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Abstrakt

Prostorovd navigace, koordinace a behavioralni flexibilita patii mezi
kognitivni funkce, které byvaji Casto naruSené u mnoha neuropsychiatrickych
onemocnéni. K jejimu studiu slouzi animéalni modely s farmakologickou ¢i
genetickou manipulaci, jez lze testovat v behavioralnich tlohach. NaSim prvnim
cilem bylo objasnit vliv interakce mezi [-adrenergnim a aj-adrenergnim Cci
D,-dopaminergnim systémem na kognitivni funkce potkanti. V obou ptipadech doslo
k naruseni prostorové navigace a koordinace zvifat jiz pifi koaplikaci
subterapeutickych davek danych antagonisti. Nase poznatky mohou mit dopad i na

Klinickou praxi vzhledem k rozsiteni danych typt latek.

Dalsi studie byla zamétena na urceni efektu MK-801 (model schizofrenie) na
behavioralni flexibilitu v bludisti Koloto¢ a Morrisové vodnim bludisti (MWM).
Bludisté Koloto¢ se zda byt senzitivnéjs$i na dany deficit, doslo k naruSeni vykonu
potkanti jiz od davek 0,08 mg/kg oproti 0,10 mg/kg v MWM. Nase nejnovéjsi prace
zkoumala vliv redukované exprese Nogo-A proteinu na prostorovou navigaci a
behaviordlni flexibilitu potkan. Baterie testd v bludisti Koloto¢ prokazala
poskozeni danych parametri, v MWM nebylo pozorovano poskozeni pracovni
paméti. Nogo-A knock-down potkani mohou pfedstavovat endofenotyp podobny

schizofrenii.

Kli¢ova slova: prostorova navigace, behaviordlni flexibilita, adrenalin, dopamin,

interakce, MK-801, Nogo-A, schizofrenie



Abstract

Spatial navigation, cognitive coordination and behavioral flexibility belong
amongst cognitive functions, which play a role in many neuropsychiatric disorders.
Behavioral tasks have proved to be useful paradigms to test these functions in
pharmacological or genetic animal models. First aim was to determine a potential
interaction between [B-adrenergic and os-adrenergic or D,-dopaminergic systems.
Spatial navigation and coordination were impaired in both studies during co-
aplication of subthreshold doses of drugs. Used substances belong to group of widely
prescribed drugs, thus our results could be implicated in clinical practice.

Another study examined an acute effect of MK-801 (animal model of
schizophrenia) on behavioral flexibility in Carousel maze and the Morris water maze
(MWM). Carousel maze showed higher sensitivity with impairments from
0.08 mg.kg-* compared to 0.10 mg.kg-* in MWM. The final experiment aimed at
testing the effect of reduced expression of Nogo-A protein on spatial navigation and
behavioral flexibility of rats. A battery of tests in the Carousel maze revealed
impairment in cognitive functions, MWM showed unaffected working memory of
rats. Our results support the hypothesis linking Nogo-A knock-down rats with

neuropsychiatric symptoms and cognitive disorders.

Key words: spatial navigation, behavioral flexibility, adrenalin, dopamine,
interaction, MK-801, Nogo-A, schizophrenia
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I. Obecna cast

1. Uvod

Kognitivni funkce organismu zajistuji zpracovani vnitinich 1 vnéjSich
informaci a zahrnuji Sirokou skupinu mentélnich procest, mezi néz nalezi naptiklad
bdélost, pozornost, uceni, paméet, motivace, vnimavost, flexibilita, koordinace,
planovani a schopnost rozhodovani. Mohou byt védomé i nevédomé a jejich
spole€nou vlastnosti je zavislost na ucasti mnoha systéml neuropienasecli a
neuromodulatort v riznych ¢astech mozku, selektivné distribuovanych v mozkovych
okruzich a strukturach. O vyznamu neuroaktivnich latek pro vyssi nervovou ¢innost
svéd¢i projevy psychiatrickych ¢i neurodegenerativnich onemocnéni, které se

vyskytuji pfi jejich naruSeni (Carlsson et al., 1999; Myhrer, 2003).

Prestoze tradi¢né byl za hlavni klicovou molekulu determinujici slozku
kognitivnich funkci povazovan cholinergni systém, nelze zpochybnit, ze také ostatni
mediatory stimto systémem vyznamné interaguji, piipadné zajiStuji specifické
kognitivni ¢innosti v kooperaci S dal§imi neuromedidtorovymi systémy. Mezi
nejdulezitéj$i modulatory kognice nalezi téZ systém biogennich amini (noradrenalin,
dopamin) a glutamatergni systém, ktery je piimo zodpovédny za zpracovani
informaci v mozku (Beaulieu and Gainetdinov, 2011; von Bohlen und Halbach and

Dermietzel, 2006; Stanford, 2001). O jejich roli bude pojednano nize.

Zakladni experimentalni néstroj pro sledovani kognitivnich funkei predstavuji
behaviordlni ulohy. Zabyvaji se animalnimi modely, které reprezentuji vyssi
kognitivni funkce lidi (napf. pamét, flexibilita, koordinace). Tyto funkce lze testovat
fadou uloh. Pouzivané aparatury se obecné nazyvaji bludisté a objevuji se v mnoha

modifikacich, navrzenych pro studium konkrétnich schopnosti sledovaného zvitete.

Pro studium kratkodobé i1 dlouhodobé paméti, prostorové koordinace ¢i
behaviordlni flexibility jsme v naSich experimentech vyuZili Morrisovo vodni
bludisté¢ a bludist¢ Koloto¢ (zvané téZz jako tloha aktivniho vyhybani se mistu).
Morrisovo vodni bludist¢ vyzaduje prostorovou navigaci a uceni, které je zavislé na

koordinaci riiznych oblasti mozku a neurotransmiterovych systémt. Zaroven patii jiz



tii desitky let k nejcastéji vyuzivanym laboratornim néstrojim behavioralnich
neurovéd, slouzi k validaci zvifecich modelti pro kognitivni choroby, ptipadné jejich
1écbu (Hooge and Deyn, 2001). Baterie testi v bludisti Koloto€ je zéavisla na
kontinualnim zpracovavani odlisnych prostorovych ramct a jejich segregaci, Vv rizné
upravenych variantach pak klade zvlastni diraz na behavioralni flexibilitu (Abdel

Baki et al., 2009).

K objasnéni funkci mozkovych neuromediatori a blizSimu studiu
kognitivnich funkci véetné jejich ovlivnéni Ize pouzit animalni modely. Tyto modely
byly primérné zalozeny na manipulaci se systémy neurotransmiterti podilejicich se
na rozvoji konkrétniho onemocnéni (napf. glutamatergni systém v patologii
schizofrenie, GABA-ergni systém v patologii anxiety). Piibyvaji vSak také modely
cilené na specifické proteiny mozku, ve snaze objasnit jejich ulohu v etiologii daného

onemocnéni (napt. Nogo-A protein a jeho vliv na neuropsychiatrické onemocnéni).

10



2. Neuroprienasecové systémy mozku vyuzivajici
biogenni aminy

Dopamin  (4-(2-aminoethyl)benzen-1,2-diol) a noradrenalin  (1-B-3,4-
dihydroxyphenyl-a-ethanolamin) patii do skupiny neuromediatord nazyvanych
katecholaminy. Jejich strukturu tvoifi benzenovy kruh sdvéma navazanymi
hydroxylovymi skupinami (zvany téz katechol) a postranni fetézec s aminovou

skupinou.

Syntézu katecholamini jako prvni popsal roku 1939 némecko-britsky
biochemik a farmakolog Hermann Blaschko. Dany sled reakci vychazi
z aminokyselin fenylalaninu a L-tyrosinu (Obr.1) a probiha za pomoci enzymi, které
jsou exprimovany vtéle neuronu a nasledné anterogradn€ transportovany

K nervovym zakonCenim. V téchto terminalach je pak syntetizovan samotny

neuropienasec.
Fenylalanin
. hydroxyldza . Tyrosin hydroxyldza
Fenylalanin sy Tyrosin P DOPA
DOPA-
OH dekarboxylaza
HO NH: Dopamin
. beta-hydroxylaza .
Noradrenalin < Dopamin
HO

Obrizek 1 Syntéza dopaminu a noradrenalinu (Prokopova, 2010)

Tvorba noradrenalinu je uzce spjata s pfedchozi syntézou dopaminu, nebot
vznika jeho dekarboxylaci dopamin beta-iydroxyldzou na norepinefrin (neboli
noradrenalin). Tato oxidaza je pfednostné exprimovana v noradrenergnich neuronech
a predstavuje kliCovy rozdil v enzymatickych reakcich mezi dopaminergnimi a
noradrenergnimi neurony. V nékterych neuronech centralni nervové soustavy (CNS)
a také chromafinnich bunkach dfené nadledvin je noradrenalin dile pfeménovan

N-methylaci na adrenalin, pfenaSec periferni nervové soustavy (Vallone et al., 2000).

11



Na degradaci katecholaminti se podili monoaminooxidaza (MAO) a katechol-
O-methyltransferaiza (COMT). MAO-A je enzym piitomny v dopaminovych a
noradrenalinovych neuronech a preferencné katalyzuje oxidativni deaminaci
noradrenalinu, adrenalinu, serotoninu a melatoninu, zatimco MAOQO-B se nachazi
Vv serotonergnich neuronech a degraduje preferencné benzylamin a fenylethylamin.
Obé formy pak deaminuji dopamin, tyramin a tryptamin. MAO metabolizuje
nor/adrenalin  na  3,4-dihydroxymandlovou  kyselinu a dopamin  na
3,4-dihydroxyfenyloctovou  kyselinu.  Katechol-O-methyltransferaza (COMT)
spolecné¢ metabolizuje noradrenalin na normetanefrin a dopamin na kyselinu

homovanilovou (Stanford, 2001; Webster, 2001).

Za zminku také stoji carbidopa (a- methyldopa hydrazine) a benserazid, které
blokuji pfreménu levodopy na dopamin. Vyuzivaji se v kombinaci s levodopou
Vv 1é¢bé Parkinsonovy choroby, nebot’ zabranuji vzniku dopaminu na periferii (sami
nepiechdzi mozkomis$ni bariérou), snizuji tak nezddouci ucinky léby a zaroveii

zvySuji mnoZstvi levodopy a dopaminu v CNS.

2.1 Dopamin

Jméno tohoto nejCetnéjsiho mozkového katecholaminu bylo odvozeno od
levodopy (L-DOPA), ktera slouzila v roce 1910 jako prekurzor v Barger-Ewensoveé
syntéze, prvni reakci, jez dopamin popsala. Zprvu byl vSak povazovan za pouhy
prekurzor noradrenalinu a adrenalinu, jako o neurotransmiteru se o ném zacalo
uvazovat az o témét 50 let pozdéji (Carlsson et al., 1957). Diky tomuto vyznamnému
objevu se dostalo $védskému farmakologovi Arvidovi Carlssonovi Nobelovy ceny za

fyziologii a medicinu (Carlsson, 2000).

Dopamin ptedstavuje pfiblizné 80 % vSech katecholaminli vyskytujicich se
v mozku. Z mista svého vzniku se distribuuje ¢tyimi zékladnimi drahami (Obr. 2) —
nigrostriatalni, mezolimbickou, mezokortikalni a tuberoinfundibuldrni, které vedou
ze skupin dopaminergnich bunék A9 (nigrostriatalni draha), A10 (mezolimbicka a
mezokortikalni drdha, nékdy souhrnné pojmenované jako mezokortikolimbicka
dréha) a Al2 (tuberoinfundibularni draha). Nejvice dopaminergnich bunék (tj.
ptiblizné 400 000) nalezneme v jadru A9, které tvoti zona compacta — dorzalni ¢ast
substantia nigra (Vallone et al., 2000; Webster, 2001).
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Obriazek 2 Dopaminergni drahy v mozku (Webster, 2001) AMYG - amygdala, CN - nucleus
caudatus, MFB — medial forebrain bundle, NcA — nucleus accumbens, OT - tuberculum
olfactorium, PUT — putamen, SN — substantia nigra

Dopaminergni neurony jsou zapojeny do mnoha zivotné dulezitych funkci
centralni nervové soustavy, jako jsou piijem potravy, systém motivace a odmény,
uceni a pamét’, volni pohyb, spanek, impulsivnost, emoce nebo naptiklad pozornost.
V periferii hraje dopamin dilezitou fyziologickou roli v regulaci ¢ichovych funkci,
funkei retiny, hormont, kardiovaskularni soustavy, sympatického systému,

imunitniho systému, renalnich funkci aj. (Beaulieu and Gainetdinov, 2011).

Projekce nigrostriatalni drahy vychazeji =z jader v mesencephalu, ze
substantia nigra compacta, které inervuji dorzalni striatum (nc. caudatus — putamen).
Tyto neurony jsou zapojeny do kontroly pohybu. Z oblasti ventralniho tegmenta
vychézeji neurony drahy mezokortikalni, které inervuji rizné regiony frontalni kiry.
Jsou zapojené do procesti spojenych sucenim a utvafenim paméti. Neurony
ventralniho tegmenta také projikuji do nucleus accumbens, tuberculum olfactorium a
¢asti limbického systému. Tato draha se nazyva mesolimbické a i¢astni se naptiklad

behavioralnich procest spojenych s motivaci a odménou.

Dalsi separatni dopaminova draha za¢ina neurony oblasti A12 v nucleus
arcuatus a periventrikularni oblasti hypothalamu a formuje tuberoinfundibularni
trakt vedouci k hypofyze. Dopamin uvolnény hypothalamo-hypofyzarnim portalnim

systémem inhibuje laktotrofy, bunky vylucujici prolaktin (Vallone et al., 2000).
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Dopaminergni dysfunkce

Vzhledem k zapojeni dopaminergnich drah do mnoha fyziologickych funkci,
neni piekvapenim, Ze jejich abnormality usti vcelou fadu neurologickych
onemocnéni. Jednou z nejlépe a nejdéle studovanou nemoci souvisejici s ubytkem
dopaminergnich neuroni v substantia nigra, mista snejvy$si koncentraci
dopaminergnich inervaci, je Parkinsonova choroba. Experimenty s lé¢bou tohoto
onemocnéni nalezneme také na pozadi objasnéni funkce samotného dopaminu jako

neurotransmiteru (Carlsson A., 2000).

Psychotomimeticky efekt dopaminergnich drog zaroven s faktem, Ze vétSina
klinicky pouzivanych antipsychotik blokuje D, receptory, pfispél ke vzniku
dopaminergni hypotézy schizofrenie. Poruchy v regulaci dopaminu se podili na
patologii ADHD (attention deficit hyperactivity disorder — hyperaktivita s poruchou
pozornosti) a Gilles de la Touretteova syndromu (Snyder et al., 1970). Zranitelnost
specifickych neuront striata se objevuje u pacientd s Huntingtonovou chorobou.
Abnormalni plasticitu systému odmény, taktéz spojeného s dopaminem, nalezneme
u zavislosti a zneuZivani drog, poruchy v dopaminergni signalizaci pak u bipolarni
poruchy, deprese, dyskinezi, ale také u somatickych onemocnéni - hypertenze,

poruchy ledvin aj. (Beaulieu and Gainetdinov, 2011; Dailly et al., 2004).
Dopaminové receptory

Utinky dopaminu, at’ uZ se jedna o volni pohyb nebo napiiklad ovlivnéni
krevniho tlaku, zprostfedkovavaji specializované receptory (Obr.3). Charakterizuje je
7 transmembranovych domén a jsou sprazené s G-proteiny (guanin-nukleotid

regulac¢ni protein).

RozliSujeme celkem 5 typ dopaminovych receptord, které na zakladé svych
biochemickych a farmakologickych vlastnosti dale spadaji do dvou podtiid: D;-like
receptory (tj. D1 a Ds receptory — pivodné zvané také jako Dig) a D,-like receptory
(tj. Dy, D3 a D4 receptory). Tato klasifikace byla zalozena na biochemickych
pozorovanich, kterd prokdzala, Zze dopamin mliZe modulovat aktivitu

adenylylcyklazy (Sealfon and Olanow, 2000; Vallone et al., 2000).
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Intracellular

COQH 1+ s ommrrmrrasiasasnaiin

Obrazek 3 Struktura dopaminovych receptorii (Webster, 2001) Obrazek D, (pferusovanou ¢ara) a
D, (plna cara) receptoru zduraziiuje hlavni rozdily mezi extra- a intracelularnimi klickami mezi
transmembranovymi ¢astmi 5 a 6 a C-terminalnim koncem, ktery je mnohem del§i u D;-receptort
vV porovnani s D,. Tuéné zvyraznéna cast kliCky D,-receptoru reprezentuje sekvenci aminokyselin,
ktera chybi u kratké formy tohoto receptoru.

Receptory skupiny D; aktivuji Ggsoir rodinu G-proteinti, ¢imz stimuluji
adenylcyklazu a zvySuji tak produkci cyklického adenosinmonofosfatu (cAMP).
Receptory Dy-like ptisobi skrze G-proteiny Ggyo, inhibuji tedy adenylcyklazu a

snizuji mnozstvi cAMP (Beaulieu and Gainetdinov, 2011).

C-konec dopaminovych receptori v obou podtiidach obsahuje mista
fosforylace (a palmitoylace), ktera jsou pravdépodobné zodpovédna za receptorovou
desenzitizaci agonisty. Dopaminergni ligandy se ve vétsing ptipadt odlisuji vazbou
k D1-like nebo D,-like skupiné receptord, v ramci dané podtiidy jiz vSak nebyvaji
natolik specifické (Vallone et al., 2000). Dopamin aktivuje receptory Di az Ds

s riiznou afinitou (v rozsahu nanomolarni az mikromolarni koncentrace).
D; receptory

Geny pro D; receptory jsou Vv nejvyssi mife exprimovany v nigrostriatalni,
mesolimbické a mesokortikalni oblasti, jako jsou nucleus caudatus-putamen
(striatum), nucleus accumbens, substantia nigra, tuberculum olfactorium, amygdala,
frontalni ktra, a v mens$i mife také v hipokampu, mozec¢ku, thalamu a hypothalamu

(Beaulieu and Gainetdinov, 2011; Vallone et al., 2000; Webster, 2001).
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Aktivace D; receptorli, exprimovanych na postsynaptickych neuronech, ma
stimulaéni efekt na pohybovou aktivitu. Navic jejich stimulace je nezbytna pro plnou
manifestaci lokomotorické aktivity zprostiedkované D, receptory (ne vSak naopak)

(\Vallone et al., 2000; White et al., 1988).

Spolupraci D1 a D; dopaminovych receptori muizeme pozorovat i
V procesech uceni a paméti, dlouhodobé potenciace a konsolidace pamétové stopy
Vv oblasti prefrontalni kiry (PFC), pii niz dochazi k interakci s GABA interneurony
(Xu and Yao, 2010). Naopak pii dlouhodobé potenciaci na synapsich mezi
hipokampem a PFC se zdaji byt kliCovymi receptory D;, které v tomto piipadé
kontroluji NMDA receptory zprostiedkovanou synaptickou odpovéd’ na specifické
excitaéni vstupy do PFC (Gurden et al., 2000; Takahashi et al., 2008). Dalsi
vyzkumy naznacuji, ze stfedné silna D; blokada muze posilit pamétové mechanismy
Vv prefrontalnich pyramidalnich neuronech, zatimco pfili§ slaba nebo silnd blokada je
rusi (tuto regulaci lze vyjadfit tzv. inverzni U-kiivkou), dopamin zajistuje integritu
pracovni paméti (Floresco, 2013; Stuchlik and Vales, 2006; Williams and Castner,
2006).

D, receptory, spole¢né s D, a D3 receptory, jsou také nezbytnou slozkou
mechanismu odmény a zavislosti, jejichZ patologie se uplatiiuje u drogové zavislych

(Beaulieu and Gainetdinov, 2011; Sokoloff et al, 2006).

D, receptory

Nejvyssi hladiny D, receptori pozorujeme podobné jako D; receptort ve
striatu, nucleus accumbens, tuberculum olfactorium, nachézeji se také v substantia
nigra, amygdale, ventralnim tegmentu, hypothalamu, kortexu, septu, hipokampu a
dokonce také v epifyze (Beaulieu and Gainetdinov, 2011; Vallone et al., 2000;
Webster, 2001).

Role D, receptort (podobné jako D3 receptorti) je pomérné komplexni, nebot’
zavisi na aktivaci presynaptickych ¢i postSynaptickych receptorti. Presynaptické
autoreceptory poskytuji negativni zpétnou vazbu, ktera upravuje neuronalni vyboje,
syntézu a uvolnovani neurotransmiterd v zavislosti na zméndch extracelularnich

koncentraci téchto latek (Sibley, 1999). Aktivace presynaptickych D; receptort tedy
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logicky vede Kk poklesu uvoliovani dopaminu a tak i napiiklad k poklesu
lokomotorické aktivity, zatimco stimulace postsynaptickych receptori tuto aktivitu
zvysuje. Dy receptory se zdaji byt predominantnim typem autoreceptort ovliviiujici
presynaptickou regulaci uvoliovani a syntézy dopaminu (Beaulicu and Gainetdinov,
2011). Je také znamo, ze k aktivaci presynaptickych D, autoreceptorti dostacuji nizsi
koncentrace agonisty nez k aktivaci postsynaptickych receptort. Casto tedy dochazi
Kk tzv. bifazickému efektu, kdy nizké davky podané substance aktivitu potlacuji,

zatimco vysSi koncentrace zptsobi behavioralni aktivaci (Beaulieu and Gainetdinov,

2011).

D, receptory krom¢ jiného ovliviuji také kognici, zprostredkovavaji efekt
dopaminu na mnemonické funkce, ucCastni se procesti prostorového uceni a
dlouhodobé potenciace béhem konsolidace paméti a také jsou zapojeny do regulace
uvoliiovani acetylcholinu v hipokampu (Fujishiro et al., 2005; Xu and Yao, 2010),
moduluji ¢innost frontalniho laloku (drahy hipokampus-PFC) a jsou tedy zaroven

nezbytné pro exekutivni funkce v€etné pracovni paméti (Takahashi et al., 2008).

Jednou 7z pfi¢in rozvoje pozitivnich ptiznakd schizofrenie (deziluze,
halucinace aj.) se zda byt zvySena senzitivita D, receptorti ¢i jejich odliSné mnozstvi,
napiiklad snizeni po¢tu presynaptickych D receptort v thalamu schizofrenikii nebo
zvySeny vyskyt tzv. Dopign receptori — receptord ve stavu zvySené afinity Ci
funkcnosti (Seeman and Seeman, 2014). Klinicky se také vyuziva fakt, Ze
antagonisté D, receptorti (v€etné antipsychotik) maji antiemeticky efekt, agonisté D,

receptorti (napt. bromokryptin) redukuji hladinu prolaktinu (Webster, 2001).
Ds receptory

D3 receptory nejsou tak Siroce distribuovany v mozkové tkani, nalezneme je
vSak v limbické oblasti, tj. v zevni ¢asti nucleus accumbens, tuberculum olfactorium,
Callejovych ostrivcich, hypothalamu a odlehlych oblastech thalamu a mozecku.
Dale se vyskytuji v oblasti substantia nigra compacta, coz signalizuje jejich
presynaptické uloZeni (Beaulieu and Gainetdinov, 2011; Sokoloff et al., 2006;
Vallone et al., 2000; Webster, 2001).
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D3 receptory pisobici jako autoreceptory reguluji aktivitu dopaminovych
neurontl, napt. senzitizaci k piisobeni neptimych agonistii dopaminu. Tento proces se
zda byt ptivodcem nezadoucich uc¢inkl levodopy (dyskineze) pii 1é¢bé Parkinsonovy
choroby, nebo také hraje roli pfi navykani si na drogu u zavislych jedinci. D3
receptor ziejmé také zprostiedkovava behavioralni abnormality zplisobené blokadou
glutamatovych NMDA receptorti, coz predurcuje jeho selektivni antagonisty jako
slibnd nova antipsychotika, piipadné léky drogové zavislych (Heidbreder, 2008;
Sokoloff et al., 2006). Co se tyCe pohybové aktivity, D3 receptor zajistuje stiedné
silnou inhibici lokomoce, bud’ plisobenim negativni zpétnou vazbou nebo skrze své

postsynaptické receptory (Sibley, 1999).

D4 receptory

Tento typ receptorti byl dokumentovan ve frontalni kite, amygdale, hipokampu,
hypothalamu, globus pallidus, substantia nigra pars reticulata a v thalamu. Spole¢né
sD; a D, receptory se nachdzi také v retiné¢ (Beaulieu and Gainetdinov, 2011;
Vallone et al., 2000; Webster, 2001). Jelikoz D4 receptory (ani Ds receptory) nejsou
pfili§ hojné zastoupeny v primarnich motorickych oblastech mozku, jejich role

Vv kontrole pohybu se zda byt minimalni (Sibley, 1999).

Zajimavé je vSak jeho zastoupeni pravé v PFC, klicové oblasti pro kognici a
emocionalni procesy, kde hraje roli u rozmanitych mentéalnich poruch (napf.
u ADHD nebo schizofrenie). Nedavno byl také popsan mechanismus homeostatické
regulace synaptické transmise AMPA-receptory (AMPA - kyselina amino-hydroxy-
methyl-isoxazol-propionova) v pyramidalnich neuronech PFC pravé prostfednictvim
D4 receptorti (Yuen et al., 2013). Polymorfismus D4 receptorti a gend pro zpétny
navrat dopaminu (DAT) se podili na vzniku ADHD, svou roli vSak také hraje

porucha regulace noradrenalinu a serotoninu (Vallone et al., 2000).

Ds receptory

Geny Ds receptori jsou exprimované v men$im mnoZzstvi v rozli¢énych
mozkovych oblastech, véetné pyramidéalnich neurontt PFC, v premotorické ke,

kafe cingula, entorhinalni kife, substantia nigra, hypothalamu, thalamu, hipokampu
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a gyrus dentatus (Beaulieu and Gainetdinov, 2011; Vallone et al., 2000; Webster,
2001). Jejich fyziologicka role zatim nebyla uspokojivé objasnéna, ve studiich byvaji

navic ¢asto uzivany substance ovlivitujici celou skupinu Di-like receptort.

Centonze et al (2003) popisuje ve své studii dopaminovych receptori ve
striatu urcité odliSnosti mezi D; a Ds receptory. Zatimco ablace D; receptort
poskodila kortikostriatalni dlouhodobou potenciaci (LTP), farmakologicka blokada
Ds receptort zabranila dlouhodobé depresi (LTD). Blokada D; a Ds receptort jejich
spole¢nym antagonistou SCH23390 snizila lokomoc¢ni aktivitu u kontrolnich mysi 1
mysi s chybé&jicimi Dy receptory (geneticka ablace D; receptortii naopak zvysila
lokomoc¢ni aktivitu). Je také mozné, Ze subthalamické Ds receptory jsou soucasti
patofyziologie u Parkinsonovy choroby, podani inverzniho agonisty téchto receptorti

(flupentixol) zmirnilo jeji motorické projevy (Chetrit et al., 2013).

Agonisté a antagonisté D-receptoru

Postupem ¢asu byly vyvinuty stovky farmakologicky aktivnich sloucenin,
které interferuji s funkci dopaminovych receptori na Grovni vazby ligandu a které
nam timto zpisobem dopomohly k objasnéni funkce riznych typl receptort. Mnohé

z nich pak byly klinicky aplikovany pfi 1é€be vySe zminovanych onemocnéni.

Tabulka 1 Vybrani selektivni agonisté dopaminovych receptort (podle Beaulieu
and Gainetdinov, 2011; Vallone et al., 2000; iuphar-db.org, 2013).

Receptor | G- Selektivni Selektivni | Neselektivni | Neselektivni
protein | agonista antagonista | agonista antagonista
Dy Gass fenoldopam | SCH-23390 | dopamin klozapin
Goolf quinpirol chlorpromazin
D, Gui, Goo | bromokryptin | haloperidol | (D2-like) domperidon
pergolid rakloprid | apomorfin | (D2, D3)
kabergolin | sulpirid remoxiprid
ropinirol spiperon
risperidon
D3 Goi» Goo | pramipexol nafadotrid
rotigotin
D, Guiy Goo | A-412997 A-381393
Ds Gus, Goq | fenoldopam | SCH-23390

Zkratky: A-381393: 2-[4-(3,4-dimethylphenyl)piperazin-1-ylmethyl]-1H benzimidazole; A-412997: N-
(3-methylphenyl)-2-(4-pyridin-2-ylpiperidin-1-yl)acetamide; =~ SCH-23390:  7-chloro-3-methyl-1-
phenyl-1,2,4,5-tetrahydro-3-benzazepin-8-ol
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Z klinicky vyuzivanych agonisti dopaminovych receptorii nutno jmenovat
nepiimého agonistu dopaminovych receptort a zarovei jeho prekurzor L-DOPA, jez
nalezi mezi standardni 1éCbu Parkinsonovy choroby. Symptomaticka 1é¢ba vyuziva
také dal$i agonisty dopaminovych receptorti: pramipexol, ropinirol, apomorfin,
Vv zahrani¢i je uzivany piribedil. Mezi dal$i uzivané agonisty nalezi napf. rotigotin
indikovany kromé terapie Parkinsonovy choroby téz k 1é¢bé syndromu neklidnych
nohou, kabergolin u hyperprolaktinémie, V zahrani¢i je to fenoldopam v l1é¢bé
hypertenze (Beaulieu and Gainetdinov, 2011; Dailly et al., 2004; Webster, 2001;
sukl.cz, 2013).

Antagonist¢ dopaminovych receptord se nejCastéji vyuzivaji v terapii
lisi selektivitou ucinku a aktivitou na rizné podskupiny recepti (dopaminové,
serotoninové, adrenergni alfa; i multireceptorovi antagonisté tzv. MARTA). Mezi
quetiapin, risperidon, sertindol, sulpirid, tiaprid, ziprasidon, zotepin. V 1é¢bé nauzey,
zvraceni, gastroparézy se hojné¢ vyuzivaji domperidon, metoklopramid a
thiethylperazin (Beaulieu and Gainetdinov, 2011; Dailly et al., 2004; Webster, 2001,
sukl.cz, 2013).
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2.2 Noradrenalin

Noradrenalin, zvany téZ norepinefrin nebo levarterenol, hraje velmi dulezitou
ulohu v mnoha ¢innostech mozku véetn€ uceni a paméti. O jeho syntézu se nezavisle
na sobé zaslouzili Stolz a Dakin, nazev noradrenalin odkazuje na nitrogen ohne
radikal indukujici absenci methylové skupiny v porovnani s adrenalinem. V této
dobé byl vsak jeho vyznam piehlédnuty, noradrenalin byl povazovan za pouhy
mezistupenn pro syntézu adrenalinu. Teprve Ulf von Euler dokazal v experimentech
oddélit noradrenalin od adrenalinu a vroce 1949 pak prokazal, ze také tento
katecholamin je zdkladnim sympatomimetickym neurotransmiterem u clovéka

(Rubin, 2007; Sneader, 2005).

Oproti adrenalinu, pievazné periferniho hormonu, mé noradrenalin vétsi
vyznam v CNS, noradrenergni nervy inervuji prakticky cely mozek (Nicholas et al.,
1996). Tim umoznuji neuronlim piesné zpracovani a vybaveni informace. V prednim
mozku dochazi k poklesu inhibi¢ni odpovédi a naopak zvyraznéni excitacnich
signald, tj. zvySeni poméru signalu k Sumu. Noradrenalin taktéz ovliviiuje ucinnost
synaptického ptenosu (napf. dlouhodobou potenciaci), reguluje pozornost, bdélost,
adaptacni reakce, ueni, pamét’ ¢i zotaveni po traumatech (Sara, 2009; Sirvio and

MacDonald, 1999).

Lokalizace a distribuce noradrenalinu

Na pomezi prodlouzené michy a Valorova mostu lezi téla noradrenergnich
neuroni uskupend do dvou bilaterdlnich klastrii, skupin jader znamych pod
zkratkami Al1-A7. Téméf polovina vSech jader noradrenergnich neuronii nalezi do
oblasti zvané locus coerules (LC, v pfekladu ,tmavé modra skvrna®), protahlé
skupinky namodralych bunék ve sténé horni ¢asti IV. mozkové komory. Jejich barva
je zpusobena vysokou koncentraci melaninu. Dalsi skupiny bunék nalezneme v locus
subcoeruleus (skupiny A5, A6, A7), v oblastech retikularni formace (Al a C1) a
V jadrech tractus solitarius (A2 a C2) (von Bohlen und Halbach and Dermietzel,
2006).
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Piestoze u ¢lovéka ¢ita LC pouze okolo 10 000 - 15 000 noradrenergnich
nervovych bunék v kazdé hemisféfe (u potkana piiblizn¢ 1 500), neurony se
extenzivné vétvi a vybihaji v oblasti celé nervové osy. Piedstavuji tak hlavni zdroj
diftznich noradrenergnich projekci zasahujicich do pateini michy, hipokampu,
amygdaly, septa, thalamu, hypothalamu a také do mozkové kury. Nékteré z téchto
projekci vybihaji do obou polovin mozku, nicméné ve vice nez 95 % pievlada
inervace ipsilateralni. (Berridge and Waterhouse, 2003; Stanford, 2001). Spole¢n¢
s noradrenalinem byvaji uvoliiovany i jiné neuromodulatory, naptiklad galanin nebo

neuropeptid Y (von Bohlen und Halbach and Dermietzel, 2006).
Noradrenergni receptory

Americky farmakolog Raymond Ahlquist jako prvni upozornil na fakt, ze
adrenergni efekty, a to excitacni i1 inhibicni, jsou zajiStény dvéma odliSnymi typy
receptort. Vychézel naptiklad z toho, Ze podobné excita¢né i inhibicn€ mlze plsobit
1 cholinergni systém parasympatiku, jenz taktéZ nedisponuje dvéma typy mediatort.
To bylo vroce 1948. Receptory zajistujici vasokonstrikci, dilataci zornicek,
kontrakci svaloviny d€lohy ¢i mocové trubice (excitacni pisobené katecholaminii)
pojmenoval Ahlquist alfa-adrenotropni receptory (a). Tyto receptory vsak plnily i
inhibi¢ni ulohu a to relaxaci stfev. Receptory zajiStujici inhibi¢ni pisobeni —
vazodilataci, relaxaci svaloviny délohy, bronchodilataci — a excitacni potencialy pro

srdce byly nazyvany beta () (Ahlquist, 1948; Bylund, 2007).

Dalsi, ptfesnéjsi rozdéleni na sebe nenechalo dlouho ¢ekat. Lands se svoji
vyzkumnou skupinou pozorovali, Ze kontrola lipolyzy a funkci srdce jsou fizeny
stejnym typem receptoru, ktery pojmenovali Bi. Receptor regulujici glykogenolyzy
kosternich svali ¢i bronchodilataci dodnes nazyvame 2 (Calzada a De Artinano,
2001). Alfa receptory byly rozdéleny do podskupin a; a ap, z nichz ob& obsahuji jeste
n¢kolik podttid, objeveny byly taktéz dva atypické B receptory — B3 a B4 (Tab. 2).
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Tabulka 2 Farmakologicka charakteristika adrenergnich receptori vdéetné

nékterych specifickych agonisti a antagonisti jednotlivych skupin receptori
(podle Prokopova, 2010)

Receptor | Podtyp | Uginnost| G Mechanismus Selektivni Selektivni
agonistu | protein ucinku agonista antagonista
oaian | NOR > aktivace fenylephrin prazosin
ADR | Gy/Gy1| fosfolipazy C | methoxamin | WB 4101
(0] ag | ADR = (TIP3, DAG, | cyrazolin tamsulosin(oa)
NOR 1Ca®") oxymetazolin
1D ADR =
NOR
ooap | ADR > inhibice AC klonidin rauwolscin
ws | NOR>> | G; (chg:IP, guanfacin BRL 44408
Oy ” 1ISO \Ca”™), | oxymetazolin| JP-1302
2C aktivace K" | ST-91 yohimbin
kanalu imiloxan
B1 ISO > aktivace dobutamin metoprolol
ADR > adenylylcyklazy betaxolol
NOR Gs (TcAMP), atenolol
TC32+
B B2 | ISO> aktivace | terbutalin | ICI 118,551
ADR >> adenylylcyklazy | salbutamol butoxamin
NOR (TcAMP)
B3 ISO = aktivace BRL 37344 | SR 58894
NOR > adenylyleyklazy | BRL 35135 | SR 59230
ADR (1cAMP)

Zkratky: ADR — adrenalin, CAMP — cyklicky adenosin-monofosfat, DAG — diacylglycerol, 1SO —
isoprenalin, IP3 — inositol-#rifosfdat, NOR — noradrenalin, BRL 37344: 2-[4-[(2R)-2-[[(2R)-2-(3-
chlorophenyl)-2-hydroxyethylJamino]propyl]phenoxy] acetic acid; BRL 35135: Methyl 4-(2-(2-
hydroxy-2-(3-chlorophenyl)ethylamino)propyl)phenoxyacetate; BRL 44408: 2-((4,5-Dihydro-1H-
imidazol-2-yl)methyl)-2,3-dihydro-1-methyl-1H-isoindole; ICI 118,551: (2R,3S)-1-[(7-methyl-2,3-

dihydro-1H-inden-4-yl)oxy]-3-(propan-2-ylamino)butan-2-ol; JP-1302: N-[4-(4-methylpiperazin-1-
yhphenyl]acridin-9-amine;dihydrochloride; SR 58894: (3-(2-allylphenoxy)-1-[(1S)-1,2,3,4 tetra-
hydronaphth-1-ylamino]-(2S)-2-propanol hydrochloride); SR 59230: (3-(2-ethylphenoxy)-1-[(1S)-
1,2,3,4 tetra-hydronaphth-1-ylamino]-(2S)-2-propanol oxalate; ST-91: N-(2,6-Diethylphenyl)-4,5-
dihydro-1H-imidazol-2-amine hydrochloride; WB4101: 2-(2,6-dimethoxyphenoxy)-N-[[(2R,3R)-3-

phenyl-2,3-dihydro-1,4-benzodioxin-2-ylJmethyl]ethanamine

Mechanismus a¢inku

Vsechny typy adrenoceptort patii, podobné jako dopaminové receptory, do

skupiny metabotropnich membranovych receptori spiazenych s G-proteiny a

tvofenych 7 transmembranovymi a-helixy (viz obrazek ¢. 4). o, adrenoceptory jsou

spfazené s Gq/G11 typem proteinu a aktivuji fosfolipazu C, kterd produkuje dva

odlisné druhé posly: lipofilni diacylglycerol a hydrofilni inositoltrifosfat. Oba dva
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ovliviiuji metabolismus bunky, ale efekt IP3 je navic zprostiedkovan zvySenim
hladiny biologicky dostupného Ca®* v cytoplazmé (Ruffolo and Hieble, 1994; von
Bohlen und Halbach and Dermietzel, 2006).
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Obriazek 4 Topologie 7-transmembranového B-adrenoceptoru (podle Gibb, 2001) K navazani
agonisty dochazi pravdépodobné v prostoru transmembranovych domén. Extracelularni strukturu
stabilizuji disulfidické mustky spojujici prvni a druhou extracelularni klicku. Mistem vazby
G-proteinu je tfeti intracelularni klicka. Tato klicka mtze byt spole¢né s karboxylovym koncem
receptoru cilem fosforylace (pisobeni kindz zodpovédnych za iniciaci receptorové desenzitizace).

ap receptory inhibuji adenylylcyklazu a tim 1 mnoZzstvi cAMP (plsobi na G;
protein, sensitivni na toxin Pertussis), coz vede k vzriistu K* a redukci Ca®* proudu a
tedy k celkovému inhibi¢nimu efektu - hyperpolarizaci. Zda se vSak, Ze tato cesta
plati pouze pro ayc receptor, zatimco ostatni podtypy maji ponckud odlisné
mechanismy ucinku. VSechny receptory B naproti tomu adenylycyklazu aktivuji,
mechanismus je zprostiedkovany Gs proteiny. Prolongované piisobeni agonistil
B receptora redukuje citlivost receptori a zpusobuje jejich desenzitizaci spocivajici v
odpojeni G-proteinu od receptoru a odstranéni receptoru z membrany (von Bohlen
und Halbach and Dermietzel, 2006).

Distribuce noradrenergnich receptori v mozku

Variabilita noradrenergnich odpovédi v konkrétnich oblastech mozku je
zpusobena rozdilnym rozmisténim jednotlivych noradrenergnich receptort.
Distribuci adrenoceptorové mRNA v centralni nervové soustavé potkana se zabyval
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Nicholas et al. (1996): a; receptory se nejvice vyskytovaly v bulbus olfactorius,
mozkové kufe, hipokampu, thalamu, hypothalamu, dorzalni raphe, epifyze, nc.
olivarius inferior a v miSe. Receptory a, mély nejvyssi hustotu v locus coeruleus,
intermediolateralnim sloupci, bulbus olfactorius, hipokampu, striatu, gangliich
zadnich kofenli miSnich a sympatiku. B receptory byly distribuovany pievazné
v epifyze, dale v bulbus olfactorius, mozkové kufe. Pomérné¢ nizka hustota
B receptort byla nalezena také v oblastech hipokampu, thalamu, hypothalamu, kiie
mozecku a v miSe. Zajimavé je také rozmisténi rtiznych typid [ adrenoceptori.
Nektefi autofi uvadéji, ze v neuronech se vyskytuji primarné receptory P1, zatimco
Vv gliovych bunkach B, (von Bohlen und Halbach and Dermietzel, 2006). V oblasti
neokortexu pievazuje 1 podtyp, v mozecku jsou naopak dominantni [, receptory

(Stanford, 2001).

Alfa adrenoceptory

Zpocatku se o adrenoceptory rozdélovaly podle své distribuce na
presynaptické (o), autoregulacni - ovliviiujici negativni zpétnou vazbou vydej
noradrenalinu, a postsynaptické (o;) zprostiedkovavajici odpoveéd efektorovych
organt (Langer, 1974). Brzy vSak bylo zjiSténo, Ze oba typy receptorii se mohou
nachazet pre- 1 postsynapticky (Stanford, 2001). Také rozdéleni dle excitacnich ¢i
inhibi¢nich efektd nebylo jednoznacné a upustilo se od néj. Dnes délime tyto
receptory dle jejich farmakologickych vlastnosti a afinity k ligandim — jejich piehled
shrnuje tabulka 2.

Agonisté a antagonisté alfa; adrenoceptori

VétSina  agonistl  og-receptort  je  odvozena od  substituovanych
fenylethylaminli nebo imidazol(in)i. Nejlépe prozkoumanou latkou zlstava
fenylefrin, ktery plisobi jako sympatomimetikum, ale uplatiiuje se i experimentalné,
byt nepronikd do CNS. Dobry prinik do mozkové tkdné¢ maji derivaty imidazolu
(oxymetazolin a cirazolin) a imidazolinu (ST 587), které jsou parcialnimi agonisty
ap-receptord, ale interaguji i s jinymi receptory (Pichler and Kobinger, 1985; Sirvi6
and MacDonald, 1999).
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Z klinické praxe je zndmy modafinil, taktéz agonista aj-receptor a zaroven
jedna z nejptedepisovangjSich latek k 1é€bé narkolepsie, pfi poruchdch pozornosti i
zavislosti na kokainu. AC modafinil pravdépodobné¢ indukuje bdélost skrze
alfa-adrenergni receptory, podili se na jeho uéinku také mnozstvi dalSich
mechanismii (Dongsoo, 2012). Siroké uplatnéni nalezli bezesporu také antagonisté
ap-receptord. Mezi latky dodnes pouzivané v terapii hypertenze i hypertrofie prostaty
nalezi doxazosin. Experimentalni vyuziti nalezly také terazosin a prazosin. Mezi
dal$i antagonisty aj-adrenergnich receptor fadime tamsulosin a alfuzosin, uzivané

v terapii hypertrofie prostaty (Sirvi6 and MacDonald, 1999).
Agonisté a antagonisté alfa, adrenoceptori

Mezi znamé selektivni agonisty ap-receptori fadime oxymetazolin a
guanfacin. Nelze nezminit ani clonidin, ktery se dfive vyuzival v terapii hypertenze a
v nékterych zemich slouzi k 1é€bé riiznych neurologickych poruch, napi. ADHD,
Touretteova syndromu. Nektefi autofi zmifiuji i analgetikum dexmedetomidin a ST-

91 (Kato et al., 2008; Nazarian et al., 2008).

K selektivnim antagonistim oap-receptorti nalezi BRL 44408 a BRL 48962
(blokuji opap receptory), rauwolscin, MK 912, JP-1302 (vyhradné podtyp o2a),
imiloxan a ARC 239 (a2g). Mezi méné selektivnimi pak lze zminit yohimbin,
idazoxan a atipamezol (Calzada a Artinano, 2001; Imaki et al., 2009; Kovacs and
Hernadi, 2006; Salinen et al., 2007).

Beta adrenoceptory

AC se v centralni nervové soustaveé vyskytuji B-adrenergni receptory pievazné
postsynapticky, existuji dikazy i o jejich presynaptické lokalizaci. Presynaptické
Bo-receptory mohou stimulovat vydej noradrenalinu a zpusobovat esencialni
hypertenzi (Berridge a Waterhouse, 2003; Misu a Kubo, 1986). Zakladni rozliseni
B-adrenergnich receptorti je na podtypy Bi a B2, existuji vSak i B3 receptory a atypické
B receptory, svoji funkci maji spiSe na periferii nervového systému. Oproti
ap-adrenoceptorim neni nejsilng€j§im agonistou pro [ receptory noradrenalin,

s vyjimkou 3 receptort (Stanford, 2001).
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Agonisté a antagonisté beta adrenoceptori

Za selektivniho Bi-agonistu povazujeme dobutamin (ma vSak také slabou B, a
ay aktivitu), klinicky hojné vyuzivany 1€k v akutni mediciné pro sviij silny inotropni
efekt. Mezi parcidlni selektivni fi-agonisty se fadi denopamin a xamoterol (Hieble et
al., 1995; von Bohlen und Halbach and Dermietzel, 2006). Mnoho ze znamych
antagonisti 1 receptort patii mezi antihypertenziva. K t€ém, které jsou lipofilni a
dobie tedy pronikaji do centralni nervové soustavy (CNS), fadime napiiklad
metoprolol, acebutol a labetalol, jest¢ vyssi miru lipofility vykazuji penbutol,
propranolol a oxprenolol, v CR se v$ak uZivaji jiZ jen experimentalné (Rihacek et al.,
2005).

K dalsi v praxi ¢asto uzivané skuping patii fz-agonisté, znama antiastmatika a
tokolytika, jako jsou terbutalin, salbutamol, fenoterol, hexoprenalin nebo clenbuterol.
Antagonismus 3, receptortl byl prokdzan u butoxaminu a ICI 118,551 (Hieble et al.,
1995; von Bohlen und Halbach and Dermietzel, 2006). Ant/agonisté B3 receptort se

zatim v praxi pfili$ nerozsiftili, jejich prehled poskytuje tabulka 2.
Funkéni vyznam noradrenalinu v mozku

Noradrenalin zastava v centralni nervové soustavé velké mnozstvi uloh.
Aktivace jeho receptori ma vliv (excita¢ni 1 inhibi¢ni Gi€inek) na chovani v zavislosti
na exponované mozkové struktufe, nacasovani jeji aktivace, typu a hustoté receptord.
Vztahy mezi fyziologickymi procesy, jichZ se ucastni noradrenergni inervace,

shrnuje obrazek ¢. 5.

Vydej noradrenalinu je zavisly na sile stimulu, ktery zplisobi vzestup tonické
a/nebo fazické aktivity locus coeruleus a diky némuz dojde kregulaci bdélosti
organismu (aktivita pfedniho mozku a mozkového kmene). Nadbyte¢na stimulace se
klinicky projevi jako insomnie, naopak nedostate¢na aktivita jako narkolepsie.
V bdélém stavu interaguje noradrenergni systém s okruhy pozornosti a orientace,
uceni a paméti, smyslovym zpracovanim informace a s motorikou. Descendentni
drahy z kortikalnich a subkortikalnich oblasti pfedniho mozku moduluji mozkovou
¢innost pozitivni 1 negativni zpétnou vazbou. VSechny tyto recipro¢ni vztahy

pomahaji organismu S pfizptisobenim se neustale se ménicim vn&jSim i vnitinim
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podminkam. Jejich nerovnovéha se projevi jako neuropsychiatrické onemocnéni,
napiiklad ADHD, posttraumatickd stresovd porucha, tzkost, stres, deprese ¢i

drogova zavislost (Berridge and Waterhouse, 2003).

. ) cortex, parietalni cortex,
Stimulus Pozornost, orientace thalamus, amygdala

novy/apetitivni/averzivni

prefrontalni cortex,

Ucenia pamét .
hipokampus, amygdala

Locus coeruleus . —
- noradrenerg. Smyslové zpracovani cortex, thalamus,
systém informace mozkovy kmen
. cortex, mozecek,
Motorika o
thalamus, pateini micha
Bdélost MS, MPOA,
C ol viykme ADHD
probuzeni, aktivni stav :ﬂgf:r?]uvsk(:gre';;x o
predniho mozku d : PTSD
stres/tizkost
insonmie deprese
narkolepsie drogovd zavislost

Obrazek 5 Funkéni vyznam noradrenergniho systému v mozku (upraveno dle Berridge and
Waterhouse, 2003; Prokopova, 2010)

Uloha alfa receptort

Bdélost a pozornost

Zda se, ze centralni noradrenergni neurony jsou soucasti tzv. alarm systemu,
svoji aktivitu zvySuji na zdkladé senzorickych stimult. Klicova je nejenom novost a
pfitazlivost, ale také jakasi napadnost (angl. salience) daného podnétu. Tento systém
je stézejni pro adaptaci a behavioralni ptizptisobeni jedince (McQuade and Stanford,
2000). Noradrenalin vSak také dokéaZe ovlivnit emocni silu danych stimuld.
Pfiméfend aktivita vyvolava zajem a pozornost, jeji nadbytek kumuluje v uzkost a
neklid, nedostatek se pak projevi jako deprese. V prefrontalni kiife je situace

pon¢kud odli$nd, nizké a stfedni hladiny maji na jeji funkci prosp&sny vliv (aktivace
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o, adrenoceptori, hlavné postsynapticky), ale vysoka hladina noradrenalinu, ktera se
objevuje naptiklad pii stresu, funkci prefrontdlni kiry inhibuji v disledku nizsi

afinity oy receptort (Arnsten and Li, 2005).

V patofyziologii ADHD se krom¢ poruchy dopaminergni transmise také
vyskytuje nedostate¢na stimulace aea receptort pravé v PFC. K terapii se vyuziva
napiiklad methylfenidat, ktery mimo jiné zpiisobuje snizeni po¢tu adrenoceptort. Pii
lécbé narkolepsie nalezl uplatnéni modafinil, jez naopak stimuluje oy receptory.
Stejné¢ tak UCinnd se zdaji byt psychostimulancia, napf. amfetamin zvySujici
extracelularni hladiny noradrenalinu a aktivujici a5 i B receptory (Berridge et al.,
2012; Sirvido and MacDonald, 1999; Umehara et al., 2013).

Ucdeni a pamét’

Pamét’ 1ze definovat jako schopnost organismu modifikovat své chovani na
zaklad¢ predchozi zkuSenosti. O roli noradrenalinu v tomto procesu se spekulovalo
jiz od sedmdesatych let minulého stoleti. Seymour Kety pfiSel s hypotézou, Ze bdély
stav indukovany vyznamnym stimulem ovliviluje mozkové synapse, a ty prenasejici
dilezitou informaci jsou propoustény dal, ba ptimo podporovany. Noradrenergni
neurony se podili na rozhodovani, zda bude informace uchovana ¢i ne, a posiluji jeji
uchovéani reprezentované pusobenim klasickych neuropfenasecti (Harley, 1987).
Noradrenalin nachazi uplatnéni v akvizi¢ni fazi paméti, ale také pfi jeji konsolidaci.
Aktivace locus coeruleus zvySuje pomér signalu Kk Sumu v postsynaptickych
neuronech a zvySuje odpovéd’ na vybrané signaly (Gibbs and Summers, 2002;

Smythies, 2005).

Ptestoze v pfipadé¢ pamétovych procest hraji vyznamnéj$i tulohu
B-adrenergni receptory, bylo prokazano, Ze aktivace aj adrenoceptorti v asociacni
oblasti pfedniho mozku mé vliv na konsolidaci dlouhodobé paméti spolecné
s B-receptory (v nékterych studiich byla dokonce na soucasné aktivaci § receptorti
zavisla) a aktivace oy receptorti v putamen a nc. caudatus hraje roli v posileni paméti
vedouci k této konsolidaci (Ferry et al., 1999; Gibbs and Summers, 2002). Blokada
oy receptorii prazosinem nezpusobila kognitivni deficit v Morrisové vodnim bludisti
(Riekkinen et al., 1996), vradidlnim bludisti (Liao et al, 2002) ani

Vv operantnich testech prostorové paméti (Levcik et al., 2013).
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Reikkinen et al. se zabyval moznymi efekty stimulace o, receptorti u pacientii
s kognitivnimi deficity. Zatimco podani klonidinu (o2 agonista) zhorSovalo cilenou
pozornost a kratkodobou pamét’ u pacienti s Alzheimerovou chorobou (Riekkinen et
al., 1999b), u pacientii s Parkinsonovou nemoci klonidin zlepSoval prostorovou
pracovni pamét, u pozornosti ani vizudlni paméti pfiznivy efekt pozorovan nebyl
(Riekkinen et al., 1999a). Pfesto noradrenergni neurotransmise zistava jednim
z pristich cili pro rozvoj novych terapeutickych moznosti u pacientl
s Parkinsonovou chorobou (LeWitt, 2012). Bardgett et al. (2008) také prokazal, ze
agonismus oy receptor klonidinem muze zmirnit pamétovy deficit zptisobeny

podanim latky MK-801, antagonisty NMDA-receptorti.
Lokomotoricka aktivita

PtestoZe nemaji noradrenergni receptory tak silny vliv na pohybovou aktivitu
jako naptiklad dopaminové receptory, k jejimu ovlivnéni dochézi a je teba ji brat
V tvahu také v mnoha kognitivnich testech. V experimentalné vytvorenych modelech
hyperlokomoce (vétSinou podanim D, agonisty) se prokézalo, Ze stimulovanou
lokomo¢ni aktivitu je moZzné blokovat podanim antagonisty a; receptori (prazosin),
naproti tomu ay antagonista (idazoxan) potlacoval navozené stereotypni chovani, ale
zvySoval lokomoci (Dickinson et al., 1988; Eshel et al., 1990). Idazoxan také blokuje
priznivy vliv metylfenidatu na zmirnéni pohybové aktivity u potkanich modeli
ADHD (Umehara et al., 2013). V testech aktivniho se vyhybani se zakazanému
sektoru (bludisté Koloto¢) jsme vSak prokazali zhorSeni lokomo¢ni aktivity po
blokadé a1 i oy receptort (Stuchlik and Vales, 2008). Agonisté aj-adrenergnich
receptorti (methoxamin, fenylefrin) zvySuji lokomocni aktivitu v testech oteviené¢ho
pole, tento efekt mitize byt opét blokovany prazosinem, ne vSak idazoxanem ci

propranololem (Heal, 1984; Sirvié and MacDonald, 1999).

Uloha beta receptorii

Bdélost a pozornost

Beta adrenoceptory hraji také ulohu v modulaci bd¢€losti a pozornosti, i kdyz

mozna ne tak robustni jako v pfipadé oy receptori. StéZejni je inervace v oblasti
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lateralniho hypothalamu. Zajimavé je, Ze souCasnd stimulace o; i B-receptor
pusobila aditivn€, naopak soucasna blokada téchto receptori (prazosin a timolol)
vedla k synergickému sedativnimu efektu (Berridge et al., 2012; Schmeichel and
Berridge, 2013).

Uceni a pamét’

Jak bylo experimentalné mnohokrat ovéteno, v ptipad¢ uceni a paméti hraji
[ receptory stézejni tlohu. Jejich stimulace v amygdale, gyrus dentatus a hipokampu
podporuje potenciaci a konsolidaci dlouhodobé paméti, zatimco betablokatory
uchovani pamétové stopy znesnadiuji (Cahill and McGaugh, 1996; Ramos and
Arnsten, 2007). Neptiznivy efekt blokady B receptord na prostorovou kognici a
navigaci byl prokdzan také v nasi laboratofi (Stuchlik et al., 2009). B agonisté
(naptiklad isoprenalin, salbutamol, clenbuterol) ptisobi pozitivné na retenci paméti,

mohou dokonce zvratit jeji deficit (Crowe and Shaw, 1997; Ramos et al., 2007).

V bazalnich gangliich umoznuji 1 receptory funkci kratkodobé paméti
Vv kratkém okamZiku po tréninku experimentdlnich zvifat (Gibbs and Summers,
2005). Zda se vsak, ze na konsolidaci paméti maji vétsi vliv B, adrenoceptory (Gibbs
and Summers, 2002). Zajimav¢ je, Ze B, receptory podporuji odbourdvani glykogenu
Vv astrocytech a tim zvySuji pfisun energie do rtznych aktivnich c¢asti mozku.
Astrocytarni B3 receptory zajiStuji zvySeny piijem glukézy samotnymi bunikami a
jejich agonisté zvysuji efekt glukdzy na konsolidaci paméti (Cahill and McGaugh,
1996; Gibbs and Summers, 2002; Ramos et al; 2007).

Gibbs a Summers (2002) shrnuji roli adrenergnich receptorii pro pamétové
funkce takto: Noradrenalin, vyplaveny béhem uceni pii dostacujici pozornosti,
aktivuje nejprve B receptory v bazéalnich gangliich a vytvari se kratkodoba pamét’.
Posléze dojde ke stimulaci B3 adrenoceptorii v asociacni kufe. Dalsi vydej
noradrenalinu z lobus parolfactorius aktivuje oy receptory bazalnich ganglii, které
zpétnou vazbou (inhibice locus coeruleus) ovlivni aktivity v asocia¢ni ktife. Finalni
obsazeni 3, receptorti noradrenalinem je ziejmé iniciovano inervaci z oblasti locus

coeruleus nebo ptibuznych noradrenergnich neurontt mozkového kmene.
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Existuji vSak i studie, ve kterych podani betablokatorti zlepSoval vykon
experimentalnich zvifat v testech pracovni paméti, zatimco [; agonisté kognitivni
funkce zhorSovali. Tyto efekty vSak byly pozorovany v oblasti PFC (Ramos et al.,
2005).

Lokomotoricka aktivita

Nékteré studie uvadéji, ze také blokdda P receptorG snizuje lokomoci,
napiiklad v experimentech v otevieném poli po podani propranololu (Poli and
Palermo-Neto, 1985). Také v naSich studiich v bludisti Koloto¢ se antagonismus
B receptorii projevil poklesem lokomocni aktivity zvifat, ovSem pouze po podani
nejvysSich davek betablokatord, kdy se na celkovém ucinku mohl taktéz podilet

pokles krevniho tlaku ¢i sedativni efekt (Stuchlik et al., 2009).
Vyznam noradrenalinu v patologii neurologickych onemocnéni

Jak jiz bylo zmifiovano, noradrenalin je dilezitym neuropifenaSecem, jehoZz
patologie se zobrazi v mnoha neurologickych chorobach — napf. u ADHD,
narkolepsie, depresi, Uzkostnych poruch a posttraumatické stresové choroby
(Berridge et al., 2012; Brennan and Arnsten, 2008; Sirvio and MacDonald, 1999;
Stegeren, 2008; Umehara et al., 2013). Posmrtné studie u pacientd s Alzheimerovou
a Parkinsonovou demenci naptiklad poukédzaly na snizené hladiny noradrenalinu
v podkorovych a korovych oblastech v pfimé Uméfe se zavaznosti onemocnéni

(Herman et al., 2004; LeWitt, 2012; von Bohlen und Halbach and Dermietzel, 2006).

Nova antipsychotika piisobi na bazi multireceptorovych substratl, vcetné
blokady oy receptorti, noradrenalin hraje roli i v rozvoji schizofrenie (Gibbs and
Summers, 2002). Ukéazalo se také, Ze noradrenalin plisobi protektivné proti
poskozeni neurond v limbickém systému zpusobeném epileptickymi zachvaty.
Zasadni ulohu pfi vzniku i prubéhu epileptickych zachvati ma ziejmé aig podtyp

adrenergnich receptorii (Giorgi et al., 2004; Pizzanelli et al., 2009).
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3. Glutamatergni systém

Glutamat

Glutamatovy (a aspartitovy) systém je spoleCné¢ se systémem
kyseliny y-aminomaselné (GABA) jednim ze dvou hlavnich aminokyselinovych
systétmi v mozku. Glutamat je nejrozSifenéjSim excitanim mozkovym
neuropfenasecem, nezbytnym pro vzajemnou komunikaci mezi neurony prakticky ve

vSech neuronalnich obvodech.

Prvni vyznamnéj$i pozornosti se glutamatu dostalo v tficatych letech
minulého stoleti, kdy byly nalezeny jeho vysoké koncentrace v mozku, coz vedlo
k vyzkumiim neurofyziologické role této aminokyseliny. Zkoumal se napiiklad vliv
glutamatu a glutaminu v potravé na poruchy uceni a epilepsii. Hayashi posléze
uskutecnil elektrofyziologické studie, pii nichz objevil, Ze injekéné podany glutamat
do Sed¢é kiry mozkové (ale také tieba do karotid) pst, opic 1 lidi vyvola konvulze
(Hayashi, 1954). Odstartoval zdjem o glutamat jakozto excita¢ni pfenaSec v centralni

nervoveé soustave.

®NH;

Obrazek 6 Chemicky vzorec L-glutamatu (wikipedia.org)

Glutamat (obr. 6), chemicky stl L-2-aminopentandiové kyseliny, patii mezi
neesencialni mastné kyseliny, neprochazi hematoencefalickou bariérou a je tedy
syntetizovan pfimo v neuronech za vyuziti mistnich prekurzor. Glutamat je tvofen
v Krebsové cyklu (tj. cyklus trikarboxylovych kyselin, citratovy cyklus) za vyuziti
enzymu glutamat dehydrogendzy nebo transaminaci a-ketoglutaratu. Na syntéze
glutamatu se podileji také astrocyty, které vytvaii glutamin a uvoliuji ho do
extracelularniho prostoru. Odtud je vychytavan neurony, pfeménovan v glutamat a
skladovan v synaptickych vaccich. Uhlikovy skeleton glutamatu je utvaren
z aminokyselin ¢i dalSich energeticky bohatych substratli, jako je glukoza, laktat a

3-hydroxybutyrat (Kelly and Stanley, 2001; McKenna, 2007).
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Metabolismus glutamatu nelze vyjadiit stechiometrickou rovnici, jedna se
spiSe o otevieny prabéh d&ji, které interferuji s dalSimi metabolickymi cestami
v zavislosti na aktualnich bunécnych potiebach a prioritach. Tyto metabolické
procesy zahrnuji naptiklad oxidativni pochody skrze cyklus trikarboxylovych kyselin
slouzici k tvorbé energie (McKenna, 2007). Neporusend regulace metabolismu
glutamatu je klicova pro syntézu a oxidaci aminokyselin, ureagenezi a normalni
¢innost CNS. Jeho naruSeni pak mize vyustit v metabolicka (napt. syndrom
hyperinzulinismus/hyperamonémie) ¢i neurologickd onemocnéni (Kelly and Stanley,

2001).

Distribuce a lokalizace glutamatu

Jelikoz glutamat mlzeme pravem povazovat za nejrozsifené)si
neuropienasec, detekujeme jej v mnoha mozkovych strukturach. Napadné mnozstvi
glutamatergnich neuroni nalezneme v mozkové kiife, odkud projikuji do mnoha
subkortikalnich oblasti: do hipokampu, bazolaterdlniho komplexu amygdaly,
substantia nigra, nucleus accumbens, colliculus superior, nucleus caudatus, nucleus
ruber a pontu. V ramci hipokampu byly dale popsany vnitini glutamatergni drahy,
ale také drahy smétujici do hypothalamu, nucleus accumbens a lateralniho septa (von
Bohlen und Halbach and Dermietzel, 2006).

Glutamatové receptory

Excitacni efekt glutamatu mize byt zprosttedkovany rtiznymi skupinami
glutamatovych receptord, rozliSujeme jich n€kolik typl na zédklad¢ podobnosti jejich
DNA sekvenci a mozné aktivace riznymi farmakologickymi substancemi. Tti z nich
funguji jako iontové kanaly: N-metyl-D-aspartait (NMDA) receptor, o-amino-3-
hydroxy-5-metyl-4- isoxazolpropionat (AMPA) receptor a kainatovy receptor. Dalsi
jsou sprazené s G-proteiny a nalezi do skupiny metabotropnich receptort: typu 1
(mGlul), typu 2 (mGlu2) a typu 3 (MmGlu3) (Gasparini and Griffiths, 2013,;
Niswender and Conn, 2010; Stone, 1995).

Receptory pro glutamat se nachazeji ptevazné postsynapticky, neékteré z nich
vsak nalezneme také na presynaptické membran€, kde pusobi jako auto- nebo

heteroreceptory. U mGlu receptorit miizeme pozorovat téz perisynaptickou lokalizaci
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(Conti et al.,, 1997; Gibb, 2001). Nedavné vyzkumy prokazaly, ze exprese
glutamatergnich receptori neni jen vysadou neuronid, ale objevuje se také
U astrocytl, piicemz jejich vzajemna interakce se uplatiiuje béhem fyziologickych 1

patologickych podminek (Lee et al., 2010).

o °° o
mGluR AMPA-R © ° R.H\/HV)A-R

S W o W

SEEGED o SSOBUD \yw |
Postsynapticka
G-proten membrana
Fosfolipaza C
D
[l .\. Zasoby Ca2+

Obriazek 7 Schéma excitaéni synapse v mozku (podle Gibb, 2001)

Struény mechanismus pusobeni glutamatu na synaptickych receptorech
shrnuje obrazek &.7. Glutamat je podobné jako jiné neuropienasece uskladnény
Vv synaptickych vaccich. Fuzi téchto vacki s membranou presynpatického zakonceni
dojde k uvolnéni glutamatu do synaptické stérbiny, odkud rychle difunduje a vaze se
na AMPA receptory, ¢imzZ je aktivuje. To spusti depolariza¢ni vlnu, kterd umozni
aktivaci NMDA receptori diky uvolnéni iontu Mg2+. Oba zminované receptory
plsobi jako iontové kandly, které umoziiuji vtok Na* a K™ a/nebo Ca’*. Piisun iontd
vyvola rychlou excita¢ni reakci méfitelnou ve formé excitacnich postsynaptickych
potenciali. Efekt zprostfedkovany ionotropnimi receptory se ovSem neomezuje
pouze na tyto potencialy, prostfednictvim pre- a postsynaptickych procest umoziuje
také trvalej$i zmény v synaptické aktivité (von Bohlen und Halbach and Dermietzel,

2006). Princip ptisobeni skrze mGlu receptory bude popsan nize.
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NMDA receptory

v

NMDA receptory hraji nejvyznamnéjsi ulohu pravé u savca. Jak uz nazev
napovida, jsou selektivné aktivovany NMDA, mezi méné selektivni substance nalezi
glutamat, aspartdit a homocysteat. Odpoveéd receptori na glutamat je o néco
pomalej$i, nez bychom ocekavali u ionotropniho receptoru pro excitani
aminokyseliny, coZ je zfejmé zpiisobeno jejich tonickou inhibici ionty Mg?* (ten
blokuje iontovy kanal béhem klidového potencialu -70mV). NMDA receptor se
skladd z komplexu Cc¢tyf podjednotek se specifickymi vazebnymi misty a je
asociovany s iontovym kanalem propustnym pro ionty Na*, K* a Ca** (von Bohlen
und Halbach and Dermietzel, 2006; Willard and Koochekpour, 2013).

NMDA receptorové kandly mohou byt tvofeny kombinacemi ruznych
podjednotek ze skupiny NR1, NR2 a NR3. Zatim je jich zndmo 7 typt (viz tabulka
¢. 3), pricemz NRI1 jesté obsahuje rtizné funkéni ¢i nefunkéni izoformy. Receptory
vykazuji velkou farmakologickou diverzitu a rozdilnou distribuci v jednotlivych
oblastech mozku, taktéZz v zavislosti na vyvojovém stavu. Pateti NMDA receptoru
jsou ziejmé podjednotky NR1, jez jsou nezbytné pro jeho funkci, NR2 podjednotky
pak urcuji fyziologické a farmakologické vlastnosti receptoru. NR3 podjednotka
nemusi byt vzdy pfitomna, sama o sobé ani nedokdze formovat funkéni receptor, je
vSak nezbytnou soucasti umoznujici funkéni riiznorodost NMDA receptori (von
Bohlen und Halbach and Dermietzel, 2006; Kew and Kemp, 2005; Low and Wee,
2010).

Vazebna mista na NMDA receptorech lze zjednoduSené¢ rozdélit do n€kolika
kategorii (obr. €. 8). Za prvé rozliSujeme hlavni vazebné misto pro agonisty a
kompetitivni antagonisty, jez pusobi pfimo na receptoru. Samotny iontovy kanal
vSak miize byt také mistem pulsobeni ligandi. K jeho zablokovani slouzi dvé
specifickd mista — nap&tové Fizené kationické misto, které je blokovano ionty Mg?',
a vazebné misto, jez je cilem substanci pusobicich jako nekompetitivni NMDA
antagonisté (napt. MK801). Na vazebném misté¢ pro MK-801 také ptsobi klinicky
uzivané latky ketamin - disociativni anestetikum, psychomimetikum, a memantin
(von Bohlen und Halbach and Dermietzel, 2006; Dickenson, 2001).
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Obrazek 8 NMDA glutamatovy receptor véetné vazebnych mist jeho ligandi (Journals on the
web, 2013)

V neposledni fad¢ je nutné taktéz zminit odliSna regulacni vazebnd mista
glutamatovych receptorti, mezi néz nalezi alosterické vazebné misto pro glycin ¢i
D-serin (zde puasobi antagonista 7-chlorkynurat), vazebné misto pro polyaminy (to je
lokalizovano intracelularn€ a taktéz moduluje afinitu ostatnich agonistd ¢i
antagonistl, vdZe se na n¢j spermidin/spermin) a selektivni vazebna mista pro Mg2+ a
Zn**. Tato vazebna mista zprostiedkovavaji negativni i1 pozitivni kontrolu funkce
NMDA receptorti. Obecné lze fici, ze k aktivaci NMDA receptori je nutné
odstranéni Mg2+ bloku (po dostateéné a opakované depolarizaci), tj. napétove fizena
aktivace, stejné¢ jako navazani glutamatu spolecné s ko-agonistou glycinem,
tj. ligandem fizena aktivace (Dickenson, 2001; Dingledine et al., 1999; Kew and
Kemp, 2005; Niciu et al., 2013).

AMPA receptory

AMPA receptory fadime mezi non-NMDA receptory. Jsou taktéz tvofeny
ontovymi kanaly, které vSak zprostfedkovavaji rychlou excitacni synaptickou
transmisi. Charakterizuje je, Ze mohou byt aktivovany prostfednictvim AMPA,
kviskvalatem a glutamatem. Mezi jejich kompetitivni antagonisty nalezi GAMS,
glutamylglycin, CNQX ¢i relativné nejselektivnéj§i NBQX, byt nejsou specifickymi
pouze pro AMPA receptory. Tyto receptory jsou selektivnimi iontovymi kanély pro
Na* a K*, za uritych okolnosti propousti taktéz Ca®*. Existuji minimalné 4 odligné

podjednotky receptori — GIUR1-4, jez se opét rizné kombinuji. Kazda z podjednotek
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navic mize mit dvé varianty dle sestfihu, ty se nazyvaji ,flip“ a ,,flop* a 1isi se
vzajemn¢ kinetikou a amplitudou odpovédi kandlu na piisobeni agonisty (von Bohlen

und Halbach and Dermietzel, 2006; Dickenson, 2001; Kew and Kemp, 2005).

Jednim z dilezitych mist AMPA receptort je jejich podjednotka GluR 2. Tato
podjednotka podléha sestfihu RNA (deaminace adenosinu) ve specifickém miste, jez
ovlivituje neprostupnost Ca®* receptorem. Sestiih RNA je fyziologicky velmi
dualezity proces, nebot’ urcuje naptiklad kinetiku receptorii, seskupovani podjednotek
¢i expresi receptoru na povrchu bunék, a pokud je naruseny, dochdzi k volnému
prostupu ionti Ca®* kanalem a smrti neuronu. Geny ovliviiujici sestiéih RNA jsou
povazovany za kandidatni geny celého komplexu neurologickych chorob, naptiklad

schizofrenie, deprese, epilepsie, amyotrofni lateralni sklerézy ¢i progrese tumori

(Dickenson, 2001; Maas et al., 2006).
Kainatové receptory

Charakteristickymi agonisty kainatovych receptorti jsou kainat a glutamat.
GAMS, CNQX, NS102 vykazuji slaby antagonizujici efekt. Kainatové receptory se
dlouho tadily do stejné skupiny s AMPA receptory, spole¢nou vlastnosti je jim mimo
jiné struktura iontového kanalu s propustnosti pro Na*, K* (v n&kterych piipadech téz
Ca®"). Receptory jsou tvofeny podjednotkami ze dvou riznych strukturalnich skupin:
GIluR5-7 a KA1-2 (von Bohlen und Halbach and Dermietzel, 2006, Dickenson,
2001).

Funkce kaindtovych receptori zatim nebyla dopodrobna objasnéna, ale je
znamo, Ze vysoce afinitni vazebna mista pro kainat jsou pfednostné umisténa na
presynaptickych membranach. Lze tedy usuzovat, Ze jejich role spo¢iva v modulaci
vydeje  excitatnich  aminokyselin, pfipadné¢ dalSich neuropfenaSecli a

neuromodulatord (von Bohlen und Halbach and Dermietzel, 2006; Dickenson, 2001).
Metabotropni glutamatové receptory

Metabotropni glutamatové receptory jsou spiazené s G-proteiny a pro pienos
signalu vyuzivaji systém druhych posli, jak jiz bylo popsano vySe. Plsobenim
dostate¢ného stimulu generuji pomalé postsynaptické odpovédi. Zajimavé je, Ze jsou
rezistentni k aktivaci NMDA, AMPA ¢i kainatem. K jejich agonistim patii glutamat,
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kviskvalat, ACPD, L-serin-O-fosfat a kyselina ibotenova. Analoga fenylglycinu
pusobi antagonisticky (Niswender and Conn, 2010).

Bylo popsano 8 odlisSnych typid metabotropnich glutamatovych receptort,
znacenych mGluR1-8, které se dale tadi do tii skupin na zdkladé jejich
farmakologickych vlastnosti a vazbu na rizné druhé posly. Metabotropni receptory
skupiny 1 (mGluR1 a 5) ptisobi prostiednictvim fosfolipazy C (i kdyZ se Vv posledni
dobé ukazuje, ze mohou pusobit také prostiednictvim Gipo, Gs-proteind ¢i zcela
nezavisle na G-proteinech), zatimco skupina 2 (mGIluR2,3) a 3 (mGIluR 4,6,7,8)
inhibuje adenylatcyklazu prostfednictvim Gij.proteinti. Receptory 2. a 3. skupiny se
mezi sebou lisi afinitou k urc¢itym agonistim, CCG pro 2. skupinu a L-serin-o-fosfat,

2-AP4 pro skupinu 3 (Niswender and Conn, 2010).

Agonisté a antagonisté glutamatergnich receptori

Také ke klasifikaci glutamatovych receptord se vyuziva specifickych
substanci se selektivitou k jednotlivym podtypim. Latky interagujici s receptory
excitatnich aminokyselin maji n¢kolik spoleénych vlastnosti: a) jednu kyselou
skupinu (vétSinou karboxylovou), b) amino skupinu na uhliku obsahujicim jiz
zminénou kyselou skupinu, ¢) druhou kyselou skupinu (nebo polarni skupinu)
lokalizovanou o dva nebo ¢tyi1 uhliky dale od prvni kyselé skupiny. Pfesné tato
konformace dovoluje ant/agonistim piistup a interakci S aktivnim centrem

glutamatovych receptorti (von Bohlen und Halbach and Dermietzel, 2006).

Pfirozenymi agonisty glutamatovych receptorii jsou glutamat a aspartat.

Piehled dalsich ant/agonisti poskytuje tabulka 3.
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Tabulka 3 Farmakologicka charakteristika glutamatergnich receptoru (podle
von Bohlen und Halbach and Dermietzel, 2006; Kew and Kemp, 2005).

Receptor NMDA AMPA Kainatovy mGlu
Selektivni NMDA AMPA kainat kviskvalat, L-
agonista AP4, ACPD
Funkce aktivace Na*, K*, | aktivace ~ Na", | aktivace ~ Na', | aktivace
Ca’* kanalti K*,(Ca®") kanala | K", (Ca®") | fosfolipazy C,
kanala inhibice
adenylat
cyklazy
Agonista ibotenat kviskvalat, domodat, L-serin 0O-
chinolinat kainat, domoat, | akromelové fosfat, ibotenat,
ACPA kyseliny A a B, | CCG
ATPA, (S)-5-
lodowillardiin
Kompetitivni 2-AP5, 2-AP7, | CNQX, NBQX, | GAMS, analoga
antagonista CPP, DNQX, CMQX, NS102, | fenylglycinu
CGP39653, glutamylglycin, | glutamyl- (BHPG, 4CPG,
CGS19755, YM872, glycin, 4C3HPG)
PEAQX, PPDA, | ZK200775 LY382884
NPC12626,
LY274614, SDZ
EAB-515, SDZ
215-439, ATP
Alostericky glycin, D-serin, | benzothiazid concanavalin A
modulator D-cykloserin,
spermin,
spermidin, ATP,
aminoglykosidy
(>3
aminoskupiny)
Antagonisté na | 5,7-diCI-Kyn,
alosterickém HA-966, CNQX,
vazebném MDL 105,519
misté L-701,324
Inhibitor PCP, MK-801 |JST (pavouci
iontového (dizocilpin), Joro toxin)
kanalu Ketamin, TCP
Podjednotky, NR-1 GluR1 GIuR5 mGIuR1
Podtypy (pro | NR-2A GluR2 GluR6 mGIuR2
mGIuR) NR-2B GIuR3 GluR7 mGIuR3
NR-2C GluR4 KA1l mGIuR4
NR-2D KA2 mGIuR5
NR-3A mGIuR6
NR-3B mGIuR?
mGIuR8

Zkratky: L-AP4=

L-2-amino-4-fosfonobutanovd kyselina; 2-AP5=D-2-amino-5-fosfonopentanovd

kyselina; 2-AP7=D-2-amino-7-fosfonoheptanovd kyselina; ACPA= (R,S)-2-amino-3-(3-karboxy-5-

metyl-4-isoxazolyl)propionova

kyselina;

ACPD=1-amino-cyklopentan-(1S,3R)-dikarboxylova

kyselina; ATPA= 5-tert-butyl-4-isoxazolepropionovd kyselina; CCG=2-karboxycyklopropylglycin;

CGP39653=2-amino-4-propyl-5-fosfonopentenova

kyselina,

4C3HPG=(S)-4-karboxy-3-

hydroxyfenylglycin; CGS=cis-4-(fosfonometyl) piperidin-2-karboxylova kyselina, CNOX=6-kyano-7-
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nitroquinoxalin-2,3-dion; ~ 4CPG=(S)-4-karboxyfenylglycin; = CPP={3-[(+)-karboxypiperazin-4-
yl]prop-1-yl}fosfonova  kyselina, 5, 7-di-Cl-Kyn=5,7-dicholorokynurenovd  kyselina; DNQX=6,7-
dinitroquinoxalin-2,3-dion;,  GAMS=glutamylaminometylsulfonat; 3HPG=(S)-3-hydroxyfenylglycin;
JST=Joro spider toxin; LY274614= (¥)-6-fosfonometyl-dekahydroisochiinolin-3-karboxylovd
kyselina; LY382884= (3S,4aR,6S,8aR)-6-(4-karboxyfenyl)metyl-1,2,3,4,4a,5,6,7,8,8a-
dekahydroxyisochinolin-3-karboxyldt; MK-801=(+)-5-metyl-10,11-dihydro-5H-
dibenzo[a,d]cyklohepten-5,10-imin;  NBQX=2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxalin-
2,3-dion; NPC12626= 2-amino-4,5-(1,2-cyklohexyl))-7-fosfonoheptanova kyselina;, NSI102=5-nitro-
6,7,8,9-tetrahydrobenzo(G)indol-2,3-dion-3-oxim; PCP=1-(1-fenylcyklohexyl) piperidin; PEAQX=
({[(1S)-1-(4-bromofenyl)etylJamino}-(2,3-dioxo-1,4-dihydrochinoxalin-5-yl)metyl)fosfonova kyselina,
PPDA= 1-(fenantren-2-karbonyl) piperazin-2,3-dikarboxylova kyselina; SDZ 215-439= (S)-alfa-
amino-5-fosfonometyl[1,1":4"1terfenyl]-3-propanovd kyselina, SDZ EAB-515= (S)-alfa-amino-5-
fosfonometyl[1,1-bifenyl]-3-propanova kyselina; TCP=(thienyl)cyklohexylpiperidin;, YM872= [2,3-
dioxo-7-(1H-imidazol-1-yl)-6-nitro-1,2,3,4-tetrahydro-1-chinoxalinyl]-octova  kyselina, ZK200775=
[1,2,3,4-tetrahydro-7-morfolinyl-2,3-dioxo-6-(trifluorometyl)chinoxalin-1-y// metylfosfonat

Terapeuticky velmi zajimavou skupinou jsou blokatory iontového kanalu
NMDA receptori. Jako prvni byly identifikovany ketamin a fencyklidin, nasledovala
latka MK-801 a mnohé dalsi, jez se ovSem lii v afinité k iontovému kanalu. Vysoko
afinitni slouceniny (napt. MK-801) blokuji otevieny kanal a mohou byt doslova
,uveéznéné® v zavieném kanalu. Vezmeme-li v potaz jejich vysokou afinitu a nizkou
reverzibilitu, 1ze snadno oc¢ekavat velmi strmou kiivku zavislosti u¢inku na davce
antagonisty a ¢asto dochazi k téméf smazatelné hranici mezi terapeutickym tc¢inkem
a neakceptovatelnymi nezddoucimi ucinky. Mezi latky s nizkou afinitou a rychlou
reversibilitou patfi memantin a amantadin, ¢imZ se stivaji dobfe sndSenymi a
vyuzivanymi napiiklad v terapii neurodegenerace (Kew and Kemp, 2005; Santangelo
etal., 2012).

Mezi latky modulujici ¢innost NMDA receptori nalezi také neurosteroidy.
Naptiklad pregnenolon sulfat je endogenni NMDA agonista, ktery aktivuje GluNR1
a GIuNR2A-B, ale inhibuje NR2C a 2D podjednotky (Adamusova et al., 2013; Kew
and Kemp, 2005). Pfesny mechanismus jejich ptsobeni je nyni pfedmétem vyzkumd,
zd4 se vSak, Ze mnohé zneurosteroidii by mohly nalézt terapeutické uplatnéni

naptiklad v 1é¢bé neurodegenerativnich onemocnéni (Borovska et al., 2012).

Dvoji efekt byl rovnéz pozorovany u ATP, kompetitivniho antagonisty na
glutamatovém receptoru. Na jiném misté kandlu totiz ATP zesiluje funkci NMDA
receptort, proto pii nedostatku glutamatu sice prevlada jeho antagonisticky efekt,
ovSem v opacném ptipadé¢ ATP pulsobi jako pozitivni alostericky modulator (Kloda

et al., 2004).
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Funkéni vyznam glutaméatovych receptoru

Glutamatové receptory (obzvlasté NMDA) jsou zodpovédné za ptirozeny
vyvoj mozku a ucastni se mnoha fyziologickych procest, jako je naptiklad neuralni
rust a migrace béhem vyvoje mozku, neuroendokrinni regula¢ni funkce (sekrece
hormonti reprodukéniho cyklu), vnimani a zpracovani vnéjsich podnétii a motoriky,
plasticita paméti, spanek a bdéni (von Bohlen und Halbach and Dermietzel, 2006;
Shi and Yu, 2013; Sundaram et al., 2012; Szczurowska and Mares, 2013). Jejich
patologie pak mize zdkonit¢ vyulstit v mnohd neurologickd onemocnéni.
Terapeuticky se vyuzivaji agonisté, antagonisté 1 modulatory glutamatovych
receptord, v posledni dobé se vSak také objevuje cilend terapie na konkrétni
podjednotky jednotlivych receptord (napi. GIuNR2B) scilem zvysit efektivitu a
snizit nezadouci G¢inky farmakologické intervence (Mony et al., 2009; Santangelo et
al., 2012).

Hyperfunkce glutamatovych receptori - excitotoxicita

Pojem glutamatova excitotoxicita jako prvni pouzil Olney (1969) pfi popisu
toxickych efekti sodné soli glutamatu na smrt nervovych bunék u vyvijejiciho se
mozku mysi. Jedna se o patologicky proces, ktery ni¢i neurony nasledkem excesivni
stimulace neuroptfenaseci, napt. glutamatem, a je povazovan za odpovéd CNS na své
poskozeni. Mechanismem této toxicity je zfejmé vstup vysokych koncentraci Ca® do
bun¢k nasledkem pfiiliSné stimulace receptorli. Nasledné osmotické zmény vedou
k otoku bun¢k a jejich poskozovani. Vstup vapnikovych iont dale aktivuje mnozstvi
enzyml (fosfolipazy, kinazy, endonukledzy, protedzy), které poskozuji bunécné
struktury — casti cytoskeletonu, membrany a DNA — tvorbou volnych kyslikovych
radikalti, arachidonové kyseliny a dalSich pasobkii. Predpoklada se, ze pravé tyto
procesy zapficinuji bunéénou smrt. Podil na excitotoxicité zfejmé maji vSechny
iontové kandly spojené S glutamatovymi receptory (Choi, 1985; Dickenson, 2001;

Sundaram et al., 2012; Willard and Koochekpour, 2013).

Excitotoxicita glutamatu je zahrnuta v mnoha patologiich, jako jsou cévni
mozkova piihoda, traumatické poskozeni mozku, hypoglykémie, epileptické
zachvaty, roztrousena skleroza, Alzheimerova choroba, amyotrofni lateralni skleroza,

fibromyalgie, demence spojena s AIDS, Parkinsonova choroba, Huntingtonova
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choroba, migréna aj. (von Bohlen und Halbach and Dermietzel, 2006; Gasparini and

Griffiths, 2013; Javitt et al., 2011; Willard and Koochekpour, 2013).
Epilepsie a vyvojové zmény

Existuji dikazy, ze krom¢ snizené funkce GABA-ergniho systému ma na
spousténi 1 trvani epileptickych zachvati vliv pravé také uvoliiovani glutamatu.
Agonisté NMDA receptorti vyvolavaji epileptické zachvaty, s vysokym efektem
obzvlasté v Casném vyvojovém stadiu mozku a s poklesem s rostoucim vékem.
Exprese glutamatovych receptort je regulovana béhem vyvoje jedince, méni se také
zastoupeni rtiznych podjednotek receptorii. Glutamatové receptory jsou klicové pro
neuronalni plasticitu a vyvoj CNS. Obecné je nezraly mozek mnohem néachylngjsi
k excitotoxickym neuronalnim zranénim, funk¢éni stav glutamatovych receptord
ziejmé reguluje odpovéd’ mozku na inzult (Dickenson, 2001; Szczurowska and
Mares, 2013).

Latky schopné blokovat NMDA receptory naopak pusobi v experimentech
antikonvulzivng, nezavisle na jejich mechanismu u¢inku. Dulezita je lokalizace
NMDA receptoru, synaptické receptory byvaji neuroprotektivni, zatimco
extrasynaptické receptory preferencné zprostiedkovavaji procesy vedouci k bunécné
smrti. Plati také, ze jednim z mechanismii uc¢inku klinicky uzivaného antiepileptika
lamotriginu je sniZeni vydeje glutamatu ze synaptickych zakonceni. Také antagonisté
AMPA receptort (naptiklad i klinicky uzivany topiramat, nebo talampanel) a GIuR5
(kainatovy receptor) maji antikonvulzivni aktivitu (Dickenson, 2001; Szczurowska
and Mares, 2013; Watkins and Jane, 2006).

Bolest

AMPA receptory jsou aktivovany jako odpovéd’ na jednoduchy akutni
stimulus (rychly pfenos vniméni bolestivého podnétu), NMDA receptory jsou
aktivovany po opakovanych bolestivych stimulech a za pfedpokladu, Ze podnét stale
pretrvava. NMDA receptory se ucastni mnoha patologickych forem bolesti, jejich
antagonisté pasobi naptiklad proti neuropatické bolesti, ischemické bolesti, alodynii

¢i bolesti spojené se zanétem. Ketamin a amantadin blokujici NMDA receptorovy
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kanal mirni chronickou a neuropatickou bolest. Limitaci jejich uziti jsou vSak

nezadouci u¢inky (Dickenson, 2001; Dingledine et al., 1999).
Pamét’

Zakladem pamétovych procestt je dlouhodoba potenciace (LTP). Ta
umoziuje pietrvavajici zesileni synaptické sily (synaptické plasticity), jako nasledek
uréitétho typu tetanické elektrické stimulace dostfedivych neuronalnich drah
hipokampu, kortexu, amygdaly a dalSich ¢asti nervové soustavy. Dochazi ke spusténi
specifickych intracelularnich procesi, které vedou k potenciaci synapse uvolnénim
glutamatu. Blokovani synaptickych glutamétovych receptorii narusuje synaptickou
plasticitu a zpusobuje poruchy paméti. Procesy zapomindni zase souviseji
s dlouhodobou depresi (LTD). LTD je reversibilné¢ blokovéana taktéZz antagonisty
NMDA receptort. Postsynapticky vstup Ca®* je ztejmé kriticky pro indukci LTP i
LTD, dalsi procesy LTP jsou jiz zavislé na intracelularnich cestdch. Kromé zapojeni
NMDA a AMPA receptoru se také uvazuje o pozitivnim vlivu mGIuR (skupina 1) na
NMDA receptorem zprostiedkovanou LTP (Dickenson, 2001; Santangelo et al.,
2012; Watkins and Jane, 2006).

Neurodegenerativni onemocnéni

U pacientll s Parkinsonovou chorobou byl prokazan defekt v energetickém
metabolismu mitochondrii, ktery zfejmé zapficinuje depolarizaci neurond a tedy
jednodusi uvolnéni Mg** z iontového kanalu NMDA receptoru. Vysledna nadmérné
stimulace neurontt muze pfispét k smrti nigrostriatalnich bunék (Dickenson, 2001;
Sundaram et al., 2012). Amantadin, latka schopnd zmirfiovat parkinsonické ptiznaky,
je blokator NMDA kanalu (Dingledine et al., 1999). Preklinické studie poukdzaly na
ptiznivy efekt blokady postsynaptické glutamatové transmise (NMDA a NR2B
antagonisté), negativnich alosterickych moduldtori. mGlu5 ¢ pozitivnich

alosterickych modulatori mGlu4 (Finley and Duty, 2014).

Antagonist¢ NMDA receptori se bézné uzivaji ke zpomaleni excitotoxické
neurodegenerace u Alzheimerovy choroby. Zastupcem v této indikaci je memantin,

antagonista iontového kanalu NMDA receptoru S nizkou afinitou. Memantin
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napodobuje plisobeni Mg”" iontl v kandlu, které je pravé u demence narusené (von

Bohlen und Halbach and Dermietzel, 2006).
Uzkost a deprese

V terapii uzkosti a deprese lze dosahnout efektu nejenom stimulaci GABA,
ale taktéZ ovlivnénim glutamatergni neurotransmise. Slibnym terapeutickym cilem se
zdaji byt agonist¢ AMPA receptord @ mGIuR skupiny 2 a 3 (von Bohlen und
Halbach and Dermietzel, 2006; Watkins and Jane, 2006). Ketamin, antagonista
NMDA receptorli, prokdzal rychly antidepresivni efekt u pacientl s rezistentni,
obtizn¢ kompenzovatelnou depresi, unipolarni i bipolarni (Berman et al., 2000; Niciu
et al., 2013). Ve fazi animalnich i klinickych studii se nachazi také riluzol a
lamotrigin, obé interferuji s glutamatergnim systémem. Casteény efekt vykazovaly
D-cykloserin, antagonist¢ GIuNR2B regulac¢nich podjednotek NMDA receptori
(napt. latky ze skupiny prodill) a pozitivni alosterické modulatory AMPA receptort
(Lapidus et al, 2013; Mony et al., 2009; Santangelo et al., 2012).

Hypofunkce glutamatovych receptori

Typickym ptikladem snizené funkce glutamatovych receptorti je onemocnéni
schizofrenie. Pfi¢ina schizofrenie byla n€kolik desitek let vysvétlovana dopaminovou
teorii, ta vSak mohla tézko objasnit negativni symptomy schizofrenikii. Zlom pftiSel
se zavedenim modelu schizofrenie po podani PCP (fencyklidinu), antagonisty
glutamatovych receptori (Javitt, 1987). Antagonist¢ NMDA receptori mohou
napodobit pozitivni i negativni pfiznaky schizofrenie, véetné kognitivnich deficiti a
neuropsychologické dysfunkce. Terapeuticky jsou pak testovani metabotropni
glutamatovi agonisté (mGluR2 a 3) a inhibitory glycinovych transportéra (Jawitt,
2012; Moreno et al., 2009; Santangelo et al., 2012). Vice o této problematice bude

pojednano v nasledujici kapitole.

Stimulace glutamétovych receptorit mize byt také ucinna u primarnich
pamétovych deficiti (von Bohlen und Halbach and Dermietzel, 2006). SniZzenou
frontdlni glutamatergni regulaci dopaminovych bun€k pro pfirozené odmeény a
naopak zvysenou reaktivitu jako odpoveéd’ na drogové podnéty nalézame u drogové

zavislych jedincii (Javitt et al., 2011).
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4. Animalni modely schizofrenie

Animalni modely schizofrenie (mysi, potkani, morcata, fretky, primati, ale
tteba také rybka zebiicka pruhovand) jsou nezbytnym experimentdlnim nastrojem
pro objasnéni patofyziologie tohoto onemocnéni, sledovéani jeho vlivu na chovani
jedince a zaroveil pro pochopeni ucinku jiz uzivanych ¢i nové vyvijenych
antipsychotik. Stejné tak Ize také hodnotit piipadné vedlejsi ucinky antipsychotik,
jako jsou extrapyramidové symptomy, tarditivni dyskineze i metabolické efekty
(Boksa, 2007). Animalni modely staly u objasnéni mechanismu ucinku neuroleptik
skrze blokadu D, receptori (Seeman, 1987), ale i u novéjsich objevil vénovanych
druhé generaci antipsychotik, jez ovliviiuje neurodegeneraci, synaptickou plasticitu a
remodelaci synapsi (Bai et al., 2004). Svoji roli u manifestace schizofrenie pak hraje
nejenom dysregulace urcitych neuropienasecovych systému, ale také genetické,
molekularni, neurovyvojové a environmentalni vlivy. Odtud se pak odviji rizné

moznosti modelovani schizofrenie.

Je samoziejmé, Ze animalni modely maji své limity a ze nelze nikdy
komplexné namodelovat tak sloZit¢ onemocnéni, jakym je schizofrenie. Pfesnéji
feceno tedy u zvifecich modell pozorujeme spiSe endofenotypy piibuzné
schizofrenii, spjaté surcitymi kandidadtnimi geny, dédicnosti a parametry
onemocnéni (Gottesman and Gould, 2003). Takto namodelovand schizofrenie ma
nékolik zakladnich rysu, jez lze sledovat. Patfi k nim zmény psychiky a chovani
(tj. model pro napf. pracovni pamét, selektivni pozornost, socialni interakce),
psychofyziologickd meéfeni (napt. prepulzni inhibice ulekové reakce, evokované
mozkové potencidly), zmény v mozkovych strukturach (napf. objem mozkovych
komor a dalSich regiond, hustota neurond a jejich migrace, mnozstvi a struktura
oligodendrocytll), neurochemie (napt. dopaminu, glutamatu, serotoninu, GABA) a
také zmény exprese Sirokého mnozstvi genovych produktii. Nékteré tyto abnormality
jsou typické pouze pro schizofrenii, jiné se vyskytuji u vétStho mnozstvi

psychiatrickych chorob (Boksa, 2007).

K testovani rtznych aspekti schizofrenie lze vyuzit zmény v nasledujicich

behavioralnich charakteristikach (tabulka 4):
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Tabulka 4 Chovani potkanii a jeho vztah k schizofrennim symptomuam (podle
Powell and Miyakawa, 2006).

Pozitivni

priznaky

Psychomotoricka agitace

Sensitivita k psychomimetikiim

lokomotoricka aktivita

1 lokomotoricka odpovéd’ na

nekompetitivni NMDA antagonisty

lokomotoricka aktivita

jako odpovéd’ na novost

1 lokomotoricka odpovéd’ na amfetamin

1 senzitivita na psychomimetika v dalSich
testech (napt. efekt MK801 v testu

prepulzni inhibice)

Negativni
priznaky

Snizena socializace

| Snizena interakce s mlad’aty stejné¢ho druhu

| SniZena preference pro mladé jedince umisténé v klicce

| preference socialni novosti

zménéna socialni dominance

zmény v testech agrese (test vetielce)

zmény v testech stavéni hnizda

zmeény socialnich interakci v domovskeé kleci

Kognitivni
priznaky

Zhorseni pracovni Deficity pozornosti, | Obecné

paméti sensorimotorickych | kognitivni
vstupi, deficity
exekutivnich funkei

poruchy alternace snizeni narusené

v T-bludisti

sensorimotorickych
vstuptl (prepulzni

inhibice)

prostorové uceni
V Morrisove

vodnim bludisti

poruchy v 8-ramenném

radialnim bludisti

snizena latentni

inhibice

narusSené
prostorové uceni
V 8-ramenném

radialnim bludisti

5-choice serial

reaction time test

snizena schopnost
set-shifting (specialni

typ pieuceni)
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4.1 Farmakologické modely schizofrenie

Jako prvni se objevila teorie, ze schizofrenie vznika nasledkem hyperfunkce
mesolimbického dopaminergniho systému (Seeman, 1987; Snyder et al., 1970;
Seeman and Seeman, 2014). Objev, ze psychomimetikum fencyklidin blokuje
NMDA receptory, zase podnitil teorii glutamatergni hypofunkce jako jedné z pficin
schizofrenie (Anis et al, 1983; Javitt, 1987). Od téchto objevl se odvijely prvni

farmakologické animalni modely schizofrenie.
Dopaminovi agonisté

Latky pusobici jako agonist¢ dopaminu evokuji psychézu piipominajici
pozitivni symptomy schizofrenie. Patfi mezi n¢ napiiklad amfetamin, ktery ptisobi na
dopaminové pienaseCe v plazmatické membrané a zvySuje uvoliiovani dopaminu
Z presynaptickych zasob do synaptické $térbiny. Psychdza indukovand amfetaminem
byla poprvé popsana jiz v padesatych letech minulého stoleti a projevovala se
naptiklad zvukovymi halucinacemi a perzekutivnimi deziluzemi. Podobné ucinky
vyvolava také kokain, inhibitor monoaminovych pifenaSecii. Podani téchto latek
navozuje hyperlokomoci a psychotické ptiznaky jak u experimentalnich zvifat, tak

u lidi.

Na rozdil od NMDA antagonistli nemaji dopaminovi agonisté negativni vliv
na socidlni interakce (spiSe naopak), nelze je tedy pouzit k modelovani negativnich
ptiznaki schizofrenie (Powell and Miyakawa, 2006; Rung et al., 2005). Senzitizace
amfetaminem vSak mtize vykazovat urcité¢ abnormality v testech prepulzni inhibice a
nékterych kognitivnich testech, zvlasté téch zavislych na PFC, nikoliv vSak na
hipokampu. Po opakovaném podavani amfetaminu lze pozorovat mnozstvi
neurochemickych a strukturalnich zmén v CNS — napt. v oblasti nucleus accumbens
a PFC (Jones et al., 2011).

Také apomorfin, agonista dopaminovych D; a D, receptort, indukuje typické
dopaminem zprosttedkované schizofrenni chovani — lokomotorickou hyperaktivitu,
lezeni, stereotypni chovani, nadmérnou péci o vzhled, olizovani a okusovani (Jones
et al, 2011). Mysi s knock-outovanymi dopaminovymi transportéry vykazuji

lokomotorickou hyperaktivitu ve vztahu k novym podnétim, naruseni v testech
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prepulzni inhibice, repetativni pohyby, ale také deficity v prostorovém uceni (Powell
and Miyakawa, 2006). V tomto ptipadé uz se vsak jedna o geneticky model navrzeny

na zaklad¢ farmakologickych znalosti.

Antagonisté NMDA receptori

Antagonist¢ NMDA receptori mohou na rozdil od dopaminovych agonistl
napodobit nejenom pozitivni, ale zaroven negativni pfiznaky schizofrenie, vcetné
kognitivnich deficiti a neuropsychologické dysfunkce. Na jejich manifestaci se
ziejmé podili glycin-modulatorni misto NMDA receptoru, které ovliviiuje dobu
otevieni iontového kanélu a stupen desenzitizace v pfitomnosti agonisty (glutamat),
samo o sob¢ vSak nedokdze indukovat otevieni kandlu. Pfidanim pozitivnich
alosterickych modulatori na glycinovém misté (glycin, inhibitory glycinovych
transportéri, D-serin, D-cykloserin) k typickym antipsychotikiim je mozZné naopak
docilit zesileni pfiznivého efektu na negativni a kognitivni symptomy schizofrenie

(Javitt, 2012; Javitt et al., 2012).

K typickym a dlouho uZivanym modelovym latkam, které pisobi skrze
NMDA receptor patii jeho nekompetitivni antagonisté ketamin, fencyklidin (PCP) a
MK-801 (Javitt, 2012). VSechny zminéné latky indukuji halucinace a deziluze u
zdravych lidskych jedinclh a mohou vést k exacerbaci psychotickych ptiznakd u
akutnich i chronickych schizofrenikli (Lahti et al., 2011). Akutni i chronické uzivani
PCP navic zhorSuje kognitivni schopnosti testovanych jedincil, coz vSak miZze byt
zvraceno pferuSenim uzivani drogy (Javitt and Zukin, 1991). Zneuzivani PCP je
doprovazeno deficity v temporalnich a frontalnich lalocich, coZz jsou zmény, které

pozorujeme také u schizofrennich pacienti (Hertzmann et al., 1990).

Antagonist¢ =~ NMDA  receptort v animélnich  modelech  zvySuji
lokomotorickou aktivitu potkanti, snizuji jejich ochotu k socialnim kontaktim (Rung
et al, 2005; Tamminga et al., 2003), naruSuji prepulzni inhibici a kognitivni
schopnosti (Egerton et al., 2005; Mansbach and Geyer, 1991). Kognitivni deficity
byly pozorovany v testech behavioralni flexibility (Stefani and Moghaddam, 2005),
rozpoznavani novych socialnich podnétd (social novelty) (Harich et al., 2007),
pracovni paméti v Morrisové vodnim bludisti (Andersen and Pouzet, 2004;

Lobellova et al., 2013), ve zpozdéné prostorové alternaci (delayed spatial alternation
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task) (Wiley et al., 2003) a kontinualni prostorové alternaci (continuous spatial
alternation task) (Boctor and Ferguson, 2010). Efekt téchto latek vSak muze byt
zmirnén podanim antipsychotik (Broberg et al., 2009; Freed et al., 1984; O‘Neill and
Shaw, 1999).

Dalsi mozZnosti

S pokracujicim vyzkumem vztahu neuromediatord k schizofrenii se jako
rizikové jevi také abnormality GABA neuronil. Existuji naptiklad nalezy, ze defekty
Vv signalizaci skrze neurotrofinové receptory (TrkB) vedou ke sniZzeni syntézy GABA
V inhibi¢nich neuronech dorzolateralni PFC schizofrenik. 1 pies kompenzacni
mechanismy tento defekt vyusti ve snizeni gamma oscilaci a tedy i neurondlni
aktivity nezbytné pro pracovni pamét’ (Lewis et al., 2005; Gonzales-Burgos et al.,
2010).

4.2 Neurovyvojové modely schizofrenie

Lidské epidemiologické studie prokazaly, Ze expozice novorozenct (v dobé
perinatalni ¢i gestaéni) nezadoucim zasahtim zevniho prostiedi mize vést k rozvoji
schizofrenie. V posledni dob¢ se také sleduje vliv pfipadné genetické predispozice.
Expozice predisponovanych jedincli nezadoucimu vlivu prostiedi béhem jejich
casné¢ho vyvoje spousti odliSny vzor vyvoje neuronii a jejich konektivity, coz
nasledné vyusti v expresi fenotypu schizofrenie. StéZejni je pak obdobi, ve kterém
k zasahu dochazi. Neurovyvojové animalni modely schizofrenie zahrnuji manipulace
se zevnim prostiedim, podani rGznych farmak béhem citlivého perinatalniho obdobi
¢i zpusobeni ireversibilnich zmén CNS béhem jejiho vyvoje. Dlouhodobé zmény

chovani se pak typicky objevuji v post-pubertalnim obdobi (Jones et al., 2011).

Mezi enviromentalni faktory se vztahem k vyvoji mozku a zvySenému riziku
rozvoje schizofrenie patii napfiklad porodni komplikace, diabetes u matky,
podvyziva matky, preeklampsie, stres a virova ¢i bakteridlni infekce b&hem
té¢hotenstvi, riistova retardace v déloze, fetalni/neonatalni hypoxie, socidlni izolace
novorozencl po obdobi kojeni (Boksa, 2004; Boksa and Luheshi, 2003; Jones et al.,
2011; Ratajczak et al., 2013). K neurovyvojovym modelim schizofrenie nélezi také

chirurgické zéasahy do CNS. Jako piiklad lze zminit Casné postnatalni 1éze
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ventralniho hipokampu, které vedou k hyperaktivité potkanti jako odpoveédi na nové
prostiedi (Sams-Dodd et al., 1997). K vaznému naruseni chovani béhem pozd¢jsiho
vyvoje staci i pfechodna inaktivace ventralniho hipokampu béhem kritického obdobi
vyvoje CNS. Mezi mozkové struktury se vztahem k rozvoji schizofrenie a tzce
propojené s hipokampalni formaci lze ftadit striatum, nucleus accumbens,
dorzolaterdlni PFC, dorzélni thalamus. Tyto regiony jsou také cilem pulsobeni

antipsychotik (Harrison and Weinberger, 2005; Lipska, 2004).

Zajimavym, i1 kdyZ pozd¢ji puisobicim, environmentalnim faktorem je také
uzivani kanabinoidii u adolescentli, experimentadlné¢ pak u mladych potkant.
Kanabinoidy jsou povazovany za mozné spoustéle schizofrenie, nebot’” moduluji
dopaminergni transmisi. Jejich uzivani miZze vést ke zvySené citlivosti
dopaminovych neuronii a zméné dendritickych struktur v PFC, pti dlouhodobé
expozici pak k porucham paméti a socialnich interakci (Boksa, 2007; Rodriguez et
al., 2001). Krozvoji schizofrenie nasledkem uzivani kanabinoidt dochazi téz na
zakladé genetické predispozice, napt. funkéniho polymorfismu genu COMT (Caspi
et al., 2005).

4.3 Genetické modely schizofrenie

Diky genetickym studiim lidské populace se podafilo vytipovat né€kolik
kandidatnich genti pro schizofrenii - napt. DISC-1 (disrupted-in-schizophrenia 1),
dysbindin, reelin, COMT, NRG1 (neuregulin 1) a jeho receptor ERBB4, byt
pfedstavuji hlavn€ zvySené ¢i sniZené riziko rozvoje tohoto onemocnéni. Nejvice
naruSené jsou geny vazané k proteinim vztahujicim se k neurondlni plasticité,
glutamatergni ¢i dopaminergni funkci a synaptogenezi (Allen et al., 2008; Boksa,

2007; Harrison and Weinberger, 2005; Jones, 2011).

Neni vzdy jednoduché urcit vztah danych gent k vyvoji nervové soustavy a
chovéni jedincii. K objasnéni je vSak mozné vyuZzit animalni modely zdravych
jedinct — ke zjisténi zakladni biologie téchto geni a jejich proteint, lokalizaci genti a
jejich bunééné funkce. Nebo posléze muzeme vyvojové, behavioralni a molekularni

dasledky dysregulace specifickych genti vysvétlit s uzitim bézné se vyskytujicich
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mutantnich mysi ¢i za pomoci genetického inzenyrstvi (Boksa, 2007; Powell and
Miyakawa, 2006).

Mezi genetické modely schizofrenie nalezi naptiklad mysi s knock-out nebo
knock-down dopaminovych transportérii, knock-down uréitych podjednotek NMDA
receptort, mutanti vazebného mista pro glycin na NMDA receptorech, neuregulin
knock-out mysi, kalcineurin (kalcium a kalmodulin-dependentni protein fosfataza)
knock-out mysi, NPAS1/3 dvojité knockoutované mysi, Dvl1l knock-outované mysi,
homozygotni reeler knock-out mysi. Nékteré z nich jsou schopné napodobit také
negativni symptomy schizofrenie (Jones et al., 2011; Powell and Miyakawa, 2006).
Mnohé z téchto modeld byly vyvinuty na zdklad¢ ptredchozich farmakologickych

experimentl s animalnimi modely schizofrenie.

Jednim znedavno objevenych  genetickych modeld  schizofrenie
je down-regulace genu kodujiciho protein Nogo-A. Nogo-A isoforma je hlavnim
s myelinem-asociovanym inhibitorem axonalniho ristu a regenerace. Jedna se
0 multifunkéni protein, ktery reguluje také bunéCnou migraci, axonalni navigaci,
vétveni dendritii, diferenciaci oligodendrocytd a synaptickou plasticitu v hipokampu
(Akbik et al., 2011; Delekate et al., 2011; Pernet and Schwab, 2012; Schmandke and
Schwab, 2014). Jeho inhibice se uplatiiuje naptiklad pii obnoveni ristu poskozenych
axonli a/nebo kompenzacéni plasticity v rezervnich ¢astech CNS, terapeuticky se
uvazuje o jejich vyuziti pfi miSnich poranénich ¢1 poskozeni mozku nésledkem

mrtvice (Liebscher et al., 2005; Wiessner et al., 2003; Zorner and Schwab, 2010).

Nogo signalni drahy jsou vSak také zahrnuté v patologii psychiatrickych
onemocnéni, ziejmé nasledkem poruseni regulatorni funkce vyvoje synapsi a jejich
plasticity. U jedinct s redukci exprese Nogo-A dochazi k specifickym behavioralnim
abnormalitdm, jeZ lze povazovat za kognitivni endofenotyp schizofrenie - napf.
naru$ena filtrace vnéjSich podnétl — sensorimotorické zpracovani, poSkozena latentni
inhibice, perseverac¢ni chovani, zvySena senzitivita k lokomotorické stimulaci po

podani amfetaminu  (Petrdsek et al, 2014; Willi et al, 2010).
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II. Cile prace

Experimenty, jez jsou soucasti disertatni prace, byly navrzeny tak, aby
prispély k blizSimu objasnéni vlivu jednotlivych systémti neuropienasecti centralni
nervové soustavy (noradrenergni, dopaminergni, glutamatergni) na prostorovou
navigaci, koordinaci a flexibilitu v animalnich modelech. Zajimala nas obzvlast
kooperace danych neuromediatorovych systémii, nebot’ v zivém organismu nefunguji
jeho jednotlivé slozky separatné, nybrz tvoii slozity vzajemné se regulujici celek.
Neni divu, ze v poslednich nékolika letech ptibyvaji studie zabyvajici se prave
interakcemi mezi jednotlivymi systémy, coZ souvisi 1 s uspéSnym vyvojem novych

farmak ovliviiyjicich vice riznych receptorovych systémd.

Pfi studiu prostorové paméti a flexibility byly vyuzity nejenom
farmakologické manipulace, ale také transgenni potkani model schizofrenie
(knock-down Nogo-A proteinu). Testovani probihalo v ruznych variantach

kognitivnich tloh bludisté Koloto¢ a Morrisova vodniho bludisté (MWM).
Zabyvali jsme se nasledujicimi experimentalnimi otdzkami a hypotézami:

1. Je znamo, Ze aplikace p-blokatoru ovliviiuje behavioralni funkce véetné uceni
a paméti. U a; antagonisti tak silny efekt pozorovany nebyva. Je mozné, Ze
kombinaci a; i p antagonismu dojde k poskozeni kognitivnich funkci jiz p¥i
davkach B-blokatoru, které samy o sobé Zadny klinicky pozorovatelny deficit

nevykazuji? Pasobi a;- a B-blokada v synergii?

K stanoveni u¢inku antagonismu ajreceptorti byl aplikovan prazosin, latka,
jez v publikovanych studiich vykazovala pouze minoritni efekt na kognitivni funkce.
Béhem predeslé studie nasi laboratofe byla stanovena stropova davka pro poskozeni
motorické aktivity testovaného zvitete, tedy 1 pro prvni zndmky deficitu v dané tloze
(Stuchlik and Vales, 2008). Efekt propranololu, betablokatoru uzivaného b&éhem
experimentll, byva studovany obzvlasté v kontextu konsolidace paméti po testu.
V pilotnich experimentech se ndm vSak podatilo prokézat deficity v bludisti Koloto¢
u potkani po podéani propranololu, véetné urceni prahové davky (Stuchlik et al.,

2009).
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Jiz dtive byly popsany interakce mezi systémové podanym o4 antagonistou
prazosinem a D, antagonistou sulpiridem zpuisobujici kognitivni i motoricky deficit
testovanych zvitat (Stuchlik et al., 2008). Efekt ko-aplikace prazosinu a propranololu
zatim studovan nebyl, da se vSak piedpokladat, Zze se mlze projevit podobné jako
pti behaviordlnich deficitech béhem soucasné blokady a; a D, receptorii. Dle nasi
hypotézy se da ocekavat poskozeni prostorového uceni v disledku soucasného

antagonismu odpovidajicich adrenoceptoru.

2. Existuje-li interakce mezi D, receptory a a; adrenoceptory zpiusobujici
poruchy prostorové navigace a koordinace testovanych zvirat, lze tuto interakci

pozorovat také mezi D, a  receptory?

Jak bylo zminéno, jiz diive se nam podafilo popsat behavioralni deficit a
negativni vliv na prostorovou pamét u ko-aplikace D, a a; antagonistli. Podobné
studie synergismu existuji i pro dal§i z neuropfenaSeCovych systému. Klinicky
zajimavou otazkou je bezpochyby i mozny efekt ko-aplikace D, antagonisty
(atypického antipsychotika sulpiridu) a antagonisty 3 receptorti (propranololu), nebot’
oba typy farmak se bézn¢ vyskytuji v praxi (coz ostatné plati i pro o a f-blokatory,

které uziva velké mnozstvi pacienti).

3. Mezi animalni modely schizofrenie patii podani latky MK-801,
nekompetitivniho antagonisty NMDA receptori. Cilem dalsi studie bylo
stanovit kvalitativni i kvantitativni efekt podani MK-801 na behavioralni
flexibilitu a lokomoci v testech zaloZenych na provéieni pravé této slozky

kognice, ktera je u schizofrenie vyrazné narusena.

Jedny ztypickych piiznakt schizofrenie, které je mozné testovat
Vv laboratornich podminkach, jsou behaviordlni flexibilita, adaptace na meénici se
experimentalni podminky, a lokomoc¢ni zmény. Lze je povazovat za analogii
kognitivnich (flexibilita) a pozitivnich (lokomoce) pfiznaki tohoto onemocnéni.
Nasim cilem bylo ovétit hypotézu, ze aplikace MK-801 zpisobi deficit flexibility
Vv uloze pteuceni (reversal - zména podminek ulohy v druhé ¢asti experimentu). Dale
nas zajimalo porovnani dvou zavedenych testi prostorové navigace a koordinace

(bludisté Koloto¢ a MWM) a jejich sensitivita k deficitim zptsobenym MK-801 pfi
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zméné experimentalnich podminek. Aby bylo mozné zavéry studie vyuzit pro dalsi

vyzkum, pokusili jsme se stanovit davkovou zavislost téchto ti¢inkd v obou ulohach.

4. Mutace v genu kodujici Nogo-A protein ¢i jeho abnormalni exprese je spjata
s fenotypem schizofrenie. Zda se redukovana exprese Nogo-A V novém
transgennim modelu potkana projevi v poSkozené prostorové navigaci, jsme se

pokausili objasnit experimentalné.

V nékolika studiich byly popsény rizné behavioralni deficity u Nogo-A
knock-out mysi (Willi et al., 2010) a ¢asto byly interpretovany jako endofenotypy
schizofrenie. Poskozeni regulacni funkce proteinu Nogo-A pfi tvorbé synapsi a jejich
plasticit¢ muize vést k neurovyvojovym dysfunkcim a zde spatfujeme vztah
k symptomtm schizofrenie. Nogo-A protein také v celogenomovych studiich
asocioval se schizofrenii u lidi. NaSim cilem bylo prozkoumat mozné behavioralni
efekty redukované Nogo-A exprese u transgennich potkanti. Byla navrzena specialni
baterie testi v bludisti Koloto¢ zaméfend na segregaci referencnich rdmcl a
flexibilitu testovanych jedinct, kterd je velmi citlivda 1 na drobna kognitivni
poSkozeni. Nasledné¢ byli potkani testovani na prostorovou pamét v Morrisove
vodnim bludisti ve verzi delayed-matching-to-place, ktera je striktné zavisla na

hipokampu.
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III. VloZené cClanky
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Spatial learning is a widely studied type of animal behavior often considered as a model of higher human
cognitive functions. Noradrenergic receptors play a modulatory role in many nerve functions, includ-
ing vigilance, attention, reward, learning and memory. The present study aimed at studying the effects
of separate or combined systemic administration of the alphal-adrenergic antagonist prazosin (1 and

2mg/kg) and beta-blocker propranolol (5 and 20 mg/kg) on the hippocampus-dependent learning in
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the active allothetic place avoidance (AAPA) task. Both centrally active drugs impaired spatial learning
when administered together, exerting no effect in separate applications. Locomotion was impaired only
in a combined application of higher doses of both drugs (2 mg/kg prazosin and 20 mg/kg propranolol).
These results suggest an in vivo interaction between these two types of receptors in spatial navigation

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Noradrenaline and adrenaline exert many effects and mediate
a number of functions not only in peripheral tissues but also in
the central nervous system (CNS), where noradrenaline dominates.
These behavioral effects include a modulation of vigilance, arousal,
attention [25,27], motivation and reward [6], learning and mem-
ory [26]. Almost all brain noradrenergic fibers arise in brainstem
nuclei designated A1-A7 (including the locus coeruleus, a nucleus
in which about 45% of all noradrenergic projections originate [29]).
The effects of noradrenaline are mediated by two distinct super-
families of receptors, named alpha- and beta-adrenoceptors [28].
Alpha-adrenoceptors are divided into two families, alphal- and
alpha2-subtypes. Originally it was assumed that alphal-adrenergic
receptors were solely post-synaptic in the CNS, whilst the alpha2-
subtype was localized pre-synaptically; however, both types were
later found in both pre-synaptic and post-synaptic membrane
regions [29]. Both alphal- and alpha2-adrenoceptors are further
divided into subgroups, as well as beta-adrenoceptors, which are
also found both in the brain and periphery.

Prazosin, an antagonist of alphal-adrenoceptors (with no selec-
tivity for their individual subtypes), is used to assess the role of

* Corresponding author. Tel.: +420 24106 2538; fax: +420 24106 2488.
E-mail address: stuchlik@biomed.cas.cz (A. Stuchlik).

0166-4328/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2009.12.025

these types of receptors in the regulation of behavioral functions
and their involvement in learning and memory [9,10,33]. How-
ever, the blockade of alphal-adrenoceptors was found to have only
minor effects on learning and cognitive functions, as revealed by
several studies (e.g. [24,33]). Our previous paper showed that a
blockade of alphal-adrenergic receptors in the brain using pra-
zosin resulted in learning impairments at higher doses (4 mg/kg),
which concurrently disrupted motor activity, suggesting a proce-
dural deficit and no selective effects upon cognition [33]. To the
contrary, the actions of the centrally active beta-blocker propra-
nolol are relatively well-studied, especially with respect to memory
consolidation (implying application of propranolol after a condi-
tioning session [2,12]). The effects of propranolol administered
prior to testing have been studied less frequently. Our previous
study [30] assessed learning in the place avoidance task (a spatial
learning test) in rats treated with various doses of propranolol and
found relatively selective disruption of place avoidance learning at
a dose of 25 mg/kg, which did not disrupt motor activity. Similarly,
Heron et al. [13] demonstrated impairment by propranolol in the
acquisition on the motor runway task, suggesting the effects of pro-
pranolol were not restricted to the domain of relational memory.
The above-mentioned place avoidance task, especially its modi-
fication named active allothetic place avoidance (AAPA), has proved
to be a useful paradigm for assessing learning and cognitive func-
tions and their alterations caused by neuropharmacological, lesion
and other experimental manipulations [21,22,31,35,38]. This test is
highly dependent upon the integrity of hippocampi on both sides
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of the brain [4] and it has been demonstrated to require cognitive
coordination, which has been described as the ability to segre-
gate the spatial stimuli from the arena and room frames (which
are dissociated by the constant rotation of AAPA arena [15,39]).
Recently, we employed the task in a study aimed at elucidating
interactions between the systemically applied alphal-blocker pra-
zosin and dopamine D2 receptor antagonist sulpiride, which were
found to act synergistically and impaired both locomotor activity
and avoidance efficiency in the AAPA task when co-applied [31]. It
should be emphasized that studying the effects of specific receptor
antagonists on learning and memory function ranks amongst the
most intensively studied topics today (for review see Myhrer [20]).

Despite the effects of prazosin and propranolol pre-test appli-
cation found in past years, their contribution was investigated
mainly separately but not in combined administration. Therefore,
the present study was aimed at elucidating the interaction of
both prazosin and propranolol at the systemic level, an approach
which may preliminarily suggest the nature of the in vivo interplay
between corresponding types of adrenoceptors. The experimental
hypothesis of the present study was that combined administra-
tion of both drugs (at doses eliciting no effect when administered
separately) would impair spatial leaning in the AAPA task. We
have also addressed the question whether this disruption was rela-
tively selective to cognition or if locomotor activity and procedural
aspects of the task would be also compromised.

2. Methods
2.1. Animals

Seventy-one naive male adult Long-Evans rats (3-4 months old, weighing
250-300 g) obtained from the breeding colony of the Institute of Physiology, ASCR
were used in the study. The animals were housed in pairs in 30 cm x 30 cm x 40 cm
plastic translucent cages in an air-conditioned animal room with a stable tempera-
ture (21°C)and 12/12 light/dark cycle (lights on at 7.00). Conscious rats were gently
implanted with a hypodermic needle, piercing the rat’s skin between its shoulders,
and creating a small loop on the needle with tweezers. The loop prevented the needle
from slipping out and provided purchase for an alligator clip, which was connected
a shock-delivering cable, used in behavioral testing. Water and food was available
ad libitum. All experimental manipulations were pursued in accordance with the
Animal Protection Code of Czech Republic, NIH guidelines and with EU directive
86/609/EEC.

2.2. Drugs

Prazosin hydrochloride and propranolol hydrochloride were purchased from
Sigma Aldrich, Czech Republic. Prazosin was dissolved in distilled water at a
concentration of 0.5mg/ml (maximum concentration obtainable), and injected
intraperitoneally 20 min prior to behavioral testing in the AAPA task at doses of
1 and 2 mg/kg. As a control for prazosin injections, saline (0.9% solution of NaCl)
was injected at a volume of 4 ml/kg. Propranolol was dissolved in distilled water
at concentrations of 5 and 20 mg/ml and injected 20 min prior to every session at
doses 5 and 20 mg/kg (corresponding to 1 ml/kg of solution). Sterile saline (1 ml/kg)
was injected as a control for propranolol injection.

There were nine experimental groups used in this study. The control group
was given two injections of saline (4 and 1 ml/kg; n=8; control group). Prazosin-
only groups were injected by prazosin (1 and 2mg/kg) and saline (1ml/kg,
n=_8). Propranolol-only groups were given saline (4 ml/kg) and propranolol (5 and
20mg/kg, n=7 and 8; respectively). Animals treated with a combination of drugs
obtained 1 mg/kg of prazosin and 5 mg/kg propranolol (n =8), 1 mg/kg prazosin and
20 mg/kg propranolol (n=28), 2 mg/kg prazosin together with 5 mg/kg propranolol
(n=8) and 2 mg/kg prazosin and 20 mg/kg propranolol (n=8). The doses of the
drugs were selected on the basis of previous studies by our and other laborato-
ries [11,30,33] and our pilot experiments which determined the threshold doses for
prazosin- and propranolol-induced impairments in the AAPA task.

2.3. Apparatus and behavioral procedures

The AAPA apparatus [4,30] consisted of a smooth featureless metallic circu-
lar arena (82 cm in diameter) enclosed by a 30 cm high transparent Plexiglas wall;
rotating clockwise once per minute. The arena was elevated 1 m above the floor
of a 4m x5m room containing an abundance of extra-maze cues. An infrared
light-emitting diode was located on the arena circumference to enable computer
tracking of the arena rotation. At the beginning of each experimental session, each
rat was placed onto the part of the arena directly opposite to the punishment sec-

tor, and then the rotation and tracking were switched on. The rat was equipped
with a harness carrying another infrared light-emitting diode (LED) between ani-
mal’s shoulders. A computer-based tracking system (iTrack; Bio-Signal Group, USA)
located in an adjacent room recorded the position of both the rat and the arena
every 40 ms. Position-time series were stored for off-line analysis (TrackAnalysis;
Bio-Signal Group, USA). The rat was also connected to a cable, which was fastened
to the harness and connected by an alligator clip to a needle pierced through the
skin on animal’s back.

Animals had to avoid an unmarked, 60-deg sector of the arena identified solely
by its relationships to distal room cues. The shock sector remained in a stable spatial
position throughout the training. Whenever the rat entered the to-be-avoided sector
for more than 500 ms, the tracking system delivered a mild, constant-current shock
(50Hz,0.55,0.4-0.7 mA) and counted an entrance. If the rat did not leave the sector,
additional shocks were given every 1200 ms, but no more entrances were counted
until the rat left the sector for more than 300 ms. Shocks were delivered through
the implanted needle and the arena floor (the highest voltage drop was between
rats’ paws and grounded floor). We used a compact floor instead of a grid, in order
to allow accumulation of intra-maze landmarks (a condition enhancing a conflict
between arena and room frames [39]). After each rat, the floor was cleaned with
wet towel, ensuring the rats could not use inter-trial scent marks. The current was
individualized for each rat to elicit a rapid escape response but to prevent freezing,
however, in most cases, animals responded appropriately to 0.4 mA.

2.4. Design of experiments and data analysis

Four subsequent daily sessions of training in the AAPA task were conducted,
each lasting 20 min, and carried out between 9.00 and 13.00. Entrances into the
shock sector were punished throughout all training. The following parameters were
extracted from the off-line processing and analyzed: the total distance traveled per
session (reflecting only the active locomotor activity of animals) was measured in
the coordinate frame of the arena as a sum of linear distances of points recorded
every second. Two measures of spatial efficiency were the number of errors per
session (number of entrances into the to-be-avoided sector) and maximum time
between two entrances in a session (maximum time avoided), the latter reflecting
maximum avoidance time in a given session. Latency to the first entrance in a ses-
sion (time to first error) was used as a retrieval-sensitive measure of between-session
learning.

The data, except the time to first error, were analyzed with a three-way ANOVA
(prazosin application x propranolol application x sessions) with repeated measures
on sessions; prazosin and propranolol applications were independent factors. Time
to first error in the final session of training was analyzed by a two-way ANOVA (pra-
zosin application x propranolol application) with no repeated measures. Post hoc
analysis was performed using a parametric Tukey’s post hoc test. Data presented
in the graphs are averaged across sessions (except for the latency to the first error,
where average values in the final session are presented) and the means + S.E.M. are
plotted for each parameter. For the sake of clarity, we do not present bar graphs
of individual session values but all statistical effects are explained in Section 3.
Significance was accepted at a 5% level of probability.

3. Results

3.1. Effects of separate or combined application of drugs on
locomotor activity

Visual inspection of rats revealed that most animals exhibited
normal overt behavior including locomotion; only animals co-
administered with the highest doses of drugs (2 mg/kg of prazosin
and 20 mg/kg of propranolol) were hypoactive which was later con-
firmed by a statistical analysis. Examples of typical trajectories from
selected groups are shown in Fig. 1. Note the deceased locomotion
and inability to escape efficiently from the shock in animals treated
with highest doses of both drugs. This suggests that co-application
of highest doses of both drugs impaired procedural aspects of the
task.

First, total distance walked in a session was analyzed. A three-
way ANOVA (prazosin x propranolol x sessions) with repeated
measures on the last factor showed a significant main effect of
prazosin application (F(2,62)=17.0; P<0.05), propranolol applica-
tion (F(2,62)=11.8; P<0.05), sessions (F(3,186)=3.32; P<0.05) and
an interaction between prazosin and propranolol administration
(F(4,62)=8.52; P<0.05). Closer examination of the effect of sessions
showed that the total distance walked was slightly increasing with
training, probably as a gradual adaptation to the task demands with
increased experience. Most importantly, a post hoc analysis of the
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Fig. 1. Examples of illustrative tracks of animals from various groups in the AAPA task. Tracks were collected on the final, fourth day of training. Top left panel: Animals from
the control group avoided the punished efficiently, as well as animal treated with prazosin only at the dose of 2 mg/kg (top middle panel) and a rat treated with propranolol
alone at the dose 20 mg/kg (top right panel). Bottom left panel shows the trajectory of a rat, which obtained lower doses of the drugs, notice that avoidance was disrupted
(measure by number of errors), but animal was still able to escape from the shock sector. Bottom right panel shows a track of animals co-applied with higher doses of the
drugs. The animal committed significantly more errors and sometimes was not capable of escaping from the sector upon punishment, suggesting procedural deficit.

interaction between prazosin and propranolol applications showed
that animals treated only with prazosin and propranolol did not
differ from the control group. The drugs interacted significantly at
their highest doses (P<0.05), i.e. 2 mg/kg of prazosin and 20 mg/kg
of propranolol applied together significantly decreasing locomo-
tion (Fig. 2A). This suggests that lower doses of co-administered
drugs together failed to disrupt normal locomotor activity.

3.2. Effects of separate and combined applications of drugs on
spatial performance

Regarding spatial parameters, we have first analyzed the number
of errors, which was found to be a relatively sensitive measure of
performance in the AAPA task [34]. The results have shown that
all doses of drugs significantly interacted in their effects upon this
parameter when administered together (Fig. 2B).

A three-way ANOVA found a significant main effect of
prazosin application (F(2.62)=9.73; P<0.05), propranolol appli-
cation (F(2,62)=31.34; P<0.05) and sessions (F(3,186)=95.39;
P<0.05). Interactions between prazosin and propranolol appli-
cations (F(4,62)=4.97; P<0.05) and between propranolol and
sessions (F(6,186)=2.76; P<0.05) were found too. Subsequent
parametric testing with Tukey’s test showed that propranolol co-
applied with prazosin was mainly responsible for the main effect of
propranolol application rather than the drug alone. Post hoc analy-
sis of the factor of session showed that all groups improved in this
parameter but performance of animals co-applied with both drugs
at either dose improved more slowly, suggesting their learning was
retarded (not shown in the figures).

Post hoc analysis of the interaction between prazosin and
propranolol administrations confirmed that both drugs acted syn-
ergistically in their influence upon the number of errors (P<0.05).

The test showed that both doses of propranolol co-applied with
prazosin 1 mg/kg elicited a worse performance than in animals
treated with prazosin 1 mg/kg only. Propranolol at either dose also
significantly interacted with a higher dose of prazosin (2 mg/kg)
(Fig. 2B).

Subsequently, the time to first error was analyzed as a reli-
able measure of between-session memory [21]. Analyzed and
here presented, the values of this parameter measured on the
last day of training, are suggested to represent an asymptotic
level [32]. A two-way ANOVA (prazosin x propranolol applica-
tion) showed that it was generally affected by the propranolol
application (F(2.62)=7.51; P<0.05) but not by prazosin applica-
tion (F(2,62)=2.51; P>0.05). No interaction between both factors
was found (F(4,62)=0.10; P>0.05). However, propranolol at the
dose of 5 mg/kg decreased significantly the time to first error with
respect to the control group. Both doses of propranolol were also
found to decrease this parameter in combination with a lower dose
of prazosin—1 mg/kg (P<0.05; with respect to prazosin alone; see
Fig. 2C). Surprisingly, there were no significant interactions (as
revealed by Tukey’s test) between propranolol and the higher dose
of prazosin (see also Fig. 2C), probably due to a trend of impairment
by a dose 2 mg/kg of prazosin alone (Fig. 2C).

Finally, another measure of cumulative within-session perfor-
mance was analyzed, namely maximum time avoided. Statistical
analysis of this parameter revealed that the combined adminis-
tration of the drugs more strongly disrupted the performance in
this parameter than their separate application (Fig. 2D). A three-
way ANOVA revealed a significant main effect of propranolol
(F(2,32)=3.60; P<0.05), prazosin (F(2,62)=6.86; P<0.05) and ses-
sions (F(3,186)=46.5; P<0.05). Prazosin x propranolol interaction
was found as well (F(4,62)=5.74; P<0.05). Post hoc analysis of
the interaction between prazosin and propranolol administrations



T. Petrasek et al. / Behavioural Brain Research 208 (2010) 402-407 405

(A) [ SALINE
70+ [[] PROPRANOLOL 5mgrkg
E 404 [] PROPRANOLOL 20mgrkg
c
ﬁ 504
g % 40 1
g & 301
8o *
T & 204
= 2
g & 107
s ol
SALINE PRAZOSIN 1mgikg PRAZOSIN 2mglkg
(B) 30 *
Il SALINE
25 [] PROPRANOLOL 5mgkg * %* L
20 [] PROPRANOLOL 20mgkg *
s
£ 15
5]
° 10
[
=]
= 0
SALINE PRAZOSIN 1mglkg PRAZOSIN 2mglkg
(C) 900
- 800
= 700 Il SALINE
L 5 [ PROPRANOLOL 5mglkg
£ 600 [_] PROPRANOLOL 20mg/kg
2 2 500
B2
= @ 400
o&
=3 300 #
ES
S |—f—| -
5 = ] .
SALINE PRAZOSIN 1mgikg PRAZOSIN 2Zmglkg
(DL 900) J sAUNE
£ gpo{ ] PROPRANOLOL 5mgikg
o [ PROPRANOLOL 20mglkg
£ 700
< 600
@
@ 500
£ *
< 400 * *
2 300
£ %
% 200
= 100 |_L|
SALINE PRAZOSIN 1mgfkg PRAZOSIN 2mg/kg

Fig. 2. Panel A: Effects of combined and separate applications of prazosin and pro-
pranolol on the locomotor activity in the AAPA task measured by total distance
walked (mean +S.E.M.). Only co-application of both drugs at their higher doses
decreased significantly the total distance, whereas lower doses were without effect;
either separately or in combination. Panel B: Effect of administration of propranolol
and/or prazosin on the number of errors (i.e. number of entrances into shocks sector)
(mean + S.E.M.). Both doses of prazosin and propranolol acted synergistically in their
effect upon spatial performance reflected by this parameter. Separate application of
drugs failed to affect this parameter. Panel C: effect of prazosin and propranolol on
the latency to first errors, a measure of between-session memory (mean + S.E.M.).
Note that propranolol alone affected this parameter at the dose of 5mg/kg, and
both doses of propranolol significantly potentiated the effect of 1 mg/kg of pra-
zosin. Panel D: Effects of both drugs on the maximum time avoided, another spatially
selective parameter (mean =+ S.E.M.). Both doses of prazosin and propranolol poten-
tiated effects of each other; separate applications were without effect. *P<0.05 with
respect to corresponding dose of prazosin alone; #*P<0.05 with respect to control
group.

showed that not separate, but the combined administration of
drugs mostly contributed to their significant effects. More specif-
ically, we observed the potentiation of the effects of both doses
of prazosin by their co-application with either dose of propranolol
(Fig. 2D).

4. Discussion

Roles of both alphal- and beta-adrenergic receptors in animal
behavior in general and in learning and memory in particular rep-
resent a well-studied topic of behavioral pharmacology. There are
numerous studies on this subject, including those done in our lab-
oratory using the AAPA behavioral task [30,33]. In general, our
results, showing no effects on cognitive parameters in animals
treated with sub-threshold doses of alphal-adrenoceptor antag-
onist prazosin, are in accordance with a previous study [24], which
showed that lower doses prazosin failed to affect working mem-
ory. Our previous study [33] demonstrated a disruptive effect of
prazosin at the highest dose studied (4 mg/kg) on locomotion and
concurrently avoidance behavior; lower doses (corresponding to
those used in the present study) were without effect. Propranolol is
a well-studied drug mainly with respect to memory consolidation,
but several studies also documented dose-dependent impairment
by pre-test injection of the beta-blocker propranolol in various
tasks [13,16,30]. It should be emphasized that threshold doses for
eliciting impairment of any behavioral measure should be specifi-
cally assessed for the particular task. Separate applications of lower
doses of the drugs used in the present study failed to affect spa-
tial navigation or locomotion. This finding supports the results of
previous studies [24,33], which showed that alphal-adrenoceptor
blockade affects learning to a relatively small extent. On the con-
trary, propranolol given prior to testing appears to exert a negative
influence on learning at certain doses [13,30]. Nonetheless, in
the AAPA task, the relatively high, 20 mg/kg dose of propranolol
administered separately failed to affect either locomotion or spatial
avoidance as shown by the present study and by another one [30],
suggesting the AAPA task is less sensitive to this treatment. This
study has also showed that lower dose of propranolol (5 mg/kg)
decreased the time to first error in the final session when applied
alone. Such nonlinear dose-response relationship is not easy to
explain given the systemic application used in the present study.
The latency to the first entrance might be viewed as a measure
of between-session, i.e. long-term memory; therefore, the disrup-
tion of long-term memory by pre-test application of propranolol
appears to be an interesting phenomenon which deserves further
investigations. However, it is very difficult to satisfactorily explain
the nonlinearity in this relationship; it might have been potentially
ascribed to differential pharmacokinetics of propranolol in various
brain structures contributing differentially to regulation of cog-
nition, or variations in receptor occupancies. However, it should
be noted that in other measures animals treated with the lower
dose of propranolol were not impaired. The close inspection of the
effects of low doses of propranolol of sensitive measures of cogni-
tive performance in the active place avoidance task under different
experimental protocols (including reversal and retrieval sessions)
represents a novel possible way of elaboration of studies of effects
of selective pre-test propranolol application.

The main goal of the present study was to investigate the inter-
action between sub-threshold doses of both drugs. It should be
pointed out that despite the abundance of data aimed at the sep-
arate application of adrenoceptor antagonists, substantially less
work has been devoted to the question how various receptor sub-
types interact in the brain, and how they influence each other
in mediating behavior. Our previous experiment showed that
alphal-antagonist prazosin and dopamine D2-antagonist sulpiride
facilitated the effects of each other, causing severe locomotor and
avoidance impairment when applied together [31].

Results of the present study show that centrally active alphal-
and beta-blockers potentiate the effects of each other, but the
resulting pattern of impairment is quite different. Generally, we
have observed no motor impairment except at the highest doses
of both drugs, but there was a consistent deterioration of perfor-
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mance in parameters measuring the cognitive function in animals
with both drugs co-applied at their lower doses, or after a high dose
of propranolol and a lower dose of prazosin, or vice versa.

Our results corroborate the concept, which was developed
in older studies pursued in the 1980s, which suggested syn-
ergistic effects of alpha- and beta-adrenoceptors on behavioral
variables, namely in open-field exploration [19] and aggression
[18]. Another study showed that administration of a beta-agonist
elicited desensitization of both beta- and alpha2-adrenoceptors,
further suggesting a functional link between adrenergic receptor
subtypes [17]. Unfortunately those early studies did not focus on
learning (and spatial learning most specifically). Nonetheless it
is worth mentioning here that interaction between alphal- and
beta2-adrenoceptors receptors was also observed in vitro, suggest-
ing interplay between alpha- and beta-receptors at the level of
intracellular signaling cascades (presuming that both receptors are
expressed in a single cell) [5].

Explanation of the observed effects on cognitive functions is
not straightforward or easy, given the limited relevant literature
and systemic application of drugs. The well-established impor-
tance of adrenergic stimulation for memory formation [14] and
long-term potentiation [1,3,23] in the hippocampus, the structure
of particular importance in the AAPA task [4] may offer one pos-
sible explanation. The basolateral amygdala is also involved in
learning aversive tasks, including AAPA and it has been shown
to be crucial for long-term memory formation in the AAPA task
[37]. Amygdala-mediated memory is highly dependent on nora-
drenergic neurotransmission, and can be disrupted with both
alpha- and beta-adrenoceptor antagonists (e.g. [7,9,12]). Indeed,
it has been observed that alphal-adrenergic receptors modulate
signalization through beta-receptors, enhancing retention in the
inhibitory avoidance task [8]. This interaction might also represent
the mechanism responsible for the results reported in this study.
Nevertheless, systemically applied drugs must have affected not
only the hippocampus and amygdala, but also many other brain
areas and body periphery; hence we have started experiments
involving micro-injections of receptor antagonists into the hip-
pocampus and/or amygdala and concurrent behavioral screening
for memory impairments.

The blockade of both beta- and alpha-adrenergic receptors may
have also caused a non-cognitive deficit, such as a decrease in blood
pressure, interfering with locomotion. We consider this explana-
tion improbable for several reasons. It was shown that the hypoten-
sive effect of prazosin might be eliminated by administration of pro-
pranolol [36], although propranolol has strong hypotensive effects
when given alone. Furthermore, motor impairment is not a plau-
sible explanation of our results, since the animals’ locomotion was
normal except for in co-application of higher doses of drugs, and the
spatial deficit was also observed in animals showing intact motor
abilities. It should be, however, emphasized that AAPA involves
forced rather than spontaneous locomotion (as the animals are
required to walk actively in order not to be passively transported
into shock sector), which might make the task less sensitive to drug
effect on motor activity and it has been demonstrated that lower
doses of prazosin and propranolol than used in the present study
may affect spontaneous locomotion in the open-field [11].

Altogether, the results of the present study show that system-
ically administered alphal-adrenoceptor antagonist prazosin and
beta-blocker propranolol synergistically disrupt spatial learning in
the AAPA task with certain selectivity for cognition. Higher dosage
also induced a pronounced decrease in locomotor activity in the
AAPA task. These data suggest that the above mentioned types of
adrenoceptors may interact in vivo, not only in the regulation of
autonomic responses and basic behaviors, but also in the modula-
tion of spatial learning abilities requiring the hippocampus. Since
there are several combined adrenoceptor blockers (antagonizing

both alpha- and beta-adrenoceptors and crossing the blood-brain-
barrier) marketed for human use, it might represent an appealing
challenge to investigate intimately cognitive functions in patients
under these treatments to screen for their potential cognitive
side-effects. Further studies using site-specific micro-infusions of
receptor antagonists are needed to investigate further the nature
of interactions between alpha- and beta-adrenoceptors.
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Spatial navigation attracts the attention of neuroscientists as an animal analogue of human declarative mem-
ory. The Carousel maze is a dry-land navigational paradigm, which proved to be useful in studying neurobi-
ological substrates of learning. The task involves avoidance of a stable sector on a rotating arena and is highly
dependent upon the hippocampus. The present study aims at testing hypothesis that sulpiride (a centrally-
active dopamine D2-like receptor antagonist) and propranolol (a beta-blocker) impair spatial learning in
the Carousel maze after combined systemic administration. These doses were previously shown to be sub-
threshold in this task. Results showed that both substances affected behavior and significantly potentiated
their negative effects on spatial learning. This suggests central interaction of both types of receptors in
influencing acquisition of this dynamic-environment task.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Spatial navigation, a model of declarative memory (O'Keefe and
Nadel, 1978), is of immense interest for cognitive neuroscientists.
Almost 15 years ago, active allothetic place avoidance task (AAPA)
was designed (Bures et al., 1997; Stuchlik et al., 2001), referred here
to as the Carousel maze. Rats are trained to avoid a sector that is sta-
ble in the coordinate frame of the room on a continuously rotating
arena (Stuchlik et al., 2004). The task requires spatial navigation
(Bures et al., 1997; Cimadevilla et al., 2001) and cognitive coordina-
tion and selection of appropriate behavioral strategy to manage effi-
cient performance (Wesierska et al., 2005; Dockery and Wesierska,
2010). Moreover, inertial cues generated by rotation are necessary
for acquisition of the test (Blahna et al,, 2011). The Carousel maze
performance depends upon the hippocampus, with even unilateral
hippocampal inactivation having deleterious effect (Cimadevilla
et al., 2001). In recent studies, Carousel maze was used to evaluate
the neuropharmacological effects upon behavior (Vales et al., 2006;

¥ IP wrote the paper, SB pursued statistical analysis and participated in writing, VD
acquired and analyzed behavioral data, KV co-designed research, TP participated in ex-
periments and writing, JS pursued the statistical analysis, and AS designed research,
wrote the paper and provided scientific leadership. IP, SB and VD contributed to this
paper with equal amount of work.

* Corresponding author at: Neurophysiology of Memory, Institute of Physiology
ASCR, Videnska 1083, 14220 Prague, Czech Republic. Tel.: +420 241062538; fax: +420
241062488.

E-mail address: stuchlik@biomed.cas.cz (A. Stuchlik).

0091-3057/% - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.pbb.2012.04.003

Bubenikova-Valesova et al., 2008; Stuchlik et al., 2009; Petrasek et al.,
2010). Moreover, consequences of lesions (Svoboda et al., 2008;
Wesierska et al., 2009) as well as other experimental manipulations
(Wesierska et al., 2006) were tested in this behavioral paradigm.

Noradrenaline plays a role in many brain functions including learn-
ing and memory. Most of noradrenergic neurons originate in A1-A7
brainstem nuclei (including the locus coeruleus) and innervate areas in-
cluding those related to cognition (hippocampus, septum and neocor-
tex) (Géranton et al, 2003). Two superfamilies of noradrenergic
receptors — named alpha and beta - are distinguished (for review see
Smythies, 2005). Adrenoceptors in the brain mediate mainly the central
effects of noradrenaline. Regarding memory, beta-adrenoceptors are
studied more deeply than alpha-adrenoceptors (Przybyslawski et al.,
1999). Propranolol, a centrally active antagonist of beta-adrenoceptors
is mostly used for studying memory consolidation and reconsolidation
(Przybyslawski et al., 1999; Cahill et al., 2000). Dose-dependent effects
of propranolol administered before learning in the Carousel maze were
shown by our previous study (Stuchlik et al., 2009). It reported a
disruption of place avoidance learning, while preserving intact locomo-
tor activity to some extent; however, a high dose (30 mg/kg) caused
marked sedation. Adverse effect of this drug was demonstrated in a
motor task (Heron et al., 1996), suggesting the effects of propranolol
were not restricted to the spatial domain.

Dopaminergic neurons form pathways, generally divided into four
systems (nigrostriatal, mesolimbic, mesocortical and tuberoinfundibular).
Dopamine in the hippocampus releases from fibers originating in the
ventral tegmental area (Berger et al., 1985; Verney et al., 1985), some
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fibers in the dorsal hippocampus originate in the substantia nigra. Dopa-
minergic D2-like receptors may mediate the effect of dopamine on
mnemonic functions and can be associated with spatial learning and
long-term potentiation (LTP) during memory consolidation (Fujishiro
et al,, 2005). The prefrontal cortex, a brain structure with a vast propor-
tion of dopaminergic fibers and terminals (Verney et al., 1985), is a
crucial region for cognitive and attention processes associated with ex-
ecutive functions.

The effect of specific receptor antagonists on spatial learning and
navigation belongs to intensively studied topics today (for review see
Myhrer, 2003). Notably, it is worth pointing out that both drugs have
been extensively prescribed in clinical practice; sulpiride is an atypical
antipsychotic drug and propranolol was used for treatment of cardio-
vascular disorders, despite its limited usage today. The present study
aimed at revealing possible interaction between beta-adrenoceptors
and D2-like receptors in the regulation of locomotion and learning in
the Carousel maze. We administered non-selective beta-receptor an-
tagonist propranolol and D2-like receptor antagonist sulpiride prior to
acquisition sessions and hypothesized that co-application of both
drugs would impair avoidance at the doses, which had caused minor
or no impairments when administered independently in previous
studies (Stuchlik et al., 2007a,b, 2009). The study therefore aimed at
acute effects of both drugs either applied separately or in combination.

2. Methods
2.1. Animals

Experimental manipulations complied with the Animal Protection
Code of Czech Republic and EU directive 86/609/EEC. Sixty-nine naive
male Long-Evans rats (12-14 weeks old, 250-300 g), obtained from
breeding colony of the Institute of Physiology, were housed in pairs
in 30x30x40-cm translucent cages in an air-conditioned facility
with a stable temperature and 12/12 light/dark cycle (lights on at
7.00). Conscious rats were gently implanted with a hypodermic nee-
dle, piercing the rat's skin between its shoulders, and creating a small
loop on the needle with tweezers. The loop prevented the needle
from slipping out and provided purchase for an alligator clip, which
was connected a shock-delivering cable, used in behavioral testing.
Water and food was freely available.

2.2. Drugs

Propranolol (propranolol HCl; SigmaAldrich, Czech Republic) was
dissolved in distilled water at concentrations of 5 and 20 mg/ml and
injected intraperitoneally 20 min prior to each session at doses 5
and 20 mg/kg. Saline (1 ml/kg) was injected as a control for propranolol
injection. Sulpiride (SigmaAldrich, Czech Republic; 5 and 30 mg/ml)
was dissolved in a drop of glacial acetic acid, and diluted into a total
volume with a 5% solution of glucose. A control condition to sulpiride
injection consisted of a blank solution with all components of the vehi-
cle but without an active substance (sulpiride vehicle). Sulpiride and
sulpiride vehicle were injected subcutaneously at volume of 1 ml/kg
40 min prior to each session.

2.3. Design of experiments

The study was designed to assess the effect of combined applica-
tion sulpiride and propranolol. Effects of drugs were reported for
the final two days of the 4-day-acquition block in the Carousel Maze
which represented asymptotic performance. Nine groups were used.
Animals were injected with saline (1 ml/kg) + the sulpiride vehicle
(1 mg/kg; n=38; control group), propranolol 5mg/kg (n=7) and
20 mg/kg (n=8)+ sulpiride vehicle, or sulpiride (5mg/kg and
30 mg/kg) + saline (n =6, 8; respectively). Animals treated with com-
bination of drugs obtained 5 mg/kg of propranolol + 5 mg/kg sulpiride

(n=38), 5 mg/kg propranolol + 30 mg/kg of sulpiride (n=28), 20 mg/kg
propranolol 4+ 5 mg/kg sulpiride (n=8) and 20 mg/kg propranolol +
30 mg/kg sulpiride (n=8). A control group obtained intraperitoneal
injection of 1 mg/ml saline 20 min prior to learning sessions and subcu-
taneous injection of sulpiride vehicle 40 min prior to testing. The doses
were selected as subthreshold on the basis of our previous studies
(Stuchlik et al., 2007a,b; Stuchlik et al., 2009).

2.4. Behavioral apparatus and experimental procedure

The Carousel maze apparatus (Cimadevilla et al., 2000; Stuchlik
and Vales, 2005) consisted of a metallic circular arena (82 cm in
diameter) enclosed by a 30-cm transparent Plexiglas wall; constantly
rotating clockwise at one revolution per minute. The arena was ele-
vated 1 m above the floor of a room containing many extramaze
cues. A light-emitting diode (LED) located on the arena circumference
monitored arena rotation, another LED was mounted on a small jacket
worn by a rat and signaled its position. At the beginning of each session,
a rat was placed onto the rotating arena to a place directly opposite to
the to-be-avoided sector. A PC-based tracking system (iTrack; Biosignal
Group) in an adjacent room recorded the position of the rat. Data were
stored for off-line analysis (TrackAnalysis; Biosignal Group). A 60-deg
sector was defined by its relationships to room cues. It remained in a
stable spatial position throughout the training. Whenever the rat en-
tered it for more than 500 ms, the tracking system delivered a mild,
constant-current shock (AC; 50 Hz, 0.5s, 0.3-0.7 mA). The current
was individualized for each rat to elicit a rapid escape response but to
prevent freezing. In most cases, animals responded to 0.4 mA. If a rat
did not leave the sector, additional shocks were given every 1200 ms,
but no more entrances were counted until the rat left the sector for
more than 300 ms. Shocks were delivered through the implanted
needle and the arena floor. The procedure has been previously de-
scribed to be efficient and safe for the rats (Stuchlik et al., 2004;
Wesierska et al., 2005; Blahna et al., 2011). After each rat, the arena
floor was cleaned with detergent, ensuring the rats could not use
inter-trial scent marks.

2.5. Evaluated parameters and statistical analysis

Four daily 20-min sessions in the Carousel maze were conducted be-
tween 9.00 and 13.00. Entrances into the sector were punished
throughout the training. The following parameters were extracted
from the tracks: The total distance per session reflected the active loco-
motor activity of animals (Stuchlik et al., 2004) and was measured by a
sum of distances of point sampled every 1 s in the coordinate frame of
the arena. Two measures of spatial learning were the number of errors
(number of entrances into the sector) and maximum time between two
entrances (maximum time avoided). Latency to the first entrance in a
session (time of first error) was a measure of between-session learning.
Number of errors and time of first error were positively skewed; we
used logarithmic transformation to make their distributions closer to
normal. Before doing so, we added a constant 1 to these measures to as-
certain that the minimum value was not lower than one. Subsequent
analyses for these measures were computed using the transformed
data. Animals showed stable performance by the third day of the exper-
iment; therefore, we used the last two days for analysis. In order to
combine these two days, standard scores were computed for each day
and variable. Then, the average of standard scores for the third and
fourth day was computed for each measure. Finally, standard scores
for these averages were computed to simplify interpretation. All trans-
formations were done prior to data submission into statistical analysis.
The procedure was described in detail elsewhere (Quinn and Keough,
2002). Median values of the final session's performance are shown in
Table 1. We used the last two sessions for analysis, despite the effect
of the drugs could occur from the initial sessions. However, we did
not observe such effects (data not shown).
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Table 1

The table shows the median values of selected parameters of performance in the final
session of testing for all groups. We present medians instead of means due to non-
normal distribution of the raw data. Note the decrease of the total distance after co-
application of higher doses of propranolol. The values of errors were increased and
the values of maximum time avoided decreased after co-application of both doses.

Propranolol Sulpiride Distance Errors Time to first Max. time
Day 4 Day 4 error avoided

Day 4 Day 4

Saline Vehicle 61.7 25 191.4 587.0

5 mg/kg Vehicle 60.0 3.0 1212 577.0

20 mg/kg Vehicle 50.1 2.0 100.9 892.5

Saline 5 mg/kg 59.5 5.0 41.6 449.5

5 mg/kg 5 mg/kg 68.6 20.5 72.7 140.0

20 mg/kg 5 mg/kg 325 235 71.0 1105

Saline 30 mg/kg 66.7 3.0 172.5 616.5

5 mg/kg 30 mg/kg 52.0 11.0 76.5 580.0

20 mg/kg 30 mg/kg 41.2 18.0 85.7 162.5

The resultant variables were used for a two-way analysis of vari-
ance. Doses of propranolol and sulpiride served as between-subject
factors. Since we aimed at a synergistic effect of propranolol and
sulpiride, we used Helmert planned contrasts. Helmert contrasts
compare each level of a factor with the mean effect of subsequent
levels. In our experiment, it means that within each factor the effect
of an application of a drug (which is the comparison of saline/vehicle
against both doses of a respective drug) and the effect of a dose of a
drug (which is the comparison of small and large dose) were tested.
The synergistic effect was tested by the effect of interaction between
application of propranolol and application of sulpiride. It should be
noted that the used measures were correlated and the results of sta-
tistical tests are therefore not independent. Maximum time avoided
and number of errors correlated highly (r= —0.92); all other inter-
correlations were in the range of 0.45<|r|<0.60 with the only excep-
tion of the correlation between total distance and time to first error
(r=0.13). Only correlations with number of errors were negative.
Note that for simplicity, we use original parameter labels (such as

SULPIRIDE VEHICLE 1ml/kg

A B SULPIRIDE 5mg/kg
SALINE 1ml/kg SALINE 1ml/kg

total distance, number of error, etc.) throughout Section 3 and in
the figure; however, all analyses were done on the variables computed
by the method described in this section.

All reported p-values are for two-tailed significance tests. Since
one-tailed tests are often used when planned contrasts are applied,
significance values reported in the present article are rather conser-
vative. We report as marginally significant the results that would be
significant when using one-tailed tests. Effect sizes are reported
with use of reffect size, Which is a correlation between observed data
and regression weights for a given contrast. Positive values indicate
that the correlation was in the predicted direction. Squared value of
Teffect size CaN be interpreted as the proportion of variance explained
by the contrast (Furr, 2004).

3. Results

Example trajectories of typical rats from selected groups are
depicted in Fig. 1. First, we inspected the effects of drugs on locomotion
measured by total distance walked in a session. Planned contrasts
for total distance showed significant effect of propranolol application,
t(60)=3.32, p=10.002, Tefrect size=0.39; marginally significant effect
of propranolol dose, t(60) =1.74, p=0.09, Teffect size = 0.19; and mar-
ginally significant effect of sulpiride application, t(60) = 1.83, p=0.07,
Teffect size—=0.21. This means that the application of propranolol
decreased total distance traversed by the animals and there was an
indication that this effect was dose-dependent. The application of
sulpiride had similar effect but there was no indication of dose-
dependency of the effect. The effect of the interaction between propran-
olol and sulpiride application was not significant; however, there was a
trend in the predicted direction t(60) = 1.60, p=0.12, Teffect size = 0.17
(Fig. 2). The statistical analysis did not allow for comparison between
control group and propranolol (or sulpiride) alone; however, the signif-
icant main effect of the drug could be at least in part attributed to co-
application of both drugs (see Petrasek et al., 2010; Stuchlik et al., 2008).

Subsequently, we evaluated the spatial parameters. Planned con-
trasts for number of errors revealed significant effect of propranolol

c SULPIRIDE VEHICLE 1ml/kg
PROPRANOLOL 20mg/kg

D SULPIRIDE 5mg/kg
PROPRANOLOL 5mg/kg

[ SULPIRIDE 30mg/kg
PROPRANOLOL 20mg/kg

Fig. 1. Representative trajectories of animals from selected experimental groups. Panel A shows a control rat (treated only with saline and sulpiride vehicle), which was capable
of efficient avoidance. Panels B and C show animals treated with sulpiride and propranolol, respectively (plus control vehicle injections); both showing spared avoidance.
Panel D shows a track of animal treated with 5 mg/kg sulpiride plus 5 mg/kg of propranolol, showing impaired avoidance, but normal locomotion. Panel E shows a trajectory of
an animal co-applied with higher doses of the above-mentioned drugs, exhibiting severe avoidance and procedural deficit. The trajectories are depicted in grey; small circles

denoted places of shocks.
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application, t(60) = 2.80, p=0.007, Teffect size = 0.32; significant effect of
sulpiride application, t(60) = 3.05, p = 0.003, I'effect size = 0.35. Both pro-
pranolol and sulpiride application increased number of errors in the
task; however, the effect of drugs did not seem to be dependent on
applied dose. The effect of the interaction between propranolol and
sulpiride application was not significant; however, there was a trend in
the predicted direction t(60) = 1.48, p = 0.14, Teffect size = 0.16 (Fig. 2).
The evaluation of maximum time avoided showed significant effect of
propranolol application, t(60) = 2.02, p = 0.048, Teftect size = 0.23; signifi-
cant effect of sulpiride application, t(60) =2.91, p=0.005, Tefect size =
0.34; significant effect of the interaction between propranolol and
sulpiride application, t(60) = 2.13, p = 0.037, Teffect size = 0.24; and mar-
ginally significant effect of the interaction between propranolol dose
and sulpiride application, t(60) =1.72, p=0.09, Tefect size = 0.20. The
results therefore showed reduction in maximum time avoided by appli-
cation of both propranolol and sulpiride and this effect was pronounced
by concurrent application of both drugs, proving synergism of their
effects (Fig. 2). Again, the main effects of the drug application could be
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154 Sulpiride
Mvehide
i) [ 5mgikg
! [130mg/kg
8 05+ .
N
2
o
© -
3 0,0
c
@
@
= -0,5-
41,0+
-15 T T T
Saline 5mg/kg 20mg/kg
Propranolol
Maximum time avoided (s)
1.5 Sulpiride
Hvehide
M 5mg/kg
1.0 [130mg/kg
o
5}
2
o
& 05—
[
£
g 0,04
£
x
©
£
c -0,5—
[}
Q
=
-1,0—
-1.5 T T T
Saline 5mg/kg 20mg/kg
Propranolol

partially ascribed to co-application of the drugs. Similarly to previous
parameters, direct comparison was not accessible using the current sta-
tistical design.

Finally, we evaluated between-session learning, provided by the
time to first entrance into the to-be-avoided sector. Planned contrasts
for time to first error did not reveal any significant effect (Fig. 2). This
might be due to relatively lower reliability of this parameter expressed
as low correlations between its values in particular daily sessions.

4. Discussion

The present study showed acute effects of administration of pro-
pranolol and sulpiride on locomotor activity and spatial learning in
the Carousel maze, when both drugs were administered prior to
daily testing. More importantly, results demonstrated an interaction
between acute systemic administration of dopamine D2 receptor an-
tagonist sulpiride and beta-adrenoceptor antagonist propranolol in
influencing spatial learning. Simultaneous application of both drugs
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Fig. 2. Graphs show mean (+S.E.M.) standardized scores for measures of performance (total distance, number of errors, maximum time avoided and time to first error) in the
Carousel maze. The standard scores were computed from the average of standardized data of the last two days of experiment representing asymptotic performance. Data for num-
ber of errors and maximum time avoided were logarithmically transformed before the first standardization. The values of means on graphs represent how many standard deviations
is the mean of a group above the grand mean. The potentiation of drug effects can be seen as the difference in direction of means for groups with drug co-application and groups

without both drugs applied.
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resulted in larger decrement in performance than would be expected if
the effects of drugs were additive, showing a potentiation of effects of
both drugs on the spatial avoidance parameters. While it was significant
only for maximum time avoided measure, there was a non-significant
trend in the predicted direction for both total distance and number of
errors, which further supports confidence of our result.

The observed synergistic effects of sulpiride and propranolol sug-
gest, in general terms, an interaction between dopamine D2-like
and beta-adrenergic receptors on the systemic level. Our results add
to previous studies aimed at elucidating this interaction using periph-
eral or intracerebral application of specific receptor antagonists. For
instance, Lalumiere et al. (2004) infused sulpiride into the basolateral
amygdala (BLA) immediately post-training of inhibitory avoidance
task and detected a memory retention impairment. Moreover, beta-
adrenergic receptor antagonists co-infused into the BLA together
with dopamine blocked the memory enhancing effects of dopamine.
These findings indicated that dopaminergic activation within the
BLA modulates memory consolidation and that this modulation in-
volves concurrent activation of beta-adrenergic and dopamine influ-
ences within this brain region. However, the study also suggested
an existence of brain regions where dopamine effects on memory
do not require concurrent activation of beta-adrenergic receptors.
This might perhaps explain conclusions of the study performed by
Williams et al. (1994), in which propranolol injections did not block
the amphetamine-induced memory enhancement and the experiment,
in which post-training systemic administration of a dopamine-beta-
hydroxylase inhibitor diethyldithiocarbamate (increasing brain dopa-
mine but decreasing noradrenaline levels) enhanced memory retention
(Haycock et al,, 1976).

However, when comparing our results to other studies on this topic,
one must keep aware of serious constraint represented by difference
between pre- and post-training application (aimed at memory encod-
ing and consolidation, respectively). The issue of possible consolidation
of the Carousel maze memory trace has not been fully elucidated yet
(but see Vafaei et al., 2007); however, our previous study showed that
pre-test administration of 10 mg/kg propranolol did not disturb either
subsequent performance or latency to first error in the next session
(24.5 h later). The latter finding could be interpreted as that consolida-
tion of place avoidance memory did not require beta-adrenoceptors
(Stuchlik et al., 2009). The present study shows that both drugs can po-
tentiate their effects on acquisition of spatial learning task when applied
before behavioral procedure and together with previous studies suggest
that this effect could be ascribed mainly to acute effects of the drugs in-
stead of modulating memory consolidation.

On the other hand, some studies failed to show an acute interaction
of dopamine D2-like and beta-noradrenergic receptors. Anisman et al.
(1981) reported reduction of haloperidol-induced deficits in escape
behavior by alpha-adrenergic receptor blocker; nonetheless, the study
failed to show an effect of propranolol. A specific modulation of
stress-induced activation of subcortical dopaminergic transmission by
noradrenaline input to prefrontal cortex acting at alphal-receptors
was described (Nicniocaill and Gratton, 2007), but again, with no sig-
nificant effect of betal/2-adrenoceptor blockade by alprenolol. More-
over, consequences of locally-applied dopamine on noradrenaline in
the PFC were reported to be attenuated by local D1-like receptor
(SCH23390) but not D2-like receptor blockade (sulpiride). This may
suggest that PFC is not the crucial region where interaction observed
in the present study occurs.

Recently, we have shown a synergistic interaction between D2-like
receptor antagonist sulpiride and alphal-blocker prazosin, which im-
paired both locomotor activity and navigation efficiency in the Carousel
maze when co-applied (Stuchlik et al., 2008). Disruption of learning in
the same task after combined systemic administration of low doses of
beta- and alpha-blockers propranolol and prazosin was reported too
(Petrasek et al., 2010). Since there is recent evidence for interaction be-
tween dopamine and noradrenaline neurotransmitter systems in the

hippocampus (Borgkvist et al,, 2011), it is conceivable that in vivo syn-
ergism between these two systems may exist in the hippocampus local-
ly on the receptor or synaptic level.

Possible non-specific effects of sulpiride and propranolol on be-
havior or influences on cardiovascular system or perception of shocks
may have hypothetically interfered with successful avoidance. Such
possibility could not be absolutely excluded with the present study;
however, preferential influence upon spatial parameters and escape
reactions performed from the sector suggest that this was not the
case. A previous study (Stuchlik et al., 2009) revealed that rats treated
with doses of propranolol as high as 20 mg/kg exerted normal loco-
motion in the arena, despite effects of the drug on blood pressure
(Singh et al., 1990). Moreover, administration of sulpiride doses up
to 100 mg/kg was found not to affect navigation to visible platform
in the water maze, suggesting intact procedural functions (Stuchlik
et al., 2007b). It should be, however, pointed out that the locomotion
in the Carousel maze can be viewed as ‘forced’ activity instead of
spontaneous ambulation such as in the open-field test. Nonetheless,
a more detailed investigation of systemic effects of drugs would be
highly helpful in elucidation of contribution by central vs. peripheral
mechanisms.

5. Conclusions

We found that propranolol (5 and 20 mg/kg) and sulpiride (5 and
30 mg/kg) affected locomotion and acquisition of spatial avoidance
behavior in the Carousel maze. Moreover, results of the present
study show that in the Carousel maze, an aversive navigational task
with high hippocampal demand, systemic co-application of beta-
adrenergic and dopamine D2 antagonists, propranolol and sulpiride,
respectively, significantly potentiated their adverse effects on spatial
performance of the animals. This suggests an interaction between do-
pamine and noradrenergic systems in encoding a memory trace in a
dry-land spatial navigation task.
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® Navigation towards visible platform was impaired by the highest dose (0.15 mgkg1).
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Schizophrenia is a chronic and devastating illness. Exact causes of the disease remain elusive; however,
neurodevelopmental changes in the brain glutamate system are recognized to play an important role. Sev-
eral animal models of the disease are induced by a systemic blockade of N-methyl-D-aspartate (NMDA)
receptors. This study examined the animal model of schizophrenia-like behaviours induced by acute
treatment with MK-801, a non-competitive NMDA-receptor antagonist. Behavioural flexibility is an abil-
ity to adapt to the changes in environment, and schizophrenia is often accompanied by its decrease. The

g(;i: ‘t/iv.;)lr?es;ming study tested the effect of MK-801 on behavioural flexibility in an active place avoidance task and the Mor-
Memory ris water maze (MWM). Flexibility was tested under reversal conditions, i.e., after changing the location
Flexibility of the target. Each spatial task addressed different functions; continuous coordinate-frame segregation
Reversal was present in the active place avoidance and precise place representation in the MWM. Results showed
Rat that reversal was altered in both tasks by MK-801 at doses of 0.10-0.15 mg kg~!. Some impairment was
Dizocilpine observed in the active place avoidance task at 0.08 mgkg~'. Swimming towards a visible platform was
Maze impaired only by the highest dose (0.15 mgkg~1). The results demonstrate that a significant impairment

of behavioural flexibility accompanies this acute animal model of schizophrenia-like behaviours, and that
active place avoidance had higher sensitivity for such deficits than the MWM. This suggests the usefulness
of the reversal paradigm in both tasks for examining novel drugs with antipsychotic and procognitive
actions.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Schizophrenia is a chronic and devastating neuropsychiatric
disease, affecting approximately 1% of the world’s population
and having serious consequences on the patient’s quality of life
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including social and working abilities [1]. The exact aetiology of
this disease is unknown, yet neurodevelopment-related changes
in the glutamatergic system in the brain are suspected to play an
important role [2]. Alterations of glutamate system of the brain
were documented in schizophrenia patients in both in vivo and post
mortem examinations [3-5] and the importance of the glutamate
system was underlined by the finding that the application of non-
competitive antagonists of NMDA subtype of glutamate receptors,
such as phencyclidine (PCP) or ketamine, caused acute psychosis in
humans [6,7].

Animal models of schizophrenia-like behaviours represent
experimentally induced analogies of selected symptoms of the
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disease, and have proven useful in elucidating the mechanisms
underlying this disease, its symptoms and designing new ways
of treatment in preclinical research [8-11]. Animal models of
schizophrenia-like behaviours do not; however, represent the full
manifestation of this typically human disorder. It is due to the obvi-
ous difficulty in conceptualizing symptoms like hallucinations and
delusions in animals. Instead, animal models do mimic observ-
able manifestations of the disease, and scientists rely on observing
the behavioural changes following specific experimental manipu-
lations. Animal models are usually evaluated in terms of validities
[9,12]. Construct validity reflects the agreement of the real dis-
ease and the animal model in terms of pathogenesis and (possible)
causes. Face validity emphasizes similarities of the symptomato-
logy; and finally the predictive validity of the model relates to the
response to drugs used as therapeutics on human subjects [12].
This study used the animal model of schizophrenia-like behaviour
induced by MK-801 (dizocilpine), a non-competitive antagonist of
NMDA-subtype of glutamate receptors. This model does not have
construct validity, as it is based on the acute effects of a drug and
contains no developmental component, especially when applied
to adult animals. Yet this model shows a good predictive valid-
ity [9,13], and importantly, the model exhibits a substantial face
validity since it elicits numerous symptoms resembling symptoms
observed in affected human subjects [8,14].

It has been shown that MK-801 produces hyperlocomotion
(which was analogized to positive symptoms based on increased
activity of mesolimbic dopamine circuits [15]), social flattening (at
low doses [16]), and perhaps most importantly a deficit in vari-
ous cognitive domains [14]. MK-801 has been described to fulfil
the criteria of a “cognition impairer”, and by carefully titrating the
dose, researchers can induce behaviours resembling those present
in schizophrenia patients [9,14]. MK-801 has been shown to induce
a deficit in acquisition in the Morris water maze, object recogni-
tion task, inhibitory avoidance, and other tests of relational and
spatial memory including the active place avoidance task [14,17].
At least some deficits resulting from the administration of NMDA
antagonists (including MK-801) could be alleviated by pretrain-
ing [18]. Nevertheless, a deficit in the re-acquisition of the active
place avoidance task induced by MK-801 (0.15 mgkg~!) has been
shown to be resistant to previous experience with the task under
no influence of the drug [17].

Importantly, deficits in cognitive flexibility [19] and manag-
ing of multiple information streams and changed contingencies
are documented in many schizophrenia patients [20], who often
display general problems in distinguishing relevant information
from irrelevant information [12]. Indeed, alterations of cognitive
control, behavioural flexibility and adapting to changed conditions
were detected in animal models of schizophrenia-like behaviours
in various experiments [21-23]. It is known that alterations in
the function of the prefrontal cortex may contribute or even play
a substantial role in disrupted flexibility observed in schizophre-
nia and its animal models [24]. This study aimed at testing the
hypothesis that MK-801 application would result in a deficit of
flexibility in spatial reversal. Moreover, this study employed two
established behavioural tests of spatial navigation, the active place
avoidance task and Morris water maze, and evaluated their sensi-
tivity to the effects of MK-801 upon changed contingencies in the
reversal configuration. Finally, this study sought to determine dose-
dependency of these effects in both tasks using five different doses
of MK-801 (see Section 2).

2. Methods
2.1. Animals

179 adult male Long-Evans obtained from the breeding colony of the Insti-
tute of Physiology, ASCR were used in the study (250-300g upon delivery).

Active
place
avoidance
start platform
0% 00 E’ position position
MWMVP (o o) (o o
O0A~0 shock drug
o0 O E’ sector administration

Fig. 1. (Panel A) A photograph of the experimental active place avoidance arena.
The arena is elevated 1m above the floor in a room containing multiple extra-
maze landmarks (not shown). It is surrounded by a transparent Plexiglas wall. One
light-emitting diode is placed between rats shoulders and another is mounted on
arena circumference (bottom right corner of photo). (Panel B) Schematic drawing of
experimental design. In the active place avoidance experiment, three acquisition
sessions with the to-be-avoided sector in the North (all animals obtained saline)
were followed by two reversal sessions with the sector in the South. Saline (con-
trol group) or the drug (experimental groups) was administered prior to the reversal
sessions. In the hidden platform experiments in the MWM, three sessions with plat-
form located in the NE were followed by two sessions with the platform in the SW
after the application of saline or drug. Starting positions varied pseudo-randomly in
this experiment and each session consisted of eight swims (not shown). In the visible
platform version of the MWM, the start position was always fixed to the South posi-
tion and the platform position varied pseudo-randomly between swims. The first
session was with saline application, the second was preceded by administration of
the drug (or saline in the case of controls).

Animals were housed in plastic translucent boxes (25cm x 25c¢m x 40cm) in an
air-conditioned animal room with constant temperature (21°C), humidity (40%)
and 12/12 h light/dark cycle. Water and food were freely available throughout the
study. Before experiments in the active place avoidance task, animals were gently
implanted with a subcutaneous needle connector, which pierced the skin between
rat’s shoulders. The needle had a blunted and swirled end, which provided pur-
chase for an alligator clip connecting a shock-delivering wire (see Section 2.3). This
procedure is analogous to hypodermic injection in humans and does not require
anaesthesia. Separate groups of animals were used for the active place avoidance
and the Morris water maze testing (see later). All animal manipulations were con-
ducted in accordance with the Animal Protection Code of the Czech Republic and
corresponding directives of the European Community Council (2010/63/EC).

2.2. Drugs

(+)-MK-801 (dizocilpine maleate) was purchased from Sigma-Aldrich, Czech
Republic. It was dissolved in saline (0.95% NaCl) at concentrations 0.05 mgml-",
0.08 mgml~-', 0.10mgml-!, 0.12mgml-! and 0.15 mgml-'. MK-801 solution was
injected intraperitoneally (i.p.) at doses of 0.05 mgkg~', 0.08 mgkg~',0.10 mgkg !,
0.12mgkg-"! and 0.15 mgkg~". Control group was administered i.p. with a sterile
saline solution at a volume 1 mlkg~'. All animals obtained the same volume in an
injection per kg of body weight.

2.3. Apparatuses and behavioural procedures

2.3.1. Active place avoidance

A photograph of the experimental apparatus is shown in Fig. 1A. The active
place avoidance apparatus [25-28] was a smooth metallic arena (82 cm in diame-
ter), enclosed with a 30-cm-high transparent Plexiglas wall and elevated 1 m above
the floor (Fig. 1A). Extra-maze landmarks (door, posters, and shelves) in the room
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were kept in the same positions throughout the study. At the beginning of each
session, a rat was placed in the centre of the arena, which rotated constantly at one
revolution per minute. An unmarked 60-degree to-be-avoided sector was defined
in the coordinate frame of the room in the North of the four arbitrarily defined com-
pass directions (acquisition sessions) and was changed to the South in the final two
days (reversal sessions); i.e., there were five daily sessions in total (see later). The
rat could rely solely on the distal room-frame landmarks to locate the sector [29].
This sector was defined by the computer-based tracking system (Tracker, Biosig-
nal Group, USA), which recorded the position of the rat (indicated by an infrared
light emitting diode that was fastened on a latex harness between rat’s shoulders)
at a sampling rate of 25 Hz. Another infrared diode, placed on the periphery of the
arena, indicated arena rotation. The trajectories were digitized and recorded on a
PC, allowing off-line reconstruction and analysis of the animal’s trajectory (Track
Analysis, Biosignal Group, USA) both in the coordinate frame of the room and in the
coordinate frame of the rotating arena.

Whenever a rat entered the sector for more than 300 ms, constant-current
regulated electric footshocks (AC, 50 Hz, 200-600 wA) were delivered at 1200-ms
intervals up to the moment the rat left the sector. The shocks were administrated
through the above-described subcutaneous needle connector implanted on the back
of the rat standing on the grounded floor. Since the highest voltage drop of the cur-
rent passing through the rat was at the high-impedance contact between the paws
and the metal floor, the rats presumably perceived the shocks in their paws. The
appropriate current was individualized for each rat in order to elicit a rapid escape
reaction but prevent freezing (fear-related immobility). This aversive procedure has
been shown to be efficient and safe in previous studies [25-29]. Since the arena
rotated, the rat had to move actively away from the shock in the direction opposite
to arena rotation, otherwise it was passively transported into the shock sector. Five
daily sessions of active place avoidance testing, separated by 24-h inter-trial inter-
vals, were conducted in the light phase of the day. Each session lasted 20 min. The
initial three sessions were designated as acquisition sessions which were followed
by two reversal sessions (see below).

2.3.2. Morris water maze

The Morris water maze (MWM [30,31]) consisted of a grey circular pool (180 cm
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 over-
head camera connected to a digital tracking system and data acquisition program
(Tracker, Biosignal Group, USA). The maze contained a transparent plastic platform
(10cm in diameter) located in the centre of quadrants that were labelled based on
compass directions.

In the visible platform sessions (two daily sessions), the animal underwent 10
swims in 15-min intervals, always being released from the South of the pool. The
platform position was chosen pseudo-randomly from eight locations for each swim.
The order of platform positions varied between the two sessions.

In the hidden platform testing, the rats were released for eight swims per day,
separated by 15-min intervals from the following start positions: S, W, SE, NW, E,
SW, NE, N, to ensure a rat was learning spatial location of the platform and not the
path itself. These start positions varied pseudo-randomly within every day and this
sequence varied for each daily session. The platform was positioned in the centre of
NE quadrant in the initial three acquisition sessions of the hidden-platform phase
and it was relocated to SW for the subsequent two daily reversal sessions. In total,
there were five daily sessions of the hidden-platform testing in the MWM. Probe tri-
als (60-s swims with the platform removed from the pool) were administered after
the final acquisition session, and first and second reversal sessions, respectively, to
demonstrate the remembered platform position.

2.4. Design of the study, measured parameters and data analysis

The design of the study is shown schematically in Fig. 1B. Saline was applied to all
animals (1 mlkg~") 30 min prior to start of the testing during three initial acquisition
sessions in active place avoidance and the MWM. After the third acquisition sessions,
animals were assigned randomly to control group and groups with MK-801. The drug
(or saline in case of the controls) was applied only in the reversal sessions 30 min
prior to the start of active place avoidance testing and 30 min prior to the first swim
in the hidden platform version of the MWM. In the visible platform experiment in
the MWM, all animals were applied with saline 30 min prior to the initial swim in
the first session (10 swims) and with saline or drug 30 min before the first swim
in the second session (10 swims). The intervals between injections of MK-801 and
probe trials on the reversal days were 140 min.

Separate groups of animals were used for active place avoidance reversal exper-
iment, visible platform version of the MWM and spatial reversal in the MWM. In the
active place avoidance testing, a control group (n=20) and groups with five above-
mentioned doses were used: 0.05mgkg! (n=9),0.08 mgkg~! (n=8),0.10mgkg~!
(n=8),0.12mgkg ' (n=8) and 0.15mgkg~"' (n=8). In the visible platform experi-
ment in the MWM, all groups had n=10. In the reversal experiment in the MWM,
all groups also consisted of 10 rats.

In the active place avoidance task, an offline analysis program (Track Analysis,
Biosignal Group, USA) measured and evaluated total distance travelled per session

(measured as a sum of linear distances between points selected every second in the
coordinate frame of the arena) which reflected only the active movement exclud-
ing passive arena rotation. Spatially selective parameters included the number of
entrances into the to-be-avoided sector (number of errors) per session, maximum
time without shock (maximum time avoided) and percentage of the total time per
session in the target quadrant. The target quadrant in the active place avoidance
task was defined as a 60-degree sector of the arena, which corresponded to the
to-be-avoided sector and dwelling time in this sector was expressed as relative per-
centage of the total time (20 min). Procedural performance in the task (efficiency
of escape reaction) was measured by total number of shocks (which were repeated
upon staying in the sector; see above) divided by the number of errors; this param-
eter is henceforth referred to as skill learning index. The total distance reflected the
locomotor activity (forced by arena rotation and presence of the room-frame-fixed
sector), and the number of errors and maximum time avoided served as cumulative
measures of within- and between-session improvements. In the MWM, an off-line
program (Track Analysis, Biosignal Group, USA) evaluated total distance (m) to find
the platform in each swim; this measure corrects for possible changes in swimming
speed. In the probe trials, we evaluated the total time spent in the target quadrant,
which was defined as a 90-degree sector of the Morris water maze centred at the
actual platform position. We used an initial 30-s interval of the probe trial as the
most sensitive time period (unpublished observations; note that upon failing to find
the platform in the previous position at the beginning, animals often explore other
parts of the maze).

Since the animals were randomly divided into treatment groups after the com-
pletion of initial three acquisition sessions in both active place avoidance and the
MWM, only the reversal sessions in the place avoidance and water maze were ana-
lyzed for putative differences between groups. Data from the reversal sessions of
the active place avoidance had skewed (non-normal) distribution in all measured
parameters; therefore we transformed all the values with a common logarithm.
Prior to this transformation, a constant of “1” was added to all values to ensure that
the resultant values are not less than zero. The same transformation was applied to
the total distance to reach the platform in the MWM, which also had skewed distri-
bution. Data from the active place avoidance were analyzed with a two-way ANOVA
(groups x sessions) with repeated measures on sessions. Groups served as abetween
subject-factor. Data from the reversal sessions in the MWM were analyzed with a
general linear model (three-way ANOVA: groups x sessions x swims with repeated
measures on sessions and swims). Groups again served as a between-subject factor.
Time in the target quadrantin the probe trials were analyzed with a two-way ANOVA
(groups x sessions) with repeated measures on sessions. Data from the probe trials
were not logarithmically transformed prior to analysis. Data from the second day of
the visible platform test in the MWM were also not transformed and were analyzed
with a two-way ANOVA (groups x swims); repeated measures on swims. Note that
only saline was applied on the first day and animals were randomly divided into
groups hereafter. A Newman-Keuls post hoc test followed the ANOVA when appro-
priate. Significance was accepted at P <0.05. All statistical calculations were done
in Statistica 8 (StatSoft, Czech Republic).

3. Results

Visual observation of the rats did not suggest any signs of severe
sensorimotor deficit after application of saline or MK-801 at the
above-mentioned doses. Animals treated with MK-801 showed
mild hyperactivity in the active place avoidance task, which was
confirmed by an analysis of the total distance (see next subsection).
In the MWM, rats treated with 0.15 mg kg~! of MK-801 sometimes
continued swimming after finding and climbing onto the platform,
suggesting an impaired procedural functions; moreover, the high-
est dose also increased swimming speed in the visible platform
test (data not shown). Mild ataxia was observed only rarely after
the highest dose.

3.1. Reversal learning in the active place avoidance

There was a significant effect of MK-801 on the total dis-
tance in active place avoidance (Fig. 2A). A two-way ANOVA
(groups x sessions) revealed a significant main effect of groups
(F(5,55)=24.93; P<0.001), sessions (F(1,55)=6.85; P<0.05) but
not an interaction between these factors (F(5,55); P>0.05). A
Newman-Keuls post hoc test computed on the group factor showed
that significant hyperlocomotion was seen after doses 0.08, 0.10,
0.12 and 0.15mgkg~! but not after the dose 0.05mgkg~!.

Analysis of the numbers of errors showed that it was affected by
MK-801 treatment (Fig. 2B). A two-way ANOVA (groups x sessions)
with repeated measures on sessions showed a significant main
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Fig. 2. (Panel A) Effect of MK-801 on the total distance in the active place avoidance task. Note that all doses of MK-801 (except the lowest one 0.05mgkg~!) increased
locomotion. (Panel B) Effect of MK-801 on the number of errors. There was a worsening of this parameter after MK-801 at doses 0.08 mgkg~!,0.12mgkg ' and 0.15mgkg"'.
(Panel C) Effect of MK-801 on maximum time avoided. Disruption of this parameter was detected at doses 0.12 mgkg~! and 0.15 mgkg~!. Control groups improved between
the two reversal sessions. (Panel D) MK-801 and time in the target sector. Doses 0.08 mgkg!, 0.12mgkg~! and 0.15mgkg~"! impaired performance measured by this
parameter. (Panel E) Effect of MK-801 on the skill learning index. There was no significant main effect of MK-801 on this parameter. Arrows demote relocation of the goal
and start of MK-801 application. Annotation: #P<0.05 in the main effects of the drug and *P<0.05 in the interaction term.

effect of groups (F(5,55)=9.71; P<0.001), sessions (F(1,55)=26.36;
P<0.001) and interaction between both factors (F(5,55)=3.21;
P<0.05). A post hoc test performed on the groups factor revealed
that groups treated with 0.15mgkg~! (P<0.001), 0.12mgkg~!
(P<0.01) and 0.08 mgkg~! (P<0.05) of MK-801 differed from
controls; groups treated with 0.05 mg kg~ and 0.10 mg kg~! of MK-
801 did not differ from controls (both Ps >0.05). A Newman-Keuls
post hoc test of the interaction showed that only groups treated
with 0.15 MK-801 differed from controls on the initial reversal day
(P<0.05), whilst other groups did not differ, although there was

a trend in at some lower doses too (see Fig. 2B). On the second
reversal day, there was a difference between groups treated with
0.12mgkg~! and 0.15mgkg~! of MK-801 (both Ps < 0.05). The per-
formance of the control group improved between both reversal
sessions (P<0.05).

Analysis of the maximum time avoided showed, again, a
difference as a result of the MK-801 application (Fig. 2C). A
two-way ANOVA (groups x sessions) showed a significant main
effect of groups (F(5,55)=8.72; P<0.001), sessions (F(1,55)=9.63;
P<0.01) but only a trend for an interaction between both factors
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Fig. 3. (Panel A) Effect of MK-801 on the total distance to reach the platform in the reversed hidden platform experiments in the MWM. Doses 0.10-0.15mgkg~! impaired
reversal learning measured by this parameter. (Panel B) Total distance to reach the visible platform in the second sessions of visible platform testing was only increased by
0.15mgkg~' MK-801. Arrows demote relocation of the goal and start of MK-801 application. Annotation: #P<0.05 in the main effect and *P<0.05 in the interaction term.
(Panel C) Time in the target quadrant in the second probe trial, conducted after the first reversal session. Preference for the target quadrant is significantly decreased by
MK-801 at doses 0.10mgkg~', 0.12mgkg-! and 0.15mgkg . TARG, target quadrant; OPP, opposite quadrant; CCW, counter-clockwise adjacent quadrant; CW, clockwise
adjacent quadrant. (Panel D) Target quadrant preference in the probe trial conducted after the second reversal sessions. All groups again show strong preference for the

correct quadrant.

(F(5,55)=2.18; P=0.07). A post hoc test performed on the group fac-
tor revealed that application of MK-801 at the doses 0.12 mgkg~!
and 0.15mgkg~! impaired performance in this measure (P<0.05,
0.01, respectively). Control group improved performance from the
first to the second reversal session (P<0.05).

Percentage of time in the target quadrant was altered as a result
of the application of MK-801 (Fig. 2D). A two-way ANOVA revealed
a significant main effect of groups (F(5,55)=7.27; P<0.001), ses-
sions (F(1,55)=11.44; P<0.005) but no interaction between these
two factors (F(5,55)=1.69; P=0.15). ANewman-Keuls post hoc test
on the factor of groups showed that groups receiving 0.08 mg kg !
(P<0.05), 0.12mgkg~"! (P<0.01) and 0.15mgkg~! (P<0.001) of
MK-801 showed impairment in this parameter. No difference was
seen after 0.05 mg kg1 MK-801 application (P<0.44), and a trend
for worsening was detected only after 0.10mgkg~! of MK-801
(P=0.08).1t therefore appears that the percentage of time in a target
quadrant is a sensitive measure of spatial performance.

The skill learning index, indicative of procedural functions
(i.e., an escape reaction from the to-be-avoided sector upon first
shock), was affected by MK-801 application in a more compli-
cated fashion than the mere group factor (Fig. 2E). A two-way
ANOVA failed to show an effect of groups (F(5,55)=0.85; P>0.05),
sessions (F(1,55)=0.26; P>0.05), but interestingly, it revealed an
interaction between these two factors (F(5,55)=4.37; P<0.01). This
interaction suggested that skill learning index improved over two
reversal sessions in some groups, but not others. Analysis of the

interaction showed that this index improved (decreased) between
the two reversal sessions in groups treated with saline (control
group) and 0.15 mgkg~! of MK-801, and remained similar in ani-
mals treated with 0.05mgkg~! and 0.08 mgkg~! of MK-801, or
even increased (worsened) in groups treated with 0.10 mg kg and
0.12mgkg~! of MK-801. However, generally, this index was rela-
tively low and barely exceeded the value of 2 (e.g., 2 shocks per
1 error) in the reversal sessions. Moreover, the interaction term
was very subtle and none of the interactions was confirmed by a
Newman-Keuls post hoc test calculated on the interaction. There
were high variances in the skill learning index and this finding
should be interpreted cautiously. However, in general there were
no robust increases in the skill learning index due to application of
MK-801.

3.2. Reversal learning in the Morris water maze

Reversal learning (cognitive flexibility) in the MWM was
affected by treatment with MK-801 (Fig. 3A). Regarding the total
distance to reach the platform, a general-linear-model three-way
ANOVA (groups x sessions x swims) with repeated measures on
the last two factors showed significant main effects of groups
(F(5,51)=16.25; P<0.0001), sessions (F(1,51)=82.00; P<0.0001)
and swims (F(7,357)=25.05; P<0.0001). Moreover, interactions
were detected between groups and swims (F(35,357)=2.27;
P<0.0005) and between sessions and swims (F(7,357)=5.62;
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P<0.0001) but not between groups and sessions (F(5,510)=0.53;
P>0.05). There was also a significant triple interaction between
groups, sessions and swims (F(35,357)=1.47; P<0.05).

Importantly, a Newman-Keuls post hoc test calculated on the
group factor showed that groups treated with 0.05mgkg~! and
0.08 mgkg~! MK-801 did not significantly differ from the con-
trol group, but groups treated with 0.10mgkg~!, 0.12mgkg~!
and 0.15mgkg~! of MK-801 differed from control rats. All groups
improved in shortening the distance to reach the platform
between the two reversal sessions (i.e., absence of an interac-
tion between groups and sessions). A post hoc analysis of the
interaction term group x swims showed that while controls and
animals treated with 0.05 mgkg=!, 0.08 mgkg~!,0.10 mgkg~! and
0.12mgkg~! improved with each successive swim, no between-
swim improvement was seen in the group treated with the highest
dose (0.15mgkg~1). A post hoc analysis of the triple interaction
revealed that control rats and the groups treated with 0.05 mg kg !
and 0.08 mgkg~! of MK-801 improved between swims in both
of the two consecutive reversal sessions. Groups treated with
0.10mgkg~' and 0.12 mgkg~! of MK-801 improved only in the sec-
ond reversal session, and the group treated with the highest dose
failed to improve between swims at all.

A two-way ANOVA conducted on the time in the target quad-
rant (groups x sessions) involving the first and second reversal
sessions showed a significant main effect of groups (F(5,52)=12.46;
P<0.0001), an effect of sessions (F(1,58)=19.23; P<0.0001) but no
interaction between both factors (F(5,52)=0.66; P>0.5) (Fig. 3C).
Post hoc analysis of the factors group showed that groups between
0.10mgkg~! and 0.15 mgkg~! had lower preference for the target
quadrant. In the second reversal session, however, the preferences
of all groups were again generally high, tending to return to values
obtained prior to treatment (Fig. 3D).

3.3. Visible platform testing in the Morris water maze

All animals adopted a strategy of swimming towards the plat-
form in the first visible platform session, which was manifested
as gradually decreasing distances to reach the platform in con-
secutive swims (data not shown). After random assignment to
treatment groups, there were differences between them on the
second day of the visible platform following application of saline
or MK-801 (Fig. 3B). A two-way ANOVA (groups x swims, groups
as an independent factor; repeated measures on swims) showed a
significant main effect of groups (F(5,47)=8.93; P<0.0001), swims
(F(9,423)=5.84; P<0.001) but no interaction between these fac-
tors (F(45,423)=0.73; P>0.05). ANewman-Keuls post hoc analysis
of the factor of swims revealed that the total distance in the first
swim significantly differed from the remaining swims (all Ps < 0.05),
suggesting a within-session improvement. Post hoc analysis of
the groups revealed that animals treated with the highest dose
had a significantly longer total distance compared to control rats
(P<0.05)and also all other treatment groups (Ps <0.05), suggesting
that only highest dose caused significant impairment of navigation
to the visible platform.

Moreover, the swimming speed of our rats in the visible plat-
form test in the MWM was increased only in the groups treated
with the highest dose of MK-801 (data not shown).

4. Discussion

Results of this work showed that the reversal learning of adult
male rats in the active place avoidance task and the Morris water
maze is sensitive to systemic treatment with MK-801, a non-
competitive (open-channel) blocker of NMDA receptors. MK-801
was administered in the same sessions as spatial contingencies

were changed; therefore the present study did not test the effect of
the drug on learning (or acquisition) of the tasks. The impairments
of reversal performance were consistently evident after doses of
0.12-0.15mgkg~!, and some deficits (such as that in percentage of
time in a target quadrant or number of errors in the place avoidance
task) were seen even at the lower dose of 0.08 mgkg~'. With the
present data, it is impossible to explain why a dose 0.08 mgkg~!
affected active place avoidance reversal, but such deficit was not
seen at the dose 0.10 mg kg~!. MK-801-induced impairments were
seen in both tasks. These data extend our knowledge of behavioural
deficits in this animal model of schizophrenia-like behaviour in
several aspects.

4.1. Active place avoidance with reversal

First, in the active place avoidance task, the doses which caused
disruption of spatial reversal performance appear to be lower than
those prerequisite to impair acquisition in this task suggesting a
preferential sensitivity of the reversal configuration to MK-801
[17,26,32] For example, our previous study [32] showed a deficit
in the active place avoidance acquisition at a dose 0.20mgkg~!
but not 0.10mgkg~! (a lower dose; however, disrupted acquisi-
tion in the MWM). A subsequent study [17] has suggested a dose
of 0.15mgkg~1 as a threshold for the impairment of acquisition
of the active place avoidance task in Long-Evans rats. However,
there have been also observations suggesting the dose 0.10 mg kg~!
might impair the acquisition of active place avoidance [10], more
specifically, the level of final asymptotic performance.

4.2. Reversal experiment in the MWM

Secondly, in the reversal experiment conducted in the Morris
water maze, we consistently observed deficits beginning at the
dose 0.10 mg kg!. Such a finding is in agreement with our previous
experiments [32], which showed a deficitin MWM acquisition after
the same dose. This suggests that in the MWM, the dose thresh-
olds of MK-801 for disruption of performance in acquisition versus
reversal configuration are equivalent. Interestingly, a recent study
[14] and an older report [33] suggested that even lower doses (as
low as 0.05mgkg~! or 0. 07mgkg~1) can be efficient in impair-
ing MWM acquisition. This suggests that Long-Evans rats from our
breeding colony may have lower sensitivity to MK-801 than other
rat lines and this is also corroborated by a previous finding by our
research group [26], which showed a lower sensitivity to MK-801 of
Long-Evans compared to Wistar rats. Data from probe trial appear
to confirm the general view that doses from 0.10 mgkg~! impair
memory trace in the MWM in reversal configuration. It is interest-
ing that in the final reversal probe (day 5), all groups again tended
to prefer the target quadrant over adjacent and opposite quadrants,
despite they were still impaired in reversal testing.

4.3. Possible procedural deficits in the tasks

Furthermore, previous studies (e.g., [18]) also suggested that in
the MW, it is very difficult to separate the navigational deficits
induced by NMDA-receptor antagonists from procedural impair-
ments and that such deficits may be eliminated by non-spatial
pretraining to the rules of the task. Our present results are not
entirely consistent with these data as we show here that only the
dose 0.15 mgkg~! impaired the swimming towards a visible plat-
form. However, the present study has involved pretraining the rats
to a visible platform procedure with the application of saline (day 1
of the visible platform testing), and this familiarization with proce-
dure might have alleviated the dose sensitivity on performance in
the second day., therefore, appears that doses of MK-801 between
0.10mgkg~! and 0.12 mgkg~! affect primarily navigational rather
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than sensorimotor functions, specifically in the MWM in our strain
(note that contrarily to the MWM, in active place avoidance, the
hyperlocomotion was seen at lower doses; see above).

4.4. Comparison with other studies

The present results clearly demonstrate that MK-801 at rela-
tively low doses affects behavioural flexibility tested by reversal
configuration. Such results are consistent with previously pub-
lished findings obtained in different paradigms and models. The
study by Chadman et al. [34] showed that MK-801 administered
at similar doses negatively influences reversal learning in juve-
nile rats (postnatal days 21-30) in a T-maze and found that doses
0.06 mgkg~! and 0.10 mgkg~! selectively impaired reversal in the
T-maze. Importantly, this effect was demonstrated to be inde-
pendent of behavioural sensitization and state-dependent learning
[34]. Moreover, the effect of MK-801 on this discrimination reversal
learning was found to be mediated by NMDA-receptor blockade in
the hippocampus [35], dorsomedial striatum [36] and medial pre-
frontal cortex [37] in weaned rats. Based on these findings, it is
conceivable that the deficit seen in the present study might have
been mediated by a blockade of glutamate receptors in these struc-
tures, although, the dose 0.15mgkg~! could have also induced
an overall psychotomimetic state accompanied by overall impair-
ments involving procedural, sensory and motivational functions.
Higher doses of MK-801 were required to abolish the reversal
learning in an allocentric reversal task in the 8-arm radial maze
in an older study by Bischoff and Tiedtke [38]. A study by Beninger
et al. [39] showed a deficit in the MWM reversal learning in MK-
801-treated rats (however, at much higher dose of 0.50 mgkg~1),
and our results confirm this finding. Interestingly, Caramanos and
Shapiro [40] demonstrated that MK-801 impaired reversal learning
in the radial-arm maze at a broad dose range, but it did not exert
an effect upon working memory in female rats (for a limited role
of NMDA receptors in working memory; see [26,41]). Additionally,
another work [42] detected impairment in acquisition and reversal
of a visuospatial task in marmoset monkeys.

4.5. Role of the hyperlocomotion

In the light of present results in active place avoidance, a
question might be raised, to what extent the MK-801-induced
hyperlocomotion (found in all doses except the lowest one, i.e.,
0.05mgkg1) contributed to the spatial deficit in active place
avoidance reversal. Increases in locomotion are conventionally
observed after application of this drug [8,10,15,32,39] but at con-
siderably higher doses compared to the ones used in the present
study (see also [26], who found no hyperlocomotion in the place
avoidance at 0.10mgkg~! of MK-801 in Long-Evans strain). We
therefore propose, that hyperactivity observed in the present study
atrelatively low doses of MK-801 could be the result of an increased
number of shocks obtained due to the changed spatial contingen-
cies and due to higher cognitive demand (possibly together with a
moderate hypoglutamatergia). Such interpretation would be sup-
ported by the fact that in the visible platform test in the Morris
water maze, an increase in the swimming speed was seen only
after the highest dose (i.e., 0.15mgkg~1; data not shown). Note
that hyperactivity found in the MWM after this dose (i) is consis-
tent with the previous results obtained in the arena [17] and (ii)
occurred in the task where pre-drug sensory and motor demands
and behavioural load after the application of the drug are similar
(i.e., first and second sessions of the visible platform test in the
MWM, respectively). It should also be pointed out that the high-
est dose used in this study could also mildly interfere with the
shock perception, however this option seems improbable due to

the absence of the main effect of drug application upon the skill
learning index (see Section 3).

5. Conclusions

This study provides the evidence for disrupted cognitive flexi-
bility in the active place avoidance task and Morris water maze in
an MK-801-induced animal model of schizophrenia-like behaviour.
Furthermore, the present data suggest higher sensitivity of active
place avoidance task in reversal configuration (being sensitive
to 0.08 mgkg~1) than the MWM (being sensitive from the doses
0.10mgkg~1), which underlines the importance of the task in
searching for novel treatments for cognitive deficits in schizophre-
nia.
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1. Introduction

In pathological conditions involving loss of neurons or axonal
damage, the very restricted regenerative plasticity of the adult
mammalian CNS severely hinders functional recovery. The search
for growth-inhibiting factors has led to the discovery of several
classes of such inhibitors, including Nogo proteins. The Nogo-A iso-
form is widely recognized as a major myelin-associated inhibitor of
axon growth and regeneration (for recent reviews, see Akbik, Caff-
erty, & Strittmatter, 2012; Pernet & Schwab, 2012; Schwab, 2010).

Strong inhibition of axonal growth and regeneration can be alle-
viated by interfering with the Nogo-A signaling cascade, facilitating
re-growth of damaged axons and/or compensatory plasticity in
spared CNS structures. Very promising results have been reported
after the application of Nogo-A specific antibodies, which led to
remarkable functional recovery after spinal cord lesion (Liebscher
et al., 2005; Schnell & Schwab, 1990) and stroke (Wiessner et al.,
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2003) in rodent models. These results have been already validated
in primate models (Fouad, Klusman, & Schwab, 2004; Freund
et al., 2009). Human anti-Nogo-A antibody (ATI-355; Novartis) is
undergoing clinical testing in human patients with spinal cord in-
jury (http://ClincalTrials.gov: NCT00406016) (Zérner & Schwab,
2010).

Beside oligodendrocyte expression, Nogo-A is also expressed by
neurons (Huber, Weinmann, Brosamle, Oertle, & Schwab, 2002;
Josephson, Widenfalk, Widmer, Olson, & Spenger, 2001; Wang
et al., 2002), regulating cell migration, axon growth and guidance
during development (Petrinovic et al., 2010; Schwab & Schnell,
1991; Wang, Chan, Taylor, & Chan, 2008). After birth, neuronal
Nogo-A expression usually decreases, except for neurons retaining
a high plasticity of their connections, including hippocampal neu-
rons (Huber et al., 2002; Mingorance et al., 2004). Nogo-A in the
hippocampus regulates synaptic plasticity (Delekate, Zagrebelsky,
Kramer, Schwab, & Korte, 2011; Lee et al., 2008).

Several studies have implicated Nogo signaling pathways in hu-
man psychiatric disorders (Willi & Schwab, 2013). On the genomic
level, Nogo-A or NgR chromosomal loci were linked to predisposi-
tions to the development of schizophrenia or bipolar disorder
(Budel et al., 2008; Hsu et al., 2007; Jitoku et al., 2011; Novak,
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Kim, Seeman, & Tallerico, 2002; Sinibaldi et al., 2004; Tan, Chong,
Wang, Chew-Ping Lim, & Teo, 2005; Voineskos, 2009). Behavioral
alterations demonstrated in Nogo-A knockout mice were proposed
as endophenotypes of schizophrenia-like behavior (Willi, Aloy, Yee,
Feldon, & Schwab, 2009; Willi et al., 2010). Disruption of the
Nogo-A regulatory function in synapse development and their
plasticity might offer a link between schizophrenia-like pheno-
types in Nogo-A knockout mice and human pathology.

The present study explores behavioral effects of reduced Nogo-
A protein expression in a transgenic rat model. Rats have been
shown to be generally superior to mice as in vivo models (Gill,
Smith, Wissler, & Kunz, 1989). Furthermore, the knockdown model
should be more comparable to human pathological conditions
(Willi & Schwab, 2013) and does not exhibit compensatory over-
expression of Nogo-B (Tews et al., 2013), reported in some KO mice
studies (Simonen et al., 2003). The specific aims are to test the ef-
fect of Nogo-A deficiency on spatial avoidance in a battery of tasks
in the Carousel maze with increasing demands for segregation of
reference frames and flexibility, and one-trial learning in the de-
layed-matching-to-place version of the Morris water maze. We
hypothesized that the Nogo-A knockdown resulting in possible
neurodevelopmental alterations in the brain could impair spatial
frame segregation in the Carousel Maze more severely than the
general spatial navigation and memory in the Morris Water Maze
or sensorimotor performance, as would be expected after manipu-
lation affecting hippocampal function, which is generally very sen-
sitive to experimental disruption.

2. Materials and methods
2.1. Generation of the transgenic model

Transgenic rats with down-regulated Nogo-A expression (desig-
nated SD-Tg(CAG-RNAi: Nogo-AEGFP)L2ZI, short L2; standing for
line 2) were generated in the Central Institute of Mental Health
(CIMH, Mannheim, Germany), in cooperation with M. Schwab from
the Swiss Federal Institute of Technology (ETH Ziirich). The paren-
tal subjects were obtained from Charles River, Germany. The target
gene expression was reduced using small interfering RNAs (siR-
NAs) targeting Nogo-A-specific exon 3 of Rtn4. Quantification of
processed miRNA and analyses of the endogenous mRNA expres-
sion in transgenic and WT animals were determined by qPCR using
RNA preparations of various brain regions. Protein concentrations
of Nogo-A were measured qualitatively and quantitatively by
Western blotting and immunohistochemistry employing epifluo-
rescence and confocal microscopy.

The L2 transgenic line with Sprague Dawley (outbred) genetic
background showed about a 50% reduction of Nogo-A protein
expression in the CNS. The knockdown was more prominent in neu-
rons as compared to oligodendrocytes, with neuronal levels re-
duced to 60% of WT in the hippocampus and to 30% of WT in
cortex. Preliminary assessment revealed significant increase in
long-term potentiation in both the hippocampus and motor cortex.
The L2 rats exhibited prominent schizophrenia-like behavioral
phenotypes such as perseveration, disrupted prepulse inhibition
and strong withdrawal from social interactions. For detailed
description of the model on molecular, neurophysiological and
behavioral level, see Tews et al. (2013). We have independently
checked that the expression of Nogo-A, at both mRNA and protein
level, is decreased in the L2 animals used in this study, by means of
rtPCR and Western blotting (Petrasek et al., in preparation).

2.2. Animals

Adult male rats (3-4 months old, weighing 450-550 g) either
with Nogo-A knockdown (L2) or age-matched but unrelated wild-

type Sprague Dawley controls, were used in this study. First group
(n =20) was used for the cognitive experiments, beam walking test
was done with another group (n =18).

The rats were housed in groups of two or three in standard
transparent animal cages (30 x 40 x 30 cm), and maintained on a
regular 12/12 light/dark cycle in an air-conditioned animal room
with a stable temperature of 21 °C and humidity (40%). All exper-
iments were performed during the light phase, between 9 a.m.
and 4 p.m. The animals had access to food ad libitum, except during
the Carousel maze training, when they were maintained on 85% of
their normal weight by food restriction with daily weighing and
monitoring. Water was always freely available. All animal experi-
mentation complied with the Animal Protection Code of the Czech
Republic and international guidelines including EU directives (86/
609/EEC and 2010/63/EC). Experiments were approved by local
Animal Care Committee of the Institute of Physiology, Academy
of Sciences of the Czech Republic.

2.3. Behavioral tasks

2.3.1. Carousel maze testing

The apparatus consisted of a smooth circular metallic arena
(82 cm in diameter) surrounded by a 30-cm-high transparent Plex-
iglas wall, located in the middle of a room with abundance of visual
cues. The animals had to avoid a directly imperceptible 60-degree
to-be-avoided sector, with each entrance (error) punished by mild
electric foot-shocks (Blahna, Svoboda, Telensky, & Klement, 2011;
Prokopova et al., 2012; Wesierska, Dockery, & Fenton, 2005). The
intensity of current was individually adjusted for each rat to pro-
voke escape reaction, but not freezing, ranging between 0.4 and
0.7 mA (50 Hz). The shock lasted 0.5s, and was repeated after
1.5 s if the animal did not leave the sector. The task demands could
be modified by switching lights on and off, rotating the arena and
covering the arena surface by shallow water, enabling manipula-
tion with different sources of environmental information coming
from the arena and the room, respectively. Beside avoidance,
food-deprived animals (see Section 2.2.) were accommodated to
explore the arena homogenously by dropping small food pellets
(Nesquik, Nestlé, Czech Republic) on the arena floor at regular,
30-s intervals.

The battery of place avoidance variants was a set of behavioral
paradigms performed in the Carousel maze, based on concepts
from previous experiments (Abdel Baki, Kao, Kelemen, Fenton, &
Bergold, 2009; Burghardt, Park, Hen, & Fenton, 2012; Wesierska
et al., 2005). The battery aimed at testing continuous place avoid-
ance efficiency under different conditions, probing various aspects
of reference frame segregation (Table 1). The main concept was the
dissociation of two spatial reference frames, i.e., arena and room
frames. In subsequent stages of the experiment, information from
either frame could be either present or hidden, or even made rele-
vant or irrelevant for the task solution; the frames could be contin-
uously dissociated by slow arena rotation.

Initially, four pretraining sessions were given to the rats (10 L2
and 10 wildtype), during which the animals were habituated to the
arena and trained to collect Nesquik pellets dropped onto its floor.
Five stages of avoidance training followed, each stage consisting of
three daily 20-min sessions (separated by 24-h intervals). In the
first stage, the rats were required to avoid a stable sector on the
stable arena in light (Stage 1, (Room/Arena)+ avoidance). This task,
which is essentially a passive place avoidance task (Cimadevilla,
Kaminsky, Fenton, & Bures, 2000), has relatively low cognitive de-
mands as both the arena and room frames are stable and yield con-
gruent information (Cimadevilla et al.,, 2000; Wesierska et al.,
2005). Subsequently, avoidance training on the rotating arena in
darkness with a to-be-avoided sector defined with respect to the
rotating arena surface (Stage 2, Arena + avoidance) tested egocen-
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Table 1
Stages of the Carousel maze battery and their cognitive demands.
Stage Foraging Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Condition (Room/Arena)+ Arena+ Room+ (Room)+/(Arena)— (Room)+/(Arena)—
Number of daily 4 3 3 3 3 3
sessions
To-be-avoided sector  Absent Present Present Present Present Present
Arena Stable Stable Rotating Rotating Rotating Rotating
Conflict of reference  Absent Absent Absent Minimized Present Present
frames
Arena-frame cues Present Present, relevant Present, relevant Hidden, irrelevant Present, irrelevant  Present, irrelevant
Room-frame cues Present Present, relevant Hidden, irrelevant Present, relevant Present, relevant Present, relevant

Notes No avoidance Passive avoidance

Passive avoidance,

darkness

Active avoidance,  Active avoidance

water

Active avoidance, sector
position changed

tric memory and passive place avoidance with only one reference
frame available (i.e., arena frame). It was followed by testing of
avoidance of a stable room-frame defined sector on the lighted
rotating arena covered with 1-cm layer of water suppressing the
intramaze cues (Stage 3, Room + avoidance), which tests active
allocentric avoidance with minimized conflict between frames.
Note that the arena frame cues were suppressed by shallow water;
however, self-motion information still provided input about the
arena frame (Stuchlik, Fenton, & Bures, 2001). This stage was fol-
lowed by testing in similar settings except without water (rotating
dry arena with stable to-be-avoided sector and light on), (Stage 4,
(Room) + [(Arena)-). This condition requires selecting the room as
the relevant coordinate frame and ignoring the arena frame infor-
mation (which is present but misleading in this configuration). Fi-
nally, testing in the (Room) + /(Arena)— version with position of to-
be-avoided sector reversed to opposite room side aimed at assess-
ing both frame segregation and behavioral plasticity (Stage 5;
Burghardt et al., 2012).

2.3.2. Water maze testing

The Morris water maze experiments were undertaken in a
metallic circular tank (180 cm in diameter, 50 cm high) filled with
water (20 °C). An escape platform 10 cm in diameter was placed in
the pool, submerged 1.5 cm below the water surface. The Delayed-
matching-to-place (DMP) task (O’Carroll et al., 2006; Steele & Mor-
ris, 1999) is a test of one-trial-acquired place representation, which
permits study of spatial working memory and engram persistence
after a single learning episode. The test was administered over dai-
ly sessions consisting of four swims (trials) to a hidden platform
with variable delays (15 s, 20 and 120 min) between first and sec-
ond trial (inter-trial interval, ITI). ITIs between trials 2 and 3 and
between trials 3 and 4 were kept at 15 s only to maintain win-stay
intra-session strategy. Platform position was changed daily in a
pseudorandom order. Being essentially a one-trial learning test,
the DMP presumes minimal interference between particular ses-
sions (Steele & Morris, 1999); therefore, there were eight daily ses-
sions with unique platform location. ITIs and release positions
were pseudo-randomized by partial Latin square method. Testing
in the DMP version of the MWM was done after the Carousel maze
battery, on the same group of subjects.

2.3.3. Beam walking

The beam walking test is a commonly used test of motor coor-
dination (Goldstein, 1993) and is critically dependent on intact
function of the sensorimotor areas. The test used a 2-m-long
wooden beam stretched between blinded end and a homecage.
Animals initially explored the beam during habituation trials on
the 5-cm-wide beam (four habituation trials, animal starting first
from Y4, once from ¥ and two times from the blinded end; i.e.,
whole beam had to be traversed in the last case) but soon learned
to traverse the beam from the blinded end to the homecage. Two

habituation trials (one run from the ¥: of the length and one from
the blinded end) were repeated on the 1.5 cm-wide beam (narrow
beam). Footslips and falls were recorded manually during both
habituation periods (wide and narrow beam). Test trials on the
narrow beam were conducted immediately after the habituation,
and consisted of four testing runs, in which animals were released
from the blinded end; latency to reach the homecage, number of
falls, and number of footslips were visually recorded by two exper-
imenters, each viewing the animal from an opposite side. Beam
walking test in this study was performed with different groups of
rats (9 wildtype and 9 L2 rats) than the Carousel maze and DMP
experiments. The animals were of the same age and origin.

2.4. Measured parameters and statistical design

2.4.1. Carousel maze

In Carousel maze stages, several measures of performance were
assessed. Total distance measured overall path walked by a sub-
ject during a session and was measured as a sum of linear distances
of points selected every 1 s (passive motion introduced by the rota-
tion of the arena in some stages was subtracted by the tracking
software). Number of errors measured the number of entrances
into the to-be-avoided sector during a session. Maximum time
avoided was defined as the maximal continuous duration without
an entry into the sector. Finally, latency to the first error mea-
sured the time from the beginning of a session to the first entrance
into the to-be-avoided sector.

Since distributions of total distance, number of errors and la-
tency to first error were positively skewed, we used logarithmic
transformation to reduce the skew. It was possible to avoid the sec-
tor during the whole session without an entrance; therefore, we
added a constant 1 to number of errors before the transformation.
Several data points were missing (about 1.8% of all) due to proce-
dural and technical errors. In order to avoid difficulties caused by
these missing data, we averaged data across three sessions for
every stage of the Carousel maze. Before doing so, we standardized
data for each measure and session to ensure comparability of per-
formance between different sessions of a particular stage. Then,
data for all days had the same mean and variance and it was pos-
sible to compute average of every measure for each subject and
stage. Without the standardization an animal with a missing data
point from the first session of the given stage, where performance
is generally worse, would seem to have better performance than
animals without a missing data point (similar reasoning can be ap-
plied for missing data points from the last session of the stage). We
averaged only second and third days from each stage for latency to
first error, since the animals could not know the position of the
sector during the first session of a stage, which made the latency
of the first error in the first session essentially random. Next, we
standardized resultant measures again to ascertain comparability
between stages. This allowed us to analyze differences between
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groups across all stages as well as development of differences be-
tween groups during consecutive stages. As a result of the afore-
mentioned data transformations, we obtained four measures of
performance for five different stages for every subject. Henceforth,
we use these transformed measures for statistical analysis. For
simplicity, we report the original parameter names in both trans-
formed and raw data. Both raw and transformed data are shown
in the figures.

The mixed-design analysis of variance (ANOVA) was conducted
for each measure. Group (L2 vs. wildtype) served as a between-
subject factor and stage (five stages of Carousel maze ordered
according to their succession) as a within-subject factor. The stages
were ordered according to their cognitive demands, therefore, we
used polynomial contrasts for the stage factor. Third and fourth or-
der polynomials are not readily interpretable, therefore, we report
only linear and quadratic contrasts. Since the mean for every stage
was zero (in every measure) due to the standardizations, stage was
included as a factor only to assess interaction of stage and group
factors. Furthermore, for the same reason and because both groups
contained the same number of animals, means for both groups had
the same value and opposite sign. Therefore, only one of the means
is always reported. While group effect can be interpreted as a gen-
eral difference between groups across all stages, interactions be-
tween group and stage factors may suggest variation of group
differences between stages.

Previous research found increased perseveration in Nogo-A
knockdown rats. Perseveration could have occurred during Stage
5, when the position of the punished sector changed from the pre-
vious stage. Therefore, we attempted to test for perseverative
behavior during Stage 5 by comparing the time spent in the former
to-be-avoided sector (directly opposite to the new to-be-avoided
sector) with time spent in “neutral” sectors, which had never been
punished. This measure was computed in a similar way as the
other measures (i.e. it was standardized for every day, averaged
for each animal, and standardized again). Since this measure was
computed only for one stage, we obtained one value for each ani-
mal. The resultant measure was compared between groups with a
Student’s t-test.

2.4.2. Morris water maze

Performance on the DMP task in the MWM was measured by
escape latency and total distance to reach the platform. Both mea-
sures can be used for single trials (1-4) and for the calculation of
savings between trials. Second trial performance and savings be-
tween first and second trial were used as an indicator of one-trial
learning. The performance during the first two daily sessions was
worse than during remaining days and therefore the data for the
first two days (serving essentially for learning the rule) were not
included in subsequent analysis. Rats showed good performance
at trials 2-4 since the third daily session. Performance measures
were averaged for every ITI for each subject. Measures for single
trials were logarithmically transformed before averaging in order
to reduce positive skew. The averaged measures were used for sub-
sequent computations. Average speed of L2 and control group for
the first trial differed; means (M)=19.8 cm/s and 23.5 cm/s for
L2 and control group respectively; t(18) = 2.99, p = 0.008, however,
there was no difference in average speed for trials 2-4;
ts(18) < 0.79, ps > 0.49. Due to the difference in average speed be-
tween groups for the first trial and generally small correlations be-
tween measures of performance for different trials in the same day,
we used only the performance in second trial as an indicator of
one-trial learning. Therefore, we conducted mixed-design ANOVA
with average log-transformed total distance in the second trial as
a dependent variable, group (L2 vs. control) as a between-subject
factor and delay as a within-subject factor. We used polynomial
contrasts for the delay factor.

Apart from analyzing performance, we assessed the proportion
of time spent in the 45-deg sector containing the platform during
previous day. This measure was used as a measure of perseveration
and was computed only for the first trial and averaged across all
ITIs. The groups were compared with a Student’s t-test.

2.4.3. Beam walking

Since latencies to reach the homecage for four trials were posi-
tively skewed, we used a logarithmic transformation. We then
standardized the transformed measures for each trial and com-
puted mean for every animal across the four trials. We thus ob-
tained one measure assessing latency to reach the homecage for
each rat. We standardized the resultant measure for the ease of
interpretation. The difference in latency to reach the home-cage
for the two groups was compared by a Student’s t-test. To compare
the number of slips and number of falls between the two groups,
we summed all slips and falls respectively for each animal across
trials. If an animal fell, the number of slips in a given trial was com-
puted as a maximum number of slips obtained by the worst animal
(3) plus one, which added to four. The resultant measures were
compared with a Mann-Whitney U-test.

3. Results
3.1. Carousel maze

Visual inspection of the animals showed no signs of excessive
discomfort during the Carousel maze testing. During the habitua-
tion phase (d1-d4; see Table 1) rats quickly adopted foraging for
Nesquik pellets and after the introduction of the to-be-avoided
sector they generally responded to electric foot-shocks with rapid
escape reactions. During testing in passive variants of the Carousel
maze (the to-be-avoided sector stable relative to the arena floor),
the rats performed generally well. However, when a shallow layer
of water was added to the arena in Stage 3, some animals from
both groups were agitated and exhibited higher locomotion and
decreased avoidance. During progressive training in the active ver-
sions of Carousel maze, they decreased the number of errors.

Results for total distance (Fig. 1a) showed that L2 rats walked
slightly more (M = 0.26) than control rats, however, the difference
was not significant, F(1,18)=2.00, p =0.17, #* = 0.10. The interac-
tions of stage contrasts and group factor were not significant,
Fs(1,18)<1.42, ps>0.25. Results for maximum time avoided
(Fig. 1c) showed a significant effect of group, My, =-0.29,
F(1,18)=5.43, p=0.03, #*=0.23. This result reveals general
impairment of ability of shock avoidance in L2 rats. While a graph-
ics review indicated a linear increase in difference between groups
toward the more demanding stages with L2 rats performing worse
during late stages but not during early stages, the interaction of
group and linear contrast for stage was not significant
F(1,18) =1.54, p =0.23, partial 5? = 0.08. Neither was the interac-
tion of group and quadratic contrast for stage, F(1,18) < 1. There-
fore, statistical analysis did not show differential impairment
across stages, even though it was indicated by pattern of group
means. Maximum time avoided and number of errors (Fig. 1b)
were highly correlated (median correlation for the same stage
was —0.86) and therefore it was not surprising that the results of
the ANOVA for number of errors were similar. Effect of group on
number of errors was marginally significant, M, =0.25,
F(1,18)=3.81, p=0.07, #? = 0.17. Graphics review again suggested
a linearly increasing trend for the differences. Again the interaction
of group and linear contrast for stage was not significant,
F(1,18)=2.06, p =0.17, partial #? =0.10. The interaction of group
and quadratic contrast for stage was also not significant,
F(1,18) < 1. Finally, an ANOVA for latency to first error (Fig. 1d)
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Fig. 1. Carousel maze results. Panels on the left represent daily median values and ends of lines represent first and third quartiles of raw non-transformed data. Note that the
quartile values depicted are computed from single sessions. Panels on the right show results for subsequent stages of the task (each stage included three sessions). The plot
shows differences in group means (My> - Mwildatypes) and 95% confidence intervals for the differences, all for transformed parameters. Confidence intervals are not adjusted to
show between-stage difference in differences of means, therefore, statistical significance only for a difference between groups in a single stage can be properly inferred from
confidence intervals (confidence interval, that does not include zero, is equivalent to significant t-test for differences between group means for the given stage with o = 0.05).
Note that ends of ordinate differ between panels (a-d). Total n =20 (10 L2 and 10 control animals). (a) Total distance walked. In Stages 3-5, locomotion increased because of
the need to actively avoid the to-be-avoided sector. During Stage 3, the presence of water probably disturbed the animals, leading to higher locomotion. Note the mildly
increased locomotor activity apparent in the L2 group during most sessions. (b) Number of errors (entrances into the sector). In stages 1 and 2 (passive place avoidance), the
number of errors was rather low. In Stage 3, when active avoidance became necessary, the number of errors sharply increased. Stage 4 introduced the conflict of reference
frames, but the sector position remained the same as learned during the Stage 3, thus no increase in number of errors is seen. In Stage 5, the sector position was changed,
resulting in a deterioration of performance. L2 animals made marginally significantly more errors (p = 0.07) and there was a trend for the aggravation of this deficit towards
the last, and presumably most difficult, stages. The trend was, however, not significant, p = 0.17. (¢) Maximum time avoided. The results generally mirror the Number of
Errors, with a drop in performance in Stage 3. In stages 3-5, an immobile rat would enter the to-be-avoided sectors every 60 s, but animals in both groups quickly learned to
achieve much longer periods of avoidance. In Stage 3, arena-frame cues (scent marks, feces) were suppressed by shallow water, but a conflict between the relevant room-
frame cues and idiothetic information was already present. Removal of water from the arena in Stage 4 made more irrelevant arena-frame cues accessible, which did not
notably affect the avoidance of the previously-learned sector position, and the animals continued to improve. In Stage 5, when the sector position was changed, the
performance again dropped noticeably. L2 animals avoided for significantly shorter periods of time than the controls (p = 0.03), and pattern of group means suggested
aggravation of this deficit during the last, and presumably most difficult, stages. The trend was, however, not significant, p = 0.23. (d) Latency to first error. In Stages 1 and 2
(passive place avoidance), the latency to first error was high in both groups. In stages 3-5, latency to first error was generally close to the random level of 60 s. Some animals
managed to attain non-random performance, which was more common in the controls (notice the lines representing third quartile by the last days of Stage 4 and Stage 5).
Results did not reveal general difference between groups.
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did not show any difference between groups, F(1,18) < 1. However,
there was an indication of interaction between group and stage
factors, F(1,18) = 2.63, p = 0.12, partial #? = 0.13 for linear contrast
and F(1,18) = 3.51, p = 0.08, partial #? = 0.16 for quadratic contrast.
While L2 rats exhibited higher latency to the first error than con-
trol rats in the first two stages of the Carousel maze battery,
M, =0.32, they showed slightly lower latency to the first error
in the next two stages, M, = —0.14.

While L, rats spent slightly less time in the previously punished
sector relative to controls in Stage 5, the difference was not signif-
icant, t(18)=1.15, p=0.27, r= —0.26, M, = —0.25, which suggests
that the groups do not differ in their tendency to perseverate. Per-
severative behavior occurred in some individuals only and was not
the typical behavioral strategy in either group. No other difference
or even a trend was apparent in the data.

To summarize the results, L2 rats performed generally worse
than control rats as was shown by differences in maximum time
avoided and number of errors. Development of group means in
consecutive stages of the Carousel maze suggested worse perfor-
mance of L2 rats in late stages than in early stages when taken in
comparison to control rats. While this pattern was seen in all three
parameters measuring performance, it was not statistically signif-
icant in any case.

3.2. DMP test in the MWM

Results from the DMP showed a significant linear contrast for
delay between first and second trials, with higher delays resulting
in greater total distance, F(1,18) = 7.06, p = 0.016, partial 7% = 0.28.
This indicates that the rats performed worse when they had to re-
call the location of the platform after longer delays, as could be ex-
pected. No other effect (group, interaction of delay and group,
quadratic trend for delay) was significant, all Fs(1,18)<1.2,
ps > 0.29. A mixed-design ANOVA using log-transformed escape la-
tency in the second trial as a dependent variable yielded virtually
the same results and therefore is not reported. Additionally, there
was no between-group difference in performance during the last
two trials. Results of the performed analysis might not show group
differences, even if one-trial learning differs between groups, when
one group is worse in the first trial and both groups have similar
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Fig. 2. Water maze results. The graph shows total distance to reach a hidden
platform in the delayed-matching-to-place task. Points represent median values
and ends of lines represent first and third quartiles of the raw data. All values were
computed from performance from 3rd to 8th day and averaged for each animal
across a given delay and trial. The performance of L2 and control animals is
comparable in all parameters recorded.

results in the second trial. However, there was no indication for
the difference in performance between groups during the first trial.
Furthermore, analyses for savings also did not show any significant
difference (Fig. 2).

There was no sign of difference in proportion of time spent in
the sector containing the platform during previous day between
the L2 (M =0.123) and control (M =0.134) group, t(18)=0.55,
p=0.59, r=-0.13, which shows that the groups did not differ in
terms of perseveration.

3.3. Beam walking

The results did not suggest any difference between the L2
(M =0.20) and control (M= -0.20) group, t(16)=0.83, p=0.42.
Additionally, the groups did not differ in the number of slips
(Mann-Whitney U = 38.5, 13 = Ncontrol = 9, p = 0.89) or in the num-
ber of falls (Mann-Whitney U = 31.0, 13 = Neontrol = 9, p = 0.45).

4. Discussion

Our findings show that the reduced Nogo-A expression indeed
affects behavior and cognitive abilities. In the Carousel maze, the
L2 rats exhibited consistently and significantly impaired perfor-
mance, as measured by the number of errors and maximum time
avoided. Visual inspection of data for the maximum time avoided,
the number of errors and the latency to the first error suggests that
the impairment of L2 rats was more accentuated in the later stages,
demanding segregation of spatial frames (as is apparent from
Fig. 1b, c and d). However, this notion should be taken with caution
since the effect did not achieve the traditional level of significance.
The latency to the first error did not turn out to be a very reliable
measure of cognitive performance. Animals often entered the sec-
tor accidentally very early during the session, even in cases when
they apparently knew its position well, introducing additional
noise into the data. During the first two stages ((Room/Arena)+
and Arena+), when the to-be-avoided sector was stable with re-
spect to the arena floor, the Nogo-A knockdown animals tended
to exhibit longer latencies to the first error, although the total
number of errors in this group was similar to controls or even high-
er. This may suggest initial attempts to avoid punishment by
immobility in L2 rats. During the later three stages, when active
avoidance was required, L2 rats showed comparable or even short-
er latencies to the first error relative to controls. We must note that
for stages 3-5, the median value of latency to the first error gener-
ally did not exceed 60 s (one rotation period of the arena).

The animals acquired the procedural aspects of the task and
were highly motivated. The eyesight of both groups was good en-
ough, as proven by efficient performance in the MWM, and motor
coordination was at a level sufficient to manage beam-walking
performance, suggesting that possible procedural influences could
be excluded. However, results from Stage 3, when the arena floor
was covered with water, should be interpreted with caution, as
the animals were disturbed by the presence of water, and even
their perception of electric punishment might have been altered.
Total distance traveled in the Carousel maze was slightly but con-
sistently increased in the L2 group (Fig. 1a), but the difference was
not significant. Total distance in the Carousel maze is probably re-
lated mainly to the spatial strategy used by the animals and the
stressful nature of the task, although spontaneous hyperlocomo-
tion has been observed in Nogo-A deficient mice by Willi et al.
(2009).

Maintaining continuous active avoidance on a rotating arena is
a demanding task (Wesierska et al., 2005), requiring not only
having intact memory, but also paying sustained attention to
distant, room-frame cues and separating them from the irrelevant,



48 T. Petrasek et al./ Neurobiology of Learning and Memory 107 (2014) 42-49

arena-frame cues. To solve this problem, the animals must encode
and use two distinct, mutually conflicting representations. This
ability has been described as cognitive coordination or cognitive
control (Kubik & Fenton, 2005; Lee et al., 2012; Wesierska et al.,
2005). Even during the Stage 3, when most of the arena frame cues
were hidden, idiothetic input (i.e., path integration) remained in
conflict with the distant room frame cues. In Stage 4, even more
profound conflict between reference frames was introduced (distal
cues vs. path integration + local scent cues). The room-frame de-
fined sector remained in the same position as during the previous
stage, enabling the animals to use the previously learned avoid-
ance response. In Stage 5, the sector location was changed, while
other conditions remained the same. This shift markedly disrupted
performance in both groups, but the L2 group was affected to lar-
ger extent, suggesting a deficit in cognitive flexibility. We at-
tempted to test for perseverative behavior during Stage 5 of the
Carousel Maze training. The results do not suggest perseveration
as the prevailing behavioral mode in either group, and the differ-
ence between L2 and control animals was not significant. There-
fore, we must assume that the deficit in L2 animals comprised
primarily of an inability to deal with the newly defined sector,
rather than persisting avoidance of the old and no longer rein-
forced one.

In the DMP test in the MWM, rats from both L2 and wildtype
groups were able to locate the learned hidden platform position
and performed well, showing their capability to use distant land-
marks for representation of the hidden goal position. This suggests
that the ability of both groups to acquire a one-trial place represen-
tation was comparable, as well as memory persistence, even after
the longest delay tested (120 min). Similarly as in Stage 5 of the
Carousel maze, we did not observe any sign of perseveration in
L2 rats in the DMP task.

The beam walking test suggested that the Nogo-A deficiency did
not adversely affect locomotor coordination, which is in accor-
dance with the literature describing Nogo knockout mice. No effect
of Nogo-A absence on performance in the rotarod test was found
by Kim, Li, GrandPre, Qiu, and Strittmatter (2003) and Willi et al.
(2009) reported even improved motor coordination in Nogo-A
knockout mice.

We interpret our results as a mild cognitive deficit in L2 rats
compared to wildtypes in continuous spatial avoidance in the Car-
ousel maze battery. The observed pattern suggests that it included,
but was not limited to, impaired cognitive coordination and flexi-
bility, while spatial navigation and memory (assessed by the
MWM) was spared. Impaired cognitive coordination is characteris-
tic for schizophrenic patients (Phillips & Silverstein, 2003) and has
been reported in animal models of the disease (Lee et al., 2012).
Cognitive coordination assessed by Carousel maze tasks depends
strongly on an intact hippocampus (Wesierska et al., 2005) and is
more sensitive to hippocampal lesions than the MWM (Kubik &
Fenton, 2005). Inflexibility and impairments in reversal learning
are also typical for schizophrenia (Lee et al., 2012) and hippocam-
pal lesion models (Kimble & Kimble, 1965). We propose that at
least some effects observed in the Carousel maze in the L2 rats
might be attributed to dysfunction of the hippocampus, a structure
characterized by prominent expression of the Nogo-A, and may be-
long to a wider complex of schizophrenia-like endophenotypes re-
ported in Nogo-A deficient rodents by Tews et al. (2013), Willi et al.
(2010).

On the cellular level, the decrease in Nogo-A expression was
demonstrated (1) to facilitate hippocampal and neocortical long-
term potentiation (LTP) (Delekate et al., 2011), the neurophysio-
logical substrate of memory trace formation including spatial
learning (Pastalkova et al., 2006; Serrano et al., 2008), and (2) to
modulate other forms of synaptic plasticity within the hippocam-
pus (Zagrebelsky, Schweigreiter, Bandtlow, Schwab, & Korte,

2010). Complementing this result on the behavioral level, en-
hanced Nogo signaling (by means of increased NgR1 expression)
was found to impair lasting long-term memory (after retention
times of 30 and 60 days, but not one day or less) in both passive
avoidance and the MWM (Karlen et al., 2009). Correlation between
cognitive decline and increase in Nogo-A expression in the hippo-
campus was found in aged rats by Vanguilder et al. (2011). One
would, thus, expect the L2 rats to exhibit facilitated, rather than
impaired, learning and memory, but the opposite is true. It is con-
ceivable that the normal level of Nogo-A dependent signaling in
the hippocampus is fine-tuned to provide optimal levels of synap-
tic plasticity, and an artificial increase, as well as decrease, may
lead to compromised hippocampal function.

In the literature, studies of the consequences of altered Nogo-A
signaling on cognitive functions are rather sparse. Willi et al.
(2010) demonstrated that Nogo-A knockout mice exhibited persev-
eration behavior during reversal learning in a water T-maze, while
acquisition was not affected, suggesting specific impairment of
behavioral flexibility. This parallels the findings of Tews et al.
(2013). A previous study by Willi et al. (2009) reported intact
learning in the reference-memory version of the MWM, even after
reversal (changed platform position). Out results revealed persev-
eration neither in Carousel maze, nor in DMP test in MWM. This
might suggest that the manifestation of the cognitive flexibility
impairment is dependent either on the animal model or the behav-
ioral paradigm used or both factors. A working memory deficit,
typical for schizophrenia, was described previously in mice with
Nogo receptor deletion in a delayed alternation task (Budel et al.,
2008). Interestingly, the L2 rats have demonstrated a deficit in
short-term object recognition and object relocation memory,
tested in spontaneous object-exploration paradigms (Tews et al.,
2013). On the other hand, our results obtained using the DMP test
do not show any impairment in spatial working memory. It must
be emphasized that the MWM testing in general involves high lev-
els of motivation (Morris, 1981). Therefore, the working memory
capabilities in this model may depend upon experiment configura-
tion and level of motivation.

To sum up, Nogo-A knockdown results in a selective cognitive
impairment, which is not apparent in the DMP version of the
Water Maze, focused on precise place representation and spatial
working memory, but expresses itself in the Carousel maze battery,
where on-line management of spatial reference frames is required.
This supports the hypothesis linking Nogo-A-dependent signaliza-
tion disruption with neuropsychiatric symptoms and cognitive
disorders.
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IV. Diskuze

1. Interakce B-adrenergnich receptori s jinymi systémy

Vzajemné propojeni jednotlivych receptorovych systému CNS a jejich vliv na
chovani experimentalnich zvifat patii mezi Castd a do hloubky studovana témata
behavioralni farmakologie. Obzvlasté zajimavé a aktualni je sledovani zmén chovani
zvitat v kontextu testd zaméfenych na prostorovou orientaci, uceni a pamét’. Existuje
mnoho studii tohoto typu, v€etné naptiklad testll v bludisti Koloto¢ (diive zvané jako
uloha AAPA, z anglického active allothetic place avoidance, uloha aktivniho
vyhybani se mistu), které byly uskutecnény v nasi laboratoti (Stuchlik et al., 2008;
Stuchlik and Vales, 2006; Stuchlik and Vales, 2008).

Pro urceni prahovych davek antagonisti danych receptorii slouzily pilotni
studie v bludisti Koloto¢. Je vSak tfeba zminit, Zze prahova davka pro kognitivni
deficit je tzce spjata s typem behavioralni ulohy. Zda se, ze testy v MWM nejsou
V porovnani s bludistém Koloto¢ tolik citlivé na deficit v prostorové orientaci
potkani. To je pravdépodobné zplsobeno vyssi a kontinudlni motivaci zvifat
k pohybu (plavani) a nalezeni skrytého cile (ostrivek), coz muze piekryt ptipadny
deficit po podani danych farmak.

1a. Synergismus mezi a;- a B-adrenergnimi receptory

Jak potvrdila nase studie, poddnim podprahovych davek antagonisty
aj-adrenergnich receptorti prazosinu nedochdzi k naruSeni kognitivnich funkei
experimentalnich zvifat. Ke stejnym zavérim dospéla také studie zkoumajici
pfipadné naruseni pracovni paméti po podani prazosinu, nizké davky neovlivnily
vykon zvifat, vy$$i snizovaly motorickou aktivitu, ale opét bez naruSeni kognice
(Puumala and Sirvid, 1997). Ovlivnéni o4 receptori ma spiSe vliv na motorickou
aktivitu, motivaci a navigaci potkanti nez na jejich pracovni pamét’ (Puumala et al.,
1998; Riekkinen et al., 1996). V nasich ptedeslych experimentech v bludisti Kolotoc¢
(Stuchlik and Vales, 2008) jsme demonstrovali neptiznivy efekt prazosinu na aktivni
vyhybani se potkanl, a to pii uziti nejvyssich davek (4 mg/kg), které snizovaly
lokomoci zvifat a tedy i jejich schopnost fesit tlohu. Nizké davky prazosinu, ze

kterych vychazela nyné¢jsi studie, neprokazaly zadny neptiznivy efekt.
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Betablokator propranolol je Siroce studovanou latkou, obzvlasté v souvislosti
s konsolidaci paméti. Dokumentovany vsak byly i na ddvce zavislé poruchy (napf.
naruSena prostorova orientace) v ruznych kognitivnich testech, pfi podani
propranololu pied plnénim tlohy (Heron et al., 1996; Miranda et al., 2007), a to také
v bludisti Koloto¢ (Stuchlik et al., 2009), kde byly stanoveny prahové davky pro
kognitivni deficit. Po aplikaci nizkych ddvek propranololu nebyla zaznamenana
motoricka ani kognitivni zména vykonu zvifat v MWM (Decker et al., 1990; Saber
and Cain, 2003) ani v radialnim bludisti (Hiraga and Iwasaki, 1984).

K zajimavému efektu v naSem experimentu doSlo po podéni niz§i davky
béhem posledniho sezeni (méfitko dlouhodobé paméti mezi dvéma sezenimi), po
vys$si davce vsak k poklesu nedochazelo. Propranolol byl podany systematicky, proto
je vysvétleni tohoto jevu pouze spekulativni. Naméfend nelinearita mohla byt
zapfi¢inéna rozdilnou farmakokinetikou propranololu v riznych mozkovych
strukturach, tedy napfiklad rozdilnym obsazenim mozkovych receptori nebo

odlisnou regulaci kognitivnich schopnosti jedince. V dalSich experimentech s niz§imi

davkami propranololu se vSak podobné deficity nevyskytly.

Béhem experimentll nebyla pozorovana zménénd lokomocni aktivita ani
sedace potkanti po podani propranololu. Snizena pohyblivost potkani se nevyskytla
ani v jinych studiich s podobnymi davkami propranololu, piestoze davka 10 mg/kg
jiz muze ovlivitovat srdeéni frekvenci a krevni tlak zvitat (Heron et al., 1996; Singh
et al., 1990; Stuchlik et al., 2009). Vyjimkou jsou vsak studie v open-field arénach,
které jsou diky spontannimu exploracnimu pohybu zvifat k poklesu lokomoce
citlivéjsi. V téchto ulohdch dochéazelo ke sniZzeni pohybové aktivity i po nizkych

davkach propranololu i prazosinu (Angrini et al., 1998; Haller et al., 1997).

Nasim cilem bylo objasnit, zda podprahové davky B-adrenergnich a
az-adrenergnich antagonistli, které jednotlivé podané nezpusobuji naruseni
prostorové kognice zvifat, mohou pii vzdjemné koaplikaci ovlivnit kognici ¢i
motorickou aktivitu zvifat. Podobny synergismus byl jiz v minulosti popsan u jinych
systémtl kognitivnich mediatort. Nasi laboratofi se podafilo v minulosti prokéazat
zédvazné porusSeni lokomoce a ziejm¢ také prostorové orientace zvifat ve stejné

navrzené uloze v bludisti Koloto¢ po podani aj-adrenergniho antagonisty prazosinu a
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D, antagonisty sulpiridu (Stuchlik et al., 2008). Prazosin ptsobil v synergii také
s raclopridem, antagonistou D,-receptort (Wadenberg et al., 2000) ¢i antagonistou
NMDA receptort (Riekkinen et al., 1996). Také u podprahovych davek propranololu
byl popsdn synergismus s jinymi systémy mediatorti. Negativni vliv na uceni a
pamét vykazoval pii soucasném podavani s anticholinergiky (Decker et al., 1990;

Saber and Cain, 2003) ¢i serotonergnimi antagonisty (Kenton et al., 2008).

Interakce mezi o a B adrenoceptory byly diive pozorovany v open-field
ulohach (Mogilnicka, 1986; Mogilnicka and Nielsen, 1986) ¢i v tlloze pasivniho se
vyhybani (Ferry et al., 1999), kde autofi vysvétluji interakci regulaci noradrenergni
signalni transdukce. Také in vitro experimenty popisuji interakci o a B receptord,
ktera spociva v ovlivilovani vnitrobunéénych signéalnich kaskad (Copik et al., 2009).
V nasi studii se kognitivni deficit v bludisti Koloto¢ projevil po podani prazosinu
souCasn¢ s propranololem ve vsSech pouzitych koncentracich latek. Vzhledem
K nenarusené motorické aktivité zvifat (k niz doSlo pouze pii soucasné aplikaci
nejvyssich koncentraci obou latek), se da predpokladat Cisté kognitivni deficit, ktery
se projevil v parametrech testu méficich pracovni a dlouhodobou pamét (pocet

vstupu do zakdazaného sektoru, cas do prvmiho vstupu, nejdelsi cas mezi dvema

vstupy).

Jednim z moznych vysvétleni naruseni vykonu zvifat v naS§em experimentu je
pravdépodobné oslabeni noradrenergni stimulace v hipokampu nésledkem soubézné
blokady a- a B-adrenergnich receptorti. Jak bylo prokazano, hipokampus je struktura
nezbytna pro splnéni Ulohy v bludisti Kolotoc¢, tj. spravné rozliSeni a organizace
vnitinich a vnéjSich stimul vcetné jejich zapamatovani (Cimadevilla et al., 2000;
Kubik et al., 2006). Noradrenergni systétm ma vyznamny vliv na utvafeni paméti
V hipokampu a jeji dlouhodobé potenciaci (Harley, 2007; Izquierdo et al., 1998).
Velky vliv je pfic¢itan hlavné B receptorim (Bramham et al., 1997; Pussinen and
Sirvio, 1998; Straube a Frey, 2003), jejichz funkce je v tomto piipadé podporovana

soubéznou aktivaci a receptori (Ferry et al., 1999).

Dalsi strukturou, pravdépodobné zapojenou do uceni pii silné averzivni
motivaci testovanych zvitat v bludisti Koloto¢, je amygdala (Vafaei et al., 2007).
Podili se na fizeni bd¢losti a pozornosti, zpracovani a uchovani vzpominek, obzvlasté

emocn¢ zabarvenych, a regulaci konsolidace paméti v jinych regionech, napf.
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Vv hipokampu (Cahill et al., 2000; Ferry et al., 1999; Phelps, 2006). Také jeji funkce
je zavisla na neporuSené adrenergni inervaci, pii synergii antagonistl adrenergnich

receptorti tedy muze dochazet k poskozeni paméti v riznych kognitivnich ulohach.

V tvahu jsme také vzali moznost nekognitivniho piisobeni propranololu,
napiiklad diky anxiolytickému plisobeni pifi antagonismu 5-HT1 a 5-HT2
serotoninovych receptort (Alexander a Wood, 1987; Angrini et al., 1998). Piimo
Vv bludisti Koloto¢ vSak nebyl pozorovan zddny negativni efekt na kognici zvirat pfi
zablokovani serotoninovych receptori (Bubenikova-Valesova et al., 2008),
antagonismus 5-HT1 navic mutze v nékterych tulohach vykazovat i zlepSeni
kognitivnich funkci (Meltzer a Sumiyoshi, 2008).

Nelze vyloucit ani mozné periferni plsobeni propranololu a prazosinu.
Ztohoto divodu by bylo vhodné studii doplnit navazujicimi experimenty
s koaplikaci latek pomoci mikroinjekei do konkrétni mozkové struktury ¢i porovnani
se stejné plisobicimi antagonisty, ktefi by vSak neprochazeli hematoencefalickou
bariérou. Mozny sedativni ¢i hypotenzni vliv prazosinu a propranololu na chovani a
uspésnost zvirat v bludisti Koloto¢ byl vyloucen, nebot’ kK nému dochézelo pouze pii
aplikaci nejvysSich davek téchto antagonistil, zatimco kognitivni deficity se projevily

jiz pti koaplikaci nizsich davek.

K nalezené interakci mezi o4- a [P-adrenergnimi receptory po podani
podprahovych davek jejich antagonistli pravdépodobné pfispiva hipokampem ¢i
amygdalou ovlivnéna kognitivni porucha. Tento nalez by mohl mit vyznam i pro
Klinickou praxi, vzhledem k ¢ast¢ému wuzivani obou typt latek u mnoha
polymorbidnich pacientd. Kognitivni deficity jiz byly pozorovany u pacientli
uzivajicich a ¢i B blokatory pronikajici hematoencefalickou bariérou (Cukor et al.,
2009; Gliebus a Lippa, 2007). Zaroven by vSak poznany synergismus mezi oj- a
B-adrenergnimi receptory mohl mit vyuziti pii 1é€bé chorob, kdy je ¢asteCna amnézie
cilem lécby (napi. stresové poruchy), o vyuziti propranololu se také uvazuje
v souvislosti s 1écbou drogové zavislosti nebo obezity (Fricks-Gleason a Marshall,
2008; Milton et al., 2008), ¢i pfi vyvoji novych antipsychotik (Houslay, 2009;
Lopez-Gil et al., 2009).
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1b. Interakce mezi D,-podobnymi a f-adrenergnimi receptory

Také této studii predchazely pilotni experimenty s ur¢enim podprahové davky
pro kognitivni deficity zptisobené podanim D, antagonisty sulpiridu (Stuchlik et al.,
2007; Stuchlik et al., 2008) a B, antagonisty propranololu (Stuchlik et al., 2009).
O kognitivnich a motorickych deficitech propranololu podaného samostatné c¢i
v kombinaci s jinou farmakologicky aktivni latkou jiz bylo pojednano vyse. Co se
tyCe lokomotorické aktivity, antagonismus D, receptori vede k jejimu poklesu
(Beaulieu and Gainetdinov, 2011). K tomuto jevu muze dochazet i v davkach, jez
nemaji vliv na prostorovou navigaci potkanti, jak bylo patrné béhem naSich

experimentu.

Vime, ze stejné tak D, receptory se ucastni klasickych funkci hipokampu,
procest prostorového uceni a dlouhodobé potenciace béhem konsolidace paméti.
Moduluji také ¢innost frontalniho laloku a tedy exekutivni funkce véetné pracovni
paméti (Takahashi et al., 2008; Xu and Yao, 2010). Béhem testovani potkanii
v pamétovych ulohach zavislych na nucleus caudatus ¢i hipokampu se prokazalo, ze
pfi podani dopaminového agonisty (amfetaminu) ¢i selektivniho D, agonisty
(LY171555) po uloze dochézi ke zlepSeni paméti oproti kontrolni skuping, efekt se
naopak neprokazal u selektivniho D; agonisty (Packard and White, 1989). Vliv
sulpiridu, antagonisty D, receptort, byl také testovany v mnoha kognitivnich ulohach

s vyuzitim jeho periferni ¢i pfimo intracerebralni aplikace.

Pti infazi sulpiridu do basolateralni amygdaly po tréninku Glohy zaméfené na
vyhybani se mistu dochazelo k porucham retence paméti. Pfi pfidani infuze
antagonisty P, receptort (ale také pii pfidani cholinergniho antagonisty) byl navic
zablokovan efekt dopaminu, ktery pfi samostatném podani retenci paméti podporoval
(Lalumiere et al., 2004). Tyto vysledky naznacuji, ze se dopaminergni aktivace
v amygdale podili na konsolidaci paméti a Zze ziejmé také zahrnuje soucasnou

aktivaci -adrenergnich neurond.

Existujyi vSak studie, které nepfiznivy efekt antagonismu [ receptori na
dopaminergné navozené zlepSeni paméti neprokazaly. Mezi né nalezi experiment, pii
némz injekce propranololu neblokovaly efekt amfetaminu na pamét’ (Williams et al.,

1994) a systémova aplikace diethyldithiokarbamétu (zvySuje hladinu dopaminu a
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snizuje hladinu noradrenalinu v mozku) po tréninku zlepSovala retenci paméti
(Haycock et al., 1976). Je ticba mit na paméti, ze existuji jisté odliSnosti mezi
ulohami, ve kterych byly latky podavany pted ¢i po tréninku zvirat. Béhem nasich
experimentl se pii podani pfed testem prokazala u obou latek vzajemnd potenciace
efektu na osvojeni tlohy zalozené na prostorovém uceni. Vezmeme-li v uvahu také
predeslé studie, zda se, Ze tento efekt 1ze pricitat akutnimu ptisobeni danych latek, ne

vSak modulaci konsolidace paméti.

V behavioralnich experimentech s navozenym deficitem po blokadée
dopaminovych receptor haloperidolem, se ukdzala interakce mezi dopaminovymi a
a-adrenergnimi receptory, podani propranololu vSak ziistalo bez efektu (Anisman et
al., 1981). Také byla popsana specifickdi modulace subkortikdlni dopaminergni
transmise skrze ay receptory v PFC, opét s nesignifikantnim efektem [/,-blokatoru
alprenelolu (Nicniocaill and Gratton, 2007). Prefrontdlni kira zfejmé neni mistem

pusobeni interakce, kterd byla pozorovana v nasi studii.

V jednom z piedeslych experimentd v bludisti Koloto¢ jsme prokazali
synergii v interakci mezi antagonistou D; receptorti sulpiridlem a antagonistou
ap-receptorit prazosinem. Pfi soucasném podéani jejich nizkych davek dochézelo
K naruseni lokomotorické aktivity i prostorové navigace (Stuchlik et al., 2008).
Interakce mezi dopaminergnim a noradrenergnim systémem v hipokampu (Borgkvist
et al.,, 2011) naznacuje, Ze také in vivo pravdépodobné existuje synergismus mezi

témito dvéma systémy v hipokampu, a to na receptorové ¢i synaptické trovni.

V nasi studii se podafilo prokazat akutni efekt na lokomotorickou aktivitu a
prostorové uceni a pamét’ po podani propranololu a sulpiridu pied testy. Ob¢ latky
navic vykazovaly synergismus v ovlivnéni prostorové paméti pii koaplikaci.
Soucasna aplikace sulpiridu a propranololu vyustila k vyznamnému deficitu vykonu
potkandi, coz naznacuje potenciaci efekti obou latek na parametry ulohy.
Signifikantni zhorSeni potkanti se projevilo u parametru ,,nejdelsi cas mezi dvema
vstupy*, korelatu pracovni paméti. Ukazal se vSak také trend ke zhorSeni zvifat
v dal$ich parametrech, jako jsou ,,celkova nachozena vzdalenost™ a ,,pocet vstupi do
zakazaného sektoru*, coz dale podporuje vyznam uvedeného vysledku. Stejné jako

Vv predeslé studii, kde byl pozorovan synergismus mezi o a f-adrenergnimi receptory,
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se da predpokladat jako pficina deficitu hipokampem ¢i amygdalou ovlivnéna

kognitivni porucha na urovni synapse a receptortl.

Svij vliv na vykon zvifat v dané studii mohly mit také nespecifické efekty
sulpiridu ¢i propranololu na chovani zvitat, jejich kardiovaskuldrni systém ¢i
vnimani Sokl. Zdaji se vSak byt nepravdépodobné, nebot v nasi predeslé uloze
(Stuchlik et al., 2009) i potkani po podani nejvyssich davek propranololu vykazovali
normalni lokomotorickou aktivitu i1 pfes hypotenzni vliv této davky (Singh et al.,
1990). V piipadé sulpiridu i podani jeho vysokych davek neovlivnilo navigaci
potkanit v MWM, proceduralni funkce zvitat ztstaly intaktni (Stuchlik et al., 2007).
Motorické aktivita v bludisti Koloto€ je vSak fazena mezi ty tzv. ,,nucené* aktivity a
neukazuje spontanni pohybovou aktivitu zvitat (jako napiiklad testy ,,open-field*).
Z tohoto divodu by k objasnéni prispévku centralniho ¢i periferniho mechanismu na
vysledky naSich experimentii jist¢ pomohly doplnujici studie zaméfené na popsani

ptipadnych systémovych efektt propranololu a sulpiridu.

2. Kvalitativni a kvantitativni efekt nekompetitivniho antagonisty NMDA
receptori MK-801, farmakologického modelu schizofrenie, na behavioralni

flexibilitu a lokomaoci

Vysledky této studie prokazaly naruSeni behaviordlni flexibility zvifat po
podani MK-801 (dizocilpin), nekompetitivniho antagonisty NMDA receptord.
Behavioralni flexibilita, adaptace na ménici se podminky prostiedi, je Ccasto
posSkozena u schizofrenie. Latka MK-801 byla aplikovana béhem sezeni, pii némz se
ménily prostorové koordinanty ulohy (tzv. reversal), ovlivnila tedy pravé flexibilitu

testovanych potkand, nikoliv proces uceni a schopnost osvojit si ulohu.

Efekt MK-801 se projevil viloze MWM i v bludisti Koloto¢. Poruseni
vykonti potkanti béhem reverzni tlohy bylo patrné v davkach 0,12 — 0,15 mg/kg,
nekteré deficity (napt. cas straveny v cilovém kvadrantu MWM nebo pocet chyb
Vv bludisti Koloto€) se projevily jiz pti davce 0,08 mg/kg. Bylo také pozorovéano
naruseni vykonu béhem reverzniho sezeni v bludisti Koloto¢ pii davce 0,08 mg/kg,
ne vsak pii aplikaci davky 0,10 mg/kg. Tento jev se vSak s uzitim souCasnych dat

nepodaftilo uspokojiveé vysvétlit.
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Nase vysledky jsou vsouladu sjiz diive publikovanymi daty z aloh
s odlisnymi podminkami a modely. Podobné davky MK-801 (0,06 a 0,10 mg/kg)
podané juvenilnim potkantim poskozovaly reverzni uceni v T-bludisti. Tento efekt
byl navic nezédvisly na behavioralni senzitizaci a neposkozoval osvojeni ulohy
(Chadman et al., 2006). Pozd¢ji se téze vyzkumné skupiné podatilo pomoci cilené
intracerebralni aplikace MK-801 potvrdit zavislost reverzniho uceni na NMDA
receptorech v hipokampu (Watson and Stanton, 2009a), dorsomedialni striatu
(Watson and Stanton, 2009b) a medialni PFC (Watson and Stanton, 2009¢). Da se
predpokladat, ze deficity pozorované v nasem experimentu jsou taktéz zavislé na
vyse zminovanych strukturdch. Davka 0,15 mg/kg navic mohla indukovat celkovy
psychotomimeticky stav v€etné naruseni proceduralnich, senzorickych a motiva¢nich

funkci.

Podani MK-801 také poskozovalo reverzni uceni v radialnim bludisti
(Bischoff and Tiedtke, 1992; Caramanos and Shapiro, 1994), vysoké davky
0,5 mg/kg mély negativni vliv na reverzni uéeni v MWM (Beninger et al., 2009),
ziejme vSak bez ovlivnéni pracovni paméti (Caramanos and Shapiro, 1994; Steele

and Morris, 1999).

Béhem nasSich experimentt v bludisti Koloto¢ se ukazalo, ze ddvky MK-801
zpusobujici poskozeni vykonu potkanti v reverznich ulohach jsou niz$i nez davky
ovliviyjici samotné osvojeni tlohy. MK-801 ziejmé vykazuje preferencni senzitivitu
Kk reverzni konfiguraci (Stuchlik et al., 2004; Stuchlik and Vales, 2005; Vales et al.,
2006). K poskozeni osvojeni dané ulohy dochazelo v davkach 0,15 ¢i 0,20 mg/kg,
presto v nekterych specifickych ptipadech miize k naruseni akvizice dojit 1 v ddvkach

nizsich — 0,10 mg/kg (Vales et al., 2010).

V Morrisové vodnim bludisti je davka MK-801 0,10 mg/kg stejna pro
naruSeni osvojeni ulohy 1 poruchy v reverznich sezenich, coz bylo ovéfeno
pfedeSlymi experimenty (Stuchlik et al., 2004). V nékterych studiich vSak dochazi
k poskozeni akvizice MWM jesté v nizsich davkach (McLamb et al., 1990; van der
Staay, 2011). Vysvétlenim by mohl byt fakt, Ze v ulohéch byly pouzity rizné kmeny
potkanli a potkani Long-Evans znaseho chovu mohou mit niz§i sensitivitu
k u¢inkim MK-801 v porovnani napiiklad s potkany Wistar, jak jiz bylo popsano jiz
drive (Vales et al., 2006).
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V tvahu byly také vzaty mozné procedurdlni deficity po podani MK-801.
V Morrisové vodnim bludisti 1ze tézko odlisit tyto defekty od poruch navigace.
Z tohoto diavodu se k eliminaci proceduralnich deficitii vyuziva trénink ptred ulohou,
ktery neni zavisly na prostorové navigaci, a potkani si béhem néj osvoji pravidla
ulohy. Toto seznameni s tlohou bylo pouzito v naSich experimentech a mohlo
zmirnit sensitivitu potkanti béhem druhého dne testi. Davka MK-801 0,10 a
0,12 mg/kg v MWM ovliviiovala primarné naviga¢ni funkce, na rozdil od bludisté

Kolotoc¢, kde byla hyperlokomoce pozorovana jiz v nizkych davkach.

Zminovana zvysend pohybové aktivita potkant byla pozorovdna po podéani
pfipadd patrnd az pii aplikaci davek vysSich (Beninger et al., 2009; Nilsson et al.,
2004; Stuchlik et al., 2004; Vales et al., 2010). Da se tedy ptredpokladat, ze nami
pozorovana hyperaktivita potkant pii relativné nizkych davkach MK-801 je spiSe
dasledkem vyssiho poctu Soki, ktery narostl pfi zméné€ prostorovych koordinat
(reverzni uloha) spole¢né se zvySenymi kognitivnimi naroky ulohy. Tento zaveér
podporuje taktéz fakt, ze v MWM Dbylo zvySeni rychlosti plavani potkant
pozorovano pouze po podani nejvyssich davek 0,15 mg/kg, coz je v souladu s nasimi

predeslymi experimenty v aréné (Stuchlik and Vales, 2005).

3. Efekt redukované exprese Nog0-A proteinu u potkani, genetického modelu
schizofrenie, v testech prostorové navigace, prostorové paméti a behavioralni

flexibility

V této studii byla vyuzita speciadlni baterie testl v bludisti Koloto¢, kterad je
zamé&fena na schopnost kontinualni prostorové navigace béhem neustdle se ménicich
podminek. Tato baterie testdl je senzitivni i na drobné kognitivni deficity a vyZaduje
kromé nenarusené paméti také schopnost behavioralni flexibility zvifat (Abdel-Baki
et al., 2009; Burghardt et al., 2012; Wesierska et al., 2005). Pro jeji feSeni je nutné
rozli$it relevantni a irelevantni podnéty z arény i jejiho okoli, proto se tato schopnost
popisuje jako kognitivni koordinace (Kubik and Fenton, 2005; Wesierska et al.,
2005).

Transgenni potkani s down-regulaci exprese proteinu Nogo-A (zkracené

potkani L2) vykazovali v této tloze lehce zvySenou lokomotorickou aktivitu a
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vyrazn¢ zhorSeny vykon. V porovnani s kontrolnimi potkany byl jejich vykon
naruseny v parametrech pocet chyb (tj. pocet vstupi do zakazaného sektoru), v case
do prvni chyby a maximdlnim case vyhybadni se sektoru. Béhem prvnich dnt baterie
testll, kdy byl zakazany sektor stabilni a uréeny vzhledem povrchu arény, L2 potkani
vykazovali vys$si latenci do prvni chyby (ziejmé v dasledku odlisné strategie a
imobility), celkovy pocet chyb vsak byl srovnatelny. Pozdé¢ji vsak jiz L2 potkani
vykazovali zhorSené parametry feSeni ulohy. V posledni fazi baterie testii, kdy doslo
K pfemisténi zakazaného sektoru na opacnou stranu, doSlo ke zhorSeni vykonu
u obou skupin, u L2 potkanti v§ak v mnohem vétsi mite, coz ziejmé koreluje s jejich
deficitem kognitivni flexibility. Podobnych vysledki bylo dosazeno v predeslych
testech, ve vodnim T-bludisti doslo k narusené reverzni uéeni L2 potkana (Tews et

al., 2013).

Béhem naSeho experimentu byli stejni potkani testovani také v Morrisove
vodnim bludisti, verzi delayed-matching-to-place (O'Carroll et al., 2006; Steele &
Morris, 1999). Tato uloha umoZziiuje studium prostorové pracovni paméti a
zachovani nau¢eného engramu béhem jednotlivych nezavislych sezeni. L2 potkani se
v tomto piipad€ nelisili od kontrol, prokazali nenaruSenou schopnost prostorové
koordinace za uziti vzdalenych voditek a zachovani pamétové stopy i1 po nejdelSim

intervalu mezi dvéma plavbami (120min).

Ptipadné nepfiznivé procedurdlni vlivy na vykon potkanl se zdaji byt
nepravdépodobné, nebot vSechna zvifata byla peclivé obeznamena s procesem
baterie testll a zaroven byla siln€ posilena jejich motivace (sbirani pelet v bludisti
Kolotoc¢). Jejich motoricka koordinace byla nenarusend, jak prokdzal test chiize po
ty¢i (beam-walking). Stejné neporusSena pohybova koordinace byla pozorovana také
u Nogo-A knock-out mysi (Kim et al., 2003; Willi et al., 2009).

Lehce zvySena celkova nachozena vzdalenost L2 potkanti v bludisti Koloto¢
neni zcela v souladu s popsanym fenotypem pro Nogo-A deficienci. Napiiklad v
praci Willi et al. (2009) byla popsana zvySena spontanni lokomoce béhem tmavé faze
cirkadianniho rytmu Nogo-A-knock-out mysi, ovSem v nasledné studii v testech
otevieného pole byla lokomoce stejného typu mysi srovnatelna s kontrolami (Willi et
al., 2010). Celkovou nachozenou vzdalenost L2 potkant v naSich testech nelze zcela

porovnavat se spontanni lokomoci v klecich zvifat ¢i v testech otevieného pole. Jeji
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mirné zvySeni v bludisti Koloto¢ zfejmé odpovida spise odlisné prostorové strategii
feSeni Ulohy a je siln€ ovlivnéné stresujici povahou testu. Tento zavér podporuje i

fakt, ze v MWM byla celkova uplavena vzdalenost L2 potkant a kontrol srovnatelna.

Zatim nebylo provedeno mnoho studii, které by se zabyvaly behavioralnimi
nasledky narusené Nogo-A signalizace. Ve vétSing piipadii jsou navic vyuzivané
genetické mysi modely, které se od potkanich mirn¢ odliSuji, metodika je téz
rozdilna. Bylo pozorovano perseveracni chovani Nogo-A deficientnich mysi béhem
reverzniho uceni v T-bludisti, pfi nenaruseném osvojeni dané ulohy, coz svéd¢i pro
porusenou behavioralni flexibilitu (Willi et al., 2010). Stejné vysledky jsme
pozorovali v zavérecné fazi baterie testti v bludisti Koloto¢. Willi et al. (2009) vsak
také popsali neporusené uceni Nogo-A deficientnich mysi v MWM, dokonce i pfi
reverznim sezeni (zména pozice skrytého ostrivku). Toto zjisténi opét potvrzuje, Ze
projev narusené kognitivni flexibility je siln€¢ zavisly nejenom na typu animalniho

modelu, ale také na typu behavioralni ulohy.

Jak jiz bylo fefeno, naruSena kognitivni flexibilita patfi do fenotypu
schizofrenniho chovani. Stejné tak sem lze zatadit poSkozenou kognitivni koordinaci
(Phillips and Silverstein, 2003), ktera byla jiZ v minulosti pozorovana i na zvifecich
modelech schizofrenie (Lee et al., 2012; Powell and Miyakawa, 2006). Nedavna
studie provedena na stejném transgennim modelu potkani, jaky byl vyuzit béhem
nasich experimentli, popsala pozorované behaviordlni zmény L2 potkant jako
schizofrenii podobny endofenotyp (Tews et al., 2013). NaruSena kognitivni
koordinace (Wesierska et al., 2005), inflexibilita a poruchy uceni v reverznich
ulohach (Kimble and Kimble, 1965; Lee et al., 2008) jsou siln¢ zavislé na intaktnim
hipokampu. Pravé bludisté KolotoC je v porovnani s MWM senzitivnéj$i ulohou pro
animalni modely s hipokampalni 1ézi (Kubik and Fenton, 2005). MizZeme tedy
predpokladat, Ze defekty u L2 potkant, které byly pozorované v bludisti Kolotoc¢,
mohou byt zpusobené poruchou v oblasti hipokampu (struktufe s prominentni
expresi Nogo-A) a zaroven nalezi do Sir§iho komplexu endofenotypl schizofrenie
popsanych jiz diive u Nogo-A deficientnich zvitat (Tews et al., 2013; Willi et al.,
2010).

U Nogo-A deficientnich mysi byly pozorovany i dalsi deficity souvisejici
s fenotypem schizofrenie. Vykazovaly zhorSeni v testu prepulzni a latentni inhibice,
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abnormality neuropienasec¢li dopaminu a serotoninu (Willi et al., 2010). Snizena
exprese No0go-A na bunééné urovni podporuje hipokampélni a neokortikalni
dlouhodobou potenciaci (LTP) (Delekate et al., 2011), formaci pamétové stopy
behem prostorového uceni (Pastalkova et al., 2006; Serrano et al., 2008) a moduluje
synaptickou plasticitu v hippokampu (Zagrebelsky et al., 2010). Na behavioralni
urovni pak zvyseni Nogo signalizace zdkonité Usti v poSkozeni dlouhodobé paméti
béhem riznych kognitivnich uloh (Karlen et al., 2009). Piestoze by se dalo
predpokladat, ze u Nogo-deficientnich potkanti bude uceni a pamét’ spiSe zlepSena,
opak je pravdou. Je mozné, zZe optimalni signalizace v hipokampu je zavisla na
nezménéné hladiné Nogo-A, jejiz nepfirozené zvySeni ¢i snizeni narusuje

hipokampalni pamétové procesy véetné LTP.
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V. Zavér

V prvnich dvou experimentech jsme se zabyvali objasnénim mozné synergie
mezi jednotlivymi systémy mozkovych neuropienaSecu a jejim vztahem K prostorové
orientaci, uceni a paméti v bludisti Koloto¢, uloze vysoce selektivni na

neurofarmakologické kognitivni poSkozeni.

Bylo prokazano, ze systémova aplikace prazosinu, antagonisty o receptord, a
propranololu, blokatoru B receptord, synergisticky naruSuje prostorové uceni
v bludisti Koloto¢ a kognici potkanii. Vysoké davky navic snizovaly lokomotorickou
aktivitu. Tyto vysledky naznacuji, Ze ay a B receptory interaguji in vivo a to nikoliv
pouze pfi regulaci autonomni odpovédi a chovani, ale téZ pii modulaci prostorového
uceni zavislého na hipokampu. Vzhledem k rozsifenému uziti obou typt latek
v klinické praxi, mohou naSe zavéry také vést k diskuzi, zda by nebylo vhodné
zaméfit se na kontrolu kognitivnich funkei u pacientti uzivajicich soucasné blokatory

a a  receptort.

Také soucasnd aplikace propranololu se sulpiridem, antagonistou Dy
receptor, vede k naruSeni kognitivnich schopnosti experimentalnich zvirat.
Postihuje lokomoci a osvojeni ulohy v bludisti Koloto¢. Ko-aplikace obou téchto
latek 1 v subklinickych davkach potenciovala jejich efekt na prostorové uceni
potkan. Vysledky experimentu signalizuji interakci mezi dopaminovym a
noradrenergnim systémem neuropienasecill, véetné jejiho vlivu na pamét'ové funkce.
Vzhledem k charakteru kognitivni tlohy je tento efekt je pravdépodobné zavisly na
hipokampu a amygdale. Sulpirid 1 rizné typy betablokatorti jsou Siroce uzivanymi

latkami, vysledky tedy mohou mit opét dopad na klinickou praxi.

V nasledném experimentu jsme popsali kvalitativni a kvantitativni efekt
podani MK-801, nekompetitivniho antagonisty ¥ NMDA  receptori a
farmakologického animalniho modelu schizofrenie, ve dvou Siroce uZivanych
kognitivnich ulohdch — bludisti Koloto¢ a Morrisové vodnim bludisti (MWM).
V obou piipadech doslo k naruseni kognitivni flexibility testovanych potkanli béhem
reverzniho sezeni, nikoliv vSak k samotnému k naruseni osvojeni tlohy ¢i procesu

uceni a paméti. Navic nase data naznacuji vysSi senzitivitu reverzni konfigurace
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Vv bludisti Koloto¢ (prahova davka jiz 0,08 mg/kg) v porovnani s MWM (senzitivni
od davky 0,10 mg/kg). Ob¢ pouzité tlohy (reverzni konfigurace) se jevi jako vysoce
uzitené pro testovani novych molekul s antipsychotickym ¢i prokognitivnim

ucinkem.

V poslednim z prezentovanych experimenti byl sledovan efekt deficience
Nogo-A proteinu (animalni model schizofrenie) u L2 potkand na prostorové uceni,
pamét’, kognitivni koordinaci a flexibilitu v bludisti Koloto¢ a MWM. Ukazalo se, ze
Nogo-A knock-down vede v selektivni kognitivni poskozeni. Tento efekt nebyl
pozorovatelny v testu DMP (delayed matching to place), ktery je zaméfeny na
pfesnou prostorovou reprezentaci a pracovni pamét, ale byl prokézan ve specidlni
baterii testi v bludisti Koloto¢, jez vyzaduje neporusené on-line zpracovani
prostorovych referen¢nich rdmci a behaviordlni flexibilitu v feSeni neustale se
meénicich podminek ulohy. Nase vysledky podporuji hypotézu, ze defekt signalizace
zavislé na Nogo-A proteinu je uzce spjaty s endofenotypem neuropsychiatrickych

symptom1 a kognitivnich poruch.
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