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Abstrakt:

Alzheimerova demence je neurodegenerativni onemocnéni s nejvyssi prevalenci, které
nelze v soucasné dob¢ vylécit. Cilem diplomové prace bylo otestovat medidtorovy systém
N-methyl-D-aspartatového receptoru a oxidu dusnatého u animalniho modelu sporadické
formy Alzheimerovy demence (potkani model Samaritan; Taconic Pharmaceuticals,
USA) a srovnat tyto zmény se zménami v hipokampalnim cholinergnim systému a v
kognitivnich testech. Tento model vznikl chronickou unilateralni aplikaci B-amyloidus, a
pro-oxidativnich latek (heptahydrat siranu Zeleznatého a L-buthionin-(S,R)-sulfoximin) in
vivo pomoci osmotickych pump Alzet® do levé komory mladého dospélého potkana
kmene Long Evans. Cilem této prace bylo otestovat zmény v expresi NR1/NR2A/NR2B
podjednotek N-methyl-D-aspartatového receptoru a aktivity syntaz oxidu dusnatého
(neuronalni, endotelové a inducibilni) v pravém a levém kortexu. Nase vysledky ukazuji
na signifikantni zmény v expresi NR2A/NR2B podjednotek N-methyl-D-aspartatového
receptoru a aktivité¢ iNOS v kortexu potkani modelu Samaritan pfi srovnani s kontrolnimi
potkany Long Evans. Tyto vysledky jsou v souladu s pozorovanymi zménami v aktivité
cholinergnich transportéra v hipokampu 1 v kognitivnich testech (Morrisovo vodni
bludisté a aktivni alotetické vyhybani se mistu). Nase vysledky podporuji dvoufdzovy
mechanizmus zmén glutamatergniho systému u Alzheimerovy demence a naznacuji, ze

tento animalni model je spiSe modelem raného stadia této nemoci.

Klicova slova: Alzheimerova demence, NMDA receptor, potkani model Samaritan,

syntazy oxidu dusnatého



Abstract:

Alzheimer’s disease is a neurodegenerative disorder with the highest prevalence in the
population and for which we do not have a cure so far. The aim of this thesis was to test
the mediator system of the N-methyl-D-aspartate receptor and nitric oxide in an animal
model of sporadic form of Alzheimer’'s disease (Samaritan Alzheimer's Rat Model;
Taconic Pharmaceuticals, USA). Then compare these results with changes in
hippocampal cholinergic system and cognitive tests. The Samaritan rat model is based on
the unilateral in vivo application of B-amyloids, and the pro-oxidative substances (ferrous
sulfate heptahydrate and L-buthionine-(S,R)-sulfoximine). Neurochemical methods
included testing of the NR1/NR2A/NR2B subunits of the N-methyl-D-aspartate receptor
and activity of nitric oxide synthases (neuronal, endothelial, inducible) in the cortex, in
both cases in the right and left hemisphere separately. Our results show that Samaritan
rats exhibited significant changes in expression of NR2A/NR2B subunits of the N-
methyl-D-aspartate receptor and activity of inducible nitric oxide synthase in cortex
compared to control rats. The results of glutamatergic system are consistent with changes
in activity of cholinergic transporter and cognitive tests (Morris water maze and active
allothetic place avoidance). Our results support the two-stage mechanism of the

glutamatergic system and mimicking the situation of early stages of AD.

Key words: Alzheimer’s disease, NMDA receptor, Samaritan rat model, nitric oxide

synthases
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Seznam zkratek:

AAPA

AD
AMPA
ANOVA
APOE
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BH4
CAMKII
CNS

CREB

eNOS
FAD
FMN
HACU
HC-3
CHT1
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LTD

LTP

aktivni alotetické vyhybani se mistu (active allothetic place
avoidance)

Alzheimerova demence
alfa-amino-3-hydroxy-5-metyl-4-izoxazolpropionat

analyza rozptylu (analysis of variance)

apolipoprotein E

amyloidni prekurzorovy protein (amyloid precursor protein)
tetrahydrobiopterin

Ca®*/kalmodulin dependentni protein kinaza II

centralni nervova soustava

protein vazajici se v genomu na element odezvy na CAMP (CAMP
response element-binding protein)

endotelova syntaza oxidu dusnatého

flavinadenindinukleotid.

oxidovany flavinmononukleotid

vysokoafinitni transport cholinu (high-affinity choline uptake)
hemicholinium-3

vysokoafinitni transportér cholinu

inducibilni syntaza oxidu dusnatého

dlouhodoba deprese (long-term depression)

dlouhodoba potenciace (long-term potentiation)



MAPK

MK-801
MRNA
NMDA
nNOS
NO
NR1
NR2
NR3

PDZ

PKA
PKC
PSD-95
ROS

SAMP8

SEM

TMD
B-amyloid
B-amyloidsg

B-amyloidy;

mitogenem aktivovana proteinkinaza (mitogen-activated protein
kinase)

dizocilpin

mediatorova RNA (messenger RNA)

N-methyl-D-aspartat

neuronalni syntaza oxidu dusnatého

oxid dusnaty

podjednotka NMDA receptoru typu 1

podjednotka NMDA receptoru typu 2

podjednotka NMDA receptoru typu 3

postsynapticky denzni protein, disc large tumor supresor, protein
zonula occludens-1

proteinkindza typu A

proteinkinaza typu C

protein postsynaptické denzity 95

reaktivni formy kysliku (reactive oxygen species)

animalni model mysi se zrychlenym starnutim (senescence

accelerated mouse prone 8)

sttedni chyba priméru
transmembranova doména

peptidy amyloidu 3

peptid amyloidu B konéici v pozici 40

peptid amyloidu 8 konéici v pozici 42
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1. Uvod

Alzheimerova demence (AD) je neurodegenerativni onemocnéni s nejvyssi
prevalenci, které nelze v soucasné dobé vylécit (Bekris et al.,, 2010) Hlavnimi
histopatologickymi znaky jsou extracelularni neuritické plaky tvofené pievazné
agregovanym  [P-amyloidem a intracelularni neurofibrilarni  klubka  vznikla
hyperfosforylovanym tau (1) proteinem. Mezi zakladni dvé formy AD patii familiarni
(autozomaln¢ dominantni onemocnéni s ¢asnym nastupem rozvoje) a sporadicka (jejimz
nejrizikovéj$im faktorem je vek); (Bird, 2008). JelikoZz transgenni animalni modely
odpovidaji spiSe familidrni formé AD, jejiz pravdépodobnost vyskytu je velmi nizka
(5%), je v soucasnosti spiSe snaha najit netransgenni animalni model, ktery by poskytnul
informace o Castéji se vyskytujici sporadické formé AD. Model Samaritan (Taconic
Pharmaceuticals, USA), vznikly chronickou aplikaci roztoku siranu Zeleznatého, [-
amyloidug, a L-buthioninu-sulfoximinu in vivo, by mél modelovat spise sporadickou
formu AD.

Hlavnim cilem této diplomové prace bylo otestovat animalni model sporadické
formy AD (model Samaritan) pomoci zmén v expresi NR1/NR2A/NR2B podjednotek N-
methyl-D-aspartatového (NMDA) receptoru a v aktivitich syntaz oxidu dusnatého —
neuronalni (nNOS), endotelové (eNOS) a inducibilni (iINOS) v kortexu pii srovnani
S kontrolnimi potkany Long Evans. Dal§im cilem bylo porovnat tyto vysledky se
zménami v hipokampalnim neurotransmiterovém cholinergnim systému a v kognitivnich

testech.
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1. Literarni prehled

1.1 Alzheimerova demence

AD patii mezi nejcastéj§i pricinu vzniku neurodegenerativniho onemocnéni
v pokrocilém veéku (Bekris et al., 2010). AD je povazovana za multifaktorialni
onemocnéni, pficemz mezi nejrizikovejsi faktory patii veék. Daéle jsou pak v literatuie
zminovany i dalsi rizikové faktory, jako jsou naptiklad koufeni, obezita, diabetes mellitus
nebo vaskularni onemocnéni (Blennow et al., 2006).

Existuji dvé zdkladni formy AD, a to familidrni a sporadickd. Familiarni forma

AD je autozomaln¢ dominantni onemocnéni, jejiz pravdépodobnost vyskytu je velmi
nizkd. Obecné se uvadi pravdépodobnost mensi nez 6% (Bird, 2008). Je zplsobena
mutacemi v n¢kolika genech.
Vsechny geny rizikové pro vznik familiarni formy AD nejsou znamy, mezi nejcastéji
uvadéné patii amyloidni prekurzorovy protein (APP), presenilin-1 a presenilin-2
(Blennow et al., 2006; Ittner and Gotz, 2011). Lidsky gen pro APP je lokalizovan na 21.
chromozomu (Dawkins and Small, 2014). APP je transmembranovy protein typicky svou
velkou extracelularni doménou a intracelularni C-terminalni doménou (O’Brien and
Wong, 2011; Miiller and Zheng, 2012). V porovnani s familiarni formou se populace
mnohem castéji setkavd se sporadickou formou AD. Ta je spojovéna s alelou &4
apolipoproteinu E (APOE), ktera zvySuje riziko vzniku AD u heterozygotnich jedincii az
3x a u jedinct homozygotnich az 15x. Jednou z funkci APOE je transport cholesterolu do
neuronti, dale také hraje dileZitou roli v akumulaci 3-amyloidu (Blennow et al., 2006; Liu
etal., 2013).

Mezi hlavni histopatologické znaky nalezené v mozcich pacientli postizenych AD
jsou extracelularni neuritické plaky tvofené agregovanym B-amyloidem a intracelularni
neurofibrilarni klubka. Peptidy f-amyloidu (o pfiblizné velikosti 4kDa) vznikaji St€penim
APP. Stépeni se Gi¢astni 2 membranové vazané endoprotedzy (- a y — sekretazy), které
jsou pritomny hlavné v neuronech. V ostatnich bunécnych typech se vyskytuje také o-
sekretdza St€pici APP na mensi useky, které nemaji tendenci agregovat (Benilova et al.,
2012). Cely mechanismus tvorby p-amyloidu z APP je v soucasnosti velmi dobie popsan.

Nejprve B-sekretdza $tépi APP a uvolnuje se derivat, ktery zstava vdzany v membrané a
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ktery je posléze Stépen y — sekretdzou. V dusledku velmi neptfesného Stépeni y — sekretdzy
vznikaji rizné druhy B-amyloidu odliSujici se v C-termindlni doméné. Nejcastéjsi formou
B-amyloidu je peptid konéici v pozici 40 (B-amyloidy) a 42 (B-amyloidyy,).
Experimentalni data naznacuji, Ze delsi forma B-amyloids,; ma vétsi tendenci k tvorbé

vvvvvv

Schéma stépeni APP je zndzornéno na Obrazku 1.

Nanamyloidogenic Amyloidagenic
sAPPa |
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p3 / { 2
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Nan-Raft Rafl

Obrazek 1: Schéma S$tépeni APP

Neamyloidogenni cesta: a-sekretdza Stepi APP za vzniku velké sAPPa ektodomény, kterd
se uvolnuje a nechava za sebou C-termindlni fragment o velikosti 83 aminokyselin (C83)
navazany v membrané. C83 je posléze Stépen y-sekretazou za vzniku extracelularni p3 a

amyloidni intracelularni domény (AICD).

Amyloidogenni cesta: p-sekretaza Stepi APP za vzniku zkrdacené sAPPP a membrdanové
vazany C-terminalni fragment o velikosti 99 aminokyselin (C99). y-Sekretaza odstépuje
z2C99 peptidy p-amyloidu o velikosti 37-43 aminokyselin a nechdvd v membrané
navazany AICD o velikosti 49-50 aminokyselin. AICD je poté uvolnéna do cytoplazmy a
transportovana do jadra, kde aktivuje genovou expresi (prevzato a upraveno z Querfurth

and LaFerla, 2010).

Neurofibrilarni klubka jsou tvofena hyperfosforylovanym t proteinem. Protein 7 je

¢lenem rodiny proteinti asociovanymi s mikrotubuly (Mandelkow and Mandelkow, 2012).
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U lidi se nachazi pfedevsim v neuronech, stopové mnozstvi lze nalézt i v jinych tkanich
jako naptiklad v srdci, ledvinach, plicich a jinych. Existuje 6 izoforem 1 proteinu
v mozku, které se odliSuji zménami v C- i N-terminalni doméné. Kazda izoforma ma
odlisnou funkci a k jeji expresi dochazi v odlisSnych fazich vyvoje (Buée et al., 2000).
V neuronech ma dulezitou funkci v podobé navazani a stabilizace mikrotubulti. Za
fyziologickych podminek je tento protein rozpustny a jeho funkce v neuronech je
udrzovana homeostazou mezi jeho fosforylaci a defosforylaci. Béhem patologickych
podminek dochazi k hyperfosforylaci, ktera snizuje mnozstvi navazané¢ho t proteinu na
mikrotubulech. Nenavazany hyperfosforylovany 1 protein ma tendenci tvofit pary
helikélnich filament (Huang and Jiang, 2009).

Jak jiz bylo fe€eno vySe, v soucasné dobé nelze AD vylécit. Existuje vSak n¢kolik
moznosti, jak zmirnit projevy onemocnéni a zpomalit jeho vyvoj. Pouzivany jsou léky
kompenzujici nedostatek neurotransmiterti (napf. inhibitory acetylcholinesterazy nebo
antagonist¢ NMDA receptoru), psychotropni latky (napf. antidepresiva a anxiolytika),
inhibitorti acetylcholinesterazy (napt. donepezil, galantamin) je ¢astecné kompenzovat
nedostatek acetylcholinu v mozku lidi s AD, vznikajici poskozenim cholinergnich
neuronut. Jejich vyrazny ubytek byl pozorovan predevsim v ncl. basalis Meynerti, coz ma
z4 néasledek zhorSeni kognitivnich schopnosti pacientti (Talesa, 2001). Ke zhorSeni
kognitivnich schopnosti pfispiva také glutamatem regulovana excitotoxicita, ktera mtize
vést k poskozeni funkce neuronii. Dale je pifi léCeni AD cCasto pouzivan memantin,
nekompetitivni antagonista NMDA receptoru (Blennow et al., 2006; Robinson and
Keating, 2006). Memantin ma velmi rychlou kinetiku a vaze se do blizkosti vazebného
mista pro Mg2+ uvnitt iontového kandlu (Johnson and Kotermanski, 2006; Olivares et al.,
2012). Za fyziologickych podminek je NMDA receptor otevien pouze nékolik milisekund
a z toho ditvodu se zde nemiZze memantin koncentrovat a nema proto na receptor Zadny
ucinek. V pfipadé nadmérné aktivace receptoru se koncentrace memantinu uvnitf
jontového kanalu zvysuje a u¢inné ho blokuje a brani tak nadmémému vstupu Ca®* do
butiky (Lipton, 2006). U¢innost memantinu je sice mald, ale velmi ndpomocna,
Vv klinickém testovani byl prokazan jeho ucinek na zlepSeni kognice, nalady, chovani a

vykondvani dennich aktivit (Olivares et al., 2012).
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1.2 NMDA receptor

1.2.1 Struktura NMDA receptoru

NMDA receptor patii spolu s receptorem a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionat (AMPA) a kaindtovym receptorem do skupiny ionotropnich
glutamatovych receptort (Lee et al., 2014). AMPA a kainatovy receptor jsou aktivovany
navazanim excitaéni molekuly L-glutamatu a nejcastéjsi jejich formou je homotetramer

(Karakas and Furukawa, 2014).

NMDA receptor je jedinecny v porovnani s ostatnimi receptory ze skupiny
ionotropnich glutamatovych receptora. K jeho expresi dochazi v celé centralni nervové
soustaveé (CNS) a hraje dalezitou roli béhem fyziologickych (napt. synapticka plasticita) i
patofyziologickych podminek (napt. neuronalni smrt), (Paoletti and Neyton, 2007).
NMDA receptor mad n¢kolik specifickych vlastnosti: pfi klidovém membranovém
potencialu je blokovan extracelularnim Mg2+ navazanym uvnitt NMDA receptoru, ktery
brani jeho aktivaci pfi napéti blizicimu se tomu klidovému; vykazuje vysokou propustnost
pro Ca?*; pro jeho aktivaci je nezbytné navazani glutamatu a koagonisty glycinu; kinetika
NMDA receptoru je pomald z divodu pomalého uvoliiovani glutamétu; obsahuje velké
mnozstvi modula¢nich mist (Paoletti et al., 2013; Lee et al., 2014). K aktivaci NMDA
receptoru dochazi teprve pii vyrazné depolarizaci (~40mV) zptsobené sumaci nékolika
okolnich depolarizaci na presynaptické a postsynaptické membrang. Depolarizace vznika
predev§im prostiednictvim AMPA receptori (Cull-Candy and Leszkiewicz, 2004;
Nikolaev et al., 2012). To je povazovano za protektivni mechanismus, ktery zabrafuje
nadmérnému vstupu Ca®" do neuronu (Bonaccorso et al., 2011). Poté co dojde k otevieni
receptoru, vstupuje Na*"a Ca?* do buiiky. Ca®* aktivuje fadu signalnich kaskad, které jsou

zasadni pro pamét’ a uceni (Furukawa et al., 2005).

Existuje celkem 7 podjednotek NMDA receptoru, které tvofi obligatorni
heterotetramer. Jsou to NR1, NR2 (A-D) a NR3 (A, B). Pro vytvofeni funk¢niho
receptoru je nezbytna piitomnost NR1 podjednotky (Benarroch, 2011). Nejcastéji je
vysledny receptor tvofeny kombinaci dimer NR1 a NR2 podjednotek (Cull-Candy and
Leszkiewicz, 2004). Kazdd podjednotka je tvofena velkou extracelularni N-termindlni
doménou, ligand vazajici doménou, transmembrinovymi doménami (TMD) a
intracelularni C-termindlni doménou. TMD vSech ¢tyf podjednotek je slozena ze tii

transmembranovych oblasti (M1, M3, M4) a M2 oblasti, kterd vstupuje do membrany
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Z intracelularni strany a vytvari vratnou klicku (Sobolevsky et al., 2009). Doména S1 a S2
NRI1 podjednotky umoziiuje vazbu glycinu, zatimco stejné domény NR2 podjednotky
vazi glutamat (Cull-Candy and Leszkiewicz, 2004). Pfehledné schéma struktury NMDA

receptoru je znazornéno na Obrazku 2.

NH2
NR1

Glycine

—

<

COOH

Obrazek 2: Struktura NMDA receptoru

NMDA receptor je tvoren N-terminalni doménou (NH2), C-termindlni doménou (COOH)
a transmembranovymi oblastmi (M1, M3, M4) a M2 oblasti, kterd tvori vratnou smycku.
Domény NRI podjednotky umoznuji vazbu glycinu, domény NR2 podjednotky vazZou

glutamat (Prevzato a upraveno z Benarroch, 2011).

V mozku potkant i clovéka je exprese jednotlivych podjednotek regulovana
riznymi zpusoby. Podjednotky NR1 a NR2B vykazuji vysokou expresi pii narozeni.
Exprese NR2A a NR2C podjednotek se vSak zvysuji teprve po narozeni (Wenzel et al.,
1997; Law et al., 2003). K expresi NR2D podjednotky dochazi v prabéhu embryonalniho
vyvoje a po narozeni je jiz mén¢ signifikantni (Ritter et al., 2001). Medidtorova RNA
(mRNA) podjednotek NMDA receptoru je specificka i svou distribuci. V mozku je
vSudypiitomnd mRNA pro NR1 podjednotku, zatimco transkript pro NR2A a NR2B je
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omezen na neokortex a hipokampus. NR2C mRNA je lokalizovana pouze v mozecku a

NR2D ve stiednim a zadnim mozku (Portera-Cailliau et al., 1996).

1.2.2 Funkce NMDA receptoru

NMDA receptor ma v CNS dulezitou funkci v procesu dlouhodobé potenciace
(LTP) a dlouhodobé deprese (LTD). To jsou dé&je, které jsou soucasti synaptické
plasticity, jejiz podstatou je posilovani nebo zeslabovani synaptického pfenosu
v zavislosti na elektrické stimulaci (Bear and Malenka, 1994; Voglis and Tavernarakis,
2006). Nejlépe je tento d&j popsany v hipokampu mezi CA3-CA1 pyramidovymi neurony
(Liuscher and Malenka, 2012). LTP se ucastni NMDA a AMPA receptor, oba jsou
aktivovany molekulou glutamatu a oba funguji jako selektivni kanaly pro pienos Na®
dovnitf (u NMDA receptoru spolu s Ca?*) a K* ven. Jak uz bylo zmin&no vyse, pro
aktivaci NMDA receptoru je nezbytnd silnd depolarizace na presynaptické i
postsynaptické membrang, kterd umozni uvolndni Mg?*. Nejprve tedy dochézi k aktivaci
AMPA receptoru, pii které vstupuje proud Na* do buitky a mensi proud K* smérem
z bunky. To zpusobi depolarizaci postsynaptické membrany a otevieni kanidlu NMDA
receptoru pro vstup Ca** do intracelularniho prostoru. Zvysend hladina Ca®" aktivuje
uvnitt buiiky celou fadu kindz, mezi které patti také Ca®*/kalmodulin dependentni protein
kindza II (CaMKII), proteinkdza A (PKA), proteinkindza C (PKC) a mitogenem
aktivovana proteinkinaiza (MAPK) (Liischer and Malenka, 2012; Stuchlik and
Svojanovska, 2014). Aktivaci kindz dochazi ke zméné€ jejich vlastnosti a aktivaci
signalnich kaskad. Dochazi také k fosforylaci AMPA receptoru a jeho inzerci do
postsynaptické membrany, viz Obrazek 3. Dochazi k propojovéani sousednich synapsi,
které maji podobnou aktivitu, na zaklad¢€ principu ,,cells that fire together, wire together”
(Zito and Scheuss, 2009). Naopak dlouhodobé sniZeni elektrické stimulace synapsi a tedy
i snizeni hladiny Ca®* vede k aktivaci fosfataz a k zeslabeni synapsi (Lee et al., 2003; Lau
and Zukin, 2007).
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Obrazek 3: Schéma LTP (Prevzato z VVoglis and Tavernarakis, 2006)

Vysokofrekvencni stimulace presynaptické membrany vede k uvolneni glutamatu a
nasledné aktivaci AMPA receptoru. Depolarizace postsynaptické membrany a aktivace
NMDA receptoru ma za nasledek zvyseni hladiny Ca** a aktivaci CaMKII a PKC, které
Jfosforyluji a aktivuji MAPK, coz vede k fosforylaci a aktivaci CREB, ktery indukuje
syntézu proteinu a jejich naslednou inzerci do postsynaptické membrany. Ddle pak Ca**
aktivuje PKA, ktera fosforyluje AMPA a NMDA receptor. To vede ke zvyseni vodivosti
techto receptorii a tim prodlouzeni doby priichodu iontii do buniky (Derkach et al., 2007).

NMDA receptor hraje zasadni roli v tvorbé a zrani novych synapsi v prubéhu
vyvoje. Nékolik experimentii potvrdilo, Ze dochazi k riznym strukturnim zménam ve
sloZeni podjednotek receptoru, ¢imz se ndsledné¢ meéni i jeho vlastnosti (Takahashi et al.,
1996; Paoletti et al., 2013) Nejvyssi mnozstvi NMDA receptoru lze nalézt ve vyvijejicim
se jedinci a sdozravanim se jejich pocet snizuje (McDonald and Johnston, 1990;
Contestabile et al., 2000). NMDA receptor ma ve vyvijejicim se mozku v porovnani

S dospélym mozkem rozdilné vlastnosti: vyssi aktivita NMDA receptoru, nizsi citlivost

17



k zablokovanim Mg®*, delii doba otevieni a vys3i citlivost k pozitivni modulaci glycinem

(Scheetz and Constantine—Paton, 1994; Feldman and Knudsen, 1998; Contestabile, 2000).

1.2.3 Modulace NMDA receptoru

Mezi nejcastéji Vvyuzivana vazebna mista, pies ktera lze NMDA receptor
modulovat patfi: vazebné misto glutamatu/glycinu, uvniti iontového kanalu nebo na
regulacni N-terminalni domén¢. Schéma rozdéleni téchto latek je znazornéno na Obrazku

4 (Monaghan et al., 2012).
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Obrazek 4: Schéma modulitorit NMDA receptoru se zafazenim do skupin podle

vazebného mista

Ve skupine A se nachazeji latky, které funguji jako antagonisté a vizZou se na vazebné
misto glutamatu. Do skupiny B jsou Fazeny antagonisté vazici se na vazebné misto
glycinu. Skupina C zndzornuje latky blokujici kanal a latky ve skupiné D se vazZou a

moduluji N-terminalni doménu (Prevzato z Monaghan et al., 2012).
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Dale mtzeme délit latky modulujici NMDA receptor na kompetitivni antagonisty napf.
selfotel, nekompetitivni alosterické antagonisty a latky blokujici iontovy kanal napf. MK-
801 (Layton et al., 2006; Kalia et al., 2008). NMDA receptor hraje dulezitou roli ve
fyziologickych 1 patologickych procesech (naptiklad oxidativni stres vyvolany
nadmé&rmou aktivaci NMDA receptoru a naslednym vstupem Ca®"), proto je snaha vyuzit

antagonisty k terapeutickym Gc¢eliim (Layton et al., 2006).

1.2.4 Zmény NMDA receptoru v priubéhu Alzheimerovy demence

Glutamat je jednim z hlavnich excita¢nich neurotransmiteri v CNS a z toho
divodu je mu vénovana velka pozornost také pii vyzkumu AD. V literatufe je velmi ¢asto
zminovana glutamatergni hypotéza AD (Maragos et al., 1987; Hynd et al., 2004),
zalozena na dvoufazovém mechanizmu (two-stage mechanism) putsobeni glutamatu
V rozvoji tohoto onemocnéni. V pocate¢nich fazich AD se pfedpokladd hyperaktivita
glutamatergniho systému, zatimco v pokrocilych fazich se systém stdva hypoaktivnim
(Olney et al. 1997). Hyperaktivita je zptisobena zvySenim hladiny glutamatu, ktera vznika
nejspiSe nasledkem nefunkénosti transportérii zpétného vychytdvani. Nasledujici
hypoaktivita v pokrocilych fazich AD je dana ztratou neuroni (Butterfield and Pocernich,
2003; Francis, 2003). Tento mechanismus byl potvrzen také nuklearni magnetickou
rezonanci, pomoci které byly méfeny hladiny glutamatu u tfech skupin pacientl —
kontrolni, s mirnym kognitivnim deficitem a s diagnostikovanou AD. Vysledky
naznacovaly zvySenou hladinu glutamatu u pacientli s mirnym kognitivnim deficitem
oproti tém s AD a naopak signifikantn¢ snizené hladiny u pacientd s AD (Fayed et al.,
2011).

Reaktivni kyslikové radikaly (ROS) jsou béhem fyziologickych podminek
udrzovany v nizkych koncentracich diky antioxidaénimu obrannému mechanismu
(Massaad, 2011). V disledku zmén, mezi které patfi napiiklad senilni plaky,
neurofibrilarni klubka, dysfunkce mitochondrii nebo zanét, dochazi ke zméndm citlivosti
NMDA receptoru. Tyto zmény pak mohou mit za nasledek vznik excitotoxicity (Danysz
and Parsons, 2012). Studie potvrdily, Ze B-amyloidni oligomery aktivuji NMDA a AMPA
receptory lokalizované na neuronech, co? vede k masivnimu vstupu Ca®* do cytosolu

neuronu. Zvysena hladina nésledné zpiisobi nadmérné zatizeni mitochondrii Ca®*, které
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reaguji zvySenou produkci ROS. V membrané mitochondrii tento proces dale pokracuje
otevienim mitochondridlniho poéru prechodné permeability, kterym se uvoliuje
cytochrom ¢ indukujici programovanou buné¢nou smrt — apoptoézu (Sanz-Blasco et al.,
2008; Alberdi et al., 2010; Du and Yan, 2010). ZvySené mnozstvi B-amyloidu (a to
predevs$im B-amyloids,) v synapsi mé dale negativni vliv na mnozstvi NMDA receptoru a
to predevsim inhibici LTP. Cely mechanismus, jehoz vysledkem je endocytéza NMDA
receptoru v klatrinem obalenych vaccich je znazornén na Obrazku 5 (Tanzi, 2005;

Ferreira and Klein, 2011; Crimins et al., 2013).

a7-nicotinic
receptor

Obrazek 5: Vliv g-amyloidus, na internalizaci NMDA receptoru v synapsi

Vazba p-amyloidug, na acetylcholinovy nikotinovy receptor (a7-nicotine receptor) a
aktivace kalcineurinu (PP2B) vede k defosforylaci a aktivaci tyrozinfosfatazy (STEP46),
kterd defosforyluje NR2B podjednotku NMDA receptoru, c¢imz dochazi k indukci
endocytozy NMDA receptoru (Prevzato z Tanzi, 2005).
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K poskozeni neuronti v pribéhu AD pfispivad také zmeéna exprese podjednotek
NMDA receptoru. Heterotetramerni NMDA receptor je nejcastéji tvofen kombinaci NR1
a NR2A-B podjednotek a proto jsou také jejich zmény v expresi nejCastéji méieny.
V mozcich pacienti s AD byla nalezena snizena hladina proteini pro NR1 a NR2B
podjednotku v hipokampu a dale pro NR2A a NR2B podjednotku v entorhinalnim
kortexu (Sze et al., 2001). Tomu odpovidd i exprese mRNA pro NRI1 a NR2B
podjednotku, kterd v prabéhu rozvoje AD klesa. V pifipadé hladin mRNA pro NR2A
podjednotku nebyly nalezeny zadné zmény s rozvijejici se AD (Mishizen-Eberz et al.,
2004).

1.3 Syntazy oxidu dusnatého

Mezi tfi hlavni typy syntdz oxidu dusnatého patii nNOS, eNOS a iNOS a jejich
funkci je tvorba oxidu dusnatého (NO). Syntéza NO je znazornéna na Obrazku 6.
Jednotlivé syntdzy oxidu dusnatého se od sebe vzajemné odliSuji svou lokalizaci a
zpusobem aktivace (Wendehenne et al., 2001). Patii do skupiny proteind, které maji
reduktdzovou doménu s navdzanymi prostetickymi skupinami flavinadeninnukleotid
(FAD) a flavinmononukleotid (FMN) a oxygenazovou doménu s vazebnym mistem pro
arginin, tetrahydrobiopterin (BH;) a hem (Fischmann et al., 1999). Podle zpusobu
aktivace jsou rozdélovany na konstitutivni a indukovatelnou skupinu. Konstitutivni nNOS
a eNOS jsou zdvislé na zvyseni hladiny Ca’*a jeho nasledné vazbé na kalmodulin (Asano
et al,, 1994; Michel and Feron, 1997; Weaver et al., 2002). Tyto syntazy katalyzuji
syntézu NO v kratkych intervalech a nizkych koncentracich (Albrecht et al., 2003). Na
Ca?* nezavisla iNOS vaze kalmodulin s vysokou afinitou a to i za nizkych koncentraci
Ca’* a jeji aktivita je zavisla napf. na hladiné cytokinli (Asano et al., 1994; Michel and

Feron, 1997; Weaver et al., 2002).
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Obrazek 6: Schéma syntézy NO katalyzované syntézami oxidu dusnatého

Elektron pochazejici z NADPH je preveden z reduktazové domény pres FAD a FMN na
oxygenazovou doménu, kde interaguje s BHs a hemem. Vysledkem je urychleni reakce, pri
které dochazi k oxidaci L-argininu za vzniku citrulinu a NO. Pro tento proces je nezbytna

vazba Ca”* na kalmodulin (PFevzato z Alderton et al., 2001).

Konstitutivni nNOS je exprimovana v neuronalni tkani ve zralych i nezralych
neuronech. Pro funk¢énost nNOS je nezbytna dimerizace nejcastéji mezi oxygenazovymi
doménami a vazba Ca®* na kalmodulin. Aktivita miZe byt ovlivnéna také fosforylaci,
inhibitory, vazbou proteinli na PDZ doménu nNOS nebo alosterickymi aktivatory (Zhou
and Zhu, 2009). Aktivace tvorbou dimeru se vyznacuje také eNOS. K jeji expresi dochazi
v endotelidlnich buikach, buiikach hladkého svalstva, srdecnich myocytech, krevnich
destickach nebo také v neuronech. NO vznikajici prostfednictvim eNOS je dulezity pro
regulaci krevniho tlaku (Albrecht et al., 2003; Tuteja et al., 2004). Od piedchozich dvou
se zcela odliSuje INOS, kterd je aktivovana pii zanétu a vyskytuje se proto hlavné

v makrofazich (Beck et al., 1999; Wendehenne et al., 2001).
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1.3.1 Oxid dusnaty

NO ma v téle mnoho funkci a ucastni se fyziologickych a patofyziologickych
procesti. V periferni nervové tkani funguje jako neuromodulator, ktery reguluje
gastrointestinalni motilitu, krevni tlak, neuroendokrinni funkce nebo vazodilataci.
V mozku hraje diilezitou roli v procesu tvorby paméti a regulace odpovédi na bolestivy
stimul. Ucastni se také v procesu imunitni odpovédi a kontraktility a metabolismu
kosterniho svalstva (Christopherson and Bredt, 1997; Omer et al., 2012). V prubé¢hu AD
dochazi k tvorbé ROS, jednim znich je také peroxynitrit, ktery vznika reakci NO se
superoxidem (Guix et al., 2005; Calabrese et al., 2007). Peroxynitrit je velmi silnym
radikélem, ktery zptsobuje nevratnou inhibici dychaciho fetézce a oxidaci jednotlivych
komponentti mitochondrii, ¢imz dochazi k jejich poskozeni (Togo et al., 2004). To jsou

procesy, které prispivaji ke smrti neuront v pribéhu AD.

1.3.2 Zmény syntaz oxidu dusnatého v priibéhu Alzheimerovy demence

V prubéhu AD dochazi ke zménam hladin mRNA, exprese i aktivity vSech tii typt
syntaz oxidu dusnatého. Hladiny mRNA pro nNOS maji tendenci se sniZovat u pacientti
S AD (Norris et al., 1996). Naopak pfi studiu hladin mRNA u iNOS bylo nalezeno
zvySeni, coZ by mohl byt zdroj vyssi produkce NO b&hem AD (Haas et al., 2002). Na
zéklad¢ studie provedené na animalnim modelu mysi se zrychlenym starnuti (SAMPS8 —
senescence accelerated mouse prone 8) byly nalezeny nezménéné hladiny mRNA pro
eNOS (Al et al., 2009). Studie popisujici zmény v expresi nNOS u lidi s AD signalizuji
jeji zvySenou expresi v neuronech obsahujicich neurofibrilarni klubka a v hipokampu
(Guix et al., 2005). V piipadé eNOS a iNOS byla nalezena zvySena exprese v astrocytech
Vv blizkosti senilnich plakt u pacienti s AD a u transgennich mysi (Heneka et al., 2001;
Liith et al., 2001). U nNOS a eNOS dochazi ke zvyseni jejich aktivity v hipokampu u
pacientil s AD a to zejména v levé hemisféte (Kristofikova et al., 2008). Akutni aplikace

B-amyloidu in vivo vede ke zvySeni aktivity nNOS (Stepanichev et al., 2008).
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1.4 Mediatorovy systém NMDA receptoru a oxidu dusnatého a

jeho zmény u Alzheimerovy demence

Soucasti zmén, ke kterym dochézi v pribéhu AD, je 1 mediatorovy syst¢ém NMDA
receptoru a oxidu dusnatého. Jeho soucasti je NMDA receptor propojeny se syntazami
oxidu dusnatého pies protein postsynaptické denzity 95 (PSD-95). PSD-95 reguluje
expresi glutamatovych receptorti na povrchu a hraje zasadni roli v procesu synaptické
plasticity (Almeida et al., 2005). Interakce mezi NMDA receptorem a PSD-95 je
umoznéna pres propojeni C-termindlni domény na NR2 podjednotce receptoru a PDZ
domény proteinu (Christopherson et al., 1999). Takto PSD-95 zvySuje dobu otevieni
NMDA receptoru (Lin et al., 2004), ovliviiuje jeho posttranslacni modifikace a stabilizuje
ho na synapsi (Roselli et al., 2005). Z druhé strany je PSD-95 pfipojen k nNOS pies
silnou interakci mezi PDZ doménami, coZ umoziiuje efektivni aktivaci syntazy pies Ca®"

prochazejicim NMDA receptorem (Florio et al., 2009).

Je znamo, ze v pribé¢hu AD dochazi k naruseni LTP a ztrat¢ neuronii. Vazbou -
amyloidu na NMDA receptor dochazi K jeho endocytoze a PSD-95 tomuto procesu
zabranuje. ZvySujici se mnozstvi B-amyloidu vede ovSem k redukci PSD-95, coz vede
ke snizovani mnozstvi NMDA receptoru na membrané¢ a naslednému kognitivnimu
zhorSeni v pocatecnich fazich AD (Roselli et al., 2005). To také potvrzuje experiment
provedeny na PSD-95 knock out mysich, ktery potvrzuje, ze tyto mysi vykazuji zhorSenou

schopnost uc¢eni (Migaud et al., 1998).
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Obrazek 7: Schéma mediatorového systému NMDA receptoru a oxidu dusnatého

Za patologickych podminek dochazi k nadmérné aktivaci NMDA receptoru a zvysenému
vstupu Ca?" a Na*, které spousti tvorbu ROS. Diky propojeni mezi NMDA receptorem a
syntazami oxidu dusnatého se za patologickych podminek zvysuje tvorba NO, ktery
prispiva ke smrti neuronii. Reakci NO s ROS vznika silny radikadl, jakym je napriklad
peroxynitrit (ONOQ"). Peroxynitrit vede k peroxidaci lipidii, ¢imz poSkozuje bunécnou
membranu. Ddle dochdzi k naruseni funkce mitochondrii, které vede k wuvolnéni
cytochromu c a bunécné smrti. Vysokd koncentrace ROS a dusikatych radikalii miize vést

také k indukci pyknozy

(Prevzato z https://www.rndsystems.com/resources/articles/neuronal-death-glutamate-

excitotoxicity-protein-mediators-strategies-inhibition).
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1.5 Lateralita mozku a jeji zmény béhem normalniho starnuti a

Alzheimerovy demence

Lateralizace hemisfér je vlastnosti mozku, jejiz podstatou je zpracovani
kognitivnich a behavioralnich funkci pfednostné v pravé nebo levé hemisféie (Toga and
Thompson, 2003; Hugdahl, 2010). Lateralitu mozku mutzeme pozorovat na riznych
urovnich, a to zejména morfologické (anatomické, volumetrické), funkéni a
neurochemické (molekularni). S jistou asymetrii hemisfér nebo nékterych oblasti mozku
se muzeme setkat i u nékterych zivocichu (Duboc et al, 2015). Fyziologicka asymetrie
souvisi s evoluci, dédicnosti a s ontogenetickym vyvojem, mize byt vSak ovlivnéna i
patologickymi faktory. Vztahy mezi morfologickou, funkéni a neurochemickou
lateralitou nejsou jesté zcela objasnény. Zda se, ze biochemicka lateralita je bazi funkéni
nebo morfologické laterality (KriStofikova et al., 2010). U lidi je pravé hemisfére obecné
pfisuzovana schopnost rozezndni tvarti, prostorové orientace ¢i zpracovani emocnich
prozitkl, zatimco leva hemisféra je dominantni pfi matematickém a logickém uvazovani.
Nejcastéji jsou v literatufe v souvislosti s lateralitou zminovany jazykova schopnost a

ptirozend preference levé respektive pravé ruky (Sun and Walsh, 2006).

Morfologické zmény jsou studovany pomoci magnetické rezonance. V prubéhu
rozvoje AD byl zjistén ubytek neuronl primarné v oblasti temporalniho a limbického
kortexu, ktery poté postupuje smérem k frontdlnim a okcipitdlnim oblastem. K
pfednostnimu a tedy 1 vaZnéjSimu poskozeni dochazi v levé hemisfére (Thompson et al.,
2003). Stejné tak byly pozorovany zmény ve velikosti lateralnich komor u pacientd s AD
pfednostné v levé hemisfére (Toga and Thompson, 2003). Naopak na zékladé analyzy
zmeén ve velikosti hipokampu u pacientii s AD bylo zjiSténo, Ze je tendence k vétSimu
ubytku v pravém hipokampu (Barnes et al.,, 2005; Shi et al., 2009). Vyraznéjsi
zranitelnost levé hemisféry byla pozorovana 1 na biochemické Urovni u aktivit
nNOS/eNOS a exprese iNOS, ktera se tykala piedevSim zvySeni jejich aktivity
(Kristofikova et al., 2008). Také experimenty testujici lateralitu mozku potkana pomoci
aktivity hipokampalniho vysokoafinitniho transportu cholinu (HACU) vedly k zavéru, Ze
k diivejsimu a vaznéjsimu poskozeni dochazi béhem normalniho starnuti v levé hemisféte

(Kristofikova et al., 2010).
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Pii vybéru animalnich modelt AD je proto potfeba brat ohled na moZznou

ptirozenou lateralitu mozku zvitete, kterd mtize byt za patologickych podminek zménéna.

1.6 Animalni model sporadické formy Alzheimerovy demence

(model Samaritan)

Animalni model Samaritan (nazev patentovany firmou Taconic Pharmaceuticals,
USA) modeluje nékteré znaky sporadické formy AD. Pro tento model byl pouzit kmen
potkani Long Evans, protoze jsou citlivi pro rozvoj neurodegenerativnich onemocnéni,
nesou mutaci vcblb genu a nedochazi u nich ke zhorSeni zraku jako je tomu u
albinotickych potkanich kment. Potkanim Samaritan byl aplikovan FAB roztok (ferrous
sulfate, f-amyloid, buthionine sulfoximine) slozeny ze siranu zeleznatého, B-amyloiduy; a
buthionin-sulfoximinu. Siran zeleznaty indukuje tvorbu oxidativniho stresu a oxidaci
bunécné membrany a dalSich kompartmentt v butice (Lecanu and Papadopoulos, 2013).
Delsi forma B-amyloidu tvoii téméf okamzité oligomer, coz bylo prokazéano v in vitro
pokusech (El-Agnaf et al., 2000). Buthionin-sulfoximin inhibuje syntézu glutationu, ktery
patfi mezi peptidy s funkci detoxifikace a obrany proti pisobeni ROS na bunku (Lu,
2009). Aplikace FAB roztoku probihala pfes Alzet® osmotickou pumpu typu 2ML4
S objemem 2ml po dobu 4 tydnl. Roztok byl ddvkovan v mnozstvi 2,5ul/hodinu. Schéma

osmotické pumpy je na Obrazku 8.
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Obrazek 8: Schéma osmotické pumpy typu Alzet®

Povrch osmotické pumpy je tvoren semipermeabilni membranou, pod kterou se nachazi
osmoticka vrstva. Uvniti pumpy je zasobnik s aplikovanym roztokem a oddil pro

uvoliovani roztoku (prevzato z http://www.alzet.com/).

Osmotickd pumpa byla zavedena intracerebroventrikuldrné do levé komory (Lecanu et
al., 2006). Unilateralni aplikace byla zvolena na zaklad¢ literatury, kde je prokazéno
Thompson et al., 2003). Po aplikaci byly pozorovany v mozku potkanii histopatologické
zmény v podob¢ senilnich plakl tvofenych B-amyloidem (v kortexu a hipokampu) a
neurofibrilarnich klubek. Dale byla pozorovana astrogliéza a mikrogliéza. Tyto zmény se
projevily v behavioralnich testech kognitivnim zhorSenim (Herrlich et al., 2012; Petrasek
etal., 2016).
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2. Cile prace

Cilem diplomové prace bylo otestovat netransgenni animalni model sporadické formy AD
(Samaritan) pomoci zmén v mediatorovém systému NMDA receptor - NO a srovnat tyto

zmeény se zménami v hipokampalnim cholinergnim systému a v kognitivnich testech.
Pomoci biochemickych metod jsme testovali:
e Zmény v expresi podjednotek NR1/NR2A/NR2B NMDA receptoru

e Zmény v aktivitach enzymi syntaz oxidu dusnatého — nNOS/eNOS/iNOS
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3. Metody a material

3.1 Pufry a roztoky

3.1.1 Imunobloting (Exprese podjednotek NR1/NR2A/NR2B)
Homogenizaéni pufr

sachar6za 320 mM

Tris 10 mM

kyselina ethylendiamintetraoctova (EDTA)

0,2 mM

fenylmethylsulfonyl-fluorid (PMSF) 2 mM

2-mercaptoethanol (MERCK) 1mM

50 pl inhibitor protedz

pH=74

Pufr pro fedéni vzorki

10% glycerol

2% sodium dodecyl sulfat (SDS), (Sigma)
5% 2-merkaptoetanol (MERCK)

63 mM Tris-HCI (pH 6,8)

0, 01% bromfenolova modf (Lachema)
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3.1.2 Stanoveni aktivity nNOS/eNOS/iNOS

Uprava kyselého ionexu

200 ml Dowex 50WX8 — 200 (Sigma — Aldrich)
200 ml redestilovana voda
pecicky NaOH (Merck)

Homogenizacni pufr

15,2 mg 1mMEGTA1mM

6,2 mg dithiothreitol (Sigma) 1 mM
0,199 20 mM HEPES

4,38¢g 0,32 M sacharo6za

200 pl 14,6 uM pepstatin (Sigma)
200 pl 21 uM leupeptid (Sigma)

Redestilovana voda (do 40 ml)

1M NaOH, pH=7,4

Stanoveni koncentrace proteinii metodou Bradfordové (Bradford 1976)

Zkumavky B S1-S2 Vzorky (Duplikaty)
BSA (100 pg/ml) 0 200 pl 10 pl
0,1 M NaOH 1000 pl 800 pl 990 pl

+ 3 ml Bradfordova ¢inidla (BioRad)

BSA (bovinni sérovy albumin; € = 0.677 ml mg-1 cm -1, MW = 66430; ptiblizna

koncentrace 5 mg/mL)

31




Reakéni pufr

7850 pl homogenizacni pufr

40 pul 143 uM NADPH (Sigma)
40 ul 36 uM TBH, (Sigma)
70 ul 2,3 uM [14C] arginine - specificka aktivita 274 mCi/mmol) (ARC-

American Radiolabeled Chemicals)

Ledovy stop pufr

0,579 30 mM HEPES
85,96 mg 3 mM EDTA (Sigma)
Redestilovana voda (do 80 ml)

Koncentrovana HCI, pH =5, 5

Inhibitory NOS

5ul 0,95 mM spermidin (Sigma) — nNOS
Sul 0,190 mM L-NAME (Sigma) — eNOS
5ul 0,95 mM aminoguanidin (Sigma) — iINOS

3.2 Zvirata

Experiment byl proveden na animalnim modelu sporadické formy AD (model
Samaritan) a odpovidajicich kontrolach Long Evans (z firmy Taconic Pharmaceuticals,
USA). Ve véku 8 tydnil byla zvifata transportovana do Fyziologického tstavu Akademie
véd, CR. Potkani byli ustajeni v plastovych akvériich v akreditovaném zvéfinci

s konstantni vlhkosti (50%), teplotou (22+£1°C) a s pravidelnym 12 hodinovym cyklem
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svétlo/tma (rozsviti se v 6:00). Po pfevozu jim byla ponechidna doba na aklimatizaci
v délce 2 tydni. Ve Fyziologickém ustavu probihalo behavioralni testovani (Morrisovo
vodni bludisté, aktivni alotetické vyhybani se mistu (AAPA)). Poté byli pfevezeni do
Psychiatrického centra v Praze, kde byli ve v€éku 22 tydni usmrceni strzenim vazu a
naslednou dekapitaci a ziskand mozkova tkan byla pouzita na neurochemickou analyzu.
Experimenty byly schvéaleny odbornou komisi pro préci s laboratornimi zvitaty pti 3. LF

UK a byly provedeny v souladu se zakonem na ochranu zvifat proti tyrani.

3.3 Exprese NR1/NR2A/NR2B podjednotek NMDA receptoru —

imunobloting

Frontdlni kortexy odebrané z potkana byly homogenizovany v 1 ml ledového
roztoku homogenizaéniho pufru. Vysledny homogenat byl stocen na 1200 otacek po dobu
20 min ve vychlazené centrifuze na 4° a za stejnych podminek byl supernatant nasledné
stocen na 12000 otacek. Vznikly pelet byl resuspendovan ve 300 ul redestilované vody.
Koncentrace proteinu byla stanovena ve vzorku pomoci Bradfordova ¢inidla (Sigma-
Aldrich, CR); (Bradford 1976). Na zakladé vysledkti naméfenych na spektrometru
(SHIMADZU) pii 595nm byly vzorky natedény na stejnou koncentraci (1mg/ml) se
vzorkovym pufrem a denaturovany (BIOTECH, CR) po dobu 5 minut pfi teploté 95°C.
Rozdéleni proteint bylo provedeno na 7,5 % polyakrylamidovém gelu (Criterion Cell,
Bio-Rad, USA) pii 45mA. Nasledné¢ byly proteiny pfeneseny na nitrocelulozovou
membranu pomoci Criterion Blotter (Bio-Rad, USA) a blotovany po dobu 80 min pii 100
V. Nespecifické vazby byly blokovany pomoci 3% BSA. Po 5 minutovém promyvani v
redestilované vod¢ byly membrany roziiznuty na tfi Casti, které obsahovaly proteiny
naseho zajmu (130kDa pro NR1, 180kDa pro NR2A a 180kDa pro NR2B a kontrolni
protein 50 kDa a-tubulin). Membrany byly inkubovany ve fosfatovém pufru spolecné s
0,1 % Tween (Sigma) a 3% odtuénénym mlékem po dobu 30 minut. Nasledné byly
membrany inkubovany s primarnimi a sekunddrnimi protilatkami viz Tabulka 1. Detekce
byla provedena pomoci chemiluminiscentniho substratu (Pierce, USA) a vyhodnocovéana

v programu Gel Doc Analysis Systém (Bio-Rad, USA).
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Tabulka 1: Inkubace s primarnimi a sekundarnimi protilatkami

PRIMARNI

PROTILATKA

Proteiny NR1130kDa | NR2A180kDa | NR2B180kDa | e-tubulin 50

naseho zajmu KDa

Primarni Anti — Anti-NMDAR2A | Anti-NMDAR2B | anti-a-tubulin

protilatka NMDARL polyklonaln polyklonalni monoklon4ln
monoklonalni | protilatka protilatka protilatka
protilatka

Vyrobce Merck Merck Millipore, | Merck Millipore, | Exbio, CR
Milipore, USA | USA USA

Inkubace a Fedéni | Pfes noc v 2h pfi pokojové 2h pti pokojové 1h pti pokojové
lednici, 1:100 | teploté, 1:500 teploté, 1:500 teploté, 1:1000

SEKUNDARNI

PROTILATKA

Proteiny NR1 130 kDa | NR2A 180 kDa | NR2B 180kDa | a-tubulin 50

naseho zajmu KDa

Sekundarni Polyklonalni polyklonalni polyklonalni polyklonalni

protilatka protilatka goat | protilatka goat protilatka goat protilatka goat
anti-mouse anti-rabbit anti-rabbit anti-mouse

Vyrobce Dako, Dansko | Dako, Dansko Dako, Dansko Dako, Dansko

Inkubace a Fedéni

1h pti
pokojové

teploté, 1:3000

1h pti pokojové
teploté, 1:3000

1h pfi pokojové
teploté, 1:3000

1h pti pokojové
teploté, 1:5000
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3.4 Stanoveni aktivity syntaz oxidu dusnatého

3.4.1 Uprava kyselého ionexu na mirné zasadity

Pted zacatkem samotnych experimentii bylo potieba upravit kysely ionex Dowex
50WX8-200 (s pocatecnim pH pfiblizné¢ 3) na mirné zasadity (tj. hodnota pH pod 8). Ke
kyselému ionexu byla pfidana redestilovana voda v poméru 1:1 a po dukladném
promichani bylo zméfeno pocatecni pH. Poté byly do ionexu postupné ptridavany pecicky
NaOH, tak aby pH dosahlo hodnot 13-14. Nasledovala inkubace po dobu 3 hod, béhem
které byl roztok michan. Po této dobé byl roztok nad ionexem odlit a byla pfidana
redestilovand voda. Po 15 minutovém michani byl roztok nad ionexem opét odlit a cely
postup se opakoval do té doby nez pH nad ionexem dosdhlo hodnot pod 8. Poté byl ionex

uloZen do lednice.

3.4.2 Stanoveni aktivity syntaz oxidu dusnatého

Zamrazené kortexy (bez frontdlni cCasti) odebrany separatné z pravé a levé
hemisféry byly homogenizovany v 10 nasobku homogeniza¢niho pufru na
homogenizatoru teflon/sklo Potter’s Brown (800 ot/min, 10 zdvih{). Homogenat (2 ml)
byl odebran do silnosténnych zkumavek a stoc¢en pii 1200 g (2800 ot/min), 10 min, 4°C
(centrifuga Universal 32R). Poté byl odebran 1 ml supernatantu do novych silnosténnych
zkumavek, ktery byl zvortexovan. Nasledovalo stanoveni koncentrace proteinii metodou
Bradfordové (Bradford, 1976). VSechny vzorky byly nafedény homogeniza¢nim pufrem
tak, aby obsahovaly 2 mg proteinu/ml (inkuba¢ni smés obsahovala 0,5 mg/ml celkového
proteinu). Vzorky v homogeniza¢nim pufru byly inkubovany 30 min pii 37°C s reakénim
pufrem. Do vzorkd, ve kterych byla testovana aktivita nNOS a eNOS, byl ptfidan 42 mM
CaCl,. Aktivity jednotlivych NOS byly odliseny pomoci 3 inhibitort. Aktivita nNOS byla
stanovena piidanim specifického inhibitoru spermidinu. Aktivita eNOS byla zméfena
pomoci L-NAME po odecteni aktivity nNOS. Vzorky bez ptidaného CaCl,, ve kterych
byla testovana aktivita iNOS, byly inkubovany s aminoguanidinem. Pfidanim ledového

stop pufru byly reakce ukonceny.

Vzorky byly nality do pfedem piipravenych Pasteurovych pipet umisténych ve
zkumavkach a naplnénych vatou s navrstvenym Dowexem. Po proteceni roztoku byly

Pasteurovy pipety pfesunuty do novych zkumavek a promyty 2x 500 ul redestilované
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vody. Roztok prosly Dowexem byl zvortexovan a 250 pl z kazdé zkumavky bylo
napipetovano do scintilacnich nadobek. Dale bylo do scintilacnich nadobek ptidano 5 ml
scintilatniho koktejlu Gold Star (Multi-purpose liquid scintillation coctail Meridian)
Aktivita zafeni byla zméfena na B-counteru LS 6500 (Beckman Coulter). Celé méteni

bylo provadéno v duplikatech.

3.5 Analyza dat

Ziskana data byla vyhodnocovéna ve statistickém programu BMDP. Ke globalni
analyze jsme pouzili analyzu rozptylu (Anova) s opakovanymi méfenimi, k post-hoc
analyze parovy t-test (pooled variance). VSechna data jsou prezentovana jako aritmeticky

pramér =+ sttedni chyba praméru (SEM).
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4. Vysledky

4.1 Zmeény v expresi podjednotek NR1/NR2A/NR2B NMDA

receptoru

Obrazek 9 znazoriuje vysledky experimentil testujici expresi NR1 podjednotky

NMDA receptoru ve frontdlnim kortexu potkant. Z vysledkli Anovy s opakovanymi

méfenimi  vyplyva, Ze dosSlo ke statisticky vyznamnému zvySeni exprese NRI

podjednotky v levé hemisféte u obou skupin zvirat.

Exprese NR1

1,02

1,01

0,99

0,98

0,97

0,96

0,95

Prava hemisféra

Leva Hemisféra

Okontroly

B Samaritan

Obrazek 9: Exprese podjednotky NR1 NMDA receptoru ve frontalnim kortexu

potkana

Vysledky jsou prezentovany jako aritmeticky prumér + SEM.

Vysledky Anovy s opakovanymi méfenimi: skupiny - F (1, 16) =0, 93; p = 0, 3499; lateralita — F (1, 16) =

5,22;

p = 0, 0363*; interakce — F (1, 16) = 1,45; p = 0, 2455

Vysledky t-testu: Prava hemisféra: p = 0, 2728; Leva hemisféra: p =0, 9906
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Obrazek 10 znazornuje vysledky experiment testujici expresi NR2A podjednotky

NMDA receptoru ve frontalnim kortexu potkant. Z vysledki Anovy s opakovanymi

méfenimi a t-testl vyplyva, Ze u potkanli Samaritan doslo ke statisticky vyznamnému

zvySeni exprese NR2A podjednotky v levé hemisfére.

0,88

0,87

0,86

0,85

0,84
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0,82

Exprese NR2A

——

Prava hemisféra

Leva hemisféra

OKontroly
B Samaritani

Obrazek 10: Exprese podjednotky NR2A NMDA receptoru ve frontalnim kortexu

potkana

Vysledky jsou prezentovany jako aritmeticky prumér = SEM.

Vysledky Anovy s opakovanymi méfenimi: skupiny - F (1, 16) = 6, 43, p = 0, 0220%*, lateralita— F (1, 16) =

7,89, p =0, 0126%*, interakce — F (1, 16) =0, 96, p = 0, 3421

Vysledky t-testu: Prava hemisféra: p = 0, 2439; Leva hemisféra: p = 0, 0142*
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Vysledky experimentu stanovujicich expresi podjednotky NR2B NMDA receptoru
ve frontadlnim kortexu potkana jsou znazornény na Obrazku 11. Anova s opakovanymi
meéfenimi potvrdila vyznamnou dominanci v expresi v NR2B v levém frontalnim kortexu
u kontrolnich zvifat Long Evans 1 potkani Samaritan. Rozdily mezi skupinami vSak

nebyly nalezeny.

Exprese NR2B

0,95

HH

0,9

OKontroly
B Samaritani

0,85 T
| |

0,8

0,75
Prava hemisféra Leva hemisféra

Obrazek 11: Exprese podjednotky NR2B NMDA receptoru ve frontalnim kortexu

potkana

Vysledky jsou prezentovany jako aritmeticky prumér +- SEM.

Vysledky Anovy s opakovanymi méfenimi: skupiny - F (1, 16) = 2, 85, p =0, 1107, lateralita — F (1, 16) =
28, 47,

p =0, 0001***, interakce — F (1, 16) =1, 04, p =0, 3220
Vysledky t-testu: Prava hemisféra: p = 0, 1863; Leva hemisféra: p =0, 8540
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Kontrolni potkani . . .
Potkani Samaritan . . .

Obrazek 12: Vysledky imunoblotting analyzy
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4.2 Zmeéna aktivit enzymu syntadz oxidu dusnatého

Z obrazku 13 je patrné, ze aktivita nNOS v kortexu potkana Long Evans neni
vyznamné lateralizovana. Vysledky Anovy s opakovanymi méfenimi naznacily statisticky
vyznamnou interakci mezi skupinami a lateralitou, coz lze interpretovat mirnym
poklesem aktivity nNOS zejména v levé hemisféfe potkant Samaritdn ve srovnani s

kontrolnimi potkany.
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Obrazek 13: Aktivita nNOS v kortexu potkana

Aktivita nNOS je vyjadfena nmol/30min/mg proteinu. Vysledky jsou prezentovany jako aritmeticky pramér
+- SEM.

Vysledky Anovy s opakovanymi méfenimi: skupiny F (1, 17) =0, 45, p =0, 5103, lateralita — F (1, 17) = 0,
53, p =0, 4747, interakce F (1, 17) =5, 67, p = 0, 0292*

Vysledky t-testu: Prava hemisféra: p = 0, 8405; Leva hemisféra: p =0, 273

41



Z obrazku 14, ktery znédzoriiuje vysledky meéteni aktivity eNOS, neni patrna
lateralita u kontrolnich zvitfat Long Evans. Ackoliv byl u potkanti Samaritan pozorovan
pokles (v pravé hemisféte na 67, 2 %, v levé na 72, 3 %), zmény nedosahly statistické

vyznamnosti.

Aktivita eNOS
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Obrazek 14: Aktivita eNOS v kortexu potkana

Aktivita eNOS je vyjadiena nmol/30min/mg proteinu. Vysledky jsou prezentovany jako aritmeticky pramér
+ SEM.

Vysledky Anovy s opakovanymi méfenimi: skupiny F (1, 17) =2, 81, p =0, 1121, lateralita — F (1, 17) = 1,
03, p =0, 3244, interakce F (1, 17) =0, 03, p = 0, 8606

Vysledky t-testu: Prava hemisféra: p = 0, 1484; Leva hemisféra: p =0, 1430
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U kontrolnich potkanti Long Evans byly hladiny iNOS velmi nizké, v fad¢ ptipada
se jejich hodnoty blizily nule a méfeni bylo tedy zatizeno velkou chybou. Z tohoto
davody nejsou vysledky prezentovany v grafické formé, ale pouze nasledujicimi
vysledky: kontroly pravd hemisféra 27,9 + 18,0, kontroly levd hemisféra 4,9 + 2,0;
potkani Samaritan prava hemisféra: 17,8 +7,5, potkani Samaritan leva hemisféra: 22,7 +
4,9 (tyto vysledky jsou uvadény v hodnotach nmoly/30 min/mg proteinu). Pfi srovnani
levé a pravé hemisféry hodnoty méfeni naznaGovaly moznou pravo-levou asymetrii v
aktivit¢ iINOS u kontrolnich potkanii Long Evans. Ackoliv vysledky Anovy s
opakovanymi métenimi (skupiny F (1, 17) =0, 15, p = 0, 7046; lateralita — F (1, 17) = 0,
69, p =0, 4165; interakce F (1, 17) = 1, 66, p = 0, 2148) nesignalizovaly zadné statisticky
vyznamné zmény, vysledky t-testll (prava hemisféra: p = 0, 6258, levd hemisféra: p = 0,
0025**) nevyloucily mozny nartst aktivity iNOS v levé hemisfére u potkani Samaritan

oproti kontrolnim potkantm.
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4.3 Vysledky korelacni analyzy

Tabulka 2: Korelace mezi jednotlivymi komponentami mediitorového systému

NMDA receptoru a oxidu dusnatého v kortexu potkana

Komponenty kontroly Samaritani Z-test
KK p KK p p
1) Podjednotky
NR1 P x lateralita NR1 -0,789  0,007** -0,976 0,001*** | 0,052
NR2A P x lateralita NR2A -0,719  0,019* -0,702 0,052 0,953
NR2A L x lateralita NR2B -0,637  0,048* -0,860  0,006** | 0,356
NR2B P x lateralita NR2B -0,979 <0,001*** | -0,979 <0,001*** | 0,361
NR2B L x lateralita NR2B +0,665 0,036* +0,878  0,004** | 0,334
2) Podjednotky a syntazy
NR2A P x eNOS L +0,620 0,056 -0,496 0,211 0,030*
3) Syntazy
nNOS P x nNOS L +0,965 <0,001*** | +0,886 < 0,272
nNOS P x eNOS P +0,664  0,036* 0,001*** 0,962
NNOS P x iINOS P +0,750 0,012* +0,649 0,058 0,211
nNOS L x eNOS P +0,790 0,007** | +0,270 0,482 0,424
nNOS L x iNOS P +0,703  0,023* +0,556 0,120 0,448
eNOS P x eNOS L +0,799  0,006** | +0,423 0,257 0,196
eNOS P x lateralita eNOS -0,691  0,027* +0,360 0,342 0,444
eNOS L x lateralita eNOS -0,140 0,700 -0,400 0,287 0,076
iINOS P x lateralita iINOS -0,665  0,036* +0,690 0,040* | 0,384
iINOS L x lateralita iNOS -0,130 0,719 -0,858 0,003** | 0,035*

+0,779  0,013*

KK — korela¢ni koeficienty

U kontrolnich zvifat data naznacila Gizky vztah mezi expresi NR2A podjednotky v
pravé a levé hemisféte (negativni korelace mezi expresi NR2A podjednotky vpravo a jeji
asymetrii), mezi expresi NR2B podjednotky v pravé a levé hemisféfe (negativni korelace

mezi expresi NR2B podjednotky vpravo a jeji asymetrii, pozitivni korelace mezi expresi
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NR2B podjednotky vlevo a jeji asymetrii) a mezi expresi NR2A a NR2B podjednotek
(negativni korelace mezi expresi NR2A podjednotky vlevo a asymetrii NR2B
podjednotky). Mezi expresemi podjednotek NMDA receptoru a aktivitou NOS nebyla
nalezena zadna statisticky vyznamna korelace u kontrolnich potkant. Vysledky aktivit
syntdz naznacily vztah mezi aktivitou nNOS v pravé a levé hemisféie (pozitivni korelace
mezi aktivitou nNOS vpravo a vlevo), mezi aktivitou eNOS v pravé a levé hemisfére
(pozitivni korelace mezi aktivitou eNOS v pravo a vlevo), mezi aktivitou nNOS, eNOS,
iINOS v pravé hemisféte (pozitivni korelace mezi aktivitou nNOS a eNOS, nNOS a iNOS
vpravo) a vliv aktivity nNOS v levé hemisféfe na aktivitu eNOS a iNOS v pravé
hemisféte (pozitivni korelace mezi aktivitou nNOS vlevo a eNOS, iNOS vpravo). Dale
data vykazuji statisticky vyznamny vztah mezi NOS v pravé hemisféfe a jejich asymetrii
(negativni korelace mezi aktivitou eNOS vpravo a jeji lateralitou, negativni korelace mezi

iNOS vpravo a jeji lateralitou).

Vysledky Z-testl, které mezi sebou porovnavaly kontrolni potkany Long Evans a
potkany Samaritan, prokazaly signifikantni rozdily mezi expresi NR2A podjednotky v
pravé hemisféfe a aktivitou eNOS v levé hemisféte, dale mezi aktivitou iNOS vlevo a jeji

lateralitou.

Tabulka 3: Korelace mezi charakteristikami CHT1 v hipokampu u kontrolnich

zvirat Long Evans a potkani Samaritan

Charakteristiky Kontroly Samaritani Z-test

KK p KK p p
HACU P x HACU L +0,686  0,041* +0,105 0,805 0,225
HC-3P x HC-3 L +0,903 <0,001*** | +0,676 0,065 0,271

KK — korela¢ni koeficienty

U kontrolnich zvifat data naznacuji vztah mezi vysokoafinitnim transportem
cholinu (HACU) v pravém a v levém hipokampu (pozitivni korelace mezi aktivitou

vpravo a vlevo), mezi specifickou vazbou hemicholinia-3 (HC-3) v pravém a v levém
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hipokampu (pozitivni korelace mezi vazbou vpravo a vlevo). Z-testem vSak nebyly

nalezeny zadné signifikantni rozdily mezi kontrolnimi potkany a potkany Samaritan.

Tabulka 4: Korelace mezi jednotlivymi komponentami mediatorového systému

NMDA receptoru a oxidu dusnatého v kortexu a CHT1 v hipokampu

Komponenty Kontroly Samaritani Z-test
KK p KK p p
1) NR1
NR1 L xHACU L -0,600 0,088 +0,595 0,119 0,023*
lateralita NR1 x lateralita HC-3 | +0,438 0,238 +0,935 < 0,001*** | 0,043*
2) NR2A
NR2A P x lateralita HACU +0,711 0,032* +0,159 0,707 0,229
NR2AP x HC-3L -0,584 0,099 +0,488 0,220 0,047*
3) NR2B
NR2B P x HACU P -0,740 0,023* +0,131 0,757 0,074
NR2B L x HC-3P -0,705 0,034* -0,473 0,236 0,549
lateralita NR2B x HACU P +0,684 0,042* -0,276 0,509 0,064
4) nNOS
nNOS L x HACU L +0,058 0,882 +0,843 0,004** 0,042*
NNOS L x HC-3 P -0,678 0,045* -0,467 0,206 0,580
lateralita nNOS x HACU P -0,607 0,083 +0,423 0,257 0,045*
5) eNOS
eNOS P x HACU P -0,679 0,044* +0,018 0,964 0,143
eNOS P x HC-3 P -0,675 0,046* -0,131 0,737 0,233
eNOS P x HC-3 L -0,714 0,031* +0,067 0,863 0,096
eNOS L x lateralita HACU +0,774 0,014* +0,197 0,612 0,150
eNOS L x lateralita HC-3 L -0,732  0,025* -0,096 0,807 0,147
lateralita eNOS x HACU L +0,755 0,019* -0,048 0,903 0,074
6) INOS
iINOS L x lateralita HACU -0,682 0,043* +0,199 0,608 0,073
lateralita INOS x lateralita HC- | -0,682 0,043* -0,196 0,614 0,272
3

Data prokézala statisticky vyznamny vztah mezi NR2A podjednotkou NMDA

receptoru v pravém kortexu a lateralitou HACU (pozitivni korelace mezi expresi
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podjednotky NR2A vpravo a asymetrii HACU), mezi NR2B podjednotkou v pravém
kortexu a HACU v pravém hipokampu (negativni korelace mezi expresi NR2B
podjednotky a aktivitou HACU), dale mezi NR2B v levém kortexu a HC-3 v pravém
hipokampu (negativni korelace mezi expresi NR2B a aktivitou HC-3), mezi asymetrii
NR2B podjednotky a HACU v pravém hipokampu (pozitivni korelace mezi asymetrii
exprese NR2B a aktivity HACU v pravém hipokampu), mezi nNOS v levém kortexu a
HC-3 v pravém hipokampu. Statisticky vyznamny vztah mezi eNOS vpravo a HACU
vpravo, HC-3 vpravo, HC-3 vlevo (negativni korelace mezi aktivitou eNOS a HACU,
HC-3), mezi eNOS a lateralitou HACU, HC-3 (pozitivni korelace mezi aktivitou eNOS a
lateralitou HACU, negativni korelace mezi aktivitou eNOS a lateralitou HC-3 v levé
hemisféte), mezi lateralitou eNOS a HACU (pozitivni korelace mezi lateralitou eNOS a
HACU v levém hipokampu), mezi iNOS v levém kortexu a lateralitou HACU (negativni
korelace mezi aktivitou iINOS a lateralitou HACU), mezi lateralitou iNOS a lateralitou

HC-3 (negativni korelace mezi asymetrii iNOS a HC-3).

Z — test prokazal signifikantni rozdily mezi podjednotkou NR1 a HACU v levém
hipokampu, lateralitami NR1 podjednotky a HC-3, NR2A v pravé hemisféfe a HC-3
V levé hemisfére, mezi aktivitou nNOS a aktivitou HACU v levé hemisféie, lateralitou

aktivity nNOS a HACU vpravo.
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5. Diskuze

5.1 Lateralita kontrolnich zvitat Long Evans v mediatorovém

systému NMDA receptoru a oxidu dusnatého

U kontrolnich zvitat Long Evans jsme pozorovali nevyznamnou lateralitu v expresi
NR1, vyraznéj$i pravo-levou u NR2A (viz vyrazny efekt laterality u Anovy
s opakovanymi méfenimi) a signifikantni levo-pravou u NR2B podjednotky (viz vyrazny
efekt laterality u Anovy s opakovanymi méfenimi) NMDA receptoru (viz Obrazek 9 —
11). V piipadé¢ aktivit nNOS, eNOS a iNOS nebyla u kontrol pozorovana zadna
vyraznéjsi asymetrie (vViz Obrazek 13 - 14 a Vysledky). Mozna asymetrie v expresi NR2A
a NR2B podjednotek 1ze podpofit i nékterymi vysledky korelacni analyzy kontrolnich
zvitat (viz signifikantni negativni korelace mezi NR2A podjednotky vpravo a lateralitou
NR2A podjednotky nebo mezi NR2B podjednotkou vpravo a lateralitou NR2B
podjednotky), tuto interpretaci vSak oslabuje vyrazna negativni korelace mezi NRI
podjednotkou vpravo a jeji lateralitou (viz Tabulka 2). VétSinu vyznamnych pozitivnich
korelaci mezi jednotlivymi syntézami v obou hemisférach Ize interpretovat kooperaci
pravé a levé strany (viz Tabulka 2). Nelze vSak opomenout, Ze u kontrolnich potkanii byla
provedena stejna operace jako u potkand Samaritanti (pomoci osmotické pumpy Alzet®
jim byl unilaterdlné aplikovan do levé hemisféry fyziologicky roztok). Nase vysledky
tedy mohou byt touto unilateralni aplikaci ovlivnéné a nelze je proto povazovat za dikaz
mozné fyziologické laterality v medidtorovém systétmu NMDA receptoru a oxidu
dusnatého u potkana kmene Long Evans. Pfesto lze konstatovat, Ze napf. levo-prava
asymetrie v expresi synaptické NR2B podjednotky byla nalezena i v hipokampu mysi
(Kawakami et al., 2003).
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5.2 Zmény v medidtorovém systému NMDA receptoru a oxidu

dusnatého u potkanti Samaritan

Pii srovnani s kontrolnimi potkany Long Evans jsme pozorovali u potkand
Samaritan mirny pokles na 98% u NR1 podjednotky v pravé hemisféte (viz signifikantni
vysledek Anovy s opakovanymi meéfenimi pro lateralitu navzdory nevyznamnému
vysledku t-testu) a naopak mirny nartast na 102% u NR2A podjednotky v levé hemisféie
(viz signifikantni vysledky Anovy s opakovanymi méfenimi i1 parového t-testu).
V piipadé¢ NR2B podjednotky byl nalezen u potkant Samaritdn nesignifikantni nartst na
104% a signifikantni vysledky Anovy s opakovanymi méfenimi pro lateralitu lze
interpretovat spiSe bazalni levo-pravou asymetrii potkani Long Evans (viz ¢ast 5.1) nez
zménami v lateralité vyvolané aplikaci. Literarni tidaje tykajici se zmén v expresi NR1
podjednotky béhem normalniho starnuti oznamily snizeni (Eckles-Smith et al., 2000;
Magnusson et al., 2002; Liu et al., 2008) nebo zadné zmény (Sonntag et al., 2000). U lidi
s AD bylo nalezeno v hipokampu vyznamné snizeni, pouze vSak v pozd&jSich stadiich
onemocnéni (Sze et al., 2001). Udaje tykajici se NR2A podjednotky oznamily zvysenou
expresi béhem normélniho starnuti (Cui e al., 2013), zadné zmény v Casné fazi AD
(Clayton et al., 2002; Mishizen-Eberz, 2004) a snizeni v pokro¢ilych fazich AD (Bi and
Sze, 2002). Srovnani naSich vysledkd tykajicich se exprese NR1 a NR2A podjednotek
S udaji v literatufe tedy naznacuje, Ze zmény u potkani Samaritan koresponduji spiSe se
zménami pozorovanymi béhem normalniho starnuti a v ranych stadiich onemocnéni. Je
znamo, ze NMDA receptory obsahujici zvySené mnozstvi NR2A podjednotky vykazuji
napf. vyssi pravdépodobnost otevieni kanalu pii pouziti MK-801 antagonisty (Chen et al.,
1999), nizsi aktivaéni energii potiebnou pro otevieni kandlu (Erreger et al., 2005) a
rychlejsi schopnost deaktivace (Vicini et al., 1998). Lze tedy konstatovat, Ze zvySena
exprese NR2A podjednotky by mohla odpovidat pocatecni hyperaktivité glutaméatergniho
syst¢tmu (s ohledem na jiz zminény dvoufidzovy mechanizmus), ke které¢ dochdzi

Vv Casnych fazich AD.

U potkanti Samaritan jsme nalezli také pokles na 67% v aktivit¢ nNOS v levé
hemisféte (viz signifikantni vysledek Anovy s opakovanymi métenimi pro interakci mezi
skupinami a lateralitou, viz Obrazek 12). U aktivity eNOS byl pozorovan bilateralni

pokles (na 67% vpravo a na 72% vlevo), vysledky statistické analyzy vSak nepotvrdily
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zadné vyznamné rozdily (viz Obrazek 13). Ackoliv Anova s opakovanymi méfenimi
nesignalizovala vyznamné zmény v aktivit¢ iNOS, vysledky parového t-testu nevyloucily
mozné¢ zvySeni (na 463%) vlevé hemisféfe u potkanti Samaritan v porovnani
s kontrolnimi potkany. Data v literatuie tykajici se aktivity nNOS ukazuji na jeji
snizovani na modelu mysi urychleného starnuti (SAMPS) v kortexu a mozkovém kmeni
(Colas et al., 2006) a zvySeni v levém hipokampu u lidi v pokrocilejSich fazich AD
(Kristofikova et al., 2008). In vitro aplikace B-amyloidui4, a B-amyloiduss.ss vedla
K inhibici aktivity nNOS (Venturini et al., 2002). Studie tykajici se aktivity iNOS
oznamily zvySeni béhem normalniho starnuti v mozku potkanit Wistar (Siles et al., 2002)
a Long Evans, kde byly navic pozorovany vyraznéj$i zmény v levé hemisfére
(Kristofikova et al., 2010). U lidi s AD byla nalezena zvySena aktivita iNOS v kapilarach
izolovanych z mozkové tkan€ (Dorheim et al., 1994), jini pozorovali signifikantni zvySeni
spiSe v jeji expresi, a to zejména v levé hemisféfe (Kristofikova et al., 2008). Studie
délana na kultufe astrocytll ziskané z potkanii zjistila, ze oligomery s nizkou molekularni
hmotnosti stejné jako rozpustny B-amyloid indukuji prozanétlivou odpovéd mimo jiné
také zvySenim iNOS aktivity (Austin and Combs, 2008). Predpoklada se, ze zvySeni
v aktivité/expresi iNOS obecn¢ signalizuje zanétlivé procesy (Kristofikova et al., 2008).
Pii srovnadni ndmi pozorovanych zmén v aktivit¢ nNOS/iNOS u potkanii Samaritan
S udaji v literatufe lze tedy konstatovat, Ze model potkanli Samaritan koresponduje spise s
normalnim starnutim popf. s casnou fazi AD, podobné jak bylo pozorovdno u

podjednotek NMDA receptoru.

Vysledky korelacnich analyz (viz Tabulka 2) potvrdily vyznamné rozdily mezi
potkany Samaritdn a kontrolnimi potkany Long Evans ve dvou piipadech. Prvni
signifikantni zména byla zplsobena zvratem z vyrazné pozitivni korelace (s hrani¢ni
signifikanci) mezi expresi NR2A vpravo a aktivitou eNOS vlevo u kontrol na
nevyznamnou negativni korelaci u potkanti Samaritan. Vysledek lze obtiZzné interpretovat,
pravdépodobné vsSak odrdzi zménénou homeostazu mezi NR2A (viz také vyznamné
zvySeni NR2A vlevo) a eNOS nasledkem unilaterdlni aplikace u potkani Samaritan.
Navzdory tomu, Ze jsme u potkani Samaritan pfimo nenalezli vyznamné zmény v aktivité
eNOS, signifikantni vysledek korela¢ni analyzy naznaCuje, ze i pozorované mirné
poklesy eNOS mohou hrat urCitou roli u potkanti Samaritan a jsou také v souladu
S pozorovanym bilateralnim poklesem aktivity eNOS v mozku starnouciho potkana Long

Evans (KriStofikova et al., 2010). I tento vysledek potvrzuje, ze potkani Samaritan jsou
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modelem spiSe rané¢ho stadia AD, protoze u lidi v pozdéjsich stadiich onemocnéni byl
pozorovan spiSe nartst aktivity eNOS, a to zejména vlevo (KriStofikova et al., 2008).
Druhé signifikantni zména byla zpiisobena zvratem z mirné negativni korelace mezi
aktivitou iNOS vlevo a jeji lateralitou u kontrol na vyraznou pozitivni korelaci u potkant
Samaritan. Vysledek je v souladu s pozorovanymi zménami iNOS vlevo (viz vysledky
parového t-testu) a pravdépodobné také odrazi unilateralni aplikaci latek u potkant

Samaritan

5.3 Srovnani zmén mediatorového systému NMDA receptoru a
oxidu dusnatého v kortexu se zménami cholinergniho
neurotransmiterového systému v hipokampu potkana

Samaritan

Postupné zhorSovani paméti a kognitivnich procest v rozvoji AD je spojovano s
postupnou ztratou cholinergnich neuronid v ncl. basalis Meynerti (Arendt et al., 1983).
Zmény v aktivité¢ hipokampalnich nebo kortikalnich presynaptickych cholinergnich
nervovych zakonceni vSak nevylucuji mozny dvoufazovy mechanizmus zmén
cholinergniho neurotransmiterového systému, ktery byl pozorovany u AD v piipadé
systému glutamatergniho (Olney et al. 1997). Aktivitu presynaptickych cholinergnich
nervovych zakonceni lze méfit stanovenim aktivity a po¢tu CHT1 transportéri, hrajicich
roli ve vysokoafinitnim vychytavani cholinu (HACU). Transportéry CHT1 vychytavaji
cholin ze synaptické Stérbiny a transportuji ho do presynaptické ¢asti neuronu, kde je
vyuzivan k syntéze neurotransmiteru acetylcholinu. Literarni idaje naznacuji, Ze v ranych
fazich AD jsou hladiny HACU (4. aktivita CHT1) zvysené v hipokampu nebo kortexu,
pravdépodobné pomoci kompenzaéni reakce na poSkozeni cholinergnich neurond v ncl.
basalis Meynerti (Slotkin et al., 1990). V pozd¢jsich stadiich onemocnéni vSak aktivita
CHT1 klesa (Sims et al., 1983). Podobny zvrat lze pozorovat i v piipadé¢ poctu
membranové vazanych CHTI transportéri, stanovenych vazbou specifického

kompetitivniho inhibitoru HACU hemicholinia-3 (HC-3). V ranych fazich AD lze
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pozorovat zvySeni specifické vazby (3H)HC-3, v pozdéjsich naopak pokles (Pascual et

al., 1991).

NaSe piredchozi experimenty testujici zmény v CHT1 v hipokampu potkana
Samaritdn pfi srovnani s potkany kontrolnimi (Petrasek et al., 2016) prokazaly
nasledujici: U kontrolnich potkanti Long Evans byla naméfena mirna pravo-leva lateralita
Vv hladinach HACU i ve vazbé (3H)HC-3, u kontrolnich zvifat byla také nalezena vyrazna
pozitivni korelace u obou markerti mezi pravou a levou hemisférou (viz Tabulka 3), u
potkant Samaritan doSlo k bilateralnimu nértstu hladin HACU (na 142% vpravo a 132%
vlevo), u vazby (3H)HC-3 nebyly statisticky vyznamné zmény pozorovany, trendy ke
zvyseni vSak byly podobné, vysledky korela¢ni analyzy neprokazaly signifikantni rozdily
mezi potkany Samaritan a kontrolnimi potkany Long Evans, ackoliv doslo k vyraznému
snizeni korelaci mezi obéma hemisférami (viz Tabulka 3). Tyto vysledky tykajici se
hipokampalniho cholinergniho neurotransmiterového systému naznacovaly, ze potkani
Samaritan jsou modelem AD spiSe v raném stadiu onemocnéni (Petrasek et al., 2016).

Jednim z cilt této diplomové prace bylo porovnat zmény v medidtorovém systému
NMDA receptoru a oxidu dusnatého v kortexu a hipokampalnich CHT1 pomoci korela¢ni
analyzy. Vysledky (viz Tabulka 4) lze sumarizovat nasledovné:

1) U kontrolnich potkanti Long Evans nase data naznaila moznou souvislost mezi
CHT1 a expresi NR2A/NR2B (dvé¢ signifikantni pozitivni a dv€ negativni korelace) a
mezi CHT1 a aktivitou nNOS/eNOS/iNOS (dvé signifikantni pozitivni a sedm
negativnich korelaci). Vzhledem k unilaterdlni aplikaci fyziologického roztoku u
kontrol nelze ani v tomto ptipad¢ povazovat potkany Long Evans za intaktni zvifata a
data by tedy neméla byt pfeceniovana. Piesto je potieba zdiiraznit zejména vyznamné
korelace v ptipadé CHT1 a aktivity eNOS, podporujici Gzky vztah mezi eNOS a

cholinergnim systémem popsany v literatufe (Kamimura et al., 2003).

2) U potkani Samaritan jsme pozorovali pét vyznamnych rozdili v korelacich oproti
kontrolnim potkaniim Long Evans. Pro vSechny zmény byl charakteristicky nartst
pozitivnich korelaci mezi CHT1 a NRI/NR2A/nNOS, coz lze interpretovat
vyraznéj§im posSkozenim levého kortexu 1 hipokampu u potkanti Samaritan.
Prekvapivé je, Ze vyznamna zména v korelacich nebyla pozorovana v ptipadé CHT1 a

eNOS/iNOS.
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5.4 Srovnani zmén v biochemii mozku se zménami v kognitivnich

testech u potkanii Samaritan

Neurochemické analyze mozkové tkané potkanti Samaritan a kontrolnich potkant
Long Evans pfedchazelo jejich kognitivni testovani (pouzito bylo Morrisovo vodni

bludist¢ a AAPA).

Morrisovo vodni bludisté testuje pamét’ a schopnost piesné navigace k urcenému
mistu. Je vyuzivano k testovani kognitivnich poruch. ZhorSeni paméti, které se v tomto
testu projevi, je jednim z hlavnich charakteristickych znakti u riznych animélnich modeli
AD a souvisi zejména s poskozenim hipokampu (D Hooge and DeDeyn, 2001; Sabbagh
et al.,, 2013). AAPA hodnoti prostorovou orientaci a kognitivni koordinaci, kterd muize

byt poskozena i u lidi s AD (Petréasek et al., 2016).

U potkani Samaritdn a odpovidajicich kontrol nejprve probihalo testovani pomoci
Morrisova vodniho bludisté se skrytym ostrivkem. Vysledky globalniho testu ANOVA
potvrdily signifikantni zhorSeni u potkanti Samaritdn (delsi cesta a doba potifebna k
lokalizaci ostrivku) v porovnani s kontrolnimi potkany Long Evans. Ve stejném testu s
viditelnym ostrivkem vSak nebyly nalezeny signifikantni rozdily. Vysledky z AAPA
testovani ve fazi akvizice ukazaly na signifikantni zhorSeni u potkanti Samaritan
Vv porovnani s kontrolnimi  potkany. V habitua¢ni fazi nebyly potvrzeny zadné
signifikantni zmény, coz nasvédcuje tomu, Ze u potkanit Samaritan nedoslo k poskozeni

spontanni lokomoce.

Tyto vysledky jsou v souladu s vysledky exprese NR1/NR2A/NR2B podjednotek
NMDA receptoru a aktivit nNNOS/eNOS/iNOS.
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6. Zavér

Cilem této diplomové prace bylo otestovat netransgenni animalni model sporadické
formy AD (model Samaritan, Taconic Pharmaceuticals, USA) pomoci zmén v
mediatorovém systému NMDA receptoru a oxidu dusnatého v kortexu a porovnat tyto
vysledky se zménami v hipokampalnim cholinergnim neurotransmiterovém systému a v

kognitivnich testech (Morrisovo vodni bludisté, AAPA).

Ackoliv jsme u kontrolnich potkani Long Evans pozorovali u nckterych slozek
mediatorového systému NMDA receptoru a oxidu dusnatého jejich moznou asymetrii,
vzhledem K unilateralni aplikaci fyziologického roztoku do levé hemisféry nelze tyto
vysledky povazovat za dikaz fyziologické laterality systému. Nicméné 1ze konstatovat, ze
zejména v piipadé levo-pravé asymetrie NR2B podjednotky byly nase nalezy v souladu

s udaji v literatufe.

V kortexu potkanli Samaritan jsme pozorovali oproti kontrolnim potkanim Long
Evans zmény v expresi NR1 podjednotky (pokles vpravo), v expresi NR2A podjednotky
(zvyseni vlevo), v aktivit¢ nNOS (pokles vlevo) a v aktivité¢ iNOS (zvySeni vlevo).
Vysledky korela¢ni analyzy vSak naznacily, Ze i nesignifikantni bilateralni poklesy

v aktivité eNOS nelze u potkand Samaritan zcela vyloucit.

Piedchozi vysledky testujici zmény v hipokampalnim cholinergnim systému
signalizovaly bilateralni zvySeni aktivity CHTI1 transportéru v hipokampu potkana
Samaritan, v souladu skompenza¢nim zvySenim pozorovanym v hipokampu nebo
kortexu u lidi s AD vraném stddiu onemocnéni. U potkanti Samaritan byly také
potvrzeny kognitivni zmény (napf. hor$i schopnost nauceni se Ulohy a orientace

Vv prostoru).

Na zéklad¢ vysledkl této diplomové prace lze tedy konstatovat, Ze signifikantni
zmény Vv kortikdlnim medidtorovém systému NMDA receptoru a oxidu dusnatého,
vsouladu se zménami  pozorovanymi u  hipokampdlniho  cholinergniho
neurotransmiterového systému, odpovidaji spiSe ranym stadiim onemocnéni a ze potkany
Samaritan jako netransgenni model sporadické formy AD lze povazovat za dobry model
AD v ranych fazich. Vysledky lze podpofit i nalezem kognitivnich zmén u potkant

Samaritan.
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Pharmacological animal model of Alzheimer’s disease (Samaritan) and NMDA receptor - NO pathway

Hana Matuskova, Zdena Kristofikova, Jana Sirova and Daniela Ripova

INTRODUCTION
Samaritan rat model from Taconic Pharmaceuticals USA is a non-transgenic model of the S e e
sporadic form of Alzheimer’s disease (AD). The animal displayed significant impairment of N A e
spatial memory measured in Morris water maze task and active allothetic place avoidance . %
(1, 2). We expected that Samaritan rats will represent changes in glutamatergic - nitric oxide o e

1 NMDA R i
system. sl “m —

5 9% Mo,
Aims P
To test the Samaritan rat model of sporadic form of AD through measurement of changes in " i N
NR2A, NR2B subtypes of NMDAr and activities of nitric oxide synthases, and to compare
changes between the left and right hemisphere. N
el 2 v |

Methods Fig. 1: Neuronal cell death caused by oxidative stress (7)

The Samaritan rat model was developed by chronic i.c.v. application of ferrous sulfate,
3-amyloid 1-42 and L-buthionine sulfoximine. The solution was infused just into the left
hemisphere using an Alzet® type of osmotic micropump over the period 4 weeks.
Expressions of NR2A and NR2B were estimated via Western Blotting by means of
specific primary antibodies (both from Milipore, USA).

Activities of nitric oxide synthases were determined by means of (14C) arginine (ARC-
-American Radiolabeled Chemicals), specific inhibitors (spermidine, N-nitro-L-arginine <
and aminoguanidine, all from Sigma) and Dowex 50WX8-100 (Sigma). Fig. 2:Rat with Alzet* type of osmotic micropump (8)

Statistical analysis was performed using BMDP statistical software. We used ANOVA with repeated measurements with groups as a
grouping factor and laterality as a within factor. As a post hoc analysis, Student’s t-test (pooled variance) was used. Results are presented
as means + SEM.

NR2A

Results and discussion o
The biochemical analysis shows statistically significant differences in NR2A subunit and 087

in the activity of INOS between Samaritan rats and controls. Differences in NR2B S I
expression and in the activity of nNOS/eNOS were not found.

Differences in NR2A and NR2B subunits expressions are presented in Fig. 3. Expression
of NR2A subunit was higher in the left hemisphere of the Samaritan rats

(groups: p = 0. 0220%; asymmetry: p = 0. 0126*, interaction: p = 0.3421). Data in the
literature shows increased NR2A/NR2B ratio in rat brain during normal aging and R — L
decreased expression of NR2A in the cortex of people with late stages of AD (3, 4). Itis NR2B
suggested that glutamatergic system is hyperactive (by excess production and
aggregation of 3-amyloid and its interaction with NMDAYr) in early stages of AD whilein  oss
the late stages the system is hypoactive (caused by the loss of neurons and NMDAY) (5).

While global statistical analysis didn’t demonstrate any significant differences, paired
t-test showed higher activity of iNOS (the increase to 463%, p < 0.010) in the left

hemisphere of the Samaritan rats. Our results well correspond with reported increased ~ os _—
activity of iNOS either in normal aging or in AD brain tissue (6).

i

Hi

R L
Fig. 3: Changes in NR2A and NR28B subuniits expressions

CONCLUSION

Our presented data, in adittion to our previous results regarding the cholinergic system, indicate that Samaritan rat model can
be a good model of sporadic AD in its early stage. Changes in the left hemisphere can be supported by studies reporting higher
vulnerability in the left side of AD people (6) but they rather reflect the unilateral application in our experiments.

Acknowledgement: Supported by P303-11-1907 and P304/12/G069 projects.

REFERENCES

l.lecanu L, V. Modeling s disease with ic rat model. s Research & Therapy.2013; 5 (17): 1-9

2.Stuchlik A,, et al. Rat model of sporadic Alzheimer’s disease based on application of Abeta 1-42 and pro-oxidative substances exhibits cognitive deficit and alterations of hippocampal acetylcholine system. 2015 - manuscript in preparation
3.BiH., Sze Ch. N-methyl-D-aspartate receptor subunit NR2A and NR2B messenger RNA levels are altered in the hippocampus and entorhinal cortex in Alzheimers disease. J.Neurol. Sci. 2002; 200: 11-18

4.Matthew R. Hynd, Heather L. Scott and Peter R. Dodd. Differential expression of N-methyl- D - aspartate receptor NR2A isoforoms in Alzheimer’s disease. J.Neurochem. 2004; 90: 913-91

5.Butterfield A, Pocernich CH. The Glutamatergic System and Alzheimer’s disease. CNS Drugs 2003; 17 (9): 642-652

6.Kristofikova Z., i L+ kova P, Ri¢ny J., Zach P, Emmerich M., Klaschka J., Ripové D. Lateralization of hippocampal nitric oxide mediator system in people with Alzheimer's disease, multi-infarct dementia and schizophrenia.
Neurochem. Int. 2008; 53: 118-125

7.Neuronal Death by Glutamate Excitotoxicity: Protein Mediators & Strategies for Inhibition: Neuronal Cell Death Induced by Ischemic and Hemorrhagic Strokes [online]. [cit. 2015-10-25].

From: https://ww < es/ artick I-death: itotoxicity-prot trategies-inhibit

8.ALZET SURGICAL INSTRUCTION SHEET [online]. [cit. 2015-10-25]. From: http://www.alzet.com/downloads/ALZET%205urgical%20Instruction%20Sheet%20-%205C.pdf

contact: hana.matuskova@nudz.cz 10th Conference of the Czech Neuroscience Society, November 18-19, 2015




“'.“ frontiers

in Aging Neuroscience

OPEN ACCESS

Edited by:
Paula I. Moreira,
University of Coimbra, Portugal

Reviewed by:

Sénia C. Correia,

University of Coimbra, Portugal
Lucia Carboni,

Alma Mater Studiorum University of
Bologna, Italy

*Correspondence:
Tomas Petrasek
disworlds@gmail.com;
Ales Stuchlik
ales.stuchlik@fgu.cas.cz

Received: 20 January 2016
Accepted: 04 April 2016
Published: 20 April 2016

Citation:

Petrasek T, Skuriova M, Maleninska
K, Vojtechova I, Kristofikova Z,
Matuskova H, Sirova J, Vales K,
Ripova D and Stuchlik A (2016) A Rat
Model! of Alzheimer's Disease Based
on Abetas and Pro-oxidative
Substances Exhibits Cognitive
Deficit and Alterations in
Glutamatergic and Cholinergic
Neurotransmitter Systems.

Front. Aging Neurosci. 8:83.

doi: 10.3389/fnagi.2016.00083

Frontiers in Aging Neuroscience | w

org 1

ORIGINAL RESEARCH
published: 20 April 2016
doi: 10.3 /fnagi.2016.00083

CrossMark

A Rat Model of Alzheimer’s Disease
Based on Abetass and Pro-oxidative
Substances Exhibits Cognitive Deficit
and Alterations in Glutamatergic and
Cholinergic Neurotransmitter
Systems

Tomas Petrasek 2%, Martina Skurlova', Kristyna Maleninska', Iveta Vojtechova’,
Zdena Kristofikova?, Hana Matuskova?, Jana Sirova?, Karel Vales', Daniela Ripova®
and Ales Stuchlik’*

' Department of Neurophysiology of Memory, Institute of Physiology of the Czech Academy of Sciences, Prague, Czech
Republic, ? National Institute of Mental Health, Klecany, Czech Republic

Alzheimer’s disease (AD) is one of the most serious human, medical, and
socioeconomic burdens. Here we tested the hypothesis that a rat model of AD
(Samaritan; Taconic Pharmaceuticals, USA) based on the application of amyloid
betaso (Abetasp) and the pro-oxidative substances ferrous sulfate heptahydrate and
L-buthionine-(S, R)-sulfoximine, will exhibit cognitive deficits and disruption of the
glutamatergic and cholinergic systems in the brain. Behavioral methods included
the Morris water maze (MWM; long-term memory version) and the active allothetic
place avoidance (AAPA) task (acquisition and reversal), testing spatial memory and
different aspects of hippocampal function. Neurochemical methods included testing
of the NR1/NR2A/NR2B subunits of NMDA receptors in the frontal cortex and CHT1
transporters in the hippocampus, in both cases in the right and left hemisphere
separately. Our results show that Samaritan rats™ exhibit marked impairment in
both the MWM and active place avoidance tasks, suggesting a deficit of spatial
learning and memory. Moreover, Samaritan rats exhibited significant changes in
NR2A expression and CHT1 activity compared to controls rats, mimicking the
situation in patients with early stage AD. Taken together, our results corroborate
the hypothesis that Samaritan rats are a promising model of AD in its early
stages.

Keywords: animal model, Alzhei 's di p
of the yicholine system, hi

AD, learning and memory, cognition, neurochemistry

Abbreviations: AAPA, active allothetic place avoidance; Abeta, amyloid beta; AD, Alzheimer’s disease; CHT1, high-affinity
choline transporter; HACU, high-affinity choline uptake; MWM, Morris water maze; NMDA, N-methyl-D-aspartate.
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INTRODUCTION

Alzheimer’s disease (AD) is a serious neuropsychiatric disorder,
invariably resulting in the death of the patient, preceded by
a slow and excruciating deterioration of memory, cognitive
abilities and personality, which constitutes a serious burden
not only for patients but also for their relatives and the whole
society. With the ageing population in many countries, the
number of people suffering from AD will increase enormously.
The exact etiology of the disease is not known, although it
presents with extracellular plaques of amyloid beta (Abeta)
peptides and intracellular tangles of protein tau (Reiman,
2014). Both these factors are suspected to play an important
role in disease progression (Spires-Jones and Hyman, 2014).
Apart from protein accumulations, AD is accompanied by
neuroinflammation, oxidative stress, and neurodegeneration
of the cholinergic, noradrenergic and serotonergic projections
(Wenk, 2003). Many scientists today are not convinced that
the pathological accumulation of proteins is the primary cause
of the disease process, and consider neuroinflammation and
disrupted axonal transport as possible factors that may be present
prior to the clinical onset of the disorder (Schuitemaker et al.,
2009; Ye et al, 2012). Multiple changes reaching beyond the
simple description given above have been detected in AD brain
neurochemistry (e.g., Cai and Ratka, 2012). These changes can
be studied primarily in animal models and post mortem studies,
since the living human brain is barely accessible to biochemical
examination.

There are two basic forms of AD: familial and sporadic.
The familial form is very rare and is related to inherited gene
mutations (Rossor et al., 1993). The sporadic form represents
a vast majority of AD cases (Piaceri et al,, 2013) and typically
occurs at more advanced age. There are reports that this type
may slart in middle age as well, although this is not very
common (Reiman, 2014). A vast majority of transgenic models
of AD carry various mutations in Abeta, tau or presenilin (Do
Carmo and Cuello, 2013). In this respect, these models are closer
to the familial, rather than sporadic, form of AD. However,
valid models of sporadic AD, which may not necessarily
involve gene mutations, are of high importance for basic and
applied research focused on AD (Lecanu and Papadopoulos,
2013).

Beside massive neurodegeneration and neurochemical and
anatomical changes in the brain, patients with AD exhibit severe
learning and memory deficits. These include disorientation and
other impairments affecting the cognitive domain (Reiman,
2014). Therefore, appropriately sensitive behavioral testing
of these models coupled to detailed examinations of brain
biochemistry is very important.

For the present study we used a rat model of AD based on the
chronic (28 days) intracerebroventricular application of Abetay,
and the pro-oxidative substances ferrous sulfate heptahydrate
and L-buthionine-(S, R)-sulfoximine (the Samaritan Alzheimer’s
Rat Model; Taconic Pharmaceuticals, USA, described in Lecanu
et al, 2006). We must note that this model is mainly
focused on mimicking the symptoms of the disease, and is
therefore not suitable for elucidating its etiology. A previous

study (Lecanu et al, 2006) documented impairments of
working memory and typical neuropathological changes in this
model. We attempted to characterize the model further, using
two independent spatial cognitive tasks focused mostly on
hippocampal function together with a neurochemical analysis of
the hippocampus.

Our working hypothesis was that the Samaritan rat model
of sporadic AD would present cognitive deficits in spatial
tasks and alterations in brain glutamatergic and cholinergic
neurotransmitter systems.

The behavioral tasks we employed, the Morris water maze
(MWM) and the active allothetic place avoidance task (AAPA),
place very different demands on hippocampal functions. Solving
the MWM requires storing precise representation of spatial
relationships in order to locate a small, hidden goal. In the AAPA,
on the other hand, the major hippocampus-dependent task
involves organizing the spatial information into two conflicting
frames, and selection of the relevant one. Impairments of
hippocampal function therefore impact preferentially memory
retrieval in the MWM, whereas in the AAPA, new learning is
disrupted before retrieval (Kubik and Fenton, 2005). Therefore,
we were interested in the possibility of differential impacts
of AD-related cognitive decline on performance in these
tests.

MATERIALS AND METHODS

Animals

Young adult male Long-Evans rats were obtained from Taconic
Pharmaceuticals, USA (with the patented commercial name
Samaritan rat™; see Lecanu et al., 2006), where they underwent
the following procedure prior to delivery. The experimental
animals received an infusion of Abetay, (15 tM) and two pro-
oxidative substances, ferrous sulfate heptahydrate (1 mM) and
L-buthionine-(S, R)-sulfoximine (12 mM), dissolved in artificial
cerebrospinal fluid. The solution was applied chronically
(4 weeks at a rate of 2.5 jl/h) via an osmotic pump connected to
a permanent cannula inserted into the left cerebral ventricle, to
induce AD-like brain pathology. This procedure was described
in detail by Lecanu et al. (2006). Control rats were sham-treated
(infused by the solvent without active substances). Treatments
started at the age of 7 postnatal weeks, and lasted for 4
weeks.

At the age of 8 weeks, the animals were transported
from Taconic Pharmaceuticals to the Institute of Physiology,
Academy of Sciences of the Czech Republic, where they were
allowed a 2-week acclimatization period. Animals were housed
in an accredited animal room with constant humidity (50%),
temperature (22 = 1°C) and a regular light-dark cycle (lights on
between 6:00 and 18:00). Animals from both groups were tested
in an alternating order, to exclude bias from potential circadian
changes in performance.

All experiments were approved by the local Committee for
Animal Protection and complied with the Animal Protection
Act of the Czech Republic, EU directive (2010/63/EC). Access to
water and standard rat food was ad libitum.
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TABLE 1 | Experimental design.

Week 7 Week 8-10 Week 11-12 Week 20-22 Week 22
Surgery (Taconic Arrival to the animal Morris Water Maze AAPA Brain tissue
Pharmaceuticals, room.v acclimation period, 4 days 1 day probe 1 day visible 2 days 5 days 5 days sampling
Usa) hendling acquisition trial platform habituation ~ acquisition  reversal

From an initial total of 21 animals, two died, and one
of the animals from the experimental group had to be
excluded because of non-standard behavior (the animal was
obviously anxious, aggressive when manipulated and attempted
to escape from the testing apparatus). Therefore, nine Samaritan
and ten control rats, aged 11-22 weeks, were used in the
study.

Study Design

After the acclimatization period at the Institute of Physiology
AS CR, animals were handled for 5 days (handling included
habituation to human touch, holding and manipulation by the
experimenters for 5-10 min per day) and then subjected to
MWM testing for 6 days starting at the age of 11 weeks,
and then tested in an AAPA test with reversal, starting at
the age of 20 weeks. After completion of the behavioral
studies, the rats were sacrificed at the age of 22 weeks
and subsequent neurochemical analyses were conducted post
mortem. Table 1 shows the timing of the most important
experimental steps.

The Morris Water Maze (MWM)

The MWM is a classical test of precise place navigation and
memory (Morris, 1981; Stuchlik et al,, 2007a; Petrasek et al,
2014a), widely used in models of cognitive disorders. We
used a reference memory protocol with four-day training,
followed by a probe trial at Day 5 and visible platform
testing at Day 6. The MVM (Morris, 1981; Stuchlik et al,
2007b; Petrasek et al, 2014a; reviewed in D’Hooge and De
Deyn, 2001) consisted of a gray circular pool (180 c¢m in
diameter) filled with water at a temperature of 21 + 2°C
to a depth of 35 cm. The water was rendered opaque by
adding a small amount of non-toxic white paint (Primalex,
PPG Deco; Czech Republic). The maze was located in a
room providing an abundance of extra-maze cues. Swimming
trajectories were monitored by an overhead camera connected
to a digital tracking system and data acquisition program
(Tracker, Biosignal Group, NY, USA). The maze contained a
transparent plastic platform (10 cm in diameter) located in
the center of the NE quadrant (the quadrants were labelled
based on arbitrary compass directions) in acquisition sessions
of the hidden-platform phase. In total, there were four daily
sessions of hidden-platform testing in the MWM with the
same platform position. The rats were released for six swims
per session, separated by 15-min intervals, from different start
locations, the sequence of which was changed pseudo-randomly
for each daily session. Probe trial (60-s swims with the platform
removed from the pool) was given in the fifth daily session to
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demonstrate the remembered platform position (one session, one
swim).

In the visible platform testing (one daily session) the platform
was raised above the surface and marked by a dark rim. The
animals underwent eight swims in 15-min intervals, always
being released from pseudorandomly chosen places around the
periphery. The platform position was located in the SE. All
MWM experiments were done between 18:00 and 23:00, i.e.,
during the dark phase of the day.

Active Allothetic Place Avoidance (AAPA)
AAPA is a spatial task on a dry arena (Czéh et al, 2001),
constituting prototype of a dynamic memory test (Stuchlik,
2014). Compared to the MWM, it places lower demands
on precise spatial navigation, but on the other hand, it
requires segregation of spatial frames, a skill that is considered
equivalent to human cognitive coordination (Wesierska et al.,
2005; for detailed conceptualization of this term see Phillips
and Silverstein, 2003). We also included reversal training,
sensitive to cognitive flexibility impairments (Petrasek et al,
2014a,b). The AAPA task is a test of both spatial abilities and
execulive functions, requiring animals to maintain two spatial
representations and choose the relevant one, and is especially
sensitive to subtle damages of hippocampal function (Kubik and
Fenton, 2005; Stuchlik et al., 2013; Petrasek et al., 2014a).

The active place avoidance apparatus (Carousel; originally
described by Bures et al., 1997; Fenton et al., 1998; reviewed in
Stuchlik et al.,, 2013, 2014) was a smooth metallic arena (82 cm
in diameter), enclosed with a transparent Plexiglas wall (for
details of the apparatus and procedures see Stuchlik et al., 2007a;
Stuchlik and Vales, 2008; Lobellova et al., 2013). At the beginning
of each session, a rat was placed in the center of the arena, which
rotated constantly at one revolution per minute. A 60-degree to-
be-avoided sector was defined in the coordinate frame of the
room by the computer-based tracking system (Tracker, Biosignal
Group, NY, USA), which also recorded the positions of the
rat and the arena (which were both marked by infrared LED
diodes) at a sampling rate of 25 Hz. Each entrance into the
sector lasting more than 300 ms was punished by mild electric
footshocks (AC, 50 Hz, repeated every 1200 ms until the rat
left the sector) delivered by the tracking system. The intensity
of the shock was individualized for each rat (0, 3-0, 7 mA),
to ensure an escape reaction while avoiding freezing caused by
excessive pain. The shocks were administered through a cable
attached to a harness on the back of the rat and connected to
a conductive subcutaneous implant. The current was perceived
by the rat at places of high-impedance contact between the
paws and the grounded metallic floor. The trajectories were
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digitized and recorded on a PC, allowing off-line reconstruction
and analysis of the animal’s trajectory (Track Analysis, Biosignal
Group, NY, USA; Carousel Maze Manager, Bahnik, 2014) both
in the coordinate frame of the room and in the coordinate frame
of the rotating arena.

Since the arena rotated, the rat had to move actively away from
the sector in the direction opposite to arena rotation, otherwise
it would be passively transported into the shock sector. For
successful avoidance, the animal had to distinguish the distant
room-frame cues, which could be used to locate and avoid the
sector, from the irrelevant, arena-frame cues (i. e. scent marks),
which moved relative to the sector position and were thus
misleading.

Testing began with two habituation sessions, one on a stable
arena, the other with rotation, to observe the spontaneous
behavior of the animals and allow them to become accustomed
to the testing procedure. Ten daily 20-min sessions of active
place avoidance testing were conducted separated by 24-h
inter-trial intervals. The initial five sessions were considered
acquisition sessions, and were followed by five reversal
sessions with the sector position shifted by 180 degrees.
Carousel maze testing was conducted during daylight hours
(10:00-18:00).

Neurochemical Analysis of the Brain

Tissue

Neurochemical analysis was focused on changes in the cortical
glutamatergic and hippocampal cholinergic neurotransmitter
systems, both involved in learning and memory processes.
With respect to changes in the glutamatergic system in AD,
the data in the literature support a two-stage mechanism.
In particular, N-methyl-D-aspartate (NMDA) receptors seem
to be hyperactive in early stages but rather hypoactive in
later stages of the disease (e.g., Butterfield and Pocernich,
2003). Since NMDA receptors are heteromeric complexes
of particular subunits and the subunit composition can be
changed among others under pathological conditions (Cull-
Candy et al, 2001), we decided to evaluate the Samaritan
rat model via the expression of the NRI, NR2A and
NR2B subunits of NMDA receptors. Although a gradual loss
of cholinergic neurons in the nucleus basalis of Meynert
reflects a gradual deterioration of memory and cognitive
processes in AD (Arendt et al, 1983), changes in the
activity of hippocampal or cortical presynaptic cholinergic
nerve terminals also suggest possible two-stage mechanism.
This activity can be estimated via measurements of Na*-
dependent, high-affinity choline uptake (HACU) operating
via CHT1 transporters. The HACU levels are increased in
early stages of AD, probably via a compensatory reaction
to impairments of the cholinergic basal forebrain system
(Slotkin et al,, 1990). On the contrary, the activity of CHT1
is markedly decreased in later stages of AD (Sims et al,
1983). Similarly, the number of membrane-bound CHTI
transporters estimated by means of the specific binding of
[3H]hemicholinium-3 ([3H]HC-3), a selective and competitive
inhibitor of HACU, is initially enhanced (Slotkin et al., 1990)
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but later attenuated (Pascual et al., 1991; Rodriguez-Puertas et al.,
1994).

Tissue Sampling

Rats were sacrificed by cervical dislocation, decapitated and the
brains rapidly removed. The frontal cortices and hippocampi,
separately from the right (R) and left (L) hemisphere, were
dissected and weighed. The frontal cortices were packed in
aluminum foil and frozen at —40°C until assayed (no more than
2 weeks later), while the hippocampi were immediately used for
preparation of synaptosomes.

Expressions of the NMDA Receptor Subunits NR1,
NR2A and NR2B by Western Blotting

The frontal cortices were homogenized in 1.0 mL of lysis buffer
(320 mM sucrose; 10 mM Tris, pH 7.4; 0.2 mM EDTA; 2 mM
PMSF; 1 mM 2-mercaptoethanol and a cocktail of protease
inhibitors, Sigma). Crude synaptosomal (P;) fractions were
isolated from homogenates and resuspended in a loading buffer
(63 mM Tris; 10% glycerol; 2% SDS; 5% 2-mercaptoethanol
and 0.01% bromophenol blue). The protein concentration
was determined by the Bradford method using bovine serum
albumin (BSA) as the standard (Bio-Rad, CA, USA). The
resuspended material was subjected to electrophoresis in a
7.5% polyacrylamide gel (Criterion Cell, Bio-Rad, CA, USA),
followed by electroblotting in Criterion blotter (Bio-Rad, USA).
Non-specific binding was blocked with 3% BSA dissolved
in TBS-T buffer. Blots were incubated overnight with anti-
NMDARI (1:100; Millipore, MA, USA) or for 2 h with anti-
NMDAR2A/2B (1:500; Millipore, MA, USA) primary antibodies.
For loading control, blots were treated with an anti-a-tubulin
antibody (1:1000; Exbio, CZ, USA) for 1 h. Then, the
blots were washed in TBS-T buffer and incubated for 1 h
with a horseradish peroxidase-conjugated secondary antibody
(1:3000; Dako, Denmark). Detections were performed with a
chemiluminescent substrate (Pierce, WI, USA) and evaluated by
the Gel Doc Analysis system (Bio-Rad, CA, USA).

Preparation of Hippocampal Synaptosomes

The hippocampi from individual animals were separately
transferred to 0.32 M sucrose and immediately used for
preparation of synaptosomes using glass-Teflon Potter’s Braun
homogenizer, 0.32 M sucrose, an Universal 32R centrifuge
(1000 g for 10 min at 4°C) and a Beckman ]2-HS centrifuge (twice
20,000 g for 20 min at 4°C) in accordance with our previous
studies (Kristofikova et al., 2004, 2010).

HACU Measurements

Hundred microlitres (100 pl) of synaptosomes were added to
880 pl of Krebs-Ringer-HEPES-glucose buffer (128 mM NaCl,
5 mM KCl, 2.7 mM CaCly, 1.2 mM MgSO4, 5 mM glucose
and 10 mM HEPES, pH = 7.4) and incubated for 4 min at
37°C with 20 ! of [3H]choline ([methyl-3H]choline chloride,
PerkinElmer). The final concentration of the radioisotope was 10
nM and that of total proteins (estimated by the Bradford method
with BSA as a standard) 150 pg/ml in all incubation mixtures.
The incubation was terminated by rapid cooling and filtration
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under vacuum (Whatman BF/B filters). HACU was defined by
its sensitivity to unlabeled HC-3 (RBI) and calculated as the
difference between the uptake in samples incubated without
and with 1 pM HC-3. The activity of samples was measured
on a multi-purpose scintillation counter LS 6500 (Beckman
Coulter) using Gold Star liquid scintillation cocktail (Meridian).
Remaining synaptosomes were stored at —40°C and later used to
measure the specific binding of [3H]HC-3.

Measurements of the Specific Binding of [3H]HC-3
Twenty microlitres (20 pl) of synaptic membranes were
added to 170 pl of glycylglycine buffer (50 mM glycylglycine,
200 mM NaCl, pH = 7.8) and incubated for 30 min
at room temperature with 10 pl of [3HJHC-3 ([methyl-
3H]hemicholinium-3, diacetate salt, PerkinElmer). The final
concentration of the radioisotope was 20 nM and that of total
proteins was 150 jig/ml in all incubation mixtures. Parallel
incubations in the presence of 10 uM HC-3 were performed
to define the nonspecific binding. The titration and activity
measurement were performed as described above.

Measured Parameters and Statistical Evaluations

In the AAPA task, total distance traveled within a session served
as a measure of locomotor activity. Maximum avoidance time
per session (s) and number of errors (entrances into the to-
be-avoided sector) served as measures of cumulative within-
session performance. Finally, latency to the first entrance from
the beginning of the session (time to the first error) served
as a measure of between-session learning. For the MWM we
used total distance to reach the platform as a measure of
acquisition performance in all sessions except in the probe
trial. In the probe trials, where no platform was present, we
evaluated preference for the quadrant that previously contained
the platform.

Behavioral data from AAPA were analyzed separately for
acquisition and reversal by two-way analysis of variance
(ANOVA), with repeated measures on sessions and groups
as a between subject factor. In cases of non-normality of the
data (errors, maximum avoidance time and time lo the first
error) the natural logarithm (In) was used to normalize the data
distribution. Post hoc analysis was conducted with a Newman-
Keuls test. Data from the hidden platform testing in the MWM
were analyzed by mixed effects ANOVA, with repeated factors
of swims and sessions, and groups as a between-subject factor.
Data from the visible platform testing were analyzed by a two-
way ANOVA (groups x swims) with repeated measures on
swims. Data from the probe trial were analyzed with a two-
sample, two tailed t-test. In all behavioral tests, 8 Samaritan
rats and 10 controls were used. Missing values (i.e., tracks lost
due to technical errors) were treated by a case-wise deletion;
therefore, the degrees of freedom may differ for respective
measures.

Biochemical data were analyzed by ANOVA with repeated
measures with groups as a grouping factor and laterality
(differences between the R and L side) as a within factor, and
subsequently by one-way ANOVA. Differences between the
R and L side were also characterized by the index of laterality

[(L=R)/(L+R)]. This index is limited to zero when all the values
are not lateralized (marked asymmetry was defined in this study
by indexes of laterality > =& 0.090) or when the numbers of
markedly R/L animals (dominance of the R side) and L/R
animals (dominance of the L side) are approximately equal.
Data are presented as the mean = standard errors of the mean
(SEM).

We also performed correlations between selected parameters
of neurochemical tests. We correlated the expressions of
NRI/NR2A/NR2B subunits of NMDA receptors, and CHT1
parameters (HACU and the specific binding of [3H]HC-3). For
the sake of simplicity and straightforwardness, we report only
significant correlations, and an absence of correlation is reported
only if it has biological significance, using Pearson’s correlation
(r and p values). The equality of correlation coefficients in
two groups was examined using the test based on Fisher’s
Z-transformation (Z-test). Significance was accepted in all cases
of p < 0.05.

RESULTS

Morris Water Maze

First we tested rats in the MMW (Figure 1). There were four
acquisition sessions in the hidden platform version of the MWM
with the platform located in the NE and pseudorandom starting
positions. In these sessions, Samaritan rats needed longer paths
to locate the platform, indicating that they were impaired. The
mixed effects ANOVA (groups x sessions x swims) revealed
a significant main effect of group (F113) = 12.62; p < 0.05),
sessions (F(3,39) =4.76; p < 0.05), swims (F(565) = 10.57; p < 0.05)
and interaction between groups and session (F3:g) = 4.41;
p < 0.05). No other interactions, including a triple interaction
between swims, sessions and groups, were detected. The total
distance to reach the platform in a particular session is illustrated
in Figure 1A-left; though individual swims are not depicted, the
total distance decreased in both groups for subsequent swims
each day.

When examining the latency to reach the platform, the
results were similar. The mixed effects ANOVA (groups x
sessions x swims) revealed a significant main effect of group
(F(1.16) = 4.93; p < 0.05), sessions (F3 48) = 13.28 p < 0.05), swims
(F(s80) = 447; p < 0.05) and interaction between groups and
swims (F(sg0) = 2.63; p < 0.05). No other interactions, including
a triple interaction between swims, sessions and groups, were
detected.

Second, a probe trial was conducted during session five of
the MWM. A two-sample t-test comparing the performance
between groups revealed decreased time spent in the target
quadrant that previously contained the platform (T 1) = 10.13;
p < 0.05). As can be seen from Figure 1B, the performance
of control rats was above the level of chance (15 s for a
randomly swimming rat), but the performance of Samaritan
rats was below chance. This suggests that remembrance of
the platform position was impaired in the Samaritan group.
(Figure 1B) The low target sector preference of the Samaritan
group in the probe trial was probably linked to their inferior
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FIGURE 1 | Results from the Morris water maze (MWM). (A) Total distance to reach the platform. In four daily acquisition sessions with a hidden platform in a
stable position (d01-d04), Samaritan rats were significantly impaired and their performance did not improve during subsequent sessions, suggesting severe
behavioral impairments. The visible platform test showed that both groups had both the motivation and physical ability to reach the platform (the apparent trend
towards poorer performance in the Samaritan group was not statistically significant). (B) The probe trial (a single swim without a platform) was performed on the fifth
session, after hidden platform training but before visible platform testing. Samaritan rats spent significantly less time in the quadrant that had previously contained the
platform, which suggests an impairment of memory or spatial navigation. Their performance was even below the expected random value (15 s), as indicated by the
dashed line. Columns in the charts show group means, and SEM is indicated by the error bars. Significant differences between groups or sessions at p < 0.05 as
evaluated by a t-test on session-averaged data are indicated by an asterisk (*), n.s. indicates a non-significant result.

searching strategy. Visual inspection of the data suggested
much higher thigmotaxis in the Samaritan group, and a slight
preference for the quadrant opposite to the target (where the
starting position was located). We thus evaluated thigmotaxis
(measured as the distance from the center of the maze) by
a two-sample t-test, which confirmed that the Samaritan rats
tended to spend more time on the periphery (T(y15 = 2.78;
p < 0.05).

Finally, we conducted a visible platform test (Figure 1A-right,
showing the mean path needed to find the platform for each
day), consisting of eight swims in 1 day. The two-way ANOVA
(groups x swims) failed to detect a significant main effect of
group (F(1,14) = 3.44; p > 0.05), but a significant main effect of
swims was found (F(795 = 3.21; p < 0.05). Visual inspection
of the data indicated poorer performance in the initial swims
(not shown), before the animals adjusted to the new task rules;
however, there was no significant interaction (F(798 = 1.65;
p > 0.05). For the time to reach the platform, there was no
significant effect of group (F(16 = 3.93; p > 0.05), but there
was a significant effect of swims (F(7112) = 5.37; p < 0.05.
Again, no significant interaction was present (F7112) = 2.06;
p>0.05).
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Active Allothetic Place Avoidance

Habituation Sessions

During the habituation phase (two sessions; Figure 2-left parts of
panels), no effect of groups was detected (F(j,15) = 2.35; p > 0.05).
There was, however, a significant effect of days, with animals
walking more on the second day of habituation on the rotating
arena (F(1,15) = 4.74; p < 0.05). No interaction between the factors
of group and day was detected. Place navigation parameters were
not evaluated in this phase, since there were no shocks applied
and therefore no avoidance.

Acquisition Sessions

During the acquisition phase, there was no effect of groups
on total distance (F(j,16) = 1.84; p > 0.05); however, ANOVA
revealed a significant effect of sessions (F(464) = 3.09; p < 0.05)
and a significant interaction (F464y = 4.43; p < 0.05). The
Newman-Keuls post hoc test on session term revealed that
the distance was higher in the last three sessions, probably
as an adaptation to the task. Analysis of the interaction term
demonstrated that while Samaritan rats had stable locomotion in
all acquisition sessions, the control group gradually increased the
total distance traveled (Figure 2A). Visual inspection of the data
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FIGURE 2 | Results from the Carousel maze. The Carousel maze testing consisted of two habituation sessions (d01-02), acquisition (d03-07) and reversal
training (d08-12). (A) Total distance walked is a measure of locomotor activity. In the habituation sessions, the difference between groups was not significant. but
locomotion increased in the second session (with a rotating arena) relative to the first (with a stable arena). In the acquisition phase, the effect of group was also not
significant; however, the control group gradually increased its locomotion, whereas the locomotion of the Samaritan rats was stable. In the reversal stage, no
difference was found. (B) Maximum avoidance time indicates the longest period of successful avoidance during a session. Again, the effect of groups was not
significant, but there was a significant interaction suggesting slower learning in the Samaritan group in the acquisition phase. In the reversal phase, neither the group
effect nor interaction was significant, despite the apparent trend visible in the graph. (C) Number of errors (entrances into the sector) is another measure of avoidance
behavior. The difference between groups was again not significant, but a significant interaction indicated slower learning and poorer final performance in Samaritans
during the acquisition phase. In reversal, the apparent tendency toward increased number of errors in the Samaritan group remained non-significant. (D) Time to first
error is a measure of between-session (long-term) memory. There was only a trend for group difference, but a significant interaction term again indicated poorer final
performance in Samaritans during acquisition. There was no significant difference in the reversal phase, which may have been caused by the large variance in this
parameter. Bars or data points in the charts show group means, and SEM is indicated by the error bars. Significant differences between groups at p < 0.05 as
evaluated by the t-test on session-averaged data are indicated by an asterisk (*), n.s. indicates a non-significant result.

showed that some control animals exhibited passive behavior
during the first avoidance session, but they gradually abandoned
this strategy, and all of them were able to achieve successful
avoidance. In the Samaritan group, this passive behavior was
less common in the beginning, but several rals were not able
to achieve the avoiding behavior at all, although some others
were.

Analysis of the maximum avoidance time again revealed a
significant main effect of sessions (Fsgq) = 16.19; p < 0.05)
but not groups (Fy16 = 1.79; p > 0.05), with the interaction
term being significant (Fiy6q = 5.70; p < 0.05). Post hoc
test on sessions revealed that again, maximum avoidance time
was significantly increased in last three acquisition sessions
(p < 0.05). Analysis of the interaction term revealed that
Samaritan rats had lower maximum avoidance times at the end
of acquisition than controls (p < 0.05; Figure 2B).

Analysis of the number of errors revealed a significant main
effect of sessions (F(s56) = 30.90; p < 0, 05), but not group
(Fiu4) = 2.93; p > 0.05]; however, the interaction term was
significant (Fy56 = 3.02; p < 0.05. The post hoc test on the
session factor revealed a lower number of errors in last three
sessions compared to the first two sessions (p < 0.05). Analysis
of the interaction term showed that Samaritan rats did not
achieve the same level of final performance as controls (p < 0.05;
Figure 2C).

The two-way ANOVA conducted on the data for time-to-the-
first-error revealed a significant effect of sessions (F(464) = 9.85;
p < 0.05) and the interaction term (F464) = 3.26; p < 0.05).
The effect of group exhibited only a trend (Fj16 = 3.98;
p = 0.06), likely due to the high variance in the data. The
post hoc test of the session factor showed that rats in the last
two sessions had increased time to the first error compared to
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FIGURE 3 | Results of western blotting. Representative images of samples
from the L hemisphere were used (all data are presented in Table 2).

the three initial sessions. Visual analysis of the group factor
trend showed that control groups improved in between-session
memory compared to Samaritan rats, although there was high
variation. The post hoc analysis of the interaction term showed
impaired between-session memory in Samaritan rats compared
to controls (Figure 2D).

All these data suggest that the AD model animals were
impaired in acquisition sessions for all measured spatial
parameters, including the total distance (significant interaction
term).

Reversal Sessions

Total distance in the reversal sessions was not affected by any
factor, nor was any interaction detected (all p > 0.05). This
suggests that animals were already accommodated to the task and
did not have locomotor disabilities (Figure 2A-right). The two-
way ANOVA conducted on maximum avoidance time revealed
only a main effect of sessions (F460) = 6.17; p < 0.05). No
other terms (groups, interaction) were significant (all ps > 0.05).
This again suggests that there were no between group differences
in this parameters in the reversal sessions, although a visual
trend of an increased number of errors in Samaritan rats can
be seen (Figure 2B-right). The number of errors was affected
only by sessions (F(444) = 14.59; p < 0.05); no other effects were
significant (all ps > 0.05). The post hoc analysis of the session
factor showed that in the first reversal session this parameter was
worse than in subsequent sessions, when it gradually decreased
(Figure 2C-right). There seems to be a trend in interaction,
but this was not significant, probably due to high variation.
Time to the first error was not affected by any factor, and this
parameter also showed high variation (all ps > 0.05; Figure 2D-
right).

Neurochemical Analysis

Table 2 shows the expression levels of NRI1/NR2A/NR2B
in the R and L frontal cortices. For representative image
of western blot results, see Figure 3. In the sham-operated
Long Evans controls, no marked asymmetries were found
in NRI (index of laterality = +0.005) or in NR2A subunit
(index of laterality = —0.010). On the other hand, mild L/R
dominance was observed in the NR2B subunit (index of
laterality = +0.056, there was an increase to 112% in the L
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TABLE 2 | Expression of NR1/NR2A/NR2B subunits of NMDA receptors in
the frontal cortex.

Groups n R L L-R/L+R
NR1
Sham-operatedrats 10 1.002 £ 0.006 1.009 £ 0.004 0.005 £ 0.003
Samaritan rats 8 0.985+0.014 1.009 + 0.004 0.013 £ 0.007
One-way ANOVA Fate =129, Fu1e =000, Faig =111,
p=0.2728 p =0.9906 p =0.3068
NR2A
Sham-operatedrats 10  0.856 = 0.004 0.840+0.003 -0.010 + 0.003
Samaritan rats 8 0.864 +£0.006 0.857+0.005" -0.005+ 0.004
One-way ANOVA Fi16) =146,  F1.16 =T7.56, F.1e =0.91,
p=0.2439 p=0.0142 p =0.3548
NR2B
Sham-operated rats 10  0.850 + 0.020 0.948 +0.007  0.056 + 0.015
Samaritan rats 8 0.883+0.009 0.950+0.007 0.036 + 0.008
One-way ANOVA Fiae =191,  Fu1s =003, Fi1.16 = 1.16,
p=0.1863 p =0.8540 p =0.2969

Mean + SEM. Expressions of NMDA receptor subunits were estimated separately
in the right (R) and left (L) frontal cortices. Results of ANOVA with repeated
measures: NR1 groups: Fuie = 0.93, p = 0.3499, laterality: Fi16 = 5.22,
p = 0.0363%, interaction: Fy 1, = 1.45, p = 0.2455. NR2A groups: F s = 6.43,
p = 0.0220%, laterality: F16y = 7.89, p = 0.0126%, interaction: F 5 = 0.96,
p = 0.3421. NR2B groups: F s = 2.85, p = 0.1107, laterality: F(, 14y = 28.47,
p =0.0001***, interaction: F 16 = 1.04, p = 0.3220. *p < 0.050, ***p < 0.001.

compared to the R cortex, and the results of ANOVA with
repeated measures for laterality was significant, p < 0.001). In
Samaritan rats compared to the controls, results of ANOVA
with repeated measures and one-way ANOVA only showed
a significant change in the NR2A subunit (an increase to
102% in the L side of Samaritan rats). Although the results
of the global test also suggested possible effects of laterality
in the NR1 and NR2B subunits (with a drop to 98% of NR1
and an increase to 104% of NR2B in Samaritan rats, in both
cases in the R side), results of one-way ANOVA did not
support this.

Table 3 demonstrates the results of the HACU and [3H]HC-
3 specific binding measurements in the R and L hippocampi.
In sham-operated Long Evans controls, the data indicated a
marked R/L dominance of HACU activity (index of laterality
—0.094, an increase approximately to 119% in the R compared
to the L hippocampus, and significant ANOVA with repeated
measures for laterality p < 0.05). On the other hand, R/L
dominance was not found in [3HJHC-3 specific binding (index
of laterality -0.027, and an insignificant increase to 108%
in the R compared to L side). When comparing Samaritan
rats to controls, results of ANOVA with repeated measures
indicated significant differences between groups in HACU values
(increases to 142% in the R side and to 132% in the L side of
Samaritan rats); nevertheless, the results of one-way ANOVA
were only borderline significant.

No differences between groups were observed in the specific
binding of [3H]HC-3.

Correlation Analysis
The results of correlation analysis from biochemical experiments
are summarized in Table 4. In sham-operated controls, there
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TABLE 3| Activity and of ic CHT1 porters in the

hippocampus.

Groups n R L L-R/L+R

HACU

Sham-operatedrats 9  226.2 + 24.0 189.7£244  -0.094 & 0.057

Samaritan rats 9 821.1+386 2511+£279 -0.114 £ 0.064

One-way ANOVA Fi1.16) = 4.36, Fu16) = 2.74, F 116 = 0.05,
p = 0.0532 p=0.1174 p=0.8191

[3H]HC-3

Sham-operatedrats 9 4465.1 +674.3 4123.5+466.5 —0.027 + 0.033

Samaritan rats 9 4520.3 +540.8 4532543334 0.020 +0.048

One-way ANOVA F1.16) = 0.00, Fo.e =051, Fi1.16 = 0.62,
p =0.9499 p = 0.4859 p =0.4408

Mean + SEM. The activity of the high-affinity choline uptake (HACU) was estimated
in synaptosomes isolated separately from the right (R) and left (L) hippocampi and
expressed as fmoles/4 min/mg or proteins. The specific binding of (3H)HC-3 was
estimated in hippocampal synaptic membranes and expressed as fmoles/mg of
proteins. Results of ANOVA with repeated measures: HACU groups: Fi 16 = 5.15,
p = 0.0374*, laterality: F(,6 = 5.30, p = 0.0351*, interaction: F 6 = 0.53,
p = 0.4791. [3HJHC:3 binding—groups: Fas = 0.11, p = 0.7399, laterality:
Fa.6 =041, p = 0.5307, interaction: F, 1 = 0.47, p = 0.5007. *p < 0.050.

TABLE 4| C is of data from bi | experiments.
Sham-operated Samaritan

Parameter vs. parameter T P r P Z-test

P

Subunits of NMDA receptors

NR1 R vs. Laterality NR1 -0.789 0.007** -0.976 < 0.001*** 0.052

Laterality NR1vs. NR2B R 0.356 0.312 -0.692 0.057 0.037"

Laterality NR1 vs. -0.245  0.495 0.72 0.044*  0.048*

Laterality NR2B

NR2A R vs. Laterality NR2A  —0.719  0.019* -0.702  0.052 0.953

NR2A L vs. Laterality NR2B  —0.719  0.048* -0.86 0.006** 0.356

NR2B R vs. Laterality NR2B  —0.979 < 0.001*** —0.94 < 0.001*** 0.361

NR2B L vs, Laterality NR2B  0.665  0.036" 0.878  0.004* 0.334

CHT1 transporters

HACU R vs. HACU L 0.686  0.041* 0.105 0.805 0.225
0.903 <0.001*** 0.676 0.065 0.271

NMDA subunits and CHT1

NR1 L vs. HACU L -0.6 0.088 0595 0.119  0.023*

Laterality NR1 vs. 0.438  0.238 0.935 < 0.001*** 0.043*

Laterality [SHJHC-3

NR2A R vs. Laterality HACU ~ 0.711 0.032* 0.169  0.707 0.229

NR2A R vs. [BHHC-3 L —-0.584  0.099 0.488  0.22 0.047*

NR2B R vs. HACU R -0.74 0.023* 0.151 0757 0.074

NR2B L vs. [BHHC-3 R -0.705  0.034* -0.473 0.236 0.549

Laterality NR2Bvs. HACUR ~ 0.684  0.042* -0.276 0.509  0.064

The laterality of particular paran;els;swwaé ;xbressed as indexes of laterality.
Correlation coefficients (r) were evaluated via a test based on Fisher's
Z-transformation (Z-test). "p < 0.050, **p < 0.010, ***p < 0.001.

were significant relationships between all subunit expression
levels in the R side and their laterality (three markedly negative
correlations), between NR2B expression in the L side and its
laterality (positive correlation), and finally between particular
subunits with respect to their laterality (between NR1 and NR2B
or between NR2A and NR2B). A comparison of controls and
Samaritan rats indicated (wo significant differences (a shift

from a positive to a negative correlation between the laterality
of NRI and NR2B in the R side, a shift from negative to
a markedly positive correlation between the laterality of NR1
and the laterality of NR2B). With respect to CHT1, correlation
analysis revealed two marked positive correlations between
the R and L side in the controls (for HACU as well as
[3H]HC-3 binding); however, no differences between control
and Samaritan rats were found. Moreover, correlation analysis
revealed links between some subunits and CHT1 in sham-
operated controls (two positive correlations, between NR2A in
the R side and HACU laterality and between the laterality of
NR2B and HACU in the R side; two negative correlations,
between NR2B and HACU, both in the R side, and between
NR2B in the L side and [3H]HC-3 in the R side. A comparison of
control and Samaritan rats indicated three significant differences
(a shift from a negative to a positive correlation between
NR1 and HACU both in the L hemisphere, an increased
positive correlation between the laterality of NR1 and that of
[3H]JHC-3, and finally a shift from a negative to a positive
correlation between NR2A in the R side and [3H]HC-3 in the
L side).

DISCUSSION

Impairments in the Morris Water Maze

Our results show that Samaritan rats were impaired in the
reference memory version of the MWM. They took longer
distances and times to reach the platform, and impairment was
also present in the probe trial, where the experimental group
had a significantly lower preference for the target quadrant
that had previously contained the platform. In the visible
platform testing, no significant difference between the groups
was found.

Memory impairments in the MWM are among the major
behavioral hallmarks of rodent models of AD. This task is a
generally recognized model of AD because it taps hippocampal
functions, which are among the first affected in human AD,
is very simple and is widely used in existing studies, making
it advantageous for comparisons of different models (for
review, see D'Hooge and De Deyn, 2001; Sabbagh et al,
2013).

Although Lecanu et al. (2006) also examined MWM
performance in the Samaritan model, they only tested the effects
of experimental manipulations on the retrieval of memories
acquired prior to the surgery. Our experiments assessed the
ability to learn the reference memory task in rats already affected
by the AD model, as well as the ability (and accuracy) of retrieval
in a probe trial and the capability of the rats to master the
procedural aspects of the task.

Trials using a visible platform should assess the spatial
memory-independent aspects of the task, e.g., the capability to
swim, ability to perceive visual cues, procedural learning and
motivation to reach the platform. Although Figure 1A may
suggest a trend toward poorer performance in Samaritan rats,
the difference between the groups was not significant. It is also
possible that the animals partly relied on a spatial strategy even
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during the visible-platform test, as we did not change the visible
platform position across swims. Because swimming speed was
not altered in the Samaritan group (not shown), we can rule out
potential locomotor impairment in the AD model.

Deficits in Active Allothetic Place

Avoidance

Compared to the control group, we also observed a significant
deficit of Samaritan rats in the acquisition phase of the active
place avoidance test. No differences between groups were
detected in the habituation phase, when only distance was
evaluated (as there was no to-be-avoided sector). The lack of
differences between total distances in the habituation phase
(analogous to open field testing) suggests that spontaneous
locomotion in Samaritan rats is normal, and confirms that no
gross motoric impairments are present.

The deficits we found in the acquisition sessions (demanding
mainly so-called cognitive coordination), with Samaritan rats
showing a learning impairment, are a completely novel finding.
There was a clear difference between groups in all spatial
parameters (detected as significant interaction terms). The
significant interaction term found in the total distance in
acquisition sessions shows that control animals gradually
increased their distance, as they adopted an active strategy
enabling them to solve the task. The Samaritan rats exhibited
stable (and quite high) locomotion on all days, but they
nevertheless failed to reach the level of avoidance seen in the
control group.

We hypothesized that a deficit in cognitive coordination
would be present in the Samaritan ral model, because a meta-
analysis of the Stroop effect showed impaired processing of
multiple information streams in human AD patients (Ben-David
et al, 2014). The deficit we observed in active place avoidance
could be caused by a disruption of cognitive coordination;
however, a general impairment of spatial navigation and memory
(as also observed in the MWM) is in itself sufficient to explain
the decreased performance in this task. Unfortunately, there are
no other studies on animal models of AD and their possible
deficits in cognitive coordination, so this question remains open
for future studies.

In the reversal sessions of active place avoidance, demanding
cognitive flexibility, we observed no significant differences
between groups. Here the situation is much more difficult
to interpret. From Figures 2B,C it is apparent that the
performance of the Samaritan group actually continued
to be worse even in the reversal sessions, although the
difference failed to reach statistical significance, probably
because the reversal performance was more variable. This
variability could be related to higher stress levels and/or
elevated cognitive demands. It is conceivable that the change
of sector position was relatively more disturbing for the
controls, which better remembered the original sector
position, than for the Samaritans, and this reduced the
apparent differences between them. Other observations from
our laboratory (Hatalova et al., 2014) may support such an
explanation.
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Alterations in the Cortical Glutamatergic

and Hippocampal Cholinergic Systems

In the present study, we show that there are asymmetrical
differences in cortical NR2B subunit expression levels and in
the activity, rather than the number, of hippocampal CHT1
transporters in adult male Long Evans controls (compare
Tables 2, 3). Links between particular subunits of the NMDA
receptor or between the R and L sides in the case of
subunits/CHT1 could also be supported by our correlation
analyses (Table 4); however, these results should not be over-
interpreted since our experiments were not performed on
intact animals. Nevertheless, both results are in accordance
with observed lateral differences in hippocampal NR2B subunit
expression in mature mice (Kawakami et al, 2003) and in
hippocampal HACU in adult Long Evans rats (Kristofikova et al.,
2004, 2010), and so support the hypothesis that changes in
NMDA receptors and CHT1 transporters could be a molecular
basis for the structural and functional asymmelry of the mature
brain (Gibbs, 2000; Kawakami et al., 2003; Kristofikova et al,,
2004).

A comparison of Samaritan rats with controls revealed rather
unilateral changes in the frontal cortex (significantly increased
NR2A expression in the L side, see Table 2) but bilateral
alterations in the hippocampus (significantly increased HACU
levels in both hemispheres, see Table 3). Nevertheless, the
significant result of ANOVA with repeated measures for the
laterality of NR1 does not exclude moderate alterations in NR1
expression in the R side of the frontal cortex (in contrast to
NR2B, the effect of laterality in NR1 cannot be associated with
the asymmetry of this subunit in the controls). These results may
be also supported by significant correlation differences between
NR1 and NR2B (Table 4).

Since the NR2A subunit becomes more prevalent in
adulthood and with advanced aging (Cui et al, 2013) but is
markedly attenuated in the autoptic cortical or hippocampal
regions of people with AD (e.g,, Hynd et al,, 2004), our results
of increased NR2A expression in the frontal cortex of Samaritan
rats could be thus interpreted via the animal model mimicking
early rather than terminal stages of AD. Moreover, with respect
to the hyperactivity/hypoactivity of the glutamatergic system
observed in AD (Butterfield and Pocernich, 2003), the increased
NR2A subunit expression could reflect rather its hyperactivity
since NR2A-containing receptors have a lower activation energy
compared to those with NR2B (Erreger et al,, 2005). We also
detected bilateral increases in the activity of CHT1 in Samaritan
rats compared to controls. Similar changes in CHT1 transporters
observed in Samaritan rats and in people in early stages of
AD (Slotkin et al, 1990) also support our above-mentioned
hypothesis that Samaritan rats could be a promising model of
sporadic AD, especially in its early stage.

Relationships Between Cortical NMDA
Receptors and Hippocampal CHT1

Our correlation analysis suggests complicated links between
the expression of NMDA receptors in the frontal cortex and
hippocampal CHT1 in the controls (Table 4). In particular, the
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data indicate possible connections between NR2A/NR2B and
CHTT1 activity as well as between NR2B and the number of
CHT1; however, a more detailed analysis should be performed
in the future to correctly interpret this hypothesis. Nevertheless,
our results agree well with the reported role of prefrontal-
hippocampal pathways in cognitive/memory processes, and
perhaps also with the role of the R prefrontal cortex observed
in human- or non-human primates (Anderson et al,, 2015). On
the other hand, an interpretation of changes in Samaritan rats
compared to controls is not difficult. Namely, higher positive
correlations between NR1 and CHT1 probably reflect similar
changes in the glutamatergic and cholinergic systems mediated
by applications of Abetay; and the two pro-oxidative substances
into the L cerebral ventricle.

Study Limitations and Caveats

Despite what we feel are significant advances, our study is not
without limitations: First, we did not measure any classical
signs of AD pathology, such as amyloid plaques, neurofibrillary
tangles etc. Rather we strongly relied on the published results
of Lecanu et al. (2006) and the patented Samaritan model, and
we used already-operated animals. Second, we found a visual
trend to a worsening in performance in the visible platform
version of the MWM in Samaritan rats, which might suggest
some deficit in procedural aspects of the task (e.g., decreased
visual acuity or motivation), but we argue that such a deficit
only partially contributed to the deficit in the hidden platform
task. This interpretation is also supported by the fact that in the
active place avoidance task, which is procedurally very different
and less dependent on precise visual navigation, the cognitive
deficit of Samaritan rats was robust and manifested in multiple
parameters.

The Samaritan model itself is limited by the fact that it
exhibits only face validity (AD-like symptoms), but not construct
validity (similarities in etiology), as it is induced by the artificial
application of Abeta together with supplementary chemicals,
which is obviously not the case in actual AD. Furthermore, the
unilateral injection of the solution limits the validity of the model
with regard to lateralized changes in neurotransmitter systems.
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