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1. Uvod

Plieni komplikace zlistavaji stale dileZitou pri¢inou morbidity a mortality u
pacientii s ndhle vzniklym poskozenim michy (Urdaneta et al., 2003). Jednou
z hlavnich komplikaci poskozeni michy je otok plic neuro-humoralné-stresoveé
etiologie — neurogenni plicni edém, vznikajici v bezprostfedni vazbé na nahle
vzniklé poskozeni centralniho nervového systému (Leal Filho et al., 2005a,
2005b; Kandatsu et al., 2005). Etiopatogeneticky mechanismus, vedouci k jeho
rozvoji, je stale predmeétem diskusi. Jednim z faktort, podezrivanych
z potenciace rozvoje neurogenniho plicniho edému, je i druh podané anestezie
(Leal Filho et al., 2005b). Tato prace se snazi pfispét k objasnéni vlivu anestezie
na rozvoj neurogenniho plicniho edému, vznikajiciho v zavislosti na

traumatickém poskozeni michy.

1.1. Patofyziologie poranéni michy

Patefni (hfbetni) micha je soudasti centralniho nervového systému (CNS).
Jedna se o ventrodorsalné oplostély pruh nervové tkané, ulozeny v saccus durae
matris spinalis, uvniti osteo-ligamentozni schranky paterniho kanalu. Z michy
vystupuje druhové specificky pocet miSnich nerva, které nalezi k perifernimu
nervovému systému (PNS). Na priifezu michy mtizeme pozorovat Sedou
hmotu misni, tvofenou tély neurontt a jejich vybézky, usporadanou do tvaru
motyla okolo centralniho misniho kanalu a bilou hmotu misni, ktera sedou
hmotu obklopuje. Bild hmota je tvorena pouze vybézky neuronti.

Poranéni michy (angl. spinal cord injury — SCI) patfi mezi jeden
z nejvyznamnéjsich celospolecenskych lékarskych problémt, zejména
s vysokym rozvojem a nartistem automobilové dopravy a extrémnich druha
sportovnich aktivit. Primérny vek pacientii s miSnim poranénim je 32 let. Je
ctyfikrat castéjsi u muzi. Okolo 40-50% tirazt michy je spojenych s pozitim
alkoholu. Incidence poranéni michy je ve vyspélych zemich udavana okolo 5
pfipadii na 100.000 obyvatel, v Severni Americe se vyskyt odhaduje na 10,000
novych ptipadti rocné. Zanedbatelny neni ani dopad ekonomicky, naptiklad v
USA dosahuji ro¢ni vydaje, spojené s lécbou misniho poranéni 10 miliard
dolarti (Bracken, 1991; Bracken et al., 1997).



K miSnimu poranéni dochdazi v navaznosti na poskozeni osteoligamentdzniho
aparatu patere bud pfimo, pfi prudkém ohnuti, napnuti, nebo rotaci michy,
nebo nepfimo, stla¢enim kostnim tlomkem, fragmentem intervertebralniho
disku, nebo cizim télesem. Misni poranéni rozlisujeme kompletni a ¢astecné
(inkompletni). Pii ¢aste¢ném misnim poranéni neni micha postiZzena v celém
prufezu a symptomatologie zavisi od rozsahu a umisténi léze. Vysledny
neurologicky deficit zavisi na mechanismu misniho poranéni, trovni a rozsahu

léze a nasledné péci o pacienta.

SniZeni motorickych funkci oznacujeme terminem paréza, jejich vyhasnuti jako
plegie, souhrnné pak ceskym terminem obrna. Poskozeni bilé a Sedé hmoty
misni vyusti ve spastickou obrnu (hypertonie svalstva diky ztraté inhibi¢nich
vlivlt vyssich center), poskozeni prednich misnich kofent v obrnu chabou
(pferuseni nervového vldkna). SniZeni sensitivnich funkci oznacujeme jako
hypestezie, jejich vyhasnuti potom terminem anestezie. K nim mohou byt
pridruzeny i pozitivni sensitivni symptomy, jako jsou bolesti, parestézie,
dysestezie, hyperestézie, hyperpatie a allodynie. Z poruch autonomnich funkci
je tfeba zminit poruchu vyprazdnovani mocového méchyfe a mocovou retenci
(detruzor-sfinkterova dyssynergie — snizeny tonus detruzoru a soucasné
zvyseny tonus sfinkteru mocového méchyte), poruchu udrzeni moci
(hyperreflexie méchyfte), paralyticky ileus, andlni inkontinenci, erektilni

dysfunkci, ortostatickou hypotenzi a autonomni dysregulaci.

1.1.1. Primarni a sekundarni poskozeni michy

Koncepce primarniho a sekundarniho misniho poskozeni (Taoka a Okajima,
1998) oznacuje jako primarni poskozeni mechanické zhmozdént a laceraci
nervové tkané, véetné mechanického poskozeni cév. Terminem sekundarni
poskozeni je ozna¢ovan soubor bunéénych a molekularnich procesti, které jsou
vyvolany a bezprostiedné navazuji na primarni poskozeni (Tator a Fehlings,
1991; Urdzikov4, 2006). Mezi hlavni sekundarni procesy patfi krvaceni uvnitf
michy, zmény krevniho tlaku po poskozeni, ischemie a reperfiize, poskozeni
endotelovych bunék, poruseni hemato-encefalické bariéry, uvolnéni toxickych
excitacnich aminokyselin, akumulace endogennich opioidti, hydrolyza lipida,
vznik volnych kyslikovych radikalt, zanétliva reakce, apoptoticka a nekroticka
smrt bunék a iontova nerovnovaha (Taoka a Okajima, 1998; Urdzikova, 2006).

Patomorfologicky se tyto procesy projevi jako hemoragie, edém, axonalni a



neuronalni nekréza, demyelinizace a pozdéji jako tvorba cyst a infarktovych
lozisek (Kakulas, 1984). Tyto progresivni zmény jsou oznacovany soubornym
nazvem spinalni posttraumaticky infarkt (Urdzikova, 2006).

1.1.2. Mechanismy bunécné smrti
Biologicka smrt buniky v misni tkani m{ize probéhnout dvéma zakladnimi

mechanismy:

- nekrézou (nahodnou smrti buriky), charakterizovanou pasivnim otokem
bunky, ztratou energetickych déjti, silnym poskozenim mitochondrii a
zhroucenim vnitini homeostazy, které vyusti v lyzu bunééné membrany
s unikem intracelularnich ¢astic do okoli (Cohen, 1993a, 1993b)

- apoptozou (programovanou smrti buriky), charakterizovanou zvétSenim
celé buniky, kondenzaci chromatinu, svrasténim jadra, fragmentaci DNA
a pozdéji rozpadu bunky na mensi éasti, obklopené membranami (Raff,
1998).

Nekroza je obecné povazovana za déj patologicky, kterym buriky umiraji na
podkladé patologického inzultu, apoptoza je naproti tomu déjem fyziologickym
—jejim prostfednictvim télo odstranuje staré a nepotifebné buriky. V pripadé,
kdy zptispbuje spusténi apoptotické kaskady patologicky impulz, je mozné i ji
povazovat za dé€j patologicky. Poruseni bunécné integrity pfi nekroze buriky je
provazeno zanétlivou reakci, zatimco fagocytozu apoptotickych fragmentti
buriky zadna zanétliva reakce organismu neprovazi (Cohen, 1993a, 1993b; Raff,
1998).

Pfi poranéni michy se uplatriuji oba druhy bunééné smrti. V celém procesu
primarniho i sekundarniho misniho poranéni pfevazuje nekroza, zatimco
apoptdza se uplatniuje méné, zejmena u bunek, které ztratily souvislost s okolim
a staly se tak nepotfebnymi nebo nadbytecnymi. Nekroza i apoptédza byla
pozorovana jak u neuronti, tak u bunék glie a to jak u pokusnych zvirat, tak u
¢lovéka (Crowe et al., 1997; Li et al., 1996a; Emery et al., 1998).

1.1.3. Zmény krevniho tlaku a perfuize po poskozeni michy



Po poskozeni michy dochazi k pfechodnému vzestupu stfedniho arterialniho
tlaku, po némz nasleduje hluboky pokles (Faden, 1981; Wells a Hansebout,
1978). Prvotni vzestup krevniho tlaku je zptisoben aktivitou sympatickych pre-
a paravertebralnich sympatickych ganglii, druha ¢ast pak vyplavenim
katecholamint dfené nadledvin (Young, 1988; Faden, 1981). Krevni pritok
v bilé hmoté dramaticky klesa béhem prvnich 5 minut po poskozeni, poté se
vSak opét zacina normalizovat. Tento dramaticky pokles je diisledkem

vazospasmu mistnich cév, ktery souvisi se sympatickou reakci na poranéni.

1.1.4. Poskozeni cev p¥i poSkozeni michy

Pii poSkozeni michy se jako zdroj krvaceni uplatniuji hlavné drobnéjsi hluboké
cévy, ulozené ve stredu léze, zatimco velké povrchové cévy byvaji casto
usetreny. K poskozeni cév v centru michy prispiva rovnéz mensi mechanicka
odolnost Sedé hmoty (Tator a Fehlings, 1991). Rozsah krvaceni je pfitom pfimo
umeérny rozsahu léze. Poskozeni drobnych cév navic zptsobi distribuéni
poruchy prokrveni michy a ztratu autoregulace prokrveni misniho
parenchymu. Jako dalsi faktory zde plisobi vasospasmus cév, vazogenni edém
v dasledku poruseni hemato-encefalické bariéry, tlak okolnich edematdznich
tkani, agregace a humoralni pasobeni latek, uvolnovanych z endotelu a
poskozenych krvinek (Yang et al.,, 1994; Clozel et al., 1993; Urdzikova, 2006).
Tyto procesy vedou ke vzniku ischemickych lozisek. Krvaceni do parenchymu
vede k pozdéjsimu vzniku vietenovitych pseudocyst, které jsou typické nékolik
tydnti po inzultu v misté léze (Hejcl et al., 2006, 2008). Uloha krve jako
etiopatogenetického mechanismu vzniku léze byla prokazana pfi
experimentalnim vpraveni krve do misniho parenchymu, po kterém se takové
pseudocysty vyvinuly (Noble a Wrathall, 1989).

1.1.5. Poruseni hemato-encefalické bariéry po poskozeni michy
Hemato-encefalicka (hemato-spinalni) bariéra tvori pfirozenou obrannou
bariéru proti pruniku skodlivych latek z krve do tkané centralniho nervového
systému (neuropilu). Jeji morfologicky podklad tvofi modifikované endotelové
a gliové bunky, schopné regulovat a omezovat transport vybranych molekul do
CNS a zachovavat tak optimalni prostredi pro nervove a gliové buriky CNS.
Poruseni hemato-encefalické bariéry zptisobi extravazaci plazmatickych
proteind, kterd je nejvice vyjadrena mezi 4. — 28. dnem po poranéni. Porucha

hemato-encefalické bariéry neni lokalizovdna pouze na misto poranéni, nybrz ji



lze pozorovat i v jinych tisecich michy (Noble a Wrathall, 1989). Diky poskozeni
hemato-encefalické bariéry je neuropil michy navic vystaven ptisobeni
zanétlivych elementt a neurotoxickému ucinku aminokyselin, zejména
glutamatu (Schlosshauer, 1993). Rovnéz jsou vyplavovany markery poskozeni
bunék (heat shock protein 32) a marker(i oxidativniho stresu (heat shock
protein 70) (Fukuda, 1996; Gonzales et al., 1989; Ferrante et al., 1997). Mezi
latky, zptisobujici ndsledné poskozeni bunék hemato-encefalické bariéry patfi
endotelin-1, endotelin-2, endotelin-3 a vazoaktivni intestinalni peptid (VIP)
(Salzman et al., 1996).

1.1.6. Imunitni odpovéd po poskozeni michy

Zanét je prirozenou reakci organismu na poskozeni, vyskytuje se proto
v parenchymu michy po jejim poskozeni. K nastartovani imunitni odpovédi
dochdzi v navaznosti na poskozeni hemato-encefalické bariéry, kdy stoupa
koncentrace imunitnich latek (plazmatické proteiny, cytokiny, chemokiny,
rustové faktory, troficke faktory etc.) a extravasaci imunitnich bunék
(neutrofilni leukocyty, T-lymfocyty a makrofagy). V ¢asné fazi misniho
poranéni, tedy od jedné hodiny do 48 hodin po poskozeni, se v miSe hromadi
neutrofily. Teprve poté nastupuji do mista léze T-lymfocyty a makrofagy.
Antigenné specifické T-lymfocyty zde ztstavaji priblizné po dobu 7 dni,
nespecifické fagocytujici makrofagy pak po dobu 2—4 tydnt (Tator a Fehlings,
1991).

Navzdory prirozenosti imunitni reakce a jejimu celkové mensimu rozsahu ve
srovnani s okolnimi tkdnémi, plisobi imunitni reakce v miSe vice $kody, nezli
uzitku. Hlavni divod pro to je ten, Ze do neuropilu michy vstupuji bunky
z intravasalniho prostoru, kterym neni toto prosttedi vlastni. Pokud jsou z krve
pokusného zvirete odstranény neutrofily nebo makrofagy, poskozena tkan se
po poranéni michy lépe regeneruje (Taoka et al., 1997; Popovich et al., 1997).
Imunitni odpovéd bunék glie se proto jevi jako vyhodna, zatimco odpovéd
bunék, které do neuropilu vstoupi po poskozeni hematoencefalicke bariéry jako
nevyhodna. V dnesni dobé se vede pomérné extenzivni diskuse, zda zanétlivou
reakci potlacovat nebo naopak podporovat. Vysledkem diskusi bude zfejmeé

selektivni ovlivnéni urcitych slozek imunity.

1.1.7. Excitotoxické a iontové poskozeni bunék



Experimentalni poskozeni michy vyvola nékolikanasobné zvyseni koncentrace
extracelularnich excitac¢nich neurotransmiterti, zejména glutamatu a aspartatu.
Vysoké extracelularni koncentrace glutamatu a aspartatu jsou pro neurony,
gliové buriky i myelinové pochvy axont toxické (Li et al., 1999). Extracelularni
koncentrace glutamatu po poskozeni michy konstantné nartista, a to hlavné
diky jeho omezenému vychytavani, exocytdéze Ca-dependentnich
glutamatovych synaptickych vezikul a uvolnovani glutamatu a intraceluldrniho
Ca? pii lyze bunky (Li et al., 1999). Nadbytek extracelularniho glutamatu a Ca?
nadmérneé stimuluje ionotropni glutamatové AMPA/kainatové a NMDA
receptory, zvysuje influx Ca* do intracelularniho prostoru a obéma
mechanismy soucasné spousti kaskadu excitotoxické bunécné smrti (Doble,
1999; Li a Stys, 2000; Li et al., 1999). Naopak, blokada glutamatovych receptortt
a/nebo snizeni mnozstvi extracelularniho Ca* ptisobi protektivné, a to jak pfi

poskozeni michy, tak pfi anoxii (Li et al., 1999).

1.1.8. Role volnych radikala po poskozeni michy

Béhem snizené perfuize nebo reperfuze ischemického loziska Vznika a
hromadi se cela fada reaktivnich volnych radikald, na jejichZ pfitomnost je
centralni nervovy systém citlivy. Za normalnich okolnost], tj. v pfitomnosti
minimalniho mnoZzstvi volnych radikal® je misni tkan schopna tyto radikaly
vychytat pomoci antioxidanta (kyselina askorbova, glutathion, vitamin E) a
odstranit enzymy (katalaza, superoxiddismutaza a glutathionperoxidaza)
(Halliwell, 1992). Po poskozeni michy rychle nartistda mnozstvi volnych
radikalt, které uz nejsou pfirozenymi mechanismy odstranitelné. To vede k
poskozovani bunécnych lipidd, proteintt a DNA. Bylo prokazano, Zze podani
antioxidant(t a enzym, odstranujicich volné radikaly, ptisobi po poSkozeni

michy neuroprotektivné (Vaziri et al., 2004).

1.1.9. Pohlavni rozdily pri poskozeni michy

Klinické studie ukazuji, Ze vysledné poskozeni michy u Zen je mensi, nez
vysledné poskozeni michy u muzi. Tato situace je zfejmé zptisobena
neuroprotektivnim vlivem zenskych pohlavnich hormont, estrogenu a
progesteronu (Roof a Hall, 2000). Pokud jsou tyto latky exogenné podany
pokusnému zviteti muzského pohlavi, je jeho vysledny neurologicky status po
poskozeni michy lepsi, nez u kontrolnich zvirat (Yune et al., 2004; Roof a Hall,

2000). Estrogeny maji antioxidaéni efekt, redukuji neurotoxicitu a excitotoxicitu



a zvysuji expresi antiapoptotického faktoru bcl-2. Progesteron ma zase pozitivni
ucinek na stabilizaci membran a redukuje poskozeni zptisobené lipidovou
peroxidaci. Jeho neuroprotektivni vliv se projevuje i supresi neuronové
hyperexcitability (Roof a Hall, 2000).

1.2. Modely poranéni michy

Ke studiu patofyziologickych mechanismt traumatického poskozeni michy je
vyuzivana fada modelii u pokusnych zvifat. Mezi pozadavky na dobry
experimentalni model patfi jednoduchost provedeni, standardnost,
reprodukovatelnost, kvantifikovatelnost, vytvoreni nekompletniho poSkozeni a
co nejvétsi anatomicka a patofyziologicka podobnost s klinickou situaci. Dobré
reprodukovatelnosti Ize vSak dosdhnout jen s minimalizaci zmén parametrtt
vnitfniho prostfedi, jako je télesna teplota, krevni tlak, pOz, pCO2 a pH krve
(Collins, 1983). Ne vzdy je mozno vSem témto pozadavkiim vyhovét, nékteti
autori dokonce udavaji, Ze diky soucasnému ptisobeni kompresivnich,
angulacnich a distrakénich sil a soudasné v anatomické variabilité, dokonce
mezi jedinci téhoz inbredniho kmene, je vytvoreni idealniho modelu,
reprodukujiciho klinickou situaci beze zbytku, prakticky nemozné (Hitchon et
al., 1988). V dnesni dobé se vsak podatilo vytvorit fadu modeld, které se blizi
k vyty¢enému cili. Inkompletni poskozeni Zadame, abychom mohli posoudit
jak pozitivni, tak negativni dopad lécebného zakroku (Kwon et al., 2002).

Modely poskozeni michy m{izeme zhruba rozdélit na , ostré” a ,neostré”.

1.2.1. Ostré modely poskozeni michy
Mechanismus vzniku mi$niho poranéni ostrym zptisobem predpoklada
¢astecné nebo uplné pretéti michy s minimalni slozkou tupého poskozent

tlakem noze. Mezi klasické zastupce téchto modela patfi:

- hemisekce (pretéti poloviny michy), kde je mozné srovnavat regeneraci na
postizené strané michy se zdravou polovinou a
- transekce (pretéti celé michy), kde se vsak casto objevuje retrakce

proximalniho i distdlniho pahylu od mista transekce.

Tyto modely jsou vhodné zejména pro sledovani regenerace axont, nebot

umoznuji sledovat regeneraci presné vymezeného tiseku midni drahy. Jsou



rovnéz vhodné k implantaci raznych latek pro premosténi léze, jako jsou napt.
hydrogely (Hejcl et al., 2006, 2008; Sykova et al., 2006a; Woerly et al., 1998,
1999). Problémem téchto modelii je ¢asto velmi Spatna reprodukovatelnost —
hemisekci Ize jen velmi obtizné provést dvakrat ve stejném rozsahu. U transekci
je problémem retrakce pahyld, kterd vyznamné omezuje jakékoli terapeutické
snahy. Ostré modely maji tu nevyhodu, Ze je poruSena dura mater a likvor muize
volné odtékat do okolniho prostoru. Tento stav je sice mozno fesit suturou
tvrdé pleny velmi jemnym stehem (Hejcl et al., 2006), jedna se viak o dalsi
zasah, ktery mtize ovlivnit sekundarni poskozeni a tvorbou jizvy. Uzavieni
dura mater vnima nase skupina jako klicové diky uzavieni subarachnoidalniho
prostoru, zamezeni pristupu infekce a hlavné zamezeni prortistani okolnich
pojivovych tkani do mista léze (Hejcl et al., 2006, 2008; Sykova et al., 2006a).

1.2.2. Neostré modely poskozeni michy

Neostré modely poskozeni michy byly a jsou vyuzivany daleko vice nez ostré.
Hlavni diivod je ten, Ze vice tupé stlaceni misni tkané daleko presnéji odrazi
klinickou pfi¢inu postizeni michy (stlaceni vpacenym kostnim tilomkem,
krvéceni, tumor, aneurysma apod.). Tyto modely jsou vice vhodné pro
sledovani patofyziologickych procestt v misni tkani, pro sledovani
biomechaniky traumatického misniho poranéni a na farmakologické studie
(Kwon et al., 2002). S vyjimkou modelu balonkoveé kompresni misni 1éze je
nutné u téchto modelt provést Jaminektomii.

Mezi zastupce neostrych modelt patii:

- Weight drop model (Allen, 1911). Princip tohoto modelu, pouZzitého na
primatech, kocce, ovci a laboratornim potkanovi, spociva v dopadu
zavazi s definovanou vahou z definované vysky na misni parenchym.
Navzdory tomu, Ze se jedna o jeden z nejstarsich modelt, je dodnes
pouzivan, zejména diky jeho principidlni jednoduchosti a technickému
zdokonaleni (Behrmann et al., 1992; Gale et al., 1985; Gruner, 1992;
Wrathall et al., 1985).

- Injektaz parafinu (Ayer, 1919)

- Stlaceni prstem (McVeigh, 1923)

- Stlacdeni skalpelem (Thompson, 1923)

- Stlaceni kostnim voskem (Craig, 1932)

- Stlaceni Kocherovou svorkou (Fontaine, 1954)



- Stlaceni lisovacimi klestémi (Harvey a Srebnik, 1967)

- Stlaceni aneurysmalni svorkou (Rivlin a Tator, 1978). Mezi prednosti
tohoto modelu patfi ovlivnitelnost doby, po jakou svorka ptisobi.
Naopak, nevyhodna je sloZitd manipulace s michou pfi nasazovani
svorky.

- Elektromagneticky model (Behrmann et al., 1992; Hiruma et al., 1999;
Stokes a Jakeman, 2002; Stokes et al., 1992)

- Blocking weight model (Holtz et al., 1990; Li et al., 1996a; Nystrom a
Berglund, 1988)

- Fotochemicka léze michy (Verdu et al., 2003)

- NYU (New York University) impactor (Gruner, 1992; Scheff et al., 2003).
V podstaté se jedna o modifikaci Allenova weight drop modelu. V tomto
modelu pada zavazi o hmotnosti 10g z vysky 6,25, 12,5 a 25 mm na
dorsalni plochu michy v trovni Th9-10. Tento protokol je pouzivany
v osmi laboratotich v USA, sdruzenych do Multicenter Animal Spinal
Cord Injury Study ve zkratce MASCIS (Basso et al., 1996).

- OSU (Ohio State University) Impactor (Bresnahan et al., 1987; Stokes,
1992; Stokes et al., 1992). Jedna se o modifikaci NYU impactoru, pii které
je sonda, zptsobujici kompresivni 1ézi michy pomalu spousténa na
povrch michy a pak provedena léze. Nedojde zde k odrazu nebo uhnuti
michy od sondy.

- Model balénkové misni léze (viz nasledujici kapitola)

1.2.3. Model balénkové misni léze

Tento model je probiran v samostatné kapitole, jelikoz dle nasich vyzkumi
nejlépe odpovida klinicke situaci. Dokladem je jeho pfijeti ¢leny konsorcia
mezinarodniho projektu Evropské Unie RESCUE. Poskozeni michy v tomto
modelu vznika nafouknutim malého balénku (dnes nejcastéji jako soucast
Fogartyho katétru) v paternim kanale, které zptisobi kompresi michy, bez
poskozeni okolnich vazivoveé-kostnich struktur (fj. okolo mista léze). Balénkova
kompresni léze byla pouZita na psech (Tarlov et al., 1953), opicich (Tator a
Deecke, 1973), kockach (Martin a Bloedel, 1973), fretkach (Eidelberg et al., 1976)
a u potkanti (Khan a Griebel, 1983, Vanicky et al., 2001; Urdzikova et al., 2005;
Sykova et al., 2005). Pouziti tohoto modelu u malych zvifat ulehcila komercni
vyroba unifikovanych katétrii, které maji konstantni tvar a velikost a jsou ze

stejného materialu, coz zarucuje vysoky stupen reprodukovatelnosti provedené



miSni léze (Urdzikova, 2006). Jednotlivé studie postupné odhalily, Ze u potkana
(vaha 300-330g) objem balénku 10 pl zptisobi minimalni poskozeni, které je
regenerovano ad integrum, 15 pl zptisobi submaximalni poSkozeni a vice nez 20
ul zptisobi jiz klinicky obraz transekce (Vanicky et al., 2001; Urdzikova, 2006;
Martin et al., 1992). Jednou z hlavnich pfednosti modelu epiduralni kompresni
balénkové léze je fakt, Ze neni nutné provadét laminektomii — katétr je zasunut
do epiduralniho prostoru malym navrtanym otvorem, umisténym dva
segmenty kaudalné od mista léze, ktery jednak nijak neohrozi stabilitu patere,
jednak neni v misté budouci léze, neovliviiuje tedy nijak vlastni lézi.

Obr. 1.1. Balénkovéa kompresni misni léze A. Schéma pracovniho postupu. Misto zavedeni

balénku je vyznaceno dvéma Sipkami napravo. Cast michy, vyuZzivana k morfometrické analyze
je vyznacena Sipkou vlevo. B. Magneticka Rezonance - sagitalni fez michou 1 den po provedené
balénkové kompresni mi3ni lézi (hlavicka Sipky). Sipka — misto zavedent katétru. C. Balénkova

kompresni mi$ni léze na fezu michou. Barveni - hematoxylin-eosin.
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1.2.4. Srovnani jednotlivych modela

Srovnavaci studie ukazuji, Ze sekundarni poskozeni michy nejlépe reprodukuji
model balénkové léze a model stla¢eni michy pomoci aneurysmatické svorky.
Weight drop model mé nevyhodu, Ze probihé velmi kratce — nedojde tedy
k zddnému stladeni cév, vyvoj sekundarniho misniho poskozeni je zkreslen a
neodpovida proto klinické situaci. Vyskytuje se napfiklad krvaceni v centru
michy (hematomyelie), které je v klinickych podminkach spise ojedinélé
(Ducker a Hamit, 1969). Naopak u tohoto modelu nedojde k plisobeni trakénich
sil, které je u misnich lézi asté (Maiman, 1988; Ducker a Hamit, 1969). Model
s pouzitim aneurysmatické svorky ma zase nevyhodu, Ze je zde nutna
laminektomie v misté poskozeni, spojena s posunem michy kvili nasazeni
svorky, coz se v klinické praxi nestava (Khan a Griebel, 1983). Jako
nejvyhodnéjsi se proto zda byt model balonkové kompresni misni léze, u
kterého je laminektomie provedena v jiné casti, nez ve které bude provedena
léze a katétr je na misto urceni zasouvan epi- nebo subduralné. Nase pracovni
skupina preferuje epiduralni cestu katétru, nebot se tak minimalizuje
pravdépodobnost poSkozeni michy jiz pfi zavadéni katétru (Sykova et al., 2005;
Vanicky et al., 2001; Urdzikova, 2006). Navic je vice imitovana klinicka situace,
kde je poskozena dura mater jen vyjimecné, pfi penetrujicich poranénich.

Nevyhodou pfipravy modelt na zviratech je fakt, ze poskozeni michy je
provadeéno v anestezii, coz znacné ovliviiuje procesy v mise (Urdzikova, 2006).
Na druhé strané, provadéni misni léze bez anestezie je nejen neetické (§ 17 zak.
odst.1 ¢. 246/1992 Sb. na ochranu zvifat proti tyrani v platném znéni), ale zfejmé
i technicky velmi Spatné proveditelné. Dalsi nevyhodou je fakt, Ze testované
neuroprotektivni latky je mozné v experimentu podat, az na vyjimky, okamzité,
zatimco v klinické praxi je tfeba nejdfive zajistit stabilizaci pacienta (Kwon et
al., 2002).

1.2.5. Potkan jako modelové pokusné zviie

Vyuziti laboratorniho potkana ke studiu traumatického miSniho poranéni ma
fadu vyhod. Neni financ¢né, prostorové ani jinak narocny na chov, dobte se
s nim manipuluje a je méne nachylny na infekci. S vyuzitim potkanti je mozne
experimentovat s vétsim mnozstvim zvifat najednou. Nespornou vyhodou je i
dostupnost fady modelt poskozeni michy (viz kap. 1.2.) a behavioralnich test(i
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(viz kap. 11.2.), vytvorenych pravé pro laboratorniho potkana (Basso et al.,
1995; Gale et al., 1985).

1.3. Anestezie zvirat s traumatickym poskozenim michy

Anestezie a s ni souvisejici analgezie pokusného zvirete je klicova ke
spravnému a bezbolestnému provedeni chirurgického zakroku v experimentu
na pokusném zvireti. K tomuto tcelu se pouzivaji celkova anestetika, ktera
krome reverzibilntho navozeni bezvédomi a utlumeni bolesti, tlumi i nezadouct
vegetativni i somatické reflexni reakce, navozuji riizny stupen svalové relaxace
a zplisobuji amnézii na obdobi, kdy byl provadén chirurgicky zdkrok. Mezi
hlavni poZadavky na celkova anestetika patfi nizka toxicita, metabolicka
inertnost, rychla eliminace z organismu a dobra ovlivnitelnost (fiditelnost)
hloubky anestezie. Anestetikum musi rovnéz dobfe prestupovat pres
hematoencefalickou bariéru, aby bylo v mozku, zejména v oblasti retikuldrni
formace mozkového kmene a v mozkové kufe, rychle dosazeno jeho
koncentrace, potfebné pro navozeni celkové anestezie. Rychlost probuzeni

z anestezie je pfimo umérna rychlosti odstranéni anestetika z mozku. Celkova
anestetika rozezndvame injekénf a inhalacni, v zavislosti na cesté aplikace.
Lokalni anestetika se v experimentalnim poranéni michy pouzivaji pouze
vyjimecné. Néktefi autofi aplikuji pfi experimentalnich zakrocich na mise
lokalni anestetikum pfimo do opera¢niho pole, aby tak snizili davku nutného

celkového anestetika.

1.3.1. Stadia celkové anestezie

Mezi plnym védomim a hlubokym stupném celkové anestezie rozeznavame
Ctyti stadia, jejichZ navozeni je podminéno rtiznou citlivosti jednotlivych ¢asti
centralniho nervového systému k ti¢inku celkovych anestetik (Hynie, 2000) :

1. Preanestetické stadium. Je charakterizovano snizenym vnimanim bolesti
pti zachovani védomi.

2. Excitacni stadium. Projevuje se zvySenim somatickych i vegetativnich
reflext1 pfi ztraté védomi.

3. Chirurgické stadium. V tomto stadiu je pfitomno bezvédomi, analgezie,

areflexie a rlizny stupen myorelaxace.
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4. Paralytické stadium. Projevuje se poskozenim ob&hové a dychaci soustavy,
které muize byt ireverzibilni, nebo dokonce koncit smrti.

Jednotliva stadia jsou nejvice vyznacena po podani éteru, pfi pouZiti
modernich anestetik uz nejsou hranice mezi jednotlivymi stadii tak ostré. Pro
provadeéni chirurgickych vykon je nejvice vhodné stadium chirurgicke.
Navozovani anestezie probiha od prvniho ke ¢tvrtému stadiu, probouzeni
z anestezie smérem opacnym. Hloubku anestezie lze rovnéz posuzovat

s pouzitim hodnot krevniho tlaku a dechové frekvence (Hynie, 2000).

1.3.2. Celkova anestetika aplikovana injekc¢né

Injekéné aplikovana anestetika jsou pokusnému zvifeti nejcastéji podavana
intramuskuldrné (i.m.), intravenézné (i.v.), intraperitonealné (i.p.) a subkutanné
(s.c.). Funkci injekéné aplikovanych anestetik popisuji bud rozdélovaci
koeficienty tkan-krev a krev-mozek (i.m., s.c. a i.p. anestetika), nebo pouze
rozdélovaci koeficient krev-mozek (i.v. anestetika) (Hynie, 2000).
Hlavnimi zastupci injekéné aplikovanych anestetik jsou pentobarbital, xylazin,
ketamin, thiopental a midazolam (Pandey et al., 2000; Mesquita et al., 2002).

1.3.3. Celkova anestetika inhala¢ni

Celkova anestetika inhalacni jsou v experimentu podavana pokusnému zvireti
bud do uzavreného prostoru (napf. plastikova nadoba), nebo pfimo do
oblicejové masky, v obou ptipadech s pouzitim odparovace prislusného
anestetika. Funkci inhalacnich celkovych anestetik popisuji rozdélovaci
koeficienty intraalveolarni prostor-krev a krev-mozek. Mezi hlavni inhalacni
anestetika patfi éter, halothan, oxid dusny, isofluran, sevofluran, desfluran,
enfluran a methoxyfluran (Hynie, 2000).

Isofluran

Isofluran (1-chloro-2,2,2-trifluoroethyl difluoromethyl ether, Isofluranum,
FORANE, inh., ISOFLURANE, inh.) je kapalné prchavé celkové inhala¢ni
anestetikum s nizkym stupném metabolizovani. Nezptisobuje nahromadéni
fluoridu a ma jen velmi malo nezadoucich vedlejs$ich tcink, o cemz svéddi i
jeho ¢asté pouziti v humanni medicing, zejména pfi neurochirurgickych
vykonech a u pacientt v tézkém zdravotnim stavu (Hynie, 2000). Rozpustnost

isofluranu v krvi je mala (koeficient rozpustnosti krev/plyn 1,43), proto nastup i
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odeznéni anestezie jsou rychlé. Anestezie je provazena nizsim stupném
analgezie a myorelaxace, mirnym zvysenim intrakranialniho tlaku a snizenou
spotfebou kysliku myokardem. Mald ¢ast isofluranu je degradovana jatry,
vétsina je uvolnovana plicemi (Hynie, 2000). Pfedavkovani isofluranem

zptisobuje hypotenzi, periferni vazodilataci a titlum dychani.

Minimalni alveolarni koncentrace

Na ucinku celkovych inhalac¢nich anestetik se podileji tfi hlavni parametry —
rozdélovaci koeficient mezi krvi a plynem, rozdé¢lovaci koeficient mezi mozkem
a krvi a minimalni alveolarni koncentrace. Posledné jmenovany parametr je
nejsnazsi stanovit a pro praxi mé nejlepsi vypovidaci hodnotu (Orliaguet et al.,
2001). Stanoveni minimalni alveolarni koncentrace je proto dnes povazovano za
zakladni parametr ke srovnani tc¢inka inhalacnich anestetik (Eger et al., 2003;
Kandatsu et al., 2005; Orliaguet et al., 2001; Xing et al., 2004; Stabernack et al.,
2003). Minimalni alveolarni koncentrace je definovana jako koncentrace
anestetika ve vdechované smési plynti, kterd ma u 50 % jedincti centralné
anestetické ucinky (Hynie, 2000; Eger et al., 2003).

1.3.4. Nezadouci ucinky celkovych anestetik

Nezadouci ti¢inky celkovych anestetik jsou pres intenzivni vyzkum a
zdokonalovani anestetik stale pomérné bézné. Drtiva vétsina téchto vedlejsich
ucink je vSak mirného stupné, jako napr. mimovolni svalové pohyby, skytavka
a kasel. Ostatni, jako napf. neurogenni plicni edém, bronchospasmus,
laryngospasmus, hypotenze, srdecni arytmie, respira¢ni deprese, pooperacni
nauzea a zvraceni, poruchy funkce ledvin, stfevni atonie, poruchy jater a zmény
EEG aktivity, jiZ mohou chirurgicky zakrok zkomplikovat vice. Za nejtézsi

komplikaci anestezie je povazovana maligni hypertermie (Hynie, 2000).

1.4. Testovani zvirat po poSkozeni michy

Testovani motorickych, sensitivnich, reflexnich a ev. i autonomnich funkci je
velmi dtlezitou soucasti studii na laboratornich zvifatech s poSkozenim michy.
Testovani sensitivnich a autonomnich funkci ma jisté svlij vyznam,
nejvyznamneéjsi je vsak testovani motorickych funkci, jejichZ zlepseni je mimo
jiné hlavnim cilem vsech terapeutickych snah v této oblasti vyzkumu
(Urdzikova, 2006; Basso, 2004). O problematice behavioralniho testovani
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laboratorniho potkana jsme podrobnéji pojednali v nasem piehledovém clanku
(viz kap. 11.2.).

Motorické schopnosti
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Obr. 1.2. Motorické schopnosti potkantl po provedeni balénkové kompresni misni léze, kdy byl
balonek nafouknut na finalni objem 10 pl, 15 pl nebo 20 pl. Jako nejvyhodnéjsi se jevi vyuZiti
objemu 15 ul, jelikoZ potkan po 4 tydnech doséhne poloviny BBB Skaly, coZ miiZze odraZet jak

pozitivni, tak negativni dopad terapeutickych snah.
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1.5. Terapie traumatického poskozeni michy v experimentu

Kauzalni zptsob lécby misniho poranéni, navzdory tsili mnoha tisic védct
a lékatti, v soucasné dobé neexistuje. V podstaté jedinou ,léébou” misniho
poranéni je dnes aktivni prevence sekundarniho poskozeni spravné
poskytnutou prvni pomoci a transportem, neurochirurgicko-
traumatologicko-ortopedickou stabilizaci poSkozené patere a aplikact
kortikoidu metylprednizonu, jak vyplyva z National Acute Spinal Cord Injury
Study, ve zkratce NASCIS I, II a I1I (Bracken et al., 1985; Bracken et al., 1990;
Bracken et al., 1997) (vice viz kap. 1.6.). Ostatni terapeutickeé snahy jsou zatim
v Sirsim méfitku nedostupné, nebo jen velmi malo tcinné a omezuji se na

uzsi klinické studie nebo vyzkum.
Vyzkum této oblasti je zaméfen zejména na ovlivnéni:

1. Neuroprotekce - ovlivnéni sekundarnich procesti v poranéné mise s cilem
zmensit rozsah léze,

2. Regenerace - eliminace inhibi¢nich faktorti, zabranujicich regeneraci
poskozenych nervovych vlaken v centralnim nervovém systému a podpora
axonalni regenerace pomoci trofickych faktort, transplantace kmenovych
bunek, implantace biomaterialti premostujicich 1ézi, ovlivnéni gend atd.

3. Rehabilitace - aktivace automatickych pohybovych vzorcti v tiseku michy

pod mistem poranéni, uziti ortéz apod.

1.5.1. Neuroprotekce

Snahy o ovlivnéni sekundarnich procestt po poranéni michy, nejcastéji
farmakologickou cestou, jsou cilené na snizeni nebo eliminaci skodlivého vlivu
jednotlivych sekundarnich procesti (viz kap. 1.1.).
Farmakologicka lécba

V experimentu i klinické praxi byly pouZity barbituraty (thiopental) (Hitchon
et al., 1982), antagonisté opioidnich receptorti (naloxon) (Benzel et al., 1990),
antagoniste kalciovych kandali (nimodipin) (Ransom et al., 1990; Tator a
Fehlings, 1991), adrenergni agonisté (phenylephrin) (Dyste et al., 1989),
neuropeptidy (TSH, MSH), protizanétliva lécba (chlorochin, kolchicin,
cyclosporin A, metylprednizon, minocyklin) (Buki et al., 1999; Vanicky et al.,
2002), 1é¢ba podporujici zanétlivy proces (IL-1, IL-2, IL-6) (Klusman a Schwab,
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1997) a antagonisté AMPA glutamatovych receptorti. Néktere farmakologické
preparaty jsou zameérené proti nékolika sekundarnim procestim najednou, napf.
kortikoid methylprednizon ma zaroven protizanétlivy a anti-lipoperoxidacni
efekt, nebo antibiotikum minocyklin pfisobi proti apoptoze v misni 1ézi a

zabranuje aktivaci mikroglie v misté posSkozeni (Kwon et al., 2005).

Lécba zamérenad na zastaveni sekundarniho poskozeni musi zacit ve velmi
casné fazi po poskozeni michy. Nutnost pouZiti v ¢asne fazi po poranéni
vylucuje bohuZel predem celou fadu 1éciv z této indikacni skupiny (Urdzikova,
2006).

Hypotermie

Mezi lékafti 1 védci panuje nazor, Ze hypotermie ma jednoznacné
neuroprotektivni t¢inky. Do jaké miry je tento ui¢inek skuteény je pfedmétem
diskusi. Objevuji se prace, které oznacuji neuroprotektivni efekt hypotermie za
vyrazny (Cambria et al.,, 1997; Stys et al.,, 1992), jiné jej popiraji (Wells a
Hansebout, 1978). V jednom vSak maji védecti pracovnici i 1ékafi jasno,
hypertermie ma pfi poskozeni michy jednoznacné negativni vliv (Urdzikova a
Vanicky, 2005; Urdzikova, 2006).

Udava se, ze principem tdinku hypotermie je sniZeni metabolickeého obratu

v poskozené tkani (Cambria et al., 1997; Urdzikova, 2006). Je popsano, ze
poskozeni michy nad trovni Thé vyfadi z funkce termoregulacni centrum, coz
zplisobuje zvysenti télesné teploty, rychlejsi projevy nedostatku ATP, zvyseni
akumulace laktatu a excita¢nich aminokyselin v misté poskozeni, zvy$eni
metabolismu kalcia v misté poskozeni, zvySeni tvorby volnych radikalt a
zvyseni exprese adhezivnich molekul a s tim souvisejici podporu vstupu
leukocytlt do mista léze (Dietrich et al., 1991, 1996; Chopp et al., 1989; Busto et
al., 1989; Castillo et al., 1999; Globus et al., 1995; Kawai et al., 2000; Urdzikova a
Vanicky, 2005; Urdzikova, 2006). Rada studif ukazuje, Ze tyto procesy jsou u
poskozené michy za hypotermickych podminek utlumené, coz podporuje
obecny néazor protektivniho vlivu hypotermie (Dietrich et al., 1991, 1996; Chopp
et al., 1989; Busto et al., 1989; Castillo et al., 1999; Globus et al., 1995; Kawai et
al., 2000; Urdzikova a Vanicky, 2005; Urdzikova, 2006). Zistava tedy vyftesit,
jakym zptisobem Ize hypotermii vyuzit v klinické praxi.
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1.5.2. Regenerace

Regenerace poskozenych axonli v perifernim nervovém systému probiha pfi
spravné a véasné terapii velmi dobrfe. Naproti tomu, regenerace v centralnim
nervovém systému byla donedavna povazovana za nemoznou, nebo jen velmi
mizivou. Zatimco v perifernim nervovém systému proximalni pahyl aktivné
regeneruje, v centralnim nervovém systému se axonalni konec pahylu ztlustuje
v ,end bulb”, které, v souvislosti s fadou dalsich faktorti, znemoznuje
regeneraci (Cajal, 1928; Schwab a Bartholdi, 1996). V mise se fyziologicky
vyskytuje fada faktort, inhibujicich rtast a regeneraci axont. Tyto inhibiéni

vlivy jsou spojeny s ¢innosti neuroglie.

Gliovd jizva

Po nékolika tydnech od traumatického poskozeni michy se v neuropilu michy
vytvorli gliova jizva, tvofena hlavné GFAP pozitivnimi astrocyty a
proteoglykany, vcetné CSPGs. Tato jizva tvori jednak bariéru mechanickou,
prestavovanou hustou impermeabilni matrix, jednak bariéru molekularni,
prestavovanou rust-inhibujicimi molekulami. Diky svému usporadani
neumoziuje prorustani axont (Hatten et al., 1991). Davies et al. ukazali, ze
inhibi¢ni potencidl gliové jizvy koreluje s mnozstvim proteoglykanti gliové
jizvy (Davies et al., 1997). Nové vyzkumy ukazuji, ze na vytvoreni a zachovani
gliové jizvy se rovnéz podileji latky ze skupiny semaforini a efrint (Niclou et
al., 2006). Inhibice téchto latek mtize byt jednou z experimentalnich strategii

k potlaceni rozvoje gliové jizvy a regenerace axont (Niclou et al., 2006).

Latky, pouzivané k piemostént léze

Existuje a je testovano nékolik moznosti, jak pfemostit misto léze (angl.
scaffold) a vytvofit tak mechanickou podporu pro vristajici buniky a axony.
K tomuto ucelu je vyuzivana fada materiali ve formé nejriznéjsich gelt, pén i
nanovlaken. Mezi nejvice slibné pati{ implantace hydrogeltt (Woerly et al., 1998,
1999). Hydrogely jsou netoxické, chemicky inertni, umeéle vytvorené polymery
s vysokym obsahem vody a velkym povrchem, naptiklad na bazi N-(2-
hydroxypropyl) metacrylamidu (HPMA) nebo 2-hydroxyethyl methacrylatu
(HEMA). V dnesni dobé je mozné vytvoftit také biodegradabilni hydrogely.
Diky chemické inertnosti reaguje na jejich pfitomnost misni tkan jen minimalné.
Pro rist axont1 je vyhodna jejich poréznost, ktera zvysuje pravdépodobnost

jejich vriistani do gelu. Vlastnosti hydrogelt lze libovolné upravovat, naptiklad
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jejich poréznost, mechanické a chemicke vlastnosti, nebo je mozné je
kombinovat s nejrtiznéjsimi latkami, jako napf. s ristovymi faktory a

kmenovymi bunkami.

Studie v nasi laboratofi ukazuji, ze s implantaci hydrogeld je lépe nékolik tydnt
vyckat; implantace hydrogelt bezprostredné po poranéni ma mnohem horsi
prognozu, pravdépodobneé diky vysoké aktivité procest, souhrnné
oznacovanych jako sekunddrni mi$ni poranéni a diky tomu, Ze jeSté neni
vytvorena finalni kavita (viz kap. 1.1.) (Sykova et al., 2006a; Pfadny et al., 2005;
Hejcl et al., 2006, 2008; Lesny et al., 2002, 2006).

Mezi dalsi latky, kterymi je mozZné premostit vzniklou 16zi, patii napf.
piipravky na bazi fibrinu, kolagenu, fibronektinu, alginatu, agarézy,
hyaluronové kyseliny, chitinu, poly-B-hydroxybutyratu, polyglykolové
kyseliny, polylaktatu, polykarbonatu a polyethylenglykolu (Nomura et al.,
2006).

Chondroitinasa ABC

Nejsilnéjsi inhibicni slozkou gliové jizvy je skupina chondroitinsulfat
proteoglykanti (CSPGs). Mezi né¢ patfi napfiklad versican, fosfocan, nebo
neurocan. Po pfidani chondroitinasy ABC, enzymu schopného rozruseni
sacharidové slozky struktury chondroitinsulfat proteoglykanti, dojde in vitro i
in vivo k prortistani axont pres material gliové jizvy a u in vivo pokust se zlepsi
i motorické funkce pokusného zvirete (Smith-Thomas et al., 1994; Davies et al.,
1999). Chondroitinasu ABC za normalnich okolnosti produkuje bakterie Proteus
vulgaris s cilem lepSiho priniku do okolnich tkani, coZz naznacuje i potencialni
riziko pouziti tohoto druhu terapie - totiz destrukce chondroitinsulfati
extraceluldrniho prostoru zdravé tkane.

Nogo

Ve tkani midniho parenchymu se i za normalnich okolnosti nachazeji proteiny,
které inhibuji prortistani axont. V roce 2000 se objevil v ¢asopisu Nature ¢lanek
Martina E. Schwaba a kolegti z Brain Research Institute pfi Univerzité

v Zirichu (Chen et al., 2000), ktery otfasl s védeckou verfejnosti a do té doby
neménnym nazorem, ze tkan centralniho nervového systému neni schopna

regenerace. Jeho skupina objevila myelinovy protein, ktery nazvali Nogo, po
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jehoz inhibici specifickou protilatkou IN-1 dojde k okamZité aktivaci axonalni
regenerace a kompenzacni plasticity v centralnim nervovém systému (Chen et
al., 2000; Schwab et al., 2005). Posléze byl objeven i receptor, prostfednictvim
kterého Nogo ptisobi (Strittmatter et al., 2002; Fournier et al., 2001). Zklamanim
je absence regenerace axont u mysi s vyfazenym genem pro Nogo (Zheng et
al., 2003). Kapitola Nogo je vSak stale predmétem extensivniho vyzkumu
mnoha laboratofi (Schwab et al., 2005).

Myelin associated glycoprotein

Dalsi molekulou, ktera byla objevena v souvislosti s inhibici axonalni
regenerace je myelin associated glycoprotein (MAG). Bylo prokazano, ze
inhibi¢ni aktivita MAG a Nogo je pfiblizné stejné velka (GrandPre et al., 2000).
Bohuzel, in vivo se ticinek MAG neukazal tak vyznamny jako in vitro (Bartsch et
al.,, 1995; Li et al., 1996Db).

cAMP

V roce 1999 bylo objeveno, ze cyklicky adenosin-monofosfat (cAMP) blokuje
aktivitu inhibitortu rustu jako je myelin nebo Myelin associated glycoprotein
(Cai et al., 1999). Jeho role pfi ovlivnéni misniho poranéni je nyni testovana
v experimentu.

4-amidopyridin

4-amidopyridin (Fampridine-SR®) je blokator draslikovych kanal®, schopny
zlepsit vedeni vzruchu v poskozenych axonech. Jeho podani v experimentu
mirné zlepsilo neurologické funkce, snizilo spasticitu a tremor koncetin
pokusnych zvirat (McBride et al., 2007; Hayes, 2007). Navic se zlepSila retence
moci a sexualni funkce (Segal et al., 1999). V soucasnosti probihajici rozsahla

klinicka studie ukaze do budoucna vice.

GM-1 gangliosid

Experimentalné bylo prokazano, ze GM-1 gangliosid (Sygen®) potencuje riist a
regeneraci axonu u kocek s poranénim michy. Rovnéz mél acinky pti
potlacovani nékterych sekundarnich procesti v poranéné mise. Vysledky

klinické studie na lidech v3ak ukazaly jen mizivy efekt v klinické praxi
(Chinnock a Roberts, 2005).

Kmenové buriky
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Novym trendem vyzkumu je lé¢ba misniho poranéni s pouzitim kmenovych
bunék (Sykova et al., 2005; 2006a, 2006b; Jendelova et al., 2003, 2005). Jako
kmenové buriky oznacujeme buriky s neomezenou schopnosti sebeobnovy,
které jsou zdrojem bunécnych populaci ve vyvijejicim se, nebo jiz vyvinutém
organismu. Kmenova burika se obecné déli na diferencujici se buriku
progenitorovou, ktera sméruje za svym osudem a na buriku kmenovou, ktera
zaujima misto pavodni kmenové burnky. Tento proces se nazyva asymetrické
déleni. Progenitorové a kmenové burnky se oznacuji soubornym terminem
prekurzorové buriky. Kmenové buriky takto pfedstavuji prakticky
nevycerpatelny zdroj bunék pro organismus. Naopak, progenitorova burika
podléha ireverzibilnimu procesu diferenciace a nemuize se uz nikdy stat

multipotentni butikou kmenovou (Glogarova, 2006).

Kmenové buriky rozdélujeme na primordialni zarodeéné bunky (angl.
primordial germ cells), embryonalni kmenové buriky (angl. embryonic stem
cells, ESCs), fetalni kmenové buriky (angl. fetal stem cells, FSCs) a kmenove
buriky z dospélého organismu (angl. adult stem cells). Podle zdrojového mista
ulozeni pak rozdélujeme kmenové buriky napf. na neuralni kmenové bunky
(angl. neural stem cells, NSCs), mesenchymalni kmenové burniky z kostni dfené
(angl. mesenchymal stem cells, MSCs), kmenové buriky ¢ichového epitelu (angl.
olfactory ensheating glia, OEGs), mesenchymalni kmenové burnky tukové tkané

(angl. adipose tissue derived stem cells) apod.

Cilem terapeutickych snah s pouzitim kmenovych bunék je jednak nahradit
ztracenou bunécnou populaci, jednak vyplnit vzniklé kavity a troficky podpofit
regeneraci axont (Sykova et al., 2005; Urdzikova, 2006). Zaroven je mozné
zadanym zpusobem pfedem upravovat genetickou vybavu bunék ve smyslu
produkce rastovych faktor(i a jim podobnych latek.

V soucasné dobé je zndmo, ze mesenchymalni kmenové buriky jsou pfi
exogennim podani schopné selektivné vyhledavat misto misni nebo mozkové
léze (Akiyama et al., 2002). Nékteré z téchto bunék se nasledné transformuji na
buriky nervového systému (Kopen et al., 1999; Jendelova et al., 2003). Kromé
toho jsou schopny sekrece cytokint a trofickych faktort, které dale podporuji
regeneraci poranéné nervové tkané (Bjorklund et al., 2002). V nasi laboratofi

bylo prokazano, ze soucasna exogenni aplikace mesenchymalnich kmenovych
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bunék a stimulace uvolnovani mesenchymalnich kmenovych bunék kostni
dfené vyusti v morfologicky i behavioralné pozorovatelny pozitivni efekt
(Urdzikova et al., 2006).

Implantace gliovych bunék

Kromé kmenovych bunék je k podpote regenerace mozné pouzit i gliové
bunécné typy, jako naptiklad Schwannovy bunky (Franklin a Barnett, 2000),
oligodendrocyty (Duncan a Milward, 1995), olfaktorické kmenové buriky nebo
astrocyty (Franklin et al., 1991). Je testovana pfima implantace gliovych
elementi do mista léze. Idea této strategie spociva v neuroprotekci, tvorbé
rastovych faktorti a vyzivé poskozenych neuront pro ticely jejich maximalniho
zachovani. Podle experimentalnich tdajit maji byt rovnéz tyto buriky schopny
premostit 1ézi a umozZznit tak axontm rast.

Neurotrofiny

Dalsim z faktord, které jsou studovany v souvislosti se zmirnénim nasledku
misniho poranéni jsou nervové riistové faktory, zvané rovnéz neurotrofiny,
mezi které patii u savcl nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrofin-3 (NT-3) a neurotrofin-4 (NT-4) (Tessarollo, 1997).
V ramci podpory regenerace axonu v centralnim nervovém systému se
uplatiiuji zejména NGF a BDNF (Behar et al., 2000). Vyznam BDNF tkvi

v podpore regenerace a vétveni cholinergnich vldken v misté léze (Ankeny et
al., 2001; Xu et al., 1995). Jako nejdiilezitéjsi faktor pfi terapeutickém podani
neurotrofinti se ukazuje doba podani po misnim poranéni, ktera ma byt co
nejkratsi, nejlépe bezprostiedné po poranéni, zatimco po 4-6 tydnech po
poranéni uz 1é¢ba neurotrofiny neméa zadny efekt (Shumsky et al., 2003). Ve
stadiu vyzkumu je implantace bunécné linie fibroblastti, schopnych produkce
NT-3 (Grill et al., 1997). Nejvétsi vyznam maji vSak neurotrofiny ve vyvoji a
regeneraci periferniho nervového systému, jak bylo prokazano ve vyvojovych
studiich na mechanoreceptorech (Li et al., 2006; Zelena, 1994), nebo klinickych

studiich v navaznosti na poranéni periferntho nervu (Roehm a Hansen, 2005).
1.5.4. Rehabilitace

Pokusy na zvifatech i klinické studie prokazaly, Ze terapeutické snahy v podobég
intenzivni rehabilitace, véetné elektrické stimulace a chirurgickych plastickych
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vykontl vyznamnym zpusobem ovliviiuji objektivni i subjektivni stranky

pacientova poskozeni.

1.5.5. Akutni a chronické poskozeni

Jako zasadni se jevi rozdil mezi terapeutickou snahou v akutnim nebo
chronickém stadiu po poskozeni michy. Hranice mezi témito dvéma stavy je
udavana mezi 3-5 tydny. Akutnimu stadiu, tedy obdobi od poskozeni do 3-5
tydnti po poranéni, vévodi sekundarni procesy, které jsou pristupné aplikaci
nejraznéjsich latek s cilem terapeutického potladeni téchto procesti. Jsou také
vhodné pro bunéénou terapii. Chronické stadium poskozeni michy se zda

byt vyhodnéjsi pro aplikaci hydrogelt.

1.6. Terapie traumatického poskozeni michy v klinické praxi

V klinické praxi jsou v soucasne dobé velmi omezené moznosti terapie. V prvni
radé smé&iuji terapeutické snahy ke stabilizaci pacientovych Zivotnich funkci a
fixaci patere. Na neurochirurgickém oddéleni je posléze provedena,
diferencialné diagnosticka rozvaha, podporena nékolika zobrazovacimi
metodami (RTG, CT, MRI) a nasledné chirurgicka dekomprese poranéné michy
a stabilizace patefe. V pfedoperacnim, peroperacnim i pooperaénim obdobi je
nutna monitorace krevniho tlaku, srdec¢ni a dechové frekvence a saturace krve
kyslikem (Bracken et al., 1990; Bracken et al., 1997; Trivedi, 2002).

V dnesni dobé se jako nejdtleZitéjsi jevi pooperacni faze, ktera zahrnuje
rehabilitaci motorickych, sensitivnich a autonomnich funkci, edukace pacienta,
chirurgické zékroky plastického charakteru na odstranéni kontraktur, elektricka
stimulace ochrnutych svald, prevence dekubitt, lazenskou lécbu,
psychofarmakoterapii etc. (Trivedi, 2002).

1.6.1. Metylprednizon

V soucasné dobé je standardnim postupem pfi traumatickém poskozeni michy,
dle multicentrickeé klinické studie National Acute Spinal Cord Injury Study II
(NASCIS I1), provedené na 487 pacientech, podani syntetického
glukokortikoidu metylprednizonu (Bracken et al., 1990, 1992). Podle tohoto
protokolu je podavano 30 mg metylprednizonu na 1 kg télesné hmotnosti
pacienta v bolusové davce, co nejdfive po trazu, avsak nejpozdéji do 8 hodin.
Nasleduje 23-hodinova inflize s davkou 5,4 mg metylprednizonu na 1 kg
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hmotnosti pacienta (Bracken et al., 1990). Nékteré svétové spolecnosti, jako
napt. Kanadska neurochirurgicka spolec¢nost viak nepodani metylprednizonu
v akutnim stadiu po poSkozeni michy nepovaZzuji za non-lege artis postup,
nybrz pouze jako metodu volby (Hugenholtz et al., 2002).

Mechanismus ti¢éinku metylprednizonu predpoklada alohu pfi sniZeni
zanétlivé reakce, hydrolyzy a peroxidace lipidti, redukce tvorby misniho edému
a zlepSovani priitoku v cévach poskozené michy (Xu et al., 1992, 1998; Young a
Flamm, 1982; Urdzikova, 2006; Vanicky et al., 2002). O skutecném téinku
metylprednizonu pfi traumatickém poranéni michy se vsak dodnes vedou
spory, které neusnadnilo ani provedent tfi studii NASCIS (Bracken et al., 1985;
Bracken et al., 1990; Bracken et al., 1997). Objevuji se totiZ prace, které prokazuji
jak pozitivni ti¢inek methylprednizonu v experimentu (Green et al., 1980) nebo
v klinické praxi (Bracken et al., 1990; Otani et al., 1996), tak prace prokazujici
nulovy efekt metylprednizonu v experimentu (Bartholdi a Schwab, 1995) nebo
klinické praxi (Hurlbert, 2000; Nesathurai, 1998; Short et al., 2000; Pointillart et
al., 2000). Nékteif autofi jej dokonce povazuji za kontraindikovany pro pacienty
s poskozenim michy (Hurlbert, 2000; Hugenholtz et al., 2002).

[Lé¢ba methylprednizonem muiZe mit nékolik nezadoucich tucink, zejména pfi
dlouhodobém podavani, jako je naptiklad snizena imunitni odpovéd diky
imunosupresivnimu téinku kortikoid. U pacientt s traumatickym
poskozenim michy v akutnim stadiu se pak ¢ast¢ji vyskytuje pneumonie a
sepse (Hugenholtz et al., 2002; Bracken et al., 1990). Mezi dalsi komplikace patti
hyperglykémie, akutni myopatie a gastrointestinalni potize (Galandiuk et al.,
1993; Gerndt et al., 1997; Qian et al., 2000). Tyto nezadouci tcinky lze do jisté
miry odstranit lokalnim intrathekalnim podanim (Koszdin et al., 2000). Jeho
ucinek vsak ztistava nadale sporny (Vanicky et al., 2002; Hurlbert, 2000;
Hugenholtz et al., 2002). Klinické studie NASCIS nesporné€ naznacily jednu

z cest mozné casné terapie misniho poranéni tim, ze posunuly terapeutické

okno do rannych stadii po mi$nim poranéni (Schwartz a Fehlings, 2002).

1.6.2. Ostatni latky, testované v klinickych studiich

Existuji dalsi latky, které se v experimentu jevily jako slibné, avSak klinicke
studie prokazaly opak. Pfikladem takové latky je GM1 gangliosid, kde prvni
c¢ast klinickych studii prokazala jeho pozitivni efekt (Geisler et al., 1992, 1993),
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zatimco v dalsi fazi se ukazalo, ze GM1 gangliosid nema zadné protektivni
ucinky na poranénou michu (Geisler et al., 2001a, 2001b). Jinym pfikladem je
podavani vitaminu E, ktery sice zlepSuje sledované neurologické parametry po
poskozeni michy, musi vSak byt podavan uz pred poSkozenim michy, coz je

v klinické praxi neproveditelné (Anderson et al., 1988).
V soucasnosti probihaji tyto klinické studie:
- Implantace progenitort oligodendrocyta — faze I (Myckatyn, 2004)

- Implantace lidskych embryondlnich kmenovych bunék - studie
v priprave (Vogel, 2005)

- Lécba gradientem elektrického pole — faze I. ZlepSuje motorické i

sensitivni funkce po poSkozeni michy
- Minocycline — faze II.
- Cethrin- Rho inhibitor — faze I. Subduralni aplikace
- Aktivované makrofagy — probiha faze II. (Schwarz et al., Israel)

- Mononuklearni kmenové buriky kostni diené — faze I (Sykova et al.,
2006, CR)

- Implantace olfaktorické glie (McKay-Sin, Brisbane)

1.6.3. Klinicka studie v Ceské Republice

V ramci Centra bunécné terapie a tkdnovych nahrad pfi 2. Lékarské Fakulté
Univerzity Karlovy v Praze probiha v prazské Fakultni Nemocnici Motol
klinicka studie s pouZitim autolognich mononukledrnich bunek kostni diené.
Vedoucim projektu je prof. MUDr. Eva Sykova, DrSc. Kmenové burky jsou
aplikovany jednak intraven6zné, jednak intraarteridlné a to co nejdrive po
poranéni michy. Jako nejslibnéjsi se jevi aplikace kmenovych bunék
intraarterialni cestou do blizkosti mista Iéze, s pouzitim katetrizace arteria
vertebralis v prvnich 4 tydnech po poranéni (Sykova et al., 2006b).
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1.6.4. Budoucnost

Souhrnem lze tedy uvést, Ze terapeutické uspéchy feSeni traumatického
poranéni michy, nejsou, navzdory intenzivnimu vyzkumu zdaleka uspokojivé.
Jedinym lékem ztistdva methylprednizon, ale jeho ti¢inek je sporny. Hlavnim
problémem je to, Ze problematika traumatického poskozeni michy je velmi
obsahla a velké mnozstvi procesti, probihajicich v poSkozeni miSe, neni jesté
dostate¢né prozkoumano. Navic, ¢lovék zde plati i dan za fylogenetickou
vyspélost centralniho nervového systému. Proto jinak tispésné studie in vitro,

nebo i studie in vivo na nizsich obratlovcich pri aplikaci u ¢lovéka selhavaji.

1.7. Neurogenni plicni edém

Neurogenni plicni edém je akutni komplikace nahle vzniklého poskozeni
centralniho nervového systému, charakterizovana zvySenym mnozstvim
intersticialni a intraalveolarni plicni tekutiny, spojenym s vyskytem plicnich
hemoragii. Jako prvni popsal neurogenni plicni edém Shanahan jiz v roce 1908
jako komplikaci opakovanych epileptickych zachvatii u 11 pacientii a byl to
praveé on, kdo spojil téZké poskozeni centralniho nervového systému se
vznikem plicniho edému a zaroven prvni, kdo pouZil pro tento edém nazev
,neurogenni“(Shanahan, 1908). Ve svétové (Leal Filho et al., 2005a, 2005b) i
Ceské odborné literatufe (Ving, 2003) byl NPE jiZ vymezen jako samostatna
klinickd jednotka, fazena do skupiny nekardiogennich (extrakardidlnich)
plicnich edémt. Na rozdil od kardiogennich (pfi levostranné srde¢ni
insuficienci) nebo ostatnich nekardiogennich (toxického, obstrukéniho,
renalniho, vysokohorského, lymfatického, eklamptického a iatrogenniho)
plicnich edémti vznika neurogenni plicni edém v bezprostredni vazbé na nahle
vzniklé poskozeni centralniho nervového systému (Leal Filho et al., 2005a,
2005b; Kandatsu et al., 2005; Vins, 2003).
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Obr. 1.3. Histologicky obraz zavazného akutné vzniklého neurogenniho plicniho edému. Na

obréazku je patrné masivni prokrvaceni plicni tkané, typické pro neurogenni plicni edém.

Barveni — hematoxylin-eosin.

1.7.1. Vyskyt neurogenniho plicniho edému

Epidemiologicka data, vazajici se k celosvétovému vyskytu neurogenniho
plicniho edému bud chybi tipIné, nebo nejsou z hlediska uspofadani studie
nebo poctu pacientti uspokojiva. Extrémni rozdilnost epidemiologickych dat
ukazuje prace Weira, ktery nalezl neurogenni plicni edém u 71% pacientt se
subarachnoidealnim krvacenim (Weir, 1978) a prace Grafa a Rossiho, ktefi
nalezli neurogenni plicni edém pouze u 2 ze 3940 pacientii, tedy pouze 0,05 %,
zemfrelych na neurologické onemocnéni (Graf a Rossi, 1975). Je pravdépodobné,
ze posledné jmenované ¢islo je zkreslené diky zahrnuti vSech neurologickych
onemocnéni do vybrané skupiny. Nejobjektivnéjsi a nejvice citovana je
epidemiologicka prace Fontese a kolegti, ktefi zjistili, Ze 62% pacientti

s neurogennim plicnim edémem jsou Zeny, primérného véku 31,6 let,
nejéastéjsi pri¢inou edému je subarachnoidealni krvaceni a mortalita pacienti
v pfimé souvislosti s neurogennim plicnim edémem je 9,5 % (Fontes et al.,
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2003). Vétsina ostatnich autorit usuzuje, Ze neurogenni plicni edém se vyskytuje
u vice neZ poloviny pacientt1 s tézZkym poSkozenim centralniho nervového
systému — u pacientt s tupym nebo penetrujicim poranénim mozku nebo
michy, subarachnoidalnim nebo intracerebralnim krvacenim, u epileptického
zachvatu typu grand mal, cerebrovaskularnich pfihod, hyponatremické
encefalopatie a dalsich podobnych pripadt (Ving, 2003; Stocker a Burgi, 1998;
Brito et al., 1995; Dragosavac et al.,, 1997; Antoniuk et al.,, 2001; Urban et al.,
2001). Vyskyt neurogenniho plicniho edému vsak neni v fadé pripadti fazen do
statistik (Leal Filho et al., 2005a, 2005b; Fontes et al., 2003; Macleod, 2002).
Existujici epidemiologicka data navic ukazuji, ze neurogenni plicni edém
vznika nejcastdji na zakladé poskozeni centralniho nervového systému, které

doprovazi zvysSeny intrakranialni tlak.

1.7.2. Patofyziologie neurogenniho plicniho edému

Neurogenni plicni edém je charakterizovan vyznamnym stupném dilatace
plicnich kapilar, kongesci kapilar krvinkami, intraalveolarnim krvacenim a
intersticialnim (perivaskularnim) a intraalveolarnim edémem, ktery je tvofen na
proteiny-bohatym tkanovym mokem — exsudatem, jez obsahuje vice nez 70 %
plazmatické hladiny proteinti (Kondo et al., 2004; Leal Filho et al., 2005a). Stejné
jako ostatni druhy plicniho edému, je i neurogenni plicni edém charakterizovan
tfemi fazemi (Vins, 2003):

1. preedémovou fazi, kdy probiha zvySeny pohyb tekutiny z kapilar do
intersticia. Pfebytek privodu tekutiny je vSak kompenzovan zvysSenou
lymfatickou drendZi,

2. intersticidlni edém, kdy je prekrodena drendzni kapacita intersticia az o
30 % a tekutina se za¢ina hromadit v poddajném vazivu mezi bronchioly,
arteriolami a venulami. Klesa poddajnost plicni tkdné a zvysuje se plicni
cévni odpor,

3. alveolarni edém, kdy jsou pfekrodeny objemové moznosti
intersticialniho prostoru, a tlak tekutiny zptisobuje rozruseni spojt

alveolarnich membran.
V pfipadé neurogenniho plicniho edému vSak na sebe vSechny faze navazujt

velmi rychle a navic jsou doplnény o hemoragie. Patofyziologicky predstavuje
vznik neurogenniho plicniho edému nerovnovahu Starlingovych sil, odvislych
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od permeability kapilarniho endotelu, cévniho povrchu a hydrostatického a
osmotického tlaku (Malik, 1985; Colice, 1984).

Roli Starlingovych sil pfi vzniku neurogenniho plicniho edému naznacuje
Starlingova rovnice (Starling, 1918):

Q=Ka. (Px—Pi) — Ka (7tx — m11)

kde Q oznacuje eflux tekutiny, P« - hydrostaticky tlak v kapilare, Pi -
hydrostaticky tlak v intersticiu, K - kapilarni filtra¢ni koeficient, Ka —
koeficient odrazu (nabyva hodnot od 0, kdy je sténa kapilary extrémne
propustna pro proteiny do 1, kdy je sténa pro proteiny nepropustna), mx —
onkoticky tlak v kapilare a mx — onkoticky tlak v intersticiu. Mira efluxu
tekutiny je tedy primo umérna hydrostatickému tlaku v kapilafe a nepfimo
umeérna onkotickému tlaku v kapilare.

Predchozi vyzkum naznacil skupinu moznych etiopatogenetickych
mechanismfi, které by mohly vést k rozvoji neurogenniho plicniho edému
(Toka and Okajima, 1998; Urdaneta et al., 2003), ten skute¢ny mechanismus
viak zustava stale zahalen rouskou tajemstvi a je predmétem intenzivnich
spekulaci. Na vzniku neurogenniho plicniho edému se nejpravdépodobnéji
podili nahle vznikla systémova aktivace sympatiku a uvolnéni velkého
mnozstvi katecholaminti a dalsich substanci, oznacovana jako katecholaminova
boure (angl. catecholamine storm) nebo méné ¢asto Cushingova odpoved’ (angl.
Cushing response) (Toka and Okajima, 1998; Urdaneta et al., 2003; Fontes et al.,
2003; Pender a Pollack, 1992; Walder et al., 2002; Cushing, 1901). Vysledkem je
generalizovana alfa-adrenergni vasokonstrikce a nartist systémového a plicniho
tlaku, zptisobujici centralizaci obéhu. Nasledkem téchto zmeén je zvyseni
plicniho hydrostatického tlaku, poSkozeni cévni a alveolarni stény, nartist
permeability alveolarni stény a uvolnovani tekutiny do intraalveolarniho
prostoru (Fontes et al., 2003; Vins, 2003).

Epitel alveolarni stény hraje kritickou tlohu pfi minimalizaci vlhkosti
intraalvelarniho prostoru vzdusnych plicnich sklipki, ktera je nezbytna pro
spravnou vymeénu plynfi (Rezaiguia-Delclaux et al., 1998). Mnohé studie

ukazuji klicovou roli epitelu alveolarni stény pfti absorpci a reabsorpci
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isotonicke tekutiny z intraalveolarniho prostoru plicnich sklipku proti
vzristajicimu osmotickému gradientu do lumina plicnich kapilar (Rezaiguia-
Delclaux et al., 1998; Matthay a Wiener-Kronisch, 1990). Je znamo, Ze hlavni
podil na tomto procesu ma transport Na+ a K+ iontt1, coz 1ze nepfimo prokazat
inhibici procesu vstfebavani tekutiny z intraalveoldrniho prostoru amiloridem a
ouabainem (Rezaiguia-Delclaux et al., 1998). PoruSeni této iontové rovnovahy

muze potencovat vznik neurogenniho plicniho edému.

1.7.3. Klinicky obraz neurogenniho plicniho edému

Klinicky obraz neurogenniho plicniho edému je pomérneé nespecificky.
Subjektivneé se vyskytuje nahle vznikla dusnost, bolesti na hrudi, zhorsené
odkaslavani, nauzea, zvraceni, bolesti hlavy, pocity slabosti, schvaceni a obavy
o vlastni zivot. Objektivné lze nalézt vazbu na poranéni centralniho nervového
systému, tachypnoe, tachykardii, vrzoty a chriipky pfi bazich plic, nartizovélé
sputum az hemoptyzu, hypoxemii, pfipadné zvySeny intrakranialni tlak,
poruchy védomi a spiSe mirnéjsi zvyseni teploty. Néktefi autofi popisuji u
svych pacienti smrtelny chropot (angl. death rattle) (Macleod, 2002; Keegan a
Lanier, 1999). Znamky zanétu jsou minimalni nebo zadné. Na RTG lze v 90 %
pfipadii pozorovat razny stupen diftizniho zastfeni obou plicnich poli, zejména
v hilové oblasti, nastfik plicnich cév a normalni velikost srde¢niho stinu (Vins,
2003; Wasowska-Krolikowska et al., 2000; Fontes et al., 2003).

1.7.4. Terapie neurogenniho plicniho edému

Zakladem terapie je potlaceni hypoxie pfimym podivanim kysliku nebo
pretlakovou mechanickou ventilaci pomoci PEEP (Positive End Expiratory
Pressure), monitorovani pacienta a iprava hemodynamickych parametrt,
véetné zvyseni diurézy (furosemid, mannitol), zvysené polohy hlavy a
analgetické 1écby (Ving, 2003; Leal Filho et al., 2003; Macleod, 2002). V ¢asném
stadiu mohou byt uzitecné alfa-blokatory (Vins, 2003) a kortikoidy (Chang et
al., 2005), farmakologicka terapie vsak obvykle mnoho nevyfresi. Neurogenni
plicni edém se u vétsiny pacientt podati zvladnout do 48-72 hodin.

1.7.5. Diferencialni diagnostika neurogenniho plicniho edém

Neurogenni plicni edém muze imitovat celd fada stavil, nejpravdépodobnéjsi

jsou vSak nasledujici:

30



ALIa ARDS

Od neurogenniho plicniho edému je tfeba odliSovat akutni plicni selhani (ALI -
acute lung injury) a syndrom akutni dechové tisné (ARDS — adult respiratory
distress syndrome). Tyto syndromy totiz vznikaji na zanétlivém podkladé,
vedoucimu k difaznimu poskozeni alveoltt (DAD - diffuse alveolar damage) a
soucasné bez akutni vazby na poskozeni centralniho nervového systému (Vins,
2003). Mortalita ARDS a ALI je vyssi 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
dychani, tachykardie, tachypnoe). Aspira¢ni pneumonie vsak nevznika tak
dramaticky rychle jako neurogenni plicni edém a je u ni pfitomna horecka. Je
treba dat pozor na stavy, kdy je horecka zptisobena poskozenim vlastniho
centralniho nervového systému (zejména oblasti ventralniho hypothalamu) — to
vSak neni na vrub neurogenniho plicniho edému, tento nema zanétlivou slozku.
Odeznéni pfiznaki aspira¢ni pneumonie navic trva déle, okolo 2 tydni.

1.8. Vliv anestezie na rozvoj neurogenniho plicniho edému

Rtizni autoii popsali jak potenciaci (Pandey et al., 2000) tak inhibici (Mesquita et
al., 2002) vzniku neurogenniho plicniho edému pfi podani riznych druht
anestetik. Mezi nejvyznamnéjsi anestetika, uplatiiujici se pfi vzniku
neurogenniho plicniho edému, patii lidokain, ketamin, xylazin, pentobarbital,
halothan, isofluran a sevofluran (Laffon et al., 2002; Leal Filho et al., 2005a,
2005b; Pandey et al., 2000; Kandatsu et al., 2005; Molliex et al., 1998).

Je znamo, Ze halothan a isofluran u potkanti indukuji reversibilni snizeni
alveolarni epitelidlni tekutinové clearance a snizuji tak prah pro vznik plicniho
edému (Rezaiguia-Delclaux et al., 1998; Laffon et al., 2002). Pri pokusech bylo
zjisténo, ze halothan navic sniZuje aktivitu amilorid-sensitivnich sodikovych
kanalti a Na'/K* ATPazy v pneumocytech II. typu v alveolarni sténé, které
spole¢nymi silami odstraniuji Na* (a s nim i vodu) z intraalveolarniho prostoru
(Molliex et al., 1998), coz potvrzuje vyznamnou roli Na*ionth v procesu vzniku
plientho edému. Bylo totiz popsano, Ze dobre fungujici iontovy transport Na*
iontl a vody zvySuje alveolarni epitelidlni clearance, ktera je klicova jak pro
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prevenci vyvoje plicniho edému, tak pro rozpousténi a vstiebavani edematozni
tekutiny u pacientti s vyvinutym plicnim edémem (Matthay a Wiener-Kronisch,
1990; Ware a Matthay, 2001).
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2. Cile prace

1. Stanovit koncentrace isofluranu, pfi kterych se rozviji neurogenni plicni
edém u potkanti s traumatickym poskozenim michy na modelu epiduralni

balonkové kompresni léze.

2. Stanovit rozsah poskozeni plic u riznych koncentraci isofluranu pomoci
stanoveni stupné subpleuralniho krvaceni, relativni hmotnosti plic, histologie a

in vivo zobrazovacich metod.

3. Posoudit vyznam sympatického nervového systému pii rozvoji
neurogenniho plicnfho edému sledovanim krevniho tlaku a tepové frekvence

pred a po blokadé sympatiku pentoliniem.

4. Stanovit funkéni neurologicky dopad neurogenniho plicntho edému u zvirat
s tézkym plicnim edémem, navozenym epiduralni balénkovou misni lézi

v mimeé isofluranové anestezii.

5. Optimalizovat protokol vyvolani misniho poskozeni u laboratorniho

potkana.

6. Posoudit moznost vyuziti ziskanych poznatkt pfi vytvofeni modelu tézkého

neurogenniho plicniho edéemu u potkana s poranénou michou.

7. Stanovit dopad postupné gradace expanze balonku v misnim kanalu na
zmeény krevniho tlaku, tepové frekvence a stupen rozvoje neurogenniho

plicntho edému.
8. Prispét k diskuzi o neurogennim plicnim edému formulaci vlastni hypotézy o

etiopatogenetickém vlivu nizkého stupné anestezie na rozvoj neurogenniho

plicniho edému.
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3. Material a metodika

Vzhledem k tomu, Ze je metodika podrobné zpracovana v prilozenych

publikacich, je zde uveden pouze stru¢ny pfehled metod, pouzitych v praci.

3.1. Pokusna zvirata

V naSich studiich, zabyvajicich se patofyziologii a terapii miSniho poranéni,
jsme pouzili celkem 264 potkantt kmene Wistar (Velaz, Ceska Republika).
Potkani byli umisténi v akreditovaném zvéfinci na Ustavu experimentalni
mediciny, v.v.i. nebo Fyziologickém tistavu AVCR, v.v.i. s 12ti hodinovym
cyklem den/noc a krmeni standardni dietou a vodou a4 libitum. VSichni potkani
byli muzského pohlavi, vzhledem k jejich hormonalni stabilité (Roof a Hall,
2000). Abychom minimalizovali variabilitu praméru misniho kanalu, pouzivali
jsme pouze potkany o vaze 300-330 g. Vybér do jednotlivych skupin byl
provadén nahodné. Se zviraty bylo nakladano dle etickych a pravnich norem
podle § 17 zak.odst.1 €. 246/1992 Sb. na ochranu zvirat proti tyrani v platném

Zneni.

3.2. Anestezie

K anestezii zvifat byl pouzit isofluran (Forane, Abbot Labaratories, Ltd.,
Queenborough, Velka Britanie). K jeho aplikaci byla pouzita nosni maska
domaci vyroby, pripojena na pfistroj Isoflurane Vapor 19.3 (Dragerverk AG
Libeck, Némecko). Zvirata byla zvdZena a ulozena do uzaviratelné plastikové
nadoby o praméru 16,5 cm a vysce 13 cm, do které byl zaveden piivod z
odparovace isofluranu a zahéjena anestezie 5% isofluranem ve vzduchu pfi
proudu 300 ml inhalaéni smési za minutu. Po navozeni narkozy byli potkani
vyjmuti a pfipojeni na nosni masku s definovanou koncentraci isofluranu ve
vzduchu 1,5%, 2%, 2,5%, 3%, 4% nebo 5%, p¥i proudu 300 ml inhala¢ni smési za
minutu. V indikovanych pripadech byla zvirata narkotizovana pentobarbitalem
(30 mg/kg).

3.3. Stanoveni bezpecné koncentrace isofluranu

Pred zapocetim experimentu jsme stanovili minimalni a maximalni hranici
isofluranu, ve které mohou byt zvitata bezpecné narkotizovana. PYi pouziti
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nizsi anestezie nez 1,5% isofluranu ve vzduchu byly pozitivni reakce na bolest
pfi kompresi prst1 na panevnich koncetindch a konce ocasu (digital a tail pinch
reflex) a soucasné kornealni reflex, nebylo tedy etické podrobovat zvifata nizsi
anestezii. Pfi pouZiti vice nez 4% isofluranu ve vzduchu umirala zvifata na

pfedavkovani anestetikem.

3.4. Télesna teplota

Vsechny zakroky na miSe byly provadény pii télesné teploté 37° C, nebot hypo-
nebo hypertermie mtize mit vliv na rozsah léze (Cambria et al., 1997; Urdzikova
a Vanicky, 2005). Télesna teplota 37° C byla dosazena s pouzitim vyhfivaci
decky (Heizkissen, Typ HK3, Némecko) a poté udrzovana na 37° C, méfeno
rektalnim teplomérem (Roth, Ceska Republika).

3.5. Balénkova kompresni misni léze

K navozeni misniho po8kozeni jsme pouzili dfive popsany model epiduralni
balonkové kompresni misni léze (Vanicky et al., 2001; Urdzikova et al., 2006).
Operace byla provedena v aseptickych podminkach. V anestezii byla
pokusnému zvifeti oholena zdda a provedena povrchova desinfekce ktize 70 %
ethanolem. Byl proveden sagitalni fez v délce 3 cm kranialné od mista, kde se
posledni par Zeber pfipojuje na patef. Bylo protnuto podkozi a povrchové
fascie. Hluboké zadové svalstvo bylo skalpelem oboustranné odfiznuto od
sloupce processus spinosi a odsunuto lateralné. S pouzitim Luerovych klesti jsme
odstranili processus spinosi Th10 a Th11. Spinalni vybézek obratlti Th8-9 byl
zachycen do zahnutého peanu, uchyceného do stojanu a zvife nadzvednuto.
Timto manévrem jsme dosahli dorsalniho ohnuti patefe a zvétSeni epiduralniho
prostoru pro nasledné zasunuti katétru. Pomoci stereomikroskopu (Leica S6,
Svycarsko) a zubnf vrtacky (W&H, MF Perfecta, Rakousko) s kulickovym
vrtackem, byl do stfedu stfedu arcus vertebrae vyvrtan otvor o priméru 1,5 mm.
Dvéma ostrymi pinzetami byl Setrné odstranén periost a zkontrolovano
neporuseni dura mater. Na oblouku obratle Th11 jsme zubni vrtackou vyvrtali
zlabek, ktery poslouzil ke spravnému zavedeni Fogartyho katétru (2-French
Fogarty catheter, Baxter Healthcare Corporation, Irvine, CA, USA) do
epiduralniho prostoru. Stfed balénku byl zasunut do hloubky 1 cm, ¢imz bylo
dosazeno midniho segmentu Th8-9. Fogartyho katétr byl napInén sterilni
destilovanou vodou a napojen na 50 pl plynotésnou Hamiltonovu stfikacku
(typ 1705, TLL - TEFLON® Luer Lock). Stfikacka byla uchycena v
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mikromanipulatoru, ktery umoznoval presné davkovani 15 ul tekutiny,
potfebnych pro naplnéni balénku. Z celého systému byly jesté pfed zapocetim
experimentu odstranény vzduchové bubliny. Poté byla stabilizovana télesna
teplota. PoSkozeni michy bylo vyvolano okamZitym nebo postupnym
nafouknutim baldnku na dobu 5 minut. Po uplynuti této doby byl baldnek
vyfouknut a odstranén z epiduralniho prostoru. Operac¢ni rana byla Sita ve

vrstvach.

3.6. Transversalni preruSeni michy
V anestezii byl za aseptickych podminek proveden pfistup jako v pfedchozim
ptipadé. V oblasti Th7 byla provedena laminektomie. Nasledné bylo skalpelem

provedeno uplné ptetéti michy v oblasti mi$ni Th8.

3.7. Pooperacni pece

Zvifatim urcenym k behavioralnim studiim byla provedena sutura rany a po
operaci byla umisténa do kleci po dvou pro minimalizaci socialniho stresu a pro
lepsi rehabilitaci po poskozeni michy. VSichni potkani byli krmeni standardni
dietou ad libitum. Jednou z hlavnich komplikaci po poSkozeni michy je porucha
vyprazdnovani mocového méchyfe (dyssynergie detruzoru-sfinkteru), jez vede
jednak k mechanickému poskozeni jeho stény, jednak k infek¢nim komplikacim
(Urdzikova, 2006). Jelikoz po poSkozeni michy jsou preruseny drahy, ktere
kontrolujf jeho vyprazdnovani, bylo nutno potkanim mocovy méchyt
manualné vyprazdnovat. Vyprazdnovani bylo provadéno nejprve 2x denné,
posléze 1x denné, dokud se zvifatiim neustavil méchyt automaticky.

3.8. Eutanazie zvirete, vyjmuti plic, autopsie

Eutanazie byla provedena u zvitat, urenych k studiu akutni faze neurogenniho
plicniho edému. Pokud zvife pfezilo 15 minut od zapoceti misniho poranéni
(nafouknuti balénku), tedy 10 minut po vyfouknuti balénku, byla provedena
jeho eutanazie gilotinou. Nasledné byly plice potkana vyjmuty, zvazeny a dale
zpracovany. Pro minimalizaci posmrtnych zmén na plicich a vyvarovani se
jejich poskozeni byl cely proces vyjimani plic jesté pred zapocetim pokust
nacvicen tak, aby netrval déle nez 30 sekund. Pfi vyjimani plic byl bran zretel
na zachovanti celistvosti plicniho parenchymu a odstfizeni cév plicniho hilu v
urovni jejich vystupu z plic za ti¢elem minimalizace zmény jejich hmotnosti pro

nasledné stanoveni plicntho indexu. Na zavér byla provedena pitva zvifete a
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vyhledavano makroskopické krvaceni do jiného organu (mozek, srdce, thymus,

jatra, sttevo, ledviny, slezina a moc¢ovy méchyf).

3.9. Reprodukovatelnost a hodnoceni poskozeni michy
Reprodukovatelnost modelu epiduralni balénkové misni léze byla v nasich
experimentdlnich podminkach mnohokrat prokazana (Sykova et al., 2005;
Jendelova et al., 2004; Sykova a Jendelova, 2005; Urdzikova a Vanicky, 2006;
Urdzikova, 2006; Vanicky et al., 2002). Usporadani casti nasi studie bohuzel
nedovolovalo behavioralni testovani pokusnych zvirat ihned po zakroku. Ve
vSech ptipadech v3ak byl pred vykonem zkontrolovan balének Fogartyho
katétru pro piitomnost vzduchovych bublin. Jeho spravné a rovnomérné
nafouknuti bylo ovéfeno s pouzitim stereomikroskopu vzdy pred a po
provedeni balénkové léze. Na spravné provedeni balénkové léze jsme
usuzovali i podle pravodnych znamek misniho poranéni - svalovych tonicko-
klonickych kieci zadového a konéetinového svalstva a velmi casto rovnéz
kratkodé zastavy dechu.

3.10. Vyhodnoceni stupné subpleurainiho krvaceni
Stupen subpleuralniho krvéaceni do plic byl hodnocen makroskopicky,
bezprostfedné po vyjmuti plic z hrudniku potkana a jejich zvazeni. Kazda plice

byla posuzovana zvlast a zafazena do jednoho z nasledujicich stupnt:

- zdravd plice (zadné krvaceni na povrchu plic),
- Grade I (maximalné 10 % povrchu plic je prokrvaceno),
- Grade II (25-50 % povrchu plic prokrvaceno) a

- Grade 111 (vice nez 50 % povrchu plic je prokrvaceno).

Mirny stupen krvaceni v oblasti plicniho hilu, cca. 2 mm v priiméru, byl
standardnim nalezem, souvisejicim s odfiznutim plicnich cév, pfitomny u viech

skupin.

3.11. Plicni index

Ke zjistovani stupné plicniho edému byla pouzita jednoduchd, avSak velmi
citliva technika stanoveni plicnitho indexu (Leal Filho et al., 2005a, 2005b), ktery
v podstaté odrazi relativni hmotnost plic. Tento index je mozné spoditat jako

podil mokré hmotnosti plic a télesné hmotnosti zvifete v gramech. Plicni index
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do 0,55 ukazuje na zdravou plicni tkan, bez pritomnosti plicniho otoku.
Hodnoty nad 0,55 ukazuji rozvinuty plicni edém, hodnoty nad 0,70 jiz tézky
plicni edém (Leal Filho et al., 2005b).

3.12. Fixace a histologické zpracovani plic

Zvéazené a posouzené plice byly fixovany 4% paraformaldehydem ve
fosfatovém pufru imerzi po dobu 1-2 dni. Tkané byly odvodnény vzestupnou
fadou etanolti, prosyceny benzenem a dale parafinem a nakonec zality do
parafinu. Parafinové fezy, silné 5 um byly pripevnény na sklicko smési bilku s
glycerinem na tepelné desticce. Ddle byly fezy odparafinovany xylenem,
rehydratovany pomoci sestupné fady alkoholtt a barveny hematoxylinem-

eosinem.

3.13. Méfeni tloustky alveolarni stény

Pro zjisténi stupné edému alveolarni stény bylo vyuzito vybranych
parafinovych fez(i, barvenych hematoxylinem-eosinem. Vyhodnoceni fez( bylo
provadéno mimo hilovou oblast. U kazdého reprezentativniho fezu byla
zméfena tloustka vSech alveolarnich stén v daném poli s pouZitim programu
Neurolucida (MicroBrightField, Inc.,, USA), dokud nebylo dosazeno 100 méteni.
Z jednotlivych méfeni byl vypocitdn priimér a smérodatna odchylka. Data z
jednotlivych skupin byla porovnavana Studentovym t-testem.

3.14. Zobrazeni RTG

Ke stanoveni stupné plicniho edému in vivo jsme vyuzili RTG zobrazeni

s pouzitim pristroje Image Station In-Vivo FX System (Kodak, Némecko).
Potkani byli, 1 hodinu po skonceni zdkroku, narkotizovani pentobarbitalem (50

mg/kg) a ulozeni do pristroje, kde byl zhotoven RTG snimek.

3.15. Sledovani nastupu neurogenniho plicniho edému

Ke stanoveni ¢asu, ve kterém se vznika neurogenni plicni edém, jsme nejdfive
odhalili pleura parietalis a in vivo tak sledovali rozvoj neurogenniho plicniho
edému na plicnim parenchymu béhem nasledné baldnkové 1éze. Zvirata byla
narkotizovana 1.5% 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. Nasledné byly
odstranény musculi intercostales a zebra v pfisluSnych segmentech a pleura
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parietalis ocisténa. Krvaceni z mezizebernich tepének a Zil bylo stavéno jemnym
zhmozdénim stény cévy s naslednou tamponadou jemnymi kousky bunidiny.
Elektrokauterizace nebyla vyuzita v dtsledku snahy o zachovani maximalni
translucence pleury. Specialni péce byla vénovana prevenci vytvoieni
pneumothoraxu. Nasledné byla provedena balénkova léze a v jejim prabéhu a
po ném byl sledovan plicni parenchym. Po celou dobu byl zaznamenavan cas.
Cas, kdy zaéinal plicni parenchym ménit barvu a zejména ¢as, kdy se objevilo

subpleuralni krvaceni byl zaznamenan.

3.16. Behavioralni testovani — BBB test

Pro otestovani hybnosti panevnich koncetin zvifat po misnim poranéni jsme
pouzili BBB test (BBB score), jez je dnes povazovan za zlaty standard
behavioralniho testovani laboratornich potkanti s poskozenim michy (Basso et
al., 1995). BBB test je udavan od 0 (zadny pohyb panevnich koncetin) do 21
(plna pohyblivost panevnich konéetin), pro kazdou koncetinu zvlast (tab. 4.3.).
Vysledna hodnota je aritmetickym primérem hodnot pro pravou a levou
panevni koncetinu. BBB test 1ze hrubé rozdélit na tri 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 testovani pred zakrokem, 24
hodin po zakroku a déle po 7, 14, 21, 28, 35, 42 a 49 dnech. Zvifata byla
testovana na rovném povrchu ve vymezeném kruhovém prostoru s pramérem
90 cm. Testovani provadéji vzdy dva testujici, ktefi stoji proti sobé, aby mohli
pozorovat pohyby koncetin ze dvou stran. Hodnoti se jen volni pohyby, nikoli
pohyby reflexni.
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Tab. 4.3. BBEB test (Basso et al., 1995)

Cislo

Charakteristika

0

Zé&dny viditelny pohyb panevni koncetiny

1

Nepatrny pohyb jednoho nebo dvou kloubti, obvykle ky¢le a/nebo
kolene

Vyrazny pohyb jednoho kloubu

Vyrazny pohyb jednoho kloubu a nepatrny pohyb dalsiho kloubu

Vyrazny pohyb dvou kloubtt

Nepatrny pohyb vsech tfi kloubtt

Nepatrny pohyb dvou kloubti a soucasné vyrazny pohyb tretiho

Vyrazny pohyb dvou kloubt1 a soucasné nepatrny pohyb tfetiho

Vyrazny pohyb v3ech tfi kloubti

Q (N[O |OT | |W

Zametani bez vahové podpory

Plantdrni umisténi packy bez vahové podpory

Plantarni umisténi packy s vdhovou podporou pouze ve stoji

Obcasnd, ¢asta nebo konsistentni chiize po dorsum pedis s vahovou
podporou a absence plantarniho umisténi packy

10

Ob¢asné plantadrni umisténi packy s vdhovou podporou a zadna
predozadni koordinace

11

Casté az konzistentni plantarni umisténi packy s vahovou podporou a
zadna pfedozadni koordinace

12

Casté az konzistentni plantarni umisténi packy s vahovou podporou a
obdasna predozadni koordinace

13

Casté az konzistentni plantarni umisténi packy s vahovou podporou a
casta predozadni koordinace

14

Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Packa je rotovana zevné nebo
navnitf pfi zdvihnuti packy a pfi prvnim kontaktu.

Casté plantarni umisténi packy s vahovou podporou, konzistentni
predozadni koordinace a obcasna chiize po dorsum pedis s vahovou
podporou

Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Zadné nebo obcasné zvedani
prsti. Packa je paralelné k télu pfi prvnim kontaktu.

16

Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni predozadni koordinace. Casté zvedani prsti. Packa je
paralelné k télu pri prvnim kontaktu a rotovana ve fazi zdvihnuti.

17

Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Casté zvedani prstii. Packa je
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paralelné k télu pfi prvnim kontaktu i ve fazi zdvihnuti.

18 Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Konzistentni zvedani prstt. Packa
je paralelné k télu pfi prvnim kontaktu a rotovana ve fazi zdvihnuti.

19 Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Konzistentni zvedani prst(. Packa
je paralelné k télu pfi prvnim kontaktu i ve fazi zdvihnuti. Ocas je pfi
zemi ¢ast nebo celou dobu.

20 Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Konzistentni zvedani prsta. Packa
je paralelné k télu pfi prvnim kontaktu i ve fazi zdvihnuti. Nestabilita
trupu. Konzistentni zvedani ocasu.

21 Konzistentni plantarni umisténi packy s vahovou podporou a
konzistentni pfedozadni koordinace. Konzistentni zvedani prstt.
| Stabilita trupu. Konzistentni zvedani ocasu.

3.17. Behaviordlni testovani — plantarni test

K testovani sensitivity potkant s poskozenou michou jsme vyuZzili Plantarni test
(Plantar test — Ugo Basile, Comerio, USA). Tento test umoznuje kvantifikovat
stupen citlivosti panevni koncetiny na podrazdéni tepelnym podnétem

v podobé ¢asu, které potkan potfebuje k odtazeni packy. Potkani

s traumatickym poSkozenim michy byli testovani pfed zakrokem, 24 hodin po
zdkroku a dale po 7, 14, 21, 28, 35, 42 a 49 dnech.

3.18. Zobrazeni michy magnetickou rezonanci

KK ovéfeni postupu vytvoreni léze bylo u vSech potkanti v této ¢asti provedeno
MR vySetfeni v misté Iéze den po poranéni. Micha byla vySetfena in vivo
experimentalnim MR tomografem (Bruker Biospec 47/20, sila pole 4,7 T, vnitini
prumér magnetu 20 cm) vybavenym gradientnim systémem o sile 200 mT/m a
patefni civkou vlastni vyroby (Burian a Hajek, 2004). Sagitalni fezy (obrazova
matice 512 x 160 bodti, zorné pole o velikosti 10 x 3 cm, tloustka fezu 0,5 mm s
mezerou mezi fezy 0,5 mm a echo-¢asem 70 ms a repeticnim casem 2800 ms)

byly snimany béznymi RARE sekvencemi s turbo faktorem 8.
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3.19. Perfiize zvirat

V hluboké anestezii jsme otevieli hrudnik potkana, zp#istupnili srdce, odsttihli
ousko pravé predsiné a zavedli kanylu do levé komory srdeéni. Pres kanylu byl
peristaltickou pumpou aplikovany fyziologicky roztok po dobu 2 minut a
nasledné 4% paraformaldehyd ve fosfatovém pufru. Na perftizi bylo pouzito
nejméné 1 litr fixativa na 1 kg télesné hmotnosti zvifete. Po perfiizi byla
vyjmuta patef v rozsahu minimalné 1,5 cm nad a pod mistem 1éze a ulozena do
5% paraformaldehydu ve fosfatovém pufru na dobu 24 hodin pfi teploté 4°C.
Poté byla micha vyjmuta a uloZena do stejného fixacnim roztoku pro dalsi

zpracovani.

3.20. Histologické zpracovani

Z michy byl excidovan 2 em dlouhy tsek s poSkozenym mistem uprostied.
Pred odvodnénim a prosycenim parafinem byla excidovana micha zafixovana
na pevné podloZce, aby nedoslo k jejimu ohnuti. Cely 2 cm dlouhy segment byl
zalit do paraplastu s pouzitim speciadlni formy na odlévani 2 cm vysokého
bloku. Pfiéné 5 um silné fezy byly pfipraveny na sanikovém mikrotomu a
natahovany na podlozni Zelatinou-potazena sklicka. Nasledné barveni

probihalo na téchto sklickach.

Histochemické barveni Luxol Fast Blue a Cresyl Violet

Pro naslednou 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 méreni (Urdzikova, 2006).

Morfometrické méveni zachovani bilé a Sedé hmoty

Rozsah léze byl kvantifikovan jako objem zachované bilé a Sedé hmoty

v poskozeném misnim segmentu. PouZili jsme sérii fezti s odstupem 1 mm.

Z odebraného segmentu jsme ziskali sérii cca 20 fezt. V kazdém z téchto fezli
byla obkreslena cast 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 kiivku na co nejsymetrictéjsi poloviny. Pro tcely analyzy

jsme brali do tivahy jen oblast michy, ve které byla hlavni oblast léze. Objem
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zachovalé tkané v analyzovaném segmentu byl vypocitan jako soucet ploch

z jednotlivych fezti, vyndsobenych vzdalenosti mezi rezy.

3.21. Méfeni krevniho tlaku a tepové frekvence

V isofluranové anestezii bylo z lateralniho kréniho pfistupu proniknuto k arteria
carotis communis sinistra, jejiz 1 cm dlouhy tisek byl mobilizovan. Kranialné od
operovaného useku byla nalozena sutura, kaudalné svorka. Do lumina cévy byl
zaveden katétr PE 50, ktery byl vyveden podkoZim na povrch v misté dorsalni
strany krku. V misté svorky byla okolo katétru nalozena sutura a svorka byla
odstranéna. Katétr byl pripojen k monitorovacimu zarizeni PowerLab system
(AD Instruments, Colorado Springs, USA). Rana byla zacelena tkanovym

lepidlem. Cely méfici systém byl naplnén fyziologickym roztokem s heparinem.

V pokusech, kde bylo tfeba podat gangliovy blokator pentolinium (5 mg/kg i.v.,
Sigma-Aldrich), byla kromé katétru do arteria carotis soucasné zavedena i
kanyla PE 10 do vena jugularis interna sinistra, ktera byla vyvedena na povrch
stejnym zptisobem. Do této kanyly pak bylo v priibéhu pokusu, tj. pred
nafouknutim balénku, aplikovano pentolinium. V prabéhu experimentu jsme
zaznamenavali hodnoty krevniho tlaku (v mm Hg) a tepové frekvence (v
tepech za minutu - bpm) v rtiznych ¢asovych tisecich v zavislosti na usporadani

experimentu.

3.22. Statisticka analyza

Vsechna data byla analyzovana s pouzitim aritmetického prameéru +
smérodatné odchylky (5.E.M.). Porovnavani dvou pocetnich celkt bylo
provadéno Studentovym t-testem na hladiné vyznamnosti p < 0.05 (oznacené *).
Kromeé toho byly pouZity neparametricky Kruskall-Wallistiv test a Mann-
Whitney test.

BBB test jsme hodnotili tak, Zze z namérenych hodnot pravé a levé koncetiny
jsme vypocitali aritmeticky pramér. Jednotlivé skupiny jsme porovnavali
pomoci neparametrického Kruskall-Wallis a Mann-Whitney testu na hladiné
vyznamnosti p < 0.05 (oznacené ¥). P¥i morfometrickych mérenich rozsahu
poskozeni jsme analyzovali rozdily mezi skupinami dvéma zptisoby:

1) V diagramu jsme porovnavali jednotlivé nameéfené hodnoty v raznych

vzdalenostech od centra léze.
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2) Po vypocitani objemu zachovalé Sedé a bilé hmoty jsme analyzovali
rozdily mezi skupinami neparovym Studentovym T testem. Hmotnost

potkanti jsme porovnavali téz Studentovym t-testem.

Statistické zpracovani bylo provedeno s pouZzitim programu Microsoft Excel,
InStat 3 a Sigmaplot.
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4. Vysledky

Nizké koncentrace 1sofluranu umoznuji rozvoj neurogenniho plicniho edému u potkani

s poranénou michou

Studovali jsme vliv riznych koncentraci isofluranu na rozvoj neurogenniho
pliecniho edému u potkantt s poranénou michou. Nejdfive jsme stanovili
bezpeénou minimalni koncentraci isofluranu jako 1,5% isofluran ve vzduchu
pfi proudu anestetické smési 300 ml/min. Zvifata jsme rozdélili do nasledujicich
skupin:

1. Zvirata narkotizovana nizkou koncentraci anestetika (1,5-2% isofluran)
2. Zvirata narkotizovana stfedni koncentraci anestetika (2,5-3% isofluran)

3. Zvirata narkotizovana vysokou koncentraci anestetika (4-5% isofluran)

A. Vliv isofluranu na rozvoj neurogenniho plicniho edému

Zvifata jsme narkotizovali pomoci prislusné koncentrace isofluranu a provedli
balénkovou kompresni misni 1ézi o objemu 15 ul po dobu 5 minut. Po
nasledujicich 10 minutach jsme zvife usmrtili, okamzité vyjmuli plice a zvazili
je a poté ulozili do fixa¢niho roztoku. U kazdého zvitete jsme detailné
monitorovali peroperaéni prubéh, stanovili plicni index, stupen subpleurdlniho
krvéceni a na histologickych fezech i tloustku alveolarni stény. U 10 zvirat byl
proveden RTG plic.

Zvitata narkotizovand nizkou koncentraci isofluranu

U vSech téchto zvirat se rozvinul neurogenni plicni edém. U vsech zvifat byl
pritomen signifikantné vyssi stupen subpleuralniho krvaceni, zvyseny plicni
index i zvétSena tloustka alveoldrni stény. RTG obraz odpovidal plicnimu
edému. Témeér 42% zvifat zemrelo na nasledky edému. Ve srovnani se zviraty
narkotizovanymi 3% isofluranem bylo v ndvaznosti na provedeni baléonkové
kompresni misni léze pozorovano signifikantni zvyseni stfedniho arteridlniho
tlaku a signifikantni sniZeni srdecni frekvence. Tato reakce vznikala na

podkladé aktivace sympatiku, jak bylo prokazano pomoci aplikace pentolinia.
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Obr. 4.1. Stupné subpleuralniho krvaceni (chybéjici - absent, stupei L-III. - grade L.-I1.) a
histologické vySetteni plicni tkdné. A,B,C. Chybéni subpleurdlniho krvéceni. Histologicky obraz
v (C) je normalni plicni tkan. D,E,F. Stupei I subpleuralniho krvéceni kde je postizeno vice nez
10% povrchu plic krvacenim. Tloustka alveoldrnich stén odrézi pocinajici intersticialni edém
(hlavicky Sipek v F). G,H, L Stupefi Il subpleuralniho krvaceni, kde je postizeno 11-50%
povrchu plic. Histologické vysetieni (I) ukazuje na ztluSténi alveolarnich stén (hlavicky Sipek v
I) a krvaceni. J,K, L. Stupei III subpleuralniho krvaceni, kde je vice nez 51% povrchu plic
postizeno krvacenim. Masivni ztluténi alveolarnich stén (hlavicky Sipek v L), intersticidlni a
intraalveolarni edém (Sipky v L) a masivni extravazace erytrocytt.
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Zvitata narkotizovand stredni koncentraci isofluranu

U zadného z téchto zvirat se nerozvinul tézky neurogenni plicni edém. Plicni
index, tloustka alveolarni stény a RTG vySetfeni neprokazalo pfitomnost
edému. Pouze 28% zvirat mélo pritomno Grade [ nebo Il subpleuralni krvaceni.

Zadné zvire nezemrelo.

Zvitata narkotizovand vysokou koncentract isofluranu
VSechna tato zvifata zemrela na nasledky prfedavkovani anestetikem. U

zadného z nich se nerozvinul neurogenni plicni edém.

Kontroly
U zadného ze zvifat narkotizovanych riznymi koncentracemi isofluranu (1,5-
3%), u kterych nebyla provedena misni léze, se nerozvinul neurogenni plicni

edém. Zadné zvire nezemrelo.

B. Vliv isofluranu na velikost 1éze a navrat neurologickych funkci

Zvitata z 1,5% a 3% skupiny jsme narkotizovali pomoci pfislusne koncentrace
isofluranu a provedli balénkovou kompresni misni 1ézi o objemu 15 ul po dobu
5 minut. Po dobu nasledujicich 7 tydnt byl monitorovan navrat neurologickych
funkci s pouzitim lokomotorického BBB testu a sensitivniho plantar testu. Po
uplynuti této doby byla zvifata usmrcena, perfundovana fixaénim roztokem a
provedena morfometrickd analyza stavajici Sedé a bilé hmoty misni.

Vliv pritomnosti neurogenniho plicniho edému se odrazil v signifikantné
hors$im navratu lokomoc¢nich i sensitivnich neurologickych funkei v 2-3. tydnu
po provedené lézi. Nasledné se stav normalizoval.

Morfometricky nebyly nalezeny rozdily mezi obéma skupinami. Vysetfeni
magnetickou rezonanci in vivo rovnéz neprokazalo zadné signifikantni rozdily.
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Obr. 4.2. Neurogenni plicni edém u skupin narkotizovanych 1.5%, 2%, 2.5% nebo 3%
isofluranem. A. Histologické vySetfeni ukazujici masivni neurogenni plicni edém — ztlusténi
alveolarnich stén, intersticialni edém a masivni krvaceni u potkant narkotizovanych 1.5%
isofluranem. B. RTG ukazujici diflizni zastinéni plicniho parenchymu, zejména v perihilarni
oblasti, ukazujici neurogenni plicni edém u potkanii narkotizovanych 1.5% isofluranem. C.
Histologické vysetieni ukazujici rozvoj neurogenniho plicniho edému se ztlusténim
alveolarnich stén a obfasnymi okrsky krvéaceni u potkanii narkotizovanych 2% isofluranem. D.
RTG ukazujici diftizni zastinéni plicniho parenchymu, zejména v perihilarni oblasti, ukazujici
neurogenni plicni edém u potkanii narkotizovanych 2% isofluranem. E. Obasna mista
prokrvéceni plicnfho parenchymu bez piftomnosti plicnitho edému u potkanii narkotizovanych
2.5% isofluranem. F. Normadlni RTG obraz plic u potkanii narkotizovanych 2.5% isofluranem. G.
Normadini histologicky obraz plic u potkanii narkotizovanych 3% isofluranem. H. RTG
normélnich plic u potkant narkotizovanych 3% isofluranem. I. Histologie plicni tkédné
kontrolniho zvifete J. RTG normélnich plic u kontrolniho zvifete.
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Novy model neurogenniho plicniho edému u potkanii s poranénou michou

Posuzovali jsme moznost vyuZziti balonkové kompresni misni 1éze v 1,5% a 2%
isofluranové anestezii jako modelu téZkého neurogenniho plicniho edému.
Zvirata jsme narkotizovali pomoci prislusné koncentrace isofluranu a provedli
balonkovou kompresni misni 1ézi o objemu 15 ul po dobu 5 minut. Po
nasledujicich 10 minutdch jsme zvife usmrtili, okamzité vyjmuli plice a zvazili
je a poté ulozili do fixa¢niho roztoku. U kazdého zvifete jsme detailné
monitorovali peroperaéni priibéh, stanovili plicni index, stupen subpleuralniho
krvaceni a na histologickych fezech i tloustku alveolarni stény. Nasledné jsme
porovnali stupen subpleuralniho krvaceni a histologické analyzy. U 3 zvitat
z kazdé skupiny byl proveden in vivo RTG plic. U 3 zvifat z 1,5% skupiny jsme
pred provedenim misni l1éze chirurgicky odstranili vSechny vrstvy bo¢ni hrudni
stény s vyjimkou prusvitné pohrudnice a peroperacné jsme makroskopicky
sledovali nastup neurogenniho plicniho edému.

Neurogenni plicni edém

U vsech zvifat narkotizovanych 1,5% nebo 2% isofluranem ve vzduchu se
rozvinul neurogenni plicni edém. Stanoveni stupné subpleuralniho krvaceni,
plicniho indexu, tloustky alveolarnich stén a in vivo RTG vySetfeni
dokumentovalo, Ze u 1,5% skupiny byl edém rozséahlejsi nez u 2% skupiny,
v obou pfipadech vsak téZzkého stupné. Vice nez 33% zvirat z 1,5% skupiny na
jeho nasledky zemfelo v priimérné dobé 8,45 minuty po provedeni léze. U 2%
skupiny prezila 15-minutovy interval po zacatku léze vSechna zvirata. Prvni
znamky ztmavnuti povrchu plic se u 1,5% skupiny objevily v priimérné dobé
6,67 minut, zatimco prvni subpleuralni hemorrhagie az v priimérné dobé 8,00

minut po nafouknuti balonku v epiduralnim prostoru.

Vyuziti modelu

Model neurogenniho plicniho edému v 1,5% isofluranové anestezii lze vyuzit
u mensich nebo predbéznych studii, jelikoz ma 33% mortalitu. Naopak model
neurogenniho plicntho edému v 2% isofluranové anestezii je vhodny pro

rozsahlejsi studie.
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Pomala misni komprese zabrdni rozvoji neurogenniho plicniho edému u potkani

s poranénou michou

Stanovili jsme vyznam rychlosti nastupu a objemu misni 1éze na rozvoj
neurogenniho plicniho edému. Zvifata jsme narkotizovali pomoci 1,5%
isofluranu ve vzduchu, zavedli kanylu pro monitoraci krevniho tlaku a tepové
frekvence a provedli misni transekci nebo balénkovou kompresni misni 1ézi

nékolika riznymi zptsoby:

1. Okamzité nafouknuti na 15 pl.

2. Rychlé postupné nafukovani (5 ul -5 ul -5 pl)

3. Pomalé postupné nafukovani 3 ul -2 pul =2 ul -2 pl =2 pul =2 pl -2 ul)
4. Okamzité nafouknuti na 5 ul

5. Okamzité nafouknuti na 10 ul

Ve viech ptipadech jsme balének ponechali nafouknuty in situ na dobu 5
minut po posledni zméné. Po nasledujicich 10 minutach jsme zvife usmrtili,
okamzité vyjmuli plice, zvazili je a poté ulozili do fixaéniho roztoku. U kazdého
zvifete jsme detailné monitorovali peroperac¢ni pribéh, stanovili plicni index,
stupen subpleuralniho krvaceni a na histologickych fezech i tloustku alveolarni
stény. Nasledné jsme porovnali stupen subpleuralniho krvaceni a histologické
analyzy.

Rychlost nafouknuti balonku

U skupiny s okamzitym nebo rychle nafouklym balonkem doslo k rozvoji
typického tézkého neurogenniho plicniho edému. Naopak u skupiny, kde byl
balének nafukovéan pomalu, k téZkému edému nedoslo; pouze u 36% zvirat byl
pritomen lehky stupen subpleuralniho krvaceni. Rozdil ve stfednim arterialnim
tlaku mezi skupinou s rychle a s pomalu nafukovanym balénkem nebyl
vyrazny — mnohem vétsi byl rozdil ve zménach tepové frekvence, ktera vyrazné
klesala u zvitat s NPE, coz odrazi vétsi téinnost barereflexu u této skupiny.

Netiplné nafouknuti balonku a transekce

Neuplné nafouknuti balénku ani misni transekce nebyly schopny vyvolat

rozvoj neurogenniho plicniho edému.
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Hlubokd anestezie zabrdni rozvoji neurogenniho plicniho edému

Formulovali jsme hypotézu o protektivnim vlivu hluboké anestezie na rozvoj
neurogenniho plicniho edému. Pfi hluboké anestezii jsou vice utlumena
hypothalamickd, kmenové a misni vasoaktivni sympaticka centra, coz zabrani
jejich hyperaktivaci na podkladé nahle vzniklého poranéni centralniho
nervového systému. Diky tomu se neuplatni ani prvotni Sok nervové tkané ani
zvySeni intrakranidlniho tlaku. Neurony vasoaktivnich center pak nespoustéji
rozsahlou hyperaktivaci sympatiku, neboli katecholaminovou boufi, takze
nedochazi ke zvyseni krevniho tlaku, generalizované periferni vasokonstrikci,
zvyseni systémové cévni rezistence, centralizaci obéhu a snizeni poddajnosti
levé komory srdecni. Neuplatni se ani plicni vasokonstrikce, zvySeni plicniho
kapilarniho hydrostatického tlaku, poskozeni alveoldrni stény a uvolnéni
tekutiny do intersticia — tedy nedochézi k rozvoji neurogenniho plicniho

edému.

Mechanismy rozvoje neurogenniho plicniho edemu

V této praci je podan piehled teorii etiopatogeneze neurogenniho plicniho
edému a jsou diskutovany moznosti jeho vzniku na podkladé nové ziskanych
dat. Diskutovana je zejména role intrakranialniho tlaku, centralnich
vasoaktivnich sympatickych center, typh poranéni centralniho nervového
systému, sympatické hyperaktivace, zanétu a anestezie. Kromé toho jsou
shrnuta dostupna epidemiologicka a klinicka data o neurogennim plicnim
edému. Navic je prezentovan prehledny vycet experimentalnich modela
neurogenniho plicntho edému.
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Low Concentration of Isoflurane Promotes the Development
of Neurogenic Pulmonary Edema in Spinal Cord Injured Rats
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ALES HEJCL,2 MARTIN BURIAN,>* PAVLA JENDELOVA,!23 JOSEF ZICHA %6
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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-
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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 1ts 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 1s still
lacking.

Many pathophysiological mechanisms have been im-
plicated in the development of neurogenic pulmonary
edema, but the exact cascade leading to its development
1s 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,
Urdzikova 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 Th11
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-uL 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-

1489



SEDY ET AL.

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 &L 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 I”
(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
III"” (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 Jung) 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, II, III) and histological examination of lung tissue. (A—C) The
absence of subpleural bleeding. The histology (C) corresponds to that of normal Tungs. (D-F) Grade 1 subpleural bieeding 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 1II 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  (Ugo Basil, Comerio, Italy), as described previously
open field locomotor test developed by Basso et al. (Sykova et al., 2005; Urdzikova et al., 2006). Two ob-
(1995). Sensation in the hindlimbs was determined ac-  servers performed the BBB and plantar tests before in-
cording to the latency (in seconds) of hindlimb with-  jury, at 24 h after injury, and then once a week through-
drawal from thermal stimulation using the plantar test 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 dissecled and embedded in paraffin. The whole
segment was serially cut, and series of 20 sections (thick-
ness 5 um) 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
Héjek, 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 -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 (Sykovd et al., 2005, 2006a;
Urdzikovi et al., 2006).

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
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TaBLE 1. IMPAIRMENT OF LUNG FUNCTION AFTER SPINAL CoOrD INJURY IN ANIMALS ANESTHETIZED
wrtH 1.5%, 2%, 2.5%, 3%, 4%, OR 5% ISOFLURANE anND ConTROL GROUPS

Absent Grade 1 Grade 11 Grade 111 Died
Isoflurane N (% of 2N} (% of 2N) (% of 2N) (% of 2N) p-index (% of 2N)
1.5% 12 — — 1 23 092 + 0.18* 5
(4.17%) (95.83%) (41.67%)
2% 12 — 3 7 14 074 = 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 — — — 047 = 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 I-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 examuination 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 vivo 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
amedium 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.

i
-

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 Pulimonary 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 = 2.8]1 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 CORD INJURY
ANESTHETIZED WITH 1.5%, 2%, 2.5%, 3%, 4%, OR 5%
ISOFLURANE AND CONTROL GROUPS

Group Thickness of alveolar wall (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
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 II, and Grade IIT), 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 1T it was 105% greater (p = 0.0007) and in Grade
111, 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
drlling 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 ).
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 (um)
IN THE ABSENCE OR PRESENCE OF SUBPLEURAL
BLEEDING, EVALUATED AS GRADE I-1II 1N
ANIMALS WITH BALLOON CoOMPRESSION LESION

Hemorrhage Thickness of alveolar wall (pm)
Absent 33.24 £ 12.53
Grade 1 59.66 *+ 21.70*
Grade 1T 67.34 = 21.60%
Grade III 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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TaABLE 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 Barroon ComrressioN LESION

3% group 1.5% group 1.5% group—pentolinium
Mean arterial pressure (mm Hg)
Baseline values 78 £ 9 93 + 137 97 + 3t
Skin incision 73 = 8* 85 + 11f 77 + 9*
(—6%) (—9%) (=21%)
Muscle incision 55 = 3% 58 + 3% 66 = 11¥7
(—29%) (—38%) (=32%)
Pentolinium injection — — 55 £ 3%
(—43%)
Balloon inflation, maximum 127 + 20% 155 * 21%F 75 = 10*t
(+63%) (+67%) (—3%)
Balloon inflation, 2 min 97 + 15% 126 + 21%F 67 + gt
(+24%) (+35%) (—31%)
Recovery 60 = 6% 77 £ 18*F 55 * 4%
(—23%) (—17%) (—43%)
Heart rate (bpm)
Baseline values 380 + 27 433 + 397 402 * 26
Skin incision 383 + 24 430 + 317 438 + 23%T
(+1%) (—1%) (+9%)
Muscle incision 355 = 19% 396 = 30*T 425 + 341
(7%) 9%) (6%)
Pentolinium injection — — 313 = 40%
(—22%)
Balloon inflation, maximum 359 + 32 283 = 73* 386 + 48
(—6%) (—35%) (—4%)
Balloon inflation, 2 min 378 £ 16 327 + 487 370 = 47
(—1%) (—25%) (—8%)
Recovery 341 * 30* 357 = 38* 317 * 47*1
(—10%) (—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
1s expressed by the Jatency 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-
mnjury.

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.

27 and 37 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 theores (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 Jendelovd, 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 expert-
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 1I
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 II 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 1I 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; Sykov4 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.
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Abstract

We describe a new model of neurogenic pulmonary edema in spinal cord injured Wistar male rats. The pulmonary edema was elicited by an
gpidural thoracic balloon compression spinal cord lesion, performed under a low concentration of isoflurane (1.5 or 2%) in air. Anesthesia with 1.5%
soflurane 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
itraalveolar neurogenic pulmonary edema with less thickening of the alveolar walls and pulmonary hemorrhage. For evoking severe neurogenic
nulmonary 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.

02007 Elsevier Ireland Ltd. All rights reserved.

Kewwords: Isoflurane; Neurogenic pulmonary edema; Spinal cord injury; Rat; Model

Neurogenic pulmonary edema is an acute, life threatening
wmplication following spinal cord or brain injury. It has
been characterized as marked pulmonary vascular conges-
lion, extravasation of protein-rich edema fluid and intraalveolar
iemorrhage [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,
Videriskd 1083, 142 20 Prague 4, Czech Repubiic. Tel.: +420 24]1062230;
lax: +420 241062782.
E-mail address: sykova@biomed cas.cz (E. Sykova).

0304-3940/% — see front matter © 2007 Elsevier Ireland Ltd. All rights reserved.
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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, 1.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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Weused 51 male Wistar rats (Velaz, Prague, Czech Republic)
sthbody weights between 300 and 330 g. This study was per-
umed in accordance with the European Communities Council
Urective of 24th November 1986 (86/609/EEC) regarding the
tweof animals in research and was approved by the Ethics Com-
sitee of the Institute of Experimental Medicine ASCR, Prague,
Uech Republic. Animals were anesthetized by 1.5 or 2% isoflu-
aie in room air (flow 300 ml/min), and an epidural spinal cord
dlloon compression lesion at the Th10 level, using a 2FF French
agarthy catheter filled with 15wl of distilled water for S min
“h], was performed. To verify the injury procedure, the balloon
usinflated before and immediately after the injury procedure
“Sconfirm inflation of the balloon in the spinal canal. To ver-
Wywhether the pulmonary edema was of neurogenic origin, we
wrformed the same procedure under 1.5 or 2% isoflurane anes-
‘esia without the inflation of the balloon. Controls were healthy
mimals that did not undergo the injury procedure, sacrificed
amediately after the induction of anesthesia.

Animals were sacrificed 10 min after the removal of the
dlheter. The lungs were immediately removed and weighed.
¢ level of pulmonary subpleural bleeding was evaluated
ucroscopically as “Absent”, “Grade 17, “Grade 1I” or “Grade
1", as described previously | 20]. Each lung was evaluated sep-
sitely. To estimate the liquid gain of the lungs, both Jungs
wre weighed and the pulmonary index (lung weight/body
itight x 100) calculated. The pulmonary index has been pre-
nusly considered as a very sensitive indicator of the level
{pulmonary edema {15,16,18.19]. The lungs were immedi-
uly fixed in 4% paraformaldehyde in phosphate buffer (pH
4) for 2 days, embedded in paraffin and stained with hema-
aylin and eosin. Sections (5 pm) were cut, and the thickness
ilhe alveolar walls was measured using Neurolucida software
MieroBrightField, Inc., USA), as described previously [20].

To estimate the time of onset of neurogenic pulmonary
" ldkma, we performed the whole procedure under conditions
mbling visual inspection of the lung surfacc in three animals
fmthe 1.5% group. After the skin incision, the superficial tho-
wic muscles were cut in anatomical layers and shifted aside.
tien, all intercostal muscles and ribs were removed in segments
9 and the translucent pleura thus cleaned. Special care was
iken not to cause a pneumothorax by disruption of the pleura.
ubsequently, a balloon compression lesion was performed as
tieribed above. The time of the beginning of lung darkening
udthe time when hemorrhages became apparent were noted.

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

Values of the group p-index and the diameter of the alveo-
s wall are reported as mean &= S.E.M. Intergroup differences
e analysed using a non-paired Student’s r-test. Statistically
unificant differences are marked by an asterisk (p <0.05).

The spinal cord lesioning procedure was performed in all ani-
uils 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 40's, with a mean duration of 21.56 £ 9.11s. 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 I1I subpleural bleeding was
present. In the remaining lungs, either Grade Il (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+2.82 min (range from 4 to 12 min) after the beginning
of balloon inflation (Tablc 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 1II 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. ). 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
 Jsoflurane N Absent (% of 2N) Grade I (% of 2V) Grade 1I (% of 2N) Grade ITI (% of 2V) p-index Died (% of M)

1.5% 18 - - 1 (3%) 35(97%) 0.85 £ 0.19* 6(33%)

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

% 12 - 3(13%) 7(29%) 14(58%) 0.74 £ 0.11* -

1% 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-111) 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 EM.) m 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%, isofluranc. (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% isofturane. (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% isoffurane. (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% isofluranc. (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.

has not yet been published. Our model differs in the develop-
ment of significantly more severe neurogenic pulmonary edema

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 (pum) in the lungs of animals with SCI ancs-
thetized with 1.5 or 2% isoflurane (with/without inflation of the balloon) and
control groups

Group Diameter of alveolar wall (pm)
1.5% 119.78 + 32.30*

1.3% no SCI 3342 + 11.34

2% 98.30 + 39.24*

2% no SCI 34.12 £ 13.16

Control 3289 &+ 12.50

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

(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



wma is still high (a mean pulmonary index of 0.74). Thus, this
I might be more appropriate for larger studies where the
mortality of animals from the 1.5% group would not be
mal.
‘eurogenic pulmonary edema has been characterized as
wtitial and intraalveolar edema together with intraalveolar
wrthage, developing as a result of severe central nervous
um injury |7]). There are several theories about the patho-
sis of neurogenic pulmonary edema {6.7.15.16]. The most
"Iy explanation 1s a severe systemic sympathetic discharge,
e the “catecholamine storm” [7.24]. This theory proposes
ictivation of the sympathetic centers in the medulla oblon-
. leading to generalized vasoconstriction, an increase in
emic pressure and the augmentation of central blood vol-
.Arapid increase in blood volume in the pulmonary vascular
“leads to an increase in pulmonary capillary pressure and an
dllance in the Starling forces. Finally, the extravasation of
wascular fluid and microruptures of the capillary wall cause
onary edema and intraalveolar bleeding [7,15.16,24]. The
ogenic role of severe sympathetic discharge in the develop-
slof neurogenic pulmonary edema in balloon-induced spinal
‘linjury has been shown in our previous study, in which
ulpressure and heart rate were monitored. The animals with
ml cord injury and anesthetized with 1.5% isoflurane exhib-
Jgreater reactivity to all parts of the spinal cord intervention,
‘ixample, the peak mean arterial pressure after the infla-
«of the balloon was 67% higher than baseline values. In
lion, sympathetic blockade with pentolinium prevented the
wtlopment of neurogenic pulmonary edema in such animals.
previous experiments thus clearly demonstrated that neu-
“nic pulmonary edema does not develop in the absence of
“pathetic vasoconstriction [20].
Une of the major characteristics of neurogenic pulmonary
“nais the rapidity of its development. Leal Filhoetal. [15.16]
“urved the first microscopic signs of edema within 2 min after
“mitiation of spinal cord compression. In extreme cases, the
topment of neurogenic pulmonary edema has been observed
Jin seconds after a neurological injury in casualties from the
dnam War [21]. In our study, we observed that these changes
e morphologically apparent on the lung surface six min-
wafter lesioning. In addition, lung hemorrhages follow edema
‘tlopment in another 2 min. Both results correspond to data
uned from clinical studies [7.24] and indicate the potential
Jmity of neurogenic pulmonary edema—the final edema
are can develop within minutes after central nervous sys-
uinjury and thus it can rapidly change the clinical status of a
unt with an already worsened general health status.
Indate, many models of neurogenic pulmonary edema have
tused in experimental studies. In these models, edema 1s
lced either by central nervous system injury [15.16] or the
ainistration of an exogenic substance into the cerebrospinal
Wl or directly into the nervous tissue [8.9,27]. As extreme
mples, pulmonary edema can be caused by the intravenous
anistration of epinephrine [3,4] or bilateral cervical vago-
u [10]. Although the sympathetic system is almost surely
ulved in the development of neurogenic pulmonary edema
lalthough the administration of an exogenic substance leads
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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
developmentof 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 (S ul -5 ul-5ul)orslowrate 3 -2 pul -2 pl -2 pl -2 pl -2 pl -2 ul)
of balloon inflation. These groups were compared with the NPE model (immediate inflation
to 15 pul) 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 ul 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 the systemic blood pressure
clevation during the longer balloon inflation period. It should be noted that spinal cord

transection at the same level did not cause neurogenic pulmonary edema.

Keywords: neurogenic pulmonary edema, rat, spinal cord injury, blood pressure, heart rate



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 et 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 (L.eah Filho
et 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 ef 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 ef 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 pul was reached by several greater or numerous smaller steps. In
addition, the occurence of neurogenic pulmonary edema was also examined in animals with

lower volumes of balloon inflation as well as with thoracic spinal cord transection.



Materials and methods

Animals

We used 65 male Wistar rats (Velaz, Prague, Czech Republic) with body weight
between 300-330g. 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 er 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 e al. 1997; Urdzikova 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 ef al. 2001) or complete Th8 transection was performed. The
animal was left to recover for 10 min. and then was sacrificed. The Jungs were immediatelly
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 et 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 Th11 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 (5 pl - 5 pl - 5 ul) or a slow rate of inflation (3 ul -2 pwl-2 pl -2 ul -2 pl
-2 pl -2 pl) or in the standard NPE model immediatelly 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 min. during rapid inflation and 3
min. during slow inflation. As an additional experiment, we also inflated the balloon
immediatelly to either 5 pl or 10 pl. After inflation to the final volume, the balloon was left in
place for 5 minutes 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 distilied water under 1.5% isoflurane anesthesia reliably and
reproducibly produces severe neurogenic pulmonary edema (Sedy et al. 2007a, b); we
therefore used this model for comparison with the other groups in this experiment. The
inflation of a balloon to 15 pl 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 et al. 1995) of 9-11 at 7 weeks post-injury (Vanicky ef 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.



To induce a spinal cord injury we used the model of an epidural balloon compression
lesion (Vanicky et al. 2001), as described previously (Sedy et 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 Thl1 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-pl 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 (5 pl - 5 pl - 5 pl) or a slow rate of inflation (3 wl -2 pl -2 pl -2 pl -2 pl
-2 ul - 2 pl) or in the standard NPE model immediatelly to 15 pl. In all cases, the final
volume of the balloon was 15 ul. The time window between each step of the inflation was 30
s. Thus, the entire balloon inflation procedure lasted one min. during rapid inflation and 3
min. during slow inflation. As an additional experiment, we also inflated the balloon
immediatelly to either 5 pl or 10 pl. After inflation to the final volume, the balloon was left in
place for 5 minutes 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. 2007a, b); 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 et al. 1995) of 9-11 at 7 weeks post-injury (Vanicky et 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 vivo 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 Tho-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.

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 11” (medium-sized bleeding areas, occupying 11-50% of the lung
surface) and ““Grade 111" (massive bleeding areas, occupying more than 50% of the lung
surface), as described previously (Sedy et 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 to the degree of pulmonary edema
(Leal Filho et al. 2005a, b, Mesquita ef al. 2002, Minnear and Connel 1982, Sedy et al.

2007a). The lungs were immediately fixed in 4% paraformaldehyde in phosphate buffer (pH



7.4) for 2 days, embedded in paraffin, cut in 5 pm sections and stained with hematoxylin and
eosin. The thickness of the alveolar walls was measured using Neurolucida software
(MicroBrightField, Inc., USA). From each lung, three sections (from the inferior, middle and
superior parts of the lung) were taken, and all alveolar wall thicknesses in one representative
field from each section were 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 animals in the study
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 procedure, throughout the entire procedure and for 10
min after the procedure. 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 values obtained were: (1) the baseline value, i.e. the value before the inflation of
the balloon, (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 values, mean arterial pressure values and heart rate values are

reported as mean + 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 pl 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 et al. 2006). In addition, a blood pressure increase acompanied the balloon
inflation in all cases (Sedy ef al. 2007a).

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. 2) 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 gradually inflated slowly B ul -2 pl -2 pl -2 pl -2 pl -2 pl -2
ul), 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. 1). 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
cases, the rapid inflation (5 ul - 5 ul - 5 pl ) of the balloon caused a severe neurogenic
pulmonary edema, comparable to that seen in the standard neurogenic pulmonary edema
model. Although the occurence of Grade III subpleural bleeding was not so frequent as in our
neurogenic pulmonary edema model, 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 controls (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 the leakage of intravascular fluid into the alveoli —
a typical picture of neurogenic pulmonary edema (Fig. 1). Moreover, the mean thickness of
the alveolar walls in the rapidly inflated group was significantly higher when compared to

controls (Table 2).

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. 2). No significant
differences in mean arterial pressure values during and after the inflation of the balloon to the
final volume to 15 pl 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 (Table 3). Moreover, the heart rate
changes after the maximum balloon inflation to 15 ul were more prominent in the rapidly than
in the slowly inflated groups (Table 3). 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

['he inflation of the balloon to 10 ul 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 ul or 10 pl did not cause neurogenic pulmonary
edema. No animal from 5 pl or 10 pl group presented with subpleural bleeding (Table 1).
Moreover, the mean pulmonary index and alveolar wall thicknesses of these animals were

comparable to controls (Table 1 and 2).

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. 1, 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. 2).
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Discussion

We have shown that a slow rate of balloon inflation in the thoracic epidural space
prevented the development of neurogenic pulmonary edema. as well as indicated by the
absence of significant subpleural bleeding as well as an increase in the pulmonary index and
mean alveolar wall thickness. Similarly, incomplete (5 or 10 ul) balloon inflation or spinal
transection at the same level did not cause neurogenic pulmonary edema. The differences in
NPE development were accompanied by significant changes in heart rate; rats with NPE had a
considerably decreased heart rate after the inflation of the balloon to the final 15 pul volume
compared to rats without edema, in which heart rates were comparable to baseline values
(Table 3).

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 et al.
2005a, b). When a ganglionic blockade is performed by pentolinium, administered before
spinal cord lesioning, 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 neurons. Their activation subsequently causes a sympathetic 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
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whereas the release of these substances is so rapid in the NPE model 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
»~heurogenic pulmonary edema trigger zones* in the bottom of the fourth ventricle (Baumann
et al. 2007, Leal Filho et al. 2005a, b, gedy etal 2008, éedy et al. in press). During the slow
inflation of the balloon in the epidural space, the intracranial space has a longer time to

"adapt” to these changes. Moreover, after each of the subsequent balloon inflation steps, the

cerebrospinal {luid might .,leak™ around the incompletely obturated 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 obturated by the balloon during the inflation, when the balloon is inflated
to 15 ul (Urdzikové et al. 2006, Sykova et al. 2005, Sykové 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 ballon is also very important in 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 ul 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 ul caused almost no neurological deficit next day and it recovered

to normal values of BBB next week after the surgery in all cases (Sedy, Jendelova, Sykova,
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unpublished observation). On the other hand, during the experiments published in our first
paper concerning the role of isoflurane anesthesia on NPE development (Sedy et al. 2007a),
we also inflated the balloon to 20 ul in both groups, anesthetized either with 1.5% isoflurane
or 3% isoflurane, and the results were comparable to these obtained in animals in which a
final volume of the balloon was set to 15 ul (Sedy, Urdzikova, Jendelové, Sykova,
unpublished observation). This indicates that in 1.5% isoflurane group (with NPE) the
neurogenic pulmonary edema can not be further augmented, even when we inflate the balloon
to 20 ul.

Rapid balloon inflation is associated with major sympathetic activation leading to
blood redistribution from splanchnic vessels to the pulmonary vascular bed and with a
pronounced rise of systemic blood pressure, causing a heart rate decrease due to baroreflex
activation (Sedy ef al. 2007a, ¢). In our experiments, the systemic blood pressure increase in
rats with a slowly inflated balloon (without NPE) probably did not cause pronounced
baroreflex activation. Conversely, in rats with a rapidly inflated balloon (causing NPE), the
threshold was exceeded and the baroreflex turned on, so that the reduction in the heart rate
could limit the capacity of the heart to pump blood from the pulmonary to the systemic

circulation.

Conlusions

A slow rate of balloon inflation in the thoracic epidural space prevents the
development of neurogenic pulmonary edema, most likely due to the adaptation of the
organism to enhanced sympathetic tone and consequent cardiovascular reactions (blood
volume redistribution, blood pressure increase, baroreflex activation) during the longer
balloon inflation period. Spinal cord transection at the same level does not cause neurogenic

pulmonary edema.
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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 or a

spinal transection.

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

The absence or prcs&me of subpleulral 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 animals without spinal cord injury,
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sacrificed immediately after the onset of anesthesia. N - number of rats, 2N — number of

lungs.

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.

Group Thickness of alveolar wall (um)
NPE model 9418 +£437*
(+161%)
5-5-5 62.61 £4.17 %
(+71%)
3-2-2-2-2-2-2 38.62+2.12
(+5%)
Immediate 5 37.32+2.94
(+2%)
Immediate 10 3599 +1.95
(-2%)
Transection 39.63 +£3.02
(+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.
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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.
Mean arterial pressure (mm Hg)
NPE model Rapid Slow
15 5-5-5 3-2-2-2-2-2-2
Baseline values 85+£6 97+ 4 97 +2

3ul - - 108 £ 4*
(+11%)
Spul - 113 + 6% 130 + 6*
(+16%) (+34%)
7 pl - - 141 £ 6%
(+45%)
9 ul - - 143+ 5*
(+47%)

10 pl - 153 £ 6* -

(+58%)
11 pl - - 147 £ 5%
(+52%)
13 pl - - 148 £ 4*
(+53%)
15 pl 154 = 7* 155+ 3% 150 + 4*
(+81%) (+60%) (+55%)
15 pl — turning point 144 + 6* ] 138 +3* 133 + 3%
I
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(+69%) (+42%) (+37%)
Turning point - 86+ 5 90+ 4 97 +3
deflation (+1%) (-7%) (£0%)

I

Statistically significant (paired Student’s t-test, p < 0.05) dif‘ferences from baseline values are

marked with an asterisk. Relative changes as a percentage of baseline values are shown in

parentheses.
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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 model 5-5-5 3-2-2-2-2-2-2
Baseline values 385+ 9 380+ 14 4105
3pul - - 38411
(-6%)
S5ul - 364 £ 16* 383 £ 7%
(-4%) (-7%)
7 ul - - 394+ 6
(-4%)
9 ul - - 394+ 8
(-4%)
10 ul - 322 + 30* -
(-15%)
11 pl - - 394+ 8
(-4%)
13 pl - - 391 8
(-3%)
15 ul 253 +30% 222+ 23*% 389+ 11°
(-34%) (-42%) (-5%)
15 pl — turning point 313+£21* | 282 £ ]16* 371 = 10%°
(-19%) (-26%) (-10%)
Turning point - 361 =11 336 £ 15* 3878
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deflation

(-6%)

(-12%)

(-6%)

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.
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Figure legends

Fig. 1 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.

Fig. 2 The time course of blood pressure before, during and after the balloon inflation in the
spinal channel to a final colume 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).
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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

- . - . pulmonary edema in patients with multiple sclero-
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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-
tease 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 [3] 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 medutla 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 put-
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
putmonary 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. Qur 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 corneat, 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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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,
2005b). Although several pathophysiological mechanisms have been proposed, the exact
cascade leading to the development of neurogenic pulmonary edema remains unclear (Leal
Filho et al., 2005a, 2005b). 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 pulmonary edema

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% (Fontes et al., 2003; Dragosavac et al., 1997;

Antoniuk et al., 2001). 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 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 et 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 1L-6 are increased,
unfortunately none of these can be used as a marker specific for neurogenic pulmonary edema
(Baumann et 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 et 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 (Fontes et al., 2003; Dragosavac et al., 1997; Ochiai et al., 2001; Seric et
al., 2004; Baumann et al., 2007; Simmons et al., 1969; Macleod et al., 2002). 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 system
vasomotor centres, which leads to the destabilization of the pulmonary autonomic nervous
system (Fontes et al., 2003; Baumann et al., 2007). The overstimulation of the vasomotor
centres might be an 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 (L.eal Filho et al., 2005a, 2005b, gedy et al., 2007a, 2007d). 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., 2007¢).

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 et al., 2007), and their
arrangement corresponds to the organotopy hypothesis (for review see Guyenet, 2006). The
most important vasomotor centres for neurogenic pulmonary edema development are thought
to be the A1 and A5 groups of neurons, nuclei of the solitary tract, the area postrema, the
medial reticulated nucleus and the dorsal motor vagus nucleus in the medulla oblongata.
Some hypothalamic centres (paraventricular and dorsomedial nuclei) also seem to be of some
importance. It can be assumed that C1 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 édema,
whereas the majority of casualties with brain injury alone developed edema (Simmons et 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 et 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 (Baumann et
al., 2007; Hamdy et al., 2000; Poulat et al., 1998). For example, neuropeptide Y has been
tound 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 et 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

etal.,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 et 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 et 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 ct 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 et al., 2007a, 2007d). This suggestion is supported by our recent findings that other
types of thoracic spinal cord lesions such as transection, hemisection or contusion do not lead

to the development of neurogenic pulmonary edema (Sedy et 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 (Baumann et al., 2007,
Guyenet, 2006; Simmons et al., 1969; Seric et al., 2004). In our experiments with spinal cord-
injured rats, the full picture of neurogenic pulmonary edema developed within 5-12 minutes
from the onset of our intervention on the spinal cord (Sedy et al., 2007a,b,d). 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 et 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 et

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” (Fontes et al., 2003; Taoka and Okajima, 1998; 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 (with which severe neurogenic edema develops) instead of 3% isoflurane (with
which 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 et al., 2007a, 2007d). Leal Filho et al.
(2005a, 2005b) 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 et al., 2005a, 2005b), 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/kg,
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, 2007d).

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 (Sykova et al., 2005b; Sykova et al., 2006),
neurosurgical manipulations such as the implantation of hydrogel scaffolds (Lesny et al.,
2002), the preparation of animal models of epilepsia (Bender et 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 et al., 2005a, 2005b). 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 et al., 2007a) or the intrathecal injection of
lidocaine (Hall et al.. 2002), which are used 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

10



positively influence neurogenic pulmonary edema development might also significantly

worsen the clinical status of the patient.

Experimental models of neurogenic pulmonary edema

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 et al., 2005a, 2005b; 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 et al., 1988). In dogs,
the injection of verathrin (Lane et 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 intravenous
administration of epinephrine, which stimulates vasoconstriction (Dai et al., 1993a, 1993b), or
bilateral cervical vagotomy, which inhibits vasodilatation (lazzetti et 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.

11



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 vascular congestion with perivascular edema,
extravasation and the intra-alveolar accumulation of 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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5.6. Pfehled dosazenych vysledki

1. Balonkova kompresni léze je vhodny model traumatického misniho poranéni
u laboratorniho potkana, pouZitelny i pro studium vlivu anestezie na rozvoj

neurogenniho plicniho edému.

2. Nizké koncentrace isofluranu (1,5 % a 2 %) maji zasadni vyznam pro rozvoj
neurogenniho plicniho edému u zvirat s poSkozenim michy. Neurogenni plicni

edém se rozviji u 100% téchto zviftat.

3. Zvirata narkotizovana 1,5% isofluranem maji pfi vytvareni miSniho poranéni
vice nez 33% pravdépodobnost iumrti na nasledky neurogenniho plicniho

edému.

4. Bezpecna koncentrace isofluranu pro provadéni traumatického poskozeni
michy je 2,5 - 3 % isofluranu ve vzduchu pfi proudéni 300 ml smési/min.
Koncentrace isofluranu 4% a vice zptisobi predavkovani pokusného zvirete a
neni proto vhodna k pokusu.

5. Zvifata narkotizovana nizsimi koncentracemi isofluranu vykazuji niz&i prah
reaktivity na vSechny casti chirurgického zadkroku ve smyslu zmén krevniho
tlaku a tepové frekvence. Neurogenni plicni edém u zvifat narkotizovanych
niz8imi koncentracemi isofluranu se rozviji diky nedostate¢né inhibici

sympatiku.

6. Neurogenni plicni edém snizuje stupen navratu motorickych i sensitivnich
neurologickych funkci. Zatimco se tato skute¢nost dobre odrazi

v behavioralnich testech, neni pozorovatelna morfologicky.
7. Ziskana pokusna data je mozneé vyuzit pro pfipravu modelu tézkého
neurogenniho plicniho edému u potkantt s poskozenim michy. Z tohoto

hlediska se nejlépe jevi vyuZiti anestezie 2% isofluranem.

8. Postupné a rovnéZz neuplné vytvareni balénkoveé léze dokaze zabranit rozvoji

neurogenniho plicniho edému.
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9. Neurogenni plicni edém nevznika na podkladé misni transekce nebo

balonkové kompresni léze s mensim objemem balonku.

10. Nizky stuperni inhibice sympatiku v diisledku nizké anestezie

pravdépodobné potencuje rozvoj neurogenniho plicniho edému.
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6. Diskuse

V této praci jsme prokazali, Ze nizka koncentraci isofluranu potencuje rozvoj
neurogenniho plicniho edému u potkanti s poskozenou michou. Rovnéz jsme
nalezli bezpecnou koncentraci isofluranu, pti které k rozvoji neurogenniho
plicnitho edému nedochazi. Neurogenni plicni edém vznika na zakladé
excesivni reakce sympatiku. Rozvinuty neurogenni plicni edém ovliviiuje
navrat neurologickych funkci po poskozeni michy, proto je nutné se jej pii
experimentalnich studiich na potkanech vyvarovat, nebot mtize zkreslovat
vysledky tim, Ze mtiZe nepredvidatelné ovliviiovat regeneraci poskozenych
oblasti. Ziskanych poznatkt Ize také vyuzit pfi pfipravé modelu tézkého

neurogenniho plicniho edému.

6.1. Centrum vzniku neurogenniho plicniho edému

Jak vyplyva z definice i nazvu, vznika neurogenni plicni edém v navaznosti na
poskozeni tkané centralniho nervového systému (Leal Filho et al., 2005a, 2005b;
Kandatsu et al., 2005). Patofyziologicky mechanismus vzniku neurogenniho
plicniho edému vSak stale neni uspokojivé analyzovan. Bylo prokazano, ze
neurogenni plicni edém vznika pfi téZkych poSkozenich nejriiznéjsich casti
mozku i michy (Kandatsu et al., 2005; Leal Filho et al., 2005a, 2005b; Macmillan
et al., 2002; Ochiai et al., 2001). Neni tedy a priori splnéna podminka, ze
poskozeni urcitého centra zplisobi rozvoj neurogenniho plicniho edému. To
vSak neznamena, Ze vznik neurogenniho plicniho edému neni vazan na zmény
vyplyvajici z poskozeni urcitého centra, jednak diky ptisobeni zvySeného
intrakranidlniho tlaku, jednak diky vyplaveni neurohumoralnich ptsobkt

z poskozené tkané centralniho nervstva. Experimentalni i klinické prace
ukazuji, Ze vznik neurogenniho plicniho edému vychazi z vasomotorickych
center ventrolaterdIni ¢asti prodlouzené michy — adrenergni area Al a A5,
nucleus tractus solitarii, nucleus dorsalis nervi vagi a area postrema a ventralni
meduldrni raphe (Walder et al., 2002; Hirabayashi et al., 1996; Macmillan et al.,
2002; Ochiai et al., 2001; Carruth et al., 1992; Keegan a Lanier, 1999; Geiger et al.,
1998; Brown et al., 1986). Bilateralni 1éze téchto jader zptisobuje extensivni
sympatickou reakci, aktivaci plicnich C vlaken, systémovou hypertenzi a vznik
plicniho.edému (Carruth et al., 1992; Walder et al., 2002). Experimentalni model

pliecniho edému u potkanti je indukovéan vpravenim fibrinu
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(fibrinogen-+trombin) do cisterna magna (Ishikawa et al., 1988), model plicniho

edému u psti je indukovan vpravenim veratrinu (smés alkaloidti z rostlin celedi
lilkovitych; nazev ziskal podle kychavice bilé — Veratrum album) opét do cisterna
magna (Lane et al., 1998; Maron, 1985), tedy v obou pfipadech do bezprostfedni

blizkosti spodiny ¢tvrté mozkoveé komory a vyse uvedenych jader.

Pokud jsou tato jadra skute¢né vyznamna pro vznik neurogenniho plicniho
edému, podporuje to teorii o nadmérné aktivaci sympatiku jako pficiné
neurogenniho plicniho edému, popsané v tvodu (kap. 1.7.). Preventivni
plsobeni alfa-adrenergnich blokatorti (fentolamin) proti vzniku neurogenniho
plicniho edému tuto teorii jen potvrzuje (Nathan and Reis, 1975). Tato teorie by
pak vysvétlovala i rozvoj neurogenniho plicniho edému u zvifat s nizkou
koncentraci anestetika, u kterych, jak se domnivame, ptisobi operaé¢ni zakrok

mnohem vétsi stres, nez u zvirat v hluboké anestezii.

6.2. Role intrakranialniho a systémového tlaku

Epidemiologicka data ukazuji, ze neurogenni plicni edém vznika zejména pii
rozsahlejsich poskozenich centralniho nervového systému, s vyraznym podilem
pfipadt se zvySenym intrakranidlnim tlakem (Weir, 1978; Graf a Rossi, 1975;
Fontes et al., 2003; Vins, 2003; Stocker a Burgi, 1998; Brito et al., 1995;
Dragosavac et al., 1997; Antoniuk et al., 2001; Urban et al., 2001). V experimentu
bylo prokazano, ze pfi nahlém zvyS$eni intrakranialniho tlaku dojde ke zvysent
systémového tlaku a mirmému zpomaleni srdecni frekvence béhem 1 minuty
(Leal Filho et al., 2005a). Pfi injekci pIné krve nebo roztoku albuminu do
cisterna magna umira 50 % pokusnych zvirat na komplikace spojené se
vznikem neurogenniho plicniho edému, které jsou obdobné tmrtim 33% zvirat
v nasi skupiné narkotizované 1,5% isofluranem. Pfitom mnozstvi vpravené
tekutiny je mnohem dtilezitéjst nez jeji slozeni (Walder et al., 2002). Toto zjisténi
mtize mit paralelu s nasimi vysledky u potkant, kde jsme balének v misnim
kanale nafukovali postupné a kde neurogenni plicni edém nevznika. Jini autofi
prokazali, ze pfi provedeni bilateralni adrenalektomie pfed zakrokem na mise
ke zvySeni systémového tlaku ani zménam srdecni frekvence nedojde a plicni
edém nevznika (Nathan a Reis, 1975). Naopak, oboustranna vagotomie nema
zadny protektivni efekt pfi vzniku neurogenniho plicnitho edému, rozsah

edému navic jesté zhorsuje (Bosso et al., 1990). ZvySeny intrakranialni tlak
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prokazatelné poskozuje centra v prodlouzené mise, kterd jsou podeziivana ze
spusténi sympatické boure (Walder et al., 2002). Klinické studie ukazuji, ze
subarachnoidealni krvaceni z ruptury aneurysmatu v povodi arteria vertebralis
indukuje vznik neurogenniho plicniho edému ¢astéji, neZ ruptura aneurysmatu
v jiné lokalizaci (Ochiai et al., 2001). Nami pouzity model balénkové kompresni
léze zapada do tohoto konceptu, traumatické poskozeni michy je zptisobeno
nahlym nafouknutim balénku v tésném prostoru misniho kanalu a jeho udrZeni
po dobu 5 minut. Po celou tuto dobu je nepochybné intrakranialni tlak nad
mistem uloZeni balonku vyznamné zvysen, nebot v pfislusném misté nebyla
provedena laminektomie a patef zde proto neni destabilizovana (Vanicky et al.,
2001; Urdzikové, 2006). Naopak postupné nafukovani balénku umoznuje
adaptaci systému na zvySovani intrakranialniho tlaku. Etiopatogenetickou roli
intrakraniainiho tlaku rovnéz podporuje nase zjisténi, Ze transekce hrudni
michy k rozvoji neurogenniho edému nevede. Tyto pokusy mohou vysvétlit,
pro¢ se v klinické praxi, béhem neurochirurgického vykonu, neurogenni plicni
edém prakticky nevyskytuje, i kdyz se zde pouziva jako anestetikum isofluran.
Béhem operace totiZ nikdy neni tak vyrazné zvySeni intrakranialniho tlaku jako
pii trazu nebo v experimentu pfi pouZziti balonkové kompresni léze.
Predkladaneé tivahy dale podporuje zjisténi, Ze vzniku neurogenniho plicniho
edému je mozné zabranit hypovolémii (Minnear a Connel, 1982).

6.3. Role pulmonalniho kapilarniho hydrostatického tlaku

Je nepochybné, Ze zmény kapilarniho hydrostatického tlaku v plicnich
kapildrach se zasadnim zptisobem uplatiiuji pfi vzniku neurogenniho plicniho
edému. V disledku zvySené sympatické aktivity se zvySuje systémovy tlak, coz
zpusobi centralizaci obéhu a tim i k zvySené mnozZstvi krve v plicnim fecisti. Na
tak nahle zvysené naroky ziejmé nemuiize leva srde¢ni komora dostate¢né
rychle zareagovat tak, aby precerpala potfebné mnozstvi krve do velkého
obéhu . Tak nastdva méstnani krve v plicich. V nasich pokusech (publikace 3)
dochazi ke vzniku NPE zejména tam, kde po nafouknuti baléonku v paternim
kanale nastava vyrazny pokles srdecni frekvence. Tato situace nastava zejména
v povrchové anestezii, kdy je zachovan baroreflex, snizujici srdecni frekvenci
pfi ndhlém vzestupu krevniho tlaku. Toto tvrzeni podporuje i paralelni zjisténi
nizsitho krevniho pratoku v aorté u experimentalnich zvifat s NPE (Theodore a
Robin, 1976; Wasowska-Krolikowska et al., 2000). Nahle enormné nartista
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kapilarni hydrostaticky tlak. Vznikla nerovnovaha Starlingovych sil, ptisobicich
na sténu kapilar, vede k exsudaci tekutiny a pii pfekroceni urc¢itych hodnot i

k poskozeni az popraskani stén kapilar a vzniku krvaceni, které je castym
doprovodnym znakem neurogenniho plicniho edému a mtze byt pri¢inou
umrti (Chang et al., 2005; Leal Filho et al., 2005a, 2005b). V nasich
experimentech zptisobilo toto krvaceni tumrti vice nez 33% zvirat s nizkou (1,5
%) anestezii isofluranem ve velmi kratké dobé. Hlavnim nebezpecim
neurogenniho plicniho edému je tedy zejména jeho nahly a velmi razantni
rozvoj, ktery miize behem minut ukoncit zivot pacienta. Vznik neurogenniho
plicniho edému mtZe byt navic potencovan plicni kapilarni vasokonstrikci
(Fontes et al., 2003) nebo zménami ve sténach plicnich cév v diisledku
systémové choroby, jak bylo popsano v pfipadé systémoveého lupus
erythematodes (Chang et al., 2005; Liu et al., 1998; Schwab et al., 1993).
Neurogenni plicni edém byva u této systémové choroby navic doprovazen
akufnim masivnim plicnim krvacenim, které mtize byt pficinou umrti pacienta
(Chang et al., 2005; Liu et al., 1998; Schwab et al., 1993).

6.4. Role permeability kapilar a anestezie

Jak bylo feceno v tivodu, isofluran indukuje reversibilni sniZeni clearance
alveolarni epitelidlnf tekutiny a sniZuje tak prah pro vznik plicniho edému
(Rezaiguia-Delclaux et al., 1998; Laffon et al., 2002; Wiener-Kronisch a Gropper,
1998). Bylo prokazano, Ze isofluran inhibuje mitochondridlni oxidaci, coz
snizuje produkci ATP v pneumocytech II. typu a stimuluje tak produkci laktatu
v téchto bunkéch. Navic snizuje syntézu fosfatidylcholinu a indukuje apoptozu
pneumocytt II. typu, coz zasadnim zplisobem poskozuje tvorbu surfaktantu
(Mollieux et al., 1999). U intravenoznich anestetik typu pentobarbitalu nebo
kombinace ketaminu-xylazinu tento nezadouci efekt zjistén nebyl (Mollieux et
al., 1999). Pouziti isofluranu tedy primarné vytvari podminky pro vznik
neurogenniho plicniho edému. Navic, nizké koncentrace isofluranu zfejmé
zvysuji stres pokusného zvifete a vznik neurogenniho plicniho edému je dale
potencovan. V nasich mérenich reagovala zvirata narkotizovana 1,5%
isofluranem mnohem vyraznéji nejen na poraneni michy, ale prakticky ve vsech
casovych tisecich predchazejicich vytvoreni misni 1éze.

Pfi pouziti fady jinych anestetik, jako je napf. lidokain, ketamin, xylazin,
pentobarbital, halothan a sevofluran byl béhem vytvafeni misni léze



v experimentu rovnéz pozorovan rozvoj neurogenniho plicniho edému,
doprovazeného krvéacenim (Laffon et al., 2002; Leal Filho et al., 2005a, 2005b;
Pandey et al., 2000; Kandatsu et al., 2005; Molliex et al., 1998). ZvySeni tlaku

v nizkotlakém plicnim fecisti navic plisobi barotrauma endotelu plicnich
kapilar a poruchy kapilarni permeability jsou tak dale stupniovany. Vysledkem
je exsudace tekutiny az protrZeni kapilarni stény a krvaceni, které jsme
pozorovali i my. Podle nas je vznik neurogenniho plicniho edému v nasich
experimentech zptisoben primarnim lehkym poskozenim plic vlivem
isofluranu, v kombinaci se sniZenou anestezii u 1,5% a 2% skupin, ktera dovoli
rozvoj sympatické boure a vznik edému. Pokud je experimentalné do plic
vpraven neuropeptid Y, tedy latka znama tim, Ze je spolecné s noradrenalinem
vyluéovana sympatickymi nervy, ktera zvysuje stupen plicni vasodilatace a
plicni vaskularni permeabilitu (Widdicombe, 1991), reaguje organismus
pokusného zvifete zvySenim plicni vaskularni permeability a vznikem
neurogenniho plicniho edému. Neuropeptid Y pfitom ptsobi pfimo na
endotelové burniky (Hirabayashi et al., 1996).

6.5. Morfologické posouzeni plicniho edému

Rutinni hematoxylin-eosinové vySetfeni je povazovano za zlaty standard a
velmi levny zptisob detekce plicniho edému. Klasicka histologicka technika
velmi dobre odrazi morfologii alveolarni stény, tvaru a velikosti pneumocytti a
krevnich elementti a morfologie cévnich stén. Rutinni histologické zpracovani
v nasi studii skutecné velmi dobte odrazelo tézké morfologické poskozeni u
zvitat narkotizovanych 1,5% a 2% isofluranem, véetné vyznamného zesileni
alveolarnich stén. Zistava vsak pravdou, Ze proces dehydratace a rehydratace
v prubéhu zpracovani miize zkreslit vysledné mnozstvi tekutiny v plicnich
alveolech (Leal Filho et al., 2005a, 2005b). Pro stanoveni mnozstvi tekutiny jsme
proto zvolili techniku stanoveni plicniho indexu, neboli relativni vahy plic,
ktery je pfes svou jednoduchost mimoradné citlivym ukazatelem (Leal Filho et
al., 2005a, 2005b. Pro nase experimenty bylo proto stanoveni plicniho indexu
vice nez vyhodné, nebot jsme neobdrzeli Zadné hrani¢ni vysledky. Technika
stanoveni plicniho indexu navic nijak neposkozuje plicni tkan a umoznuje
nasledné histologické zpracovani tkané. Jednou z dalSich moznosti by bylo
napiiklad srovnani mokré a suché vahy plic.
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6.6. Rychlost vzniku neurogenniho plicniho edému

Jednou z hlavnich charakteristik neurogenniho plicniho edému je vysoka
rychlost, s jakou se vyvine. Leal Filho et al. (2005a, 2005b) pozorovali prvni
mikroskopické znamky neurogenniho plicniho edému jiz 2 minuty po
provedeni kompresni misni léze. Z doby Vietnamskeé valky pochazi pfipad, kdy
neurogenni plicni edém vznikl kratce po poranéni (Simmons et al., 1969). V nasi
studii jsme pozorovali, Ze tyto zmény zacinaji byt na povrchu plic patrné jiz 6
minut po lézi. Navic, plicni hemorrhagie, projevujici se jako subpleuralni
sufuze, zacnou byt morfologicky patrné za dalsi 2 minuty. Oba vysledky
odpovidaji klinickym studiim (Fontes et al., 2003; Urdaneta and Layon, 2003) a
ukazuji na jednu z hlavnich hrozeb neurogenniho plicniho edému — maze se
vytvorit kratce po poranéni centralniho nervového systému, koneény obraz
edému plic se rozvine béhem minut a maze takto rychle zhorsit jiz tak nedobré

postaveni pacienta v tézkém zdravotnim stavu.

6.7. Neurogenni plicni edém jako pricina smrti

V nasich experimentech zemfrela vice nez tfetina zvifat z 1,5% isofluranové
skupiny na komplikace neurogenniho plicniho edému. V podstaté se jednalo o
nahlé uduseni v diisledku masivniho plicniho edému, spojeného

s intraalveolarnimi hemorrhagiemi. Klinické prace popisuji podobny stav, které
oznacuji terminem nahle vznikly ,, smrtelny chropot”, provazeny dusnosti,
hemoptyzou a pacientovym strachem o vlastni zivot (Macleod, 2002; Keegan a
Lanier, 1999). Hlavnim nebezpecim neurogenniho plicniho edému je tedy
zejména nahly vznik a rychlé progrese (Macleod, 2002; Keegan a Lanier, 1999),
coz dokumentoval i nas experiment, kdy jsme pozorovali plicni tkan pies
translucentni pleura parietalis béhem vytvareni misni léze, kdy se krvaceni

objevilo velmi zahy po poranéni michy a navic rychle progredovalo.

6.8. Navrat neurologickych funkci u zvifat s neurogennim plicnim

edémem
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Prokazali jsme, Ze pfi rozvinutém neurogennim plicnim edému dochazi ke
zpomaleni navratu neurologickych funkci ve druhém a tfetim tydnu po
poranéni Toto posSkozeni muize souviset s roli glutamatu pri vzniku
neurogenniho plicniho edému. Kondo et al. (2004) prokazali, ze pfi lokalni
injekci excitotoxického glutamatu do ¢tvrté mozkové komory se rozviji
neurogenni plicni edém. Naopak, pfi inhibici NMDA a AMPA glutamatovych
receptorti je vznik neurogenniho plicniho edému potlacen (Kondo et al., 2004).
Glutamat, uvolnény z prodlouzené michy pfi vzniku neurogenniho plicniho
edému muze tedy plisobit na zvyseni rozsahu sekudarntho misniho poskozeni.
Horsi navrat neurologickych funkci mtize rovnéz souviset s horsim celkovym
stavem zvirat s neurogennim plicnim edémem. V diivéjsich pracech bylo
ukazano, Ze pacienti s neurogennim plicnim edémem méli mnohem horsi
prognozu ve srovnani s pacienty, ktefi edém neméli, ackoli edém odeznél
béhem nékolika dni, a to bud spontanné nebo s pouzitim rtznych
terapeutickych strategii (Fontes et al., 2003; Macleod, 2002). Z klinickych studii
misniho poranéni je zfejmé, Ze nejkritictéjsi je pravé nékolik prvnich hodin po
urazu (Bracken et al., 1992; Sykova et al., 2006b). Pokud je inicidlni stav
komplikovan neurogennim plicnim edémem, muize se zpomalit regenerace
nervovych drah, coZ se v naSem experimentu projevilo signifikatnim zhorsenim

BBB a plantar testu pravé v druhém a tfetim tydnu po poranéni.

6.9. Model neurogenniho plicniho edému

V nasi studii jsme vytvorili novy model tézkého neurogenniho plicniho edému,
ktery vzniké na zakladé poranéni michy. Ackoli jiz bylo nékolik model
popsano (Ishikawa et al., 1988; Lane et al., 1998; Maron, 1985; Leal Filho et al.,
2005a), model tézkého plicniho edému, kde hodnota plicniho indexu presahuje
0,7 a kde zéroveri edém vznika na zakladé misniho poranéni, nebyl dosud
publikovan. Hlavni vyhodou tohoto modelu je fakt, Ze plicni edém vznika
pfimo na zakladé poranéni tkané centralniho nervstva, nikoli na zakladé
vpraveni cizorodé toxické substance do organismu, coz samo o sobé mtize mit

vedlejsi tcinky.
Pfi pouziti 1,5% isofluranu je vytvoren model velmi tézkého neurogenniho

plicniho edému, jak dokumentuje prumérny plicni index 0,85. Skutecnost, ze

uplny obraz plicnitho edému se vyvine do 8 minut po misnim poranéni ukazuje
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na jeho podobnost s klinickou situaci, kde se jedna rovnéz o rychle se rozvijejict
a zivot ohrozujici zdlezitost (Fontes et al., 2003). Nevyhodou tohoto modelu je
viak vice nez tfetinova umrtnost pokusnych zvitat. Na druhé stran€, jednim

z cilti studie mliZe byt terapeutické ovlivnéni zdravotniho stavu zvitat ve

smyslu sniZeni mortality.

Pii pfipravé modelu neurogenniho plicniho edému pouzitim 2% isofluranu ve
vzduchu neumira Zadné zvife a neurogenni plicni edém je stale tézkého stupné,
jak doklada pramérny plicni index 0,74. Tento model bude zfejmé mnohem
lepsi pro rozsahlejsi studie, kde by vysoka mortalita pokusnych zvirat pfi

pouziti 1,5% isofluranu nebyla optimalni.

Do dnesniho dne byla v experimentu pouZzita fada modelt neurogenniho
plicniho edému. Plicni edém zde vznika bud na zakladé poranéni tkané
centralniho nervstva (Leal Filho et al., 2005a, 2005b) nebo vpravenim exogenni
substance do mozkomisniho moku nebo pfimo do nervové tkané (Hamdy et al.,
2000, 2001; Walder et al., 2002). V extrémnim pfipadé mtze byt edém
indukovan intravendzni aplikaci adrenalinu (Dai et al., 1993a, 1993b) nebo
bilaterdlni cervikalni vagotomii (Iazetti and Maciel, 1988). Ackoli je sympatikus
zodpoveédny za rozvoj neurogenniho plientho edému, jak mimo jiné ukazuji i
nase vysledky, preferujeme pouZiti modelt, u kterych je neurogenni plicni
edém vyvolavan poskozenim tkané centralniho nervstva bez jakéhokoli

vpraveni exogennich substanci. Nase dva modely takové usporadani nabizeji.

6.10. Hypotéza vzniku neurogenniho plicniho edému

NaSe hypotéza protektivniho vlivu anestezie na rozvoj neurogenniho plicniho
edému miiZe pomoci porozumét patofyziologii neurogenniho plicniho edému.
Jeji vyznam miize byt v tom, Ze u experimentt, zabyvajicich se neurogennim
plicnim edémem, zaméfi tihel pohledu smérem k anestezii. Navic se zabyva
sympatickou hyperaktivitou, tj. mechanismem, kterym mitize stupen anestezie
ovlivnit rozvoj neurogenniho plicniho edému.

Nase hypotéza naznacuje nutnost reprodukovatelnosti a zachovani adekvatni
koncentrace anestezie pii experimentalnich manipulacich v oblasti centralniho
nervstva, jako je pfiprava modelt mozkové a misni léze (Vanicky et al., 2001;
Sykova et al., 2005), injektaz exogennich latek nebo bunék do parenchymu
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centralniho nervstva (Sykova and Jendelov4, 2005, 2006), neurochirurgické
manipulace, napf. ve smyslu implantace hydrogel® (Lesny et al., 2002),
priprava a manipulace s experimentalnimi modely epilepsie (Bender et al.,
2004) a mnohé dalsi. Pro tyto tcely by bylo vhodné, aby byla anestezie presné a
reprodukovatelné davkovana. Ackoli je tento cil pomérné snadno dosazitelny u
inhalacnich anestetik jako je isofluran nebo sevofluran (Kandatsu et al., 2005), u
injek¢énich anestetik typu pentobarbitalu nebo smési ketamin-xylazin (Leal Filho
et al., 2005a, 2005b) mtze byt tento tikol nesnadny. Pokud je to mozné, je

z naseho hlediska lépe se u podobnych manipulaci intravenéznim anestetikiim
bud vyhnout, nebo pouZit napfiklad infuzi anestetika, kde je mozné jeho

mnozstvi presné davkovat (injektomat).

V klinické praxi miiZe byt naSe hypotéza rovnéz pfinosem. Na zakladé ni je
mozné pfedpovédét situaci, kdy se v pribéhu neurochirurgické operace zmeéni
hloubka anestezie a rozvine se tak neurogenni plicni edém. NasSe vysledky
ukazuji, Ze sniZeni hloubky anestezie nemusi nutné znamenat probuzeni
pacienta — zvifata s plicnim edémem, narkotizovana 1,5% isofluranem rovnéz

nebyla pfi védomi ani nereagovala reflexnimi podnéty.

6.11. Vyuziti poznatku v klinické praxi

Klinicky zaméfené prace ukazaly, Ze neurogenni plicni edém vznika na zakladé
subarachnoideéalniho krvaceni v dasledku misniho poranéni (Stocker a Burgi,
1998), primarniho misniho krvaceni (Inobe et al., 2000), ruptury aneurysmatu
(Brito et al., 1995; Weir, 1978), mozkového traumatu (Dragosavac et al., 1997),
intracerebralnimu krvaceni (Dragosavac et al., 1997), tézkého epileptického
zachvatu typu grand mal (Antoniuk et al., 2001; Wasowska-Krolikowska et al.,
2000), meningitidy nebo tumoru, spojenych s rozvojem hydrocetalu (Wagle et
al., 1990), intrakranialniho tumoru (Keegan a Lanier, 1999) a subduralniho
hematomu (Rubin et al., 2001). Kromé toho vSak miize neurogenni plicni edém
vzniknout velmi vzacné i iatrogenné pfi neurochirurgickych zakrocich (Urban
et al.,, 2001; Keegan a Lanier, 1999; Simon, 1993). Z velmi malého poctu
klinickych praci, z nichZ navic vétsinu tvofi kasuistiky, je zfejmé, jak je tato
klinickd jednotka podcenovana. V extrémnim pfipadé ji nékteri dokonce
vyhrazujf pouze jako diagnozu post-mortem, coz bylo opakované kritizovano
jako nepripustné (Fontes et al., 2003). Epidemiologicka data, byt je jich stale
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nedostatek, naznacuji pfesny opak, totiz Ze neurogenni plicni edém se
vyskytuje u pacientii s poskozenim centralniho nervového systému relativné
¢asto (Leal Filho et al., 2005a, 2005b; Fontes et al., 2003; Macleod, 2002). Jeho
diagnoza neni snadna a obvykle probiha per exclusionem (Macleod, 2002;
Keegan a Lanier, 1999). Nejvice imituje aspira¢ni pneumonii (Macleod, 2002;
Keegan a Lanier, 1999). Nase vysledky naznacuji zadvaznost nedostatecné
anestezie pfi vzniku neurogenniho plicniho edému a ukazuji, Ze isofluran je
jednim z anestetik, které mohou jeho vznik potencovat. Rovnéz je ukazano, ze
pfi rozvinutém neurogennim plicnim edému dochézi k hor$imu navratu
neurologickych funkci u zvifat. Mélo by tedy byt snahou kliniki neurogennimu
plicnimu edému maximalné prechdzet. e vSak pravdou, Ze véasné odhaleni
neurogenntho plicniho edému miize byt v podminkach jiz takto kritického
celkového klinického stavu pacienta velmi obtizné. Z jakékoli nahle vzniklé
dusnosti a zhorSeni ventila¢nich parametri u pacienta s poskozenim CNS ma

proto byt na prvnim misté podeztivan neurogenni plicni edém.
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7. Zavéry

1. Epiduralni balonkova kompresni misni léze v anestezii nizkou koncentraci
isofluranu (1,5%-2%) vyvolava rozvoj neurogenniho plicniho edému, nebo
dokonce timrti na nasledky neurogenniho pliecntho edému u laboratorniho

potkana (publikace 1,2).

2. Pri koncentracich isofluranu vyssich nez 4% vcetné, dojde k predavkovani
anestetikem a tmrti potkanti, které vsak neni v zadném vztahu
k neurogennimu plicnimu edému (publikace 1).

Vo s

potkana je koncentrace isofluranu 2,5 — 3% ve vzduchu, pfi proudu 300 ml
inhalacni smeési za minutu (publikace 1).

4. Neurogenni plicni edém oslabuje ndvrat motorickych i sensitivnich
neurologickych funkci. Zatimco se tato skute¢nost dobte odrazi
v behavioralnich testech - BBB testu a plantarnim testu, morfometricky

prokazatelna neni (publikace 1).

5. Ziskana experimentalni data je mozné vyuZzit pro pripravu modelu tézkého
neurogenniho plicniho edému u potkanti s poskozenim michy. Z tohoto
hlediska se nejlépe jevi vyuziti anestezie 2% isofluranem (publikace 2).

6. Postupné vytvareni balénkové kompresni misni 1éze zabrani rozvoji
neurogenniho plicniho edému. Transekce michy nezptisobuje rozvoj

neurogenniho plicniho edému (publikace 3).

7. Na zékladé dosazenych vysledkli a podrobného studia literarnich pramenti
byla formulovana hypotéza o patofyziologickém mechanismu mozného vlivu
nizkych koncentraci anestetika na rozvoj neurogenniho plicniho edému
(publikace 4).

8. Dosazené vysledky byly shrnuty v prehledovém clanku (publikace 5).
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8. Souhrn

Neurogenni plicni edém (NPE) je akutni, Zivot ohroZujici komplikace poranéni
centralniho nervového systému (CNS). Anestetika mohou rozvoj NPE
stimulovat nebo inhibovat. Zkoumali jsme vliv isofluranu u potkant samct
kmene Wistar, narkotizovanych 1,5 - 3% isofluranem ve vzduchu, na rozvoj
NPE po balénkové kompresni misni 1ézi. Rozvoj neurogenniho plicniho edému
byl posuzovan in vivo a na histologickych fezech plicni tkdné. Stuperni navratu
neurologickych funkeci u zvifat narkotizovanych 1,5% a 3% isofluranem byl
sledovan s pouzitim BBB a plantar testu po dobu 7 tydnt po mi$nim poranéni.
Stupeni zachovani Sedé a bilé hmoty misni byl zkouman pomoci morfometrie.
Kromeé toho byla hodnocena tiloha postupné vytvorené misni léze a tiloha
transekce michy na rozvoj NPE. U v8ech zvirat narkotizovanych 1,5 - 2%
isofluranem se rozvinul NPE. Témér 42% zvifat zemielo v dtisledku tézkého
plicniho krvaceni a uduseni; RTG vysetfeni, plicni index a histologické rezy
ukdazaly masivni NPE. Vice nez 71% zvirat narkotizovanych 2,5 - 3%
isofluranem nemélo zadné znamky NPE. Krevni tlak stoupal po kompresi
michy vice u 1,5% skupiny neZ u 3%; tato hypertenzni reakce byla zptisobena
hyperaktivitou sympatiku. Zviratim ze 3% skupiny se motorické a sensitivni
funkce navratily mnohem rychleji nez u zvitat z 1,5% skupiny; morfometrie a
magnetickd rezonance misnich lézi neprokazaly Zadny rozdil. Postupné nebo
neuplné vytvoreni balonkoveé léze zabranilo rozvoji NPE. Na modelu transekce
michy NPE nevznikal. Nizké koncentrace isofluranu umoznuji rozvoj NPE u
potkantt s poranénou michou a signifikantné komplikuji navrat jejich
neurologickych funkei. Klicovym mechanismem rozvoje NPE je
pravdépodobné nadmeérna aktivace sympatiku na podkladé nahlého zvyseni
intrakranialniho tlaku v uzavieném prostoru nad mistem léze. Aktivaci
sympatiku miize byt zabranéno hlubokou anestezii. Optimalni koncentrace
isofluranu pro provadéni balénkové kompresni misni léze je mezi 2,5 - 3%
isofluranu ve vzduchu (proud smési 300 ml/min). Skute¢nosti, Ze se NPE rozviji
na podkladé balénkové léze v povrchove isofluranové anestezii, mtuze byt
vyuzito pro piipravu modelu tézkého NPE, ktery vznika na podkladé poranéni
CNS. Prace piispiva k objasnéni etiopatogeneze neurogenniho plicniho edému
a popisuje vyznam anestezie na rozvoj NPE, coz mtize v budoucnu vylepsit
terapii tohoto onemocnéni.
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9. Summary

Neurogenic pulmonary edema (NPE) is an acute life-threatening complication
of the central nervous system (CNS) injury. Anesthetics can either promote or
inhibit the NPE development. We examined the role of different concentrations
of isoflurane anesthesia (1.5 - 3%) on the development of NPE in rats with
balloon compressed spinal cord. The development of NPE was examined in vivo
and on histological sections of lung tissue. Neurological recovery in animals
anesthetized with 1.5% or 3% isoflurane was monitored using BBB and plantar
tests for 7 weeks post-injury. The grade of the spinal gray and white matter
sparing was evaluated using morphometry. The role of gradually developed
spinal cord lesion and spinal cord transection in the development of NPE were
evaluated also. NPE developed in all animals anesthetized with 1.5-2%
isoflurane. Almost 42% of animals died due to massive pulmonary bleeding
and suffocation; X-ray imaging, pulmonary index and histological sections
showed massive NPE. More than 71% of animals anesthetized with 2.5-3%
isoflurane had no signs of NPE. Blood pressure rose more rapidly in animals
from 1.5% group than in 3% group; this hypertensive reaction was caused by
the sympathetic hyperactivity. Animals from 3% group recovered their motor
and sensory functions more rapidly than animals from 1.5% group;
morphometry and MRI did not showed significant difference. Gradual or
incomplete spinal cord compression prevented the NPE development. NPE did
not develop in the model of spinal cord transection. Low concentrations of
isoflurane promote the NPE in rats with spinal cord injury and significantly
complicate the recovery of neurological functions. The most likely mechanism
of NPE development is the severe sympathetic discharge on the basis of
increased intracranial pressure in an enclosed intracranial space above the
spinal cord lesion site. This sympathetic hyperactivity might be prevented by a
deeper anesthesia level. Optimal concentration of isoflurane anesthesia for the
performance of balloon compression spinal cord lesion is between 2.5-3% of
isoflurane in air (flow of the anesthetic mixture 300 ml/min). The fact that the
NPE development develops on the basis of balloon compression lesion under
low degree of anesthesia might be employed for the development of severe
NPE model, based on the CNS injury. Our study helps to understand
etiopathogenesis of NPE and describes the role of anesthesia in the NPE
development, which might improve the therapy of NPE.
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Acute and delayed implantation of positively charged
2-hydroxyethyl methacrylate scaffolds in spinal cord

Avres Hejcr, M.D.,* Lucie UrpzIKOvA, M.D., Pu.D.,'* Jir1 SEDY, M.D.,-
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MARTIN BURIAN, MLS.,** MILAN HAJEK, ML.S., D.Sc.,*® JOSEF ZAMECNIK, M.D., Pu.D.;
PaviLa JENDELOVA, M.S., PH.D.,'- AND EvA SyKova, ML.D., D.Sc.'>
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Clinical and Experimental Medicine, Prague; and 'Department of Neurosurgery, Masaryk Hospital,

Object. Hydrogels are nontoxic, chemically inert synthetic polymers with a high water content and lurge surface

area that provide mechanical support for cells and axons when implanted into spinal cord tissue.

Methods. Macroporous hydrogels based on 2-hydroxyethyl methacrylate (HEMA) were prepared by radical
copolymerization of monomers in the presence of [ractionated NaCl particles. Male Wistar rats underwent complete
spinal cord transection at the T-9 level. To bridge the lesion, positively charged HEMA hydrogels were implanted
either immediately or | week after spinal cord transection; control animals were left untreated. Histological evalua-
tion was performed 3 months after spinal cord transection to measure the volume ol the pseudocyst cavities and the
ingrowth of tissue elements into the hydrogels.

Resulis. The hydrogel implants adhered well to the spinal cord tissue. Histological evaluation showed ingrowth
ol connective tissue elements, blood vessels, neurofilaments, and Schwann cells into the hydrogels. Morphometric
analysis of lesions showed a statistically significant reduction in pseudocyst volume in the treated animals compared
with controls and in the delayed treatiment group compared with the immediate treatment group (p < 0.001 and

p < 0.05, respectively).

restore the function of the damaged tissue. Current-
Iy, treatment of SCls includes early methylpredni-
wlone administration according to the protocol of NASCIS

T e treatment of SCIs requires a complex strategy to

Abbreviations used in this paper: GFAP = glial fibrillary acidic
motein; HEMA = 2-hydroxyethyl methacrylate: HPMA = N-(2-hy-
droxypropyl) methacrylamide: Te = immunoglobulin:t MOETACI =
P-(methacryloyloxy)ethylJtrimethylammonium chloride; MR =
magnetic resonance: NASCIS = National Acute Spinal Cord Injury
Study: RARE = rapid acquisition relay enhancement: SCI = spinal
word injury.

L Neurosurg.: Spine / Volume 8 / January 2008

Conclusions. Positively charged HEMA hydrogels can bridge a posttraumatic spinal cord cavity and provide a
scaffold for the ingrowth of regenerating axons, The results indicate that delayed implantation can be more effec-
tive than immediate reconstructive surgery. (DOI: 10.3171/SP1-08/01/067)

Key Worns « hydrogel ¢ nerve tissue engineering + scaffold ¢ spinal cord injury -«
spinal surgery * 2-hydroxyethyl methacrylate

I11,* stabilization surgery, and early and intensive rehabilita-
tion, A primary spinal cord insult causes axonal degenera-
tion followed by secondary tissue damage accompanied by
glial scar formation, mesenchymal scarring (mostly repre-
sented by deposition of chondroitin sulfate proteoglycans),
and posttraumatic pseudocyst cavitics. The astroglial scar
consists of a loose network formed by astrocytic processes
attached by tight junctions.” Mesenchymal scarring is made
up of fibrous connective tissue and collagen, forming a tight
barrier. In addition to creating a mechanical barrier, both
types of scars may adversely affect neuronal regeneration
by producing neuroinhibitory molecules. Pseudocystic cav-
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ities. which develop in necrotic regions, are formed by a
hin astrogliotic lining filled with extracellular {luid and
macrophages. Such an environment 1s hostile for tissue re-
generation and the restoration ol function. Tissue engineer-
ing 1s focused on constructing a permissive environment at
the injury site and thus supporting axonal regeneration.

Hydrogels are biomaterials characterized by a porous 3D
structure with physical and chemical parameters that may
be tailored. The use of various biomaterials has been prov-
en to be effective in providing a cellular framework for re-
generating tissue.” ™ In contrast to uncharged hydro-
gels, those with a positive or negative charge provide a
wide range of possibilities for modification of their chemi-
tal and physical properties."”™ Our previous results show
that positively charged HEMA-based hydrogels are charac-
ferized by intensive ingrowth of connective tissue elements
compared with negatively charged HEMA hydrogels.”

Most experiments using various biomaterials to treat SCI
are designed in such a way that the implant is applied im-
mediately after experimental spinal cord injury. In ¢linical
settings. however, this approach is not applicable. Any the-
rapeutic approach Lo treating a damaged spinal cord will
rather be possible only after a certain delay following the
primary insult. Several reports have shown that therapy de-
layed by weeks to months may still stimulate regeneration
of the nervous tissue, and in some cases the results seem to
be superior to those obtained using an acute experimental
approuch.t

In the present study, we studied the effectiveness of pos-
ltively charged HEMA hydrogels to bridge a spinal cord le-
sion 1n rats. We compared the integration of hydrogel scat-
folds implanted into the spinal cords of animals either
immediately or | wecek after injury.

Materials and Methods

Hydrogel Synthesis

Macroporous hydrogels based on HEMA with MOETACI were
prepared by radical copolymerization of monomers (HEMA 0.67 g,
MOETACI 0.12 g, and ethylene dimethacrylate 0.019 g as cross-
linker) in the presence of fractionated particles of NaCl with a di-
ameter of 50-90 pm (10.02 g) and the solvent polyethylene glycol
(MW 400, 3.79 g) using an initistor 2,2"-azo-bis-isobutyronitrile
(0.0067 ¢) for 8 hours at 80°C. Polymerization was performed in a

| pelleting apparalus as described previously.' After polymerization
the hydrogels were washed with water and physiological saline sol-
ution once a day for 5 days. The hydrogels thus obtained had com-
municating pores (2 X 10° pores per cm’) with an average size of
&0 pm, specific pore volume of 0.45 (combined volume of all pores
in | cm? of hydrogel).””

fHydrogel Implantation and Animal Care

A complete spinal cord transection was selected as a model for
evaluating in vive the effect of hydrogel implantation on SCI imme-
diately after lesion creation und afler a l-week delay. Twenty-three
8-week-old Wistar rats (Veluz, Ltd.) each weighing 300-350 ¢ were
used. Anesthesia was induced by means of an intraperitoneal injec-
tion of pentobarbital (30 mg/kg). Atropine (0.2 ml administered
subcutaneously) and gentamicin (0.05 ml administered itramuscu-
larly) were used preoperatively. A T-9 laminectomy was performed
under a surgical microscope using aseptic surgical techmque. The
dura mater was opened and a 2-mm thick segment of spinal cord
was dissected out 1o produce the SCIL Using a surgical microscope,
we ensured that no remaining tissue was left in this segment.
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In 10 animals the dura was sutured using 10-0 Ethilon (Ethicon,
Johnson & Johnson), fellowed by muscle and skin closure. These
animals served as a control group. In 7 animals, we inserted a 2 X
2 X 2-mm block of HEMA-MOETACI hydrogel immediately after
the transection, followed by suturing of the dura, muscles, and skin.
These animals served as the acute treatment group (referred 1o in
this paper as the acute group). In the other 6 animals, we reopened
the surgical site I week later, removed the debris from the lesion,
and imnplanted a block of hydrogel inside the lesion. The dura was
closed again. followed by suturing of the muscle and skin. These
animals served as the delayed treatment group (delaved group). In
all 3 groups, bladder expression was performed until the recovery of
sphincter control, and gentamicin was administered intramuscular-
ly for 5 days to prevent urinary infection. All animals were kepl in
cages with food and water ad libitum. Behavioral evaluation was
performed once a week for 3 months in both groups of hydrogel-
treated animals (acute and delayed) using the Basso-Beattie-Bresna-
han rating scale in order to evaluate the functional effect of hydro-
sel implantation. This study was performed in accordance with the
European Communities Council Directive of November 24, 1986
(X6/609/EEC) regarding the use of animals in research and was ap-
proved by the Ethics Committee of the Institute of Experimental
Medicine, Academy of Sciences of the Czech Republic in Prague.

Tissue Processing and Histology

Animals were killed on postoperative Day {4 (2 control animals),
Day 28 (2 control animals). and Day 90 (6 control animals and 13
animals treated with hydrogel) by means of an intraperitoneal injec-
tion of pentobarbital (which initially induced a deep state of anes-
thesia). They were then perfused with physiological saline followed
by 4% paraformaldehyde in 0.1 M phosphate buffer. The spinal
cords were left in bone overnight, then removed and postiixed in the
same [xative for at least 24 hours, Next, 3-co long segments of the
thoracic region ol the spinal cords including injury epicenters with
implanted hydrogels were carefully dissected out, frozen, and cut in
40-pm sections on a cryostat. The sections were stained with H &
E. Luxol fast blue. and cresyl violet using standard protocals. For
immunohistochemical studies, the following primary antibodies and
dilutions were used: GFAP-Cy3 (1:200. Sigma-Aldrich) 1o identify
astrocytes, NEF 160 (1:200, Sigma-Aldrich) to identfy neurofila-
ments, p73 (1:100, Chemicon International) to identify Schwann
cells, RECA-1 (1:530, Abcam.} to identify endothelial cells of blood
vessels, ED-1 (1:100, Invitrogen) for macrophages. CS-36 (1:50,
Sigma-Aldrich) to identify chondroitin sulfate, and CD4 (1:800,
Abcam). Alexa Fluor 488 goat anti—rabbit 1gG (1:200, Tnvitrogen),
1gM Cy3 (1:100. Chemicon International), and Alexa Fluor 594
goat anti-rabbit IgG (1:500, Invitrogen) were used as secondary
anubodies.

Cavity Measurement

For measurements of the cavity volume, the Luxol fast blue and
cresyl violet sections were exainined. For morphometry, every fifth
section was selected and its image was captured by means of a dig-
ital camera; high-resolution images were used (o trace the areas of
the cavities. The identified areas in individual sections were mea-
sured using image analysis software (Neurolucida, version 5.05.4).
The volume of the spared tissue was assessed as the sum of cross-
section areas multiplied by the distance between them. The sizes of
the cavities in different groups were compared using the Student
unpaired t-test (probability values = 0.05 were considered statisti-
cally significant).

Magnetic Resonance Imaging

Spinal cords inside a vertebral column were scanned ex vivo on
an MR spectrometer (Bruker Biospec 47/20, 4.7 tesla, 20 ¢m hori-
zontal bore) equipped with a 200-mT/m gradient system and the
homemade quasi-TEM (transverse electromagnetic) mode operat-
ing microstrip surface coil for spinal cord imaging.’ Sagittal images
(matrix 512 X 160, field of view 10 X 3 cm, slice thickness 0.5 mm,
contiguous slices, TE/TR 7072500 msec) and axial images (matrix
256 X 128, field of view 4 X 2 cm. slice thickness 0.5 mm. slice
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30.5 mm, TE/TR 70/2800 msec) were acquired using an ordinary
RE sequence with a RARE factor of 8.

Results
sion Development in Untreated Animals

Observation of the lesion site over time revealed the grad-
development of pseudocysts during the first 3 months
minjury. At 2 weeks postinjury, the lesion site was domi-
id by a glial scar forming a barrier between the 2 seg-
uis of the spinal cord. Minor pseudocysts were found at
lesion site (Fig. 1 A). One month after SCI, however, the
edocysts already dominated the injured area (Fig. 1B).
tree months after SCI, the lesion site consisted primarily
Ja major pseudocyst, which had developed by a gradual
Jcess of the individual cavities merging together (Fig.

Smparison of Acute and Delayed Implantation of
Jdrogel

We compared the results of hydrogel implantation in the
goups of hydrogel-treated animals, acute (implanted im-
diately after cord transection) and delayed (implanted 1
ek postinjury). Both groups showed good hydrogel inte-
tion inside the lesion site although pseudocyst cavities
wre found at the implant—tissue borders. Care was taken to
wure that the hydrogel fitted well inside the transection
ity during implantation, in both the acute and the de-
ied conditions. The mechanical properties of the scaffold

ydrogel scaffolds in rat model of spinal cord injury

allowed it to adhere to the spinal cord stumps without the
need for excessive pressure on the nervous tissue. Even
when the hydrogel firmly adhered to the spinal cord tissue,
in some cases pseudocysts were found at the border site;
rats treated by implantation of hydrogel immediately after
injury (acute group) developed large pseudocysts (Fig. 1D),
whereas the hydrogel in the rats treated by delayed implan-
tation (delayed group) firmly adhered to the tissue and the
volume of pseudocyst cavities in these animals was signif-
icantly smaller (Fig. 1E).

Magnetic Resonance Imaging

We obtained T2-weighted MR images of 3 spinal cords
treated with hydrogel (1 acute and 2 delayed). The positive-
ly charged HEMA hydrogels showed a hypointense signal
on T2-weighted images, while the pseudocyst cavities were
hyperintense. The spinal cord from the animal in the acute
group showed a hypointense signal indicating hydrogel and
a large residual area of a hyperintense signal around the
hydrogel (pseudocyst cavity; Fig. 1F). In contrast, the spinal
cord from the animal in the delayed group showed only a
weak signal or no hyperintense signal around the hydrogel
(Fig. 1G). The MR imaging findings were confirmed by our
histomorphometric findings, which excluded the possibility
that the cavities could represent histological artifacts.

Cavity Measurement

At 3 months after implantation we found significant be-
tween-group differences in the volume of the pseudocyst

tation. H & E, bar = 200 pm.
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FiG. 1. Representative photomicrographs (A-E) and MR images (F and G) illustrating SCI development after com-
plete transection at the T-9 level without treatment (control group, A—C) and with HEMA-MOETAC! hydrogel implan-
tation performed immediately (acute group, D and F) or | week (delayed group, E and G) after transection.  A: Spinal
cord lesion 2 weeks after transection. The lesion is dominated by mesenchymal and glial scarring. B: Lesion site 4
weeks after transection is composed of several posttraumatic pseudocysts. C: Lesion site 12 weeks after transection is
dominated by a major posttraumatic pseudocyst, and the integrity of the spinal cord is severely damaged. D: Spinal cord
from an animal in the acute group, 2 weeks after injury. Even though the lesion site is partially restored, several pseudo-
cyst cavities are still present on the implant-spinal cord border.  E: Spinal cord from an animal in the delayed group, 12
weeks after injury. Spinal cord integrity is restored, and the hydrogel forms a bridge between both stumps of the spinal
cord. F and G: Spinal cord lesions treated with immediate (F) and delayed (G) implantation of HEMA-MOETACI
hydrogel (asterisk). Notice the pseudocyst cavity (arrow) formed at the hydrogel-tissue border in the acutely treated ani-
mal. In contrast, no cavity is evident and the hydrogel adheres well to the spinal cord tissue after delayed hydrogel implan-
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cavities. The mean volume of the pseudocyst cavities was
largest in the control group and significantly smaller in the
implanted animals. Comparison of the 2 groups of rats with
implanted scaffolds showed that the mean volume of the
pseudocyst cavities was larger in the acute group than in the
delayed group (Fig. 2).

Histological Evaluarion of Hydrogel Integration

Three months after SCI, some pseudocysts were found at
the implant-tissue border; the hydrogel pores were mostly
filled with connective tissue elements, such as {ibroblasts.
collagen, blood vessels, and chondroitin sulfate (Fig. 3A—
D). Cellular infiltration in the hydrogel pores consisted
mostly of macrophages, as seen in H & E—stained sections
and confirmed by means of ED-1 immunohistochemical
studies, together with a few CD4-positive lymphocyles. His-
tologically, we specifically searched for any inflammatory
response or adverse reaction of the tissue to the implanted
material. Except for occasional foreign body granulomas
seen at the implant-tssue borders. no purulent inflammatory
reaction was observed.

Neurofilaments grew from both the proximal and distal
ends of the lesion toward the implant, some crossing the
border and entering the porous structure of the hydrogel
scaffold (Fig. 3E and F). Neurofilaments were found not
only at the tissue—implant border but also in the central part
of the implant, and in most cases they infiltrated the whole
volume of the hydrogel (Fig. 3G). Analysis of GAP-43 im-
munostaining showed that the regenerating neurofilaments
grew in parallel with the long ascending and descending
tracts. We assume that these neurofilaments represent re-
generating long axonal tracts and local neuronal sprouting,
Schwann cells (p75-positive cells) were also found at the
lesion site, growing [rom spinal cord roots towards the hy-
drogel. They readily crossed the nervous tissue—-implant
border and infiltrated the hydrogel scaffold. When double
staining (NF 160 and p75) was used, we found Schwann
cells following neurofilaments; processes of both cells ran
parallel to cach other (Fig. 3H). Outside the hydrogel, most
p75-positive cells were found at the spinal root zone, the
most probable source of these Schwann cells. Astrocytes,
on the other hand. rarely crossed the nervous lissue—im-
plant border (Fig. 31). Only rarely were astrocytic process-
es found on the edge of the hydrogel implant. On the tis-
sue—implant border, the astrocytes formed a thin layer of a
dense network, constituting a glial scar. It was not signifi-
cantly different from glial scarring in the control group.

We found no between-group differences in the number
of neuroftlaments or Schwann cell projections inside the
hydrogels. Both groups showed extensive ingrowth of neu-
rofilaments inside the hydrogel pores and Schwann cells
penetrating the implants from the spinal cord-spinal nerve
junction zone and accompanying the neurofilaments.

Behavioral Testing

We tested both groups of animals with implanted hydro-
gels (acute and delayed). Immediately after SCI, the mean
Basso-Beattie-Bresnahan score in both groups dropped to
0. We did not find any significant difference between the 2
groups of hydrogel-treated animals, as most animals in
both groups remained paraplegic during the 3-month obser-
vation period.
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FiG. 2. Bar graph illustrating mean pseudocyst cavity volumes
(with standard deviations) for the control animals and the acute and
delayed treatment groups. *p << 0.05, #**p <= 0.001, Student un-
paired test.

Discussion

In anamniotic vertebrates, such as the eel, the axons
readily cross a transection lesion,” but in higher vertebrates
the site is marked by glial scarring and pseudocyst cavilies,
forming an almost impenetrable barrier between the cranial
and the caudal segments of the spinal cord. While stem cell
therapies lead to some functional improvement in animals
with SCI, they do not lead 1o reconstitution of functional
tissue in large lesions due o cavity formation.!***" Thus
“bridging the gap™ is one of the most crucial steps in spinal
cord lesion repair. Various biomalterials have been used to
date in order to bridge the tissue defect after SCL'37

Advances in the chemistry ol biomaterials allow us to
use hydrogels in experimental approaches to SCL Some of
the propertics of hydrogels make hydrogel scaffolds the
most promising materials for neural tissue engineering: 1)
They can be synthesized and produced in large quantities.
2) Their chemical and physical properties can be casily
modified, allowing them to be prepared for immediate use
in the operating roon. 3) The diffusion parameters within
implanted hydrogels attain values similar to those of devel-
oping neural tissue.” 4) Their tissue reconstruction proper-
ties may be improved using stem cells, neurotrophins, or
signaling sequences.'*=* 5) They do not raise controver-
sy such as is seen in association with stem cells, particular-
ly embryonic tissue implants, With their 3D porous struc-
ture, hydrogels provide an acellular mechanical framework
for the ingrowth of supportive tissue, and together with oth-
er strategies supporting regencration (for example, the use
of growth factors or stem cells) they may contribute to re-
generation after SCL

The advantage of using artificial implants is that we can
modify their properties in a controlled fashion. The hydro-
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Hydrogel scaffolds in rat model of spinal cord injury

Fic. 3. Photomicrographs illustrating spinal cord tissue restoration using a positively charged HEMA scaffold. The
transected spinal cord is bridged using a HEMA-MOETACI hydrogel which serves as a scaffold for tissue ingrowth and
cell infiltration.  A: The cranial spinal cord adheres well to the hydrogel. H & E, bar = 100 um. B: Loose connective
tssue forms the bridges between spinal cord tissue and porous hydrogel. H & E, bar = 100 um.  C: Chondroitin sulfate
infiltrates the porous structure of the hydrogel in both acute and delayed hydrogel treatment groups. CS56 immuno-
staining, bar = 50 pm. D: Blood vessels grow and branch inside the hydrogel. RECA-1 immunostaining, bar 50 = pm.
E: Neurofilaments grow from the spinal cord, cross the hydrogel-spinal cord border, and infiltrate the hydrogel pores.
NF 1602488 immunostaining, bar = 500 pm. F and G: Neurofilaments readily cross the lesion—scaffold border and
grow inside the pores, also infiltrating the central parts of the scaffold. NF 160-g488 immunostaining, bar = 100 pm.
H: Schwann cells from the dorsal root area grow inside the hydrogel following the growth of the neurofilaments inside

the hydrogel pores. Double staining with p75 and NF 160—g488, bar = 100 pm. I In contrast, astrocytes only barely
cross the spinal cord—implant border. Immunostaining with GFAP-Cy3, bar = 100 pm.

|

l

igels have a highly porous structure, with a pore size most-
lybetween 10 and 100 um 2922132 Several groups have at-
kmpted to create oriented pores in order to promote direct-
ol axonal regeneration.?' Prang and colleagues® showed
fat after implanting a scaffold with oriented pores in an
wute SCI, these alginate-based hydrogels induced directed
ton regeneration. Moreover, adding adult neural progeni-
br cells inside the pores promoted cell contact-mediated
ton regeneration in vitro. Another approach to improving
ronal regeneration involves adjusting the adhesion prop-
aties. Woerly et al. ¥ studied an HPMA hydrogel modified
juith a peptide cell-binding peptide sequence (RGD [ar-
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ginine-glycine-aspartic acid]). The HPMA-RGD implant
showed stronger adhesion to the host tissue and promoted
ingrowth and spread of astrocytes and neurofilaments in-
side the hydrogel. The adhesion properties of hydrogels
may also be modified using various functional groups with
a positive or a negative charge. The use of DRG cultured
on an agarose hydrogel with a covalently bound chitosan
(polycationic polysaccharide) supported a significant in-
crease in the length of regenerating neurites.'” Another im-
portant factor is the mechanical stability of the hydrogel. In
the early 1990s, Marchand et al.'® showed that a collagen
scaffold stable for only 2-3 months fails to provide long-
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term support for axonal regeneration. Extending the stab-
ility of the collagen gel by cross-linking improved the
mechanical properties of the matrix and ensured axonal
regeneration over a 6-month period. This finding is espe-
cially important in light of the efforts to fabricate biode-
gradable implants.

Combining scaffold implantation with the use of neuro-
trophic factors or stem cell reatment may lead to improved
results. Loh et al.” found that modifying an HPMA-RGD
hydrogel with either brain-derived neurotrophic factor or cil-
iary neurotrophic factor significantly increases the ingrowth
of axons into the implant compared with the results achieved

5

with unmodified hydrogels. In another study.® modifying
an agarose gel with the extracellular protein laminin or
nerve growth factor-releasing microcylinders significantly
enhanced neurite extension {rom dorsal root ganglia. Tsai et
al” used a pHEMA-methylmethacrylate hydrogel with a
combination of various matrices and growth factors in a
spinal cord transection. The results of the study showed that
specific combinations may lead to selective improvement in
the regeneration of selected brainstem tracts.

The HEMA-based hydrogels represent another group of
polymers used in SCI research.*® These hydrogels have
proved to be biocompatible. Modifying the surface charge
of the hydrogel using copolymers and polyelectrolyte com-
plexes further modifies its mechanical propertics or the
water content in un equilibrium-swollen state.®® The pro-
nounced ingrowth of connective tissue elements was found
in positively charged HEMA copolymers associated with
nervous tssue elements, such as NF 160—positive neurofil-
aments and Schwann cell projections. Inn addition, in exper-
iments evaluating the growth of cells 1in 3D hydrogel struc-
tures, bone marrow stromal cells were found (o grow more
abundantly in positively charged hydrogels than in nega-
tively charged ones."

Transplantation of Schwann cells has been studied as a
therapeutic tool in animal models of SCIL56 Woerly et al.*
reported that Schwann cells infiltrated HPMA hydrogel
myelinated regenerating neurofilaments. Bunge® found re-
generaling neurons growing inside a Schwann cell bridge
after spinal cord transection in rats. In our study, we found
Schwann cells growing from the spinal root area, invading
the lesion area, and infiltrating the implanted hydrogel to-
gether with nerve cell processes.

Various hypotheses concerning the development of post-
traumatic cavities have been suggested.”” Our results show
that when an HEMA hydrogel is implanted after a 1 week
delay. the stumps of the spinal cord are bridged together
leaving significantly smaller pseudocyst cavities compared
with the results of immediate treatment. Delayed treat-
ment for SCI1 has already proven effective in some cases.®*
Coumians et al.* found that using embryonic spinal cord tis-
sue may improve histological and functional outcome even
2 or 4 weeks after spinal cord transection. Woerly et al.”
showed an improvement in behavioral and histological out-
comes when NeuroGel (Organogel Canada Ltée) was im-
planted 3 months after a contusion lesion. The situation
with respect to the effect of delayed therapy in SCI is still
obscure, but some elucidation may be provided. The first
days following central nervous system injury are charac-
terized by an influx of inflammatory cells, which is espe-
cially pronounced in the spinal cord.” This influx of in-
flammatory cells results in the formation of a deleterious
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environment. After the end of the first week posunjury,
however, the concentrations of most of the inflammatory
cells are already on the decline, and the spinal cord tissue s
therefore more suitable for treatment by transplantation.
Moreover, excessive manipulation of edematous tissue
may result in damage to the areas adjacent (o the lesion.
With delayed transplantation there may be less damage of
this kind and, as a result, improved adherence to the spinal
cord stumps.

Our results show that delaying hydrogel implantation
until I week after an SCI may be preferable to mmplanting
hydrogel immediately after injury. In clinical practice, the
implantation of a bridging scaffold during acute positrau-
matic surgical stabilization may not be beneficial.

Because we did not find a behavioral effect in associa-
tion with scaffold implantation such as has been found in
association with stem cell implantation,™**=" it might be
usclul to combine the 2 strategies. Further study is required
to assess the combination of scaffold implantation and stem
cell implantation in SCI treatment.

Conclusions

Our results show that HEMA-based positively charged
hydrogel 1s suitable for spinal cord repair. The hydrogel
forms a bridge between both stumps of the spinal cord {ol-
lowing a complete transection. The porous structure is in-
filtrated with blood vessels, neurofilaments, and Schwann
cells. Delayed implantation of such a scalfold inside a tran-
section Jesion 1s associaled with a statistically significant
decrease of posttraumatic cavity volume in comparison
with the results of acute implantation.
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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 scicentific
studies published from 1995 to 2007. This review is primarily targeted towards researchers outside the field or to rescarchers new to the
field of SCI.
© 2007 Elsevier Ltd. All rights reserved.
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| Introduction 28.6 years (Basso. 2004; Grill. 2005; Kwon et al., 2002). Tt

is characterized by a complex of motor, sensory and

Spinal cord injury (SCI) 1s a severe, often life-threatening autonomic dysfunctions, the degree of which is character-

nd debilitating clinical condition, with an incidence of 40 istic for the severity of the SCI. In experiments, the most
ew cases per million people throughout the world each often used experimental animal is the rat (Rattus norvegi-
sear, affecting mainly young people with a mean age of  cus), in which several models of complete or incomplete

Please cite this article as; Sedy, 1., et al., Methods for behavioral testing of spinal cord injured rats. Neuroscience and Biobehavioural Reviews (2007).
goi:10.1016/i.neubiorev.2007.10.001




J. Sedy et al. | Neuroscience and Biobehavioral Reviews 1 (NIIL) 1IE-408 3

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 experumentally 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 cquipment, 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; (i1) 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; (i1} 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 1s 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 cndpoint
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; (i) motor tests, analyzing the strength,
coordination and other abilities of the skeletal muscles;
(i) sensory tests, evaluating proprioception, touch, pain or
femperature sensing; (1v) 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 1s 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, 1t might also help specialists with a
heretofore somewhat narrow focus to expand the horizon
of their knowledge (Tables 1, 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

doi:10.1016/j.neubiorev.2007.10.001
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able 1
st of the main bechavioral methods for testing spinal cord injured rats
il Type Reflects Sj0 Range of scale Scale Reference
unotor lests
“mury open-field Kinematic Locomotion S Diflerent Ordinal Farlav (1954)
Bohlman et al. (1981)
] Kinematic Locomotion S 0-21 Ordinal Basso et al. (1995)
o field activity Endpoint Locomotion O 1-5 Ordinal Bignami (1996)
Kinematic Exploring activity
Jsmated walkway Kinemaltic Locomotion O Complex Ordinal Hamers el al (2001)
wiprint analysis Kinematic Motor coordination (0] %a Ordinal Chan et al. (2005)
bcmatic analysis Kinematic Locomotion O % Ordinal Metz et al. (1998)
rcolumbal height Kinematic Weight support O % Ordinal van de Meent et al. (1996)
i test Kinematic Swimming ability S 0-17 Ordinal Smith et al. (2006a)
W notation Kinematic Locomotion 0] Complex Ordinal Eshkol and Wachmann
(1958)
l‘.’ﬁf lests
#juned plane Kinetic Muscle strength (0] Angle Ordinal Gale et al. (1985)
b hanging Endpoint Grasping (0] Yes/no Ordinal Diener and Bregman
(1998)
Kinetic Muscle strength Time (s) Continuous
b erip strength Kinetic Muscle strength O Time (s) Continuous Pearse ¢l al. (2005)
“whimb asymmelry Kinematic Paw preference O Y Ordinal Schallert et al (1986}
“iring Kinematic Paw prelerence S No. of rears Ordinal Arvanian et al. (2006)
i pellet reaching Kinematic Motor coordination O 0-9 Ordinal Whishaw (2000)
Endpoint Time (s) Continuous
Bry tests
Siplate Endpoint Temperature (e} Up 10 605 Continuous Gale ¢t al. (1985)
W spray Kinematic Temperature S 0-3 Ordinal Yu et al. (1998)
W Frey Kinematic Mechanical allodynia (0] 0.008-300 N or 2.5-125¢ Ordinal Liebscher et al. (2005)
i compression Endpoint Pain ¢} Force {N) Continuous Randall and Selitto
(1937
Shdrawal reflexes Endpoint Reflex (0] Time Continuous Gale et al. (1985)
iry-motor 1ests
e wilk Endpoint Balance (0] % or 0-4 Ordinal Kim et al. (200]1)
ow beam Endpoint Balance (0] 0-6 Ordinal Hicks and D*Amato
| {1975)
oming Kinemalic S—-M connections S 0-5 Ordinal Bertelli und Mira (1993)
“ulslip Endpoint S—M coordination O Yo Ordinal Metz and Whishaw
{2002)
Kinematic Motor lunction S 0-6
W walking Kinematic Sensory—motor O 0-20 Ordinal Behrmann et al. (1992)
coordination
Endpoint
“lwresponse based tests
“espread reflex Endpoint Reflex S Absent—normal-abnormal Ordinal von Euler el al. (1997)
“alact placing response Endpoint Reflex N % Ordinal Kunkel et al. (19493)
F.]L\u'ng reflex Kinematic Reflex S 0-3 Ordinal Gale et al. (1985)
Endpoint
Smemic (ests
“wpula erection Kinematic Erection S 1-5 Ordinal Holmes et al. (1988)
“icontact ereclion Kinematic Erection S 1-3 Ordinal Sachs et al. (1994)
ill.mg Kinematic Erection S 1-6 Ordinal Nout 2t al. (2007)
Jemetric monitoring Electro- Miclurition erection O - Nout et al. (2003)
physiology
sonomic dysreflexia Endpoint Autonomic dysreflexia O BPM and mmHg Continuous Cameron et al. (2006)
{yes'no)
Wil tests
led potentials Electro- Sensory and motor O - E Fehlings et al. (1987)
physiology  pathways
ARI Imaging Neural pathway function O - - Haoflstetter el al. (2003)

“ctable 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
e, 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 bechavioral testing methods according to complexity

Simple Modecrate Complex
frimary open ficld BBB E-W notation
lope walk Open ficld activity Automated walkway test

Jeam walk Thoracolumbal Footprint analysis
height

iclined planc Swim test Kinematic analysis
Limb hanging Limb grip strength  Foot pellet reaching
Rearing Forclimb asymmetry Ex copula crection
lold spray Hot plate Non-contact ercction
law compression Von Frey Telemetric monitoring
lirooming Foot slip Autonomic dysreflexia
loe spread reflex Grid walk Electrophysiology

fontact placing response Mating fMRI
¥ithdrawal reflexes

Righting reflex

hould be maintained in a range between 45% and 65%;
ialues outside this range can favor the proliferation of
@rtain airborne pathogens resulting in health problems.
An air change rate of at least 15 times per hour 1s
mportant for the animal, but also for the scientist to help
rduce staff cxposure to harmful allergens present in rat
nr. Generally, noise in the testing room should be
minimized, including high-frequency noises undetectable
5 the human ear; noise levels should never exceed 50dB.
in several laboratory animals, the use of a constant noise,
aich as background music, whenever the animals are in the
esting environment, has been described to assist in
masking other loud and/or unexpected sounds. In contrast,
lhere 1s no scientific evidence for the need to use such
constant noise with rats (Tatlisumak and Fisher, 2006). It
5 very important to avoid excessive light, which might
tause retinal damage to the animals and thus impair their
fealth, abilities and behavioral performance. Albino rats
e more sensitive to light than other strains of rats
Tatlisumalk and Fisher, 2006). Appropriate behavioral
wsting apparatuses should be installed and their reliability
thecked before the experiment starts. All parts of the
iquipment 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
icent onto the testing apparatus, other animals can easily
detect 1t, and a marked decline 1in the behavioral
performance of subsequent animals might result (Basso.
1004; Wahlsten, 2001).

12. 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 1n 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 (Bratlowsky and Knight, 1987). For
example, in motor function differences in recovery may
be due In part to an increase in age-related imparrments in
balance and coordination (Wallace ct 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 1s 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 (Tatlisumalk
and Fisher, 2006). The substrate in the cages of the animals
should be soft, smooth, and absorbent to avoid complications

doi:10.10161.ncubiorey. 2007.10.001
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Alist of the main behavioral tests showing the neeessity of previous habituation and/or pre-trainin
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g, the most popular type of spinal cord injury for which

lie behavioral method was used in the previous 12 years, spinal cord injury scverity for which the test is applicable (L—low, M—modecrate, §——scvere) and
iz main advantages and disadvantages of cach method

Tast Habituation/ Most popular Lesion Advantages Disadvantages
training injury typc severity
Lucomotor tests
fimary open-field +/= Contusion M, S Simple, cheap Low scnsitivity
BB + /= Contusion L, M,S Simple, cheap Subjective
Upen ficld activity +/= Contusion LM Unique data are obtained Dcpends on the rats” motivation
\ntomated walkway + 4 Hemisection L, M Precise Equipment
footprint analysis / Cervical L. M Precise Environment-dependent
Lnematic analysis +/+ Contusion L. M Dctailed Equipmcent
Toracolumbal height + /= Contusion N Examines only one characteristic Equipment
Wim test +/+ Contusion LM Spontancous locomotion Subjective
=W notation —/— Ccrvical L, M Detailed Requires training of the scientist
ator tests
iiclined planc —/= Compression L,M,S Simple, cheap Not standard among laboratorics
mb hanging + /= Contusion L.M Unique data Not for severely injurcd animals
Umb grip strength + |— ‘ontusion L. M Precise Requires equipment
lorelimb asymmetry +/+ (crvical LM Sensitive to chronic deficits Not for severely injured animals
fearing + Contusion L,M Sensitive to sclective imb usc Not for scvercely injured animals
ot pellet reaching +/+ Cervical L Testing of finc motor function Food dcprivation
snsory tests
Aot plate -/= Contusion L, M, S Simple Risk of injury
Falsc positivity
Lold spray o Excitotoxic L, M,S Simple Low scnsitivity
Yon Frey —/= Contusion L,M,S Simple High chance of mistakes
Jaw compression —/— Transection L.M, S Simple, cheap Low sensitivity
Withdrawal reflcxes —/= Contusion L,M,S Simple Low sensitivity
Smsory-motor tests
fope walk +/+ Cervical L Simple, cheap Requires training
Narrow beam +/+ Contusion L Uncovers discrete changes Requires training
lrooming +f— Cervical L. M Simple, cheap Subjectivity
foot slip t Contusion L. M Uncovers discrete changes Requires training
ond walking H/ Contusion L. M Uncovers discrete changes Falsc-positives or negatives
teflex-response based tests
loe spread reflex —/— Contusion L M, S Simple, checap Low scnsitivity
Contact placing responsc —/— Hemiscction L,M,S Simple, cheap False positivity
lighting reflex -/- Contusion LM Simple, cheap Low scnsitivity
litonomic tests
1 copula crection + /= Contusion L,M,S Unique data Subjectivity
Non-contact crection —/—= Contusion L,M,S Unique data Low scnsitivity
\ating —/— Contusion L.,M,S Unique data Subjectivity
Telemetric monitoring —/— Contusion M, S Precisc Equipment
futonomic dysreflexia —/= Compression M, S Unique data Equipment
Srecial tests
fvoked potentials —/— Contusion L,M,S Precise Equipment
BRI —/— Hemiscction L.MS Precise Expensive
BS Diffcrent Contusion LM, S Complex The samce score might reflect

diffcrent recoverics

ihe lesion scverity corrcsponds to thc BBB scale (scvere—BBB 0-7; moderate

njury is thoracic.

of the skin, joints and bones. Washing the animals might
50 be helpful to prevent infections (Santos-Benito et al.,
A06). The bedding should be changed periodically. Too
lequent changes of bedding might result in the long-term

BBB 8-14; low—BBB 15-21). If not spccificd as “*Cervical”, the typc of

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 ct al., 2002).

Please cite this article as: Sedy, J.. et al., Methods for behavioral testing of spinal cord injured rats. Neuroscience and Biobehavioural Reviews (2007),
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Table 4
The five most commonly used behavioral testing methods, strains and
lesion types in the past 12 ycars

No. Test Strain Lesion typc

1. BBB Spraguc-Dawley Contusion

2. Elcctrophysiology Wistar Transection

3. Hot plate Lewis Hemisection

4. Von Frcy Long-Evans Comprcssion
S. Grid walking Fisher Cervical injury

Table 5

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

First choice Second choice Third choice

Cervical Forclimb Footprint analysis BBB
assymetry

Th BBB Hot platc Inclined plane

compression

Th contusion BBB Elcctrophysiology ~ Von Frey
Hot plate

Th hemiscction  BBB Elcctrophysiology ~ Hot plate
Von Frey

Th transcction  BBB Electrophysiology ~ Kinematic
analysis

Th excitotoxic  Hot plate Cold testing Von Frey

Th ischemic BBB Elcctrophysiology  Inclined plane
Hot platc

Other injury BBB Elcctrophysiology  Hot plate
Grid walk

All housed animals should be provided with five
freedoms (Tatlisumak aund 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, ete. 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 1s 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 1s fortunately not
very often in SCI studies, at least some form of shelter
should be introduced into the amimal’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 mnjury and the length of the study (Santos-Benito
et al.. 20006).

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 (1) spontaneous behaviors, (i) triggered
behaviors, and (i) trained behaviors. In tests based on
the spontaneous activity of the animal, such as exploration
or locomotion, any triggering to enhancc 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 1s tested,
the animal should be able to accomplish the task without
any problems before the injury. For example, when beam
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salking has not been trained previously, the post-injury
chavioral results might be more dependent on the ability
f{ the animal to learn than on its sensory-motor
oordination.

0. Video-monitoring

Several tests require video-monitoring for training the
sters, monitoring the scoring sessions and/or proper
waluation of the testing sessions. In addition, video-
sonitoring allows the mvestigator to store each session’s
iita, to evaluate the data afterwards, to evaluate the data
ipeatedly and to compare and send the data between
westigators or laboratories. Basso (2004) describes in her
wiew a situation in which a running wheel was placed into
rat’s home cage overnight and 1ts revolutions measured.
‘he number of rotations was exceptionally high, so the
pestion arose as to whether the rat could have been
imning so far. A video camera resolved this problem—the
ils were lying beside the running wheel, spinning it with
ieir forelimbs. This example nicely illustrates the necessity
{ video-monitoring during the testing or training in
tuations where the examiner is not able to see the animal
rits particular outcomes.

7. Pre-training

In the majority of behavioral tests, the pre-training and/

racclimatization of animals are necessary (Table 3). The
aain reason for this i1s to familiarize the animal with the
sting procedure, to avord stressing the animal during
ie subsequent sessions and to verify the normal health of
e animal. Pre-training might also be required to make
ure the animal understands the required task. To minimize
e inter-individual variability in some tests, the pre-
rining values are considered to be the normal values
nd the post-injury values are calculated as deviations
n percentages). In addition, assessing the performance of
mined behaviors will eliminate differences in motivation
stween animals and will provide more detailed and
mecific measures of functional abilities (Muir and Webb,
100).

8. Lab diet, motivators and attractants

Most tests do not require any food restriction or
ddition, so amimals have access to rat chow and water
d libitum. It has been observed that rats need 20-26 g of
how per day, depending on the weight (age) of the animal.
icontrast to guinea pigs or primates, rats do not require a
aily dietary source of vitamin C. Interestingly, rats obtain
n additional source of vitamin B by eating fecal pellets—
liey are coprophagic. Although rats are able to cope with
educed water intake and conserve fluids by producing very
oncentrated urine, the amount of clear water intake is not
stricted  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 1s 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 1s 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 Joops 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 ct al., 2005; Rivicer, 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
anmimals 1n a similar range, usually 270-330g (Santos-
Benito et al., 2006). It 1s important to know that animal
body weight decreases by about 10% during the first week
after SCI and starts to raise thereafter (Van Mecteren et al.,
2003). Immediately after the injury procedure, the scientist
should make sure the animals can reach the food and water
(Tathisumak and Fisher, 2006). With gnawing animuls,
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 (Sedy et al.,
2007a; Sykovi 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 24-48 h (Baldridge et al., 2002; Kim
ct al, 2002; Roussos et al., 2005; Xu et al., 1999).
Antibiotics, including gentamycin sulfate (1-12mg/kg/
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day, i.m., 1.p. or s.c.), ampicilin (100-150 mg/kg/day, 1.m.),
enrofloxacin  (2.5mg/kg/day, s.c.), cefazolin sodium
(50-100 mg/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., 2003; Xu et al., 1995,
1999). Immunosuppressive drugs, such as cyclosporine A
(5-10 mg/kg/day, 1.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
ct al., 2004; Diaz-Ruiz ct 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 ¢t al., 1997). Other
laboratories prefer an injection of 5% saline—glucose
(Baldridge et al., 2002; Roussos et al., 2003). When minor
autophagia of an impatred hindlimb occurs, some scientists
dip the limb into [% picric acid to give the skin a bitter
taste (KKim et al., 2002).

For more sophisticated testing methods, such as evoked
potential monitoring, some other drugs might be necessary.
These include volatile (e.g. 1soflurane) 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 (Scgal 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, 1t 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
efore 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 1s 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 cxperiment, 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 1s expected to change rapidly. For
example, i the first 5-6 weeks after SCI or the start of
treatment, testing of the animals is usually performed [-2
times per week, while after this period, testing -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-Cucto 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 ct 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 (L1
et al., 2004). Genes encoding molecules for cellular
signaling, synaptic plasticity, metabolism, 1on 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 (L1 et al., 2004). Similarly, when voluntary exercise
15 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 1s 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 miniumal
wsting period is required to see the full picture of the
wsting modality, while in others the maximal testing period
serves to prevent injury to the animals. The question of
pow 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
petween | and 20 times. The period between individual
iestings depends mainly on the time the amimal requires to
reach a level of physical and psychological comfort similar
fo that before the start of testing.

311. Role of the scientist

In the interest of objectivity, the testing should be
performed by two to three independent scientists who are
lamiliar with the testing procedure. When two or more
lesters are included into a study, the difference between the
values obtained by each examiner should vary by no more
than 5% (Busso. 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 1t 1s
important to use the same tester(s) throughout the
gxperiment, 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
asxistence 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.

312, 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
gvaluated by weekly weighing of the animal (Urdzikovi
and  Vanicky, 2006) and mcasurements of the thigh
cdrcumference, reflecting the leg muscle mass, usually
before the beginning of a testing session (Vaquero et al.,
2006). In addition, the general Jocomotor 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
(Mctz ct al., 2000). If some other factor, such as treadmill
training or an enriched environment, 1s included in the
study, i1t 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 1t must have proven
performance standards—-it must be shown that the test
produces relhiable results across sessions, examuners and
labs, as was done for the BBB test (Basso ct al.. 1996).
Without evidence of reliability, it 1s 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 anmmal’s status
corresponding to BBB | 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 Jesion-induced deficits, thus it 1s 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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arc 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 (it) 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 Jocomotion 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 CS5
level, so the phrenic motor pool, responsible for respira-
tion, 1s 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 (Rossignel and Dubuc,
1994). In the past, the most commonly used test of this
kind was Tarlov's open-field test, which ranks hindlimb
movemcents 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 Jess 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-ficld 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 ct al.
(1996, 1997), the motor deficits score (M DS), used mainly 1n

an ischemic model of SCI developed by Mariala 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 [ (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, 1s 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 2! 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
1s 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 1s
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 leston or hemisection (Metz et al., 2000;
Sykovd and Jendelova, 2005; Sykova et al., 2006a; Seds
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lable 6
l1ss0, Beatic and Bresnahan locomotor rating scale, reprinted {rom the
wrnal of Weurotrauma (Basso et al. 1995) with permission from Mary

‘mn Liebert, Inc

No obsecrvabic hindlimb movement

Slight movement of one or two joints, usually the hip and/or knec
Extensive movement of onc joint or cxtensive 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

Plantar placement of the paw with weight support in stance only
(i.c. when stationary) or occasional, frequent or consistent weight-
supported dorsal stepping and no plantar stepping

Occasional weight-supported plantar steps; no FL-HL
coordination

Frequent to consistent weight-supported plantar steps and no

FL HL coordination

Frequent to consistent weight-supported plantar steps and
oceasional FL-HL coordination

Frequent to consistent weight-supported plantar steps and frequent
FL HL coordination

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 stancc;
or frequent plantar stepping, consistent FL-HL coordination, and
occasional dorsal stepping

Consistent plantar stepping and consistent FL-HL coordination
and no toc clearance or occasional toe clearance during forward
limb advancement; predominant paw position is parallct to the
body at initial contact

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

Consistent plantar stepping and consistent FL-HL coordination
during gait and toc clearance occurs frequently during forward
limb advancement; predominant paw position is parallcl at initial
contact and lift-off

Consistent plantar stepping and consistent FL-HL coordination
during gait and toc clearance occurs consistently during forward
limb advancement; predominant paw position is parallel at initial
contact and rotated at lift-off

Consistent plantar stepping and consistent FL -HL coordination
during gait, toc clearance occurs consistently during forward limb
advancement, precdominant paw position is parallcl at initial
contact and lift-off, and tail 1s down part or all of the time
Consistent plantar stepping and consistent coordinated gait,
conslistent toe clearance, predominant paw position is parallel at
initial contact and lift-off, and trunk iastability; tail consistently up
Consistent plantar stepping and consistent gait, consistent toe
clearance, predominant paw position is parallcl throughout stance,
and consistent trunk stability; tail consistently up

dal, 20074, by Urdzikova et al.. 2006). It is thought to be
s sensitive to clip compression injuries (von Euler et al..
197). Some authors propose that there are potential
imitations to the BBB score due to the subjectivity of the

st (Broton et al.

1996; Metz et al, 2000), but the

aperiences 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; Sykovd and Jendelova, 2005; Urdziko-
va et al., 2000). Metz et al. (2000) concluded that an
important drawback of the test lies in the fact that the
ordinal BBB rating system 1s not linear; the Jower 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 ct 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%) 1s modified to a 5-point
score. A value of 0-50% is rated as | 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 1s a good measure
of gross motor behavior and general health in spinal cord
injured rats. Exploratory activity 1s especially sensitive to
individual differences among animals with a low locomotor
capacity, and even severely damaged rats can show
significant locomotor activity. However, spontaneous
exploratory activity is influenced by motivational factors
such as anxiety, which can cause freezing behavior in
rodents, thus reducing the rate of exploration (Gerlal and
Clayton, 1999). It i1s 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).

45. Automated walkway test

In the automated walkway test (CatWalk™ test, Cat-
Wall(@’—assisted gait analysis), first described by Hamers
et al. (2001, 2006), the animal is first trained to cross a
100-120 cm Iong 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 1s 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-
lions, 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., 2000; 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
i 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
toordination. 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 i1s 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 | (2006). The animals need to be pre-
frained 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
nns with a stable crossing time of the runway between |
and 2s, as described by Deumens et al. (2007). This
requirement 1s based on the fact that different gait
telocities—for example, trot and pace, have a different
order of paw placings, 1.e. the regular step patterns. Thus,
the regularity index might be different in an animal when it
ns at a different speed or, more importantly, changes its
speed throughout the runway. Other pitfalls of the
CatWalk™ analysis were recently reviewed by Hamers
tLal. (2006). It should be noted, that the CatWalk system 1s
still under development, and new methods of obtaining
additional data are expected to be developed in the near
future (Hamers et al., 2006).

[amers et al.

4.6. Footprint analysis test

One of the carliest 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 eva]uated ( Chan et al., 2005; de Medinaceli et al,

1982; Metz et al., 2000). A series of at least eight scqucntlal
steps 1s used to determme 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 wallking direction. Stride length 15 measured between
the central pads of two consecutive prints on each side.

It 1s 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 1s able to analyze horizontal or inclined gait
dynamics, treadmill and overground locomotion and
coordination. The analysis of treadmill locomotion 1s
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 n 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., 199§;
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Yesterga  and  Gramsbergen, 1990). Two-dimensional
mematic analysis 1s usually performed because the
redominant motion of the hindlimbs can be assumed to
v planar; therefore, movements of the rat hindlimb joints
stal to the hip are primarily those of flexion and extension
nd movements in the coronal and transverse planes are
flen neglected (Gasc, 2001; Gillis and Biewener, 2001).
or kinematic analysis, the tested animal’s hindlimb is
iaved and the ihac crest, greater trochanter, lateral
salleolus and the fifth metatarsophalangeal joint are
urked with ink visible in normal or infra-red light or
ith glued-on circular hght-reflecting discs (Filipe et al.,
6). While the position of the knece joint 1s obscured by
wse skin coverage, 1t is calculated by using hip and ankle
int positions and external individual measurements of
mur and tibia length. The proper position of the markers
scrucial—if the marker deviates by as little as 2mm in
lacement, the result can be as much as a 10° change in
ngular joint measures (Basso, 2004). Moreover, soft tissue
wovement over the limb joints might significantly alter the
wition of the marker, which will subsequently lead to
isleading artifactual results. To prevent this, the marlker
puld be attached or pointed to skin areas that are tightly
llached to the underlying connective tissue (Filipe et al.,
106). Considering that soft tissue artifacts are recognized
5 4 major error source in human motion analysis
‘ndriacchi and Alexander, 2000), skin markers respecting
e underlying bone, such as bone pins (Yack et al.. 2000),
tlernal fixators (Cappozzo et al,, 1996) or percutaneous
uckers (Manal et al.,, 2003), have been employed.
aradoxically, due to their invasive nature, they are not
pplicable for repeated use in laboratory rodents (Filipe
tal,, 2006). After positioning the markers, the animal 1s
sade to walk on a treadmill and recorded using a digital
deo camera. The rigorous selection and maintenance of
i treadmill speed throughout the entire session and in all
is in the experiment is crucial because the timing and the
mplitude of excursion of most kinematic variables during
ach step cycle differ among gaits (Gillis and Biewener,
101). On the basis of the animal’s strain, age and general
wlth status, the speed 1s usually set between 50 and
40mm/s. The marker coordinates are used to calculate the
qee position and to find the maximum flexion—extension
unge of each joint. In a spinal cord injured rat, the joint
liat shows the highest diversity of movements and thus is
nost surtable for reflecting the recovery of locomotor
unction is the ankle (Basso. 2000). The flexion—extension
unge 1s measured at the mitiation of the swing phase, in
e middle swing phase, and in the phase in which the
aw initially contacts the ground. The middle stance phase
s used to determine the weight support. The limb
tovements of a set number of step cycles, defined as
txion and extension of the limb, are analyzed frame-
w-frame and averaged. In order to reduce inter-individual
lfferences, a percentage ratio 1s calculated from the pre-
perative baseline values (Metz et al., 2000). Isolated
malysis 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, 1s 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; I'reeman and Pinskerova,
2005).

4.8. Thoracolumbar height test

This test was developed by van de Meent ct 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 1ts hindquarters. Before the beginning
of a testing session, the maximal convexity of the
thoracolumbar kyphosis 1s 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 1s 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 m 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 1s
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 ¢t 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.

Oniginally, the swim test was performed by placing a rat in a
pool with a diameter of 125cm. 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 1s quantified. This test results in
significant swimming even in neonatal rats that cannot
ambulate on a sohid surface (Arvanian et al., 2006).

A recent swim test was developed by Martin Schwab’s
laboratory (Licbscher ct al., 2005). The animal 1s put into a
rectangular Plexiglas basin (150 x 40 x 13cm). 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 1s analyzed by scoring their movements
according to the forelimb usage, hindpaw distance,
hindlimb stroke and tail movement. Normal swimming
results in a score of 7-8 points, while no locomotion
receives a score of O (Licbscher et al., 2005).

Scientists from David Magnuson’s laboratory in Ken-
tucky recently developed the [8-point Louisville swim
scale, based on grading an anmmal’s performance during
swimming in a [50cm 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). Amimals 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 1t 1s comparable to the BBB.
Conversely, 1t 1s 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 1s 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 1s 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 1s 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 Jesions 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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il Inclined plane

The inclined plane i1s a 28 x 30cm floor covered with a
gooved, I mm thick rubber surface and 20 x 30 cm walls,
lem high on three sides. This task evaluates the animal’s
hility to maintain 1ts body position on a board that is
wrementally raised to increasing angles. The rat 1s placed
ithe inclined planc with 1ts head down, up, to the right or
uthe left. Alternatively, it can be placed in such a position
mt its body is perpendicular to the axis of the plane.
lually, testing in two upright directions, called bi-
irectional inclined plane testing, 1s sufficient (Pearse
L al., 2003). The angle of inclination i1s then gradually
wreased towards the vertical position until the rat can no
mger remain 1n place at the starting position. The greatest
agle at which the rat can maintain a stable position for 5s
«recorded. Performance on the inclined plane correlates
ith the integrity of the rubrospinal tract and other non-
yramidal pathways after SCI (Fehlings and Tator, 1995).
1 addition, this test can be used as an index of animal
pength (Gale et al., 1985; von Euler et ul., 1997). The
itlined plane has been shown to be a sensitive and reliable
it for clip compression injury (Fehlings and Tator, 1995;
ivlin and Tator, 1977).

2 Limb hanging test

This test, introduced by Diener and Bregman (1998),
alizes the natural grasping function of the paw. Although
tis able to evaluate both forelimb and hindlimb function,
i1s mainly employed for testing forelimb muscle function
1animals with cervical spinal cord lesions (Pearse ct al.,
105). The stimulation 1s provided using a 12-cm long and
#mm wide rounded metal rod, which 1s applied to the
nlar surface of the forepaw, and the presence or absence
[ grasping and the release time in seconds are evaluated.
1 addition, the testing of amimal’s forelimb muscle
wength 1s also possible, when the rod is elevated above
Je surface and suspended. The contact of the body,
indlimb or tail with the ground or parts of the equipment
i the sides should be prevented. The time the rat holds
mto the suspended rod is measured and recorded. The
sting should be done repeatedly, typically five times, and
e mean values calculated (Pearse et al., 2005). In severely
gured animals, the forelimb hanging test provides only
Ichotomous yes/no data; it should thus be employed in
umbination with other tests or replaced by other tests. It
hould be noted that a normal or nuldly impaired animal
aight pull itself on top of the hanging device, rendering
ach a trial immeasurable (Pearse et al.. 2003). We believe
hat this can be prevented by using a rotating rod.

3. Limb grip strength test
The limb grip strength test was developed on the basis of

he previous test in order to assess neuromuscular function,
aparticular 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 (Mever et al., 1979). The animal
is gently held and permitted to grasp with its imbs a mesh
grip attachment that has been placed on a digital force
gauge. The animal 1s 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 1s needed. However, the obtamned data are
precise and unique—not many tests are able to measure
limb muscle strength using such a simple method.

5.4. Forelimb asymmelry 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
msults, including SCI at the cervical level. It i1s 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 1s 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 1s similar to

that for the forelimb asymmetry test, but the idea behind
the test is different. The rats are tested individually in an
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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
(Arvaman 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 1s then called attempted rears. One
possibility 1s 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 190mg food pellet through a
[-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 i1s 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
retricves the food pellet, divided by the number of
attempts. For evaluation, a |0-point scale developed by
Whishaw (2000) is used, which scores the successful
execution of the sequential aspects of the reach, ie.
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 ct 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 60s and measured the time that transpired before
the rat licked each hindpaw. Animals which showed no
reaction were removed aftcr 60s to avoird 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 1s tested three times (sequence 1, 2, 3, 1, 2,
3,1, 2,3) (Fig. [). 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 midpomnt 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 i1s recorded and graded
as: 0—no response, l—localized response, l.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 ul 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 lateney from a radiant heal source (arrow). Note
that three rats can be lcsled in onc session.
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i percentage. At least 3min should elapse between each
assion (Chot et al., 1994).

§3. Von Frey filaments

Von Frey filaments (Von Frey hairs, Semmes-Weinstein
nonofilaments) are often used to evaluate the degree of
mechanical allodynia—one type of neuropathic pain
wsulting 1n an increased sensitivity to innocuous stimuli,
ie. stimuli that are not painful for an uninjured animal or
wrson (Gris et al., 2004). The calibrated filaments of
scending target forces (0.008-300N or 2.5-125g) are
equentially applied to the plantar surface of the forelhimb
orhindpaw, with a pressure that causes a slight bend of the
dament, until a withdrawal response is elicited. Usually, a
flexiglas box with a fine-grid bottom is used (Liebscher
@ al, 2005). If a Plexiglas box 1s not available, testing
night be done in the tester’s hand, but a food reward
hroughout testing should be given to prevent visual
reognition of the application of the filament. A positive
wponse occurs when the paw is briskly withdrawn from
he filament. This response might be accompanied by
Jinching, escape, licking, vocalization or abnormal aggres-
ive behaviors (Gris et al., 2004). After a brief 3—5 min rest
wriod, the paw should be re-tested with the same filament.
since a change in the absolute number of withdrawals to a
gimulus may indicate an increase in the spinal reflex and
ot the development of allodynia, only withdrawals
iwcompanied by supraspinal behaviors, such as head
urning to attend to the stimulus or biting the Von Frey
llament, are counted as a response (Chan et al., 2005;
Hutchinson ¢t al.. 2004; Levin et al., 1978; Mills et al.,
001).

4. Paw compression test

This test, first described by Randall and Selitto (1957),
mables the tester to measure hindpaw hyperalgesia. For
lhe procedure, a commercially available analgesia meter
an be used (Ugo Basile, Comerio, Italy), in which a plastic
device 1s in contact with the third interdigital space of the
indlimbs, which are lying on a plane surface. A
progressive weight s then applied and the test stopped
then the animal performs any movement of the paw
o when the weight reaches a maximum, cut-off level.
The force at which the rat withdraws its hindpaw is
noted, multiplied by [0, and the withdrawal force in grams
i thus obtained (Randall and Sclitto, 1957; Giglio et al.,
006).

8.3, Withdrawal reflexes

Withdrawal reflexes are a group of stimulus-based reflex
rsponse reactions. They are evaluated as to both the speed
ind the force with which the hindlimb is withdrawn when
simulated by extension, pain, or pressure. This is done by
pulling the hindhimb 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., 1983; 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
mtegrity of spinal segmental reflex circuits. However, n
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 1s 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 ct 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 I m long and
elevated 30 cm from the ground. The pre-training of rats 1s
required, and the rats must be able to transverse the
horizontal beams with less than 3 footfalls. A scoring
system 1s used for each beam: 0 indicates the complete
mnability 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, | 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 momnitor even
discrete deficits in foot placement and body balance,

E’]casc cite this article as: Sedy. J.. et al., Methods for behavioral testing of spinal cord injured rats. Neuroscience and Biobehavioural Reviews (2007),

doi:10.1016/f. neubiorev.2007.10.001




J. Sedy et al. | Neuroscience and Biobehavioral Reviews | (Hiil) Eil-—EiR 19

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 ¢t 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 1s 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 hcad while 5 represents
a normal animal, able to contact the area above the ears
with its forepaws (Bertellt and Mira, 1993; Gensel et al.,
2006).

74. 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 catcgorics.
(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 (0.5-5cm in diameter) between
round metal bars while the number of limb displacements,
described as both foot falls or foot faults, 1s counted and
averaged. In addition, plastic garden fencing (3 ft x 3{t)
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

Category  Type of foot Characteristics
misplacement
Total miss Deep fall after limb missed the rung
Decep slip Deep fall after limb slipped off the rung
1 Slight slip Slight fall after limb slipped off the rung
i Replacement Limb replaced from onc rung to another
! Correction Limb aimed for one rung but was placed
on another
Or: limb position on same rung was
corrected
i Partial Limb placed on rung with cither digits/toes
placement or wrist/heel
§ Correct Mid-portion of limb placcd on rung
placement

Reprinted from the Journal of Neuroscience Mcthods, 115, Metz GAS
nd Whishaw 1Q. Cortical and subcortical lesions impair skilled walking
4 the ladder rung walking test: a new task to evaluate forclimb and
indlimb stepping, placing, and co-ordination, pp. 169-179, copyright
1002), with permission from Elscvicr.

s maximum score of 20 is given. The numbers of errors
oounted can be also classified as a non-parametric grid
walk score: 0—1 error is scored as 3 points, 2-5 as 2 points,
-9 as | point and [0-20 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
lo initiate the stepping rhythm, as well as voluntary
movement control, which is predominantly mediated by
the corticospinal and rubrospinal systems in rats (Metz
iLal., 2000). Therefore, complex tasks such as the grid walk
saradigm 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
irials, 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
arid faster or mnattentively. 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 1s the possibility to focus on the
solated function of the hindlimbs in thoracic spinal cord
mjured 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 ¢t al., 2004).

8. Reflex response-based tests
8.1. Toe spread reflex

This reflex 1s 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 (Gule et al., 1983; 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 1s 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) i1s 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 1s held, supported by the upper
body, with the hindlimbs hanging free. The dorsum of each
foot 1s touched with the edge of a piece of paper. The total
number of placing responses of 10 trials per imb is noted,
and the placing rate for the individual animal 1s 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 (Guale 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 1s
under suprasptnal 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,
7-8cm 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), | (attempt to right itself), 2 (rights itself
during the drop) or 3 (rights itself immediately after the
drop) (Gale et al.. 1985, von Euler ct 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 1s 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 bludder 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 (Licbscher et al., 2005) as follows:
(1) dysfunction is defined as a full bladder, medium to high
pressure required for manual voiding of the bladder;
(1) 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., 2000).

For the quantitative study of the various phases of
the urinary bladder voiding cycle, a cystometric procedure,
described by Muaggi 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 1s 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
(Maggt et al.,, 1986). The main disadvantages of this
method, 1.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 | (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,,
1993; 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 (l—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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13. Telemelric monitoring

To simultaneously evaluate micturition parameters and
describe erectile events in rats with SCI, a new method of
tlemetric monitoring of corpus spongiosum penis pressure
145 been recently developed (Nout et al.. 2005, 2007). The
ievelopment of this technique was based on previous
speriments by Schmide et al. (1995). After the minimally
mvasive implantation of a telemetric pressure transducer
atheter, an analysis of the pressure waveforms of
micturition, full erectile and partial erectile events together
sith the video recording of micturition events and the
erformance of a reflex erection test—ex copulatory reflex
gection  test  (Schmudt et al, 1995)-—is possible in
tonscious, freely moving rats. In the first 3-4 weeks
ollowing moderate SCI, continuous dribbling of urine,
le. a typical sign of overflow incontinence, can be seen on
ideo recordings, which results in no detectable changes of
wrpus spongiosum penis pressure. Measurable character-
stics first appear following the beginning of the return of
wtonomic—somatic motor function (Nout ct al., 2005,
007).

b4. Autonomic dysreflexia testing

Autonomic dysreflexia, also known as hyperreflexia, is a
massive sympathetic discharge that occurs in both spinal
tord injured animals and human patients. It is manifested
by often debilitating hypertension accompanied by brady-
wardia, sweating, skin flushing and pounding headaches. It
i5 triggered by a variety of noxious stimuli, including
tladder 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 tomc 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
mside the colon lumen. Before the testing session, the
carotid or femoral artery of the animal is cannulated under
gencral ancsthesia, and the animal is put into a special cage
o 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 155 and
maintained for | 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 1s regarded as dysreflectic if colorectal distention
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produces a rise in blood pressure and a decrcase 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 1s 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, 1t 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 SCI-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 mmproves 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
1s 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. (D¢ 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
mecting 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 (DObrdssy 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, 20095).
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 (Dobrossy and Dunnet, 2004; Rose
etal., 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 traming 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. Enrichcd cnvironment.
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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 1s distributed
within the lumbar region of the spinal cord in rodents
(Kiehn and Kjaerulff, 1998). Undoubtedly the greatest
uncertainty i1s 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 1s 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 1n 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 ct 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.
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Van Meeteren et al., 2003), but some authors have found
no effect of such traming (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.
ton-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
ind a significant difference in behavioral outcome in rats
which ran 3 days/week compared to 7 days/week, but both
goups had significantly different behavioral outcomes
ffom non-runners (Engesser-Cesar ct 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
i al., 2004).

10.3. Swimming

As stated earlier in regards to swimming tests, swimming
s a natural form of locomotion for rodents, including rats,
which involves repetitive stepping-like movements of
mloaded limbs. In comparison with a treadmill, swimming
mvolves a higher number of step cycles being produced
oy the central pattern generator circuitry (Smith et al.,
A06b). 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
mjured rats, especially sensory function (Hutchinson et al.,
2004). If artifictal cutaneous 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 lmited
extent (Smuth et al., 2006a, b), This method was originally
described in experiments with chicks by Muir and Steeves
11995).

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 1n 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 (INessler

Fig. 5. Robot-assisted hindlimb exlension 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; Tumoszyk 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
ct al., 2005), which i1s in contrast to the usual clinical
situation (Bracken et al., 1985; Sykova ct 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 mmplantation 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 ¢t al., 1999;
Loy et al.,, 2002; Magnuson et al.. 1999).
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Fig. 6. Elcctrophysiological device connceted to a computer (right) with a
stercotactic holder (left).

11.2. Motor evoked potentials—intracranial—intraspinal

In this test, the ammals are usually anesthetized and
intubated. Atropine is injected to reduce tracheal secretions
and pancuronium bromide for muscle relaxation. Body
temperature is monitored. The animal 1s 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 ct 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 anmmals are pre-trained to cross a horizontal
ladder, then they are fitted with small contact electrodes;
eventually, the electromyography electrodes are also
mmplanted. The contact electrodes, 1.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 1s 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 imb electrodes, a signal in the somatosensory cortex
and/or subcortical sensory areas can be recorded. This
method makes 1t 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; (1) a measure of
abilities during one or more trained behavioral tasks; and
(i) 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

doi:10.1016/f.ncubiorey. 2007.10.001

Please cite this article as: Sed§. 1., et al.. Methods for behavioral testing of spinal cord injured rats. Neuroscience and Biobehavioural Reviews (2007),




i J. Sedy et al. | Neuroscience and Biobchavioral Reviews U (WiE1) ENE—ANR

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
mdicating abnormal responses in all of the tests. Our
analysis showed that the CBS is used mainly for evaluating
recovery following contuston injury, followed by compres-
sion models. In both, the lesions were incomplete. It has
peen shown to be highly sensitive, therefore optimal for use
with small spinal cord lesions (von Euler ¢t 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
n 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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