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2. Seznam zkratek pouzitych v textu

ACh
AMPA
ATP
CA1
CA3
CNS
DB DG
EEG
eNOS
HEB
iINOS
i.p.
KA

M
nAChr
NADH
NADPH
NADPH-d
NMDA
NO
NOS
nNOS
VB DG

acetylcholin
a-amino-3-hydroxy-5-methyl-isoxazol-4-propionat
adenozintrifosfat

cornu Ammonis 1 oblast hippocampu
cornu Ammonis 3 oblast hippocampu
centralni nervovy systém

dorzalni list gyrus dentatus
elektroencefalografie

endotelialni nitric oxid syntaza
hematoencefalicka bariéra

inducibilni nitric oxid syntaza
intraperitonealni aplikace

kyselina kainova, kainat
muskarinové receptory

nikotinové acetylcholinové receptory
nikotinamid-adenin-dinukleotid
nikotinamid-adenin-dinukleotidfosfat
nikotinamid-adenin-dinukleotidfosfat-diaforaza
N-metyl-D-aspartat

oxid dusnaty

nitric oxid syntaza

neuronalni nitric oxid syntaza

ventralni list gyrus dentatus




3. Uvod

3.1. Funkéni morfologie hippocampalni formace

Hippocampus je kli€ovou, intenzivné studovanou, strukturou limbického
systému. Byla mu pfiznana rada uloh, za vSechny jmenujme fizeni nékterych typu
chovani a organizaci pamétovych stop. Tato struktura neni zkoumana jen z dtvodu
poznani jeji ulohy v ramci celého centralniho nervového systému (CNS), ale je
studovana i z hlediska obecnych nervovych funkci. Hippocampus pfedstavuje idealni
model v morfologickych studiich vzhledem ke svému pomérné pravidelnému
rozloZzeni neuronl a jejich dendritickych poli, podrobnému popsani aferentnich i
eferentnich drah a v neposledni fadé vzhledem ke svému dlouhému postnatalnimu
vyvoji, ktery umoznuje studium zmén béhem ontogeneze (Pokorny, 1982).

Anatomické ¢&lenéni hippocampu prodélalo znaény vyvoj. Cajal rozdélil tuto
¢ast mozku na hippocampus major, dentatum a subiculum; hippocampus pozdéji
jesté na regio superior a regio inferior (Ramoén y Cajal, 1911). Jiné déleni zaved|
Lorente de N6, jednotlivé oblasti hippocampu nazval CA1, CA2, CA3 a CA4. Oblast
CA1 a CA2 zahrnovala regio superior, CA3 a CA4 regio inferior podle Cajala (Lorente
de N6, 1933, Lorente de N6, 1934). Blackstad dale prejmenoval plivodni oblast CA4
na area dentata (Blackstad, 1956). Uplna jednota ve svétovém pisemnictvi nepanuje
ani dnes, nékteré prace déli hippocampus dle klasického modelu Lorente de Nbé, jiné
pouzivaji zjednoduSeného schématu, délici hippocampalni formaci na oblast CA1,
CA3, hilus gyrus dentatus a na dorzalni a ventralni list gyrus dentatus. Posledni
jmenované déleni je uzivano i v tomto textu (pfesné anatomické vymezeni hranic
jmenovanych oblasti viz oddil metodika).

Vyvoj a diferenciace hippocampu je dlouhodoby proces, probihajici z velké
¢asti postnatalné. Buné&na proliferace, tedy inicialni faze vyvoje, byla velmi presné
popsana u mysi. Formace neuronl u mysi zac¢ina v této oblasti 10. prenatalni den.
V entorhinalni kife a subiculu konéi proliferace mezi 15. a 16. dnem embryonalniho
Zivota, v oblastech CA1 a CA3 pokraéuje proliferace az do narozeni (19. den
gestace). Granularni bufiky v gyrus dentatus jsou formovany od 13. dne

embryonalniho Zivota a déli se az do 20. dne postnatalniho Zivota. V entorhinalni



kGfe postupuje proliferace smérem od hlubSich vrstev k povrchu, zatimco
v hippocampu postupuje obracené - z povrchu do hloubky (Altman a Das, 1965,
Angevine, 1965, Bayer, 1980). Z uvedeného vyplyva, Ze vyvoj hippocampu je dgj
mimoradné dlouhy a jeho geneticky program muaze byt modulovan fadou vnéjsich i

vnitnich faktor(i (Pokorny, 1982).



3.2. Kainat a jeho vliv na centralni nervovy systém

3.2.1. Historie pouziti kainatu

Kainat (kyselina kainova, KA) byl poprvé izolovan z mofské fasy Digenea
simplex. Po druhé svétové valce byl v Japonsku pouzivan jako antihelmintikum.
Teprve v sedmdesatych letech minulého stoleti popsali Shikonazi a Konishi jeho
toxické ucinky na centralni nervovy systém (CNS) savcl (Shikonazi a Konishi, 1970),
¢imz byla odstartovana éra experimentalniho pouzivani kainatu jako modelu lidské
temporalni epilepsie, ale i dalSich neurodegenerativnich chorob. V roce 1974 Olney
publikoval vysledky prace sledujici podrobné neurotoxické uginky kainatu na CNS
(Olney a spol., 1974). O dva roky pozdéji McGeer a McGeer pouzili u zvifat kainat
jako model onemocnéni, které velmi dobfe kopirovalo neurochemické zmény, jez
jsou pfitomny u Huntingtonovy chorey (McGeer a McGeer, 1976).

Na konci sedmdesatych let Ben-Ari a spolupracovnici publikovali vysledky
histologické analyzy mozkové tkané zvirat, kterym byl podan kainat, a konstatovali,
Ze tato latka vytvari v CNS masivni ,axony Setfici |éze®. Lokalni aplikace kainatu
vedla nejen k mistnimu poskozeni tkané, ale i k rozvoji degenerativhich zmén
v relativné velmi vzdalenych strukturach a tyto zmény bylo mozné zmirnit nebo
eliminovat podanim antikonvulzivnich latek pfed aplikaci kainatu (Ben-Ari a spol.,
1979).

V devadesatych letech pak byly izolovany dalSi latky patfici do stejné
chemické skupiny jako kainat (tzv. kanoidy), které maji vlastnosti velmi podobné
kainatu, nebo jsou dokonce u¢innéjsi - domoat, akromelat A a B (Perl a spol., 1990;
Ishida a Shikonazi, 1991). Excitotoxické vlastnosti v§ak vykazuje cela fada latek i
z jinych chemickych skupin jako jsou ethanol (Milotova a spol., v tisku) ¢i kyselina
homocysteova (Langmeier a spol., 2003, Langmeier a spol., 2006) a dalsi.

Aplikace kainatu se stala celosvétové akceptovanym a pouzivanym modelem
lidské temporalni epilepsie, parcialnich zachvatl s komplexni symptomatologii (Ben-
Ari a spol., 1980a) i chorob dalSich, napf. Huntingtonovy choroby (McGeer a
McGeer, 1976). PrfestoZze cena kainatu za poslednich deset let stoupla na

desetinasobek, je kainat stdle pouzivan k objasnéni procesu plasticity CNS a



v neposledni fadé k testovani neuroprotektivnich a antikonvulzivnich latek (Kitano a
spol., 2005).

3.2.2. Kainatové receptory

Kainatové receptory, podskupina receptord glutamatovych, byly poprvé
definovany Watkinsem a Evansem (Watkins a Evans, 1981). Jeho plvodni prace
rozdélovala ionotropni glutamatové receptory na NMDA (N-methyl-D-aspartat) a non-
NMDA zahrnujici receptory kainatové a quisqualatové. Pozdéji se AMPA (a-amino-3-
hydroxy-5-methyl-isoxazol-4-propionat) ukazala pro posledné jmenovanou
podskupinu selektivnéjsi, klasifikace byla revidovana a tato skupina pfejmenovana
(Monaghan a spol., 1989).

Metody molekularni biologie umoznily na pocatku devadesatych let
identifikovat 5 podjednotek, které tvofi morfologickou podstatu kainatového receptoru
(Bettler a spol., 1990, Bettler a spol., 1992). Ten se vyskytuje jako tetramer slozeny
z nize uvedenych podjednotek. VSechny podjednotky vykazuji pfiblizné 40%
podobnost s AMPA receptory a 20% podobnost s receptory NMDA. Identifikaci jejich
aminokyselinové sekvence byly tyto podjednotky rozdéleny do dvou skupin, jejichz

vzajemna homologie je priblizné 45% (Lerma a spol., 2001).

a) GIluR5, GIuR6 a GIuR7 podiednotky

Tyto tfi podjednotky vykazuji 75-80% homologii a mohou spolu navzajem vytvaret

homomerni kainatovy receptor. Spolu s podjednotkami skupiny b) vytvareji receptory

heteromerni (Sommer a spol., 1992).

b) KA1 a KA2 podjednotky

Tyto dvé podjednotky vykazuji 68% homologii a nejsou schopny vytvaret homomerni

receptor, ten vytvareji pouze jako heteromerni s podjednotkami ze skupiny a). Obé
podjednotky této skupiny jevi vyrazné vyS$sSi afinitu ke kainatu v porovnani s
podjednotkami prvni skupiny. Podjednotky GIuR5-7 jsou proto nazyvany nizkoafinni
a podjednotky KA1 i KA2 vysokoafinni (Monaghan a spol., 1989, Monaghan a
Cotman, 1982).

Kainatove receptory se vyskytuji prakticky v celém CNS, jak presynapticky, tak
postsynapticky (Wisden a Seeburg, 1993).



Podjednotkové sloZeni kainatovych receptorli v jednotlivych oblastech hippocampu je
velmi rozdilné. Pyramidové buriky CA3 oblasti hippocampu a granularni buriky gyrus
dentatus vykazuji velkou pfitomnost podjednotek GIuR6, KA2 a KA1, méné
zastoupeny jsou pak podjednotky GIuR5 a GIuR7. Interneurony v CA3 vykazuji
nizkou pfitomnost podjednotek KA1 a KA2. V oblasti CA1 pyramidové buriky vykazuji
pfitomnost podjednotek GIuR6 a KA2. Interneurony v CA1 maji ve vysoké mire

pritomny podjednotky GIuRS a GIuR7 (Isaac a spol., 2004).
3.2.3. Priprava animalniho modelu neurodegenerace

Nejcastéji pouzivanym savcem pro studium kainatu je laboratorni potkan.
Pouze nékolik praci studovalo jeho GCinky na kockach (Tanaka a spol., 1982),
kralicich (Smialowski a Smialowski, 1981) nebo mysich (Kleinrok a spol., 1980).

V zasadé je mozné kainat aplikovat lokalné nebo systémové.

1. Lokalni aplikace vyzadujici stereotakticky aparat (i) umoznuje pouziti nizSich

davek kainatu, (ii) experimentator obchazi hematoencefalickou bariéru (HEB), (iii) a
zabranuje toxickeé zatézi ostatnich organ pokusného zvifete.
Lokalné Ize pak kainat podat:
a) intraventrikularné

Jednu zprvnich praci s timto typem aplikace publikoval Nadler se
spolupracovniky. MnozZstvi podavaného kainatu bylo pfi tomto druhu podani
vrozmezi 0,4-1,5ug v 1ul fyziologického roztoku (Nadler a spol.,, 1978). Injekce
kainatu vyvolala specifickou destrukci bunék CA3 oblasti hippocampu bez dalSich
vyraznéjSich morfologickych zmén okolni tkané (Nadler a spol., 1978).
b) intracerebralné

PFi tomto zplsobu podani je KA aplikovan v obdobnych davkach do riznych

oblasti CNS, napf. do hippocampu, amygdaly, pyriformniho kortexu a substantia
nigra, kdy vyvola ,limbicky* zachvat s naslednym poskozenim limbického systému.
Za limbicky* zachvat je povazovan non-konvulzivni zachvat spojeny
s behavioralnimi automatismy razné intenzity, vyvolany stimulaci limbickych struktur
pfi elektrickém nebo chemickém kindlingu. Tyto zachvaty mohou sekundarné

generalizovat (Korytova a spol., 1997, Mikulecka a spol., 1999, Mare$ a spol., 2004).



K poskozeni limbickych okruhli v8ak dochazi i pfi lokalnim podani kainatu do

jinych struktur CNS (Berger a spol., 1989, Maggio a spol., 1990).

2. Systémova aplikace byla a je pro svoji mensi technickou naro¢nost obecné

pouzivanéjsi. VyZaduje sice fadové vy$$i davky KA (cca jednotky miligraml na
kilogram hmotnosti zvifete), nicméné vzniklé poSkozeni je velmi podobné tomu, které
nalézame pri aplikaci lokalni (Sperk, 1994).

Lze pouzit cestu intraperitonedlni, intravendzni nebo subkutanni. Méné nez
jedno procento systémové podaného kainatu prekro€i hematoencefalickou bariéru
(HEB) a navaze se na své receptory v CNS (Nadler a spol.,, 1980). Tato nizka
biologicka dostupnost pro nervovou tkan vede i k rozdilnym reakcim u
experimentalnich zvifat. Napfiklad u laboratorniho potkana jsou G¢inky KA odli§né u
rznych kmenl (kmen Wistar je citlivéj$i a reaguje s mensi latenci a na nizsi davky
KA nez napfiklad kmen Sprague-Dawley) a dale jsou tyto zavislé na véku (starSi
zvirata jsou na KA citlivéj§i nez zvifata mladsi) (Golden a spol., 1991; Wozniak a
spol., 1991).

3.2.4. Kainat, zmény chovani a zmény na EEG

Podani kainatu vede k projevim fady motorickych priznak(, predevsim
k rozvoji konvulzivnich zachvatl. Tyto pfiznaky lze rozdélit do fazi, které se ¢astecné
Casové prekryvaji. Priblizné do péti minut od aplikace zaujme zvife katatonicky
postoj, ten pretrvava priblizné hodinu, muze byt vSak prekryt ostatnimi
neurologickymi symptomy. Tficet minut po aplikaci KA se u zvifete objevuji
mastikatorni pohyby, myoklonické zaskuby hlavy a pfedniho trupu. V tomto obdobi
lze také pozorovat tzv. ,wet dog shakes® (otfasaci pohyby), které se objevuy;ji
s frekvenci asi 7-8 za minutu (Sperk, 1994). Postupné se intenzita zachvatt stupnuje
a mezi devadesatou a stodvacatou minutou progreduje do tézkého ,limbického*
zachvatu se ztratou posturalni kontroly, coz je navic provazeno silnou salivaci. Zvire
pfechazi posléze do epileptického statu, ktery muze pretrvavat hodiny a je
pravdépodobné zplsoben naruSenim hematoencefalické bariéry a s tim spojenou
zvySenou dostupnosti kainatu pro receptory v CNS (Sperk, 1994). Zpravidla trva
status epilepticus okolo tfi hodin a po jeho ukonéeni jevi zvife znacné vycerpani.

Nékteré z téchto popsanych pfiznaku jsou velmi podobné symptomim pozorovanym
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u ,kindlingu“ (Langmeier a spol., 1992). Stejné jako pro kindling byly i pro zmény
chovani po aplikaci KA vypracovany skorovaci skaly (Ben-Ari a spol., 1981, Ben-Auri,
1985, Sperk, 1994). Zmény chovani zvifete po podani kainatu jsou odlidné vyjadreny
pfi rGzném stafi pokusného individua a Gzce koreluji s podanou davkou kainatu
(Cherubini a spol., 1983, Veliskova a spol., 1988). Bylo prokazano, Ze aplikace
nizkych davek kainatu vede k ,limbickému“, non-konvulzivhimu zachvatu variabilni
intenzity (Mikulecka a spol., 1999).

Vyse popsané zmény chovani odpovidaji zaznamu EEG
(elektroencefalografie). Ben-Ari a spolupracovnici rozdélili zmény na EEG do ftfi
zakladnich stadii (Ben Ari a spol., 1981):

1. Epileptiformni aktivita vznika v entorhinalnim kortexu a bezprostiedné se
propaguje do CA3 oblasti hippocampu a do amygdaly. Tyto zmény koresponduji s
pozorovanymi ,wet dog shakes".

2. Epileptiformni aktivita se dale $ifi do ostatnich limbickych struktur, do thalamu, do
CA1 oblasti hippocampu a medialniho frontalniho kortexu a nakonec do celého
neokortexu. Toto stadium odpovida epileptickému statu.

3. Po ukonc&eni motorickych symptomu se rytmicka aktivita “hrot/vina“ vyrazné snizi,
nicméné pretrvava v amygdale, a to az nékolik tydnl po zachvatu.

V této souvislosti je zajimavé, Ze ojedinélé spontanni motorické zachvaty Ize
pozorovat jeSté mésice po podani kainatu (Pisa a spol.,, 1980). Zdrojem téchto
zachvatl je pravdépodobné amygdala, coZ potvrzuji prace, ve kterych odstranéni
amygdaly omezilo jejich vyskyt (Cavalheiro a spol., 1982, Cavalheiro a spol., 1983).
Aplikace kainatu dlouhodobé snizuje prah pro rozvoj epileptického zachvatu, ktery
pak mlze byt vyvolan jiz subkonvulzivnimi davkami nékterych neurotoxinl (napf.

samotného kainatu) (Marksteiner a spol., 1990, Koryntova a spol., 1997).

3.2.5. Kainat a neuropatologické zmény

Makroskopické ohledani mozku zvifete po aplikaci kainatu prokazalo zvySeny
objem mozkovych hemisfér, ¢asto je tkan u perfundovaného zvifete velmi kiehka.
Lze nalézt i drobné hemorhagie, pfedevS§im v oblasti temporalniho laloku,
hippocampu a olfaktorického bulbu, uSetfen byva kmen a cerebellum. Tyto
hemorhagie jsou pfitomny pfedevSim u zvifat perfundovanych 24 hodin po aplikaci
kainatu (Sperk a spol., 1983).

11



Histologické zmény (hodnoceny svételnou a elektronovou mikroskopii) jsou rozdilné

v zavislosti na ¢ase vySetieni od podani kainatu.

1. Casné zmény (1-3 hodiny od aplikace)

Dominantnim patologickym nalezem v tomto obdobi je alterace neuronq, jejich
jadra jsou hyperchromaticka, kondenzovana a pyknoticka (Ben-Ari a spol., 1980a,
Ben Ari a spol., 1980b, Schwob a spol., 1983). Spolu s prodluZujici se latenci od
aplikace kainatu se v CNS rozviji edém, Ize pozorovat vakuolizaci bunék neuroglie,
alteraci  astrocytli, predevS§im v perivaskularnich  oblastech. Distribuce
histopatologickych zmén v neokortexu béhem epileptického statu je do znaéné miry
nahodna, postizen mlze byt neokortex v jakékoliv své ¢asti a vrstvé. Pravidelné vSak
byva poskozena amygdala, entorhinalni kortex a hippocampus. Nevyrazné jsou
zmény v mozecku, kmenu a prodlouzené miSe. V elektronovém mikroskopu je pak
mozZno pozorovat dilataci dendritl a stejné tak dilataci axo-dendritickych a axo-

somatickych synapsi (Sperk a spol., 1983).

2. Pozdni zmény (24 hodin a vice od aplikace)

Zmény neuronl nejprve odpovidaji nalezu uvedenému vySe, pozdéji se
zmirfiuji a po tydnu od aplikace prakticky vymizi. V této dobé& jsou edem,
hemorhagie, parcialni &i subtotalni nekréza tkané lokalizovany predevSim na bazi
obou hemisfér a v hippocampu. Edematdézni zmény dosahuji vrcholu pfiblizné za 48
hodin po podani, poté postupné ustupuji. Nervové bunky zanikaji a jsou nahrazovany
reaktivnimi astrocyty. V zavislosti na podané davce kainatu a sledované oblasti je
pocet neuront po tydnu od aplikace vyrazné snizen. Podobné podléhaji zaniku i
oligodendrocyty, coZz byva doprovazeno inkompletni nebo kompletni demyelinizaci
(Ben Ari, 1985, Tanaka a spol., 1992).

Tézké léze jsou pfitomny pfedevdim v hippocampu. Jako prvni je zni€¢ena medialni
¢ast CA3, puvodné oznacovana jako CA4 (Ben-Ari, 1985, Tauck a Nadler, 1985), a
oblast CA1 (Sperk a spol.,, 1983, Phelps a spol., 1991). Pfechod mezi CA1/CA3
(phvodné oznalovana jako CA2) byva z pravidla usetfen, stejné jako oba listy gyrus
dentatus (Sperk, 1994). Degenerativni zmény v hippocampu byly popsany i pfi
opakovaném podavani této latky pokusnému zvireti (Riljak a spol., 2005).
Histologicky nalez koreluje s pozorovanymi behavioralnimi zmé&nami. Casné

histologické zmény jsou pfitomny u vSech zvifat, zmény pozdni a jejich exprese
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zavisi na intenzité a délce trvani epileptického zachvatu. Zvire, které prodélalo tézke
konvulze, ma pak histopatologické zmény vyjadieny vyraznéji, nez zvife bez rozvoje
epileptického statu po stejné davce podaného kainatu (Sperk a spol., 1983).

3.2.6. Mechanismy toxicity kainatu a jejich vyznam pro poskozeni CNS

1. Molekularni mechanismy

Exaktni a pfesny molekularné-biologicky mechanismus, jakym kainat vyvolava
zanik buriky, nebyl dosud uspokojivé objasnén, nicméné existuje fada hypotéz.
a) Zanik bunky je zplsoben opakovanou excitaci neuronu, coZ v souhrnu vede k
ireverzibilnimu rozvratu iontové rovnovahy neuronu a k vycerpani energetickych
zasob bunky. Zanik burnky je zpusoben i excesivnim vzestupem intracelularni
koncentrace Ca®* v nervové burice, coz je diisledek extrémné zvySené neuronalni
aktivity (Olney a spol., 1979, Ben-Ari a spol., 1981).
b) Intenzivni zachvatovita aktivita vyvola poruchy vaskularni dynamiky v CNS resp.
tvorbu toxickych produktid zvy$eného metabolismu (laktat) s naslednou zménou
tkanového pH, coz vede k zaniku buriky (Lothman a Collins, 1981).
c) Extrémné zvySeny bunéény metabolismus béhem zachvatovité aktivity vyvolava
nadprodukci volnych radikalll, které pak mohou byt zodpovédné za bunéénou smrt
(Blennow a spol., 1978, Wang a spol., 2005).

2. Bunécné mechanismy

Studiem popisovaného zvifeciho modelu neurodegenerace byly definovany a
v souCasné dobé jsou nadale doplfiovany mechanismy, kterymi kainat popisované

léze CNS vyvolava.

A) Kainatem primo indukované ,axony Setfici léze"

Kainat, je-li aplikovan systémové, pfekracuje pouze v nepatrném mnozstvi
HEB a poskozuje vulnerabilni struktury mozku, pfedevs§im hippocampus, ve kterém
vyvolava excitotoxické léze (Olney a spol., 1978, Kéhler a Schwarz, 1983). Jednim z
davodl znaéné citlivosti hippocampu ke kainatu je vysoka denzita kainatovych
receptord v této oblasti (Unnerstall a Wamsley, 1983). Hippocampus je poskozen i
tehdy, je-li kainat lokalné aplikovan do jiné struktury CNS, napfiklad amygdaly nebo
striata. Tyto ,vzdalené Iéze* mohou byt podle nékterych autorl zplsobeny
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prostorovou difazi kainatu (Zaczek a spol., 1978, Ben-Ari, 1980b), podle jinych se
jedna spise o posSkozeni zachvaty, které hippocampus sekundarné alteruji. Rozvoji
,vzdalenych lézi* Ize pfedejit aplikaci barbiturati (Fuller a Olney, 1981), presto tyto
latky nejsou s to zabranit rozvoji |ézi mistnich, tedy alteraci té struktury, do které byl
KA aplikovan (Di Chiara a spol., 1981). Vysvétlit poSkozeni limbického systému
pouze konvulzemi vyvolanymi KA by bylo snadné, ale nepfesné. Napriklad agonisté
NMDA receptori vyvolavaji zachvaty stejné masivni, a presto je poskozeni
limbickych okruhli mirné nebo stiedné tézké (Zaczek a Coyle, 1981). Pfedpoklada se
proto, ze kainat bude mit dal§i, dosud neodhalené specifické mechanismy, které
poskozeni limbického systému vyvolavaji. V tomto ohledu je tfeba vzpomenout
excitaCni vlastnosti glutamatu, jehoz uvolnéni kainat vyvolava vazbou na
presynapticky lokalizované kainatové receptory. Tedy i glutamat hraje roli v

neurotoxicité kainatu (Represa a spol., 1987).

B) Excitotoxicita a |éze zplsobené aktivaci excitacnich nervovych drah

Prvni uceleny koncept pojmu excitotoxicita podal na konci sedmdesatych let
John Olney (Olney, 1978). Definuje ji jako: “proces vedouci k zaniku nervovych
bunék, zapfiCinénym excesivni aktivaci glutamatovych receptor(“. Role tohoto
procesu v etiologii fady chorob centralni nervové soustavy je nepopiratelna
(pfedevSim chorob neurodegenerativnich) a je velmi intenzivné studovana jak
experimenty in vitro, tak in vivo (Langmeier a spol., 2003, Sanelli a spol., 2007,
Vaslin a spol., 2007). Doble rozdéluje excitotoxicitu na tzv. klasickou a tzv. pomalou
(Doble, 1999).

a) Koncept klasické excitotoxicity
Dle této teorie se ve zjednodusené podobé na excitotoxickém zaniku nebo
poskozeni bunky podileji tfi mechanismy: natrium-dependentni, kalcium-dependentni

a exocytdza kyseliny glutamové (tzv. glutamatova smycka).

Natrium-dependentni mechanismy

Aktivace AMPA/KA receptorl a naslednad aktivace napétové fizenych
natriovych kanall vede ke vstupu natriovych iontd do buriky a depolarizaci. Tato
opakovana depolarizace mlze vést az k funkénimu pretizeni nervové burky. Masivni

influx sodikovych iontd je nasledovan pasivnim vstupem chloridovych aniontd
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(zachovani equilibria), dale po osmotickém gradientu vstupuje voda intracelularnég,
¢imz se zvétSuje objem buriky. Vysledkem tohoto déje mlze byt lyza buriky. Tato tzv.
osmoticka komponenta excitotoxicity je revezibilni, je-li depolarizaéni podnét
odstranén (Rothman, 1985, Kiedrowski a spol., 1994).

Kalcium-dependentni mechanismus

Pfi opakované depolarizaci buriky se zvy$uje koncentrace intracelularni frakce
volného kalcia. Zdrojem kalcia je (i) jeho vstup do buriky z extracelularniho prostredi
napétové fizenymi kalciovymi kanaly, (ii) snizeni nebo zhrouceni aktivity sodiko-
kalciového vyméniku, (iii) vyplaveni kalcia a jeho mobilizace z intracelularnich zasob
v bunécnych organelach (Choi, 1987, Koch a Barish, 1994, Mody a Macdonald,
1995, Doble, 1999).

Tento vzestup intracelularni koncentrace kalcia je zfejmé ireverzibilni proces,
nebot ani odstranéni podnétu vedouciho k depolarizaci neuronu nevede k jeho
poklesu a je pfi€inou zaniku bunky. Néktefi autofi tedy povazuji schopnost bunky
udrzovat kalciovou homeostazu za rozhodujici mechanismus rezistence vuéi
excitotoxickym inzultim (lacopino a spol., 1992, Lukas a Jones, 1994). Elevace
hladiny kalcia nitrobunééné vede aktivaci kalcium-dependentnich interakci
protein/protein a fady enzymatickych systémd (napf. kaspazového), které
v kone¢ném dlsledku nevratné narusuji homeostazu buriky a mohou vést k jejimu
zaniku at jiz formou apoptozy €i nekrézy (Orrenius a spol., 1989, Favaron a spol.,
1990, Mills a Kater, 1990, Doble, 1999).

Exocytéza kyseliny glutamové (tzv. glutamatova smycka)

V pribéhu zmifovanych excitotoxickych dé&ja stoupa extracelularni
koncentrace glutamatu (i) lyzou bunék (zni€enych vySe uvedenymi mechanismy), (ii)
jako reakce na depolarizaci buriky, (iii) kalcium-dependentnim mechanismem ze
synaptickych vezikl(. Alterovan je roveZz mechanismus odstrarfiovani glutamatu ze
synaptické Stérbiny.

Takto zvySena koncentrace glutamatu v extracelularnim prostoru vede k Sifeni
nachylngj$imi k pdsobeni plvodni noxy. Tento déj vede opét k uvolnéni glutamatu a

patogeneticka smyc&ka je tim uzaviena (Doble, 1999).
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b) Koncept pomalé excitotoxicity

Tento koncept pracuje s teorii, ktera vysvétluje excitotoxicky mechanismus
zaniku bunék i bez extracelularné zvysené hladiny glutamatu, resp. bez pfitomnosti
jakéhokoliv excitotoxinu vibec (Novelli a spol., 1988, Zeevalk a Nicklas, 1990).
Neurony se stavaji vulnerabilnimi i k fyziologické hladiné kyseliny glutamové vlivem
poskozeni energetického metabolismu bunky. Klicova role je pfi tom pfipisovana
mitochondriim, které vlivem strukturalniho poskozeni nebo po$kozenim enzymi
dychaciho fetezce nejsou schopny produkovat ATP, tedy saturovat energeticke
naroky bunky (pfedevS§im ATP-dependentni procesy) (Beal a spol., 1993, Doble,
1999). Na prvnim misté se jedna o zhrouceni sodiko-draselné pumpy, udrZujici
klidovy membranovy potencial, coz ve svém dlsledku vede ke slabé depolarizaci
neuronu. To zvySuje pravdépodobnost otevieni napétové fizenych sodikovych a
kalciovych kanalQ, a tim mozZnost odpovédi buriky akénim potencialem na excitaéni
stimulus. Tato slaba (resp. pomala) depolarizace dale brani inhibiénimu (a napétové-
dependentnimu) G&inku magnézia na NMDA receptory, které jsou pak aktivovany
normalni hladinou glutamatu. Takto mlze tedy fyziologicka a netoxicka koncentrace
glutamatu spustit excitotoxickou kaskadu (Riepe a spol., 1995, Doble, 1999).

Jednotlivé déje podilejici se na excitotoxickém zaniku buriky nelze oddélovat.
Jsou vzajemné velmi Uzce propojeny a také se intenzivné ovliviuji. Byl-li tedy influx
natria do buiky zarfazen mezi mechanismy klasické excitotoxicity, neznamena to, ze
se nepodili na vzniku excitotoxicity pomalé. Kolaps elektrochemického sodikového
gradientu spoleéné se zhroucenim energetického metabolismu bunky ovliviiuje
sodiko-vapenaty vyménik a vede k vzestupu koncentrace vapniku v burice, blokuje
vystup protonl z buriky a vede k poklesu pH intracelularné, coz opét vyznamné méni
celularni homeostazu (Doble, 1999). Pohled na excitotoxicitu by tedy mél byt vzdy
komplexni.

V této souvislosti je zajimavé zminit, Ze v prvni poloviné osmdesatych let
Sloviter a spolupracovnici prokazali, Ze stimulace perforujici drahy (tractus
temporoammonicus, perforant path), hlavniho aferentu hippocampu z entorhinalni
kdry, vede k obdobnému poskozeni oblasti CA3 hippocampu, jako vyvolava podany
kainat (Sloviter, 1983). Podobného vysledku lze dosahnout elektrickou stimulaci
amygdaly (Mcintyre a spol, 1982). To vedlo k domnénce, Z2e nejen pfima
neurotoxicita kainatu vede k poskozeni citlivych oblasti CNS, ale ze toto poskozeni je

pravdépodobné spoluvytvafeno stimulaci excitaénich neuronalnich okruhl (Ben-Ari,
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1981, Meldrum, 1991). Tato tvrzeni dale podpofily experimenty, ve kterych byly
zminéné excitaéni okruhy pred podanim excitotoxinu preruseny, a bylo zjisténo, ze
takto ,denervovana“ struktura zustava usetfena poskozeni (Kéhler a spol., 1979,
Okazaki a Nadler, 1988). Tato teorie poSkozeni neuroni se nevztahuje pouze na
hippocampalni formaci; stimulaci dalSich aktivaénich neuronalnich drah lze zni€it
radu jinych cilovych neuron(i (Braszko a spol., 1981). Tyto ,vzdalené |éze* mohou byt
efektivné eliminovany nékterymi antikonvulzivy, aniz by tyto zabranily rozvoji

degenerativnich zmén v misté aplikace (Ben-Ari, 1979).

C) Kainatem indukované sekundarni poskozeni mozku zplsobené asociovanymi

patologickymi jevy (hypoxie, edém)

Je pochopitelné, ze pfi interpretaci disledkl aplikace kainatu je tfeba
uvaZovat, zda podani této latky naruSuje celotélovou homeostazu zvifete. Podani
excitotoxinu provazi masivni edém mozku, nespecifickd progredujici nekréza
mozkové tkané, masivni hemorhagie a demyelinizace (Sperk a spol., 1983).
Vyznamnou roli pfi poSkozeni mozku hraje pfedevéim zminény edém. Casny
cytotoxicky edém zplUsobeny konvulzemi muze vést ke kompresi venéznich splavl a
celkové tak narusit cévni zasobeni mozku. Uginna diureticka lé¢ba v Easném stadiu
rozvoje edému vede ke sniZeni intenzity zachvatu a snizuje nespecifické poskozeni
mozku (Lassmann a spol., 1984).

DalSim faktorem znesnadriujicim interpretaci KA indukovanych lézi je anoxie-
ischemie. Inkompletni parenchymova nekréza mozku v ¢asnych stadiich po aplikaci
kainatu je typickym znakem anoxicko-ischemického poskozeni CNS (Spielmeyer,
1927, Langmeier a spol., 1987, Langmeier a spol., 1989). Nicméné topograficka
lokalizace téchto nekréz po podani kainatu neni identicka s tou, ktera se vyskytuje po
zatézi hypoxii. V hippocampu zplsobuje hypoxie typicky destrukci oblasti CA1,
zatimco podani kainatu vede prednostné ke zni¢eni neuronl v oblasti CA3. Lze
namitnout, Ze hypoxie oblast CA3 hippocampu alteruje rovnéz. Na tuto namitku se
pokousely odpovédét nékteré prace, které pfinesly nasledujici vysledky. V oblasti
CA3 po aplikaci kainatu klesa parcialni tlak kysliku na pfiblizné tfetinu fyziologické
hodnoty béhem epileptického zachvatu. Tento deficit je vSak plné kompenzovan
trojnasobnym pratokem krve oblasti Ammonova rohu. Poskozeni oblasti CA3
hippocampu kainatem, na rozdil od hypoxie, je primarné omezena na neurony, je
tedy pravdépodobné vyvolana jinymi mechanismy nez poSkozeni hprcké (§be a



spol., 1983, Sperk, 1994). Vliv hypoxie na kainatem vyvolané poSkozeni CNS
sledovaly i nékteré recentni prace. Napfiklad BeneSova a spolupracovnici hodnotili
ulohu nitrergniho systému CNS a pfedevs§im jeho zmény po kainatovém inzultu, resp.
po inzultu hypoxickém, a dale oba tyto faktory kombinovali. Diskutuji alohu volnych
radikald produkovanych pfi hypoxickém poskozeni mozku, predevSim oxidu
dusnatého (NO) a také jeho roli pfi neurodegeneraci vyvolanou aplikaci kainatu
(BeneSova a spol., 2004, Benesova a spol., 2005).

Je ale nutno pfiznat, Zze doposud publikované vysledky neumozZiiuji
zodpovédét, zda degenerace zminovanych struktur je zplsobena primarné
specifickymi UCinky kainatu a do jaké miry k nim pfispiva KA vyvolana hypoxie-

anoxie.

D) Kainatem indukované zmény hematoencefalické bariéry

Zachvatovita aktivita pfispiva v rizné mife k poskozeni HEB a jejimu
naslednému otevieni (Nitsch a spol., 1986). ZvySena je aktivita transmembranového
transportu, zatimco ,tight junctions zUstavaji nepoSkozeny. HEB jevi znamky
poskozeni jesté nékolik hodin po aplikaci kainatu a tyto zmény jsou pozorovatelné v
celém jejim rozsahu. Pozdéji vykazuje HEB poskozeni v téch oblastech CNS, které

jsou na kainat nejcitlivéjSi (Lassmann a spol., 1984).
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3.3. Nikotin a jeho vliv na centralni nervovy systém

Nikotin je jednou z nejvyznamnéjSich soucasti tabakového koufe (Benowitz,
1986). Ackoliv destruktivni uéinek koufeni na zdravi se ma za prokazany (Murray a
Lopez, 1997, Abreu-Villaga a spol., 2003), byly samotnému nikotinu v poslednich
letech pfipsany pozitivni vlastnosti, jako je zlepseni kognitivnich funkci, pozornosti,
uceni a zlepSeni tvorby pamétovych stop (Bartus, 2000, Picciotto a Zoli, 2002). Tyto
jevy jsou pak zvlasté patrné béhem starnuti, a proto se nikotin stal intenzivne
studovanou latkou (Decker a spol., 1995, Picciotto a Zoli, 2002, Riljak a Langmeier,
2005).

3.3.1. Chemicka struktura, zafazeni a vlastnosti nikotinu
Nikotin je dle systematického chemického nazvoslovi 3-(1-metyl-2-pyrrolidinyl)
pyridin, sumarnim vzorcem C;oH14N>. Patfi do skupiny alkaloidl a existuje ve étyfech

razné stabilnich konformacich. Pro tyto experimenty byl pouzit (-)-nikotin.

3.3.2. Cholinergni systém

Cholinergni systém je jednim z nejvyznamnéjsich fylogeneticky nejstarSich
chemickych systémi CNS vibec (Gotti a Clementi, 2004). Neurotransmiterem tohoto
systému je acetylcholin (ACh), ktery je v systému syntetizovan reakci acetyl-
koenzymu A a cholinu katalyzovanou cholinacetyltransferazou (Angelini a spol.,
2004). Zprostfedkovatelem uc€inku ACh jsou cholinergni receptory, které se dale
podle rGznych farmakologickych vlastnosti (vazba agonistl/antagonistll) déli na
muskarinové a nikotinové (Bonner, 1989, Stroud a spol., 1990). Muskarinove
receptory (M) jsou sprazeny s G-proteiny a vysledkem jejich aktivace je kaskada
intracelularnich déju, podilejicich se na prenosu informace tzv. ,druhym poslem* a to
bud aktivaci fosfatidylinositolového systému (podtypy M1, M3 a M5), nebo inhibici
adenylatcyklazy (podtypy M2 a M4) (Hulme a spol., 1987, Nathanson, 1987, Venter,
1987). Druhou podskupinou cholinergnich receptord jsou receptory nikotinové
(nAChr). Je to rodina receptorl sprazenych s iontovym (kationtovym) kanalem. Byla
popsana fada podtypu nikotinovych receptora, majici navzajem razné farmakologické
profily a rozdilnou distribuci jak v ramci CNS, tak mimo né&j. Do souéasné doby bylo

identifikovano 17 podjednotek (oznacované a Cislované jako alfa1, alfa2 atd. a beta1,
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beta2 atd.) nikotinovych receptorl, které vzdy po péti formuji jeden podtyp
nikotinového acetylcholinového receptoru. Mohou formovat jak homomerni (tvofené
pouze podjednotkami alfa), tak heteromerni (tvofené kombinaci podjednotek alfa a
beta) receptorové podtypy (Karlin a Akabas, 1995, Le Novere a Changeux, 1995,
Karlin, 2002).

Anatomicko-funkéni studie prokazaly, Ze nAChR jsou lokalizovany jak
presynapticky (Wonnacott, 1997) tak postsynapticky (Berg a spol., 2006) a reguluji
sekreci neurotransmiter, napf. acetylcholinu (Wilkie a spol., 1993), noradrenalinu
(Clarke a Reuben, 1996), glutamatu (Alkondon a spol., 1997), dopaminu (Grady a
spol., 1992) a GABA (kyselina gama-aminomaselnd) (Yang a spol., 1996).

Cholinergni inervace ma via nAChR vliv na fadu funkci CNS jako je excitabilita
nervovych bunék a jejich integrace. Dale ovliviiuje spanek, bdéni, centralni
zpracovani bolesti, potravové chovani a v neposledni fadé kognitivni funkce jako

celek (Changeux a Edelstein, 2002, Carrasco a spol., 2006).

3.3.3. Nikotin a jeho neuroprotektivni vliv

Na mozZné neuroprotektivni vlastnosti nikotinu poukazaly v poslednich letech
jak studie in vitro, tak pfedevsim in vivo (Shin a spol., 2007). Jednorazové podani
nikotinu v davce 0.5mg/kg vede k signifikantnimu zmirnéni behavioralné-motorickych
projevl, které jsou bézné vyvolavany aplikaci kyseliny kainové (Borlongan a spol.,
1995). Dale byla prokazana schopnost cigaretového koure zmirfiovat epileptogenni
u€inky kainatu a autofi pfipisuji tento uéinek aktivaci nikotinovych cholinergnich
receptori (Kim a spol., 2000). Studie zaméfeny ponékud jinym smérem, a to na
problematiku stafi, prokazaly, ze nikotin zlepSuje uéeni a pamét ve stafi, resp.
odstranuje nebo zmirnuje deficit téchto kognitivnich vlastnosti v animalnich modelech
stafi (Carrasco a spol., 2006). V experimentech provadénych in vitro bylo popsano,
Ze nikotin e schopen zmirnit projevy toxicity vyvolané kyselinou glutamovou (Minana
a spol., 1998, Maggio a spol., 1998), amyloidem beta (Kihara a spol., 1997) a
etanolem (Li a spol., 1999).

Mechanismus, ktery tyto U€inky nikotinu zpUsobuje, neni doposud znam. V
literatufe panuje nicméné shoda, Ze nikotin pravdépodobné ovliviuje zZivotni cyklus
burnky fadou zasah(, od jemné modulace intracelularnich enzymatickych kaskad az

po razantni zasahy do bunééné homeostazy (napf. kalciové apod.).
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Ve zjednodusené formé Ize doposud diskutované mechanismy neuroprotektivniho

uéinku nikotinu rozdélit:

1. Neuroprotektivni U¢inek nikotinu kalcium-dependentni

(i) Nikotin mlzZe aktivovat fosfatidylinositol-3-kinazu a dalsi signalni molekuly, které
zvy$uji expresi kalcium pufrujicich protein (kalbindinu a dal$ich), ty pak umoziiuji
udrZet vapnikovou homeostazu i béhem excitotoxického inzultu (Prendergast, 2001,
Bailador a Wonnacott, 2004).

(i) Jinym vapnik-dependentnim mechanismem je napfiklad zvySené uvolnéni
neurotransmiteru dopaminu v animalnim modelu Parkinsonovy choroby, nikotin tak

zmirfiuje nebo zcela odstrariuje jeji projevy (Grady a spol., 1992, Zhou a spol., 2001).

2. Neuroprotektivni U¢inek zptisobeny expresi neuroprotektivnich faktora

Nikotin stimuluje produkci a uvolnéni fady neurotrofickych faktord (napf.: brain
derived neurotrophic factor, basic fibroblast growth factor, nerve growth factor), které
pak zabrariuji zaniku neuronl nebo jsou pfi¢inou jejich vy$si odolnosti (Belluardo a
spol., 2000).

3. Requlace apoptozy

Nikotin ovliviiuje expresi antiapoptotickych faktord, respektive vyvovala inhibici
faktorl proapoptotickych. Jedna se predevS§im o upregulaci antiapoptotického
markeru Bcl-2 a dale o inhibici kaspazové kaskady (Garrido a spol., 2001, Hejmadi a
spol., 2003).

4. Antioxidacni vlastnosti nikotinu (inhibice radikalového stresu)

Nékteré prace poukazuji na antioxida¢ni vlastnosti nikotinu, s tim, Zze by nikotin mohl
branit formaci volnych kyslikovych radikal(i. Naproti tomu ale existuji prace, které
naopak nikotinu pfipisuji prooxidaéni vlastnosti a v souhrnu tedy panuje na tento
mechanismus nikotinové neuroprotekce nejednotny nazor (Newman a spol., 2002).
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3.4. Oxid dusnaty a jeho uloha v centralnim nervovém systému

Oxid dusnaty (NO) je dulezitou signalni molekulou, ktera se podili na celé fadé
fyziologickych i patologickych proces( v centralni nervové soustavé. NO je vysoce
labilni plyn, neni skladovan a velmi snadno difunduje tkanémi k mistu svého
pusobeni. V CNS plini ulohu tzv. atypického neuromodulatoru (Dawson a Snyder,
1994) a ucastni se déjl jako je uvolfiovani neurotransmiteri (Guevara-Guzman a
spol., 1994, Schuman a Madison 1994), formovani pamétové stopy (Bohme a spol.,
1991, Bohme a spol., 1993) a v neposledni fadé ovliviiuje excitabilitu nervovych
bunék (Proctor a spol., 1996). Kromé zminénych fyziologickych roli, se oxid dusnaty
GCastni i v patogenezi fady chorob, v CNS pak predevdim chorob
neurodegenerativnich (Dawson a spol., 1991, ladecola, 1997).

NO vznikd spole¢né s L-citrulinem z L-argininu za pfitomnosti nitric oxid
syntazy (NOS), kterd celou reakci katalyzuje. Jsou znamy 3 izoformy nitric oxid
syntazy. Neuronalni NOS (nNOS), ktera byla poprvé izolovana z cerebela, je
spoleéné s endotelidlni NOS (eNOS), poprvé izolovanou z endotelii, zavisla na
vzestupu intracelularniho kalcia, predev§im je pak aktivovana vazbou kalcia na
kalmodulin. Obé& izoformy jsou nazyvany konstitutivnimi enzymy. Oproti tomu
inducibilni NOS (iNOS) Ize detekovat az po navozeni genové exprese a jeji aktivita
neni zavisla na kalciu. Je exprimovana astrocyty a mikroglii pouze za patologickych
stavi mozku, které jsou doprovazeny zanétlivou reakci. Jedna se predev§im o
hypoxii, iktus, trauma, infekce, neurodegenerativni onemocnéni a starnuti (Endoh a
spol., 1994, Clark a spol., 1996, Kreutzberg, 1996, Mander a Brown, 2004).

V centralnim nervovém systému jsou pfitomny vSechny 3 izoformy NOS.
eNOS je pfitomna v endotelu mozkovych cév a iNOS v aktivovanych neurogliich.
Hlavni formou NOS je v8ak neuronalni NOS. NO syntézujici neurony byly primarné
pokladany za subpopulaci GABA-ergnich neuronl, nicméné bylo prokazano, ze
nNOS muze kolokalizovat s celou fadou mediatorl, jako jsou monoaminy,
acetylcholin, glutamat ¢&i neuroaktivni peptidy (Atoji a spol., 2000, Mouchova a spol.,
2000, Jinno a spol., 2001).

Mechanismus, jakym NO pfispiva k patogenezi zminénych chorob, nebyl
doposud pIné objasnén. Jednim z vysvétleni by mohla byt jeho u¢ast v kaskadé déju

souvisejicich s excitotoxicitou. Dawson a spolupracovnici prokazali, ze se NO
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vyznamné podili na vyvoji excitotoxicity zptisobené aktivaci NMDA receptorl, kdy
inhibitory NOS zcela zabranili zaniku kortikalnich neuront vystavenych plsobeni
glutamatu a stejny vysledek mélo i odstranéni L-argininu z kultivaéniho media
(Garthwaite, 1991, Dawson a Dawson, 1996, Burney a spol., 1997). Excesivni
formace NO je dale povazovana za rozhodujici moment pfi po§kozeni mozku latkami
vyvolavajicimi zachvatovou aktivitu neuron(, jako jsou inhibitory acetylcholinesterazy
a agonisté cholinergnich a glutamatovych receptort (Milatovic a spol., 2002). NO
totiz ochotné reaguje se superoxidovym aniontem za vzniku vysoce reaktivniho
peroxynitritu, ktery je pak vlastnim aniontem zprostiedovavajicim toxicitu oxidu
dusnateho. Peroxynitrit reaguje s proteinovymi komponenty buriky, poSkozuje DNA a
aktivuje jak kaspazu-dependentni, tak independentni drahu bunééné smrti (Blomgren
a Hagberg, 2005, Rodrigo a spol., 2005). Sam oxid dusnaty je dale schopen
modifikovat nékteré bunécné proteiny nitraci a nitrosylaci a takto modifikovane
proteiny mohou naru$ovat buné&éné funkce. Je ale tfeba podotknout, ze systém
nitrosylaci/nitraci je vyznamnym regulaénim mechanismem funkce proteind i za
fyziologickych stavi a podminek (Zhang a spol., 2005). Oxidu dusnatému byla
rovnéZ pfipsana Gloha v toxicité kainatu. Milatovic a spolupracovnici prokazali, ze
aplikace kainatu vyvolava vzestup koncentrace citrulinu a NO, ktery by mohl po$kodit
strukturu bunky (Milatovic a spol., 2002).
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4. Cile prace
Cilem prace bylo zjistit, zda v obdobi rané ontogeneze:

l. podany kainat ovlivni denzitu (poget bunék na plochu fezu ve vymezené
oblasti) NADPH-diaforaza pozitivhich neuron(i v hippocampu

I. podany nikotin ovlivni denzitu NADPH-diaforaza pozitivhich neuront
v hippocampu

Il. premedikace nikotinem pfed podanim kainatu ovlivni denzitu NADPH-
diaforaza pozitivnich neuronti v hippocampu

V. premedikace nikotinem pfed podanim kainatu ovlivni degeneraci
hippocampu vyvolanou kainatem

5. Pracovni hypotéza

Pracovni hypotéza I.

Aplikace kainatu snizi denzitu NADPH-diaforaza pozitivnich neuront v hippocampu.

Pracovni hypotéza Il.

Aplikace nikotinu zvysi denzitu NADPH-diaforaza pozitivnich neuron( v hippocampu.

Pracovni hypotézal lll.
Aplikace nikotinu pfed podanim kainatu zvysi denzitu NADPH-diaforaza pozitivnich

v porovnani s experimentaini skupinou, které byl podan pouze kainat.

Pracovni hypotéza IV.
Aplikace nikotinu pfed podanim kainatu zmirni degenerativni zmény, které kainat

v hippocampu vyvolava.
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6. Metodické postupy
6.1. Pokusna zvirata

Vsechny pokusy byly provadény ve Fyziologickém ustavu 1. LF UK na
samcich laboratorniho potkana kmene Wistar vlastniho chovu (Rattus norvegicus).
Zvifata byla chovana ve zvifetniku za standardnich podminek. Teplota prostiedi byla
automaticky udrzovana na 24+1°C, vihkost byla 60%. Periody tmy a svétla se stfidaly
po 12 hodinach. Zvifata byla chovana v plastikovych akvariich s pilinovou
podestylkou (30 x 30 x 40 cm) a s volnym pfistupem k vodé a potravé (komeréné
vyrabéne pelety). Mladata byla kojena matkou a odstavena na konci 3. tydne.
Pouzivali jsme mladata stara 18, 25 a 35 dni. Den narozeni byl poéitan jako nulty
den. VSechny experimenty na zvifatech byly provadény v souladu se zakonem na
ochranu zvifat proti tyrani ¢. 146/1992 Sb. tak, aby byl minimalizovan jejich nezbytny
pocet. Pfedkladatel této prace je drzitelem pfislu§ného atestu a absolvoval Skoleni
dle znéni zakona.

6.2. Aplikace latek

K pokusim jsme pouZili samce ve véku 18, 25 a 35 dni. V kazdé vékové
skupiné jim byly intraperitonealné podany tyto latky:
1. kainat v davce 10mg/kg (skupina KA)
2. nikotin v davce 1mg/kg (skupina Nic)
3. nikotin v davce 1mg/kg 30 minut pfed podanim kainatu v davce 10mg/kg
(skupina Nic+KA)
4. fyziologicky roztok v odpovidajicich objemech (skupina C)

6.3. Perfuze
Dva dny po aplikaci pfislusnych latek (tedy ve véku 20, 27, a 37 dni) byla zvirata

v hlubokeé thiopentalové narkéze transaortalné perfundovana 4% paraformaldehydem

v 0,1 M fosfatovém pufru o pH 7,4. Mozky byly vyjmuty z kalvy a po 1 hodinové
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postfixaci ve 4% pufrovaném neutralnim paraformaldehydu byly prosyceny 20%
roztokem sacharoézy k zajisténi kryoprotekce.

6.4. Histochemické metody

Histologické analyze bylo podrobeno celkem 96 samcl, tedy po 8 v kazdé
vékove a experimentalni skupiné. Bylo pouZito:
a) histochemickeé barveni na prikaz NADPH-d (nikotinamid-adenin-dinukleotidfosfat-
diaforaza) pozitivhich neuron(, tedy neuronti produkujicich NO (nitrergni neurony),
b) kombinace histochemického barveni Fluoro-Jade B a bis-benzimidu (Hoechst
33342), ktera umoziiuje detekovat jak zanikajici neurony, tak sougasné hodnotit
jadernou DNA (tedy de facto hodnoceni probihajici apoptézy). Tato dvé barveni jsou
barveni fluorescenéni, majici svij ,excitacni peak” v jiné Casti spektra, coz umoziiuje
tato barveni kombinovat na jednom fezu a hodnotit tak oba parametry. To vyznamné

sniZilo podet experimentalnich zvirat potfebnych k analyze.

a) Barveni na prukaz NADPH-d pozitivhich neuront

Po nakrajeni 40 um tlustych transverzalnich fez(i na kryostatu byly tyto
fezy inkubovany v 0,1 M fosfatovém pufru obsahujicim 0,5 mg/ml B-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 predcisténa podlozni skla Microscope Slides (Menzel-
Glaser), potazena 0,5% Zzelatinou, ususeny a prekryty krycimi skly Microscope
Cover Glasses (Menzel-Glaser) za pouziti D.P.X. Neutral Mounting Medium
(Aldrich) (Wang a spol., 2001).

V jednotlivych fezech byly NADPH-d pozitivni neurony kvantifikovany v
optickém mikroskopu Olympus AX 70 Provis (Obr. 1).

Ke kvantifikaci bylo pouzito vzdy 25-30 frontalnich fezl ziskanych v AP roviné
2,5-4 mm od bregmatu z kazdého mozku. V fezech byly vymezeny hranice oblasti
hippocampu (Obr. 2), v nichZ byl stanoven poéet vSech NADPH-d pozitivnich bunék

(Obr. 3) bez ohledu na intenzitu zbarveni. V dalsi ¢asti nasi studie pouzivany termin
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denzita NADPH-d pozitivnich bunék tedy vyjadiuje celkovy poéet NADPH-d
pozitivnich bunék v pfislu$§né hodnocené oblasti v jednom fezu, a to:

1) v CA1 oblasti hippocampu

2) v CA3 oblasti hippocampu

3) v hilus gyrus dentatus

4) ve ventralnim listu gyrus dentatus (VB DG)

5) v dorzalni listu gyrus dentatus (DB DG).

Vramci hodnoceni jsme sledovali rozdily hodnot u kontrolnich a
experimentalnich skupin a u vybranych experimentalnich skupin navzajem. Ke
statistickému vyhodnocovani sledovanych parametrl jsme pouzili program
GraphPadPrism 2.01, analyzu rozptylu One Way Anova a k porovnani rozdilného
poétu neuronll neparovy t-test. Hladina vyznamnosti byla stanovena na 5% (p =
0,05).

Obr. 1 Opticky mikroskop Olympus AX 70 Provis s epifluorescenci
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Obr. 2 Analyzované oblasti hippocampu vymezené Sipkami: CA1 a CA3 oblasti
hippocampu, hilus gyrus dentatus, VB DG - pfedni list gyrus dentatus, DB DG - zadni

list gyrus dentatus; NADPH-diaforaza barveni, pfimé zvétSeni 40x

Obr. 3 NADPH-d pozitivni neuron v CA1 oblasti hippocampu; NADPH-diaforaza

barveni, pfimé zvétSeni 400x
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b) Kombinace barveni Fluoro-Jade B a barveni bis-benzimid (Hoechst 33342)

V kryostatu nakrajené 40 um tlusté transverzaini fezy byly inkubovany
v 0,1 M fosfatovém pufru, poté pfeneseny na podiozni skla Microscope Slides
(Menzel-Glaser) potaZena 0,5% Zelatinou a dale suSeny pii teploté 50°C po dobu
nejméné 30 minut. Takto uchycené fezy byly proplachovany 5 minut v roztoku
sestavajiciho se z 1% roztoku hydroxidu sodného a 80% roztoku alkoholu,
nasledné byly proplachovany vzdy po dobu 2 minut nejprve v roztoku 70%
alkoholu a poté v destilované vodé. Rezy byly dale ponechany po dobu 10 minut
v 0,06% roztoku manganistanu draseiného a pak promyty v destilované vodé.
Nasledovala inkubace s roztokem Fluoro-Jade B (Histo-Chem Inc.), pfi jehoz
pouZiti se fedi jeho tzv. zasobni roztok (10 mg pevného praskového Fluoro-Jade
B rozpusténého ve 100 mi destilované vody). Pro viastni barveni se 4mi
zasobniho roztoku rozfedi v 96 mi 0,1% roztoku kyseliny octové. Po 20 minutové
inkubaci jsou fezy promyvany opakované v destilované vodé.

V dalSi fazi se fezy inkubuji v 0,01% roztoku bis-benzimidu (33342
Hoechst, Sigma) po dobu 10 minut a dehydratuji vzestupnou fadou alkoholt
(70%, 80%, 96%). Vyschlé fezy jsou projasiiovany v xylenu a nasledné
zamontovany mediem D.P.X. Neutral Mounting Medium (Aldrich), pfekryty krycim
sklem Microscope Cover Glasses (Menzel-Glaser) a usuSeny v termostatu.

Semikvantitativni analyza barveni Fluoro-Jade B/Hoechst 33342 (Obr. 4, 5)
byla provedena v identickych oblastech definovanych vyse pro kvantifikaci NADPH-d
pozitivnich bunék.

K hodnoceni byla pouzita $kala (0) az (+++): (0) Fluoro-Jade B pozitivni bunky
nepfitomny, (+) Fluoro-Jade B pozitivni buriky sporadicky pfitomny, (++) Fluoro-Jade
B pozitivni bufiky pfitomny ve skupinach, (+++) Fluoro-Jade B pozitivni burky
pritomny difizné v celé oblasti, cela oblast postizena degeneraci (Obr. 6).

V barveni Hoechst 33342 byly hodnoceny zmény jaderného chromatinu a
analyzovana pfitomnost apoptotickych télisek (Obr. 7).
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Obr. 4 Barveni Hoechst 33342, pohled na hippocampus jako celek. Kontrolni zvife.

Pfimeé zvétSeni 40x

Obr. 5 Barveni Fluoro-Jade B, pohled na hippocampus jako celek. Kontrolni zvire.

Primé zvétseni 40x
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Obr. 6 Ukazka metodiky semikvantitativnino hodnoceni degenerujicich bunék,
barveni Fluoro-Jade B

(A) gyrus dentatus (0); (B) CA3 oblast hippocampu (+),
(C) CA3 oblast hippocampu (++); (D) CA1 oblast hippocampu (+++).

Obr. 7 Ukazka metodiky barveni Hoechst 33342, CA3 oblast hippocampu. Kontrolni

zvire. Pfimé zvétSeni 200x



7. Vysledky

7.1. 18-denni zvirata

7.1.1. Kvantifikace NADPH-d pozitivnich neuront

1. Aplikace nikotinu v davce 1mg/kg i.p. zvySuje denzitu NADPH-d
pozitivnich neurontt v CA1 (0 28%, p < 0,01) a CA3 (0 48%, p <

0,001) oblasti hippocampu a v hilu gyrus dentatus (o 31%, p < 0,001)
(Obr. 8)

2. Aplikace kainatu v davce 10mg/kg i.p. snizuje denzitu NADPH-d
pozitivnich neurond v CA1 (o 39%, p < 0,001) a CA3 (o 43%, p <
0,001) oblasti hippocampu a v hilu gyrus dentatus (o 31%, p < 0,01)
(Obr. 9)

3. Premedikace nikotinem v davce 1mg/kg 30 minut pfed aplikaci
kainatu vede ve srovnani s experimentalni skupinou, které byl podan
pouze kainat ke zvyseni NADPH-d pozitivnich bunék v oblasti CA3
(0 85%, p <0,05) (Obr. 10)

4. Premedikace nikotinem v davce 1mg/kg 30 minut pfed aplikaci

kainatu vede ve srovnani s kontrolni skupinou ke snizeni NADPH-d
pozitivnich bunék v oblasti CA1 (0 21%, p < 0,05) (Obr. 11)
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Obr. 8 18 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuront (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan i.p.
nikotin (Nic) v davce 1mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p <
0,001 (***).
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Obr. 9 18 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuronli (MtSEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan i.p.
kainat (KA) v davce 10mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p <
0,001 (**).
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Obr. 10 18 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuronid (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat, kterym byl podan nikotin v davce 1mg/kg 30
minut pfed aplikaci kainatu v davce 10mg/kg (Nic+KA) a zvifat, kterym byl podan
pouze kainat (KA) v davce 10mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**),

p <0,001 (***).
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Obr. 11 18 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuroni (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzaini list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan
nikotin v davce 1mg/kg 30 minut pred aplikaci kainatu v davce 10mg/kg (Nic+KA).
Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p < 0,001 (***).
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7.1.2. Semikvantitativni analyza fezi barvenych kombinaci
Fluoro-Jade B/Hoechst 33342

1. Aplikace nikotinu vdavce 1mg/kg nevede k degeneraci vzadné ze
sledovanych oblasti (Tab. 1). Fluoro-Jade B pozitivni bunky nebyly
pozorovany. DNA barveni Hoechst 33342 neodhalilo Zadné znamky
fragmentace jaderného chromatinu.

2. Aplikace kainatu v davce 1mg/kg vede k sporadickému vyskytu Fluoro-
Jade B pozitivnich bunék ve vSech sledovanych oblastech. Nejvyrazngji v
CA1 a CA3 oblastech hippocampu a hilus gyrus dentatus (Tab. 1). V
barveni Hoechst 33342 byla pozorovana jemna fragmentace jaderného
chromatinu.

3. Premedikace nikotinem v davce 1mg/kg 30 minut pfed podanim kainatu
v davce 10mg/kg vede ke zmirnéni degenerativnich zmén ve sledovanych
oblastech. Tento protektivni vliv je zvlasté patrny v oblasti hilus gyrus
dentatus (Tab. 1). Barveni Hoechst 33342 v této skupiné nedetekovalo
Zzadné patologie jaderného chromatinu (Obr. 12, 13).

4. Fyziologicky roztok podany v ekvivalentnich objemech nevyvolal zadné
tkanové zmény (Tab. 1).

Exp.skupina C KA Nic Nic+KA
Area
CA1 0 + 0 0/+
CA3 0 + 0 0/+
Hilus 0 +/++ 0 0/+
VB DG 0 0/+ 0 0
DB DG 0 0/+ 0 0

Tab. 1 Analyza Fluoro-Jade B pozitivivnich bunék ve sledovanych oblastech: C - kontrolni skupina
(aplikovan fyziologicky roztok v ekvivalentnich objemech), KA - experimentalni skupina, které byl podan kainat
i.p. v davce 10mg/kg, Nic - experimentalni skupina, které byl podan nikotin i.p. v davce 1mg/kg, Nic+KA -
experimentalni skupina, které byl podan nikotin v davce 1mg/kg 30 minut pred aplikaci kainatu v déavce
10mg/kg. K hodnoceni byla pouZita $kala (0) az (+++): (0) Fluoro-Jade B pozitivni bufiky nepfitomny, (+) Fluoro-
Jade B pozitivni buiiky sporadicky pfitomny, (++) Fluoro-Jade B pozitivni buiiky pfitomny ve skupinach, (+++)
Fluoro-Jade B pozitivni bufiky pfitomny difizné v celé oblasti, celd oblast postizena degeneraci.
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Obr. 12 Barveni Hoechst 33342, CA1 oblast hippocampu. Zvife, kterému byl podan
nikotin (1mg/kg) 30 minut pfed podanim kainatu (10mg/kg). Pfimé zvétseni 100x

Obr. 13 Barveni Fluoro-Jade B, CA1 oblast hippocampu. Zvife, kterému byl podan
nikotin (1mg/kg) 30 minut pfed podanim kainatu (10mg/kg). Pfimé zvétseni 100x



7.2. 25-denni zvirata

7.2.1. Kvantifikace NADPH-d pozitivnich neuronu

1. Aplikace nikotinu v davce 1mg/kg i.p. zvysuje denzitu NADPH-d
pozitivnich neuronl v CA3 oblasti hippocampu (0 31%, p < 0,001), v hilu
gyrus dentatus (o 18%, p < 0,05) a ve ventralnim listu gyrus dentatus (o
23%, p < 0,05) (Obr. 14)

2. Aplikace kainatu v davce 10mg/kg ip. sniZuje denzitu NADPH-d
pozitivnich neuronl v CA1 (0 37%, p < 0,001) a CA3 (0 46%, p < 0,001)
oblasti hippocampu a v hilu gyrus dentatus (o0 23%, p < 0,01), v dorzalnim

(0 19%, p < 0,001) a ventralnim (0 22%, p < 0,05) listu gyrus dentatus
(Obr. 15)

3. Premedikace nikotinem v davce 1mg/kg 30 minut pfed aplikaci kainatu
vede ve srovnani s experimentalni skupinou, které byl podan pouze kainat
ke zvyseni NADPH-d pozitivnich bunék v oblasti CA1 (o0 28%, p < 0,05) a
CA3 (0 24%, p < 0,05) oblasti hippocampu, v hilus gyrus dentatus (0 21%,
p < 0,05), a ve ventralnim listu gyrus dentatus (o 30%, p < 0,01). V
dorzalnim listu gyrus dentatus do$lo ke snizeni (o 15%, p < 0,01)
(Obr. 16),

4. Premedikace nikotinem v davce 1mg/kg 30 minut pfed aplikaci kainatu
vede ve srovnani s kontrolni skupinou ke snizeni NADPH-d pozitivnich
bunék v oblasti CA1 (0 19%, p < 0,05) a CA3 hippocampu (0 33%, p <
0,001) a v dorzalnim listu gyrus dentatus (o0 31%, p < 0,001) (Obr. 17)
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Ca1 CA3

Dorsal blade of the dentate Ventral blade of the dentate
gyrus gyrus
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Obr. 14 25 denni zvifata: Denzita NADPH-diafordaza pozitivnich neuront (MtSEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvirat, kterym byl podan i.p.
nikotin (Nic) v davce 1mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p <
0,001 (***).
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Obr. 15 25 denni zvifata: Denzita NADPH-diaforaza pozitivnich neurontd (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan i.p.
kainat (KA) v davce 10mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p <
0,001 (***).
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Obr. 16 25 denni zvifata: Denzita NADPH-diaforaza pozitivhich neuront (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat, kterym byl podan nikotin v davce 1mg/kg 30
minut pred aplikaci kainatu v davce 10mg/kg (Nic+KA) a zvirat, kterym byl podan
pouze kainat (KA) v davce 10mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**),
p < 0,001 (***).
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Obr. 17 25 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuront (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan
nikotin v davce 1mg/kg 30 minut pfed aplikaci kainatu v davce 10mg/kg (Nic+KA).
Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p < 0,001 (***).



7.2.2. Semikvantitativni analyza fezl barvenych kombinaci
Fluoro-Jade B/Hoechst 33342

1 Aplikace nikotinu v davce 1mg/kg nevede k degeneraci v zadné ze
sledovanych oblasti (Tab. 2). Fluoro-Jade B pozitivni buriky nebyly
pozorovany. DNA barveni Hoechst 33342 neodhalilo 2adné znamky
fragmentace jaderného chromatinu.

2 Aplikace kainatu v davce 1mg/kg vede k degeneraci v CA1 a CA3
oblastech hippocampu a v hilu gyrus dentatus (Tab. 2). V barveni Hoechst
33342 byla pozorovana jemna fragmentace jaderného chromatinu.

3 Premedikace nikotinem v davce 1mg/kg 30 minut pfed podanim kainatu
vdavce 10mg/kg vede ke zmirnéni degenerativnich zmén v oblastech,
které jevily morfologické zmény pfi podani kainatu samotného. Tento
protektivni vliv je patrny tedy v CA1 a CA3 oblasti hippocampu a v hilus
gyrus dentatus (Tab. 2). Barveni Hoechst 33342 v této skupiné
nedetekovalo Zzadné patologické projevy jaderného chromatinu (Obr. 18,
19).

4 Fyziologicky roztok podany v ekvivalentnich objemech nevyvolal zadné

tkafiové zmény (Tab. 2).

Exp.skupina C KA Nic Nic+KA
Area
CA1 0 ++ 0 0/+
CA3 0 ++ 0 0/+
Hilus 0 ++ 0 0/+
VB DG 0 0 0 0
DB DG 0 0 0 0

Tab. 1 Analyza Fluoro-Jade B pozitivivnich bunék ve sledovanych oblastech: C - kontrolni skupina
(aplikovan fyziologicky roztok v ekvivalentnich objemech), KA - experimentaini skupina, které byl podan kainat
i.p. v davce 10mg/kg, Nic - experimentaini skupina, které byl podan nikotin i.p. v davce 1mg/kg, Nic+KA -
experimentalni skupina, které byl podan nikotin v davce 1mg/kg 30 minut pred aplikaci kainatu v davce
10mg/kg. K hodnoceni byla pouzita $kala (0) az (+++): (0) Fluoro-Jade B pozitivni buriky nepfitomny, (+) Fluoro-
Jade B pozitivni bufiky sporadicky pfitomny, (++) Fluoro-Jade B pozitivni bufky pfitomny ve skupinach, (+++)

Fluoro-Jade B pozitivni bufiky pfitomny difuzné v celé oblasti, cela oblast postizena degeneraci.
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Obr. 18 Barveni Hoechst 33342, CA1 oblast hippocampu. Zvife, kterému byl podan
nikotin (1mg/kg) 30 minut pfed podanim kainatu (10mg/kg). Pfimé zvétseni 100x

Obr. 19 Barveni Fluoro-Jade B, CA1 oblast hippocampu. Zvife. kteremu byl podan
nikotin (1mg/kg) 30 minut pfed podanim kainatu (10mg/kg). Pfime zvetseni 100x



7.3. 35-denni zvirata

7.1.1. Kvantifikace NADPH-d pozitivnich neuront

1

Aplikace nikotinu v davce 1mg/kg i.p. zvy$uje denzitu NADPH-d pozitivnich
neuronl v CA3 (0 48%, p < 0,001) oblasti hippocampu a v hilu gyrus dentatus
(0 42%, p <0,001) (Obr. 20)

Aplikace kainatu v davce 10mg/kg i.p. sniZuje denzitu NADPH-d pozitivnich
neuront v CA1 (o 47%, p < 0,001) a CA3 (0 32%, p < 0,001) oblasti
hippocampu a v hilu gyrus dentatus (o 34%, p < 0,001) v dorzalnim (o0 22%, p
< 0,001) a ventralnim (o 34%, p < 0,001) listu gyrus dentatus (Obr. 21)

Premedikace nikotinem v davce 1mg/kg 30 minut pred aplikaci kainatu vede
ve srovnani s experimentalni skupinou, které byl podan pouze kainat ke
zvyseni NADPH-d pozitivnich bunék v oblasti CA1 (0 41%, p < 0,001) a ve
ventralnim listu ke snizeni (0 31%, p < 0,05) (Obr. 22)

Premedikace nikotinem v davce 1mg/kg 30 minut pfed aplikaci kainatu vede
ve srovnani s kontrolni skupinou ke sniZeni NADPH-d pozitivnich bunék
v oblasti CA1 (0 26%, p < 0,001) v hilu gyrus dentatus (0 39%, p <0,001) a ve
ventralnim listu gyrus dentatus (o0 54%, p < 0,001) (Obr. 23)
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Dorsal blade of the dentate Veintral blade of the dentate
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Obr. 20 35 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuron (MtSEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan i.p.
nikotin (Nic) v davce 1mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p <
0,001 (***).

47



15

¢ 10-

51

CA1

159

e ons

104

Nic KA Nic+KA

Dorsal blade of he dentate

gyrus

Nic KA Nic+KA
Hilus

Nic KA Nic+KA

CA3

AR X

Nic KA

Nic+KA

Ventral blade of the dentate
gyrus

c Ni¢c KA Nic+KA

Obr. 21 35 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuronti (M+SEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvirat, kterym byl podan i.p.
kainat (KA) v davce 10mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p <
0,001 (***).
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Obr. 22 35 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuront (M+SEM)

v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat, kterym byl podan nikotin v davce 1mg/kg 30
minut pfed aplikaci kainatu v davce 10mg/kg (Nic+KA) a zvirfat, kterym byl podan
pouze kainat (KA) v davce 10mg/kg. Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**),
p <0,001 (***).
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Obr. 23 35 denni zvifata: Denzita NADPH-diaforaza pozitivnich neuroni (MtSEM)
v jednotlivych oblastech hippocampu (CA1, CA3 oblasti hippocampu, hilus, ventralni
a dorzalni list gyrus dentatus) u zvifat kontrolnich (C) a zvifat, kterym byl podan
nikotin v davce 1mg/kg 30 minut pred aplikaci kainatu v davce 10mg/kg (Nic+KA).
Hladina vyznamnosti: p < 0,05 (*), p < 0,01 (**), p < 0,001 (**).
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7.3.2. Semikvantitativni analyza feza barvenych kombinaci
Fluoro-Jade B/Hoechst 33342

1. Aplikace nikotinu v davce 1mg/kg nevede k degeneraci v zadné ze
sledovanych oblasti (Tab. 3). Fluoro-Jade B pozitivni bufiky nebyly
pozorovany. DNA barveni Hoechst 33342 neodhalilo Zadné znamky
fragmentace jaderného chromatinu.

2. Aplikace kainatu v davce 1mg/kg vede k vyrazné degeneraci v CA1 a CA3
oblastech hippocampu a v hilu gyrus dentatus (Tab. 3). V barveni Hoechst
33342 byla pozorovana jemna fragmentace jaderného chromatinu
(Obr. 24, 25).

3. Premedikace nikotinem v davce 1mg/kg 30 minut pfed podanim kainatu v
davce 10mg/kg vede ke zmirnéni degenerativnich zmén v oblastech, které
jevily morfologické zmény pfi podani kainatu samotného. Tento protektivni
vliv je patrny tedy v CA1 a CA3 oblasti hippocampu a v hilus gyrus
dentatus (Tab. 3). Barveni Hoechst 33342 v této skupiné nedetekovalo
Zadné patologie jaderného chromatinu (Obr. 26, 27).

4. Fyziologicky roztok podany v ekvivalentnich objemech nevyvolal Zadné
tkafiové zmény (Tab. 3).

Exp.skupina | C KA Nic Nic+KA
Area

CA1 0 +++ 0 +

CA3 0 ++ 0 0/+
Hilus 0 ++ 0 0/+

VB DG 0 0/+ 0 0

DB DG 0 0/+ 0 0

Tab. 1 Analyza Fluoro-Jade B pozitivivnich bun&k ve sledovanych oblastech: C - kontrolni skupina
(aplikovan fyziologicky roztok v ekvivalentnich objemech), KA - experimentalni skupina, které byl podan kainat
i.p. v davce 10mg/kg, Nic - experimentalni skupina, které byl podan nikotin i.p. v davce 1mg/kg, Nic+KA -
experimentalni skupina, které byl podan nikotin v davce 1mg/kg 30 minut pied aplikaci kainatu v davce
10mg/kg. K hodnoceni byla pouzita §kala (0) az (+++): (0) Fluoro-Jade B pozitivni buriky nepfitomny, (+) Fluoro-
Jade B pozitivni buriky sporadicky pfitomny, (++) Fluoro-Jade B pozitivni buriky pfitomny ve skupinach,
Fluoro-Jade B pozitivni bufiky pfitomny difuzné v celé oblasti, cela oblast postizena degeneraci.



Obr. 24 Barveni Hoechst 33342, CA1 oblast hippocampu. Zvife, kterému byl podan
kainat (10mg/kg). Pfimé zvétseni 100x

Obr. 25 Barveni Fluoro-Jade B. CA1 oblast hippocampu. Zvife. kterému byl podan
kainat (10mg/kg). Prime zvétSeni 100x
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Obr. 26 Barveni Hoechst 33342, CA1 oblast hippocampu. Zvife, kterému byl podan
nikotin (1mg/kg) 30 minut pfed podanim kainatu (10mg/kg). Pfimé zvétSeni 100x

Obr. 27 Barveni Fluoro-Jade B, CA1 oblast hippocampu. Zvife, kterému byl podan
nikotin (1mg/kg) 30 minut pfed podanim kainatu (10mg/kg). Pfime zvétseni 100x
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8. Diskuze

Cilem prvni Casti nasi studie bylo zhodnotit vliv kainatu resp. nikotinu na
nitrergni  neuronalni  populaci. Tato populace neuronalnich bunék je
charakterizovana schopnosti produkovat oxid dusnaty a to diky své specifické
enzymatické vybave - nitric oxid syntaze. K prikkazu této bunééné populace byla
pouZita histochemicka technika detekujici aktivitu jiného enzymu — NADPH-
diaforazy, ktera je téméf ve 100% kolokalizovana se zminénou nitric oxid
syntazou (Wang a spol., 2001). Zména aktivity tohoto enzymu pak umoZzfiuje
hodnotit dynamiku této bunééné populace, a tim de facto zmény produkovaného
oxidu dusnatého ve sledovanych oblastech.

Aplikace nikotinu vyvolala ve v8ech vékovych skupinach bud zvyS$eni
denzity NADPH-d pozitivnich neurond, nebo na denzitu téchto bun&k neméla vliv.
Nikdy v8ak aplikace nikotinu nevedla u Zzadné sledované vékové skupiny ke
snizeni denzity NADPH-d pozitivnich neuronl. Shodné ve vSech vékovych
skupinach reagovaly na aplikaci nikotinu zvySenim denzity NADPH-d pozitivnich
neuronl oblast CA3 hippocampu a oblast hilu gyrus dentatus. Tyto oblasti jsou
obecné popisovany jako velmi citlivé k fadé podnétu a je tedy pravdépodobné, ze
i nikotin zminéné struktury modifikuje (Sperk a spol., 1983, Sperk, 1994). Naopak
na aplikaci nikotinu nereagovaly struktury listl gyrus dentatus (s vyjimkou
ventralniho listu gyrus dentatus u 25-dennich mladat). Tento nalez koreluje
s nalezy jinych autoru, které listy gyrus dentatus popisuji jako oblast rezistentni k
mnoha noxam - nejen k diskutované kyseliné kainové, ale i k jinym latkam, jako je
napf. kyselina homocysteova (Langmeier a spol., 2003, Langmeier a spol., 2006).
Sperk a spolupracovnici spekuluji, Ze tato rezistence obou listd gyrus dentatus je
dana jejich specifickou neurochemickou vybavou - pfitomnosti neuropeptidu Y
(Sperk a spol., 1983, Sperk, 1994). Mechanismus rezistence listl gyrus dentatus
vak bude jisté mnohem komplexnéjsi a v budoucnosti pravdépodobné dopinén.

Zasadni otazkou je, jakym mechanismem nikotin vyvolava zmény denzity
populace NADPH-d pozitivnich neurond. Jak jiz bylo naznageno v Gvodu, je
exprese NOS vétsinou kalcium dependentni proces (Wang a spol., 2001). Je

znamo, Ze aktivace nikotinovych acetylcholinovych receptorl je spfazena se
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vstupem kalcia intracelularné a tato zvySena koncentrace kalcia ve
vnitrobunécném kompartmentu by mohla byt jednim z vysvétleni zvySené denzity
NADPH-d pozitivnich bunék po aplikaci nikotinu. NADPH-d pozitivni buiiky byly
opakované popsany jako elementy relativné rezistentni v(i& mnoha (pfedevsim
excitotoxickym) inzultim (Behrens a spol., 1996, Kluchova a Marsala, 1999).
Mechanismus této rezistence nebyl sice doposud presné definovan a je velmi
pravdépodobné, Ze se bude jednat o cely soubor metabolickych zvlastnosti této
populace bunek. Jisté je, Ze nitrergni burky in vitro vystavené excitotoxickym
inzultim v porovnani s non-NADPH-d pozitivnimi bufikami jevi vétsi schopnost
preziti. Bylo by tedy mozZné predpokliadat, ze zvy$eni denzity NADPH-d
pozitivnich bunék ve sledovanych oblastech hippocampalni formace jako reakce
na aplikaci nikotinu by mohlo byt jednou z hledanych moznosti neuroprotektivnich
vlastnosti nikotinu, tedy, Zze by tyto vlastnosti byly zprostfedkovany oxidem
dusnatym.

Znamena ale zvySeni denzity NADPH-d pozitivnich bunék skute¢né
zvySenou produkci oxidu dusnatého? Je tfeba pfiznat, Ze odpovéd na tuto otazku
je nesnadna. Kritické diskuzi je tfeba podrobit pfedev§im jednotlivé metodiky
méreni oxidu dusnatého a je tfeba pfiznat, ze vzdy (vyjma té, méfici koncentraci
NO pfimo ve tkani) se jedna o metody nepfimé, at jiz vychazeji z méfeni naristu
nebo ubytku citrulinu (jako koproduktu syntazové reakce NO), nebo ze stanoveni
aktivity NADPH-diaforazy s pfedpokladem vySe zminéné kolokalizace s nitric
oxide syntazou, tedy metodikou, ktera byla uzita v této praci. ZvySeni denzity
NADPH-d pozitivnich neuronli muze byt tedy zpusobeno zvySenim aktivity
NADPH-diaforazy/nitric oxide syntazy. Interpretovat vSak narist NADPH-d
pozitivni populace zvy§enou produkci oxidu dusnatého a naopak ubytek snizenim
jeho produkce by bylo sice snadné, ale nespravné. Z tohoto divodu jsme se
rozhodli pouzit v této studii i kombinaci barveni Fluoro Jade B/Hoechst 33342,

Barveni Fluoro-Jade B umoziiuje selektivné a senzitivné detekovat bunky,
které pravé degeneruji, a sledovat je ve fluorescenénim optickém mikroskopu.
Dlivod, pro& se zanikajici neurony barvi Fluoro-Jade B, neni znam. Spekuluje se,
ze degenerujici bufiky produkuji protein (v Uvahu pfichazela cela Fada proteint —

napf. putrescin a spermadin, potvrzen nebyl zadny), na ktery se Fluoro-Jade B
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vaze. Je pravdépodobné, Ze se bude nachazet v cytoplazmé, protoze jadra se
touto metodikou nebarvi (Schmued a spol., 1997, Ballok a spol., 2003, Frank a
spol., Fernandes a spol., 2004, Schmued a spol., 2005). Jadro a jeho chromatin
se naopak barvi za pouZiti bis-benzimidu (Hoechst 33342), dal$i z metodik, ktera
byla v techto experimentech pouzita. Tim je mozné na jednom histologickém Fezu
usuzovat nejen na degeneraci neuronu, ale i na jeji druh, tedy apoptdzu nebo
nekrozu. V zadné vékové skupiné nevedlo podani nikotinu k prokazatelné
degeneraci, Ize se tedy pfiklonit k tvrzeni, Ze aplikace nikotinu skute&né& ovliviiuje
pouze expresi NOS/NADPH-diaforazy.

V dalsi Casti tohoto experimentu nas zajimalo, jak ovlivni nitrergni populaci
podani kyseliny kainové. Aplikace kainatu je obecné uznavanym chemickym
modelem lidské temporalni epilepsie (parcidlnich zachvatli s komplexni
symptomatologii). Kainat vyvolava v limbickych strukturach masivni degenerativni
proces, zpUsobeny pravdépodobné funkénim pretizenim nervovych bunék. Kainat
po prekroceni HEB vyvolava masivni depolarizaci neuront, ktera, je-li dostateéné
dlouhd, mlze vést az k zaniku neuronu a tedy i strukturalnim zménam
jednotlivych oblasti hippocampalni formace (Ben-Ari a spol., 1981, Ben-Ari a
spol., 1985) U nejmladSi vékové skupiny vedla aplikace kainatu k signifikantnimu
Ubytku NADPH-d pozitivnich bunék v oblastech CA1 a CA3 hippocampu a v
oblasti hilus gyrus dentatus. U 25- a 35-dennich zvifat se denzita nitrergnich
bunék ve v§ech sledovanych oblastech snizila. V barveni Fluoro-Jade B/Hoechst
je patrnd rozsahlda degenerace hippocampalni formace s podstatnéjSim
vyjadienim u starSich vékovych skupin, a to v oblastech CA1 a CA3 hippocampu
a v hilus gyrus dentatus. Tyto nalezy jsou v souladu s pracemi jinych autorq, ktefi
rovnéz dokumentovali jednoznaénou vulnerabilitu oblasti CA1 a CA3 hippocampu
a hilus gyrus dentatus a rovnéz konstatovali, Ze nezrala nervova tkan 18-dennich
zvifat je vQéi kainatu rezistentnéjSi nez tkan starSich zvifat (Sperk, 1994). Jednim
z mechanismu, kterymi kainat vyvolava zanik bunék, je formace volnych
kyslikovych a volnych dusikovych radikalt (Wang a spol., 2005). Bylo by tedy
logické olekavat, Ze i aplikace kainatu (analogicky nikotinu) povede ke zvyseni
denzity NADPH-d pozitivnich bunék. Je vSak tfeba uvazit, Ze kainat v davce,

ktera byla uzita v této studii (10mg/kg) vyvolava masivni aktivaci zaniku
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neuronalnich elementd a je pravdépodobné, Ze tohoto piisobeni nejsou usetieny
ani buiky NADPH-d pozitivni. Z nasich pfedchozich experimenttl vyvplyva, ze
kainat je schopen vyvolat zanik nervovych bunék i pfi opakovaném podani
relativné nizkych (subkonvulzivnich) davek (Riljak a spol., 2005). Vzhledem k
tomu, Ze zvifata byla perfundovana po dvou dnech od aplikace kainatu, byl tento
¢as dostateCny kplnému vyjadreni histopatologickych zmén, kdy nadmérna
tvorba volnych kyslikovych a dusikovych radikalll nevratné narusila strukturni
integritu jednotlivych oblasti hippocampu. Hypoteticky nelze vylougit ani variantu,
Zze podani kainatu skutecné vede kratkodobé ke zvy$eni denzity NADPH-d
pozitivnich bunék, jako vyrazu zvySené produkce NO ve tkani, avSak toto zvyseni
muUzZe nastat dfive, nez probéhla perfuze v nasem experimentu. Po 48 hodinach
od podani kainatu jiz mohou neuronalni elementy podléhat bunéénému zaniku. V
budoucnosti planujeme potvrdit & vyloudit i tuto variantu modifikovanym
experimentem.

Neméné zajimavé vysledky pfinesla i posledni cast této studie, ktera
sledovala dynamiku NADPH-d pozitivni neuronalni populace po podani
kombinace obou diskutovanych nox, tedy nikotinu a kainatu. Nikotin byl podan
vzdy 30 minut pred aplikaci kainatu, s pfedpokladem mozného neuroprotektivniho
pusobeni. Semikvantitativni vyhodnoceni barveni Fluoro-Jade B/Hoechst pfineslo
dikaz, ze premedikace nikotinem skuteéné vede k ubytku Fluoro-Jade B
pozitivnich bunék (jako miry degenerace) ve vSech oblastech a vékovych
skupinach, kde podany kainat vyvolal patologické zmény. Barveni Hoechst
prokazalo pfitomnost apoptotickych télisek, typickych pro programovany bunéény
zanik (Langmeier, 1995). Na mozné neuroprotektivni vlastnosti nikotinu v
Ubytek motorickych pfiznakl typicky asociovanych s aplikaci kainatu u zvirat,
které byly premedikovany nikotinem (Borlongan a spol., 1995), a jednak zmirnéni
degenerativnich zmén vyvolanych kainatem u zvifat, ktera byla dlouhodobé
vystavena cigaretovému koufi (Kim a spol, 2000). Diskutuje se o fadé
mechanism, kterymi by nikotin mohl branit rozvoji téchto zmeén.

Je to jednak stabilizace vapnikové homeostazy zvySenim exprese kalcium

pufrujicich proteini (Prendergast, 2001, Bailador a Wonnacott, 2004), stimulace
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produkce a uvolnéni nékterych neurotrofickych faktorl (Belluardo a spol., 2000),
inhibice radikalového stresu (Newman a spol., 2002) a v neposledni fadé
ovlivnéni exprese antiapoptotickych faktord (respektive vyvolani inhibice faktorQ
proapoptotickych), jedna se pfedevS§im o upregulaci antiapoptotického markeru
Bcl-2 a dale o inhibici kaspazové kaskady (Garrido a spol., 2001, Hejmadi a spol.,
2003). Bylo by jiste zajimavé objasnit také vliv dlouhodobé aplikace nikotinu
s moznou frakcionaci davek s tim, ze davka kumulativni by zistala stejna. Toto
snizeni (za pfedpokladu, Ze by mélo i nadale neuroprotektivni efekt) by umoznilo
eliminovat vedlejsi UCinky nikotinu. To pfipominame z toho dlvodu, Zze nami
podavana davka nikotinu je relativné vysoka a u zvifat vede k rozvoji celé fady
motorickych pfiznaki nadmérnou aktivaci nikotinovych receptori. Tyto vedlejsi
jevy vedly nakonec k vyfazeni celé experimentalni skupiny 12-dennich zvifat,
nebot v této skupiné byla po aplikaci 1mg/kg nikotinu 100% letalita. Diskutované
chronické podavani nikotinu ve zlomkovych mnozstvich by tedy mohlo byt
efektivnim feSenim.

Analyza zmén nitrergni neuronalni populace po podani obou latek pfinesla
zasadné rozdilné vysledky v jednotlivych vékovych skupinach s velmi nestejnou
odpovédi sledovanych struktur béhem vyvoje. Shriime struéné vysledky:

U nejstarSich zvifat (35-dennich) byly patrné signifikantni rozdily v oblasti
CA1 hippocampu, kde byl pozorovan Ubytek NADPH-d pozitivnich bunék ve
srovnani s kontrolnimi zvifaty, ale narlst denzity téchto bunék ve srovnani se
skupinou, které byl podan pouze kainat. Ubytek denzity nitrergnich neuronl byl
pak pozorovan v oblasti ventralniho listu gyrus dentatus a to jak ve srovnani se
skupinou kontrolni, tak ve srovnani se skupinou, které byl podan pouze kainat, a
koneéné Ubytek denzity NADPH-d pozitivnich bunék byl pozorovan v oblasti hilus
gyrus dentatus ve srovnani s kontrolnimi zviraty.

U 25-dennich zvifat byl pozorovan ubytek denzity v oblasti CA1
hippocampu ve srovnani s kontrolni skupinou, ale narist ve srovnani se
skupinou, které byl podan pouze kainat, analogicky reagovala i oblast CA3
hippocampu. Ubytek denzity byl patrny pfi porovnani poctu bunék v oblasti
dorzalniho listu gyrus dentatus a to jak s kontrolni skupinou, tak skupinou, které

byl podan pouze kainat. V oblasti ventralniho listu gyrus dentatus a v oblasti hilus
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gyrus dentatus bylo patrné zvySeni denzity NADPH-d pozitivnich bunék ve
srovnani se skupinou, které byl podan pouze kainat.

U 18-dennich zvirat reagovala Ubytkem denzity oblast CA1 hippocampu ve
srovnani s kontrolni skupinou, nardstem denzity oblast CA3 hippocampu ve
srovnani se skupinou, které byl aplikovan pouze kainat.

Je zfejme, Ze interpretace téchto nalezli neni ani v kontextu analyzy
nervové degenerace snadna. Jednou z variant, ktera se nabizela pfi postulaci
pracovnich hypotéz, bylo vzajemné protichlidné plsobeni nikotinu a kainatu na
NADPH-d pozitivni populaci (Jandova a spol., 2006, Riljak a spol., 2006).
Pfedpokladali jsme, Ze kainatem vyvolané sniZeni poétu nitrergnich neuroni
bude modifikované premedikaci nikotinem, ktery pfi samostatném podani denzitu
NADPH-d pozitivnich neuront zvySuje. Tento predpoklad byl nasimi nalezy
skuteéné potvrzen, nicméné odpovéd jednotlivych oblasti hippocampalni formace
byla velmi variabilni. Pfi zamys$leni nad témito nalezy je nutno pfihlédnout ke
skute¢nosti, Zze v8echny zmifiované vékové kategorie pouZité v experimentu
pfedstavuji nezralé jedince, u kterych v ramci stejné vékové skupiny jsou na
rizném stupni vyvoje i jednotlivé struktury hippocampu. Tento fakt by mohl
vysvétlit nestejnou odpovéd nervové tkané na jeden a tyz inzult mezi jednotlivymi
vékovymi skupinami, ale i rozdilnou reakci jednotlivych struktur v samotném

hippocampu.
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9. Souhrn

Systémova aplikace kyseliny kainové je obecné uzivanym modelem lidské
temporalni epilepsie (parcidlnich zachvati s komplexni symptomatologii) a vede
k rozsahlému poskozeni hippocampalni formace. Z publikovanych experimentalnich
vysledkl vyplyva mozZny protektivni vliv nikotinu na zmény vyvolané kainatem. Za
pouziti histochemické metody (NADPH-diaforaza barveni) byl zjistovan vliv kainatu,
nikotinu, resp. kombinace obou nox, na struktury hippocampu potkanti v obdobi rané
ontogeneze (18, 25 a 35 denni zvifata). NADPH-diaforaza (NADPH-d) je enzym
kolokalizovany s nitric oxid syntadzou, ktera katalyzuje syntézu oxidu dusnatého. K
hodnoceni bunécné degenerace byla pouZita kombinace barveni Fluoro-Jade
B/Hoechst 33342.

Vysledky ukazaly, Ze aplikace nikotinu zvySuie denzitu NADPH-d pozitivnich
bunék u 18-dennich zvifat v oblastech CA1 a CA3 hippocampu a v hilus gyrus
dentatus; u 25-dennich zvirat v oblastech CA3 hippocampu, hilus gyrus dentatus a
ve ventralnim listu gyrus dentatus; u 35-dennich zvirat v oblastech CA3 hippocampu
a v hilus gyrus dentatus.

Aplikace kyseliny kainové vedla ke sniZzeni denzity NADPH-d pozitivhich
bunék v oblastech CA1 a CA3 hippocampu a v hilus gyrus dentatus u 18-dennich
zvifat; u 25-dennich zvirat ve vSech sledovanych oblastech a u 35-dennich zvifat
rovnéz ve vSech sledovanych oblastech.

Podani nikotinu i kainatu, v porovnani s kontrolnimi zvifaty pfineslo
nasledujici vysledky: u 35-dennich byl patrny ubytek denzity NADPH-d pozitivnich
buné&k v oblasti CA1 hippocampu, ve ventralnim listu gyrus dentatus a v oblasti
hilus gyrus dentatus; u 25-dennich zvifat bylo pozorovano sniZeni denzity
NADPH-d pozitivnich neuron( v oblastech CA1 a CA3 hippocampu a v dorzalnim
listu gyrus dentatus; 18-denni zvifata reagovala snizenim denzity NADPH-
pozitivnich neuron(l v oblasti CA1 hippocampu.

Podani nikotinu a kainatu, v porovnani se skupinou zvifat, které byl podan

pouze kainat pfineslo nasledujici vysledky: u 35-dennich zvifat zvySeni denzity

NADPH-d pozitivhich neuront v oblastech CA1 hippocampu, ubytek denzity v oblasti
ventralniho listu gyrus dentatus; u 25-dennich zvifat byl patrny narlst denzity
NADPH-d pozitivnich buné&k v oblastech CA1 a CA3 hippocampu, v oblasti

ventralniho listu gyrus dentatus a v hilus gyrus dentatus, ubytek byl pozorovan
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v dorzalnim listu gyrus dentatus; 18-denni zvifata reagovala narlstem denzity
NADPH-d pozitivnich neuront v oblasti CA3 hippocampu.
Z dosazenych vysledk( vyplyva:

1. aplikace kainatu snizuje nebo neméni denzitu NADPH-d pozitivnich
neuronl v hippocampu (hypotéza | nebyla zcela potvrzena)
2. aplikace nikotinu zvy$uje nebo neméni denzitu NADPH-d pozitivnich

neuronl v hippocampu (hypotéza Il nebyla zcela potvrzena)
3. aplikace nikotinu pfed podanim kainatu zvy$uje, snizuje nebo
neméni denzitu NADPH-d pozitivnich neuront v hippocampu
(hypotéza Ill nebyla potvrzena)
4. aplikace nikotinu pfed podanim kainatu zmirni degenerativni zmeny
vyvolané kainatem (hypotéza IV byla potvrzena)
Nase experimenty prokazali, Ze jak nikotin, tak kainat vyrazné ovliviiuji nitrergni
neuronalni populaci, a Ze tento vliv je regionalné a vékové specificky. Nikotin navic

zmirfiuje patologické zmény v hippocampu vyvolané podanim kainatu.
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10. Summary

Using histochemical analysis (NADPH-diaphorase, Fluoro-Jade B dye and bis-
benzimide 33342 Hoechst) we studied the influence of intraperitoneal administration
of nicotine, kainic acid and combination of both these substances on hippocampal
neurons and their changes. In experiments, 18- 25- and 35-day-old male rats of the
Wistar strain were used. 30 minutes prior to the kainic acid application (10 mg/kg),
animals were pre-treated with 1mg/kg of nicotine. After 2 days, the animals were
transcardially perfused with 4% paraformaldehyde under deep thiopental
anaesthesia. Cryostat sections were stained to identify NADPH-diaphorase positive
neurons that were then quantified in the CA1 and CA3 areas of the hippocampus, in
the dorsal and ventral blades of the dentate gyrus and in the hilus of the dentate
gyrus. Fluoro-Jade B positive cells were examined, in the same areas, to elucidate
possibly neurodegeneration.

Results have shown that nicotine administration brings about the increase of
the density of NADPH-diaphorase positive neurons in CA1 and CA3 areas of the
hippocampus and in the hilus of the dentate gyrus in 18-day-old animals, in 25-day-
old animals in CA3 area of the hippocampus, hilus of the dentate gyrus and in the
vevrtal blade of the dentate gyrus, in 35-day-old animals only in the CA3 area of the
hippocampus and hilus of the dentate gyrus.

Administration of kainic acid brought about decrease of nitrergic neurons in
CA1 and CA3 areas of the hippocampus and in the hilus of the dentate gyrus in 18-
day-old animals and in all studied regions of the hippocampus in 25- and 35-day-old
animals.

Nicotine pretreatment 30 minutes before kainic acid administration, compared
to control group brought about decrease of nitergic neurons in CA1 area of the
hippocampus and ventral blade of the dentate gyrus and in the hilus of the dentate
gyrus in 35-day-old animals, in CA1 and CA3 areas of the hippocampus and in the
dorsal blade of the dentate gyrus in 25-day-old animals, in CA1 area of the
hippocampus in 18-day-old animals.

Nicotine pretreatment 30 minutes before kainic acid administration, compared
to group, which received kainic acid only brought about increase of nitrergic neuron in
CA1 area of the hippocampus and brought about decrease in ventral blade of the

dentate gyrus, in 25-day-old animal brought about increase of nitrergic neurons in
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CA1 and CA3 areas of the hippocampus, in ventral blade of the dentate gyrus and in
the hilus of the dentate gyrus, the density decreased in dorsal blade of the dentate

gyrus, in 18-day-old animals the density of NADPH-d positive neurons increased in
CA3 area of the hippocampus.

Presented results allow following conclusions:
1. Kainic acid administration decreases or unchanged the density of NADPH-d
positive neurons in the hippocampus (working hypothesis | was not fully confirmed)
2. Nicotine administration increases or unchanged the density of NADPH-d positive
neurons in the hippocampus (working hypothesis Il was not fully confirmed)
3. Nicotine pretreatment before kainic acid administration can both increase and
decrease the number of NADPH-d positive neurons in the hippocampus (working
hypothesis |l was not confirmed)
4. Nicotine pretreatment before kainic acid administration leads to a leader extend
exhibited degeneration (working hypothesis IV was confirmed)

Our results show, that both nicotine and kainic acid influence hippocampal
nitrergic system strongly. This effect is age dependent and region specific. Nicotine
attenuates the pathological changes in hippocampus associated with kainic acid

administration.
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Summary

Using histochemical analysis (NADPH-diaphorase, Fluoro-Jade B dye and bis-
benzimide 33342 Hoechst) we studied the influence of intraperitoneal administration of
nicotine (NIC), kainic acid (KA) and combination of both these substances on hippocampal
neurons and their changes.

In experiments, 35-day-old male rats of the Wistar strain were used. 30 minutes prior
to the kainic acid application (10 mg/kg), animals were pre-treated with Img/kg of nicotine.
After 2 days, the animals were transcardially perfused with 4% paraformaldehyde under deep
thiopental anaesthesia. Cryostat sections were stained to identify NADPH-diaphorase positive
neurons that were then quantified in the CA1 and CA3 areas of the hippocampus, in the dorsal
and ventral blades of the dentate gyrus and in the hilus of the dentate gyrus. Fluoro-Jade B
positive cells were examined, in the same areas, to elucidate possibly neurodegeneration.

In animals exposed only to nicotine the number of NADPH-diaphorase positive
neurons in the CA3 area of the hippocampus and in the hilus of the dentate gyrus was higher
than in controls. In contrast, KA administration lowered the number of NADPH-diaphorase
positive cells in all observed hippocampal areas and in both blades of the dentate gyrus.
Massive cell degeneration was observed in CA1 and CA3 areas of the hippocampus an in the
hilus of the dentate gyrus after kainic acid administration. Animals which were exposed to
kainic acid and pre-treated with nicotine exhibited degeneration to a lesser extend and the
number of NADPH-diaphorase positive cells was higher, compared to rats, which were

exposed to kainic acid only.

Key words: Kainic Acid, Nitric Oxide, Nicotine, Hippocampus, Neurodegeneration



Introduction

Nicotine, the main alkaloid found in tobacco, and its analogues exert a number of
many neurovegetative behavioural and psychological effects on the central nervous system
(CNS), which depend on the activation of specific receptor molecules called cholinergic
receptors (Benowitz 1986). Cholinergic receptors can be divided into two types, muscarinic
and nicotinic, based on the pharmacological action of various agonists and antagonists (James
and Norberg 1995).

Nicotine has been reported to have positive effect in patients with some
neurodegenerative diseases (such as Alzheimer’s and Parkinson’s diseases) and nicotine has
been suggested for the treatment of this CNS disorders (Ryan ef al. 2001; James and Norberg
1995). Progression of these diseases is related with oxidative stress, resulting of either a
decrease in antioxidant levels or an increase reactive oxygen species or reactive nitrogen
species. The role of nicotine in neurodegenerative disorders is still incompletely understood,
because evidence has shown nicotine to have both antioxidant and prooxidant effects
(Newman et al. 2002).

Kainic acid, the analogue of excitatory amino acid L-glutamate, interacts with specific
receptors in the central nervous system. Systemic injection of KA, in the rat causes severe
convulsions, seizure-induced brain damage, increased seizure susceptibility (Ben-Ari 1985;
Sperk 1994). These sequel closely resemble those of human temporal lobe epilepsy.
Therefore, KA-induced epilepsy has become a widely accepted animal model for this and
many other neurological disorders (Ben-Ari 1985; Nadler 1980).

Although many brain areas are affected by KA administration, the hippocampus seems
to be one of the most influenced areas (Ben Ari et al.1979a; Ben Ari et al. 1979b; Gottesfeld
and Jacobowitz 1979; Kohler et al. 1979; Nadler er al. 1980; Sperk et al. 1983). The

neurodegeneration of the cells in the CA3 area of the hippocampus brings about epileptiform



activity of the CA1 pyramidal cells, which is characterized by an enhanced NMDA-mediated
excitatory phase with an apparent loss of GABA-mediated postsynaptic inhibition (Turner and
Wheal 1991). Systemic kainic acid administration leads to neuronal degeneration,
characterized among others by cell loss, when kainic acid is administered once or repeatedly
(Riljak et al. 2005). The cell loss is not specific for kainic acid administration only, but for
other neurotoxic insults as well (for example alcohol) (Milotova et al. 2005).

Nitric oxide (NO) is produced from L-arginine by nitric oxide synthase (NOS). There
are at least three different forms of that enzyme, the endothelial (eNOS) which is responsible
for cardiovascular actions, the inducible one (iNOS) found originally in macrophages and
involved mainly in immunological processes and a neuronal form (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. 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 receptor (Prast and Philippu 2001).

Neuronal nitric oxide plays important roles in brain function. Studies conducted in the
nineties suggest that NO not only mediates changes in cerebral blood flow under certain
physiological (Iadecola 1993), but also under pathological conditions, such as kainic acid
induced seizures (Rigaud-Monnet et al. 1994; Rigaud-Monnet et al. 1995). There are only
few studies which examined the modulation potential of the nicotine on KA-induced
syndrome. They accordingly refer, that nicotine pre-treatment attenuate kainic acid induced
neurodegeneration and that this alkaloid lowers the behavioural changes, which typically
accompany KA application.(Semba et al. 1996; Shytle et al. 1995). For example Borlongan

and co-workers referred that nicotine pre-treatment blocks KA-induced wet dog shakes



(WDS), the animals receiving nicotine, before KA application, displayed only mild limbic
convulsions with sporadic incidents of head and jaw clonus. In contrast, animal receiving
saline before KA administration, in addition to consistent WDS, displayed prominent
convulsions accompanied by excessive salivation, severe convulsions and hyperkinesis
(Borlongan et al. 1995).

Three main problems are concerned in this paper. First whether and how can changes
in the number of NADPH-d positive neurons induced by nicotine application and KA
application influence brain structure of young rats (postnatal development in 35-day-old rats
is a period of structural and functional maturation ofithe rat brain. Moreover, it represents the
synaptogenic period, equivalent to the synaptogenic stage during the human pubescent).
Second, if nicotine pre-treatment can modulate expression of KA structural changes. Third, if

nicotine has some degenerative potential in the CNS.

Methods

Male rats 35-day-old of the Wistar strain of our own breed were used for the
experiments. They were housed at a constant temperature (23°C) and relative humidity (60%)
with a fixed 12 hr light/dark cycle and fed with food and water ad libitum. Procedures
involving animals and their care were conducted in conformity with the institutional
guidelines that are in compliance with national and international laws and policies. There were
24 animals in all the experimental groups, six animals in each group:
1. 35-day-old animals exposed to nicotine (Img/kg) i.p.
2. 35-day-old animals exposed to kainic acid (10mg/kg) i.p.
3. 35-day-old animals exposed to nicotine (Img/kg), followed in 30 minutes by KA ip.

injection (10mg/kg)



4. 35-day-old animals exposed to normal saline (Img/kg), followed in 30 minutes by normal
saline i.p. injection (10mg/kg).

Four brains of animals in each group were stained by NADPH-diaphorase method and
2 brains in each group were stained by combination of Fluoro-Jade B and Hoechst staining. In
each brain 25-30 sections were examined or quantified. At the age of 35 days, animals
received single intraperitoneal injection of nicotine, kainic acid or both substances. Animals
of the control group received normal saline in equal doses. Two days later, all animals were
perfused under deep thiopental anaesthesia with 4 percent paraformaldehyde in 0.1 M
phosphate buffer at pH 7.4. Brains were removed, postfixed for one hour in 4 % buffered
paraformaldehyde and then submerged for 1 h into 20 % sucrose for cryoprotection. Each
brain was sliced in the frontal plane into 40 um thick sections with a cryostat. Than two
different histochemical methods were used:

1) NADPH-diaphorase staining

For the NADPH-diphorase examination 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 f-NADPH
(Sigma), 0.2 mg/ml Nitro blue tetrazolium (NBT, Sigma) and 0.3 % Triton (Sigma) for 4 h at
37 °C in thermostat. Following the reaction, sections were rinsed in 0.1 M phosphate buffer
and kept at 8 °C for 16 h. The histochemically reacted sections were mounted on precleaned
0.5 % gelatine-coated microscope slides (Menzel-Glaser), air-dried and cover slipped with
microscope cover glasses (Menzel-Glaser) using D.P.X. neutral mounting medium (Aldrich)
(Wang et al. 2001). NADPH-d positive neurons were then quantified in five regions of the
hippocampal formation (each section was taken and evaluated) (Fig. 1):
1) In CA1 area ofithe 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

Hippocampus between the AP plane 2.5 mm and 4.0 mm posterior to the bregma was
subjected to quantification of NADPH-d positive neurons under the light microscope
Olympus Provis AX 70 with epifluorescence illumination. For the statistical evaluation,
ANOVA and the unpaired t-test (GraphPadPrism) were used (level of significance was set at

p<0.001).

2) Combination of the Fluoro-Jade B (Histo-Chem Inc.) and bis-benzimide 33342
Hoechst (Sigma)

Fluoro-Jade B (FJB) is an anionic fluorescein derivative useful for the histological
staining ofi neurons undergoing degeneration (Schmued and Hopkins 2000). Hoechst 33342
staining was used as an apoptotic marker, which detects apoptotic nuclei with condensed
and/or fragmented DNA.

After cryostat sectioning free-floating slices were placed in 0.1 M phosphate buffer.
Tissue sections were then mounted onto gelatinized slides and allowed to dry at room
temperature. Slides were than placed in staining racks (one slide/slot for even staining) and
immersed in 100% ethanol solution for 3 minutes, in 70% ethanol solution for 1 minute, in
distilled water for 1 minute, in 0.01% potassium permanganate (KMnQO,) (Sigma) for 15
minutes with gentle shaking. Slides were washed in distilled water three times. Staining
proceeded in dim place by immersing slides into 0.001% Fluoro-Jade B solution for 30
minutes with occasional gentle shaking (Schmued and Hopkins 2000). After that slides were
rinsed in the distilled water three times for 1 minute. Slides were then immersed in 0.01%
Hoechst staining solution for 10 minutes and dehydrated (in ethanol series); cover-slipped
using D.P.X. neutral mounting medium and allowed to dry. Fluoro-Jade B positive neurons

were studied in the same hippocampal regions as those used for NADPH-d evaluation (each



section was taken and evaluated). The tissue was examined using an epifluorescent
microscope with blue (450490 nm) excitation light. For the semiquantitative analysis,
Fluoro-Jade B (FJB) positive cells were counted by two independent workers in all slices.
Each area of the hippocampus in the slice was evaluated by the scale: (0) no FJB positive cells
in field of view, (+) sporadically present FIB cells in field of view, (++) groups of FJB

positive cells in field of view (+++) massive alteration, the study area is completely

undergoing degeneration.

Results

The results clearly show that the nicotine application increased the number of
NADPH-d positive neurons in the hilus of the dentate gyrus and CA3 area of the
hippocampus, compared to the control group (Fig. 2B, E). In other areas the difference from
controls was not significant (Fig. 2A, C, D). KA given to the animals decreased the number of
NADPH-d positive neurons in all examined areas of hippocampus (Fig. 2). The combination
of both of these factors decreased the number of NADPH-d positive neurons in the CA1 area
of the hippocampus, compared to the control group, but the number of NADPH positive cells
was significantly higher when compared with only KA exposed rats (Fig. 2A). Fluoro-Jade B
staining elucidated the massive neurodegeneration after KA application (Fig. 1C, D). The
most affected regions were CA3 and CA1 areas of the hippocampus and hilus of the dentate
gyrus. Both blades of the dentate gyrus remained intact. This confirmed the previous finding
of other authors (French et al. 1982; de Montigny and Tardif 1981). Semiquantitative analyze
showed that nicotine pre-treatment before KA administration bring about lower the number of
Fluoro-Jade B positive cells with comparison to rats which were pre-treated by KA only (Fig.

IE, F, G, H). This finding was especially prominent in CA1 and CA3 area of the



hippocampus and in the hillus of the dentate gyrus (Tab.1). Nicotine application produced no
degeneration in any area of the hippocampus, albeit this dose (1mg/kg) was rather high.
Morphological analysis, using Hoechst 33342, confirmed, that KA administration caused
neuronal morphological changes, (condensed nuclei, apoptotic bodies) reflecting of apoptosis
in the pyramidal layer of the hippocampal formation. No morphological signs of apoptosis

(evaluated by Hoechst 33342) were found in animals receiving nicotine before KA

administration.

Discussion

Systemic administration of the KA in the rats readily produces various motor signs
including convulsive seizures (Ben-Ari 1985) and massive neuronal damage can bee observed
in the hippocampal formation (Sperk 1994; Riljak 2005). It was confirmed in our experiment
showing that intraperitoneal administration of KA brought about death of neurons in the CAl
and CA3 areas of the hippocampus and in the hilus of the dentate gyrus. Mechanisms
contributing to KA-induced seizures and brain damage are still not completely clear. The
main causes are: so called axon sparing lesions, lesions mediated through activation of
excitatory pathways, non-selective seizure-related brain damage, changes in the blood-brain
barrier and possibly some other (Sperk 1994). One cause of the high sensitivity of CA1 and
CA3 areas of the hippocampus can be the high concentration of KA receptors upon the
neurons in this structure (Sawada et al. 1988; Yoshihara et al. 2003).

When the character of neuronal injury is concerned, two major forms of
morphologically distinct cell death have been observed under various neuropathologic
conditions: necrosis and apoptosis (Johnson and Deckwerth 1993; Nicotera and Lipton 1999).

Frequently it is difficult to decide whether the cell died by the necrotic or apoptotic process



(Columbano 1995). The mechanism of neuronal death in the hippocampus, demonstrated in
our experiments, is most likely apoptotic. But without any other histological method the
necrotic process in the hippocampus cannot be excluded.

When the rats were pre-treated by nicotine, neuronal degeneration was more moderate.
This observation was confirmed by Fluoro-Jade B staining. Hoechst 33342 staining allowed
to identify the cells with condensed, fragmented nuclei which both have been proposes to be
signs of apoptosis. To decide if the neurons are dying by apoptotic process must be confirmed
by other methods.

It has been proposed that nicotine in the CNS has anti-oxidant properties. This aspect
was extensively reviewed (Newman et al. 2002). Nicotine might also act as an antioxidant
and/or it can inhibit complex I of the electron transport chain, with a consequent reduction in
the levels of reactive oxygen species (Cormier ef al. 2003; Newman et al. 2002; Obata et al.
2002; Soto-Otero et al. 2002). Increased expression of neurotrophic factors crucial for
neuronal maintenance, survival and regeneration induced by nicotine has been also discussed
(Matarredona et al. 2001; Roceri et al. 2001).

In our experiments, kainic acid administration decreased the number of the NADPH-
positive neurons. It can result from kainic acid induced neurodegeneration in the hippocampal
area, or it is a consequence of kainic acid application that decreases the number of all neurons
and the NADPH-diaphorase positive neurons are not excluded. It has been proposed that
some other insults (for example perinatal long-lasting hypobaric hypoxia) result in decrease
number of NADPH-d positive neurons (Bene3ova et al. 2005; Maresova et al. 2005; Jandova
et al. 2006). Considering, that in our experiment the dose of kainic acid reached the
convulsive limit, the cell loss was not surprising. Some authors, who studied effects of
subconvulsive doses of the kainic acid, did not found any structural changes in the

hippocampus (Koryntova et al. 1997).
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Our prediction must be confirmed in future studies, which will quantify the whole
neuronal population.

In this and our previous experiments the nicotine administration brought about higher
numbers of NADPH-diaphorase positive neurons in CA3 area of the hippocampus and hilus
of the dentate gyrus in the comparison with either group of control animals (Riljak et al.
2006). NADPH-d positive neurons were repeatedly reported to be relatively resistant to the
injury caused by status epilepticus (Koh et al. 1986; Lerner-Natoli et al. 1994), however, the
findings related to vulnerability or this neuronal population survival after status epilepticus
are still controversial. If such speculations are true, nicotine application followed by increased
number of the NADPH-diaphorase positive cells may act as a protective factor against
excitotoxine induced degeneration. On the other hand it has been demonstrated that NO
(which is free radical synthesised by NO-synthase and this is co-localised with NADPH-
diaphorase) and superoxide radicals combine to produce peroxynitrite that spontaneously
decomposes forming hydroxyl radicals and nitrogen dioxide, which can produce cell damage
(Ischiropoulos et al. 1992). The role of NO in the CNS is also still not fully understood and

many questions remain to be elucidated.
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Fig. 1 Histological analyses of the hippocampus. The microphotograph was made using the
microscope OLYMPUS AX70 Provis with digital camera OLYMPUS DP70.

1A- Hippocampus (the arrows show the borders of investigated areas): CA1 and CA3 areas of
the hippocampus, Hilus of the dentate gyrus, DB DG- dorsal blade of the dentate gyrus, VB
DG- ventral blades of the dentate gyrus. NADPH-d staining. Direct magnification 40x.

1B- NADPH-diaphorase positive cell in CA1 area of the hippocampus. Direct magnification
200x.

1C- CA1 area of the hippocampus (arrows). Bis-benzimide, Hoechst 33342 staining. Kainic
acid treated rat (10mg/kg). Direct magnification 100x.

1D- CA1 area of the hippocampus (arrows show degenerating cells). Fluoro-Jade B staining.
Kainic acid treated rat (10mg/kg). Direct magnification 100x.

1E- CAl area of the hippocampus (arrows). Bis-benzimide, Hoechst 33342 staining. Nicotine
treated rat (Img/kg) 30 minutes prior kainic acid administration (10mg/kg). Direct
magnification 100x.

1F- CAl area of the hippocampus. Fluoro-Jade B staining. Nicotine treated rat (1mg/kg) 30
minutes prior kainic acid administration (10mg/kg). Direct magnification 100x.

1G- CAl and CA3 areas of the hippocampus (arrows). Bis-benzimide, Hoechst 33342
staining. Nicotine treated rat (Img/kg) 30 minutes prior kainic acid administration (10mg/kg).
Direct magnification 100x.

1H- CAl and CA3 areas of the hippocampus. Fluoro-Jade B staining. Nicotine treated rat

(1mg/kg) 30 minutes prior kainic acid administration (10mg/kg). Direct magnification 100x.
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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 ventral blade 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 hilus of the dentate gyrus per
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section area; control group, nicotine group, KA = kainic acid group, NIC+KA = nicotine and

kainic acid group. Mean + S.E.M. Level of significance p < 0.001 (*).

K~
Exp.
Group | Control KA NIC NIC+KA
Area \
CAl 0 +++ 0 +
CA3 0 ++ 0 0/+
Hilus 0 ++ 0 0/+
VB DG 0 0/+ 0 0
DB DG 0 0/+ 0 0

Tab. 1 Semiquantitative analyze of Fluoro-Jade B positive cells in experimental groups:
Control-control group received equal dose of normal saline solution, KA-kainic acid treated
rats (10mg/kg), NIC-nicotine treated rats (Img/kg), NIC+KA-rats pretreated by nicotine
(Img/kg) 30 minutes prior kainic acid administration (10mg/kg).

Each area of the hippocampus in the slice was evaluated by the scale: (0) no FJB positive cells
in field of view, (+) sporadically present FIB cells in field of view, (++) groups of FIB
positive cells in field of view (+++) massive alteration, the study area is completely

undergoing degeneration.
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Summary

The effect of ethanol on the structural development of the central nervous system was studied in
offspring of Wistar rats, drinking during pregnancy and till the 28" day of their offspring 20%
ethanol. The structural changes in the hippocampus and dentate gyrus were analysed at the age of
18, 35 and 90 days.

In all experimental animals a lower width of pyramidal and granular layers in comparison to
control animals, cell extinction (Fluoro-Jade B positivity) and a fragmentation of numerous
nuclei were found. The extent of neural cell loss was similar in all monitored areas and in all age
groups. At the age of 18 and 35 days, the degenerating cells were observed in the CA1 and CA3
area of the hippocampus and in the ventral and dorsal blade of the dentate gyrus. Numerous glial

cells replaced the neuronal population of this region. At the age of 90 days only cells with



fragmented nuclei (= degenerating) were observed. Qur experiments confirmed vulnerability of
the developing central nervous system to the intake of ethanol during perinatal period and

revealed long-lasting degeneration process in hippocampus and dentate gyrus.

Key words: ethanol, degeneration, apoptosis, hippocampus, dentate gyrus

Introduction

Ethanol is a psychotropic drug (Nutt 1996) and its chronic abuse causes impairments of the
brain function, such as visual, motor and memory dysfunction (Alling 1999, Dahchour et al.
2000, Schummers et al. 1997)

The brain structure followed in our experiments was hippocampus which is involved in
several aspects of memory and other functions. Hippocampal pyramidal neurons are generated
during late gestation from the ventricular zone (Schlessinger at al. 1975, Schlessinger at al. 1978,
Byer 1980a, Byer 1980b) and they may remain vulnerable when exposed to different neurotoxins
during early life (Hort et al. 1999, Miki et al. 2004, Milotova et al. 2006, Langmeier et al. 2003).
The long hippocampal postnatal development, resulting from the prolonged proliferation of
granular cells (Bayer at al. 1982) allows studying changes that arise by the interference in the
development during prenatal and early postnatal life (Pokorny et al. 1982).

Our study was aimed at the identification of changes of the structure which can persist from
the perinatal period till early adulthood (18-day, 35-day, and 90-day). We focused on changes in
CAl, CA3 areas of the hippocampus and in dorsal and ventral blades of the dentate gyrus after

the long-term perinatal exposure to ethanol.



Methods

All experiments were carried in accordance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and in agreement with the guidelines of the
Animal Protection Law of the Czech Republic. Female Wistar rats of our own breed and six

groups of their male offspring were used in the experiments. Each group consisted of ten male

Pregnant Wistar rats of the experimental group were compelled to drink only the solution
of 20% ethanol every day since the conception to the weaning of their offspring at the age of 28
days. Pregnant rats of the control group drank tap water. Since the 29™ day offspring were
separated from their mothers.

At the age of 18, 35, and 90 days animals were perfused under deep thiopental anaesthesia
with 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. Brains were removed, postfixed
for one hour in 4% buffered paraformaldehyde and then submerged for 1 hour into 20% sucrose
for cryoprotection. Brains were sliced in the frontal plane into 40 pum thin sections with a cryostat
and the free-floating sections were placed in 0.1 M phosphate buffer. Tissue sections were
mounted onto gelatinized slides and allowed to dry at room temperature. Sections were than
stained with combinations of DNA staining Hoechst and Fluoro — Jade B. which (was originally
described by Schmued and Hopkins) (Schmued and Hopkins 2000).

Two histological methods were used in our study. Fluoro-Jade B dye is an anionic
fluorescein derivative useful for the histological staining of neurons undergoing degeneration;
staining with bis-benzimide (Hoechst 33342) was used to detect apoptotic cells according the
status of nuclei (condensed and/or fragmented nuclei indicate cell degeneration). Slides were
placed in staining rack (one slide/slot for even staining) and immersed in 100% ethanol solution

for 3 minutes, in 70% ethanol solution for 1 minute, in distilled water for 1 minute, in 0.01%



Potassium Permanganate (KMnO,) for 15 minutes shaking gently. Slides were washed in
distilled water three times. Slides in staining rack were removed in a dim place and immersed in
0.001% Fluoro-Jade staining solution for 30 minutes gently shaking, rinsed in distilled water
three times for 1 minute. Slides were then immersed in 0.01% Hoechst 33342 staining solution
for 10 minutes and dehydrated (by ascending concentration of ethanol), cover-slipped using
D.P.X. Neutral Mounting Medium and allowed to dry.

Samples taken from the dorsal hippocampus were examined and quantified under the
microscope OLYMPUS AX-70 Provis with epifluorescence and taken by the digital camera
OLYMPUS DP70. In the material processed for DNA staining with Hoechst 33342, the width of
the pyramidal layer at standard latero-medial locations (intercept between stratum oriens and
stratum radiatum, perpendicular to the plane of stratum pyramidale-oriens border) in CAl, CA3
hippocampal areas and the width of the granular layer in dorsal and ventral blades of dentate
gyrus (intercept between stratum moleculare and polymorph layer, perpendicular to the plane of
stratum granulosum-moleculare border) was estimated with the aid of computerized analysis
(OLYMPUS analySIS® image capture/analysis software). Analysis was limited to the region
between the AP planes given by standard coordinates. Values for coordinates in adult animals
(AP planes between 2.5 mm and 4.0 mm posterior to the bregma, L =2 and P=2 mm according to
Fifkova and Margala, 1960) were recalculated for immature rats on the basis of the bregma-
lambda distance which was taken as 8 mm in adult rats.

We measured morphological changes in 10 animals from each age group (18, 35, 90-day-
old) always in 3 sections and 3 adjacent regions at both sides from each brain (at the beginning,
in the middle and at the end of the relevant CA1 and CA3 areas of the hippocampus, dorsal (DB
DG) and ventral blades (VB DG) of dentate gyrus).

The results were statistically evaluated by unpaired t-test and one-way ANOVA with



Dunnett's post test using GraphPad Prism version 4.00 for Windows, GraphPad Software, San

Diego California USA, www.graphpad.com. The level of significance was set at p<0.0001.

Results

The average daily consumption of the 20% ethanol solution was 41.6 + 1.4 ml per animal.
Litters born to the mothers exposed to ethanol were smaller being about one half of the control
group. There were no differences in the proportion of male and female offspring and the birth-
weight of all offspring was similar (experimental group: 5.7 + 0.54g, control group 5.5 + 0.60g).
At the age of 18 and 35 days, groups of degenerating (Fluoro-Jade B positive) cells were
observed in the CAl and CA3 area of the hippocampus. Some cells had fragmented nuclei and
they were accompanied with high numbers of glial cells. The glial scavenging reaction was also
prominent in other hippocampal regions, being most intense in the areas CAl and CA3. In the
dorsal and ventral blades of the dentate gyrus many cells with fine fragmented nucleus in DNA
staining Hoechst and some Fluoro-Jade B positive neurons were observed. In the control group
neither cells with fine fragmented nuclei nor degenerating (Fluoro-Jade B positive) cells were
found (Fig. 1, 2).
At the age of 90 days no Fluoro-Jade B positive neurons in any of the studied areas were
observed, however, in all areas some cells with fine fragmented nuclei were identified (Fig. 3).
The width of the pyramidal cell layer in the areas CA1, CA3 and the width of granule cell
layer in both blades of the gyrus dentatus was smaller in experimental animals than in controls in
all age groups (Tab. 1, ANOVA p< 0.0001). There were no apparent differences in the size of the

pyramidal and granular cells between the control and experimental animals (Fig. 4, 5, 6).


http://www.graphpad.com

Discussion

The effect of ethanol during either prenatal or postnatal brain development has been studied
by several authors (Bothius and West 1990, Miki at al. 2000a, Miki at al. 2000b, Miki at al.
2000c, Miller 1995, Pierce at al. 1989), but the model of the perinatal exposure to ethanol and its
immediate and long-term effects in the hippocampal region has not been studied.

Several experimental studies have shown that hippocampus appears to be particularly
vulnerable to the effects of ethanol exposure during the prenatal life (Barnes and Walker 1981).

Long-lasting intake of ethanol induces the death of hippocampal neurons which was fond
not only at the end of ethanol exposition (18-day) but also in other age groups (35-, 90-day).
Dying neurons were characterized by condensed, fragmented nuclei, as is often associated with
apoptotic cell deaths (Wozniak ar al. 2004, Kerr at al. 1972). Regarding our findings of the
fragmented nuclei of the neurons in the hippocampal regions CA1 and CA3 and in the ventral
and dorsal blades of the dentate gyrus in the all experimental animals (18-, 35- and 90-days old
animals), the possible role of apoptotic mechanism in the cell death after ethanol intake can be
assumed.

Wozmiak and co-workers found that administration of ethanol to rodents during the period
of synaptogenesis induces extensive apoptotic neurodegeneration in the developing brain and that
this neurotoxicity can explain the reduced brain mass (Wozmiak at al. 2004).

If we compared the width of the granular and pyramidal cell layers in control 18 and 35-
day-old animals, we detected a strong decrease of the width of the nerve cell layer in the 35-day-
old animals. However, we didn’t observe any statistically significant difference in the width of
the followed areas between 35-day and 90-day-old animals. As there were no apparent
differences in the size of the pyramidal and granular cells between the control and experimental

animals, it was possible to conclude that the number of nerve cells was reduced.



In the ethanol exposed animals of all ages, we observed smaller width of the nerve cell layer in
the all studied areas (CA1, CA3, VB DG, DB DG). The rate of loss of the neural cells was
similar (from 35% to 49%) in the all monitored areas and in all age groups. It could mean that the
long-term ethanol consumption is accompanied by the same type of degeneration of the neural
cells in all age groups and all experimental groups.

Effects of ethanol on the cerebellum have been documented in great details, and changes in
neurogenesis, neuronal morphology and enhanced cell death of differentiated neurons was
demonstrated (Ward and Wesst 1992). Changes in the gross anatomy of the forebrain have been
described (Ward and Wesst 1992, Roebuck at al. 1998). Recent experimental results suggest that
apoptosis during the period of physiological neuronal death in the forebrain is enhanced in
neonatal rats exposed to ethanol (Ikonomidou at al. 2000, Nowoslavski at al. 2005). The first few
postnatal weeks in rats roughly correspond to the last trimester of human embryonic development
(Dobbing and Sands 1979). This increased apoptosis is likely to be an important component of
the human foetal ethanol syndrome (Ikonomidou at al. 2000).

Degenerated neurons were present in the all observed areas of hippocampus. The highest
density of the degenerating cells was observed in the group of the 18-day-old animals, lower
density of the degenerating neurones was in the group of 35-day-old animals. In the group of the
90-day-old animals no Fluoro-Jade B positive neurons were observed.

We can conclude that the long-time exposition to ethanol during perinatal period induces
serious morphological changes in hippocampal system and majority of those changes persists till

adulthood.
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Age of

animals Group CAl(pm) CA2 (um) VB DG (um) DB DG (um)
experimental 53.594 + 69.249 + 68.307 £ 61.774 =
18 days group 9.1607 12.2773 9.3809 7.1572
89.773 111992 + 100.970 + 99.824 +
control group 7.3237 11.2491 7.4932 7.1612
decrease 40. 00% 37.73% 32.35% 38.12°%
experimental 42276 * 60.478 = 59.355 + 49.271 =
35 days group 4.8123 8.6918 5.8266 10.1052
64.703 + 97.250 + 91.533 % 87.834 £
control group 5.5662 9.0949 7.0693 6.8897
decrease 34. 67% 37.81% 35.15% 49.91%
experimental 38.751 S51.174 = 59.442 48279 +
90 days group 5.9868 6.8259 7.3987 7.0065
72.041 + 90.119 + 88.851 74.600 £
control group 9.6430 8.0235 9.1531 7.3247
decrease 46.21% 43.22% 34.57% 35.29%

Tab. 1: The width of the pyramidal cell layer in the areas CA1, CA3 and the width of granule

cell layer in both blades of the gyrus dentatus in the experimental group (perinatal ethanol

consumption) and in the control group.
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Fig. 1: Experimental 18-day-old animal. Detail of the CA1 and CA3 area of the hippocampus
(CA1, CA3) and ventral and dorsal blade of the dentate gyrus (VB DG, DB DG) in the AP plane
3 mm posterior to bregma. Hoechst and Fluoro-Jade B staining. Neuronal degeneration (FJ-B
positive neurons) — green colour, DNA of the neurons (Hoechst) — blue colour. The
microphotographs were made using the microscope OLYMPUS AX70 Provis with digital camera
OLYMPUS DP70.

Magnification: 40x
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Fig. 2: Experimental 35-day-old animal. Detail of the CA1 and CA3 area of the hippocampus
(CA1, CA3) and ventral and dorsal blade of the dentate gyrus (VB DG, DB DG) in the AP plane
3 mm posterior to bregma. Hoechst and Fluoro-Jade B staining. Neuronal degeneration (FJ-B
positive neurons) — green colour, DNA of the neurons (Hoechst) — blue colour). The
microphotographs were made using the microscope OLYMPUS AX70 Provis with digital camera
OLYMPUS DP70.

Magnification: 40x
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Fig. 3: Experimental 90-day-old animal. Detail of the CA1 and CA3 area of the hippocampus
(CA1, CA3) and ventral and dorsal blade of the dentate gyrus (VB DG, DB DG) in the AP plane
3 mm posterior to bregma. Hoechst and Fluoro-Jade B staining. Neuronal degeneration (F'J-B
positive neurons) — green colour, DNA of the neurons (Hoechst) — blue colour. The
microphotographs were made using the microscope OLYMPUS AX70 Provis with digital camera
OLYMPUS DP70.

Magnification: 40x
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Fig. 4: Effect of the perinatal ethanol abuse on the width of the pyramidal layer in the

hippocampus and the granule cell layers in the dentate gyrus of 18-day-old rats.

*** Significance level of differences at p < 0.0001
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Fig. 5: Effect of the perinatal ethanol abuse on the width of the pyramidal layer in
hippocampus and the granule cell layers in the dentate gyrus of 35-day-old rats.

*** Significance level of differences at p < 0.0001
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Fig. 6: Effect of the perinatal ethanol abuse on the width of the pyramidal layer in the
hippocampus and the granule cell layers in the dentate gyrus of 90-day-old rats.

*** Significance level of differences at p < 0.0001
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Abstract: Many animal models have been established to study the mechanisms
leading to excitotoxicity. One of the more commonly used models is kainic acid
(KA) induced excitotoxicity. Upon administration of KA in rodents, KA produces
acute status epilepticus and neuronal damage. The aim of the study was to
examine the morphologic alteration in the hippocampus of mature rats, after
repeated KA administration. The first group was given KA repeatedly in six doses
(10 mg / 1000 g), each second day. The second group was given KA i.p. repeatedly
in six smaller doses (5 mg/ 1000 g), each second day. The third group (control
animals) received corresponding volumes of the normal saline (5 or 10 mg / 1000 g
respectively). Animals were transcardially perfused; serial sections were stained
with Fluoro-Jade B and DNA-specific dye bis-benzimide (Hoechst). In CA1 region
of the first group many degenerating cells were observed. The CA2 region was not
as much affected as CA1. In the CA3 region no degenerating cells were observed.
In the second group the most prominent was the cell loss both in the CA3 region
and in the hilus of the dentate gyrus.
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Introduction

Many animal models have been established to study the mechanisms leading to
excitotoxicity. One of the more commonly used models is kainic acid (KA) induced
excitotoxicity. KA is a cyclic analogue of glutamate that is known to depolarise
both pre- and postsynaptic cells by interaction with the non-NMDA type of
glutamate receptor. Upon administration of KA in rodents, KA produces acute
status epilepticus and neuronal damage that is restricted to a discrete reproducible
spatial pattern that includes lesions in the pyramidal CA1 and CA3 regions of the
hippocampus. [1]

In the human brain more than fifty percent of all synapses use glutamate (Glu)
as a transmitter. The postsynaptic activity of Glu is mediated by both ionotropic
receptors (iGluRs), ligand-gated ion channels, and metabotropic receptors
(mGIuRs), which are coupled to G-proteins. The iGluRs are constituted by
different subunits and classified into the following three heterogeneous types based
on the acronym of specific agonists: NMDA (N-methyl-D-aspartic acid), AMPA
[(R, S)-2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) propionic acid] and KA (kainic
acid) receptors. [2, 3]

Kainate receptors were originally defined by Watkins and co-workers [4, 5]
based on the pharmacology of neuronal responses to excitatory amino acids. The
physiological properties of kainate receptors [6, 7] and their roles in synaptic
transmission [8, 9, 10], have been discerned only recently. [11, 12, 13]. Although it
is well established that kainate receptors constitute an entirely separate group of
proteins from AMPA receptors, their physiological functions remain unclear [14].

Succession of nerve cell extinction after a neurotoxic lesion (induced by KA) can
reveal some elementary principles of neuroplasticity and can help to understand
the relation among components of neuronal circuits.

Material and methods

The experiment was performed using male Wistar albino rats of the body weight
250 to 300 g. Animals were divided into three groups. In the first group KA was
administered repeatedly in six doses (10 mg/ 1000 g), each second day. Two days
after the last application animals were transcardially perfused under the deep
pentobarbital anaesthesia with a fixation solution (neutral paraformaldehyde at the
room temperature). Brains were removed from the skull and postfixed in the
same solution for 24h in a refrigerator. Serial 40 i cryostat sections were stained
with Fluoro-Jade B and DNA-specific dye bis-benzimide (Hoechst), and with Nissl
staining. The stained sections were dehydrated, cleared with xylene and mounted
in DPX. Material was examined under the epifluorescent microscope Olympus
AX-70. The second group of animals was KA administrated i.p. repeatedly in six
smaller doses (5 mg/ 1000 g), each second day. After last application brains were
processed in the same way. The third control group of rodents received
corresponding volumes of the normal saline (10 mg, 5 mg / 1000 g KA respectively).
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Results

In the first group of animals, which repeatedly received higher doses of KA, the
following neuropathological changes have been found: In the CA1 region many
degenerating cells were observed and the most affected structure was the layer of
pyramidal cells (Colour fig. 7). Numerous glial cells replaced the neuronal
population. The CA2 region was not as much affected as CA1. The glial response
was less prominent. In the CA3 region no degenerating cells were observed
(Colour fig. 8). A massive glial response was observed in this region. The same
pathomorphological changes were found in the region of the hilus of dentate gyrus.
No obvious pathologic changes were found in the region of the dentate gyrus
(both blades, dorsal and ventral) (Colour fig. 9).

In the second group of animals, which repeatedly received lower doses of KA,
the most prominent was the destruction of both the CA3 region and the hilus of
the dentate gyrus (Colour fig. 10, 11). Almost all pyramidal cells were destroyed
and a massive glial response was observed. Also in the CA1 region degenerating
cells were found (Colour fig. 12), however the part between CA1 and CA2 regions
remained intact. In control animals neuropathological analysis did not detect any
changes in the hippocampus.

Discussion

The observed neuropathological changes and their mutual comparison lead us to
the conclusion that the most affected structure of the hippocampus is the CA3
region which was almost completely destroyed by the administration of reduced
doses.

The CA1 region appears to be more resistant to KA than CA3, yet it remains
largely destroyed within a longer period of time. Most resistant are both blades of
the dentate gyrus, where no acute morphological changes were observed.

The key question arises whether the observed changes are due to neurotoxic
effect of KA, or to what extent they may reflect massive neuronal cells
depolarisation, that leads to neuronal death.

The contribution of seizure activity itself to cell damage must be determined on
the basis of experiments designed to prevent seizures induced by the i.p.
application of KA. It seems very likely that prolonged seizure activity induced by
KA contributes to the observed neuropathological changes as was shown in other
models in both the adult and immature animals. The indirect support for this view
is the fact that morphological changes of similar character could not be detected
after the application of sub convulsive (albeit rather high) doses of some
excitotoxic acids [15]. The staining procedure and microscopic evaluation used in
our experiments do not allow deciding whether the cells died of the necrotic or
apoptotic process.

Kainic Acid and Hippocampal Cells Degeneration
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Abstract: Nicotine is a very widely used drug of abuse, which has many
neurovegetative behavioural and psychological effects by interacting with neuronal
nicotinic acetylcholine receptor. Cholinergic receptors can be divided into two
types, muscarinic and nicotinic, based on the pharmacological action of various
agonists and antagonists. This review summarises the major recent findings of
nicotine effects in order to show the use of this drug in the neurophysiological
research and namely as a potential tool for the treatment of some brain disorders.

Introduction

Cigarette smoke (CS) represents the source of nicotine, which can influence the
activity of the central nervous system (CNS) [1, 2]. The pharmacological effects
induced by CS are mediated mainly by (-)-nicotine [1]. Nicotine is a very widely
used drug of abuse, which exerts a number of neurovegetative behavioural and
psychological effects by interacting with neuronal nicotinic acetylcholine receptors
(NAChHR). Smoking and pharmacological doses of nicotine accelerate heart rate,
elevated blood pressure and constrict the blood vessels in the skin. At the same
time, nicotine can lead to a sensation of relaxation. Nicotine activates reward
mechanism in the CNS [3], which is presumed to be the reason why the people
smoke, but the mechanism responsible for smoking addiction is more complex.

Cigarette smoke contains approximately 3800 chemicals that include many
oxidants and free radicals [4, 5, 6]. Free radicals and other reactive species have
been implicated in the progression of at least 100 different diseases [7] thus the
interest in free radicals and oxidative stress has grown. However, it is still dubious
whether nicotine, the main pharmacological active substance in tobacco, is
responsible for deleterious effects due to the production of free radicals, because
evidence has shown nicotine to have both antioxidant and prooxidant effects [8].

Nicotine has recently been recognised to have therapeutic effects in some
neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases [9]
where the oxidative stress has been related to the progression of the disease [7].
The crucial question, which has to be answered, is how nicotine is involved in CNS
damage or how it can protect it from the damage. The description and
understanding of these mechanisms is essential for the future use of the high
potential therapeutic capacity of nicotine in CNS disorders and for elimination of
its possible side effects.

This review summarises the major recent findings of nicotine effects in order to
show the use of this drug in the neurophysiological research and namely as a
potential tool for the prevention and treatment of some brain disorders.

The major use of nicotine by humans is in the form of various tobacco products.
Another possibility is to use nicotine as an insecticide, where it acts by an over-
stimulation and thereby blockade of cholinergic synapses associated with motor
nerves. Cigarette smoking is a significant health hazard all over of the world.
People who smoke are twice as likely to die earlier when compared with non-
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smokers (US Department of Health and Human Services, 1994). People smoke for
a variety of reasons. Social, economic, and political factors play an important role
in the determination of patterns of smoking prevalence and cessation. More
specifically also the personal, family and wider social factors are often critical in
determining who starts smoking, who gives up, and who continues [11].

Some people self-administer nicotine in order to achieve analgesia. Nicotine’s
analgesic properties may help attenuate chronic or acute psychological or somatic
pains. There are a number of chronic diseases with concomitant painful symptoms
(e.g., fibromyalgia, rheumatoid arthritis, degenerative joint disease) that may
induce people to smoke to relieve the pain. If this is true, then nicotine self-
administration will increase to soothe the unpleasant experience of pain. This
negative reinforcement model may play a role in the nicotine reward. Therefore,
nicotine’s ability to produce analgesia may partially account for its addictive liability.
By studying nicotine-induced analgesia, it would be possible to resolve additional
mechanisms of nicotine’s addictive properties [12].

The cholinergic system
The opinion that most drugs, hormones and neurotransmitters produce their
biological effects by interacting with receptors in cells was introduced by Langley
in 1905. Langley's concept was based on the observation of the extraordinary
power and specificity with which some drugs were able to mimic a biological
response while others prevented it. One of the major transmitter systems in the
brain is the cholinergic system. It is associated with many physiological processes
such as consciousness, memory, learning, hearing and vision [12, 13, 14].

TJwo major diffuse cholinergic systems were identified in the brain (Figure 1):
The ponto-mesencephalo-tegmental cholinergic complex and the basal forebrain
complex. It is mainly the latter that is involved in learning and memory formation.

Hippocampus

—
Medial septal nucleus T —— Laterodorsal tegmental nucleus

Horizontal nucleus
of the diagonal band

Vertical nucleus Pedunculoponune
of the diagonal band  nucleus

Figure 1 - Distribution of cholinergic cell groups and projections in the rat brain.
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Acetylcholine is synthesised in the neuronal axon terminals trough a reaction
between acetyl-coenzyme-A and choline, catalysed by cholinacetyltransferase
(ChAT). In the synaptic cleft, the enzyme acetylcholine esterase (AChE) regulates
the amount of acetylcholine. AChE splits the acetylcholine via hydrolysis, into
choline and acetate, which are then transported back into the presynaptic terminal
for reuse in the synthesis of acetylcholine [15, 16, 17, 18, 19).

Muscarinic cholinergic receptors
Cholinergic receptors can be divided into two types, muscarinic and nicotinic,
based on the pharmacological action of various agonists and antagonists.

Muscarinic receptors are G-protein coupled receptors. Their response is
mediated by activating a cascade of intracellular pathways. Muscarine is the
prototypical muscarinic agonist and derives from the agaric mushroom Amanita
muscaria. Muscarinic receptors are found in the parasympathetic nervous system.
Muscarinic receptors in smooth muscle regulate cardiac contraction,
gastrointestinal motility and bronchial constriction.

In the 1980's several selective muscarinic antagonists were identified and in this
year molecular cloning techniques identified five different subtypes of muscarinic
receptors [20, 21]. Each receptor shares common features including specify of
binding for the agonists acetylcholine and carbamylcholine and the classical
antagonists atropine and quinuclidinyl benzilate. Each receptor subtype couples to
a second messenger system trough an intervening G-protein. M1, M3 and M5
receptors stimulate phosphoinositide metabolism while M2 and M4 receptors
inhibit adenylatcyclase. The tissue distribution differs for each subtype. M1
receptors are found in the forebrain, especially in the hippocampus and cerebral
cortex. M2 receptors are found in the heart and brainstem while M3 receptors are
found in the smooth muscle, exocrine glands and the cerebral cortex. M4
receptors are found in the neostriatum and M5 receptors mRNA is found in the
substantia nigra, suggesting that M5 receptors may regulate dopamine release at
terminals within the striatum. The structural requirements for activation of each
subtype remain to be elucidated [22, 23, 24, 25]

Nicotinic cholinergic receptors

Nicotinic receptors produce pharmacologically distinct responses from muscarinic
receptors, although acetylcholine stimulates both types of response. Nicotinic
response are fast onset, short duration and excitatory in nature. The pharmacology
of nicotinic receptors has been studied in great details and our understanding of
how ion channel-coupled neurotransmitter receptors work is based largely on the
study of this class proteins. Nicotinic receptors are found in variety of tissues,
including the autonomic nervous system, the neuromuscular junction and the brain
in vertebrates. They are also found in high quantities in the electric organs of
various electric eels and rays. The high quantities of receptors in these tissues and
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the use of neurotoxins from snake venom (cobra venom) that bind specifically to
the nicotinic receptor aided the purification of the receptor protein.

Agonists such as acetylcholine and nicotine produce physiological responses
associated with nicotinic cholinergic activation. Acetylcholine produces an influx of
sodium trough a ligand - gated ion channel. Acetylcholine also stimulates
muscarinic receptors and therefore it should be considered as a mixed cholinergic
agonist. The amino acid sequence for the nicotinic receptor was determined after
solubilisation of receptors from the electric organ of Torpedo Californica using
anionic detergents such as sodium dodecyl sulfate, passing receptor trough an
affinity column [26, 27]. Subsequetently, molecular biological techniques were used
to clone additional receptor subunits. Any given nicotinic receptor is comprised of
five subunits forming an ionophoric channel. Nicotine may also affect more than
one of the receptor subtypes and act on more than one binding site in the brain.
Nicotinic receptors are involved in the development and ongoing maintenance of
the mammalian nervous system and are widely distributed in the human brain.
NACHhR belong to a super family of ligand gated ion channels (ionotropic
neurotransmitter receptors) that includes gamma-amino butyric acid (GABA),
glycine, and serotonin receptors. At present, a total of seventeen nicotinic
receptor subunit genes have been identified and cloned (a1 to a10, h1 to h4, g, q,
and y) [28, 29, 30, 31].

The amino acid sequence for the alpha subunits consists of glycolipid region
(which contains the ACh binding site and a sulfhydryl groups) with four hydrofobic
regions that span the membrane (Figure 2). Nine alpha subunits have been cloned
along with four beta subunits. In the neuromuscular junction, delta and gamma
subunits have been identified. The gamma subunit is replaced by an epsilon subunit
in the adult muscle. Alfa-bungarotoxin binds to the alpha and beta subunits and
probably blocks both the channelled and the acetylcholine (ACh) binding site. Local
anaesthetics and other compounds such as phencyclidine bind to the receptor,
apparently at the site of the sodium channel and modulate the binding of
acetylcholine to the active site.

Local anaesthetics also prevent ion conductance trough a direct action at the
channel. The sodium channel and the channel for the nicotinic cholinergic receptor
have some similar properties (in both structure and sensitivity to drug action) and
may have a common genetic origin. In general terms, acetylcholine binds to the
alpha-subunits of the receptor making the membrane more permeable to cations
and causing a local depolarization. When summed with the action of other
receptors the local depolarization can bring an action potential and lead to muscle
contraction. At rest nicotinic receptors posses relatively low affinity for
acetylcholine. The affinity for acetylcholine is increased during activation (trough an
allosteric mechanism which increased the likelihood of another molecule of
acetylcholine binding to other alpha subunit). At high concentration of
acetylcholine, the affinity for acetylcholine becomes higher and the receptor
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subsequently becomes desensitized. The ionophore (ion channel) is opened during
the active state and local anaesthetics may bind to the open channel. The subunit
composition of nicotinic receptors differs in skeletal muscle, autonomic ganglia and
brain. Note that multiple subunit compositions are possible, which may permit the
development of compounds selective for a particular combination. Within the
CNS, the alfa4beta2 combination predominates. [15, 16]

Chemistry of nicotine and nicotinic agonist

The chemical formula for nicotine is C,oHq N, for a molecular mass of 162.23
kDa. In the proper nomenclature, nicotine is 3-(1-methyl-2-pyrrolidinyl) pyridine.
It is a levorotatory free base [32]. There are four possible conformations for
nicotine, and the most likely configuration of nicotine is a rotation between
conformations | and Il based on dipole moment calculations of nicotine and
nicotine-N-oxide in benzene solutions [33]. It is most stable when the pyridine ring
is approximately orthogonal to the pyrrolidine ring. In conformation |, the
hydrogen on C3 of the pyrrolidine ring is behind H4 of the pyridine ring while in
confirmation |, it is behind H2 of the pyridine ring. Using the quantum mechanical
method, Pullman calculated that conformer | is 4 kcal/mole more stable than

Alpha subunites

Figure 2 — A schematic
representation of the nicotinic
acetylcholine receptor
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conformer Il. In dilute solutions, however, the preferred conformation is
conformer Il [32]. Over the past several years, a variety of research groups have
focused on the development of selective nicotinic agonists, with the hypothesis
that nicotinic agonists could be useful in the treatment of variety of neurological
disorders including Alzheimer’s disease and chronic pain. [8]. Epibatidine is a
nicotinic agonist isolated from the skin of an Ecuadoran frog Epipedobates
tricolour that displays potent analgesic properties. Another nicotinic agonist,
ABT-418, exhibit some cognition enhancing properties. Note its similarity to
nicotine, with an ixoxazole moiety replacing the pyridyl group of nicotine.
Epiboxidine is a structural analogue that combines elements of both epibatidine
and ABT-418. It also is a potent nicotinic agonist. Two other derivates are worth
nothing. The azetidine analogue of epibatidine ABT-594 is a potent analgesic with
significantly fewer side effects than epibatidine. SIB-1508 is another nicotinic
agonist with potential utility in the treatment of Parkinson’s disease. [15, 16]

Chemistry of nicotinic antagonists

Antagonists for nicotinic receptors include such diverse compounds as curare,
alfa-bungarotoxin and gallamine. Nicotinic receptors found at the neuromuscular
junction differ from the receptors found in autonomic ganglia and can be
distinguished both pharmacology and biochemically. Gallamine (mixed muscarinic
and nicotinic antagonists) and decamethonium are more effective antagonists at
the neuromuscular junction than at the autonomic ganglia. Gallamine and
succinylcholine are used during surgery to block neuromuscular junction receptors
and produce paralysis. Decamethonium is another nicotinic antagonist with some
selectivity for the neuromuscular junction. Ganglionic blockers include the
quaternary compounds hexamethonium and tetraethylammonium as well as the
tertiary and secondary amines mecamylamine and pempidine. While quaternary
amines competitively inhibit cholinergic responses in autonomic ganglia, tertiary
and secondary amines also have non-competitive component. [15, 16]

Nicotine and general oxidative stress

Although, the phrase “oxidative stress” is now commonly used, it has been only
loosely defined. Sie [34], who originally introduced the phrase, defines it as

“a disturbance in the pro-oxidant-antioxidant balance in favour of the former,
leading to potential damage”. This imbalance is the result of either a decrease in
antioxidant levels or an increase reactive oxygen species (ROS) or reactive
nitrogen species (RNS) [35]. There have only been a few studies that examined the
oxidative stress effects of nicotine per se and without association to a disease or in
regard to smoking, tobacco products or smokeless tobacco extract. Typically these
studies have been performed in vitro using different cells or cell lines. Two studies
used Chinese hamster ovary (CHO) cells in an in vitro model. In the first study,
Yildize, Ercal and Armstrong [36], showed that (-)-nicotine and both of its
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enantiomers induced cell toxicity (between 4 and 6mM) and inhibited the colony
formation of CHO cells at 10mM. Additionally, Yildiz et al. [37] conducted a
second study using equivalent methodology, which compared equal levels of pure
nicotine [38] with nicotine from smokeless tobacco extract (0.08, 0.8 and 4 mg
per 5 ml of media). The results indicated that nicotine decreased glutathione
(GSH) levels significantly more than the smokeless tobacco extract of nicotine.

In the presence of superoxide dismutase (SOD) and superoxide catalase CAT, the
decrease in GSH levels was inhibited in the nicotine condition, but not in the
smokeless tobacco extracts condition. This suggests a different mechanism of
action by nicotine and the smokeless tobacco extract for the depletion of GSH.
These studies provide strong evidence that nicotine produces oxidative stress in
the CHO cells in culture. However, it should be noted that the first study
employed very high concentrations of nicotine. The concentration of nicotine in
the venous blood after smoking several cigarettes ranges from 60nM to 300nM
[39]. and in the arterial blood, which better represents the level of nicotine in the
brain, is 600nM [40]. Similarly, intermittent or continuous administration of
nicotine in rats, producing plasma levels of nicotine in the range found in average
human smokers, results in brain nicotine concentrations ranging from 75nM to
2M [41, 42]. Thus, it is very unlikely the nicotine concentrations would ever
reach mM concentrations in average human smokers.

Antioxidant effects of nicotine

Interestingly, iron (Fe?*) has been implicated in the progression of both Parkinson’s
and Alzheimer’s disease by the production of oxidative stress through the
conversion of hydrogen peroxide (H,0,) to hydroxyl radical (OH) [43, 44]. Also,
free Fe* ions and H,0, induces dopamine oxidation, resulting in the formation of
6-hydroxydopamine (6-OHDA) in Parkinson’s [45]. A study by Linert et al. [45],
examined the possible antioxidant properties of nicotine in relation to Alzheimer’s
and Parkinson’s diseases. The investigators proposed that nicotine may have
antioxidant properties, due to its characteristic of binding Fe?* and its reduction of
transferrin-mediated Fe uptake. The in vitro results from neocortical tissue of

5 month old rats treated with varying doses of nicotine showed no difference in
the thiobarbituric acid reactive material (TBARS) assay (a measurement of the
peroxidation of fatty acids, membranes and foods) when compare to controls.

In the in vivo experiment, 2 month old rats were intraperitonealy treated with

0.8 mg/kg of nicotine twice daily for 4 days. Results showed that nicotine had no
effect on reactive oxygen species of selected tissue (neocortex, hippocampus and
neostriatum) as determined by 2'7'-dichlorofluorescein (DCF) fluorescence assay
(detection of ROS, primarily levels of hydrogen peroxide, superoxide radical and
hydroxyl radical), nor did nicotine affect TBARS formation, although, the nicotine
treated rats did show enhanced cognitive performance in the water maze test
when compared to controls. The authors concluded that in both the in vitro and in
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vivo experiments, nicotine did not show antioxidant properties as determined by
DCF and TBARS. They suggested that the use of different oxidative markers
would be useful in determining if nicotine has antioxidant properties. Nicotinic
receptors have been proposed to mediate the neuroprotective effects of nicotine
in vitro. The in vivo studies while few, have also indicated that nicotine could be
neuroprotective. In a study by Shytle [46], nicotine given acutely (0.5 mg/kg s.c.)
was shown to block kainic acid-induced wet dog shakes in rats when tested in
their home-cage and compared to saline/kainic acid control group. Interestingly,
nicotine has a lesser effect in blocking kainic acid-induced wet dog shakes in rats
that are tested in a novel environment. Kainic acid is a neurotoxin (glutamate
analogue) and behaviourally produces motoric seizures, excessive salivation and
whole body tremors. N-methyl-D-aspartate (NMDA) receptor activation is
involved in both the behavioural and neurotoxic effects of kainic acid and in the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) animal model of Parkinson’s
[46, 47]. In an in vitro study by Dajas-Bailador [108], NMDA-induced cell toxicity
was shown to have a significant rise in intracellular Ca**, while nicotine did not
induce intracellular rise in Ca?* when Ca’* was already present in the media.
When Ca’* was removed from the incubation media nicotine did induce a rise of
intracellular Ca®*. This is important since excess glutamate stimulation has been
proposed to be a component of neurodegenerative diseases by inducing
intracellular rise in Ca**. Together these finding may suggest that nicotine act as
a neuroprotective agent by calcium dependent mechanism.

Nicotine and neurodegeneration in ageing

Activation of NAChRs has been shown to improve memory performance and
learning in rodents and non-human primates and vigilance and rapid information
processing in humans [48]. Accordingly, NAChRs blockers (e.g. mecamylamine)
impair performance in spatial memory and other cognitive tasks. Notably, nicotine
is particularly effective in recovering cognitive deficits caused by lesions of the
cholinergic system in animals and ameliorating cognitive functions in both aged
humans and animals. Since cognitive decline is a well known correlate of ageing, it
has been hypothesized that a deficit in NAChR contributes to the development of
cognitive deficits observed in humans during physiological ageing.

First indirect evidence that linked NAChR to ageing comes from epidemiological
studies on smoking, Parkinson's disease (PD) and Alzheimer’s disease (AD). Several
studies have shown that a negative association exists between cigarette smoking
and PD or AD, so that non-smokers have about twice PD or AD risk than smokers
[49]. However, this association is more consistently found for PD than for AD,
especially when possible biases, such as survival bias, are taken into account.
Overall, epidemiological data suggest that smoking, and therefore possibly
nicotine, may be protective for some forms of PD. The evidence is less convincing
for AD. This may be due to the fact that AD is not always distinguished from
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mixed forms of AD with multi-infarctual dementia, whose positive association with
smoking is well known [49). That smoking may exert a neuroprotective effect on
AD development has been, indeed, suggested by a recent post-mortem
neuropathological study [50], which reported that the density of senile plaques is
significantly lower in the hippocampus, entorhinal cortex and neocortex of normal
aged smokers than of age matched non-smokers.

Smoking, nicotine and Parkinson’s disease

Parkinson'’s disease (PD) is a movement disorder occurring in 1% of the
population over the age of 55. It is characterized by selective damage to
dopaminergic nigrostriatal neurons that leads to motor deficits including rigidity,
tremor, bradykinesia and possibly dementia [51, 52]. The aetiology of PD is
unknown, although the disease appears multifactorial in origin, possibly arising
from a complex interaction between genetics and environment. The most
commonly used treatment is dopamine replacement therapy. Although initially very
effective, L-dopa provides only symptomatic relief with an inevitable disease
progression. Moreover, it loses efficacy with time and is also plagued by the
development of drug-induced side effects [51, 52]. In fact, studies to identify
relevant pharmacological compounds are currently in progress [53, 54]. Candidate
agents for testing exhibit a broad spectrum of biological actions and include
nicotine. Although cigarette smoke contains thousands of chemicals, nicotine
represents the possible candidate for two reasons. First, nicotine stimulates striatal
dopamine neurons that are selectively damaged in PD. Second, nicotine exposure
protects against neuronal insults in experimental models. In PD there is a loss of
nigrostriatal dopaminergic neurons. Thus, a crucial question is whether NAChRs
are affected by denervation, as this would have an impact on subsequent actions of
administered nicotine. Results from animal models with selective lesion of
nigrostriatal dopaminergic neurons and in PD demonstrate significant declines in
select NAChRs populations [55, 56, 57, 58, 59, 60, 61, 62]. One important action
of nicotine is modulation of dopamine release from nigrostriatal dopaminergic
terminals [63, 64, 65]. The finding that NAChRs are decreased with nigrostriatal
damage suggests that nicotine-evoked dopamine release might also be reduced.
Indeed, studies in mice [60] show that there is a decrease in nicotine-evoked
dopamine release with nigrostriatal damage that parallels the NAChRs decline.
Drugs that target the subtypes of NAChRs that decline with nigrostriatal damage
might therefore be useful in treating PD, assuming that the remaining receptors
are coupled to their effectors mechanisms and not saturated with Ache. Nicotine
itself might not be ideal because it interacts with numerous NAChRs subtypes in
both the central and the peripheral nervous systems, and it could result in harmful
side effects and/or counteract positive actions at other sites. Drugs that target a
subpopulation of NAChRs could provide a superior effect. The modulatory effect
of nicotine on nigrostriatal dopamine release [63, 64, 65] is most likely of direct
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relevance to PD because there are major deficits in nigrostriatal function in this
disorder. Conceivably, enhanced nicotine evoked dopamine release could benefit
PD: (i) from an immediate symptomatic standpoint, by alleviating the motor
symptoms, and (i) by protecting against nigrostriatal damage in the long term.

Nicotine as an adjunct therapy with L-dihydroxyphenylalanine

(L-dopa) to relieve PD symptoms

Although L-dopa is one of the best treatments for PD, its use is limited because of
the development of unwanted side effects. One approach to circumvent these
difficulties is to reduce L-dopa dose; however, this strategy results in a worsening
of Parkinsonism [66, 67]. Studies in nonhuman primates show that co-
administration of a nicotinic agonist with a lower L-dopa dosage resulted in an
improvement in Parkinsonism similar to that seen with higher L-dopa dosage,
although it led to a decline in motor complications such as dyskinesias [68]. These
data suggest that combined treatment with nicotine, or preferably nicotinic
agonists that selectively stimulate NAChRs subtypes, could improve PD treatment.
Extensive literature suggests that nicotine protects against different toxic insults in
culture systems [75, 69], including against MPTP-induced toxicity in nigral neurons
[70]. Activation of these signalling mechanisms might subsequently lead to
neuroprotection through inhibition of toxin-induced apoptosis, and/or increased
expression of neurotrophic factors crucial for neuronal maintenance, survival and
regeneration [71, 72]. Although a major focus is on receptor-mediated protection,
nicotine might also play a more direct role that bypasses NAChRs. For instance,
nicotine could enhance elimination [73] or suppress the formation of toxins by
altering monoamine oxidase activity [74, 75]. Nicotine might also act as an
antioxidant [74, 75] and/or inhibit complex | of the electron transport chain,

with a consequent reduction in the levels of reactive oxygen species [76].
Furthermore, nicotine could act by stimulating drug-metabolizing enzymes in the
cytochrome P450 (CYP) family. CYP2E1, CYP2B6 and CYP2B1 are present in
dopaminergic regions in the brain and are induced by nicotine at relatively low
doses [77, 78, 79]. Enzyme activation can enhance the metabolism of toxic agents,
thus lowering their levels and reducing neuronal damage. If nicotine functions
through a non-receptor mechanism, nicotinic agonists with low potency, for
example D-nicotine, could be very useful because they would exert a minimum of
receptor-mediated side effects. The finding that smoking protects against PD raises
the question whether nicotine treatment is beneficial either to relieve PD
symptoms or for neuroprotection. With regard to use of nicotine in symptomatic
treatment, initial reports had suggested that smoking, nicotine patches or nicotine
gum alleviate some movement disabilities [80, 81]. To conclude, the therapeutic
efficacy of nicotine as an adjunct therapy in the symptomatic treatment of PD
requires further study, and its long-term neuroprotective potential has yet to be
evaluated.
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Neuroprotective effect of nicotine on experimental Huntington’s disease in a
rat's model Huntington’s disease (HD) is a chronic progressive autosomal
dominant neurodegenerative disorder that is characterized by a striatal-specific
degeneration [82]. The pathological changes manifest clinically in midlife as a triad
of cognitive decline, psychiatric disturbance and impairment of motor function.
Several attempts have been made to develop experimental model of HD. In the
most widely used animal models of HD, excitotoxic amino acids, such as kainic,
quinolinic and ibotenic acids, are stereotactically injected into specific region of the
brain. Besides being difficult, there is always a chance of error to inject the drugs
into the target cells. The most recent model of HD is based on systemic injections
of 3-nitropropionic acid (3-NP), a mitochondrial toxin that causes striatal
neuropathy similar to that seen in clinical HD [83, 84]. A major advantage of 3-NP
model over other model of HD is that the lesions produced are bilateral, striatal
specific and develop spontaneously after systemic administration of 3-NP. In spite
of extensive research this devastating hereditary disease remains incurable,
warranting further studies to determine the causes and cure of HD. Involvement
of NAChR in nicotine-induced neuroprotection against quinolinic acid [85] and
MPTP [86] induced neurodegeneration has been reported , suggesting a definite
role of cholinergic neurotransmission in neuroprotective effect of nicotine [87, 88].
Furthermore, recent studies have shown that neurotrophic factors play a critical
role in neuronal survival following exposure to neurotoxins or neurotrauma
[89, 90]. Nicotine stimulates the production and release of neurotrophic factors,
such as brain derived neurotrophic factor (BDNF), basic fibroblast growth factor
(FGF-2) and nerve growth factor (NGF) [90]. Treatment with nicotine has also
been shown to up regulate NGF receptor in a variety of neuronal cells [91] and to
protect against apoptosis-induced by NGF deprivation [92]. Thus, nicotine may
exert its neuroprotective effect at least in part by stimulating neurotrophic factors.
Maksimovic et al. [93] also observed a significant reduction in striatal GSH in
quinolinic acid-induced model of HD in rats. Nicotine significantly and dose-
dependently protected striatum against 3-NP-induced GSH depletion. Recent
studies clearly demonstrate that increased oxidative stress can be one of the major
deleterious events in clinical [94] and experimentally induced Huntington's disease
[93]. Antioxidants, on the other hand, have been shown to protect nervous system
against variety of toxins [95, 96]. Nicotine exerts its antioxidant effect due to its
free radical chain breaking properties and/or preventing the initiation of free
radical generation [97]. Nicotine can bind to complex I of respiratory chain and
inhibit the NADH-ubiquinone reductase activity and generation of superoxide (O’)
anion radical [98, 99]. Nicotine can also act as a scavenger of hydrogen peroxide
and block the Fenton reaction through binding to Fe?* [100]. Nicotine significantly
and dose-dependently attenuated 3-NP-induced striatal lesions and behavioural
deficits in rats. The protective effect of nicotine may be attributed to its ability of
restoring striatal dopamine levels in 3- NP intoxicated rats.
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Neuroprotection by nicotine against hypoxia

Brain neurons are highly sensitive to changes in oxygen availability. Any transient
incidences of hypoxia/ischemia induce pathophysiological changes such as
disturbances in energy metabolism [101] and modifications in synaptic
communication [102]. Hypoxia/ischemia, resulting from stroke or head trauma, is a
potential risk factor for neurodegenerative disorders such as Parkinson’s and
Alzheimer’s diseases [103, 104]. One therapeutic approach to treating
neurodegenerative conditions has been directed at protecting vulnerable neurons,
and agonists of neuronal nicotinic acetylcholine receptors are among the growing
list of compounds purported to be neuroprotective [105, 106, 107]. Hejmadi [108]
demonstrated two novel aspects of NAChRs-mediated neuroprotection. First, that
apoptosis induced by hypoxia in primary cortical cultures is suppressed by
activation of NAChRs. Second, activation of at least two NAChR subtypes, 7 and 2
NAChR, mediates this neuroprotective effect of nicotine. NAChR may exert a
trophic role in the survival of susceptible neurons during transient incidences of
hypoxia/ischemia, adding to the therapeutic potential of nicotinic acetylcholine
receptor agonists against neurodegenerative diseases.

Nicotine protective potential against excitatory amino acids induced
neurodegeneration. In adult rats, systemic or intraventricular administration
of the glutamate analogue, kainic acid (KA), results in the expression of a syndrome
characterized by behavioural automatisms such as wet dog shakes (WDS), motoric
seizures, excessive salivation, whole body tremor, aggression, hyperactivity,
and brain neurotoxicity [109)]. Although many brain areas are affected by KA
administration, the hippocampus is the most affected [110]. The
neurodegeneration of cells in the CA3 region results in epileptiform activity
displayed by CA1 pyramidal cells, which is characterized by an enhanced NMDA-
mediated excitatory phase with an apparent loss of GABA-mediated postsynaptic
inhibition [111)]. Because of both the behavioural and neurological similarities, this
KA-induced syndrome has been proposed as an animal model for human temporal
lobe epilepsy [110, 112]. In the experiments of Shytle et al. [114], KA-induced
WDS were less prevalent in rats pre-treated with nicotine than in those pre-
treated with saline. Authors speculate that while, GABA agonists strongly inhibit
both the behavioural and neurotoxic consequences of KA administration [109,
113), it is possible that nicotine blocked KA-induced WDS through a GABA-
mediated process.

Whether this ability of nicotine to block the WDS produced by KA is
pharmacokinetic or pharmacodynamic remains to be determined; however, WDS
are observed after withdrawal from chronic nicotine exposure [114] suggesting
that central nicotinic mechanisms may be involved with the expression of WDS.
More studies, especially electrophysiological and behavioural studies are needed
for the precise understanding of mechanism how nicotine decreases the incidence
of WDS (which usually arise in animals exposed to kainic acid), how it modulates
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the symptoms of kainic syndrome and by which mechanisms nicotine eventually
attenuates this syndrome.

Conclusion

Nicotine is one of the most widespread and most addictive drugs of abuse. Its
taking is usually connected with inhalation of tobacco smoke, which contains a
whole range of toxic substances. The abuse of tobacco products negatively
influences the health of world population in this consequence.

Experiments conducted in recent years point to an interesting fact that
(-)-nicotine has or could have positive effect on a variety of diseases, mainly on
central nervous system disorders (currently especially PD, AD). This review
attempts to summarize, that nicotine could be used therapeutically. If nicotine
would not lead to a complete termination of progression of CNS disorders, it
could at least slow down the progression and eventually attenuate the symptoms
of the disease. Animal experimental models further show, that in the future
nicotine could be used for treatment (even if only symptomatic) of variety of other
CNS disorders, for example Huntington chorea, consequences or prevention of
hypoxia, schizophrenia, etc. The implementation of this therapeutic modality
demands series of experiments. First of all it has to be solved the reproducibility
and accuracy of results obtained from an animal model to a human population in
order to find out the optimal dose and dosage of nicotine and to eliminate its side

effects. Only that can assure the maximal security of patients, perhaps treated with
nicotine in the future.
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Abstract: Nicotine is a very widely used drug of abuse, which exerts a number of
neurovegetative behavioural effects by interacting with the neuronal nicotinic
acetylcholine receptor. Using histochemical analysis (NADPH-diaphorase and
Fluoro- Jade B dye), the influence of intraperitoneal administration of nicotine on
neurons of the hippocampus in 35-day-old male rats of the Wistar strain was
studied. At the age of 37 days, the animals were transcardially perfused with 4%
paraformaldehyde under deep thiopental anaesthesia. Cryostat sections were
stained to identify NADPH-diaphorase positive neurons that were then quantified in
CA1 and CA3 areas of the hippocampus, in the dorsal and ventral blade of the
dentate gyrus and in the hilus of the dentate gyrus. In the same areas, using Fluoro-
Jade B dye, signs of neurodegeneration were classified, using Fluoro-jade B dye.
Nicotine administration increased the number of NADPH-diaphorase positive
neurons in the CA3 area of the hippocampus and in the hilus of the dentate gyrus
with no effect in the remaining areas studied. Fluoro-Jade staining did not reveal any
degenerating neurons in the hippocampus as an effect of nicotine administration.

Introduction

Nicotine is a very widely abused drug, which exerts a number of neurovegetative,
behavioural effects by interacting with the neuronal nicotinic acetylcholine receptor.
Experiments conducted in recent years point to an interesting fact: that

(-)- nicotine has or could have positive effects on a variety of diseases, mainly on
central nervous system disorders (currently especially Parkinson’s disease and
Alzheimer’s disease) [1, 2]. Animal experimental models further show that nicotine
could be used for treatment (even if only symptomatic) of a variety of other
central nervous system (CNS) disorders, for example Huntington chorea,
Parkinson’s disease, the consequences or prevention of hypoxia, schizophrenia,
etc. [3,4,5,6,7,8,9, 10].

Nitric oxide (NO) is produced from L-arginine by NOS. Studies conducted in
90's suggest that NO mediates changes in cerebral blood flow under certain
physiological [11] and pathological conditions, such as kainic acid induced seizures
[12] (kainic acid is one of the most common substance, which is widely used as a
model of human temporal epilepsy with complex symptomatology). NO also acts as
an interneuronal messenger which interferes with glutamate transmission [13] and
is involved in glutamate neurotoxicity [14].

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 1s a calmodulin-dependent
process, which must be preceded by an elevation of intracellular Ca**
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concentration [15]. Ca’* influx is induced by activation of glutamate receptors,
preferentially NMDA receptors [16].

Fluoro-Jade B, fluorochrome, could be used for detecting neuronal degeneration
[17]. The hippocampus (particularly CA3 and CA1 areas) is especially sensitive to
the neurotoxic effect of the many substances. The neural events in this brain
structure have been studied intensively [18] due to its comparatively simple
anatomy, its involvement in a variety of neurodegenerative conditions as well as
due to its probable role in memory formation. The problem addressed in the
present paper concerned the question whether and how can intraperitoneal
application of nicotine influence individual brain structures of young rats.

Material and methods

Male rats of the Wistar strain of our own breed were used for the experiments.
Total eight animals were used, four in each group. Two brains in each group were
evaluated histochemically for NADPH-diaphorase staining and 2 brains were
evaluated for combination of the staining Fluoro-Jade B and Hoechst in each
group. In each brain 25-30 sections were examined or quantified. On the 35% day
of age animals were given a single intraperitoneal injection of nicotine (1 mg/kg).
Animals of the control group received normal saline in equal doses. When aged
37 days, animals were perfused under deep thiopental anaesthesia with 4%
paraformaldehyde in 0.1 M phosphate buffer at pH 7.4. Brains were removed,
postfixed for one hour in 4% buffered paraformaldehyde, submerged for 1 hour
into 20% sucrose for cryoprotection, and sliced in the frontal plane into 40 ym
thick sections with a cryostat. To identify effects of experimental treatment, two
different histochemical methods were used:

1) NADPH-diaphorase staining
2) Combination of the Fluoro-Jade B and bis-benzimide (Hoechst 33342)

Ad 1. For the NADPH-diphorase examination 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 reductase (Sigma), 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 precleaned 0.5%
gelatine-coated microscope slides (Menzel-Glaser), air-dried and coverslipped with
microscope cover glasses (Menzel-Glaser) using D.PX. neutral mounting medium
(Aldrich) [8]. NADPH-d positive neurons (Figure 1) were then quantified in five
regions of the hippocampal formation [19]:

1) In CA1 area of the hippocampus,
2) In CA3 area of the hippocampus,

Nicotine and Hippocampus



12 )  Prague Medical Report / Vol. 107 (2006) No. 1, p. 117-124

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

All hippocampal section within the AP planes 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 unpaired t-test
and ANOVA were used (level of significance was set at p<0.001).

Ad 2. After cryostat sectioning free-floating sections were placed in 0.1 phosphate
buffer. Tissue sections were then mounted onto gelatinized slides and allowed to dry
at room temperature. Slides were than placed in staining racks (one slide/slot for even
staining) and immersed in 100% ethanol solution for 3 minutes, in 70% ethanol
solution for 1 minute, in distilled water for 1 minute, in 0.01% potassium
permanganate (KMnO,) for 15 minutes with gentle shaking. Slides were washed in
distilled water three times. Staining proceeded in dim place by immersing slides into
0.001% Fluoro-Jade B solution for 30 minutes with occasional gentle shaking. After
that slides were rinsed in the distilled water three times for 1 minute. Slides were
then immersed in 0.01% Hoechst staining solution for 10 minutes and dehydrated (in
ethanol series); cover-slipped using D. P. X. neutral mounting medium and allowed to
dry. Fluoro-Jade B positive neurons were studied in the same hippocampal regions as
those used for NADPH-d evaluation (each section was taken and evaluated). The
tissue was examined under the epifluorescence illumination with blue (450-490 nm)
excitation light.

Results

The results show that nicotine brings about higher numbers of NADPH-diaphorase
positive neurons in CA3 area of the hippocampus (Figure 1) and hilus of the dentate
gyrus (Figure 1) in the comparison with erther group of control animals. Furthermore,
it did not change the number of NADPH-diaphorase positive neurons in CA1 area of
the hippocampus (Figure 1), in the ventral blade of the dentate gyrus (Figure 1) and in
the dorsal blade of the dentate gyrus (Figure 1).

Brain tissue from nicotine exposed rats contained no Fluoro-jade B positive neurons.
(Colour figures 11, 12) illustrate a typical section (animal, which received 1mg/kg
nicotine) with Fluoro-Jade B/Hoechst combination labelling at low magnifications. The
Hoechst staining did not detect any cells with fine granulated nucleus; the neuronal
cells were classified as intact in all areas of hippocampus. (Colour figures 13, 14)
illustrate the typical section from the brain of control animal (normal saline solution)
with Fluoro-Jade B/Hoechst combination labelling at low magnifications.

Discussion

Our findings show that nicotine administration brings about higher numbers of
NADPH-d positive neurons in 2 examined areas of the hippocampus in 35-day-old
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Ventral blade of the dentate gyrus
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Hilus
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Nicotine and Hippocampus
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Dorsal blade of the dentate gyrus

Control Nicotine

Figure 1 — Number of NADPH-d positive
neurons in CA1 area of hippocampus per
section area, Number of NADPH-d positive
neurons in CA3 area of hippocampus per
section area, Number of NADPH-d positive
neurons in dorsal blade of the dentate gyrus per
section area, Number of NADPH-d positive
neurons in ventral blade of the dentate gyrus
per section area. Number of NADPH-d positive
neurons in hilus of the dentate gyrus per section
area, Mean = SEM. Level of significance

p < 0.001 (%)
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animals. 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 [19].

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 [19]. 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 [20]. Thus, the relatively simple
NADPH-d histochemical technique allows us to characterize the nitrergic systems
in the central nervous system. NADPH-d positive neurons are probably
interneurons.

Our findings also suggest that nicotine might induce higher expression of nNOS,
which could contribute to the neuronal integration as responding to the different
pathophysiological demands. Some experiments have shown that the heavily
positive NADPH-d neurons are relatively resistant to neurotoxic insults [12].

The observed changes and their mutual comparison lead us to the conclusion that
the dose 1mg/kg (albeit this dose is rather high) of nicotine administered
intraperitoneally did not induce neurodegeneration in any area of the
hippocampus in 35-day-old animals, when Fluoro-jade B dye was used for
evaluation.

We can speculate, that nicotine may acts as an neurotoxic agent, which induced
NADPH-d positively in hilus of the dentate gyrus an CA3 area of the hippocampus
(this areas are unresisting to many toxic insults), but it did not induce any
neuronal degeneration. Nicotine can operate as an agent which (by NADPH-d
induced positivity) may protect against some neurotoxic drugs e.g. kainic acid
(KA) and many others [25]. KA-induced seizures are widely used as a model for
human temporal lobe epilepsy [21]. If our theory is true, than nicotine pre-
treatment could be a protective factor against KA effect. In recent literature only
few studies exist, which have discussed this hypothesis. For example, in the
experiments of Shytle et al. [22] the incidence of KA-induced wet dog shakes
(a paroxysmal shaking of the head, neck and trunk) was lower in rats pre-treated
with nicotine 15 minutes before kainic acid administration, than in those
pre-treated only with normal saline. That behavioural study also demonstrates
nicotine protective potential in vivo. On the other hand extensive literature
suggests that nicotine can similarly protect against other different toxic insults in
in vitro systems [8], including its effect against MPTP-induced toxicity in nigral
neurons [9].

Nicotine might also act also as an antioxidant [23]. Discussions proceed that
nicotine can increase expression of some neurotrophic factors, which are crucial
for neuronal maintenance, survival and regeneration {24].
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The precise mechanism, by which nicotine increases the number of NADPH-
diphorase positive neurons and the implications for brain plasticity, eventually. for

its

protective potential remain to be elucidated. To clarify. these questions more

studies are necessary.
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