (1998)
ukazali, Ze intraven6zni aplikace L—argininu zabranila zvySeni plicni kapilarni permeability u
plicniho edému vznikajiciho ve vysokych nadmoftskych vyskach.

CIL PRACE A HYPOTEZA - cilem prace je posoudit vliv oxidu dusnatého na rozvoj
neurogenniho plicniho edému. Nékteré studie totiZ ukazuji, Ze neurogenni plicni edém, ktery
je rovnéz charakterizovan zvySenim permeability plicnich cév, miize byt inhibovan oxidem
dusnatym produkovanym v medulla oblongata (Hamdy et al., 2000, 2001; Kondo et al.,
2004), patrné v disledku inhibice centralniho sympatiku. Naopak injekce inhibitorii NO
synthasy do tésné blizkosti spoustécich zon neurogenniho plicniho edému nebo do likvoru
zvySuje tonus sympatiku (Hironaga et al., 1998; Zanzinger et al., 1995), pravdépodobné
v diisledku modulace arteridlniho baroreflexu (Hironaga et al.,, 1998; Matsumura et al.,
1998).

METODIKA - ke studiu vlivu NO jsme pouzili nd$ model neurogenniho plicniho edému (viz
teze 2). Kompetitivni inhibitor NO synthasy L-NAME (NG-nitro—L—arginin metyl ester,
Sigma, St. Louis, MO) jsme podavali zvifatim pred provedenim balénkové kompresni misni
léze bud’ (1) v ,,akutnim® reZimu, tedy v davce 30 mg/kg intraven6zné do vena jugularis, nebo
(2) v ,,chronickém“ rezimu, coz odpovidalo pfijmu 40 mg/kg/den L-NAME piidaného do
vody na piti. Vpribéhu operaéniho vykonu jsme monitorovali krevni tlak a tepovou
frekvenci. Po kompresi michy byl vyhodnocen stupeni neurogenniho plicniho edému podle
diive popsané metodiky (vice viz publikace 4).

VYSLEDKY - akutni poddni L-NAME zvyraznilo neurogenni plicni edém u laboratorniho
potkana, narkotizovaného 1,5% isofluranem a zvys$ilo mortalitu zvifat z 33% u modelu edému
na 83%, vpribéhu 10 minut po nafouknuti balonku v pateinim kanalu. Naproti tomu,

chronické podédni L-NAME nemélo Zadny vliv, zhorSujici ani protektivni, na stupen
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neurogenniho plicniho edému ani mortalitu zvifat. Nase studie rovnéz ukazala, Ze zhorSeni
neurogenniho plicntho edému na podkladé akutniho poddni L-NAME nebylo spojeno
s dal§im vyraznym zvySenim krevniho tlaku, nybrZ s prohloubenim bradykardie. Podani
gangliového blokatoru pentolinia zabranilo rozvoji neurogenniho plicniho edému u zvifat jak
v akutnim, tak v chronickém rezimu podani L-NAME (vice viz publikace 4).

DISKUSE - studie ukézala zasadni protektivni vliv NO na rozvoj neurogenniho plicniho
edému a zaroven potvrdila klicovou tlohu sympatiku v jeho rozvoji (viz také teze €. 9). Tyto
vysledky jsou v souladu s predpoklady jinych autorti. Napiiklad Hamdy et al. (2000, 2001)
ukazali, Ze injekce L-NAME do cisterna magna zhorsi rozvoj neurogenniho plicniho edému,
coz je ve shodé s nasim pozorovanim. Mechanismus, ktery zprostfedkuje negativni efekt
nedostatku NO na rozvoj neurogenniho plicntho edému, je pravdépodobné podminén
chybénim vasodilataéniho plisobeni NO, které by mohlo ¢aste¢né vyrovnavat sympatikem
spousténou vasokonstrikei a baroreflexné indukovanou bradykardii (Matsumura et al., 1998;
Zanzinger et al., 1994, 1995). V nasi studii je nejdulezitéjSim nalezem dalsi prohloubeni
bradykardie u zvirat s akutné podanym L-NAME, které presné koreluje s nasim predchozim
zjisténim o Kkli¢ové roli baroreflexni bradykardie ve vyvoji neurogenniho plicnitho edému (viz
teze €. 7) (vice viz publikace 4).

ZAVER - oxid dusnaty ma ¢asteény protektivni efekt na rozvoj neurogenniho plicniho
edému, nebot oslabuje sympatikem zprostfedkovanou vasokonstrikei a néslednou
baroreflexem indukovanou bradykardii, vznikajici v ndvaznosti na kompresivni poranéni

michy.

9. Role sympatického nervového systému vrozvoji neurogenniho plicniho
edému

Celd fada experimentalnich praci i klinickych pozorovani pfimo ¢i nepfimo ukazuje na
zasadni roli sympatického nervového systému v etiopatogenezi neurogenniho plicniho
edému. Opakované bylo v experimentalnich podminkach i vklinické praxi prokazano, Ze
v navaznosti na poranéni centralniho nervového systému dochézi k akutni generalizované
hyperaktivaci sympatického nervového systému (Baumann et al., 2007).

CIL PRACE A HYPOTEZA — nasim cilem bylo co nejdetailn&ji popsat tlohu sympatického
nervového systému v etiopatogenezi neurogenniho plicniho edému na modelu balonkové
kompresni mi$ni 1éze. Zatimco roli ndhlé aktivace sympatiku v etiopatogenezi neurogenniho
plicniho edému lze povaZovat za zietelné dokumentovanou, neni dosud jasné, jakym
mechanismem je sympatikus aktivovan a jakou roli hraji jeho jednotlivé slozky, jmenovité
alfa-adrenergni a beta-adrenergni pfenos.

METODIKA - v praci byl pouZit model neurogenniho plicniho edému (viz teze ¢. 2). Ke

zjisténi ulohy jednotlivych sloZzek sympatického nervového systému byl bezprostiedné pred
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nafouknutim balénku v mi$nim kandle do vena jugularis podan (1) gangliovy blokator
pentolinium (5 mg/kg, i.v.), (2) alfa-1 adrenergni receptorovy blokator prazosin (1 mg/kg
i.v.), (3) alfa-2 adrenergni receptorovy blokator yohimbin (1 mg/kg i.v.), a (4) beta-
adrenergni receptorovy blokéitor propranolol (1, 2, nebo 4 mg/kg iv.). Po vykonu byl
vyhodnocen stupen neurogenniho plicniho edému podle di¥ive popsané metodiky. Vice viz
publikace 5.

VYSLEDKY - vyfazeni sympatického nervového systému pomoci pentolinia zcela zabranilo
rozvoji neurogenniho plicniho edému. Podani alfa blokatorti prazosinu a yohimbinu
bezprostiedné pied poranénim michy rovnéz dokazalo zabranit rozvoji neurogenniho
plicniho edému. Naopak beta-adrenergni blokdda meéla pouze maly efekt. Preventivni efekt
podéni téchto latek se odrazel i v hemodynamické odpovédi na poranéni michy — u zvirat,
kde bylo zabranéno rozvoji neurogenniho plicniho edému, byla snizena systémova tlakova
odpovéd a soudasné byla vyrazné redukovana aZz vyrazena baroreflexni bradykardie. S témito
vysledky korelovala dynamika zmén plasmatické hladiny katecholamini (vice viz
publikace 5).

DISKUSE - prace ukazuje zasadni roli sympatického nervového systému, zejména jeho alfa-
adrenergni sloZky, v rozvoji neurogenniho plicniho edému. Ukazuje také, Ze zasadni souéasti
sympatické hyperaktivace je vyplaveni endogennich katecholamin®i. Role sympatického
systému pii rozvoji neurogenniho plicniho edému byla pfimo i nepfimo prokazana celou
fadou experimentti s vyuZitim nejriiznéjsich experimentalnich modelt. Piikladem je studie
Novitzkyho et al. (1986), ktefi na opi¢im modelu zabrénili rozvoji neurogenniho plicniho
edému, indukovaného nafouknutim balénku intrakranidlné, chirurgickou sympatektomii.
Farmakologickym korelatem této studie je naSe zjisténi, Ze preventivni podani gangliového
blokatoru pentolinia zcela zabrani rozvoji neurogenniho plicniho edému u potkant
s poranénim michy. Celkovy pohled na tyto experimenty navic ukazuje, Ze ¢im ma pokusné
zvife vice rozvinuty autonomni systém, tim pravdépodobnéji a tim téz$i se rozvine
neurogenni plicni edém (Malik, 1985).

ZAVER - zavérem lze ¥ici, Ze v piipadé neurogenniho plicniho edému plati, Ze nasledkem
hyperaktivace sympatiku jsou zvySeni systémového a plicniho krevniho tlaku, pokles tepové
frekvence, centralizace krevniho obéhu, zvy$eny ven6zni navrat, zvySeni levostranného end—
diastolického tlaku, zvySeni kapilarniho hydrostatického tlaku a extravazace tekutiny, vedouci

k plicnimu edému.

10. Uloha nahlé hyperaktivace misnich drah v rozvoji neurogenniho plicniho
edému
Epidemiologicka data ukazuji, Ze neurogenni plicni edém vzniké zejména pii rozséahlejSich

poskozenich centralniho nervstva, s vyraznym podilem pripadii se zvySenym intrakranialnim
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tlakem. V experimentu bylo prokazéano, Ze pii nahlém zvys$eni intrakraniélniho tlaku dochazi
ke zvySeni tlaku systémového a mirnému zpomaleni srdeéni frekvence béhem jedné minuty.
Zvyseni systémového a plicniho tlaku, spojené se zvySenym Zilnim navratem, pozitivné
inotropnim Géinkem na srdce a zvySenym srdefnim vydejem v zavislosti na zvySeni
intrakranidlniho tlaku se oznacuje jako Cushingliv reflex (Simmons et al., 1969a, 1969b).
Cilem tohoto reflexniho mechanismu je za kaZdou cenu perfundovat otékajici tkan
centralniho nervstva; jeho disledkem je vSak plicni edém. Cushing (1901) vysvétlil tento
reflexni mechanismus na zakladé skutecnosti, ze se v prodlouzené miSe hodnoty
intrakranialniho tlaku pfibliZzi hodnotam tlaku systémového a mozkovy perfuzni tlak klesne
pod prahovou hodnotu, pii které je mozkova cirkulace jesté schopna autoregulace a zajisténi
100 % nutri¢nich potieb. Pri injekei plné krve nebo roztoku albuminu do cisterna magna
umird 50 % pokusnych zvirat na komplikace spojené se vznikem neurogenniho plicniho
edému. Pfitom mnoZstvi vpravené tekutiny je mnohem dileZitéjsi neZ jeji sloZeni. Néktefi
autori prokazali, Ze role zvySeného intrakranialniho tlaku pfi vzniku neurogenniho plicniho
edému je dédna zejména tlakovou ischemii jader prodlouZené michy a deformaci mozkového
kmene, které vedou ke Cushingové reflexu, zejména ve smyslu zvySeni krevniho tlaku
(sympatikus) a poklesu srde¢ni frekvence (parasympatikus) (Thompson a Malina, 1959).
Dnes se ukazuje, Ze mechanickd deformace mozkového kmene ma mnohem vétsi vliv na
rozvoj systémové odpoveédi, jejiz soucasti je i neurogenni plicni edém, neZ ischemické slozka
ve smyslu Cushingovy teorie.

CIL PRACE A HYPOTEZA - zikladnim cilem prace bylo vyhodnotit roli zvySeného
intrakranialniho tlaku a hyperaktivace nervovych misnich drah, vedoucich do spoustécich
z6n neurogenniho plicniho edému, na jeho etiopatogenezi.

METODIKA - ke studiu této problematiky jsme opét pouzili model neurogenniho plicniho
edému (viz teze C. 2). Bezprostfedné pied nafouknutim balénku jsme zasunuli tenky katetr
(PE10) do epidurélniho prostoru na mis$ni aroven Th,, prostor hermeticky uzavieli pomoci
histoakrylu a do tohoto mista aplikovali 0,1 ml trimecainu (Mesocain, 10 mg/ml). Pouzita
davka trimecainu byla stanovena na podkladé nasich predchozich experimenti, kde byla
schopnd vyvolat paraplegii obou dolnich konéetin na dobu minimalné 30 minut. Druhym
pokusem byla predchozi kompletni transekce michy v arovni mi$ni Th,. Po zasahu byl
vyhodnocen stupen neurogenniho plicniho edému podle dfive popsané metodiky (vice viz
publikace 5).

VYSLEDKY - studie ukazala, Ze jak epiduralni anestezie, tak transekce michy na trovni Th,
dokazou zcela zabranit rozvoji neurogenniho plicniho edému, coz bylo provazeno chybénim
typickych hemodynamickych zmén i absenci histologického nélezu na plicich (vice viz

publikace 5).
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DISKUSE - celé fada dat a klinickych zku$enosti ukazuje, Ze neurogenni plicni edém miize
zpisobit nahla hyperaktivace vét§stho mnozstvi drah, které vedou do center neurogenniho
plicniho edému. Typicky nastava tato situace u subarachnoidalniho krvaceni (Fontes et al.,
2003) nebo, jak ukazuje nase studie, i u kompresni 1éze v hrudni ¢asti michy. Experimentélni
data ukazuji, Ze anestezie, aplikovand vna$i studii epidurédlné nad oblast léze, nebo
intrathekalné do mista 1éze ve studii Hall et al. (2002) miiZze rozvoji neurogenniho plicniho
edému zabranit, coZ lze velmi dobie sledovat jako vymizeni hemodynamické odpovédi.
Experimenty na ventilovanych zviratech ukazaly, Ze neurogennimu plicnimu edému miizeme
zabranit, pokud provedeme transekci kréni michy nad Grovni nebo pfimo v trovni misni C,
(Chen et al., 1973; Chen a Chai, 1976). V této oblasti se totiZ nachézeji drahy sympatiku, které
prevadéji tyto autonomni signdly do oblasti plic. Vzato zopaéného pohledu, rozvoj
neurogenniho plicntho edému miZeme potencovat, pokud misni drédhy vtéto Grovni
stimulujeme. Kli¢ovou roli intrakranidlniho tlaku se zatim v sérii naSich experimenti
prokazat nepodarilo.

ZAVER - pro rozvoj neurogenniho plicniho edému je kli¢ova nahla hyperaktivace mnozstvi
drah, vedoucich do center neurogenniho plicniho edému v mozkovém kmeni. Role nahle
zvySeného intrakranidlniho tlaku v rozvoji neurogenniho plicniho edému zatim presvédcivé

prokézana nebyla a bude predmétem dalSich studii.

11. Snaha o identifikaci preventivné—terapeutickych modalit, kterymi by bylo
mozné v budoucnu minimalizovat nebo zvratit rozvoj neurogenniho plicniho
edému

Jak ukézaly naSe predchozi studie, pro rozvoj neurogenniho plicniho edému je klicova
baroreflexem indukovani bradykardie (viz teze ¢. 7 a 9). Dale jsme prokazali, Ze rozvoj a
stupenn neurogenniho plicniho edému ovliviiuje celd fada neurohumoralnich ptisobkl a
farmak, pricemz mezi nejvyznamnéj$i patii oxid dusnaty, adrenalin, noradrenalin resp.
pentolinium, prazosin a yohimbin (viz teze 8 a 9).

CIL PRACE A HYPOTEZA - cilem prace bylo pokusit se zabranit vzniku neurogenniho
plicniho edému cilenou eliminaci baroreflexni odpovédi.

METODIKA - ke studiu této problematiky jsme opét pouzili model neurogenniho plicniho
edému (viz teze €. 2). Jako farmakum schopné eliminovat baroreflexni odpovéd jsme zvolili
parasympatolytikum, blokator muskarinovych receptorti atropin (4 mg/kg iv; Sigma), ktery
jsme aplikovali jak pted, tak i po nafouknuti balénku v mi$nim kanale (vice viz publikace 4).
VYSLEDKY - zjistili jsme, Ze aplikace atropinu tésné pred nafouknutim balénku v pateinim
kanéle dokaze zcela zabranit rozvoji neurogenniho plicniho edému. Zajimavym zjisténim
bylo, Ze tento 1ék je nutné podavat v pomérné vysokych davkach, nebot nizsi davky (1 nebo 2

mg/kg i.v.) mély pouze ¢asteény efekt. Naproti tomu, kdyZ jsme atropin, byt ve vysokych
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davkach, aplikovali aZ po nafouknuti balénku, jeho protektivni efekt jiz nebyl pozorovan (vice
viz publikace 4).

DISKUSE - preventivné—terapeutické podani atropinu se jevi jako velmi vyhodné pro nizkou
finanéni naro¢nost a obecné Sirokou dostupnost tohoto 1é¢iva na vSech trovnich akutni péce.
Rovnéz podéni jeho vysokych davek je mozné, nebot se jedna o 1€k Siroce a ¢asto pouZivany,
s dokonale poznanymi G¢inky a lékovymi interakcemi. V klinické mediciné miZe mit 1épe
aplikovatelny preventivni efekt, nebot ¢asové okno mezi inzultem a rozvojem neurogenniho
edému je u clovéka vyrazné del$i neZ u experimentalnich zvifat. Vice o mozZném pouziti
atropinu lze nalézt v diskusi u publikace 8.

ZAVER - atropin se jevi jako potencialné vyhodny farmakologicky néstroj prevence rozvoje

neurogenniho plicniho edému.

12. Prispévek k diskuzi o neurogennim plicnim edému formulaci vlastni
hypotézy o etiopatogenetickém mechanismu nizkého stupné anestezie na rozvoj
neurogenniho plicniho edému

Podkladem nastoleni této diskuse je zjisténi zcela zdsadniho vyznamu stupné isofluranové
anestezie na rozvoj neurogenniho plicniho edému (viz teze €. 1). Z tohoto divodu povaZzujeme
za naprosto kli¢ovou i diskusi o plisobeni ostatnich anestetik na rozvoj neurogenniho plicniho
edému, coz miize mit zasadni dopad v klinické mediciné, napt. v piipadé neurochirurgickych
operaci. Zevrubna diskuse na toto téma je v publikaci 7. Prace, vychézejici z nasi laboratofe
(Bencze et al.,, 2013) ukazala zasadné odlisSnou roli jednotlivich typli anestezie na

hemodynamické parametry, coZ miiZe ovliviiovat i rozvoj neurogenniho plicniho edému.

13. Prezentace problematiky neurogenniho plicniho edému odbornikiim v CR
formou prehledového ¢lanku a monografie.

Ukazuje se, Ze v domécim odborném pisemnictvi je stéle problematika neurogenniho plicniho
edému publikovana velmi ziidka. Dle dostupnych tdajé eviduje autor k 20. 7. 2017 vCR
pouze 12 odbornych ¢élankt dotykajicich se problematiky neurogenniho plicnitho edému,
pri¢emz zadny z nich (s vyjimkou ¢lanku autora) se nezabyva vyluéné touto problematikou.
To je vysoce disproporcéni ve srovnani s 597 publikacemi vénovanymi této problematice

v databazi PubMed (www.pubmed.gov), nalezenymi zde ke stejnému datu. I tak jsou vSak

tato ¢isla, vzhledem ke klinické zdvaznosti a zejména (na pomeéry lékaiské védy 21. stoleti)
extrémné vysoké mortalité této klinické jednotky, velmi mal4. Situace je o to horsi, Ze drtiva
vét§ina odbornych praci (cca 80 %) jsou pouze kazuistiky, pfipadné soubory nékolika
kazuistik. Podil experimentalnich praci je tradi¢né velmi nizky (do 4 %). N&§ prispévek v
podobé piehledového ¢lanku v tradi¢ni platformé éeskych 1ékati, Casopisu lékaiti ¢eskych
(publikace 12) a vydani monografie v ¢eském jazyce (publikace 13) tak muZe pomoci ke
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zlepSeni informovanosti odborné vefejnosti v Ceské republice o této zdvazné komplikaci. Do
budoucna rovnéz planujeme i) zpracovani této problematiky formou samostatné monografie
v zahrani¢i (v anglickém jazyce na toto téma monografie neni) a ii) zpracovani piehledového
¢lanku spolecné s veterindrnimi lékati, nebot znalost této problematiky u veterinarnich
1ékaii v CR je nedostate¢na a terminologie neni optimalni (osobni korespondence — odb. as.
MVDr. Toméas Fichtel, Ph.D., Klinika chorob psii a koc¢ek, Fakulta veterinarniho lékarstvi,
VFU, Brno).
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Low Concentration of Isoflurane Promotes the Development
of Neurogenic Pulmonary Edema in Spinal Cord Injured Rats

JIRI SEDY,!?3 LUCIA URDZIKOVA,' KATARINA LIKAVCANOVA,!
ALES HEJCL,2 MARTIN BURIAN,>* PAVLA JENDELOVA,'>* JOSEF ZICHA,>¢
JAROSLAV KUNES,56 and EVA SYKOVA!23

ABSTRACT

Anesthetics can either promote or inhibit the development of neurogenic pulmonary edema (NPE)
after central nervous system (CNS) injury. The influence of isoflurane was examined in male Wis-
tar rats using 1.5%, 2%, 2.5%, 3%, 4%, or 5% isoflurane in air. Epidural balloon compression of
the thoracic spinal cord was performed. The development of NPE was examined ir vivo and on his-
tologic sections of lung tissue. Animals anesthetized with 1.5% or 3% isoflurane were behaviorally
monitored using the BBB and plantar tests for 7 weeks post-injury. The spinal cord was examined
using MRI and morphometry of the spared white and gray matter. All animals from the 1.5% and
2% groups developed NPE. Almost 42% of the animals in the 1.5% group died of severe pulmonary
hemorrhage and suffocation; x-rays, the pulmonary index, and the histological picture revealed a
massive NPE. More than 71% of the animals from the 2.5% and 3% groups did not develop any
signs of NPE. Blood pressure after spinal cord compression rose more in the 1.5% group than in
the 3% one. In the 1.5% group, the sympathetic ganglionic blockade prevented the neurogenic pul-
monary edema development. Animals from the 3% group recovered behaviorally more rapidly than
did the animals from the 1.5% group; morphometry and MRI of the lesions showed no differences.
Thus, low levels of isoflurane anesthesia promote NPE in rats with a compressed spinal cord and
significantly complicates their recovery. The optimal concentration of anesthesia for performing a
spinal cord compression lesion is 2.5-3% isoflurane in air.

Key words: blood pressure; isoflurane; lesion; neurogenic pulmonary edema; rat; spinal cord injury

INTRODUCTION spinal cord or brain injuries (Urdaneta and Layon, 2003).

Neurogenic pulmonary edema is an acute life-threaten-

ESPIRATORY COMPLICATIONS are still an important co-  ing complication following spinal cord or brain injury. It
factor of morbidity and mortality in patients with is characterized by marked pulmonary vascular conges-

Nnstitute of Experimental Medicine, ASCR, Prague, Czech Republic.

2Center for Cell Therapy and Tissue Repair, Second Faculty of Medicine, Charles University, Prague, Czech Republic.

3Department of Neuroscience, Second Faculty of Medicine, Charles University, Prague, Czech Republic.

4Magnetic Resonance Unit, Radiology Department, Institute for Clinical and Experimental Medicine, Prague, Czech Re-
public.

SInstitute of Physiology, ASCR, Prague, Czech Republic.

6Center for Cardiovascular Research, Prague, Czech Republic.

1487



SEDY ET AL.

tion, extravasation of protein-rich edema fluid and in-
traalveolar hemorrhage (Kandatsu et al., 2005; Kondo et
al., 2004; Leal Filho et al., 2005a,b).

Epidemiological data of neurogenic pulmonary
edema are scarce; its morbidity in patients with severe
central nervous system (CNS) injury has been reported
to be 40-50% and its mortality around 9% (Fontes et
al., 2003; Dragosavac et al., 1997; Antoniuk et al.,
2001). To date, several data on the neurogenic pul-
monary edema in spinal cord injured patients has been
reported (Karlsson, 2006; Stocker and Burgi, 1998;
Troll and Dohrmann, 1975; Tsao et al., 1999). How-
ever, a comprehensive epidemiological study, system-
atically examining the occurence of neurogenic pul-
monary edema in spinal cord injured patients is still
lacking.

Many pathophysiological mechanisms have been im-
plicated in the development of neurogenic pulmonary
edema, but the exact cascade leading to its development
is still unclear (Leah Filho et al., 2005a,b). Both the re-
lease of vasoactive substances and a severe transient sym-
pathetic discharge are thought to participate in this
process (Taoka and Okajima, 1998; Urdaneta et al.,
2003). These processes lead to the constriction of the pul-
monary veins, an increase in pulmonary capillary hydro-
static pressure, damage to the alveolar wall, and the leak-
age of fluid into the intraalveolar space (Fontes et al.,
2003).

Several authors have reported that different anesthetic
drugs either promote or inhibit the development of neu-
rogenic pulmonary edema in spinal cord or brain injured
rats (Leah Filho, 2005a,b; Mesquita et al., 2002; Pandey
et al., 2000). The influence of ketamine, xylazine and
pentobarbital on the development of neurogenic pul-
monary edema has been shown previously (Leah Filho,
2005a,b; Mesquita et al., 2002; Pandey et al., 2000).
However, the possible role of isoflurane, one of the most
prevalent anesthetics used in experimental spinal cord in-
jury has not yet been examined in detail.

In preliminary experiments, we observed that some an-
imals were dying due to bleeding from the airways and
suffocation during balloon-induced spinal cord compres-
sion, when using lower levels of isoflurane anesthesia.
To evaluate whether the anesthesia levels or other fac-
tors are responsible for such reactions, we undertook a
comprehensive study of different doses of anesthesia us-
ing the balloon compression lesion model (Vanicky et
al., 2001). In addition, we monitored blood pressure, heart
rate, the level of functional recovery and spinal cord tis-
sue sparing in animals with or without neurogenic pul-
monary edema. To demonstrate the role of the sympa-
thetic nervous system, we also studied blood pressure and

heart rate in animals anesthetized by 1.5% isoflurane that
were subjected to ganglionic blockade by pentolinium
prior to balloon inflation.

METHODS

Animals

We used 148 male Wistar rats (Velaz, Prague, Czech
Republic) with body weights of 300-330 g. This study
was performed in accordance with the European Com-
munities Council Directive of 24th of November 1986
(86/609/EEC) regarding the use of animals in research and
was approved by the Ethics Committee of the Institute of
Experimental Medicine ASCR, Prague, Czech Republic.

Design of the Study

In preliminary experiments, we determined the mini-
mum safe concentration of isoflurane anesthesia, under
which no corneal, tail pinch or interdigital toe reflexes
occur, to be 1.5% isoflurane in air (flow of anesthetic
mixture was 300 mL/min).

In the first part of our study, animals were anesthetized
with 1.5% (n = 12), 2% (n = 12), 2.5% (n = 12), 3%
(n=16), 4% (n = 3), or 5% (n = 3) isoflurane in air,
and a spinal cord balloon compression lesion was made
(Fig. 1). Animals were sacrificed 10 min after lesioning,
and the grade of neurogenic pulmonary edema was eval-
uated using macroscopic visual examination of sub-
pleural bleeding, the p-index (lung weight/body weight),
and histological examination of lung tissue sections. Rou-
tine paraffin embedding and hematoxylin-eosin staining
of the spinal cord lesion sites were performed. In an ad-
ditional 10 animals (two from each of the 1.5%, 2%,
2.5%, 3%, and control groups), in vivo X-ray examina-
tion was performed. Moreover, blood pressure and heart
rate were monitored in animals from the 3% (n = 6) and
1.5% (n = 6) groups. Controls were healthy noninjured
animals, sacrificed immediately after the induction of
anesthesia. To make sure that the observed pulmonary
edema was “neurogenic,” we anesthetized 3 animals from
each group with isoflurane (1.5%, 2%, 2.5%, or 3%) for
40 min, while no surgery was performed, and then ex-
amined their lungs.

In the second part of the study, we evaluated the level
of functional recovery and spinal cord tissue sparing in
animals with (1.5% group) or without (3% group) neu-
rogenic pulmonary edema for 7 weeks following a bal-
loon compression lesion. On the second day after the in-
jury, in vivo MR images of the injured spinal cord were
taken to verify the lesion procedure (Fig. 1). Animals
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FIG. 1.

Balloon compression lesion. (A) Schematic drawing of the injury procedure. The insertion site of the balloon is marked

by two arrows on the right; the part of the spinal cord used for morphometric analysis is marked by the left arrow. (B) Sagittal
magnetic resonance image of a spinal cord in which a balloon compression lesion (arrowhead) was performed one day earlier.
Arrow, site of insertion of the catheter. (C) Hematoxylin-eosin-stained tissue section of a balloon compression spinal cord lesion.

were behaviorally tested using the Basso-Beattie-Bres-
nahan (BBB) locomotor test and the plantar test 24 h post-
injury and then once per week. In addition, post mortem
morphometric analysis of the volume of the spared white
and gray matter was performed.

Balloon-Induced Spinal Cord Injury

After the induction of anesthesia with 5% isoflurane
in room air (flow 300 mL/min), animals were maintained
in 1.5%, 2%, 2.5%, 3%, 4%, or 5% isoflurane anesthe-
sia (flow 300 mL/min) via a face mask throughout the
operation. All animals were heated to 37°C, and their
body temperature was measured by a rectal thermometer
to standardize the procedure and to exclude the influence

of hypo- or hyperthermia (Cambria et al., 1997;
Urdzikovd and Vanicky, 2006). For spinal cord injury,
we used the model of an epidural balloon compression
lesion, as described in detail previously (Vanicky et al.,
2001). Briefly, under aseptic conditions, a 2-cm median
skin incision at the Th10-L1 level was made. The dorsal
muscles were shifted laterally, and the Th10 and Thl1
spinous processes were removed. A hole was drilled into
the Th10 lamina with a dental drill. Then, a 2-F French
Fogarthy catheter (Baxter Healthcare Corporation, Irvine,
CA) was filled with distilled water and connected to a
50-wL. Hamilton syringe and inserted into the dorsal
epidural space 10 mm rostrally, to reach the Th8-Th9
spinal level (Fig. 1). The balloon was rapidly inflated
with 15 uL of distilled water for 5 min, using a micro-
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manipulator. Subsequently, the balloon was deflated and
removed. Soft tissues and the skin were sutured.

To verify the injury procedure, the balloon was inflated
before and immediately after the injury procedure to con-
firm the inflation of the balloon in the spinal channel.
The inflation of a balloon to 15 pL in the spinal channel
produces an incomplete lesion, so after 7 weeks, the
hindlimbs of the animals are able to support body weight
and occasionally forelimb-hindlimb coordination is ob-
served. This state corresponds to a BBB score of 9-11 at
7 weeks post-injury.

Evaluation of Neurogenic Pulmonary Edema

In the first part of the study, animals were sacrificed
10 min after the removal of the catheter; the lungs were
immediately removed and weighed. Subsequently, se-
lected organs (brain, heart, thymus, liver, intestine, kid-
ney, spleen, and urinary bladder) were dissected to de-
tect other possible sites of hemorrhage or other pathologic
changes. In all cases, a mild hematoma, maximally 1 mm
in diameter, was found in the hilus area due to the ma-
nipulation of the pulmonary vessels during lung removal
(not taken into further account). The level of pulmonary
subpleural bleeding was evaluated macroscopically as
“Absent” (no bleeding on the lung surface), “Grade 1”
(small bleeding areas, occupying not more than 10% of
the lung surface), “Grade II"” (medium-sized bleeding ar-
eas, occupying 11-50% of the lung surface), and “Grade
IIT” (massive bleeding areas, occupying more than 50%
of the lung surface; Fig. 2). Each lung was evaluated sep-
arately. To estimate the liquid gain of the lungs, both
lungs were weighed, and the relative pulmonary weight
was calculated as the pulmonary index (lung weight/body
weight X 100), which has been previously considered to
be very sensitive to the degree of pulmonary edema (Leal
Filho et al., 2005a,b; Mesquita et al., 2002; Minnear and
Connel, 1982). The lungs were immediately fixed in 4%
paraformaldehyde in phosphate buffer (pH 7.4) for 2
days, embedded in paraffin and stained with hematoxylin
and eosin. Five-micron sections were cut, and the thick-
ness of the alveolar walls measured using Neurolucida
software (MicroBrightField, Inc.). From each lung, three
sections (from the inferior, middle, and superior parts of
the lung) were taken, an d all alveolar wall thicknesses
in one representative field from each section were mea-
sured. A representative field was defined as a site in the
non-subpleural lung parenchyma, without any large ves-
sel or bronchus, outside of the hilus region.

Measurement of Blood Pressure and Heart
Rate Changes

Systolic, diastolic and mean arterial blood pressure, to-
gether with heart rate, were monitored in animals from

the 3% and 1.5% groups using a PowerLab system (AD
Instruments, Colorado Springs). Under isoflurane anes-
thesia, a catheter was inserted into the left carotid artery,
exteriorized in the interscapular region, the animal put
into a prone position and a balloon compression lesion
performed. The systolic, diastolic, and mean arterial pres-
sure (mm Hg), together with heart rate (bpm), were mon-
itored for 5 min before the procedure, throughout the en-
tire procedure and for 5 min after the procedure. The
values obtained were (1) the baseline value, (2) the value
during the skin incision (minimum), (3) the value during
the muscle incision (minimum), (4) the value during the
inflation of the balloon (maximum), (5) the value of in-
flated balloon (2-min interval from the beginning of in-
flation), and (6) the value after 5 min of recovery.

Ganglionic Blockade

To eliminate the influence of the sympathetic nervous
system, we administered the ganglionic blocker pen-
tolinium (5 mg/kg i.v., Sigma) to five animals anes-
thetized with 1.5% isoflurane at 3 min before the balloon
inflation. Blood pressure and heart rate were monitored
as described above.

X-Ray Imaging

To analyze the extent of neurogenic pulmonary edema
in vivo, we used x-ray imaging employing the Image Sta-
tion In-Vivo FX System (Eastman Kodak Company). An-
imals were anesthetized with 1.5%, 2%, 2.5%, or 3%
isoflurane and a balloon compression lesion was made.
Before awakening from the anesthesia, pentobarbital (30
mg/kg) was injected, the animals were placed in the Im-
age Station, and routine x-ray images were taken (35
kVP, exposure time 5 min).

Postoperative Care

After the lesion procedure, the animals developed a
complete paraplegia for 2-3 days post-injury, followed
by a gradual recovery during 5 weeks after the injury.
The animals were housed in pairs, to reduce stress from
isolation, on a 12-h light-dark cycle with standard rat
chow and water ad libitum. After lesioning, manual blad-
der expression was performed. Generally, the expression
of the bladder was performed twice a day during the early
postoperative period. With the improvement of the ani-
mal’s condition, it was performed once a day until the
end of the second week, by which time a reflex bladder
was usually established.

Behavioral Testing of Animals

All animals included in the second part of the study
were allowed to survive for 7 weeks post-injury.
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FIG. 2. The grading of subpleural hematoma (absent, grade I, I1, IIT) and histological examination of lung tissue. (A—C) The
absence of subpleural bleeding. The histology (C) corresponds to that of normal lungs. (D-F) Grade 1 subpleural bleeding in
which no more than 10% of the lung surface is affected, with small hemorrhagic areas. The thickness of the alveolar wall indi-
cates the beginning of interstitial edema (arrowheads in F), and occasional erythrocyte extravasation can be seen. (G-I) Grade 11
subpleural bleeding in which 11-50% of the lung surface is affected. Histology (I) reveals a thickening of the alveolar walls (ar-
rowheads in I), and bleeding is apparent. (J-L) Grade I subpleural bleeding in which more than 51% of the lung surface is af-
fected. A massive thickening of the alveolar wall (arrowheads in L), interstitial and intraalveolar edema (arrows in L), and a mas-

sive extravasation of erythrocytes are visible.

Hindlimb performance was evaluated using the BBB
open field locomotor test developed by Basso et al.
(1995). Sensation in the hindlimbs was determined ac-
cording to the latency (in seconds) of hindlimb with-
drawal from thermal stimulation using the plantar test

(Ugo Basil, Comerio, Italy), as described previously
(Sykovi et al., 2005: Urdzikovi et al., 2006). Two ob-
servers performed the BBB and plantar tests before in-
jury, at 24 h after injury, and then once a week through-
out the survival period.
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Histological Procedures and Assessment of Spinal
Tissue Sparing

For routine hematoxylin-eosin staining, a 3-cm-long
segment of spinal cord containing the lesioned site was
dissected, put into 4% paraformaldehyde in phosphate
buffer (pH 7.4) for at least 2 days, embedded in paraffin,
cut into 30-um-thick sections, stained with hematoxylin
and eosin and mounted.

At 7 weeks post-injury, animals were deeply anes-
thetized with chloral hydrate (400 mg/kg), and animals
were transcardially perfused with saline, followed by 4%
paraformaldehyde in phosphate buffer (pH 7.4). The en-
tire spinal cord was left in the spinal canal overnight, and
then carefully removed and postfixed in the same fixa-
tive and stored at 4°C until further processing. A 2-cm-
long segment of the spinal cord containing the lesioned
site was dissected and embedded in paraffin. The whole
segment was serially cut, and series of 20 sections (thick-
ness 5 pum) were collected (2 mm distance between in-
dividual sections). The sections were stained with Luxol
Fast Blue and Cresyl Violet. We used these stains to fa-
cilitate the discrimination between gray and white mat-
ter at low magnifications. Every section was imaged us-
ing a digital camera; high resolution images were used
to delineate the spared white and gray matter, and their
areas were measured using the image analysis software
Neurolucida (MicroBrightField, Inc.) For statistical
analysis, 13 lesion-centered sections were used from each
spinal cord. The volume of the spared tissue in this 11
mm long segment was calculated as the sum of cross-
sectional areas multiplied by the distance between them
(Vanicky et al., 2001).

Magnetic Resonance Imaging

To verify the injury procedure and to evaluate the le-
sion development, we performed magnetic resonance
(MR) imaging of the lesion site 1 day after injury (Fig.
1). Spinal cords were scanned in vivo on an MR spec-
trometer (Bruker Biospec 47/20, 4.7 Tesla, 20 cm room
temperature bore) equipped with 200 mT/m gradient sys-
tem and a home-made quasi TEM mode operating mi-
crostrip surface coil for spinal cord imaging (Burian and
Hajek, 2004). Sagittal images (matrix 512 X 160, FOV
10 X 3 cm, slice thickness 0.5 mm, contiguous slices,
TE/TR 70/2500 msec) and axial images (matrix 256 X
128, FOV 4 X 2 cm, slice thickness 0.5 mm, slice gap 0.5
mm, TE/TR = 70/2800 msec) were acquired using an or-
dinary RARE sequence with the RARE factor equal to 8.

Statistical Analysis

The mean p-index of each group, the thickness of the
alveolar wall as well as blood pressure and heart rate val-

ues are reported as mean = SEM. Intergroup differences
were analyzed using a non-paired Student’s #-test. In in-
dividual animals, BBB scores were averaged across
hindlimbs, and intergroup differences were analysed us-
ing the non-parametric Kruskall-Wallis and Mann-Whit-
ney U-tests. Morphometric measurements were used to
construct plots of consecutive cross-sectional areas of the
spared tissue at individual levels of the spinal cord ros-
tral and caudal to the epicenter. The differences at each
level were analyzed using the Kruskall-Wallis and Mann-
Whitney U-tests. Body weights at individual survival
time points and the calculated volumes of the spared tis-
sue within the 11-mm-long segments were compared by
a non-paired Student’s t-test. Statistically significant dif-
ferences (p < 0.05) are marked in figures and tables by
asterisks.

RESULTS

Spinal Cord Injury

The spinal cord lesioning procedure was performed in
all animals without any unexpected complications. The
inflation of the balloon was accompanied by skeletal
muscle contractions in all cases, which was considered
as a normal reaction to injury and was in accordance with
our previous observations (Sykova et al., 2005, 2006a;
Urdzikova et al., 20006).

Respiratory failure, accompanying spinal cord com-
pression, followed the onset of the injury procedure in
30% of cases (37 of 124 operated animals), indepen-
dently of the concentration of isoflurane anesthesia used.
The duration of respiratory arrest ranged from 5 to 40
sec, with a mean duration of 21.56 % 9.11 sec. Although
all the animals were subjected to an autopsy, no hemor-
rhage in any other examined organ (brain, heart, thymus,
liver, intestine, kidney, spleen, and urinary bladder) was
found.

According to our results, we divided the animals into
a “low isoflurane group” (1.5-2% isoflurane), in which
all animals developed neurogenic pulmonary edema, a
“medium isoflurane group” (2.5-3% isoflurane), with a
very low occurrence of neurogenic pulmonary edema,
and a “high isoflurane group” (more than 4% isoflurane),
in which all animals died due to anesthesia overdose
(Table 1).

Neurogenic Pulmonary Edema in Groups
Anesthetized with a Low Concentration
of Isoflurane

All animals anesthetized with a low concentration of
isoflurane (1.5% and 2% groups) developed neurogenic

1492



PULMONARY EDEMA IN SPINAL CORD INJURED RAT

TaABLE 1. IMPAIRMENT OF LUNG FuNcTION AFTER SPINAL CORD INJURY IN ANIMALS ANESTHETIZED
witH 1.5%, 2%, 2.5%, 3%, 4%, OrR 5% IsOFLURANE AND CONTROL GROUPS

Absent Grade I Grade 1T Grade 11T Died
Isoflurane N (% of 2N) (% of 2N) (% of 2N) (% of 2N) p-index (% of 2N)
1.5% 12 — — 1 23 0.92 £ 0.18%* 5
(4.17%) (95.83%) (41.67%)
2% 12 —_ 3 7 14 0.74 £ 0.11* —
(12.50%) (29.17%) (58.33%)
2.5% 12 15 6 3 —_ 0.51 = 0.06 —_
(62.50%) (25.00%) (12.50%)
3% 16 26 4 2 — 0.50 = 0.06 —
(81.25%) (12.50%) (6.25%)
4% 3 6 — — — 0.48 = 0.01 3
(100.00%) (100.00%)
5% 3 6 — — — 0.47 = 0.02 3
(100.00%) (100.00%)
Control 12 24 — — —_ 0.45 = 0.02 —
(100.00%)

The absence or presence of subpleural bleeding (evaluated as Grade [-III) in different groups (the total number of lungs in each
group; the right and left lung were considered separately—and the percentage of all lungs in the corresponding group).

*A significant elevation (p = 0.05) of the p-index (mean values = SEM [standard error of the mean]).

The occurrence of death is shown as the total number of deaths in each group and as the percentage of all animals in the group.
Control animals are animals without spinal cord injury, sacrificed immediately after the onset of anesthesia. N, number of rats; 2N,

number of lungs.

pulmonary edema. Pulmonary subpleural bleeding de-
veloped in all animals anesthetized with 1.5% or 2%
isoflurane. In 77% of lungs, Grade III subpleural bleed-
ing was present. In the remaining lungs, either Grade II
(17%) or Grade I (6%) subleural bleeding occurred
(Table 1, Figs. 2 and 3). In these animals, the pulmonary
index differed significantly from controls: in the 2%
isoflurane group, it was 64% higher in comparison with
animals from the control group (p = 0.0000005), while
in the 1.5% group it was even higher, at 101% (p =
0.0000008).

Five of 12 animals (42%) in the 1.5% group died in
7.50 = 3.15 min (range from 5 to 12 minutes) after the
beginning of balloon inflation (Table 1). A few minutes
before death, their breathing frequency started to increase
slowly, and they began to develop a so-called “death rat-
tle.” Subsequently, their ventilation stopped and after
several seconds, gaseous blood came out of their noses,
followed by the cessation of their heart beat. In contrast,
no animal from the 2% group died (Table 1).

Microscopic examination of the lungs showed that
lower concentrations of isoflurane caused edema of the
alveolar membrane, perforation of thin capillary walls,
massive bleeding and the leakage of intravascular fluid
into the alveoli. The combination of interstitial and in-
traalveolar leakage of transsudate with intraparenchymal
hemorrhage, consequent to spinal cord injury, was con-

sidered as the picture of neurogenic pulmonary edema
(Figs. 2 and 3). In the 1.5% group, the thickness of the
alveolar membrane was 264% larger in comparison with
controls, in the 2% group, 199% larger than in controls
(p = 0.0004 and p = 0.006, respectively; Table 2). In ad-
dition, in vive x-ray imaging showed diffuse hyperinten-
sive infiltrates in both lungs, mainly around the hilus re-
gions (Fig. 3). Thus, lower concentrations of isoflurane
are causative for the development of massive neurogenic
pulmonary edema in spinal cord injured rats.

Neurogenic Pulmonary Edema in Groups
Anesthetized with a Medium Concentration
of Isoflurane

More than 28% of animals anesthetized with a medium
concentration of isoflurane in air (2.5% and 3% groups)
developed lung hemorrhage, but none of these cases were
Grade II or III, and in 72% of cases no subpleural
hematoma was present (Table 1, Figs. 2 and 3). In addi-
tion, the pulmonary index values were slightly higher in
both the 2.5% and 3% groups in comparison with con-
trols (Table 1), but these differences did not reach sta-
tistical significance (p = 0.07 and p = 0.06, respec-
tively).

Macroscopic evaluation of the occurrence of sub-
pleural bleeding showed that animals anesthetized with
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3% isoflurane developed neurogenic pulmonary edema
less frequently than did animals from the 2.5% group: the
difference in the occurrence of subpleural bleeding was
almost 20% (19% in the 3% group vs. 38% in the 2.5%
group; Table 1). However, the pulmonary index of both
groups was comparable (0.50 vs. 0.51), and the differ-
ence between both groups and controls did not reach sta-
tistical significance (p = 0.06 and p = 0.07, respectively;
Table 1).

Histological examination of animals anesthetized with
a medium concentration of isoflurane showed almost nor-

FIG. 3. Neurogenic pulmonary edema in groups anesthetized
with 1.5%, 2%, 2.5%, or 3% isoflurane. (A) Histology showing
a massive neurogenic pulmonary edema with a thickening of the
alveolar walls, interstitial edema, and massive bleeding in a rat
anestetized with 1.5% isoflurane. (B) X-ray image showing a dif-
fuse shadow in both lungs, mainly around the hilus regions, in-
dicative of neurogenic pulmonary edema in a rat anesthetized
with 1.5% isoflurane. (C) Histology showing a developed neu-
rogenic pulmonary edema with a thickening of the alveolar walls
and occasional bleeding areas in a rat anesthetized with 2% isoflu-
rane. (D) X-ray image showing a diffuse shadow in both lungs,
mainly around the hilus regions, indicative of neurogenic pul-
monary edema in a rat anesthetized with 2% isoflurane. (E) Oc-
casional bleeding areas without evident pulmonary edema in a
rat anesthetized with 2.5% isoflurane. (F) X-ray image of normal
lungs in a rat anesthetized with 2.5% isoflurane. (G) Occasional
bleeding areas without evident pulmonary edema in a rat anes-
thetized with 3% isoflurane. (H) X-ray image of normal lungs in
a rat anesthetized with 3% isoflurane. (I) Histology of the lungs
of a control animal. (J) X-ray image of normal lungs in a con-
trol animal.

_—
-

mal lung tissue, with a slightly increased thickness of the
alveolar walls and limited extravasation of blood ele-
ments (Figs. 2 and 3). In the 2.5% group, the thickness
was 30% larger and in the 3% group only 18% larger in
comparison with controls (Table 2). Thus, only in the
2.5% group did the difference in alveolar wall thickness
reach statistical significance (p = 0.03). In vivo x-ray
examination showed lungs that were comparable to con-
trols (Fig. 3). Thus, lesioned animals anesthetized with
medium concentrations of isoflurane developed only a
very low level of neurogenic pulmonary edema. In addi-
tion, 3% isoflurane can be considered as the safest con-
centration to use for balloon compression spinal cord le-
sioning.

Neurogenic Pulmonary Edema in Groups
Anesthetized with a High Concentration
of Isoflurane

All animals from the high anesthesia groups (4% or
5% isoflurane) died due to an overdose of anesthesia
(Table 1). Animals from the 4% isoflurane group died in
15.33 = 2.81 min and animals from the 5% group in
6.33 * 2.52 min after the onset of anesthesia. There were
no rattle or seizures present in these animals. Their breath-
ing rate slowly decreased until it stopped. Post mortem
examination of their lungs revealed no macroscopic or
microscopic signs of neurogenic pulmonary edema (Ta-
bles 1 and 2, Fig. 2). In all cases, subpleural bleeding did
not occur, and the mean pulmonary indexes were com-
parable with control animals (Table 1).
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TABLE 2. THICKNESS OF THE ALVEOLAR WALL (uM) IN
THE LUNGS OF ANIMALS WITH SPINAL CoOrD INJURY
ANESTHETIZED WITH 1.5%, 2%, 2.5%, 3%, 4%, OR 5%
ISOFLURANE AND CONTROL GROUPS

Group Thickness of alveolar wall (pm)
1.5% 119.78 * 32.30*
2% 98.30 = 39.24*
2.5% 42.69 * 21.00%
3% 38.67 = 18.54
4% 38.00 = 12.06
5% 28.57 £ 11.02
Control 32.89 = 12.50

*Statistical significance is denoted by an asterisk (¥*p < 0.05).
Control animals are animals without spinal cord injury, sacri-
fied immediately after the onset of anesthesia.

No Pulmonary Edema in Rats
without Spinal Cord Injury

We observed no signs of subpleural bleeding or pul-
monary edema in animals without injury anesthetized for
40 min with 1.5%, 2%, 2.5%, or 3% isoflurane. No ani-
mal from any of these group showed the presence of sub-
pleural bleeding (in every animal it was graded as Ab-
sent) or a significantly elevated p-index (0.45 = 0.01 in
the 1.5% group; 0.44 = 0.02 in the 2% group; 0.49 =
0.06 in the 2.5% group and 0.44 = 0.02 in the 3% group).
X-ray images, histological examination of lung tissue and
the mean thickness of the alveolar wall were also normal
(data not shown). No animal died.

The Grade of Subpleural Bleeding Corresponds
to Edema Level

When we measured the thicknesses of the alveolar
walls in different grades of subpleural bleeding (Absent,
Grade I, Grade 11, and Grade III), we found a correlation
between subpleural bleeding level and alveolar wall
thickness (Table 3, Fig. 2). When subpleural bleeding
was absent, the average thickness of the alveolar wall was
comparable with that of controls. In Grade I, the thick-
ness was 81% greater than in controls (p = 0.003), in
Grade II it was 105% greater (p = 0.0007) and in Grade
II1, 271% greater (p = 0.00002; Table 3). In addition, we
observed an increase in blood cell numbers and the
amount of interalveolar edema fluid with increasing
grade of subpleural bleeding (Fig. 2).

Major Increase of Blood Pressure and Decrease
of Heart Rate Associated with Pulmonary Edema

The baseline values of mean arterial pressure and heart
rate differed significantly between animals with and with-

out neurogenic pulmonary edema (Table 4). The spinal
cord injury procedure increased systolic and diastolic
pressure in all animals, both with and without NPE. Af-
ter an initial decrease of heart rate and blood pressure at
the beginning of the surgical approach (during the mus-
cle incision, the removal of spinous processes and the
drilling of a hole into the vertebra), a rapid increase in
both systolic and diastolic pressure followed the inflation
of the balloon (Fig. 6, Table 4).

The mean arterial pressure decreased during the skin
and muscle incisions, but rose over the baseline values
during the spinal cord injury. After SCI, the mean arter-
ial pressure decreased again under the baseline values
(Table 4). Rats from the 1.5% isoflurane group exhibiting
the presence of severe neurogenic pulmonary edema (p-
index = 0.72 = 0.13; subpleural bleeding absent) had sig-
nificantly higher values of mean arterial pressure before,
during, and after the procedure (Table 4) than rats from
the 3% group without neurogenic pulmonary edema (p-
index = 0.41 = 0.05; subpleural bleeding grade II or III).
The difference in mean arterial pressure between the 1.5%
and 3% groups ranged from 5% (during the muscle inci-
sion) to 30% (during the 2-min period after balloon infla-
tion). The maximal values of mean arterial pressure were
observed after the inflation of the balloon. During the en-
tire surgical procedure, the differences of the blood pres-
sure readings from baseline values were greater in animals
from the 1.5% group, indicating their greater sensitivity
to all the procedures. Thus, higher values of mean arter-
ial pressure predispose an animal to develop neurogenic
pulmonary edema. Heart rate was higher in the 1.5% than
in the 3% group unless the balloon was inflated in the
epidural space. The major blood pressure rise in the 1.5%
group was accompanied by a considerable fall in heart
rate, but this was not observed in the 3% group (Table 4).

During blood pressure and heart rate monitoring, one
animal from the 1.5% group died of neurogenic pul-

TaBLE 3. THICKNESS OF THE ALVEOLAR WALL (M)
IN THE ABSENCE OR PRESENCE OF SUBPLEURAL
BLEEDING, EVALUATED As GRrADE I-III IN
ANIMALS WITH BALLOON COMPRESSION LESION

Hemorrhage Thickness of alveolar wall (pm)

Absent 33.24 = 12.53
Grade 1 59.66 = 21.70%
Grade I1 67.34 = 21.60%
Grade 111 122.06 = 30.87*
Control 32.89 = 12.50

*Statistical significance is denoted by an asterisk (¥*p < 0.05).
Control animals are animals without spinal cord injury, sacri-
fied immediately after the onset of anesthesia.
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TaBLE 4. BASELINE MEAN ARTERIAL PRESSURE AND HEART RATE VALUES AS WELL AS THE
VALUES FOUND AFTER PARTICULAR SURGICAL PROCEDURES IN THE 1.5% AND
3% GROUPS DURING THE PERFORMANCE OF A BALLOON COMPRESSION LESION

3% group

1.5% group 1.5% group—pentolinium

Mean arterial pressure (mm Hg)

Baseline values 78 £ 9
Skin incision 73 £ 8%
(—=6%)
Muscle incision 55 = 3%
(—29%)
Pentolinium injection —
Balloon inflation, maximum 127 £ 20%
(+63%)
Balloon inflation, 2 min 97 £ 15%
(+24%)
Recovery 60 = 6%
(—23%)
Heart rate (bpm)
Baseline values 380 = 27
Skin incision 383 = 24
(+1%)
Muscle incision 355 = 19*
(7%)
Pentolinium injection -
Balloon inflation, maximum 359 + 32
(—6%)
Balloon inflation, 2 min 378 = 16
(—1%)
Recovery 341 = 30%
(—10%)

93 + 137 97 + 3F
85 = 117 77 + 9%
(—9%) (—21%)
58 =+ 3=t 66 = 1%t
(—38%) (—32%)

— 55 + 3%
(—43%)
155 + 21%F 75 + 10%t
(+67%) (—3%)
126 + 21t 67 + 8+t
(+35%) (—31%)
77 + 18%F 55 + 4%
(—17%) (—43%)
433 + 397 402 + 26
430 + 317 438 + 23T
(—1%) (+9%)
396 + 30%F 425 + 34%
(9%) (6%)
— 313 + 40%
(—22%)
283 + 73% 386 + 48
(—=35%) (—4%)
327 + 48F 370 *+ 47
(—25%) (—8%)
357 + 38% 317 + 47%F
(—18%) (—21%)

*Statistically significant (paired Student’s #-test, p << 0.05) in-group differences in comparison to baseline values are marked with

an asterisk.

Significant (non-paired Student’s ¢-test, p < 0.05) differences from the 3% group are marked with a dagger.
Relative changes from baseline values are shown in parentheses.

monary edema. Although its baseline mean arterial pres-
sure (88 mm Hg) was essentially average for our study
(the range in the 1.5% group was 67-105 mm Hg), its
heart rate (472 bpm) was the highest observed in our
study (the range of the other animals in the 1.5% group
was 377-463 bpm). During the entire procedure, the an-
imal’s blood pressure and heart rate were within the range
of the other animals: even the maximum value of mean
arterial pressure observed while the balloon was inflated
in the spinal channel (167 mm Hg) was not the highest
in the 1.5% group (two animals reached 170 mm Hg).
The animal’s heart rate and blood pressure started to de-
crease towards the typical values seen in the 1.5% group
approximately 4 min after the inflation of the balloon.
The animal died during the second minute after the de-
flation of the balloon.

Ganglionic Blockade Prevents Blood Pressure
Rise and Pulmonary Edema Development

The acute inhibition of the sympathetic nervous sys-
tem abolished the blood pressure rise induced by the
balloon compression procedure in rats from the 1.5%
isoflurane group. The heart rate response of these ani-
mals were comparable to the animals from the 3% group
(Fig. 6, Table 4). The p-index (0.42 % 0.01) indicted
the absence of pulmonary edema development, and no
subpleural bleeding was observed in animals from the
1.5% group following ganglion blockade. Thus, the
inhibition of the sympathetic system, induced by an in-
jection of pentolinium prior to the inflation of the bal-
loon, prevented the development of neurogenic pul-
monary edema.
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FIG. 4. Behavioral testing of rats with spinal cord injury anes-
thetized with 1.5% or 3% isoflurane. (A) Basso, Beattie, and Bres-
nahan (BBB) scores are significantly higher in rats anesthetized
with 3% (without neurogenic pulmonary edema) than in rats anes-
thetized with 1.5% isoflurane. (B) The sensitivity of the hindlimbs
is expressed by the latency of hindlimb withdrawal, which is sig-
nificantly shorter in rats anesthetized with 3% isoflurane.

Behavioral Outcome, Morphometric Analysis,
and Magnetic Resonance Imaging

All 24 animals (12 from the 1.5% group and 12 from
the 3% group) developed complete paraplegia after the
injury procedure, corresponding to a BBB score of 0-1.
Throughout the entire recovery period, animals from the
3% group recovered locomotor functions, as shown by
their BBB scores, faster than did the animals from the
1.5% group (Fig. 4). This difference reached statistical

significance two and three weeks after the injury (p =
0.04 at both time points; Fig. 4). It can also be noted that,
for example, the same BBB score achieved by animals
from the 3% group 14 days post-injury was reached by
animals from the 1.5% group on the 31st day post-
injury.

The recovery of sensory functions, estimated by the
plantar test, had a similar course (Fig. 4). After the sec-
ond week post-injury, the sensory functions of animals
from the 3% group recovered more rapidly than did the
sensory functions of animals from the 1.5% group. In the
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FIG. 5. Area (mm?) of the preserved gray and white matter
in the lesion site of animals with spinal cord injury anesthetized
with 1.5% or 3% isoflurane. Note that there are no significant
differences in the areas of preserved white or gray matter be-
tween the 1.5% and 3% groups.
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FIG. 6. The time course of blood pressure during the entire
surgical procedure, balloon compression, and recovery period
in animals from the 3% group (A), the 1.5% group (B), and the
1.5% group with ganglionic blockade (C). Arrow, inflation of
the balloon; arrowhead, pentolinium injection.

2"d and 3" weeks post-injury, the differences reached sta-
tistical significance (p = 0.04 and p = 0.02, respec-
tively). Thus, animals from the 3% isoflurane group re-
covered more rapidly than did animals from the 1.5%
isoflurane group. Interestingly, the difference in recov-
ery course was accentuated mainly during the second and
third weeks after injury, most likely due to the more im-
paired general health status of rats anesthetized with 1.5%
isoflurane.

Morphometric analysis of the volume of spared white
and gray matter in the lesion site revealed no significant
differences between the 1.5% and 3% groups (Fig. 5).
The lesions in both groups showed a hyperintense signal
on T2W images, indicating the lesion site and pseudo-

cystic cavities (Fig. 1). In vivo assessment of the lesioned
tissue revealed no major differences between the two
groups (data not shown). Thus, in this case the functional
effect of the injury did not correspond to its morpholog-
ical effect.

DISCUSSION

Our results showed that lower concentrations of isoflu-
rane anesthesia promote the development of neurogenic
pulmonary edema in spinal cord injured rats. In addition,
rats with neurogenic pulmonary edema had a worse neu-
rological outcome after the injury than did the rats with-
out edema, mainly during the second and third week af-
ter injury. However, a morphological analysis of the
volume of spared white and gray matter revealed no dif-
ferences between groups. For experiments involving
spinal cord injury, a concentration of 2.5-3% isoflurane
in air (flow 300 mL/min) would be optimal. The observed
differences between experimental groups indicate the ne-
cessity to keep the concentration of isoflurane constant
in all animals of all experimental groups throughout a
study. The presence or absence of subpleural bleeding
according to our criteria (Fig. 2) might be useful for eval-
uating the presence/absence of neurogenic pulmonary
edema.

Neurogenic pulmonary edema has been characterized
as interstitial and intraalveolar edema together with in-
traalveolar hemorrhage, developed as a result of severe
central nervous system injury (Fontes et al., 2003). These
conditions include spinal cord injury, subarachnoid he-
morrhage, primary spinal cord hemorrhage, brain trauma,
intracerebral bleeding, severe epileptic grand mal seizure,
intracranial tumor, or subdural hematoma (Fontes et al.,
2003; Dragosavac et al., 1997).

There are several theories regarding the pathogenesis
of neurogenic pulmonary edema (Dragosavac et al.,
1997; Fontes et al., 2003; Leal Filho et al., 2005a,b). The
most likely explanation is the severe systemic sympa-
thetic discharge, called the “catecholamine storm”
(Fontes et al., 2003; Taoka and Okajima, 1998; Urdaneta
et al., 2003). This theory proposes the activation of the
sympathetic centers in the medulla oblongata, leading to
generalized vasoconstriction, an increase in systemic
pressure and the augmentation of central blood volume.
A rapid increase in blood volume in the pulmonary vas-
cular bed leads to an increase in pulmonary capillary pres-
sure and an imbalance in the Starling forces. Finally, the
extravasation of intravascular fluid and microruptures of
the capillary wall cause pulmonary edema and intraalve-
olar bleeding (Fontes et al., 2003; Leal Filho et al.,
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2005a,b; Taoka and Okajima, 1998; Urdaneta et al.,
2003). The greater increase in blood pressure and de-
crease in heart rate as a result of spinal cord injury ob-
served in the animals anesthetized with lower concentra-
tions of isoflurane, accompanied by the development of
neurogenic pulmonary edema, support this assumption.
To demonstrate the importance of the sympathetic ner-
vous system, we inhibited its function by acute ganglionic
blockade (pentolinium). Our data clearly demonstrate
that neurogenic pulmonary edema does not develop in
the absence of sympathetic vasoconstriction.

The role of a sudden increase of intracranial pressure
in the development of neurogenic pulmonary edema
should also not be underestimated. In the majority of
clinical situations, in which neurogenic pulmonary
edema develops, a rapid increase of intracranial pressure
is the dominant pathophysiological mechanism (Fontes
et al., 2003; Urdaneta et al., 2003). One of the locations
most sensitive to the rapid elevation of intracranial pres-
sure is the bottom of the fourth ventricle, where the cen-
ters of respiratory and vasomotor control are located.
Thus, several authors have speculated that increased in-
tracranial pressure plays a similar role in the altered
function of these centers (Fontes et al., 2003; Taoka and
Okajima, 1998; Urdaneta et al., 2003; Walder et al.,
2002). Some clinical papers have provided support for
such theories (Macmillan et al., 2002; Ochiai et al.,
2001).

For spinal cord injury, we used an epidural balloon
compression lesion model in which the lesion is caused
by the rapid inflation of a balloon inside the spinal col-
umn (Fig. 1), without destabilization of a spine by the
laminectomy, as in other models of spinal cord injury.
This procedure must lead to a concomitant increase in
intracranial pressure above the lesion site. It can thus
activate the neurons in the centers on the bottom of the
fourth ventricle. Our previous studies demonstrated the
reproducibility of the epidural balloon compression
model (Sykovd and Jendelova, 2005; Sykova et al.,
2005, 2006a; Urdzikova et al., 2006;), so we believe
that the amount of pressure increase elicited in the cur-
rent series of experiments was comparable in all the
tested groups.

Experimentally, neurogenic pulmonary edema can be
developed by the injection of neuropeptide Y, veratrine,
or fibrin (fibrinogen + thrombin) into the cisterna magna
(Hirabayashi et al., 1996; Ishikawa et al., 1988; Lane et
al., 1998; Maron, 1985). Similarly, an injection of exci-
totoxic glutamate into the fourth ventricle leads to the de-
velopment of neurogenic pulmonary edema in experi-
mental animals (Kondo et al., 2004). These experiments
show the crucial role of medulla oblongata nuclei in the
development of neurogenic pulmonary edema.

It has been shown that halogenated inhalation anes-
thetics, such as halothane or isoflurane, decrease alveo-
lar epithelial liquid clearance and thus decrease the
threshold for the development of pulmonary edema in
rats (Rezaiguia-Delclaux et al., 1998; Laffon et al., 2002).
In addition, isoflurane inhibits mitochondrial oxidation,
leading to a decrease in the production of ATP in type II
alveolar cells and thus stimulates the production of lac-
tate in these cells. It also decreases the synthesis of phos-
phatidylcholine and induces the apoptosis of type 1I alve-
olar cells, so the surfactant is being damaged (Mollieux
et al., 1999). Some authors have thus expressed their con-
cern over the usage of halogenated inhalation anesthet-
ics (Wiener-Kronisch and Gropper, 1998). This negative
side effect is not observed with the use of intravenously
injected anesthetics such as pentobarbital or ketamine-
xylazine (Mollieux et al., 1999). The development of neu-
rogenic pulmonary edema in our experiments can thus be
caused by a combination of three factors: (i) the negative
influence of isoflurane on type II alveolar cells (ii) in-
creased intracranial pressure caused by the rapid infla-
tion of the balloon and additional impairment of nuclei
in the medulla oblongata, and (iii) most importantly, a
low degree of anesthesia unable to fully suppress the
stress of the animal and thus decreasing the threshold for
the activation of the sympathetic system and the onset of
a catecholamine storm. This latter possibility was sup-
ported by our finding that ganglionic blockade prevented
the development of neurogenic pulmonary edema.

The worse neurological outcome of animals with neu-
rogenic pulmonary edema (Fig. 4) is probably related to
the generally worse health of these animals. It has been
previously shown that patients with spinal cord injury
who developed neurogenic pulmonary edema had a much
worse prognosis that those who did not develop it, al-
though the pulmonary edema is resolved either sponta-
neously or by using one of several treatment-supportive
strategies within days (Fontes et al., 2003; Macleod,
2002). From spinal cord injury studies, it is known that
the first hours after the injury are the most critical for the
patient (Bracken et al., 1992; Sykova et al., 2006b). When
the initial stage after the injury is complicated by neuro-
genic pulmonary edema, it might thus slow down the re-
covery of the neural pathways, as reflected in our exper-
iment by the BBB and plantar test scores.

We conclude that lower concentrations of isoflurane
promote the development of neurogenic pulmonary
edema in spinal cord injured rats. For experiments in-
volving balloon-induced spinal cord injury, a concen-
tration of 2.5-3% isoflurane in air (flow 300 mL/min)
would be optimal. In addition, it is necessary to keep
the concentration of isoflurane constant in all animals
of a study.

1499



SEDY ET AL.

ACNOWLEDGMENTS

We thank Dominika Dus[c]kovi for excellent techni-
cal assistance and James Dutt for critical reading of the
manuscript. We thank Ardy Arjomandi (International
Business Manager, Molecular Imaging System, Eastman
Kodak Company) for the opportunity to use the Image
Station In-Vivo FX System. We acknowledge the
support  provided by grants AV0Z50390512,
IM0021620803, GACR309/06/1246, and 1A8697-5,
and the EC FP6 project RESCUE (LSHB-CT-2005-
518233).

REFERENCES

ANTONIUK, S.A., OLIVA, A.V., BRUCK, I., MALUCELLI,
M., YABUMOTO, S., and CASTELLANO, J.L. (2001).
Sudden unexpected, unexplained death in epilepsy autopsied
patients. Arq. Neuropsiquiatr. 59, 40-45.

BASSO, D.M., BEATTIE, M.S., and BRESNAHAN, J.C.
(1995). A sensitive and reliable locomotor rating scale for
open field testing in rats. J. Neurotrauma 12, 1-21.

BRACKEN, M.B., SHEPARD, M.J., COLLINS, Jr., W.F,, et
al. (1992). Methylprednisolone or naloxone treatment after
acute spinal cord injury: l-year follow-up data. Results of
the second National Acute Spinal Cord Injury Study. J. Neu-
rosurg. 76, 23-31.

BURIAN, M., and HAJEK, M. (2004). Linear microstrip sur-
face coil for MR imaging of the rat spinal cord at 4.7 T.
MAGMA 17, 359-362.

CAMBRIA, R.P., DAVISON, J.K., and ZANNETTI, S. (1997).
Clinical experience with epidural cooling for spinal cord pro-
tection during thotacic and thoracoabdominal aneurysm re-
pair. J. Vasc. Surg. 25, 234-241.

DRAGOSAVAC, D., FALCAO, A.LE., ARAUJO, S., and
TERZI, R.G.G. (1997). Neurogenic pulmonary edema: re-
port of two cases. Arq. Neuropsiquiatr. 55, 305-309.

FONTES, R.B., AGUIAR, P.H., ZANETTI, M.V., AN-
DRADE, F., MANDEL, M., and TEIXEIRA, M.J. (2003).
Acute neurogenic pulmonary edema: case reports and liter-
ature review. J. Neurosurg. Anesthesiol. 15, 144-150.

HIRABAYASHI, A., NISHIWAKI, K., SHIMADA, Y., and
ISHIKAWA, N. (1996). Role of neuropeptide Y and its re-
ceptor subtypes in neurogenic pulmonary edema. Eur. J.
Pharmacol. 296, 297-305.

ISHIKAWA, N., KAINUMA, M., FURUTA, T., and SATO,
Y. (1988). Factors influencing fibrin-induced pulmonary
edema. Jpn. J. Pharmacol. 46, 255-260.

KANDATSU, N., NAN, Y.S., FENG, G.G., et al. (2005). Op-
posing effects of isoflurane and sevoflurane on neurogenic
pulmonary edema development in an animal model. Anes-
thesiology 102, 1182-1189.

KARLSSON, A.K. (2006). Autonomic dysfunction in spinal
cord injury: clinical presentation of symptoms and signs.
Prog. Brain Res. 152, 1-8.

KONDO, H., FENG, G.G., NISHIWAKI, K., et al. (2004). A
role for L-glutamate ionotropic receptors in the development
of rat neurogenic pulmonary edema. Eur. J. Pharmacol. 499,
257-263.

LANE, S.M., MAENDER, K.C., AWENDER, N.E., and
MARON, M.B. (1998). Adrenal epinephrine increases alve-
olar liquid clearance in a canine model of neurogenic pul-
monary edema. Am. J. Respir. Crit. Care Med. 158, 760-768.

LAFFON, M., JAYR, C., BARBRY, P., et al. (2002). Lido-
caine induces a reversible decrease in alveolar epithelial fluid
clearance in rats. Anesthesiology 96, 392-399.

LEAL FILHO, M.B., MORANDIN, R.C., DE ALMEIDA,
A.R., et al. (2005a). Hemodynamic parameters and neuro-
genic pulmonary edema following spinal cord injury: an ex-
perimental model. Arqg. Neuropsiquiatr. 63, 990-996.

LEAL FILHO, M.B., MORANDIN, R.C., DE ALMEIDA,
A.R., et al. (2005b). Importance of anesthesia for the gene-
sis of neurogenic pulmonary edema in spinal cord injury.
Neurosci. Lett. 373, 165-170.

MACLEOD, A.D. (2002). Neurogenic pulmonary edema in pal-
liative care. J. Pain Symptom Manage. 23, 154-156.

MACMILLAN, C.S., GRANT, LS., and ANDREWS, P.J.
(2002). Pulmonary and cardiac sequelaec of subarachnoid
haemorrhage: time for active management? Intensive Care
Med. 28, 1012-1023.

MARON, M.B. (1985). A canine model of neurogenic pul-
monary edema. J. Appl. Physiol. 59, 1019-1025.

MESQUITA, M.B., MORAES-SANTOS, T., and MORAES,
M.F. (2002). Phenobarbital blocks the lung edema induced
by centrally injected tityustoxin in adult Wistar rats. Neu-
rosci. Lett. 332, 119-122.

MINNEAR, F.L., and CONNELL, R.S. (1982). Prevention of
aconitine-induced neurogenic pulmonary edema (NPE) with
hypovolemia or methylprednisolone. J. Trauma 22, 121-128.

MOLLIEX, S., CRESTANI, B., DUREUIL, B., ROLLAND,
C., AUBIER, M., and DESMONTS, J.M. (1999). Differen-
tial effects of isoflurane and i.v. anesthetic agents on metab-
olism of alveolar type II cells. Br. J. Anaesth. 82, 767-769.

OCHIAL H., YAMAKAWA_ Y., and KUBOTA, E. (2001). De-
formation of the ventrolateral medulla oblongata by sub-
arachnoid hemorrhage from ruptured vertebral artery
aneurysms causes neurogenic pulmonary edema. Neurol.
Med. Chir. (Tokyo) 41, 529-534.

PANDEY, C.K., MATHUR, N., SINGH, N., and CHAN-
DOLA, H.C. (2000). Fulminant pulmonary edema after in-
tramuscular ketamine. Can. J. Anaesth. 47, 894-896.

REZAIGUIA-DELCLAUX, S., JAYR, C., LUO, D.F., SAIDI,
N.E., MEIGNAN, M., and DUVALDESTIN, P. (1998).

1500



PULMONARY EDEMA IN SPINAL CORD INJURED RAT

Halothane and isoflurane decrease alveolar epithelial fluid
clearance in rats. Anesthesiology 88, 751-760.

STOCKER, R., and BURGI, U. (1998). Respiratory problems
after injuries of the cervical spine. Schweiz Med. Wochen-
schr. 128, 1462-1466.

SYKOVA, E., and JENDELOVA, P. (2005). Magnetic reso-
nance tracking of implanted adult and embryonic stem cells
in injured brain and spinal cord. Ann. N.Y. Acad. Sci. 1049,
146-160.

SYKOVA, E., URDZIKOVA, L., JENDELOVA, P., BURIAN,
M., GLOGAROVA, K., and HAJEK, M. (2005). Bone mar-
row cells—a tool for spinal cord injury repair. Exp. Neurol.
193, 261-262.

SYKOVA, E., and JENDELOVA, P. (2006a). Magnetic reso-
nance tracking of transplanted stem cells in rat brain and
spinal cord. Neurodegener. Dis. 3, 62-67.

SYKOVA, E., HOMOLA, A., MAZANEC, R., et al. (2006b).
Autologous bone marrow transplantation in patients with
subacute and chronic spinal cord injury. Cell. Transplant. 15,
675-687.

TAOKA, Y., and OKAJIMA, K. (1998). Spinal cord injury in
the rat. Prog. Neurobiol. 56, 341-358.

TROLL, G.F., and DOHRMANN, G.J. (1975). Anaesthesia of
the spinal cord-injured patient: cardiovascular problems and
their management. Paraplegia 13, 162-171.

TSAO, C.M., YUAN, H.B., NEU, S.H., et al. (1999). Postop-
erative pulmonary edema after cervical spine surgery—a case
report. Acta Anaesthesiol. Sin. 37, 147-150.

URDANETA, F., and LAYON, A.J. (2003). Respiratory com-
plications in patients with traumatic cervical spine injuries:

case report and review of the literature. J. Clin. Anesth. 15,
398-405.

URDZIKOVA, L., and VANICKY, L. (2006). Post-traumatic
moderate systemic hypertermia worsens behavioural out-
come after spinal cord injury in the rat. Spinal Cord 44,
113-119.

URDZIKOVA, L., JENDELOVA, P., GLOGAROVA, K.,
BURIAN, M., HAJEK, M., and SYKOVA, E. (2006). Trans-
plantation of bone marrow stem cells as well as mobiliza-
tion by granulocyte—colony stimulating factor promote re-
covery after spinal cord injury in rat. J. Neurotrauma 23,
1379-1391.

VANICKY, I, URDZIKOVA, L. SAGANOVA, K.
CIZKOVA, D., and GALIK, J. (2001). Simple and repro-
ducible model of spinal cord injury induced by epidural
baloon inflation of the rat. J. Neurotrauma 18, 1399-1407.

WALDER, B., BRUNDLER, M.A., TOTSCH, M., ELIA, N.,
and MOREL, D.R. (2002). Influence of the type and rate of
subarachnoid fluid infusion on lethal neurogenic pulmonary
edema in rats. J. Neurosurg. Anesthesiol. 14, 194-203.

WIENER-KRONISCH, J.P., and GROPPER, M.A. (1998).
Halogenated anesthetics and the injured lung: clouds on the
horizon? Anesthesiology 88, 1435-1436.

Address reprint requests to:

Dr. Eva Sykovd

Institute of Experimental Medicine ASCR
Videnskd 1083

142 20 Prague 4, Czech Republic

E-mail: sykova@biomed.cas.cz

1501



2, Sedy J, Urdzikovi L, Likavéanova K, Hejél A, Jendelova P, Sykovd E. A new model of
severe neurogenic pulmonary edema in spinal cord injured rats. Neurosci Lett 2007, 423:
167-171. IF=2,085

74



Available on.line at www.sciencedirect.com
*.” ScienceDirect

Neuroscience Letters 423 (2007) 167-171

Neuroscience
Letters

www.elsevier.com/locate/neulet

A new model of severe neurogenic pulmonary edema
in spinal cord injured rat

Jifi Sed)’f a.b.c T ucia Urdzikov4?, Katarina Likavanova?,
Ales Hejél®, Pavla Jendelova ®¢, Eva Sykova &P:¢*

# Institute of Experimental Medicine, ASCR, Prague, Czech Republic
b Center for Cell Therapy and Tissue Repair;, Second Faculty of Medicine, Charles University, Prague, Czech Republic
¢ Department of Neuroscience, Second Faculty of Medicine, Charles University, Prague, Czech Republic

Received 12 May 2007; received in revised form 19 June 2007; accepted 20 June 2007

Abstract

We describe a new model of neurogenic pulmonary edema in spinal cord injured Wistar male rats. The pulmonary edema was elicited by an
epidural thoracic balloon compression spinal cord lesion, performed under a low concentration of isoflurane (1.5 or 2%) in air. Anesthesia with 1.5%
isoflurane promoted very severe interstitial and intraalveolar neurogenic pulmonary edema with a significantly increased thickness of the alveolar
walls and massive pulmonary hemorrhage. In this group, 33% of animals died. Anesthesia with 2% isoflurane promoted severe interstitial and
intraalveolar neurogenic pulmonary edema with less thickening of the alveolar walls and pulmonary hemorrhage. For evoking severe neurogenic
pulmonary edema in spinal cord injured rats, 2% isoflurane anesthesia would be more suitable. However, if very severe neurogenic pulmonary
edema needs to be evoked, spinal cord injury under 1.5% isoflurane anesthesia could be used, but one-third of the animals will be lost.

© 2007 Elsevier Ireland Ltd. All rights reserved.
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Neurogenic pulmonary edema is an acute, life threatening
complication following spinal cord or brain injury. It has
been characterized as marked pulmonary vascular conges-
tion, extravasation of protein-rich edema fluid and intraalveolar
hemorrhage [12,13,15,16]. Epidemiological data of neurogenic
pulmonary edema are scarce; its morbidity in patients with
severe central nervous system injury has been reported to be
between 40 and 50% and its mortality around 9% [1,6,7].
Several models of neurogenic pulmonary edema have been
proposed. In rats, the injection of fibrin (fibrinogen + thrombin)
into the cisterna magna has been reported to induce pulmonary
edema [11]. In dogs, the injection of veratrine [14,17], and in
sheep, the injection of aconitine [19], both into the cisterna
magna, are also able to induce neurogenic pulmonary edema.
However, the development of neurogenic pulmonary edema in
these types of models has been considered to result from a

* Corresponding author at: Institute of Experimental Medicine ASCR,
Videiiska 1083, 142 20 Prague 4, Czech Republic. Tel.: +420 241062230;
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cholinergic mediated increase in vascular permeability [2] rather
than severe sympathetic discharge, the most suspected cause of
neurogenic pulmonary edema development in human patients
[7]. Another model of pulmonary edema in dog uses an intra-
venous injection of oleic acid [5].

Experimentally, neurogenic pulmonary edema should be
induced by spinal cord injury. Leal Filho et al. [16] were the
first who developed a model of neurogenic pulmonary edema
in which the spinal cord is injured, thus mimicking the clini-
cal situation, However, their model achieved a pulmonary index
(the relative pulmonary weight) of only 0.639, presenting as a
moderate neurogenic pulmonary edema, which might be insuf-
ficient if one wishes to test the treatment modalities of severe
neurogenic pulmonary edema.

In preliminary experiments, we observed that lower con-
centrations of isoflurane anesthesia promote the development
of neurogenic pulmonary edema in rats with balloon-induced
spinal cord injury. The aim of the current study was to evaluate
whether such an experimental design can be used as a model
of severe neurogenic pulmonary edema, i.e. whether it is pos-
sible to achieve a pulmonary index above 0.7 in rats in which
pulmonary edema develops as the result of spinal cord injury.
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We used 51 male Wistar rats (Velaz, Prague, Czech Republic)
with body weights between 300 and 330 g. This study was per-
formed in accordance with the European Communities Council
Directive of 24th November 1986 (86/609/EEC) regarding the
use of animals in research and was approved by the Ethics Com-
mittee of the Institute of Experimental Medicine ASCR, Prague,
Czech Republic. Animals were anesthetized by 1.5 or 2% isoflu-
rane in room air (flow 300 ml/min), and an epidural spinal cord
balloon compression lesion at the Th10 level, using a 2F French
Fogarthy catheter filled with 15 .l of distilled water for 5 min
[26], was performed. To verify the injury procedure, the balloon
was inflated before and immediately after the injury procedure
to confirm inflation of the balloon in the spinal canal. To ver-
ify whether the pulmonary edema was of neurogenic origin, we
performed the same procedure under 1.5 or 2% isoflurane anes-
thesia without the inflation of the balloon. Controls were healthy
animals that did not undergo the injury procedure, sacrificed
immediately after the induction of anesthesia.

Animals were sacrificed 10 min after the removal of the
catheter. The lungs were immediately removed and weighed.
The level of pulmonary subpleural bleeding was evaluated
macroscopically as “Absent”, “Grade 1", “Grade II"" or “Grade
I11”, as described previously [20]. Each lung was evaluated sep-
arately. To estimate the liquid gain of the lungs, both lungs
were weighed and the pulmonary index (lung weight/body
weight x 100) calculated. The pulmonary index has been pre-
viously considered as a very sensitive indicator of the level
of pulmonary edema [15,16,18,19]. The lungs were immedi-
ately fixed in 4% paraformaldehyde in phosphate buffer (pH
7.4) for 2 days, embedded in paraffin and stained with hema-
toxylin and eosin. Sections (5 pm) were cut, and the thickness
of the alveolar walls was measured using Neurolucida software
(MicroBrightField, Inc., USA), as described previously [20].

To estimate the time of onset of neurogenic pulmonary
edema, we performed the whole procedure under conditions
enabling visual inspection of the lung surface in three animals
from the 1.5% group. After the skin incision, the superficial tho-
racic muscles were cut in anatomical layers and shifted aside.
Then, all intercostal muscles and ribs were removed in segments
T7-9 and the translucent pleura thus cleaned. Special care was
taken not to cause a pneumothorax by disruption of the pleura.
Subsequently, a balloon compression lesion was performed as
described above. The time of the beginning of lung darkening
and the time when hemorrhages became apparent were noted.

To estimate the level of development of neurogenic pul-
monary edema in vivo, we used X-ray imaging with the Image
Station In-Vivo FX System (Eastman Kodak Company, USA).
Animals were anesthetized with 1.5 or 2% isoflurane and a
balloon compression lesion was made. Before arousal, pento-
barbital (30 mg/kg) was injected, the animals were put into the
Image Station and routine X-ray images were taken,

Values of the group p-index and the diameter of the alveo-
lar wall are reported as mean £ S.E.M. Intergroup differences
were analysed using a non-paired Student’s 7-test. Statistically
significant differences are marked by an asterisk (p <0.05).

The spinal cord lesioning procedure was performed in all ani-
mals without any unexpected complications. The inflation of the

balloon was accompanied by skeletal muscle contractions in all
cases, which was considered as a normal reaction to injury and
was in accordance with our previous results [22,23,25]. Respi-
ratory arrest, accompanying spinal cord compression, followed
the onset of the injury procedure in 30% of cases (9 of 30 oper-
ated animals), independently of the concentration of isoflurane
anesthesia used. The duration of respiratory arrest ranged from
5 to 40s, with a mean duration of 21.56 £ 9.11 s. Although all
the animals were subjected to an autopsy, no hemorrhage in
any other examined organ (brain, heart, thymus, liver, intestine,
kidney, spleen and urinary bladder) was found.

All animals anesthetized with 1.5 or 2% isoflurane developed
neurogenic pulmonary edema and marked pulmonary subpleu-
ral bleeding. In 77% of lungs, Grade III subpleural bleeding was
present. In the remaining lungs, either Grade I (17%) or Grade I
(6%) subleural bleeding occurred (Table 1, Fig. 1). In these ani-
mals, the pulmonary index differed significantly from controls:
in the 2% isoflurane group, it was 64% higher in comparison
with animals from the control group, while in the 1.5% group it
was even more elevated—89% higher.

Six of 18 animals (33%) in the 1.5% group died within
8.45 £2.82min (range from 4 to 12 min) after the beginning
of balloon inflation (Table 1). A few minutes before death, their
breathing frequency started to increase slowly, and they began
to develop a so-called “death rattle”. Subsequently, their ventila-
tion stopped and after several seconds, gaseous blood came out
of their noses, followed by the cessation of their heart beat. The
p-index values of non-surviving animals from the 1.5% group
(1.07 £ 0.12) were significantly higher than the p-index values
from surviving animals from the 1.5% group (0.77 = 0.14), both
significantly higher than the p-index values of control animals.
All lungs of these animals exhibited Grade I1I subpleural bleed-
ing. In contrast, no animal from the 2% group in which the
balloon compression procedure was performed, died (Table 1).

Microscopic examination of the lungs showed that lower con-
centrations of isoflurane caused edema of the alveolar wall,
perforation of thin capillary walls, massive bleeding and the
leakage of intravascular fluid into the alveoli. The combina-
tion of interstitial and intraalveolar leakage of transsudate with
intraparenchymal hemorrhage, consequent to spinal cord injury,
was considered as the picture of neurogenic pulmonary edema
(Fig. 1). In the 1.5% group, the thickness of the alveolar wall
was 264% larger in comparison with controls, in the 2% group,
199% larger than in controls (Table 2). In addition, in vivo X-
ray imaging showed diffuse hyperintensive infiltrates in both
lungs, mainly around the hilus regions (Fig. 1). Thus, lower con-
centrations of isoflurane promote the development of massive
neurogenic pulmonary edema in spinal cord injured rats.

Neurogenic pulmonary edema developed rapidly in the
1.5% isoflurane group. The first darkening of the lung surface
appeared in 6.67 £ 0.47 min, while apparent hemorrghages first
appeared in 8.00 £ 0.82 min, both after the inflation of the bal-
loon.

Animals anesthetized with 1.5 or 2% isoflurane but without
the inflation of the balloon developed no signs of neurogenic pul-
monary edema. Their mean pulmonary index was comparable
to controls, and they exhibited no signs of subpleural bleeding.
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Table 1

The impairment of lung function after spinal cord injury in animals anesthetized with 1.5 or 2% isoflurane (with/without inflation of the balloon) and control groups
Isoflurane N Absent (% of 2N) Grade I (% of 2N) Grade II (% of 2N) Grade II1 (% of 2N) p-index Died (% of N)
1.5% 18 - - 1(3%) 35(97%) 0.85 + 0.19% 6 (33%)

1.5% no SCI1 3 6(100%) - - - 0.45 £ 0.01 -

2% 12 - 3(13%) 7(29%) 14(58%) 0.74 = 0.11% -

2% no SCI 3 6(100%) - - - 0.44 + 0,02 -

Control 12 24 (100%) - - - 0.45 £ 0.02 -

The absence or presence of subpleural bleeding (evaluated as Grade I-1II) in different groups (the total number of lungs in each group — the right and left lung were
considered separately — and the percentage of all lungs in the corresponding group). A significant elevation of the p-index (mean values + S.E.M.) in comparison
with controls is indicated by an asterisk (*p <0.05). The occurrence of death is shown as the total number of deaths in each group and as the percentage of all animals
in the group. Control animals are animals without spinal cord injury, sacrificed immediately after the onset of anesthesia. N—number of rats, 2N—number of lungs.

Fig. 1. Neurogenic pulmonary edema in groups anesthetized with 1.5 or 2%, isoflurane. (A) Histology showing a massive neurogenic pulmonary edema with a
thickening of the alveolar walls, interstitial edema and massive bleeding in a rat anesthetized with 1.5% isoflurane. (B) X-ray image showing a diffuse shadow in both
lungs, mainly around the hilus regions, indicative of neurogenic pulmonary edema in a rat anesthetized with 1.5% isoflurane. (C) Histology showing a developed
neurogenic pulmonary edema with a thickening of the alveolar walls and occassional bleeding areas in a rat anesthetized with 2% isoflurane. (D) X-ray image
showing a diffuse shadow in both lungs, mainly around the hilus regions, indicative of neurogenic pulmonary edema in a rat anesthetized with 2% isoflurane. (E)

Histology of the lungs of a control animal. (F) X-ray image of normal lungs in a control animal.

The thickness of their alveolar walls was comparable with that
of controls. No animal from these groups died.

We have developed a new model of neurogenic pulmonary
edema in spinal cord injured rats. Although several mod-
els of neurogenic pulmonary edema have been proposed
[11,14,16,17], a model of severe neurogenic pulmonary edema,
in which its development is elicited by spinal cord injury,

Table 2

The thickness of the alveolar wall (um) in the lungs of animals with SCI anes-
thetized with 1.5 or 2% isoflurane (with/without inflation of the balloon) and
control groups

Group Diameter of alveolar wall (pum)
1.5% 119.78 £+ 32.30%

1.5% no SCI 3342 £ 11.34

2% 98.30 £ 39.24*

2% no SCI 34.12 +£ 13.16

Control 32.89 + 12.50

Statistical significance in comparison with controls is denoted by an asterisk
(*p<0.05). Control animals are animals without spinal cord injury, sacrificed
immediately after the onset of anesthesia.

has not yet been published. Our model differs in the develop-
ment of significantly more severe neurogenic pulmonary edema
(pulmonary index above 0.7), which we elicited by balloon
compression spinal cord injury under low levels of isoflurane
anesthesia. The advantages of this model include the severity
of the experimental neurogenic pulmonary edema and the better
correlation with the clinical situation than the injection of an exo-
genic toxic substance next to the bottom of the fourth ventricle,
which might also exhibit unexpected side-effects. The *“neuro-
genic” origin of the pulmonary edema was also documented.

In the 1.5% isoflurane anesthesia model, severe edema devel-
ops, as the mean p-index of 0.85 documents. The fact that full
edema develops in 10 min after experimental spinal cord injury
supports the possibility to use this model as a model of severe
acute-life threatening edema, often developing in patients with
spinal cord injury [7]. However, the disadvantage of this model
is the 33% mortality seen in the animals used. On the other hand,
to decrease the mortality rate might be one of the experimental
treatment goals.

When the 2% isoflurane model of neurogenic pulmonary
edema is used, no animal dies and the severity of pulmonary
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edema is still high (a mean pulmonary index of 0.74). Thus, this
model might be more appropriate for larger studies where the
33% mortality of animals from the 1.5% group would not be
optimal.

Neurogenic pulmonary edema has been characterized as
interstitial and intraalveolar edema together with intraalveolar
hemorrhage, developing as a result of severe central nervous
system injury [7]. There are several theories about the patho-
genesis of neurogenic pulmonary edema [6,7,15,16]. The most
likely explanation is a severe systemic sympathetic discharge,
called the “catecholamine storm™ [7,24]. This theory proposes
the activation of the sympathetic centers in the medulla oblon-
gata, leading to generalized vasoconstriction, an increase in
systemic pressure and the augmentation of central blood vol-
ume. A rapid increase in blood volume in the pulmonary vascular
bed leads to an increase in pulmonary capillary pressure and an
imbalance in the Starling forces. Finally, the extravasation of
intravascular fluid and microruptures of the capillary wall cause
pulmonary edema and intraalveolar bleeding [7,15,16,24]. The
pathogenic role of severe sympathetic discharge in the develop-
ment of neurogenic pulmonary edema in balloon-induced spinal
cord injury has been shown in our previous study, in which
blood pressure and heart rate were monitored. The animals with
spinal cord injury and anesthetized with 1.5% isoflurane exhib-
ited greater reactivity to all parts of the spinal cord intervention;
for example, the peak mean arterial pressure after the infla-
tion of the balloon was 67% higher than baseline values. In
addition, sympathetic blockade with pentolinium prevented the
development of neurogenic pulmonary edema in such animals.
Our previous experiments thus clearly demonstrated that neu-
rogenic pulmonary edema does not develop in the absence of
sympathetic vasoconstriction [20].

One of the major characteristics of neurogenic pulmonary
edema is the rapidity of its development. Leal Filho etal. [15,16]
observed the first microscopic signs of edema within 2 min after
the initiation of spinal cord compression. In extreme cases, the
development of neurogenic pulmonary edema has been observed
within seconds after a neurological injury in casualties from the
Vietnam War [21]. In our study, we observed that these changes
became morphologically apparent on the lung surface six min-
utes after lesioning. In addition, lung hemorrhages follow edema
development in another 2 min. Both results correspond to data
obtained from clinical studies [7.24] and indicate the potential
malignity of neurogenic pulmonary edema—the final edema
picture can develop within minutes after central nervous sys-
tem injury and thus it can rapidly change the clinical status of a
patient with an already worsened general health status.

To date, many models of neurogenic pulmonary edema have
been used in experimental studies. In these models, edema is
induced either by central nervous system injury [15,16] or the
administration of an exogenic substance into the cerebrospinal
fluid or directly into the nervous tissue [8,9.27]. As extreme
examples, pulmonary edema can be caused by the intravenous
administration of epinephrine [3.4] or bilateral cervical vago-
tomy [10]. Although the sympathetic system is almost surely
involved in the development of neurogenic pulmonary edema
and although the administration of an exogenic substance leads

to pulmonary edema, we propose that in future experiments
edema should be induced only by central nervous system injury.

The use of 1.5-2% isoflurane anesthesia promotes the
development of neurogenic pulmonary edema in rats with a com-
pressed thoracic spinal cord. When 1.5% isoflurane is used, a
very severe pulmonary edema develops, and one-third of the
animals die. In contrast, no animal dies, and pulmonary edema
is still severe, when the rats are anesthetized with 2% isoflurane
during balloon compression lesioning.
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Summary

The development of neurogenic pulmonary edema (NPE) can be
elicited by an immediate epidural balloon compression of the
thoracic spinal cord. To evaluate whether a slower balloon
inflation could prevent NPE development, we examined the
extent of NPE in animals lesioned with a rapid (5 pl - 5 pl - 5 pl)
orslowrate Qul-2pl-2pl -2 pl-2pl -2 pl -2 pl) of balloon
inflation. These groups were compared with the NPE model
(immediate inflation to 15 pl) and with healthy controls. Slow
balloon inflation prevented NPE development, whereas the
pulmonary index and histology revealed a massive pulmonary
edema in the group with a rapid rate of balloon inflation.
Pulmonary edema was preceded by a considerable decrease in
heart rate during the inflation procedure. Moreover, rapid
inflation of balloon in spinal channel to either 5 pl or 10 pl did not
cause NPE. Thus, a slow rate of balloon inflation in the thoracic
epidural space prevents the development of neurogenic
pulmonary edema, most likely due to the better adaptation of the
organism to acute circulatory changes (rapid elevation of
systemic blood pressure accompanied by profound heart rate
reduction) during the longer balloon inflation period. It should be
noted that spinal cord transection at the same level did not cause
neurogenic pulmonary edema.
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Introduction

Neurogenic pulmonary edema is an acute life-
threatening complication following spinal cord or brain
injury (Fontes ef al. 2003). It is characterized by marked
pulmonary vascular congestion, extravasation of protein-
rich edema fluid and intraalveolar hemorrhage (Kandatsu
et al. 2005, Kondo ef al. 2004, Leal Filho ef al. 2005a,b).
Many pathophysiological mechanisms have been
implicated in the development of neurogenic pulmonary
edema, but the exact cascade leading to its development
is still unclear (Leah Filho er al. 2005a,b). Both the
release of vasoactive substances and a severe transient
sympathetic discharge are thought to participate in this
process (Taoka and Okajima 1998, Urdaneta and Layon
2003). These processes lead to the constriction of the
pulmonary veins, an increase in pulmonary capillary
hydrostatic pressure, damage to the alveolar wall and the
leakage of fluid into the intraalveolar space (Fontes et al.
2003).

Our previous experiments showed that severe
neurogenic pulmonary edema could be experimentally
induced by immediate epidural balloon compression of
the thoracic spinal cord in the rat, anesthetized by 1.5 %
isoflurane in air (Sedy et al. 2007a,b). The aim of this
study was to evaluate the extent of neurogenic pulmonary
edema development in the case of a gradual inflation of
the balloon in the spinal channel. For this purpose, the
final balloon inflation volume of 15 pl was reached by
several greater or numerous smaller steps. In addition, the
occurrence of neurogenic pulmonary edema was also
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examined in animals with lower volumes of balloon
inflation as well as in those with thoracic spinal cord
transection.

Materials and Methods

Animals

We used 65 male Wistar rats (Velaz, Prague,
Czech Republic) with body weight between 300-330 g.
This study was performed in accordance with the
European Communities Council Directive of 24th of
November 1986 (86/609/EEC) regarding the use of
animals in research and was approved by the Ethics
Committee of the Institute of Experimental Medicine
ASCR, Prague, Czech Republic.

Design of the study

After the induction of anesthesia with 5 %
isoflurane in room air (flow 300 ml/min), animals were
maintained in 1.5 % isoflurane anesthesia (flow
300 ml/min) via a face mask throughout the operation.
This concentration of isoflurane was previously shown to
promote neurogenic pulmonary edema development in
rats with immediate balloon compression of the thoracic
spinal cord (Sedy et al. 2007a). All animals were heated
to 37°C, and their body temperature was measured by a
rectal thermometer to standardize the procedure and to
exclude the influence of hypo- or hyperthermia (Cambria
et al. 1997, Urdzikovd and Vanicky 2006). A catheter
was inserted into the common carotid artery to monitor
blood pressure and heart rate changes. After the insertion
of the catheter, an epidural balloon spinal cord
compression lesion (Vanicky er al. 2001) or complete
Th8 transection was performed. The animal was left to
recover for 10 min and then was sacrificed. The lungs
were immediately removed and analyzed for the presence
of neurogenic pulmonary edema. Controls were animals
without spinal cord injury, sacrificed immediately after

the onset of anesthesia.

Balloon compression spinal cord lesion

To induce a spinal cord injury we used the
model of an epidural balloon compression lesion
(Vanicky et al. 2001), as described previously (Sedy ef
al. 2007a). Briefly, under aseptic conditions, a 2 cm
median skin incision at the Th10-L1 level was made. The
dorsal muscles were shifted laterally, and the Th10 and
Thll spinous processes were removed. A hole was

drilled into the Th10 lamina with a dental drill. Then, a

2F French Fogarthy catheter (Baxter Healthcare
Corporation, Irvine, CA, USA), which was filled with
distilled water and connected to a 50-ul Hamilton
syringe, was inserted into the dorsal epidural space
10 mm rostrally, to reach the Th8-Th9 spinal level. Using
a micromanipulator, the balloon was inflated with a rapid
(5l -5 pl-5pl) or aslow rate of inflation (3 pl - 2 pl -
2ul-2pul-2mpul-2pl-2pl)or in the standard NPE
model immediately to 15 pl. In all cases, the final volume
of the balloon was 15 pl. The time window between each
step of the inflation was 30 s. Thus, the entire balloon
inflation procedure lasted one minute during rapid
inflation and 3 min during slow inflation. As an
additional experiment, we also inflated the balloon
immediatelly to either 5 ul or 10 ul. After inflation to the
final volume, the balloon was left in place for 5 min in all
cases. Subsequently, the balloon was deflated and
removed.

The immediate inflation of the balloon in the
epidural space of the thoracic spinal channel with 15 pl of
distilled water under 1.5 % isoflurane anesthesia reliably
and reproducibly produces severe neurogenic pulmonary
edema (Sedy et al. 2007ab). We therefore used this
model for comparison with the other groups in this
experiment. The inflation of a balloon to 15 ul in the
spinal channel produces an incomplete lesion, so that
after 7 weeks, the hindlimbs of the animals are able to
support body weight and occasionally forelimb-hindlimb
coordination is observed. This state corresponds to a
BBB locomotor score (Basso ef al. 1995) of 9-11 at
7 weeks post-injury (Vanicky er al. 2001; Sedy et al.
2007a). To verify the injury procedure, the balloon was
inflated before and immediately after the injury procedure
outside of the animal to confirm the inflation of the
balloon in the spinal channel. The design of the study did
not allow in vive verification of the lesion by imaging or
behavioral testing methods.

Spinal cord transection

A complete Th8 spinal cord transection was
performed in animals anesthetized with 1.5 % isoflurane
in order to evaluate the role of a thoracic spinal cord
lesion per se in neurogenic pulmonary edema
development. Briefly, under aseptic conditions, a 2 cm
median skin incision at the Th6-8 level was made. The
dorsal muscles were cut and shifted laterally, and the Th7
lamina was removed. After that, a rapid spinal transection

was performed by a sharp razor blade.
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Table 1. The impairment of lung function after spinal cord injury in the NPE model as well as in animals with a gradually compressed
spinal cord, incompletely compressed spinal cord (5 or 10 ul only) or a spinal transection.

Group N Absent Grade I Grade II Grade III Pulmonary
(% of 2N) (% of 2N) (% of 2N) (% of 2N) index
NPE model 19 - - 1 37 0.86 + 0.09*
(15 pl) (3 %) (97 %)
5-5-5 ul 7 - - 6 8 0.77 £ 0.08*
(43 %) (57 %)
3-2-2-2-2-2-2 ul 14 18 10 - - 0.49 + 0.03
(64 %) (36 %)
Immediate 5 ul 3 6 - - - 0.46 = 0.04
(100 %)
Immediate 10 pl 3 6 - - - 0.46 £ 0.03
(100 %)
Spinal 5 10 - - - 0.43 £0.06
transection (100 %)
Control 14 28 - - - 0.45+0.02
(100 %)

The absence or presence of subpleural bleeding (evaluated as Grade I-III) in different groups is given as the total number of lungs in each
group (the right and left lung were considered separately) and the percentage of all lungs examined in the respective group. A significant
elevation (p<0.05) of the pulmonary index (mean + S.E.M.) in comparison with controls is indicated by an asterisk. Control animals are
animals without spinal cord injury, sacrificed immediately after the onset of anesthesia. N — number of rats, 2N — number of lungs.

Evaluation of neurogenic pulmonary edema

The lungs were immediately removed from
sacrificed animals and weighed. In all cases, a mild
hematoma, maximally 1 mm in diameter, was found in
the hilus area due to the manipulation of the pulmonary
vessels during lung removal (not taken into further
account). The level of pulmonary subpleural bleeding
was evaluated macroscopically as “Absent” (no bleeding
on the lung surface), “Grade I” (small bleeding areas,
occupying not more than 10 % of the lung surface),
“Grade II” (medium-sized bleeding areas, occupying
11-50 % of the lung surface) and “Grade III” (massive
bleeding areas, occupying more than 50 % of the lung
surface), as described previously (Sedy ef al. 2007a,b).
Each lung was evaluated separately. To estimate the
liquid accumulation in the lungs, both lungs were
weighed, and the relative pulmonary weight was
calculated as the pulmonary index (lung weight/body
weight x 100), which has been previously considered to
be very sensitive indicator of the degree of pulmonary
edema (Leal Filho er al. 2005a,b, Mesquita er al. 2002,
Minnear and Connel 1982, Sedy ef al. 2007a). The lungs
were immediately fixed in 4 % paraformaldehyde in
phosphate buffer (pH 7.4) for 2 days, embedded in
in 5pum sections and stained with
hematoxylin and eosin. The thickness of the alveolar

paraffin, cut

walls was measured wusing Neurolucida software
(MicroBrightField, Inc., USA). From each lung, three
sections (from the inferior, middle and superior parts of
the lung) were taken, and alveolar wall thickness in one
representative field from each section was measured. A
representative field was defined as a site in the non-
subpleural lung parenchyma, without any large vessel or
bronchus, outside of the hilus region.

Measurement of blood pressure and heart rate changes
Mean arterial blood pressure and heart rate were
monitored in all studied animals using a PowerLab
system (ADInstruments, Colorado Springs, USA). Under
isoflurane anesthesia, a catheter was inserted into the left
common carotid artery and exteriorized in the
interscapular region, the animal was put into a prone
position and a balloon compression lesion or transection
was performed. Mean arterial pressure (mm Hg) and
heart rate (bpm) were monitored for 5 min before the
throughout the injury

procedure and for 10 min after spinal decompression.

spinal compression, entire
After the initial rise in blood pressure following the
injury procedure, we observed a break point in the
descending curve, which was termed the ,,turning point®.

The wvalues obtained were:

value, i.e. the value before the inflation of the balloon,

1) the baseline
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Table 2. The thickness of the alveolar wall (um) in the lungs of
animals with either a balloon compression lesion (rapid or
graded) or a spinal cord transection and control groups.

Table 3. Baseline values of mean arterial pressure as well as the
values found after a particular degree of balloon inflation in rats
with different rate of induction of balloon compression lesion.

Group Thickness of alveolar wall (pm)
NPE model 94.18 +4.37 *
(15 pl) (+161 %)
5-5-5ul 62.61 £4.17 *
(+71 %)
3-2-2-2-2-2-2 ul 38.62+2.12
(+5 %)
Immediate 5 pl 37.32+2.94
(+2 %)
Immediate 10 ul 3599+ 1.95
(=2 %)
Spinal 39.63 £3.02
transection (+8 %)
Control 36.71 £2.57

Statistical significance from control rats is denoted by an asterisk
(p<0.05). Control animals are animals without spinal cord injury,
sacrificed immediately after the onset of anesthesia. Relative
changes from controls are shown in parentheses.

2) the maximum value after inflation with a particular
volume with respect to the experimental group (3, 5, 7,
9,10, 11, 13, 15 ul), 3) the average value between the
peak after the inflation to 15 pl and the turning point,
and 4) the average value between the turning point and
deflation of the balloon.

Statistical analysis

The pulmonary index, mean arterial pressure and
heart rate are reported as mean values £ S.E.M. The
statistical significance (p<0.05) between groups was
compared using the non-paired Student’s t-test. The
differences within the groups were examined using the
paired Student’s t-test (p<0.05).

Results
The spinal cord lesioning procedure was
performed in all animals without any unexpected

complications. The inflation of the balloon to 15 pul was
accompanied by skeletal muscle contractions in all cases,
which was considered as a normal reaction to injury and
was in accordance with our previous observations (Sykova
et al. 2005, Sykova and Jendelova 2006, Urdzikova ef al.
2006). In addition, a blood pressure increase acompanied
the balloon inflation in all cases (Sedy et al. 2007a).

Mean arterial pressure (mm Hg)

NPE Rapid Slow
model 5-5-5 3-2-2-2-2-2-2
15
Baseline 85+6 97 + 4 97 +2
values
3ul - - 108 + 4*
(+11 %)
Sul - 113 + 6* 130 + 6*
(+16 %) (+34 %)
7ul - - 141 £ 6*
(+45 %)
9 ul - - 143+ 5%
(+47 %)
10 ul - 153 + 6* -
(+58 %)
11 ul - - 147 + 5%
(+52 %)
13 pul - - 148 + 4*
(+53 %)
15 ul 154 £ 7% 155+ 3* 150 + 4*
(+81 %) (+60 %) (+55 %)
15 ul - 144 = 6% 138 + 3% 133 + 3%
turning (+69 %) (+42 %) (+37 %)
point
Turning 86+5 90 + 4 97 +3
point — (+1 %) (-7 %) (=0 %)
deflation

Statistically significant (paired Student’s t-test, p<0.05)
differences from baseline values are marked with an asterisk.
Relative changes as a percentage of baseline values are shown in
parentheses.

The immediate inflation of the balloon in the
spinal channel to 15 pl caused severe neurogenic
pulmonary edema in all cases. The extent of subpleural
bleeding, the pulmonary index, the thickness of the
alveolar walls as well as the blood pressure and heart rate
values (Tables 1, 2 and 3; Fig. 1) corresponded to the
values observed previously for this model of severe
neurogenic pulmonary edema (Sedy et al. 2007b).

Slow balloon inflation prevented neurogenic pulmonary
edema development
When the balloon was slowly inflated in small
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Fig. 1. The time course of blood pressure before, during and after the balloon inflation in the spinal channel to a final volume of 15 pl. Each
inflation step is indicated by an arrowhead in A,B and D. Arrows show the balloon deflation in A, B and D. A. Slowly graded balloon
compression lesion. B. Rapidly graded balloon compression lesion. C. The time course of blood pressure before, during and after spinal
cord transection (arrowhead). D. The time course of blood pressure in the model of neurogenic pulmonary edema (immediate balloon

inflation).

steps G ul -2l -2 pl-2pl-2pul-2mpl-2ul,
neurogenic pulmonary edema did not develop. In 64 % of
cases, subpleural bleeding was absent. In the remaining
cases, there was Grade I subpleural bleeding (Table 1). In
addition, the pulmonary index and the mean thickness of
the alveolar walls did not differ significantly from control
values (Tables 1 and 2). The histological appearance of
the lung tissue was comparable to that of the controls —
there were almost no signs of intraalveolar or interstitial
edema or hemorrhage (Fig. 2). Moreover, the mean
thickness of the alveolar wall was not significantly
increased (Table 2).

Neurogenic pulmonary edema after rapid balloon
inflation

Although the final volume of the inflated balloon
was the same as in the previous case, the rapid inflation
(5 pul -5 pl - 5 pl) of the balloon caused a severe
neurogenic pulmonary edema, comparable to that seen in

the standard neurogenic pulmonary edema model. The
occurrence of Grade III subpleural bleeding was not so
frequent as in our neurogenic pulmonary edema model,
but the extent of the bleeding was always at least Grade 11
(Table 1). Similarly, the pulmonary index values in the
rapid inflation group did not differ significantly from the
values obtained in our neurogenic pulmonary edema
model. On the other hand, the pulmonary index values of
rapid inflation group were significantly increased when
compared with (p<0.0001). Microscopic
examination of the lungs showed that the rapid inflation
of the balloon caused edema of the alveolar membrane,
perforation of thin capillary walls, massive bleeding and

controls

the leakage of intravascular fluid into the alveoli — a
typical picture of neurogenic pulmonary edema (Fig. 2C).
Moreover, the mean thickness of the alveolar walls in the
rapidly inflated group was significantly higher when
compared to controls (Table 2).
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Blood pressure and heart rate changes during different
rates of balloon inflation

All steps of the graded balloon inflation
procedure were accompanied by a significant elevation of
the mean arterial pressure (Table 3). The graded lesion
was accompanied by a typical ascendently undulating

mean arterial pressure curve (Fig. 1). No significant
differences in mean arterial pressure values during and
after the inflation of the balloon to the final volume of
15 ul were observed among the slowly and rapidly
inflated groups (Table 3), although the differences in the
degree of neurogenic pulmonary edema were highly
significant (Table 1).

The extent of neurogenic pulmonary edema was
more reflected by the changes of heart rate. In the rapidly
inflated group (with NPE), there was a pronounced
decrease in heart rate during the whole balloon inflation
procedure, whereas in the slowly and moderately inflated
groups, a mild transient heart rate decrease was observed

Fig. 2. Pulmonary histological
changes in animals with graded
compression lesions or spinal cord
transection. A. Occasional bleeding
areas without evident pulmonary
edema in a rat with a slowly graded
balloon compression lesion.
B. Occasional bleeding areas without
evident pulmonary edema in a rat
with a moderately graded balloon
compression lesion. C. Histology
showing a massive neurogenic
pulmonary edema with a thickening
of the alveolar walls, interstitial
edema and massive bleeding in a rat
with a rapidly graded balloon
compression lesion. D. Histology of
lungs in animals with a spinal cord
transection. No signs of pulmonary
edema are present. E. Histology
showing a massive neurogenic
pulmonary edema with a thickening
of the alveolar walls, interstitial
edema and massive bleeding in a rat
with neurogenic pulmonary edema.
F. Histology of the lungs of a control
animal. Scale bar in F = 200 pm.

(Table 4). Moreover, the heart rate changes after the
maximum balloon inflation to 15 pl were more prominent
in the rapidly than in the slowly inflated groups (Table 4).
Taken together, the more rapid the balloon inflation, the
more pronounced the decrease in heart rate during and
after the inflation.
Incomplete  balloon inflation prevented neurogenic
pulmonary edema

The inflation of the balloon to 10 pl was
accompanied by mild skeletal muscle contractions, the
inflation to 5 pl caused almost none reaction. The
immediate inflation of the balloon in the spinal channel to
either 5 pl or 10 pl did not cause neurogenic pulmonary
edema. No animal from 5 ul or 10 ul group had
subpleural bleeding (Table 1). Moreover, the mean
pulmonary index and alveolar wall thickness of these
animals were comparable to controls (Tables 1 and 2).
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Table 4. Baseline values of heart rate as well as the values
found after a particular degree of balloon inflation in three
different groups with a graded balloon compression lesion during
the induction of the lesion.

Heart rate (bpm)

NPE Rapid Slow
model 5-5-5 3-2-2-2-2-2-2
Baseline 3859 38014 410+ 5
values
3l - - 384+ 11
(-6 %)
5ul - 364 + 16* 383 £ 7*
(-4 %) (-7 %)
7ul - - 394+ 6
(-4 %)
9 ul - - 394+ 8
(-4 %)
10 ul - 322 + 30* -
(-15 %)
11 ul - - 394 £8
(-4 %)
13 ul - - 391+8
(-5 %)
15 ul 253 £ 30% 222 £ 23% 389+ 11°
(-34 %) (-42 %) (-5 %)
15 ul - 313+£21% 282 + 371 + 10%5
turning (-19 %) 16¥% (-10 %)
point (-26 %)
Turning 361+ 11 336+ 15*% 387+8
point — (-6 %) (-12 %) (-6 %)
deflation

Statistically ~significant (paired Student’s t-test, p<0.05)
differences from baseline values are marked with an asterisk.
Significant differences (un-paired Student s t-test, p<0.05) from
the NPE model are marked with $. Relative changes as a
percentage of baseline values are shown in parentheses.

Spinal transection did not cause neurogenic pulmonary
edema

Transection of the spinal cord at the same spinal
level as the balloon compression lesion did not cause
neurogenic pulmonary edema. Subpleural bleeding was
absent in all animals and the pulmonary index was
comparable to that of the controls. Histology of the lung
tissue did not reveal any sign of neurogenic pulmonary
edema (Fig. 2D, Table 2). Spinal cord transection did not
cause any blood pressure or heart rate disturbances; in
particular, there was no sharp increase in blood pressure
as typically seen after balloon inflation (Fig. 1).

Discussion

We have shown that a slow rate of balloon
inflation in the thoracic epidural space prevented the
development of neurogenic pulmonary edema. This was
indicated by the absence of significant subpleural
bleeding as well as by an increase in the pulmonary index
and mean alveolar wall thickness. Similarly, incomplete
(5 or 10 pl) balloon inflation or spinal transection at the
same level did not cause neurogenic pulmonary edema.
The differences in NPE development were accompanied
by characteristic changes of heart rate. Rats with NPE
had a considerably decreased heart rate after the inflation
of the balloon to the final 15 pl volume compared to rats
without edema, in which heart rates were similar to
baseline values (Table 4).

The development of neurogenic pulmonary
edema seems to be based on the hyperactivity of the
sympathetic system, in terms of a severe sympathetic
discharge, also called a catecholamine storm (Dragosavac
et al. 1997, Fontes et al. 2003, Leal Filho ef al. 2005a,b).
When a blockade is
pentolinium, administered before spinal cord lesioning,

ganglionic performed by
neurogenic pulmonary edema does not develop (Sedy et
al. 2007a). Our experiments indicate that slower inflation
of the balloon in the epidural space is able to prevent
NPE development, probably due to the easier adjustment
of the organism to gradual hemodynamic changes over a
longer time period. Poulat and Couture (1998) showed
that the intrathecal injection of endothelin-1 causes the
activation of the endothelin receptor in sympathetic spinal
Their
sympathetic

neurons. activation subsequently causes a

discharge, a massive release of

catecholamines, intense pulmonary alpha-adrenergic
vasoconstriction, an increase in pulmonary vascular
permeability and pulmonary edema. One explanation of
our results might be that a slowly graded spinal cord
lesion leads to the release of small amounts of vasoactive
substances to which the systemic and pulmonary
circulation are able to adjust, whereas the release of these
substances in the NPE model is so rapid that the
circulation is unable to adjust.

Another hypothesis suggests that the inflation of
the balloon in the epidural space causes a rapid increase
in intracranial pressure, which leads to the stimulation of
sympathetic “neurogenic pulmonary edema trigger
zones” in the bottom of the fourth ventricle (Baumann et
al. 2007, Leal Filho et al. 2005a, b, Sedy et al. 2008a,b).

During the slow inflation of the balloon in the epidural
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space, the intracranial space has a longer time to “adapt”
to these changes. Moreover, after each of the subsequent
balloon inflation steps, the cerebrospinal fluid might
“leak® around the incompletely obstructed spinal channel.
This probably does not happen when the balloon is
inflated rapidly — from our previous studies we know that
only 5 % of the spinal cord tissue is spared at the site of
the lesion, while the rest of the spinal channel is
obstructed by the balloon during the inflation, when the
balloon is inflated to 15 pl (Urdzikova et al. 2006,
Sykovid et al. 2005, Sykova and Jendelova 2006, Sedy et
al. 2007a). The lack of neurogenic pulmonary edema in
animals with a transected thoracic spinal cord indirectly
supports such a hypothesis.

Our results indicate that the final volume of the
balloon is also very important for the development of
neurogenic pulmonary edema. To induce neurogenic
pulmonary edema in animals anesthetized with 1.5 %
isoflurane, the balloon must be inflated to the final 15 pl,
because the inflation to 10 pl or less does not cause it.
Importantly, this volume-based impairment corresponds
to the neurological deficit caused by Th8 epidural ballon
inflation. Vanicky et al. (2001), who developed the
epidural balloon spinal cord compression model, reported
that inflation of the balloon to 10 pl caused mild
neurological deficit, which recovered to normal values of
BBB locomotor score in few weeks. We observed that the
inflation of the balloon to 5 pl caused almost no
neurological deficit next day and it recovered to normal
values of BBB next week after the surgery in all cases
(Sed}?, Jendelova, Sykova, unpublished observation). On
the other hand, during the experiments published in our
first paper concerning the role of isoflurane anesthesia on
NPE development (Sedy er al. 2007a), we also inflated
the balloon to 20 pl in both groups, anesthetized either
with 1.5 % isoflurane or 3 % isoflurane. The results were
comparable to those obtained in animals in which a final
volume of the balloon was set to 15 pl (ged)?, Urdzikova,
This
indicates that in 1.5 % isoflurane group (with NPE) the

Jendelova, Sykova, unpublished observation).
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consequent cardiovascular (blood volume
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Spinal cord transection at the same level does not cause
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Sedy J, Zicha J, Kune$ J, Hejél A, Sykova E. The role of nitric
oxide in the development of neurogenic pulmonary edema in spinal
cord-injured rats: the effect of preventive interventions. Am J Physiol
Regul Integr Comp Physiol 297: R1111-R1117, 2009. First published
August 12, 2009; doi:10.1152/ajpregu.00251.2009.—Neurogenic pul-
monary edema (NPE) is an acute life-threatening complication fol-
lowing an injury of the spinal cord or brain, which is associated with
sympathetic hyperactivity. The role of nitric oxide (NO) in NPE
development in rats subjected to balloon compression of the spinal
cord has not yet been examined. We, therefore, pretreated Wistar rats
with the NO synthase inhibitor N%nitro-L-arginine methyl ester
(L-NAME) either acutely (just before the injury) or chronically (for 4
wk prior to the injury). Acute (but not chronic) L-NAME administra-
tion enhanced NPE severity in rats anesthetized with 1.5% isoflurane,
leading to the death of 83% of the animals within 10 min after injury.
Pretreatment with either the ganglionic blocker pentolinium (to reduce
blood pressure rise) or the muscarinic receptor blocker atropine (to
lessen heart rate decrease) prevented or attenuated NPE development
in these rats. We did not observe any therapeutic effects of atropine
administered 2 min after spinal cord compression. Our data indicate
that NPE development is dependent upon a marked decrease of heart
rate under the conditions of high blood pressure elicited by the
activation of the sympathetic nervous system. These hemodynamic
alterations are especially pronounced in rats subjected to acute NO
synthase inhibition. In conclusion, nitric oxide has a partial protective
effect on NPE development because it attenuates sympathetic vaso-
constriction and consequent baroreflex-induced bradycardia following
spinal cord injury.

blood pressure; heart rate: atropine

NEUROGENIC PULMONARY EDEMA (NPE) is an acute life-threaten-
ing complication following spinal cord or brain injury (4). It is
characterized by marked pulmonary vascular congestion, ex-
travasation of protein-rich edema fluid, and intra-alveolar hem-
orrhage (7-10). Many pathophysiological mechanisms have
been implicated in the development of NPE, but the exact
cascade leading to its development is still unclear (9, 10). Both
the release of vasoactive substances and a severe transient
sympathetic discharge are thought to participate in this process
(23, 24). These processes lead to an increase in pulmonary
capillary hydrostatic pressure, damage to the alveolar wall, and
the leakage of fluid into the intra-alveolar space (4).

Our previous experiments showed that severe NPE could be
experimentally induced by rapid epidural balloon compression
of the thoracic spinal cord in rats anesthetized by 1.5% isoflu-
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rane in air (18, 19). Moreover, particular procedures preventing
the rapid activation of the sympathetic nervous system, such as
ganglionic blockade by pentolinium, slow gradual inflation of
the balloon, or transection of the spinal cord at the same level
instead of spinal compression, prevented the development of
NPE (18, 22).

Nitric oxide is generated from L-arginine by the enzyme
nitric oxide synthase (NOS). Some data suggest that NO may
play an important role during the development of NPE. Intra-
venous administration of L-arginine has been reported to pre-
vent increased pulmonary capillary permeability in high-alti-
tude pulmonary edema (1). NPE, which is also characterized
by elevated pulmonary vascular permeability, may be inhibited
by NO produced in the medulla oblongata (5, 8). In the nucleus
tractus solitarii of the medulla oblongata, as well as in the
rostroventrolateral medulla, there are blood pressure (BP)
-controlling regulatory centers that are also called “NPE trigger
zones.” The injection of NOS inhibitors into the close prox-
imity of these centers or into the cerebrospinal fluid enhances
sympathetic tone (6, 27), probably by the modulation of the
arterial baroreflex (6, 13). On the basis of our previous exper-
iments (20-22), we have proposed a hypothesis that NPE
develops in rats in which a pronounced decrease of heart rate
(HR) is elicited by a baroreflex activated by the early BP rise
following a massive catecholamine discharge from the sympa-
thetic nervous system.

The aim of this study was 7) to evaluate the role of NO in the
development of NPE following balloon compression of the tho-
racic spinal cord, and 2) to test the above hypothesis of the
importance of baroreflex-induced cardiac deceleration (occur-
ring shortly after spinal cord compression) for further NPE
development. To achieve this goal, we employed a competitive
inhibitor of NOS-N%-nitro-L-arginine methyl ester (.-NAME),
which was administered either acutely (prior to spinal cord
injury) or chronically (for 4 wk before the injury procedure) to
Wistar rats. Acute pretreatment with pentolinium (ganglionic
blocker) or atropine (competitive antagonist of muscarinic
receptors) was used to prevent sympathetic nerve discharge or
baroreflex-induced HR reduction, respectively.

MATERIALS AND METHODS

Animals. We used 94 male Wistar rats (Velaz, Prague, Czech
Republic) with body weights between 300 and 330 g. This study was
performed in accordance with the European Communities Council
Directive of 24th of November 1986 (86/609/EEC) regarding the use
of animals in research and was approved by the Ethical Committee of
the Institute of Experimental Medicine of the Academy of Sciences of
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the Czech Republic, Prague, Czech Republic. All efforts have been
made to decrease the number of animals used in the study.

Design of the study. Animals were randomly divided into 14 exper-
imental groups (Table 1) according to the following criteria: /) presence
of spinal cord injury, 2) dose of isoflurane anesthesia, 3) acute or chronic
L-NAME administration, and 4) pentolinium or 5) atropine administra-
ton.

Animals were anesthetized with either 1.5% or 3% isoflurane in air
(flow 300 ml/min), and an arterial catheter was inserted for the
monitoring of BP and HR, and a venous catheter was inserted into the
common carotid artery and internal jugular vein for the administration
of L-NAME, pentolinium, or atropine; both catheters were exterior-
ized in the interscapular region. The animal was put in a prone
position, and the balloon compression of spinal cord was performed.
Rats were killed 10 min after lesioning (i.e., after balloon deflation),
and the grade of NPE was independently evaluated using macroscopic
visual examination of subpleural bleeding and the P index (lung
weight/body weight X 100). Controls were healthy noninjured ani-
mals that were killed immediately after the induction of anesthesia.
The possible role of isoflurane in inducing NPE per se was excluded
in our previous study (18).

Balloon compression spinal cord lesion. To induce a spinal cord
injury, we used the model of an epidural balloon compression lesion
(25), as described previously (18). Briefly, under aseptic conditions, a
2-cm median skin incision at the Th10-L1 level was made. The dorsal
muscles were shifted laterally, and the Thl0 and Thll spinous
processes were removed. A hole was drilled into the Th10 lamina with
a dental drill. Then, a 2F French Fogarty catheter (Baxter Healthcare,
Irvine, CA), which was filled with distilled water and connected to a
50-p] Hamilton syringe, was inserted into the dorsal epidural space 10
mm rostrally, to reach the Th8-Th9 spinal level. Using a microma-
nipulator, the balloon was rapidly inflated to 15 pl, and the inflated
balloon was left in place for 5 min. Subsequently, the balloon was
deflated and removed.

The immediate inflation of the balloon in the epidural space of the
thoracic spinal channel with 15 l water under 1.5% isoflurane
anesthesia reliably and reproducibly produces severe neurogenic pul-
monary edema (18, 19). On the other hand, animals that undergo the
same procedure under 3% isoflurane anesthesia do not develop neu-
rogenic pulmonary edema (18, 19). Therefore, in the present experi-
ments, we used these two contrasting models, in which the role of NO,
as well as the importance of early bradycardia, were studied.

Evaluation of NPE. The lungs were immediately removed from
killed animal and weighed by an independent investigator. To esti-
mate the liquid accumulation in the lungs, both lungs were weighed,
and the relative pulmonary weight was calculated as the pulmonary
index (lung weight/body weight X 100), which has been previously
considered to be very sensitive to the degree of pulmonary edema (9,
10, 14, 15, 18). In all cases, a mild hematoma, maximally 1 mm in
diameter, was found in the hilus area as a result of the manipulation
of the pulmonary vessels during lung removal (not taken into further
account). The level of pulmonary subpleural bleeding was evaluated
macroscopically as “Absent” (no bleeding on the lung surface),
“Grade I" (small bleeding areas, occupying not more than 10% of the
lung surface), “Grade II” (medium-sized bleeding areas, occupying
11-50% of the lung surface), and “Grade III" (massive bleeding areas,
occupying more than 50% of the lung surface), as described previ-
ously (18, 19). Each lung was evaluated separately. In our previous
experiments, we documented that the pulmonary index and the extent
of subpleural bleeding clearly correspond to the histological picture of
the severity of lung edema (18, 19, 22); thus, the histology was not
performed in the current experiments.

Measurement of BP and HR changes. Mean arterial pressure
(MAP, mmHg) and HR [beats per minute (bpm)] were monitored for
5 min before the procedure, throughout the entire procedure and for 15
min after the balloon compression of the spinal cord in groups 1-13
of this study using a PowerLab system (ADInstruments, Colorado

Table 1. Lung impairment after spinal cord injury in individual experimental groups (anesthetized with 1.5% or 3% isoflurane) subjected to either acute or

chronic L-NAME treatment with or without pentolinium or atropine pretreatment

14

13

10

1

Group

control

3% 1.5%

3%
acute L-NAME  chronic L-NAME  Ther:

3%

1.5%
atropine chronic

1.5%

1.5%

1.5%
acute L-NAME  chronic .-NAME  pentolinium  pentolinium acute  per

1.5%

Isoflurane

atropine

L-NAME

2
=
7]

L-NAME

atropin

atropine

chronic

L-NAME

intervention

Pharmacol

12

0.78+0.04%F 045+0.02

6

{l
0.45+0.01F

6
1.00+0.0:

9
0.77+0.05%

=
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0.41+0.0
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04320.01%

+0.06%

0.50

04320018

3+
o3

0.78+0.07%;

04240018

043+0.01%

di

0.422+0.0

0.87+0.03%

2%

P index
Absent

12 (100%:)

13(81%) 12 (100%)

8 (100%)

12 (100%)

8 (100%)

12 (100%:)

10 (100%)

(% of 2N)

Grade [
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1 (6%)

2(13%)

(% of 2N)

Grade 11

1(6%)

1 (6%)

2(13%)

1(6%)

(% of 2N)

Grade 111

14 (889%0)

14 (B8%:)

12 (100%)

12 (100%)

17 (94%%)

(% of 2N)

Died (%)

2574

0§

0§

3844

0§

3%

83

33

Values are expressed as means = SE (P index). The absence or presence of subpleural bleeding (evaluated as Grades I-1II) in different groups is shown as the total number of lungs in each group (with
the right and left lungs considered separately) and as the percentage of affected lungs (calculated in terms of all lungs in the corresponding group). One-way ANOVA with post hoc least significant difference

nificantly higher from the 1.5% model (group 1), £from the 1.5% model

0.19) indicated the presence of significant differences (P < 0.05): *from controls (group 14),

23.5, LSD
acutely treated with L-NAME (group 2), §from the 1.5% model chronically treated with L-NAME (group 3). The occurrence of deat

(LSD) test (Fiae0

shown as the total number of deaths in each group and as the percentage

of all animals in the group. Control animals are animals without spinal cord injury, sacrificed immediately after the onset of anesthesia. N, number of rats; 2N, number of lungs.
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Table 2. Baseline mean arterial pressure and heart rate values, as well as the values found after particular surgical
procedures in rats anesthetized with 1.5% isoflurane and subjected to acute or chronic .-NAME treatment and preventive

pentolinium or atropine treatment

Group 1 2 3 4 5 6 7 8 9
Isoflurane 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5%
Pharmacological acute L-NAME  chronic L-NAME pentolinium  pentolinium  pentolinium atropine atropine atropine

intervention acute chronic acute chronic
L-NAME L-NAME L-NAME L-NAME

Mean arterial pressure, mmHg

Baseline values 93£5 97%5 123437 971 1054 140+ 67E 1033 102+2 140£57§

L-NAME - 1175 — — 122%+6 — — 116£3 —

Balloon insertion 9910 125+7* 128 +4% 114*=8 1315 154+ 107% 106+6 125+4 151 44§

Pentolinium — — — 55%2 62+3 62+4 T7£3 114+4% 117127
injection

Atropine — — — — — — — — —
injection

Balloon inflation,  155%8 1636 181 6% T5+5% 146+ 6% 66+2% 161+9 180 4% 1797
max

Atropine: o - - - - o - — -
therapeutic

Recovery 77+6 104 7% 65+8 55+2% 67+4% 50+3% 92+6 97+6 121£27§

Heart rate, bpm

Baseline values 433=16 421=17 e2Elo6t 402x=11 397x6 39715 379 18§ 395*12 370x4

L-NAME — 386=12 — — 355%6 — — 360=11 —

Balloon insertion ~ 387%13 366+12 341+21 36428 327£11 41544k 412+14 32+17%  385+14§

Pentolinium — — _— 313=18 200+12 344+11 399+13 361212 383%9
injection

Atropine — — — — — — — — —
injection

Balloon inflation,  283+30 190+ 34* 169+25+ 386+21% 421+483% 439+233% 434+7§  434+12§  416+4§
max

Atropine: — — — — — — — — —
therapeutic

Recovery 357+19 328+11 204+32F 317x21 313=16 202+5 399+9 330422%  360+24§

Data are presented as means = SE. Significant difference (P < 0.05; one-way ANOVA with post hoc LSD test). All F ratios and LSD values are presented
in Table 3. *Influence of acute L-NAME administration vs. corresponding control (groups 2 vs. I3 5 vs. 4, 8 vs. 7; 11 vs. 10). TInfluence of chronic L-NAME
administration vs. corresponding control (groups 3 vs. 11 6 vs. 4: 9 vs. 7, 12 vs. 10). ZInfluence of pentolinium administration vs. corresponding control (groups
4 vs. 11 5 vs. 20 6 vs. 3). §Influence of atropine administration vs. corresponding control (groups 7 vs. I3 8 vs. 2: 9 vs. 3).

Springs, CO). The competitive inhibitor of NOS L-NAME (Sigma, St.
Louis, MO) was administered either acutely before the spinal cord
injury (30 mg/kg iv, reported as “acute”) or for 4 wk before the injury
procedure (40 mg-kg '-day ! in the drinking fluid, reported as
“chronic”). To eliminate the influence of the sympathetic nervous
system, we administered the ganglionic blocker pentolinium (5 mg/kg
iv; Sigma) 2 min before balloon inflation. To limit the baroreflex-
induced HR decrease, atropine (4 mg/kg iv; Sigma) was given 2 min
before spinal cord injury. The hemodynamic values were obtained at
the following time points: /) the baseline value before the onset of
surgery, 2) the maximum value after L-NAME administration, 3) the
maximum value after balloon insertion, 4) the minimum value after
pentolinium or atropine administration, 5) the maximum value after
balloon inflation, 6) the value 2 min after balloon inflation, and 7) the
value after 10 min of recovery. The BP rise and HR changes elicited
by spinal cord compression were evaluated by subtracting the values
found after balloon insertion (groups /-3 and 10—12) from the peak
values seen after balloon inflation. In groups subjected to pharmaco-
logical interventions (groups 4—6 and 7-9), we subtracted the values
found after pentolinium or atropine administration from the corre-
sponding peak values.

Statistical analysis. The pulmonary index, MAP, and HR are
reported as mean values *= SE. One-way ANOVA with a post hoc
least significant difference test was used for comparison among the
individual groups.

RESULTS

Spinal cord injury under different degrees of isoflurane
anesthesia. The rapid inflation of the balloon in the spinal
channel of animals anesthetized with 1.5% isoflurane anesthe-
sia caused a considerable BP elevation, HR decrease, and
severe NPE in all cases. The pulmonary index and the extent of
subpleural bleeding (Table 1), as well as the BP rise and HR
decrease (Tables 2 and 3, Fig. 1A) corresponded to the values
observed previously for this model of severe NPE (19). Con-
versely, the same procedure performed under 3% isoflurane
anesthesia did not promote NPE.

Effect of .-NAME administration in rats anesthetized with
1.5% isoflurane (groups 1-3). Acute L-NAME injection before
the spinal cord injury was associated with 83% mortality
following spinal cord compression. All of the animals died
within 10 min after balloon inflation due to a rapid develop-
ment of NPE. A few minutes before death, their breathing
frequency started to increase slowly, and they began to develop
a so-called “death rattle.” Subsequently, their ventilation
stopped, and after several seconds, a large amount of gaseous
blood came out of their nostrils, followed by the cessation of
their heart beat. The amount of gaseous blood was substantially

AJP-Regul Integr Comp Physiol « VOL 297 « OCTOBER 2009 » WWW.ajpregu.org
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Fig. 1. The time course of mean arterial pressure

(MAP; top) and heart rate (HR: bottom) during the
entire surgical procedure, balloon compression lesion
(arrowhead), and recovery period in representative
animals from individual experimental groups. A: bal-
loon compression spinal cord lesion in an animal |
anesthetized with 1.5% (model of neurogenic pulmo- 0 ' 5
nary edema) (group 1). B: balloon compression spinal
cord lesion in an acutely L-NAME pretreated animal
anesthetized with 1.5% isoflurane (group 2). C: bal- 300|
loon compression spinal cord lesion in an acutely

200/
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100/

@)

L-NAME-pretreated animal anesthetized with 3% —
. . . o
isoflurane (group 11). D: balloon compression spinal T 540 LNAME
cord lesion in an acutely L-NAME-pretreated animal € i
anesthetized with 1.5% isoflurane, pretreated with g }
atropine (group 8). 0 400
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larger than that observed in our 1.5% isoflurane model of
severe NPE. The pulmonary index was significantly increased
compared with the 1.5% isoflurane model (group 1) (Table 1).
Acute L-NAME administration caused a moderate increase in
BP (20 mmHg) accompanied by about a 10% decrease in HR
in animals anesthetized with 1.5% isoflurane. In these rats
(group 2), balloon insertion into the epidural space already
caused a small BP elevation, which was seen not only in this
group, but also in groups 5 and 8 (prior to pentolinium or
atropine injection). Acute L-NAME administration attenuated
the BP rise but augmented the bradycardia accompanying the
BP rise occurring shortly after spinal cord compression in rats
anesthetized with 1.5% isoflurane (group 2 vs. group 1) (Fig.
1B, Fig. 2).

Chronic .-NAME administration for 4 wk caused a moder-
ate elevation of basal BP similar to that seen after acute
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L-NAME injection, but it affected the development of neuro-
genic pulmonary edema less than did acute L-NAME admin-
istration. Only 33% of the chronically L.-NAME-treated ani-
mals died as a result of NPE, and their P index was signifi-
cantly lower compared with those in rats subjected to acute
L-NAME treatment (group 3 vs. group 2). However, the P
index was not significantly increased compared with our 1.5%
isoflurane model (group I). BP elevation and HR decrease
after spinal cord injury were comparable to that seen in the
acutely L-NAME-treated rats (group 2) (Table 2). Neverthe-
less, the marked HR decrease accompanying BP elevation also
promoted the development of severe NPE in chronically L-
NAME-treated spinal cord-injured rats (group 3).

Effect of preventive pentolinium administration in rats anes-
thetized with 1.5% isoflurane (groups 4—6). Ganglionic block-
ade by pentolinium prevented the BP rise, bradycardia, and the
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Fig. 2. The changes in mean arterial pressure (MAP) and heart rate (HR)
elicited in individual experimental groups by spinal cord compression. Data are
presented as means * se. One-way ANOVA with a post hoc LSD test
indicated the presence of significant differences in both MAP (Fy; 6 = 10.7,
LSD = 19 mmHg) and HR (Fy162 = 19.9, LSD = 69 bpm). Significant
differences (P << 0.05): #vs. respective group anesthetized with 3% isoflurane,
#effect of acute L-NAME vs. respective group without L-NAME, -effect of
pentolinium vs. respective group anesthetized with 1.5% isoflurane, Ceffect of
atropine vs. respective group anesthetized with 1.5% isoflurane.

development of neurogenic pulmonary edema in rats anesthe-
tized with 1.5% isoflurane (group 4), as observed previously
(18). Importantly, pretreatment with pentolinium also pre-
vented NPE development and bradycardia in rats treated
acutely or chronically with L-NAME (groups 5 and 6) (Tables
1 and 2). In fact, in pentolinium-pretreated rats, the spinal cord
compression usually elicited a HR acceleration instead of the
typical bradycardia (Fig. 2). These results show the importance
of a HR decrease under the conditions of a BP increase for the
development of NPE.

Effect of preventive atropine injection in rats anesthetized
with 1.5% isoflurane (groups 7-9). The administration of
atropine 2 min before balloon inflation caused a significant BP
decrease prior to spinal cord injury without affecting the HR.
This pharmacological intervention completely prevented the
development of NPE in untreated animals (group 7), whereas
it only attenuated NPE development in rats acutely treated with
L-NAME (group §), in which both mortality and the P index
were significantly reduced compared with group 2 (Table 1).
On the other hand, atropine pretreatment prevented NPE de-
velopment in rats chronically treated with L-NAME (group 9).
Importantly, in all of these groups atropine administration
prevented the HR decrease, but not the BP elevation, occurring
early after balloon inflation (Table 2). The BP rise elicited by
spinal cord compression in atropine-pretreated rats tended to be
higher than in nonpretreated rats (groups 7-9 vs. groups 1-3)
(Fig. 2, Table 2). After atropine pretreatment, spinal cord
compression did not elicit the characteristic bradycardia, but
rather a borderline HR acceleration (Fig. 1D), which tended to
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be smaller in atropine-pretreated animals (groups 7-9) than in
rats pretreated with pentolinium (groups 4—6) (Fig. 2).

Effect of L-NAME administration in rats anesthetized with
3% isoflurane (groups 10—12). Neither acute nor chronic
administration of L-NAME promoted neurogenic pulmonary
edema in animals anesthetized with 3% isoflurane. In addition,
the values of the pulmonary index in rats treated with L-NAME
tended to be lower than those in animals without L-NAME
administration (groups 11 and 12 vs. group 10) (Table 3).
Although pulmonary edema did not develop in any animal
from the 3% isoflurane groups (irrespective of L-NAME treat-
ment), the magnitude of the BP increase after balloon inflation
seen in particular 3% isoflurane groups was comparable to the
changes seen in the corresponding 1.5% isoflurane groups.
Nevertheless, HR did not decrease after balloon compression
of the spinal cord in any of the 3% isoflurane groups (Table 2,
Fig. 1C), indicating that baroreflex-induced bradycardia during
the hypertensive reaction might be an important mechanism for
the development of NPE.

Finally, we demonstrated that the development of NPE
cannot be influenced by the therapeutic administration of
atropine (4 mg/kg iv) 2 min after balloon compression of the
spinal cord (group 13). The delayed atropine injection had no
positive effect on NPE development in rats with spinal cord
injury (P index 0.78 = 0.04, n = 8). In this group, there was
a similar BP rise (+51 = 4 mmHg) and HR reduction
(—138 = 29 bpm) after the balloon compression lesion as in
untreated rats subjected to spinal cord compression in 1.5%
isoflurane anesthesia (Table 3).

DISCUSSION

The present study confirmed our original findings (18) that
balloon compression of the thoracic spinal cord results in NPE
development in rats anesthetized with 1.5% isoflurane but not
in those anesthetized with 3% isoflurane. The inflation of a
balloon to 15 pl in the spinal channel caused a considerable BP
increase in both groups, but this BP rise was accompanied by
a HR reduction only in rats anesthetized with 1.5% isoflurane
(Fig. 2). The proposed importance of the sympathetic nervous
system (SNS) for the development of neurogenic pulmonary
edema (12, 16) raised the question of whether the elimination
of nitric oxide would enhance the deleterious effects of SNS
activation on NPE development because NO is known to
attenuate peripheral sympathetic vasoconstriction (26) and to
inhibit central sympathetic tone (13).

Acute NOS inhibition worsened NPE development in the
1.5% isoflurane model (group 2 vs. group 1), whereas no
significant effect of NOS inhibition on NPE development was
observed in the 3% isoflurane model (groups 11 and 12 vs.
group 10). A similar deleterious effect of L-NAME adminis-
tration on the severity and occurrence of NPE was reported by
Hamdy et al. (5), whereas increased NO production reduced
the severity of NPE in a similar model (8). The worsening of
NPE development in NO-deficient rats anesthetized with 1.5%
isoflurane was not associated with a greater BP rise, but there
was a clear-cut tendency toward a more pronounced HR
reduction after balloon inflation (Fig. 2). The mechanism
underlying the adverse effects of NO deficiency on NPE
development is probably based upon the lack of vasodilator
NO action counteracting a part of the sympathetic vasocon-
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Table 3. Baseline mean arterial pressure and heart rate values, as well as the values found after particular surgical
procedures in rats anesthetized with 3% isoflurane and subjected to acute or chronic L-NAME treatment or in rats
anesthetized with 1.5% isoflurane subjected to therapeutic atropine administration

Group 10 11 12 13 F ratio LSD df1/df2
Isoflurane 3% 3% 3% 1.5%
Pharmacological intervention acute L-NAME chronic L-NAME T-atropine

Mean arterial pressure, mmHg
Baseline values TR 4k 85+7 115+7% 96+2 153 13 12/69
L-NAME — 103=8 - — 2.0 16 3122
Balloon insertion 84+4 90+ 57 97 £ 10%* 102+4 9.2 20 12/69
Pentolinium injection 1.8 10 2/15
Atropine injection C — o — 15.0 20 2115
Balloon inflation, max 127 £ 8#=* 147 £ 4% 155+ 67%* 155+3 25.3 19 12/69
Atropine: therapeutic - — o 90+3 — — —
Recovery [ i 88+ 10* TI9+67 73+4 10.1 17 12/69
Heart rate, bpm

Baseline values 380 11%# 40210 387+9 39013 22 40 12/69
L-NAME - 398+13 S — 3.4 32 322
Balloon insertion 356+9 363*15 374x14 41010 36 44 12/69
Pentolinium injection 34 49 2/15
Atropin injection o - o - 2.7 43 2/15
Balloon inflation, max 359+ 13%% 373423 403£21%* 272429 12.4 78 12/69
Atropine: therapeutic - — o 402x10 o — —
Recovery 34112 36424 396+ 20%* 364+ 14 29 56 12/69

Data are presented as means = SE. Significant difference (P < 0.05; one-way ANOVA with post hoc LSD test is valid for groups 1-13 in Tables 2 and 3).
*Influence of acute L-NAME administration vs. corresponding control (groups 2 vs. 11 5 vs. 41 8 vs. 7; 11 vs. 10). TInfluence of chronic L-NAME administration
vs. corresponding control (groups 3 vs. 13 6 vs. 41 9 vs. 7, 12 vs. 10). **Difference between 1.5% and 3% isoflurane anesthesia (groups 10 vs. I3 11 vs. 2; 12

vs, 3).

striction, so that a more profound baroreflex-induced bradycar-
dia might occur (13, 26, 27). The most striking difference
between NO-deficient rats subjected to 1.5% or 3% isoflurane
anesthesia was the presence of baroreflex-induced bradycardia
in the former animals, whereas no significant HR changes were
observed after balloon compression of the spinal cord in rats
anesthetized with 3% isoflurane (Fig. 2). This is in accordance
with earlier findings that higher isoflurane concentrations de-
crease the baroreflex gain in the control of HR and sympathetic
nerve activity (2, 11, 17).

The above findings suggest that the mechanism(s) of NPE
development might involve sympathetic venoconstriction lead-
ing to blood mobilization from the systemic circulation into the
pulmonary vessels. The concomitant activation of the arterial
baroreflex, which is absent in rats anesthetized with 3% isoflu-
rane, causes such a decrease in HR that prevents effective
blood pumping into the systemic circulation. Bradycardia has
been recognized as an important factor contributing to NPE
development in animals with intracranial hypertension (for a
review, see Ref. 12). Nevertheless, bradycardia occurring after
intracranial hypertension appears to be initiated by the respec-
tive centers in the medulla oblongata rather than by peripheral
baroreceptor feedback (3). To test the role of bradycardia and
its mechanism in our NPE model, we have successfully em-
ployed two different interventions to prevent a baroreflex-
induced HR reduction following spinal cord compression.
First, a ganglionic blocker, pentolinium, was used to prevent a
sympathetic discharge leading to a BP increase and the conse-
quent activation of the arterial baroreflex.

Pentolinium pretreatment indeed abolished the BP rise and
bradycardia in both rats with preserved NO synthesis (group 4)
and also chronically NO-deficient rats (group 6). On the other

hand, a quite interesting response to spinal cord compression
was found in pentolinium-pretreated rats subjected to acute
NOS inhibition (group 5) (Fig. 2, Table 2). The mechanism of
this surprising pressor response in acutely NO-deficient rats
subjected to ganglionic blockade is not clear, but we can
speculate about the involvement of other pressor agents (ANG
I1, endothelin-1, vasopressin) acting on the resistance vascula-
ture in the absence of sympathetic vasoconstriction,

The second intervention used in our study was atropine
pretreatment aimed at interrupting the cholinergic mechanisms
mediating the baroreflex-induced bradycardia elicited after
spinal cord compression. Preventive atropine administration
not only abolished this bradycardia in both untreated and
NO-deficient rats (groups 7-9) but also converted it into
moderate tachycardia in both groups. This atropine pretreat-
ment completely prevented the occurrence of NPE in both
untreated and chronically NO-deficient animals anesthetized
with 1.5% isoflurane (groups 7 and 9) and significantly atten-
uated NPE development in acutely NO-deficient rats subjected
to the same anesthesia (group 8). Because therapeutic admin-
istration of atropine 2 min after balloon inflation (group 13)
had no beneficial effect on NPE development, it is evident that
an early bradycardic response after spinal cord compression is
decisive for NPE pathogenesis.

Perspectives and Significance

Our data indicate that the development of neurogenic pul-
monary edema in rats subjected to moderate anesthesia (1.5%
isoflurane) is dependent upon a marked decrease of HR under
the conditions of high BP elicited by the activation of the
sympathetic nervous system. This vicious circle can be inter-
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rupted either by ganglionic blockade (attenuating the sympa-
thetic discharge) or by the blockade of cholinergic muscarinic
receptors (eliminating the HR reduction). The above hemody-
namic alterations are especially pronounced in rats subjected to
acute NO synthase inhibition. Nitric oxide has a partial pro-
tective effect on NPE development because it attenuates sym-
pathetic vasoconstriction, BP rise, and subsequent baroreflex-
induced bradycardia following spinal cord injury. Further re-
search should elucidate the therapeutic potential of atropine
and/or other parasympatholytic agents in other (less severe or
slowly developing) models of NPE.
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Sedy J, Zicha J, Nedvidkova J, Kune$ J. The role of sympathetic
nervous system in the development of neurogenic pulmonary edema in
spinal cord-injured rats. J Appl Physiol 112: 1-8, 2012. First published
September 8, 2011; doi:10.1152/japplphysiol.00574.2011.—The pro-
nounced activation of sympathetic nervous system is a necessary
prerequisite for the development of neurogenic pulmonary edema
(NPE) in rats with balloon compression of spinal cord. In this study
we examined whether this is a consequence of rapid activation of
spinal pathways leading to sympathetic venoconstriction, blood pres-
sure rise, and reflex bradycardia. We found that NPE development can
be prevented by epidural upper thoracic anesthesia or by transection
of the upper spinal cord. This indicates an important role of spinal
pathways activation. NPE development can also be prevented by
moderate blood loss, supporting the role of blood redistribution to
pulmonary circulation. In rats developing NPE the catecholamine
surge following spinal cord compression involved not only a dramatic
increase of circulating norepinephrine but also of epinephrine levels.
The pretreatment of rats with -1 adrenoceptor blocker prazosin, -2
adrenoceptor blocker yohimbine, or calcium channel blocker nifedi-
pine prevented NPE development, whereas the effect of B-adrenocep-
tor blockade with propranolol was less convincing. In conclusion,
considerable activation of thoracic spinal pathways, followed by
marked catecholamine secretion, play a major role in the development
of NPE in spinal cord-injured rats. Enhanced a-adrenergic nifedipine-
sensitive vasoconstriction is responsible for observed blood pressure
changes, subsequent baroreflex bradycardia, and blood volume redis-
tribution, which represent major pathogenetic mechanisms of NPE
development.

a-adrenergic vasoconstriction; baroreflex bradycardia; epidural anes-
thesia; spinal pathways activation; blood volume redistribution

NEUROGENIC PULMONARY EDEMA (NPE) has been described as an
acute life-threatening complication following several central
nervous system injuries, including spinal cord injury, subarach-
noid hemorrhage, primary spinal cord hemorrhage, brain
trauma, intracerebral bleeding, severe epileptic grand mal sei-
zure, or subdural hematoma (1, 4-6, 9, 14, 19, 28, 29). It
develops rapidly following the injury and significantly com-
plicates the overall clinical status of the patient. It is charac-
terized by marked pulmonary vascular congestion with
perivascular edema, extravasation and intra-alveolar accumu-
lation of protein-rich edema fluid, and intra-alveolar hemor-
rhage (7, 11, 12). Both the release of vasoactive substances and
a severe transient sympathetic discharge are thought to partic-
ipate in this process. Several experimental studies have indi-
cated that the neurons responsible for this severe sympathetic
discharge are located in nuclei of hypothalamus and medulla
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oblongata. These centers represent so-called NPE trigger zones
(1). The overactivation of the sympathetic nervous system is
associated with the enhanced secretion of catecholamines from
peripheral sympathetic nerve endings, which leads to periph-
eral vasoconstriction, an increase in systemic vascular resis-
tance and blood pressure together with the augmentation of
central blood volume, and a reduction in the compliance of the
left ventricle. In the periphery, these changes are followed by
the constriction of the pulmonary veins, an increase in pulmo-
nary capillary hydrostatic pressure, damage to the alveolar
wall, and the leakage of fluid into the interstitium and intra-
alveolar space, and hemorrhage resulting in the typical picture
of NPE (1, 5). Despite these reports, the exact cascade leading
to the development of NPE is still unclear (11, 12).

We have recently demonstrated (27) that major activation of
sympathetic nervous system together with pronounced barore-
flex-induced bradycardia are necessary prerequisites for the
development of severe NPE, which is experimentally induced
by rapid epidural balloon compression of the thoracic spinal
cord in rats anesthetized by 1.5% isoflurane in air (21, 22). On
contrary, the same procedure did not lead to NPE when deeper
anesthesia with 3% isoflurane was employed (21). Our exper-
iments also indicated that the prevention of any of these two
decisive components—blood pressure elevation by ganglionic
blocker pentolinium and/or reflex bradycardia by atropine
pretreatment—abolished NPE development following spinal
cord compression (27). This is in line with the fact that
isoflurane exerts sympathoinhibitory effects (20) and attenu-
ates baroreflex gain in the control of either sympathetic nerve
activity (20) or heart rate (HR) (13).

The aim of the present study was to evaluate the importance
of the activation of ascending spinal pathways, elicited by
rapid compression of thoracic spinal cord, for sympathetic
hyperactivity and NPE occurrence. To achieve this goal, we
have used two different approaches: upper spinal cord transec-
tion and epidural anesthesia above the compression site to
interrupt neural signal transmission. It should be mentioned
that enhanced sympathetic vasoconstriction occurring after
spinal cord compression is manifested not only by blood
pressure elevation but also by increased venous return due to
intensive visceral venoconstriction redistributing blood to pul-
monary circulation. This situation is further aggravated by the
difficulties of the heart to pump the blood into systemic
circulation during reflex bradycardia. Thus the second aim of
our study was to evaluate whether moderate blood volume
reduction just before spinal compression might have protective
effects on NPE development.

The third aim of this study was to assess the contribution of
particular components of sympathetic nervous system to NPE
development. A special attention was paid to vasoconstriction
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mediated by a-adrenoceptors and subsequent calcium entry
through voltage-dependent Ca®" channels of L type (L-VDCC,
sensitive to dihydropyridine Ca?" antagonists). We were also
interested to know whether the enhanced stimulation of B-ad-
renoceptors by released norepinephrine and/or epinephrine
could attenuate NPE development through its vasodilatory and
cardiac effects.

Finally, we examined the changes of circulating norepineph-
rine and epinephrine following spinal cord compression in
animals subjected either to different degree of isoflurane anes-
thesia (1.5% vs. 3%) or to epidural anesthesia.

MATERIALS AND METHODS

Animals. We used 91 male Wistar rats (Velaz, Prague, Czech
Republic) with body weights between 300 and 330 g. This study was
performed in accordance with the European Communities Council
Directive of 24th of November 1986 (86/609/EEC) regarding the use
of animals in research and was approved by the Ethical Committee of
the Institute of Physiology, Academy of Sciences of the Czech
Republic, Prague, Czech Republic. All efforts have been made to
decrease the number of animals used in the study.

Design of the study. Animals were anesthetized with either 1.5% or
3% isoflurane in air (flow 300 ml/min), and an arterial catheter for the
monitoring of blood pressure and HR as well as a venous catheter for
the administration of vasoactive drugs (prazosin, nifedipine, propran-
olol, or yohimbine) were inserted into the common carotid artery and
internal jugular vein, respectively. In particular groups, different inter-
ventions were performed before spinal cord compression: /) transection
of the upper spinal cord, 2) the insertion of catheter into upper thoracic
region for trimecaine epidural anesthesia, or 3) moderate blood loss (3
ml, i.e., ~15% of blood volume) from carotid artery. In four animals,
the balloon was inserted into the lumbar (L) instead of the thoracic (T)
spinal level. Thereafter the animal was put in a prone position, and the
balloon compression was performed. Rats were euthanized 15 min
after lesioning (i.e., 10 min after balloon deflation). The grade of NPE
was independently evaluated using macroscopic visual examination of
subpleural bleeding and the p-index (lung weight/body weight X
100). Controls were healthy noninjured animals, euthanized immedi-
ately after the induction of anesthesia. The possible role of isoflurane
per se in inducing NPE was excluded in our previous study (21). For
the detailed list of experimental groups see Table 1.

Balloon compression spinal cord lesion. To induce a spinal cord
injury, we used the model of an epidural balloon compression lesion

(32), as described previously (21). Briefly, under aseptic conditions, a
2-cm median skin incision at the To-L; level was made. The dorsal
muscles were shifted laterally, and the Ty, and T, spinous processes
were removed. A hole was drilled into the Typ lamina with a dental
drill. Then a 2F French Fogarthy catheter (Baxter Healthcare, Irvine,
CA), which was filled with distilled water and connected to a 50-p.l
Hamilton syringe, was inserted into the dorsal epidural space 10 mm
rostrally, to reach the Tg-To spinal level. Using a micromanipulator,
the balloon was rapidly inflated to 15 pl, and the inflated balloon was
left in place for 5 min. Subsequently, the balloon was deflated and
removed. Rats were euthanized 10 min later.

The immediate inflation of the balloon in the epidural space of the
thoracic spinal channel with 15 pl water under 1.5% isoflurane
anesthesia reliably and reproducibly produces severe NPE (21, 22). In
the present experiments we therefore studied the effects of different
surgical or pharmacological procedures on the development of NPE in
this model (1.5% model).

Epidural anesthesia. After the induction of anesthesia and insertion
of arterial catheter for the monitoring of blood pressure and HR, the
animals were put into prone position. The spinal cord was reached by
exactly the same procedure as described for balloon compression. A
thin catheter (PE10) was inserted into epidural space to reach the
spinal T level. Subsequently, the wound site was hermetically closed
by Histoacryl, with a particular care not to disturb the spinal cord
tissue. Subsequently, 100 pl of trimecaine (Mesocain, 10 mg/ml) was
administered. This dose of trimecaine was chosen on the basis of our
preliminary experiments, in which 100 pl of trimecaine produced a
temporary paraplegia of both hindlimbs for at least 30 min (unpub-
lished data).

Upper thoracic spinal cord transection. After the induction of
anesthesia and insertion of arterial catheter for the monitoring of
blood pressure and HR, the animals were put into prone position. The
upper thoracic spinal cord was reached by exactly the same procedure
as described for balloon compression, but the targeted spinal level was
T4 After that, the surgical approach for the balloon compression
lesion was prepared. First, sharp rapid spinal cord transection at the T,
spinal level was performed, and 3 min later, balloon compression
lesion at the Tg level was performed as described previously.

Lumbar spinal cord compression. After the induction of anesthesia
and insertion of arterial catheter for the monitoring of blood pressure
and HR, the animals were put into prone position. The surgical
approach to the spinal cord was performed as described for thoracic
spinal cord compression. Subsequently, the 2F French Fogarthy cath-
eter was inserted into the dorsal epidural space 8 mm caudally, to

Table 1. Lung impairment after spinal cord injury in particular experimental groups subjected to particular spinal

or pharmacological intervention

Group Intervention Isoflurane  n Absent (% of 2n)  Grade 1 (% of 2n)  Grade 11 (% of 2n)  Grade 111 (% of 2n) p-index Died (%)
1 1.5% 9 1 (6%) 17 (94%) 0.78 = 0.05*% 3% (33%)
2 3% 8 16 (100%) 0.50 = 0.06
3 Epidural anesthesia 1.5% 10 20 (100%) 0.44 = 0.01
4 Upper spinal cord transection 1.5% 6 12 (100%) 046 = 0.04
5 Prazosin (1 mg/kg) 1.5% 6 12 (100%) 0.42 = 0.01
6 Yohimbine (1 mg/kg) 1.5% 6 12 (100%) 0.43 = 0.01
7 Nifedipine (0.4 mg/kg) 1.5% 4 8 (100%) 0.43 = 0.03
8 Propranolol (1-4 mg/kg) 1.5% 20 16 (80%) 3(15%) 1 (5%) 0.52 = 0.02*

9 Blood loss (3 ml) 1.5% 5 10 (100%) 0.47 £ 0.03
10 Lumbar compression 1.5% 4 8 (100%) 0.43 = 0.01
11 Intact controls 1.5% 13 26 (100%) 0.45 = 0.02

The p-index is given as mean values = SE; n = no. of rats and 2n = no. of lungs. Since there were no significant dose-dependent differences in hemodynamic
or pulmonary effects of spinal cord compression, all 3 subgroups of propranolol-treated rats were merged together. The absence or presence of subpleural
bleeding (evaluated as Grades I—III) in different groups are shown as follows. The total number of lungs in each group: the right and left lung were considered
separately, and the percentage of affected lungs was calculated in terms of all lungs in the corresponding group. *Significant differences (P < 0.05) from control
group. The occurrence of death is shown as the total number of deaths in each group and as the percentage of all animals in the group. Control animals are animals
without spinal cord injury, sacrificed immediately after the onset of anesthesia. n = no. of rats and 2n = no. of lungs.
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reach the Lo—Ls spinal level. Using a micromanipulator, the balloon
was rapidly inflated to 15 pl, and the inflated balloon was left in place
for 5 min. Subsequently, the balloon was deflated and removed. Rats
were euthanized 10 min later.

Monitoring of circulating levels of epinephrine and norepinephrine. The
immediate inflation of the balloon in the epidural space of the thoracic
spinal channel with 15 pl water under 1.5% isoflurane anesthesia
reliably and reproducibly produces severe NPE, whereas the animals
that undergo the same procedure under 3% isoflurane anesthesia do
not develop NPE (21, 22). In the present experiments we therefore
compared catecholamine surge in these two contrasting models. Blood
samples were taken before spinal surgery, immediately after the
inflation of the balloon in spinal channel, and at the end of the
recovery period. Serum concentrations of epinephrine and norepi-
nephrine were determined using commercial 2-CAT Research RIA kit
(LDN, Hamburg, Germany) after extraction and acylation of samples.
The sensitivity was 0.03 ng/ml for both epinephrine and norepineph-
rine. As a control group, we used animals where both adrenal glands
were removed using extraperitoneal approach, i.e., through small
incisions made in a midscapular line at the lumbar level.

Measurement of blood pressure and HR changes. Mean arterial
pressure (MAP, mmHg) and HR (beats/min) were monitored for at
least 5 min before the spinal surgical procedure, throughout the entire
procedure, and for 15 min after the balloon compression of the spinal
cord using a PowerLab system (ADInstruments, Colorado Springs,
CO). In particular groups, we pretreated the rats with one of following
drugs: /) a-1 adrenergic receptor blocker prazosin (1 mg/kg iv),
2) a-2 adrenergic receptor blocker yohimbine (1 mg/kg iv), 3) B-adrenergic
receptor blocker propranolol (1, 2, and 4 mg/kg iv), and 4) calcium
channel blocker nifedipine (0.4 mg/kg iv). These drugs were given
after balloon insertion, i.e., shortly before spinal cord compression,
which was carried out after a temporary stabilization of blood pressure
was achieved. The hemodynamic values were obtained at the follow-
ing time points: /) the baseline value before the onset of surgery,
2) the stabilized values before balloon inflation, 3) the maximum
value after balloon inflation, 4) the value 2 min after balloon inflation,
and 5) the value at the end of recovery (10 min after balloon deflation).
MAP and HR changes elicited by spinal cord compression were evalu-
ated by subtracting the values found after balloon insertion (groups /-3
and 9-/1) from the peak values seen after balloon inflation. In groups
subjected to pharmacological interventions (groups 3 and 5-8), we
subtracted the values found after drug administration from the corre-
sponding peak values.

Evaluation of NPE. The lungs were immediately removed from
euthanized animal and weighed by an independent investigator. To
estimate the liquid accumulation in the lungs, the relative pulmonary
weight was calculated as the pulmonary index (lung weight/body
weight X 100), which has been previously demonstrated to be a very
sensitive indicator of the degree of pulmonary edema (11, 12, 16, 21,
22). In all cases, a mild hematoma, maximally 1 mm in diameter, was
found in the hilus area due to the manipulation of the pulmonary
vessels during lung removal (not taken into further account). The level
of pulmonary subpleural bleeding was evaluated macroscopically as
“absent” (no bleeding on the lung surface), “grade I"" (small bleeding
areas, occupying not more than 10% of the lung surface), “grade II"”
(medium-sized bleeding areas, occupying 11-50% of the lung sur-
face) and “grade III” (massive bleeding areas, occupying more than
50% of the lung surface), as described previously (21, 22). Each lung
was evaluated separately. In our previous experiments, we docu-
mented that the pulmonary index and the extent of subpleural bleeding
clearly correspond to the histological picture of the severity of lung
edema (21, 22, 25); thus the histology was not performed in the
current experiments.

Statistical analysis. The pulmonary index, MAP, HR, and catechol-
amine levels are reported as mean values = SE. One-way ANOVA
with a post hoc least significant difference (LSD) test was used for the
comparison among individual groups.

RESULTS

The effect of various spinal procedures and blood loss on
NPE development. The rapid inflation of the balloon in the
spinal channel of rats anesthetized with 1.5% isoflurane anes-
thesia (Table 1, group 1) caused a considerable blood pressure
elevation, baroreflex-induced HR decrease, and severe NPE in
all cases (Table 1 and Figs. 1 and 2). The pulmonary index and
the extent of subpleural bleeding as well as the blood pressure
rise and HR decrease corresponded to the values observed
previously for this model of severe NPE. Conversely, the same
procedure performed under 3% isoflurane anesthesia (group 2)
did not promote NPE. In this group, the changes elicited by
spinal cord compression were AMAP = 72 = 9 mmHg and
AHR = 4 * 3 beats/min. These findings also confirmed our
previous results (21).

None of the animals pretreated with upper thoracic transec-
tion or epidural anesthesia developed NPE. Neither p-index nor
the extent of subpleural bleeding differed significantly from
intact controls (Table 1, groups 3 and 4). The epidural anes-
thesia prevented the blood pressure rise as well as HR decrease
in these animals (Figs. 1 and 2). Similar protection against NPE
was also observed in animals subjected to a moderate preven-
tive blood loss (Table 1, group 9). Blood loss caused a
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Fig. 1. Changes in mean arterial pressure (MAP) and heart rate (HR) elicited
by spinal cord compression in rats anesthetized with 1.5% isoflurane and
subjected to either epidural anesthesia (group 3), upper thoracic spinal cord
transection (group 4), or blood loss (group 9). Data are presented as means *
SE. Significant differences (P < 0.05) vs. control group [1.5% model of
neurogenic pulmonary edema (NPE), group 1] are marked by asterisks.

J Appl Physiol « doi:10.1152/japplphysiol.00574.2011 « www jap.org

G10Z ‘Pz Alenigad uo woJy Papeojumoq




-+ SYMPATHETIC NERVOUS SYSTEM AND NEUROGENIC PULMONARY EDEMA

>

MAP {mmHg}

HR (BPM)
£

Time {min)

0

MAP {mmHg)
g § &8 8
»

-

HR (BPM)
-B588

10 20 30 40
Time (min)

200

MAP (mmHg)
-

HR (EPM)
i
1

200

L] 10 20 30
Time (min)

:"“‘H Ay

g E——

Mapr (mmHg) O

HR (EPM}

20
Time {min)

Fig. 2. Time course of MAP (above) and HR (below) during the entire surgical procedure, balloon compression lesion (arrows), and recovery period in
representative animals from individual experimental groups. Arrowheads indicate particular experimental interventions mentioned below. A: animal anesthetized
with 1.5% isoflurane (group I). B: epidural anesthesia in rat anesthetized with 1.5% isoflurane (group 3). C: upper thoracic spinal cord transection in rat
anesthetized with 1.5% isoflurane (group 4). D: blood loss in rat anesthetized with 1.5% isoflurane (group 9).

considerable blood pressure reduction before balloon inflation
(Table 2). In these animals spinal cord compression elicited
exaggerated blood pressure rise but no significant change in
HR (Figs. 1 and 2).

NPE did not occur in rats in which spinal cord was com-
pressed at the lumbar level (Table 1, group 10; AMAP —25 =
8 mmHg; AHR —4 = 13 beats/min; p-index = 0.43 = 0.01).
This is in accordance with our previous findings that different
types of spinal cord lesion, such as lower thoracic spinal
transection at the Ty level (AMAP 23 = 4 mmHg; AHR —16 =
14 beats/min; p-index = 0.46 = 0.04) or slow spinal compres-
sion (AMAP 0 = 2 mmHg; AHR —23 = 7 beats/min; p-index =
0.49 £ 0.03), did not induce NPE (25, 27). Hemodynamic data
from these experiments clearly demonstrate that only such
spinal cord interventions, which cause a marked rapid barore-
flex-induced bradycardia, have a potential to promote the
development of neurogenic edema.

Table 2. The changes of mean arterial pressure (MAP) and
heart rate (HR) induced by a moderate blood loss (3 ml) or
pharmacological pretreatment before spinal cord
compression in rats anesthetized with 1.5% isoflurane

Intervention n AMAP, mmHg AHR, beats/min
Blood loss 5 =36 = 10 11+4
Prazosin (1 mg/kg) [} 404 24 =13
Yohimbine (1 mg /kg) 6 —49+5 24+ 15
Nifedipine (0.4 mg/kg) 5 =24 + 4 12+10
Propranolol (1 mg/kg) 7 0+3 -50x9
Propranolol (2 mg/kg) 8 -4 x4 —60 £ 5
Propranolol (4 mg/kg) 5 —-34=*5 -72=8

Data are means = SE: n = no. of rats.

Circulating catecholamines and NPE development. To ex-
amine the role of sympathetic nervous system in NPE, we
measured serum levels of epinephrine and norepinephrine
before, during, and after the balloon compression spinal cord
lesion (Fig. 3). In animals with severe NPE, which were
anesthetized with 1.5% isoflurane (group I: 1.5% model), we
have observed an 18-fold increase in serum epinephrine con-
centration and a 64-fold increase in serum norepinephrine
concentration immediately after balloon compression. This
increase of circulating catecholamine levels was normalized at
the end of the recovery period. In rats anesthetized with 3%
isoflurane (group 2), which did not develop NPE, there was a
40-fold increase in the level of serum norepinephrine but no
significant change in epinephrine level after balloon compres-
sion of the spinal cord (Fig. 3). It is important to note that the
levels of catecholamines were not increased during spinal cord
compression in animals pretreated with upper thoracic epidural
anesthesia (Fig. 3).

The contribution of o- and B-adrenergic mechanisms to the
development of NPE. The pretreatment of rats with a compet-
itive inhibitor of a-1 adrenergic receptors prazosin (group 5),
a competitive inhibitor of -2 adrenergic receptors yohimbine
(group 6), or calcium channel blocker nifedipine (group 7)
prevented the NPE development, as indicated by unaltered
p-index values (Table 1). All three blockers lowered blood
pressure before spinal cord compression without significant
changes in HR (Table 2). Figure 4 shows that all these
pharmacological interventions prevented significant HR reduc-
tion, whereas blood pressure rise was attenuated by prazosin
pretreatment only. These results suggest that a-adrenergic
neurotransmission and consequent calcium influx through volt-
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Fig. 3. Levels of circulating norepinephrine (top panel) and epinephrine
(bottom panel) before, during, and after spinal cord compression in rats
anesthetized with 1.5% isoflurane (1.5% model of NPE, group I) or 3%
isoflurane, as well as in animals anesthetized with 1.5% isoflurane and
subjected to epidural anesthesia. Data are presented as means = SE. Signifi-
cant differences (P < 0.05) vs. 1.5% model of NPE (group I) are marked by
asterisks.

age-dependent calcium channels play a crucial role in NPE
development. Moreover, the data presented in Fig. 4 clearly
confirm our above mentioned results from experiments with
different spinal cord manipulations that marked rapid HR
decrease, but not blood pressure rise, induced by spinal cord
compression is essential for the development of NPE.

On the other hand, a B-blockade induced with propranolol
administered before spinal cord compression had only a partial
protective effect on NPE development (Table 1, group 8) that
was independent of propranolol dose used (p-index: 1 mg/kg
group 0.55 = 0.04, 2 mg/kg group 0.54 = 0.04, and 4 mg/kg
group 0.46 = 0.03, not significant). This was a reason to merge
all three subgroups together. The pretreatment of rats with
propranolol before spinal cord compression caused a moderate
dose-dependent blood pressure decrease but a considerable HR
reduction, which was similar at all three doses used (Table 2).
Spinal cord compression in propranolol-pretreated rats was
followed by a blood pressure rise, which was similar to that
seen in untreated rats of group I, but we have still observed a
significant reduction of HR, which was, however, diminished
to 40% of the response found in group I (Fig. 4). These
hemodynamic changes elicited by spinal cord compression
were similar at all three propranolol doses (data not shown). It
is evident that the degree of protection against NPE induced by
different interventions on sympathetic nervous system clearly
corresponds to the extent of attenuation of HR rate decrease
occurring after spinal cord injury.

DISCUSSION

The pronounced activation of sympathetic nervous system is
a necessary prerequisite for the development of NPE in rats
with the balloon compression of spinal cord. In this study we
found that NPE development can be prevented by epidural
upper thoracic anesthesia or by upper transection of the tho-
racic spinal cord. This indicates an important role of rapid
activation of spinal pathways for the enhancement of the
sympathetic outflow. NPE development can also be prevented
by a moderate blood loss, supporting the role of blood redis-
tribution to pulmonary circulation. In rats developing NPE the
catecholamine surge following spinal cord compression in-
volved not only a dramatic rise of circulating norepinephrine
but also a major increase of epinephrine levels. The pretreat-
ment of rats with «-1 adrenoceptor blocker prazosin, o-2
adrenoceptor blocker yohimbine, or calcium channel blocker
nifedipine prevented NPE development, whereas the effect of
3-adrenoceptor blockade with propranolol was less convinc-
ing. Thus a considerable activation of thoracic spinal pathways
leading to enhanced a-adrenergic vasoconstriction (mediated
by calcium entry via L-VDCC) plays a major role in the
development of NPE in spinal cord-injured rats. Our experi-
ments confirmed the decisive role of baroreflex-induced bra-
dycardia in the pathogenesis of NPE following spinal cord
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Fig. 4. Changes in MAP and HR elicited by spinal cord compression in
particular experimental groups (prazosin, yohimbine, propranolol, nifedipine)
of rats anesthetized with 1.5% isoflurane. Data are presented as means * SE.
Broken lines represent MAP and HR changes found in 1.5% model of NPE
(group 1). Significant differences (P << 0.05) vs. control group are marked by
asterisks.

J Appl Physiol « doi:10.1152/japplphysiol.00574.2011 « www jap.org

G10Z ‘Pz Alenigad uo woJy Papeojumoq




6 SYMPATHETIC NERVOUS SYSTEM AND NEUROGENIC PULMONARY EDEMA

compression, because all experimental procedures eliminating
HR reduction after spinal cord compression also abolished
NPE development.

Pronounced rapid activation of thoracic spinal pathways is
essential for NPE occurrence. Our study showed that NPE
development can be prevented by preceding epidural upper
thoracic anesthesia with trimecaine. In human medicine, this
intervention is routinely used to completely anesthetize the
central as well as peripheral spinal neural pathways to perform
particular surgical approaches, such as hip joint surgery or
obstetric operations. We used this procedure in our NPE model
to examine the effect of complete abolishing of the activation
of spinal neural pathways. Our results indicate that rapid
balloon compression of anesthetized lower thoracic spinal cord
completely prevented the massive activation of NPE trigger
zone afferent pathways (for review on NPE trigger zone see
Refs. 1, 23, 24). In our study this was reflected by the lack of
characteristic hemodynamic response associated with NPE
development as well as by the absence of catecholamine surge.
Moreover, the balloon compression of anesthetized thoracic
spinal cord was not accompanied by skeletal muscle contrac-
tions typical for NPE model (21, 22), indirectly supporting the
efficiency of epidural anesthesia. Similar preventive effects on
NPE development were achieved by transection of the spinal
cord at the T, level.

Interestingly, the hyperactivation of spinal neural pathways,
supposed in the compressive model, does not seem to have a
role in other spinal cord injury models, such as spinal transec-
tion or hemisection (22, 24, 25). Moreover, only rapid but not
slow compression of spinal cord elicited NPE under otherwise
same experimental design (25). Many clinical experiences
indicate that the moment of sudden severe hyperactivity of
spinal or cerebral pathways clearly corresponds to the time
when the NPE was elicited (for review see Refs. 1, 5). Thus
both the extent as well as the rate of spinal neural hyperacti-
vation might be crucial for the development of NPE. It has
been published previously that cerebral compression elicited
systemic arterial hypertension and pulmonary edema. These
responses were prevented by spinal transection at C5 level, but
not by decerebration (2, 3). On the other hand, we observed
that NPE did not develop when the balloon compression was
performed at the lumbar instead of lower thoracic spinal level.
This is probably the result of absence of sympathetic nerve
fibers at the lumbar level of the spinal cord.

Blood volume redistribution plays an important role in NPE
development. The redistribution of blood from splanchnic re-
gions to pulmonary circulation due to pronounced sympathetic
venoconstriction seems to be the mechanism of the increase of
central blood volume in NPE, which is characterized not only
by vascular congestion but also by blood extravasation. To
evaluate the contribution of this hemodynamic factor in the
pathogenesis of NPE we have induced a moderate blood loss
(~15% volume of circulating blood) before spinal cord com-
pression. It is evident that this intervention successfully
prevented NPE development, indicating the importance of
augmented venous return and overfilling of pulmonary cir-
culation during early stages of NPE development, when
baroreflex-induced reduction of HR impairs actual cardiac
performance (27).

Moreover, it should be considered whether a higher degree
of isoflurane anesthesia (3% instead of 1.5%) might be asso-

ciated with a greater blood deposition in splanchnic vessels,
because isoflurane was reported to attenuate also the tone of
capacitance-regulating mesenteric veins (30). Thus the protec-
tive effects exerted by moderate blood loss on NPE develop-
ment might share similar mechanisms with those of a more
pronounced isoflurane anesthesia.

Norepinephrine-induced L-VDCC opening is a necessary
prerequisite for NPE development. Balloon compression of the
spinal cord is accompanied by a major catecholamine surge,
which can be prevented not only by epidural anesthesia (Fig. 3)
but also by bilateral adrenalectomy (Sedy J, Zicha J, unpub-
lished data). The elevation of circulating norepinephrine was
associated with high epinephrine levels only in rats anesthe-
tized with 1.5% isoflurane, which developed NPE, but not in
those anesthetized with 3% isoflurane (Fig. 3). The crucial role
of high epinephrine levels in the development of pulmonary
edema has been previously shown in experiments of Maron
and coworkers, who observed dose-dependent relationship be-
tween epinephrine plasma levels and alveolar liquid clearance,
leading to pulmonary edema (10, 15).

We have earlier demonstrated that blood pressure rise
caused by the activation of sympathetic nervous system after
spinal cord compression can be successfully prevented by
ganglionic blockade (using pentolinium pretreatment) (21). In
this study we have tried to evaluate the importance of particular
components of adrenergic vasoconstriction in the pathogenesis
of NPE. To achieve this goal we have pretreated our rats with
either «-adrenoceptor blocker prazosin or a»-adrenoceptor
blocker yohimbine. Our data (Fig. 4, Table 1) indicate that both
types of a-adrenoceptor blockade were able to prevent not only
NPE occurrence but also HR reduction which is a hemody-
namic change essential for NPE development (26, 27). The
similar effects of «- and a»-adrenoceptor blockade are not so
surprising if we consider that an extensive catecholamine
stimulation of these two different types of a-adrenoceptors
always leads to a major augmentation of calcium entry through
L type voltage-dependent Ca>* channels (L-VDCC) (8, 17,
18). In the first case, the activation of a;-adrenoceptors causes
severe depletion of intracellular calcium stores via inositol
trisphosphate stimulation of its receptors on sarcoplasmic re-
ticulum. Subsequent opening of store-operated Ca>* channels
(SOC) to replete calcium stores is associated with enhanced
Na* entry leading to membrane depolarization followed by
L-VDCC opening. In the second case, the activation of as-
adrenoceptors stimulates the inhibitory influence of Gi proteins
on adenylate cyclase leading to decreased cAMP formation.
Reduction of cAMP levels is associated with the opening of
L-VDCC (probably due to diminished activity of large-con-
ductance Ca®*-activated K" channels the function of which is
to hyperpolarize cell membrane).

The fundamental importance of calcium entry via L-VDCC
for the development of NPE was demonstrated in our experi-
ments in which the pretreatment of rats with nifedipine (dihy-
dropyridine antagonist of L-VDCC) before spinal cord com-
pression completely prevented the above mentioned HR reduc-
tion and NPE development (Fig. 4, Table 1). It should be
pointed out that in our study nifedipine pretreatment had very
similar effects as the pretreatment with either o;- or as-
adrenoceptor blockers.

Our results are also fully compatible with the earlier findings
on isoflurane-induced hyperpolarization of smooth muscle
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cells in small resistance arterioles or capacitance venules of the
rat (30, 31). The in situ superfusion of small mesenteric vessels
with isoflurane caused membrane hyperpolarization through
both neural (inhibition of sympathetic neural input) and non-
neural mechanisms (inhibition of cAMP pathways and K*
channels). This hyperpolarization helps to close L-VDCC
opened by sympathetic stimulation. Thus the deeper isoflurane
anesthesia attenuated both blood pressure rise (by decreasing
arterial constriction) and pulmonary venous return (by increas-
ing splanchnic capacity to deposit circulating blood).

On the other hand, our attempt to aggravate NPE develop-
ment by P-adrenergic blockade with propranolol was not
successful (Table 2). Our idea was to attenuate -adrenergic
vasodilatation (to increase blood pressure rise) and to diminish
cardiac contractility (to reduce cardiac pumping of blood
through the lungs). Surprisingly, our experiments with pro-
pranolol pretreatment revealed a moderate attenuation of NPE
development instead of its exacerbation. This partial protective
effect could be explained by HR reduction induced by pro-
pranolol administration before spinal cord compression (Table
2) that consequently elicited a substantially smaller HR de-
crease (Table 1).

Conclusions. Our study demonstrated that the rapid activa-
tion of ascendent spinal pathways is responsible for sympa-
thetic hyperactivation occurring after spinal cord compression.
Our data indicate that the blockade of enhanced a-adrenergic
vasoconstriction (mediated by increased calcium entry through
L-type of voltage-dependent Ca’>* channels) prevents NPE
development. The present findings also support the essential
role of baroreflex-induced HR reduction for the induction of
NPE.
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Summary

Neurogenic pulmonary edema (NPE), which is induced by acute
spinal cord compression (SCC) under the mild (1.5 %) isoflurane
anesthesia, is highly dependent on baroreflex-mediated
bradycardia because a deeper (3 %) isoflurane anesthesia or
abolished bradycardia

occurrence and NPE development in rats subjected to SCC. The

atropine pretreatment completely
aim of the present study was to evaluate whether hypertension-
associated impairment of baroreflex sensitivity might exert some
protection against NPE development in hypertensive animals. We
therefore studied SCC-induced NPE development in two forms of
experimental hypertension — spontaneously hypertensive rats
(SHR) and salt hypertensive Dahl rats, which were reported to
have reduced baroreflex sensitivity. SCC elicited NPE in both
hypertensive models irrespective of their baroreflex sensitivity. It
is evident that a moderate impairment of baroreflex sensitivity,
which was demonstrated in salt hypertensive Dahl rats, does not
exert sufficient protective effects against NPE development.
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Neurogenic pulmonary edema (NPE) is an acute
life-threatening complication following spinal cord or brain
injury (Fontes et al. 2003). It is characterized by marked
pulmonary vascular congestion, extravasation of protein-

rich edema fluid and intraalveolar hemorrhage (Kondo et
al. 2004, Kandatsu ef al. 2005, Leal Filho ef al. 2005a,b).
Many pathophysiological ~mechanisms have been
implicated in the development of neurogenic pulmonary
edema, but the exact cascade leading to its development is
still unclear (Leal Filho er al. 2005a,b). Both the release of
vasoactive substances and a severe transient sympathetic
discharge are thought to participate in this process (Taoka
and Okajima 1998, Urdaneta and Layon 2003). These
processes lead to the constriction of the pulmonary veins,
an increase in pulmonary capillary hydrostatic pressure,
damage to the alveolar wall and the leakage of fluid into
the intraalveolar space (Fontes et al. 2003).

Our recent studies (Sedy et al. 2009a, 2011)
confirmed the importance of major sympathetic discharge
in the pathogenesis of severe NPE elicited by rapid
epidural balloon compression of the thoracic spinal cord
of rats, which were anesthetized by 1.5 % isoflurane
(Sedy et al. 2007). Particular procedures preventing the
rapid activation of the sympathetic nervous system (SNS)
such as ganglionic blockade (Sedy et al. 2007, 2009a),
slow gradual inflation of the balloon (Sedy ef al. 2009b)
as well as epidural anesthesia or transection of the spinal
cord above the level of spinal cord compression (Sedy et
al. 2011) prevented NPE development. Blood pressure
rise occurring after spinal cord compression (SCC) is
followed by a baroreflex-mediated
bradycardia, which is of critical importance for NPE

development. Indeed, bradycardia prevention by atropine

pronounced

pretreatment (Sedy er al. 2009a) or deeper anesthesia
(3 % isoflurane) (Sedy ef al. 2007, 2009a) abolished NPE
development in Wistar rats subjected to rapid SCC.

PHYSIOLOGICAL RESEARCH « ISSN 0862-8408 (print) * ISSN 1802-9973 (online)

© 2011 Institute of Physiology v.v.i., Academy of Sciences of the Czech Republic, Prague, Czech Republic

Fax +420 241 062 164, e-mail: physres@biomed.cas.cz, www.biomed.cas.cz/physiolres



976 Sedy et al.

Vol. 60

Chronic hypertension is usually accompanied by
a substantial reduction of baroreflex sensitivity as it was
demonstrated in spontaneously hypertensive rats (SHR)
(Andresen et al. 1980, Struyker-Boudier et al. 1982) and
salt hypertensive Dahl rats (Miyjima and Bunag 1987,
Andresen 1989, Brown et al. 1989, Nedvidek and Zicha
2000). The aim of the present study was to evaluate
whether  hypertension-associated  impairment  of
baroreflex sensitivity might attenuate reflex bradycardia
following SCC and thus exert some protection against

NPE development in hypertensive animals.

Animals

We used 38 adult male rats (Institute of
Physiology AS CR, Prague, Czech Republic) with body
weights between 300-330 g. Animals were divided in the
following groups: (1) Wistar rats (NPE model), (2)
spontaneously hypertensive rats SHR, (3) salt-resistant
Dahl rats fed a low-salt diet (DR-LS), (4) salt-resistant
Dahl rats fed a high-salt diet (DR-HS), (5) salt-sensitive
Dahl rats fed a low-salt diet (DS-LS), (6) salt-sensitive
Dahl rats fed a high-salt diet for 4 weeks in adulthood
(DS-HS). The low-salt diet contained 0.3 % NaCl,
whereas there was 8 % NaCl in the high-salt diet.
Animals were anesthetized with 1.5 % isoflurane in air
(flow 300 ml/min) and arterial catheter for the monitoring
of blood pressure and heart rate was inserted and
exteriorized in the interscapular region. The animal was
put in a prone position and the balloon compression of
spinal cord was performed. Animals were sacrificed
10 min after lesioning, and the grade of neurogenic
pulmonary edema was evaluated using macroscopic
visual examination of subpleural bleeding and p-index
(lung weight/body weight). Controls were healthy non-
injured Wistar rats, sacrificed immediately after the
induction of anesthesia. The possible role of isoflurane to
induce neurogenic pulmonary edema per se was excluded
in our previous study (Sedy er al. 2007). This study was
performed in accordance with the European Communities
Council Directive of 24" 1986
(86/609/EEC) regarding the use of animals in research
and was approved by the Ethics Committee of the

of November

Institute of Physiology AS CR, Prague, Czech Republic.

Balloon-induced spinal cord injury

After the induction of anesthesia with 5 %
isoflurane in room air (flow 300 ml/min), animals were
maintained in 1.5 % isoflurane anesthesia (flow

300 ml/min) vig a face mask throughout the operation.

This concentration of isoflurane was shown to promote
the severe neurogenic pulmonary edema in normal Wistar
rats subjected to balloon-induced spinal cord injury (Sedy
et al. 2007). For spinal cord injury, we used the model of
an epidural balloon compression lesion, as described in
detail previously (Vanicky er al. 2001). Briefly, under
aseptic conditions, a 2 cm median skin incision at the
Th10-L1 level was made. The dorsal muscles were
shifted laterally, and the Th10 and Thll
processes were removed. A hole was drilled into the
Th10 lamina with a dental drill. Then, a 2F French
Fogarthy catheter (Baxter Healthcare Corporation, Irvine,
CA, USA) was filled with distilled water and connected
to a 50-ul Hamilton syringe and inserted into the dorsal

spinous

epidural space 10 mm rostrally, to reach the Th8-Th9
spinal level. The balloon was rapidly inflated with 15 pl
of distilled water for 5 min, using a micromanipulator.
Subsequently, the balloon was deflated and removed.

Mean arterial pressure (MAP) and heart rate (HR)

were monitored in all animals using a PowerLab
system (AD Instruments, Colorado Springs, USA). MAP
(mm Hg) and HR (bpm) were monitored for 5 min before
the procedure, throughout the entire procedure and for
10 min after the procedure. Baroreflex sensitivity was
estimated from the changes of pulse interval (PI=60/HR)
divided by MAP changes observed following SCC.

Evaluation of neurogenic pulmonary edema

The lungs were immediately removed from
sacrificed animals and weighed. The level of pulmonary
subpleural bleeding was evaluated macroscopically as
“Absent” (no bleeding on the lung surface), “Grade I”
(small bleeding areas, occupying not more than 10 % of
the lung surface), “Grade II” (medium-sized bleeding
areas, occupying 11-50 % of the lung surface) and
“Grade III” (massive bleeding areas, occupying more
than 50 % of the lung surface), as described previously
(Sedy et al. 2007). Each lung was evaluated separately.
To estimate the liquid accumulation in the lungs, both
lungs were weighed, and the relative pulmonary weight
was calculated as the pulmonary index (lung weight/body
weight x 100), which has been previously considered to
be very sensitive to the degree of pulmonary edema (Sedy
et al. 2007).

Statistical analysis
The pulmonary index values, mean arterial
pressure values and heart rate values are reported as mean
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Table 1. The impairment of lung function after spinal cord injury in Wistar rats and SHR as well as in Dahl rats anesthetized by 1.5 %

isoflurane.
Group N Absent Grade I Grade II Grade III Pulmonary Died
(% of 2N) (% of 2N) (% of 2N) (% of 2N) index (%)
Wistar 9 - - 1 17 0.77 £ 0.05%* 3
(6 %) (94 %) (33 %)
SHR 8 - 4 4 8 0.73 £ 0.05* -
(25 %) (25 %) (50 %)
DR-LS 4 2 2 4 - 0.56 £ 0.05* -
(25 %) (25 %) (50 %)
DR-HS 4 - 2 6 - 0.62 + 0.03* -
(25 %) (75 %)
DS-LS 5 - 2 6 2 0.69 + 0.05* -
(20 %) (60 %) (20 %)
DS-HS 8 - 4 6 6 0.66 + 0.03* -
(25 %) (38 %) (38 %)
Intact controls 13 26 - - - 0.45+0.02 -
(100 %)

The absence or presence of subpleural bleeding (evaluated as Grade I-III) in different groups is given as the total number of lungs in
each group (the right and left lung were considered separately) and the percentage of all lungs examined in the respective group. A
significant elevation (p<0.05) of the pulmonary index (mean values + S.E.M.) in comparison with controls is indicated by an asterisk.
Control animals are Wistar rats without spinal cord injury, sacrificed immediately after the onset of anesthesia. N — number of rats, 2N -

number of lungs.

+ S.E.M. The statistical significance between groups was
compared using the non-paired Student’s t-test, the
differences within the groups by the paired Student’s
t-test.

Neurogenic pulmonary edema in Wistar rats and SHR
Balloon inflation in the spinal channel of Wistar
rats caused considerable blood pressure elevation, heart
rate decrease and severe neurogenic pulmonary edema in
all cases. Moreover, 33 % of animals died due to
pulmonary edema (Tables 1 and 2). SHR, which were
15 %
to SCC with a
comparable MAP increase and slightly enhanced HR

characterized by higher MAP even under
isoflurane anesthesia, responded
reduction (Table 2). We did not observe impaired
baroreflex sensitivity in SHR (3.74+1.05 vs. 2.42+0.72
ms/mm Hg in Wistar). Although no death occurred in
SHR group, the degree of NPE (indicated by pulmonary
index and the grade of subpleural bleeding) was not
significantly attenuated as compared to normotensive
Wistar rats (Table 1).

Neurogenic pulmonary edema in Dahl rats
High salt intake elicited hypertension in DS-HS

rats which was comparable to that seen in SHR. Salt-
resistant rats were characterized by higher baroreflex
sensitivity compared to salt-sensitive ones (AHR/AMAP:
DR-LS 5.34+1.33, DR-HS 5.79+1.82 vs. DS-LS
2.82+0.81, DS-HS 1.24+0.26 ms/mm Hg) because their
HR reduction was relatively greater compared to salt-
sensitive animals (Table 2). However, SCC elicited NPE
in all groups of Dahl rats irrespective of the genotype or
salt intake (Table 1).

Our experiments

that cord

compression induces neurogenic pulmonary edema even

indicate spinal
in rats with genetic or salt hypertension (SHR, salt-
sensitive Dahl rats). Moderate attenuation of baroreflex
sensitivity, which we have confirmed in salt hypertensive
Dahl rats anesthetized with 1.5 % isoflurane, had no
significant protective effects against NPE development.
In fact, acute spinal cord compression produced
considerable reduction of heart rate in both hypertensive
groups (SHR —110 bpm; DS-HS —65 bpm). It should be
noted that SCC did not induce any bradycardia in Wistar
rats subjected to 3 % isoflurane anesthesia or atropine
pretreatment (Sedy er al. 2009). In both cases a
pronounced blood pressure rise after acute SCC did not

elicit significant heart rate reduction.



978 Sedy et al. Vol. 60

It can be concluded that neurogenic pulmonary  of baroreflex sensitivity does not preclude significant
edema induced by acute spinal cord compression can  bradycardia which is an essential prerequisite for this
occur even in hypertensive rats because their impairment  form of neurogenic pulmonary edema.

Table 2. Mean arterial pressure and heart rate: baseline values as well as the values found after particular surgical procedures and
balloon compression in Wistar rats and SHR as well as in Dahl rats anesthetized by 1.5 % isoflurane.

Mean arterial pressure (mm Hg)

Wistar SHR DR-LS DR-HS DS-LS DS-HS
Baseline values 101 £2 165+3 09 + 8 115+1 117+3 150+ 6
Skin incision 89 + 4* 118 £ 6* 9% + 4 103 + 2% 107 + 4* 127 £ 7%
(-12%) (-28%) (-3%) (-10%) (-9%) (-15%)
Muscle incision 59 + 4% 108 + 6* 70+ 7* 87+ 1* 94 + 8* 89 + 8%
(-42%) (-35%) (-29%) (-24%) (-20%) (-31%)
Balloon insertion 109+ 8 153 +£11 98 + 4 112+ 4 124+ 6 139+ 7
(+8%) (-7%) (-1%) (-3%) (+6%) (-7%)
Balloon inflation — max 162 + 4* 203 £ 5% 140 + 5% 151 + 6% 175 + 3% 196 + 4*
(+60%) (+23%) (+41%) (+31%) (+50%) (+31%)
Balloon inflation — 2 min 135 £ 5% 188 + 4* 1116 126 + 3% 139 + 5% 1576
(+34%) (+14%) (+12%) (+10%) (+19%) (+5%)
Recovery 83 £ 6% 134 + 4% 875 97 + 2% 99 + 2% 100 £ 6%
(-18%) (-19%) (-12%) (-16%) (-15%) (-33%)
Heart rate (bpm)
Wistar SHR DR-LS DR-HS DS-LS DS-HS
Baseline values 436+ 16 358+ 9 358 £ 17 360+ 13 366 + 12 366+ 6
Skin incision 443+ 9 326+9 375+ 17 394+ 13 392+ 17 373+9
(+2%) (-9%) (+5%) (+9%) (+7%) (+2%)
Muscle incision 403+9 302 + 6* 373413 386+ 11 374+ 14 357422
(-8%) (-16%) (+4%) (+7%) (+2%) (-2%)
Balloon insertion 395+ 12 295 + 14* 334+ 11 339+ 16 311+ 11* 289+ 11*
(-9%) (-18%) (-7%) (-6%) (-15%) (-21%)
Balloon inflation — max 240 £ 19* 182 &+ 18* 172 +39% 174 + 24% 196 + 10* 223 + 16*
(-41%) (-49%) (-52%) (-52%) (-46%) (-39%)
Balloon inflation — 2 min 311 £21%* 267 £ 13* 272 £ 15% 277 + 8* 282 & 13* 282 + 15%
(-29%) (-25%) (-24%) (-23%) (-23%) (-23%)
Recovery 367 £ 15% 254 + 10* 350+ 20 386 + 30 322+ 7% 308 £ 14*
(-16%) (-29%) (-2%) (+7%) (-22%) (-16%)

Statistically significant (paired Student’s t-test, p<0.05) in-group differences in comparison to baseline values are marked with an
asterisk. Relative changes from baseline values are shown in parentheses.
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Summary Neurogenic pulmonary edema is an acute life-threatening complication following central nervous system
injury. The exact pathogenic mechanism leading to its development is still unclear. We introduce a new hypothesis that
high levels of anesthesia might protect the organism against the development of neurogenic pulmonary edema due to a
more pronounced inhibition of the hypothalamic, brainstem and spinal vasoactive sympathetic centers. On the basis of
a more pronounced neuronal inhibition of the vasoactive centers, a severe sympathetic discharge does not occur and
neurogenic pulmonary edema does not develop. In contrast, an insufficient anesthesia level is not able to inhibit the
sympathetic nervous system during an injury of the central nervous system and thus neurogenic pulmonary edema
develops. During experiments with central nervous system injury, low-anesthesia-induced neurogenic pulmonary
edema might negatively influence the overall recovery of the animal. More importantly, during a neurosurgical
intervention, insufficient anesthesia might similarly lead to neurogenic pulmonary edema development in operated
patients. Our hypothesis indicates the necessity of precisely monitoring of the level anesthesia during experimental
manipulations of the central nervous system in animals or neurosurgical interventions in humans.

© 2007 Elsevier Ltd. All rights reserved.

Introduction system damage, such as spinal cord injury, sub-
arachnoid hemorrhage, primary spinal cord hemor-
Neurogenic pulmonary edema is an acute life- rhage, brain trauma, intracerebral bleeding,

threatening complication following central nervous ~ severe epileptic grand mal seizure or subdural
haematoma [1,2]. The occurrence of neurogenic

C 3 hor. Address: Institute of Exoerimental pulmonary edema in patients with multiple sclero-
g R AL s il f 5L Sis with medullary involvement, nonhemorrhagic
Republic. Tel.: +420 241062230; fax: +420 241062782. strokes, bulbar poliomyelitis, cerebral gas embo-
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tumour, enterovirus encephalitis or bacterial men-
ingitis have also been reported [1,2]. The epidemi-
ological data on neurogenic pulmonary edema are
scarce; its morbidity in patients with severe central
nervous system injury has been stated between 40%
and 50%, its mortality around 9% [1-—3].

Neurogenic pulmonary edema usually appears
within minutes to hours after a severe central ner-
vous system insult. It is characterized by the rapid
onset of dyspnea, chest pain, hemoptysis, tachyp-
nea, tachycardia, bilateral basal pulmonary crac-
kels, respiratory distress or failure, pulmonary
edema with normal jugular venous pressure, the
absence of cardiac gallop and occasionally a fever
[4]. The chest radiograph shows a bilateral alveolar
filling process and a normal-sized heart. In lung tis-
sue sections, marked pulmonary vascular conges-
tion with perivascular edema, extravasation and
intraalveolar accumulation of protein-rich edema
fluid and intraalveolar hemorrhage can be observed
[5-9].

Many pathophysiological mechanisms have been
implicated in the development of neurogenic pul-
monary edema, but the exact cascade leading to
its development is still unclear [5,6]. Both the re-
lease of vasoactive substances and a rapid, tran-
sient, and severe sympathetic discharge are
thought to participate in this process [10,11].

Hypothesis

We hypothesize that the degree of anesthesia is in-
versely proportional to the level of the develop-
ment of neurogenic pulmonary edema. The
deeper the inhibition of the hypothalamic, brain-
stem and spinal vasoactive sympathetic centers
(trigger zones), the smaller the extent of neuro-
genic pulmonary edema development because the
excitation of the sympathetic nervous system is
primarily responsible for the initiation and devel-
opment of neurogenic pulmonary edema.

Evaluation of the hypothesis

Why is the pulmonary edema ‘‘neurogenic’’

Pulmonary edema has many different causes,
mostly belonging to two groups — cardiogenic and
non-cardiogenic. The group of non-cardiogenic pul-
monary edemas include neurogenic pulmonary ede-
ma, where an association with the central nervous
system has been empirically proven and other
causes, such as left heart failure or the reaction

to an exogenic toxic substance, have been ex-
cluded. The direct connection of the edema to
CNS injury presumes that the neuronal damage di-
rectly or indirectly involves the pulmonary vascular
bed. The most probable mechanisms of such influ-
ence are temporary neural commotion or the
mechanical or electrophysiological disconnection
of the central nervous system vasomotor centers,
which leads to destabilization of the pulmonary
autonomic nervous system. Also, the overstimula-
tion of vasomotor centers might be involved. This
statement is supported by the fact that severe cen-
tral nervous system injury is always associated with
significant changes in autonomic nervous system
function. On the basis of our [9] and other’s previ-
ous experiments [5,6], we hypothesize that the
function of specific neurons of the central nervous
system must be impaired during brain or spinal cord
injury to destabilize the autonomic system balance
so that an imbalance of Starling forces in the pul-
monary vascular bed occurs and neurogenic pul-
monary edema may develop.

Why is neuronal damage involved

Numerous experiments showed that some interven-
tions in the brain or spinal cord are able to stimu-
late the peripheral sympathetic nervous system
and to produce changes in blood pressure (for re-
view see [12]). These data indicate that the central
nervous system sympathetic centers (including
trigger zones for neurogenic pulmonary edema)
might be influenced by such manipulations. It has
been observed that experimental brainstem distor-
tion or ischemia might cause changes in sympa-
thetic vasomotor tone and an increase in blood
pressure (for review see [12]). In addition, the ele-
vation of blood pressure and the subsequent devel-
opment of neurogenic pulmonary edema are
prevented by the intrathecal administration of
lidocaine [13].

Why is the origin of pulmonary edema in the
central nervous system vasomotor nuclei

Several experimental studies indicated that the
neurons responsible for severe sympathetic dis-
charge, the most probable cause of neurogenic
pulmonary edema, are located in the hypotha-
lamic, brainstem and cervical spinal cord nuclei.
These centers represent so called neurogenic pul-
monary edema trigger zones [4] and their
arrangement corresponds to the organotopy
hypothesis (for review see [12]). The most impor-
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tant vasomotor centers for its development are
thought to be the A1 and A5 groups of neurons,
the nuclei of the solitary tract, area postrema,
medial reticulated nucleus and dorsal motor vagus
nucleus in the medulla oblongata. The hypotha-
lamic centers, i.e. paraventricular and dorsome-
dial nuclei, also seem to be of some
importance. It should also be noted that C1
adrenaline-synthesizing neurons, definitely identi-
fied as a key blood pressure center (for review
see [12]), might also be involved. Interestingly,
casualties from the Vietnam war who had con-
comitant brain injury and cervical spinal cord in-
jury did not develop neurogenic edema, whereas
the majority of casualties with brain injury devel-
oped edema [14]. In the first group, the trigger
zones were probably disconnected from the rest
of the body by cervical spinal cord transection.

Experimentally, bilateral lesions of the nuclei in
the medulla produce profound pulmonary and sys-
temic hypertension and pulmonary edema [4]. The
intracranial pressure, as well as toxic or ischemic
injury of inhibitory neurons, leads to excessive
sympathetic neuronal activity, the release of
vasoactive substances such as epinephrine, norepi-
nephrine, endothelins or neuropeptide Y and thus
to a severe sympathetic discharge followed by
neurogenic pulmonary edema development
[4,15,16]. For example, neuropeptide Y has been
found in alveolar macrophages and edema fluid
in the case of neurogenic pulmonary edema, but
not in hydrostatic edema or controls [15]. Alpha-
adrenergic blockade (with phentolamine) and
spinal cord transection at the C7 level prevent
the formation of neurogenic pulmonary edema,
suggesting an important role for sympathetic acti-
vation [17]. On the other hand, the inhibition of
central nervous system nitric oxide has a protec-
tive role in the development of neurogenic pul-
monary edema [18].

Why might an intracranial pressure increase
be involved

After CNS injury, prominent hemorrhage into dif-
ferent compartments that correspond to the epidu-
ral, subdural, subarachnoid, and intramedular
(intracerebral) spaces and consequent damage of
the blood—brain barrier occurs. In clinical situa-
tions such as subdural or subarachnoid hemor-
rhage, the extravasation of blood into the
corresponding compartments is even the major
mechanism. Walder et al. [19] showed that the
amount, but not the type, of fluid injected intra-
thecally had a significant impact on hemodynamic

and respiratory parameters. The main disadvan-
tage of any intracranial or intraspinal hemorrhage
is the very rapid increase of intracranial pressure
inside the non-expandable bony space with rather
limited mechanisms to decrease it. This pressure
increase leads to the compression of central ner-
vous system tissue, resulting in a brainstem distor-
tion or ischemia and later in cerebral herniation. It
has been shown in experiments in sheep, that ele-
vation of intracranial pressure increases pulmonary
artery pressure, cardiac output, lung lymph flow,
permeability-surface area product and extravascu-
lar lung water volume [20]. This seems to be due to
elevated venous return due to excess sympathetic
venoconstriction. In addition, when the intracra-
nial pressure is suddenly elevated by subdural bal-
loon inflation, neurogenic pulmonary edema
develops [13].

Why is inflammation not involved

The most frequent form of neurogenic pulmonary
edema, the so called ‘early form’’, usually devel-
ops within minutes or, at most, hours after the in-
jury [4,12,14,21]. In our experiments with spinal
cord-injured rats, the full picture of neurogenic
pulmonary edema developed within 8 min from
the onset of our intervention on the spinal cord
[9]. In contrast, the cascade of the inflammatory
response, which would be able to cause such
extravasation of intravascular fluid together with
the damage of blood vessel walls leading to intraal-
veolar hemorrhage, would most likely take a longer
time, such as in acute respiratory distress syn-
drome [22]. It is true that some exogenic sub-
stances causing the initiation of an allergic
reaction cascade might induce a rapid inflamma-
tory reaction leading to the extravasation of fluid
and the development of edema, but neurogenic
pulmonary edema is not such a case. In addition,
spinal cord injury does not initiate any systemic
inflammatory response, as demonstrated by the
lack of any damage to other organs except the
lungs.

Central nervous system injury is associated with
the enhanced production of free oxygen radicals,
mainly originating from extravasated blood [23].
If the free oxygen radicals originating from CNS in-
jury would be responsible for the development of
neurogenic pulmonary edema, the picture of neu-
rogenic stunned myocardium, known to be caused
by free oxygen radicals [24], would probably ap-
pear concomitantly, at least in some patients. This
is, however, not the case in neurogenic pulmonary
edema [1].
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Why the sympathetic nervous system
transducts the signal

Many direct or indirect experiments have shown
that the sympathetic nervous system has a major
responsibility for neurogenic pulmonary edema
development. It has been shown in animal models
of neurogenic pulmonary edema that changes of
systolic and diastolic pressure together with heart
rate alterations indicate rapid systemic activation
of the sympathetic nervous system, which was
termed *‘severe sympathetic discharge’’ or ‘‘cate-
cholamine storm’’ [1,10,11]. The most likely mech-
anism of the overactivation of the sympathetic
nervous system (sympathoexcitatory reflexes) is
the secretion of vasoactive substances from
peripheral sympathetic endings, which leads to
the sudden increase of systemic blood pressure,
generalized peripheral vasoconstriction, a de-
crease in systemic vascular resistance, augmenta-
tion of central blood volume and a reduction of
the compliance of the left ventricle. These changes
further lead to the constriction of the pulmonary
veins, an increase in pulmonary capillary hydro-
static pressure, damage to the alveolar wall and
the leakage of fluid into the interstitium and intra-
alveolar space and hemorrhage — taken together —
the typical picture of neurogenic pulmonary
edema.

Why is the dose of anesthesia important

Systemic anesthesia is accompanied by the inhibi-
tion of the spontaneous and evoked activity of neu-
rons. The first phase of systemic anesthesia is
characterized by the inhibition of the activity of
cortical neurons, whereas deep anesthesia leads
to partial inhibition of subcortical neurons, proba-
bly including the sympathetic ones. For example,
when we used 1.5% isoflurane (where severe neuro-
genic edema develops) instead of 3% isoflurane
(where no edema develops) for performing a spinal
cord lesion in rats, the baseline mean arterial pres-
sure and heart rate values were significantly in-
creased. In addition, animals operated under
lower isoflurane anesthesia doses exhibited higher
“reactivity’’, in terms of blood pressure and heart
rate changes, to all parts of the surgical interven-
tion [9]. Leal Filho et al. [5,6] performed a similar
experiment, but they used pentobarbital or a keta-
mine—xylazine mixture for the anesthesia of rats,
in which a balloon compression lesion was made.
They observed severe neurogenic pulmonary ede-
ma in pentobabital-anesthetized rats and border-
line neurogenic edema in rats anesthetized with

ketamine—xylazine. The systolic blood pressure in
pentobarbital-anesthetized rats rose to twice the
baseline values, whereas it was only 13% higher in
ketamine—xylazine-anesthetized rats [5,6], indi-
cating that the pentobarbital-anesthetized rats re-
sponded more reactively to spinal compression.
However, these authors did not perform dose—re-
sponse experiments and used only one concentra-
tion of each type of anesthesia (pentobarbital
60 mg/kg; ketamine—xylazine 75 and 10 mg/kg,
respectively). We can therefore hypothesize that
lower doses of ketamine—xylazine would also be
able to promote severe neurogenic pulmonary ede-
ma and vice versa with pentobarbital. Extreme dif-
ferences in different doses of isoflurane (3% — no
edema vs. 1.5% — massive edema) in our experi-
ments strongly support such a hypothesis [9].

Consequences of the hypothesis and
discussion

Our hypothesis might help to understand the path-
ophysiology of neurogenic pulmonary edema. First,
it highlights the crucial role of the connection be-
tween the dose of anesthesia and sympathetic
excitation in the pathogenesis of neurogenic pul-
monary edema. Second, it focuses on the mecha-
nism by which the anesthesia level might
influence the neurogenic pulmonary edema trigger
zones in the central nervous system.

Our hypothesis indicates the necessity of main-
taining precisely the same level of anesthesia dur-
ing experimental central nervous system
manipulations, such as the preparation of brain or
spinal cord injury models [25,26], the injection of
particular substances into the central nervous sys-
tem parenchyma [27,28], neurosurgical manipula-
tions such as implantation of hydrogel scaffolds
[29], the preparation of animal models of epilepsia
[30] and many others. For these purposes, the
anesthesia should be precisely and reproducibly
dosed. Although this is quite simple with volatile
anesthetics such as isoflurane or sevoflurane
[7,9], it might be more difficult when intravenous
anesthetics such as pentobarbital or ketamine—
xylazine are used [5,6]. If possible, intravenous
anesthetics should be avoided in experiments
where central nervous system tissue is surgically
manipulated or the intracranial pressure is chan-
ged. If this is not possible, the infusion rate of
the anesthetic solution should be carefully
controlled.

Today, many models of neurogenic pulmonary
edema have been used in experimental studies. In
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these models, pulmonary edema is induced either
by central nervous system injury [5,6] or the
administration of an exogenic substance into the
cerebrospinal fluid or directly into the nervous tis-
sue [15,18,19]. Pulmonary edema can also be
caused by the intravenous administration of epi-
nephrine, which stimulates vasoconstriction
[31,32], or bilateral cervical vagotomy, which
inhibits vasodilatation [33]. Although the sympa-
thetic nervous system is almost surely involved in
the development of pulmonary edema after the
administration of an exogenic substance, we pro-
pose that neurogenic pulmonary edema should al-
ways be induced by central nervous system injury
in future experiments, to be sure of its ‘‘neuro-
genic’’ origin.

In clinical practice, our hypothesis might also
be important. On the basis of our hypothesis
and previous experimental data we propose that
if, accidentally, the level of anesthesia decreases
during a neurosurgical operation, neurogenic pul-
monary edema might develop and this might neg-
atively influence the course and the result of the
operation. Our previous experiments [9] indicate
that the reduction of the anesthesia level to
where neurogenic pulmonary edema develops
need not be to the arousal stage — in our exper-
iment, all rats were anesthetized so deeply that
no corneal, tail pinch or interdigital toe reflexes
occurred.

In the future, clinical studies might show that
during the acute phase (minutes to hours) after
central nervous system injury, the maintenance
of the patient under anesthesia might be helpful
in preventing the development of neurogenic pul-
monary edema. Today, no intervention to prevent
the development of neurogenic pulmonary edema
is known. For example, the blockade of the sympa-
thetic nervous system [9] or an intrathecal injec-
tion of lidocaine [13], which are used in
experiments to prevent the development of neuro-
genic pulmonary edema, would probably not be
advisable in human medicine. In addition, any
other total or partial modulation of the sympa-
thetic nervous system which would positively influ-
ence neurogenic pulmonary edema development,
might also significantly worsen the general health
status of the patient.

Thus, the major message from our hypothesis to
all scientists and medical doctors dealing with the
neurogenic pulmonary edema is to be aware of
the usage of anesthesia in their animals or pa-
tients. This hypothesis might also help us to explain
the role of anesthesia in the development of neuro-
genic pulmonary edema in the future.
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Neurogenic pulmonary edema is an acute life-threatening complication of central nervous system injury.
We introduce a hypothesis that early i.v. administration of high-dose atropine can prevent neurogenic
pulmonary edema development on the basis of the prevention of baroreflex-induced bradycardia, which

was recognized as a major factor in neurogenic pulmonary edema formation. To validate this hypothesis,
a clinical trial in patients suffering from subarachnoid haemorrhage should be performed, with atropine
administered i.v. immediately after the maintenance of the living functions, intubation and ability to

monitor patient.

© 2009 Elsevier Ltd. All rights reserved.

Introduction

Neurogenic pulmonary edema (NPE) is an acute life-threatening
complication occurring after central nervous system (CNS) dam-
age, such as spinal cord injury, subarachnoid haemorrhage, spinal
cord haemorrhage, brain trauma, intracerebral bleeding or sub-
dural haematoma [1]. The epidemiological data on NPE are scarce;
its morbidity in patients with severe CNS injury has been stated
between 40% and 50%, its mortality around 9% [1,2].

Neurogenic pulmonary edema usually appears within minutes
to hours after a severe CNS insult. It is characterized by rapid onset
of dyspnoea, chest pain, haemoptysis, tachypnea, bilateral basal
pulmonary crackles, respiratory distress or failure and normal jug-
ular venous pressure [3]. In severe cases of NPE, patient often pro-
duces voluminous amounts of frothy pulmonary edema
transudate, with the same levels of colloid osmotic pressure, total
protein and albumin content as patient’s serum [4]. The chest
radiograph shows a bilateral alveolar filling process and a nor-
mal-sized heart. In lung tissue sections, marked pulmonary vascu-
lar congestion with perivascular edema, extravasation and intra-
alveolar accumulation of protein-rich edema fluid and intra-alveo-
lar haemorrhage can be observed [5,6].

Many pathophysiological mechanisms have been implicated in
the development of neurogenic pulmonary edema, but the exact
cascade leading to its development is still unclear [5,6]. Both the
release of vasoactive substances and a severe transient sympa-
thetic discharge are thought to participate in this process [7]. These
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processes lead to the constriction of the pulmonary veins, an in-
crease in pulmonary capillary hydrostatic pressure, damage to
the alveolar wall and the leakage of fluid into the intra-alveolar
space [1]. Before the onset of NPE, both rapid elevation of systemic
blood pressure and pronounced heart rate decrease have been ob-
served in different experimental models of NPE [8,9]. The altered
function of certain brain vasomotor centres (trigger zones for
NPE) following CNS injury leads to sympathoexcitation, systemic
vasoconstriction, blood pressure elevation and baroreflex brady-
cardia. All these changes have been observed in our experiments
on NPE [9-13] using a model of spinal cord compression elicited
by balloon inflation [14].

Therapy of NPE is based upon the solving its CNS cause and
symptomatic treatment. The latter consists of continuous monitor-
ing of circulatory and respiratory parameters, elevation of the pa-
tient's head, administration of higher concentrations of inspired
oxygen, positive-end expiratory pressure (PEEP) ventilation,
administration of diuretics and analgetics. In the early stages, al-
pha-blockers and corticoids might be administered, the results
are but controversial. Beta-blockers should be avoided. Generally,
the treatment is currently rather supportive than causal, based
upon general support of the patient to fight the edema itself. For
the prognosis, first 48-72 h after the onset of NPE are crucial [3].

Hypothesis

We hypothesize that NPE development might be prevented by
administration of high-dose atropine in a short time period after
CNS insult. This would prevent a baroreflex-induced heart rate de-
crease accompanying the blood pressure elevation. The elimination
of profound bradycardia might improve cardiac pumping ability
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Fig. 1. Schematic drawing of the mechanism of neurogenic pulmonary edema
development and atropine function. CNS - central nervous system. ICP - intracra-
nial pressure. NPE - neurogenic pulmonary edema. sBP - systemic blood pressure.
HR - heart rate. CBV - central blood volume.

which is necessary to decrease the enlarged blood volume tran-
siently deposited in pulmonary vascular bed following generalized
systemic venoconstriction induced by severe sympathetic dis-
charge (Fig. 1).

consequences of the hypothesis and discussion

Numerous experiments indicate that the sympathetic nervous
system has a major responsibility for the NPE development. It
has been shown in animal models of NPE that changes of blood
pressure together with heart rate decrease indicate rapid systemic
activation of sympathetic nervous system, which is partially com-
pensated by the enhancement of parasympathetic influence on cir-
culatory homeostasis [1,3,7,9,11,12].

The overactivation of sympathetic nervous system leads to the
sudden increase of systemic vascular resistance and blood pres-
sure, generalized venoconstriction, augmentation of central blood
volume and reduction in the compliance of left ventricle. These
changes are further leading to the constriction of the pulmonary
veins, an increase in pulmonary capillary hydrostatic pressure,
damage to the alveolar wall and the leakage of fluid into the inter-
stitium and intra-alveolar space and haemorrhage which represent
a typical picture of neurogenic pulmonary edema [15]. We have
demonstrated that ganglionic blockade by pentolinium prevents
sympathoexcitation, blood pressure rise and NPE development in
a spinal cord-injured rat [9,13].

Heart rate decrease primarily develops as a baroreflex response
to systemic blood pressure elevation. In several studies, the periods
of concomitant heart rate decrease and blood pressure elevation
have been observed before and during NPE development [4]. In
our previous studies on spinal cord injured-rats, we clearly demon-
strated the dependence of the severity of NPE development on pre-
vious heart rate decrease. Whereas immediate performance of
balloon-induced spinal cord injury promoted NPE with previous
significant decrease in heart rate values, the same procedure per-
formed gradually did not induce heart rate decrease or NPE devel-
opment [13]. Bradycardia accompanying blood pressure elevation
leads to reduced cardiac output and further elevation of pulmonary
venous pressure. The subsequent elevation of pulmonary capillary
hydrostatic pressure causes the extravasation of the fluid. These
findings indicate that bradycardia following CNS injury might be
a more important factor for NPE development than blood elevation
per se.

Previous studies have shown that atropine administration or
bilateral vagotomy might prevent the development of NPE in dif-
ferent animal models [3,16]. The acute administration of atropine
might prevent or reverse the heart rate decrease and thus prevent
the NPE development in patients with severe CNS injury. It should
be noted that atropine causes the vocal cord paralysis so that this
procedure should be performed in already intubated patient. How-
ever, majority of patients with severe CNS injury are intubated or
tracheostomy performed. Moreover, when the severe NPE devel-
ops, the intubation is absolutely necessary per se.

The major reason why atropine might work better in humans
than in rats is that NPE develops in minutes in small laboratory
animals, whereas its development in humans frequently takes
hours. The dose of the atropine is also important. Our experiences
in experimental rats indicate that high atropine dose (4 mg/kg) is
able to prevent NPE development, whereas its low-dose (1 mg/
keg) does not.

Testing of the hypothesis

To validate this hypothesis, we propose to perform a clinical
trial in patients suffering from subarachnoid haemorrhage, which
is recognized as the most often cause of the NPE [17]. Atropine
should be administered i.v. immediately after the maintenance of
the life functions, intubation and monitoring of the patient. Atro-
pine should be administered in a relatively high-dose (1 mg/kg)
to prevent ineffective under-dosing. Besides bradycardia preven-
tion, bronchial dilatation and pulmonary venous relaxation can
be obtained following atropine administration. Atropine should
be administered after intubation or tracheostomy to prevent the
narrowing of the glottis which would increase the respiratory
resistance, leading to the elevation of pulmonary venous pressure.

Conclusions

We introduce a hypothesis that early administration of high
atropine doses can prevent the NPE development on the basis of
the attenuation of heart rate decrease, which was recognized as
an important factor of neurogenic pulmonary edema formation.
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Summary

Neurogenic pulmonary edema is a life-threatening complication,
known for almost 100 years, but its etiopathogenesis is still not
completely understood. This review summarizes current
knowledge about the etiology and pathophysiology of neurogenic
pulmonary edema. The roles of systemic sympathetic discharge,
central nervous system trigger zones, intracranial pressure,
inflammation and anesthesia in the etiopathogenesis of
neurogenic pulmonary edema are considered in detail. The
management of the patient and experimental models of

neurogenic pulmonary edema are also discussed.
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Introduction

Neurogenic pulmonary edema is an acute life-
threatening complication of severe central nervous
system injury. Although long neglected in clinical
practice, it has been recognized scientifically for many
years; the first report comes from Shanahan (1908).
Neurogenic pulmonary edema develops rapidly following

the injury and significantly complicates the overall

clinical status of the patient. It is characterized by marked
pulmonary vascular congestion with perivascular edema,
extravasation and intra-alveolar accumulation of protein-
rich edema fluid and intraalveolar hemorrhage (Kandatsu
et al. 2005, Leal Filho et al. 2005a, b). Although several
pathophysiological mechanisms have been proposed, the
exact cascade leading to the development of neurogenic
pulmonary edema remains unclear (Leal Filho er al.
2005a, b). Both the release of vasoactive substances and a
rapid, transient, and severe sympathetic discharge are
thought to participate in this process (Urdaneta and
Layon 2003). The aim of this review is to summarize the
known data about the pathophysiology of neurogenic
pulmonary edema and also highlight the importance of
some new data, recently obtained from experimental
research of neurogenic pulmonary edema.

Epidemiology of neurogenic
edema

pulmonary

Although epidemiological data of neurogenic
pulmonary edema are scarce and often based on case
reports or epidemiological studies with low numbers of
enrolled patients or different diagnostic criteria, we can
assume its morbidity in patients with severe central
nervous system injury to be 40-50 % and its mortality
around 7 % (Dragosavac ef al. 1997, Antoniuk et al.
2001, Fontes ef al. 2003). The main reason for the low
number of published epidemiological studies is probably
the generally poor clinical status of the patient, caused by
the primary central nervous system injury, and the
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necessity of rapid and often complex treatment when
neurogenic pulmonary edema develops.

Management of patients with neurogenic
pulmonary edema

The signs of neurogenic pulmonary edema are
quite non-specific. It presents subjectively with a sudden
onset of dyspnea, chest pain, worsening of expectoration,
nausea, vomitting, weakness and an awareness of the
patient’s own life. During the clinical examination, one
finds tachypnoe, tachycardia, basal bilateral pulmonary
crackles, respiratory distress or failure, expectoration of
sanguinolent sputum or even hemoptysis, hypoxemia,
increased systemic blood pressure and decreased heart
rate, consciousness disturbances, and pulmonary edema
with normal jugular venous pressure (Baumann ef al.
2007). Some authors describe a so-called “death rattle”
(Fontes et al. 2003). Importantly, no or very few signs of
inflammation are present. The most relevant imaging
method is the chest X-ray examination, where diffuse
hyperintensive infiltrates in both lungs are apparent. The
transient increase in pulmonary artery occlusion pressure
is usually not found due to the very short duration of its
increase and the delay in measurement (Ganter et al.
2006). Although the levels of some substances such as
brain natriuretic peptide, blood C-reactive protein and IL-
6 are increased, unfortunately none of these can be used
as a marker specific for neurogenic pulmonary edema
(Baumann ef al. 2007). Treatment is based primarily on
ventilation with positive end-expiratory pressure and
support of the patient’s general health status. Other
treatment modalities are still under debate among
clinicians and scientists (Baumann er al. 2007).

Role of central nervous system damage or
injury in the development of neurogenic
pulmonary edema

Neurogenic  pulmonary edema has been
described following several central nervous system
injuries, including spinal cord injury, subarachnoid
hemorrhage, primary spinal cord hemorrhage, brain
trauma, intracerebral bleeding, severe epileptic grand mal
seizure or subdural hematoma (Simmons er al. 1969,
Dragosavac ef al. 1997, Ochiai ef al. 2001, Macleod er al.
2002, Fontes et al. 2003, Seric et al. 2004, Baumann et
al. 2007). There are two possible explanations for the

association of the edema with central nervous system

injury. One presumes that the neuronal damage directly
or indirectly involves the pulmonary vascular bed. The
most probable mechanisms of such involvement are a
temporary neural commotion or either a mechanical or
electrophysiological disconnection of the central nervous
which leads to the
destabilization of the pulmonary autonomic nervous
system (Fontes ef al. 2003, Baumann ef al. 2007). The
overstimulation of the vasomotor centres might be an

system vasomotor centres,

alternative explanation. This is supported by the fact that
severe central nervous system injury is always associated
with significant changes in autonomic nervous system
function (Leal Filho er al. 2005a,b, Sed}? et al. 2007a,¢).
The function of specific neurons of the central nervous
system must be impaired during brain or spinal cord
injury to destabilize the autonomic system balance so that
an imbalance of Starling forces in the pulmonary vascular
bed occurs and neurogenic pulmonary edema may
develop (Sedy et al. 2008).

Numerous experiments have shown that some
interventions in the brain or spinal cord are able to
stimulate the peripheral sympathetic nervous system and
to produce changes in blood pressure (Guyenet 2006).
These data indicate that the central nervous system
sympathetic centers (including trigger zones for
neurogenic pulmonary edema) might be influenced by
such manipulations. It has been observed that
experimental brainstem distortion or ischemia can cause
changes of sympathetic vasomotor tone and an increase
of blood pressure. Moreover, the elevation of blood
pressure and the subsequent development of neurogenic
pulmonary edema can be prevented by the intrathecal
administration of lidocaine (Guyenet 2006, Hall et al.

2002).

Trigger zones of neurogenic pulmonary
edema

Several experimental studies have indicated that
the neurons responsible for the severe sympathetic
discharge, the most probable cause of neurogenic
pulmonary edema, are located in the hypothalamic,
brainstem and cervical spinal cord nuclei. These centers
represent so-called neurogenic pulmonary edema trigger
zones (Baumann er al. 2007), and their arrangement
corresponds to the organotopy hypothesis (for review see
Guyenet 2006). The most important vasomotor centers
for neurogenic pulmonary edema development are
thought to be the Al and A5 groups of neurons, nuclei of
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the solitary tract, the area postrema, the medial reticulated
nucleus and the dorsal motor vagus nucleus in the
medulla  oblongata. Some hypothalamic  centers
(paraventricular and dorsomedial nuclei) also seem to be
of some importance. It can be assumed that Cl
adrenaline-synthesizing neurons, definitely identified as a
key blood pressure centre (for review see Guyenet 2006),
are responsible for the observed sympathetic activation.
Interestingly, casualties from the Vietnam war who had
concomitant brain injury and cervical spinal cord injury
did not develop neurogenic edema, whereas the majority
of casualties with brain injury alone developed edema
(Simmons ef al. 1969). In the first group, the trigger
zones were probably disconnected from the rest of the
body by cervical spinal cord transection.

In experiments on rabbits, bilateral lesions of the
nuclei in the medulla oblongata produced profound
pulmonary and systemic hypertension and pulmonary
edema (Blessing ef al. 1981). The increased intracranial
pressure as well as toxic or ischemic injury of inhibitory
neurons cause excessive sympathetic neuronal activity
(severe sympathetic discharge) and the release of
vasoactive  substances  such  as  epinephrine,
norepinephrine, endothelins or neuropeptide Y into the
circulation, leading to the development of neurogenic
pulmonary edema (Poulat e al. 1998, Hamdy et al. 2000
Baumann er al. 2007). For example, neuropeptide Y has
been found in alveolar macrophages and edema fluid in
the case of neurogenic pulmonary edema, but not in rats
with hydrostatic edema (Hamdy et al. 2000). Alpha-
adrenergic blockade (with phentolamine) or spinal cord
transection at the C7 level prevents the formation of
neurogenic pulmonary edema, suggesting an important
role for sympathetic activation (Nathan er al. 1975). In
addition, the inhibition of central nervous system nitric
oxide by the injection of a competitive inhibitor of NO
syntase, NG-nitro-L-arginine methyl ester (L-NAME),
into the cisterna magna worsened the extent of
development of neurogenic pulmonary edema (Hamdy et

al. 2001).

Neurogenic pulmonary edema develops on
the basis of intracranial pressure increase

After central nervous system injury, a prominent
hemorrhage into different compartments that correspond
to the epidural, subdural, subarachnoid and intramedular
(intracerebral) spaces and consequent damage to the
blood-brain barrier occur. In clinical situations such as

subdural or subarachnoid hemorrhage, the extravasation
of blood into the corresponding compartments is the
major mechanism. Walder et al. (2002) showed that the
amount but not the type of fluid injected intrathecally had
a significant impact on hemodynamic and respiratory
parameters. The main disadvantage of any intracranial or
intraspinal hemorrhage is the very rapid increase of
intracranial pressure inside a non-expandable bony space
with rather limited mechanisms to decrease it. This
pressure increase leads to the compression of nervous
tissue, resulting in a brainstem distortion or ischemia and
later even in cerebral herniation. It has been shown in
experiments on sheep that the elevation of intracranial
pressure increases pulmonary artery pressure, cardiac
output, lung lymph flow, permeability-surface area
product and extravascular lung water volume (Peterson ef
al. 1983). This seems to be due to elevated venous return
due to excess sympathetic venoconstriction. In addition,
when the intracranial pressure is suddenly elevated by
subdural balloon inflation, neurogenic pulmonary edema
develops (Hall er al. 2002).

Our experiments with a model of severe
neurogenic pulmonary edema, elicited by an epidural
balloon compression spinal cord lesion under lower
concentrations of isoflurane anesthesia, strongly support
the crucial role of intracranial hypertension in the
development of neurogenic pulmonary edema (Sedy e al.
2007b). When the balloon is rapidly inflated in the
enclosed space of the thoracic part of the spinal channel,
the rapid increase in intracranial pressure apparently has
an etiopathogenic role in the development of neurogenic
pulmonary edema (Sedy e al. 2007a,c). This suggestion
is supported by our recent findings that other types of
thoracic spinal cord lesions such as fransection,
hemisection or contusion do not lead to the development
of neurogenic pulmonary edema (Sedy ef al. unpublished

data).

Inflammation is not involved in the
development of neurogenic pulmonary
edema

The most frequent form of neurogenic

pulmonary edema, the so-called “early form”, usually
develops within minutes or, at the most, hours after the
injury (Simmons et al. 1969, Seric ef al. 2004, Guyenet
2006, Baumann ef al. 2007). In our experiments with
spinal cord-injured rats, the full picture of neurogenic
pulmonary edema developed within 5-12 minutes from
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the onset of our intervention on the spinal cord (Sedy et
al. 2007a,b,c). It should be pointed out that the cascade of
the inflammatory response, which would be able to cause
such extravasation of intravascular fluid together with the
damage of blood vessel walls leading to intraalveolar
hemorrhage, will take a longer time, as in acute
respiratory distress syndrome (Gattinoni ef al. 1993). It is
true that some exogenous substances causing the
initiation of an allergic reaction cascade might induce a
rapid inflammatory reaction leading to the extravasation
of fluid and the development of edema, but neurogenic
pulmonary edema is not such a case. In addition, spinal
cord injury does not initiate any systemic inflammatory
response, as demonstrated by the lack of any damage to

other organs except the lungs (Sedy ez al. 2007a).

Role of the sympathetic system in the
development of neurogenic pulmonary
edema

Many experiments have shown, directly or
indirectly, that the sympathetic nervous system has a
major responsibility for neurogenic pulmonary edema
development. It has been shown using animal models of
neurogenic pulmonary edema that changes in systolic and
diastolic pressure together with heart rate alterations
indicate a rapid systemic activation of the sympathetic
nervous system, which has been termed “severe
sympathetic discharge” or “catecholamine storm” (Taoka
and Okajima 1998, Fontes er al. 2003, Urdaneta and
Layon 2003). The catecholamine storm has its parallel in
the older “blast theory” of Theodore and Robin (1976),
which proposes that a neurally induced transient rise in
intravascular pressure may damage the endothelium,
causing protein-rich plasma to escape into the interstitial
and alveolar spaces. The overactivation of the
sympathetic nervous system is associated with the
enhanced secretion of catecholamines from peripheral
sympathetic nerve endings, which leads to peripheral
vasoconstriction, an increase in systemic vascular
resistance and subsequently to an increase in systemic
blood pressure together with the augmentation of central
blood volume and a reduction in the compliance of the
left ventricle. These changes are followed by the
constriction of the pulmonary veins, an increase in
pulmonary capillary hydrostatic pressure, damage to the
alveolar wall and the leakage of fluid into the interstitium
and intraalveolar space and hemorrhage resulting in the

typical picture of neurogenic pulmonary edema.

Dose-dependent influence of anesthesia on
the development of neurogenic pulmonary
edema

Systemic anesthesia is accompanied by the
inhibition of both spontaneous and evoked activity of
neurons. The first phase of systemic anesthesia is
characterized by the inhibition of the activity of cortical
neurons, whereas deep anesthesia leads to the partial
inhibition of subcortical neurons, probably also including
the sympathetic ones. When we used 1.5 % isoflurane
(when severe neurogenic edema develops) instead of 3 %
isoflurane (where no edema develops) for performing a
spinal cord lesion in rats, the baseline mean arterial
pressure and heart rate values were significantly
increased. In addition, animals anesthetized with lower
concentration of isoflurane anesthesia exhibited higher
“cardiovascular reactivity”, in terms of blood pressure
and heart rate changes, to any of the particular procedures
during the whole surgery (Sedy e al. 2007a,c). Leal Filho
et al. (2005a,b) performed similar experiments, but they
used pentobarbital or a ketamine-xylazine mixture for
anesthetising rats in which a balloon compression lesion
was made. They observed severe neurogenic pulmonary
edema in pentobabital-anesthetized rats and borderline
neurogenic edema in rats anesthetized with ketamine-
xylazine. The systolic blood pressure in pentobarbital-
anesthetized rats rose to twice the baseline values,
whereas it was only 13 % higher in ketamine-xylazine
rats (Leal Filho er al. 2005a, b), indicating that the
pentobarbital-anesthetized rats responded more strongly
to spinal compression. However, these authors did not
perform dose-response experiments and used only one
concentration of each type of anesthetic (pentobarbital 60
mg/kg; ketamine-xylazine 75 mg/kg and 10 mg/keg,
respectively). Perhaps lower doses of ketamine-xylazine
would be able to promote severe neurogenic pulmonary
edema also. Similarly, higher doses of pentobarbital
would be able to prevent its development. The extreme
differences in response to different concentrations of
isoflurane (3 % - no edema vs. 1.5 % - massive edema)
seen in our experiments strongly support such hypothesis
(Sedy et al. 2007a,c).

The above data indicate the necessity to maintain
precisely the same level of anesthesia during
experimental central nervous system manipulations, such
as brain or spinal cord injury models (Vanicky et al.
2001, Sykova et al. 2005a), the injection of particular
substances into the central nervous system parenchyma
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(Sykova et al. 2005b, 2006), neurosurgical manipulations
such as the implantation of hydrogel scaffolds (Lesny et
al. 2002), the preparation of animal models of epilepsia
(Bender ef al. 2004) and many others. For these purposes,
the anesthesia should be precisely and reproducibly
dosed. Although this is quite simple with volatile
anesthetics such as isoflurane or sevoflurane (Kandatsu et
al. 2005, Sedy et al. 2007a), it might be more difficult
when intravenous anesthetics such as pentobarbital or
ketamine-xylazine are used (Leal Filho ef al. 2005a,b). If
possible, intravenous anesthetics should be avoided in
experiments in which central nervous system tissue is
surgically manipulated or the intracranial pressure is
changed. If this is not possible, the infusion rate of the
anesthetic solution should be carefully controlled.

In the future, clinical studies might show that
during the acute phase (minutes to hours) after central
nervous system injury, the maintenance of patients under
anesthesia might be helpful in preventing the
development of neurogenic pulmonary edema. Presently,
no intervention to prevent the development of neurogenic
pulmonary edema is known. For example, the blockade
of the sympathetic nervous system (Sedy ez al. 2007a) or
the intrathecal injection of lidocaine (Hall er al. 2002),
which are wused in experiments to prevent the
development of neurogenic pulmonary edema, would
probably not be advisable in human medicine. In
addition, any other total or partial modulation of the
sympathetic nervous system that would positively
influence neurogenic pulmonary edema development
might also significantly worsen the clinical status of the

patient.

Experimental  models of
pulmonary edema

neurogenic

Today, many models of neurogenic pulmonary
edema are used in experimental studies. In these models,
the pulmonary edema is induced either by central nervous
system injury (Leal Filho er al. 2005a,b, Sedy et al.
2007b) or by the administration of exogenous substances
into the cerebrospinal fluid or directly into the nervous
tissue (Hamdy et al. 2000, 2001, Walder et al. 2002). In
rats, the injection of fibrin (fibrinogen + thrombin) into
the cisterna magna has been reported to induce
pulmonary edema (Ishikawa er al. 1988). In dogs, the
injection of verathrin (Lane er al. 1998, Maron 1985), and
in sheep, the injection of aconitine (Minnear and Connell

1981), both into the cisterna magna, are also able to

induce neurogenic pulmonary edema. However, the
development of neurogenic pulmonary edema in these
types of models has been considered to result from a
cholinergic-mediated increase in vascular permeability
(Bosso et al. 1990) rather than from severe sympathetic
discharge, the most suspected cause of neurogenic
pulmonary edema development in human patients (Fontes
et al. 2003). Another model of pulmonary edema in dogs
uses an intravenous injection of oleic acid (Dauber and
Weil 1983). Pulmonary edema can also be caused by the
epinephrine, which
1993a,b), or
bilateral cervical vagotomy, which inhibits vasodilatation

intravenous administration of

stimulates vasoconstriction (Dai et al

(lazzetti er al. 1988). Although the sympathetic nervous
system is almost surely involved in the development of
pulmonary edema after the administration of an

exogenous substance, we propose that neurogenic
pulmonary edema should always be induced by central
nervous system injury in future experiments in order to

ensure that the edema is, in fact, “neurogenic™ in origin.
Conclusions

Neurogenic pulmonary edema is a rapidly
developing, life-threatening complication of central
nervous system injuries. It significantly worsens the
general health status of the patient. For neurogenic
pulmonary edema, the rapid onset of dyspnea and several
other non-specific signs are typical. Most valuable for
diagnosis is a chest X-ray, while the most valuable
modality in treatment is ventilation with positive-end
expiratory pressure. A specific marker for neurogenic
pulmonary edema has not yet been found, and a specific
treatment protocol has not yet been developed. Most
probably, such edema develops on the basis of a rapid
systemic sympathetic discharge, leading to pulmonary
with
intra-alveolar accumulation of

vascular  congestion perivascular  edema,
extravasation and the
protein-rich edema fluid and intraalveolar hemorrhage.
There exists evidence that intracranial pressure is also of
some importance. The level of anesthesia might be
crucial for the extent of neurogenic pulmonary edema
development. There are several models of neurogenic
pulmonary edema; however, those in which neurogenic
pulmonary edema is induced by central nervous system

injury should be preferred.
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Review

Pathogenetic Mechanisms
of Neurogenic Pulmonary Edema

Jifi Sedy, Jaroslav Kune$, and Josef Zicha

Abstract

Neurogenic pulmonary edema (NPE) is a life-threatening complication of central nervous system (CNS) injuries. This
review summarizes current knowledge about NPE etiology and pathophysiology with an emphasis on its experimental
models, including our spinal cord compression model. NPE may develop as a result of activation of specific CNS trigger
zones located in the brainstem, leading to a rapid sympathetic discharge, rise in systemic blood pressure, baroreflex-induced
bradycardia, and enhanced venous return resulting in pulmonary vascular congestion characterized by interstitial edema,
intra-alveolar accumulation of transudate, and intra-alveolar hemorrhages. The potential etiological role of neurotransmitter
changes in NPE trigger zones leading to enhanced sympathetic nerve activity is discussed. Degree of anesthesia is a crucial
determinant for the extent of NPE development in experimental models because of its influence on sympathetic nervous
system activity. Sympathetic hyperactivity is based on the major activation of either ascending spinal pathways by spinal
cord injury or NPE trigger zones by increased intracranial pressure. Attenuation of sympathetic nerve activity or abolition
of reflex bradycardia completely prevent NPE development in our experimental model. Suggestions for future research into
NPE pathogenesis as well as therapeutic potential of particular drugs and interventions are discussed.

Key words: baroreflex-induced bradycardia; blood pressure rise; blood volume redistribution; central nervous system;

neurogenic pulmonary edema, spinal cord injury, sympathetic nervous system

Introduction

NEUROGEN[{? PULMONARY EDEMA (NPE) is a serious and often
acute life-threatening complication of severe injuries of the
central nervous system (CNS)." Although it was recognized many
years ago, it has been rather neglected in clinical practice for a long
time. Its pathophysiology and differential diagnosis are incom-
pletely understood, and thus NPE is frequently misdiagnosed. This
serious clinical problem has been overlooked by most clinicians
because 1) the attention on the brain problem always supercedes the
lung condition and 2) the dramatic, fulminating, and fatal outcomes
often result in sudden death before any emergent intervention.”
Although epidemiological data concerning NPE are scarce and
often based on studies with low numbers of enrolled patients and
different diagnostic criteria, high NPE morbidity in patients with
severe CNS injury is associated with 7% mortality."*3

Particular types of CNS injuries represent well-known causes of
NPE.*® Elevated intracranial pressure (ICP) is often associated
with NPE, but it is not a necessary precondition for its develop-
ment.”® NPE frequently complicates subdural (SDH), subarach-
noid (SAH), or intracerebral hemorrhage (ICH) and is present more
often in patients with a severe hemorrhage.””'! NPE has also been
described after spinal cord injury (SCI) in both humans and ex-
perimental animals.'>""?

NPE represents a unique clinical entity. The two basic mecha-
nisms of pulmonary edema development—increased intravascular
and interstitial pressure as well as increased permeability of pul-
monary capillaries—occur concomitantly in NPE, whereas they
may separated in other types of pulmonary edema.'® In NPE, CNS
injury induces a major sympathetic discharge, leading to pro-
nounced hemodynamic changes, which modify the Starling forces
governing fluid movement between the capillaries and pulmonary
interstitium and/or increase the permeability of pulmonary capil-
laries.'”™"” NPE is typically characterized by a marked pulmonary
vascular congestion with perivascular edema, fluid extravasation,
and intra-alveolar accumulation of both edema transudate and
erythrocytes.'*?*2! Figure 1 outlines the possible organ partici-
pation in NPE development as discussed in detail below.

Neurogenic Pulmonary Edema Pathogenesis
Central nervous system injury

There are two possible explanations for the association of pul-
monary edema with CNS injury. First, the neuronal damage in the
central regulatory centers may affect the pulmonary vascular bed
through alterations of the pulmonary autonomic nervous system
(ANS)."” Excessive stimulation of the vasomotor centers in the
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FIG. 1. Organs and pathophysiological mechanisms involved in neurogenic pulmonary edema development. BP, blood pressure;

CNS, central nervous system; CO, cardiac output; HR, heart rate; NTS, nucleus tractus solitarii; PAP, pulmonary arterial pressure; PVP,
pulmonary venous pressure; RAP, right atrial pressure; RVLM, rostral ventrolateral medulla; SNA, sympathetic nervous activity; VR,

venous return.

CNS may represent an alternative explanation. This is supported by
the fact that severe CNS injury is always associated with significant
changes in ANS function.'*"***** Activation of particular CNS neu-
rons during brain injury or SCI leads to hyperactivation of the sympa-
thetic nervous system (SNS). Subsequently, an imbalance of the Starling
forces in the pulmonary vascular bed occurs and NPE may develop. !

Numerous experiments have shown that particular CNS centers
that regulate sympathetic outflow (including trigger zones for NPE)
are able to stimulate the peripheral SNS and produce changes in blood
pressure (BP), as reviewed by Guyenet.”® Indeed, experimental
brainstem distortion or ischemia can cause changes of sympathetic
vasomotor tone and BP increase (for review, see a previous work?®).

Sympathetic overactivation leads to peripheral vasoconstriction,
an increase in systemic vascular resistance (SVR), and, subse-
quently, to a rise of the systemic BP together with augmentation of
central blood volume resulting from a generalized systemic veno-
constriction, leading to a massive blood shift from capacitance
vessels into low-resistance pulmonary circulation. These changes
are followed by an increase in pulmonary capillary hydrostatic
pressure (PCP), damage to the alveolar wall, and leakage of fluid
and erythrocytes into the interstitium and intra-alveolar space, re-
sulting in a typical picture of NPE.”*

Trigger zones for neurogenic pulmonary edema

Several experimental studies have indicated that neurons re-
sponsible for increased sympathetic outflow (leading to a pro-

nounced peripheral sympathetic discharge) are located in so-called
NPE trigger zones.” One of the earliest description of NPE trigger
zones indicated that NPE developed only in those patients afflicted
by poliomyelitis who had pathological changes in the region of the
dorsal nucleus of vagus and medial reticular nuclei of the medulla
oblongata.>” Mid-collumnar decerebration does not prevent NPE
induced by cerebral compression, suggesting that the hypothalamus
and higher CNS centers are not involved in NPE development.”*>*
The crucial role in the development of NPE is played by the main
regulator of sympathetic activity, called rostral ventrolateral me-
dulla (RVLM), which is also important for baroreflex function.
Other important vasomotor centers for NPE development located in
the medulla oblongata are thought to be the Al and AS groups of
neurons, nuclei of the solitary tract, the area postrema, the medial
reticulated nucleus, and the dorsal motor vagus nucleus. Indeed,
bilateral lesions in the medulla oblongata produced profound pul-
monary and systemic hypertension and pulmonary edema in rab-
bits.”> The C1 epinephrine-synthesizing neurons, which were
identified as key regulators of BP (for review, see a previous
work™?), are responsible for the observed sympathetic activation.
Of note, casualties from the Vietnam War who had concomi-
tant brain injury and cervical SCI did not develop NPE, whereas
the majority of those with a brain injury alone developed NPE.*®
In the first group, NPE trigger zones were probably disconnected
from the rest of the body by the cervical spinal cord transection.
In our experiments, NPE development was prevented when the
spinal cord was transected before the spinal cord lesion, thus
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disconnecting the site of the lesion from the NPE trigger zones.”’

Similarly, NPE induced by cerebral compression in experimental
animals was also prevented by the spinal transection at the C7 level,
which prevented systemic vasoconstriction resulting from sympa-
thetic hyperactivity. >

Neurotransmitter changes in neurogenic pulmonary
edema trigger zones

Little is known about changes of brain neurotransmitters
during the activation of NPE trigger zones after an acute injury
of brain or spinal cord. Nevertheless, fulminating hypertension
and NPE were observed in rats subjected to electrolytic or
chemical lesions of nucleus tractus solitarii (NTS).**** Changes
in sympathetic tone and hemodynamics accompanying BP rise
and pulmonary edema in these animals were remarkably similar
to those we have observed after rapid spinal cord compres-
sion."**"3 Talman and colleagues microinjected kainic acid, an
analog of excitatory amino acid L-glutamate, into NTS in doses
that stimulate, but do not damage, NTS neurons.** Kainic acid
caused a cardiovagal baroreflex blockade and a dose-dependent
BP rise, which led to hemorrhagic pulmonary edema and death
after termination of halothane anesthesia. Nondestructive per-
turbations of neurochemical transmission in the brain might
explain the increased vasoconstriction caused by augmented
sympathetic discharge in response to central deafferentation
of baroreceptor reflexes.’>** Further research was focused on
C1 epinephrine-synthesizing neurons in RVLM, which play an
important role in the control of sympathetic outflow and BP.*®
Electrical stimulation of this brain area leads to a pronounced
sympathetic discharge and BP elevation, which was often fol-
lowed by fatal pulmonary edema. Stimulation of this area by
L-glutamate or kainic acid also caused a major BP elevation. In
contrast, microinjection of inhibitory gamma-aminobutyric acid
(GABA) into RVLM elicited a dose-dependent BP fall, whereas
administration of bicuculline, an antagonist of GABA 5 recep-
tors, produced a marked BP elevation.*

Endogenous L-glutamate may facilitate NPE development because
rats pretreated with MK-801, an N-methyl-p-aspartate (NMDA) re-
ceptor antagonist, or with 6-cyano-7-nitroquinoxaline-2,3-dione, an
s-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainic acid
receptor antagonist, showed an attenuated degree of fibrin-induced
NPE.?” On the other hand, intravenous (i.v.) bicuculline administra-
tion to mechanically ventilated rats caused not only recurrent seizure
activity, but also NPE.*® Endogenous nitric oxide (NO) present in
RVLM is known to attenuate sympathetic outflow, and this effect is
mediated by GABA , receptors.”™*” This is in good agreement with
the findings that endogenous brain NO attenuated development of
fibrin-induced NPE.*"**

Experimental data thus suggest that enhanced activation of
NMDA receptors and/or attenuated inhibition of GABA 4 receptors
in NPE trigger zone post-CNS injury may play an important role in
facilitation of severe sympathetic discharge, which participates in
the pathogenesis of NPE (Fig. 2).

Neural pathways connected with neurogenic
pulmonary edema trigger zones

Both experimental and clinical research indicate that NPE is
caused by a sudden hyperactivation of CNS neural pathways con-
nected with NPE trigger zones. Typically, this situation occurs
during SAH or thoracic spinal cord compression."'** Interest-
ingly, hyperactivation of the spinal neural pathways underlying
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NPE, caused by compression of thoracic spinal cord, does not occur
in other types of SCI, such as spinal transection or hemisection,
which do not elicit NPE.***'~*> Moreover, only rapid, but not slow,
step-wise compression of the spinal cord elicits NPE under other-
wise comparable experimental conditions.’> Similarly, a rapid
compression of the rat brain causes a more severe NPE than its slow
compression.”> Numerous clinical reports indicate that onset of
sudden severe hyperactivity of spinal or cerebral pathways clearly
corresponds to the time when NPE is elicited (for review, see
previous works'). Thus, both the extent as well as the rate of spinal
neural hyperactivation might be crucial for development of NPE.
Cerebral compression in rats elicited systemic arterial hypertension
and pulmonary edema and these responses were prevented by
spinal cord transection at the C7 level, but not by decerebration
carried out as brainstem transection at the mid-collicular level,
interrupting the CNS sympathetic outflow to systemic and pul-
monary blood vessels.”*** Such a high spinal cord transection also
interrupts the ascending spinal pathways necessary for activation of
the central mechanisms mediating enhanced sympathetic outflow,
which is essential for NPE development.

Moreover, NPE did not develop when the balloon compression
was performed at the lumbar, instead of lower, thoracic spinal cord
level. This is probably owing to a failure to activate ascending
spinal pathways connected with NPE trigger zones.*' Experimental
data show that anesthesia, applied epidurally or intrathecally into or
above the lesion site, could prevent the NPE development—this
can be documented by the abolition of hemodynamic changes as-
sociated with NPE development, 2344

Increased intracranial pressure in neurogenic
pulmonary edema development

Epidemiological data show that NPE develops mainly under
conditions of severe CNS injuries, especially in patients having
increased ICP. Experimental data indicate that a sudden increase of
ICP leads to an increase in systemic BP and decrease of heart rate
(HR), called the Cushing reflex or Cushing response.*** The pri-
mary aim of this reflex mechanism is to secure brain perfusion under
conditions of elevated ICP by means of increased BP, but it might
concomitantly result in pulmonary edema. Indeed, NPE develops if
ICP is suddenly elevated by subdural balloon inflation.**

Severe CNS injury may cause a major hemorrhage into different
CNS compartments, such as the epidural, subdural, subarachnoid
and intramedulary (intracerebral) spaces, and a consequent damage
of the blood-brain barrier. In anesthetized rats, rapid extradural
compression of the brain caused systemic hypertension as well as
pulmonary arterial and venous pressure elevation, which was fol-
lowed by severe NPE.>*** In clinical situations, such as SDH or
SAH, extravasation of blood into their respective compartment is a
major cause of NPE. Walder and colleagues showed that the
amount, but not the type, of fluid injected intrathecally had a sig-
nificant impact on hemodynamic and respiratory parameters.*® The
main problem of any intracranial or -spinal hemorrhage is the very
rapid increase of ICP inside a nonexpandable bony space with
limited mechanisms to accommodate it. This pressure increase
leads to compression of nervous tissue, resulting in brainstem
distortion or ischemia and later even in cerebral herniation. Ex-
periments in sheep indicated that elevation of ICP increased pul-
monary artery pressure (PAP), cardiac output, lung lymph flow,
permeability—surface area product, and extravascular lung water
volume.*” This seems to be caused by the elevated venous return
resulting from the excess sympathetic venoconstriction.*’
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FIG. 2. Sequences of hemodynamic events leading to NPE development. Rectangles with horizontal bars depicts the sites where the
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vascular resistance; BP, blood pressure; PAP, pulmonary arterial pressure; PCP, pulmonary capillary pressure; PVP, pulmonary venous pressure.

Injection of whole blood or albumin solution into cisterna
magna results in the death of approximately 50% of animals
owing to the complications stemming from development of
NPE. However, the amount of injected fluid was more important
than its composition.***? Thompson and Malina demonstrated

that the pathogenetic role of increased ICP in development
of NPE is mediated by pressure-induced ischemia of medulla
oblongata and deformation of brainstem.’ These changes lead

to BP increase and concomitant baroreflex-induced bradycar-
dia‘-‘l““i‘s‘l
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Hemodynamic changes during neurogenic pulmonary
edema development

Experiments in laboratory animals demonstrate that NPE de-
velopment is preceded by a significant increase in systemic BP.
Blessing and colleagues reported that BP increased by 40 mm Hg in
rabbits with experimentally induced NPE using bilateral destruc-
tion of Al neurons in medulla oblongata.”” Reis and colleagues
induced NPE by lesioning the nucleus tractus solitarii in rats, which
resulted in the left heart failure during fulminant hypertension.’’
Moreover, Blessing and colleagues demonstrated a significant in-
crease in SVR during NPE development.”” Similar hemodynamic
changes have been observed after balloon-induced compression of
thoracic spinal cord; they were accompanied by a marked barore-
flex-induced decrease in HR."**! The sequence of hemodynamic
events occurring during NPE development (Fig. 2) is further dis-
cussed in this review.

Capillary hydrostatic pressure in neurogenic
pulmonary edema development

Autonomic visceromotor innervation of the pulmonary vascular
bed influences the tone of local blood vessels. Changes in efferent
autonomic activity may thus increase or decrease PCP.>? There is
no doubt that changes in capillary hydrostatic pressure are involved
in NPE development. Enhanced sympathetic activity causes an
increase in systemic BP and venous return, leading to augmentation
of central blood volume. Both right ventricular pressure and pul-
monary venous pressure (PVP) are several fold increased in rats
subjected to rapid cerebral compression.”* The heart, mainly the
left ventricle, does not have a capacity to compensate for such
rapidly increased demands, so that the amount of pumped blood by
the left heart decreases and blood congestion in the pulmonary
vascular bed develops. Indeed, cardiac output was decreased in a
cerebral compression model of NPE. Moreover, blood accumula-
tion was demonstrated in the lungs during NPE development, and
there was a correlation between PVP and degree of NPE.>*>* Such
changes lead to an enormous increase in the PCP and extreme
imbalance of the Starling forces influencing the capillary walls.
Thus, elevation of PVP above 25 mm Hg causes transudation of fluid
from pulmonary capillaries, whereas its elevation above 50 mm Hg
leads to a damage, or even disruption, of capillary and alveolar walls
and development of alveolar hemorrhage.>* This is often a con-
comitant sign of NPE and could be the cause of a patient’s death. The
role of sympathetic system-activated pulmonary venoconstriction
leading to an additional increase in capillary hydrostatic pressure
could not be underestimated as well.>> The hypothesis of a crucial
role of the increased PCP is supported by the finding of a low edema
fluid-to-serum protein ratio in subjects with NPE.>

Role of the sympathetic nervous system

Hyperactivity of the SNS in the course of NPE development is
revealed by many experiments using different animal models.
Using a monkey model, Novitzky and colleagues showed that
NPE induced by intracranial balloon inflation could be prevented
by surgical sympathectomy.”” A pharmacological correlate is
represented by administration of the ganglionic blocker, pento-
linium, which prevented development of NPE in rats with brain or
spinal cord compression.'*** Changes in BP, together with HR,
alterations in rats and animal NPE models indicate a rapid sys-
temic activation of the SNS, which has been termed *‘severe
sympathetic discharge™ or “catecholamine storm.”'**’ Rapid
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i.v. infusion of high norepinephrine doses to intact rats lead to the
same hemorrhagic pulmonary changes as a rapid cerebral com-
pression.”>**%" On the other hand, direct deleterious effects of
high doses of vasoconstrictors on the pulmonary vascular bed
(namely, its endothelium) can be hardly considered as a probable
cause of NPE development, because the administration of these
vasoconstrictors into heart-lung preparations had no significant
effect on lung weight.**®' Overactivation of the SNS is associated
with enhanced release of catecholamines from peripheral sym-
pathetic nerve endings. Several classes of sympathoadrenergic
blocking agents, which target the SNS at the level of ganglion,
neuron, transmitter, or receptor site, are effective in preventing
NPE development, 1423:2431:48.49.62.63

Regional sympathectomy has revealed that the splanchnic vas-
cular bed is the major site of systemic vasoconstriction, although the
direct sympathetic pulmonary vasoconstriction also partly contrib-
utes to NPE development.**®® Recordings of pulmonary and aortic
blood flows, both in intact animals and in heart bypass preparations,
have demonstrated vasoconstriction of resistance and capacitance
vessels in the systemic and pulmonary circulation. Shift of blood
volume from the systemic vascular beds to the lungs and/or reduction
in cardiac output might be the main causes of pressure and volume
loading in the pulmonary circulation. Systemic vasoconstriction
is pivotal in NPE development, whereas adrenal glands, bronchial
circulation, and pulmonary innervation play a small role.®®

Role of parasympathetic nervous system

The vagus nerve represents the only source of parasympathetic
nerve fibers in lungs. Stimulation of the vagus nerve or acetyl-
choline (ACh) administration induces lung vasodilatation and de-
creases PCP. ACh administration has two effects: 1) binding to
muscarinic receptors of pulmonary vascular smooth muscle caus-
ing its relaxation and 2) inhibition of catecholamine secretion.’” On
the other hand, secretion of vasoactive intestinal polypeptide from
vagus nerve represents an alternative, noncholinergic, non-
adrenergic vasodilatory pathway.®’

There was a considerable debate on the causal role of acute
reflex bradycardia consequent to vagal activation in the patho-
genesis of NPE elicited by cerebral compression. Several investi-
gators suggested its high importance because bilateral vagotomy or
atropine administration prevented or reduced both bradycardia and
NPE development.®*%” On the other hand, Chen and coworkers
abolished bradycardia, but not NPE, development by these two
interventions.>** This research group therefore concluded that
reflex bradycardia is an accessory, but not an essential, factor in
NPE pathogenesis.

Experiments in rabbits and rats have shown that bilateral va-
gotomy is able to induce pulmonary edema on its own. Although
this type of edema has been attributed to analogous pathophysio-
logical mechanisms such as NPE (i.e., an excessive activation of the
SNS), the following experiments did not support this theory.”” First,
bilateral vagotomy below the site where the recurrent laryngeal
nerve emerges from the main trunk does not cause pulmonary
edema. It shows that this type of edema is likely caused by airway
obstruction resulting from laryngeal as well as bronchial spasms.
Obstruction of airways leads to increased air suction and storage of
air in affected lung segments. On the other hand, the negative in-
terstitial pressure in the nonaffected lung segments is caused by the
reflex mechanism, leading to increase in transcapillary filtration
pressure in overfilled parts of lungs, thus causing pulmonary edema.
Second, bilateral vagotomy below the site where the recurrent
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laryngeal nerve emerges from the main trunk did not have a stim-
ulating or protective effect on NPE development.*® Importantly,
Blanco and colleagues observed that pretreatment with a high dose
of the NO synthase inhibitor, N”-nitro-L-arginine methyl ester (L-
NAME:; 40mg/kg) reduced pulmonary edema and prolonged
survival in vagotomized rats.”' This is in contrast with L-NAME-
induced potentiation of NPE elicited by spinal cord compression.**

Role of nitric oxide

NO produced in lungs participates in pulmonary vasodilata-
tion.”* Importantly, NO plays a critical role in ventilation-perfusion
coupling in the lungs.”' Moreover, i.v. administration of L-arginine
prevents the increase of pulmonary capillary permeability in high-
altitude pulmonary edema.”® Several experimental studies dis-
closed that NO has a partial protective effect on NPE development
because it attenuates sympathetic vasoconstriction and consequent
baroreflex-induced bradycardia post-CNS injury. Moreover, large
doses of vasodilators, such as sodium nitroprusside or nitroglyc-
erine, are capable of reducing NPE.”

NPE development may also be inhibited by NO produced in the
medulla oblongata.*!"” Injection of NO synthase (NOS) inhibitors
into the close proximity of NPE trigger zones or into the cerebro-
spinal fluid (CSF) enhanced sympathetic tone, probably by a
modulation of the arterial baroreflex.”®”® Hamdy and colleagues
reported that the inhibition of NO synthesis in the CNS by injecting
L-NAME into the cisterna magna worsened NPE development.*'
On the other hand, oxidant scavengers are ineffective in the pre-
vention of NPE, thus indicating that oxidative stress is not involved
in NPE development.”*

Neuropeptide Y and endogenous opioids

An increase in ICP as well as toxic or ischemic injury of inhib-
itory neurons may cause severe sympathetic discharge and release
of vasoactive substances, such as epinephrine, norepinephrine, en-
dothelins, or neuropeptide Y into the circulation, leading thus to the
development of NPE.7%%” Neuropeptide Y is a neurohumoral agent
that has antinociceptive, anxiolytic, and orexigenic effects.”’
Moreover, neuropeptide Y, which is secreted by sympathetic nerves
together with norepinephrine, causes dilatation of pulmonary ves-
sels and increases pulmonary vascular permeability. Experimentally
administered neuropeptide Y causes pulmonary edema, mainly re-
sulting from an increase in vascular permeability, because this
peptide acts directly on the endothelial cells.*> Neuropeptide Y has
been found in alveolar macrophages and edema fluid in rats with
NPE, but not in rats with hydrostatic edema.”” Moreover, neuro-
peptide Y is able to affect the degree of anesthesia at the level of the
CNS through its action on GABAergic, glutamatergic, as well as
dopaminergic neurotransmission.®> Moreover, different types of
anesthetics, such as pentobarbital or ketamine, are able to influence
the receptors for neuropeptide Y and thus to modulate the devel-
opment of NPE.'**°

Endogenous opioids, such as endorphins, are responsible for the
increase in pulmonary vascular permeability and the amount of
extravascular fluid in the lungs of animals with elevated ICP.*7
These findings are based on the observed protective role of nal-
oxone (opioid receptor antagonist) during NPE development.

Experimental models of neurogenic pulmonary edema

At present, multiple models of NPE are used in experimental
studies.”*® In these models, NPE is induced either by CNS injury or
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by the administration of exogenous substances into the CSF or di-
rectly into the nervous tissue.'*=**>*1467 I rats, injection of fibrin
(fibrinogen + thrombin) into the cisterna magna has been reported to
induce pulmonary edema.** In dogs, injection of verathrin, and in
sheep, injection of aconitine into the cisterna magna, are also able to
induce NPE.***%55 However, development of NPE in these models
has been considered to result from a cholinergic-mediated increase
in vascular permeability, rather than from a severe sympathetic
discharge.*® Another model of pulmonary edema in dogs used the
i.v. injection of oleic acid.”® Pulmonary edema can also be caused
by i.v. administration of epinephrine, which stimulates vasocon-
striction, or bilateral cervical vagotomy, which inhibits vasodilata-
tion.*” Thus, the SNS is almost certainly involved in development
of pulmonary edema after administration of exogenous substances
mentioned above. However, it is our opinion that, in future exper-
iments, NPE should always be induced by CNS injury in order to
ensure that the edema is really ““neurogenic™ in origin.

Spinal Cord Compression and Neurogenic
Pulmonary Edema

Novel tool for the study of neurogenic
pulmonary edema

Recently, we have developed a new model of NPE using spinal-
cord-injured Wistar male rats.>> In this model, pulmonary edema is
elicited by spinal cord lesion after epidural thoracic balloon com-
pression.”>” When this procedure is performed under a low con-
centration of isoflurane (1.5%) in inhaled air, the spinal cord
compression induces severe interstitial and intra-alveolar NPE with
a significantly increased thickness of the alveolar walls and massive
pulmonary hemorrhage, resulting in death of 33% of animals. In
contrast, epidural balloon compression of the thoracic spinal cord
performed under deeper anesthesia (3% isoflurane) does not pro-
mote NPE development. Thus, rats subjected to surgery and spinal
cord compression under 3% isoflurane anesthesia could be used as a
control group because, under these circumstances, the SCI did not
cause NPE.?? The model is helpful in normal as well as in geneti-
cally modified rats, such as rat models of hypertension.”’

Influence of anesthesia on the development
of neurogenic pulmonary edema

Systemic anesthesia results in inhibition of both spontaneous and
evoked activity of neurons. The first phase of systemic anesthesia is
characterized by inhibition of activity of cortical neurons, whereas
deeper anesthesia leads to a partial inhibition of activity of sub-
cortical neurons, including the sympathetic ones. Baseline BP and
HR values were increased more when we used a lower concen-
tration of isoflurane. The anesthesia with 1.5% isoflurane permits
development of severe NPE, whereas a higher concentration (3%
isoflurane) prevents NPE development when performing a spinal
cord lesion in rats. In addition, animals anesthetized with a lower
concentration of isoflurane exhibited higher “cardiovascular re-
activity” (in terms of BP and HR changes) to any of the particular
procedures during the whole surgery.'***%* Leal Filho and col-
leagues performed similar experiments, but they used pentobarbital
or ketamine-xylazine for anesthetizing rats in which a balloon
compression lesion was made.'>?" They observed severe NPE in
pentobarbital-anesthetized rats and borderline NPE in rats an-
esthetized with ketamine-xylazine. Systolic BP in pentobarbital-
anesthetized rats rose to twice the baseline values, whereas it was
elevated by only 13% in rats anesthetized with ketamine-xylazine,
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indicating that pentobarbital-anesthetized rats responded more
strongly to spinal cord compression.'*?” The differences between
particular anesthetics correspond to their impact on sympathetic
nervous activity because ketamine-xylazine, but not pentobarbital,
lowered sympathetic nerve activity in the rat.”> The contrasting
responses, which were observed at the particular concentrations of
isoflurane (3% [no edema] vs. 1.5% [massive edemal), were also
strongly dependent on their different impact on sympathetic nerve
activity.'*** The underlying mechanism of isoflurane action might
be the blunting of transmission of noxious inputs from the spinal
cord to the thalamus.”*

Role of sympathetic nervous system in neurogenic
pulmonary edema development

In rats subjected to the compression of thoracic spinal cord, NPE is
induced mainly by hyperactivation of ascending spinal cord pathways
as well as by increased ICP."**! BP elevation and subsequent de-
velopment of NPE can be prevented by an epidural administration of
trimecaine.”’ This intervention, which blocks the ascending as well as
descending spinal neural pathways, was, in our NPE model, used to
examine the effect of complete abolition of activation of spinal af-
ferent pathways and NPE trigger zones. Our results indicated that
epidural anesthesia prevented the massive sympathetic discharge and
subsequent BP rise induced by rapid compression of the lower tho-
racic spinal cord. Moreover, compression of the thoracic spinal cord
in epidurally anesthetized rats was not accompanied by skeletal
muscle contractions typical for the NPE model, indirectly supporting
the efficiency of epidural anesthesia,'***!

The crucial role of high epinephrine levels in development of
pulmonary edema has already been shown by Maron and coworkers,
who observed a dose-dependent relationship between increased epi-
nephrine plasma levels and reduced alveolar fluid clearance, thus
leading to pulmonary edema.® > To examine the role of catechol-
amines in NPE development, we measured serum levels of epi-
nephrine and norepinephrine before, during, and after balloon
compression of the spinal cord.*" In animals with severe NPE, which
were anesthetized with 1.5% isoflurane, we observed a 64-fold in-
crease in serum norepinephrine concentration and 18-fold increase in
serum epinephrine concentration immediately after balloon com-
pression. In rats anesthetized with 3% isoflurane, which did not de-
velop NPE, there was a 40-fold increase in serum norepinephrine
level, but no significant change in epinephrine level, after balloon
compression of the spinal cord. It is important to note that levels of
catecholamines were not increased during spinal cord compression in
animals pretreated with upper thoracic epidural anesthesia.*' Circu-
lating catecholamine levels returned to control values at the end of the
recovery period (i.e., 15 min after spinal cord compression).

Pretreatment of rats with a competitive inhibitor of alpha,-
adrenergic receptors (prazosin) or alphas-adrenergic receptors
(yohimbine) prevented NPE development in our spinal cord com-
pression model.?>?! Both alpha-adrenergic blockers lowered BP
before spinal cord compression, attenuated BP rise after spinal cord
compression, and prevented baroreflex-induced bradycardia. The
similar effects of alpha,- and alpha,-adrenoceptor blockade are not
surprising if we consider that an extensive catecholamine stimu-
lation of these two different types of alpha-adrenoceptors always
leads to a major augmentation of calcium entry through L-type
voltage-dependent Ca>* channels (L-VDCC).”*™®® The funda-
mental importance of calcium entry through L-VDCC to smooth
muscle of resistance vessels in systemic circulation for develop-
ment of NPE was demonstrated in our experiments, in which
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pretreatment of rats with nifedipine (dihydropyridine antagonist of
L-VDCC) attenuated BP rise induced by spinal cord compression
and completely prevented the above-mentioned bradycardia and
NPE development.*’ Our results are also fully compatible with the
effects of isoflurane-induced hyperpolarization of smooth muscle
cells in small resistance arterioles or capacitance venules of the
rat.””1% I situ superfusion of small mesenteric vessels with iso-
flurane caused membrane hyperpolarization through both neural
(inhibition of sympathetic neural input) and non-neural mecha-
nisms (inhibition of cyclic adenosine monophosphate pathways and
K* channels). This hyperpolarization helps to close L-VDCC
opened by sympathetic stimulation. Thus, the deeper anesthesia
(3% isoflurane) prevented NPE development by attenuation of both
BP rise (by decreasing arterial constriction) and venous return (by
increasing splanchnic capacity to deposit circulating blood).

Role of blood volume redistribution in neurogenic
pulmonary edema development

Hoff and colleagues designed an NPE model in which BP was
maintained at normal values by blood loss during the critical period
for NPE development.'”! Despite this intervention, NPE was devel-
oped, but to a lesser extent. Redistribution of blood from splanchnic
regions to the pulmonary circulation resulting from the pronounced
sympathetic venoconstriction seems to be responsible for the increase
of venous return and augmentation of central blood volume in NPE.
To evaluate the contribution of this hemodynamic factor to the
pathogenesis of NPE, we induced a moderate blood loss by with-
drawing 15% of the volume of circulating blood before spinal cord
compression. This intervention successfully prevented NPE devel-
opment, indicating the importance of augmented venous return and
overfilling of pulmonary circulation during the early stages of NPE
development, when baroreflex-induced reduction of HR impairs ac-
tual cardiac performance.”’** It should also be considered that a
higher degree of isoflurane anesthesia (3% instead of 1.5%) may be
associated with a greater blood deposition in splanchnic vessels, be-
cause isoflurane was reported to attenuate the tone of mesenteric
capacitance veins.” Thus, the protective effects exerted by moderate
blood loss on NPE development might share similar mechanisms
with those of a more intensive isoflurane anesthesia.

Role of nitric oxide in neurogenic pulmonary
edema development

We have shown that pretreating rats with NOS inhibitor L-
NAME (30 mg/kg i.v.) enhanced NPE severity, leading to the death
of 83% of animals within 10 min post-SCL** Moreover, pretreat-
ment of NO-deficient rats with either ganglionic blocker pentolinium
(to reduce BP rise) or muscarinic ACh receptor blocker atropine (to
lessen HR decrease) prevented or attenuated NPE development in
these animals.** Worsening of NPE development in NO-deficient
rats was not associated with a greater BP rise, but there was a more
pronounced HR reduction after balloon inflation.** Mechanisms
underlying the adverse effects of NO deficiency on NPE develop-
ment are probably based upon the lack of NO-mediated counterac-
tion of the sympathetic vasoconstriction, so that a more profound
baroreflex-induced bradycardia occurs.””"®!'°* This baroreflex-
induced bradycardia was present in NO-deficient rats developing
NPE under 1.5% isoflurane anesthesia, whereas no significant HR
changes were observed after balloon compression of the spinal cord
in NO-deficient rats anesthetized with 3% isoflurane, which did
not develop NPE.** Bradycardia has been recognized as an im-
portant factor contributing to NPE development also in animals
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with intracranial hypertension (for a review, see a previous work*®).
Nevertheless, bradycardia occurring after NTS lesions appears to
be initiated by the respective centers in the medulla oblongata,
rather than by the peripheral baroreceptor feedback.****!1%3

Role of baroreflex in neurogenic pulmonary
edema development

Blocking the parasympathetic nervous system with atropine is
known to prevent HR responses elicited by sudden BP changes.'™
As far as the old discussion (Campbell and colleagues vs. Chen and
colleagues) on prevention of NPE development by atropine ad-
ministration is concerned, our data support the beneficial effects of
parasympathetic blockade.****%  Atropine pretreatment inter-
rupted the cholinergic mechanisms mediating baroreflex-induced
bradycardia elicited after spinal cord compression. Baroreflex-
induced bradycardia is characteristic for our NPE model elicited by
SCI under light (1.5%) isoflurane anesthesia. Pretreatment of rats
with a high dose (but not with a low dose) of atropine 2 min pre-SCI
prevented HR decrease, but not BP elevation, occurring early after
balloon inflation.** BP rise elicited by spinal cord compression in
atropine-pretreated rats tended to be of a higher magnitude than in
nonpretreated rats. After atropine pretreatment, spinal cord com-
pression did not elicit the characteristic bradycardia, but rather a
moderate tachycardia. This pharmacological intervention com-
pletely prevented development of NPE in control rats and consid-
erably attenuated NPE development in NO-deficient rats.** On the
basis of these results, we hypothesize that NPE development might
be prevented by administration of high-dose atropine in a short time
period post-CNS insult in human medicine.'®

The Future

Experimental studies concerning the role of anesthesia in NPE
development indicate the necessity to maintain precisely the same
level of anesthesia during neurosurgical operations.'*® The same is
true for experimental CNS manipulations, such as brain injury or
SCI, injection of stem cells into CNS parenchyma, neurosurgical
manipulations, such as implantation of hydrogel scaffolds, prepa-
ration of animal models of epilepsy, and many others.’*!07-112

In these situations, level of anesthesia should be precisely and
reproducibly dosed and monitored. Although this is quite simple
with volatile anesthetics, such as sevoflurane or isoflurane, it might
be more difficult when other anesthetics, such as pentobarbital or
ketamine-xylazine, are used.'*'#2%-%!

The ideal drug for anesthesia used in animals or patients with
CNS injury should attenuate sympathetic nerve activity in order to
prevent constriction of arterial and venous vascular beds, which
leads to high BP and augmented venous return. Such a drug should
also substantially decrease baroreflex efficiency to avoid the bra-
dycardia elicited by a possible BP rise. One of the promising drugs
is propofol, which not only lowers sympathetic vasoconstriction,
but also attenuates efficiency of arterial baroreflex.!'*~''> Propofol,
which also lowers sympathetic nerve activity in humans, is already
a well-established drug in clinical practice, including treatment of
patients with CNS injury.''®

In the future, clinical studies might show that, during the acute
phase (minutes to hours) after a CNS injury, maintenance of pa-
tients under anesthesia might be helpful in preventing development
of NPE. Actually, an active intervention aimed at preventing de-
velopment of NPE remains to be established. Blockade of the SNS
used in experiments to prevent development of NPE would not be
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advisable in human medicine because any modulation of the SNS
that would attenuate NPE occurrence might concomitantly worsen
the clinical status of the patient.'* However, stellate ganglionic
blockade or epidural block with lidocaine or trimecaine may have
some clinical potential 3143117-118

NPE characteristically appears within minutes to hours after a
severe CNS insult. Occasionally, a more rapid or delayed onset can
also be observed.®''” When the experimental studies in laboratory
animals and clinical data on the time interval between CNS injury
and NPE onset are compared, it is evident that NPE development
is more rapid in experimental animals, in which it occurs within a
few minutes,'31420:22:2332.3544120 76 (ime discrepancy offers an
important therapeutic possibility in human medicine—treatment
options partially successful in experimental animals might be more
successful in human patients owing to a considerably longer time
lag window available for treatment.

Conclusions

NPE is a rapidly developing, life-threatening complication of
CNS injuries and disturbances. It significantly worsens the general
health status of the patient. For NPE, rapid onset of dyspnea and
several other nonspecific symptoms are typical. Very likely, the
edema develops on the basis of a rapid systemic sympathetic dis-
charge, leading to pronounced pulmonary vascular congestion with
perivascular edema, extravasation of fluid, and intra-alveolar ac-
cumulation of transudate associated with intra-alveolar hemor-
rhage (Figs. 1 and 2). Sympathetic overactivity might result from
the associated hyperactivation of ascending spinal pathways or
activation of NPE trigger zones by increased ICP. The resulting BP
rise and consequent baroreflex-induced bradycardia seem to play
an essential role in the pathogenesis of NPE. The depth of anes-
thesia is crucial for the extent of NPE development in experimental
models because it modulates the activity of the SNS.
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Abstract

Behavioral outcome in rats with spinal cord injury (SCI) is the most important factor for evaluating the extent of injury and treatment
efficacy. For this purpose, a number of behavioral testing methods can be used. In this review, 35 individual locomotor, motor, sensory,
sensory—motor, autonomic or electrophysiological behavioral tests, their weaknesses and strengths, testing conditions, the need for
habituation, pre-training and/or food deprivation, methods for increasing the animals’ skills, systematic testing protocols and methods
for selecting the proper behavioral tests for particular injury models are discussed on the basis of a retrospective analysis of scientific
studies published from 1995 to 2007. This review is primarily targeted towards researchers outside the field or to researchers new to the
field of SCI.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction 28.6 years (Basso, 2004; Grill, 2005; Kwon et al., 2002). It

is characterized by a complex of motor, sensory and

Spinal cord injury (SCI) is a severe, often life-threatening  autonomic dysfunctions, the degree of which is character-

and debilitating clinical condition, with an incidence of 40
new cases per million people throughout the world each
year, affecting mainly young people with a mean age of

istic for the severity of the SCI. In experiments, the most
often used experimental animal is the rat (Rattus norvegi-
cus), in which several models of complete or incomplete
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SCI can be performed, such as transection, hemisection,
contusion, compression, ischemia, excitotoxic lesions or
crush injuries of the spinal cord (for review, see Grill, 2005;
Kwon et al., 2002). Ideally, the behavioral responses in
animal models should be relevant to the clinical signs of
SCI in human patients (Muir and Webb, 2000; Sykova
et al., 2006b).

The final functional status of the animal depends upon
the extent of neuronal damage in the gray matter at the
injury site, the loss of ascending and descending axons in
the white matter, and the reorganization of the remaining
nervous system. A proper evaluation of the regenerating
nervous tissue at the site of injury can be done using several
morphological methods, including immunohistochemical
staining of regenerating neurons and axons or retrograde
and anterograde staining. The most important factor for
future clinical studies is, however, the functional outcome,
evaluated experimentally by a number of behavioral tests
(Basso, 2004) (Table 1). They are used to determine the
lesion severity and location, to document the extent of
recovery following SCI and to identify the integrity of
specific motor and sensory pathways that may be the
substrate of recovery after SCI. Some tests are simple, not
requiring any special training or equipment, while others
are more sophisticated and require specialized and/or
expensive equipment (Table 2). According to the type
of data collected, these tests can be categorized as: (i)
endpoint measures, in which behavior is scored according
to some goal to be reached, e.g. the time to cross a beam or
the number of pellets eaten; (ii) kinematic measurements,
which can range from a qualitative description of move-
ment, such as weight support or toe clearance in the BBB
test, to continuous kinematic measurements, such as
distances, angles or velocities of body parts during move-
ment; (iii) kinetic measurements, which quantify or
describe the force produced by a limb or limbs, for
example, during weight support; and (iv) electrophysiolo-
gical measurements, where muscle or sensory system
activity is detected and measured (Muir and Webb,
2000). It should be noted that one test could fall into more
than one category. For example, in the limb hanging test,
the grasping itself can be evaluated as an endpoint
measure, while hanging can be considered as a kinetic
measurement (Table 1).

In this review, we have categorized the behavioral tests
as: (1) locomotor tests, testing the locomotor apparatus of
the animal; (ii) motor tests, analyzing the strength,
coordination and other abilities of the skeletal muscles;
(iii) sensory tests, evaluating proprioception, touch, pain or
temperature sensing; (iv) sensory—motor tests, testing the
proper connection between the sensory and motor systems;
and (v) autonomic tests, evaluating the function of the
sympathetic and parasympathetic systems. In addition,
(vi) reflex-response based tests are considered separately
(Tables 1 and 3). It should be noted that the categorization
into particular groups is not absolute; for example, the
limb hanging test mainly analyzes motor function, but

proper grasping is not possible without the sensory signals
from the skin of the paws.

This review was designed to discuss a range of testing
methods suitable for the behavioral testing of rats with
SCI. Testing conditions, the strengths and limitations of
each test and methods for preparing an appropriate study,
based on the authors’ own experiences, are discussed.
Moreover, the review contains recommendations for the
use of different behavioral testing methods in different
injury models and describes the particular advantages and
disadvantages of each testing method.

To date, only a few papers have focused on these
questions, even though the call for a comprehensive
overview to help in the appropriate selection of tests for
individual studies, together with the standardization of
behavioral testing methods across labs, remains strong
(Basso, 2004; Muir and Webb, 2000; Wahlsten, 2001).
Although this review is primarily designed to provide
researchers outside the field of SCI or researchers new to
the field with a quick orientation to this broad and often
controversial topic, it might also help specialists with a
heretofore somewhat narrow focus to expand the horizon
of their knowledge (Tables I, 3, 4 and 5).

2. Data analysis

All recommendations are based on an analysis of
553 original papers or short communications, published
in the English language from January 1995 to July 2007
in journals with a defined impact factor. A particular
publication was included in the analysis when the experi-
ment was performed on rats with any type of SCI, which
were subsequently tested behaviorally. The search for such
papers was performed using Medline, Web of Science,
OVID and Google Scholar. The parameters studied were
the strain of the rats, their gender, the type of injury and
the behavioral testing methods used. Data were analyzed
using MS Excel. Any discussion related to the behavioral
testing method was taken into account, if appropriate for
this review.

3. Testing conditions

To obtain reliable, reproducible and worthwhile data,
the testing procedure must follow several rules that are
established before beginning the study or in preliminary
experiments. These rules are often described as testing
conditions. Once established, they must not be changed
throughout the study.

3.1. Environment

Behavioral testing should be done in a quiet, warm and
ventilated room with minimal distractions, where both
sufficient light and the possibility of darkening are
available. The temperature of the room should be the
same as in the animal care facility. The relative humidity
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Table 1
A list of the main behavioral methods for testing spinal cord injured rats
Test Type Reflects S/0 Range of scale Scale Reference
Locomotor tests
Primary open-field Kinematic Locomotion S Different Ordinal Tarlov (1954)
Bohlman et al. (1981)
BBB Kinematic Locomotion s 0-21 Ordinal Basso et al. (1995)
Open field activity Endpoint Locomotion O 1-5 Ordinal Bignami (1996)
Kinematic Exploring activity
Automated walkway Kinematic Locomotion 0] Complex Ordinal Hamers et al. (2001)
Footprint analysis Kinematic Motor coordination O %a Ordinal Chan et al. (2005)
Kinematic analysis Kinematic Locomotion (o] % Ordinal Metz et al. (1998)
Thoracolumbal height Kinematic Weight support O Ya Ordinal van de Meent et al. (1996)
Swim test Kinematic Swimming ability s 0-17 Ordinal Smith et al. (2006a)
E-W notation Kinematic Locomotion (0] Complex Ordinal Eshkol and Wachmann
(1958)
Motor tests
Inclined plane Kinetic Muscle strength O Angle Ordinal Gale et al. (1985)
Limb hanging Endpoint Grasping (0] Yes/no Ordinal Diener and Bregman
(1998)
Kinetic Muscle strength Time (s) Continuous
Limb grip strength Kinetic Muscle strength 0] Time (s) Continuous Pearse et al. (2005)
Forelimb asymmetry Kinematic Paw preference (0] Yo Ordinal Schallert et al. (1986)
Rearing Kinematic ~ Paw preference S No. of rears Ordinal Arvanian et al. (2006)
Foot pellet reaching Kinematic Motor coordination O 0-9 Ordinal Whishaw (2000)
Endpoint Time (s) Continuous
Sensory tests
Hot plate Endpoint Temperature (0] Up to 60s Continuous Gale et al. (1985)
Cold spray Kinematic =~ Temperature S 0-3 Ordinal Yu et al. (1998)
Von Frey Kinematic Mechanical allodynia O 0.008-300N or 2.5-125g Ordinal Liebscher et al. (2005)
Paw compression Endpoint Pain (¢} Force (N) Continuous Randall and Selitto
(1957)
Withdrawal reflexes Endpoint Reflex (@] Time Continuous Gale et al. (1985)
Sensory-motor tesis
Rope walk Endpoint Balance O % or 0-4 Ordinal Kim et al. (2001)
Narrow beam Endpoint Balance O 0-6 Ordinal Hicks and D’Amato
(1975)
Grooming Kinematic S-M connections S 0-5 Ordinal Bertelli and Mira (1993)
Foot slip Endpoint 5-M coordination O Ya Ordinal Metz and Whishaw
(2002)
Kinematic Motor function S 0-6
Grid walking Kinematic Sensory-motor (@] 0-20 Ordinal Behrmann et al. (1992)
coordination
Endpoint
Reflex-response based tests
Toe spread reflex Endpoint Reflex s Absent-normal-abnormal Ordinal von Euler et al. (1997)
Contact placing response Endpoint Reflex S Yo Ordinal Kunkel et al. (1993)
Righting reflex Kinematic Reflex s 0-3 Ordinal Gale et al. (1985)
Endpoint
Autonomic tests
Ex copula erection Kinematic Erection s 1-5 Ordinal Holmes et al. (1988)
Non-contact erection Kinematic Erection S 1-3 Ordinal Sachs et al. (1994)
Mating Kinematic Erection S 1-6 Ordinal Nout et al. (2007)
Telemetric monitoring Electro- Micturition erection (8] - Nout et al. (2005)
physiology
Autonomic dysreflexia Endpoint Autonomic dysreflexia O BPM and mmHg Continuous Cameron et al. (2006)
(yes/no)
Special tests
Evoked potentials Electro- Sensory and motor (0] - - Fehlings et al. (1987)
physiology  pathways
MRI Imaging Meural pathway function O - - Hofstetter et al. (2003)

The table shows the method name, the type of the test, the neurological function it reflects, whether it is subjective (S) or objective (O), the range of the
scale, the type of the scale, when the test was developed and the primary reference(s). BPM—beats per minute.
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Table 2

Categorization of behavioral testing methods according to complexity

Simple Moderate Complex

Primary open field BBB E-W notation

Rope walk Open field activity Automated walkway test

Beam walk Thoracolumbal Footprint analysis
height

Inclined plane Swim test Kinematic analysis

Limb hanging Limb grip strength  Foot pellet reaching

Rearing Forelimb asymmetry Ex copula erection
Cold spray Hot plate Non-contact erection
Paw compression Von Frey Telemetric monitoring
Grooming Foot slip Autonomic dysreflexia
Toe spread reflex Grid walk Electrophysiology

Contact placing response Mating MRI
Withdrawal reflexes

Righting reflex

should be maintained in a range between 45% and 65%:;
values outside this range can favor the proliferation of
certain airborne pathogens resulting in health problems.
An air change rate of at least 15 times per hour is
important for the animal, but also for the scientist to help
reduce staff exposure to harmful allergens present in rat
fur. Generally, noise in the testing room should be
minimized, including high-frequency noises undetectable
by the human ear; noise levels should never exceed 50 dB.
In several laboratory animals, the use of a constant noise,
such as background music, whenever the animals are in the
testing environment, has been described to assist in
masking other loud and/or unexpected sounds. In contrast,
there is no scientific evidence for the need to use such
constant noise with rats (Tatlisumak and Fisher, 2006). It
is very important to avoid excessive light, which might
cause retinal damage to the animals and thus impair their
health, abilities and behavioral performance. Albino rats
are more sensitive to light than other strains of rats
(Tatlisumak and Fisher, 2006). Appropriate behavioral
testing apparatuses should be installed and their reliability
checked before the experiment starts. All parts of the
equipment should be frequently cleaned, but without
the use of any cleaning materials that could impair the
behavior of the animal. If a startled animal emits a fear
scent onto the testing apparatus, other animals can easily
detect it, and a marked decline in the behavioral
performance of subsequent animals might result (Basso,
2004; Wahlsten, 2001).

3.2. Animals

Several kinds of rat inbred strains, such as Wistar, Louis,
Long-Evans, Fisher or Sprague-Dawley, are suitable for
SCI studies. In the past 12 years, the most favored rat
strain in SCI studies has been Sprague-Dawley, followed
by Wistar (Table 4). In any given study, only one strain
should be used if differences between the different strains
are not the subject of the study, because there exists

considerable variability in locomotor and sensory recovery
rates between strains. For example, the locomotor recovery
of Sprague-Dawley rats is quicker than that of Wistar
rats, while the recovery of Wistar rats is quicker than
that of Long-Evans rats (Mills et al., 2001). The animals
should be of the same age or, even better for SCI studies,
of the same weight. Differences in the capacity for
behavioral recovery between young and aged animals
are well known (Brailowsky and Knight, 1987). For
example, in motor function differences in recovery may
be due in part to an increase in age-related impairments in
balance and coordination (Wallace et al., 1980) that
correlate with the loss of cerebellar noradrenergic function
(Bickford, 1993). The weight of the animal is more
important for the type of injury than for the behavioral
testing procedure. For SCI studies, on adult animals the
weight is usually set between 300 and 350 g. In addition,
the temperature of the animal during the injury procedure
should be maintained at 37°C, to prevent hypo- or
hyperthermia (Urdzikova and Vanicky, 2006; Vanicky
et al., 2001).

Both male and female rats are used in SCI studies
worldwide; both have advantages and disadvantages. Our
analysis showed that females were used in 39% of SCI
studies, males in 33% and animals of any gender in the
remaining 28%. The main reasons for the more frequent
use of females are the easier urinating procedure, the more
rapid onset of an automatic urinary bladder and the lower
occurrence of lower urinary tract infections. All these
advantages are based on the presence of a significantly
shorter and straighter urethra in female rats in comparison
with males. On the other hand, female rats exhibit
hormonal instability, thus for SCI studies, the performance
of the lesioning procedure during the same part of the
estrous cycle should be required (Chaovipoch et al., 2006;
Tatlisumak and Fisher, 2006). This requirement stems
from reports of the neuroprotective effects of estrogen and
progesterone (Chaovipoch et al., 2006; Roof and Hall,
2000). However, new reports have indicated that estrogen
(Hall et al., 2005; Swartz et al., 2007) and progesterone
(Fee et al., 2007) do not, in fact, have any neuroprotective
effects.

3.3. Housing of the animals

We prefer to house the animals in cages of two, because
separation might increase the stress of the rat. For some
behavioral tests, a known room-mate in the home cage
might be used as an attractant. On the other hand, housing
three or more spinal cord injured rats in one standard-sized
cage would not be reasonable because of the increased risk
of transferring infections, a shortage of space for move-
ment and an increased need for cleaning and maintenance.
Nevertheless, increasing the number of animals in one cage
is the easiest way of enriching the environment (Tatlisumak
and Fisher, 2006). The substrate in the cages of the animals
should be soft, smooth, and absorbent to avoid complications
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A list of the main behavioral tests showing the necessity of previous habituation and/or pre-training, the most popular type of spinal cord injury for which
the behavioral method was used in the previous 12 years, spinal cord injury severity for which the test is applicable (L—low, M—moderate, S—severe) and
the main advantages and disadvantages of each method

Test Habituation/ Most popular Lesion Advantages Disadvantages
training injury type severity
Locomotor tests
Primary open-field +/- Contusion M, S Simple, cheap Low sensitivity
BBB + /= Contusion L. M. S Simple, cheap Subjective
Open field activity + /= Contusion L. M Unique data are obtained Depends on the rats’ motivation
Automated walkway +/+ Hemisection L. M Precise Equipment
Footprint analysis +/+ Cervical L, M Precise Environment-dependent
Kinematic analysis +/+ Contusion L. M Detailed Equipment
Thoracolumbal height + /= Contusion M Examines only one characteristic Equipment
Swim test +/+ Contusion L. M Spontaneous locomotion Subjective
E-W notation —/= Cervical L, M Detailed Requires training of the scientist
Motor tests
Inclined plane e b Compression L, M, S Simple, cheap Not standard among laboratories
Limb hanging + /- Contusion L. M Unique data Not for severely injured animals
Limb grip strength + /= Contusion L. M Precise Requires equipment
Forelimb asymmetry +/+ Cervical L. M Sensitive to chronic deficits Not for severely injured animals
Rearing +/+ Contusion L. M Sensitive to selective limb use Not for severely injured animals
Foot pellet reaching +/+ Cervical L Testing of fine motor function Food deprivation
Sensory tests
Hot plate e Contusion L. M. S Simple Risk of injury
False positivity
Cold spray —/- Excitotoxic L, M,S Simple Low sensitivity
Von Frey -[- Contusion L, M, S Simple High chance of mistakes
Paw compression e Transection L. M. S Simple, cheap Low sensitivity
Withdrawal reflexes —/= Contusion L.M.,S Simple Low sensitivity
Sensory-motor tests
Rope walk +/+ Cervical L Simple, cheap Requires training
Narrow beam +/+ Contusion L Uncovers discrete changes Requires training
Grooming + /= Cervical L. M Simple, cheap Subjectivity
Foot slip +/+ Contusion L. M Uncovers discrete changes Requires training
Grid walking +/+ Contusion L. M Uncovers discrete changes False-positives or negatives
Reflex-response based tests
Toe spread reflex —/= Contusion L.M.S Simple, cheap Low sensitivity
Contact placing response —/- Hemisection L, M,S Simple, cheap False positivity
Righting reflex /= Contusion L. M Simple, cheap Low sensitivity
Autonomic tests
Ex copula erection + /= Contusion L.,M,S Unique data Subjectivity
Non-contact erection e Contusion L.M.,S Unique data Low sensitivity
Mating —/= Contusion L.M,S Unique data Subjectivity
Telemetric monitoring —/- Contusion M., S Precise Equipment
Autonomic dysreflexia /= Compression M, S Unique data Equipment
Special tests
Evoked potentials e Contusion L, M. S Precise Equipment
fMRI —/= Hemisection L.M.,S Precise Expensive
CBS Different Contusion L.M,S Complex The same score might reflect

different recoveries

The lesion severity corresponds to the BBB scale (severe—BBB 0-7; moderate—BBB 8-14; low—BBB 15-21). If not specified as “Cervical™, the type of
injury is thoracic.

removal of scent markers, which might impair the
psychological and social comfort of the animal. Cages
should have sufficient bedding to prevent decubiti or
pressure sores (Kim et al., 2002).

of the skin, joints and bones. Washing the animals might
also be helpful to prevent infections (Santos-Benito et al.,
2006). The bedding should be changed periodically. Too
frequent changes of bedding might result in the long-term
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Table 4
The five most commonly used behavioral testing methods, strains and
lesion types in the past 12 years

No. Test Strain Lesion type

1. BBB Sprague-Dawley Contusion

2. Electrophysiology Wistar Transection

3. Hot plate Lewis Hemisection
4. Von Frey Long-Evans Compression
5. Grid walking Fisher Cervical injury

Table 5

Recommendations concerning the use of behavioral testing methods for
different types of injury based on an analysis of studies published during
the past 12 years

First choice Second choice Third choice

Cervical Forelimb Footprint analysis BBB
assymetry

Th BBB Hot plate Inclined plane

compression

Th contusion BBB Electrophysiology ~ Von Frey
Hot plate

Th hemisection BBB Electrophysiology ~ Hot plate
Von Frey

Th transection  BBB Electrophysiology  Kinematic
analysis

Th excitotoxic ~ Hot plate Cold testing Von Frey

Th ischemic BBB Electrophysiology  Inclined plane
Hot plate

Other injury BBB Electrophysiology  Hot plate
Grid walk

All housed animals should be provided with five
freedoms (Tatlisumak and Fisher, 2006). Freedom from
malnutrition becomes important during the restriction of
the diet required by some behavioral tests. Freedom from
injury and disease indicates the necessity of keeping the
environment clean and safe in terms of sharp cage edges,
free wires, etc. This kind of freedom includes providing the
animals with preventive antibiotics, if preliminary or
similar studies indicate their need. Freedom from thermal
and physical discomfort becomes important mainly during
the first phase after the SCI procedure. Animals shortly
after an injury procedure demand a higher temperature to
prevent cold. The simplest way to achieve this is by the
addition of extra bedding material to the animal’s cage.
Freedom from fear and stress is absolutely crucial for
the proper reflection of neurological functions during the
subsequent testing sessions; a stressed, startled or depressed
animal will fight for its life and try to escape instead of
performing the required task. The freedom to express most
normal patterns of behavior is mainly dependent on the
companionship of conspecifics and, if possible, housing in
an enriched environment. Cage-mates provide opportu-
nities for play, grooming and other social activities, which
might be important when the mate is subsequently used as
an attractant. It should be noted that rats in particular are
extremely gregarious animals and will exhibit marked

changes in behavior, such as aggression during handling or
destructive behavior, if deprived of companionship. When
individual housing is unavoidable, which is fortunately not
very often in SCI studies, at least some form of shelter
should be introduced into the animal’s environment
(Tatlisumak and Fisher, 2006).

3.4. Handling animals

Most often, a rat is held by its tail or beneath its body. In
rats with SCI, the latter method is usually preferred, to
avoid damage to the spinal cord. Also, the provocation of
pathologic reflexes and the irritation of the perineum are
thus avoided, so the result of behavioral testing is not
distorted. In addition, rats are much more “friendly”
animals than mice, so holding them by their body is not as
dangerous as with mice. Rats should feel comfortable
during the testing; if the animals are stressed, their
reactions are adversely affected. To eliminate any possible
effect of a full urinary bladder on behavior, the bladder
should be expressed before testing. Rats enrolled in an SCI
study should be repeatedly cleaned to prevent urinary and
breathing infections caused by microorganisms and am-
monia, which rest in the bedding of the cage. The severely
injured animal has decreased weight support and locomo-
tion, which reduces the extent of the space in which the
animal moves and also decreases the mean distance
between the bottom of the animal’s trunk and the ground.
The need for frequent cleaning increases with the severity
of the injury and the length of the study (Santos-Benito
et al., 2006).

3.5. Animal’s behavior during testing

During the testing session, it is important to take into
account the type of behavior shown by the animal,
developed on the basis of the testing device. Murray
(2004) categorized the animal’s behavior during the testing
session into (i) spontaneous behaviors, (ii) triggered
behaviors, and (iii) trained behaviors. In tests based on
the spontaneous activity of the animal, such as exploration
or locomotion, any triggering to enhance the movement of
the animal should be avoided. A typical example of such
action is irritating or pushing the animal’s back or tail by
the scientist to enhance the movement of the rat in an open
field. In tests based on triggered behaviors, the response is
elicited by a standard stimulus. Here, the experimenter
should make sure that the stimulus is always the same,
applied to the same part of the animal’s body with the same
intensity and that the animal has the “physical and
psychological space” to respond properly. For example,
the animal will probably not be interested in food pellets if
the pellets are standard rat chow, the animal is not food-
deprived or the animal is stressed due to unexpected noise
produced by the scientist. When trained behavior is tested,
the animal should be able to accomplish the task without
any problems before the injury. For example, when beam
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walking has not been trained previously, the post-injury
behavioral results might be more dependent on the ability
of the animal to learn than on its sensory-motor
coordination.

3.6. Video-monitoring

Several tests require video-monitoring for training the
testers, monitoring the scoring sessions and/or proper
evaluation of the testing sessions. In addition, video-
monitoring allows the investigator to store each session’s
data, to evaluate the data afterwards, to evaluate the data
repeatedly and to compare and send the data between
investigators or laboratories. Basso (2004) describes in her
review a situation in which a running wheel was placed into
a rat’s home cage overnight and its revolutions measured.
The number of rotations was exceptionally high, so the
question arose as to whether the rat could have been
running so far. A video camera resolved this problem—the
rats were lying beside the running wheel, spinning it with
their forelimbs. This example nicely illustrates the necessity
of video-monitoring during the testing or training in
situations where the examiner is not able to see the animal
or its particular outcomes.

3.7. Pre-training

In the majority of behavioral tests, the pre-training and/
or acclimatization of animals are necessary (Table 3). The
main reason for this is to familiarize the animal with the
testing procedure, to avoid stressing the animal during
the subsequent sessions and to verify the normal health of
the animal. Pre-training might also be required to make
sure the animal understands the required task. To minimize
the inter-individual variability in some tests, the pre-
training values are considered to be the normal values
and the post-injury values are calculated as deviations
(in percentages). In addition, assessing the performance of
trained behaviors will eliminate differences in motivation
between animals and will provide more detailed and
specific measures of functional abilities (Muir and Webb,
2000).

3.8. Lab diet, motivators and attractants

Most tests do not require any food restriction or
addition, so animals have access to rat chow and water
ad libitum. It has been observed that rats need 20-26 g of
chow per day, depending on the weight (age) of the animal.
In contrast to guinea pigs or primates, rats do not require a
daily dietary source of vitamin C. Interestingly, rats obtain
an additional source of vitamin B by eating fecal pellets—
they are coprophagic. Although rats are able to cope with
reduced water intake and conserve fluids by producing very
concentrated urine, the amount of clear water intake is not
restricted throughout an SCI study (Tatlisumak and
Fisher, 2006).

Some tests require the restriction of food in order to
increase the motivation of the rats to look for and reach
food. In these tests, the restricted diet is usually around 13 g
per animal per day (Chan et al., 2005). On the other hand,
some scientists feel that food deprivation or restriction
represents an unreasonable health risk to severely impaired
animals with SCI (Basso, 2004). However, cyclic food
restriction with no weight loss is suggested as a method of
choice. Instead of deprivation, animals can be pre-trained
to eat attractive motivators, such as raspberry syrup, cereal
such as fruit loops or apple jacks, or other substances.
Chocolate, alcohol and caffeine should be avoided in the
rat diet, because they can cause serious medical problems.
Chocolate contains theobromine, which in large amounts
has diuretic effects, relaxes smooth muscles, and stimulates
the heart and central nervous system (Aboel-Zahab et al.,
1997). Caffeine has hypercholesterolemic effects and
negatively influences the development of the nervous
system (Fears, 1978; Ohta et al., 2002). The negative
effects of ethanol are multiple, similar to those observed in
humans (Barr et al., 2005; Rivier, 1995). Conversely, some
substances such as creatine or cyclosporine A might have
neuroprotective effects (Rabchevsky et al., 2001, 2003).

During a long-term study, the lab diet dose should be
adjusted individually to maintain the body weights of all
animals in a similar range, usually 270-330g (Santos-
Benito et al., 2006). It is important to know that animal
body weight decreases by about 10% during the first week
after SCI and starts to raise thereafter (Van Meeteren et al.,
2003). Immediately after the injury procedure, the scientist
should make sure the animals can reach the food and water
(Tatlisumak and Fisher, 2006). With gnawing animals,
food and water are usually offered in an elevated wire-mesh
hopper. In our experiments, we place food pellets and an
additional water flask on the bottom of the cages of all
animals until they are able to reach the hopper (gcdj’ et al.,
2007a; Sykova et al., 2006a).

In several tests, such as open-field based tests, where
food motivators are not optimal, other attractants, such as
the presence of a familiar housing mate or a close relation
or the smell of the home cage, can be used. When using
immunosupressive drugs, the quality of the lab diet might
be enriched, using a high-energy diet such as Ensure
(Archer et al., 2005). In the majority of tests, the use of
attractants is not necessary, because rats are tireless
explorers and are interested in all new stimuli.

3.9. Pharmacological treatment

For several testing methods, some pharmacological treat-
ment is necessary to avoid stress or injury of the animal or to
prevent unwanted reactions or inflammation. To limit post-
operative pain, analgesics such as metacam (5 mg/kg/day), or
buprenorphine hydrochloride (0.1 mg/kg/day, s.c.) should be
administered for the first 2448 h (Baldridge et al., 2002; Kim
et al.,, 2002; Roussos et al., 2005; Xu et al., 1999).
Antibiotics, including gentamycin sulfate (1-12mg/kg/
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day, i.m., i.p. or s.c.), ampicilin (100-150 mg/kg/day, i.m.),
enrofloxacin  (2.5mg/kg/day, s.c.), cefazolin sodium
(50-100mg/kg/day, s.c.) or approximately 15ml of an oral
suspension of sulfamethoxazole (40 mg/ml)—trimethoprim
(8 mg/ml) are used for the prevention of urinary infections
(Baldridge et al., 2002; Roussos et al., 2005; Xu et al., 1995,
1999). Immunosuppressive drugs, such as cyclosporine A
(5-10mg/kg/day, i.p.) or FK506 (initial bolus 2mg/kg,
followed by 0.2 or 0.5mg/kg/day), can be used to prevent
the rejection of implanted cells or biomaterial (Akgun
et al., 2004; Diaz-Ruiz et al., 2004; Lopez-Vales et al.,
2005). In addition, ascorbic acid (approx. 10mg/rat/day)
can be administered to prevent bacterial growth and to
support the general health of the animal (Roussos et al.,
2005; Xu et al., 1995). To encourage rats to drink more,
sucrose can be added to the drinking water for the first few
days (Kim et al., 2002). If an animal’s general health is not
very good, small amounts of Ringer-Lactate, saline or 5%
dextrose might be injected; such an intervention should be
written into the experimental protocol. Some experimen-
ters give 10 ml of saline s.c. immediately after the lesioning
procedure to compensate for the poor oral water intake in
the perioperative period (van de Meent et al., 1997). Other
laboratories prefer an injection of 5% saline-glucose
(Baldridge et al., 2002; Roussos et al., 2005). When minor
autophagia of an impaired hindlimb occurs, some scientists
dip the limb into 1% picric acid to give the skin a bitter
taste (Kim et al., 2002).

For more sophisticated testing methods, such as evoked
potential monitoring, some other drugs might be necessary.
These include volatile (e.g. isoflurane) or intravenous
anesthetics (e.g. pentobarbital or ketamine—xylazine),
myorelaxation drugs (e.g. pancuronium bromide), atropine
(to diminish secretions in the respiratory tract) or
ophthalmic ointment. The intramuscular injection of drugs
into a hindlimb should be avoided due to muscular
atrophy, thus the forelimb musculature should be used
instead (Santos-Benito et al., 2006). Generally, the less
medication that is used in an experimental study, the fewer
cross-reactions and false results will occur. On the other
hand, some drugs are necessary to minimize the stress and
pain of the animals or are even required by ethical
committees or grant agency policies, thus their use cannot
be avoided. Importantly, the pharmacokinetics of several
drugs, such as gentamycin (Segal et al, 1988) or
cyclosporine A (Ibarra et al., 1996), have been shown to
be altered in spinal cord injured mammals. Thus, when new
drugs are introduced, it should be taken into consideration
that the dose-response curve might be different from other
types of injury.

3.10. Time factors

There are several time factors that must be decided upon
before the study starts, including the time of testing, the
frequency of testing, the length of testing, the number of
repetitions of individual testing and the periods between

them. A preliminary or so-called pilot study utilizing a few
animals is a great tool for establishing the time factors
without losing significant numbers of animals, time or
money. At the beginning of an SCI study, less might be
more. In order to minimalize the role of circadian rhythms,
the testing time should be consistent and should not
be changed during the study (Kriegsfeld et al., 1999).
It should also be taken into account that rats are naturally
crepuscular or nocturnal animals, so they are more
active during the night. Testing is usually performed
in the morning or in the evening, depending on the
schedule of the scientist, in order to ensure sufficient time
in which to perform the testing. Also, the day-night cycle
can be reversed for the purpose of the experiment, if
needed.

The frequency of testing depends on the required
sensitivity of the data to be obtained. If no gross
abnormalities are expected, the interval between testing
periods can be longer than in the case where the clinical
state of the animal is expected to change rapidly. For
example, in the first 5-6 weeks after SCI or the start of
treatment, testing of the animals is usually performed 1-2
times per week, while after this period, testing 1-2 times per
month might be sufficient. Generally, the animals would be
tested before SCI (treatment), several hours to one day
after SCI (treatment), once per week for the first six weeks
and then once per month until the end of the study. Testing
the animals for more than six months is not typical in many
studies; however, Ramon-Cueto et al. (2000) observed
locomotor improvement even seven months after injury.
Long-term experiments with chronically injured animals
need additional special care, including special feeding,
housing, cleaning, control of health, etc. (for review, see
Santos-Benito et al., 2006).

In animals with central nervous system injury, the
question of when the testing, and more importantly, the
training sessions should begin, remains crucial. It has been
shown that the pattern of gene expression is influenced by
both the severity of injury and the time after injury (Li
et al., 2004). Genes encoding molecules for cellular
signaling, synaptic plasticity, metabolism, ion channels
and transporters are up-regulated following severe injury,
but down-regulated following moderate injury. Further-
more, moderate injury is associated with an increase in the
number of responsive genes, whereas a severe injury is
associated with a decrease during the same post-injury
period (Li et al., 2004). Similarly, when voluntary exercise
is delayed by two weeks, an increase in BDNF expression
and an improvement in behavioral outcome can be
observed (Griesbach et al., 2007). Generally, early time
point testing (less than two weeks post-injury) is unneces-
sary unless the hypothesis posits changes during this early
period; testing is stressful and may negatively influence the
recovery of the animals. These papers indicate the necessity
of properly timing the **behavioral testing window™ and
more importantly the “training window™’. However, as not
much is known about the timing of these windows and as
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the timing might be different in particular SCI models, a
quite large field remains open to investigation.

How long the animals should be tested depends
primarily on the type of test. In some tests, a minimal
testing period is required to see the full picture of the
testing modality, while in others the maximal testing period
serves to prevent injury to the animals. The question of
how many times an individual test should be repeated also
depends mainly on the type of test. Usually, a test is done
once or three times by each examiner, but can range
between 1 and 20 times. The period between individual
testings depends mainly on the time the animal requires to
reach a level of physical and psychological comfort similar
to that before the start of testing.

3.11. Role of the scientist

In the interest of objectivity, the testing should be
performed by two to three independent scientists who are
familiar with the testing procedure. When two or more
testers are included into a study, the difference between the
values obtained by each examiner should vary by no more
than 5% (Basso, 2004). To blind the study, the tested
animals should be marked by code, so that the scientists are
not able to recognize to which group the animals belong,
even after repetitive testing. The recording sheets should
also be free of group identification marks. As it is
important to use the same tester(s) throughout the
experiment, vacations, conferences, etc. should be planned
in advance. Also, if the scheduled tester is sick, the testing
day might be postponed by 1-2 days rather than being
performed by another individual. The frequent changing of
testers throughout a study might completely ruin the study.
All scientists have a small level of individual bias. However,
the existence of the same small relative error throughout an
entire study will not affect the absolute error, while the
existence of several different relative errors of several
different scientists will certainly create an absolute error,
without any chance to correct it after the end of the study.
Finally, feelings of stress, frustration or anxiety on the part
of the examiner can negatively impact the behavioral
performance of the animals, which become very apprehen-
sive. Also, a shortage of time and hurrying might influence
the animals’ behavior. Therefore, it is important for
the tester to leave all external issues outside the door of
the testing room.

3.12. Overall recovery of the animal

The overall recovery of the animal should be included in
the testing process, because it provides the investigator
with additional significant data. Overall recovery can be
evaluated by weekly weighing of the animal (Urdzikova
and Vanicky, 2006) and measurements of the thigh
circumference, reflecting the leg muscle mass, usually
before the beginning of a testing session (Vaquero et al.,
2006). In addition, the general locomotor activity of the

animal could also be graded as normal, reduced or minimal
(Farooque, 2000).

3.13. Experimental design of the study

During the preparation of the study, several aspects such
as animal weight and gender, injury procedure, post-injury
care and the proper selection of testing methods should be
carefully taken into account. The testing strategy, once
started, should not be changed during the experiment
(Metz et al., 2000). If some other factor, such as treadmill
training or an enriched environment, is included in the
study, it should be applied to all animals in the study
(Fouad et al., 2000). One of the most important factors is
the selection of proper, sensitive, standardized and general-
izable behavioral tests to produce reliable, reproducible
and worthwhile data. Most importantly, the behavioral test
must match the hypothesis and it must have proven
performance standards—it must be shown that the test
produces reliable results across sessions, examiners and
labs, as was done for the BBB test (Basso et al., 1996).
Without evidence of reliability, it is impossible to attribute
behavioral changes to biological events or interventions.
In addition, the standardization of behavioral equipment
and testing procedures is necessary. Although no ideal
behavioral test has yet been developed, the weaknesses
of one test can be compensated by the strengths of
another test. For example, the BBB test reflects open-field
locomotion in detail, but fails to analyze body balance,
which can be easily monitored during beam walking.
Conversely, beam walking in isolation will not be able to
distinguish, for example, between an animal’s status
corresponding to BBB 1 and 8—in both cases, the animal
falls off the beam.

One of the most important questions during the selection
of the proper testing method is whether the investigator
wants to know “‘whether” or “why” behavior changed.
This problem was previously discussed in an excellent
review by Basso (2004). She concludes that experiments
concerned with “why” behavioral changes occur should
rely on precise, quantitative behavioral tests, although
studies focused on “whether” a change occurred can use
more general measures of behavior without invalidating
the results. Another question is the required sensitivity, i.e.
the ability of a test to detect changes in behavior that
actually exist. Rats are well known for compensating to
overcome lesion-induced deficits, thus it is important to
choose tests that will target the deficit directly and be
minimally affected by compensatory behaviors. If the test
is influenced by compensatory mechanisms, it may not be
clear if the effect of the therapy is ameliorating the deficit
itself or enhancing motor learning mechanisms that allow
the development of compensatory behavior (Schallert and
Woodlee, 2003). Dichotomous or trichotomous tests, with
broad categories such as yes/no or absent/normal/abnor-
mal, have a lower level of sensitivity because they are
unlikely to detect small changes. On the other hand, they
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are usually less time and money consuming. In contrast,
the most sensitive tests, such as kinematic analysis, usually
require special equipment, educated personnel and much
time. Fundamentally, (i) the more general the test, the
broader its scope and the lower its precision and (ii) the
greater the test’s applicability, the less sensitive it tends to
be. If using more than one or a battery of tests, the order
and timing of the individual tests should be preserved
throughout the study (Basso, 2004).

4. Locomotor tests

Locomotor tests are usually open-field based tests in
which the locomotor apparatus, especially the proximal
forelimb, hindlimb and tail striated muscles, are tested.
Besides limb muscle function, locomotion also requires the
proper coordination and strength of the involved muscle
groups. Locomotor recovery is recognized as the most
important modality in patients suffering from SCI (Sykova
et al., 2006b). For the purpose of behavioral testing of
spinal cord injured animals, locomotion is usually divided
into overground locomotion, horizontal or inclined tread-
mill locomotion and locomotion during swimming. The
crucial break point for locomotion is the onset of weight
support, on which depends proper hindlimb stepping. In
addition, the spatiotemporal details of the locomotor
pattern, including step size and swing duration, vary as a
function of the weight support provided (Timoszyk et al.,
2005). Experimental lesions are usually performed at the
mid-thoracic level, so only the hindlimb and tail muscles
are affected. The lesion is usually not made above the C5
level, so the phrenic motor pool, responsible for respira-
tion, is spared (McKenna et al., 2000).

4.1. Primary open-field tests

Open-field behavioral testing of the locomotor perfor-
mance of rats with an SCI is probably the oldest such
testing. It is simple, reproducible and does not need any
special devices. The developed rating scales are based on
the observation of defined leg movements, reflecting the
activation of spinal networks that are able to produce a
coordinated stepping pattern (Rossignol and Dubuc,
1994). In the past, the most commonly used test of this
kind was Tarlov’s open-field test, which ranks hindlimb
movements and weight support in five categories (Tarlov,
1954). However, this method has been found to be more
sensitive when the animal is able to hindlimb weight
support and is less reliable when used to score hindlimb
movements without weight support (Broton et al., 1996;
Metz et al., 2000). Subsequently, the test was modified,
resulting in the so-called Tarlov’s modified open-field test,
which has a scale from 0 (complete paralysis) to 6 (normal
locomotion) (Guizar-Sahagun et al., 2004). Additional
modifications of Tarlov’s scale are, for example, the motor
performance score (MPS), developed by von Euler et al.
(1996, 1997), the motor deficits score (MDS), used mainly in

an ischemic model of SCI developed by Marsala and Yaksh
(1994), the open field motor test (OFT), developed by
Behrmann et al. (1992) and Bohlman’s motor evaluation
score (Bohlman et al., 1981). None of these scales is,
unfortunately, very sensitive; so they have been improved by
increasing the number of categories for all hindlimb motor
features in the BBB score (Basso et al., 1995). In contrast to
these testing methods, the evaluation of one isolated function
modality during open-field testing has been proposed several
times; for example, Houle et al. (2006) examined the angle of
forelimb swing movement and classified it using their own
scale, ranging from 1 (angle more than 90°) to 5 (grooming
motion above the level of the eyes).

4.2. BBB test

The BBB test, named after the first letters of its
developers, Basso, Beatie and Bresnahan, is probably the
most commonly used test of locomotor function in spinal
cord injured rats worldwide (Basso et al., 1995). It is a
modified open-field test, based on grading hindlimb
locomotion from 0 (no spontaneous locomotor activity)
to 21 (normal movement—coordinated gait with parallel
paw placement) (Table 6). Scores from 0 to 7 indicate the
return of isolated movements in the hip, knee and ankle
joints. Scores from 8 to 13 indicate the return of paw
placement and coordinated movements with the forelimbs.
Scores from 14 to 21 show the return of toe clearance
during stepping, predominant paw position, trunk stability
and tail position (Table 6). Rats are usually tested on a
non-slippery surface, able to reveal toe clearance distur-
bances, in a circular arena, about 90 mm in diameter and
30cm high. The use of a video camera is recommended
especially for training the testers and comparison between
testers from different experimental groups. However, the
BBB was primarily designed to be based on live, subjective
observation. The video-camera is thus not recommended
for testing, mainly due to limited parts of the animal body
seen and the inability to evaluate the toe clearance
(D. Michelle Basso, personal communication). The testing
is based on an analysis of the movements of individual
hindlimb joints, sweeping without weight support, weight-
supported dorsal stepping, plantar placement of the paw
with or without weight support, forelimb-hindlimb co-
ordination, internal or external rotation and parallelness of
the paws in the predominant paw position at initial contact
and when the paw is lifted off, toe clearance (occurrence of
pathologic acoustic phenomena during hindlimb locomo-
tion), elevation of the tail during locomotion and trunk
stability (Basso et al., 1995). One advantage of this scale is
that pre-operative training of the animals is not necessary;
however, pre-operative gentling and exposure to the testing
field are highly recommended. The BBB score was
originally designed for contusion injuries, but it also works
well for other types of injuries such as a balloon
compression lesion or hemisection (Metz et al., 2000;
Sykova and Jendelova, 2005; Sykova et al., 2006a; Sedy
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Table 6

Basso, Beatie and Bresnahan locomotor rating scale. reprinted from the
Journal of Neurotrauma (Basso et al., 1995) with permission from Mary
Ann Liebert, Inc

0 No observable hindlimb movement
1 Slight movement of one or two joints, usually the hip and/or knee
2 Extensive movement of one joint or extensive movement of one

joint and slight movement of one other joint

Extensive movement of two joints

Slight movement of all three joints of the HL

Slight movement of two joints and extensive movement of the third

Extensive movement of two joints and slight movement of the third

Extensive movement of all three joints of the HL

Sweeping with no weight support or plantar placement of the paw

with no weight support

9 Plantar placement of the paw with weight support in stance only
(i.e. when stationary) or occasional, frequent or consistent weight-
supported dorsal stepping and no plantar stepping

10 Occasional weight-supported plantar steps; no FL-HL
coordination

11 Frequent to consistent weight-supported plantar steps and no
FL-HL coordination

12 Frequent to consistent weight-supported plantar steps and
occasional FL-HL coordination

13 Frequent to consistent weight-supported plantar steps and frequent
FL-HL coordination

14 Consistent weight-supported plantar steps; consistent FL-HL
coordination, and predominant paw position during locomotion is
rotated (internally or externally) when it makes initial contact with
the surface as well as just before it is lifted off at the end of stance;
or frequent plantar stepping, consistent FL-HL coordination, and
occasional dorsal stepping

15 Consistent plantar stepping and consistent FL-HL coordination
and no toe clearance or occasional toe clearance during forward
limb advancement; predominant paw position is parallel to the
body at initial contact

16 Consistent plantar stepping and consistent FL-HL coordination
during gait and toe clearance occurs frequently during forward
limb advancement; predominant paw position is parallel at initial
contact and rotated at lift-off

17 Consistent plantar stepping and consistent FL-HL coordination
during gait and toe clearance occurs frequently during forward
limb advancement; predominant paw position is parallel at initial
contact and lift-off

18 Consistent plantar stepping and consistent FL-HL coordination
during gait and toe clearance occurs consistently during forward
limb advancement; predominant paw position is parallel at initial
contact and rotated at lift-off

19 Consistent plantar stepping and consistent FL-HL coordination
during gait, toe clearance occurs consistently during forward limb
advancement, predominant paw position is parallel at initial
contact and lift-off, and tail is down part or all of the time

20 Consistent plantar stepping and consistent coordinated gait,
consistent toe clearance, predominant paw position is parallel at
initial contact and lift-off, and trunk instability; tail consistently up

21 Consistent plantar stepping and consistent gait, consistent toe
clearance, predominant paw position is parallel throughout stance,
and consistent trunk stability; tail consistently up

SO =1 O LA de

et al., 2007a, b; Urdzikova et al., 2006). It is thought to be
less sensitive to clip compression injuries (von Euler et al.,
1997). Some authors propose that there are potential
limitations to the BBB score due to the subjectivity of the
test (Broton et al., 1996; Metz et al., 2000), but the
experiences of our and other groups show that rigorous

training of the testers minimizes subjectivity, especially
when the evaluation is made by two independent scientists
(Basso et al., 1996; Sykova and Jendelova, 2005; Urdziko-
va et al., 2006). Metz et al. (2000) concluded that an
important drawback of the test lies in the fact that the
ordinal BBB rating system is not linear; the lower part of
the scale concerns gross aspects of locomotion, while the
upper part of the scale includes rather discrete movement
aspects that do not represent major improvements in the
animal’s motor ability. However, this problem occurs in
the majority of tests and probably cannot be easily solved.
The BBB score is now widely used and has been shown to
provide reproducible results, so it remains the gold
standard (Basso et al., 1996).

4.3. BBB sub-scoring scale

After the publication of the BBB scale (Basso et al.,
1995), several modifications and improvements have been
proposed (Lankhorst et al., 1999, 2001; Metz et al.. 2000;
Popovich et al., 1999; von Euler et al., 1997). The BBB sub-
scoring scale improves the sensitivity of the BBB scale by
scoring each of the behavioral attributes independently and
then adding them together to yield a single score, using a
process we call sub-scoring (Basso, 2004; Lankhorst et al.,
1999, 2001; Popovich et al., 1999; Van Meeteren et al.,
2003). The justification for sub-scoring is the assumption
that when a treatment is applied, it will affect some but
perhaps not all aspects of locomotion. For instance, a
treatment may improve toe clearance or trunk stability
without having any impact on forelimb—hindlimb coordi-
nation (for details, see Basso, 2004).

4.4. Open-field activity test

This simple test, originally described by Bignami (1996),
is sensitive to a wide range of injuries, including SCI. To
assess exploratory behavior, rats are tested in an open field
(100 x 80 cm) subdivided into nine fields. Animals are
observed individually for 5min. The number of fields
crossed during this observation interval is noted, and a
ratio of the animals’ performance in comparison to
baseline data (taken as 100%) is modified to a 5-point
score. A value of 0-50% is rated as 1 point, 51-90% as 2
points, 91-110% as 3 points, 111-200% as 4 points and
more than 200% of baseline values is rated as 5 points
(Bignami, 1996; Metz et al., 2000).

Generally, the open field activity test is a good measure
of gross motor behavior and general health in spinal cord
injured rats. Exploratory activity is especially sensitive to
individual differences among animals with a low locomotor
capacity, and even severely damaged rats can show
significant locomotor activity. However, spontanecous
exploratory activity is influenced by motivational factors
such as anxiety, which can cause freezing behavior in
rodents, thus reducing the rate of exploration (Gerlai and
Clayton, 1999). It is also important to leave appropriate
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intervals between individual test sessions to avoid habitua-
tion to the testing environment. Furthermore, locomotor
training after SCI can enhance exploratory activity (Fouad
et al., 2000; Metz et al., 2000).

4.5. Automated walkway test

In the automated walkway test (CatWalk™ test, Cat-
Walk™-assisted gait analysis), first described by Hamers
et al. (2001, 2006), the animal is first trained to cross a
100-120 cm long glass walkway, at least 6 mm thick, with
black Plexiglas walls spaced 8 cm apart and a ceiling above.
In a dark room, the light from an encased fluorescent bulb
is transmitted through the glass surface of the walkway.
Paw contact causes light to exit the floor and illuminate
the paw print, which is monitored by a video camera
connected to a computer with the CatWalk"™ program,
which acquires, compresses and stores the data for further
analysis. The analysis is based on step sequence distribu-
tions, inter-limb coordination (regularity index), the total
floor area contacted with the paw (print area), the distance
between two hind paws (base of support), the duration of
the swing and stance phases and hind paw pressure (Gensel
et al., 2006; Hamers et al., 2001). This test overcomes the
difficulty of analyzing all phases of the movements of
rapidly locomoting animals in an open field, especially
in the evaluation of forelimb-hindlimb coordination; it can
thus remove the subjectivity encountered with other tests,
such as the BBB, from the evaluation of forelimb-hindlimb
coordination. In addition, the animals are not forced to
walk, thus eliminating undesired influences on the results.

In contrast to other locomotor tests, Catwalk analysis
provides the experimenter with a very large amount of data
concerning different locomotor patterns. One interesting
aspect of this test is the fact that different quantitative or
qualitative outcome measures are differently sensitive to
different SCI models. For example, the regularity index
nicely reflects the neurological impairment resulting from
complete transection or contusion injury, but it fails with
dorsal column transection. This problem was discussed in
detail by Hamers et al. (2006). The animals need to be pre-
trained to cross the Catwalk runway without any hesitation
or stress reactions. Importantly, the gait velocity should be
controlled by the fact that training of the animals results in
runs with a stable crossing time of the runway between |
and 2s, as described by Deumens et al. (2007). This
requirement is based on the fact that different gait
velocities—for example, trot and pace, have a different
order of paw placings, i.e. the regular step patterns. Thus,
the regularity index might be different in an animal when it
runs at a different speed or, more importantly, changes its
speed throughout the runway. Other pitfalls of the
CatWalk™ analysis were recently reviewed by Hamers
et al. (2006). It should be noted, that the CatWalk system is
still under development, and new methods of obtaining
additional data are expected to be developed in the near
future (Hamers et al., 2006).

4.6. Footprint analysis test

One of the earliest descriptions of walking tract footprint
analysis was published by de Medinaceli et al. (1982).
Later, several modifications were developed (Chan et al.,
2005; Metz et al., 2000). This test is based on a walking
analysis of paw-colored animals across a narrow, paper-
covered wooden beam, I m in length and 7cm wide. Pre-
training of the animals is required. A different color dye is
used for forelimbs and hindlimbs to distinguish between
them. The distance between corresponding steps, the angle
of the paws (an indicator of walking stability and body
balance) and the ability of the paw to support the animal’s
body are evaluated (Chan et al., 2005; de Medinaceli et al.,
1982; Metz et al., 2000). A series of at least eight sequential
steps is used to determine the mean values for each
measurement of limb rotation, stride length and base of
support. The base of support is determined by measuring
the core-to-core (midpoint) distance of the central pads of
the hind paws. The limb rotation is defined by the angle
formed by the intersection of a line through the print of the
third digit and a line through the central pad parallel to
the walking direction. Stride length is measured between
the central pads of two consecutive prints on each side.

It is unfortunately true that individual and motivational
factors can greatly interfere with the quantification. In
addition, walking velocity influences the length of single
steps (Metz et al., 2000). In animals that have only partial
weight support and little plantar placement, measurements
of angle and stride length are almost impossible. It has
been shown that footprint analysis can serve to refine
observations made using the BBB or other motor tests for
weight support trunk stability and foot placement (Metz
et al., 2000). The use of only footprint analysis for
evaluating recovery in SCI rats would probably not be
optimal.

A recently developed system for gait analysis—the
DiGiGait™™ system (Mouse Specifics, Inc., Boston,
USA)—overcomes the imperfections of footprint analysis.
No dyes are used, and the data are obtained and
subsequently analyzed by a computer. The device includes
a transparent treadmill belt, which allows a camera and
subsequently image processing software to identify and
analyze the paw contact with the treadmill surface. The
system is able to analyze horizontal or inclined gait
dynamics, treadmill and overground locomotion and
coordination. The analysis of treadmill locomotion is
possible at different speeds (range 0-100cm/s). Although
it was also developed for behavioral analysis of rats or
guinea pigs, up to now it has been used mainly in gait
analysis of spinal cord injured mice (Li et al., 2005).

4.7. Kinematic analysis
The kinematic measurement of step cycles provides an

assessment of the individual components of limb move-
ment in two or three dimensions (Metz et al., 1998;
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Westerga and Gramsbergen, 1990). Two-dimensional
kinematic analysis is usually performed because the
predominant motion of the hindlimbs can be assumed to
be planar; therefore, movements of the rat hindlimb joints
distal to the hip are primarily those of flexion and extension
and movements in the coronal and transverse planes are
often neglected (Gasc, 2001; Gillis and Biewener, 2001).
For kinematic analysis, the tested animal’s hindlimb is
shaved and the iliac crest, greater trochanter, lateral
malleolus and the fifth metatarsophalangeal joint are
marked with ink visible in normal or infra-red light or
with glued-on circular light-reflecting discs (Filipe et al.,
2006). While the position of the knee joint is obscured by
loose skin coverage, it is calculated by using hip and ankle
joint positions and external individual measurements of
femur and tibia length. The proper position of the markers
is crucial-if the marker deviates by as little as 2mm in
placement, the result can be as much as a 10° change in
angular joint measures (Basso, 2004). Moreover, soft tissue
movement over the limb joints might significantly alter the
position of the marker, which will subsequently lead to
misleading artifactual results. To prevent this, the marker
should be attached or pointed to skin areas that are tightly
attached to the underlying connective tissue (Filipe et al.,
2006). Considering that soft tissue artifacts are recognized
as a major error source in human motion analysis
(Andriacchi and Alexander, 2000), skin markers respecting
the underlying bone, such as bone pins (Yack et al., 2000),
external fixators (Cappozzo et al., 1996) or percutancous
trackers (Manal et al., 2003), have been employed.
Paradoxically, due to their invasive nature, they are not
applicable for repeated use in laboratory rodents (Filipe
et al., 2006). After positioning the markers, the animal is
made to walk on a treadmill and recorded using a digital
video camera. The rigorous selection and maintenance of
the treadmill speed throughout the entire session and in all
rats in the experiment is crucial because the timing and the
amplitude of excursion of most kinematic variables during
each step cycle differ among gaits (Gillis and Biewener,
2001). On the basis of the animal’s strain, age and general
health status, the speed is usually set between 50 and
400 mm/s. The marker coordinates are used to calculate the
knee position and to find the maximum flexion—extension
range of each joint. In a spinal cord injured rat, the joint
that shows the highest diversity of movements and thus is
most suitable for reflecting the recovery of locomotor
function is the ankle (Basso, 2000). The flexion—extension
range is measured at the initiation of the swing phase, in
the middle swing phase, and in the phase in which the
paw initially contacts the ground. The middle stance phase
is used to determine the weight support. The limb
movements of a set number of step cycles, defined as
flexion and extension of the limb, are analyzed frame-
by-frame and averaged. In order to reduce inter-individual
differences, a percentage ratio is calculated from the pre-
operative baseline values (Metz et al., 2000). Isolated
analysis of foot trajectories from the lift-off phase to the

step-down phase, including horizontal step length and
vertical step amplitude, reconstructed in two-dimensional
space, is also possible (Cho et al., 1997). Although less
important, the technique also allows the experimenter
to acquire quantitative data. From the videotapes, the
number of hindlimb steps can be obtained (Coumans
et al., 2001).

Although time-consuming, this method allows the
detection of discrete deficits in the gait and can be utilized
for normal and treadmill walking. If the animals show no
weight support but do undertake limb movements, a
qualitative assessment can be made. Otherwise, this
method can quantify foot placement, limb coordination
and exact joint angles. This technique adds precise
information to other locomotor tests, such as BBB or
footprint analysis, and provides a detailed description of
step cycle duration and phase relations (Metz et al., 1998,
2000). In order to exclude differences in motivation and
motor learning, it is very important to sufficiently train the
animals before testing (Filipe et al., 2006). In severely
injured animals without weight support and consistent
stepping, kinematic analysis is not able to provide any
important data and should be replaced by other tests such
as the BBB. An alternative to kinematic analysis is
cineradiography, introduced by Fischer et al. (2002), in
which the displacements of the bones are imaged directly.
Although it is precise and non-invasive, it is expensive and
potentially dangerous due to radiation emission (Filipe
et al., 2006; Fischer et al., 2002; Freeman and Pinskerova,
2005).

4.8. Thoracolumbar height test

This test was developed by van de Meent et al.
(1996, 1997) in order to more precisely differentiate
between full and partial weight bearings. The idea of
this test is based on the knowledge that the height of
the thoracolumbal kyphosis depends on a rat’s ability
to support weight on its hindquarters. Before the beginning
of a testing session, the maximal convexity of the
thoracolumbar kyphosis is marked on the skin with ink.
The animal is put into a transparent walkway corridor, and
the position of the marker is monitored during the
rat’s crossing of the walkway using a video camera
connected to a computer equipped with software developed
by Frank Hamers’s laboratory. The position of the
thoracolumbal kyphosis is determined 50 times per second
and stored for subsequent off-line analysis (van de Meent
et al., 1996, 1997; Van Meeteren et al., 2003). van de Meent
et al. (1996) also showed that the thoracolumbar test
is more sensitive than Tarlov’s open field test for correctly
discriminating walking patterns, particularly in the mod-
erate to light severity range of injury. We can speculate
that this test would also be able to add unique and
important data to that obtained with the BBB test. In
mildly or very severely injured animals, its usefulness is
very limited.
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4.9. Swim tests

Normal rats swim with their body almost parallel to the
water surface, with their head, neck and approximately
30% of the dorsal surface of their backs above the surface
and the tail at or just below the surface. They use their
hindlimbs to provide forward motion by rapid, alternating
hindlimb strokes; forelimbs are tucked under their chins
and used only occasionally for steering. They exhibit none
or only a small degree of rotation along their long axis. By
contrast, thoracic spinal cord injured rats prefer forelimbs
for their forward movement and exhibit different degrees
of posterior body part submersion and trunk instability
(Smith et al., 2006a, b). The major advantages of swim tests
are the support provided to the animal by the water and the
necessity to locomote, due to the lack of sufficient
buoyancy to stay afloat without such locomotion, a
condition that is not typical in other tests such as open-
field based tests.

Originally, the swim test was performed by placing a rat in a
pool with a diameter of 125c¢cm. The movement of the
hindlimbs during swimming was evaluated for 45s, and the
rats were scored between 0 and 3, with 3 assigned to rats with a
normal performance (Gale et al., 1985; von Euler et al., 1997).

A modification of the swimming test was developed by
Arvanian et al. (2006). Rats are gently placed in a 40cm
diameter tub filled with warm water and allowed to swim
for 15s. The sessions are videotaped, and the frequency of
rear-leg (hindlimb) kicking is quantified. This test results in
significant swimming even in neonatal rats that cannot
ambulate on a solid surface (Arvanian et al., 2006).

A recent swim test was developed by Martin Schwab’s
laboratory (Liebscher et al., 2005). The animal is put into a
rectangular Plexiglas basin (150 x 40 x 13 cm). The level of
the water (23-25 °C) is high enough to prevent the rat from
touching the bottom of the basin. Intact animals swim by
paddling with their hindlimbs and their tail, holding their
forelimbs immobile under their chin. A total of five runs
per rat are monitored using a mirror placed at a 45° angle
on the bottom of the pool in order to film the rats from the
side and the bottom simultaneously. The swimming
performance is analyzed by scoring their movements
according to the forelimb wusage, hindpaw distance,
hindlimb stroke and tail movement. Normal swimming
results in a score of 7-8 points, while no locomotion
receives a score of 0 (Liebscher et al., 20053).

Scientists from David Magnuson’s laboratory in Ken-
tucky recently developed the 18-point Louisville swim
scale, based on grading an animal’s performance during
swimming in a 150cm long, 18cm wide and 30cm deep
tank, filled with warm tap water, where an adjustable
Plexiglas ramp, covered with soft neoprene, is present at
one end of the pool (Smith et al., 2006a). After the trial, the
hindlimb movement performance, hindlimb alternation,
forelimb dependency, trunk instability and body angle are
evaluated from a video camera record and graded in
summary from 0 (severe injury) to 17 (normal perfor-

mance). Animals with 0-5 points are designated poor
swimmers (severe disturbance of all parameters; hardly
able or not able to swim), animals with 6-11 points
intermediate swimmers (occasional or frequent occurrence
of the monitored characteristics; able to swim with visible
problems) and animals with 12-17 points as good
swimmers (normal or almost normal characteristics; able
to swim well). The generation of the scale was based on and
evaluated in accordance with the BBB scale. Experiments
in the Magnuson laboratory indicate that the scale is very
useful for evaluating mild, moderate and moderately severe
thoracic SCls, where it is comparable to the BBB.
Conversely, it is not reliable in evaluating severe injuries,
in cases where the animals use only their forelimbs for
swimming. The hindlimbs of the animals are passively
spread, and thus the trunk stability and body angle are not
impaired, distorting the results (Smith et al., 2006a).

4.10. Eshkol-Wachmann notation

Eshkol-Wachmann movement notation (analysis) was
originally created for recording dance movements in
humans by Eshkol and Wachmann (1958). It was designed
to enable choreographers to write a dance down on paper
that dancers could later reconstruct in its entirety, in a
manner analogous to a musical score (Eshkol and
Wachmann, 1958). It views the body as a set of limbs
connected with joints; the body is treated as a system of
articulated axes and a limb as any part of the body that
either lies between two joints or has a joint and a free
extremity. The notation system has been used to describe
the details of rat forelimb movements during precision
reaching (Farr and Whishaw, 2002; Whishaw and Pellis,
1990). Through single-frame analysis of videotaped record-
ings, each behavior is subdivided into separate movements
of the component limbs and limb segments, and a rating
scale is applied to each component. The strength of this
approach is that the individual movements by which an
animal accomplishes a task can be identified in detail. The
Eshkol-Wachmann notation of reaching movements in
animals with and without spinal cord lesions reveals
differences that are neither noted from cursory visual
examination of videotapes nor can these differences be
detected using endpoint measures of reaching success.
Although Eshkol-Wachmann notation is not a quantita-
tive method, it has proven useful as a screening device to
identify movement differences, which can subsequently be
quantified with other tests (Muir and Webb, 2000;
Whishaw and Pellis, 1990; Whishaw et al., 1993). It has
been also used for evaluating exploratory behavior in rats
during the cylinder test (Gharbawie et al., 2004).

5. Motor tests
In this section, behavioral tests that test skeletal muscle

function not primarily involved in locomotion are dis-
cussed.
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5.1. Inclined plane

The inclined plane is a 28 x 30cm floor covered with a
grooved, 1 mm thick rubber surface and 20 x 30 cm walls,
10 cm high on three sides. This task evaluates the animal’s
ability to maintain its body position on a board that is
incrementally raised to increasing angles. The rat is placed
on the inclined plane with its head down, up, to the right or
to the left. Alternatively, it can be placed in such a position
that its body is perpendicular to the axis of the plane.
Usually, testing in two upright directions, called bi-
directional inclined plane testing, is sufficient (Pearse
et al., 2005). The angle of inclination is then gradually
increased towards the vertical position until the rat can no
longer remain in place at the starting position. The greatest
angle at which the rat can maintain a stable position for 5s
is recorded. Performance on the inclined plane correlates
with the integrity of the rubrospinal tract and other non-
pyramidal pathways after SCI (Fehlings and Tator, 1995).
In addition, this test can be used as an index of animal
strength (Gale et al., 1985; von Euler et al., 1997). The
inclined plane has been shown to be a sensitive and reliable
test for clip compression injury (Fehlings and Tator, 1995;
Rivlin and Tator, 1977).

5.2. Limb hanging test

This test, introduced by Diener and Bregman (1998),
utilizes the natural grasping function of the paw. Although
it is able to evaluate both forelimb and hindlimb function,
it is mainly employed for testing forelimb muscle function
in animals with cervical spinal cord lesions (Pearse et al.,
2005). The stimulation is provided using a 12-cm long and
1.8 mm wide rounded metal rod, which is applied to the
volar surface of the forepaw, and the presence or absence
of grasping and the release time in seconds are evaluated.
In addition, the testing of animal’s forelimb muscle
strength is also possible, when the rod is elevated above
the surface and suspended. The contact of the body,
hindlimb or tail with the ground or parts of the equipment
on the sides should be prevented. The time the rat holds
onto the suspended rod is measured and recorded. The
testing should be done repeatedly, typically five times, and
the mean values calculated (Pearse et al., 2005). In severely
injured animals, the forelimb hanging test provides only
dichotomous yes/no data; it should thus be employed in
combination with other tests or replaced by other tests. It
should be noted that a normal or mildly impaired animal
might pull itself on top of the hanging device, rendering
such a trial immeasurable (Pearse et al., 2005). We believe
that this can be prevented by using a rotating rod.

5.3. Limb grip strength test
The limb grip strength test was developed on the basis of

the previous test in order to assess neuromuscular function,
in particular strength, by sensing the peak amount of force

an animal applies in grasping a specially designed pull bar
assembly. This test can be used for evaluating both
forelimb and hindlimb function. It requires a special device
called a grip strength meter (San Diego Instruments, CA or
Columbus Instruments, OH), which is constructed on the
basis of the Meyer Method (Meyer et al., 1979). The animal
is gently held and permitted to grasp with its limbs a mesh
grip attachment that has been placed on a digital force
gauge. The animal is then drawn along a straight line
leading away from the sensor until the animal releases the
grip mesh. At this point, the maximum grip strength in
Newtons is attained and displayed. The values can be
recorded manually or the whole device can be connected to
a computer. Usually, three consecutive trials are under-
taken (Pearse et al., 2005). The weakness of this test is
similar to that of the previous test—it is not able to
evaluate severely injured animals. In addition, special
equipment is needed. However, the obtained data are
precise and unique—not many tests are able to measure
limb muscle strength using such a simple method.

5.4. Forelimb asymmetry test

The forelimb asymmetry test (paw preference test, limb-
use asymmetry test, cylinder test) is sensitive to asymme-
tries produced by a variety of central nervous system
insults, including SCI at the cervical level. It is a natural
feature of a rat to explore vertical surfaces by rearing up on
its hindlimbs and exploring the surface with its front paws
and vibrissae (Gharbawie et al., 2004). The number of
times an animal in a clear upright plastic cylinder
independently places its left, right or both forepaws against
the side of the so-called Schallert’s cylinder during weight-
supported movements is recorded using a video camera,
counted and analyzed. Limb use is scored as the percentage
of left, right, or both-limb wall placements relative to the
total number of placements observed. It is also possible to
obtain a single limb-use asymmetry score by subtracting
the percentage of independent use of the impaired limb
from the percentage use of the unimpaired limb. Higher
numbers then indicate a greater bias for the use of the
unimpaired limb. It is important to prevent the habituation
of the rat to the cylinder by testing during the dark cycle
and by dividing long trials into shorter segments separated
by several minutes, during which the rat is placed back in
its home cage. A notable feature of this test is its high
degree of sensitivity to chronic deficits that might be
masked by post-lesion compensatory behaviors. In addi-
tion, it is able to detect chronic sensorimotor deficits that
many tests fail to detect (Gensel et al.. 2006; Schallert et al.,
1986, 2000; Schallert and Woodlee, 2005).

5.5. Rearing test
The equipment required for the rearing test is similar to

that for the forelimb asymmetry test, but the idea behind
the test is different. The rats are tested individually in an



566 J. .S:m’}-: et al. | Neuroscience and Biobehavioral Reviews 32 (2008) 550-580

open field for a period of 10 min by an investigator blinded
to the treatment condition. The sessions are videotaped
and the number of rearings quantified from the videotape.
This test is a sensitive measure of the selective use of the
hindlimbs defined by the simultaneous lifting of both front
paws off the floor and then adopting either a free standing
posture or leaning up in a standing position against a side
wall for balance with most weight still supported on the
rear paws. The smooth plastic surface of the cage prohibits
the rat from compensating for rear limb weakness by using
the front paws to pull itself up to a rearing stance
(Arvanian et al., 2006).

Animals with moderate and moderate-severe SCI rarely
develop weight supported rearing. Rather, they explore
with their forelimbs from a crouched position and their
rearing action is then called attempted rears. One
possibility is to analyze the number of such rears during
a 3min observation period and then to analyze them
separately (Yoshihara et al., 2006).

5.6. Food pellet reaching test

This examines the ability of the forelimbs to reach,
touch, grasp and retrieve a food pellet. For SCI experi-
ments, it can thus be used only for lesions at the cervical
level. The objective performance of the test requires pre-
training the rats to reach a 190 mg food pellet through a
1-2cm wide opening in the wall of a clear Plexiglas box
(30 x 36 x 30cm). During the test, the retrieval of each
food pellet is documented using one or two video cameras
for further analysis. To ensure that the rat approaches the
opening with a new stance on every reach, a 45 mg pellet is
dropped into the back of the box each time the rat retrieves
the pellet, so the rat is encouraged to leave the reaching
area. The ““success rate” of food grasping is calculated as
the number of times the rat successfully grasps and
retrieves the food pellet, divided by the number of
attempts. For evaluation, a 10-point scale developed by
Whishaw (2000) is used, which scores the successful
execution of the sequential aspects of the reach, i.e.
reaching, grasping and retrieval of the pellet. In addition,
the amount of time needed to grasp 10 pellets can be
measured (Chan et al., 2005; Whishaw et al., 1993,
Z’Graggen et al., 1998). A modification of the foot pellet
reaching test is the staircase test (paw reaching test), used
mainly for the behavioral testing of rats after stroke
(Montoya et al., 1991; Grabowski et al., 1993).

6. Sensory tests

Here are included the behavioral testing methods able to
detect sensory system disorders in terms of hyperactivity
(hypersensitivity, allodynia) or hypoactivity (decrease or
loss of sensoric functions) of the sense of touch, cold, heat,
or pain. To locate the borderline between a sensory-motor
response involving both the sensory ascending and
descending motor pathways and a pain-based withdrawal

reflex—response is not always possible. For example, in hot
plate-based tests, the limb can be withdrawn due to either
the sensing of heat or the stimulation of nociceptive
endings on the basis of skin damage. Although a cut-off
time is utilized to prevent the latter, one cannot always be
sure that all responses are based on proper temperature
sensing.

6.1. Hot plate-based tests

Several different variations of the hot plate withdrawal
test equipment and arrangement exist. For example, Gale
et al. (1985) used a hotplate pre-heated to 50°C for a
period of 60 s and measured the time that transpired before
the rat licked each hindpaw. Animals which showed no
reaction were removed after 60s to avoid paw injury. A
standardized and commercially available example of such a
test is the Plantar Heater Test (Ugo Basil, Comerio, Italy),
in which three rats are put into three separate plastic cages
and each animal is tested three times (sequence 1, 2, 3, 1, 2,
3,1, 2, 3) (Fig. 1). It is crucial to always test the same part
of the limb during the entire experiment, usually the center
of the rat’s hindpaw sole (Hargreaves et al., 1988). The cut-
off time of a movable infrared generator, located under the
Plexiglas floor of the cages, is usually set to 35s, and its
intensity is set between 50 and 60 units, which correspond
to the midpoint of the emission range. This testing
arrangement precludes any injury to the animal’s paw
(Hargreaves et al., 1988; Sykova and Jendelova, 2005;
Sykova et al., 2006a; Urdzikova et al., 2006). A modifica-
tion of the plantar hot-plate test is the tail-flick test. The
testing procedure is the same with the exception that the
base of the tail is heated (Merkler et al., 2001).

6.2. Cold sensitivity-based tests

In the cold-spray test, ethyl chloride is sprayed on shaved
skin and the response of the animal is recorded and graded
as: 0—no response, 1-—Ilocalized response, i.e. transient
skin twitch, 2—transient vocalization, 3—sustained voca-
lization (Yu et al., 1998; Vaquero et al., 2006). Another
option for testing cold sensitivity is the application of
100 pl of acetone onto the plantar hindpaw. The response
to five applications of acetone is recorded and converted to

Fig. 1. A plantar apparatus (Ugo Basile, Comerio, Italy) which measures
the hind paw withdrawal latency from a radiant heat source (arrow). Note
that three rats can be tested in one session.
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a percentage. At least 3 min should elapse between each
session (Choi et al., 1994),

6.3. Von Frey filaments

Von Frey filaments (Von Frey hairs, Semmes-Weinstein
monofilaments) are often used to evaluate the degree of
mechanical allodynia—one type of neuropathic pain
resulting in an increased sensitivity to innocuous stimuli,
i.e. stimuli that are not painful for an uninjured animal or
person (Gris et al., 2004). The calibrated filaments of
ascending target forces (0.008-300N or 2.5-125g) are
sequentially applied to the plantar surface of the forelimb
or hindpaw, with a pressure that causes a slight bend of the
filament, until a withdrawal response is elicited. Usually, a
Plexiglas box with a fine-grid bottom is used (Liebscher
et al., 2005). If a Plexiglas box is not available, testing
might be done in the tester’s hand, but a food reward
throughout testing should be given to prevent visual
recognition of the application of the filament. A positive
response occurs when the paw is briskly withdrawn from
the filament. This response might be accompanied by
flinching, escape, licking, vocalization or abnormal aggres-
sive behaviors (Gris et al., 2004). After a brief 3-5 min rest
period, the paw should be re-tested with the same filament.
Since a change in the absolute number of withdrawals to a
stimulus may indicate an increase in the spinal reflex and
not the development of allodynia, only withdrawals
accompanied by supraspinal behaviors, such as head
turning to attend to the stimulus or biting the Von Frey
filament, are counted as a response (Chan et al., 2005;
Hutchinson et al., 2004; Levin et al.. 1978; Mills et al.,
2001).

6.4. Paw compression test

This test, first described by Randall and Selitto (1957),
enables the tester to measure hindpaw hyperalgesia. For
the procedure, a commercially available analgesia meter
can be used (Ugo Basile, Comerio, Italy), in which a plastic
device is in contact with the third interdigital space of the
hindlimbs, which are lying on a plane surface. A
progressive weight is then applied and the test stopped
when the animal performs any movement of the paw
or when the weight reaches a maximum, cut-off level.
The force at which the rat withdraws its hindpaw is
noted, multiplied by 10, and the withdrawal force in grams
is thus obtained (Randall and Selitto, 1957; Giglio et al.,
2006).

6.5. Withdrawal reflexes

Withdrawal reflexes are a group of stimulus-based reflex
response reactions. They are evaluated as to both the speed
and the force with which the hindlimb is withdrawn when
stimulated by extension, pain, or pressure. This is done by
pulling the hindlimb backward with 2 fingers (extension),

pricking the sole of the foot with a needle (pain), or
pressing the foot between the tester’s thumb and index
finger (pressure). The reflex response is considered absent,
normal or abnormal (Gale et al., 1985; von Euler et al.,
1997). Although their performance does not need any
special device and is thus quite inexpensive, such tests are
not very sensitive and can be only used for evaluating the
integrity of spinal segmental reflex circuits. However, in
many SCI models, mainly the ascending and descending
pathways are disrupted, so the use of withdrawal reflexes in
such models is very limited.

7. Sensory—motor tests

An accurate response in such behavioral tests requires
functional sensory and motor systems and, most impor-
tantly, their proper connection.

7.1. Rope walk testing

Experimental animals have to cross a 125cm long
horizontally oriented rope, 4cm in diameter, three times
between two platforms. During each run the number of
slips and falls is counted. Successful completion of this task
requires hindlimb weight support, precise paw placement,
posture and coordinated balance of the body. This test is
very sensitive to unilateral lesions, such as hemisections.
Trained unlesioned rats cross the rope quickly, seldom slip
and do not fall. Usually, the “total error/step” ratio is
counted (no. of slips+ 2 x [no. of falls]/ [total no. of steps])
(Kim et al., 2001) or a 0—4° scale is used to evaluate the
locomotor performance. Each rat is tested three times. A
limitation of this test might be the required training of the
rats, which can take five weeks before the experiments
(Kim et al., 2001; Ruitenberg et al., 2003).

7.2. Narrow beam test

In the narrow beam test (beam walking test), originally
described by Hicks and D’Amato (1975), three types of
beams are used as narrow pathways: a rectangular 2.3-cm
wide beam, a rectangular 1.2-cm wide beam and a round
dowel of 2.5-cm diameter. All beams are 1m long and
elevated 30 cm from the ground. The pre-training of rats is
required, and the rats must be able to transverse the
horizontal beams with less than 3 footfalls. A scoring
system is used for each beam: 0 indicates the complete
inability of the animal to walk on the beam and an
immediate fall, 0.5 if the animal is able to traverse half of
the beam, 1 point is given for traversing the whole length,
1.5 when stepping with the hindlimbs is partially possible
and 2 points are awarded for normal weight support and
accurate foot placement. Thus, the scale ranges from 0
(0+0+0) to 6 (2+2+2) (Hicks and D’Amato, 1975; Metz
et al., 2000). Quantitative assessment of narrow beam
performance is a very sensitive tool to monitor even
discrete deficits in foot placement and body balance,
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including tail movements. Another advantage of this
paradigm is that the difficulty of this task can be varied
via the narrowness of and the shape of the beams. The
ability of rats to cross a narrow beam is dependent upon
the function of spinal networks as well as on supraspinal
motor control from the cortico-, rubro-, and possibly the
vestibulospinal tracts (Metz et al., 2000). In paralyzed
animals, such a scoring system can be useful since the rats
can be trained to traverse the beam without the use of the
hindlimbs by crawling with the forelimbs only. In the
scoring system, these observations can be taken into
account (Metz et al., 2000). Modifications of this test have
also been developed, for example, von Euler et al. (1997)
used seven different planks of different widths, on which
the rats are tested in sequence from the widest to the
narrowest. The narrowest plank that a rat can cross
without slipping is recorded.

The use of a tapered and/or ledged beam is also
possible, although its use predominates in the behavioral
testing of rats following stroke. In this test, the rats are
first trained and then allowed to traverse an elevated beam
that is tapered along its extent and has an underhanging
ledge that the rat can use as a crutch if it slips. The
difficulty of this test increases as the rat moves along the
narrowing beam, leading to more foot faults. Hindlimb
foot faults are measured as an index of hindlimb function.
The strength of this test is that it does not allow the
rat to mask its motor deficits by compensatory mechanisms
(Ohlsson and Johansson, 1995; Sutton and Feeney,
1992; Schallert and Woodlee, 2005; Schallert et al.,
2002).

7.3. Grooming test

This test was originally developed by Bertelli and Mira
(1993) for testing recovery in a brachial plexus injury
model. Now, it is often used for testing following SCI in the
cervical region (Gensel et al., 2006). Cool tap water is
applied to the rat’s head and back with soft gauze, then the
animal is returned to its home cage. Grooming activity is
then recorded by a video camera and evaluated. The scale
is set between 0 and 5. Zero reflects the inability of the
animal to contact any part of its head while 5 represents
a normal animal, able to contact the area above the ears
with its forepaws (Bertelli and Mira, 1993; Gensel et al.,
2006).

7.4. Foot slip test

In the foot slip test (horizontal ladder walking test),
animals walk along a horizontal ladder with variable rung
spacing. The ladder consists of side rails and metal rungs,
with a platform on each side. To prevent the animals from
learning the pattern and anticipating the position of the
rungs, the distances between metal rungs are irregular and
the pattern differs depending on whether the animal is
walking from the left or the right side. Crossing the
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Fig. 2. Representation of the four horizontal ladder movement categories.
(A) Miss. (B) Slip. (C) Touch. (D) Step.

horizontal ladder requires that animals accurately place
their limbs on the bars (Fig. 2). Walking over the ladder is
recorded with a video camera and analyzed in slow motion.
The foot slip (missteps, errors) frequency is calculated as
the number of foot slips by each limb divided by the total
number of steps (Chan et al., 2005; Metz and Whishaw,
2002). In addition, qualitative evaluation of forelimb and
hindlimb placement can be performed using a foot fault
scoring system (Table 7), developed by Metz and Whishaw
(2002).

7.5. Grid walking test

The grid walking test (grid walk test, foot fault test) is a
very sensitive test for evaluating the sensory-motor
coordination of the forelimb and hindlimbs and the
descending motor control of the limb motor pathways.
Animals are allowed to cross a 1-1.2m long grid with
irregularly assigned gaps (0.5-5c¢m in diameter) between
round metal bars while the number of limb displacements,
described as both foot falls or foot faults, is counted and
averaged. In addition, plastic garden fencing (3 ft x 3 ft)
stretched over a metal frame can also be used. Crossing the
grid requires that the animals accurately place their limbs
on the bars. If an animal is not able to move its hindlimbs,
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Table 7
Foot fault scoring system

Type of foot Characteristics

misplacement

Category

0 Total miss Deep fall after limb missed the rung
1 Deep slip Deep fall after limb slipped off the rung
2 Slight slip Slight fall after limb slipped off the rung
3 Replacement Limb replaced from one rung to another
4 Correction Limb aimed for one rung but was placed
on another
Or: limb position on same rung was
corrected
5 Partial Limb placed on rung with either digits/toes
placement or wrist/heel
6 Correct Mid-portion of limb placed on rung
placement

Reprinted from the Journal of Neuroscience Methods, 115, Metz GAS
and Whishaw IQ. Cortical and subcortical lesions impair skilled walking
in the ladder rung walking test: a new task to evaluate forelimb and
hindlimb stepping, placing, and co-ordination, pp. 169-179, copyright
(2002), with permission from Elsevier.

a maximum score of 20 is given. The numbers of errors
counted can be also classified as a non-parametric grid
walk score: 0-1 error is scored as 3 points, 2-5 as 2 points,
6-9 as | point and 10-20 footfalls as 0 points. Every animal
has to cross the grid at least three times (Behrmann et al.,
1992; Metz et al., 2000).

To successfully cross the grid, the animal requires
normal forelimb-hindlimb coordination, which is mediated
by ventrolateral tracts, a functioning reticulospinal system
to initiate the stepping rhythm, as well as voluntary
movement control, which is predominantly mediated by
the corticospinal and rubrospinal systems in rats (Metz
et al., 2000). Therefore, complex tasks such as the grid walk
paradigm can reveal deficits that are not apparent during
normal locomotion. In order to improve the effectiveness
of the training and reduce the training effect of repeated
trials, a variably spaced grid should be used. However, gait
velocity and stress can influence the outcome of this task—
more foot faults may occur when animals are crossing the
grid faster or inattentively. By using a 4-point rating scale
and respecting the animal’s individuality, this interference
can be filtered out (Metz et al., 2000, 2001). The most
beneficial aspect of this test is the possibility to focus on the
isolated function of the hindlimbs in thoracic spinal cord
injured rats, whereas these injuries do not produce notice-
able deficits in overground locomotion in quadrupedal rats
in comparison with humans, in whom they are enough to
produce a complete loss of walking ability (Norrie et al.,
2005). This test is, however, useful mainly for low or
moderate SCI, after the rats are able to accomplish weight-
supported hindlimb plantar placement and some degree of
coordinated stepping; otherwise they simply drag their
hindquarters across the runaway. Thus, some authors start
to use it after the time at which the rats gain such
locomotor skills (Gris et al., 2004).

8. Reflex response-based tests
8.1. Toe spread reflex

This reflex is studied by lifting the rat by its tail with its
legs hanging free and observing the spread of the toes. The
reflex response is considered absent, normal or abnormal.
An abnormal response presents as hyperextension and/or
shaking of the toes or feet (Gale et al., 1985; von Euler
et al., 1997). For several days after injury, there is no
response, followed by an abnormal response. A hyperactive
hindlimb response seems to reflect decreased control of the
locomotor system from the upper motor neurons. Subse-
quently, the reflex response normalizes, first as a minimal
spread of the toes, then the full normal response develops
(Seki et al., 2002).

Toe spread is caused by the contraction of the musculi
interossei and the abductor hallucis muscle, which are
innervated by the common peroneal nerve, which is a
branch of the sciatic nerve. For this reason, the reflex is
also used for evaluating regeneration after experimental
sciatic nerve damage (Pockett and Philip, 1987; Renno
et al., 2006).

8.2. Contact placing response test

The contact placing response test (tactile placing test,
hindlimb placing test) is based on the fact that contact
placing of the hindpaw can be elicited by lightly touching
the skin of the dorsal side of the foot without any joint
displacement—the animal responds by lifting the hindlimb
and placing it upon the obstacle (Kunkel et al., 1993; Metz
et al., 2000). The animal is held, supported by the upper
body, with the hindlimbs hanging free. The dorsum of each
foot is touched with the edge of a piece of paper. The total
number of placing responses of 10 trials per limb is noted,
and the placing rate for the individual animal is determined
from baseline data taken as 100% (Kunkel et al., 1993;
Metz et al., 2000). The old version of this test is called the
placing reflex test, in which the lateral and dorsal aspects of
each foot are rubbed against a table to elicit the reflex
response. The speed and accuracy in placing the foot on the
table are evaluated. The reflex response is considered
absent, normal or abnormal (Gale et al., 1985; von Euler
et al., 1997).

Unfortunately, the placing reactions of injured and even
normal rats are variable, so this test might provide
distorted results when not used in combination with other
tests (Metz et al., 2000). This finding was confirmed in
spinal cats (Forssberg et al., 1974). The placing response
might also depend on muscle tone—after acute SCI,
paralyzed animals often show a clearer placing reaction
than do normal animals. On way to reduce intra-individual
variability is to calculate the ratio of post-operative to pre-
operative values.

The development of placing responses temporally
correlates with the post-natal growth of corticospinal
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axons into the gray matter of the spinal cord. In normal
animals, a tactile hindlimb response first appears on post-
natal day 13 and slowly declines with age (Donatelle, 1977).
In a study by Marshall (1982), the reflex response was
present in 90% of rats 6-12 months old but in only 24% of
animals older than 24 months. Proper contact placing thus
depends on the integrity of the corticospinal tract and
cortical control. In cats and rats, this reflex has been shown
to be dependent upon spinal circuitry that normally is
under supraspinal control, but which remains elicitable in
decerebrate animals (Woolf, 1984). Another study indicates
that the tracts running in the ventrolateral part of the
spinal cord may play a role in mediating this reflex
response (Metz et al., 2000).

8.3. Righting reflex

The righting reflex (static reflex) is usually defined as any
one of a number of various reflexes that tend to bring the
body into a normal position in space and resist forces
acting to displace it from its normal position. In experi-
mental SCI, righting reflex testing usually means the time
in seconds spent by an animal to assume a normal ventral
position after being placed on its back. It is elicited by
holding a rat in one hand, turning it over on its back,
7-8 cm above a cushioned table surface and then dropping
the animal. The reflex response is considered absent,
normal or abnormal and its length might be measured. In
addition, the reflex response might also be rated as 0
(no righting reflex), 1 (attempt to right itself), 2 (rights itself
during the drop) or 3 (rights itself immediately after the
drop) (Gale et al., 1985; von Euler et al., 1997). The
righting reflex response might be affected by previous sleep
deprivation (Tung et al., 2005).

9. Autonomic tests

Autonomic system disturbances, such as disruption of
urinary bladder function or sexual reflexes, are important
complications of SCI in both animals and humans. In the
majority of animal studies, the testing of autonomic
functions is unfortunately largely neglected, although
urogenital system disturbances represent a very important
clinical problem in human medicine (for review, see
Karlsson, 2006).

9.1. Urinary bladder function

The most common autonomic dysfunction in experi-
mental rats with SCI is detrusor—sphincter dyssynergia of
the urinary bladder during the first 1-2 weeks. This
affection manifests as urine retention and requires daily
manual evacuation of the urine—the Credé maneuver.
Emptying the bladder is crucial for avoiding urinary
retention, which may cause damage to the bladder wall,
with bleeding and renal damage by urine reflux. The
increased chance of acquiring a urinary infection is clear.

The bladder function scoring system was developed by
Martin Schwab’s lab (Liebscher et al., 2005) as follows:
(1) dysfunction is defined as a full bladder, medium to high
pressure required for manual voiding of the bladder;
(ii) normal function is an empty to half-full bladder,
voiding after a slight touch. Following SCI at the cervical
level, detrusor—sphincter dyssynergia does not occur, so the
animals do not need this kind of intensive care (Soblosky
et al., 2001).

For the quantitative study of the various phases of
the urinary bladder voiding cycle, a cystometric procedure,
described by Maggi et al. (1986) that involves a non-
stop transvesical infusion of warm saline in anesthetized
rats, might be used. The saline is infused into the bladder
through a needle inserted into the bladder’s dome.
The recording is performed by a transurethral bladder
catheter. During the bladder detrusor contractions,
fluid is released by flowing around the catheter in the
urethra. The signal is amplified, sampled, acquired and
analyzed by a special device connected to a computer
(Maggi et al., 1986). The main disadvantages of this
method, i.e. the necessity of anesthesia and the quite
complex nature of the monitoring device, are compensated
for by the acquisition of unique and precise data (Maggi
et al., 1986; Pikov and Wrathall, 2001, 2002; Yoshihama
and de Groat, 2002).

9.2. Erection-based tests

The most frequently used erection-based tests are the ex
copula reflex erection test, the non-contact erection test
and the mating test. In the ex copula reflex erection test, the
preputial sheath of a conscious animal is retracted to elicit
a reflex erection and maintained in this position for 20 min
by placing the glans of the penis through a hole in a small
piece of tape fastened to the abdomen. Events are visually
scored from 1 (weak glans engorgement) to 5 (intense
flaring or cup of the distal glans together with dorsiflexion
or flip of the penile body greater than 90° with respect to
the body of the rat) (Holmes et al., 1988; Schmidt et al.,
1995; Nout et al., 2007). In the non-contact erection test, a
male rat is put into one half of a cage, separated from the
other half by a sheet of wire mesh, and left for 5min to
adjust to his new environment. After that, an estrous
female rat, whose rut is ensured by the administration of
estradiol and progesterone and a preliminary approxima-
tion to a healthy male rat, is placed into the second half of
the cage and events are observed for 30min. They are
scored using a 3 point scale (1-—visible erections, 2
grooming of the body parts, 3—grooming of the genital
area) (Sachs et al., 1994; Nout et al., 2007). The mating test
has a similar arrangement as the one above, except the
male and female rats are put together and the scale is
6-pointed. The first 3 points of the scale are the same and
the other 3 points describe the following mating behaviors:
4—mounts, S—intromissions, 6-—ejaculations (Nout et al.,
2007).
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9.3. Telemetric monitoring

To simultaneously evaluate micturition parameters and
describe erectile events in rats with SCI, a new method of
telemetric monitoring of corpus spongiosum penis pressure
has been recently developed (Nout et al., 2005, 2007). The
development of this technique was based on previous
experiments by Schmidt et al. (1995). After the minimally
invasive implantation of a telemetric pressure transducer
catheter, an analysis of the pressure waveforms of
micturition, full erectile and partial erectile events together
with the video recording of micturition events and the
performance of a reflex erection test—ex copulatory reflex
erection test (Schmidt et al., 1995)—is possible in
conscious, freely moving rats. In the first 3-4 weeks
following moderate SCI, continuous dribbling of urine,
i.e. a typical sign of overflow incontinence, can be seen on
video recordings, which results in no detectable changes of
corpus spongiosum penis pressure. Measurable character-
istics first appear following the beginning of the return of
autonomic—somatic motor function (Nout et al., 2005,
2007).

9.4. Autonomic dysreflexia testing

Autonomic dysreflexia, also known as hyperreflexia, is a
massive sympathetic discharge that occurs in both spinal
cord injured animals and human patients. It is manifested
by often debilitating hypertension accompanied by brady-
cardia, sweating, skin flushing and pounding headaches. It
is triggered by a variety of noxious stimuli, including
bladder distention, irritation of the urinary tract, bowel
distention or impaction, skin ulcers, fractures, abdominal
emergencies or uterine contractions. Autonomic dysreflexia
most likely develops on the basis of an injury-induced loss
of descending tonic and baroreceptor-related control of
sympathetic pre-ganglionic neurons in the intermediolat-
eral cell column of the thoracolumbal spinal cord
(Cameron et al., 2006; Gris et al., 2004).

The testing method, also called noxious colorectal
distention, is based on monitoring blood pressure during
and after bowel distention induced by balloon inflation
inside the colon lumen. Before the testing session, the
carotid or femoral artery of the animal is cannulated under
general anesthesia, and the animal is put into a special cage
to prevent damage to the cannula. After 3-4 days, the
cannula is connected to a monitoring device, and the
animal left to stabilize its blood pressure to obtain a
baseline value. This usually does not take more than
10 min. Then, a balloon-tipped catheter is inserted into the
animal’s colon, slowly inflated with 2 ml of air over 15s and
maintained for 1 min (Ditor et al., 2006). The inflation of
the balloon with 2ml of air generates a colon distension
similar to that during the passing of a large fecal bolus,
thus mimicking the clinical manifestation of fecal impac-
tion (Cameron et al., 2006; Marsh and Weaver, 2004). An
animal is regarded as dysreflectic if colorectal distention

produces a rise in blood pressure and a decrease in heart
rate for as long as the period of colorectal distention. More
than one trial might be conducted. As autonomic dysre-
flexia occurs only in spinal injuries above the Th6 level, the
use of the testing method would thus be suitable only for
cervical and upper thoracic spinal cord lesions (Cameron
et al., 2006; Weaver et al., 2001). The main advantage of
this test is its ability to uncover the presence of autonomic
dysreflexia and thus obtain unique data, reflecting the
presence or absence of this pathologic condition. In
addition, it provides the experimenter with objective,
reliable and precise data. However, this test is relatively
invasive and requires a special device for monitoring blood
pressure and heart rate. More importantly, it can hardly be
performed repeatedly. This can be overcome by performing
the test only in one session, most frequently two weeks
post-injury (Cameron et al., 2006; Weaver et al., 2001). In
case the severity of autonomic dysreflexia is not the only
studied parameter, this test should certainly be combined
with other tests.

In the future, other types of autonomic tests might be
developed based, for example, on changes in the vasocon-
striction/vasodilatation of skin vessels due to sympathetic
system function changes, including autonomic dysreflexia.
Also, the frequent monitoring of temperature might be
useful. In some animals, the presence of bowel constipation
due to SCl-induced spasticity of the anal sphincter and
the decreased activity of the descending colon might be
observed and its presence or absence included in the
observation protocol. However, constipation does not
occur in SCI rats (Santos-Benito et al., 2006).

10. Increasing the skills of the animals

Intensive daily training improves functional locomotor
recovery after SCI in both animals and humans (for review
see Barbeau et al., 2002), and the benefits are retained for
some time after training (Norrie et al., 2005). The recovery
of sensorimotor functions in behavioral enrichment proce-
dures is based mainly on the facilitation of neuronal
plasticity, including neural or astrocytic growth factor
expression, axonal sprouting, synapse remodeling, receptor
density changes, neural-glial interactions and cell mitotic
activity, differentiation and migration (for review, see Ding
et al., 2005). Studies in rodents and humans suggest that
the timing of the training onset may be important because
a long delay between injury and the commencement of
training appears to reduce the beneficial effects of training
regimens (Norrie et al., 2005; Wernig, 2006). Thus, a delay
period makes SCI victims less responsive to rehabilitative
training (Norrie et al., 2005; Wernig, 2006). On the other
hand, several authors have shown that post-injury training
is task specific; animals that are trained to walk show
improvements in walking, training to stand will improve
standing but not walking, swimming will improve mainly
swimming skills, etc. (De Leon et al., 1998a, b; Hutchinson
et al., 2004; Smith et al., 2006a, b). In the future, it should
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thus be reasonable to combine rehabilitative techniques, as
is being done in humans suffering from SCI. Several
behavioral tests can also be used as training methods, for
example, the use of a horizontal ladder (Norrie et al.,
2005).

10.1. Enriched environment

Although they have no agreed-upon definition, enriched
environments are housing conditions that go beyond
meeting the fundamental requirements of animal welfare
by offering complex and stimulating conditions that are
more conducive to natural behavior than what animals
experience in standard housing (Dobréossy and Dunnet,
2004). Even the most sedentary of people does not
experience as impoverished an environment as a rat living
in an isolated home cage (Schallert and Woodlee, 2005).
The simplest methods of enriching the environment are
increasing the number of cage-mates, introducing addi-
tional objects such as wooden blocks or sticks and
enriching the food with, for example, forage grains or
pellets. Enrichment should also be defined as the presence
of sufficient space for hiding or escaping from conspecifics
in the cage (Tatlisumak and Fisher, 2006). In contrast to
standard housing conditions, animals in an enriched
environment have greater opportunities for sensory and
motor stimulation, activity, social interaction and explora-
tion of the environment (Fig. 3). It has been shown that an
enriched environment promotes neurogenesis within the
population of resting stem cells and enhances the recovery
from central nervous system injury at both the structural
and functional levels (D6brossy and Dunnet, 2004; Rose
et al., 1993; Young et al., 1999). To increase the activity of
animals, dairy food might be placed inside the toys of an
enriched environment (Santos-Benito et al., 2006).

10.2. Treadmill and running wheel training

Locomotor training has been shown to accelerate
locomotor recovery in cats and humans (Barbeau and
Rossignol, 1987, 1994), indicating that training can be a
valuable tool during rehabilitation. For example, the
introduction into clinical practice of weight-supported

Fig. 3. Enriched environment.

training of patients with partial SCI on a treadmill was
firmly based on animal research (Barbeau and Rossignol,
1987; Fouad and Pearson, 2004; Harkema, 2001).

Generally, rats do not spontaneously develop rhythmic
locomotor movements of the hindlimbs following complete
spinal cord transection (Weber and Stelzner, 1977). In
quadrupeds with SCI, there is overwhelming evidence that
neuronal networks, referred to as central pattern genera-
tors, can generate a variety of rhythmic patterns, depend-
ing on the manner in which they are activated, the chemical
environment, and the extent of isolation from other neural
tissue (for review, see Fouad and Pearson, 2004). We know
the central pattern generator for each hind leg is distributed
within the lumbar region of the spinal cord in rodents
(Kiehn and Kjaerulff, 1998). Undoubtedly the greatest
uncertainty is whether central pattern generators exist in
the human spinal cord (Fouad and Pearson, 2004).
Rhythmic stepping movements are not common in patients
with complete SCI, but have been frequently observed in
patients with severe incomplete injury, in both cases
following locomotor training (Dimitrijevic et al., 1998;
Wernig et al., 1999).

From studies on experimental animals it is known that a
motor pattern for locomotion can be expressed following
the application of serotonin (Feraboli-Lohnherr et al.,
1999; Gimenez y Ribotta et al., 1998). The challenge,
therefore, is to facilitate activity in these networks. It has
been shown that treadmill-training techniques (Fig. 4) are
effective in improving the locomotor performance of rats
with incomplete SCI, most probably on the basis of such
activation of the central pattern generator network
(Multon et al., 2003; Thota et al., 2001). However, some
studies found no effect of such treatment (Fouad et al.,
2000).

Similarly, a majority of reports indicates that both
combined pre- and post-injury or isolated post-injury
running wheel training has beneficial effects on the
recovery of neurological functions in spinal cord injured
rats (Engesser-Cesar et al., 2007; Hutchinson et al., 2004;

Fig. 4. Treadmill.



J .S:ed}-: et al. | Neuroscience and Biobehavioral Reviews 32 (2008) 550-580 573

Van Meeteren et al., 2003), but some authors have found
no effect of such training (Erschbamer et al., 2006).
Engesser-Cesar et al. (2007) recently found an increase in
serotonin fiber length caudal to the lesion in the running vs.
non-running groups, indicating the above-mentioned role
of spinal nervous plasticity in terms of the development of
the central pattern generator. Interestingly, they did not
find a significant difference in behavioral outcome in rats
which ran 3 days/week compared to 7 days/week, but both
groups had significantly different behavioral outcomes
from non-runners (Engesser-Cesar et al., 2007). Taken
together, both treadmill and running wheel training might
have an important role in the locomotor training of rats
suffering from SCI. In addition, it is generally believed that
treadmill (Fig. 4) or running wheel-based exercise has
mood-enhancing and anxiety-reducing effects (Burghardt
et al., 2004).

10.3. Swimming

As stated earlier in regards to swimming tests, swimming
is a natural form of locomotion for rodents, including rats,
which involves repetitive stepping-like movements of
unloaded limbs. In comparison with a treadmill, swimming
involves a higher number of step cycles being produced
by the central pattern generator circuitry (Smith et al.,
2006b). However, during swimming, both cutaneous feed-
back and loading of the limbs are significantly reduced
(Muir and Steeves, 1995). It has been recently shown that
swimming improves the functional recovery of spinal cord
injured rats, especially sensory function (Hutchinson et al.,
2004). If artificial cutancous feedback is provided by
adding buoyant centrifuge tubes attached to the bottom
of the pool that touch the feet of the animals during
swimming, locomotion is improved, but only to a limited
extent (Smith et al., 2006a, b). This method was originally
described in experiments with chicks by Muir and Steeves
(1995).

10.4. Robot-assisted hindlimb extension

The development of robot-assisted hindlimb extension
was based on the hypothesis that the training of hindlimb
locomotion would be more efficient if an appropriate swing
motion could be reliably elicited. The robotic “‘rat stepper”
device used in this training method consists of a body
weight support mechanism that can provide precise
amounts of upward force to the torso, two lightweight
robotic arms that can measure and manipulate hindlimb
motion in the para-sagittal planes, and a miniature
treadmill (Fig. 5). Beside its use in training spinal cord
injured animals to step, this device can also be used for
quantifying the body weight that spinal cord injured rats
can support during stepping, for performing a detailed
analysis of weight-supported, bipedal stepping and for
examining the response of the spinal locomotor controller
to small changes in the load on the hindlimbs (Nessler

Fig. 5. Robot-assisted hindlimb extension device. The rat steps bipedally
in the device. while placed in a cloth harness and attached to the end of the
body weight support lever.

et al., 2005, 2007; Timoszyk et al., 2002). The value of
robotic training is limited in complete spinal cord transec-
tion. In addition, and unfortunately, the majority of
rodents used as models are injured as neonates (Timoszyk
et al., 2005), which is in contrast to the usual clinical
situation (Bracken et al., 1985; Sykova et al., 2006b). The
robotic stepper is also limited in its use because most
studies involve bipedal stepping (Nessler et al., 2005, 2007;
Timoszyk et al., 2002, 2005).

11. Electrophysiology and fMRI
11.1. Evoked potentials—transcranial

Animals are anesthetized and motor evoked potentials
are elicited by transcranial electrical stimulation of the
motor cortex using percutaneously placed stainless steel
stimulating electrodes. Responses are recorded from a
peripheral skeletal hindlimb muscle, usually the gastro-
cnemius, using needle electrodes. Conversely, brain activity
can be recorded in response to sensory stimulation, eliciting
somato-sensory evoked potentials (Marsala et al., 2004;
Metz et al., 2000). The advantages of electrophysiological
techniques lie in their direct and precise measurement of
muscle activation, reflex latency and the relative strength of
reflex responses. The disadvantages of these methods
include the implantation of the stimulation electrodes and
the fact that recording devices are required (Fig. 6) (Muir
and Webb, 2000).

For the recording of transcranial magnetic motor evoked
potentials, needle electrodes are introduced into a periph-
eral muscle, reference electrodes into the muscle’s tendon,
and over the skull a magnetic coil, responsible for the
activation of subcortical structures, is placed. Subse-
quently, magnetic pulses are generated; action potentials
descend in the ventral spinal cord and synapse on
motoneuron pools. Electromyograms are recorded from
the peripheral muscle, usually the gastrocnemius. The main
advantages of this technique is its minimal invasiveness, the
possibility of repeated measurements and the consistency
of the results (Cruz-Orengo et al., 2007; Linden et al., 1999;
Loy et al., 2002; Magnuson et al., 1999).
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Fig. 6. Electrophysiological device connected to a computer (right) with a
stereotactic holder (left).

11.2. Motor evoked potentials—intracranial-intraspinal

In this test, the animals are usually anesthetized and
intubated. Atropine is injected to reduce tracheal secretions
and pancuronium bromide for muscle relaxation. Body
temperature is monitored. The animal is placed in a
stereotactic holder (Fig. 6), the skull surgically opened and
the motor cortex is directly stimulated by an electrode
positioned by a micromanipulator. Recording of the
impulse is done by epidural recording electrodes, posi-
tioned after laminectomy at the lumbar level. The motor
evoked potentials are transmitted to and analyzed by
special software (Fehlings et al., 1987; Lee et al., 2005). The
disadvantages of this method are its invasiveness and the
need for specialized devices and operators. In addition,
testing cannot be repeated daily or weekly.

The above-mentioned data studies indicate that evoked
potential monitoring is generally performed in anesthetized
animals to eliminate stress and pain. For transcranial
evoked potentials, intubation of the animals and supple-
mentation with other drugs is usually not necessary,
although for the more invasive evoked potential techni-
ques, such procedures might be of benefit (Fehlings et al.,
1987; Lee et al., 2005).

11.3. Contact electrode recording

This testing method combines the advantages of a
horizontal runway and electrophysiological monitoring.
First, the animals are pre-trained to cross a horizontal
ladder, then they are fitted with small contact electrodes;
eventually, the electromyography electrodes are also
implanted. The contact electrodes, i.e. thin copper wires
twisted into a spindle shape, are attached to the palmar or
plantar surface of the paws by a thin rubber band. After
some time, the rats tolerate the electrodes quite well and do

not try to remove them. The runway is covered with
conductive material connected to a low voltage supply that
enables recording (Gorska et al., 1998). The main
advantage of this method is its accuracy. In addition, no
anesthesia is needed during the testing session (Majczynski
et al., 2007).

11.4. Functional MRI

Functional magnetic resonance imaging (fMRI) is a
precise but challenging method, demanding a special MR-
spectrometer. It is usually performed in anesthetized and
mechanically ventilated rats. Bipolar stimulation electrodes
must be implanted into the forelimbs and hindlimbs.
Muscle relaxation with pancuronium bromide and tem-
perature monitoring are also needed. After the stimulation
of the limb electrodes, a signal in the somatosensory cortex
and/or subcortical sensory areas can be recorded. This
method makes it possible to distinguish between the
recovery of sensory and motor function (Hofstetter et al.,
2003).

12. Systematic protocols

The use of more than one test in a single experiment
decreases the bias level and reduces the variability in
animal performance caused by stress, handling, circadian
rhythms, habituation or post-operative pain. Also, the
degree to which treatment effects are mimicked or masked
by spontaneous recovery and compensatory mechanisms is
reduced. An important issue in combining tests is a
potential partial overlap in outcomes between parameters
due to a common neural basis. For many of these tests, the
pathway involved in mediating the respective behavior is
not completely known. Therefore, tests have to be selected
carefully to cover a broad spectrum of parameters and to
yield reproducible data over days or weeks. The effect of
training must also be considered. Because most tests are
differentially sensitive to the degree of injury, a combina-
tion of tests allows for a more complete and precise
evaluation of the overall deficit than any individual test
alone. Muir and Webb (2000) recommend that the testing
battery should include: (i) a measure of motor abilities
during spontaneous locomotor activity; (ii) a measure of
abilities during one or more trained behavioral tasks; and
(iii) an assessment of reflex function. Several methods and
hints how to correctly choose the right behavioral tests and
how to design an SCI study have been proposed (Basso,
2004; Goldberger et al., 1990; Kunkel et al., 1993; Metz
et al., 2000).

12.1. Combined behavioral score

The combined behavioral score (CBS) was originally
developed by Gale et al. (1985) (see also Kerasidis et al.,
1987). To calculate the CBS, a battery of tests is used,
including toe spread reflex, placing reflex, withdrawal in
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response to stimulation, righting and hot plate tests. Rats
are also tested for coordination between forelimbs and
hindlimbs and weight support during walking, swimming,
and standing on an inclined plane. The CBS ranges from 0
to 100, with 0 indicating no functional deficit and 100
indicating abnormal responses in all of the tests. Our
analysis showed that the CBS is used mainly for evaluating
recovery following contusion injury, followed by compres-
sion models. In both, the lesions were incomplete. It has
been shown to be highly sensitive, therefore optimal for use
with small spinal cord lesions (von Euler et al., 1997). Thus,
for transection, evaluation methods other than CBS should
be employed (Table 5). One problem with the CBS is
similar to that of the BBB: it is not a linear test and thus
points in the score represent more or less discrete aspects of
behavior. Most importantly, because the final value is
computed using a battery of different tests, the same value
in two animals might reflect two different levels of
recovery. For example, the first animal exhibits rapid
locomotor recovery (weight support, swimming), the
second one recovers sensory and sensory-motor pathways
(reflexes, hot plate), and both achieve the same score. In
extreme cases, the first animal is actively moving around,
exploring the open field, but would easily hurt itself if it
contacts some sharp or hot object. The second one would
react to all sensory stimulation, but it is not able to move
itself for even a few centimeters. Which one recovered more
rapidly?

13. Conclusions

For the evaluation of functional recovery after SCI in
the rat, several sensory, motor or autonomic behavioral
testing methods as well as electrophysiology and fMRI can
be used. Fundamentally, the more general the test, the
broader its scope and the lower its precision. In addition,
the greater the test’s applicability, the less sensitive it tends
to be. Before beginning a study, the proper selection of
previously crosschecked behavioral testing methods is
crucial for the success of the study.
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SOUHRN

Neurogenni plicni edém je komplikace zavazného potkozent centrélntho nervového systému. Centrem vzniku neurogenniho plicniho edému je
s nejvéRii pravdépodobnosti skupina jader rostrélni ventrolaterlni prodlouzené michy, které jej spousti na podkladé kembinace hyperakfivace
iejich aferentnich drah a ndhle zvyseného intrakranidlniho tlaku. V patogenezi neurogenniho plicniho edému hraje zasadni roli sympaticky
neryovy systém, ktery spousti rychlou kaskadu d&ju, vedoucich k intersticiélnimu a intraalveolarnimu edému, ktery dopliiuje vyrazné hemoragicka
slozka, V diagnostice neurogenniho plicniho edému mé zésadni vyznam fyzikalni vySetfeni a RTG hrudniku. Diferenciding diagnostické tvaha
neni snadnd, aviak 3ance na spravnou diagnézu vyrazné rostou, pokud Iékar da do souvislosti poskozent centrélntho nervového systému a plicni
potize. Cilend kurativni lé¢ba neurogenniho plicniho edému dosud neexistuje, proto je smyslem terapeutickych snah zejména lé¢ba podpirnd
a symptomaticka. Jako nejduleZitéjsi opatfeni se jevi kontinudlni monitorace stavu pacienta, polohovéni pacienta a podpora ventilace
a oxygenace. V soucasné dobé existuje nékolik experimentlnich modeld, které je mozné vyuzit pro studium efiopatogeneze i lécby neurogenniho
plicniho edému. Hlavnim cilem experimentdinich snah je ziskani preventivniho a ferapeutického pfistupu, ktery umozni zabranit a véas lécit
neurogenni plicni edém. Z tohoto hlediska je zafim nejvice slibny atropin.

Klicova slova: neurogenni plicni edém, poranéni mozku, poranéni michy, sympaticky nervovy systém.

SUMMARY

Sedy J. Neurogenic pulmonary oedema

Neurogenic pulmonary oedema is a complication of severe central nervous system injury. The centre of neurogenic pulmonary cedema is
assumed fo be a group of dorsal ventrolateral medulla nuclei, which are activated by a combination of afferent pathway hyperactivity and
a sudden increase of intracranial pressure. The sympathetic system plays a crucial role in the pathogenesis of neurogenic pulmonary cedema by
activating a rapid cascade of processes, leading to intersfitial and intraalveolar oedema, together with important haemorrhage. For the diagnosis
of neurogenic pulmonary oedema, physical examination and chest X-ray are crucial. The differential diagnosis is not easy, but the chances of
proper diagnosis are increased when the relation between the central nervous system injury and the pulmonary problems is considered. Targeted
curative freatment of neurogenic pulmonary cedema does not exist yet; thus, the freatment options are mainly supporfive and symptomatic. The
most important ones are continuous patient monitoring, posture and ventilation and oxygenation support. There are several experimental models
that can be used for studying the efiopathogenesis or treatment of neurogenic pulmonary oedema. The main goal of experimental studies is to

elucidate a preventive and therapeutic approach that is able o prevent or freat neurogenic pulmonary oedema. I this context, the most promising

agent is atropine,

Key words: neurogenic pulmonary oedema, brain injury; spinal cord injury, sympathetic nervous system. Se.
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uvoD

Normaini funkce plicni tkéné vyzaduje co nejtenci barieru
pro vymeénu plynt mezi krevnim reéiétém a vzduchem v plicich.
Za normalnich okolnosti je pohyb tekutiny pfes sténu cév piis-
né regulovan. Pokud dojde k poruse tohoto mechanismu z nej-
riznéjsich pficin a relativni nebo absolutnimu zmnozeni teku-
tiny v oblasti mimo cévni feéisté na Ukor tekutiny uvniti cév,
vznika otok tkané — edém. Plicni edém muize mit celou fadu
pricin, muZe probihat rizné zavazné, s do€asnymi nebo trva-
lymi diisledky (1). Pro klinickou praxi je dulezité, ze plicni edem
pomeérné casto zasadné komplikuje zdravotni stav pacienta
a miize dokonce vést navzdory intenzivni 165bé k jeho smiti.

Neurogenni plicni edém (NPE) je definovan jako akut-
né vznikly intersticialni a/nebo intraalveolarni edém plicni
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tkané, ktery vznika na zakladé pfedchoziho poskozenf tka-
né centralniho nervového systému (CNS) (2). Jako prvni
popsal NPE Shanahan jiz v roce 1908 jako komplikaci opa-
kovanych epileptickych zachvati u jedenécti pacientt a byl
to praveé on, kdo spojil tézké poskozeni CNS se vznikem
plicniho edému, a zaroven prvni, kdo pouzil pro tento
edém nazev ,neurogenni“ (3). Neurogenni plicni edém
vznika fadové v minutach az hodinach po poranéni CNS.
Vzhledem k jeho ,neurogenni* povaze jej fadime k nekar-
diegennim (extrakardialnim) plicnim edémuim. Z hlediska
mechanismu vzniku se v8ak jedna o pomérné unikatni kli-
nickou jednotku, nebot se zde synergicky uplatriuji oba za-
kladni mechanismy vzniku plicniho edému, jmenovité vy-
soky tlak intravaskularni a intersticidlni tekutiny spoleéné
se zvy$enou permeabilitou soudasti plicniho parenchymu,
které se u jinych typl edému vyskytuji izolovang (4). Kro-
mé toho je zde hemoragicka slozka vyjadiena vyrazné vi-
ce, nez u kteréhokoliv jiného edému. Podle dostupnych
statistickych Udaju by se mohlo zdét, Ze se jedna o velice
vzacnou klinickou jednotku. Velice rozporuplna data vsak
naznacuji, Ze je tato jednotka spige fazena mezi ostatni
plicni edémy a neni kladen diraz na jeji neurogenni pu-
vod. Neurogenni plicni edém bohuzel klinicky obraz ostat-
nich plicnich edémi pouze pfipomina, jeho nebezpedi



tkvi ve vySe zminénych patofyziologickych odliSnostech,
v jejichz dusledku je Casto klinicky pribéh vyrazné pro-
menny, a tedy i hife predvidatelny, coz muze vést k dra-
matickym situacim.

EPIDEMIOLOGIE NEUROGENNIHO
PLICNIHO EDEMU

Neni snad na svété klinicka jednotka, jejiz epidemiologic-
ka data by vykazovala tak rozporuplné vysledky jako praveé
NPE. Podle riznych klinickych studii se NPE vyskytuje v 1
az 71 % pripadl poskozeni CNS. VétSina studii nastésti na-
znacuje, ze pravda bude zfejmé nékde uprostied, okolo
20-30 % pacientl s tézkym, nahle vzniklym poSkozenim CNS.
Nizsi ¢isla jsou pravdépodobné zavinéna skutecnosti, Ze NPE
je u celé fady pacientt s poskozenim CNS maskovan jinymi
faktory, nebo je jeho vyznam v dané chvili povazovan za dru-
hofady, vzhledem k ¢asto velmi tézkému celkovému klinicke-
mu stavu a nutnosti feSeni dulezitéjSich, akutné zivot ohro-
Zujicich stav(l (akutni tepenné krvaceni, po€inajici znamky
herniace mozkové tkané apod.). Zvysena &isla jsou pak prav-
dépodobné zplsobena oznacenim jakéhokoliv plicniho ede-
mu za neurogenni, coZ je opacny extrém. Mortalita NPE se
pohybuje okolo 10 % (5)-

OBECNA ETIOPATOGENEZE PLICNIHO EDEMU

Plicni edém obecné vznika na podkladé porusené rov-
novahy intravaskularni a intersticialni tekutiny. Muze vzni-
kat z celé rady pricin, které vedou k jednomu nebo vice z na-
sledujicich d&ji: 1. zvySeni kapilarniho hydrostatického
tlaku predstavuje nejcastéjsi pficinu. Vznika pfi pretiaku
v zilnim systému plic, ktery mize byt zptsoben jak vlastni-
mi plicnimi cévami, tak poruchou pfecerpéavani krve levym
srdcem. Dal$im dtivodem muze byt zvySeni objemu cirku-
lujfcich tekutin bud v celém organismu, nebo vyznamna
centralizace obéhu do oblasti Zivotné dulezitych organd,
zplisobena nejriznéj$imi pfi¢inami; 2. zvySeni propustnos-
ti kapilarni st&ny — tento mechanismus vznika na podkladé
pfimého nebo humoraliné podminéného rozsifeni prostoru
mezi jednotlivymi endotelovymi burikami, pfipadné jejich po-
gkozenim. Vede k nartstu extravazace tekutiny a krevnich
elementil do intersticia a odtud eventuélné do intraalveo-
larniho prostoru; 3. zvySeni povrchového napéti vnitini plo-
chy alveoli — vznika v okamziku, kdy v dusledku poskoze-
ni nebo zmény struktury surfaktantu, které vede ke zméné
vlastnosti na hranici vzduch-tekutina, kolapsu pfislusnych
gasti plic a aniku tekutiny do alveoli; 4. sniZzeni onkotické-
ho tlaku krevni plazmy — vznika pfi relativnim nebo abso-
lutnim poklesu mnozstvi bilkovin krevni plazmy, zejména al-
buminu. Vysledkem je zména osmotického gradientu a unik
tekutiny z intravaskularniho prostoru do intersticia a 5. sni-
zeni lymfatické drenaze plicniho parenchymu — vznika na
podkladé z&nétu nebo metastatického rozsevu (6, 7). M-
Ze byt rovnéz vrozena. Vede k nedostate¢nemu odvadeni
lymfy plicni tkani a jejimu hromadéni v plicnim parenchymu.
Predstupném plicniho edému je prekrveni plicniho paren-
chymu — kongesce plic. Vlastni plicni edém se projevuje
zvydenim tekutiny nejdfive v mezibunétné hmoté plicniho
parenchymu — intersticialni edém, nasledné unikem tekutin
do oblasti plicnich sklipkd — intraalveolarni edém a dale i do
dalsich tsekd dychacich cest. Neurogenni plicni edém je
charakterizovan vyznamnym stupném dilatace plicnich ka-
pilar, kongesci kapilar krvinkami, intraalveolarnim krvacenim
a intersticialnim (perivaskularnim) a intraalveolarnim edé-
mem, ktery je tvofen na proteiny bohatym tkafnovym mokem
— exsudatem, jeZ obsahuje vice neZ 70 % plazmatické hia-
diny proteind.

ETIOPATOGENEZE NEUROGENNIHO
PLICNIHO EDEMU

Ackoliv je v etiologii NPE podezfivana cela fada mecha-
nism, neni pies viechny snahy etiopatogeneze NPE dodnes
spolehlivé vysvétiena. Etiologie NPE je dnes nejcasteji defi-
novana jako neuro-humoralné-stresova. Pfedpokladany me-
chanismus rozvoje NPE ilustruje obrazek 1. Patofyziologicky
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Obr. 1. Pfedpokladany mechanismus rozvoje neurogenniho plicniho
edéemu

piedstavuje vznik NPE nerovnovahu Starlingovych sil, odvis-
lych od permeability kapilarniho endotelu, cévniho povrchu
a hydrostatického a osmotického tlaku (4, 6-8). Roli Starlin-
govych sil pfi vzniku NPE vymezuje Starlingova rovnice (9).
Podle této rovnice je mira exfluxu tekutiny pfimo tmeérna hyd-
rostatickému tlaku v kapilafe a nepfimo umérna onkotickemu
tlaku v kapilafe. Zatimco za normalnich okolnosti je vétSina
této tekutiny odvadéna systémem lymfatickych cév zpét do Zil-
niho reGisté, v pripadé zvySeného Uniku tekutiny extravasku-
|arné tyto mechanismy brzy nedokaZi tento déj dostatecné
kompenzovat a rozviji se nejprve intersticidlni a nasledné in-
traalveolarni edém plic. Pfi extrémné nahlych objemoveé-tla-
kovych zmé&nach v plicnim kapilarnim fecisti navic dochazi
k mechanickému poskozenfi kapilarnich stén a extravazaci
krevnich elementl, coz je typické pravé pro NPE.

Role poranéni nervového systému

Neurogennl plicni edém se rozviji nejéastéji v fadu hodin po
podkozeni CNS nebo akutni exacerbaci chronickeho one-
mocnéni mozku nebo michy. Velmi rychle se rozvijejici NPE
se mize vyvinout i v fadu minut aZ desitek minut, tento typ je
viak spise vzacny. Nejcastji se rozviji u tézkych traumat CNS,
u pacient( s epilepsii a v pfipadech subarachnoidalniho kiva-
ceni. Méné éasto se vyskytuje u pacientli se subduralnim kr-
vacenim, intracerebralnim nebo intramedularnim kvacenim,
hyponatremické encefalopatie, meningitidy, intrakranialnich
a intraspinalnich tumor spojenych s rozvojem hydrocefalu,
u lupus erythematodes a u zachvatu roztrousené skler6zy (8).
Kromé toho muze NPE vzniknout velmi vzacné i iatrogenné pii

neurochirurgickych zakrocich. Podobny mechanismus vzniku

jako v pfipadé NPE je podezfivan i u plicniho edému vznika-
jiciho na podkladé feochromocytomu a u hand, foot and mouth
disease (10, 11). Relativné sporné je oznaceni NPE u toxic-
kych poskozeni tkané CNS exogennimi substancemi, jako jsou
salicylaty (12), heroin (13), metadon (14). Efekty téchto latek
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jsou ne(l;dy pfirovnavany k experimentalnimu modelu NPE, kte-
?OJZIH 'uk_ovan vpravenim veratrinu do cisterna magna. Neu-

genni plicni edém byl popsan az u 20 % tézkych poranéni
mozku, charakterizovanych Glasgow coma scale < 8 (15). Stu-
die Roge_rse etal. (16) popisuje vyskyt NPE ve 32 % pfipadech
poranéni mozku s nasledkem smrti, pfidemz 50 % pacienti
SVNI?E zemrielo do 3 dnl. Vyskyt NPE byva v pfipadech pora-
neni ,mozku nejcastéji sdruzen s nahlym vzestupem intrakra-
nialniho tlaku (17). Byly vSak popsany i pfipady, kde prokaza-
telné ke vzestupu intrakranialniho tlaku nedoslo a presto se
edem rozvinul (18). Poskozeni plic v disledku NPE je vedle in-
fekce nejcastéjsi pricinou kontraindikace jejich pouziti pro
transplantaci u pacientu s diagnostikovanou mozkovou smrti.
Trulock (19) udava, ze NPE je jednou z pficin toho, Ze pouze
20 % multiorganovych darcti ma plice ve stavu vhodném
k transplantaci. Subarachnoidalni krvaceni, vznikajici zejmeéna
na podkladé ruptury aneuryzmatu mozkové tepny, je jednou
z nejcastéjsich piicin NPE. Velmi vyznamna data udava studie
Weira (20) popisujici vyskyt NPE u 71 % pfipadu fatalniho sub-
arachnoidalniho krvaceni. Z této studie vsak vyplyva, Ze pou-
ze 31 % pacientl mélo klinické znamky NPE v obdobi pied
umrtim. V rozsahlé retrospektivni studii na 477 pacientech na-
lezli Muroi et al. (21) NPE u 8 % pacientt. U vSech pacientd
se jednalo o rozsahly plicni edém s vyraznou hemoragickou
slozkou. Edém byl signifikantné ¢astéjsi u pacientl, u kterych
se pricina nachazela v dorzalni ¢asti Willisova tepenného okru-
hu. Zvyseny intrakranialni tlak byl nalezen u 67 % pacientl
s edémem. | kdyz byly u 83 % pacientti nalezeny zvysené sr-
deéni markery, zadny z pacientli nemél v anamnéze ani v pru-
béhu hospitalizace zjisténu zavaznou srdecni vadu. Neuro-
genni plicni edém mél zasadni dopad na navrat neurologickych
funkci; Glasgow coma scale nizsi nez 4 mélo vice nez 77 %
pacienti s NPE ve srovnani s 25 % pacientt bez NPE. V pfi-
padé subarachnpidalniho kivaceni byl opakované popsan po-
zdni nastup rozvoje NPE, ktery se vyvijel i nékolik dni po nej-
vyznamnéjSi atace krvaceni. Kromé toho se zpocatku mirny
edém po rnizném obdobi latence nebo zdanlivé rezoluce opét
rozviji ve vyrazné t6z8i az smrtelny stav (22). Epilepticky za-
chvat je jednou z nejcastéjsich netraumatickych pricin NPE.
Nejcastéjsi pficinou je zachvat typu grand mal. Neurogenni
plicni edém se zde vzdy rozviji v obdobi po viastnim epilep-
tickém zachvatu, u jednoho jedince i vicekrat za Zivot (4, 23,
24). Ve studii Mulroye et al. (23) bylo zjisténo, ze NPE ohro-
7uje zejména détské pacienty s epilepsii. Cela fada experi-
mentalnich dat a klinickych zku$enosti ukazuje, ze NPE mu-
e rovnéz zplsobit nahla hyperaktivace vétdiho mnozZstvi drah,
které vedou do center NPE. Typicky nastava tato situace u sub-
arachnoidalniho kivaceni (2) nebo kompresni léze v hrudni ¢as-
ti michy (25-28). Experimentalni data ukazuji, Ze anestezie,
aplikovana epidurainé nebo intrathekalné do mista léze miize
rozvoji NPE zabranit, coz Ize velmi dobfe sledovat i ve vymi-
zeni hemodynamické odpovédi (6, 29). Experimenty na venti-
lovanych zvifatech ukazaly, ze NPE mizeme zabranit, pokud
provedeme transekci kréni michy nad Grovni nebo pfimo
v trovni midni C7 (30, 31). V této oblasti se totiz nachazeji dra-
hy sympatiku, které pfevadéji tyto autonomni signaly do oblasti
plic. Vzato z opaéného pohledu, rozvoj NPE muzeme poten-
covat, pokud mi$ni drahy v této Grovni stimulujeme.

Role intrakranidiniho tiaku

Epidemiologicka data ukazuji, ze NPE vznika zeiméuna pfi
rozsahlejsich poskozenich CNS, s vyraznym podilem pfipadu
se zvydenym intrakranialnim tlakem. V experimentu bylo pro-
ké&zano, ze pii nahlém zvyseni intrakranialniho tlaku'dochz‘az[
ke zvyseni tlaku systémového a mirnému zpomaleni srdecni
frekvence béhem 1 minuty. ZvySeni systémového a plicniho
tiaku spojené se zvyenym Zilnim navratem, pozitivné ino-
tropnim Géinkem na srdce a zvySenym srdecnim vydejem v za-
vislosti na zvyseni tlaku intrakraniainiho se oznacuje jako Cu-
shinguv reflex (5). Cilem tohoto reflexniho mechanismu je za
kazdou cenu perfundovat otékajici tkan CNS proti rostouci pe-
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riferni kapilarni rezistenci; jeho disledkem je viak plicni edém.
Cushing sam vysvétlil tento reflexni mechanismus na zakladé
skuteénosti, Ze se v prodiouzené mise hodnoty intrakranialni-
ho tlaku pfiblizi hodnotam tlaku systémového a mozkovy per-
fuzni tlak klesne pod prahovou hodnotu, pfi které je mozkova
cirkulace jesté schopna autoregulace a zajisténi 100 % nutrié-
nich potfeb (32). PFi injekci piné kive nebo roztoku albuminu
do cisterna magna umira 50 % pokusnych zvifat na kompli-
kace spojené se vznikem NPE. Pfiton mnoZstvi vpravené te-
kutiny je mnohem dulezitéjsi nez jeji slozeni. Néktefi autofi pro-
kazali, Ze role zvySeného intrakranialniho tlaku pfi vzniku NPE
je dana zejména tlakovou ischemii jader prodlouzené michy
a deformace mozkového kmene, které vedou ke Cushingové
qdpovédi. zejména ve smyslu zvy3eni krevniho tlaku (sympa-
tikus) a poklesu srde¢ni frekvence (parasympatikus) (33). Dnes
se ukazuje, Ze mechanicka deformace mozkového kmene ma
mnohem vétsi vliv na rozvoj systémové odpovédi, jejiz sou-
¢asti je i NPE, nez ischemicka slozka ve smyslu Cushingovy
teorie. Jini autofi prokazali, Zze pfi provedeni bilateralni adre-
nalektomie pfed zakrokem na miSe ke zvySeni systémového
tlaku ani zménam srdecni frekvence nedochazi. Na druhé stra-
né, oboustranna vagotomie nema zadny protektivni efekt pfi
vzniku NPE, naopak rozsah edému jesté vice zhorsuje. Zvy-
Seny intrakranialni tlak prokazatelné poskozuje centra v pro-
dlouzené mise, ktera jsou podezfivana ze spusténi sympatic-
ké boure. Klinické studie ukazuji, Zze subarachnoidealni
krvaceni z ruptury aneuryzmatu v povodi arteria vertebralis ve-
de ke vzniku NPE ¢astéji neZ ruptura aneuryzmatu v jiné lo-
kalizaci. Nepfimé dukazy nasvédéuji tomu, Ze ztrata krve ma-
ze mit ,protektivni® vliv pfi rozvoji NPE, nebot se nemohou
v dostateéné mife uplatnit vyznamné tlakové zmény, zpliso-
bené sympatickou bouii. Z doby valky ve Vietnamu pochazi ka-
zuistika vojaka, ktery byl stfelen nejdfive do bficha a poté do
hlavy. Kulka, ktera zasahla brisni dutinu, zpusobila laceraci ve-
na cava inferior a masivni vnitini krvaceni. Vojak zemrel na na-
sledky poranéni mozku, v plicich véak nebyly nalezeny zadné
znamky plicniho edému (5).

Hyperaktivace sympatického nervového systému

Na vzniku NPE se nejpravdépodobnéji podili nahle vznikla
systémova alfa-adrenergni stimulace sympatiku a uvolnéni va-
zoaktivnich substanci, oznacovana jako katecholaminova bou-
fe nebo méné casto Cushingova odpovéd. Vysledkem je ge-
neralizovana vazokonstrikce a nanist systémoveho a plicniho
tlaku, vedouci k centralizaci obéhu. Nasledkem téchto zmén
je zvy$eni plicniho hydrostatického tlaku, poskozeni cévni
a alveolarni stény, nanist permeability alveolarni stény a uvol-
fiovani tekutiny a krevnich bunék do intraalveolarniho pro-
storu. Patofyziologicky mechanismus, ktery se snazf vysvetlit
vznik nahlych rozsahlych hemoragii do plicniho paren_c_hyr’qu
na zakladé katecholaminové boufe, se oznacuje jako teorie
vybuchu. Role sympatického systému pri rozvoji N?E byla pfi-
mo i nepfimo prokazana celou fadou experimentu s._'vyuiillm
nejniznajsich experimentalnich modeld. Prikladem je studie
Novitzkyho et al. (34), ktefi na opi¢im modelu -zabraml? roz-
voji NPE, indukovaného nafouknutim balonku intrakranialng,
chirurgickou sympatektomii. Farmakologickym korelatem teé-
to studie je nase zjisténi, Ze preventivni podani 'gangIIPvého
blokatoru pentolinia zcela zabréani rozvoji NPE u potkanu s po-
ranénim michy (25). Celkovy pohled na tyto experimenty na-
vic ukazuje, Ze ¢im ma pokusné zvite vice rozvinuty plicni au-
tonomni systém, tim pravdépodobnéji a tim téz8{ rozvine NPE.
O nachylnosti k jeho rozvoji tedy vypovida jiz samotny mor-
fologicky substrét (8). Néktefi autofi, aby zduraznili roli plic-
niho Fedisté a sympatiku pfi jeho vzniku, razili pro NPE ter-
min neurohemodynamicky plicni edem (8). Nasledky
katecholaminové boufe jsou zvySeni -syst'é_n‘iov.épo a plicniho.
krevniho tlaku, pokles tepové frekvence, centralizace krevni-
ho obshu, zvySeny venézni navrat, zvySeni levostranného
end-diastolického tlaku, zvy$eni kapilarniho hydrostatického
tiaku a extravazace tekutiny, vedouci k plicnimu edému.



Role krevniho tlaku a tepové frekvence

) V experimentech na zvifatech bylo opakované prokazano,
Ze rozvoji NPE piedchazi nahlé vyznamné zvySeni systémo-
vehq krevniho tlaku. Blessing et al. (35) pozorovali zvySen|
sgstemového tlaku 0 40 mm u kraliku, kterym experimental-
né vyvolali NPE pomoci bilateralni destrukce A1 neurond
v medulla oblongata. Reis et al. (36) vyvolali NPE pomoci lé-
ze nucleus tractus solitarii na modelu laboratorniho potkana
a predpokladali, ze smrt zvifete nastava na zaklade levo-
stranného srde¢niho selhani v terénu tézké hypertenze. Bless-
sing et al. (35) pozorovali zvySeni cévni rezistence v abdo-
minalni aorté bezprostfedné po inzultu, spoustéjicim NPE
0 350 %. Bradykardie je ¢astym privodnim jevem pii rozvoji
NPE. Experimentalné bylo pozorovano, ze bradykardie vzni-
ka soubézné s elevaci systémoveho tlaku (35). Podkladem
bradykardie je pravdépodobné, podobne jako pfi aktivaci sym-
patiku, komprese a ischémie mozkového kmene. Bradykardie
pfimo nasleduje zvySeni intrakranialniho tlaku. Jadra mozko-
vého kmene, odpovédna za tuto reakci, jsou pravdépodobné
nucleus tractus solitarii a nucleus ambiguus. Experimentalni
data ukazuji, ze osu ,mozkovy kmen — srdeéni frekvence’ ne-
nf mozné ovlivnit zménami systémového krevniho tlaku. Zaji-
mavé je, Ze experimentalni intrakranialni hypertenze na levé
strané mozkoveého kmene ma vyrazné veétsi vliv na rozvoj aryt-
mii nez na strané prave. Pravdépodobné je to dano asyme-
trickou autonomni periferni inervaci srdce (37). Z téchto po-
kus(l je zfejmé, Ze bradykardie pozorovana u NPE muize
vznikat vice na zakladé ovlivnéni center v CNS nez na pod-
kladé periferniho baroreflexu (27). Bradykardii u NPE je moz-
né zvratit pomoci bilateralni vagotomie nebo léze nucleus dor-
salis nemwi vagi.

Vyznam parasympatického nervového systému

Nervus vagus predstavuje jediny zdroj parasympatiku plic.
Stimulace nervus vagus, napriklad pomoci acetylcholinu, in-
dukuje plicni vazodilataci a snizeni kapilarniho hydrostatic-
kého tlaku. Pusobeni acetylcholinu je pfitom dvojiho typu —
jednak puisobi na muskarinové receptory plicni hladke svalo-
viny cév, ktera takto ochabuje, jednak v plicnim cévnim fe-
Gisti inhibuje uvolfiovani katecholamini (38). Naproti tomu,
uvolnéni vazoaktivniho intestinalniho polypeptidu z nervus va-
gus je prikladem pusobeni alternativni, non-cholinergni, non-
adrenergni cesty. V experimentech na morceti, kralikovi
a potkanovi bylo ukdzano, Ze oboustranné pretéti nervus va-
gus (bilateralni vagotomie) je schopné samo o sobé vyvolat
plicni edém. A¢koliv byl tomuto edému pivodné pfifazovan
stejny patofyziologicky mechanismus jako edému neurogen-
nimu — tj. excesivni aktivace sympatiku na zakladé vyrazeni
parasympatiku, tedy ono Uplné odstranéni zavazi z jedné mis-
ky vah a tiplné prevazeni misky druhé (39), dalsi experimen-
ty tyto livahy nepotvrdily. Ukazalo se totiz, ze bilateralni va-
gotomie pod odstupem nervus laryngeus recurrens plicni edém
nevyvolava, a byly tak potvrzeny Uvahy skeptik, ktefi tvrdili,
e tento druh edému je zpusobem obstrukci dychacich cest
v disledku laryngedliniho a bronchidlniho spazmu. Obstruk-
ce dychacich cest vyusti ve zvySené nasavani a hromadéni
vzduchu v postizenych plicnich segmentech. V nepostizenych
plicnich segmentech vznika reflexnim mechanismem nega-
tivni intersticialni tlak, ktery vyusti ve zvyseni transkapilarni-
ho filtraéniho tlaku v pfevzdusnénych castech plic a dochazi
k rozvoji plicniho edému. Nakonec se ukazalo, ze bilateralni
vagotomie pod odstupem nervus laryngeus recurrens nema
ani stupfujici ani protektivni viiv na rozvoj NPE (8). Hlavnim
nebezpedim NPE je zejména nahly a velmi razantni rozvoj,
ktery mize béhem nékolika minut ukonéit Zivot pacienta (40,
41). Z vélky ve Vietnamu pochazi kazuistika naprosto zdra-
vého vojaka, ktery byl v pribéhu bitvy stfelen zezadu do hia-
vy a na misté padl mrtev. Jeho pitva prokazala masivni NPE,
vznikly na zakladé rozsahlého poranéni mozku a zaroven vy-
Jougila jinou pficinu plicniho edemu (5). V jeho patogenezi hra-

je vyznamnou Ulohu hemoragické slozka, ktera je nejvice vy-
jadrena pravé u tohoto typu plicniho edému. V nasich experi-
mentech vedla masivni exsudace sangvinolentni tekutiny z plic
k tmrtf vice nez 40 % pokusnych zvifat s nizkou hladinou iso-
fluranové anestezie ve velmi kratké dobé (25, 26). Vznik NPE
muze byt navic potencovan plicnf kapilarnf vazokonstrikei ne-
bo zménami ve sténdch plicnich cév v disledku systémové
choroby, jak bylo popsano v pfipadé systemového lupus eryt-
hematodes. Z fady experimentl vyplyva, Ze zvyseny krevni
tlak hraje sice velmi duleZitou roli, neni véak jedinym zdro-
jem rozvoje NPE. V roce 1981 provedli Hoff et al. pokus, ve
kterém modelovému zvireti pomoci pousténi Zilou regulovali
tlak na normalni hodnotu v kritické dobé rozvoje NPE. Neu-
rogenni plicni edém byl sice mensiho rozsahu, jeho rozvoj byl
vSak pravidlem (42). Podobnou zkuSenost mame i u nasich
experimentalnich zvifat — pokud zvife béhem vykonu v ramgi
experimentalniho poranéni michy vice kivéci, existuje mensi
pravdépodobnost, ze zemte na nasledky NPE; edém vSak vy-
tvofen bude. Tato zjisténi odpovidaji hemadynamickym vlast-
nostem krevniho fecisté (28).

Poskozeni myokardu

V disledku zavaznych hemodynamickych zmén dochazi
v prilbéhu rozvoje NPE i k sekundarnimu poskozeni myokar-
du. Syndrom byva ¢asto oznacovan jako syndrom myokar-
dialniho otfesu (angl. neurogenic stunned myocardium) nebo
Tako-Tsubo kardiomyopatie. Projevuje se nejCastéji reverzi-
bilni generalizovanou hypokinezi srde¢niho svalu, doprova-
zeného snizenou ejekéni frakei. Vznik syndromu myokardial-
niho otfesu je nejpravdépodobnéji zplusoben nahlym
vzestupem sérovych katecholamind, ktery je jednim z me-
chanismu, spoustéjicich NPE. Kromé toho se muze podilet
i katecholaminy vyvolany narist systémove cevni rezistence.
Syndrom je podminén generalizovanym vyskytem mikrone-
kréz v srde¢nim svalu (43). Mimoradneé dulezité je zjisténi, ze
navzdory tomu, 7e syndrom myokardidlniho otfesu vede
v akutnim stadiu ¢asto k vyraznému zhorSeni az smrti pa-
cienta, pfi zvladnuti této situace nezanechava na myokardu
témé&F zadné funkéné-morfologické stopy a v pribéhu 4-5 dnd
se spontanné upravi. V téchto mistech tedy spociva velky po-
tencial pro budouci vyzkum, jehoZ cilem by mélo byt tera-
peuticky ochranit srdeéni sval proti pisobeni negativniho vi-
vu NPE a pomoci mu aktivné preklenout nejtézsi obdobi,
s vyhledem v&domi, Ze v nasledujicim obdobi bude schopen
spontanni restituce ad integrum. Diferencidlné diagnosticky
miZe byt nékdy obtizné odlisit syndrom myokardialniho otfesu
od infarktu myokardu (44).

Latky ovliviiujici vznik a rozvoj neurogenniho plicniho edému

Rozvoj a stuperi NPE ovliviiuje cela fada farmak a neu-
rohumoralnich ptisobk. Mezi nejvyznamnéjsi patii adrena-
lin, noradrenalin, neuropeptid Y, pentolinium, atropin a oxid
dusnaty (28, 45). Adrenalin a noradrenalin hraji prokazatel-
né roli v pribéhu katecholaminové boufe, infuze adrenalinu
a noradrenalinu véak per se NPE nezpUsobuije (46). Neuro-
peptid Y je neurohumoralini pisobek, ktery ma celou fadu
farmakologickych tginkd, jako napf. antinociceptivni, anxio-
Iyticky a orexigenni (zvySujici chut k jidlu) a roli v m
cirkadianniho rytmu (47). Pokud je experimentalné do
vpraven neuropeptid Y, ktery je mimojiné spoleé
renalinem vyluéovan sympatickymi nervy, a zvy
peit plicni vazodilatace a plicni vaskularni p
aguje organismus pokusného zvifete z
vaskularni permeability a vznikem NPE.
tom pusobi pfimo na endoteloy
schopen plisobenim na GABA
minergni nervové drahy ovliv I
drovni CNS (47). Ruzné druhy aneste
barbital nebo ketamin, jsou )
ceptory pro neuropeptid Y, a
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vznik NPE (40,41). NaSe prace prokazaly, ze podani pento-
linia nebo atropinu dokaze zvratit rozvoj NPE (25, 28, 45).
Experimentalni udaje ukazuji, ¢ endogenni opioidy (napf.
endorfiny) jsou zodpovédné za zvyseni plicni vaskularni per-
meability a objem extravaskularni tekutiny na podkladé zvy-
seni nitrolebniho tlaku (48). Tato zjisténi jsou zalozena na
zaklade pozorovaného protektivniho vlivu naloxonu (anta-
gonista opioidnich receptort) pfi rozvoji NPE. Bylo proka-
zano, Ze podani fentolaminu je schopno zabranit rozvoji NPE
(49-51). Experimentalni i klinicka data ukazuji, Ze beta-ad-
renergni slozka je pfi rozvoji NPE méné vyznamna. Colgan
et al. (52) ukazal na psim modelu hypertenze, Ze proprano-
lol redukuje plicni intravaskularni tlak a rozsah plicniho zkra-
tu. Pfi pouziti naseho modelu NPE jsme prokazali, ze pro-
pranolol ma mirné protektivni U¢inky na jeho rozvoj, které
jsou vSak nesrovnatelné méné vyrazné ve srovnani s alfa-
adrenergni blokadou (27).

ANAMNEZA, KLINICKY OBRAZ A VYSETRENI

Z anamnestickych udaji jsou z hlediska NPE dualeZité ze-
jména parametry souvisejici se sou¢asnym onemocnénim
CNS. Obecné fe¢eno jsou priznaky NPE pomérné riznorodé
a Gasto nespecifické. Diagnostika proto neni ¢asto snadna.
Velmi dulezité je dat tento klinicky stav do souvislosti s akut-
né vzniklym poskozenim CNS. Pokud je vSak jiz jednou po-
mysleno na NPE, potvrzeni diagnézy necini obvykle potize.
Klicovym vySetienim pro diagnostiku NPE je fyzikalni vySet-
feni (zejména védomi, srdecni a dechova frekvence, krevni
tlak, typ dychani, pokiep a poslech plic).

Subjektivni priznaky

Mezi subjektivni pfiznaky NPE patfi:
1. nahle vznikla dusnost (dyspnoe) — vznika zejména v du-
sledku zvysené dechové prace a vétsich tlakovych zmén a na-
péti v hrudnim kosi a v plicnim parenchymu;
2. bolesti na hrudi — vznikaji ze stejnych pficin jako dusnost,
nemaji charakter stenokardir;
3. zhorsené odkaslavani — je zplisobeno pretizenim dychaci-
ho svalstva pfedchozi namahou a nemoznosti kaslem od-
stranit edematézni tekutinu v alveolarnich ¢astech plic;
4, bolesti hlavy, nauzea a zvraceni — jsou zpusobeny hypo-
xii. Casto jsou projevem poskozeni CNS, zejmeéna zvysene-
ho intrakranialniho tlaku.
5. celkové oslabeni — projevuje se pocity slabosti, schvace-
nosti, tizkosti az obavami o viastni Zivot, které vznikaji v di-
sledku nemoZnosti se dostateéné nadechnout a bolesti pfi dy-
chani. Pacient se vyrazné poti.

Objektivni pfiznaky

Mezi objektivni pfiznaky NPE patfi:

1. vazba na podkozeni CNS — pro diagnostiku je klicova. Mu-
Ze se jednat jak o poranéni mozku nebo michy, tak o nahle
vznikly stav poskozeni parenchymu CNS, zplisobeny kivace-
nim, tlakem ttvani rizné etiologie nebo nahlou exacerbaci cel-
kové chronické choroby.

2. povrchnéjéi dychani — jedna se o obrannou reakci organis-
mu na edémem zplsobené zvyseni tlakovych zmén, potreb-
nych pro ventilaci. Pacient vice zapojuje pomocné dychaci
svaly. Miize byt pfitomno vpadavani supraklavikularnich ja-
mek a prodiouzeni exspiria se spastickymi bronchitickymi fe-
nomeny.

3. tachypnoe — diisledek hypoxie organismu. Vzhledem k to-
mu, Ze organismus nemuze zvySovat dechovou praci zvétse-
nim dechového objemu, musi takto &init zvysenim dechoveé
frekvence. ]
‘4. tachykardie — rovnéz disledek hypoxie. Vznika reflexné,
snahou o lepsf zajisténi krevniho zasobeni organismu..
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5. poslechovy nélez — typické jsou polopfizvuéné az nepri-
zvucné vrzoty a chrupky malych bublin, zaginajici pfi bazich
plic a pozdéji se Sifici na cely plicni parenchym. Chripky by-
vaji typicky nad obéma plicemi, mohou v8ak zadéinat na jed-
né plici a pozdéji se Sifit i nad druhou plici.

6. suchy drazdivy kasel — ke kasli drazdi tekutina pfitomna
v plicich;

7. nanizovélé sputum az hemoptyza — jsou typické pro NPE
v dusledku jeho hemoragické slozky;

8. hypoxemie — vznika v disledku nedostateéného okyslico-
vani krve kyslikem, ktera se projevuje nizkym parcialnim tla-
kem O,, snizenou saturaci hemoglobinu kyslikem, chladnymi
a bledymi akry az cyanézou, vystupriovanou dusnosti, zapo-
jovanim pomocného dychaciho svalstva a fadou subjektivnich
nespecifickych pFiznaki typu Unavy a malatnosti. Hyperkap-
nie u plicniho edému nebyva pfitomna, nebot zvysené venti-
lacni Usili v naprosté vétSiné pripadid kompenzuje difuzni
a ventilaéni poruchy. Casté&ji nachazime hypokapnii, vznikaji-
ci v disledku zvyseného ventilaéniho usili, ktera vede k roz-
voji respiracni alkalozy. Tento stav sniZzuje stuper ionizace kal-
cia, a vede tak ke zvySené neuromuskularni drazdivosti az
kfe¢im kosterniho svalstva. Kromé toho muze hypokapnie
zpusobovat vazokonstrikci mozkovych cév, a tedy projevy sni-
Zeného zasobeni kive kyslikem v podobé toéeni hlavy, zavrati
az poruch védomi.

9. zvySeny intrakranialni tlak — je disledkem nebo pfi¢inou po-
gkozeni CNS. Neurogenni plicni edém jej nevyvolava.

10. poruchy védomi — vznikaji bud v disledku hypokapnie, ne-
bo ¢astéji v disledku generalizované hypoxie;

11. spide mirnéjsi zvyseni teploty — NPE je nezanétlivy, pro-
to vyznamné zvyseni teploty odrazi spiSe jiny nebo nasedaji-
ci zanétlivy stav;

12. smrtelny chropot (angl. death rattle) — doprovazi terminaini
stadium NPE v okamziku, kdy neni edematozni tekutina do-
stateéné odstrafiovana;

13. minimalni nebo Zadné znamky zanétu — dalezity diferen-
cialné diagnosticky znak.

Vysetieni

Pro diagnostiku plicniho edému je z pomocnych vySetreni
nejdalezitéjsim RTG hrudniku. Nachazime zde obraz plicni Zil-
ni hyperemie a difuzni zastfeni plicniho parenchymu v di-
sledku intersticialni edému, které v pozdéjsich stadiich pre-
chazi v husté zastfeni, odpovidajici alveolarnimu edému.
V piipadé NPE byva zpoéatku maximum zastfeni v perihilar-
nf oblasti, pozdsji se rozsifuje na ostatni ¢asti plic. Pro dife-
rencialni diagnostiku je dilezité, Ze v pfipadé kardialnich pfi-
¢in doprovazi RTG obraz zvétseni levostranného srdeéniho
stinu. V pfipadé prodélaného infarktu myokardu miZeme po-
zorovat i vyklenujici se poinfarktové aneuryzma levé srde¢ni
komory. V 90 % pfipadl je mozné pozorovat nizny stupen di-
fuzniho zastreni obou plicnich poli, zejména v hilové oblasti,
néastfik plicnich cév a normalni velikost srdeéniho stinu. Mo-
nitoring plicniho tlaku v zaklinéni mize poskytnout dilezité di-
ferencialné diagnostické udaje v ramci odliSeni kardialniho
plicniho edému, jeho nevyhodou je vak invazivita. Kromeé to-
ho v pfipadé plicniho edému pomérné nepresné odrazi hod-
noty kapilarniho hydrostatického tlaku, a mize proto ¢asto vy-
kazovat normalini hodnoty i v pfipadé velmi vysokeho
kapilarniho hydrostatického tlaku, prohlubujiciho plicni edém
(53). Biochemické testy jsou zde spi$e druhofadé, casté mo-
nitorovani pomoci ASTRUP mlize byt pfinosem. V periferni
kivi je patrna vyznamna metabolicka acidéza se zvySenym de-
ficitemn bazi. ViySetieni krevnich plynii odhali znamky hypoxie
a snizeni parcialniho tlaku oxidu uhli¢itého. Elekirokardiogra-
fie a echokardiografie pomohou vylougit kardiogenni pficinu
plicniho edému. Echokardiografie pomuze odhalit syndrom
myokardialniho otfesu, projevujici se generalizovar
kinezi srdeéniho svalu, doprovazeného snizenou eje
ci. Vysetfeni srdegnich enzyml pomiize dif
gnosticky odhalit infarkt myokardu a dalSi pFicir




plicniho edému. Pro diagnostiku syndromu myokardialniho
offesu je nelvyznamne15| stanoveni hladiny troponinu, ktera je
u téchto pacientl nizsi nez 2,8 ng/ml a vyskytuje se konko-
mitantné s ejekéni frakci mensi nez 40 % a echokardlografrc-
kymi abnormitami, pfi absenci jakychkoliv zmén na EKG (54).
Zvysené hodnoty mozkoveho natriuretického peptidu (BNP)
naznacuiji, ze pfi¢inou pllcnlho edému je levostranné srdecni
selhani. Histopatologicky miizeme makroskopicky pozorovat
zvetSené prosaklé plice, na kterych jsou patrné subpleuraini
sufuze. Z plic vytéka nanmizovéla zpénéna tekutina. Mikrosko-
picky je suverénnim barveni hematoxylin-eosin. Na fezu mi-
Zeme pozorovat ztlustélé alveolarni stény a alveoly, vypiné-
né eozinofilnim materialem, mezi nimZ jsou éetné krevni
elementy s pfevahou erytrocytl. Casté jsou atelektazy.

DIFERENCIALNI DIAGNOSTIKA |
NEUROGENNIHO PLICNIHO EDEMU

Diferencialni diagnostika plicniho edému (tab. 1) zalezi ze-
jména v 1. nalezeni nebo vylouceni kardialni pficiny a 2. roz-
liseni mezi edémem s prevahou hydrostatického a permea-
bilniho mechanismu vzniku. Odliseni nemusi byt vzdy
jednoduché, nebot jednotlivé formy se mohou piekryvat. Na-
priklad, primarné hydrostaticky mechanismus u kardialniho

Tab. 1. Typické znaky neurogenniho plicniho edému ve srovnani
s ostatnimi plicnimi edémy

obecné zname

obecné velmi malo znamy

etiologie — poskozeni CNS etiologie — jina

velmi rychly nastup nizné rychly nastup
veimi rychlé zmény stfedné rychlé zmeény
klinického obrazu klinického obrazu
hemoragicky nehemoragicky

stfedni az nizka mortalita
pomeérné dobfe prozkoumané

vysoka moralita
velmi malo prozkoumany

velmi sporadicky popisovany
v literature

terapie problematicka

Gasto popisované v literature

terapie uspokojiva

plicniho edému muze v pfipadé nahlého nartstu kapilarniho
hydrostatického tlaku zpusobit tak rozsahlou extravazaci in-
travaskularni tekutiny, Zze mize pripominat permeabilni me-
chanismus vzniku. Zakladni diferencialné diagnosticka roz-
vaha je vedena na podkladé anamnézy, fyzikalniho vySetreni
‘a laboratornich hodnot. U nekardialnich edému neni obvykle
v anamnéze zadna srdeéni piihoda ani chronické srdeéni one-
mocnéni. U kardialnich edémd nachazime pfi fyzikalnim vy-
Setreni studena cyanoticka akra, zrychleny tep, kardiomega-
lii, distenzi krénich Zil a vihké chropy na plicich. Pacient
s nekardiogennim edémem ma obvykle tepla akra bez za-
sadnich poruch tepové frekvence, bez distenze krénich Zil
a suché chropy na plicich. Z pomocnych vysetfeni nachazi-
me u kardialnich plicnich edémt znamky ischémie na EKG,
2vysené kardialni enzymy a perihilarni distribuci vaskulémi
kongesce na RTG hrudniku. Plicni kapilarni tlak obvykle pi‘e-
vy$uje 18 mm Hg a pomér mnozstvi proteint v edematézni
tekutiné ku mnozstvi proteind v krevni plazmé nepi‘evyéuje
roti tomu u nekardialnich plicnich edémi jsou EKG
a kardialni enzymy normalni, RTG hrudniku vykazuje vesmés
pariferni distribuci edematézni tekutiny, plicni: kapilérnf tlak je
obvykle niz&i nez 18 mm Hg a pomér mnozstvi proteinti v ede-
i tekutiné k mnozstvi protein(i v krevni plazmé je vy$-
éf nez RTG nalezyseotwykle ob;e\n relatlvné pozdé1 prit-

symplomu V tézkych pfipadech je na podkladé RTG vySet-
reni obtizné odlidit, zda se jedna o kardiogenni & nekardio-
genni plicni edém. Studie vSak dokazujf, Ze je mozné v ini-
cialnich fazich mezi témito dvéma typy plicniho edému najit
odlisnosti, pokud se pfi hodnoceni RTG snimku zaméfime na
urcité specifické rysy; pak je mozné kardiogenni od nekar-
diogenniho plicniho edému odlisit s pfesnosti na 91 %
(55-57). Dulezita kritéria zahrnuiji:
1. u nekardiogenniho plicniho edému je mistem inicialni aku-
mulace tekutiny plicni intersticium véetné peribronchiaini ob-
lasti a septalnich linii. Pomérné rychle se vSak plicni edem me-
ni v intraalveolarni, kdy jsou alveolarni prostory zcela vypinény
na proteiny bohatou tekutinou. Naproti tomu u kardialniho plic-
niho edému dochazi k zapinéni nitra alveoll tekutinou az
v okamziku, kdy jiZ jsou prekroéeny reabsorpéni kapacity in-
tersticia.
2. Kerleyho linie jsou typické pro kardiogenni plicni edém, za-
timco u nekardiogenniho plicniho edému, vznikajiciho na prin-
cipu zvySené permeability alveolo-kapilarni membrany tyto li-
nie pfitomny nejsou. Lze je tedy povaZovat za znak typicky
pro kardialni plicni edém.
3. periferni distribuce edematézni tekutiny v plicich a pleural-
ni efuze jsou typické pro nekardialni plicni edém, zatimco
u kardialniho se v inicialnich stadiich nevyskytuji.
4. u nekardialniho plicniho edému jsou normalni velikost
a morfologie srdeéniho stinu a stiny velkych cév. Naproti to-
mu u kardialniho plicniho edému jsou srdeéni stin v oblasti
levého srdce a Sifka cév vychazejicich ze srdce, zvétseny. Ne-
urogenm’ plicni edém muie imitovat celé Fada stavl, nej-
— acu-
te lung injury) a syndrom akutni dechové tisné (ARDS — adulit
respiratory distress syndrome). Tyto syndromy totiz vznikaji na
zanétlivéem podkladé vedoucimu k difuznimu poskozeni alve-
ol (DAD — diffuse alveolar damage) a soucasné bez akutni
vazby na posSkozeni CNS. Mortalita ARDS a ALl je vy$Si nez
mortalita NPE. Klinicky obraz aspiracni pneumonie je podob-
ny NPE (pacient v téZkém stavu, dechova nedostate¢nost, re-
striktivni porucha dychani, tachykardie, tachypnoe). Aspirac-
ni pneumonie v8ak nevznika tak dramaticky rychle jako NPE
a je u nf pfitomna horecka. Je tfeba dat pozor na stavy, kdy
je horecka zplsobena poskozenim vlastniho CNS (zejména
oblasti ventralniho hypothalamu) — to véak neni na vrub NPE,
tento nema zanétlivou slozku. Odeznéni pfiznakl aspiracni
pneumonie navic trva déle, okolo 2 tydnl. Klinicky obraz kar-
dialniho plicniho edému nejniznéjsi etiologie, napi. v disled-
ku levostranného srdeéniho selhani, mize rovnéz imitovat
NPE. Zde jsou nejduleZitéjsi anamnestické (idaje a neurolo-
gické a kardiologické vysetieni.

TERAPIE NEUROGENNIHO PLICNIHO EDEMU

Zakladem terapie je odstranéni, minimalizace nebo stabili-
zace priciny v CNS. Vzhledem k tomu, ze cilena kurativni lé¢-
ba NPE dosud neexistuje, je smyslem terapeutickych snah ze-
jména lécba podplrna a symptomaticka. Jako nejdulezitejsi
opatfeni se jevi kontinualni monitorace stavu pacienta, polo-
hovani pacienta a podpora ventilace a oxygenace. Neuro-
genni plicni edém se u vétsiny pacientt podari zviadnout do
48-72 hodin. A&koliv je Ié8bu mozné povazovat spiSe za pod-
plrnou nez kauzalni, tedy jinymi slovy, ze poskytneme orga-
nismu moznost, aby se plicniho edému sam zbavil, je tato 16&-
ba naprosto kli¢ova a Sasto Zivot zachrafiujici, Zakladem
terapeutlckych snah ]e ko_ntmualni monilaraaa ilvatnfc‘h funk-
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Poloha t&la

koP'ro pacienta s NPE je kligova poloha téla. Zakladem je ta-

Va poloha, ktera zabrani zvySenému zilnimu navratu. Nut-
na je 2vysena poloha hlavy. Nejvyhodnéjsi je poloha vseds
s dolnimi kondetinami spusténymi z lizka. Tuto polohu v&ak
nelze uplatnit u pacientt s hypotenzi. V ramci prvni pomoci
je nékdy doporuéovano dodasné primérené zaskrceni dolnich
koCetin v oblasti stehen, které redukuje Zilni navrat z této ob-
lasti. Zagkrceni pochopitelné musi umoziovat cirkulaci, nesmi
tedy omezovat proud krve v tepnach. V nékterych pripadech
muze byt vyhodné pacienta ulozit do polohy na bfise, jak do-
porucuje Marshall a Nyquist (59) nebo Fletcher a Atkinson
(60). Tato poloha se velmi osvédéila i u pacientti s ARDS, jak
ukazuje randomizovana klinické studie Guerina (61). Studie
Mancebo et al. (62) jasné ukazuije i snizeni mortality u pacientt
s ARDS, u kterych byla pouzita poloha na bfise jiz od prvnich
projevi onemocnéni. Pro NPE zatim systematicka studie bo-
huzel neexistuje. Mechanismus terapeutického tispéchu po-
lohy na bfiSe neni zcela jasny, prfedpoklada se vsak redistri-
buce vymeény plynu do oblasti méné postizenych plicnim
edémem a zaroven zmirnéni poskozeni plic zpisobené umé-
lou plicnf ventilaci. Pfi indikaci polohy na bfise véak musime
vzit v ivahu, Ze u nékterych neurologickych onemocnéni, ja-
ko je intracerebralni krvaceni, subarachnoidalni krvaceni, te-
penne uzavery v oblasti arteria cerebri media nebo poranéni
mozku, mize poloha na bfise privodit zvySeni intrakranialni-
ho tlaku a takto zhorSit prognézu pacienta.

Oxygenace

Zakladnim opatfenim pfi podpofe oxygenace a ventilace
je potlageni hypoxie pomoci primého podavani kysliku nosni
nebo oblicejovou maskou, pfipadné pomoci endotrachealni
intubace a pretlakové mechanické ventilace pomoci pozitiv-
niho endexspiraéniho pretlaku (PEEP — positive end expira-
tory pressure). Izolované dodavani kysliku zvySuje parcialni
tlak kysliku v plicnich alveolech, a usnadriuje tak vyménu ply-
nu. Kontinualni nebo dvoustupriové dodani vysokotlakého kys-
Itku kromé toho umoznuje dlevu pretizenym dychacim sva-
lim. Pretlakova mechanicka ventilace pomoci PEEP znaci
iatrogenné navozenou situaci, kdy je na konci exspiria v dy-
chacich cestach vyssi tlak nez atmosféricky. Rozeznavame ftfi
arovné PEEP. Nizka Uroven znaéi trovné PEEP do 5 mm
H.0, stiedni Groven znadi PEEP v rozmezi 5-15 mm H,O, vy-
soka Uroven znac¢i PEEP nad 15 mm H,O. Pro ventilaéni pod-
poru pacientti s NPE pouzivame nejéastgiji stiedn( Urover, vy-
jimeéneé vysokou Uroveri PEEP. Kontinualni pozitivni pfetlak
v dychacich cestach (CPAP — continuous positive airway pres-
sure) pak znaci situaci, kdy je u spontanné dychajiciho ne-
mocného v dychacich cestach udrzen tlak vyssi nez atmo-
sféricky po celou dobu dechového cyklu, tedy i v dobé inspiria.
Kromé dodavky kysliku a dlevy dechovych svalll pretiakova
mechanicka ventilace 1. sniZuje preload a afterload a takto
usnadnuje srdecni ¢innost, 2. napomaha redistribuci tekutiny
v plicich z intraalveolarnich do extraalveolarnich prostor, kde
tolik neinterferuji s vyménou dechovych plynt a 3. zvetSuje
plicni objem a napomaha tak prevenci rozvoje plicni atelek-
tazy. PEEP vede ke zlepSeni oxygenace v dusledku snizeni
plicniho zkratu a ke zlepseni eliminace oxidu uhli¢itého na
podkladé zvySeni alveolarni ventilace. Je vsak tfeba dbat to-
ho, aby nedoélo k hyperinflaci, ktera se projevi naopak sni-
‘Zzenim perfuze ventilovanych alveolt, zhorsenim eliminace oxi-
du uhli¢itého a dale dokonce zhorsenim oxygenace — tento
efekt zavisi na podilu redistribuce krevniho pritoku do ne-
ventilovanych oblasti. Bylo prokazano, ze v ur€itych oblastech
plic probiha priitok krve plicnimi kapilarami pouze v dobé ex-
spiria, kdy je plicni kapilarni tiak vySsi nez plicni alveolarni tiak.
Velikost perfuze témito oblastmi odpovidajici velikosti plicniho
zkratu tak zavis( jednak na pouZité hodnoté PEEP, jednak na
velikosti dechového objemu, poméru inspiria a exspiria a hod-
noté plicniho kapilarniho tlaku. Bylo prokazano, Ze po pfe-
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kroceni optiméini hodnoty stfedniho tlaku v dychacich
cestach, ktera u konkrétniho pacienta zavisi na i na aktualni
hodnoté plicniho kapilarniho tlaku, dochazi timto mechanis-
mem nejen ke zhorseni eliminace oxidu uhli¢itého, ale i oxy-
genace. Provzdudnéni tekutinou vyplnénych alveoli a rozta-
zeni kolabovanych alveol v terénu plicniho edému pomoci
PEEP se oznaguje v zahraniéni literatufe jako recruitment. Za
tento déj je zodpovédny vrcholovy alveolarni tiak, dosahova-
ny v prubéhu inspiria. Kromé piisobeni na respiraéni systém
ma PEEP i pomérné velky viiv na hemodynamické poméry
v rrfalém obéhu, PEEP 1. sniZzuje vendzni navrat do oblasti
levého srdce a tedy i preload, 2. snizuje transmuraini tlakovy
gradient, ktery musi byt pfekonavan v priib&hu srdeéni kon-
t‘rakt,:e, coZ vede ke sniZeni afterloadu a s tim souvisi i 3. sni-
Zena spotfeba kysliku myokardem — tyto efekty jsou nejvice
vyjadieny u pacientt s levostrannym srdeénim selhanim. Na-
proti tomu u pacientti bez levostranného srdeéniho selhani do-
minuje u aplikace PEEP snizeni Zilniho navratu, a tedy i pre-
loadu. U hypovolemickych pacientil pak ke snizeni srdeéniho
vydeje. Vliv PEEP na afterioad pravé komory zavisi na redi-
stribuci plicni reperfuze po zafazeni PEEP a na aktualni veli-
kosti plicniho objemu. Plicni vaskularni rezistence dosahuje
pfi nizkém plicnim objemu vysokych hodnot, coz? je disledek
hypoxické plicni vazokonstrikce. Se zvySovanim plieniho ob-
jemu plicni vaskularni rezistence klesa a po pfekrogeni opti-
malni hodnoty plicniho objemu dochéazi k jejimu opé&tovnému
vzestupu v dusledku komprese kapilarniho fecisté. Efekt apli-
kace PEEP na funkci pravé komory je tedy vysledkem kom-
plikované interakce mezi snizenim preloadu a ovlivnénim af-
terloadu. PEEP ma rovnéz vliv na nitrobfisni tlak, ktery po
zafazeni PEEP stoupa. U pacientl s vyrazné snizenou pod-
dajnosti dutiny bfisni mazZe vést pouZiti nadmérné vysokych
hodnot PEEP k vzestupu nitrobfisniho tlaku a omezeni per-
fuze nitrobfisnich organl. Nastaveni hodnot PEEP v konkrét-
nich situacich je stale predmétem diskuzi.

Farmakologicka lécba

V Gasném stadiu mohou byt uzitecné alfa-blokatory a korti-
koidy, farmakologicka terapie vSak obvykle mnoho nevyresi.
Zvyseni diurézy predstavuje zakladni opatfeni pfi snizovani
preloadu. SniZzuje hemodynamickou zatéz na levé srdce a po-
zitivné tak ovliviiuje jak srdecni sval, tak plicni hemodynami-
ku. VétSina klickovych diuretik typu furosemidu, bumetanidu
nebo torsemidu predstavuje Gspésnou podplrnou terapeutic-
kou modalitu pfi I6¢bé plicniho edému, i v terénu hypoalbumi-
némie, hyponatrémie nebo hypochlorémie. Lékem prvni volby
je furosemid, vzhledem k jeho venodilataénimu uéinku, kte-
rym snizuje preload jesté pred vlastnim pocatkem diuretické-
ho piisobeni. Pocateéni davky furosemidu jsou doporucovany
spiSe nizdi (do 0,5 mg/kg), tepive pii jejich nedostatecnem Ucin-
ku se zvysuji (1 mg/kg), zejména u pacientd jiz [écenych diq-
retiky nebo pacientt s renalni insuficienci nebo tam, kde je pri-
marni pfiéinou plicniho edému hypervolémie. Nitraty slouZi
k vazodilataci jak koronarnich tepen, které zlepsi srdecni funk-
ci, tak ke snizeni preloadu levého srdce vazodilataci plicnich
Zil. Zatimco u kardiogennich plicnich edém je jejich Gcinek vy-
znamny, u NPE je jejich efekt nizsi. V akutnim stadiu pouzi-
vame zejména sublingualné aplikovany nitroglycerin (1.2 mg
kazdych 5 minut). Metodou volby, pouzivanou zejména pfi sy-
stolickém tlaku vy$sim nez 100 mm Hg, je intravenézni poda-
vani nitroprussidu sodného v davce 0,1-5 ng/kg za minutu.
Jeho podavani vyzaduje kontinualni monitoraci jeho hemody-
namickych parametri. Morfinové preparéty maji kromé anxio-
lytického a analgetického ucinku, ktery je v pripadé NPE rov-
néz zadouci, také venodilatacni efekt, ktery snizuje preload.
Kromé toho snizuje stupen dusnosti na podkladé odstranéni
stresu, Utlumu vyluovani katecholamin, odstranéni tachy-
kardie a komorového afterloadu. ACE inhibitory maji vyznam

zejména u pacientii s konkomitantni hypertenzi nebo hypar-
tenzni krizi. Zpotatku se podéavaji spise nizsi davky, nasledo-
vané vyssimi udrzovacimi davkami. U izolovaného NPE ne-




maji zasadni efekt. Intravendzni podavani rekembinantniho
mozkovéha natriuretického faktoru (BNF) je nova efektivni le-
éebna modalita, ktera plsobi pomérné efektivni vasodilataci
a snizuje tak preload. Inicialni davka je 2 png/kg, nasledovane
kontinualni infuzi 0,01 pg/kg za minutu. Pfi edému mozku
a zvySeném intrakranialnim tlaku aplikujeme pfislusnou léc-
bu, ktera vsak ovliviiuje zakladni onemocnéni a nikoli NPE.

ZAVER

Neurogennf plicni edém je relativné malo casta, avsak za-
vazna Klinicka jednotka. Popivé byl popsan Shanahanem v ro-
ce 1908 jako komplikace opakovanych epileptickych zachva-
t. Jeho rozvoj je vazan na zavazné poskozeni CNS. Centrem
vzniku NPE je s nejvétsi pravdépodobnosti skupina jader rost-
ralni ventrolateralni prodlouzené michy, které jej spousti na
podkladé kombinace hyperaktivace jejich aferentnich drah
a nahle zvy$eného intrakranidlniho tlaku. V patogenezi NPE
hraje zasadni roli sympaticky nervovy system, ktery spousti
rychlou kaskadu déjd, vedoucich k intersticidlnimu a intraal-
veolarnimu edému, ktery doplriuje vyrazna hemoragicka sloz-
ka. V diagnostice NPE ma zasadni vyznam fyzikalni vysetie-
ni a RTG hrudniku. Diferencialné diagnosticka Gvaha nenf
snadna, avSak Sance na spravnou diagnézu vyrazné rostou,
pokud lékar da do souvislosti poskozeni CNS a plicni potize.
Cilena kurativni lécba NPE dosud neexistuje, proto je smys-
lem terapeutlckych snah zeqmena lec‘.ba podpurna a sympto-
nttorace stavu pacienta, polohovani pacienta a podpora
ventilace a oxygenace. V soucasné dobé existuje nékolik ex-
perimentélnich modelt, které je mozné vyuzit pro studium
etiopatogeneze i Iécby NPE. Hlavnim cilem experimentalnich
snah je ziskdni preventivniho a terapeutického pfistupu, kte-
ry umozni zabranit a véas lé¢it NPE. Z tohoto hlediska je za-
tim nejvice slibny atropin. Detailngji informace o neurogen-
nim plicnim edému mife ¢tenaf nalézt v mé recentni
monografii na toto téma (63).

Zkratky
ALl — akutni plicni selhani (acute lung injury)
ARDS — syndrom akutni dechové tisné
(adult respiratory distress syndrome)
BNF — mozkovy natriureticky faktor
CNS — centralni nervovy systém
CPAP  — pozitivni pretlak v dychacich cestach
(continuous positive airway pressure)
DAD — difuzni poskozeni alveolll (diffuse alveolar damage)
NPE — neurogenni plicni edém
PEEP  — pozitivni endexspiracni pretlak
(positive end expiratory pressure)
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PREDMLUVA

Monografie si bere za cil seznamit $ir$i lékarskou vefejnost s aktudlnimi poznatky
o neurogennim plicnim edému (NPE), ktery predstavuje jednu z nejzavaznéjsich
komplikaci poskozeni centralniho nervového systému. Tato klinicka jednotka je v do-
maci odborné literatufe ¢asto zminéna pouze okrajové, obvykle nékolika obecnymi
vétami. Dosud u nds nebyl publikovan souborny text, ktery by se touto problematikou
podrobnéji zabyval. V povédomi vétSiny lékait neni bohuzel tato klinickd jednotka
pevné zakotvena, dokladem ¢ehoz je i jeji Castd misinterpretace a zdmeéna se syndromem
akutni dechové tisné (ARDS) nebo dfivéjsi deskriptivné-klinickou jednotkou, oznaco-
vanou jako ,,$okova plice®. Tuto mezeru se snazi vyplnit tato monografie.

V Akademii véd Ceské Republiky v Praze studujeme neurogenni plicni edém na
vlastnim experimentdlnim modelu od roku 2005. V tomto roce doslo ke sdruzeni
nékolika védci, ktefi se cilené zaméftili na tuto problematiku. Ustaveni experimen-
talni skupiny zabyvajici se etiopatogenezi neurogenniho plicniho edému je svétovym
unikdtem, nebot na svété v této chvili neni skupina védci, kterd by tento problém
cilené studovala. Vyzkum neurogenniho plicniho edému se omezuje nejcastéji na
publikaci kazuistik z klinické praxe, retrospektivnich studii, pfehledovych ¢lanka
a pouze vyjime¢né na experimentdlni prace, kde je vSak problematika neurogen-
niho plicniho edému studovana pouze okrajové nebo jako vedlejsi fenomén.

Vyzkum v této oblasti zacal na naSem ustavu prioritnim objevem vlivu stupné anestezie
na rozvoj neurogenniho plicntho edému u potkanti s poranénou michou. Bylo zjisténo,
ze pti povrchové anestezii dochazi k rozvoji velmi tézkého edému, na ktery vétsina zvirat
umird, zatimco pri hlubsi anestezii k jeho rozvoji nedochdzi. Néasledné byl vytvoren a do
detailu popsan experimentdlni model tohoto edému. Tyto vysledky se staly podkladem celé
fady studii, jejichZ cilem je postupné odhalovani jednotlivych trovni etiopatogenetického
mechanismu této klinické jednotky jakoz i terapeutickych moznosti. Vysledky téchto praci
jsou publikovany témér vylucné ve svétové uznavanych ¢asopisech s definovanym impact
faktorem a ve svétovém pisemnictvi opakované citovany. Za vysledky studii obdrzeli autori
celou fadu domécich ocenént, véetné nejvyssiho védeckého vyznamenéni v Ceské Repub-
lice, ocenéni Ceska hlava. Odrazem zjmu védecké vefejnosti o tuto problematiku jsou
i zivé diskuse na védeckych sympoziich, véetné zvanych prednédsek na toto téma.

Autor je velmi naklonén diskusi se zdjemci o dané téma nebo ptipadné spolupraci
pti ptipravé, provadéni nebo vyhodnocovani preklinickych i klinickych studii
na toto nebo pribuznd témata a je velmi otevien jakymkoli namétim studenti

ilékatd vSech obor, tykajicich se idajt i dat zde prezentovanych.

Monografie byla podpotena projekty GA CR 305/08/0139, GA AVCRIA A 500110902
a z Centra vyzkumu chorob srdce a cév 1IM0510.

J.S. (jirisedy@hotmail.com)
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UVOD

Normalni funkce plicni tkané vyzaduje co nejtenci bariéru pro vyménu plynd mezi
krevnim fecistém a vzduchem v plicich. Za normalnich okolnosti je pohyb teku-
tiny pfes sténu cév prisné regulovan. Pokud dojde k poruse tohoto mechanismu
z nejriznéjsich pricin a k relativnimu nebo absolutnimu zmnozeni tekutiny v oblasti
mimo cévni recisté na ukor tekutiny uvniti cév, vznikd otok plicni tkdné - edém.
Plicni edém miiZe mit celou fadu pri¢in, mGze probihat riizné zavazné, s do¢asnymi
nebo trvalymi dasledky (Vin§, 2003). Pro klinickou praxi je dilezité, Ze plicni edém
pomérné Casto zdsadné komplikuje zdravotni stav pacienta a mize dokonce vést
navzdory intenzivni lé¢bé k jeho smrti.

Neurogenni plicni edém (hemoragicky plicni edém, neurohemodynamicky plicni
edém) je definovan jako akutné vznikly intersticidlni a/nebo intraalveoldarni edém
plicni tkdné, ktery vznika na zékladé predchoziho poskozeni tkdné centralniho
nervového systému (Fontes et al., 2003). Jako prvni popsal neurogenni plicni edém
Shanahan jiz v roce 1908 jako komplikaci opakovanych epileptickych zachvati
u 11 pacienti a byl to pravé on, kdo spojil tézké poskozeni centrdlniho nervového
systému se vznikem plicniho edému a zdroven prvni, kdo pouzil pro tento edém
nézev ,neurogenni“ (Shanahan, 1908). Neurogenni plicni edém vznikd radoveé
v minutach az hodindch po poranéni centralniho nervového systému. Vzhledem
k jeho ,neurogenni® povaze jej fadime k nekardiogennim (extrakardidlnim)
plicnim edémtm. Z hlediska mechanismu vzniku se v§ak jednd o pomérné unikatni
klinickou jednotku, nebot se zde synergicky uplatiuji oba zdkladni mechanismy
vzniku plicniho edému, jmenovité vysoky tlak intravaskuldrni a intersticialni teku-
tiny spole¢né se zvysenou permeabilitou soucdsti plicntho parenchymu, které se
u jinych typt edému vyskytuji izolované (Colice, 1984). Kromé toho je zde hemo-
ragicka slozka vyjadfena vyrazné vice, nez u kteréhokoli jiného edému. Proto jsou
jeho etiopatogeneze i terapeutické pfistupy navzdory pifedchozimu vyzkumu a fadé
klinickych zkusenosti ne zcela jasné.

Podle dostupnych statistickych tudaji by se mohlo zddt, Ze se jednd o velice vzécnou
klinickou jednotku. Velice rozporuplna data v§ak naznacuji, Ze je tato jednotka spise
fazena mezi ostatni plicni edémy a neni kladen déraz na jeji neurogenni pivod.
Neurogenni plicni edém bohuzel klinicky obraz ostatnich plicnich edémi pouze
pripomind, jeho nebezpeci tkvi ve vy$e zminénych patofyziologickych odlisnostech,
v jejichz dtsledku je casto klinicky pribéh vyrazné proménny a tedy i hiite predvi-
datelny, coz miize vést k dramatickym situacim.



1. MORFOLOGIE A FYZIOLOGIE
DYCHACIHO APARATU

V této kapitole shrnuji nékteré zakladni morfologické a fyziologické poznatky,
potiebné k pochopeni problematiky neurogenniho plicniho edému. Zijemce
o hlubsi studium anatomie, histologie a fyziologie dychaciho aparatu odkazuji
na prislu$né monografie.

Obecnd anatomie dychaciho apardtu

Dychaci aparét ¢lovéka se sklada ze zevniho nosu, dutiny nosni, vedlejsich dutin
nosnich, ustni a hrtanové ¢asti hltanu, hrtanu, pradusnice, pradusek a plic, ke
kterym funk¢éné radime i hrudni ko$ a dychaci svaly. Prava plice, slozend ze 3
lalokd, je ulozena v pravé pohrudni¢ni duting, leva plice, slozend pouze ze 2 laloki,
v pohrudni¢ni dutiné levé. Pravd plice ma 10 segmentd, levd pouze 8. Misto, kde
do plic vstupuje plicni tepna, plicni Zily a hlavni priduska se oznacuje jako hilus.
Kranidlni ¢4st plice oznacujeme jako hrot, kauddlni ¢ast jako bazi. Plice je pokryta
poplicnici, hrudni dutina pohrudnici, mezi nimi je tzky prostor vyplnény teku-
tinou - interpleurdlni prostor. Prava a levd hlavni priduska se uvniti plicniho
parenchymu postupné vétvi na stdle mensi vétve, az do termindlnich plicnich
sklipki. Kolem tohoto vétveni - bronchidlniho stromu jsou v fidkém interstici-
alnim vazivu uloZeny lymfatické uzliny a vétve plicnich tepen, Zil, nervii a lymfa-
tickych cév. Prava plice je o 1/10 objemnéjsi nez leva. Celkovy objem plic je okolo
4 litr, hmotnost pouze 700 g. V inspiriu pojmou plice okolo 5 litri vzduchu,
z toho 3 litry jsou obsazeny v plicnich sklipcich. Plice obsahuji 300 miliént plic-
nich sklipkd, které zaujimaji plochu 70 m?. Plicni sklipek - alveolus ma prameér
0,1-0,2 mm. V okolialveolu je uloZzeno 4 - 12 kapildrnich klicek. Sténu alveolu vysty-
laji pneumocyty podlozené basdlni membranou a jemnym skeletem z elastickych
a kolagennich vldken. V alveolu se nachdzeji dva typy pneumocytti - membrandzni
pneumocyty L. typu, podilejici se na difuzi plynt a sekre¢ni (granuldarni) pneumo-
cyty II. typu, produkujici surfaktant - jemny film, ktery sniZuje povrchové napéti
a chrani tak alveolus pfed kolapsem. Vyména kysliku a oxidu uhli¢itého probiha
pres alveolo-kapilarni membranu, ktera se sklada z vybézku pneumocytu, bazalni
membrany a endotelu kapildry. Intersticium plic je vyplnéno imunitné aktivnimi
bunkami, které zajistuji ochranu proti cizorodym latkdm a fagocytuji cizorodé
nebo nepotiebné ¢astice. Mezi hlavni dychaci svaly fadime brénici (inspira¢ni sval)
a mezizeberni svaly (vnéj$i jsou inspiracni, vnitfni exspira¢ni). Ostatni pficné
pruhované svaly, které se upinaji na hrudni ko$ a podileji se tak na dychacich pohy-
bech, oznacujeme jako vedlejsi (auxiliarni) dychaci svaly. Kromé dychdni se plice
podileji na schopnosti metabolizovat urcité slouceniny, udrzovat acidobazickou
rovnovahu, filtrovat toxické substance z obéhu a tvorit zdsobnik krve. Vétsina
dychacich svalt je inervovdna piislu§nymi vétvemi hrudnich nerva. Za zminku
stoji inervace branice z mi$niho segmentu C3-C5 cestou nervus phrenicus. Casti
plic neschopné vymeény dychacich plynt - ventilace, jako je nosni dutina, pradus-



nice apod., se oznacuji jako anatomicky mrtvy prostor. Césti plic, které v daném
okamziku nejsou schopny vymény plynti, oznacujeme jako funk¢né mrtvy prostor.
Anatomicky mrtvy prostor je konstantni, funkéné mrtvy je proménlivy.

Krevni obéh

Krevni obéh rozdélujeme na systémovy (velky, vysokotlaky) a plicni (maly,
nizkotlaky). Systémovy krevni obéh zacind vystupem aorty z levé srde¢ni komory,
pokracuje vétvenim tepen a tepének do celého téla az v kapildry. Z nich se déle
sbiraji postkapildarni venuly, venuly, vény a nakonec dvé hlavni Zily, horni a dolni
dutd Zila, které usti do pravé predsiné. Plicni krevni obéh zac¢ina v pravé komofre,
ze které vystupuje plicnice, kterd se rozdéluje na pravou a levou plicni tepnu, vstu-
pujici do prislusné plice, kde se dale déli az na kapilary. Z kapilar se podobné jako
v systémovém obéhu sbiraji Zily az do ¢tyf hlavnich plicnich Zil (dvé vpravo a dvé
vlevo), které se vlévaji do levé predsiné. Kromé toho existuje obéh lymfaticky, ktery
sbird tekutinu z intersticia a pomoci lymfatickych cév ji prevadi zpét do Zilniho
systému. Cestou mezi intersticiem a zilami prostupuje tato tekutina - lymfa ptes
lymfatické uzliny. Jako tepny se oznacuji cévy vystupujici ze srdce, jako Zily cévy
vstupujici do srdce. V systémovém krevnim obéhu vedou tepny krev okysli¢enou,
v plicnim odkysli¢enou. Podobné v systémovém krevnim obéhu vedou Zily krev
odkyslicenou, v plicnim okysli¢cenou. Plice jsou napojeny na viechny tfi obé¢hy.
Plicni krevni obéh zde reprezentuje tzv. funkéni obéh, ktery predstavuje hlavni
zdroj krve pro plice, systémovy krevni obéh reprezentuje tzv. nutri¢ni obéh,
ktery je velmi redukovan. Lymfaticky obéh je vytvoren stejné jako v jinych orga-
nech. Mezi arteridlnim a Zilnim systémem obou obéhti a rovnéz mezi obéma obéhy
jsou vytvoreny spojky — anastomdzy.

Rizeni dychdni na tirovni centrdlniho nervového systému

Dechové centrum je ulozeno v prodlouzené mise. Sklada se ze dvou skupin neuronti,
usporddanych jako ventralni respira¢ni skupina a dorsdlni respira¢ni skupina.
Aferentni vldkna k témto jadrtm ptichdzeji i) z mozkové kiry, ii) mechanorecep-
tort plic, dychacich cest a stény hrudniku, iii) z centralnich a perifernich chemo-
receptorli a iv) z proprioreceptorti dychacich svald. Eferentni vldkna sméfuji i)
do dychacich svali, ii) do autonomnich center, iii) do mozkové kiry.

Inervace plic

Plice jsou inervovdny zejména vuali neovladatelnym autonomnim nervovym
systémem - sympatikem a parasympatikem. Parasympatickd vlakna pfichdzeji
cestou desatého hlavového nervu - nervus vagus, sympaticka vladkna pochazeji
z druhého az ¢tvrtého ganglia hrudniho sympatiku. Obecné plati, Ze plicni recisté
je zasobeno autonomnimi nervy méné nez recisté systémové. Autonomni vldkna
ptichdzeji do plic pres hilus a pfi dal$im vétveni respektuji vétveni plicnich cév
a bronchidlniho stromu. Takto vznikaji peribronchidlni a periarteridlni pletené.
V periarteridlni pleteni pfevazuji sympatickd vldkna. Peribronchidlni pletené zasa-
huji az po interalveoldrni septa a prevazuji zde parasympatickd vldkna, kde jsou
misty vmezefena parasympaticka ganglia. Autonomni nervy plicnich cév probihaji
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v jejich tunica media. Inervace je nejhustsi v misté cévniho vétveni. Plicni tepny,
ve kterych jsou pfitomna autonomni nervové vlakna, maji primér nejcastéji mezi
30-500 um. Ve srovndni se systémovymi tepnami maji plicni tepny obecné nizsi
obsah hladké svaloviny a autonomnich nervi. Plicni Zily maji autonomni slozku
vyjadfenu jesté méné. Vétsina aferentnich vlaken vede z plic informace z barorecep-
torti a chemoreceptort, vlakna vedouci bolest jsou zastoupena velmi mélo. Poplic-
nice je s vyjimkou oblasti kolem hilu uplné nebolestiva.

Mechanika dychdni

Do dychacich cest vstupuje vzduchu nosem nebo usty a ddle pokracuje oropha-
ryngem, laryngopharyngem, laryngem, tracheou a bronchy a jejich vétvemi az
do alveolii. Kromé toho, Ze dychaci cesty ptivadéji vzduch do alveolti, zbavuji jej
vét§iny necistot, prostfednictvim imunity brani zavleceni infekce do organismu,
upravuji vzduch tepelné, zvlhcuji jej, ovliviiuji jeho distribuci do jednotlivych useki
dychaciho traktu a vytvéreji hlas. Optimalni dychdni vznikd na zdkladé optimal-
niho vyladéni mezi distribuci a difuzi plyni, perfuzi plic a neurohumoralni regu-
laci dychdni. Dechovy cyklus zahrnuje vdechovou fazi - inspirium a vydechovou
fazi - exspirium a klidovou fazi. Inspirium je zaloZeno na kontrakci pfi¢né pruho-
vanych dychacich svald, které rozsifuji hrudnik do v8ech stran. Rozsifeni hrudniku
je mozné jednak na zdkladé¢ i) pohybt jednotlivych Zeber v kloubech a omezené
i v chrupavcitych spojenich, ii) pohybu brdnice, iii) trojiho zaktivenim Zeber (v hori-
zontalnim sméru, ve vertikdlnim sméru a podél vlastni osy). Rozsifeni hrudniku
pasivné rozsifuje i objem plic diky konstantni $ifce interpleurdlni §térbiny. Zatimco
tlak v plicich odpovidd vnéjsimu atmosférickému tlaku, v interpleurdlni $térbiné
je tlak niz$i - transtorakdlni tlakovy gradient. Exspirium je vesmés déj pasivni,
vyznam expiracnich svalti roste pfi ndmaze. Z hlediska plic je inspirium i exspirium
déjem pasivnim - zatimco pfi inspiriu se celd plice rozpind na zdkladé rozsifovdni
objemu hrudniku, pfi exspiriu je retraktilnim tahem elastickych vlaken - elasti-
citou plic objem plic navracen do ptivodniho. Jev se souborné oznacuje jako poddaj-
nost plic - compliance. Dychdni rozliujeme brani¢ni (bfis$ni), hrudni (kostalni)
a smisené. Za normdlnich okolnosti dychdme smisené, ze 2/3 brani¢nim a z 1/3
hrudnim dychdnim. Dychdni se pfizptisobuje potfebdm organismu zménami
dechového objemu, frekvence dychani, perfuze plic a koordinace hrudniho a abdo-
mindlniho dychdni.

Ventilace a perfuze plic

Ventilace plic zajistuje vyménu vzduchu mezi okolni atmosférou a alveoldrnim
prostorem. Tuto vyménu umoznuje proudéni vzduchu v dychacich cestach ve sméru
tlakovych gradientii. Od termindlnich bronchiolt k alveolim se stdvd vyznamnou
také difuze a dychaci plyny tak difunduji od alveoldrni membréany ve sméru koncen-
tracnich gradienti. Suchy atmosféricky vzduch se sklddd z ptiblizné 21 % kysliku,
0,04 % oxidu uhli¢itého, 78 % dusiku a 0,92 % vzdcnych plynt. Za normalnich
podminek je v atmosférickém vzduchu parcialni tlak kysliku 160 mm Hg, parci-
alni tlak oxidu uhlic¢itého 0,3 mm Hg a parcidlni tlak dusiku a vzacnych plyna
600 mm Hg. Pokud je smés plynti v kontaktu s kapalinou, rozpousti se jednotlivé
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plyny v kapaliné umérné jejich rozpustnosti v kapaliné a jejich parcialnim tlaktim
v plynné fazi. Pokud trvé kontakt dostatecné dlouho, ustavi se rovnovaha a jednot-
livé plyny ziskaji v kapaliné stejné parcidlni tlaky jako v plynné fazi. V systémové
arteridlni krvi je parcidlni tlak kysliku 100 mm Hg, parcidlni tlak oxidu uhlic¢itého
40 mm Hg a parcidlni tlak dusiku a vzdcnych plynd 571 mm Hg. Ve smiSené Zilni
krvi je parcialni tlak kysliku 40 mm Hg, parcidlni tlak oxidu uhli¢itého 46 mm Hg
a parcidlni tlak dusiku a vzécnych plynti 571 mm Hg.

S kazdym vdechem se do plic dostane pfiblizné 0,5 litru vzduchu. Pfi primérné
dechové frekvenci 15/min je minutovy dechovy objem 7,5 litru vzduchu - celkova
ventilace plic. Z kazdého 0,5 litru vzduchu v8ak zistane 150 ml v anatomicky
mrtvém prostoru, redlné tedy probihd v klidu ventilace na zdkladé pouze 350 ml
vzduchu na kazdy vdech, tedy 5,25 litru za minutu - alveolarni ventilace plic.

Zékladem schopnosti plic reagovat na jakoukoli zménu potieby organismu je zajis-
téni optimdlniho poméru ventilace-perfuze. Zakladem této regulace je Eulertiv-
Liljestrandiiv alveolo-kapildrni reflex, kdy na zdkladé hypoventilace dojde
k lokdlni vazokonstrikci malych plicnich arterii. Tento mechanismus je naprosto
klicovy pro ekonomiku plicniho fecisté; je totiz schopen udrzet saturaci krve na
vysoké urovni a zdroven piedchdzet ,nevyuziti“ krve prichdzejici do plic. Ventilace
a perfuze jsou i za klidovych fyziologickych podminek rtizné v rtiznych ¢astech plic
- pomér ventilace/perfuze je pti stoji u hrotu plic vysoky a smérem k bazi se snizuje.
Vleze se pomér na hrotu a pti bazi vyrovnava, coz souvisi se zménami hydrostatic-
kych tlakt v cévich. Kromé toho je i intratorakdlni tlak rézny v riznych cdstech
plic - pfi apexu je okolo -10 mm H,O, pti bdzi plic okolo -2,5 mm H,O.

Difuze

Dalsi slozkou fyziologie dychdni je difuze kysliku a oxidu uhli¢itého mezi alveolem
a plicni kapildrou, kterd zdvisi na difuzni kapacité alveolo-kapilarni membrany
a difuzni kapacité erytrocytt. Tuto difuzi popisuje Fickiiv zdkon, podle kterého je
mnozstvi difundujicich plynt pfimo tmérné i) velikosti alveolo-kapildrni plochy
pro vyménu plyn, ii) gradientu parcidlniho tlaku plynd, iii) materidlové difuzni
konstanté membrdn a nepfimo umérné draze difuze.

Na proces difuze plynt navazuje transport plyna krvi, ktery zdvisi zejména na
vazbé plynti na erytrocyty. Pouze mald ¢ast plyni je rozpusténa v krvi. Vazba krev-
nich plynti na erytrocyty zavisi na nékolika faktorech (viz tab. 2.1.). Z tabulky mimo
jiné vyplyvéa zndmy fakt, Ze pokud se parcidlni tlak CO, zvysi, syti se erytrocyty CO,
a odevzdavaji O,. Tyto efekty Ize popsat vazebnou ktivkou O, a disocia¢ni kfivkou

CO,. Zavislost vazebné ktivky O, na parcidlnim tlaku CO, se oznacuje jako Bohriiv
efekt.



Tab. 2.1. Vliv rtiznych zvy$eni riznych faktort na snizeni/zvyseni syceni hemoglo-
binu kyslikem

Zvys$eny faktor Nasyceni erytrocytu kyslikem
Hemoglobin Zvysuje
Teplota Zvysuje
pH (c HY) Snizuje
Parcidlni tlak CO, Snizuje
2,3- bis-fosfoglycerat Zvysuje
ATP Zvysuje

Plicni kapilarni hydrostaticky tlak

Plicni kapildrni hydrostaticky tlak je primdrni silou, kterd urcuje prestup teku-
tiny pres sténu plicnich kapildr do intersticia a odtud pfipadné i do lumen plic-
nich alveolti. ZvySeny kapildrni hydrostaticky tlak méd proto schopnost indukovat
plicni edém. Tlak v plicnich cévdch je vyslednici tlaku na trovni arteria pulmo-
nalis a tlaku v levé srde¢ni predsini. Plicni kapildrni hydrostaticky tlak vychdzi
z hodnot plicniho arteridlniho tlaku, cévniho odporu plicniho fecisté a celkovych
parametri krevniho toku. Pfi pohledu na vlastni plicni tkan tedy hodnoty kapilar-
niho hydrostatického tlaku odrazeji stupen plicni rezistence a schopnost distribuce
krve mezi prekapilarni a postkapildrni ¢asti plicniho krevniho obéhu. V normal-
nich plicich zdravého ¢lovéka je tlak v levé predsini mirné nizsi nez plicni diasto-
licky tlak. Hodnoty plicniho kapildrniho tlaku se pohybuji okolo 6-8 mm Hg.
Jeho hodnoty mirné rostou v systole a klesaji téméf k nule v diastole. V okamziku,
kdy je zvySeny tlakovy gradient mezi arteria pulmonalis a levou srde¢ni predsini
- transpulmonadlni tlakovy gradient, méni se i hodnoty plicniho kapilarniho tlaku.
Prikladem takovych stavii je ARDS, plicni hypertenze, sepse, zanétlivé stavy plicni
tkdné, hypoxie nebo kardiovaskuldrni choroby. Méfeni plicniho kapildrniho tlaku
je vhumdnni mediciné velmi obtiZné. DileZitou skutecnosti je, Ze na hodnoty kapi-
larniho hydrostatického tlaku lze na podkladé ¢astéji méfenych hodnot tlaku v plic-
nici usuzovat jen velmi ptiblizné (Ganter et al., 2006).
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2.

ROZDELENI PLICNICH EDEMU

Plicni edém mtzeme rozdélovat podle celé rady hledisek. Nejcastéji jsou zdlrazno-
vana hlediska etiologicka a patofyziologicka.

Z hlediska piisobeni tekutiny rozdélujeme plicni edém na:

hydrostaticky - pri¢inou je zpomaleni pritoku tekutin plicni tkdni
hypervolemicky - pfi¢inou je relativni nebo absolutni zmnozeni tekutin v plicni
cirkulaci

vysokotlaky - na vzniku edému se podili zvysSeny tlak tekutiny v plicnich cévach
a intersticiu

nizkotlaky - vznik edému je nezdvisly na tlaku tekutiny v plicnich cévéch
a intersticiu

Podle piivodu rozdélujeme plicni edém na:

kardialni plicni edém - pric¢ina vychdzi z poskozeni srdce
nekardialni plicni edém (extrakardidlni, nonkardialni) - pfi¢ina edému
je mimo srdce

Kardialni plicni edém v dusledku primdrniho poskozeni srdce miize zpiisobovat:

levostranné srde¢ni selhdni

infarkt myokardu v oblasti levého srdce
mitrdlni stendza

mitrdlni insuficience

aortdlni sten6za

aortdlni insuficience

myocarditis

kardiomyopatie

hemodynamicky zédvazna arytmie

vrozenad srde¢ni vada s pravolevym zkratem

Kardidlni plicni edém v duisledku sekunddrniho poskozeni srdce miiZe zpiisobovat:

hypertenzni krize

nelécend systémova hypertenze

horecka

interkurentni infekce

zvy$eny piijem tekutin nebo elektrolytt
neprimérena fyzicka zatéz

podani léki s negativné inotropnimi ac¢inky
hypertyre6za

anémie
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Nekardidlni plicni edém miize zpiisobovat:

poskozeni CNS

hyponatremicka encephalopatie

masivni plicni embolizace

rendlni (zpGisobeny nemoznosti vylouceni nadmérného mnozstvi tekutin
v dtsledku rendlniho selhdni — uremicka plice)

hypoproteinemie (nefroticky syndrom, tézkd jaterni porucha, enteropatie,
malnutrice)

jako soucdst ARDS

mediastinalni fibroza (blokdda lymfatik)

tézka pneumonie (blokada lymfatik)

plicni lymfangiomatézni karcinomatdza (blokada lymfatik)

fibrotizujici oblitera¢ni lymfangoitis pfi silikoze

plicni venookluzivni nemoc

toxicky (drédzdivé plyny) — amoniak, chlorovodik, dusi¢nany, sirovodik, ozén,
slzny plyn, bojové chemické latky

aspirace (moiské vody, zalude¢niho obsahu, cizi téleso)

septicky Sok

hemoragicka pancreatitis

vysokd nadmorskd vyska (vysokohorsky plicni edém)

abusus drog (heroin, morfin, kokain)

strangulace

masivni zvét$eni $titné z1azy vedouci k obstrukci dychacich cest

eklampsie

latrogenni plicni edém miiZe zpiisobit:

12

vytvoieni pravolevého zkratu

pooperacni levostranné srde¢ni selhani

pooperacni hypovolémie (napt. leak-syndrome po kardiochirurgické operaci)
predavkovaniléky (morfin, metadon, dextropropoxyphen, salicyléty, terbutalin,
salbutamol, fenoterol, ritodrin, hydrochlorothiazid, protamin, interleukin-2,
cyklosporin)

rychla evakuace masivniho pneumothoraxu,

rychlé odstranéni tekutiny pfi masivnim hydrothoraxu (zejména pokud je
soucasné pritomna obstrukce bronchu)

rozsahla plicni resekce

trombendarterektomie plicnich tepen

dilatace stendzy plicni tepny

chemoterapie

postextubacni laryngospasmus

nasledek predchozi kardioverze

predchozi srde¢ni bypass



3. EPIDEMIOLOGIE NEUROGENNIHO
PLICNIHO EDEMU

Neni snad na svété klinickad jednotka, jejiZ epidemiologicka data by vykazovala tak
rozporuplné vysledky jako pravé neurogenni plicni edém. Podle rtiznych klinickych
studii se neurogenni plicni edém vyskytuje v 1-71 % piipad poskozeni centrdlniho
nervového systému. Vétsina studii nastésti naznacuje, Ze pravda bude zfejmé nékde
uprostied, okolo 20-30 % pacientt s tézkym, ndhle vzniklym poskozenim CNS.
Nizsi cisla jsou pravdépodobné zavinéna skutecnosti, Ze neurogenni plicni edém
je u celé fady pacienti s poskozenim CNS zamaskovén jinymi faktory, nebo je jeho
vyznam v dané chvili povazovan za druhotady, vzhledem k ¢asto velmi tézZkému
celkovému klinickému stavu a nutnosti feSeni dilezitéjsich, akutné Zivot ohrozu-
jicich stavl (akutni tepenné krvaceni, pocinajici zndmky herniace mozkové tkané
apod.). ZvySend cisla jsou pak pravdépodobné zplisobena oznacenim jakéhokoli
plicniho edému za neurogenni, coZ je opa¢ny extrém. Mortalita neurogenniho plic-
niho edému se pohybuje okolo 10 %. Z epidemiologickych udaji viak neni jasné,
zda je toto pomérné vysoké ¢islo zptisobeno skute¢né edémem plic nebo ptivodnim,
¢asto velmi tézZkym poskozenim CNS. U tézkych poranéni mozku a michy (zejména
kréni) je plicni edém ¢astym nalezem. Castéji se u téchto trazt vyskytuje neuro-
genni plicni edém u mladsich pacientt, pravdépodobné vzhledem k paradoxné
yreaktivnéjsimu” kardiovaskuldrnimu aparatu u mladsich (Simmons et al., 1969).
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4. ETIOPATOGENEZE NEUROGENNIHO
PLICNIHO EDEMU

Etiopatogeneze neurogenniho edému byla pfedmétem intenzivniho vyzkumu
zejména v 70.- 80. letech 20. stoleti, poté byl vyzkum této problematiky z neznamého
divodu utlumen, navzdory stdle nejasnému mechanismu jeho vzniku. Ackoli je
v etiologii neurogenniho plicniho edému podeziivdna celd fada mechanismu, neni
pfes vSechny snahy etiopatogeneze neurogenniho plicniho edému dodnes spoleh-
livé vysvétlena. Etiologie neurogenniho plicnitho edému je dnes nejcastéji defino-
vana jako neuro-humoralné-stresova.

Obecné mechanismy rozvoje plicniho edému

Plicni edém vznikd na podkladé porusené rovnovahy intravaskuldrni a interstici-
alni tekutiny. Mize vznikat z celé fady pricin, které vedou k jednomu nebo vice
z nésledujicich déji:

Zvyseni kapildrniho hydrostatického tlaku - jedna se o nejcastéjsi pri¢inu. Vznika
pti pretlaku v Zilnim systému plic, ktery mtize byt zptisoben jak vlastnimi plicnimi
cévami, tak poruchou precerpavani krve levym srdcem. Dal$im diivodem miiZe byt
zvy$eni objemu cirkulujicich tekutin bud v celém organismu, nebo vyznamna cent-
ralizace obéhu do oblasti Zivotné dilezitych organti, zptisobend nejriiznéj§imi prici-
nami.

Zvy$eni propustnosti kapildrni stény - tento mechanismus vznika na podkladé
ptimého nebo humordlné podminéného rozsifeni prostoru mezi jednotlivymi
endotelovymi bunkami, pfipadné jejich poskozenim. Vede k ndrlstu extravazace
tekutiny a krevnich elementt do intersticia a odtud event. do intraalveoldrniho
prostoru.

Zvyseni povrchového napéti vnitini plochy alveoli - vznikd v okamziku, kdy
v dtsledku poskozeni nebo zmény struktury surfaktantu, které vede ke zméné vlast-
nosti na hranici vzduch-tekutina, dochdzi ke kolapsu ptislusnych ¢ésti plic a iniku
tekutiny do alveolt.

Snizeni onkotického tlaku krevni plazmy - vznika pfi relativnim nebo absolutnim
poklesu mnozstvi bilkovin krevni plazmy, zejména albuminu. Vysledkem je zména
osmotického gradientu a inik tekutiny z intravaskularniho prostoru do intersticia.
Snizeni lymfatické drendze plicniho parenchymu - vznika na podkladé zénétu nebo
metastatického rozsevu. Miize byt rovnéZ vrozend. Vede k nedostate¢nému odvé-
déni lymfy z plicnich tkdni a jejimu hromadéni v plicnim parenchymu.

Predstupném plicniho edému je piekrveni plicniho parenchymu - kongesce plic.
Vlastni plicni edém se projevuje zvy$enim mnozstvi tekutiny nejdfive v mezibu-
nécné hmoté plicniho parenchymu - intersticidlni edém, nédsledné iinikem tekutin
do oblasti plicnich sklipkt - intraalveolarni edém a ddle i do dal$ich useki dycha-
cich cest. Neurogenni plicni edém je charakterizovdn vyznamnym stupném dila-
tace plicnich kapilar, kongesci kapilar krvinkami, intraalveoldrnim krvacenim
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a intersticidlnim (perivaskuldarnim) a intraalveoldrnim edémem, ktery je tvofen
na proteiny-bohatym tkdanovym mokem - exsuddtem, jez obsahuje vice nez 70 %
plazmatické hladiny proteint. Stejné jako ostatni typy plicniho edému, je i neuro-
genni plicni edém charakterizovan tfemi fazemi:

1. Preedémova faze

Dochdzi nejprve ke kongesci plic a nasledné ke zvy$enému pohybu tekutiny z kapilar
do intersticia. Pfebytek privodu tekutiny je viak stidle kompenzovan zvysSenou
lymfatickou drendzi.

2. Intersticidlni edém

V této fazi je prekrocena drendzni kapacita intersticia az 0 30 % a tekutina se za¢ind
hromadit v poddajném vazivu mezi bronchioly, arteriolami a venulami. Tento edém
je nejprve perikapildrni a vét§inou asymetricky lokalizovany na jedné strané kapi-
lary, k niZ z obou stran pfiléhaji plicni alveoly. Pfi neposkozené epitelové cdsti
alveolo-kapildrni membrdny jevi tekutina hromadici se v intersticiu tendenci nesifit
se déle do alveold, nebot epitelovéd vystelka alveolt je prakticky zcela neprostupna
pro proteiny. V intersticidlni tekutiné je za normdlnich okolnosti relativné vysoka
koncentrace proteint, kterd dosahuje az 75 % plazmatické koncentrace, coz vytvari
velmi silny osmoticky gradient, ktery tdhne tekutinu z alveoldrniho prostoru
smérem do intersticia a zabranuje tak intraalveolarnimu edému. Plicni edém si tedy
miize zachovat charakter intersticidlniho edému i pfi pomérné vy$sim stupni napl-
néni intersticia tekutinou. V tomto stavu se v plicnim parenchymu rozsituje prostor
zaujimany alveoldrnimi sténami na tkor alveoldrnich prostor vyplnénych plynem
a dochdzi tak k restrikéni poruse dychdni v disledku zmensené funkéni kapacity
plic. Kromé toho se zdsadné zvySuje hmotnost plicni tkdné, klesd jeji poddajnost
a zvysuje se plicni cévni odpor. Tekutina viak intraalveoldrné neunikd. Za hranici
intersticidlniho edému je u ¢lovéka povazovana tloustka alveoldrni stény alespon
2 um (Necas et al., 2009).

Pfi normdlnim objemu intersticidlni tekutiny zdvisi tlak v intersticiu jednak
na pritomnosti pevnych struktur pojivové tkdné¢, jednak na hydrostatickém tlaku
pritomné tekutiny. Tlak pevnych struktur intersticia je za normalnich okolnosti
vy$s$i ve srovndni s atmosférickym tlakem vzduchu v alveolech - pevné struktury
totiz musi odolat pisobeni vzduchu. Naproti tomu tlak tekutiny pfitomné v inter-
sticiu je niz8i nez tlak vzduchu v alveolu - za normdlnich okolnosti neni Zddouci,
aby tekutina vystupovala intraalveoldrné. Sumaci obou tlaka vznika tlak, ktery je za
normalnich okolnosti blizky nule. Nahromadénim tekutiny v intersticiu se zvysuje
hydrostaticky tlak v tomto prostoru. Pokud je primdrni pti¢inou edému zvyseny
intravaskuldrni tlak, ptsobi vlastné zvyseni intersticidlniho tlaku v disledku
hromadéni tekutiny v intersticiu proti zvy$enému intravaskuldrnimu tlaku. Nahro-
madéni tekutiny vSak kromé zvySovani hydrostatického tlaku rovnéz rozvol-
nuje pevné soucdsti intersticia, jehoZ kompenzacni mechanismy takto oslabuje.
Pfi ur¢itém objemu nahromadéné intersticidlni tekutiny jsou od sebe pevné struk-
tury intersticia natolik vzdalené, Ze se jejich role prestava uplatnovat a dominujicim
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faktorem se stavd pouze hydrostaticky tlak a objem intersticidlni tekutiny. S dale
rostoucim objemem intersticidlni tekutiny se proto za¢ne hydrostaticky tlak nepo-
mérné zvys$ovat, a jakmile dosdhne hodnoty atmosférického tlaku vzduchu v alveo-
lech, za¢ne dochdzet k unikdni tekutiny intraalveoldrné.

Tekutina, kterd se hromadi v intersticidlnim prostoru, se volné §ifi do perivasku-
larni a peribronchidlni tkdné, kde je za normélnich okolnosti niz$i hydrostaticky
tlak. Dochazi tak k pfesouvdni tekutiny smérem k plicnim hiléim a jejimu odvadéni
od mist s vysokou koncentraci alveolii. Tento kompenzaéni mechanismus umoznuje
nahromadéniaz 500 ml tekutiny bez zdsadniho zvyseni jejtho hydrostatického tlaku
v intersticiu. V tomto prostoru dochdzi rovnéz ke zvysSené resorpci tekutiny zpét do
krve. Perivaskuldrni a peribronchidlni ¢asti intersticia rovnéz komunikuji s interlo-
bérnimi septy a viscerdlni pleurou. Tekutina, ktera takto ve zvy$ené mife pronikd
do pleurdlni dutiny, je odtud odvddéna lymfatickym systémem parietalni pleury.
Nahromadéni tekutiny v pleurdlnim prostoru v podobé pleurdlniho vypotku sice
omezuje objemové zmény plic, aviak méné, nez kdyby byla tato tekutina v plicnim
intersticiu. Pro neurogenni plicni edém je typickd témér uplna absence tohoto pleu-
ralniho vypotku, coz ziejmé souvisi s rychlosti, jakou se tento edém rozviji.

3. Alveolarni edém

Tteti stadium odpovida situaci, kdy jsou prekroceny objemové moznosti intersti-
cidlniho prostoru a tlak tekutiny vede k rozruseni spoju alveoldrnich membran.
Pocatkem tohoto stadia je okamzik, kdy se s rostoucim objemem intersticialni teku-
tiny za¢ne hydrostaticky tlak zvysovat natolik, Ze dosdhne hodnoty atmosférického
tlaku vzduchu v alveolech. Néktefi autofi hovofi o prolomeni epitelové bariéry
alveol (Necas et al., 2009). Roli zde hraje jak tlak tekutiny, tak prekondni povr-
chového napéti surfaktantu pronikajici tekutinou, kterd umozni jeji vyliti do nitra
alveold. Tekutina se mtize uvnitf alveolti nachdzet jak izolované pfi jejich sténéch,
tak vyplnovat cely vnitini objem alveolu.

V ptipadé neurogenniho plicniho edému vsak na sebe viechny fdze navazuji velmi
rychle a navic jsou doplnény o ¢asto masivni hemoragie. Patofyziologicky predsta-
vuje vznik neurogenniho plicniho edému nerovnovahu Starlingovych sil, odvislych
od permeability kapilarniho endotelu, cévniho povrchu a hydrostatického a osmo-
tického tlaku (Malik, 1985; Colice, 1984). Roli Starlingovych sil pfi vzniku neuro-
genniho plicniho edému naznacuje Starlingova rovnice (Starling, 1918):

Q:K&'(Pk_Pi)_Kd(nk_ni)

kde Q oznacuje eflux tekutiny, P, - hydrostaticky tlak v kapildte, P, - hydrosta-
ticky tlak v intersticiu, K, - kapildrni filtracni koeficient (vysledek pohybu teku-
tiny v kapildrdch a kapildrniho povrchu), K, - koeficient odrazu (nabyvad hodnot
od 0, kdy je sténa kapilary extrémné propustna pro proteiny, do 1, kdy je sténa pro
proteiny nepropustna), m, - onkoticky tlak v kapildfe a m,_ - onkoticky tlak v inter-
sticiu.
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Mira exfluxu tekutiny je tedy pfimo umérna hydrostatickému tlaku v kapilare
a nepfimo tmérnd onkotickému tlaku v kapildte. Za fyziologickych okolnosti
prochazi kapildrni sténou do intersticia okolo 15 ml tekutiny za hodinu, coZ odpo-
vida 0,01 % z celkového objemu plazmy, kterd protece za tuto dobu systémem plic-
nich kapilar. V pripadé rozvoje plicniho edému je toto mnozstvi vys$si i o nékolik
rada. Zatimco za normalnich okolnosti je vétsina této tekutiny odvadéna systémem
lymfatickych cév zpét do zilniho recisté, v pripadé zvySeného uniku tekutiny extra-
vaskuldrné tyto mechanismy brzy nedokdzi tento déj dostatecné kompenzovat
a rozviji se nejprve intersticidlni a ndsledné intraalveoldrni edém plic. Pfi extrémné
nahlych objemové-tlakovych zménach v plicnim kapilarnim fecisti navic dochazi
k mechanickému poskozeni kapildrnich stén a extravazaci krevnich elementt,
coz je typické pravé pro neurogenni plicni edém.

Pticiny neurogenniho plicniho edému

Jak bylo feceno vyse, neurogenni plicni edém se vyskytuje u pacientti s riznymi
formami poskozeni centrdlniho nervového systému. Rozviji se nejc¢astéji v fadu
hodin po poskozeni centrdlniho nervstva nebo akutni exacerbaci chronického
onemocnéni mozku nebo michy. Velmi rychle se rozvijejici neurogenni edém
se miiZe vyvinout i v fadu minut az desitek minut, tento typ je viak spiSe vzdcny.
Nejcastéji se rozviji u tézkych traumat centralniho nervového systému, u pacien-
td s epilepsii a v pfipadech subarachnoiddlniho krviceni. Méné casto se vysky-
tuje u pacientt se subdurdlnim krvdcenim, intracerebrdlnim nebo intramedu-
larnim krvécenim, u hyponatremické encefalopatie, meningitidy, intrakranialnich
a intraspindlnich tumort spojenych s rozvojem hydrocefalu, u lupus erythematodes
a u zachvatu roztrousené sklerézy (Malik, 1985). Kromé toho mtiZe neurogenni
plicni edém vzniknout velmi vzacné i iatrogenné pii neurochirurgickych zakrocich
(viz kazuistika 7). Podobny mechanismus vzniku jako v pfipadé neurogenniho plic-
niho edému je podezfivan i u plicniho edému vznikajictho na podkladé feochromo-
cytomu a u hand, foot and mouth disease (Rassler, 2007; McMinn, 2002). Relativné
sporné je oznaceni NPE u toxickych poskozeni tkdné CNS exogennimi substan-
cemi jako jsou salicylaty (Broderick et al., 1976), heroin (Steinberg a Karliner, 1968),
metadon (Frand et al., 1972). Efekty téchto latek jsou nékdy ptirovnavany k expe-
rimentdlnimu modelu NPE, ktery je indukovén vpravenim veratrinu do cisterna
magna (viz kap. 10).

Neurogenni plicni edém byl popsdn az u 20 % tézkych poranéni mozku, charak-
terizovanych Glasgow coma scale < 8 (Bratton et al.,, 1997). Studie Rogerse et al.
(1995) popisuje vyskyt neurogenniho plicniho edému ve 32 % pripadt poranéni
mozku s nasledkem smrti, pficemz 50 % pacientt s NPE zemfelo do 3 dnii. Vyskyt
neurogenniho plicniho edému byva v pripadech poranéni mozku nejcastéji sdruzen
s nahlym vzestupem intrakranidlniho tlaku (Baumann et al., 2007). Byly vsak
popsany i pripady, kde prokazatelné ke vzestupu intrakranidlniho tlaku nedoslo
a presto se edém rozvinul (Popp et al., 1982). Poskozenti plic v diisledku neurogen-
niho plicniho edému je vedle infekce nejcastéjsi pri¢inou kontraindikace jejich
pouziti pro transplantaci u pacientt s diagnostikovanou mozkovou smrti. Trulock
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(1997) udava, ze neurogenni plicni edém je jednou z pfi¢in toho, Ze pouze 20 %
multiorgdnovych darcti ma plice ve stavu vhodném k transplantaci.

Subarachnoidélni krvaceni, vznikajici zejména na podkladé ruptury aneurysmatu
mozkové tepny, je jednou z nejcastéjSich pricin neurogenniho plicniho edému.
Velmi vyznamna data udavé studie Weira (1978), popisujici vyskyt neurogenniho
plicntho edému u 71 % ptipad fatdlniho subarachnoiddlniho krvaceni. Z této
studie v8ak vyplyva, ze pouze 31 % pacienttt mélo klinické znamky plicniho edému
v obdobi pfed tumrtim. V rozsahlé retrospektivni studii na 477 pacientech nalezli
Muroi et al. (2008) neurogenni plicni edém u 8 % pacientli. U viech pacientli se
jednalo o rozséhly plicni edém s vyraznou hemoragickou slozku. Edém byl signi-
fikantné ¢astéjsi u pacienti, u kterych se pricina nachdzela v dorsalni ¢asti Willi-
sova tepenného okruhu. Zvyseny intrakranidlni tlak byl nalezen u 67 % pacientii
s edémem. I kdyz byly u 83 % pacientti nalezeny zvysené srde¢ni markery, Zadny
z pacientil nemél vanamnéze ani v pribéhu hospitalizace zjisténu zdvaznou srdecni
vadu. Neurogenni plicni edém mél zésadni dopad na navrat neurologickych funkci;
Glasgow Coma Scale (viz tab. 5.1.) nizéi nez 4 mélo vice nez 77 % pacientii s neuro-
gennim plicnim edémem ve srovnani s 25 % pacient(i bez neurogenniho plicniho
edému. V pripadé subarachnoiddlniho krvaceni byl opakované popsian pozdni
néstup rozvoje neurogenniho plicniho edému, ktery se vyvijel i nékolik dni po
nejvyznamnéjsi atace krvaceni. Kromé toho se zpoc¢atku mirny edém po rizném
obdobi latence nebo zdanlivé resoluce opét rozviji ve vyrazné tézsi az smrtelny stav
(Fisher a Abdoul-Nasr, 1979).

Tab. 5.1. Glasgowskd skadla kématu (angl. Glasgow coma scale)

UKON SKORE
Otevreni o¢i

Spontdnné
Na osloveni
Na bolest
Chybi

— B |

Motoricka odpovéd

Vyhovi

Lokalizuje bolest

Uhybd od bolesti

Flexni reakce na bolest
Extencni reakce na bolest
Chybi

— o [ | U [ Oy
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Slovni odpovéd
Orientovany
Zmateny
Nepriléhava
Nesmyslna
Chybi

— oW [ |

Epilepticky zdchvat je jednou z nejcastéjsich netraumatickych ptic¢in neurogenniho
plicniho edému. Nejcastéjsi pricinou je zdchvat typu grand mal. Neurogenni plicni
edém se zde vzdy rozviji v obdobi po vlastnim epileptickém zachvatu, u jednoho
jedince i vicekrat za Zivot (Colice et al., 1984; Mulroy et al., 1985; Darnell a Jay, 1982).
Neurogenni plicni edém byl nalezen az u jedné tfetiny pacientii s fatdlnim status
epilepticus (Simon, 1993; Ohlmacher, 1910). V soudné-lékatské studii Leestma et al.
(1989) se neurogenni plicni edém dokonce vyskytoval ve 45 z 52 ptipadt epileptic-
kych pacienti s nevysvétlenou pfi¢inou smrti - u téchto ptipada viak bylo sporné,
zda byl plicni edém skutecnou pri¢inou smrti. Ve studii Mulroye et al. (1985) bylo
zji$téno, Ze neurogenni plicni edém ohrozuje zejména détské pacienty s epilepsii.

Na podkladé roztrousené sklerézy vznikd neurogenni plicni edém velmi vzécné,
ve svétové literature je popsano pouze nékolik kazuistik. V téchto ptipadech vznikd
neurogenni plicni edém nejcastéji na podkladé ztraty inhibi¢ni funkce urcitych
jader mozkového kmene, které umozni hyperaktivaci center neurogenniho plicniho
edému v prodlouzené mise mozkového kmene (viz kazuistika 6).

Lupus erythematosus je systémové autoimunitni onemocnéni, postihujici celou
radu tkani téla. V pripadé, ze postihuje i sténu plicnich cév ve formé vaskulitidy,
ledviny ve formé nefritidy nebo piisobi trombocytopenii, mize se stat predispo-
nujicim faktorem pfi rozvoji neurogenniho plicniho edému a potencovat tak jeho
hemoragickou slozku (Chang et al., 2005).

Centrum vzniku neurogennitho plicniho edému

Bylo prokdzano, Ze neurogenni plicni edém vznikd pfi tézkych poskozenich nejriz-
néjsich ¢asti mozku i michy. Ackoli je tedy a priori splnéna implikace ,,poskozeni
ur¢itého centra => neurogenni plicni edém®, neni tim feceno, Ze edém nemuze
vyvolat poskozeni jakékoli jiné ¢asti CNS. K tomu muze pfispivat jednak ptiso-
beni zvyseného intrakranidlniho tlaku, jednak vyplaveni celé fady neurohumo-
ralnich ptisobkt z poskozené tkané centrdlniho nervstva. Cela fada experimental-
nich i klinickych praci pfimo i nepfimo ukazuje, Ze vznik neurogenniho plicniho
edému vychdzi z vasomotorickych center rostrdlni ventrolateralni ¢asti prodlouzené
michy - adrenergni area Al, inhibujici vasokonstrik¢éni sympaticky tonus (Blessing
et al,, 1981) a A5, nucleus tractus solitarii (Reis et al., 1977), nucleus dorsalis nervi
vagi, area postrema a ventralni meduldrni raphe (Malik, 1985). Blessing et al. (1981)
prokdzali v experimentech na krdlicich, Ze bilateralni destrukce Al katecholami-
novych neuroni, ulozenych ve ventrdlni dorsolateralni medulla oblongata, zptiso-
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buje v nékolika poopera¢nich hodinach smrtelny neurogenni plicni edém. Bilate-
ralni léze téchto jader zplisobuje extensivni sympatickou reakci, aktivaci plicnich
C vldken a rozvoj systémové hypertenze a plicniho edému. O nucleus tractus soli-
tarii je zndmo, Ze integruje aferentni chemoreceptivni signdly a pfevadi je na exci-
ta¢ni impulsy do nerv ovliviiujicich dechové svaly v okamziku, kdy v jejich bliz-
kosti klesa pH a obsah kysliku - jeho role pti rozvoji neurogenniho plicniho edému
je proto rovnéz podeztivana.

Experimentdlni model plicniho edému u potkant je indukovan vpravenim fibrinu
do cisterna magna, model plicniho edému u psi je indukovdn vpraveni veratrinu
opét do cisterna magna (viz dale), tedy v obou pripadech do bezprostiedni bliz-
kosti vyse uvedenych jader. Pokud jsou tato jadra skute¢né mistem vzniku neuro-
genniho plicniho edému, vyznamné to podporuje teorii o excesivni aktivaci sympa-
tiku, oznacované jako katecholaminova boufte, jako pri¢iné neurogenniho plicniho
edému. Preventivni funkce alfa-adrenergnich blokdtort (fentolamin) pfi vzniku
neurogenniho plicniho edému tuto teorii jen potvrzuji. Kromé toho byly v expe-
rimentu s raznymi vysledky k potlaceni rozvoje pouzity - blokdda cervikalnich
sympatickych ganglii, sympatektomie, adrenalektomie a decerebrace. Pomérné
dlouhou dobu byla jako centrum rozvoje neurogenniho plicniho edému podezfi-

rec

vana i nékterd jadra ventrdlniho hypothalamu, tehdy nazyvand ,edémogenni®,
mezi nimi zejména preoptickd area (Reynolds, 1963). Pozdéjsi experimenty viak
prokazaly, ze role hypothalamickych jader pfi rozvoji edému je spie modula¢niho
charakteru (Malik, 1985). Stimulace hypothalamickych jader v experimentu sice
vyvold sekreci katecholamint, které v disledku zptisobi zvyseni plicniho kapildr-
niho hydrostatického tlaku, jejich mnozstvi viak neni schopno vyvolat plicni edém.
Toho bylo dosazeno pouze v pripadé vpraveni alkaloidu akonitinu do oblasti vent-

ralniho hypothalamu (Minnear a Connel, 1981).

Role hyperaktivace drah vedouci do center NPE

Celd fada dat a klinickych zkuSenosti ukazuje, Ze neurogenni plicni edém mtze
rovnéz zpusobit ndhld hyperaktivace vét§iho mnozstvi drah, které vedou do center
neurogenniho plicniho edému. Typicky nastdvd tato situace u subarachnoidal-
niho krvéceni (Fontes et al., 1997) nebo kompresni léze v hrudni ¢asti michy (Sedy
et al., 2007a, 2007b). Experimentdlni data ukazuji, Ze anestezie, aplikovana epidu-
ralné nebo intrathekdlné do mista léze miZe rozvoji neurogenniho plicniho edému
zabrdnit, coz lze velmi dobfe sledovat i ve vymizeni hemodynamické odpovédi (Hall
et al., 2002; Sedy et al., in press).

Role drah vedoucich z center NPE

Experimenty na ventilovanych zvitatech ukazaly, Ze neurogennimu plicnimu edému
muzZeme zabrdnit, pokud provedeme transekci kréni michy nad trovni nebo ptimo
v arovni mi$ni C7 (Chen et al., 1973; Chen and Chai, 1976). V této oblasti se totiz
nachdzeji dradhy sympatiku, které prevadéji tyto autonomni signdly do oblasti plic.
Vzato z opa¢ného pohledu, rozvoj neurogenniho plicniho edému mizZeme poten-
covat, pokud mi$ni drahy v této trovni stimulujeme.
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Role intrakranidlniho tlaku

Epidemiologicka data ukazuji, Ze neurogenni plicni edém vznika zejména pti rozsdh-
lejsich poskozenich centrdlniho nervstva, s vyraznym podilem pfipadi se zvySenym
intrakranidlnim tlakem. V experimentu bylo prokdzino, Ze pfi ndhlém zvyseni
intrakranialniho tlaku dochazi ke zvyseni tlaku systémového a mirnému zpomaleni
srde¢ni frekvence béhem 1 minuty. Zvyseni systémového a plicniho tlaku, spojené
se zvySenym zilnim ndvratem, pozitivné inotropnim tc¢inkem na srdce a zvy$enym
srde¢nim vydejem v zdvislosti na zvyseni tlaku intrakranidlniho se oznacuje jako
Cushingiiv reflex (Simmons et al., 1969). Cilem tohoto reflexntho mechanismu je
za kazdou cenu perfundovat otékajici tkdn centrdlniho nervstva proti rostouci peri-
ferni kapildrni rezistenci; jeho diisledkem je v8ak plicni edém. Cushing sam vysvétlil
tento reflexni mechanismus na zdkladé skute¢nosti, Ze se v prodlouzené mise hodnoty
intrakranidlniho tlaku pfiblizi hodnotdm tlaku systémového a mozkovy perfuzni tlak
klesne pod prahovou hodnotu, piikteré je mozkova cirkulace je§té schopna autoregu-
lace a zajisténi 100 % nutri¢nich potieb (Cushing, 1901).

Pfi injekci plné krve nebo roztoku albuminu do cisterna magna umira 50 % pokus-
nych zvifat na komplikace spojené se vznikem neurogenniho plicntho edému.
Pfitom mnozstvi vpravené tekutiny je mnohem dtlezitéjsi nez jeji slozeni. Nékteri
autori prokdzali, Ze role zvy$eného intrakranidlniho tlaku pfi vzniku neurogenniho
plicniho edému je dana zejména tlakovou ischemii jader prodlouzené michy a defor-
maci mozkového kmene, které vedou ke Cushingové odpovédi, zejména ve smyslu
zvy$eni krevniho tlaku (sympatikus) a poklesu srde¢ni frekvence (parasympatikus)
(Thompson a Malina, 1959). Dnes se ukazuje, Ze mechanickd deformace mozko-
vého kmene md mnohem vétsi vliv na rozvoj systémové odpovédi, jejiz soucasti
je i neurogenni plicni edém, nez ischemicka slozka ve smyslu Cushingovy teorie.

Jini autofi prokdzali, Ze pti provedeni bilaterdlni adrenalektomie pred zakrokem
na mise ke zvySeni systémového tlaku ani zméndm srde¢ni frekvence nedochézi.
Na druhé strané, oboustrannd vagotomie nema zZadny protektivni efekt pti vzniku
neurogenniho plicniho edému, naopak rozsah edému jesté vice zhorSuje. Zvyseni
intrakranidlniho tlaku prokazatelné poskozuje centra v prodlouZené mise, ktera
jsou podezrfivdna ze spusténi sympatické boure. Klinické studie ukazuji, Ze suba-
rachnoiddlni krvdceni z ruptury aneurysmatu v povodi arteria vertebralis vede
ke vzniku neurogenniho plicniho edému castéji, nez ruptura aneurysmatu v jiné
lokalizaci.

Nepiimé dikazy nasvédcuji tomu, Ze ztrata krve muze mit ,protektivni® vliv pfi
rozvoji neurogenniho plicniho edému, nebot se nemohou v dostate¢né mite uplatnit
vyznamné tlakové zmény, zptisobené sympatickou boufi. Z doby valky ve Vietnamu
pochdzi kazuistika vojaka, ktery byl stfelen nejdiive do biicha a poté do hlavy. Kulka,
kterd zasahla bfisni dutinu zptsobila laceraci vena cava inferior a masivni vnitini
krvéceni. Vojak zemfel na ndsledky poranéni mozku, v plicich v§ak nebyly nalezeny
z4dné znamky plicniho edému (Simmons et al., 1969).
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Katecholaminovd boute

Na vzniku neurogenniho plicnitho edému se nejpravdépodobnéji podili ndhle
vznikla systémovd alfa-adrenergni stimulace sympatiku a uvolnéni vasoaktivnich
substanci, oznacovanad jako katecholaminova boufe (angl. catecholamine storm)
nebo méné casto Cushingova odpovéd (angl. Cushing response). Vysledkem je gene-
ralizovana vasokonstrikce a narust systémového a plicniho tlaku, vedouci k cent-
ralizaci obéhu. Nasledkem téchto zmén je zvyseni plicniho hydrostatického tlaku,
poskozeni cévni a alveolarni stény, nartist permeability alveoldrni stény a uvolno-
vani tekutiny a krevnich bunék do intraalveoldrniho prostoru. Patofyziologicky
mechanismus, ktery se snazi vysvétlit vznik ndhlych rozsdahlych hemoragii do
plicniho parenchymu na zékladé katecholaminové boufe se oznacuje jako teorie
vybuchu (angl. blast theory).

Role sympatického systému pfi rozvoji neurogenniho plicntho edému byla ptimo
i nepfimo prokdzana celou fadou experimentt s vyuzitim nejriznéjsich experimen-
talnich modelt. P¥ikladem je studie Novitzkyho a kol. (1986), kteti na opi¢cim modelu
zabranili rozvoji neurogenniho plicntho edému, indukovaného nafouknutim
balénku intrakranidlné, chirurgickou sympatektomii. Farmakologickym korelatem
této studie je nase zjisténi, ze preventivni podani gangliového blokdtoru pentolinia
zcela zabrdni rozvoji neurogenniho plicniho edému u potkanti s poranénim michy
(Sedy et al., 2007a). Celkovy pohled na tyto experimenty navic ukazuje, ze ¢im mé
pokusné zvire vice rozvinuty plicni autonomni systém, tim pravdépodobnéji a tim
téz81 neurogenni plicni edém se rozvine. O ndchylnosti k jeho rozvoji tedy vypo-
vidd jiz samotny morfologicky substrat (Malik, 1985). Néktefi autofi, aby zdtraznili
roli plicniho fecisté a sympatiku pfi jeho vzniku, razili pro neurogenni plicni edém
termin neurohemodynamicky plicni edém (Malik, 1985). Nasledky katecholami-
nové boufe jsou zvyseni systémového a plicniho krevniho tlaku, pokles tepové frek-
vence, centralizace krevniho obéhu, zvy$eny vendzni névrat, zvyseni levostranného
end-diastolického tlaku, zvyseni kapildrniho hydrostatického tlaku a extravazace
tekutiny, vedouci k plicnimu edému.

Role hemodynamickych zmén

V experimentech na zvifatech bylo opakované prokdzano, Ze rozvoji neurogenniho
plicniho edému predchdzi ndhlé vyznamné zvyseni systémového krevniho tlaku.
Blessing et al. (1981) pozorovali zvyseni systémového tlaku o 40 mm u kralika,
kterym experimentdlné vyvolali NPE pomoci bilaterdlni destrukce Al neuronii
v medulla oblongata. Reis et al. (1977) vyvolali NPE pomoci léze nucleus tractus
solitarii na modelu laboratorniho potkana a predpokladali, ze smrt zvifete nastava
na zakladé levostranného srde¢niho selhdni v terénu tézké hypertenze. Blesssing
et al. (1981) pozorovali zvySeni cévni rezistence v abdomindlni aorté bezprostiedné
po inzultu, spoustéjicim NPE o 350 %. Bradykardie je ¢astym privodnim jevem
pfi rozvoji neurogenniho plicniho edému.

Experimentdlné bylo pozorovano, ze bradykardie vznika soubézné s elevaci systé-
mového tlaku (Blessing et al., 1981). Podkladem bradykardie je pravdépodobné,
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podobné jako pri aktivaci sympatiku, komprese a ischemie mozkového kmene.
Bradykardie ptimo ndsleduje zvyseni intrakranidlniho tlaku. Jadra mozkového
kmene, odpovédnd za tuto reakci, jsou pravdépodobné nucleus tractus solitarii
a nucleus ambiguus. Experimentdlni data ukazuji, Ze osu ,,mozkovy kmen - srde¢ni
frekvence” neni mozno velmi ovlivnit zménami systémového krevniho tlaku. Zaji-
mavé je, ze experimentdlni intrakranidlni hypertenze na levé strané mozkového
kmene ma vyrazné vétsi vliv na rozvoj arytmii nez na strané pravé. Pravdépodobné
je to dano asymetrickou autonomni periferni inervaci srdce (Krasney a Koehler,
1976). Z téchto pokusti je zfejmé, Ze bradykardie, pozorovand u neurogenniho plic-
niho edému, miZe vznikat vice na zdkladé¢ ovlivnéni center v CNS, nez na podkladé
periferniho baroreflexu. Bradykardii u NPE je mozné zvratit pomoci bilateralni
vagotomie nebo léze nucleus dorsalis nervi vagi.

Role parasympatiku

Nervus vagus je X. hlavovy nerv, ktery je jedinym zdrojem parasympatiku plic.
Stimulace nervus vagus, napriklad pomoci acetylcholinu, indukuje plicni vasodila-
taci a sniZeni kapildrniho hydrostatického tlaku. Pisobeni acetylcholinu je pfitom
dvojiho typu - jednak ptisobi na muskarinové receptory plicni hladké svaloviny cév,
kterd takto ochabuje, jednak v plicnim cévnim fecisti inhibuje uvolnovani kate-
cholamini (Bergofsky, 1980). Naproti tomu uvolnéni vazoaktivniho intestindlniho
polypeptidu z nervus vagus je pfikladem pasobeni alternativni, non-cholinergni,
non-adrenergni cesty.

V experimentech na morceti, kralikovi a potkanovi bylo ukdzano, ze oboustranné
pretéti nervus vagus (bilaterdlni vagotomie) je schopno samo o sobé vyvolat
plicni edém. Ackoli byl tomuto edému ptvodné ptifazovdn stejny patofyziolo-
gicky mechanismus jako edému neurogennimu - tj. excesivni aktivace sympatiku
na zakladé vyrazeni parasympatiku, tedy ono tiplné odstranéni zdvazi z jedné misky
vah a tplné prevazeni misky druhé (Schmitt a Meyers, 1957), dalsi experimenty tyto
uvahy nepotvrdily. Ukdzalo se totiz, Ze bilaterdlni vagotomie pod odstupem nervus
laryngeus recurrens plicni edém nevyvoldva a byly tak potvrzeny uvahy skeptiki,
ktefi tvrdili, Ze tento druh edému je zptisobem obstrukci dychacich cest v disledku
laryngedlniho a bronchidlniho spasmu. Obstrukce dychacich cest vyusti ve zvysené
nasdvani a hromadéni vzduchu v postizenych plicnich segmentech. V neposti-
zenych plicnich segmentech vznikd reflexnim mechanismem negativni intersti-
cidlni tlak, ktery vyusti ve zvySeni transkapildrniho filtra¢niho tlaku v prevzdusné-
nych ¢astech plic a dochazi k rozvoji plicniho edému. Nakonec se ukdzalo, Ze bila-
terdlni vagotomie pod odstupem nervus laryngeus recurrens nema ani stupnujici,
ani protektivni vliv na rozvoj neurogenniho plicniho edému (Malik, 1985).

Role kapildarniho hydrostatického tlaku

Sympatickd a parasympaticka visceromotoricka inervace plicniho fecisté ovliviuje
tonus plicnich cév. Jakakoli zména eferentni autonomni aktivity mtze zvysit nebo
snizit plicni kapildrni hydrostaticky tlak (Bergofsky, 1980). Je nepochybné, Ze zmény
v hodnotach kapilarniho hydrostatického tlaku se zdsadnim zptisobem uplatnuji
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pti vzniku neurogenniho plicniho edému. V disledku zvysené sympatické aktivity
dochdézi ke zvyseni systémového tlaku, centralizaci obéhu a tim i zvy$§enému mnoz-
stvi krve ve vysokotlaké centrdlni ¢asti obéhu. Toto zvyseni tlaku je jednak na vrub
samotnému poskozeni mi$ni tkdné, jednak zvySeni intrakranidlniho tlaku a piso-
beni na centra v prodlouzZené mise. Na tak ndhle zvySené ndaroky zfejmé nemtze
srdce, zejména levda komora, dostatecné zareagovat a pravdépodobné dochdzi
ke snizeni mnozstvi krve precerpané levym srdcem a méstndni krve v nizkotlakém
cévnim systému plic. Bylo prokdzano, Ze existuje korelace mezi tlakem v levé pred-
sini a stupném neurogenniho plicniho edému. Tato tvrzeni podporuje i paralelni
zjisténi niz§iho krevniho pritoku v aorté na modelu neurogenniho plicniho edému.
Dochazi tak k nahle vzniklému enormnimu nartstu kapilarniho hydrostatického
tlaku, extrémnim zménam a vzniklé nerovnovaze Starlingovych sil, ptsobicich
na sténu kapildr, exsudaci tekutiny a pfi prekroceni urcitych hodnot i k poskozeni
az popraskdni stén kapildr a vzniku krvacenti, které je castym doprovodnym znakem
neurogenniho plicniho edému a miZe byt pfi¢inou umrti pacienta. Role sympa-
tikem aktivované plicni venokonstrikce a na jejim zakladé vzniklé dals$i zvyseni
kapilarniho hydrostatického tlaku a plicni vaskuldrni permeability neni rovnéz
zanedbatelna (Dauber a Weil, 1983). Hypotéza o zdsadni roli zvy$eného kapildr-
niho hydrostatického tlaku je podpofena i zjisténim nizkého sérového poméru
tekutina-proteiny u zvifat s NPE (Smith a Matthay, 1997).

Krvdceni u neurogenniho plicniho edému

Hlavnim nebezpe¢im neurogenniho plicniho edému je zejména ndhly a velmi
razantni rozvoj, ktery mtize béhem nékolika minut ukon¢it Zivot pacienta. V jeho
patogenezi hraje vyznamnou tlohu hemoragicka slozka, ktera je nejvice vyjadiena
pravé u tohoto typu plicniho edému. V nasich experimentech vedla masivni exsu-
dace sangvinolentni tekutiny z plic k umrti vice neZ 40 % pokusnych zvitat s nizkou
hladinou isofluranové anestezie ve velmi kratké dobé (Sedy et al., 2007a, 2007b).
Vznik neurogenniho plicniho edému mitze byt navic potencovdn plicni kapi-
larni vasokonstrikci nebo zménami ve sténach plicnich cév v dtsledku systémové
choroby, jak bylo popsdno v ptipadé systémového lupus erythematodes.

Role permeability kapildr a anestezie

Jak bylo fec¢eno v tivodu, isofluran indukuje reversibilni snizeni alveolarni epite-
lidlni tekutinové clearance a snizuji tak prah pro vznik plicnitho edému. Bylo proka-
zéno, Ze isofluran inhibuje mitochondridlni oxidaci, coz vede ke sniZené produkci
ATP v pneumocytech II. typu a stimuluje tak produkci laktatu v téchto bunkach.
Navic snizuje syntézu fosfatidylcholinu a indukuje apoptézu pneumocyti II. typu,
coz zasadnim zplisobem poskozuje surfaktant. U intravendznich anestetik typu
pentobarbitalu nebo kombinace ketaminu-xylazinu tento nezadouci efekt zjistén
nebyl. Pouziti isofluranu tedy primarné vytvaii podminky pro vznik neurogenniho
plicniho edému. Navic, nizké koncentrace isofluranu ztejmé zvysuji stres pokus-
ného zvirete a vznik neurogenniho plicniho edému je dale potencovan. Pfi pouziti
jinych anestetik, jako je napft. lidokain, ketamin, xylazin, pentobarbital, halothan
a sevofluran byl béhem vytvareni mis$ni léze v experimentu rovnéz pozorovan
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rozvoj neurogenniho plicniho edému, doprovézeného krvacenim (Leal Filho et al.,
2005a, 2005b). Zvyseni tlaku v nizkotlakém plicnim fecisti navic ptisobi barotrauma
endotelu plicnich kapildr a poruchy kapildrni permeability jsou tak ddle stupniovany.
Vysledkem je exsudace tekutiny aZ protrzeni kapildrni stény, vedouci ke krvaceni,
které jsme pozorovaliimy. Podle nds je vznik neurogenniho plicniho edému v nasich
experimentech zptisoben jednak primarnim lehkym poskozenim plic vlivem isof-
luranu v kombinaci se sniZzenou anestezii u 1,5 % a 2 % skupin, kterd dovoli pribéh
sympatické boute a vznik edému. Permeabilitu plicnich kapildr zvysuje neuropeptid
Y, adrenalin a noradrenalin.

Role epitelu alveoldrni stény

Z tady experimentt vyplyva, ze zvy$eny krevni tlak hraje sice velmi diilezitou roli,
neni v$ak jedinym zdrojem rozvoje neurogenniho plicniho edému. V roce 1981
provedli Hoff et al. pokus, ve kterém modelovému zvifeti pomoci pousténi Zilou
regulovali tlak na normdlnich hodnotich v kritické dobé rozvoje neurogenniho
plicniho edému. Neurogenni plicni edém byl sice mensiho rozsahu, jeho rozvoj byl
v§ak pravidlem (Hoff et al., 1981). Podobnou zku$enost mame i u nasich experi-
mentdlnich zvifat - pokud zvife béhem vykonu v rdmci experimentdlniho poranéni
michy vice krvaci, existuje mensi pravdépodobnost, Ze zemfe na nasledky neuro-
genniho plicntho edému; edém vsak vytvorfen bude. Tato zjisténi odpovidaji hemo-
dynamickym vlastnostem krevniho recisté.

Epitel alveoldrni stény hraje kritickou tlohu pti minimalizaci vlhkosti intraalveoldr-
niho prostoru vzdu$nych plicnich sklipki, ktera je nezbytna pro sprédvnou vyménu
plynti. Mnohé studie ukazuji klicovou roli epitelu alveoldrni stény pfi absorpci
a reabsorpci isotonické tekutiny z intraalveoldrniho prostoru plicnich sklipki
proti vzristajicimu osmotickému gradientu do lumina plicnich kapildr. Je znamo,
ze hlavni podil na tomto procesu ma transport Na* a K* iontii, coz lze neptimo
prokazat inhibici procesu vstiebavani tekutiny z intraalveolarniho prostoru amilo-
ridem a ouabainem. Poruseni této iontové rovnovahy mize potencovat vznik neuro-
genniho plicniho edému.

Blastickd teorie

Blastickd teorie (angl. blast theory) predpoklddd poskozeni jemnych plicnich cév
a nasledny vzestup permeability jejich stén v disledku ndhlého vzestupu plicniho
vaskuldrniho tlaku, ktery mtze byt iniciovan napfiklad plicnim vasospasmem nebo
ndhlym zvy$enim Zilniho ndvratu do plic. Blastickou teorii podporuji experimenty
Westa et al. (1992), ktefi prokazali poskozeni stén plicnich kapilar pfi prekroceni
tlaku 40 mm Hg. Slabinou této teorie je opakované experimentdlni i klinické zjis-
téni, Ze plicni vaskuldrni hypertenze nemusi byt nutné pfitomna u véech pripadi
neurogenniho plicnitho edému (Bowers et al., 1979; Touho et al., 1989). Kromé toho
bylo zjisténo, Ze zvyseny plicni tlak v disledku poskozeni centrdlniho nervového
systému nemusi vzdy vést k neurogennimu plicnimu edému (Landolt et al., 1983).
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Poskozeni srdecniho svalu v diisledku neurogenniho plicniho edému

V dusledku zévaznych hemodynamickych zmén dochdzi v pribéhu rozvoje neuro-
genniho plicniho edému i k sekunddrnimu poskozeni myokardu. Syndrom byva
¢asto oznacovan jako syndrom myokardidlniho otfesu (angl. neurogenic stunned
myocardium) nebo Tako-Tsubo kardiomyopatie. Projevuje se nejcastéji rever-
zibilni generalizovanou hypokinézou srde¢niho svalu, doprovédzenou snizenou
ejekéni frakci. Vznik syndromu myokardidlniho otfesu je nejpravdépodobnéji
zpltisoben nahlym vzestupem sérovych katecholamint, ktery je jednim z mecha-
nismi spoustéjicich neurogenni plicni edém. Kromé toho se miize podilet i kate-
cholaminy vyvolany ndrGst systémové cévni rezistence. Syndrom je podminén
generalizovanym vyskytem mikronekréz v srde¢nim svalu (Marshall a Nyquist,
2009). Mimoradné dulezité je zjisténi, Ze navzdory tomu, Ze syndrom myokardidl-
niho otfesu vede v akutnim stadiu ¢asto k vyraznému zhorSeni az smrti pacienta,
pfizvladnuti této situace nezanechdvd na myokardu téméf zadné funkéné-morfolo-
gické stopy a v pribéhu 4-5 dnti se spontdnné upravi. V téchto mistech tedy spociva
velky potencidl pro budouci vyzkum, jehoz cilem by mélo byt terapeuticky ochranit
srde¢ni sval proti plsobeni negativniho vlivu neurogenniho plicniho edému
a pomoci mu aktivné preklenout nejtézsi obdobi, s vyhledem védomi, Ze v nésledu-
jicim obdobi bude schopen spontdnni restituce ad integrum. Diferencidlné diagnos-
ticky miZe byt nékdy obtizné odlidit syndrom myokardidlniho otfesu od infarktu
myokardu (Seow et al., 2007).

Role farmakologickych intervenci

Rozvoj a stupen neurogenniho plicniho edému ovliviuje celd fada farmak a neuro-
humordlnich pisobkt (viz téz kap. 7 a 11). Mezi nejvyznamnéjsi patii adrenalin,
noradrenalin, neuropeptid Y, pentolinium, atropin a oxid dusnaty. Adrenalin
a noradrenalin hraji prokazatelné roli v pribéhu katecholaminové boufe (viz
kap. 11), infuze adrenalinu a noradrenalinu v§ak per se neurogenni plicni edém
nezpusobuje (Rossel, 1980). Neuropeptid Y je neurohumordlni ptsobek, ktery
mé celou fadu farmakologickych acinkt, jako napf. antinociceptivni, anxioly-
ticky a orexigenni (zvys$ujici chut k jidlu) a roli v modulaci cirkadidnniho rytmu
(Naveilhan et al., 2001). Pokud je experimentalné do plic vpraven neuropeptid
Y, ktery je mimo jiné spolecné s noradrenalinem vylucovan sympatickymi nervy
a zvysuje tak stupen plicni vasodilatace a plicni vaskuldrni permeabilitu, reaguje
organismus pokusného zvifete zvySenim plicni vaskuldrni permeability a vznikem
neurogenniho plicniho edému. Neuropeptid Y pfitom plsobi pfimo na endote-
lové bunky. Neuropeptid Y je schopen pisobenim na GABA-ergni, glutamdtergni
a dopaminergni nervové drahy ovliviiovat hloubku anestezie na trovni centralniho
nervového systému (Naveilhan etal., 2001). Riizné druhy anestetik, jako napt. pento-
barbital nebo ketamin, jsou zpétné schopny ovliviiovat receptory pro neuropeptid Y
a v dasledku pak i modulovat vznik neurogenniho plicniho edému (Leal Filho et al.,
2005a, 2005b). Role pentolinia a atropinu viz kap. 11. Experimentalni udaje ukazuji,
ze endogenni opioidy (napt. endorfiny) jsou zodpovédné za zvyseni plicni vasku-
larni permeability a objem extravaskuldrni tekutiny na podkladé zvyseni nitroleb-
niho tlaku (Peterson et al., 1983). Tato zji$téni jsou zaloZena na zdkladé pozorova-
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ného protektivniho vlivu naloxonu (antagonista opioidnich receptort) pfi rozvoji
NPE. Bylo prokdzéno, Ze poddni fentolaminu je schopno zabrdnit rozvoji NPE
(Maron a Dawson, 1980; Malik, 1985; Hakim et al., 1979). Experimentdlni i klinicka
data ukazuji, Ze beta-adrenergni slozka je pfi rozvoji NPE méné vyznamnd. Colgan
et al. (1983) ukdzal na psim modelu hypertenze, Ze propranolol redukuje plicni
intravaskuldrni tlak a rozsah plicniho zkratu. Pti pouziti naseho modelu NPE jsme
prokazali, Ze propranolol ma mirné protektivni t¢inky na jeho rozvoj, které jsou
vSak nesrovnatelné méné vyrazné ve srovndni s alfa-adrenergni blokddou (viz
kap. 11).

Dusledky neurogenniho plicniho edému

Neurogenni plicni edém mé celou fadu duasledkt, z nichZz nejvyznamnéjsi
je omezeni kapacity plic v diisledku omezeni plochy pro vyménu dychacich plynt
a z toho vyplyvajici snizeni mnozstvi kysliku v organismu - hypoxie. Dochézi
ke zvétSeni vzdalenosti mezi alveolarnim vzduchem a krvi a rovnéz zmenseni celé
plochy ur¢ené pro vyménu plyni, coz vede ke sniZzeni mnozstvi kysliku, ktery mtize
difundovat pres alveolo-kapilarni membranu. Vyplnéni alveolt tekutinou se zacho-
vanym pritokem krve v bezprostfednim okoli zaplavenych alveolt zptisobuje vznik
pravolevého plicniho zkratu. Zvys$eni obsahu tekutiny v plicich a pripadné posko-
zeni alveolli, provdzené snizenim koncentrace surfaktantu, vede ke snizeni poddaj-
nosti plicni tkdné a zvyseni usili, které je nutné vynalozit k dechové funkci. Plicni
edém miize rovnéz zvysovat odpor dychacich cest kladeny proudéni vzduchu,
ktery tkvi v omezeni prisvitu drobnych bronchiolii peribronchidlnim edémem,
v reflexnim bronchospasmu a v tézsich ptipadech i ve vlastnim zaplaveni dychacich
cest tekutinou. Rizikem neléc¢eného neurogenniho plicniho edému je rozvoj pneu-
monie, atelektdazy a pleuralniho vypotku.

Podstata vzniku dusnosti

Poruchy ventilace sejiz tradi¢né rozdéluji na obstrukéniarestrikéni formy. Podstatou
obstrukéni poruchy je snizeni objemu vzduchu, ktery je dopraven k ¢éstem plic-
niho parenchymu, schopnym ventilace. Naopak podstata restrikéni poruchy tkvi
ve zmenseni (restrikci) mnozstvi funkéniho parenchymu plice, schopného venti-
lace. Z tohoto pohledu se pti vzniku dusnosti u neurogenniho plicniho edému uplat-
nuji oba tyto faktory. Obstrukéni mechanismus je dan zaplnénim dychacich cest
edematdzni tekutinou a krvi, restrikéni mechanismus destrukci alveolo-kapilarnich
membrdn parenchymu a prokrvécenim intersticia.
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5.

ANAMNEZA, KLINICKY OBRAZ
A VYSETRENI

Z anamnestickych udaji jsou z hlediska neurogenniho plicniho edému dilezité
zejména parametry souvisejici se souc¢asnym onemocnénim CNS. Obecné feceno
jsou priznaky neurogenniho plicniho edému pomérné rtiznorodé a ¢asto nespe-
cifické. Diagnostika proto neni ¢asto snadna. Velmi dilezité je dat tento klinicky
stav do souvislosti s akutné vzniklym poskozenim CNS. Pokud je vsak jiz jednou
pomysleno na neurogenni plicni edém, potvrzeni diagnézy necini obvykle potize.
Klicovym vySetfenim pro diagnostiku neurogenniho plicniho edému je fyzikdlni
vySetfeni (zejména védomi, srde¢ni a dechova frekvence, krevni tlak, typ dychani,
poklep a poslech plic).

Subjektivni pFiznaky

nahle vznikla dusnost (dyspnoe) - vznikd zejména v disledku zvy$ené dechové
prace a vétsich tlakovych zmén a napéti v hrudnim kosi a v plicnim parenchymu
bolesti na hrudi - vznikaji ze stejnych pfi¢in jako dusnost. Nemaji charakter
stenokardii.

zhorsené odkaslavani - je zptsobeno pretizenim dychaciho svalstva predchozi
ndmahou a nemoznosti kaslem odstranit edematézni tekutinu v alveolarnich
¢astech plic

bolesti hlavy, nauzea a zvraceni - jsou zplisobeny hypoxii. Casto jsou projevem
poskozeni centralniho nervového systému, zejména zvySeného intrakranidl-
niho tlaku.

celkové oslabeni - projevuje se pocity slabosti, schvacenosti, izkosti az obavami
o vlastni zivot, které vznikaji v disledku nemoznosti se dostate¢né nadechnout
a bolesti pri dychani. Pacient se vyrazné poti.

Objektivni priznaky
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vazba na poskozeni centrilniho nervového systému - pro diagnostiku je
klicova. Muze se jednat jak o poranéni mozku nebo michy, tak o ndhle vznikly
stav poskozeni parenchymu centrédlniho nervstva, zptisobeny krvacenim, tlakem
utvart rizné etiologie nebo nahlou exacerbaci celkové chronické choroby.
povrchnéjsi dychani - jednd se o obrannou reakci organismu na edémem
zptisobené zvyseni tlakovych zmén, pottebnych pro ventilaci. Pacient vice zapo-
juje pomocné dychaci svaly. MiiZe byt pfitomno vpaddvani supraklavikuldrnich
jamek a prodlouzeni exspiria se spastickymi bronchitickymi fenomény.
tachypnoe - disledek hypoxie organismu. Vzhledem k tomu, Ze organismus
nemuze zvy$ovat dechovou préci zvétsenim dechového objemu, musi takto ¢init
zvy$enim dechové frekvence.

tachykardie - rovnéz dtsledek hypoxie. Vznika reflexné, snahou o lepsi zajis-
téni krevniho zdsobeni organismu.



- poslechovy ndlez - typické jsou polopfizvucné az neptizvucné vrzoty a chripky
malych bublin, zacinajici pfi bazich plic a pozdéji se $ifici na cely plicni paren-
chym. Chripky byvaji typicky nad obéma plicemi, mohou v$ak zac¢inat na jedné
plici a pozdéji se §ifit i nad druhou plici.

- suchy drazdivy kasel - ke kasli drazdi tekutina pfitomnd v plicich

- nartizovélé sputum azZ hemoptyza - jsou typické pro neurogenni plicni edém
v diisledku jeho hemoragické slozky

- hypoxemie - vznika v dasledku nedostate¢ného okyslicovani krve kyslikem,
projevuje se nizkym parcidlnim tlakem O,, sniZenou saturaci hemoglobinu
kyslikem, chladnymi a bledymi akry az cyandzou, vystupiiovanou dusnosti,
zapojovanim pomocného dychaciho svalstva a fadou subjektivnich nespecific-
kych pfiznak typu tinavy a malatnosti. Hyperkapnie u plicniho edému nebyva
ptitomna, nebot zvySené ventila¢ni Gsili v naprosté vétsiné pripadt kompen-
zuje difuzni a ventilaéni poruchy. Castéji nachdzime hypokapnii, vznikajici
v disledku zvyseného ventila¢niho usili, ktera vede k rozvoji respira¢ni alka-
16zy. Tento stav sniZuje stupen ionizace kalcia a vede tak ke zvySené neuromu-
skuldrni drazdivosti az kfe¢im kosterniho svalstva. Kromé toho mize hypoka-
pnie zptisobovat vasokonstrikci mozkovych cév a tedy projevy snizeného zaso-
beni krve kyslikem v podobé toceni hlavy, zdvrati az poruch védomi.

- zvySeny intrakranidlni tlak - je disledkem nebo pfic¢inou poskozeni central-
niho nervového systému. Neurogenni plicni edém jej nevyvoldva.

- poruchy védomi - vznikaji bud v disledku hypokapnie nebo ¢astéji v dusledku
generalizované hypoxie

- spiSe mirnéjsi zvyseni teploty — neurogenni plicni edém je nezanétlivy, proto
vyznamné zvys$eni teploty odrdzi spide jiny nebo nastupujici zdnétlivy stav

- smrtelny chropot (angl. death rattle) - doprovdzi termindlni stadium neuro-
genniho plicniho edému v okamziku, kdy neni edematézni tekutina dostate¢né
odstranovdna

- minimalni nebo Zidné znamky zanétu - dilezity diferencidlné diagnosticky
znak

Pro diagnostiku plicniho edému je z pomocnych vysetfeni nejdtlezitéjsim RTG
hrudniku. Nachdzime zde obraz plicni zZilni hyperemie a difuzni zastteni plicniho
parenchymu v disledku intersticidlniho edému, které v pozdéjsich stadiich prechdzi
v husté zastfeni, odpovidajici alveoldrnimu edému. V pfipadé neurogenniho plic-
niho edému byvd zpocatku maximum zastfeni v perihildrni oblasti, pozdéji se
roz8ifuje na ostatni ¢asti plic. Pro diferencidlni diagnostiku je dtlezité, ze v ptipadé
kardidlnich pti¢in doprovazi RTG obraz zvétdeni levostranného srde¢niho stinu.
V ptipadé prodélaného infarktu myokardu mtizeme pozorovat i vyklenujici se poin-
farktové aneurysma levé srde¢ni komory. V 90 % ptipadii je mozné pozorovat rizny
stupen difuzniho zastfeni obou plicnich poli, zejména v hilové oblasti, nastfik plic-
nich cév a normalni velikost srde¢niho stinu. Monitoring plicniho tlaku v zaklinéni
miuize poskytnout dulezité diferencialné diagnostické udaje v ramci odliseni kardi-
alniho plicniho edému, jeho nevyhodou je v$ak invazivita. Kromé toho v ptipadé
plicniho edému pomérné neptfesné odrazi hodnoty kapildrniho hydrostatického
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tlaku a muze proto ¢asto vykazovat normalni hodnoty i v pfipadé velmi vysokého
kapilarniho hydrostatického tlaku, prohlubujiciho plicni edém (Ganter et al., 2006).
Biochemické testy jsou zde spiSe druhoradé, ¢asté monitorovani pomoci ASTRUP
muze byt pfinosem. V periferni krvi je patrnd vyznamnd metabolickd acid6za
se zvySenym deficitem bazi. VySetfeni krevnich plynt odhali znamky hypoxie
a snizeni parcialniho tlaku oxidu uhlicitého. Elektrokardiografie a echokardiografie
pomohou vyloudit kardiogenni pti¢inu plicniho edému. Echokardiografie pomtze
odhalit syndrom myokardidlniho otfesu, projevujici se generalizovanou hypoki-
nézou srde¢niho svalu, doprovazeného snizenou ejekéni frakci. Vysetfeni srdec-
nich enzym@ pomiiZe diferencidlné diagnosticky odhalit infarkt myokardu a dalsi
priciny kardidlniho plicntho edému. Pro diagnostiku syndromu myokardidlniho
otfesu je nejvyznamnéj$i stanoveni hladiny troponinu, kterd je u téchto pacient
nizsi nez 2,8 ng/ml a vyskytuje se konkomitantné s ejek¢ni frakci mensi nez 40 %
a echokardiografickymi abnormitami, pfi absenci jakychkoli zmén na EKG (Schu-
bert, 2007). Zvysené hodnoty mozkového natriuretického peptidu (BNP) nazna-
¢uji, Ze pricinou plicniho edému je levostranné srde¢ni selhdni. Histopatologicky
miizeme makroskopicky pozorovat zvétsené prosaklé plice, na kterych jsou patrné
subpleurdlni sufuze. Z plic vytéka nartizovéld zpénénd tekutina. Mikroskopicky
je suverénnim barveni hematoxylin-eosin. Na fezu mtZeme pozorovat ztlustélé
alveoldrni stény a alveoly, vyplnéné eosinofilnim materidlem, mezi nimz jsou cetné
krevni elementy s prevahou erytrocyti. Casté jsou atelektazy.

Neurogenni plicni edém u poranéni michy

Poranéni michy patfi mezi jeden z nejdilezitéjsich celospole¢enskych medicin-
skych problémt, zejména s vysokym rozvojem a ndriistem automobilové dopravy
a extrémnich druht sportovnich aktivit. Nejohrozenéjsi skupinou jsou mladi muzi
mezi 15 a 30 lety. Okolo 40-50 % urazt michy je spojenych s pozitim alkoholu. Inci-
dence poranéni michy je ve vyspélych zemich udévana okolo 5 ptipadt na 100 000
obyvatel. Neni zanedbatelny ani dopad ekonomicky, naptiklad v USA dosahuji ro¢ni
vydaje, spojené s 1é¢bou misniho poranéni 10 miliard dolart (Bracken, 1991; Bracken
a Sheprad, 1997). Sily, které mohou ptisobit na michu a zpisobit jeji poranéni, jsou
flek¢ni, akceleraéné-decelera¢ni, trakéni, rota¢né-deformacni, kompresni a pene-
tra¢ni. K mi$nimu poranéni dochazi bud pfimo - pfi prudkém ohnuti, napnuti nebo
rotaci michy, prudkym otfesem pii pfimém ndrazu na patef, pfi vybuchu v blizkém
okoli a pfi paravertebralnim prustfelu, nebo nepfimo - stlacenim nebo pretétim
kostnim ulomkem, fragmentem intervertebrdlniho disku nebo cizim télesem.
Nejzavaznéjsi poranéni michy vznikaji v ndvaznosti na luxaéni a tfistivé zlomeniny
patefe. Nejc¢astéjsimi mechanismy jsou mechanismus flek¢ni, pri kterém je pater
prudce ohnuta vpred (¢elni ndraz automobilu) a mechanismus exten¢ni, pti kterém
je patef naopak prudce ohnuta dozadu (ndraz zezadu bez hlavové opérky). Pora-
néni michy je vyraznéjsi u vrozené nebo ziskané stendzy prisvitu patefniho kandlu
a u star$ich lidi s degenerativnimi poruchami patefe (osteofyty).

Misni 8ok nastdvd bezprostfedné po poranéni michy, byt je toto reverzibilniho
charakteru. Obvykle u ¢lovéka trva 2-3 tydny. Projevi se parézou a plegii posti-
zené oblasti, areflexii, anestezii, zdstavou poceni, retenci moci a stolice. Tyto stavy
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se ve vétsiné pripadi postupné upravuji, az dosdhnou urcité hranice, od které je
odvislé vysledné neurologické postizeni. Paréza nebo plegie bezprostifedné po pora-
néni byva proto obvykle tézsi, nez vysledné klinické postiZeni pacienta. Po odeznéni
mi$niho Soku nastdvd v postizenych oblastech hyperreflexie a svalovd spasticita.
Traumaticky $ok se naproti tomu vyskytuje pouze u tézsich poranéni, obvykle
polytraumat, kde je vysledkem velké krevni ztraty, nahromadéni zplodin meta-
bolismu apod. Koncepce primarniho a sekundarniho mi$niho poskozeni ozna-
¢uje jako primdrni poskozeni mechanické zhmozdéni a laceraci nervové tkané,
véetné mechanického poskozeni cév, doprovazené snizenou perfuzi nervové tkané,
acidézou a hypoxif, vedouci ke vzniku nekréz. Stru¢né primdrni poskozeni charak-
terizuje trias trauma - ischemie - hematom. Terminem sekunddrni poskozeni
je pak oznacovdn soubor bunéénych a molekuldrnich procest, které jsou vyvolany
a bezprostfedné navazuji na primarni poskozeni a vedou k roz§ifeni ptivodni léze
(Tator a Fehlings, 1991; Taoka a Okajima, 1998; Urdzikova, 2006). V experimentu
bylo prokdzdno, Ze jiz 2 minuty po kompresivnim mi$nim poranéni je pozorova-
telné poskozeni alveoldrnich bunék, které zde ztriceji integritu s okolnim epitelem
a postupné se rozpadaji v buné¢ny detritus.

Neurogenni plicni edému u poranéni mozku

Poranéni mozku je s rozvojem automobilové dopravy v civilizovanych zemich
stale castéjsi. Jeho vysledkem je ¢asto dozivotni porucha motorickych a sensitiv-
nich funkci, kterd ¢asto vyrazné hendikepuje pacienta. Rychlost, s jakou neurogenni
plicni edém nékdy vznika, je casto ohromujici. Z valky ve Vietnamu pochdzi kazuis-
tika naprosto zdravého vojdka, ktery byl v pribéhu bitvy stfelen zezadu do hlavy
a na misté mrtev. Jeho pitva prokdzala masivni neurogenni plicni edém, vznikly
na zakladé rozsdhlého poranéni mozku a zaroven vyloudila jinou pfi¢inu plicniho
edému (Simmons et al., 1969).

31



6. TERAPIE NEUROGENNIHO PLICNIHO
EDEMU

Zékladem terapie je odstranéni, minimalizace nebo stabilizace priciny v CNS.
Vzhledem k tomu, Ze cilend kurativni lécba neurogenniho plicniho edému dosud
neexistuje, je smyslem terapeutickych snah zejména léc¢ba podpirna a symptoma-
polohovani pacienta a podpora ventilace a oxygenace. Neurogenni plicni edém se
u vétSiny pacientt podafi zvlddnout do 48-72 hodin. Ackoli je lé¢bu mozno pova-
zovat spiSe za podpirnou nez kauzdlni, tedy jinymi slovy, Ze poskytneme organismu
moznost, aby se plicnitho edému sdm zbavil, je tato lécba naprosto klicova a casto
zivot zachranujici.

Monitorovdni pacienta

Zékladem terapeutickych snah je kontinualni monitorovadni Zivotnich funkci paci-
enta, zejména méfeni krevniho tlaku, tepové frekvence, dechové frekvence, EKG
a saturace. Provadime opakovana hematologicka a biochemicka vysetfeni krve.
Monitorovéani tlaku v zaklinéni miiZe byt velkym pfinosem v pribéhu terapie, nebot
umozni udrzeni nizkych hodnot tlaku na srde¢ni Grovni a zdroven mize zabranit
nadmérnému sniZeni srde¢niho vydeje a hypoperfuzi mozku (Lagerkranser et al.,
1982).

Poloha pacienta

Pro pacienta s plicnim edémem je poloha téla klicova. Zdkladem je takovd poloha,
kterd zabranizvy$enému Zilnimu ndvratu. Nutnd je zvy$end poloha hlavy. Nejvyhod-
néjsi je poloha vsedé s dolnimi koncetinami spusténymi z ltizka. Tuto polohu vak
nelze uplatnit u pacienti s hypotenzi. V rdmci prvni pomoci je nékdy doporucovéno
docasné primérené zaskrceni dolnich koncetin v oblasti stehen, které redukuje Zilni
névrat z této oblasti. Zaskrceni pochopitelné musi umoznovat cirkulaci, nesmi tedy
omezovat proud krve v tepnach. V nékterych pripadech mtize byt vyhodné pacienta
ulozit do polohy na bfide, jak doporucuje Marshall a Nyquist (2009) nebo Fletcher
a Atkinson (2003). Tato poloha se velmi osvédcila i u pacienti s ARDS, jak ukazuje
randomizovana klinickd studie Guerina (2006). Studie Mancebo et al. (2006) jasné
ukazuje i sniZzeni mortality u pacientt s ARDS, u kterych byla pouzita poloha
na bride jiz od prvnich projevii onemocnéni. Pro neurogenni plicni edém zatim
systematickd studie bohuzel neexistuje. Mechanismus terapeutického uspéchu
polohy na bfiSe neni zcela jasny, predpoklada se vSak redistribuce vymény plyni
do oblasti méné postizenych plicnim edémem a zdroven zmirnéni poskozeni plic
zptisobené umélou plicni ventilaci. Pfi indikaci polohy na bfise véak musime vzit
v uvahu, zZe u nékterych neurologickych onemocnéni, jako je intracerebrdlni krva-
ceni, subarachnoidalni krvaceni, tepenné uzavéry v oblasti arteria cerebri media
nebo poranéni mozku, miZe poloha na bfiSe pfivodit zvyseni intrakranidlniho
tlaku a takto zhorsit prognézu pacienta.
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Podpora oxygenace a ventilace

Zakladnim opatfenim pii podpore oxygenace a ventilace je potlaceni hypoxie pomoci
pfimého poddvani kysliku nosni nebo obli¢ejovou maskou, pfipadné pomoci endotra-
chedlniintubace a pretlakové mechanické ventilace pomoci pozitivniho endexspirac-
niho pretlaku (PEEP - Positive End Expiratory Pressure). Izolované doddvani kysliku
zvysuje parcidlni tlak kysliku v plicnich alveolech a usnadnuje tak vyménu plyna.
Kontinudlni nebo dvoustupnové dodani vysokotlakého kysliku kromé toho umoz-
nuje tlevu pretizenym dychacim svalim. Pretlakovd mechanicka ventilace pomoci
PEEP znaci iatrogenné navozenou situaci, kdy je na konci exspiria v dychacich cestach
vyssitlak nez atmosféricky. Rozeznavame tfi urovné PEEP. Nizkd uroven znaci drovné
PEEP do 5 mm H,O, stiedni troven znaci PEEP v rozmezi 5-15 mm H O, vysoka
troven znaci PEEP nad 15 mm H,O. Pro ventila¢ni podporu pacientti s NPE pouZi-
vame nejcastéji sttedni uroven, vyjimecné vysokou troven PEEP. Kontinudlni pozi-
tivni pfetlak v dychacich cestich (CPAP - continuous positive airway pressure) pak
znadi situaci, kdy je u spontanné dychajiciho nemocného v dychacich cestach udrzen
tlak vyssi nez atmosféricky po celou dobu dechového cyklu, tedy i v dobé inspiria.
Kromé dodavky kysliku a tlevy dechovych svalii pretlakovd mechanicka ventilace (i)
snizuje preload a afterload a takto usnadnuje srde¢ni ¢innost, (i) napomdha redis-
tribuci tekutiny v plicich z intraalveoldrnich do extraalveoldrnich prostor, kde tolik
neinterferuji s vyménou dechovych plynt a (iii) zvétsuje plicni objem a napoméha
tak prevenci rozvoje plicni atelektazy. PEEP vede ke zlepseni oxygenace v disledku
snizeni plicniho zkratu a ke zlep$eni eliminace oxidu uhli¢itého na podkladé zvy$eni
alveoldrni ventilace. Je vSak tfeba dbat toho, aby nedoslo k hyperinflaci, kterd se
projevi naopak snizenim perfuze ventilovanych alveol, zhorS§enim eliminace oxidu
uhlicitého a déle dokonce zhor§enim oxygenace - tento efekt zavisi na podilu redis-
tribuce krevniho pritoku do neventilovanych oblasti. Bylo prokazano, ze v urcitych
oblastech plic probiha prutok krve plicnimi kapilarami pouze v dobé exspiria, kdy je
plicni kapildrni tlak vyssi nez plicni alveolarni tlak. Velikost perfuze témito oblastmi,
odpovidajici velikosti plicniho zkratu tak zdvisi jednak na pouzité hodnoté PEEP,
jednak na velikosti dechového objemu, poméru inspiria a exspiria a hodnoté plicniho
kapildrniho tlaku. Bylo prokdzano, Ze po prekroc¢eni optimdlni hodnoty stfedniho
tlaku v dychacich cestdch, ktera u konkrétniho pacienta zévisi i na aktudlni hodnoté
plicniho kapildrniho tlaku, dochézi timto mechanismem nejen ke zhorseni elimi-
nace oxidu uhli¢itého, ale i oxygenace. Provzdusnéni tekutinou vyplnénych alveoli
a roztazeni kolabovanych alveolt v terénu plicniho edému pomoci PEEP oznacujeme
v zahranic¢ni literatufe jako recruitment. Za tento dé¢j je zodpovédny vrcholovy alveo-
larni tlak, dosahovany v prabéhu inspiria.

Kromé ptlisobeni na respira¢ni systém md PEEP i pomérné velky vliv na hemodyna-
mické poméry v malém obéhu. PEEP (i) sniZuje vendzni ndvrat do oblasti levého srdce
a tedy i preload, (ii) sniZuje transmuralni tlakovy gradient, ktery musi byt prekonavan
v priubéhu srde¢ni kontrakce, coz vede ke snizeni afterloadu a s tim souvisi i (iii) snizena
spotieba kysliku myokardem - tyto efekty jsou nejvice vyjadieny u pacienti s levo-
strannym srde¢nim selhdnim. Naproti tomu u pacientt bez levostranného srde¢niho
selhdni dominuje u aplikace PEEP sniZeni Zilniho ndvratu a tedy i preloadu. U hypo-
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volemickych pacientti pak ke sniZeni srde¢niho vydeje. Vliv PEEP na afterload pravé
komory zdvisi na redistribuci plicni reperfuze po zafazeni PEEP a na aktudlni velikosti
plicniho objemu. Plicni vaskuldrni rezistence dosahuje pfi nizkém plicnim objemu
vysokych hodnot, coz je disledek hypoxické plicni vasokonstrikce. Se zvySovanim
plicniho objemu plicni vaskuldrni rezistence klesd a po prekroceni optimdlni hodnoty
plicniho objemu dochazi k jejimu opétovnému vzestupu v diisledku komprese kapilar-
niho recisté. Efekt aplikace PEEP na funkci pravé komory je tedy vysledkem kompliko-
vané interakce mezi snizenim preloadu a ovlivnénim afterloadu.

PEEP ma rovnéz vliv na nitrobfi$ni tlak, ktery po zarazeni PEEP stoupd. U pacientii
s vyrazné snizenou poddajnosti dutiny bfi$ni maze vést pouziti nadmeérné vysokych
hodnot PEEP ke vzestupu nitrobti$niho tlaku a omezeni perfuze nitrobfi$nich organda.

Nastaveni hodnot PEEP v konkrétnich situacich je stile predmétem diskusi.
Navzdory tomu, Ze pro vétsinu klinickych situaci existuji doporucené postupy,
je ¢asto nutné se uchylit k individudlnimu posouzeni a nastaveni hodnot PEEP.
Z hlediska ptisobeni PEEP rozeznavame pacienty, ktefi PEEP toleruji dobfe a jeho
pouziti je pro né benefitem (angl. PEEP responders) a pacienty, ktefi reaguji nega-
tivné (angl. PEEP non-responders). U druhé skupiny pacientti je nutno pfistoupit
kindividualnimu nastaveni hodnot PEEP a v pripadé dal$iho neuspéchu radéji zvolit
niz$i hodnoty, u kterych je jistota, Ze pacienta neposkozuji. U sledovanych pacientti
nebo u pacientt bez dechové aktivity je ventilace s nulovou hodnotou PEEP pova-
zovana za zavaznou chybu, ze které vyplyva postupné zhor$ovani plicnich funkci,

vcetné vysokého rizika ndsledného plicniho poskozeni.

Pfi indikaci PEEP musime mit rovnéz na paméti komplikace, které z jeho pouziti
mohou vyplynout. Hlavni komplikaci je trauma plicni tkdné z jejtho nadmérného
rozpéti — volutrauma, kdy dochdzi k ruptufe jednotlivych soucasti alveoldrnich
membran, zejména epitelu alveolarni membrény a endotelu cév. V patogenezi ruptur
se uplatnuje i velikost gradientu mezi intralumindrnim a extralumindrnim tlakem
- transkapildrni gradient, ktery je roztahovanim pevnych struktur alveoldrnich stén
zvySovan. Incidence a rozsah volutraumatu stoupa pfimo imérné pouzitému endex-
spira¢nimu plicnimu objemu, rozsah PEEP je proto nutno indikovat uvézlivé. Kromé
toho miiZe vysoky stupen PEEP redukovat Zilni nédvrat z mozku a zhor§ovat tak nebo
vyvolavat edém mozku a intrakranidlni hypertenzi (Colice, 1984).

PEEP svym pretlakovym plisobenim naopak zabranuje pusobeni stiiZznych sil
v plicnich oblastech s tendenci ke kolapsu, kde nevytvéii zoény s opakovanym
cyklickym stfiddnim maximdlniho kolapsu a maximalniho rozpéti, které muze
nastat v pripadé klasické umélé plicni ventilace. Stfiznymi mechanismy vznikaji
vysoké tlakové gradienty, poskozujici endotel cév, bunky malych bronchi a alveold.
Dalsi vyhodou PEEP proti klasické umélé plicni ventilaci je skute¢nost, Ze nedo-
chazi k inaktivaci surfaktantu, coz ma vyrazné lepsi prognosticky efekt v obdobi
zpétného prevodu pacienta na spontdnni dychdni.
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Farmakologicka lécba
V ¢asném stadiu mohou byt uzite¢né alfa-blokdtory a kortikoidy, farmakologicka
terapie vSak obvykle mnoho nevyfesi.

Zvyseni diurézy predstavuje zdkladni opatfeni pfi snizovéni preloadu. SniZuje hemo-
dynamickou zatéz na levé srdce a pozitivné tak ovliviiuje jak srde¢ni sval, tak plicni
hemodynamiku. Vétsina klickovych diuretik typu furosemidu, bumetanidu nebo
torsemidu predstavuje tspésnou podpiirnou terapeutickou modalitu ptilécbé plicniho
edému, i v terénu hypoalbuminemie, hyponatremie nebo hypochloremie. Lékem prvni
volby je furosemid, vzhledem k jeho venodilata¢nimu u¢inku, kterym snizuje preload
jesté pred vlastnim pocatkem diuretického ptisobeni. Poc¢ate¢ni davky furosemidu jsou
doporucovany spiSe nizsi (do 0,5 mg/kg), teprve pfi jejich nedostate¢ném ucinku se
zvysuji (1 mg/kg), zejména u pacienti jiz lécenych diuretiky nebo pacienti s rendlni
insuficienci nebo tam, kde je primdrni pri¢inou plicniho edému hypervolémie.

Nitraty slouZzi k vasodilataci jak korondrnich tepen, které zlepsi srde¢ni funkci, tak
ke snizeni preloadu levého srdce vasodilataci plicnich zil. Zatimco u kardiogen-
nich plicnich edému je jejich uc¢inek vyznamny, u neurogenniho plicnitho edému
je jejich efekt nizs§i. V akutnim stadiu pouzivime zejména sublingudlné apliko-
vany nitroglycerin (1,2 mg kazdych 5 minut). Metodou volby, pouZivanou zejména
pfi systolickém tlaku vy$§im nez 100 mm Hg, je intravendzni poddvani nitropru-
sidu sodného v déavce 0,1 - 5 ug/kg za minutu. Jeho podavani vyzaduje kontinudlni

monitorovani jeho hemodynamickych parametri.

Morfinové preparaty maji kromé anxiolytického a analgetického uc¢inku, ktery je
v piipadé neurogenniho plicniho edému rovnéz zadouci, také venodilata¢ni efekt,
ktery snizuje preload. Kromé toho sniZuje stupen dusnosti na podkladé odstranéni
stresu, utlumu vyluc¢ovani katecholaminii, odstranéni tachykardie a komorového
afterloadu.

ACE inhibitory maji vyznam zejména u pacienti s konkomitantni hypertenzi nebo
hypertenzni krizi. Zpocatku se podavaji spise nizsi davky, ndsledované vys$simi
udrzovacimi davkami. U izolovaného neurogenniho plicnitho edému nemaji zasadni
efekt.

Intravendzni podavani rekombinantniho mozkového natriuretického faktoru
(BNF) je nova efektivni lé¢ebna modalita, kterd ptisobi pomérné efektivni vasodila-
taci a snizuje tak preload. Inicidlni davka je 2 pg/kg, nasledovana kontinudlni infuzi
0,01 pg/kg za minutu.

Pfi edému mozku a zvy$eném intrakranidlnim tlaku aplikujeme ptislusnou lécbu,
kterd vSak ovliviiuje zdkladni onemocnéni a nikoli neurogenni plicni edém.
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7. DIFERENCIALNI DIAGNOSTIKA
NEUROGENNIHO PLICNIHO EDEMU

Diferencidlni diagnostika plicnitho edému spoc¢ivéd zejména v i) nalezeni nebo vylou-
¢eni kardidlni pficiny a ii) rozliSeni mezi edémem s prevahou hydrostatického
a permeabilniho mechanismu vzniku. Odliseni nemusi byt vzdy jednoduché, nebot
jednotlivé formy se mohou prekryvat. Naptiklad primdrné hydrostaticky mecha-
nismus u kardidlniho plicniho edému muze v ptipadé ndhlého nértstu kapildrniho
hydrostatického tlaku zpilisobit tak rozsdhlou extravazaci intravaskuldrni teku-
tiny, Ze mze pfipominat permeabilni mechanismus vzniku. Zékladni diferen-
cialné diagnosticka rozvaha je vedena na podkladé anamnézy, fyzikalniho vysetienti
a laboratornich hodnot.

U nekardidlnich edémi neni obvykle v anamnéze zZadna srde¢ni ptihoda ani chro-
nické srde¢ni onemocnéni. U kardidlnich edémii nachdzime pfi fyzikdlnim vysetieni
studend cyanotickd akra, zrychleny tep, kardiomegalii, distenzi krénich zil a vlhké
chropy na plicich. Pacient s nekardiogennim edémem mad obvykle tepld akra bez
zdsadnich poruch tepové frekvence, bez distenze kré¢nich Zil a suché chropy na plicich.

Z pomocnych vysetfeni nachdzime u kardialnich plicnich edémt zndmky ischemie
na EKG, zvys$ené kardidlni enzymy a perihildrni distribuci vaskuldrni kongesce na
RTG hrudniku. Plicni kapilarni tlak obvykle prevys$uje 18 mm Hg a pomér mnoz-
stvi proteinti v edematézni tekutiné k mnozstvi proteinti v krevni plazmé neprte-
vy$uje 0,5. Naproti tomu u nekardidlnich plicnich edémt jsou EKG a kardidlni
enzymy normalni, RTG hrudniku vykazuje vesmés periferni distribuci edematézni
tekutiny, plicni kapildrni tlak je obvykle niz3i nez 18 mm Hg a pomér mnoZstvi
proteint v edematézni tekutiné k mnozstvi proteinti v krevni plazmé je vy3$$i nez 0,7.

RTG nélezy se obvykle objevi relativné pozdéji, primérné okolo 12 hodin po
zacatku kardiopulmonadlnich symptomi. V tézkych ptipadech je na podkladé RTG
vysetfeni obtizné odlisit, zda se jednd o kardiogenni ¢i nekardiogenni plicni edém.
Studie v$ak dokazuji, Ze je mozné v inicidlnich fazich mezi témito dvéma typy plic-
niho edému najit odli$nosti, pokud se pfi hodnoceni RTG snimku zamétime na
urcité specifické rysy; pak je mozné kardiogenni od nekardiogenniho plicniho
edému odlisit s presnosti na 91 % (Kithreotis, 2000; Milne et al., 1985; Aberle et al.,
1988). Dtilezita kritéria zahrnuji:

1. U nekardiogenniho plicniho edému je mistem inicidlni akumulace tekutiny plicni
intersticium, v¢etné peribronchidlni oblasti a septdlnich linii. Pomérné rychle se
vSak plicni edém méni v intraalveoldrni, kdy jsou alveoldrni prostory zcela vypl-
nény na proteiny bohatou tekutinou. Naproti tomu u kardidlntho plicniho edému
dochazi k zaplnéni nitra alveolt tekutinou azZ v okamziku, kdy jiz jsou pfekroceny
reabsorp¢ni kapacity intersticia.
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2. Kerleyho linie jsou typické pro kardiogenni plicni edém, zatimco u nekardio-
genniho plicniho edému, vznikajiciho na principu zvy$ené permeability alveolo-
kapilarni membrany tyto linie pfitomny nejsou. Lze je tedy povazovat za znak
typicky pro kardidlni plicni edém.

3. Periferni distribuce edematdzni tekutiny v plicich a pleuralni efuze jsou typické
pro nekardidlni plicni edém, zatimco u kardidlniho se v inicidlnich stadiich nevy-
skytuji.

4. U nekardidlniho plicniho edému jsou normalni velikost a morfologie srde¢niho
stinu a stiny velkych cév. Naproti tomu u kardidlniho plicniho edému jsou srde¢ni
stin v oblasti levého srdce a $itka cév vychdzejicich ze srdce zvétseny.

Neurogenni plicni edém mtiZe imitovat celd fada stavii, nejpravdépodobnéjsi jsou
vSak ndsledujici:

ALIa ARDS

Od neurogenniho plicniho edému je tfeba odliSovat akutni plicni selhdni (ALI
- acute lung injury) a syndrom akutni dechové tisné (ARDS - adult respiratory
distress syndrome). Tyto syndromy totiZ vznikaji na zanétlivém podkladé¢, vedou-
cimu k difuznimu poskozeni alveolt (DAD - diffuse alveolar damage) a soucasné
bez akutni vazby na poskozeni centralniho nervového systému. Mortalita ARDS
a ALI je vys$$i nez mortalita neurogenniho plicniho edému.

Aspiracni pneumonie

Klinicky obraz aspira¢ni pneumonie je podobny neurogennimu plicnimu edému
(pacient v tézkém stavu, dechova nedostatecnost, restriktivni porucha dychdni,
tachykardie, tachypnoe). Aspira¢ni pneumonie v$ak nevznikd tak dramaticky
rychle jako neurogenni plicni edém a je u ni pfitomna horecka. Je tfeba dét pozor
na stavy, kdy je horecka zplisobena poskozenim vlastniho centralniho nervového
systému (zejména oblasti ventralniho hypothalamu) - to v§ak neni na vrub neuro-
genniho plicniho edému, tento nemd zdnétlivou slozku. Odeznéni priznaki aspi-
ra¢ni pneumonie navic trva déle, okolo 2 tydnil.

Kardidlni plicni edém

Klinicky obraz kardidlniho plicnitho edému nejriznéjsi etiologie (levostranné
srde¢ni selhdni...) mGZe rovnéZ imitovat neurogenni plicni edém. Zde jsou nejdile-
zitéj$i anamnestické udaje a neurologické a kardiologické vysetfeni.
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8. KAZUISTIKY

Kazuistika ¢. 1. - fatdlni neurogenni plicni edém u pacienta se subarachnoidalnim
krvicenim (Ahrens et al., 2008)

Drive zcela zdravy 19lety pacient byl nalezen v koupelné v kématu. Pfi ptijezdu
rychlé zachranné sluzby pacient vykazoval krevni tlak 160/90 mm Hg, tepovou
frekvenci 108 tepti za minutu a saturaci hemoglobinu kyslikem 83 %. Glasgow coma
scale (viz tab. 5.1.) bylo 4. Zornice byly mydriatické bez reakce na svétlo. V disledku
tézké respiracni dysfunkce byl pacient sledovan 0,5 mg fentanylu a 20 mg etomi-
détu a na misté intubovan. V pribéhu intubace pacient projevoval kaslaci a poly-
kaci reflexy. V priibéhu transportu pacient dostal dal$ich 0,5 mg fentanylu a 15 mg
midazolamu. V okamziku ptijezdu do nemocnice bylo pacientovo Glasgow coma
scale 3, jeho krevni tlak byl 150/80, tepova frekvence 124 tepti za minutu a saturace
krve kyslikem 89 %. Respira¢ni parametry byly: dechovy objem 750 ml, dechova
frekvence 12 dechti za minutu, koncentrace vdechovaného kysliku 100 % a pozitivni
end exspiracni tlak (viz kap. 7) 5 cm H,O. Na pohotovosti byl pacientovi zaveden
arteridlni a centrdlni Zilni katétr. RTG hrudniku ukdzalo oboustranné difuzni
plicni infiltraty. Diferencidlné diagnosticka rozvaha sméfovala k diagnéze tézkého
poranéni centrdlniho nervového systému se sekunddrni aspiraci obsahu zaludku.
Hladina kreatinkindzy byla 1,058 U/l (normalné nizsi nez 170/1). VySetteni CT
ukdzalo povSechny mozkovy edém, masivni subarachnoidalni krvéceni a krev ve
vSech mozkovych komorach. VySetieni pomoci CT angiografie ukdzalo aneurysma
pravé arteria carotis interna. Klinicky pacient vykazoval stupenn 5 podle Hunta
a Hesse. V zavislosti na morfologickych nélezech, ziskanych pomoci zobrazovacich
metod a klinického obrazu bylo neurochirurgické fe$eni aneurysmatu odlozeno.
Do postrannich komor byly zavedeny dva drény pro monitorovani intracerebral-
niho tlaku a v rdmci podptrné terapie. Za tcelem potvrzeni diagndzy aspiracni
pneumonie a odstranéni maxima aspirovaného obsahu byla provedena broncho-
skopie. V jejim pribéhu nebyly nalezeny Zddné soucdsti aspirovaného Zalude¢niho
obsahu. Byla uc¢inéna diagnéza neurogenniho plicniho edému. Respira¢ni para-
metry byly dechovy objem 680 ml, dechové frekvence 15 dechti za minutu, koncent-
race inspirovaného kysliku 100 % a PEEP 8 cm H,O. Analyza krevnich plynii z arte-
ridlni krve ukdzala pH=7,23, parcidlni tlak oxidu uhli¢itého 51 mm Hg, parcidlni
tlak kysliku 137 mm Hg, base excess -5,6, koncentraci HCO,™ iontii 22,5 mmol/I
asaturaci krve kyslikem 94 %. Pacient byl hospitalizovdn na jednotce intenzivni péce
a dostéval farmakologickou podporu, zahrnujici intravenézni podévani tekutin,
bikarbondtu sodného, manitolu, tfi jednotek cerstvé zmrazené krevni plazmy
a noradrenalin, za ticelem zvys$eni systémového krevniho tlaku a zajisténi mozkové
perfuze. V pribéhu nésledujicich 12 hodin neustale rostl intrakranialni tlak azZ na
uroven 36 mm Hga anivysoké ddvky noradrenalinu nebyly schopny udrzet mozkovy
perfuzni tlak vys$s$i nez 50 mm Hg. Navzdory viem snahdm zabranit rozvratu vnitf-
niho prostfedi byly stdle pfitomny tyto plazmatické hladiny iont{: sodné ionty
154 mmol/l, draselné ionty 2,7 mmol/l, chloridové ionty 131 mmol/l nebo kalciové
ionty 1,32 mmol/l. V pribéhu druhého dne hospitalizace se zhorsila pacientova
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saturace hemoglobinu kyslikem pti pH =7,15, parcidlnim tlaku oxidu uhli¢itého
72 mm Hg, parcidlnim tlaku kysliku 96 mm Hg, base excess -4,6, koncentraci
hydrogenuhlic¢itanovych iontti 24 mmol/l a saturaci krve kyslikem 93 %. Venti-
la¢ni hodnoty byly nasledujici: dechovy objem 700 ml, dechové frekvence 18 dechii
za minutu, koncentrace inspirovaného kysliku 85 % a PEEP 9 cm H,O. Navzdory
hyperventilaci, opakovanému poddni manitolu a barbituraty-indukovanému
kématu se stav pacienta zhor$oval. Mozkovd smrt a ndsledné multiorgdnové selhani
bylo diagnostikovano 36 hodin po pfijeti.

Uvedeny priklad zndzornuje, jak rychle a vyrazné mtiZe neurogenni plicni edém
zhorsit celkovy zdravotni stav pacienta. Kromé tézkého priméarniho stavu navic
neurogenni plicni edém vyrazné omezuje, az znemoznuje lé¢ebné moznosti primar-
niho stavu. V daném ptipadé neurogenni plicni edém znemoznil jinak adekvatni
neurochirurgickou lé¢bu a odkazal pacienta i lékate na vyckavaci terapii, kterd byla
pro pacienta letdlni. Diferencidlné diagnosticky je vyznamnd zdména stavu s aspi-
ra¢ni pneumonii, v jejimz diisledku se opozdila indikace 1é¢by neurogenniho plic-
niho edému. Pokud by nebyla provedena bronchoskopie, mohla byt diagnéza neuro-
genniho plicniho edému u pacienta v tak tézZkém stavu stanovena az post-mortem.
V pripadé tézkého subarachnoidalniho krvaceni dochazi ¢asto i k sekundarnimu
poskozeni srde¢niho svalu, které mohlo dale zhorsit zdravotni stav pacienta; toto
poskozeni vSak nebylo v tomto pripadé cilené vysSetfovano a nelze se k nému tedy
zodpovédné vyjadrit. Aplikaci PEEP lze hodnotit jako korektni. I kdyz zdsadnim
zptisobem neovlivnila intrakranidlni tlak a mozkovou perfuzi, jisté alespon docasné
zlepsila dechové parametry pacienta a zabrdnila rozvoji atelektdzy.

Kazuistika ¢.2. - fatdlni neurogenni plicni edém u pacienta s roztrousenou sklerézou
(Bramow et al., 2008)

Drive zcela zdravy 19lety pacient se dostavil na neurologickou ambulanci s 3 mésice
trvajicimi paresteziemiobou chodidel. Vysetfeni mozkomi$niho moku ukézalolehce
zvy$enou hladinu leukocyt v poctu 11/ul, av8ak zcela normalni hladinu glukézy
a proteind. O Sest let pozdé&ji, ve véku 25 let, zacalo onemocnéni progredovat
v podobé zvysujicich se obtizi pfi béhu a rozvijejicich se parestezii obou dolnich
koncetin. Neurologické vysetfeni ukdzalo generalizovanou hyperreflexii s obou-
strannym klonem v kotniku. Kurtzkeho skdre (EDSS - expanded disability status
scale) bylo 2,0. Pocet leukocytd v mozkomisnim moku byl 13/ul, pficemz 98 %
tvorily mononukleary. Index IgG byl zvy$en. Hladiny glukézy a proteinti v mozko-
mi$nim moku byly normalni, titry borrelie a treponema pallidum byly nulové. T-2
vazené obrazy mozkové MRI prokazaly pfitomnost izolovanych lézi v bilé hmoté
v blizkosti pravé postranni mozkové komory. Nebyly ptfitomny Zddné infraten-
toridlni léze. Patefni micha byla na protonové-denzni a turbo spinové-echo MRI
normalni. Neurofyziologické vysetfeni prokdzalo prolongované centrdlni prevodni
¢asy motorickych a somatosensorickych evokovanych potencidli. Hematologické
a biochemické krevni vysetfeni byly normélni.

Ve véku 27 let si pacient zacal stéZovat na rozostiené vidéni pravého oka v pribéhu
cviceni. Oftalmologické vys$etteni bylo normalni. Jeho diskrimina¢ni ¢iti bylo redu-
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kovano a v obou dolnich koncetindch se objevila ztrata schopnosti vnimat vibrace.
Ve véku 29 let se rozvinula postupné progredujici ataxie chiize a porusend koor-
dinace dolnich koncetin. Neurologické vySetfeni odhalilo mirnou spastickou
parézu pravé dolni koncetiny s plantarni extenzni odpovédi, stfedni ataxii chtize
a mirnou ataxii dolni pravé koncetiny. EDSS bylo 4.0. Nedostaval zddnou medikaci.
V anamnéze nebyla pfitomna denni spavost nebo zachvaty.

Ve véku 30 let, tedy 11 let po pocatku ptiznaki, ulehl pacient zcela rutinné na lazko,
v ndvaznosti na zcela normalni den. Uprostied noci pacientovu zZenu vzbudily
atypické dechové fenomény, pricemz pfi bliz§im prozkoumanti zjistila, Ze je pacient
v kdmatu. V pribéhu 10 minut dorazila rychld zachrannd sluzba, jejiz pracovnici
u pacienta konstatovali srde¢ni zastavu. Pokusy o oZiveni pacienta nebyly tspésné.

Pitevni ndlez ukazal tézky plicni edém a stdzu krve ve sleziné. Nebyly nalezeny
zadné znamky cizich téles v dychacich cestdch, zénétu plic, sarkoidézy nebo kardi-
omyopatie. V8echny ostatni vnitini orgdny byly bez patologického ndlezu. Rozsdhlé
toxikologické vysetieni krve, likvoru, moci, jater a svalové tkané bylo negativni.
Pfi histologickém vySetfeni mozkové tkané bylo nalezeno celkem 18 drobnych lézi
v bilé hmoté, sestavajicich z denznich perivaskuldrnich lymfocytarnich infiltratd,
obklopenych lemem demyelinizovanych axonti. U dal$ich 18 nalezenych perivas-
kuldrnich lymfocytdrnich infiltratd nebyly nalezeny Zddné zndmky demyelini-
zace. Perivaskuldarni lymfocytarni infiltraty sestavaly z pfiblizné stejného poctu
T-lymfocyti a B-lymfocytt, s mirnym zastoupenim plazmatickych bunék a makro-
fagi. Kromé toho byly nalezeny 4 neaktivni léze v blizkosti postrannich komor.
Ojedinélé 1éze byly nalezeny v §edé hmoté v rliznych ¢astech mozku. Dtlezitym zjis-
ténim byla pritomnost 3 1ézi v blizkosti nucleus tractus solitarii, pfitomnost mikro-
glidlnich shluk v oblasti retikuldrni formace mozkového kmene a péti lézi v oblasti
nucleus dorsalis nervi vagi.

Pacientova forma roztrousené sklerézy nejvice pfipominala transientni progredu-
jici formu. Perivaskuldrni lymfocytdrni infiltraty v tomto ptipadé odrazely nejprav-
dépodobnéji akutni tézkou exacerbaci roztrousené sklerdzy, oznacovanou v litera-
tufe jako maligni exacerbaci roztrousené sklerézy (Bramow et al., 2008). Ostatni
diagnézy typu akutni diseminované encephalomyelitidy nebo lymfomu se poda-
filo vyloucit. Rovnéz se nejednalo o vaskuldrni zmény typu velkobunécéného
granulomu nebo trombotického postizeni. Dulezitym zjisténim je skutecnost,
ze s vyjimkou popsaného postizeni centralniho nervového systému nebyly nale-
zeny zadné zndmky postizeni ostatnich organd, které by napovidaly na piavod
plicniho edému, coz svédci pro diagnézu edému neurogenniho. Tomu napovida
i pomérné vyrazny vyskyt 1ézi v oblasti mozkového kmene, zejména prodlouzené
michy, kde se nachdzi spoustéci zony neurogenniho plicniho edému (viz kap. 5).
Ve svété byl popsan podobny ptipad neurogenniho plicniho edému, ktery charak-
terizovalo podobné rozlozeni lézi v mozkovém kmeni (Juba, 1939). V pfipadé remi-
tujici-relabujici formy roztrousené sklerdzy byl neurogenni plicni edém asociovan
s plicni hypertenzi a pritomnosti 1ézi v blizkosti nucleus tractus solitarii (Simon
et al., 1991). V etiopatogenezi tohoto stavu hraje roli ztrata inhibi¢ni funkce reti-
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kularni formace mozkového kmene a nékterych jeho jader, ktera vede k hyperakti-
vaci center, spoustécich nekontrolovatelnou autonomni odpovéd, vedouci k rozvoji
neurogenniho plicniho edému. Vzhledem k velmi ojedinélému vyskytu tohoto stavu
u pacientt s roztrouSenou sklerézou je nutno se domnivat, Ze lokalizace prislusné
1éze je vysoce specifickd. Dal$im mechanismem, ktery je nutno uvazit v diferenci-
alni diagnostice a ktery mohl vést ke smrti tohoto pacienta je vyskyt fatalni centralni
apnoické pauzy, kterd vznikla na podkladé prislu§nych 1ézi a vedla k ischemii jader
v mozkovém kmeni, jehoZ ostatni soucasti takto po ztraté inhibi¢niho vlivu spus-
tily kaskddu, vedouci k fatdlnimu neurogennimu plicnimu edému. Tato moZnost
je pravdépodobnd, nebot syndrom centralni spankové apnoe se vyskytuje az u 8 %
pacientii s roztroudenou skler6zou (Ferinistrambi et al., 1994).

Kazuistika ¢ 3 - neurogenni plicni edém u ditéte se zlomeninou bdze lebni (Bjela-
kovic et al., 2006)

Osmilety chlapec byl pfijat do nemocnice v disledku poranéni hlavy a ztraty
védomi. Hodinu pfed ptijetim na ného spadlo bfevno fotbalové branky, které bylo
pricinou jeho stavu. Pri pfijeti byl pacient komatdzni, cyanoticky, s miotickymi
zornickami bez reakce na osvit, afebrilni, hypotenzivni s krevnim tlakem 90/60,
tepovou frekvenci 100/minutu, Cheyne-Stokesovym dychdnim a slabym a nepravi-
delnym pulzem. Fyzikdlni vySetieni odhalilo rozsahly levostranny otok frontopari-
etalni oblasti a vyraznou ipsilateralni otoliquorrheu. Auskultace plic odhalila vlhké
chropy pfi bazich a ve stfedni ¢asti obou plic. Poslech srdce odhalil tlumené vedlejsi
srde¢ni fenomény. Na RTG hrudniku byl patrny srde¢ni stin normalnich rozméra
a bilaterdlni, vlockovité alveoldarni infiltraty charakteru motylovité distribuce.
Nebyly patrné zadné zndmky poranéni hrudniku. Aspirace z dychacich cest ukdzala
plynovitou nartizovélou tekutinu, typickou pro plicni edém. Hodinu po hospita-
lizaci bylo provedeno CT, které ukazalo tfitivou zlomeninu frontoparietalni
a occipitalnich casti levé pyramidové oblasti. Rovnéz byl patrny generalizovany
edém mozku, mozkového kmene a krvaceni z ¢ichovych sklipkt. Po¢dte¢ni analyza
krevnich plynt ukdzala smiSenou respiracni a metabolickou acidézu, pH=7,20,
parcidlni tlak oxidu uhli¢itého 55 mm Hg, parcidlni tlak kysliku 62,7 mm Hg, base
excess -6,5, ionty hydrogenkarbondtu 15,2 mmol/l a saturaci krve kyslikem 61 %.
V dtsledku zhorsujicich se respira¢nich parametrt byl pacient intubovan a hyper-
ventilovan 50 % kyslikem. Pacientovi byl intravendzné aplikovdn dexametazon
v dévce 4 mg kazdych 6 hodin, furosemid 1 mg/kg a osmoterapie 20 % manitolem
vddvce 1,5 g/kg. Jiz pti ptijeti byl zaveden Zilni katétr a provadény pravidelné krevni
odbéry. V dobé 6 hodin po ptijeti bylo provedeno EKG vysetieni, které ukazalo
difuzni oplostélé T vlny a prodlouzeny interval QT.

Nésledujici den se stav pacienta vyznamné nezlepsil. Byl komatdzni, afebrilni,
mechanicky ventilovany, hypotenzivni s tlakem 90/50 a tepovou frekvenci 100/min.
Analyza krevnich plynt ukazala pH=7,31, parcidlni tlak oxidu uhli¢itého 30,6 mm
Hg, parcidlni tlak kysliku 82 mm Hg, base excess -2,5, ionty hydrogenkarbonatu
18,2 mmol/l a saturaci hemoglobinu kyslikem 83 %. EKG ukdzalo oplostélou T vinu
ve vSech svodech, patologické Q ve svodech D1 a aVL a patologické R ve svodech
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V2-V4. V disledku EKG zmén byla rovnéZz monitorovana hladina CK-MB, ktera
byla maximdlné zvySena 33 hodin po hospitalizaci na hodnotu 162 jednotek/litr.

Treti den se stav navzdory intenzivni terapii neupravil. Vysetfeni EKG ukazalo
patologické Q viny ve svodech D1 a aVL, patologické QS ve svodech V2-V4 a difuzné
oplostélé T viny ve viech svodech. Hladina CK-MB byla 88 jednotek/l. Tento stav
trval 2 tydny bez zasadnich zmén. V pribéhu celé hospitalizace byl pacient vysoce
komatézni pri Glasgow coma scale (viz tab. 5.1.) o hodnoté 7. Vykazoval rozli¢né
poruchy acidobazické rovnovdhy, koagula¢nich faktori, vodniho a elektrolytového
hospodarstvi, které byly prubézné sledovany a normalizovany.

Patnacty den hospitalizace se zacalo pacientovi vracet védomi a ostatni parametry
se zacaly normalizovat, véetné krevniho tlaku o hodnoté 125/75 mm Hg. Sestnacty
den hospitalizace se stav védomi pacienta vylepsil natolik, Ze mohl byt extubovan.
Dvacéty den hospitalizace byl propustén z jednotky intenzivni péce na oddéleni
rehabilitace.

Nélez vysokych hladin CK-MB isoenzymu je pro rozsdhlé poskozeni centrdlniho
nervového systému pomérné typicky a souvisi s reakci srde¢niho svalu na rozséhlé
hemodynamické zmény, indukované poskozenim centralniho nervového systému.
Nicméné zmény v EKG obraze nejsou pro neurogenni plicni edém typické a v tomto
ptipadé byly pravdépodobné vyvoldny celkové rozsdhlymi hemodynamickymi
zménami, ptisobicimi na relativné nezraly srde¢ni sval, jehoz docasné poskozeni
zptsobily. U tohoto pacienta naznac¢ovaly EKG zmény transmurdlni anterolateralni
ischemické zmény, které nastésti nebyly provazeny zdsadnimi nasledky. Vzhledem
k tomu, ze u pacienta nebyla v anamnéze zjisténa srde¢ni vada, musi byt tyto zmény
pfipsany na vrub poranéni mozku.

Kazuistika ¢. 4 - ndhlé umrti na neurogenni plicni edém v diisledku mozkového
nddoru (Bunai et al., 2008)

Dtive zdravy 9lety chlapec navstivil praktického lékate kvili 2 dny trvajici bolesti
hlavy a zvraceni. Lékat zjistil zvySenou teplotu na 37°, diagnostikoval chftip-
kové onemocnéni a pacienta odeslal domi s antipyretickou a antibiotickou medi-
kaci. Stav se nezlep$oval a dva dny poté chlapec zvracel v pribéhu obéda a tak byla
domdci oSetfovatelkou zavoldna jeho matka. V okamziku jejiho pfichodu chlapec
hovotil nesouvisle a byl vyrazné spavy. Matka jej ulozila ke spanku. Po osmi hodi-
nach jej vSak nalezla mrtvého. Okamzité zavolala rychlou zdchrannou sluzbu
a do jejiho prijezdu poskytovala chlapci prvni pomoc. Vechny pokusy o chlapcovo
oziveni v8ak selhaly.

Pitva prokdzala ptitomnost tézkého edému a krvéceni v obou plicich. Dychaci cesty
byly vyplnény rtzovou zpénénou tekutinou bez pritomnosti cizich téles. Srdce
avelké cévy nevykazovaly zddné abnormity. Pravd mozkova hemisféra byla vétsi nez
levé. Na pri¢ném fezu pravou hemisférou byl ptitomen hematom o rozsahu 3,2 x 3,7
X 5,2 cm uvnitf pravé postranni mozkové komory. Uvnitt hematomu byl nalezen
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kulovity atvar o priméru 0,5 cm, vychdzejici z plexus choroideus ventriculi lateralis
cerebri. Mozkova tkdn pfi okraji tumoru vykazovala nekrotické zmény. Lateralni
komory byly uloZeny asymetricky, pficemz dorsdlni partie pravé postranni komory
byla zvétsena v dtisledku hydrocefalu z obstrukce toku likvoru hematomem. Likvor
v postrannich komorach byl sangvinolentni. Histologickd diagnéza prokazala
hemangiopericytom grade II. Histologicka diagnostika plicni tkané prokazala bila-
terdlni intraalveoldrni plicni edém s vyraznou hemoragickou slozkou a vysokym
obsahem proteini.

Uvedend kazuistika naznacuje stdle podcenovanou zédkefnost neurogenniho plic-
niho edému, ktery je schopen pacienta béhem nékolika hodin usmrtit ze subjek-
tivné plného zdravi. Ptipady nahlého umrti v dasledku intrakranidlniho tumoru
predstavuji sice pouze 0,11 - 0,24 % vSech pfipadd intrakranidlnich tumord,
vzhledem k rostoucimu poctu ptipadi neurogenniho plicniho edému jako pficiny
téchto imrti mazeme vyslovit divodné podezteni, Ze se neurogenni plicni edém
podili na tomto ¢islu vysokym procentem. Nebezpeci hemangiopericytomu tkvi
v pomérné vysokém procentu spontdnnich krvaceni do tumoru, které se pohybuje
okolo 23 % vSech téchto tumort. V tomto pripadé vedl k rychlému zhor$eni neuro-
genntho plicntho edému pravdépodobné tlak nddorem vyvolaného hematomu
a/nebo zvyseného tlaku likvoru v komorovém systému mozku na centra neurogen-
niho plicniho edému (viz kap. 5). U tohoto pacienta nebyly pfi pitvé pozorovany
znamky mozkové herniace, proto se miizeme domnivat, Ze nejvétsi zvyseni intrak-
ranidlniho tlaku nastalo v mistech treti a ¢tvrté mozkové komory, ve kterych jsou
uloZena centra neurogenniho plicniho edému a nebylo tedy vyjadfeno rovnomérné
ve viech ¢dstech mozku. Predchozi zvraceni a bolesti hlavy pacienta byly pravdé-
podobné zplisobeny postupné nartistajicim intrakranidlnim tlakem, av§ak neuro-
genni plicni edém pravdépodobné nastal aZ v okamziku nékolik hodin pred smrti,
kdy zacal byt pacient spavy v disledku vznikajici hypoxie, podminéné hromadénim
tekutiny v plicich v kombinaci s rostoucim intrakranidlnim tlakem.

Kazuistika ¢. 5 - neurogenni plicni edém zpiisobeny selhdnim ventrikuloperitonedl-
niho shuntu (Hofstetter et al., 2007)

Devétadvacetiletd pacientka s anamnézou vrozené myelomeningokély, hydrocefalu
a Arnord-Chiariho malformace s paraplegii distdlné od arovné L3, 1é¢ené nejprve
ventrikuloatridlnim a ndsledné ventrikuloperitonedlnim shuntem byla pfijata se
symptomy dus$nosti a bolesti hlavy a krku. V anamnéze nebyla Zddnd kardiovasku-
larni porucha. Hrudni RTG vysetfeni ukdzalo bilaterdlni plicni edém bez znamek
pneumonie nebo embolizace. Vysetfeni CT prokdzalo zvétSeni komorového
systému mozku. Neurochirurgické obnoveni priichodnosti ventrikuloperitonedl-
niho shuntu odstranilo u pacientky bolesti hlavy a krku i plicni obtize. Pacientka
byla po 10 dnech propusténa do domaciho o3etfovani. Ctyii mésice po revizi V-P
shuntu byla pacientka znovu pfijata s dusnosti, bolesti hlavy a krku a parestezii obou
rukou. Byla somnolentni, avsak adekvatné reagovala na bolestivé stimuly. Fyzikalni
vy$etteni odhalilo vlhké chropy a vrzoty na plicich. RTG vysetfeni hrudniku odha-
lilo masivni bilaterdIni plicni edém. Byly pfitomny klinické i laboratorni zndmky
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kardiorespira¢niho selhavani. Pacientka byla intubovdna a mechanicky ventilovdna
100 % kyslikem s pozitivnim end exspira¢nim tlakem 14 cm H,O. Analyza arte-
ridlni krve odhalila vyraznou respira¢ni alkalézu: pH=7,08 a parcidlni tlak oxidu
uhlic¢itého 63 mm Hg. Koncentrace proteint v plicni tekutiné byla 47,3 g/1, zatimco
v séru 48 g/l, coz naznacovalo, Ze tekutina v plicich odpovida obsahem proteint
krevni plazmé. Echokardiografie prokdzala difuzni hypokinezu bez dilatace levé
komory. Ejek¢ni frakce byla redukovédna na 35 %. Anamnesticky byla vyloucena
aspirace, intoxikace a trauma. Kontrolni CT vy$etfeni hlavy ukdzalo asymetrickou
dilataci mozkovych komor s dislokaci komorového katétru. Cestou Rickhamova
rezervodru nebylo mozno aspirovat likvor. V pribéhu druhé revize proximadlni
¢asti V-P shuntu byla naméfena intrakranidlni hypertenze o hodnoté 35 cm H_O.
S pomoci neuroendoskopu bylo prokdzano, ze v komote byla ulozena pouze $picka
shuntu, zatimco postranni otvory shuntu byly umistény v mozkové tkdni a tudiz
nepriichodné. S pomoci endoskopu byl do pfislu§ného mista zaveden novy shunt.
Mikrobiologické vysetteni likvoru bylo negativni. V névaznosti na druhou revizi
V-P shuntu se pacientka rychle zotavovala. Po tydnu mohla byt bez obtiZi odpojena
od mechanické ventilace. Pacientka byla ndsledné propusténa do domaciho osetfo-
vani. Kontrolni CT vySetfeni po dvou mésicich ukdzalo vyrazné zlepseni hydroce-
falu. Ve sledovaném obdobi, trvajicim 2 roky od druhé operace, nebyly pozorovany
znamky recidivy neurogenniho plicniho edému nebo poruseni funkce V-P shuntu.

U této pacientky hréla nejvyznamnéjsi etiopatogenetickou tlohu pfitomnost Arnol-
d-Chiariho malformace, kterd vyustila v pfimou kompresi prodlouzené michy proti
tvrdému okoli v okamziku dysfunkce ventrikuloperitonedlniho shuntu, coz zptiso-
bilo hyperaktivaci center neurogenniho plicniho edémuidrah do téchto mist vedou-
cich (viz kap. 5). Tato kazuistika rovnéZz naznacuje, Ze pro rozvoj neurogenniho plic-
niho edému neni nezbytné nutné strukturdlni postizeni, typické pro trauma, tumor
nebo krviceni. Opakovany vyskyt neurogenniho plicniho edému u téze pacientky
pfi stejné priciné je rovnéz zajimavy a ukazuje, Ze se nejednalo o koincidenci dvou
nezavislych jevl, nybrz presné definovanou etiopatogenetickou osu. Zajimavé je,
ze v tomto ptipadé byl rozsah neurogenniho plicniho edému pfimo itmérny zvyseni
intrakranidlniho tlaku.

Kazuistika ¢ 6 - neurogenni plicni edém v disledku obstrukce arteria basilaris
(Marshall a Nyquist, 2008)

Diive zdrava 41letd Zena se dostavila do nemocnice s anamnézou jeden den trva-
jici tézké bolesti v tylni oblasti, intermitentni dysartrii, dvojitym vidénim a progre-
sivni slabosti vSech ¢tyf koncetin. EKG a echokardiografie pii ptijeti byly bez pato-
logického nalezu. Jiz od pfijeti se jeji stav zacal rychle zhorSovat, az dospéla do stadia
soporu. Zornice méla bilaterdlné o priméru 1 mm, bez pfimé i nepiimé fotore-
akce. Neuroophtalmologické vysetieni ukdzalo deviaci o¢nich pohybf, av§ak nikoli
nystagmus. V dtsledku zhor3ujicich se dechovych funkci a saturace klesajici k 80 %,
které byly pfisuzovany jeji poruse védomi, byla intubovana a pfipojena na mecha-
nickou ventilaci. VySetfeni CT ukdzalo pritomnost krve v subarachnoiddlnim
prostoru mozku, CT angiografie ukdzala kompletni obstrukci arteria basilaris,
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kterd byla potvrzena digitalni subtrakéni angiografii. V dusledku tohoto nélezu
bylo intraarteridlné aplikovano 100.000 jednotek urokindzy, ktera vedla k plné
rekanalizaci. Po tomto vykonu se vSak stav pacientky vyrazné zhorsil. Objevil se
u ni fulminantni plicni edém natolik masivni, Ze bylo z jejich dychacich cest odséto
vice nez 2 litry tekutiny. Pacientka byla pfipojena na 100 % kyslik a ventilovéna
pti PEEP 20 cm H,O. Jeji saturace hemoglobinu kyslikem v3ak stdle klesala. Vyset-
feni krevnich plynt ukdzalo respira¢ni acidézu o pH=7,21, parcidlnim tlaku oxidu
uhlicitého 56 mm Hg, parcidlnim tlaku kysliku 40 mm Hg a saturaci 58 %. RTG
hrudniku ukdzalo bilaterdlni difuzni plicni edém s bilaterdlnimi pleuralnimi
efuzemi. V disledku jejiho $patného celkového stavu nebylo mozné provést echokar-
diografii. Byl zaveden Schwannuv-Ganzuv katétr, ktery odhalil kardidlni index 1,8.
Nastaveni PEEP bylo testovdno na vice rtiznych trovnich bez zdsadni zmény decho-
vych parametr@ pacientky. Navzdory pomérné agresivni diuretické terapii boluso-
vymi ddvkami Furosemidu 40, 80 a 120 mg i.v. v intervalech 2 hodin, asili 0 zménu
nastaveni ventila¢nich parametrii, poddvani intravendznich nitrdtd a noradrena-
linu se stav pacientky stdle zhorsoval. V disledku zhor$ujiciho se stavu respiracnich
funkci bylo rozhodnuto ulozit pacientku do polohy na bfise. V pribéhu nasleduji-
cich 30 minut se stav pacientky zasadné vylepsil. Po 45 minutdch od zmény polohy
se vylepsily i hodnoty krevnich plynt na pH=7,35, parcidlni tlak oxidu uhli¢itého
36 mm Hg, parcidlni tlak kysliku 247 mm Hg a saturace hemoglobinu kyslikem
90 %. V prubéhu nésledujicich 6 hodin byl vysazen noradrenalin. V pribéhu
nasledujicich 24 hodin bylo mozno konstatovat, Ze nejhorsi fazi plicniho edému
mad pacientka za sebou. Nésledné byla ulozena zpét do polohy na zddech a PEEP
bylo redukovano na 10 cm H,O. V obdobi od zmény polohy na bticho byla diure-
tika pouzita pouze jednou v ddvce 40 mg Furosemidu. Po 72 hodinéch se jeji RTG
hrudniku normalizoval a pacientka byla Gspésné extubovana. Echokardiografické
vysetfeni, provedené 36 hodin po trombolytické terapii ukdzalo znamky genera-
lizované hypokinézy a redukce ejekcni frakce, odpovidajici poskozeni myokardu
v dtsledku hemodynamickych zmén. Pti propusténi vykazovala pacientka ataxii
chtize, mirnou dysartrii a perzistujici levostrannou intranuklearni ophtalmoplegii.
Magnetickd resonance odhalila infarktova loZiska v oblasti pons Varoli, mozecku
a oblasti kmene zasobené arteria cerebri posterior.

U této pacientky byl neurogenni plicni edém zptisoben pomérné rapidni revaskula-
riza¢ni terapif kmenovych struktur, kterd pravdépodobné vedla k prudkym zméndm
neuropilu v pfislusnych kmenovych strukturdch a jejich hyperaktivaci. Tato kazuis-
tika rovnéz ukazuje velmi vyrazny terapeuticky potencidl spravného polohovéni,
které v tomto pripadé téméf jisté zachranilo pacientce Zivot, i pfi dostupnosti
nejmodernéj$iho anesteziologicko-resuscita¢niho vybaveni. Jak je uvedeno v kap. 7,
mechanismus terapeutického tspéchu polohy na bfiSe neni zcela jasny, pfedpokldda
se v8ak redistribuce vymeény plynt do oblasti méné postiZzenych plicnim edémem
a zaroven zmirnéni poskozeni plic zpisobené umeélou plicni ventilaci. V budoucnu
snad experimentalni a klinické studie Iépe vysvétli, pro¢ dochdzi k tak vyraznému
zlepSeni stavu pacienta pravé pti poloze na bfise.
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Kazuistika ¢. 7 - neurogenni plicni edém jako komplikace stereotaktické biopsie
(Roth et al., 2007)

U 79letého pacienta se ndhle projevila pravostranna hemiparéza. Pacient pred 2 lety
prodélal ndhradu aortdlni chlopné. Rovnéz prodélal hypertenzni krizi a paroxys-
malni fibrilaci a v ramci antiagrega¢ni lécby proto uzival aspirin. Fyzikalni vyset-
feni ukdzalo Karnofského skoére 60 a pravostrannou hemiparézu. Mozkové CT
odhalilo hluboko ulozenou levostrannou lézi parietdlné s malym okolnim projas-
nénim. Pacient prodélal stereotaktickou biopsii. Oblast vstupu a trajektorie biopsie
byly pfedopera¢né naplanovdny pomoci neuronavigace. V lokdlni anestezii 200 mg
lidocainu a 100 mg bupivacainu s hlavou fixovanou ve stereotaktickém ramci byl
vytvoren otvor v lebce o priméru 3,2 mm, kaogulovano krvdceni z dura mater
abioptickd jehlabylazavedena po prislusné trajektorii. Byly ziskany dvavzorky tkané.
Po vyhodnoceni vzorkl peropera¢nim bioptickym zpracovanim byly odebrany
dalsi dva vzorky a jehla odstranéna. Rdna byla uzaviena. Pacient se z vykonu zota-
voval dobie. Okamzité pooperacni CT odhalilo krev a plyn uvniti léze. Pacient byl
propustén po 36 hodindch, avak uzavér rany byl omylem odstranén pfili§ brzy.
Po osmi hodindch byl pacient prijat na pohotovostni oddéleni s respira¢ni poru-
chou a hypoxii. Nebyly pfitomny zddné znamky neurologického poskozeni. Misto
biopsie bylo otevieno, aviak nebyly patrné zadné znamky tiniku likvoru. Unik jaké-
koli tekutiny z oblasti rany rovnéz potvrdili doprovazejici rodinni pfislu$nici. RTG
vy$etteni hrudniku ukdzalo bilaterdlni alveolarni infiltraty. Nebyly nalezeny Zadné
zmény v EKG nebo kardidlnich enzymech. Mozkové CT odhalilo pneumocephalus.
Nebyla ptitomna zddna fraktura. V draze bioptické jehly byl nalezen plyn. Chirur-
gickd rana byla opét uzaviena a hermeticky prekryta. Pacient byl pfijat na jednotku
intenzivni péce, kde byl mechanicky ventilovdn. Vysetfeni vyloucila mikrobidlni
kultury v krvi, moci nebo likvoru. Echokardiografie neukdzala zadné patologické
zmény. Pacient byl lécen empiricky diuretiky a antibiotiky a pomalu se zotavoval.
Po 4 dnech ukdzalo CT vysetfeni spontdnni resoluci pneumocephalu. Kone¢na
patologickd diagndza znéla anaplasticky astrocytom Grade III.

Kazuistika ma vyznam pro uvédoméni si, Ze ve skute¢nosti neexistuje Zzadna rutinni
a béznad procedura, u které nejsou komplikace. Patofyziologicky mechanismus,
vedouci k neurogennimu plicnimu edému v tomto piipadé vznikl na podkladé
netésnosti uzavéru rany, insulflaci vzduchu do intrakrania a lokdlnimu zvySeni
tlaku v oblasti hlubokych parietdlnich struktur, které morfologicky souvisi s hypo-
thalamem a jeho prostfednictvim i s centry pro kontrolu autonomniho nervo-
vého systému. Zda se uplatiovalo i post-bioptické krvaceni, které je uddvano jako
komplikace az u 8 % pacientii podstupujicich biopsii mozku, se miizeme pouze
dohadovat. Vzhledem k medikaci aspirinem mohlo mit urcity vliv.
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9. NEUROGENNI PLICNI EDEM
V EXPERIMENTU

Neurogenni plicni edém je navzdory své vysoké mortalité a dosud ne zcela dokonale
poznané patofyziologii a pomérné omezenym terapeutickym moznostem relativné
madlo experimentdlné studovanou oblasti. Vyzkum neurogenniho plicniho edému
se ve svété omezuje nejcastéji na publikaci kazuistik z klinické praxe, retrospektiv-
nich studii, pfehledovych ¢lankl a pouze vyjimecné na experimentdlni prace, kde
je v8ak problematika neurogenniho plicniho edému studovdna pouze okrajové nebo
jako vedlejsi fenomén. Vzhledem k tomu, Ze ve svété v této chvili neni vytvorena
skupina védct, kterd by tento problém cilené studovala, mtze byt prispévek ceskych
védct a vytvofeni experimentdlni skupiny pro studium etiopatogeneze neurogen-
niho plicniho edému na bézi spolupréce Ustavu experimentdlni mediciny AVCR,
v.v.i. a Ustavu fyziologie AVCR, v.v.i., Centra bunééné terapie a tkdnovych ndhrad 2.
LF UK a Centra pro vyzkum srdce a cév, velmi pfinosny.

Modely neurogenniho plicniho edému

Existuje nékolik experimentdlnich modelt neurogenniho plicnitho edému. Jako
modelovd zvifata byla v minulosti vyuZita - potkan, opice, ovce, koza, morce
a kocka. Modelova zvirata jsou pro vyzkum neurogenniho plicniho edému naprosto
nezbytna, ostatni metody vyzkumu typu tkanovych kultur mohou k tomuto tématu
zatim prispét pouze velmi omezené. Pti aplikaci dat ziskanych ze studii vyuzivaji-
cich modelovd zvirata je vzdy tfeba urcité opatrnosti a stfizlivosti pfi interpretaci
vysledkt. Je dilezité zdtraznit, Ze zvifata s bohat$im plicnim vaskuldrnim auto-
nomnim systémem, jako napt. potkan a morce, jsou vice nachylni k rozvoji neuro-
genniho plicniho edému nez zastupci rodi s méné bohatym autonomnim systémem
plic, mezi které patti naptiklad pes (Malik, 1985). Rozvoj plicni vasokonstrikce
v zdvislosti na intrakranidlni hypertenzi byl pozorovan u kozy, kocky a opice, jeji
vyrazné zvy$eni v§ak nebylo pozorovano u psii a ovce. Men$i zvifata maji obecné
vyssi tepovou frekvenci, proto se zde edém casto rozviji rychleji nez u vétsich zvirat
nebo u ¢lovéka (Sedy et al., 2008b, 2009b). Davky farmak jsou rovnéz ¢asto rozdilné
u experimentdlnich zvifat — ¢asto jsou i nékolikandsobné vyssi nez pfi nasledné
aplikaci v klinické praxi.

Fibrinovy experimentalni model plicniho edému u potkant je indukovan vpra-
venim fibrinu (fibrinogen+trombin) do cisterna magna. Fibrin zde pravdépo-
dobné plisobi obturaci foramen Magendi a foramina Luschkae a jejich prostfednic-
tvim i rozvoj nitrolebni hypertenze. Veratrinovy model plicniho edému u pst je
indukovdn vpraveni veratrinu (smés alkaloidt z rostlin celedi lilkovitych; nézev
ziskal podle kychavice bilé — Veratrum album) opét do cisterna magna. Naopak,
poddni plazmy, séra, heparinizované krve, trombinu nebo fibrinogenu do cisterna
magna nema zadny efekt. Injekce alkaloidu akonitinu do oblasti ventralniho hypo-
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thalamu u ovci je rovnéz schopna indukovat neurogenni plicni edém (Minnear
a Connel, 1981). Baléonkovy kompresni mi$ni model neurogenniho plicniho edému
je prispévkem nasi experimentdlni skupiny a jako takovy je popsan v kap. 11.

Vyhodnoceni stupné neurogenniho plicntho edému

Stupen neurogenniho plicniho edému lze posuzovat celou fadou zptsobti. Nejéas-
téji se pouzivaji metody, kdy je pokusné zvife usmrceno a plice analyzovany sepa-
ratné. Plice jsou vyjmuty, zvdZzeny a ddle zpracovany. Pro minimalizaci posmrt-
nych zmén na plicich a vyvarovani se jejich poskozeni musi byt proces vyjimani plic
jesté pred zapocetim pokust nacvicen tak, aby netrval déle nez 30 sekund. Pfi vyji-
mdni plic md byt bran zfetel na zachovani celistvosti plicniho parenchymu a odstfi-
zeni cév plicniho hilu v drovni jejich vystupu z plic za ti¢elem minimalizace zmény
jejich hmotnosti pro nésledné stanoveni plicniho indexu. Na zavér ma byt prove-
dena pitva zvifete.

Stupen subpleurdlniho krvéceni do plic je hodnocen makroskopicky, bezprostiedné
po vyjmuti plic z hrudniku potkana a jejich zvazeni. Kazda plice je posuzovana
zvlast a zatazena do jednoho z ndsledujicich stupn:

- zdrava plice (zadné krvaceni na povrchu plic),

- Grade I (maximalné 10 % povrchu plic je prokrvaceno),

- Grade II (25-50 % povrchu plic prokrvaceno) a

- Grade III (vice nez 50 % povrchu plic je prokrvéceno).

Mirny stupen krvdceni v oblasti plicniho hilu, cca 2 mm v priméru, je standardnim
nédlezem, souvisejicim s odfiznutim plicnich cév.

Ke zjistovani stupné plicniho edému muZe byt pouzita jednoduchd, aviak velmi
citliva technika stanoveni tzv. plicniho indexu (Leal Filho et al., 2005a, 2005b),
ktery odréazi relativni hmotnost plic. Tento index je mozné spocitat jako podil
mokré hmotnosti plic a télesné hmotnosti zvifete v gramech. Normalni hodnoty
plicniho indexu se pohybuji mezi 0,44 - 0,49. Plicni index mezi 0,50 - 0,55 svédci
o zvy$eném mnozstvi tekutiny na ukor intersticidlniho edému a vaskuldrni kongesce
a odpovida lehkému stupni neurogenniho plicniho edému. Plicni index nad 0,55
je jiz znamkou stfedné tézkého neurogenniho plicniho edému, u kterého je jiz vyja-
dfena intraalveoldrnislozka, plicni index nad 0,8 jiZ vypovida o velmi tézkém stupni
plicniho edému, na ktery pokusnd zvifata ¢asto umiraji. Vyhodou pouziti plicniho
indexu je navic i fakt, ze plicni tkdn lze dale histologicky zpracovavat (Sedy et al.,
2007a, 2007b). Moznou alternativou ke stanoveni plicniho indexu je stanoveni suché
a mokré vahy plic.

Klasické a nejjednodusdsi vyhodnoceni stupné neurogenniho plicniho edému prova-
dime pomoci standardniho histologického zpracovani plicni tkdné a jejim obar-
venim hematoxylinem-eosinem. Toto zpracovani vSak s sebou pfindsi zménu hydra-
ta¢niho stavu tkané v pribéhu fixace, dehydratace a zalévani do parafinu. Zvazené
a posouzené plice byly fixovany 4 % paraformaldehydem ve fosfitovém pufru
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imerzi po dobu 1-2 dni. Tkané byly odvodnény vzestupnou fadou ethanold, prosy-
ceny benzenem a déle parafinem a nakonec zality do parafinu. Parafinové fezy, silné
5 um byly pfipevnény na sklicko pomoci smési bilku s glycerinem na tepelné
desti¢ce. Ddle byly fezy odparafinovdny pomoci xylenu, rehydratovany pomoci
sestupné rady alkohold a barveny hematoxylinem-eosinem.

Pro zjisténi stupné edému alveoldrni stény mtize byt rovnéz vyuzito vybranych para-
finovych fezii, barvenych hematoxylinem-eosinem. Vyhodnoceni fezii je provddéno
mimo hilovou oblast. U kazdého reprezentativniho fezu je zméfena tloustka vsech
alveolarnich stén v daném poli s pouzitim specializovaného softwaru, napiiklad
programu Neurolucida (MicroBrightField, Inc., USA), dokud neni dosazeno 100
méfeni. Z jednotlivych méfeni je vypocitdn primér a smérodatnd odchylka. Data
z jednotlivych skupin jsou ndsledné srovndna pomoci statistickych metod (Sedy
et al., 2007a, 2007b).

Ke stanoveni stupné plicniho edému in vivo lze vyuzit RTG zobrazeni s pouZitim
pristroje Image Station In-Vivo FX System (Kodak, Némecko). Potkani byli,
1 hodinu po skonc¢eni zdkroku, narkotizovani pentobarbitalem (50 mg/kg) a ulozeni
do pristroje, pomoci kterého byl zhotoven RTG snimek.
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10. VLASTNI VYSLEDKY

V Ceské republice nebyl dosud neurogenni plicni edém systematicky zkouman.
Jeho vyzkum zac¢al na AVCR ve skupiné, jez se dlouhodobé systematicky zabyvé
vyzkumem patofyziologie a terapie misniho poranéni. U téchto zvirat byla opako-
vané pozorovdna do té doby nevyjasnénd amrti na plicni komplikace v nédvaz-
nosti na provedeni experimentdlniho vykonu na mise. V okamziku, kdy jsme tento
problém zacali detailné zkoumat, zjistili jsme, Ze pfic¢inou je neurogenni plicni
edém. Nasledné byl vytvoren spolehlivy a reproducibilni model neurogenniho plic-
niho edému, ktery odstartoval sérii experimentii a umoznil dalsi detailni studium
etiopatogeneze, patofyziologie a moznosti terapeutického ovlivnéni neurogenniho
plicniho edému v experimentdlnich podminkach.

Model neurogenntho plicniho edému

Vychdzi z modelu balénkové kompresni misni 1éze, ktery byl popsan pro studium
patofyziologickych mechanismii a terapeutickych moznosti poranéni michy
(Vanicky et al., 2001). Model byl popsén pro samce potkantt kmene Wistar o celkové
hmotnosti 300-330 g. Zvife uvedeme do celkové inhala¢ni anestezie 1,5 % isoflu-
ranem ve vzduchu pfi rychlosti pritoku anestetické smési 300 ml/min. V poloze
na biise pouzivame k navozeni mi$niho poskozeni dfive popsany model epiduralni
balénkové kompresni mi$niléze (Vanicky et al., 2001). Operace je provedena v asep-
tickych podminkdch. V anestezii jsou pokusnému zvireti oholena zdda a provedena
povrchova desinfekce kiize 70 % etanolem. Je proveden sagitdlni fez v délce 3 cm
kranidlné od mista, kde se posledni par Zeber pfipojuje na pater. Podkozi je protnuto
a nasledné i povrchové fascie. Hluboké zadové svalstvo je skalpelem oboustranné
odfiznuto od sloupce processus spinosi a odsunuto laterdlné. S pouzitim Luero-
vych klesti odstranime processus spinosi Th10 a Thll. Spindlni vybézek obratlt
Th8-9 je zachycen do zahnutého peanu, uchyceného do stojanu a zvife nadzved-
nuto. Timto manévrem dosdhneme dorsalniho ohnuti patefe a zvétSeni epidural-
niho prostoru pro néasledné zasunuti katétru (obr. 1.). Za pomoci stereomikroskopu
(Leica S6, Svycarsko) a zubni vrtacky (W&H, MF Perfecta, Rakousko) s kulickovym
vrtackem je do sttedu arcus vertebrae vyvrtan otvor o priméru 1,5 mm. Pomoci
dvou ostrych pinzet je Setrné odstranén periost a zkontrolovano neporuseni dura
mater. Na oblouku obratle Th1l zubni vrtackou vytvofime zldbek, ktery slouzi
ke sprédvnému zavedeni Fogartyho katétru (2-French Fogarty catheter, Baxter
Healthcare Corporation, Irvine, CA, USA) do epidurdlniho prostoru. Stfed balénku
je zasunut do hloubky 1 cm, ¢imz je dosazeno mi$niho segmentu Th8-9. Fogartyho
katétr je naplnén sterilni destilovanou vodou a napojen na 50 pl plynotésnou Hamil-
tonovu stiikacku (typ 1705, TLL - TEFLON" Luer Lock). Stfikacka je uchycena
v mikromanipuldtoru, ktery umoznuje pfesné davkovani 15 ul tekutiny, potfebné
pro naplnéni balénku. Z celého systému jsou jesté pred zapocetim experimentu
odstranény vzduchové bubliny. Poskozeni michy je vyvoldno okamzitym nebo
postupnym nafouknutim balénku na dobu 5 minut. Po uplynuti této doby je
balonek vyfouknut a odstranén z epidurdlniho prostoru. Dilezité je, aby byl balének
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Fogartyho katétru pred vykonem zkontrolovén s ohledem na ptitomnost vzducho-
vych bublin. Jeho spravné a rovnomérné nafouknuti je tfeba ovétit s pouzitim stere-
omikroskopu vzdy pied a po provedeni balénkové 1éze. Na spravné provedeni balén-
kové 1éze lze usuzovat i podle privodnich znamek misniho poranéni — svalovych
tonicko-klonickych kte¢i zddového a koncetinového svalstva a velmi ¢asto rovnéz
kratkodobé zéastavy dechu. Opera¢ni rdnu S$ijeme ve vrstvach. Reproducibilita
modelu epidurdlni balonkové mis$ni 1éze byla v nasich experimentalnich podmin-
kdch mnohokréat prokdzana (Sykova et al., 2005; Jendelova et al., 2004; Sykova
a Jendelovd, 2005; Urdzikové a Vanicky, 2005; Urdzikova, 2006; Vanicky et al., 2002).

hion_050921

Obr. 1. Balénkova kompresni misni 1éze. A. Schematické zndzornéni chirurgického
vykonu. Misto zavedeni balonku je zndzornéno dvéma Sipkami na pravé strané; ¢ast
michy pouzita pro morfometrickou analyzu je vyznacena Sipkou na levé strané. B.
Sagitdlni fez patefni michou v MRI obraze, kde byla pred 24 hodinami provedena
balénkové kompresni mi$ni léze (hlavicka $ipky). Sipka — misto zavedeni katétru.
C. Rez michou v misté provedeni balénkové kompresni misni léze, barveny hema-
toxylinem-eosinem.

Stupen subpleurdlniho krviceni odpovidad stupni neurogenniho plicniho edému
Kdyz jsme zméfili primérnou tloustku alveoldrni steny u rtiznych stupnt subple-
urdlniho krvaceni (chybéjici, Grade I, II, III), zjistili jsme mezi témito parametry
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korelaci (tabulka 11.1., obr. 2.). Pokud subpleuralni krvaceni chybélo, byla primérna
tloustka alveoldrnich stén srovnatelnd s kontrolou. V ptipadé Grade I byla sila alve-
olarni stén o 81 % vy$si nez u kontrol (p = 0,003), v ptipadé Grade II byla o 105 %
vy$si (p = 0,0007) a v ptipadé Grade III 0 271 % vy3$si (p = 0,00002) (tabulka 11.1.).
Kromé toho jsme pozorovali ndrtst poctu bunék a stupen intraalveoldrniho edému
s rostoucim stupném subpleurdlniho krvéaceni (obr. 2.).

Tabulka 11.1. Tloustka alveoldrni stény (um) v plicich zvitat s chybéjicim nebo
pritomnym (Grade I-111) neurogennim plicnim edémem a u kontrolni skupiny. Statis-
ticky vyznamny rozdil je oznacen hvézdickou (p < 0,05). Kontrolni zvifata jsou bez
poranéni michy, usmrcend okamzité po navozeni anestezie.

Subpleuralni krvaceni Tloustka alveolarni stény (um)
Chybi 33,24 + 12,53
Grade I 59,66 + 21,70 *
Grade II 67,34 + 21,60 *
Grade III 122,06 + 30,87 *
Kontrola 32,89 + 12,50
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Obr. 2. Metodika posouzeni stupné subpleurdlniho krvaceni (absent = NPE chybi,
Grade I, IT a III) a histologické vySetfeni plicni tkané. A,B,C. Subpleurdlni krva-
ceni chybi. Histologicky obraz (C) odpovidd normalni plicni tkani. D,E,F. Grade I
subpleuralniho krvaceni, kde neni postizeno vice nez 10 % plicniho povrchu drob-
nymi hemoragiemi. Tloustka alveoldrnich stén odrazi poc¢inajici intersticidlni edém
(hlavicka Sipky v F) a ob¢asnou extravazaci erytrocyti. G,H,I. Grade II subpleural-
niho krvaceni, kde je postizeno 11-50 % povrchu plic krvacenim. Histologicky obraz
(I) odrazi ztlusténi alveoldrnich stén (hlavicka $ipky v I) a krvaceni. J,K,L. Grade
I11 subpleuralniho krvéceni, kde je postiZzeno vice nez 51 % povrchu plic krvacenim.
Patrné je masivni zesileni alveoldrnich stén (hlavicka Sipky v L), intersticidlni
a intraalveoldrni edém (Sipky v L) a masivni extravazace erytrocyta.

Sledovdni ndstupu neurogenniho plicniho edému

Ke stanoveni ¢asu, v némz vznikd neurogenni plicni edém, jsme nejdiive odhalili
pleura parietalis a in vivo sledovali rozvoj neurogenniho plicniho edému na plicnim
parenchymu béhem ndsledné balénkové léze. Zvifata byla narkotizovdna 1,5 %

53



isofluranem a umisténa do polohy na bfise. Dorsolateralni kozni fez byl proveden
v rozsahu Th7-9, povrchové svaly hrudni stény byly protaty kolmo na svalové
snopce a odsunuty do stran. Nésledné byly odstranény musculi intercostales a Zebra
v prislusnych segmentech a pleura parietalis ocisténa. Krvaceni z meziZebernich
tepének a zil bylo stavéno jemnym zhmozdénim stény cévy s naslednou tamponddou
jemnymi kousky buniciny. Elektrokauterizace nebyla vyuzita v dasledku snahy
o zachovdni maximalni translucence pleury. Specidlni péce byla vénovéna prevenci
rozvoje pneumothoraxu. Nasledné byla provedena balonkovd léze a v jejim pribéhu
a po ném byl sledovén plicni parenchym. Cas, kdy za¢inal plicni parenchym ménit
barvu a zejména cas, kdy se objevilo subpleurdlni krvéceni byl zaznamendn. Neuro-
genni plicni edém se vytvoril rychle po nafouknuti balénku v patefnim kanale.
Prvni zndmky zastinéni plicniho parenchymu se objevily v dobé 6,67 + 0,47 minut
po nafouknuti balénku v pdtefnim kandle, zatimco prvni zndmky hemoragie
se objevily v dob¢ 8,00 + 0,82 minut po nafouknuti balonku.

Role anestezie pti rozvoji neurogenniho plicniho edému

V této ¢dsti jsme se zabyvali problematikou koncentrace pouzité anestezie na rozvoj
neurogenniho plicniho edému. Pfed zapocetim experimentti jsme stanovili mini-
mdlni a maximdlni koncentraci isofluranu, kterou mohou byt zvirata bezpecné
narkotizovana. Pfi pouziti niz$i anestezie nez 1,5 % isofluranu ve vzduchu byly pozi-
tivni reakce na bolest pti kompresi prstii na panevnich koncetindch a konci ocasu
(angl. digital pinch reflex, tail pinch reflex) a sou¢asné na kornealni reflex, nebylo
tedy etické podrobovat zvitata niz$i anestezii. Pfi pouziti vice nez 4 % isofluranu
ve vzduchu umirala zvifata na preddvkovani anestetikem. K anestezii zvirat byl
pouzit isofluran (Forane, Abbot Laboratories, Ltd., Queenborough, Velka Britdnie).
K jeho aplikaci byla pouZzita nosni maska domdci vyroby, pfipojend na ptistroj
Isoflurane Vapor 19.3 (Drigerverk AG Liibeck, Némecko). Zvifata byla zvazena
a ulozena do uzaviratelné plastikové nadoby o priméru 16,5 cm a vysce 13 cm,
do které byl zaveden privod z odpatovace isofluranu a zahdjena anestezie 5 % isof-
luranem ve vzduchu pfi proudu 300 ml inhala¢ni smési za minutu. Po navozeni
narkézy byli potkani vyjmuti a pfipojeni na nosni masku s definovanou koncentraci
isofluranu ve vzduchu 1,5 %, 2 %, 2,5 %, 3 %, 4 % nebo 5 % pfi proudu 300 ml inha-
la¢ni smési za minutu.

Vsechna zvirata narkotizovand nizkymi koncentracemi isofluranu (1,5 - 2 %) rozvi-
nula neurogenni plicni edém. Plicni subpleurdlni krvaceni se rozvinulo u vsech
zvitat narkotizovanych 1,5 % a 2 % isofluranem. V 77 % vyS$etfenych plic byl nalezen
Grade III subpleurdlniho krvaceni. V ostatnich vysetfenych plicich byl pritomen
bud Grade II (17 %) nebo Grade I (6 %) subpleurdlniho krvaceni (tabulka 11.2., obr.
2.a3.). U vSech téchto zvirat se plicni index lisil signifikantné od kontrol: u skupiny
narkotizované 2 % isofluranem byl o 64 % vy3si ve srovndni s kontrolnimi zvitaty
(p = 0,0000005), zatimco u skupiny narkotizované 1,5 % isofluranem byl jes§té vyssi
- 0101 % (p = 0,0000008).
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Tabulka 11.2. PostiZzeni plic po poranéni michy u potkanii narkotizovanych 1,5 %,
2 %, 2,5 %, 3 %, 4 % nebo 5 % isofluranem a kontrolni skupina. Dokumentovina je
pritomnost (Grade I-111) nebo chybéjici subpleurdlni krviceni. Kazda plice je posou-
zena zvldst a spocitano procento ze vsech plic v dané skupiné. Signifikantni (p < 0,05)
zvyseni plicniho indexu (priiomér + smérodatnd odchylka) je oznaceno hvézdickou.
Vyskyt umrti na ndsledky neurogenniho plicniho edému je prezentovdn jako celkovy
pocet umrti a procento ze vsech zvitat v dané skupiné. Kontrolni zvitata jsou bez pora-
néni michy, usmrcend okamZzité po navozeni anestezie. N — pocet potkanii. 2N - pocet
plic.

Isofluran | N | Chybéni | Gradel | Gradell | Grade III Plicni Umrti
(%2N) | (%2N) | (%2N) | (%2N) index (% N)
1,5 % 12 - - 1 23 0,92 + 5
(4,17 %) | (95,83 %) 0,18* (41,67 %)
2% 12 - 3 7 14 0,74 = 0,11* -
(12,50 %) | (29,17 %) | (58,33 %)
2,5% 12 15 6 3 - 0,51 £ 0,06 -
(62,50 %) | (25,00 %) | (12,50 %)
3% 16 26 4 2 - 0,50 + 0,06 -
(81,25 %) | (12,50 %) | (6,25 %)
4% 3 6 - - - 0,48 + 0,01 3
(100,00 %) (100,00 %)
5% 3 6 - - - 0,47 £0,02 3
(100,00 %) (100,00 %)
Kontrola | 12 24 - - - 0,45 + 0,02 -
(100,00 %)
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Obr. 3. Neurogenni plicni edém u potkant narkotizovanych 1,5 %, 2 %, 2,5 % nebo
3 % isofluranem. A. Histologicky obraz ukazuje masivni neurogenni plicni edém
se ztlusténim alveoldrnich stén, intersticidlnim edémem a masivnim krvécenim
u potkanti narkotizovanych 1,5 % isofluranem. B. RTG obraz zndzornujici difuzni
zastinéni obou plicnich polf s maximem v perihildrni oblasti, které odrdzi neuro-
genni plicni edém u potkant narkotizovanych 1,5 % isofluranem. C. Histologicky
obraz rozvinutého neurogenniho plicniho edému se ztlusténim alveolarnich stén
a obc¢asnym krvdcenim u potkanti narkotizovanych 2 % isofluranem. D. RTG obraz
ukazujici difuzni stin v obou plicnich polich s maximem v perihilarni oblasti,
které odrdzi neurogenni plicni edém u potkant narkotizovanych 2 % isofluranem.
E. Obcasné krvdceni bez zfetelného plicniho edému u potkant narkotizovanych
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2,5 % isofluranem. F. RTG obraz normalnich plic u potkant narkotizovanych 2,5 %
isofluranem. G. Obcasné okrsky krvaceni bez ztetelného plicniho edému u potkanii
narkotizovanych 3 % isofluranem. H. RTG obraz normalnich plic u potkanii narko-
tizovanych 2,5 % isofluranem. I. Histologicky obraz plicni tkdné kontrolniho
zvitete. J. RTG obraz plic kontrolniho zvitete.

Pét ze dvandcti zvifat (42 %) ze skupiny narkotizované 1,5 % isofluranem zemfelo
v dobé 7,50 + 3,15 minut (rozptyl od 5 do 12 minut) od nafouknuti balénku
v patefnim kandlu (tabulka 11.2.). Nékolik minut pfed smrti zacala zviratim
klesat dechova frekvence a zacali vykazovat zndmky selhavdni dychaciho systému
v podobé ,,smrtelného chropotu, typického pro neurogenni plicni edém. Nasledné
se jejich dychdni zastavilo a po nékolika sekunddch jim z nozder zacala vytékat
zpénéna sanguinolentni tekutina. Jejich srde¢ni akce nédsledné ustala. Na rozdil
od této skupiny, zddné ze zvifat narkotizovanych 2 % isofluranem na ndsledky
neurogenniho plicniho edému nezemfelo (tabulka 11.2.).

Mikroskopické vySetfeni plic ukdzalo, ze pouziti nizkych koncentraci isoflu-
ranu zpusobilo edém alveolarni membrdany, porudeni integrity tenkych kapilar-
nich stén, masivni krvaceni a inik intravaskuldrni tekutiny do intersticia i lumen
alveolii. Kombinace intersticialniho a intraalveolarniho uniku transsudatu, dopro-
vdzend intraparenchymdlnim krvacenim, odpovidala typickému obrazu neurogen-
niho plicniho edému (obr. 2. a 3.). U skupiny narkotizované 1,5 % isofluranem byla
tloustka alveoldrnich membran o 264 % vyssi nez u kontrol (p = 0,0004), zatimco
u skupiny narkotizované 2 % isofluranem o 199 % vyssi ve srovndni s kontrol-
nimi zvifaty (p = 0,006) (tabulka 11.3.). In vivo zobrazeni pomoci RTG odhalilo
difuzni zastinéni v obou plicich s maximem v hildrni a perihildrni oblasti (obr. 3.).
Na zdkladé téchto vysledkii mizeme usoudit, Ze pouziti nizkych hladin anestezie
ma kauzalni vztah k rozvoji tézkého neurogenniho plicniho edému u potkani
s poranénim michy.

Tabulka 11.3. Tloustka alveoldrni stény (um) v plicich zvitat s poranénim michy, narko-
tizovanych 1,5 %, 2 %, 2,5 %, 3 %, 4 % nebo 5 % isofluranem a kontrolni skupiny.
Statisticky vyznamny rozdil proti kontrolni skupiné je oznacen hvézdickou (p < 0,05).
Kontrolni zvitata jsou bez poranéni michy, usmrcend okamzité po navozeni anestezie.

Isofluran Tloustka alveoldrni stény (um)
1,5 % 119,78 + 32,30 *
2% 98,30 + 39,24 *
2,5% 42,69 + 21,00 *
3% 38,67 £ 18,54
4 % 38,00 £ 12,06
5% 28,57 £ 11,02
Kontrola 32,89 + 12,50
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Vice nez 28 % zvifat narkotizovanych stfednimi koncentracemi isofluranu
ve vzduchu (2,5 % a 3 %) rozvinulo plicni hemoragie, avSak zddny z téchto ptipadt
nedosdhl grade II nebo III. V 72 % pripad nebyly pfitomny Zddné znamky subp-
leurdlniho krvaceni (tabulka 11.2., obr. 2. a 3.). Hodnoty plicniho indexu byly lehce
zvy$ené jak u skupiny zvirat narkotizovanych 2,5 % isofluranem, tak u skupiny
narkotizované 3 % isofluranem (tabulka 11.2.), av§ak zadny z téchto rozdila nedo-
sahl statistické vyznamnosti (p = 0,07 a p = 0,06).

Makroskopické vyhodnoceni stupné subpleurdlniho krvdceni ukdzalo, Ze zvirata
narkotizovand 3 % isofluranem rozvinula zndmky lehkého neurogenniho plicniho
edému méné Casto nez zvirata narkotizovand 2,5 % isofluranem - rozdil ve vyskytu
subpleuralniho krvaceni byl témér 20 % (19 % u 3 % skupiny vs. 38 % u 2,5 % skupiny)
(tabulka 11.2.). Plicni index byl v8ak u obou skupin srovnatelny (0,50 vs. 0,51) a rozdil
mezi obéma skupinami ani rozdil proti kontroldam nedosdhl statistické vyznam-
nosti (p=0,06 a p=0,07) (tabulka 11.2.). Histologické vySetfeni zvirat narkotizovanych
sttednimi koncentracemi isofluranu (2,5 - 3 %) vykazovalo téméf normalni para-
metry plicniho parenchymu s lehkym stupném ztlusténi alveolarnich stén a omezenou
extravazaci krevnich elementt (obr. 2. a 3.). V ptipadé skupiny narkotizované 2,5 %
isofluranem ve vzduchu byla tloustka alveolarnich membran o 30 % silnéjsi ve srov-
nani s kontrolou, zatimco v pfipadé skupiny narkotizované 3 % isofluranem byla
0 18 % vyssi (tabulka 11.3.). Pouze u skupiny narkotizované 2,5 % isofluranem doslo
ke statisticky vyznamnému zesileni tloustky alveoldrni stény (p = 0,03). In vivo RTG
vySetfeni ukdzalo plicni kresbu srovnatelnou s kontrolami (obr. 3.). Zvitata narkoti-
zovana sttednimi koncentracemi isofluranu tedy rozvinula pouze velmi mirny stupen
neurogenniho plicniho edému. Kromé toho mtZeme fici, Ze koncentrace isofluranu

WS

Vsechna zvifata ze skupin narkotizovanych vysokymi koncentracemi isofluranu
(4 % a 5 %) zemfela v disledku predavkovani anestetikem (tabulka 11.2.). Zvitata
ze skupiny narkotizované 4 % isofluranem umirala v dobé priimérné 15,33 + 2,81
minut od zacdtku anestezie, zatimco zvifata narkotizovand 5 % isofluranem v dobé
6,33 *+ 2,52 minut od zac¢dtku anestezie. V pribéhu anestezie nebyly ptitomny zadné
vedlejsi fenomény typu smrtelného chropotu nebo svalovych kieci. Dychaci ¢innost
zvifat pomalu ustavala az se zcela zastavila. Postmortdlni makroskopické a mikro-
skopické vySetieni plic neukdzalo Zddné zndmky neurogenniho plicniho edému
(tabulka 11.2. a 11.3., obr. 2.). V Zddném z pripadi se nevyskytlo subpleurdlni krva-
ceni a primérny plicni index byl srovnatelny s kontrolnimi zviraty (tabulka 11.2.).

Nepozorovali jsme Zadné zndmky plicntho edému u zvirat bez balénkové kompresni
mi$ni léze, kterd byla narkotizovana po dobu 40 minut 1,5 %, 2 %, 2,5 % nebo 3 %
isofluranem ve vzduchu. VSechna zvirata vykazovala absenci subpleuralniho krva-
ceni a jejich plicni index byl srovnatelny s kontrolnimi zvifaty (0,45 + 0,01 u 1,5 %
skupiny, 0,44 + 0,02 u 2 % skupiny, 0,49 + 0,06 u 2,5 % skupiny a 0,44 + 0,02 u 3 %
skupiny). Vys$etteni pomoci RTG ani histologické vysetieni véetné méteni tloustky
alveoldrnich stén byly rovnéz normalni. Zédné z téchto zvifat nezemftelo.
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Nizké koncentrace isofluranu tedy umoznuji vznik neurogenniho plicniho edému
u potkanii s kompresnim poranénim michy. Saeki et al. (1996) prokazali, Ze t¢inky
isofluranu na Gtlum spontdnni rendlni sympatické nervové aktivity a baroreflexni
reakce se zvysuji s jeho davkou. Tyto tcinky ptisobi prokazatelné na trovni pfevodu
informace uvnitf sympatického nervového systému a nikoli perifernich barore-
ceptort (Saeki et al., 1996; Lee et al., 2002). Vznik neurogenniho plicniho edému
tedy pravdépodobné tkvi v celkové zvySené pripravenosti organismu reagovat
na véechny zmény.

Hemodynamické zmény p¥i rozvoji NPE

Pro lep$i pochopeni hemodynamickych zmén v pribéhu rozvoje neurogen-
niho plicniho edému jsme u zvitat narkotizovanych 1,5 % nebo 3 % isofluranem
ve vzduchu, podrobenych balénkové kompresni mi$ni 1ézi, méfili systolicky,
diastolicky a stfedni tlak, spolecné s tepovou frekvenci pomoci PowerLab systému
(AD Instruments, Colorado Springs, USA). V anestezii byl zvifatim skrz kozni fez
na krku zaveden katétr do levé arteria carotis communis a vyveden v mezilopat-
kové oblasti. Zvife bylo uloZeno do polohy na btise, ve které byla provedena balén-
kova kompresni misni léze. Systolicky, diastolicky a stfedni tlak (mm Hg), spole¢né
s tepovou frekvenci (bpm) byly monitorovdany po dobu 5 minut pred vykonem,
v pribéhu celého vykonu a ndsledné 10 minut po vykonu. Ziskané hodnoty byly (1)
bazalni hodnota, (2) minimalni hodnota v pribéhu kozniho fezu, (3) minimalni
hodnota v pribéhu zasahu do svalové tkané, (4) maximalni hodnota v pribéhu
nafouknuti balénku v patefnim kandle, (5) hodnota nafouknutého balénku, ziskana
jako primér 2minutového intervalu po nafouknuti balénku a (6) hodnota v dobé
10 minut po konci procedury (Sedy et al., 2007a).

Bazalni hodnoty stfedniho tlaku a tepové frekvence se lidily signifikantné u zvirat
s 1,5% a 3 % isofluranovou anestezii (tabulka 11.4.). Balénkové kompresni pora-
néni michy vedlo ke zvyseni systolického i diastolického krevniho tlaku u vsech
experimentdlnich zvirat. Typicky prtbéh zahrnoval pocatecni pokles krevniho
tlaku i tepové frekvence v priibéhu provadéni chirurgického pristupu, ndsledovany
rychlym vzestupem krevniho tlaku a baroreflexné indukovanym poklesem tepové
frekvence jako reakce na nafouknuti balénku v patefnim kandle (obr. 4., tabulka
11.4.). Po odeznéni akutni faze mi$niho poranéni krevni tlak opét klesal pod bazalni
uroven (tabulka 11.4.).
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Tabulka 11.4. Stfedni arteridlni tlak a tepovd frekvence — bazdlni hodnoty i hodnoty
v prislusnych etapdch provdadéni balénkové kompresni misni léze u zvitat narkotizo-
vanych 1,5 % a 3 % isofluranem. Statisticky signifikantni rozdily (pdrovy Studentiiv
t-test, p < 0,05) uvnitt jednotlivych skupin ve vztahu k bazdlni hodnoté jsou zndzor-
nény hvézdickou, zatimco signifikantni rozdily (nepdrovy Studentiiv t-test, p < 0,05)
oproti skupiné narkotizované 3 % isofluranem jsou oznaceny $. Relativni percentu-

dlni zmény oproti bazdlnim hodnotdm jsou vyznacleny v zdvorkdch.

Stfedni arterialni tlak (mm Hg)
3 % isofluran 1,5 % isofluran 1,5 % isoflu-
ran-pentolinium
Bazalni hodnota 78+ 9 93 +13° 97 + 3%
Koznifez 73+8* 85+ 11°% 77+9%
(-6 %) (-9 %) (-21 %)
Svalovy fez 55+3* 58+3** 66+ 11*°%
(-29 %) (-38 %) (-32 %)
Aplikace pentolinia i i 55+£3%
(-43 %)
Nafouknuti balonku - max. 127 £20* 155+ 21 *$ 75+ 10*°%
(+63 %) (+67 %) (-3 %)
Nafouknuti balonku - 2 min 97 +15* 126 +21 * % 67 +8*%
(+24 %) (+35 %) (-31 %)
Zotaveni 60+6* 77 +18*% 55+4*
(-23 %) (-17 %) (-43 %)
Tepova frekvence (bpm)
3 % isofluran 1,5 % isofluran 1,5 % isoflu-
ran-pentolinium
Bazalni hodnota 380 +27 433 +39° 402 + 26
Kozni fez 383 + 24 430 +31°% 438 +23*$
(+1 %) (-1 %) (+9 %)
Svalovy fez 355+ 19* 396 £30*° 425+ 34°
(-7 %) (-9 %) (+6 %)
Aplikace pentolinia i ) 313+£40*
(-22 %)
Nafouknuti balonku - max. 359 + 32 283 +73* 386 +48
(-6 %) (-35 %) (-4 %)
Nafouknuti balénku - 2 min 378 + 16 327 +48*S 370 + 47
(-1 %) (-25 %) (-8 %)
Zotaveni 341 £30* 357 + 38 * 317 £ 47 %S
(-10 %) (-18 %) (-21 %)
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Obr. 4. Casovy pribéh kiivky krevniho tlaku v pribéhu celého chirurgického
vykonu, balonkové kompresni misni léze a obdobi zotaveni u zvifat narkotizova-
nych 3 % isofluranem (A), 1,5 % isofluranem (B) a u zvitfat narkotizovanych 1,5 %
isofluranem s gangliovou blokddou pentoliniem (C). Sipky - nafouknuti balénku.
Hlavicky Sipek - aplikace pentolinia. MAP - stfedni arteridlni tlak. Time - cas.
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Potkani narkotizovani 1,5 % isofluranem, ktefi vykazovali pfitomnost neurogen-
niho plicniho edému (plicni index = 0,72 + 0,13), dosahovali signifikantné vyssich
hodnot stfedniho arteridlniho tlaku pred, v pribéhu a po chirurgickém vykonu
(tabulka 11.4.) nez potkani ze skupiny narkotizované 3 % isofluranem, u kterych se
neurogenni plicni edém nevytvérel (p-index = 0,41 £ 0,05). Rozdil mezi primérnym
sttednim arterialnim tlakem mezi skupinou narkotizovanou 1,5 %a 3 % isofluranem
dosahoval od 5 % (v pribéhu fezu svalovou tkdni) do 30 % (v pribéhu 2minuto-
vého intervalu po nafouknuti balonku). Maximélni hodnoty stfedniho arteridlniho
tlaku byly pozorovdny po nafouknuti balonku. V prabéhu celého chirurgického
vykonu byly zmény krevniho tlaku vzhledem k bazalni hodnoté vyraznéjsi u zvirat
narkotizovanych 1,5 % isofluranem, coz ukazovalo na jejich obecné vyssi sensi-
tivitu ke vS§em manipulacim. Hodnoty tepové frekvence byly vys$si u 1,5 % zvirat
do okamziku nafouknuti balonku, kdy tyto hodnoty prudce poklesly. Tento barore-
flexné indukovany pokles tepové frekvence nebyl pozorovén u skupiny narkotizo-
vané 3 % isofluranem (tabulka 11.4.), coZ ukazuje zdsadni vyznam reflexni brady-
kardie na vznik NPE.

V pribéhu monitorovani krevniho tlaku a tepové frekvence zemfelo jedno zvife
z 1,5 % skupiny na ndsledky neurogenniho plicntho edému. Navzdory tomu,
ze bazdlni hodnoty jeho stiedniho krevniho tlaku (88 mm Hg) byly obdobné jako
primérné hodnoty dosahované v nasi studii (rozsah 67-105 mm Hg), jeho bazalni
tepova frekvence (472 tept/minutu) byla vibec nejvys$si v nasi studii (377-463
tept/minutu). V pribéhu celé procedury se hodnoty krevniho tlaku i tepové frek-
vence pohybovaly v rozmezich typickych pro ostatni zvifata - ani maximalni
hodnota stfedniho arterialniho tlaku v obdobi bezprostifedné po nafouknuti
balénku v patefnim kandle (167 mm Hg) nebyla nejvyssi ve srovndni s ostatnimi
zviraty v 1,5 % skupiné (dvé zvirata dosdhla hodnoty 170 mm Hg). Po pfiblizné
4 minutdch po nafouknuti balénku se zac¢aly hodnoty krevniho tlaku a tepové frek-
vence u prislu§ného zvirete priblizovat k typickym hodnotdm zvifat 1,5 % skupiny.
Zvite zemielo v pribéhu druhé minuty po vyfouknuti baléonku.

Vliv neurogenniho plicniho edému na néavrat neurologickych funkci

Zvitatim uréenym k behaviordlnim studiim byla provedena sutura rany a po operaci
byla umisténa do kleci po dvou pro minimalizaci socidlniho stresu a pro lepsi
rehabilitaci po poskozeni michy. VSichni potkani byli krmeni standardni dietou
a pramenitou vodou ad libitum. Jednou z hlavnich komplikaci po poskozeni michy
je porucha vyprazdnovani mocového méchyte (dyssynergie detruzoru-sfinkteru),
jez vede jednak k mechanickému poskozeni jeho stény, jednak k infek¢nim kompli-
kacim (Urdzikova, 2006). JelikoZz dochédzi po poskozeni michy k pferuseni drah,
které kontroluji jeho vyprazdnovani, bylo nutno potkantim mocovy méchyf manu-
alné vyprazdnovat. Vyprazdnovani bylo provadéno nejprve 2x denné, posléze 1x
denné, dokud se zvifatim nevratilo spontanni vyprazdinovani moc¢ového méchyrte.

Pro testovani hybnosti panevnich koncetin zvifat po mi$nim poranéni jsme pouzili
BBB test (BBB score), ktery je dnes povazovan za zlaty standard behaviordlniho
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testovani laboratornich potkanii s poskozenim michy (Basso et al., 1995). BBB test
je udévan od 0 (Zadny pohyb panevnich koncetin) do 21 (plnd pohyblivost panev-
nich koncetin), a to pro kazdou koncetinu zvlast (tabulka 11.5.). Vysledna hodnota
je aritmetickym priimérem hodnot pro pravou a levou pdnevni koncetinu. BBB test
Ize hrubé rozdélit na tti faze podle stupné zotaveni (angl. recovery) — rannou fazi
(0-7), stfedni fazi (8-13) a pozdni fazi (14-21).

Potkani s traumatickym poskozenim michy byli testovdni pred zdkrokem,
24 hodin po zdkroku a ddle po 7, 14, 21, 28, 35, 42 a 49 dnech. Zvirata byla testovana
na rovném povrchu ve vymezeném kruhovém prostoru s primérem 90 cm. Testo-
vani provadéji vzdy dva testujici, ktefi stoji proti sobé, aby mohli pozorovat pohyby
koncetin ze dvou stran. Hodnoti se jen volni pohyby, nikoli pohyby reflexni.

Tabulka 11.5. BBB test (Basso et al., 1995)

Cislo |Charakteristika

0 Z4dny viditelny pohyb panevni koncetiny

1 Nepatrny pohyb jednoho nebo dvou kloubii, obvykle kycle a/nebo kolene

2 Vyrazny pohyb jednoho kloubu
Vyrazny pohyb jednoho kloubu a nepatrny pohyb dal§iho kloubu

3 Vyrazny pohyb dvou kloubti

4 Nepatrny pohyb vsech tii kloubti

5 Nepatrny pohyb dvou kloubti a souc¢asné vyrazny pohyb tretiho

6 Vyrazny pohyb dvou kloubti a souc¢asné nepatrny pohyb tfetiho

7 Vyrazny pohyb viech tii kloubt

8 Zametani bez védhové podpory
Plantdrni umisténi pracky bez vdhové podpory

9 Plantdrni umisténi pracky s vdhovou podporou pouze ve stoji
Obcasnd, castd nebo konsistentni chtize po dorsum pedis s vahovou
podporou a absence plantarniho umisténi pracky

10 Obcasné plantarni umisténi pracky s vahovou podporou a zédnd predo-
zadni koordinace

11 Casté az konzistentni plantarni umisténi pracky s vdhovou podporou
a zadnd predozadni koordinace

12 Casté az konzistentni plantirni umisténi pracky s vahovou podporou
a obc¢asna predozadni koordinace

13 Casté az konzistentni plantarni umisténi pracky s vahovou podporou
a Casta predozadni koordinace

14 Konzistentni plantarni umisténi pracky s vahovou podporou a konzis-
tentni predozadni koordinace. Pracka je rotovdana zevné nebo navnitf
pti zdvihnuti pracky a pfi prvnim kontaktu.
Casté plantdrni umisténi pracky s véhovou podporou, konzistentni piedo-
zadni koordinace a obcasna chiize po dorsum pedis s vihovou podporou
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15

Konzistentni plantarni umisténi pracky s vahovou podporou a konzis-
tentni pfedozadni koordinace. Zadné nebo obc¢asné zvedéni prstii. Pracka
je paralelné k télu pti prvnim kontaktu.

16

Konzistentni plantdrni umisténi pracky s vdhovou podporou a konzis-
tentni pfedozadni koordinace. Casté zvedani prstti. Pracka je paralelné
k télu pfi prvnim kontaktu a rotovana ve fazi zdvihnuti.

17

Konzistentni plantdrni umisténi pracky s vdhovou podporou a konzis-
tentni predozadni koordinace. Casté zvedani prsti. Pracka je paralelné
k télu pti prvnim kontaktu i ve fazi zdvihnuti.

18

Konzistentni plantdrni umisténi pracky s vdhovou podporou a konzis-
tentni predozadni koordinace. Konzistentni zveddni prst. Pracka je
paralelné k télu pfi prvnim kontaktu a rotovana ve fazi zdvihnuti.

19

Konzistentni plantdrni umisténi pracky s vdhovou podporou a konzis-
tentni predozadni koordinace. Konzistentni zvedani prstii. Pracka je
paralelné k télu pti prvnim kontaktu i ve fazi zdvihnuti. Ocas je pfi zemi
¢ast nebo celou dobu.

20

Konzistentni plantdrni umisténi pracky s vdhovou podporou a konzis-
tentni predozadni koordinace. Konzistentni zveddni prst. Pracka je
paralelné k télu pfi prvnim kontaktu i ve fazi zdvihnuti. Nestabilita trupu.
Konzistentni zvedani ocasu.

21

Konzistentni plantdrni umisténi pracky s vdhovou podporou a konzis-
tentni predozadni koordinace. Konzistentni zvedani prstd. Stabilita
trupu. Konzistentni zveddni ocasu.

U vsech 24 zvirat (12 ze skupiny narkotizované 1,5 % isofluranem a 12 ze skupiny
narkotizované 3 % isofluranem) se v navaznosti na balonkové kompresni poskozeni
michy rozvinula kompletni paraplegie, korespondujici BBB skére 0-1. V prtbéhu
nésledujici faze se zvirata, v pribéhu vykonu narkotizovana 3 % isofluranem zota-
vovala rychleji nez zvifata narkotizovana v pribéhu vykonu 1,5 % isofluranem
(obr. 5.). Tento rozdil dosdhl statistické vyznamnosti v priibéhu 2 a 3 tydnii po pora-
néni (p = 0,04 v obou pripadech) (obr. 5.). Rovnéz je tfeba poznamenat, Ze stejného
BBB skore jako dosahla zvifata z 3 % skupiny 14 dni po poranéni, dosdhla zvirata
z 1,5 % skupiny az 31. den po poranéni.
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Obr. 5. Zotaveni neurologickych funkci u zvitat narkotizovanych 1,5 % a 3 % isoflu-
ranem. A. BBB skdre jsou signifikantné vyssi u potkant narkotizovanych 3 % isoflu-
ranem (bez neurogenniho plicniho edému) ve srovndni s potkany narkotizovanymi
1,5 % isofluranem (s neurogennim plicnim edémem). B. Ndvrat sensitivnich funkci,
ktery odrdzi latenci reakce na tepelné podrdzdéni v pribéhu plantdarniho testu je
signifikantné krat$i u potkant narkotizovanych 3 % isofluranem. Latency - cas.
Days post injury — obdobi po poranéni michy.
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K testovani sensitivity potkant s poskozenou michou jsme vyuzili Plantarni test
(Plantar test — Ugo Basile, Comerio, USA). Tento test umoznuje kvantifikovat
stupen citlivosti panevni koncetiny na podrdzdéni tepelnym podnétem v podobé
¢asu, které potkan potiebuje k odtazeni pracky. Potkani s traumatickym posko-
zenim michy byli testovani pred zakrokem, 24 hodin po zdkroku a dale po 7, 14, 21,
28, 35,42 a 49 dnech.

Névrat sensitivnich funkci mél podobny priibéh jako v ptipadé BBB testu (obr. 5.).
Od druhého tydne po poranéni se zacinala zvirata z 3 % skupiny zotavovat rych-
leji nez zvifata ze skupiny pfi vykonu narkotizované 3 % isofluranem. V 2. a 3.
tydnu po poranéni dosahl tento rozdil statistické vyznamnosti (p = 0,04 a p = 0,02).
Zvitata narkotizovand 3 % isofluranem se tedy po vykonu zotavovala rychleji nez
zvifata narkotizovana 1,5 % isofluranem. Zajimavé bylo, Ze rozdil byl nejvice patrny
v obdobi 2. a 3. tydne po poranéni, pravdépodobné v dtsledku obecné horsiho
celkového zdravotniho stavu zvirat z 1,5 % skupiny.

Vliv neurogenniho plicniho edému na zachovani $edé a bilé hmoty mi$ni

V dal$im experimentu jsme stanovovali vliv neurogenniho plicniho edému na zacho-
vani bilé a $edé hmoty misni. Z michy byl excidovan 2 cm dlouhy tsek s poskozenym
mistem uprostied. Pied odvodnénim a prosycenim parafinem byla excidovand micha
zafixovana na pevné podloZce, aby nedochdzelo k jejimu ohybéani. Cely 2 cm dlouhy
segment byl zalit do paraplastu s pouzitim specialni formy na odlévani 2 cm vysokého
bloku. Pri¢né 5 um silné fezy byly ptipraveny na sankovém mikrotomu a natahovany
na podlozni Zelatinou-potazend sklicka. Ndsledné barveni probihalo na téchto sklic-
kéch. Pro néslednou morfometrickou analyzu bylo pouzito barveni Luxol Fast Blue
a Cresyl Violet. Toto barveni zobrazuje kontrastnim zptisobem $edou a bilou hmotu
michy i pfi malém zvétSeni, coz je vyhodné pfi zakreslovani plochy zachovalé tkané
a nasledné morfometrické méteni (Urdzikovd, 2006). Rozsah léze byl kvantifikovan
jako objem zachované bilé a Sedé hmoty v poskozeném misnim segmentu. Pouzili
jsme sérii fezli s odstupem 1 mm. Z odebraného segmentu jsme ziskali sérii cca 20
fezli. V kazdém z téchto fezii byla obkreslena ¢ast zbyvajici Sedé a bilé hmoty;, jejichz
plochu jsme odméfili pomoci programu pro analyzu obrazu Image Tool for Windows
2.00. Sebrana data tvorily v diagramu U kfivku, ve které jsme definovali stied 1éze jako
fez, ktery rozdéloval tuto U kfivku na co nejsymetri¢téjsi poloviny. Pro ucely analyzy
jsme brali do ivahy jen oblast michy, ve které byla hlavni oblast 1éze. Objem zachovalé
tkdné v analyzovaném segmentu byl vypocitdn jako soucet ploch z jednotlivych fezt,
vyndasobenych vzdalenosti mezi fezy.

Morfometrickd analyza objemu zachovalé $edé a bilé hmoty v misté léze ukazala,
ze neni rozdil mezi skupinou narkotizovanou 1,5% a 3 % isofluranem (obr. 6.).
Léze u obou skupin vykazovaly hyperintenzivni signdl na T2-vdZenych obrazech,
coz odpovidalo obdobi formovani pseudocystickych kavit (obr. 1.). In vivo srov-
nani velikosti léze mezi obéma skupinami rovnéz neprokdzalo odli$nosti. V tomto
pripadé se tedy projevilo behaviordlni poskozeni vyraznéji a nemélo typicky morfo-
logicky korelat.
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Obr. 6. Oblast zachované $edé hmoty (gray matter) a bilé hmoty (white matter)
v mm? v misté léze (area) u potkanta s balonkovou kompresni misni 1ézi, narkotizo-
vanych 1,5 % nebo 3 % isofluranem. Mezi témito dvéma skupinami nebyly nalezeny
signifikantni rozdily.
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Neurogenni plicni edém u modelu transekce michy

Abychom srovnali efekt jinych typt léze a vyloudili nebo potvrdili efekt misniho
hrudniho poskozeni per se, provedli jsme u zvifat narkotizovanych 1,5 % isoflu-
ranem uplné ostré pretéti neboli transekci michy. Vykon byl proveden ve stejné
vysi jako baldonkova kompresni misni 1éze, tedy v drovni mi$ni Th8. V aseptic-
kych podminkach jsme zvife narkotizovali jako v pfedchozich ptipadech, provedli
2 cm dlouhou kozni incizi v medidnni roviné v oblasti obratltt Th6-Th8. Musculi
erectores trunci byly v prislu§né vysi ostre odfiznuty od sloupce processus spinosi
a odtazeny lateralné. Lamina vertebralis obratle Th7 byla odstranéna. Nasledné byla
provedena rychld ostrd transekce michy pomoci skalpelu.

Transekce michy na stejné urovni jako balonkové kompresni léze nezptisobovala
neurogenni plicni edém. U vSech zvifat chybély byt jen ndznaky subpleurdlniho
krvéceni a plicni index byl srovnatelny s kontrolami. Histologie plicni tkané nepro-
kdzala zndmky plicniho edému (obr. 7., tabulka 11.6.). Transekce michy nezpiso-
bila zdsadni zmény krevniho tlaku nebo tepové frekvence. Jako nejdilezitéjsi hemo-
dynamicky faktor vnimame skutecnost, Ze chybélo ostré zvyseni krevniho tlaku
a nasledny hluboky pokles tepové frekvence, jez jsou typické pro balénkovou

kompresni misni lézi (obr. 8.).

Tabulka 11.6. Tloustka alveoldrni stén (um) v plicich u modelu NPE, u zvitat
s postupnym rychlym a pomalym nafukovini balénku, u nekompletni komprese
michy, u misni transekce a u kontrolni skupiny. Statisticky vyznamny rozdil je oznacen
hvézdickou (p < 0,05). Kontrolni zvitata jsou bez poranéni michy, usmrcend okamZzité
po navozeni anestezie. Relativni zmény proti kontroldm jsou uvedeny v zdvorkdch.

Skupina Tloustka alveolarni stény (um)
NPE model 94,18 + 4,37 %
(+161 %)
5-5-5 62,61 +4,17*
(+71 %)
3-2-2-2-2-2-2 38,62 £ 2,12
(+5 %)
Okamzity 5 37,32 £ 2,94
(+2 %)
Okamzity 10 35,99 + 1,95
(-2 %)
Transekce 39,63 + 3,02
(+8 %)
Kontrola 36,71 £ 2,57
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Obr. 7. Zmény v histologickém obraze plicni tkané u potkant s postupnou balén-
kovou kompresni mi$ni lézi nebo transekci michy. A. Obcasné krvaceni bez zietel-
ného plicnitho edému u potkanti s pomalou postupnou balénkovou kompresni mi$ni
1ézi. B. Obcasné krvaceni bez zfetelného plicniho edému u potkant s netplnou
balénkovou kompresni mis$ni lézi. C. Histologické vySetieni plic s obrazem masiv-
niho neurogenniho plicniho edému se ztlu§ténim alveoldrnich stén, intersticidlnim
plicnim edémem a masivnim krvdceni u potkant s rychlou postupnou balénkovou
kompresni mi$ni lézi. D. Histologicky obraz bez zndmek neurogenniho plicniho
edému u potkant po provedeni transekce michy. E. Histologické vysetfeni plic
s obrazem masivniho neurogenniho plicniho edému se ztlusténim alveoldrnich
stén, intersticidlnim plicnim edémem a masivnim krvaceni u NPE modelu. F. Histo-
logie plicni tkdné u kontrolni skupiny. Méfitko v F = 200 pm.
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Obr. 8. Casovy pribéh kiivky krevniho tlaku v pribéhu celého chirurgického
vykonu, balonkové kompresni misni léze az do dosazeni kone¢nych 15 pl. Kazdy
krok nafouknuti balénku je oznacen hlavickou $ipky v A,B a D. Sipky ukazuji
vyfouknuti balénku v A,B a D. A. Pomald postupna balénkovd kompresni mi$ni
léze. B. Rychld postupnd balénkova kompresni mi$ni 1éze. C. Prabéh krivky krev-
niho tlaku pted, v priibéhu a po transekci michy (hlavicka $ipky). D. Prabéh ktivky
krevniho tlaku u modelu NPE (okamzité nafouknuti balénku na konecny objem
15 ul). MAP - stfedni arteridlni tlak. Time - cas.

Vliv rychlosti provedeni misni léze na rozvoj neurogenniho plicniho edému

Pfi stejném usporaddni experimentu jako v predchozich pfipadech jsme u zvirete
narkotizovaného 1,5 % isofluranem provedli rychlé postupné nafouknuti baléonku
(5 ul - 5 ul - 5 pl), pomalé postupné nafouknuti balonku (3 pl - 2 pl - 2 pl - 2 pl
-2 ul -2 pl - 2 pl) nebo standardni NPE model (viz vyse). Ve viech piipadech byl
balének nafouknut na findlnich 15 pl. Casovy interval mezi kazdymi dvéma nafouk-
nutimi byl 30 sekund. Nafouknuti balénku tedy trvalo 1 minutu u rychlého postup-
ného nafouknuti balénku a 3 minuty u pomalého postupného nafouknuti balonku.
Kromeé toho jsme provedli experiment, kde jsme nafoukli balének okamzité na 5 pl
nebo 10 pl. Ve vsech pripadech byl balének po dosazeni kone¢ného objemu pone-
chdn na misté¢ po dobu 5 minut. N4sledné byl balének vyfouknut a vyjmut (Sedy
et al., 2009a).
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V ptipadech, kdy byl balének postupné pomalu nafukovan 3 ul - 2 pl - 2 pl - 2 pl
-2 pl-2pl-2pl), se neurogenni plicni edém nerozvijel. V 64 % ptipadi zcela chybélo
subpleurdlni krvéceni. Ve zbyvajicich ptipadech dosahovalo Grade I (tabulka 11.7.).
Plicni index a primérné hodnoty tloustky alveoldrnich stén se nelisily signifikantné
od kontrol (tabulka 11.7. a 11.6.). Histologicky obraz plicni tkané byl srovnatelny
s kontrolou - nebyly zde pfitomny témér zadné znamky intraalveolarniho nebo
intersticidlniho edému nebo hemoragii (obr. 7.).

Tabulka 11.7. Poskozeni plic po poranéni michy u modelu NPE, u zvitat s postupnym rychlym
a pomalym nafukovdni balonku, u nekompletni komprese michy a u misni transekce.
Dokumentovdna je ptitomnost (Grade I-I1I) nebo chybéjici subpleurdlni krviceni. Kazda
plice je posouzena zvldst a spocitano procento ze vsech plic v dané skupiné. Signifikantni
(p < 0,05) zvyseni plicniho indexu (priimér + smérodatnd odchylka) je oznaceno hvézdickou.
Vyskyt timrti na ndsledky neurogenniho plicniho edému je prezentovdn jako celkovy pocet
umrti a procento ze vsech zvitat v dané skupiné. Kontrolni zvitata byla bez poranéni michy
usmrcend okamzité po navozeni anestezie. N — pocet potkanii. 2N - pocet plic.

Skupina N Chybéni Gradel Grade I1 Grade III Plicni
(% z 2N) (% z 2N) (% z 2N) (% z 2N) index
NPE model 19 - - 1 37 0,86 £+ 0,09*
(3 %) (97 %)
5-5-5 7 - - 6 8 0,77 £0,08*
(43 %) (57 %)
3-2-2-2-2-2-2 | 14 18 10 - - 0,49 + 0,03
(64 %) (36 %)
Okamzity 5 3 6 - - - 0,46 = 0,04
(100 %)
Okamzity 10 | 3 6 - - - 0,46 + 0,03
(100 %)
Transekce 5 10 - - - 0,43 + 0,06
(100 %)
Kontrola 14 28 - - - 0,45 + 0,02
(100 %)

Navzdory tomu, Ze kone¢ny objem byl stejny jako v predchozim ptipadé, vedlo rychlé
postupné nafukovani baléonku (5 pl - 5 pl - 5 pl) k tézZkému neurogennimu plicnimu
edému, ktery byl srovnatelny s plicnim edémem, pozorovatelnym u standardniho
modelu NPE. Ackoli nebyl vyskyt subpleurdlniho krvaceni stupné Grade III tak casty
jako v ptipadé naseho NPE modelu, byl vZdy ptitomen alespon stupeni Grade II (tabulka
11.7.). Podobné se ani hodnoty plicniho indexu u skupiny s rychlym postupnym nafouk-
nutim baldénku signifikantné nelidily od standardniho modelu neurogenniho plicniho
edému. Na druhou stranu se tyto hodnoty signifikantné lisily od kontrolnich zvirat
bez plicnitho edému (p = 0,0001). Mikroskopické vySetfeni plicni tkdné prokézalo,
ze rychlé postupné nafouknuti balénku zptsobilo edém alveoldrni membrany, perforaci
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kapildrnich stén, masivni krvaceni a unik intravaskuldrni tekutiny do lumina alveolt
- tedy typicky obraz neurogenniho plicnitho edému (obr. 7.). Kromé toho jsme zjistili,
ze primérnd tloustka alveoldrnich stén je u skupiny s rychlym postupnym nafouknutim
balénku signifikantné vyssi ve srovndni s kontrolou (tabulka 11.6.).

Vsechny kroky postupného nafukovani balonku byly doprovazeny signifikantnim
vzestupem stfedniho arteridlniho tlaku (tabulka 11.8.). Postupna léze byla doprova-
zena typickou stupnovité vzristajici kiivkou stfedniho arteridlniho tlaku (obr. 8.).
Nepozorovali jsme zadné signifikantni rozdily ve stfednim arteridlnim tlaku
v pribéhu a po nafouknuti baléonku v patefnim kandlu na konec¢nych 15 pl mezi
skupinou s postupnym rychlym a pomalym nafukovanim balénku (tabulka 11.8.),
a to navzdory tomu, Ze rozdil ve stupni neurogenniho plicniho edému byl mezi
témito dvéma skupinami vysoce signifikantni (tabulka 11.7.) (Sedy et al., 2009a).

Tabulka 11.8. Stredni arteridlni tlak — bazdlni hodnoty i hodnoty v prislusnych etapdch providéni
balénkové kompresni misni léze u NPE modelu a zvitat s pomalym a rychlym postupnym prova-
dénim balénkové kompresni misni léze. Statisticky signifikantni rozdily (pdrovy Studentiiv t-test,
P < 0,05) uvnitt jednotlivych skupin ve vztahu k bazdlni hodnoté jsou zndzornény hvézdickou.
Relativni percentudlni zmény oproti bazdlnim hodnotdm jsou vyznaceny v zdvorkdch.

Stfedni arterialni tlak (mm Hg)
NPE model 5-5-5 3-2-2-2-2-2-2

Bazalni hodnoty 85+ 6 97 + 4 97 +2
3ul - - 108 + 4*

(+11 %)
5ul - 113 +£ 6 130 + 6%

(+16 %) (+34 %)
7 ul - - 141 + 6*

(+45 %)

9 ul - - 143+ 5%

(+47 %)

10 ul - 153 + 6* -
(+58 %)

11 ul - - 147 + 5*

(+52 %)
13 ul - - 148 + 4*

(+53 %)
15 pul 154 + 7* 155 + 3* 150 + 4*

(+81 %) (+60 %) (+55 %)
15 ul - bod zvratu 144 + 6% 138 + 3% 133 + 3*
(+69 %) (+42 %) (+37 %)

Bod zvratu - vyfouknuti 86+ 5 90 +4 97 +3
(+1 %) (-7 %) (£0 %)
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Rozsah neurogenniho plicniho edému se vice odrazel ve zménach tepové frekvence.
U skupiny s rychlym postupnym nafukovdanim balénku, u které se rozvijel tézky
neurogenni plicni edém, byl vice vyjadfen pokles krevniho tlaku v pribéhu nafuko-
vani balénku nez u skupiny s pomalym postupnym nafukovdnim balénku, kde jsme
pozorovali pouze pomaly postupny pokles tepové frekvence (tabulka 11.9.). Kromé
toho byly zmény tepové frekvence po nafouknuti balénku na konecnych 15 pl vice
vyjadfeny u skupiny s rychlym postupnym nafouknutim balénku nez u skupiny
s pomalym postupnym nafukovdnim (tabulka 11.9.). Pokud tyto vysledky shrneme,
mizZeme konstatovat, ze ¢im rychlej$i nafouknuti balonku, tim vice je vyjadien
pokles tepové frekvence a zdroven i stupen neurogenniho plicniho edému (Sedy
et al., 2009a).

Tabulka 11.9. Tepovd frekvence — bazdlni hodnoty i hodnoty v ptislusnych etapdch
provddéni balénkové kompresni misni léze u NPE modelu a zvitat s pomalym
a rychlym postupnym providénim balonkové kompresni misni léze. Statisticky signifi-
kantni rozdily (pdrovy Studentiiv t-test, p < 0,05) uvnitt jednotlivych skupin ve vztahu
k bazdlni hodnoté jsou zndzornény hvézdickou. Relativni percentudlni zmény oproti
bazdlnim hodnotdm jsou vyznaceny v zdvorkdch.

Tepova frekvence (bpm)
NPE model 5-5-5 3-2-2-2-2-2-2
Bazalni hodnoty 385+ 9 380 + 14 410+ 5
3ul i - 384 + 11
(-6 %)
5ul - 364 + 16" 383+ 7%
(-4 %) (-7 %)
7 ul - - 394 + 6
(-4 %)
9ul - - 394 + 8
(-4 %)
10 ul - 322 + 30" -
(-15 %)
11 ul - - 394 + 8
(-4 %)
13 pl - - 391 + 8
(-5 %)
15 ul 253 + 30* 222 +23* 389 + 11
(-34 %) (-42 %) (-5 %)
15 pl - bod zvratu 313 £ 21* 282 + 16* 371 + 10*
(-19 %) (-26 %) (-10 %)
Bod zvratu - vyfouknuti 361 + 11 336 + 15* 387+ 8
(-6 %) (-12 %) (-6 %)
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Nafouknuti balénku na kone¢ny objem 10 pl bylo doprovazeno nizkym stupném
svalovych kontrakci, nafouknuti balénku na kone¢ny objem 5 pul nezptisobilo prak-
ticky Zadnou reakci. Okamzité nafouknuti balénku na 5 ul nebo 10 pl nezptisobilo
neurogenni plicni edém. Zadné ze zvifat z téchto dvou skupin nemélo subpleuralni
krvacenti a jejich plicni index nebo primérna tloustka alveolarnich stén se signifi-
kantné nelisily od kontrol (tabulka 11.6. a 11.7.).

Je mozné konstatovat, ze pomalé postupné nafouknuti balénku v hrudnim epidu-
rdlnim prostoru zabrdni rozvoji neurogenniho plicniho edému, pravdépodobné
v dtsledku adaptace organismu na zvyseny sympaticky tonus a ndsledné hemody-
namické zmény typu redistribuce objemu krve, zvySeni krevniho tlaku a aktivace
baroreflexu.

Role sympatického nervového systému v rozvoji neurogenniho plicniho edému
Abychom prokdzali vliv sympatického nervového systému na rozvoj neurogenniho
plicniho edému, provedli jsme experiment, pfi kterém jsme pokusnym zvifatim
tésné pied nafouknutim balénku v hrudnim epidurdlnim prostoru intravenézné
aplikovali gangliovy blokdtor pentolinium v ddvce 5 mg/kg. Ostatni parametry
operace byly stejné jako v ptipadé NPE modelu (viz vySe). Akutni inhibice sympatic-
kého nervového systému odstranila vzestup krevniho tlaku, indukovany kompresi
hrudni michy u zvifat narkotizovanych 1,5 % isofluranem. Zmény tepové frekvence
téchto zvirat byly srovnatelné s odpovédi zvirat narkotizovanych 3 % isofluranem
(obr. 4., tabulka 11.4.). Hodnoty plicniho indexu (0,42 + 0,01) indikovaly nepfti-
tomnost neurogenniho plicniho edému. Zaroven nebylo u téchto zvirat pfitomno
zddné subpleurdlni krvdceni. MiiZeme tedy shrnout, Ze akutni inhibice sympatic-
kého nervového systému, indukovand pomoci gangliového blokdtoru pentolinia
tésné pred nafouknutim balénku v epiduralnim prostoru hrudni michy, kompletné
zabranila rozvoji neurogenniho plicniho edému (Sedy et al., 2007a). V jiném pokuse
jsme sledovali vzestup adrenalinu, noradrenalinu a neuropeptidu Y po nafouknuti
baléonku v patefnim kandle. Po nafouknuti baléonku jsme pozorovali témét okamzity
18ndsobny vzestup hladiny cirkulujiciho adrenalinu a 64ndsobny vzestup hladiny
cirkulujictho noradrenalinu. V pfipadé neuropeptidu Y nebyl pozorovan zdsadni
vzestup jeho hladiny. V obdobi zotaveni se hladiny katecholaminti opét normalizo-
valy. Tato data potvrzuji klicovou tlohu sympatického nervového systému v rozvoji
NPE.

Role oxidu dusnatého v rozvoji neurogenniho plicniho edému

Cilem této studie bylo i) posoudit roli oxidu dusnatého (NO) pti rozvoji neurogen-
niho plicniho edému u potkanti s kompresnim poranénim michy a ii) otestovat plat-
nost hypotézy o klicovém vyznamu baroreflexné indukovaného zpomaleni srdec-
niho rytmu, vyskytujiciho se krdtce po kompresi michy, na rozvoj neurogenniho
plicniho edému. Pouzili jsme kompetitivni inhibitor NO-syntdzy N¢-nitro-L-argi-
nine (L-NAME), ktery jsme experimentdlnim zvifatim podali bud akutné (bezpro-
sttedné pred poranénim michy) nebo chronicky (po dobu 4 tydnt pfed pora-
nénim). Kromé toho jsme nékterym zvitatim podali atropin (kompetitivni antago-
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nista muskarinovych receptorit) v davce 4 mg/kg za ucelem odstranéni baroreflexné
indukovaného poklesu tepové frekvence (Sedy et al., 2009c¢).

Zvitata byla rozdélena do 14 experimentdlnich skupin v zavislosti na nasledujicich
kritériich: (1) pfitomnost poranéni michy, (2) ddvka isofluranové anestezie, (3) akutni
nebo chronické podani L-NAME, (4) podani atropinu. Zvifata byla narkotizovana
bud 1,5 % nebo 3 % isofluranem ve vzduchu (proud anestetické smési 300 ml/min)
a byl jim zaveden arteridlni katétr pro kontinudlni monitorovani krevniho tlaku
a tepové frekvence do arteria carotis communis a zaroven jim byl zaveden centrdlni
zilni katétr pro podani farmak do vena jugularis interna. Oba katétry byly vyvedeny
na povrch téla v dorsdlni ¢asti krku a zvifre bylo uloZzeno do polohy na bfise. Byla
provedena baléonkovd kompresni mi$ni léze a zvife bylo 10 minut po vyfouknuti
balénku usmrceno. Plice byly posouzeny pomoci plicniho indexu, stupné subpleu-
rdlniho krvdceni a histologického obrazu. Kontroly tvofila zdrava zvirata bez pora-
néni, kterd byla usmrcena okamzité po ndstupu anestezie.

Akutni podani L-NAME pfed poranénim michy bylo spojeno s 83 % mortalitou
v navaznosti na poranéni michy. Viechna zvifata zemfela v priibéhu 10 minut
po nafouknuti balénku v epidurdlnim prostoru hrudni michy v disledku rychlého
rozvoje neurogenniho plicniho edému. Nékolik minut pfed smrti se sniZzila jejich
dechova frekvence a zacal se rozvijet “smrtelny chropot”. Nasledné se jejich respi-
ra¢ni usili zastavilo a po nékolika sekundach jim z nozder zacala vytékat zpénéna
krev. Po nékolika dal$ich sekundach se jejich srdce zastavilo. Mnozstvi vytékajici
zpénéné krve bylo signifikantné vys$si nez v pripadé modelu NPE. Plicni index byl
signifikantné zvy$en jak proti kontrolam, tak proti NPE modelu. Akutni poddni
L-NAME zptsobilo stfedné vyznamny vzestup krevniho tlaku (20 mm Hg), dopro-
vazeny priblizné 10 % poklesem tepové frekvence. U téchto zvitat zptsobilo pouhé
zasunuti balénku do epidurdlniho prostoru patefniho kandlu mirny vzestup krev-
niho tlaku, pozorovatelny rovnéz u zvitrat s ndslednym podédnim pentolinia nebo
atropinu. Akutni podani L-NAME oslabilo vzestup krevniho tlaku, av§ak zvyraz-
nilo pokles tepové frekvence, ktery vzestup krevniho tlaku kratce po poranéni
michy doprovazel (obr. 9B a 10.).
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Obr. 9. Casovfz prubéh krivky krevniho tlaku (nahofe) a tepové frekvence (dole)
v prubéhu celého chirurgického vykonu, balénkové kompresni misni léze (hlavicka
$ipky) a faze zotaveni u reprezentativnich pfipadt z prislusnych experimentdlnich
skupin. A. Balonkova kompresni mi$ni 1éze u zvifete narkotizovaného 1,5 % isoflu-
ranem (NPE model). B. Balonkovd kompresni mi$ni léze u zvirat po akutnim podani
L-NAME, narkotizovanych 1,5 % isofluranem. C. Balénkova kompresni misni léze
u zvitat po akutnim podani L-NAME, narkotizovanych 3 % isofluranem. D. Bal6n-
kovd kompresni mi$ni léze u zvitat po akutnim podani L-NAME, narkotizovanych
1,5 % isofluranem, lé¢enych atropinem. MAP - stfedni arteridlni tlak. Time - Cas.
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Obr. 10. Zmény krevniho tlaku (MAP) a tepové frekvence (HR), zptisobené u jednot-
livych experimentalnich skupin balonkovou kompresni mi$nilézi. Data jsou prezen-
tovdna jako priimér + smérodatna odchylka. Jednocestny test ANOVA s post-hoc
LSD testem ukazuji pfitomnost signifikantnich rozdili v ptipadé MAP (F, ., =10,7,
LSD =19 mm Hg) i HR (F,, ,, = 19,9, LSD = 69 bpm). Signifikantni rozdily (p<0,05):
* vs. odpovidajici skupina narkotizovand 3 % isofluranem, # efekt akutniho podani
L-NAME vs. odpovidajici skupina bez L-NAME, « efekt podani pentolinia vs. odpo-
vidajici skupina narkotizovand 1,5 % isofluranem, o efekt podéni atropinu vs. odpo-
vidajici skupina narkotizovana 1,5 % isofluranem.

Chronické podavani L-NAME po dobu 4 tydni zptlsobilo stfedni pokles bazdl-
niho krevniho tlaku podobné jako v ptipadé akutniho poddni L-NAME, avsak
rozvoj neurogenniho plicniho edému ovlivnilo vyrazné méné nez akutni poddni
L-NAME. Pouze 33 % zvitat s chronicky poddvanym L-NAME zemfelo na ndsledky
neurogenniho plicnitho edému a jejich plicni index byl signifikantné niz$i ve srov-
nani se zviraty, kterym byl podavan L-NAME akutné. Nicméné nebyl plicni index
vyznamné zvy$en, pokud jsme jej srovnali s plicnim indexem zvitat, predstavuji-
cich NPE model. Vzestup krevniho tlaku a pokles tepové frekvence v ndavaznosti na
poranéni michy byl srovnatelny se zvifaty po akutnim podani L-NAME. Nicméné
vyznamny pokles tepové frekvence, doprovazejici vzestup krevniho tlaku i tak
vedl k rozvoji tézkého neurogenniho plicniho edému u zvirat s poranénim michy
po chronickém podéavani L-NAME.
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Gangliovd blokdda pomoci pentolinia zabranila vzestupu krevniho tlaku, brady-
kardii a rozvoji neurogenniho plicniho edému u zvitat narkotizovanych 1,5 %
isofluranem (viz vyse). Tento preventivni ucinek jsme rovnéz prokdzali u zvirat
po akutnim i chronickém podani L-NAME. Ve skute¢nosti nastal u vSech zvirat
po pfedchozim poddni pentolinia mirny vzestup srde¢ni frekvence namisto jejiho
baroreflexné indukovanému poklesu, jako v ptipadé NPE modelu nebo po akutnim
nebo chronickém poddni L-NAME (obr. 10.). Tyto vysledky ukazuji na vyznam
poklesu tepové frekvence v terénu vzestupu krevniho tlaku na rozvoj neurogenniho
plicniho edému.

Intravenézni podani atropinu v obdobi 2 minut pred nafouknutim balénku
v patefnim kandlu zpusobilo signifikantni pokles krevniho tlaku, bez ovliv-
néni tepové frekvence. U NPE modelu zptsobila tato farmakologickd inter-
vence kompletni zabranu rozvoje neurogenniho plicniho edému, zatimco u zvirat
po akutnim poddni L-NAME tento plicni edém vyrazné oslabila, coz se projevilo
signifikantnim poklesem mortality i plicniho indexu. Na druhou stranu, u zvifat
s chronicky podavanym L-NAME zabrdnilo poddni atropinu rozvoji neurogen-
niho plicniho edému. Vyznamné bylo, Ze u vSech skupin s poddnim atropinu nena-
stal pokles tepové frekvence, ackoli vzestup krevniho tlaku, vyskytujicich se kratce
po poranéni michy, nastal. Vzestup krevniho tlaku, indukovany poranénim michy,
byl u zvifat po poddni atropinu vyznamnéjsi, nez u zvirat bez podani atropinu
(obr. 10.). Po podani atropinu nezpusobila balonkova kompresni misni léze charak-
teristickou bradykardii, nybrz jen hrani¢ni zvySeni tepové frekvence (obr. 9D), ktera
byla méné vyjddfenad u zvifat po poddni atropinu nez u zvitat po poddni pentolinia
(obr. 10.). Tato studie (Sedy et al., 2009c) prokazala zdsadni ulohu reflexni brady-
kardie na vznik NPE.

Akutni ani chronické podidni L-NAME nezptisobilo neurogenni plicni edém
u zvifat narkotizovanych 3 % isofluranem ve vzduchu. Hodnoty plicniho indexu
byly nizsi u zvitat po podani L-NAME ve srovndni se zvifaty bez podani L-NAME.
Navzdory tomu, Ze se neurogenni plicni edém nerozvinul u Zzddné ze skupin narko-
tizovanych 3 % isofluranem (bez ohledu na podani L-NAME), byla zména krevniho
tlaku podobna jako u odpovidajicich skupin, narkotizovanych 1,5 % isofluranem.
Dutlezitym poznatkem v$ak bylo, Ze tepova frekvence u Zadné ze skupin narkoti-
zovanych 3 % isofluranem v névaznosti na poranéni michy nepoklesla, coz opét
nepiimo potvrzuje kli¢covou roli baroreflexné indukované bradykardie v pribé¢hu
hypertenzni reakce na rozvoj neurogenniho plicniho edému.

V dal$im experimentu jsme zkoumali, zda je mozné neurogennimu plicnimu edému
zabranit v obdobi 2 minut po provedeni kompresni mis$ni 1éze. Pokud jsme v tomto
obdobi podali zvifatim atropin v ddvce 4 mg/kg, nedokdzali jsme zabrdnit rozvoji
neurogenniho plicnitho edému. Plicni index byl stdle vysoky (0,78 + 0,04). U této
skupiny jsme pozorovali podobny vzestup krevniho tlaku (+51 + 4 mm Hg) a pokles
tepové frekvence (-138 + 29 bpm) po balénkové kompresni 1ézi jako u standardniho
modelu NPE.
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Nase vysledky ukazuji, Ze rozvoj neurogenniho plicniho edému je u zvifat podro-
benych 1,5 % isofluranové anestezii zavisly na vyrazném poklesu tepové frekvence
v podminkdch vzestupu krevniho tlaku, zptisobeného aktivaci sympatického nervo-
vého systému. Tento circulus vitiosus mizZe byt pferuSen gangliovou blokadou,
ktera oslabi vliv sympatického nervového systému, nebo blokddou muskarinovych
cholinergnich receptort, kterd odstrani pokles tepové frekvence. Tyto hemodyna-
mické zmény jsou vyznamné vyjadieny zejména u potkant po akutnim podani
inhibitoru NO syntdzy. Oxid dusnaty md tedy parcidlni protektivni vliv na rozvoj
neurogenniho plicnitho edému, nebot oslabuje sympatikem fizenou vasokonstrikci,
vzestup krevniho tlaku a ndslednou baroreflexné indukovanou bradykardii, které
vznikaji v ndvaznosti na poranéni michy. Dalsi vyzkum by mél odhalit terapeu-
tické moznosti atropinu a/nebo dalsich parasympatolytickych ldtek u jinych modela
neurogenniho plicniho edému.

Role hyperaktivace spindlnich drah a zvyseného intrakranidlniho tlaku v rozvoji
neurogenniho plicniho edému

V této c¢asti jsme zkoumali roli spindlnich drah a intrakranidlniho tlaku v rozvoji
neurogenniho plicntho edému. Pokud jsme pred nafouknutim baléonku v patefnim
kandlu potkantm aplikovali epidurdlné mesocain (10 mg/ml), dokdzali jsme rozvoji
neurogenniho plicniho edému zabrénit. Ani plicni index ani stupen subpleurdlniho
krvacenti se signifikantné nelisily od kontrolnich zvirat. Epiduralni anestezie zabra-
nila vzestupu krevniho tlaku i poklesu tepové frekvence (obr. 11). Tento vysledek
ukazuje, Ze pro spusténi etiopatogenetické kaskady neurogenniho plicniho edému
je nutna aktivace ascendentnich nervovych spindlnich drah. Podobného vysledku
jsme dosdhli preventivnim odbérem 10 % zilni krve. U téchto zvitrat zptsobilo
nafouknuti balénku zvyseni krevniho tlaku, av§ak nikoli pokles tepové frekvence
(obr. 11).
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Obr. 11. Casovy priibéh krevniho tlaku (nahote, MAP) a tepové frekvence (dole,
HR) v pribéhu chirurgického vykonu, balonkové kompresni misni léze (Sipky)
a zotavovaci periody u reprezentativnich zvitat z riznych experimentdlnich skupin.
Hlavicky Sipek ukazuji ptislusné experimentdlni zésahy:

A. Zvirata narkotizovana 1,5 % isofluranem (NPE model)

B. Preventivni epiduralni anestezie.

C. Preventivni cervikdlni dekomprese.

D. Preventivni ztrdta 10 % krevniho objemu.

Tento vysledek naznacuje, Ze je zapotiebi urcitého volumu krve k dosazeni prahové
hodnoty pro aktivaci neurogenniho plicniho edému. Pokud jsme provedli preven-
tivni dekompresi subarachnoidalniho prostoru v oblasti kréni michy, nepodarilo
se ndm neurogennimu plicnimu edému zabrdnit. Rychld aktivace spindlnich drah
se proto zdad byt v rozvoji neurogenniho plicniho edému vyrazné klicovéjsi nez
néhly vzestup intrakranidlniho tlaku. Na zédkladé¢ vSech téchto vysledk byla vytvo-
fena hypotéza vzniku neurogenniho plicniho edému (obr. 12).
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Obr. 12. Hypotéza vzniku neurogenniho plicnitho edému, vytvorend na zdkladé
vlastnich experimentdlnich vysledki
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11. ZAVER

Neurogenni plicni edém je relativné malo castd, avSak zdvazna klinickd jednotka.
Poprvé byl popsan Shanahanem v roce 1908 jako komplikace opakovanych epilep-
tickych zdchvati. Jeho rozvoj je vdzdn na zdvazné poskozeni centralniho nervového
systému. Centrem vzniku neurogenniho plicniho edému je s nejvétsi pravdépodob-
nosti skupina jader rostrdlni ventrolateralni prodlouzené michy, které jej spousti
na podkladé kombinace hyperaktivace jejich aferentnich drah a nahle zvySeného
intrakranidlniho tlaku. V patogenezi neurogenniho plicniho edému hraje zdsadni
roli sympaticky nervovy systém, ktery spousti rychlou kaskadu déjt, vedoucich
k intersticidlnimu a intraalveoldrnimu edému, ktery dopliiuje vyrazna hemora-
gicka slozka. V diagnostice neurogenniho plicniho edému md zdsadni vyznam fyzi-
kdlni vySetfeni a RTG hrudniku. Diferencidlné diagnostickd tivaha neni snadnd,
avSak Sance na spravnou diagndzu vyrazné rostou, pokud lékar dd do souvislosti
poskozeni centrdlnitho nervového systému a plicni potize. Cilena kurativni lécba
neurogenniho plicniho edému dosud neexistuje, proto je smyslem terapeutickych
snah zejména lécba podplirna a symptomatickd. Jako nejdtlezitéjsi opatieni se jevi
kontinudlni monitorovani stavu pacienta, polohovani pacienta a podpora ventilace
a oxygenace. V soucasné dobé¢ existuje nékolik experimentdlnich modeld, které je
mozné vyuzit pro studium etiopatogeneze i lécby neurogenniho plicniho edému.
Hlavnim cilem experimentdlnich snah je ziskdni preventivniho a terapeutického
ptistupu, ktery umozni zabranit a vcas lécit neurogenni plicni edém. Z tohoto
hlediska je zatim nejvice slibny atropin.
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5. VSEOBECNA DISKUSE

Neurogenni plicni edém je akutné wvznikly, Zivot ohroZujici intersticidlni a/nebo
intraalveolarni edém plicni tkané svyraznou hemoragickou slozkou, ktery vznika na
podkladé predchoziho poskozeni tkané centralniho nervového systému (Fontes et al., 2003).
Vzhledem k jeho ,neurogenni® povaze jej fadime k nekardiogennim (extrakardialnim)

plicnim edémtm.

Zékladem nasi prace bylo vytvofeni snadno proveditelného, reprodukovatelného a
spolehlivého modelu neurogenniho plicnitho edému u laboratorniho potkana. Jeho hlavni
prednosti je skute¢nost, ze vychazi z poranéni centralniho nervového systému, které je navic
provazeno akutnim zvySenim sympatické aktivity, coZ pfesné odpovida situaci u pacienti. Za
Gelem vyzkumu neurogenniho plicntho edému byla dfive pripravena celd rada
experimentalnich modelii, které vSak ne vidy zcela vyhovuji Géelu, pro ktery byly navrZeny.
Prikladem jsou modely na bazi vstfikovani fibrinu (Ishikawa et al., 1988), veratrinu (Kondo
et al., 2004; Maron, 1985) ¢i akonitinu (Minnear a Connell, 1982) do cisterna magna.
Zodpovédné za rozvoj plicniho edému u téchto modelii je vSak povazovano acetylcholinem
zprostifedkované zvySeni permeability cév (Bosso et al., 1990) a nikoli hyperaktivace
sympatiku, podeziivana z rozvoje neurogenniho plicniho edému u pacienti (Fontes et al.,
2003). Pfikladem dal$iho modelu je psi model intraveno6zni injekce kyseliny olejové (Dauber
a Weil, 1983), ktery je jesté méné vhodny, nebot se pohybuje zcela mimo etiopatogeneticky
kontext. Na§ model se pro experimentdlni studie jevi jako vyhodnéjsi, nebot je

z patofyziologického hlediska vyrazné blizsi klinické situaci nez jiné modely.

Prokézali jsme, Ze nizky stupen isofluranové anestezie umozni rozvoj neurogenniho plicniho
edému u potkanti s poranénim michy, zatimco vysoky stupen isofluranové anestezie naopak
jeho rozvoji zabrani. I kdyZz je tfeba tyto a dal$i moznosti ovlivnéni plicni tkané a
hemodynamickych parametri isofluranovou anestezii brat v potaz, v pfipadé rozvoje
neurogenniho plicnitho edému predpokldddme spiSe celkovy vliv anestetik na inhibici
sympatického nervového systému, jehoZz nahla hyperaktivace je zodpovédnd za rozvoj
neurogenniho plicntho edému. Na podkladé naSich vysledki povazujeme za naprosto
kli¢ovou diskusi o plisobeni ostatnich anestetik na rozvoj neurogenniho plicniho edému, coz
miiZze mit zasadni dopad v klinické mediciné, napf. v pfipadé neurochirurgickych operaci.
Recentni prace, vychazejici z nasi laboratotfe (Bencze et al., 2013) ukazala zasadné odliSnou
roli jednotlivych typli anestezie na aktivitu sympatiku a hemodynamické parametry, coz

miiZe ovliviiovat i rozvoj neurogenniho plicniho edému.
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Nase vysledky demonstruji zasadni roli sympatického nervového systému v rozvoji
neurogenniho plicniho edému. Prokazali jsme, Ze vyiazeni sympatického nervového systému
pomoci pentolinia zcela zabrani rozvoji neurogenniho plicniho edému. Podéni alfablokatort
prazosinu a yohimbinu bezprostfedné pred poranénim michy rovnéz dokazalo zabranit
rozvoji neurogenniho plicniho edému. Podobnou studii pozdéji provedli na potkanech Lu et
al. (2014), ktefi pomoci shodné alfa-adrenergni blokady zabranili rozvoji neurogenniho
plicnitho edému indukovaného bilateralni 1ézi nucleus tractus solitarii. Z hlediska pouZiti
alfa-adrenergni blokddy mame jiz dostupné i klinické vysledky - ve studii Yan et al. (2017)
autori uplatnili Gtspésné lécbu alfa-adrenergnim blokatorem fentolaminem v 1écbé plicniho
edému u onemocnéni rukou, nohou a ast, kde je plicni edém povaZzovan za neurogenni, nebot
je spoustén enterovirem 71 podminénou aktivaci endotelinovych receptori v centralnim

nervovém systému (Tu et al., 2015; Yan et al., 2017).

Naopak beta-adrenergni blokdda méla pouze maly efekt, a to jak v nasich studiich, tak
v pozdéjsi studii Lu et al. (2014). Preventivni efekt podani téchto latek se odrazel i
v hemodynamické odpovédi na poranéni michy — u zvifat, kde bylo zabranéno rozvoji
neurogenniho plicniho edému, byla sniZena systémova tlakova odpovéd a soucasné byla
vyrazné redukovana az vyrazena baroreflexni bradykardie. S témito vysledky korelovala
dynamika zmén plazmatické hladiny katecholaminti. Role sympatického systému pii rozvoji
neurogenniho plicniho edému byla pfimo i nepfimo prokazéna celou fadou experimentii
s vyuzitim nejriiznéjSich experimentalnich modeli. Pfikladem je studie Novitzkyho et al.
(1986), ktefi na opi¢im modelu zabranili chirurgickou sympatektomii rozvoji neurogenniho
plicniho edému, indukovaného nafouknutim balénku intrakranidlné. Farmakologickym
korelatem této studie je nase zjisténi, Ze preventivni podani gangliového blokatoru pentolinia
zcela zabrani rozvoji neurogenniho plicniho edému u potkani s poranénim michy
(publikace 1). Celkovy pohled na tyto experimenty navic ukazuje, Ze ¢im ma pokusné zvire
vice rozvinuty autonomni systém, tim pravdépodobnéji a tim téZsi se rozvine neurogenni

plicni edém (Malik, 1985).

Také zjiSténi baroreflexni bradykardie jako vyvolavajiciho faktoru neurogenniho plicniho
edému povazujeme za jeden z klicovych bodi vyzkumu neurogenniho plicniho edému. Jiz
diive bylo pozorovano, Ze bradykardie vznikd soubéZné svzestupem systémového tlaku
(Blessing et al., 1981). Bradykardie také primo nasleduje po zvySeni intrakranidlniho tlaku.
Jadra mozkového kmene, odpovédné za tuto reakci, jsou patrné nucleus tractus solitarii a
nucleus ambiguus. Bradykardii u neurogenniho plicniho edému je proto mozné zrusit
pomoci bilateralni vagotomie nebo léze nucleus dorsalis nervi vagi (Bosso et al., 1990;
Hashiba et al., 1989).
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NasSe studie rovnéz ukazaly zasadni protektivni vliv NO na rozvoj neurogenniho plicniho
edému a zaroven potvrdila klicovou ulohu sympatiku vjeho rozvoji. Tyto vysledky jsou
v souladu s predpoklady jinych autorti. Napiiklad Hamdy et al. (2001) ukézali, Ze injekce
inhibitoru NO synthasy L-NAME do cisterna magna zhorsi rozvoj neurogenniho plicniho
edému, coz je ve shodé s nasim pozorovanim. Mechanismus, ktery zprostiedkuje negativni
efekt nedostatku NO na rozvoj neurogenniho plicniho edému, je pravdépodobné podminén
chybénim tlumivého plisobeni NO, které by mohlo c¢astecné omezovat sympatikem
spousténou vasokonstrikei, snizovat vzestup krevniho tlaku a tim zmirnit baroreflexné
indukovanou bradykardii (Matsumura et al., 1998; Zanzinger et al., 1994, 1995). V nasi studii
je nejdtlezitéjsim nalezem dal$i prohloubeni bradykardie u zvifat s akutné podanym L-
NAME, které piesné koreluje s nasim predchozim zjisténim o kli¢ové roli baroreflexni

bradykardie ve vyvoji neurogenniho plicniho edému.

Z nasich studii vyplyva, Ze intervence, které neptisobi nahlou hyperaktivaci misnich drah
zapojenych do regulace sympatiku jako jsou transekce michy, hemisekce michy nebo
balénkova kompresni misni 1éze v bederni oblasti michy, neptisobi neurogenni plicni edém.
Navic jsme jiz diive ukazali, Ze pouze rychld a nikoliv pomala stuprniovitd misni 1éze je
schopna vyvolat neurogenni plicni edém. Cel4 fada klinickych zkusenosti ukazuje, Ze okamzik
néhlé hyperaktivace miSnich a mozkovych nervovych drah se tzce shoduje s okamzikem
vzniku neurogenniho plicniho edému (Baumann et al., 2007; Fontes et al., 2003). Je tedy
zfejmé, ze v rozvoji neurogenniho plicniho edému hraje roli jak rozsah, tak rychlost ptisobeni
stimulu. Chen et al. (1973) a Dragosavac et al. (1997) ukézali, Ze mozkova komprese vedla k
systémové arteridlni hypertenzi a plicnimu edému, pricemZ této odpovédi bylo mozné
zabranit transekci michy vurovni C,, avSak nikoliv decerebraci. Na druhé strané jsme
nepozorovali rozvoj neurogenniho plicniho edému pfi nafouknuti balonku v paternim kanalu
v tseku, odpovidajicimu uloZeni bederni ¢asti michy. Tato skuteénost je pravdépodobné
diisledkem chybéni sympatickych nervovych vlaken a neuronii na této tGrovni michy.
Experimentalni data navic ukazuji, Ze anestezie, aplikovana v nasich studiich epiduralné nad
oblast 1éze, nebo intrathekilné do mista léze ve studii Hall et al. (2002) miiZe rozvoji
neurogenniho plicntho edému zabranit, coZz je provazeno vymizenim hemodynamické
odpovédi. Naopak rozvoj neurogenniho plicniho edému mizeme potencovat, pokud mi$ni
drahy v této trovni stimulujeme. Kli¢ovou roli intrakranialniho tlaku se zatim v sérii nasich

experimentli nepodarilo prokézat.

Preventivné—terapeutické podani atropinu se jevi jako velmi vyhodné pro nizkou finanéni

nérocnost a obecné Sirokou dostupnost tohoto 1é¢iva na vSech trovnich akutni péée. Rovnéz
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podéani jeho vysokych davek je mozné, nebot se jedna o 1ék Siroce a Casto pouzivany,
s dokonale poznanymi G¢inky a 1ékovymi interakcemi. V klinické mediciné mutze mit 1épe
aplikovatelny preventivni efekt, nebot ¢asové okno mezi inzultem a rozvojem neurogenniho

edému je u ¢lovéka vyrazné delsi nez u experimentalnich zvirat.
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6 ZAVERY
1. Nizka koncentrace isofluranu (1,5-2%) ma kauzalni vztah k rozvoji neurogenniho plicniho
edému, nebo dokonce imrti na nasledky neurogenniho plicniho edému, u potkanii s provedenou

epiduralni balénkovou kompresni misni lézi.

2. Pii koncentracich isofluranu vyssSich nez 4 % vcetné, dochazi k predavkovani anestetikem a

umrti potkani, které vSak neni v zadném vztahu s neurogennim plicnim edémem.

3. Nejbezpecénéjsi koncentrace isofluranu pro provadéni vykonti na mise v experimentu je 2,5-3%

koncentrace isofluranu ve vzduchu, pfi proudu 300 ml inhala¢ni smési za minutu.

4. Neurogenni plicni edém snizuje stupenl navratu motorickych i sensitivnich neurologickych
funkeci. Zatimco se tato skuteénost dobie odrazi v behavioralnich testech, morfometricky

pozorovatelné neni.

5. Ziskana experimentalni data je mozné vyuzit pro pripravu modelu tézkého neurogenniho
plicniho edému u potkanii s poskozenim michy. Z tohoto hlediska se nejlépe jevi vyuziti anestezie

2% isofluranem.

6. Postupné vytvareni balonkové kompresni misni léze, transekce michy nebo epiduralni

anestezie predchazejici balonkové misni 1ézi zabrani rozvoji neurogenniho plicniho edému.

7. Balonkova kompresni misni 1éze, provedena za podminek rozvoje neurogenniho plicniho

edému, vede k signifikantnimu zvyseni hladiny noradrenalinu a adrenalinu v krvi.

8. Rozvoj neurogenniho plicniho edému zmirni pfedchozi blokéda alfa-adrenergnich receptort a
vapnikovych kanal, méné jiz vyuziti beta blokatorti. V etiopatogenezi neurogenniho plicniho
edému hraje zasadni roli sympaticky nervovy systém, zejména afla-adrenergni a nifedipin
senzitivni vazokonstrikce a baroreflex. Neurogenni plicni edém vzniké i u potkant s hypertenzi,

které pred jeho rozvojem neochrani ani modulace baroreflexni odpovédi.
11. Na zakladé dosazenych vysledkii a podrobného studia literarnich prameni byla formulovana
hypotéza o patofyziologickém mechanismu moZného vlivu nizkjch koncentraci anestetika na

rozvoj neurogenniho plicniho edému a vlivu atropinu na rozvoj neurogenniho plicniho edému.

12. DosaZené vysledky byly shrnuty v ptehledovych ¢lancich a monografii.
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7 SHRNUTI

Neurogenni plicni edém je relativné malo ¢astd, avsak zavazna klinické jednotka. Poprvé byl
popsan Shanahanem v roce 1908 jako komplikace opakovanych epileptickych zachvati. Jeho
rozvoj je vazan na zavazné poskozeni centradlniho nervového systému. Centrem vzniku
neurogenniho plicntho edému je snejvétsi pravdépodobnosti skupina jader rostralni
ventrolaterdlni prodlouzené michy, které jej spousti na podkladé kombinace hyperaktivace
jejich aferentnich drah a nahle zvy$eného intrakranidlniho tlaku. V patogenezi neurogenniho
plicniho edému hraje zasadni roli sympaticky nervovy systém, ktery spousti rychlou kaskadu
déjti, vedoucich kintersticidlnimu a intraalveolarnimu edému, ktery dopliiuje vyrazna
hemoragicka slozka. V diagnostice neurogenniho plicniho edému mé zisadni vyznam
fyzikalni vySetfeni a RTG hrudniku. Diferencidlné diagnostickd Givaha neni snadn4, avsak
Sance na spravnou diagnozu vyrazné rostou, pokud lékai d4 do souvislosti poskozeni
centralniho nervového systému a plicni potize. Cilena kurativni 1é¢ba neurogenniho plicniho
edému dosud neexistuje, proto je smyslem terapeutickych snah zejména lé¢ba podptirna a
symptomaticka. Jako nejdtlezitéjsi opatieni se jevi kontinudlni monitorace stavu pacienta,
polohovani pacienta a podpora ventilace a oxygenace. V soucasné dobé existuje nékolik
experimentalnich modeli, které je mozné vyuzit pro studium etiopatogeneze i 1écby
neurogenniho plicntho edému. Hlavnim cilem experimentdlnich snah je ziskani
preventivniho a terapeutického pristupu, ktery umozni zabranit a véas 1é¢it neurogenni plicni

edém. Z tohoto hlediska je zatim nejvice slibny atropin.
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8 SUMMARY

Neurogenic pulmonary edema is a relatively infrequent, but important clinical entity. It was
first described by Shanahan in 1908 as a complication of repeated epileptic seizures. Its
development is related to severe injury of the central nervous system. The center of
neurogenic pulmonary edema is most likely a group of rostral ventrolateral nuclei of the
medulla oblongata, which trigger its development on the basis of the hyperactivation of
afferent neural pathways and a sudden increase of intracranial pressure. In the pathogenesis
of neurogenic pulmonary edema, the sympathetic nervous system plays a major role, starting
a cascade of processes that lead to interstitial and intraalveolar edema, together with
significant hemorrhage. In the diagnosis of neurogenic pulmonary edema, physical
examination and X-ray imaging play a crucial role. The differential diagnosis of neurogenic
pulmonary edema is not easy, but the chances of reaching the proper diagnosis are increased
when central nervous system injury and pulmonary disturbances are found together. To date,
no targeted curative treatment exists, thus therapy is mainly supportive and symptomatic.
The most important treatment modalities are the continuous monitoring of the patient’s
status, the position of the patient and oxygenation and ventilation support. Currently, several
neurogenic pulmonary edema models have been developed, which can be used to study the
etiopathogenesis and treatment of neurogenic pulmonary edema. The main aim of
experiments is to develop a preventive and therapeutic approach, able to prevent and treat
neurogenic pulmonary edema. From this point of view, the most suitable is the use of

atropine.
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9 PLANY DO BUDOUCNA

Predkladand habilita¢ni prace prezentuje vysledky systematického vyzkumu problematiky
neurogenniho plicnitho edému z let 2005-2015 a jako takova tvoii viceméné uzavieny celek
¢asti autorovy experimentalni prace. Vyzkum neurogenniho plicniho edému v CR pokracuje
preklinickymi a klinickymi studiemi pod vedenim as. MUDr. Lukase Pollerta ve Fakultni
nemocnici Motol v Praze, které navazuji na autorovy prace ze zakladniho vyzkumu a ve
kterych autor ptisobi jako konzultant.

Autor si do budoucna také predsevzal orientovat se na zlepSeni védecko-vyzkumného i
pedagogického profilu svého matefského Ustavu normalni anatomie LF UP v Olomouci.
Hodla pifedev§im pokracovat v prohlubovani jeho spoluprace s klinickymi pracovisti, a to
zejména: (1) dale rozvinout jiz Gisp&$né probihajici spolupréci s MDDr. Radovanem Zizkou,
Ph.D. z Kliniky zubniho lékarstvi LF UP v Olomouci, tykajici se moznosti zlepSeni regenerace
endodontu, (2) pokracovat vuspésné spolupraci stymem Doc. MUDr. et MUDr. René
Foltana, Ph.D., FEBOMFS ze Stomatologické kliniky 1. LF UK a VFN v Praze na klinicko-
anatomickych aspektech ortognatni chirurgie a dalSich chirurgickych postupli
v maxilofacialni oblasti, a v neposledni fadé (3) pokracovat vtvorbé dalSich dili spésné
oborové monografie ,Kompendium stomatologie“. Autor je toho nazoru, Ze prohlubovani
dalsi spolupréce s klinickymi pracovisti skyta pro Ustav normalni anatomie i celou Lékaiskou
fakultu Univerzity Palackého v Olomouci velky potencidl, o ¢emz svédéi i dosavadni
publikaéni vystupy, vypracované pod hlavickou Ustavu normalni anatomie LF UP

v Olomouci, napf-:

1. Zizka R, Buchta T, Voborn4 I, Harvan L, Sedy J. Root maturation in teeth treated by
unsuccessful revitalization — two case reports. J Endod 2016, 42: 724-729.
IF=3,375.

vvvvvv

endodoncie).
2, Sedy J. Kompendium stomatologie II. Triton — Praha, 2016, 1224 s. ISBN 978—80—

7553—220—6.
(I1. dil jediné oborové monografie v CR)
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12. Udélena ocenéni

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

Typ ocenéni

2. misto na 3. studentské védecké
konferenci 1. LF UK

1. misto na 4. studentské védecké
konferenci 1. LF UK

2. misto na 4. studentské védecké
konferenci 1. LF UK

3. misto na Slovenské a Ceské
studentské védecké konferenci
l1ékaiskych fakult

1. misto na 5. studentské védecké
konferenci 1. LF UK

Vyroéni cena Ceské Anatomické
spole¢nosti za nejlepsi publikaci
roku 2004

Cena za nejlepsi poster kongresu
CUS CLS JEP 2005 v Praze
(spoluautor)

Cena Ceské Spoletnosti pro
Neurovédy za nejlepsi publikaci
roku 2004

Cena Ceské Spoleénosti histo— a

cytochemické za nejlepsi
publikaci roku 2005
Cena Jana  Opletala pro

nejlepsiho studenta 1. LF UK
Cestné uznani za prezentaci
védecké prace, CFS

Pisemné blahopiani rektora UK
k publikaci v Science

3. misto nadace Scientia za
nejlepsi publikaci roku 2007

1. cena CSKEF za nejlepsi
publikaci autorti do 35 let

3. cena nadace Blood pressure za

nejlepsi publikaci

Cena Josefa Hlavky pro
nejlepsi  studenty  verejnych
vysokych kol

Visegrad group academies young
researcher award 2009

Lékaf roku 2008 - Jesseniova
cena.

2. cena Ceské Urologické
spolecnosti za nejlepsi publikaci
roku 2008

3. cena Ceské Urologické
spolecnosti za nejlepsi publikaci
roku 2008
Ceska hlava,
Doctorandus
Mimoiadna cena rektora UK

kategorie

1. cena vsoutéZi mladych
fyziologti za prednasku na 86.
fyziologickych dnech.
CenaUcené spoleé¢nosti
Ceské Republiky

Divod
Ocenéni studentské védecké prace

Ocenéni studentské védecké prace
Ocenéni studentské védecké prace

Ocenéni studentské védecké prace

Ocenéni studentské védecké prace

Nejlepsi anatomicka publikace

Cena za popis klinické anatomie chirurgické
1écby transsexualismu

Cena za molekularni popis vyvoje
mechanoreceptorti
Cena za molekularni popis vyvoje
mechanoreceptorti

Ocenéni studentské védecké prace

Cena za popis vlivu anestezie na rozvoj
plicniho edému
Reakce na publikaci v Science

Ocenéni studentské védecké prace

Cena za popis farmakologického vlivu na
rozvoj plicniho edému

Cena za popis -etiopatogeneze
neurogenniho plicniho edému
Ocenéni studentské védecké prace

rozvoje

Cena za popis etiopatogeneze rozvoje
neurogenniho plicniho edému
Cena za lékatskou praci

Cena za klinicko—anatomickou studii
urologické oblasti

Cena za unikdtni popis anatomické
struktury

Cena za popis etiopatogeneze rozvoje
neurogenniho plicniho edému

Cena za védeckou praci vykonanou na ptdé
UK

Cena za nejlepsi prednasku tykajici se
etiopatogeneze  rozvoje  neurogenniho
plicniho edému

Cena za popis etiopatogeneze rozvoje
neurogenniho plicniho edému

Rok
2002

2003

2003

2003

2004

2005

2005

2005

2006

2007

2007

2007

2008

2008

2008

2008

2009
2009

2009

2009

2009
2009

2010

2010
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25.

26.

27.

28.

29.

1. cena Ceské Urologické
spolecnosti za nejlepsi publikaci
roku 2009

2. cena nadace Blood pressure za
nejlepsi publikaci

1. cena vsoutézi mladych
fyziologi za prednasku na 8g.
fyziologickych dnech

1. cena za poster. Kongres Ceské
ortodontické spole¢nosti Plzen
(spoluautor)
Cena dékana LF UP =za
vyznamnou publika¢ni ¢innost
v roce 2016

Cena za unikatni popis anatomické
struktury a objasnéni jejiho forenzniho a
klinického vyznamu

Cena za popis etiopatogeneze rozvoje
neurogenniho plicniho edému
Cena za popis -etiopatogeneze
neurogenniho plicniho edému

rozvoje
Cena za popis pohybu pacienta pfi snimani
CBCT pristrojem

Cena za oborovou
»~Kompendium stomatologie®

monografii

2010

2010

2013

2014

2017
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