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2. Uvod

2.1. Vliv kainatu na neuronalni populace CNS

2.1.1. Kainat

2.1.1.1. Struktura

Kyselina kainova, kainat (KA), [2-carboxy-4 (1-methyl-ethenyl)-3-
pyrrolidinacetoctova kyselina] je rigidni strukturalni analog kyseliny glutamove
(Zagulska-Szymczak et al. 2000). Je agonistou ionotropnich, non-NMDA
glutamatovych receptoru, které se déli na dva druhy (AMPA a KA receptory)
(Honore et al. 1987, Kaczmarek et al. 1997, Zagulska-Szymczak et al. 2000).

2.1.1.2. Neurotoxicita

Neurotoxicky efekt kainatu na neurony mozkové klry byl postupem ¢asu
specifikovan jako selektivni toxicky efekt na neuronalni téla, zatimco axony
prochazejici danou oblasti nebo ty, které jsou v této oblasti pfepojeny, zistavaji
intaktni. Rovnéz bylo zaznamenano vzdalené plsobeni kainatu, aplikovaného do
komorového systému mozku, na téla neuronu v oblasti CA3 hippocampu.

Vzhledem k popsané senzivité limbickych struktur k neurotoxickému vlivu
KA, kterda je vysvétlovana vysokou denzitou vazebnych mist pro excitacni
aminokyseliny v téchto oblastech, zachvaty indukované kainatem se povazuji za
uspokojivy model parcidlnich zachvatu s komplexni symptomatologii u ¢Elovéka
(Koryntova et al. 1997, Kubova et al. 2001, VeliSkova et al. 1988).

2.1.1.3. Zpusob aplikace
Kainat slouzi jako spolehlivy model neuronaini excitace. Obvykle se
aplikuje systémové, intraperitonealni cestou, nebo intracerebralné, predevs§im do

amygdaly.



2.1.1.4. Systémové Gcinky

Systémova davka kainatu se pohybuje mezi 8 a 12 mg/kg vahy potkana.
Kainat vede k dlouhodobé udrzované depolarizaci neuronl, jejiz manifestaci je
komplexni zachvatové chovani (Zagulska-Szymczak et al. 2000). Zavaznost
téchto zachvatl progreduje postupné, pog&inajic imobilizaci, mirnym pokyvovanim
hlavou, obCasnymi ,wet dog shakes", jednostrannym klonusem piedni konéetiny,
1981, Liang et al. 2000), ,piano player state“ (Zagulska-Szymczak et al. 2000),
salivaci, bilateradinim klonusem piednich konéetin (Liang et al. 2000) a
zintenziviuje se do podoby tézkych generalizovanych konéetinovych kreci
(Lothman et al. 1981, Zagulska-Szymczak et al. 2000) s pady, béhanim a
salivaci, coz je nasledovano kontinualnim generalizovanym zachvatem s
klonickou extenzi konéetin a smrti (Baran et al. 1987, Ben-Ari et al. 1981, Liang et
al. 2000).

2.1.1.5. Excitotoxicita

Jakozto excitotoxin centralniho nervového systému savcl indukuje KA
neuronalni buné&énou smrt (Akhlag et al. 2001, Sperk et al. 1983, Zagulska-
Szymczak et al. 2000) formou apoptdzy i nekrézy (Akhlaq et al. 2001, Filipkowski
et al. 1994, Pollard et al. 1994, Simonian et al. 1997).

2.1.1.6. Apoptdza

Apoptéza je charakterizovana smrs§ténim cytoplazmy, kondenzaci
chromatinu a degeneraci DNA do oligonuklearnich fragmentd. Apoptéza je aktivni
déj vyzadujici expresi specifického programu bunééné smrti. Pfi apoptdze
dochazi k poklesu ATP, ale ne vtakovém rozsahu jako pfi nekréze, iontova
homeostaza je vice méné zachovana a mitochondrialni poskozeni nebyva
rozsahlé (Akhlaq et al. 2001).

Aplikace kainatu do amygdaly vede kapoptéze vzdalenych
hippocampalnich neuront stimulaci neuronalni aktivity a uvolnénim
neurotransmiterd (Akhlaq et al. 2001, Pollard et al. 1994).



2.1.1.7. Nekréza

Naproti tomu nafouknuti cytoplazmy a organel a ruptura plazmatické
membrany charakterizuji nekrézu bufiky. Pfi nekréze nevyzaduji neurony dodani
energie ani novou genovou expresi a umiraji velice rychle, coz je dusledek
porusené membranové permeability, rozsahlého mitochondridiniho poskozeni,
ztraty iontové homeostazy, poskozeni oxidativni fosforylace, nedostatku ATP,
poskozeni sousednich buné&k uvolnénim glutamatu a peroxidu (Akhlag et al.
2001, Halliwell and Gutteridge 1999).

Apoptéza a nekrdza jsou dva extrémni déje, mezi kterymi existuje Siroké
spektrum jednotlivych procest bunééné smrti s rozdilnymi mechanismy a
morfologickymi charakteristikami (Akhlaq et al. 2001). Je ziejmé, ze prolongované
zachvaty mohou vést k ireverzibilnimu poskozeni mozku, a to buné&nou smrti
formou nekrézy i apoptézy, coz bylo popsano jako nasledek zachvatové aktivity
(Langmeier et al. 2003).

2.1.1.8. Strukturalni a funkéni zmény

KA je tedy velmi dulezitou latkou pouzivanou k vyzkumu mnoha
genomovych odpovédi mozku, vzhledem ktomu, Ze vytvafi spojnici mezi
pfechodnou aktivitou zachvat( a dlouhodobymi zménami v neuronalni strukture a
funkci jednotlivych oblasti mozku (Zagulska-Szymczak et al. 2000).

2.1.1.9. Vliv kainatu na hippocampus

Velmi senzitivni k neuroexcitaénimu a k neurotoxickému pusobeni KA je
zejména hippocampus (Suzuki et al. 1995, Zagulska-Szymczak et al. 2000), ktery
je zaroven oblasti primarniho pusobeni této latky (Ben-Ari et al. 1981, Zagulska-
Szymczak et al. 2000). Neuronalni déje v této mozkové struktufe jsou intenzivné
studovany vzhledem krelativné jednoduchému anatomickému uspofadani
hippocampu, jeho Gcasti v mnohych neurodegenerativnich déjich a jeho
predpokladané uloze pfii formovani pamétovych stop.

Plsobeni KA bylo studovano ve dvou rozliénych oblastech hippocampu: v
podoblastech gyrus dentatus a v Cornu Amonis (CA).



V gyrus dentatus jsou nejvyznamné;j$i neuronalini vrstvou granularni bunky.
DalSi oblasti, Casto zmifiovanou v souvislosti se zménami nasledujicimi plsobeni
KA, je polymorfni vrstva gyrus dentatus (také referovana jako hilus).

Oblast CA, tedy vlastni hippocampus, se sklada z oblasti CA1 a CA3.
Hlavnim bunéCnym typem téchto oblasti jsou pyramidové buriky (Amaral and
Witter 1995, Lorente de N6 1934, Zagulska-Szymczak et al. 2000). Pyramidové
neurony v oblasti CA3 patfi k nejcitlivéj§im neuronlim k plsobeni kainatu v mozku
(Ben-Ari and Cossart 2000, Franck 1984), kainat na né pusobi excitaéné
(Bleakman and Lodge 1998, Robinson and Deadwyler 1981, Westbrook and
Lothman 1983). Bylo popsano, Ze kainat zvys$uje uvoliiovani glutamatu z oblasti
CA3 (Bleakman and Lodge 1998, Gannon and Terrian 1991, Malva et al. 1998).
Intraperitonealni aplikace KA zpusobuje smrt neuroni v oblastech CA1 a CA3
(Sperk et al. 1983, Zagulska-Szymczak et al. 2000). Pfi intraventrikularni aplikaci
kainatu jsou nejvice postizeny ipsilateralni CA3 neurony, zatimco neurony
v oblasti CA1 Casto tento inzult pfezivaji (Nadler et al. 1978, 1980, Schwob et al.
1980, Zagulska-Szymczak et al. 2000). Rovnéz aplikace kainatu do amygdaly
zpusobuje neurondlni smrt v oblasti CA3 (Ben-Ari et al. 1980, Pollard et al. 1994
a, b, Zagulska-Szymczak et al. 2000). Na druhé strané&, gyrus dentatus je vice
méné uSetfen od KA zpusobené neurodegenerace (Sperk 1994, Zagulska-
Szymczak et al. 2000).

2.1.1.10. Neuronalni zmény nasledujici aplikaci kainatu

Ve v8ech pfipadech degeneruji neurony v rizném rozsahu jiz 24 h po
aplikaci KA. Neurodegenerace dosahuje svého maxima nékolik dni poté
(Zagulska-Szymczak et al. 2000). Kromé neurodegenerace zpUsobuje stimulace
depolarizace mozkovych neuronu i dal§i bunééné odpovédi, které zahrnuji
aktivaci glie a synaptickou reorganizaci. Bunééné déje zpusobené aplikaci KA
zahrnuji: excesivni neuronalni vyboje vedouci k zachvatum, ztratu neurond,
neuronalni plasticitu a reaktivaci glie (Kaminska et al. 1997, Zagulska-Szymczak
et al. 2000). Kainat rovnéz vede ke zvySeni produkce oxidu dusnatého (NO)

vazbou na kainatové receptory (Montecot et al. 1997).



2.1.1.11. Produkce volnych radikalu

Kainatem indukovana neurotoxicita je zplsobena produkci volnych radikald
(Akhlaq et al. 2001, Bose et al. 1992, Cheng and Sun 1994, Sun et al. 199243,
Sun et al. 1992b). Pfi systémové aplikaci kainatu dochazi k stimulaci fosfolipazy
Az, coZ ma za nasledek degradaci membranovych glycerofosfolipidi a tvorbu
volnych mastnych kyselin. Akumulace volnych mastnych kyselin mlze vést
k nekontrolované kaskadé kyseliny arachidonové, ktera zahrnuje syntézu
prostaglandind, leukotrientl a tromboxanl. To zpUsobuje zvySenou produkci
volnych radikall, peroxidaci lipidd a oxidativni poskozeni membranovych
proteini. PoSkozeni bunééné membrany peroxidaci je vysledkem reakce volnych
radikall s membranovymi proteiny a nenasycenymi mastnymi kyselinami.
Nasledné chybéni nenasycenych mastnych kyselin je spojeno s nedostatec¢nou
fluiditou membrany a zménami aktivity na membranu navazanych enzymd,
iontovych kanall a receptor (Akhlaqg et al. 2001, Farooqui et al. 2000).

2.1.2. Kainatové receptory

2.1.2.1. Zadatky vyzkumu

Objeveni neuroexcitanich schopnosti glutamatu (Bleakman and Lodge
1998, Curtis et al. 1959, Hayashi 1952, 1954), které spada do padesatych let,
bylo prvni viastovkou v oblasti vyzkumu trvajiciho pifes 40 let. V poslednich
nékolika letech enormné pokrodilo porozuméni problematice iontovych kanald,
jejich schopnosti permeability, kinetickym vlastnostem a t&asti pfi synaptickém
pfenosu, ¢ehoz bylo mozno dosahnout zejména diky vysledkim molekularné
biologickych a elektrofyziologickych studii. Nicméné inicialnimu uspéchu ve
vyzkumu glutamatovych receptorl vdé€ime pokrokim ve farmakologii.

2.1.2.2. Klasifikace glutamatovych receptort

Klasifikace glutamatovych receptor(l prodélala béhem své dlouhé historie
mnohé zmény (Bleakman and Lodge 1998). Prvni farmakologické studie vedly k
inicialni  klasifikaci, délici glutamatové receptory na N-methyl-D-aspartate
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(NMDA), quisqualatové a kainatové (analoga glutamatu) receptory (Bleakman
and Lodge 1998, Davies and Watkins 1979, McLennan and Lodge 1979, Watkins
and Evans 1981).

Hlubsi pozorovani zapfi€inila dal§i zmény vtéto oblasti non-NMDA
receptory byly prejmenovany na a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) a kainatové receptory (Bleakman and Lodge
1998, Collingridge and Lester 1989).

V souCasneé dobé se glutamatové receptory déli na ionotropni glutamatove
receptory (tvofené iontovym kanalem) a metabotropni glutamatové receptory
(spfazené s G-proteinem). Toto uspofadani vykazuje do jisté miry podobnost s
jinymi skupinami neurotransmiterovych receptort, které jsou bud pfimo tvorené
iontovym kanalem (napf. nikotinové, GABAA a 5HT3), nebo jsou sprazeny pies G-
protein s druhym poslem a iontovym kanalem (muskarinové, GABAg a
serotoninové receptory) (Bleakman and Lodge 1998).

2.1.2.3. Specifické receptory pro kainat

Excitotoxicky a epileptogenni efekt kainatu byl davan do souvislosti s
existenci specifickych receptorl pro kainat (Bleakman and Lodge 1998, Watkins
and Evans 1981). Tato hypotéza byla podpofena prikazem vazebnych mist s
vysokou afinitou pro [°H]kainat v mozku krysy (Bleakman and Lodge 1998,
London and Coyle 1979) a rovnéz demonstraci kainatem zplsobenych
depolarizaénich a desenzitizaénich odpovédi v gangliich dorzalnich kofenu
mi$nich a v C-vlaknech (Agrawal and Evans 1986, Bleakman and Lodge 1998,
Huettner 1990). NejdllezitéjSi posun v porozuméni specifickym kainatovym
iontovym kanalim ale pfinesly az molekularné biologické studie (Bleakman and
Lodge 1998).

V hippocampalnich neuronech existuji dva typy kainatovych receptorq,
jejichz funkce se zdaji byt zavislé na lokalizaci a stadiu vyvoje (Bahn et al. 1994,
Bleakman and Lodge 1998, Lerma 1997).
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2.1.2.4. Podjednotky kainatovych receptort

Je znamo pét kainatovych receptorovych podjednotek — GIuR5, GIuRS,
GIuR7, KA1 a KA2. Jejich membranové uspofadani se zda byt totozné. Ostatni
farmakologicke a funkéni viastnosti se rizni. Tyto podjednotky mohou byt déleny
do dvou skupin na zakladé strukturalni homologie a afinité k [*H]kainatu. Mezi
receptoroveé podjednotky s nizkou afinitou patfi GIuR5-GIuR7, vysokou afinitu ke
kainatu maji KA1 a KA2.

2.1.2.5. Distribuce receptorovych podjednotek pro kainat

Distribuce receptorovych podjednotek pro kainat je nasledujici: GIuRS se
nachazi vyhradné v subiculu, CA1 oblasti hippocampu a ve vrstvé Purkynovych
bunék v mozecku, GIuR6 v gyrus dentatus, v CA3 oblasti hippocampu, v caudatu,
v putamen a v granularni vrstvé mozeéku. GIuR7 je pomérné znaéné rozSifena,
ale v malém mnozstvi. Distribuce KA1 je nejvétsi v amygdale a v hippocampu,
KA2 je Siroce rozsifena v celé CNS, nejvétsi zastoupeni ma v mozkové kdire, v
caudatu, v putamen, v hippocampu a v granularni vrstvé mozecku (Chittajallu et
al. 1999).

2.1.2.6. Role kainatovych receptort

Vzhledem k problémum s identifikaci aktivity, za kterou jsou odpovédné
vyhradné kainatové receptory, bylo obtizné fyziologickou roli kainatovych
receptorli uréit. Bylo zjisténo, ze kainatové receptory mohou byt aktivovany
vysokofrekvenéni elektrickou stimulaci mechovych vlaken na rozdil od aktivace
asociaénich, pfip. komisuralnich drah v hippocampu.

Lokalizace kainatovych receptorG se plvodné zjiStovala studiemi,
zaloZzenymi na indukci |ézi. Vazba kainatu v oblasti CA3 je vyznamné sniZena po
selektivni destrukci aferentnich mechovych vidken, coz svéd&i o presynaptické
lokalizaci kainatovych receptorl. V pfipadé absence granularnich bunék
v mozeC¢ku dochazi k poklesu vazby kainatu v molekularni vrstvé, kde axony
granularnich bunék kong&i. Neurotoxicky vliv kainatu v hippocampu a ve striatu je
oslaben v pfipadé zni¢eni excitaénich aferentaci. Nedé&je se tak ihned po
deaferentaci, ale az po degeneraci nervovych zakonéeni, coz podporuje
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myslenku, Ze neurotoxicka aktivita kainatu se vztahuje k presynaptické oblasti
(Chittajallu et al. 1999).

V hippocampalnich fezech, zejm. na CA3 neuronech mohou byt kainatové
receptory stimulovany cestou mechovych viaken (Bleakman and Lodge 1998,
Castillo et al. 1997, Chittajallu et al. 1996, Vignes and Collingridge 1997, Vignes
et al. 1997).

2.1.2.7. Role kainatovych receptoru v patogenezi epileptické aktivity

Bylo diskutovano, Zze redukce synaptické inhibice mulze pfispivat
k epileptogennim Gcinkdm kainatu (Bleakman and Lodge 1998, Fisher and Alger
1984, Kehl et al. 1984, Sloviter and Damiano 1981). Recentni studie na
hippocampalnich Ffezech podpofily ulohu kainatovych receptorl pfi regulaci
excitability neuront v dal§i ¢asti hippocampu, v CA1 oblasti (Bleakman and
Lodge 1998). Ztoho bylo vyvozeno, ze kainatové receptory mohou hrat
vyznamnou roli v patogenezi epileptické aktivity (Bleakman and Lodge 1998,
Fisher and Alger 1984, Lerma 1997, Sloviter and Damiano 1981). Tyto vysledky
rovnéZz potvrdily nemalou ulohu kainatovych receptorli na epileptogennim

pusobeni kainatu po jeho systémové aplikaci (Bleakman and Lodge 1998).

2.1.2.8. Nocicepce a dalSi role kainatovych receptoru

Je znamo, Ze glutamatové receptory v miSe hraji kli€ovou ulohu v pifenosu
bolestivych podnétll. Také se zda, Zze se podileji na vyvoji neuronalni plasticity,
ktera doprovazi vnimani bolesti (Bleakman and Lodge 1998, Dray et al. 1994).
Kainatové receptory se také podileji na nocicepci, a to cestou aferentace pres
neurony spinalnich ganglii (Bleakman and Lodge 1998, Agrawal and Evans 1986,
Huettner 1990) a aktivitou trigeminalnich neuront (Bleakman and Lodge 1998,
Sahara et al. 1997).

Presynapticka modulaéni schopnost na excitaénich a inhibiénich synapsich
je rovnéz pfipisovana kainatovym receptorim (Bleakman and Lodge 1998). Byla
popsana synaptickd aktivace postsynaptickych kainatovych receptord a
pfitomnost presynaptickych kainatovych receptoril slouzicich k regulaci
excitaénich a inhibiénich synaptickych pfenost (Chittajallu et al. 1999).
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Objevy v oblasti molekularni biologie AMPA a kainatovych receptorl a
nalezeni specifickych ligand predchazelo dnesnimu chapani role specifickych
aminokyselin, peptidii a podjednotek glutamatovych receptori na synapsich
v CNS savcl (Bleakman and Lodge 1998).

2.2. Vliv hypoxie na neuronalni populace CNS

2.2.1. Klasifikace
Hypoxie |ze rozdélit podle pficin vzniku na nékolik typl (Jilek 1966):
1. Hypoxicka hypoxie (anoxicka anoxie, vy$kova, aerogenni), pfi které je snizen
arterialni pO2 a nastava snizené syceni krve kyslikem (hypoxémie).
2. Anemicka hypoxie, pfi které je arterialni pO, sice normalni, ale je snizeno
mnozstvi hemoglobinu pfenasejiciho kyslik. Je snizena schopnost krve pienaset
kyslik z plic ke tkanim.
3. Stagnaéni (oligemicka, ischemicka) hypoxie, pfi které je prutok krve sniZzen a
do tkani neni dodavano dostateéné mnozstvi kysliku, prestoze jsou pO, i
koncentrace hemoglobinu normalni. Je snizena nabidka kysliku tkanim pro
poruchu obé&hovou, coz vede také k omezenému zasobeni Zivinami (gluk6ézou),
soucasné je ztizeno odvadéni zplodin premény latek z postizené oblasti.
Stagnaéni ischemie znamena ischemii tkani.
4. Histotoxicka hypoxie, pfi které je mnozstvi kysliku dodavaného tkanim
pfiméfené, ale tim, Zze jsou tkané toxicky po$kozeny, nemohou dodany O
vyuzivat. Je zplUsobena blokddou oxidoredukénich enzymovych soustav (napf.
otrava HCN, CO).
Z hlediska dusledkl je vSak vyznamné déleni hypoxie podle intenzity (Jilek

1966, Trojan 1978a, Mare$ J. a kol. 1985):
1. Hypoxie funkéni, ktera vyvolava slozity soubor reflexnich a humoralnich

reakci, jez za daného stavu zajistuji homeostazu.
2. Hypoxie adaptacni (metabolicka), které se jiz organismus jako celek nedokaze

pfizpusobit a musi se s ni vyrovnat metabolickou pfestavbou na bunécné

urovni.
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3. Hypoxie destrukéni (strukturaini), u které energeticka pfeména buriky klesne
pod hranici nezbytnou pro zachovani vnitiniho uspofadani zivé hmoty.

4. Anoxie, pfi niz Uplny nedostatek kysliku ve vnitfnim prostiedi poskozuje v
prabéhu Casu vSechny buriky bez zfetele k jejich vyvojové zralosti a funkénimu

zatizeni.

2.2.2. Mozkova cirkulace

Mozek je na rozdil od ostatnich télnich organt velmi citlivy vici nedostatku
kysliku, coZz odraZi jeho vysokou metabolickou potiebu. Agkoliv mozek predstavuje
pouze 2,5 % hmotnosti lidského téla, jeho metabolicka pfeména predstavuje 25%
bazalniho metabolismu. Mozek jako celek ma vysokou intenzitu aerobniho
metabolismu a ma malou anaerobni toleranci (Necas 1982). Pritok krve mozkem ¢ini
kolem 750 ml za minutu, tj. asi 20% minutového srde¢niho objemu. Pfi intenzivni
aktivité neuront muze stoupnout az o 50%. Prutok krve je kromé toho nerovhomérné
rozloZzen: Sedou hmotou protéka zhruba 5x vice krve nez hmotou bilou (Penfield
1971).

2.2.3. Hypoxické poskozeni mozku

Hypoxické poSkozeni mozku je jednou z velmi ¢astych diivodu invalidizace a
umrti. Kritickym vékem pro vznik takovychto poskozeni je perinatalni obdobi,
presenium a senium.

Cetnost vyskytu hypoxickych poskozeni mozku v riznych vékovych
skupinach napovida, Zze velky polet poskozeni nervového systému touto noxou
vznika v obdobi &asné ontogeneze (Trojan and Stastny 1988, 1989, Berger and
Garnier 1999), &asto dokonce v obdobi prenatalnim (Stembera 1967, Greisen
1992, Longo and Packinathan 1997). Pozdni dusledky ve funkci CNS vyvolané
perinatalni hypoxii jsou tak stale v popfedi experimentalniho zajmu (Tan and
Parks 1999, Vanucci 1990, Krnjevic 1999, Johnston 2001, Habek et al. 2000,
Delivoria-Papadoupolos and Mishra 1998, 2000). Poskozeni mozku vznikla v
dusledku intrauterinniho nedostatku kysliku jsou velmi zavazna (obdobi tzv.
kritické vyvojové periody), protoze €asto zasadné ovliviiuji moznosti, schopnosti a

uplatnéni jedince v prubéhu dalsiho zivota (Gross et al. 1989).
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Cévni mozkova pfihoda, tedy inkompletni mozkova ischemie, vede
k zavazné invalidité, nutnosti trvalé hospitalizace, v lepsim pfipadé k dlouhodobé
pracovni neschopnosti nemalého poétu pacientdl s vyznamnymi ekonomickymi
dopady (White et al. 2000).

Uspésna kardiopulmonarni resuscitace pacientd s nahlou srdecni
zastavou, tedy s kompletni globalni mozkovou ischemii, at v nemocnici, €&i
v terénu vede v 60% pfipadl ke smrti disledkem rozsahlého poskozeni mozku.
Pouze 3-10% resuscitovanych pacientd je schopno navratu k pUvodnimu
zivotnimu stylu (Krause et al. 1986, White et al. 2000).

Abychom byli schopni redukovat tuto neurologickou morbiditu, musime
porozumét mechanismim zpUsobujicim neuronalni poskozeni a moznostem
jejich napravy, coz by mélo naznadit klinicky efektivni terapii (White et al. 2000).
Zakladni vyzkum mechanisml odpovédi nervového systému na hypoxickou zatéz
muaze pfispét ke zvySeni Uspésnosti jak preventivnich, tak terapeutickych zasah(
v klinicke praxi (Volpe 1995, Berger and Garnier 2000, Barber et al. 2001).

2.2.4. Zmény metabolismu nervové buriky pf¥i nedostatku kysliku

Nedostatek kysliku ve tkanich se projevuje celou fadou zmén (zhroucenim
energetickeho metabolismu, acidézou, poskozenim mitochondrii, aktivaci
autolytickych enzym(, odbouravanim lipidQ apod.). Bunééné struktury jsou v$ak
mnohem vice poSkozovany pfi reoxygenaci tkané nez v pribéhu hypoxie, a to

zvySenou produkci kyslikovych radikala (White et al. 2000).

2.2.5. Snizeni energetickych rezerv

Pro rizné biochemické pochody utilizujici molekularni kyslik existuji
pravdépodobné rizné ,kritické" hodnoty pO,, pfi nichz se zatne nedostatek
kysliku projevovat. Pfi dosazeni kritického pO, za¢ne na bunécné Urovni probihat
kaskada biochemickych zmén v souvislosti s Utlumem oxidativni fosforylace
(Mourek 1966, 1980, LaManna et al. 1984). Organismus se snazi udrzet normalni
bunééné funkce a proto zvySené utilizuje ATP (Vannucci et al. 2004). Hlavnim
energetickym zdrojem se stane anaerobni glykolyza, ktera nemuze dlouhodobé
pokryt energetickou potfebu, snizuji se energetické fosfatové rezervy -
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adenosintrifosfat (ATP) (Jilek et al. 1968, Mourek and Stastny 1979, Harik et al.
1995, LaManna et al. 1996, Sa Santos et al. 2005, Yapicioglu et al. 2004). Pfi
snizeni nabidky glukézy mulze neuron metabolizovat i laktat a acetoacetat
(Drahota et al. 1965, Takata et al. 2004).

2.2.6. Porucha funkce iontovych kanalu

SniZzeni energetickych rezerv ma za nasledek poruchu funkce
membranovych iontovych kanall a intracelularni hromadéni Na*, Ca?*, CI" a vody
(cytotoxicky edém) (Martinez-Sanchez et al. 2004, Kozler et al. 2002).
Extracelularné se zvy3uje mnozstvi K'. Tyto procesy maji za nasledek
depolarizaci membrany (Mishra and Delivoria-Papadoupolos 1988, Graham et al.
1993). Pfi depolarizaci se také uvolfiuje glutamat z axonalnich zakoné&eni, coz
mimo jiné zplsobi otevfeni kanalll Fizenych glutamatovymi receptory. Ca®*
masivné vstupuje do bunék, kde se vyrazné zvysSuje jeho obsah (Juurling 1997,
Lee et al. 2000, Koroleva and Vinogradova 2000, Gray et al. 2005).

2.2.7. Dusledky zvy$ené hladiny intracelularniho Ca*

Vysoka intracelularni hladina Ca®* aktivuje kalpain, mediator proteolytické
degradace cytoskeletarnich protein(, ktery vyvolava zménu iniciace translaénich
mechanisml, coz vyrazné tlumi proteosyntézu. Na poskozeni membrany se
rovnéz podili kaplainem iniciovana aktivace kaspazy, ktera zasahuje do procesu
apoptozy, coz je naprogramovany fyziologicky proces smrti probihajici v bufikach
(Lee et al. 1998, Lipton 1999, White et al. 2000).

2.2.8. Naruseni bunééné integrity

Béhem hypoxie se aktivuji i dalSi enzymatické pochody. ZvySena hladina
intracelularniho Ca®* aktivuje proteazy, lipazy a nukleazy, které se podileji na
poskozeni bunééné integrity (Verma 2001). Vyznamné je pusobeni fosfolipazy,
kterd zpusobuje deesterifikaci membranovych fosfolipidli a uvolnéni volnych
mastnych kyselin (Lipton 1999). Z uvolnénych fosfolipidli se tvofi kyselina
arachidonova (McGowan et al. 1994, Vanucci and Perliman 1997), ktera vyvolava
invazi neutrofill. Aktivované leukocyty produkuji fadu proteolytickych enzymd,
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ovliviiujicich permeabilitu kapilar. Vysledkem je edém mozku. Arachnoidat také
zpUsobuje hromadeéni volnych kyslikovych radikalt (Mishra and Delivoria-
Papadoupolos 1999, White et al. 2000, Tan et al. 1998, Monje et al. 2000), které
vznikaji pfi redukénich procesech v mitochondriich (McCord 1985, Tan et al.
1998). Dochazi k peroxidaci membranovych lipidi (Siesj® 1981, Mishra and
Delivoria-Papadoupolos 1989, Halliwell and Chirico 1993, Kalytka et al. 1995,
Surai et al. 1999), coZ narusuje integritu buné&né membrany. Ug&inky volnych
radikall jsou rovnéz hlavnim mechanismem buné&&ného poskozeni pfi reperfuzi
(Vanucci and Perlman 1997). B&hem ischemického inzultu je aktivovana NO
syntaza (NOS) (Dorrepaal et al. 1997, Pichiule et al. 1998), produkujici pfebytek
oxidu dusnateho, ktery je neurotoxicky (Verma 2001, Rodrigo et al. 2004).

Popsané procesy kolapsu celularni energetické premény, puasobeni
kyslikovych radikall, peroxidace lipidQ, nahromadéni Ca** intracelularné (Hedrick
et al. 2005), neurotoxicita oxidu dusnatého (NO) a acidéza vyusti ve ztratu
membranové integrity, progresivni proteolyzu a v poskozeni usporadani struktury
bufiky s neschopnosti kontroly a obrany proti témto procesim (Lee et al. 1998,
Lipton 1999, Hagberg et al. 2004, White et al. 2000).
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3. Cil prace - pracovni hypotéza

Cilem prace bylo posoudit mozny vliv excitotoxicky pusobiciho jednorazove
systémové aplikovaného kainatu, vliiv dlouhodobé opakované hypoxie pusobici
v perinatalnim obdobi (obdobi tzv. kritické vyvojové periody) a zejména kombinaci
obou téchto nox na oxid dusnaty produkujici neuronalni populace v hippocampu a
v primarnim sluchovem kortexu u riizné starych laboratornich potkan.

Predpokladali jsme, Ze perinatalné plsobici hypoxie vyvola ve sledovanych
oblastech CNS mladat zmény poctu neuront produkujicich oxid dusnaty ve
smyslu jejich zvySeni, coz by poukazalo na reakci na poskozeni téchto oblasti
dlouhodobou hypoxii, a Zze aplikace kainatu tyto zmény jesté prohloubi. U
dospélych potkanl byl naopak oéekavan Ubytek poétu sledovanych neuronl jako
vysledek hypoxického a excitotoxického postizeni nastartovaného v perinatalnim
obdobi.

Hypotéza 1: hypoxie vyvola u mladat zvy$eni poctu nitrergnich neurontl

Hypotéza 2: kainat vyvola u mladat zvyseni poétu nitrergnich neuront

Hypotéza 3: hypoxie v kombinaci s kainatem vyvola u mladat jesté vyznamnéjsi
zvySeni poctu nitrergnich neuron(

Hypotéza 4: hypoxie vyvola u dospélych zvifat snizeni poctu nitrergnich neuront
Hypotéza 5: kainat vyvola u dospélych zvifat snizeni poctu nitrergnich neuront
Hypotéza 6: hypoxie v kombinaci s kainatem vyvola u dospélych zvifat jesté

vyznamné;jsi snizeni poétu nitrergnich neuront
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4. Metodika — statistika

4.1. Vyvolani hypoxie

Experimentalnimi zvifaty byli samci laboratorniho potkana kmene Wistar
vlastniho chovu. K vyvolani hypoxie jsme pouZivali barokomoru o kapacité 370 .
Tlak byl snizovan specialni olejovou rotaéni vyvévou. Pokles tlaku vzduchu uvnitf
barokomory byl prib&zné méren leteckym vyskomérem. Rychlost snizovani tlaku
byla 1000 m3/s. Ve vnitfnim prostfedi barokomory byla udrzovana konstatni
teplota 24°C a vlhkost 60%. Tlak v komofe byl 41,04 kPa, pO2 8,58 kPa. Béhem
experimentu byla komora kontinualné vétrana rychlosti 848 I/hod. Konstantni
slozeni atmosfeéry bylo prabézné kontrolovano Schoulendovym
mikroanalyzatorem (N2 78%, 02 21%, CO2 0,035%).

Zvifata byla umisténa do komory v plastikovych akvariich. Aby byly
zachovany standartni podminky chovu, byla mladata umisténa s 1 matkou vzdy
v poétu 10. Od 2. do 17. (s vynechanim 7., 8., 14. a 15.) dne véku byla mladata
spole¢né s matkou vystavena vlivu hypoxie v hypobarické komofe v simulované

nadmoiské vysce 7000 m po dobu 8 hodin denné.

4.2. Aplikace kainatu

12. den véku, tedy v pribé&hu plsobeni hypoxie, respektive 18.den véku,
tedy 1 den po skonéeni pUsobeni hypoxie, byl zvifatim jednorazové i.p. aplikovan
kainat (2,5 mg/kg). Jedna se o subletalni davku, odpovédnou za parcialni
zachvaty s komplexni symptomatologii (VeliSskova et al. 1988), ktera umoziuje

mladatum dostatecné dlouhé preziti.

4.3. Experimentalni skupiny zvifat
K experimentim bylo pouzito 20 skupin zvirat:
22-denni zvifata s kainatem aplikovanym 18. den véku:
1. Zvirata vystavena hypoxii 2.-17. den véku
2. Zvifata vystavena hypoxii 2.-17. den véku, kterym byl 18. den véku aplikovan
kainat

3. Zvitata nevystavena hypoxii
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4. Zvifata nevystavena hypoxii, kterym byl 18. den vé&ku aplikovan kainat
90-denni zvifata s kainatem aplikovanym 18. den véku:

5. Zvifata vystavena hypoxii 2.-17. den véku

6. Zvifata vystavena hypoxii 2.-17. den véku, kterym byl 18. den véku aplikovan
kainat

7. Zvirata nevystavena hypoxii

8. Zvifata nevystavena hypoxii, kterym byl 18. den véku aplikovan kainat
365-denni zvifata s kainatem aplikovanym 18. den véku:

9. Zvirata vystavena hypoxii 2.-17. den véku

10. Zvifata vystavena hypoxii 2.-17. den véku, kterym byl 18. den véku aplikovan
kainat

11. Zvifrata nevystavena hypoxii

12. Zvifata nevystavena hypoxii, kterym byl 18. den véku aplikovan kainat
22-denni zvifata s kainatem aplikovanym 12. den véku:

13. Zvifata vystavena hypoxii 2.-17. den véku

14. Zvifata vystavena hypoxii 2.-17. den véku, kterym byl 12. den véku aplikovan
kainat

15. Zvirata nevystavena hypoxii

16. Zvifata nevystavena hypoxii, kterym byl 12. den véku aplikovan kainat
90-denni zvifata s kainatem aplikovanym 12. den véku:

17. Zvirata vystavena hypoxii 2.-17. den véku

18. Zvifata vystavena hypoxii 2.-17. den véku, kterym byl 12. den véku aplikovan
kainat

19. Zvifata nevystavena hypoxii

20. Zvirata nevystavena hypoxii, kterym byl 12. den véku aplikovan kainat

4.4. Perfuze

V priméru 60% zvifat prezilo 1 rok. V kazdé experimentalni skupiné byly
hodnoceny mozky 2 zvifat.

Ve véku 22, 90, popi. 365 dni byla mladata, respektive dospéla zvirata
v hluboké thiopentalové narkéze transkardialné perfundovana 4%
paraformaldehydem v 0,1 M fosfatovém pufru o pH 7,4. Mozky byly vyjmuty z
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kalvy a po 1 hodinove postfixaci ve 4% pufrovaném neutralnim paraformaldehydu

byly prosyceny 20% roztokem sacharézy, co zajisti kryoprotekci.

4.5. Barveni na prukaz NADPH-d pozitivnich neuront

Po nakrajeni 40 um tlustych transverzalnich fez( na kryostatu byly tyto
fezy inkubovany v 0,1 M fosfatovém pufru obsahujicim 0,5 mg/ml 3-NADPH
reduktazy (Sigma), 0,2 mg/ml Nitro blue tetrazolium (NBT, Sigma) a 0,3% Triton
po 4 hodiny pfi 37°C v termostatu. Po této reakci byly fezy ponofeny do 0,1 M
fosfatového pufru a uchovany pfi 8°C po dobu 16 hodin. Po histochemické reakci
byly fezy umistény na pfedCisténa podlozni skla Microscope Slides (Menzel-
Glaser), potazena 0,5% Zelatinou, ususeny a prekryty krycimi skly Microscope
Cover Glasses (Menzel-Glaser) za pouziti D.P.X. Neutral Mounting Medium
(Aldrich) (Wang et al. 2001).

Foto 1. NADPH-d pozitivni interneuron z druhé korové vrstvy primarni sluchoveé kary.
NADPH-d barveni. Pfimé zvétseni 400x.
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4.6. Kvantifikace NADPH-d pozitivnich neuront
Poté byly NADPH-d pozitivni neurony (Foto 1) kvantifikovany v jednotlivych

oblastech hippocampu (Foto 2) a v primarnim sluchovém kortexu:
1. v CA1 oblasti hippocampu

2. v CA3 oblasti hippocampu

3. v hilu gyrus dentatus

4. v dorzalnim listu gyrus dentatus
5. ve ventralnim listu gyrus dentatus

6. v primarnim sluchovém kortexu TE1 — temporalni oblast 1 (Schober 1986)

Foto 2. Frontalni fez hippocampem (AP 2,5) experimentélniho zvifete (NADPH-d
barveni). Méritko = 700 um.

Kvantifikace NADPH-d pozitivnich neuronl byla provedena za pouZiti
svételného mikroskopu (Olympus Provis AX 70). U kazdého zvifete bylo
hodnoceno 25-30 fezl.
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4.7. Statistické hodnoceni

Vramci statistického zpracovani jsme sledovali rozdily = hodnot u
kontrolnich a experimentalnich skupin. Ke statistickému vyhodnocovani
sledovanych parametrl byl pouzit program GrafPadPrism 2.01, analyza rozptylu
One Way Anova a k porovnani rozdilného poétu neuronli neparovy t-test.
Hladina vyznamnosti byla stanovena na 5%. K zobrazeni vysledkd jsme pouZili

grafické znazornéni programem Prisma.
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5. Vysledky

5.1. 22-denni zvifata s kainatem aplikovanym 18. den véku:

V CA1 oblasti hippocampu byl primérny poéet NADPH-d pozitivnich
neuront na plochu fezu 49,19 v hypoxické (H) skupiné, 46,62 v hypoxické
skupiné kombinované s aplikaci KA (H+K), 45,26 v kontrolni (C) skupiné a 62,12
v kainatové (C+K) skupiné.

Ve skupiné H byl po¢et NADPH-d pozitivnich neuronl o 8,68% vétsi nez
v C skupiné (p<0,03), ve skupiné C+K byl o 26,29% vétsi nez v H (p<0,0001),
v C+K byl 0 33,25% vétsi nez v H+K (p<0,0001) a v C+K byl 0 37,25% vétsi nez
v C (p<0,0001) (Obr.1).

Number of NADPH-d
positive neurons in CA1
area of hippocampus per

section area

H H+K C+K

Obr. 1. Poc¢et NADPH-d pozitivnich neuront v oblasti CA1 hippocampu u
22-dennich zvirat s kainatem aplikovanym 18. den véku

V CA3 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich

neuront na plochu fezu 51,07 v H skupiné, 40,91 v H+K skupiné, 43,43 v C
skupiné a 57,86 v C+K skupiné.
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Ve skupiné H byl po€et NADPH-d pozitivnich neuronl o 24,86% vétsi nez
v H+K skupiné (p<0,0001), v H byl 0 17,59% vétsi nez v C (p<0,03), v C+K byl o
13,30% Vveétsi nez v H (p<0,03), v C+K byl 0 41,43% vétsi nez v H+K (p<0,0001) a
v C+K byl 0 33,23% vétsi nez v C (p<0,0003) (Obr.2).
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Obr. 2. Poéet NADPH-d pozitivnich neuroni v oblasti CA3 hippocampu u
22-dennich zvirat s kainatem aplikovanym 18. den véku

V hilu gyrus dentatus byl primérny pocet NADPH-d pozitivnich neuronl na
plochu fezu 41,13 v H skupinég, 33,47 v H+K skupiné, 35,97 v C skupiné a 43,98 v
C+K skupiné.

Ve skupiné H byl poc¢et NADPH-d pozitivhich neuron(i 0 22,89% vétsi nez
v H+K skupiné (p<0,0001), v H byl 0 14,35% vétsi nez v C (p<0,0009), v H+K byl
0 6,95% mensi nez v C (p<0,05), v C+K byl 0 31,40% vétsi nez v H+K (p<0,0001)
av C+K byl 0 22,27% vétsi nez v C (p<0,0001) (Obr.3).
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Obr. 3. Pocet NADPH-d pozitivnich neurond v hilu gyrus dentatus u 22-
dennich zvifat s kainatem aplikovanym 18. den véku

V dorzalnim listu gyrus dentatus byl pramérny poéet NADPH-d pozitivnich
neuronl na plochu fezu 27,60 v H skupiné, 21,71 v H+K skupiné, 26,16 v C
skupiné a 27,26 v C+K skupiné.

Ve skupiné H byl poéet NADPH-d pozitivnich neuron(l o0 27,13% vétsi nez
v H+K skupiné (p<0,0001), v H+K byl o 17,01% menSi nez v C (p<0,0001) a
v C+K byl 0 25,56% veétsi nez v H+K (p<0,0001) (Obr.4).
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Obr. 4. Potet NADPH-d pozitivnich neuroni v dorzalnim listu gyrus
dentatus u 22-dennich zvirat s kainatem aplikovanym 18. den véku

Ve ventralnim listu gyrus dentatus byl primérny poéet NADPH-d
pozitivnich neuront na plochu fezu 17,10 v H skupiné, 13,65 v H+K skupinég,
16,20 v C skupiné a 17,02 v C+K skupiné.

Ve skupiné H byl poéet NADPH-d pozitivnich neurond o 25,27% vétsi nez
v H+K skupiné (p<0,0001), v H+K byl 0 15,74% mensi nez v C (p<0,002) a v C+K
byl 0 24,69% vétsi nez v H+K (p<0,0001) (Obr.5).
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Obr. 5. Pocet NADPH-d pozitivnich neuront ve ventralnim listu gyrus
dentatus u 22-dennich zvirat s kaindtem aplikovanym 18. den véku

V primarnim sluchovém kortexu byl primérny poéet NADPH-d pozitivnich
neuronll na plochu fezu 30,58 v H skupiné, 30,55 v H+K skupiné, 28,16 v C
skupiné a 32,00 v C+K skupiné.

Ve skupiné H byl po¢et NADPH-d pozitivnich neuronl o 8,56% vétsi nez
v C skupiné (p<0,02), v H+K byl o 8,49% vétsi nez v C (p<0,02) a vC+K byl o
13,64% vétsi nez v C (p<0,006) (Obr.6).
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Obr. 6. Pocet NADPH-d pozitivnich neurond v primarnim sluchovém
kortexu u 22-dennich zvirat s kainatem aplikovanym 18. den véku

U mladat opakovana hypobaricka hypoxie zvySila pocet NADPH-d
pozitivnich neuroni v hilu, CA1, CA3 oblastech hippocampu a v primarnim
sluchovém kortexu v porovnani s kontrolni skupinou. V dorzalnim a ventralnim
listu gyrus dentatus nebyly rozdily oproti kontrolni skupiné signifikantni.

Kainat aplikovany normoxickym zvifatlim zvysil pocet NADPH-d pozitivnich
neuront v hilu, CA1, CA3 oblastech hippocampu a v primarnim sluchovem
kortexu. V dorzalnim a ventralnim listu gyrus dentatus nebyly zmény pozorovany.

Naopak kainat aplikovany hypoxickym zvifatim snizil poéet NADPH-d
pozitivnich neuron( v hilu, dorzalnim a ventralnim listu gyrus dentatus a zvysil
potet NADPH-d pozitivnich neurond v primarnim sluchovém kortexu. V CA1 a
CA3 oblastech hippocampu nebyly Zadné zmény pozorovany.

5.2. 90-denni zvirata s kainatem aplikovanym 18. den véku:

V CA1 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neuronll na plochu fezu 23,02 v H skupiné, 25,48 v H+K skupiné, 29,13 v C
skupiné a 26,23 v C+K skupiné.
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Ve skupiné H+K byl pocet NADPH-d pozitivnich neurond o 10,69% vétsi
nez v H skupiné (p<0,007), v H byl 0 20,97% mensi nez v C (p<0,0001), v C+K
byl o 13,94% veétsi nez vH (p<0,003), vH+K byl o 12,53% mensi nez vC
(p<0,002) a v C+K byl 0 9,96% mensi nez v C (p<0,04) (Obr.7).
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Obr. 7. Po¢et NADPH-d pozitivnich neuront v oblasti CA1 hippocampu u

90-dennich zvirat s kainatem aplikovanym 18. den véku

V CA3 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neuronl na plochu fezu 10,52 v H skupiné, 9,24 v H+K skupiné, 13,21 v C
skupiné a 10,84 v C+K skupiné.

Ve skupiné H+K byl pocet NADPH-d pozitivnich neuront o 13,84% mensi
nez v H skupiné (p<0,009), v H byl 0 20,36% mensi nez v C (p<0,0001), v H+K
byl o 30,05% mensi nez v C (p<0,0001), v C+K byl 0 17,30% vétsi nez v H+K
(p<0,002) a v C+K byl 0 17,94% mensi nez v C (p<0,0005) (Obr.8).
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Obr. 8. Pocet NADPH-d pozitivnich neuronu v oblasti CA3 hippocampu u
90-dennich zvifat s kainatem aplikovanym 18. den véku

V hilu gyrus dentatus byl pramérny poéet NADPH-d pozitivnich neuront na
plochu fezu 21,37 v H skuping, 14,49 v H+K skupiné&, 19,77 v C skupiné a 19,08 v
C+K skupiné.

Ve skupiné H byl po¢et NADPH-d pozitivnich neuron( o 47,48% vétsi nez
v H+K skupiné (p<0,0001), v H byl 0 12,00% vét$i nez v C+K (p<0,02), v H+K byl
0 26,71% mens$i nez vC (p<0,0001) a vC+K byl o 31,68% vétsi nez v H+K
(p<0,0001) (Obr.9).
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Obr. 9. Pocet NADPH-d pozitivnich neurond v hilu gyrus dentatus u 90-

dennich zvirat s kainatem aplikovanym 18. den véku

V dorzalnim listu gyrus dentatus byl primérny po¢et NADPH-d pozitivnich
neuronld na plochu fezu 19,00 v H skupiné, 20,48 v H+K skupiné, 19,64 v C
skupiné a 21,14 v C+K skupiné.

Ve skupiné H byl po¢et NADPH-d pozitivnich neuront o 7,79% mensi nez
v H+K skupiné (p<0,05) a v C+K byl 0 11,26% vét$i nez v H (p<0,02) (Obr.10).
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Obr. 10. Pocet NADPH-d pozitivnich neurond v dorzalnim listu gyrus
dentatus u 90-dennich zvifat s kaindtem aplikovanym 18. den véku

Ve ventralnim listu gyrus dentatus byl primérny poéet NADPH-d
pozitivnich neuront na plochu fezu 11,39 v H skuping, 9,24 v H+K skupiné, 10,97
v C skupiné a 13,13 v C+K skupiné.

Ve skupiné H byl po¢et NADPH-d pozitivnich neurond o 23,26% Vvétsi nez
v H+K skupiné (p<0,0001), v C+K byl 0 15,28% vétsi nez v H (p<0,02), v H+K byl
0 15,76% mensi nez vC (p<0,003), vC+K byl o 42,08% vé&tsi nez vH+K
(p<0,0001) a v C+K byl 0 19,69% vétsi nez v C (p<0,003) (Obr.11).
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Obr. 11. Poéet NADPH-d pozitivnich neurond ve ventréinim listu gyrus
dentatus u 90-dennich zvirat s kainadtem aplikovanym 18. den véku

V primarnim sluchovém kortexu byl primérny pocet NADPH-d pozitivnich
neuronll na plochu fezu 19,29 v H skupiné, 18,27 v H+K skuping, 19,29 v C
skupiné a 17,60 v C+K skupiné.

Ve skupiné H byl poéet NADPH-d pozitivnich neuronl o 9,60% vétsi nez
v C+K skupiné (p<0,005) a v C+K byl 0 8,76% mensi nez v C (p<0,002) (Obr.12).
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Obr. 12. Poéet NADPH-d pozitivnich neurond v primarnim sluchovém
kortexu u 90-dennich zvirat s kainatem aplikovanym 18. den véku

U dospélych zvifat dlouhodoba intermitentni perinatalni hypoxie snizila
pocet NADPH-d pozitivnich neurond v CA1 a CA3 oblastech hippocampu
v porovnani s kontrolni skupinou. V hilu, dorzalnim a ventralnim listu gyrus
dentatus a v primarnim sluchovém kortexu nebyly rozdily oproti kontrolam
signifikantni.

Kainat aplikovany normoxickym zvifatim také snizil pocet NADPH-d
pozitivnich neuroni vCA1 a CA3 oblastech hippocampu a v primarnim
sluchovém kortexu, zvysil po¢et NADPH-d pozitivhich neuronti ve ventrainim listu
gyrus dentatus a nezpUsobil zadné zmény v hilu a dorzalnim listu gyrus dentatus.

Kainat aplikovany hypoxickym zvifatim rovnéz snizil poéet NADPH-d
pozitivnich neuroni v CA1 a CA3 oblastech hippocampu, v hilu a ve ventralnim
listu gyrus dentatus. Rozdil v porovnani s kontrolni skupinou nebyl signifikantni

v dorzalnim listu gyrus dentatus a v primarnim sluchovém kortexu.
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5.3. 365-denni zvifata s kainatem aplikovanym 18. den véku:

V CA1 oblasti hippocampu byl pramérny podet NADPH-d pozitivnich
neuront na plochu fezu 20,73 v H skuping, 27,80 ve skupiné H+K, 26,30 v C
skupiné a 21,19 v C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivnich neuronl o 34,11% vétsi
nez v H skupiné (p<0,0001), v H byl 0 21,18% mensi nez v C (p<0,0001), v H+K
byl 0 31,19% veétsi nez v C+K (p<0,0001) a v C+K byl 0 19,43% mens§i nez vC
(p<0,0001) (Obr.13).
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Obr. 13. Pocet NADPH-d pozitivnich neuront v oblasti CA1 hippocampu u

365-dennich zvirat s kainatem aplikovanym 18. den véku

V CA3 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neuront na plochu fezu 11,50 v H skupiné, 15,35 v H+K skuping, 14,76 v C
skupiné a 9,50 v C+K skupiné.

Ve skupiné H+K byl pocet NADPH-d pozitivnich neuronti o 33,48% vétsi
nez v H skupiné (p<0,0001), v H byl 0 22,09% mensi nez v C (p<0,0001), v H byl
0 21,05% vétsi nez v C+K (p<0,0001), v H+K byl o 61,58% vétsi nez v C+K
(p<0,0001) a v C+K byl 0 35,64% mensi nez v C (p<0,0001) (Obr.14).
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Obr. 14. Pocet NADPH-d pozitivnich neuront v oblasti CA3 hippocampu u
365-dennich zvifat s kainatem aplikovanym 18. den véku

V hilu gyrus dentatus byl primérny po¢et NADPH-d pozitivhich neuronl na
plochu fezu 14,70 v H skupiné, 20,40 v H+K skupiné, 22,08 v C skupiné a 13,58 v
C+K skupiné.

Ve skupiné H+K byl pocet NADPH-d pozitivnich neuronti o 38,78% vétsi
neZ v H skupiné (p<0,0001), v H byl o0 33,42% mensi nez v C (p<0,0001), v H+K
byl 0 50,22% vétsi nez v C+K (p<0,0001) a v C+K byl o 38,50% mensi nez vC
(p<0,0001) (Obr.15).
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Obr. 15. Poc¢et NADPH-d pozitivnich neuront v hilu gyrus dentatus u 365-
dennich zvifat s kainatem aplikovanym 18. den véku

V dorzalnim listu gyrus dentatus byl primérny poéet NADPH-d pozitivnich
neuronl na plochu fezu 18,01 v H skupiné, 27,25 v H+K skupiné, 20,72 v C
skupiné a 17,71 v C+K skupiné.

Ve skupiné H+K byl pocéet NADPH-d pozitivnich neuront o 51,30% vétsi
nez v H skupiné (p<0,0001), v H byl 0 13,08% mensi nez v C (p<0,0001), v H+K
byl 0 31,52% vétsi nez v C (p<0,0001), v H+K byl o 53,87% vétsi nez v C+K
(p<0,0001) a v C+K byl 0 14,53% mensi nez v C (p<0,0001) (Obr.16).
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Obr. 16. Pocet NADPH-d pozitivnich neurond v dorzalnim listu gyrus
dentatus u 365-dennich zvifat s kainatem aplikovanym 18. den véku

Ve ventralnim listu gyrus dentatus byl primérny poéet NADPH-d
pozitivnich neuronl na plochu fezu 8,92 v H skupiné, 13,04 v H+K skupinég, 11,77
v C skupiné a 9,58 v C+K skupiné.

Ve skupiné H+K byl poéet NADPH-d pozitivnich neurond o 46,17% vétsi
nez v H skupiné (p<0,0001), v H byl 0 24,21% mensi nez v C (p<0,0001), v H+K
byl 0 36,19% vétsi nez v C+K (p<0,0001) a v C+K byl 0 26,57% mensi nez vC
(p<0,0001) (Obr.17).
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Obr. 17. Pocet NADPH-d pozitivnich neuron( ve ventralnim listu gyrus
dentatus u 365-dennich zviiat s kainatem aplikovanym 18. den véku

V primarnim sluchovém kortexu byl primérny poéet NADPH-d pozitivnich
neurond na plochu fezu 15,99 v H skupiné, 23,17 v H+K skupiné, 13,69 v C
skupiné a 14,53 v C+K skupiné.

Ve skupiné H+K byl poéet NADPH-d pozitivnich neurond o 44,90% vétsi
nez v H skupiné (p<0,0001), v H byl o0 16,80% vétsi nez v C (p<0,0003), v H byl o
10,05% vétsi nez v C+K (p<0,02), v H+K byl 0 69,25% vétsi nez v C (p<0,0001) a
v H+K byl 0 59,46% vétsi nez v C+K (p<0,0001) (Obr.18).
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Obr. 18. Pocet NADPH-d pozitivnich neuroni v primarmim sluchovém
kortexu u 365-dennich zvirat s kainatem aplikovanym 18. den véku

Chronicka hypoxie pulsobici v perinatalnim obdobi snizila u roénich
potkant po&et NADPH-d pozitivnich neuron( ve vS§ech sledovanych oblastech
hippocampu v porovnani s kontrolni skupinou. Ve sluchové klre doslo naopak ke
zvySeni poétu NADPH-d pozitivnich neuronu.

Kainat aplikovany normoxickym zvifatim poéet NADPH-d pozitivnich
neuronl v jednotlivych oblastech hippocampu rovnéz snizil a ve sluchové kufe
nezmenil.

Kainat aplikovany hypoxickym zvifatim pocet NADPH-d pozitivhich
neuronu v dorzalnim listu gyrus dentatus a ve sluchové kare zvysil, v CA1 a CA3
oblastech hippocampu, v hilu a ve ventralnim listu gyrus dentatus k zménam

nedoslo.

5.4. 22-denni zvifata s kainatem aplikovanym 12. den véku:

V CA1 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neuronl na plochu fezu 49,19 v H skupiné, 19,68 ve skupiné H+K, 37,20 v C
skupiné a 16,15 v C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivhich neuront o §9,99% mensi
nez v H skupiné (p<0,0001), ve skupiné H byl 0 32,23% vétsi nez v C (p<0,0001),
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ve skupiné C+K byl 0 67,17% mens$i nez vH (p<0,0001), v H+K byl 0 47,10%
mensi nez v C (p<0,0001), v H+K byl o0 21,86% vétsi nez v C+K (p<0,0001) a
v C+K byl 0 56,59% mensi nez v C (p<0,0001) (Obr.19).
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Obr. 19. Pocet NADPH-d pozitivnich neuront v oblasti CA1 hippocampu u

22-dennich zvirat s kainatem aplikovanym 12. den véku

V CA3 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neuront na plochu fezu 51,07 v H skupiné, 11,69 v H+K skuping, 33,73 v C
skupiné a 9,52 v C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivhich neuront o 77,11% mensi
nez v H skupiné (p<0,0001), ve skupiné H byl 0 51,41% vétsi nez v C (p<0,0001),
ve skupiné C+K byl o 81,36% mensi nez v H (p<0,0001), v H+K byl o 65,34%
mensi nez v C (p<0,0001), v H+K byl 0 22,79% vétsi nez v C+K (p<0,0003) a
v C+K byl 0 71,78% mensi nez v C (p<0,0001) (Obr.20).
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Obr. 20. Po¢et NADPH-d pozitivnich neuront v oblasti CA3 hippocampu u
22-dennich zvirat s kainatem aplikovanym 12. den véku

V hilu gyrus dentatus byl primérny poéet NADPH-d pozitivnich neuronl na
plochu fezu 41,13 v H skupiné, 15,21 v H+K skupiné&, 30,05 v C skupiné a 14,18 v
C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivnich neuronll o 63,02% mensi
nez v H skupiné (p<0,0001), ve skupiné H byl o 36,87% vétsi nez v C (p<0,0001),
ve skupiné C+K byl 0 65,52% mensi nez v H (p<0,0001), v H+K byl o 49,38%
mensdi nez vC (p<0,0001) a vC+K byl o 52,81% mensi nez vC (p<0,0001)
(Obr.21).
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Obr. 21. Poc¢et NADPH-d pozitivnich neurond v hilu gyrus dentatus u 22-

dennich zvirat s kainadtem aplikovanym 12. den véku

V dorzalnim listu gyrus dentatus byl primérny poéet NADPH-d pozitivnich
neuronl na plochu fezu 27,60 v H skupiné, 17,19 v H+K skupiné, 22,39 v C
skupiné a 14,51 v C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivnich neuroni o 37,72% menSi
nez v H skupiné (p<0,0001), ve skupiné H byl 0 23,27% vétsi nez v C (p<0,0001),
ve skupiné C+K byl o 47,43% mens$i nez vH (p<0,0001), v H+K byl o0 23,22%
mens§i nez v C (p<0,0001), v H+K byl o 18,47% vétsi nez v C+K (p<0,0001) a
v C+K byl 0 35,19% mensi nez v C (p<0,0001) (Obr.22).
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Obr. 22. Pocet NADPH-d pozitivnich neuronu v dorzalnim listu gyrus
dentatus u 22-dennich zvirat s kainatem aplikovanym 12. den véku

Ve ventralnim listu gyrus dentatus byl primérny pocet NADPH-d
pozitivnich neuronli na plochu fezu 17,10 v H skupiné, 10,12 v H+K skupiné,
13,69 v C skupiné a 8,59 v C+K skupiné.

Ve skupiné H+K byl potet NADPH-d pozitivhich neuron(i o 40,82% mensi
neZ v H skupiné (p<0,0001), ve skupiné H byl 0 24,91% vétsi nez v C (p<0,0001),
ve skupiné C+K byl o 49,77% mens$i nez v H (p<0,0001), v H+K byl o 26,08%
men$i nez v C (p<0,0001), v H+K byl o 17,81% vétsi nez v C+K (p<0,003) a
v C+K byl 0 37,25% mensi nez v C (p<0,0001) (Obr.23).
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Obr. 23. Poc¢et NADPH-d pozitivnich neurona ve ventralnim listu gyrus
dentatus u 22-dennich zvirat s kainatem aplikovanym 12. den véku

V primarnim sluchovém kortexu byl primérny po¢et NADPH-d pozitivnich
neuron( na plochu fezu 30,58 v H skupiné, 18,90 v H+K skupiné, 25,74 v C
skupiné a 19,99 v C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivnich neurond o 38,19% mensi
nez v H skupiné (p<0,0001), ve skupiné H byl o 18,80% vétsi nez v C (p<0,0001),
ve skupiné C+K byl o 34,63% mensi nez vH (p<0,0001), v H+K byl o 26,57%
men$i nez vC (p<0,0001) a vC+K byl o 22,34% menS$i nez vC (p<0,0001)
(Obr.24).
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Obr. 24. Pocet NADPH-d pozitivnich neurond v primarnim sluchovém
kortexu u 22-dennich zvirat s kainatem aplikovanym 12. den véku

U mladat opakovana hypobarickd hypoxie zvySila pocet NADPH-d
pozitivnich neuront v CA1, CA3 oblastech hippocampu, v hilu, dorzalnim a
ventralnim listu gyrus dentatus a v primarnim sluchovém kortexu v porovnani
s kontrolni skupinou.

Kainat aplikovany normoxickym zvifatim snizil po¢et NADPH-d pozitivnich
neurony ve v8ech sledovanych oblastech hippocampu a v primarnim sluchovém
kortexu.

Kainat aplikovany hypoxickym zvifatim rovnéz snizil poéet NADPH-d
pozitivnich neuronli ve vSech sledovanych oblastech hippocampu a v primarnim
sluchovém kortexu.

5.5. 90-denni zvirata s kainatem aplikovanym 12. den véku:

V CA1 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neurontl na plochu fezu 23,02 v H skupiné, 18,53 v H+K skupiné, 29,13 v C
skupiné a 15,52 v C+K skupiné.

Ve skupiné H+K byl poéet NADPH-d pozitivnich neuron o 19,50% mensi
nez vH skupiné (p<0,0001), ve skupiné H byl o 20,97% mensi nez vC
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(p<0,0001), ve skupiné C+K byl o0 32,58% mensi nez v H (p<0,0001), v H+K byl o
36,39% mensi nez vC (p<0,0001), v H+K byl o 19,39% vétsi nez v C+K
(p<0,0009) a v C+K byl 0 46,72% menSi nez v C (p<0,0001) (Obr.25).

Number of NADPH-d positive
neurons in CA1 area of
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Obr. 25. Pocet NADPH-d pozitivnich neuron( v oblasti CA1 hippocampu u
90-dennich zvirat s kainatem aplikovanym 12. den véku

V CA3 oblasti hippocampu byl primérny pocet NADPH-d pozitivnich
neuront na plochu fezu 10,52 v H skupiné, 7,20 v H+K skuping, 13,21 v C
skupiné a 7,29 v C+K skupiné.

Ve skupiné H+K byl po¢et NADPH-d pozitivnich neurond o 31,56% mensi
nez v H skupiné (p<0,0001), ve skupiné H byl o 20,36% mensi nez vC
(p<0,0001), ve skupiné C+K byl 0 30,70% mensi nez v H (p<0,0001), v H+K byl o
4550% mensi nez vC (p<0,0001) a vC+K byl o 44,81% mensi nez vC
(p<0,0001) (Obr.26).
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Obr. 26. Pocet NADPH-d pozitivnich neuron v oblasti CA3 hippocampu u
90-dennich zvirat s kainatem aplikovanym 12. den véku

V hilu gyrus dentatus byl primérny po¢et NADPH-d pozitivnich neurond na
plochu fezu 21,37 v H skupiné, 12,92 v H+K skupiné, 19,77 v C skupiné a 11,65 v
C+K skupiné.

Ve skupiné H+K byl pocet NADPH-d pozitivnich neuronlt o 39,54% mensi
nez vH skupiné (p<0,0001), ve skupiné C+K byl o 45,48% mensi nez vH
(p<0,0001), v H+K byl 0 34,65% mensi nez v C (p<0,0001), v H+K byl 0 10,90%
véts$i nez v C+K (p<0,04) a vC+K byl o 41,07% mensi nez vC (p<0,0001)
(Obr.27).
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Obr. 27. Potet NADPH-d pozitivnich neuront v hilu gyrus dentatus u 90-
dennich zvifat s kainatem aplikovanym 12. den véku

V dorzalnim listu gyrus dentatus byl primérny poéet NADPH-d pozitivnich
neuront na plochu fezu 19,00 v H skupiné, 16,68 v H+K skupiné, 19,64 v C
skupiné a 14,55 v C+K skupiné.

Ve skupiné H+K byl poéet NADPH-d pozitivnich neurond o 12,21% mensi
nez vH skupiné (p<0,0001), ve skupiné C+K byl o 23,42% mensi nez vH
(p<0,0001), v H+K byl 0 15,07% mens$i nez v C (p<0,0001), v H+K byl 0 14,64%
vétsi nez v C+K (p<0,0006) a v C+K byl o 25,92% mensi nez v C (p<0,0001)
(Obr.28).
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Obr. 28. Poéet NADPH-d pozitivnich neuronl v dorzalnim listu gyrus
dentatus u 90-dennich zvifat s kainatem aplikovanym 12. den véku

Ve ventralnim listu gyrus dentatus byl primérny pocet NADPH-d
pozitivnich neuronti na plochu fezu 11,39 v H skupiné, 9,64 v H+K skupiné, 10,97
v C skupiné a 9,28 v C+K skupiné.

Ve skupiné H+K byl poéet NADPH-d pozitivhich neuronli o 15,36% mensi
nez vH skupiné (p<0,003), ve skupiné C+K byl o 18,53% mensi nez vH
(p<0,0003), v H+K byl 0 12,12% mensi nez v C (p<0,03) a v C+K byl 0 15,41%
mensi nez v C (p<0,005) (Obr.29).
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Obr. 29. Pocet NADPH-d pozitivnich neuronta ve ventralnim listu gyrus
dentatus u 90-dennich zvirat s kainatem aplikovanym 12. den véku

V primarnim sluchovém kortexu byl primérny poéet NADPH-d pozitivnich
neuronlt na plochu fezu 19,29 v H skupiné, 17,12 v H+K skuping, 19,25 v C
skupiné a 15,64 v C+K skupiné.

Ve skupiné H+K byl poéet NADPH-d pozitivhich neurond o 11,25% mensi
nez vH skupiné (p<0,003), ve skupiné C+K byl o 18,92% mensi nez vH
(p<0,0001), v H+K byl 0 11,06% mens§i nez v C (p<0,0008), v H+K byl 0 9,46%
vét§i nez v C+K (p<0,02) a vC+K byl o 18,75% mensi nez vC (p<0,0001)
(Obr.30).
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Obr.30. Pocet NADPH-d pozitivnich neuronG v primarnim sluchovém kortexu u

90-dennich zvifat s kainatem aplikovanym 12. den véku

U dospélych zvifat dlouhodoba intermitentni perinatalni hypoxie snizila
pocéet NADPH-d pozitivnich neuronid v CA1 a CA3 oblastech hippocampu
v porovnani s kontrolni skupinou. V hilu, dorzalnim a ventralnim listu gyrus
dentatus a v primarnim sluchovém kortexu nebyly rozdily oproti kontrolam
signifikantni.

Kainat aplikovany normoxickym zvifatim také snizil poet NADPH-d
pozitivnich neuron( ve véech sledovanych oblastech hippocampu a v primarnim
sluchovéem kortexu.

Kainat aplikovany hypoxickym zvifatim rovnéz snizil po¢et NADPH-d
pozitivnich neuronll v CA1 a CA3 oblastech hippocampu, v hilu, v dorzalnim a

ventralnim listu gyrus dentatus a v primarnim sluchovém kortexu.
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6. Souhrnna diskuse

Opakovana expozice hypoxii predstavuje pro vyvijejici se organismus
komplexni stimul zpUsobujici retardaci somatického vyvoje, zmény v cirkulaci a
dalsich systémech, zahrnujici alteraci mozkové struktury a funkce (Langmeier
and Maresova 2005, Rubaj et al. 2003, Trojan 1978, Vannucci et al. 2001).

Pfi hypoxii dochazi k Ubytku energetickych fosfatovych rezerv, depolarizaci,
proteolyze a ztraté integrity buné&né membrany, vede k stimulaci produkce oxidu
dusnatého (NO) vzhledem k pfedpokladanému vlivu na genovou expresi nitric
oxid syntazy (NOS). Postischemicka reperfuze zplsobuje inhibici syntézy
proteint na urovni iniciace translace, syntézu NO a peroxidaci polynenasycenych
mastnych kyselin zapfi€¢inénou volnymi radikaly, které zplsobuji po$kozeni
membranovych lipidd (White et al. 2000). Stimulace syntézy NO by mohla
vysvétlovat zvySeni poétu NADPH-d pozitivnich neuronli v nékterych oblastech
hippocampu a v primarnim sluchovém kortexu u mladat laboratornich zvirat
vystavenych hypoxii (BeneSova et al. 2004).

U 22-dennich mladat zvySila opakovana hypobaricka hypoxie pocet
NADPH-d pozitivnich neuroni v hilu, CA1, CA3 oblastech hippocampu a
v primarnim sluchovém kortexu v porovnani s kontrolni skupinou. V dorzalnim a
ventralnim listu gyrus dentatus nebyly rozdily oproti kontrolni skupiné
signifikantni. Hypotéza 1, tedy zvySeni poc¢tu nitrergnich neurond u mladat
nasledkem hypoxie, byla potvrzena.

Dlouhodoba intermitentni perinatalni hypoxie snizila poéet NADPH-d
pozitivnich neuronli ve v8ech sledovanych oblastech hippocampu u rocnich
dospélych zvirat, ktera byla béhem perinatalniho obdobi vystavena vlivu hypoxie
(Benesova et al. 2005).

Stejny efekt byl pozorovan v CA1 a CA3 oblastech hippocampu u 90-
dennich laboratornich potkani (BeneSova et al. 2004). U téchto =zvifat
dlouhodoba intermitentni perinatalni hypoxie snizila poéet NADPH-d pozitivnich
neuronti v CA1 a CA3 oblastech hippocampu v porovnani s kontrolni skupinou.

V hilu, dorzalnim a ventralnim listu gyrus dentatus a v primarnim sluchovém

35



kortexu nebyly rozdily oproti kontrolam signifikantni. Hypotéza 4, tedy snizeni
poctu nitrergnich neuronl u dospélych zvifat nasledkem hypoxie, byla potvrzena.

Je prokazano, ze b&hem hypoxie dochazi ke ztraté energeticky bohatych
makroergnich  fosfatovych vazeb, depolarizaci, proteolyze, poskozeni
membranovych lipidd, zplsobeného pfedevdim lipolyzou a ke ztraté integrity
bunééné membrany (White et al. 2000).

Postischemické sniZeni proteosyntézy, které by mohlo vysvétlit ubytek
neuronl, bylo popsano v €etnych studiich zabyvajicich se touto tématikou
(Kleihues and Hossmann 1971, White et al. 2000). Je evidentni, Zze genova
translace v postischemicky poskozeném mozku neni regionalné homogenni. V
mozkové klfe, v hippocampalni oblasti CA1, v hilu a caudatu dochazi k tézké a
prolongované supresi proteosyntézy, zatimco hippocampalni gyrus dentatus a
struktury mozkového kmene jsou poskozeny v mensi mife (Araki et al. 1990,
Bodsch et al. 1985, Bodsch et al. 1986, Thilmann et al. 1986, White et al. 2000,
Widmann et al. 1991, Yoshidomi et al. 1989). Oblast CA1 je nejnachylnéjsi k
ubytku neuronl nasledkem ischemie (Pulsinelli et al. 1982, White et al. 2000),
nedo$lo zde k obnoveni proteosyntézy, coz by mohlo nasvédcovat tomu, ze
dlouhodoby deficit v postischemické proteosyntéze koreluje se selektivni
vulnerabilitou (White et al. 2000).

Rada studii prokazala, 26 NADPH-d muzZe korespondovat s NOS, proto se
pfedpoklada, ze neurony obsahujici NADPH-d jsou schopny produkovat NO
(Bredt et al. 1991, Dawson et al. 1991, Hope et al. 1991, Wang et al. 2001).

NO je produkovan z L-argininu NOS. Jsou znamy ftfi rizné formy tohoto
enzymu (Griffith and Stuehr 1995, Kiss 2000), endotelialni (eNOS), ovliviujici
zejména prlsvit cév, inducibilni (iNOS), detekovana v makrofazich a pusobici
v imunologickych dé&jich a neuronalni (nNOS). Pfestoze v CNS se mohou
nachazet vSechny zminéné formy tohoto enzymu, specifické déje pi
neurotransmisi jsou pfipisovany pravé NO produkovanému nNOS lokalizovanou
v neuronech.

Neuronalni NOS je konstitutivni enzym, jeho produkce je pfipisovana
interneurontim. Tvorba NO je calmodulin-dependentni, coz znamend, Ze ji musi
predchazet zvySeni intracelularni koncentrace Ca* (Griffith and Stuehr 1995,
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Kiss 2000). Ca?" influx je indukovan aktivaci glutamatovych receptortl, pfedev§im
NMDA receptord (Garthwaite et al. 1989 a, b, Garthwaite and Boulton 1995, Prast
and Philippu 2000, Wood et al. 1990).

Reaktivita NADPH-d byla detekovana v rliznych oblastech nervového
systému savcu véetné potkant (Bredt et al. 1991, Mizukawa et al. 1989, Nord
1967, Wang et al. 2001). Koexistence reaktivity NADPH-d s reaktivitou
neurotransmiterd a neuropeptidd byla demonstrovana vfad& neurondlnich
populaci (Spike et al. 1993, Valtschanoff et al. 1992, Valtschanoff et al. 1993,
Valtschanoff et al. 1995, Vincent and Johansson 1983, Wang et al. 2001).

Metoda, pouzivana k demonstraci nitrergnich elementl v mozku, je
zalozena na histochemické reakci na NADPH-d (Moreno et al. 2002, Thomas and
byla skute€nost, Ze NADPH-d byla identifikovana jako marker NOS (Hope et al.
1991, Moreno et al. 2002). Relativné jednoducha histochemicka technika na
NADPH-d byla Siroce pouzivana k identifikaci NO produkujicich elementd
v mozku zastupcl vSech skupin obratlovcli (Alonso et al. 1995, Alonso et al.
2000, Arévalo et al. 1995, Bruning 1993, Luebke et al. 1992, Moreno et al. 2002,
Munoz et al. 1996, Panzica et al. 1994, Smeets et al. 1997).

S rozvojem protilatek proti NOS vyuzivaly mnohé studie imunohistochemie
k charakterizovani nitrergnich systému v CNS (Bruning et al. 1995, Bruning and
Mayer 1996, Egberongbe et al. 1994, Gonzalez et al. 1996, Holmquvist et al. 1994,
Moreno et al. 2002, Rodrigo et al. 1994, Satoh et al. 1995, Smeets et al. 1997).
Bylo opakované dokazano, ze aktivita NADPH-d a imunoreaktivita NOS je
v uritych skupinach neuronu v nervovém systému Siroce kolokalizovana (Bredt
et al. 1991, Brinon et al. 1998, Hope et al. 1991, Kishimoto et al. 1993, Kugler and
Drenckhahn 1996, Moreno et al. 2002). Prfesna souvislost mezi barvenim
ziskanym obéma uvedenymi postupy byla Zzjisténa v oblastech cichovych
receptorll a jejich projekci (Brinon et al. 1998, Hope et al. 1991, Kishimoto et al.
1993, Kulkarni et al. 1994, Moreno et al. 2002, Spessert and Layers 1994,
Weruaga et al. 1998), v burikdch mozkové kiry (Kharazia et al. 1994, Moreno et
al. 2002, Sobreviela and Mufson 1995) a u neuronalnich populaci michy (Moreno
et al. 2002, Vizzard et al. 1995).
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Kainat pravdépodobné zpusobuje zvySeni produkce NO vazbou na
kainatové receptory (subpopulaci non-NMDA receptor(i) (Montecot et al. 1997),
coz mohlo zapfi€init zvySeny po&et NADPH-d pozitivnich neuront v hilu, CA1 a
CA3 oblastech hippocampu a v primarnim sluchovém kortexu u 22-dennich
laboratornich zvirat, ktera byla v 18. dni véku podrobena plsobeni kainatu
(BeneSova et al. 2004). Hypotéza 2, tedy zvySeni poctu nitrergnich neuron( u
mladat nasledkem pusobeni kainatu, byla potvrzena.

Plsobeni kainatu bylo studovano ve dvou odli§nych &astech hippocampu:
v gyrus dentatus a v oblastech Cornu Amonis (CA). Granularni bunky tvofi
nejvyraznéjSi neuronalni vrstvu gyrus dentatus. Polymorfni vrstva gyrus dentatus
(popisovana takeé jako hilus) je dalSi ¢asto zmifovanou lokalitou ve vztahu ke
zménam nasledujicim puasobeni kainatu. Pyramidové buiilky CA3 oblasti patfi
k nejcitlivéj§im neuronim k pusobeni kainatu v mozku (Ben-Ari and Cossart
2000, Franck 1984), kainat na né plsobi excitacné (Bleakman and Lodge 1998,
Robinson and Deadwyler 1981, Westbrook and Lothman 1983).

KA je velmi dllezitou latkou pouzivanou k vyzkumu mnoha genomovych
odpovédi mozku, vzhledem k tomu, Zze vytvafi spojnici mezi prechodnou aktivitou
zachvatl a dlouhodobymi zménami v neuronalni struktufe a funkci jednotlivych
oblasti mozku (Zagulska-Szymczak et al. 2000).

Perinatalni i.p. aplikace KA (18. den véku) zpUsobila snizeni poctu
NADPH-d pozitivnich neuronli ve v8ech sledovanych oblastech hippocampu u
roénich potkanl (Benesova et al. 2005). Obdobné zmény byly pozorovany i u 90-
dennich zvifat, a to v CA1 a CA3 oblasti hippocampu a v primarnim sluchovém
kortexu (BeneSova et al. 2004). Hypotéza 5, tedy snizeni podtu nitrergnich
neuron( u dospélych zvifat nasledkem pusobeni kainatu, byla potvrzena. Kainat,
aplikovany 12. den véku miladat rovnéz zpusobil snizeni poétu NADPH-d
pozitivnich neuronti v CA1 a CA3 oblastech hippocampu, v hilu, dorzalnim a
ventralnim listu gyrus dentatus a v primarnim sluchovém kortexu.

Jakozto excitotoxin CNS savcl indukuje kainat neuronalni bunéénou smrt
(Akhlaq et al. 2001, Sperk et al. 1983, Zagulska-Szymczak et al. 2000) apoptoézou
i nekrézou (Akhlag et al. 2001, Filipkowski et al. 1994, Pollard et al. 1994,
Simonian et al. 1997). Je ziejmé, Ze prolongované zachvaty mohou vést
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k ireverzibilnimu poSkozeni mozku, a to obéma zplisoby bunééné smrti, nekrézou
i apoptézou, cozZ bylo popsano jako nasledek zachvatové aktivity (Langmeier et
al. 2003). Intraperitonealni aplikace KA zplsobuje smrt neuroni v oblastech CA1
a CA3 (Sperk et al. 1983, Zagulska-Szymczak et al. 2000).

Na druhé strané, gyrus dentatus je pomérné odolny k neurodegeneraci
zpusobené kainatem (Sperk 1994, Zagulska-Szymczak et al. 2000), coz naSe
vysledky také potvrzuji (BeneSova et al. 2004). Po¢et NADPH-d pozitivnich
neuronl v dorzalnim a ventralnim list€ gyrus dentatus poklesl po perinatalni
aplikaci KA, ale tyto zmény nebyly tak ziejmé jako v oblastech CA1 a CA3
(Benesova et al. 2005).

Bunééné déje zplsobené aplikaci KA zahrnuji: excesivni neuronalni vyboje
vedouci k zachvatim, ztratu neuront, neurondlni plasticitu a reaktivaci glie
(Kaminska et al. 1997, Zagulska-Szymczak et al. 2000).

NaSe vysledky, tedy ubytek poétu neuronti, by mohly svédgit pro poSkozeni
téchto oblasti na hypoxickém, popf. toxickém podkladé v zavislosti na rozdilné
citlivosti danych lokalit k uvedenym noxam (Benesova et al. 2004, BeneSova et al.
2005). NADPH-d pozitivni neurony predstavuji pravdépodobné interneurony.
Dlvod jejich ubytku muze byt také dan zménami v genové expresi. Intenzita
barvy neurond rovnéz neni identicka ve vSech sledovanych oblastech. Neurony
CAZ3 oblasti jsou intenzivnéji nabarvené ve srovnani s neurony v oblasti CA1.

Dlouhodoba opakovana hypoxie v kombinaci s aplikaci kainatu 18. den
véku vedla k snizeni poctu NADPH-d pozitivnich neuronid v hilu, v dorzalnim a
ventralnim listu gyrus dentatus u 22-dennich mladat a v CA1 a CA3 oblastech
hippocampu, v hilu a ve ventralnim listu gyrus dentatus u 90-dennich zvifat
(Benes$ova et al. 2004). Snizeni po¢tu NADPH-d pozitivnich neuronti bylo rovnéz
pozorovano ve vSech sledovanych oblastech hippocampu a v primarnim
sluchovém kortexu u 22-dennich mladat i u 90-dennich dospélych potkant,
kterym byl kainat i.p. aplikovan 12. den véku, tedy v prabéhu pusobeni
dlouhodobé opakované perinatalni hypoxie (BeneSova et al. 2005). Tyto vysledky
by mohly svédgit pro skuteénost, Zze hypoxie rovnéz snizuje denzitu kainatovych
receptorli, coz mlize nepfimo pfispivat k nizké produkci NO nasledujici aplikaci

kainatu. To by mohlo vést kredukci poSkozeni nékterych neuronalnich
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subpopulaci zplsobeného dlouhodobou intermitentni hypoxii (Jones et al. 1998).
Hypotéza 3, tedy zvySeni poétu nitrergnich neuron u mladat nasledkem hypoxie
v kombinaci s ptisobenim kainatu, nebyla potvrzena.

Na druhé strané dlouhodoba opakovana perinatalni hypoxie a kainat
aplikovany i.p. 18. den véku vedly u roénich zvifat ke zvy$eni poétu NADPH-d
pozitivnich neuron(i v nékterych sledovanych oblastech centralniho nervového
systému - v dorzalnim listu gyrus dentatus a v primarnim sluchovém kortexu
(BeneSova et al. 2005). Rozdilnou odpovéd gyrus dentatus je mozné podpofit
vysledky ostatnich autor(. Kyselina domoova, ktera je strukturalné podobna
kainatu, rovnéz zplUsobuje neuronalni excitaci. Léze v hippocampu, zapficinéné
touto latkou, byly ohrani€eny na oblasti CA1 a CA3 hippocampu a na hilus gyrus
dentatus, zatimco granularni buiiky gyrus dentatus byly od zminéného poskozeni
uSetfeny (Ananth et al. 2003). OdliSna odpovéd primarniho sluchového kortexu
by mohla byt vysvétlena chybénim kainatovych receptor( v této oblasti. Hypotéza
6, tedy sniZzeni po&tu nitrergnich neurond u dospélych zvifat nasledkem hypoxie
v kombinaci s pusobenim kainatu, nebyla potvrzena.

Nase nalezy také svéd&i pro to, Ze hypoxie muze indukovat zvySeni
exprese nNOS, coz by mohlo prispivat k neuronalni integraci, jakozto odpovédi
na rozdilné fyziologické naroky pfi hypoxickém stresu. Faktory, jako hypoxie,
které zvysSuji uvolfiovani glutamatu z presynaptickych aferentnich zakonéeni
pravdépodobné aktivuji produkci NO cestou mechanismu plsobicich na NMDA
receptory. V nedavné dobé byla pozorovana hypoxii indukovana aktivace genové
exprese NOS v neuronech centralniho i periferniho nervového systému (Chang et
al. 2003).

60



7. Souhrn

Stanovenim NADPH-d pozitivnich neuronti jsme testovali vliv i.p. podaného
kainatu, hypoxie a kombinace obou téchto faktorli na neurony hippocampu a
primarniho sluchového kortexu u samci laboratorniho potkana kmene Wistar.

Kainat byl aplikovan 12-dennim, resp. 18-dennim mladattiim, vystavenym
dlouhodobé opakované hypoxii v hypobarické komore (8 hodin denné) v dobé od
2. do 17.dne véku. Ve véku 22, 90 a 365 dni byla zvifata v hluboké thiopentalové
narkéze transkardialné perfundovana 4% paraformaldehydem. Na kryostatu
nakrajené fezy byly obarveny na prikaz NADPH-d pozitivnich neurona, které byly
kvantifikovany v CA1 a CA3 oblastech hippocampu, v hilu, v dorzalnim a
ventralnim listu gyrus dentatus a v primarnim sluchovém kortexu.

U 22-dennich zvifat s kainatem aplikovanym 18. den véku hypoxie i kainat
zvySily pocet NADPH-d pozitivnich neurond v hilu, CA1, CA3 oblastech
hippocampu a v primarnim sluchovém kortexu. Naproti tomu kainat, aplikovany
hypoxickym zvifatim snizil po¢et NADPH-d pozitivnich neuront v gyrus dentatus.

U 90-dennich zvifat s kainatem aplikovanym 18. den véku hypoxie a kainat
aplikovany normoxickym i hypoxickym potkanim snizily polet NADPH-d
pozitivnich neuron v CA1 a CA3 oblastech hippocampu.

U 365-dennich zvifat s kainatem aplikovanym 18. den véku hypoxie a
kainat aplikovany normoxickym zvifatim snizily potet NADPH-d pozitivnich
neuroni ve vSech sledovanych oblastech hippocampu. Naproti tomu kainat,
aplikovany hypoxickym zvifatim zvy$il potet NADPH-d pozitivnich neuronl
v dorzalnim listu gyrus dentatus a v primarnim sluchovém kortexu.

U 22-dennich zvifat s kainatem aplikovanym 12. den véku hypoxie zvySila
a kainat aplikovany normoxickym i hypoxickym zvifatim snizil po€et NADPH-d
pozitivnich neuronl ve v8ech sledovanych oblastech hippocampu a v primarnim
sluchovém kortexu.

U 90-dennich zvifat s kainatem aplikovanym 12. den véku hypoxie snizila
pocet NADPH-d pozitivnich neuroni v CA1 a CA3 oblastech hippocampu. Kainat
aplikovany normoxickym i hypoxickym zvifatim snizil po¢et NADPH-d pozitivnich
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neuronu ve vsech sledovanych oblastech hippocampu a v primarnim sluchovém

kortexu.
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8. Summary

Using histochemical analysis (NADPH-diaphorase) we have been
investigating the influence of intraperitoneal administration of kainic acid, hypoxia
and combination of both these factors on neurons of the hippocampus and on the
primary auditory cortex in male rats of the Wistar strain.

Kainic acid was administered to 12-day-old and 18-day-old animals, which
were exposed to long-lasting repeated hypoxia from the 2nd till the 17th day of
age in a hypobaric chamber (for 8 hours a day). At the age of 22, 90 and 365
days, the animals were transcardially perfused with 4% paraformaldehyde under
deep thiopental anesthesia. Cryostate sections were stained to identify NADPH-d
positive neurons that were then quantified in CA1 and CA3 areas of the
hippocampus, in the hilus, dorsal and ventral blade of the dentate gyrus and in
the primary auditory cortex.

In 22-day-old animals with kainic acid administered 18th day of life both
hypoxia and kainic acid increased the number of NADPH-d positive neurons in
the hilus, CA1 and CA3 areas of the hippocampus and in the primary auditory
cortex. On the contrary, kainic acid given to the hypoxic animals lowered the
number of NADPH-d positive neurons in the dentate gyrus.

In 90-day-old animals with kainic acid administered 18th day of life hypoxia
and kainic acid given to both, normoxic and hypoxic animals lowered the number
of NADPH-d positive neurons in CA1 and CA3 areas of the hippocampus.

In 365-day-old animals with kainic acid administered 18th day of life both,
hypoxia and kainic acid given to normoxic animals lowered the number of
NADPH-d positive neurons in all studied areas of the hippocampus. In opposite,
kainic acid given to hypoxic animals increased the number of NADPH-d positive
neurons in the dorsal blade of the dentate gyrus and in the primary auditory
cortex.

In 22-day-old animals with kainic acid administered 12th day of life hypoxia
increased and kainic acid given to both, normoxic and hypoxic animals lowered
the number of NADPH-d positive neurons in all studied areas of the hippocampus
and in the primary auditory cortex.
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In 90-day-old animals with kainic acid administered 12th day of life hypoxia
lowered the number of NADPH-d positive neurons in CA1 and CA3 areas of the
hippocampus. Kainic acid given to both, normoxic and hypoxic animals lowered
the number of NADPH-d positive neurons in ail studied areas of the hippocampus

and in the primary auditory cortex.
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Summary

Using histochemical analysis (NADPH-diaphorase) we have been investigating the influence of intraperitoneal
administration of kainic acid (KA), hypoxia and combination of both these factors on neurons of the hippocampus and
on the primary auditory cortex (PAC) in male rats of the Wistar strain. Kainic acid was administered to 18-day-old
animals, which were exposed to long-lasting repeated hypoxia from the 2nd till the 17th day of age in a hypobaric
chamber (for 8 h a day). At the age of 22 or 90 days, the animals were transcardially perfused with 4 %
paraformaldehyde under deep thiopental anesthesia. Cryostate sections were stained to identify NADPH-diaphorase
positive neurons that were then quantified in the hippocampus, in the dentate gyrus and in the PAC. In 22-day-old
animals both hypoxia and KA increased the number of NADPH-diaphorase positive neurons in the hilus, CAl, CA3
areas of the hippocampus and in the PAC. On the contrary, KA given to hypoxic animals lowered the number of
NADPH-diaphorase positive neurons in the dentate gyrus. In 90-day-old animals, hypoxia and KA given to both
normoxic and hypoxic animals lowered the number of NADPH-diaphorase positive neurons in some areas of the central
nervous system.

Key words
Kainic Acid e Nitric Oxide ® Hypoxia ¢ Hippocampus e Primary auditory cortex

Introduction

Brain ischemia and reperfusion activate
independently multiple crucial terminal pathways
involving loss of membrane integrity, progressive

proteolysis, and inability to check these processes. The
changes during hypoxia lead to nitric oxide synthase
(NOS) activation, resulting in nitric oxide production
(White et al. 2000).

Nitric oxide (NO) is produced from L-arginine
by NOS. There are at least three different forms of this
enzyme, the endothelial (eNOS) that is responsible for
cardiovascular actions, the inducible (iNOS) found

originally in macrophages and involved mainly in
immunological processes and the neuronal one (nNOS).
Although all forms can be found in the CNS, the specific
actions on neurotransmission may be attributed primarily
to NO produced by nNOS located in neurons.

Neuronal NOS is a constitutive enzyme, which
is expressed only by a small percentage of neurons. The
production of NO is a calmodulin-dependent process,
which must be preceded by an elevation of intracellular
Ca®* concentration (Kiss 2000). Ca** influx is induced by
activation of glutamate receptors, preferentially NMDA
receptors (Prast and Philippu 2000).
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Many studies have shown that nicotinamide
adenine dinucleotide phosphate-diaphorase (NADPH-d)
may correspond to NOS, and it is therefore suggested that
neurons containing NADPH-d might be capable to
produce NO.

NO production can be stimulated not only by
hypoxia. Kainic acid also increases NO production
(Montecot et al 1997), although by different
mechanisms. Kainic acid (KA), [2-carboxy-4 (1-methyl-
ethenyl)-3-pirrolidinacetic acid] is a rigid structural
analogue of glutamic acid (Zagulska-Szymczak et al.
2000). The potent excitotoxic and epileptogenic effects of
kainate were thought to be due to the existence of specific
receptors for kainate. Such a hypothesis was supported by
the demonstration of high affinity binding sites for
[’Hlkainate in the rat brain (Bleakman and Lodge 1998).
KA is an agonist of two kinds of ionotropic, non-NMDA
glutamate receptors (AMPA and KA
(Zagulska-Szymczak et al. 2000).

Because of the marked sensivity of limbic
structures to the neurotoxic effects of KA, which are
evidently due to the great density of binding sites for
excitatory amino acids in these regions, KA-induced
seizures are considered to be a satisfactory model of
human partial seizures with a complex symptomatology
(Veliskova et al. 1988, Koryntova et al. 1997, Kubova et
al. 2001). As an excitotoxin of the mammalian central
nervous system, KA induces neural cell death by
apoptosis as well as by necrosis (Akhlaq et al. 2001).

KA is a very important tool for probing multiple
brain genome responses, as it establishes a link between
the transient seizure activity and long-term alterations in
neural structures and functions in several brain regions.
The hippocampus (particularly CA3 and CAl areas) is
especially sensitive to the excitatory and neurotoxic effect
of KA and is the area of its primary action. The neural
events in this brain structure have been studied
intensively (Zagulska-Szymczak et al. 2000) due to its
relatively simple anatomy, its involvement in a variety of
neurodegenerative conditions as well as its probable role

receptors)

in memory formation.

The problem addressed in the present paper
concerned the question whether and how can long-lasting
repeated perinatal hypoxia and KA influence individual
brain structures of young and adult rats.

Methods

Male Wistar rats of our own breed were used for
the experiments. There were 16 animals in the
experimental groups. From the 2nd till the 17th day of

age the young animals were, together with their mother,
exposed to long-lasting repeated hypoxia in a hypobaric
chamber at a simulated altitude of 7000 m, always for 8 h
a day. The 18th day of age, i.e. one day after the final day
of the exposition to hypoxia, the animals were given a
single intraperitoneal injection of KA (2.5 mg/kg). This
sublethal dose is responsible for partial seizures with
complex symptomatology (Veliskova et al. 1988).

Eight animal groups used in the experiment:
— young animals exposed to hypoxia
— young animals exposed to hypoxia, followed by KA i.p.
injection the 18th day of age
— young animals not exposed to hypoxia
— young animals not exposed to hypoxia, followed by KA
i.p. injection the 18th day of age
— adult animals, exposed to hypoxia from the 2nd till the
17th day of age
— adult animals, exposed to hypoxia from the 2nd till the
17th day of age, followed by KA i.p. injection the 18th
day of age
— adult animals, not exposed to hypoxia
— adult animals, not exposed to hypoxia, followed by KA
i.p. injection the 18th day of age

Animals aged 22 or 90 days were perfused
under deep thiopental anestesia with 4%
paraformaldehyde in 0.1 M phosphate buffer at pH 7.4.
The brain was removed, postfixed for one hour in 4 %
buffered paraformaldehyde and then submerged for 1h
into 20 % sucrose for cryoprotection. The brain was
sliced in the frontal plane into 40 um thick sectiones with
a cryostate. The free-floating sections were placed in
0.1 M phosphate buffer and incubated in 0.1 M phosphate
buffer containing 0.5 mg/ml B-NADPH (Sigma)
reductase, 0.2 mg/ml Nitro blue tetrazolium (NBT,
Sigma) and 0.3 % Triton for 4 h at 37 °C in thermostat.
Following the reaction, the sections were rinsed in 0.1 M
phosphate buffer and kept at 8°C for 16 h. The
histochemically reacted sections were mounted on pre-
cleaned 0.5 % gelatin-coated Microscope Slides (Menzel-
Glaser), air dried, coverslipped with Microscope Cover
Glasses (Menzel-Glaser) using D.P.X. Neutral Mounting
Medium (Aldrich) (Wang er al. 2001). NADPH-d
positive neurons were then quantified in five regions of
the hippocampal formation (Fig.1): i) in CA1 area of the
hippocampus, ii) in CA3 area of the hippocampus, iii) in
the hilus of the dentate gyrus, iv) in the dorsal blade of
the dentate gyrus, v) in the ventral blade of the dentate
gyrus, vi) in the primary auditory cortex [Te 1 - temporal
area 1 (primary auditory cortex) (Schober 1986)]. In each
animal, 25-30 sections were quantified.
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F'ig. 1. Frontal section of hippocampus (AP 2.5) of experimental animal (NADPH-d staining). Bar = 700 um. (CA1 = CAl area of
hippocampus, CA3 = CA3 area of hippocampus, Hil = hilus of the dentate gyrus, DB = dorsal blade of the dentate gyrus, VB = ventral

blade of the dentate gyrus.)

The effect of KA was studied in two distinct
hippocampal regions: in the dentate gyrus and cornu
amonis (CA) subfields. The granule cells comprise the
most prominent neuronal layer of the dentate gyrus. The
polymorphic layer of the dentate gyrus (also referred to as
the hilus) is another area frequently mentioned in
reference to changes following KA insult. The CA
subfields, or the hippocampus proper, consists of CAl
and CA3 regions (Lorente De N6 1934).

The material was examined and NADPH-d
positive neurons quantified under a light microscope
Olympus Provis AX 70.

For the statistical evaluation, the t-test and
ANOVA were used (level of significance p<0.05).

Results

22-day-old animals

In young animals, the repeated hypobaric
hypoxia increased the number of NADPH-d positive
neurons in the hilus (Fig.2C), CAl (Fig. 2A), CA3
(Fig. 2B) areas and in the primary auditory cortex
(Fig. 2F) as compared to the control group. In the dorsal
(Fig. 2D) and ventral (Fig.2E) blades of the dentate
gyrus the difference from the controls was not significant.
KA given to the normoxic animals increased the number

of NADPH-d positive neurons in the hilus (Fig. 2C), CA1
(Fig. 2A), CA3 (Fig. 2B) areas of the hippocampus and
also in the primary auditory cortex (Fig. 2F), but no
changes occurred in the dorsal (Fig. 2D) and ventral
(Fig. 2E) blades of the dentate gyrus. On the contrary,
KA given to the hypoxic animals lowered the number of
NADPH-d positive neurons in the hilus (Fig. 2C), dorsal
(Fig. 2D) and ventral (Fig. 2E) blades of the dentate
gyrus, and increased the number of NADPH-d positive
neurons in the primary auditory cortex (Fig.2F).
However, no changes were found in CA1 (Fig. 2A) and
CA3 (Fig. 2B) areas of the hippocampus (Langmeier e!
al. 2002).

90-day-old animals

In the adult animals, the long-lasting intermittent
perinatal hypoxia lowered the number of NADPH-d
positive neurons in CAl (Fig.3A) and CA3 (Fig. 3B)
areas of the hippocampus as compared to the control
group. In the hilus (Fig. 3C), dorsal (Fig. 3D) and ventral
(Fig. 3E) blades of the dentate gyrus and in the primary
auditory cortex (Fig. 3F) the difference from controls was
not significant. KA given to the normoxic animals also
lowered the number of NADPH-d positive neurons in
CA1l (Fig.3A) and CA3 (Fig.3B) areas and in the
primary auditory cortex (Fig. 3F) and did not cause any
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changes in the hilus (Fig. 3C) and dorsal blade (Fig. 3D)
of the dentate gyrus. KA given to the hypoxic animals
also lowered the number of NADPH-d positive neurons
in CAl (Fig.3A) and CA3 (Fig.3B) areas. The
difference from controls was not significant in the hilus
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(Fig. 3C) and ventral blade (Fig. 3E) of the dentate gyrus,
in the dorsal blade of the dentate gyrus (Fig. 3D) and in
the primary auditory cortex (Fig. 3F) (BeneSova et al.
2003).
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Fig. 2. 22-day-old animals. (A) Number of NADPH-d positive neurons in CA1 area of hippocampus per section area, (B) Number of
NADPH-d positive neurons in CA3 area of hippocampus per section area, (C) Number of NADPH-d positive neurons in hilus of the
dentate gyrus per section area, (D) Number of NADPH-d positive neurons in dorsal blade of the dentate gyrus per section area, (E)
Number of NADPH-d positive neurons in ventral blade of the dentate gyrus per section area, (F) Number of NADPH-d positive neurons
in primary auditory cortex per section area. H = hypoxic group, H + K = hypoxic and kainate group, C = control group, C + K = control

and kainate group. Means + S.E.M.
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Fig. 3. 90-day-old animals. (A) Number of NADPH-d positive neurons in CAl area of hippocampus per section area, (B) Number of
NADPH-d positive neurons in CA3 area of hippocampus per section area, (C) Number of NADPH-d positive neurons in hilus of the
dentate gyrus per section area, (D) Number of NADPH-d positive neurons in dorsal blade of the dentate gyrus per section area, (E)
Number of NADPH-d positive neurons in ventral blade of the dentate gyrus per section area, (F) Number of NADPH-d positive neurons
in primary auditory cortex per section area. H = hypoxic group, H + K = hypoxic and kainate group, C = control group, C + K = control
and kainate group. Means + S.E.M.

Discussion

It has been described that hypoxia, as well as
other processes including rapid loss of high-energy

phosphates,

generalized depolarization,

progressive

proteolysis, and loss of membrane integrity, stimulates
nitric oxide (NO) production because of its probable
(NOS)

reperfusion involves

influence on nitric oxide synthase gene

expression. The post-ischemic

protein synthesis inhibition at the level of translation
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initiation, NO  synthesis and radical-mediated
peroxidation of polyunsaturated fatty acids, causing
damage to membrane lipids (White et al. 2000). This
could explain the increased number of NADPH-d positive
neurons in some areas of the hippocampus and in the
primary auditory cortex of animals exposed to hypoxia.
Many studies have shown that nicotinamide
adenine dinucleotide phosphate-diaphorase (NADPH-d)
may correspond to the neuronal NOS, and it is therefore
suggested that neurons containing NADPH-d might be
capable of producing NO (Montecot et al. 1997).
NADPH-d reactivity has been detected in various regions
of the nervous system of the mammals including the rat.
of NADPH-d reactivity and
neurotransmitter or neuropeptide reactivity has been
demonstrated in certain populations of neurons (Wang et
al. 2001). The method used to demonstrate nitrergic

The coexistence

elements in the brain is based on the histochemical
reaction for NADPH-d. The most important and attractive
in this
technique arose when NADPH-d was identified as a

reason for the interest of neuroanatomists
marker of the neuronal NOS. Thus, the relatively simple
NADPH-d histochemical technique was widely used to
identify NO producing elements in the brain of
With the
development of antibodies against NOS, many studies

representatives of all vertebrate classes.

have used immunohistochemistry to characterize the
nitrergic systems in the central nervous system. It has
been repeatedly proved that in the nervous system,
NADPH-d activity and NOS immunoreactivity is widely
colocalized in the same sets of neurons. The exact match
between the staining obtained with both technical
approaches has been discussed in connection with several
regions such as the olfactory receptors and their
projections, cells in the cerebral cortex and in specific
neuronal populations of the spinal cord (Moreno et al.
2002).

KA possibly causes NO synthesis enhancement
by its binding on KA receptors (subpopulation of non-
NMDA
increased number of NADPH-d positive neurons in the
hilus, CA1 and CA3 areas of the hippocampus and in the
primary  auditory following the KA
administration. The effect of KA was studied in two

receptors), which might have caused the

cortex,

distinct hippocampal regions: in the dentate gyrus and
cornu amonis (CA) subfields. The granule cells comprise
the most prominent neuronal layer of the dentate gyrus.

The polymorphic layer of the dentate gyrus (also referred
to as the hilus) is another area frequently mentioned in
reference to changes following KA insult. The CA
subfields, or the hippocampus proper, consists of CAl
and CA3 regions. The principal cell type of these regions
is the pyramidal cell (Lorente de N¢é 1934). CA3
pyramidal neurons are among the most responsive
neurons to kainate in the brain (Franck 1984, Ben-Ari and
Cossart 2000), and kainate seems to be a potent excitant
of these neurons. This was confirmed by our results.

Our results indicate that hypoxia also lowers the
density of KA receptors that may indirectly contribute to
low NO production after the KA application. This may
lead to the reduced damage of some neuronal
subpopulations caused by long-term intermitent hypoxia
(Jones et al. 1998).

The long-term repeated hypoxia and perinatal
i.p. administration of KA brought about reduced number
of NADPH-d positive neurons in some examined regions
of central nervous system of the adult male rats. As an
excitotoxin for the mammalian central nervous system,
KA induces neural cell death by apoptosis as well as by
necrosis (Akhlaq et al. 2001). It is well established that
prolonged seizure activity can lead to irreversible brain
damage, by both necrotic and apoptotic types of cell
death, which has been recently reported as a consequence
of seizures (Langmeier et al. 2003). Intraperitoneal
administration of KA results in the death of neurons in
the CAl and CA3 areas. On the contrary, the dentate
gyrus s KA-caused
neurodegeneration. This is also seen in our results. The

consistently spared from
cellular processes caused by KA administration include
excessive neuronal firing resulting in seizures, neuronal
cell loss, neuronal plasticity and glial reactivation
(Zagulska-Szymczak et al. 2000).

Our results showing a reduced number of
neurons could be explained by hypoxic or eventually
toxic alterations of these regions, depending on different

sensitivity of the discussed regions to such factors.
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Summary

Using histochemical analysis (NADPH-diaphorase) we have investigated the influence of intraperitoneal administration
of kainic acid (KA), hypoxia and combination of both these factors on neurons of the hippocampus and on the primary
auditory cortex (PAC) in male rats of the Wistar strain. Kainic acid was administered to 18-day-old animals, which
were exposed to long-lasting repeated hypoxia from the 2nd till the 17th day of age in a hypobaric chamber (for 8 hours
a day). At the age of 1 year, the animals were transcardially perfused with 4 % paraformaldehyde under deep thiopental
anesthesia. Cryostate sections were stained to identify NADPH-diaphorase positive neurons that were then quantified in
CA1 and CA3 areas of the hippocampus, in the dentate gyrus and in the PAC. Both, hypoxia and KA lowered the
number of NADPH-diaphorase positive neurons in the hilus, dorsal and ventral blades of the dentate gyrus, CA1 and
CA3 areas of the hippocampus. On the contrary, KA given to the hypoxic animals increased the number of NADPH-

diaphorase positive neurons in the dorsal blade of the dentate gyrus and PAC.

Key words
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Introduction

During brain ischemia and reperfusion multiple
independently-fatal terminal pathways are activated
involving loss of membrane integrity, progressive
proteolysis, and inability to control these processes. The
changes started by hypoxia lead to nitric oxide synthase
(NOS) activation, resulting in nitric oxide production
{White et al. 2000).

Nitric oxide (NO) is produced from L-arginine
by NOS. Three different forms of this enzyme are known,
the endothelial (eNOS) responsible for cardiovascular
actions, the inducible (iNOS) found originally in

macrophages and involved mainly in immunological
processes, and the neuronal one (nNOS). Although all
forms can be found in the CNS, the specific actions on
neurotransmission may be attributed primarily to NO
produced by nNOS located in neurons.

Neuronal NOS is a constitutive enzyme, which
is expressed only by a small percentage of neurons. These
neurons are considered to be interneurons. The
production of NO is a calmodulin-dependent process,
therefore, it must be preceded by elevation of intracellular
Ca®*-concentration (Kiss 2000). Ca**-influx is induced by
activation of glutamate receptors, preferentially NMDA
receptors (Prast and Philippu 2000).
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Many studies have shown that nicotinamide
adenine dinucleotide phosphate-diaphorase (NADPH-d)
may correspond to NOS, and it is therefore suggested that
neurons containing NADPH-d might be capable of
producing NO.

Changes in NO production were found not only
after the influence of hypoxia. Kainic acid (KA) is also
responsible for the difference in the number of NADPH-d
positive neurons (Montecot er al. 1997). Kainic acid,
[2-carboxy-4 (1-methyl-ethenyl)-3-pirrolidinacetic acid]
is a structural analogue of glutamic acid (Zagulska-
Szymczak et al. 2000). The potent excitotoxic and
epileptogenic effects of kainate were thought to be due to
the existence of specific receptors for kainate. Such
hypothesis was supported by the demonstration of high
affinity binding sites for [*H]kainate in the rat brain
(Bleakman and Lodge 1998). KA is an agonist of two
kinds of ionotropic, non-NMDA glutamate receptors
(AMPA and KA receptors) (Zagulska-Szymczak et al.
2000).

Because of the marked sensivity of limbic
structures to the neurotoxic effects of KA, which are
evidently due to the great density of binding sites for
excitatory amino acids in these regions, KA-induced
seizures are considered to be a satisfactory model of
human partial seizures with a complex symptomatology
(Veliskova et al. 1987, Koryntova et al. 1997, Kubovi et
al. 2001). As an excitotoxin of the mammalian central
nervous system, KA induces neural cell death by
apoptosis as well as by necrosis (Akhlaq et al. 2001).

KA is a very important tool for probing multiple
brain genome responses, as it establishes a link between
the transient seizure activity and long-term alterations of
neural structures and functions in several brain regions.
The hippocampus (particularly CA3 and CAl areas) is
especially sensitive to the excitatory and neurotoxic effect
of KA and it is the area of its primary action (Ben-Ari e?
al. 1981, Zagulska-Szymczak et al. 2000). The neural
events in the named brain structure have been studied
intensively (Zagulska-Szymczak et al. 2000) due to its
relatively simple anatomy, its involvement in a variety of
neurodegenerative conditions as well as its probable role
in memory formation.

In the model of perinatal hypoxia, animals were
exposed to long-lasting repeated hypobaric hypoxia from
the 2nd till the 17th day of age. It has been shown that in
22-day-old animals hypoxia and kainate given to
normoxic animals resulted in an increase of the number
of NADPH-d positive neurons in the hilus, CA1, CA3

areas of the hippocampus and in the primary auditory
cortex. Kainate in combination with hypoxia lowered the
number of NADPH-d positive neurons in the hilus, dorsal
and ventral blades of the dentate gyrus (Langmeier et al.
2002, Bene$ova et al. 2004). In 3-month-old adult rats
both, hypoxia and kainate given to normoxic, as well as
hypoxic animals, lowered the number of NADPH-d
positive neurons in some areas of the central nervous
system, preferentially in CA1 and CA3 areas of the
hippocampus (Bene$ova et al. 2003, 2004).

The problem addressed in this paper concerned
the question whether and how can the changes in the
number of NADPH-d positive neurons started by long-
lasting repeated perinatal hypoxia and KA influence
individual brain structures of old rats. Our intention was
to asses the life-long dynamics of this effect. We were
interested in the fact whether the changes of the density
of nitrergic neurons caused by perinatal hypoxia and
kainate tend to persist, become more profound or if we
can expect any reparation during a longer period of time.
We have therefore chosen rats as a
representative group of old animals.

1-year-old

Methods

Male rats of the Wistar strain of our own breed
were used for the experiments. There were 40 animals in
all the experimental groups, with 10 in each group. We
histochemically evaluated 8 brains in all the groups, 2 in
each. In each brain 25-30 sections were quantified.
Young animals from the 2nd till the 17th day of age were,
together with their mother, exposed to long-lasting
repeated hypoxia in a hypobaric chamber at a simulated
altitude of 7000 m, always for 8 hours a day. On the 18th
day of age, i.e. one day after the final day of the
exposition to hypoxia, animals were given a single
intraperitoneal injection of KA (2.5 mg/kg). This
sublethal dose is responsible for partial seizures with
complex symptomatology (Veliskova et al. 1987).

Animal groups used in the experiment:

1) animals exposed to hypoxia from the 2nd till the
17th day of age,

2) animals exposed to hypoxia from the 2nd till the
17th day of age, followed by KA i.p. injection
on the 18th day of age,

3) animals not exposed to hypoxia, and

4) animals not exposed to hypoxia, followed by
KA i.p. injection on the 18th day of age.

The animals were kept in standard breeding
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conditions, during feeding there were 10 rat pups together
with one mother. On average, 60 % of the rats survived
for one year. In the control group the survival was 90 %,
in the hypoxic group 50 %, in the kainate group 60 % and
in the kainate and hypoxic group 40 %. The animals died
due to hypoxic or toxic alterations. In the kainate group,
behavioral changes like automatisms were observed.
Animals aged 1 year were perfused under deep thiopental
anesthesia with 4 paraformaldehyde in 0.1 M phosphate
buffer at pH 7.4, The brain was removed, postfixed for
one hour in 4 % buffered paraformaldehyde and then
submerged for 1 h into 20 % sucrose for cryoprotection.
The brain was sliced in the frontal plane into 40 pm thick
sectiones with a cryostate. Each section was taken and
evaluated. The free-floating sections were placed in
0.1 M phosphate buffer and incubated in 0.1 M phosphate
buffer containing 0.5 mg/ml B-NADPH (Sigma)
reductase, 0.2 mg/ml Nitro blue tetrazolium (NBT,
Sigma) and 0.3 % Triton for 4 h at 37 °C in thermostat.
Following the reaction the sections were rinsed in 0.1 M
phosphate buffer and kept at 8 °C for 16 h. The
histochemically reacted sections were mounted on pre-

cleaned 0.5 % gelatin-coated microscope slides (Menzel-
Gliser), air-dried and coverslipped with microscope
cover glasses (Menzel-Glaser) using D.P.X. neutral
mounting medium (Aldrich) (Wang et al. 2001).
NADPH-d positive neurons (Fig. 1) were then quantified
in five regions of the hippocampal formation and in the
primary auditory cortex:
1) in CAl area of the hippocampus,
2) in CA3 area of the hippocampus,
3) in the hilus of the dentate gyrus,
4) in the dorsal blade of the dentate gyrus,
5) in the ventral blade of the dentate gyrus, and
6) in the primary auditory cortex [Te 1 - temporal
area | (primary auditory cortex) (Schober 1986).
Hippocampus and neocortex between the AP
plane 2.5 mm and 4.0 mm posterior to the bregma were
subjected to quantification of NADPH-d positive neurons
under a light microscope Olympus Provis AX 70.
For the statistical evaluation, the t-test and
ANOVA were used (level of significance was set at
p<0.05).

Fig. 1. NADPH-d positive intemeuron in the second cortical layer in the primary auditory cortex. NADPH-d staining. Direct magnification

400x.

Results

The results show that the repeated hypobaric
perinatal hypoxia lowered the number of NADPH-d

positive neurons (Fig. 1) in all the investigated areas of
the hippocampus, compared to the control group which
we consider as baseline (Fig. 2A-2E). In the primary
auditory cortex, on the contrary, the number of NADPH-d
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positive neurons was increased (Fig. 2F). KA given to the
normoxic animals also lowered the number of NADPH-d
positive neurons in CAl (Fig. 2A) and CA3 (Fig. 2B)
areas of the hippocampus, in the hilus (Fig. 2C), in the
dorsal (Fig. 2D) and ventral (Fig. 2E) blades of the
dentate gyrus, but did not cause any changes in the
primary auditory cortex (Fig. 2F). KA given to the

hypoxic animals increased the number of NADPH-d
positive neurons in the dorsal blade (Fig. 2D) of the
dentate gyrus and in the primary auditory cortex (Fig.
2F). Furthermore, it did not change in CAl (Fig. 2A),
CA3 (Fig. 2B) areas of the hippocampus, in the hilus
(Fig. 2C) and ventral blade (Fig. 2E) of the dentate gyrus.

Number of NADPH-d neurons in
CA3 area of hippocampus per
section area

Number of NADPH-d positive
neurons in dors al blade of the
dentate gyrus per section area

Fig. 2. (A) Number of NADPH-d
positive neurons in CAl area of
hippocampus per section area,
(B) Number of NADPH-d positive
neurons in CA3 area of
hippocampus per section area,
(C) Number of NADPH-d positive
neurons in hilus of the dentate
gyrus per section area, (D)
Number of NADPH-d positive
neurons in dorsal blade of the
dentate gyrus per section area,
(E) Number of NADPH-d positive
neurons in ventral blade of the
dentate gyrus per section area,
(F) Number of NADPH-d positive
neurons in primary auditory

Number of NADPH-d positive
neurons in primary auditory
cortex per section area

cortex per section area. H =
hypoxic group, H + K = hypoxic
and kainate group, C = control
group, C + K = control and
kainate group. Mean + S.E.M.
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Discussion

Our findings show that long-lasting intermittent
perinatal hypoxia lowered the number of NADPH-d

positive neurons in all examined areas of the

c C+K

hippocampus in adult animals, which had been influenced
by hypoxia during their perinatal life. It seems to be the
same effect as we observed in CAl and CA3 areas of the
hippocampus in 90-day-old rats (Bene3ova et al. 2003).
This could support the theory that hypoxia causes a rapid
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loss of  high-energy  phosphates, generalized
depolarization, progressive proteolysis, and loss of
membrane integrity, due to damage to membrane lipids
by lipolysis. The post-ischemic suppression of protein
synthesis, which could explain the loss of neurons, was
reported in numerous studies (White et al. 2000). It is
evident that translation in the post-ischemic brain is not
regionally homogenous; the cortex, hippocampal CA1l
and hilus, and caudate show severe and prolonged
suppression of protein synthesis, whereas the
hippocampal dentate gyrus and brainstem structures are
less affected. In several of these studies the CAl zone,
which is the most susceptible to neuronal death following
ischemia, never recovered protein synthesis, indicating
that a prolonged deficit in post-ischemic protein synthesis
correlates with selective vulnerability (White et al. 2000).

Many studies have shown that nicotinamide
adenine dinucleotide phosphate-diaphorase (NADPH-d)
may correspond to the neuronal NOS, and it is therefore
suggested that neurons containing NADPH-d are likely to
be capable of producing NO (Montecot et al. 1997).
NADPH-d reactivity has been detected in various regions
of the nervous system of mammals including the rat. The
coexistence of NADPH-d reactivity and neurotransmitter
or neuropeptide reactivity has been demonstrated in
certain populations of neurons (Wang et al. 2001). The
method used to demonstrate nitrergic elements in the
brain is based on histochemical reaction for NADPH-d.
The most important and attractive reason for the interest
of neuroanatomists in this technique arose when
NADPH-d was identified as a marker of neuronal NOS.
Thus, the relatively simple NADPH-d histochemical
technique was widely used to identify NO producing
elements in the brain of representatives of all vertebrate
classes. With the development of antibodies against NOS,
many studies have used immunohistochemistry to
characterize the nitrergic systems in the central nervous
system. It has been repeatedly proved that NADPH-d
activity and NOS immunoreactivity in the nervous
system is widely colocalized in the same sets of neurons.
The exact match between the staining obtained with both
technical approaches has been discussed in connection
with several regions as the olfactory receptors and their
projections, cells in the cerebral cortex and in specific
neuronal populations of the spinal cord (Moreno et al.
2002).

Perinatal i.p. KA administration brought about
reduced number of NADPH-d positive neurons in all
examined regions of the hippocampus in adult rats which

was also observed in CAl, CA3 areas of the
hippocampus and in the primary auditory cortex in 90-
day-old rats. The effect of KA had been studied in two
distinct hippocampal regions: in the dentate gyrus and
cornu amonis (CA) subfields. The granule cells comprise
the most prominent neuronal layer of the dentate gyrus.
The polymorphic layer of the dentate gyrus (also referred
to as the hilus) is another area frequently mentioned in
reference to changes following KA insult. The CA
subfields or the hippocampus proper consists of CA1 and
CA3 regions. The principal cell type of these regions is
the pyramidal cell (Lorente de N6 1934). CA3 pyramidal
neurons are among the most responsive neurons to
kainate in the brain (Franck 1984, Ben-Ari and Cossart
2000). This was confirmed by our results. As an
excitotoxin for the mammalian central nervous system,
KA induces neural cell death by apoptosis as well as by
necrosis (Akhlaq er al. 2001). It is well established that
prolonged seizure activity can lead to irreversible brain
damage, by both necrotic and apoptotic types of cell
death, which has been recently reported as a consequence
of seizures (Langmeier er al 2003). Intraperitoneal
administration of KA results in the death of neurons in
the CAl and CA3 areas. On the contrary, the dentate
gyrus is spared from KA-caused
neurodegeneration. This is also evident from our results.
The number of NADPH-d positive neurons in dorsal and
ventral blades of the dentate gyrus was decreased after
perinatal KA administration but these changes were not
in CAl1 and CA3 regions of the
hippocampus. The cellular processes caused by KA
include: firing
in seizures, neuronal

consistently

so evident as

administration excessive neuronal
resulting
plasticity and glial reactivation (Zagulska-Szymczak et
al. 2000). Our results, showing a reduced number of
neurons could be explained by hypoxic or possibly toxic
alterations of these regions, depending on different
sensitivity of the discussed regions to these possible
factors. NADPH-d positive neurons are probably

interneurons. The reason of their reduced number can

neuronal cell loss,

also be a result of changes in gene expression. The color
intensity of the neurons is also not the same in all studied
regions, since it seems to be higher in the CA3 area than
in CA1l region. This could be explained by a higher
density of interneurons in this area.

On the contrary, the long-term repeated hypoxia
and perinatal i.p. administration of KA brought about an
increased number of NADPH-d positive neurons in some
examined regions of the central nervous system, i.e. in
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dorsal blade of the dentate gyrus and in the primary
auditory cortex of adult male rats. The different response
of the dentate gyrus can be supported by results of other
authors. Domoic acid, which is structurally related to
kainic acid, also causes neuronal excitation. Lesions in
the hippocampus, caused by this agent were limited to the
neurons in the CAl and CA3 subfields of the
hippocampus and the hilus of the dentate gyrus whereas
granular neurons of the dentate gyrus were spared
(Ananth et al. 2003). The different response of primary
auditory cortex could be explained by lack of kainate

stress. Factors such as hypoxia that enhance the releasing
of glutamate from presynaptic afferent terminals would
likely activate NO production via the NMDA-mediated
mechanisms. In fact, NOS gene expression activated by
hypoxia in central and peripheral neurons had recently
been observed (Chang ef al. 2003).
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