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SEZNAM ZKRATEK

AC - adenylatcyklasa (téz adenylylcyklasa)

AcCoA - acetyl-koenzym A

AD — Alzheimerova choroba

ACh - acetylcholin

AChE - acetylcholinesteraza

APP — prekurzor B-amyloidu (amyloid precursor protein)

APPLP1 - protein podobny prekurzoru B-amyloidu 1 (APP like protein 1)
APPLP2 - protein podobny prekurzoru B-amyloidu 2 (APP like protein 2)
APPswe - gen pro APP se Svédskou mutaci

APPswe/PS1dES9 - transgenni mysi linie nesouci konstrukt kodujici lidské geny pro
APPswe a PS1dE9

AB - B-amyloid

AR, AB140, AB142, AB143- B-amyloid o délce 40, 42 nebo 43 aminokyselin

BSA - hovézi sérovy albumin

BuChE - butyrylcholinesteraza

cAMP - cyklicky AMP

CTLA1 - protein podobny cholinovému transportéru 1 (choline transporter-like 1)
DAG - diacylglycerol

DHA - dokosahexaenova kyselina

EC - extracelularni

Gs,i,0,9,11 - skupiny G proteint

EC x.x.x.x — oznaceni enzymu podle International Union of Biochemistry and
Molecular Biology

GPCR - receptor spiazeny s G-proteiny (G-protein coupled receptor)

GTP - guanosin-5'-trifosfat

GTP-yS - nehydrolyzovatelny analog GTP

Ch1-Ch8 - skupiny cholinergnich neuronli v mozku

ChAT - cholinacetyltransferaza

ChE - cholinesteraza

CHO - bunécna linie ziskana z fibroblastll vaje¢nik( kfecka (chinese hamster ovary)
ChT1 - cholinovy transportér 1

IC - intracelularni



IP5 — inositol-1,4,5-trisfosfat

K; - inhibiéni konstanta

K; - transportni konstanta

M — muskarinovy receptor

M, az Ms - podtyp 1 az 5 muskarinovych receptoru
mAChR — muskarinovy acetylcholinovy receptor

N — nikotonovy receptor

NE — noradrenalin

NG108-15 - cholinergni bunéc¢na linie

NMS - N-metylskopolamin, neselektivni muskarinovy antagonista
Pen-2 - soucast komplexu y-sekretazy

Pl - fosfatidylinositol

PIP- fosfatidylinozitol-4-fosfat

PIP2 - fosfatidylinositol-4, 5-bisfosfat

PLC - fosfolipaza C

PRBCM - propylbenzilylcholine mustard, neselektivni irreverzibilni antagonista
muskarinovych receptori

PS1 - presenilin 1

PS1dE9 - gen pro PS1 s dele¢ni mutaci devatého exonu
PS2 - presenilin 2

UK14304 - specificky agonista az-adrenergnich receptor(
VACHT - vackovy prfenasec acetylcholinu

B-adrR — beta adrenergni receptor
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1 SOUHRN

Alzheimerova choroba je degenerativhi onemocnéni mozku, jehoz vyskyt se
zvySuje s rostoucim vékem a které kazdorocné postihuje vyssi pocet osob. Jejim
typickym funkénim pfiznakem jsou poruchy rtznych mentalnich funkci véetné poruch
kratkodobé paméti a rozvoje zmén v chovani. Je vyvolana zvySenou produkci
B-amyloidu, ktera vede ktypickému hromadéni extracelularnich B-amyloidovych
plak(. Pfirozené starnuti, a ve zvyraznéné formé i Alzheimerovu nemoc, doprovazi
Ubytek cholinergnich neuronl a ochabovani cholinergnino nervového prenosu
v mozku. Ve své praci jsem se zabyvala zménami, ke kterym dochazi v mozkovém
cholinergnim systému v pribéhu starnuti u kontrolnich mysi a u transgeniho mysiho
modelu Alzheimerovy choroby (APPswe/PS1dE9). V této souvislosti jsem se také
zabyvala vlivem dokosahexaenové kyseliny (w-3 esencialni mastna kyselina) na
udrzovani cholinergniho fenotypu u neuronalni cholinergni bunééné linie NG108-15 a
v pokusech ex vivo na mozkové karfe laboratorniho potkana studiem ucinku
muskarinového agonisty xanomelinu, ktery byl vyvyjen jako Ié€k pro selektivni posileni
prenosu My muskarinovymi receptory u Alzheimerovy choroby, na muskarinové M; a
M4 receptory.

Z pokusl vyplyva, Ze transgenni mysi APPswe/PS1dE9, produkujici zvy$ené
mnozstvi B-amyloidu, vykazuji ubytek nékterych markerl cholinergnich synapsi a
funkéni poskozeni muskarinové transmise jiz u mladych zvifat, u kterych se teprve
zacCina objevovat charakteristicka patologie. Poruchy se tykaji presynaptické i
postsynaptické casti synapse. Na modelu cholinergni dediferenciace u neuronalni
cholinergni bunééné linie NG108-15, vyvolané odstranénim seéra z kultivaéniho
media, jsme potvrdili obecny neuroprotektivni u€inek dokosahexaenové kyseliny.
Navic jsme vSak zjistili, zZe vkoncentraci pfiblizné desetkrat vyssi (ale stale
fyziologické), nez je koncentrace zajiStujici obecnou neuroprotekci, podporuje
dokosahexaenova kyselina i expresi cholinergniho fenotypu zjiStovanou podle
aktivity cholinacetyltransferazy. PFi studiu ucinku pfedpokladaného M, selektivniho
muskarinového agonisty xanomelinu, ktery se ale podle vysledkd ziskanych na
heterologné exprimovanych muskarinovych receptorech vaze na v8echny podtypy
muskarinovych receptord reversibilné do ortosterického vazebného mista a
neodmyvatelné do jiného vazebného mista, jsme zjistili, ze v pfirozeném preparatu

aktivuje i M, a M, receptory. Aktivace téchto podtypl vyzaduje vytvoreni
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neodmyvatelné vazby, kterou nelze zablokovat klasickym antagonistou, projevuje se
opozdéné i v nepritonosti volného ligandu a ma ortosterickou i alosterickou slozku
uéinku.

Vysledky této prace tedy podporuji cholinergni hypotézu onemocnéni, ktera
predpoklada vyznamnou ulohu oslabovani cholinergni transmise jiz v ¢asné fazi
onemocnéni. Dale ukazuji, Zze dostate¢ny pfijem dokosahexaenové kyseliny
v potravé mizZe mit kromé obecného neuroprotektivnino uc¢inku pfiznivy vliv i na
udrzovani  fenotypu cholinergnich neuron. Vysledky funkénich  pokusl
s xanomelinem poskytuji mozné vysvétleni jeho vedlejSich ucink(, které vedly
k preruseni klinického testovani této latky. Navic pfispivaji k pochopeni mechanizmu
u€inku xanomelinu, ktery by mohl slouZit jako prototyp nového druhu muskarinovych

agonistll s dlouhodobym plisobenim.



2 SUMMARY IN ENGLISH

Alzheimer's disease is a degenerative brain disorder. The incidence of the disease
increases with age and every year the total number of affected persons is higher. The
malfunction of various mental functions is a typical feature of Alzheimer's disease,
including loss of short-term memory and development of personality changes. It is
now generally accepted that the main cause of the disease is increased production of
B-amyloid fragments that mediate toxic effects and lead to B-amyloid plaques
formation. Alzheimer's disease and also normal aging are accompanied by a loss of
cholinergic neurons and weakened cholinergic neurotransmission. In my thesis
| dealt with changes in the brain cholinergic system during aging in control mice and
in a mouse model of Alzheimer's disease (APPswe/PS1dE9). In this context | also
investigated in vitro influence of docosahexaenoic acid (w-3 essential fatty acid)
changes in membrane cholesterol content on the expression of cholinergic
phenotype in the NG108-15 cholinergic cell line. | also performed ex vivo
experiments on rat brain cortex to investigate the characteristics of action of
muscarinic agonist xanomeline that was developed as a selective muscarinic agonist
to strengthen signalization through the muscarinic M receptor in Alzheimer's
disease.

The experiments on APPswe/PS1dES transgenic mice producing increased
amount of B-amyloid demonstrated a decrease of some cholinergic markers and
functional damage of muscarinic neurotransmission. These changes were already
apparent in young animals at the time when increased production of 3-amyloid and
plaque pathology just started to appear. The disorders of cholinergic markers were
present in both presynaptic and postsynaptic compartments of cortical cholinergic
synapses. The general neuroprotective effects of docosahexaenoic acid was
confirmed in a model of cholinergic dedifferenciation in the NG108-15 cell line
cultured in medium without serum. Moreover, we found out that docosahexaenoic
acid (in a concentration about 10 times higher than the concentration needed for
general neuroprotection) supports expression of cholinergic phenotype manifested as
an increase Iin cholineacetyltransferase activity. Xanomeline was expected to be M;
selective muscarinic agonist but later was discovered to bind reversibly to the
orthosteric binding site on all muscarinic receptors subtypes and also in a wash-

resistant manner to another (allsoteric) binding site. We demonstrated that



xanomeline also activates M, and M4 muscarinic receptors in rat brain cortex ex vivo
(i.e. maintained in physiological environment) and that the wash-resistant binding is
necessary for this effect. The wash-resistant binding of xanomeline is resistent to
blockade by the classical muscarinic antagonist atropine. The stimulatory effects of
xanomeline appeared with a time delay, persisted in the absence of free ligand, and
exhibited both orthosteric and allosteric components of action.

The cholinergic hypothesis of dementia is based on the major role of cholinergic
neurotransmission in the pathogenesis of Alzheimer's disease. Our results provide
strong support to this hypothesis by demonstrating an early in vivo impairment of
cholinergic synapses. Furthermore, our results indicate that sufficient intake of
docosahexaenoic acid may improve maintenance of the phenotype of cholinergic
neurons, in addition to the known general neuroprotective effects. The results of
functional experiments on xanomeline delayed effects offer a plausible explanation
for side effect observed during clinical studies. They help to understand the
mechanisms of the delayed stimulatory effect of xanomeline that may serve as the

prototype of a novel class of muscarinic agonists with long-term action.



3 LITERARNI PREHLED

3.1 ALZHEIMEROVA CHOROBA

Alzheimerova choroba (AD) je degenerativhi mozkové onemocnéni doprovazené
progresivnim po$kozenim paméti, mysSleni, chapani a rfeCovych schopnosti, které
postarat. Mezi 65. a 85. rokem zZivota se vyskyt tohoto onemocnéni zdvojnasobuje
kazdych 5 let. Odhaduje se, Ze v soucasné dobé je Alzheimerovou chorobou na
svété postizeno 18 miliond osob a do roku 2025 se jejich pocet zdvojnasobi (Svétova
zdravotnicka organizace, 2007). Charakteristickym znakem onemocnéni je v mozku
post mortem zjistitelna pfitomnost extracelularnich neuritickych plakl (obrazek 1 A a
B) tvorenych B-amyloidem, poSkozenymi neurity a dalSimi proteiny. Neuritické plaky
Casto obsahuji mikroglie a jsou obklopeny reaktivnimi astrocyty. Kromé hromadéni
B-amyloidovych plakl je dalSim patologickym nalezem u Alzheimerovy choroby
hromadéni intracelularnich neurofibrilarnich klubi¢ek (obrazek 1 A a C), ktera jsou
tvofena hyperfosforylovanym proteinem tau. Tento protein se vyskytuje predevsim
v neuronech, podili se na stabilizaci mikrotubulG a za patologickych podminek mize
dojit k jeho hyperfosforylaci, agregaci a vytvareni neurofibrilarnich klubi¢ek (Selkoe,
2001a; Lopez a DeKosky, 2003). Vytvaieni neurofibrilarnich klubi¢ek ale neni
specifické pouze pro Alzheimerovu chorobu. Dochazi k nému 1 u fady jinych
neurologickych onemocnéni (Avila, 2004). Mezi patologické nalezy, které se objevu;ji
i u jinych onemocnéni, patfi i dals§i nespecifické pfiznaky, jako je ztrata neuronl a
synapsi, Lewyho téliska nebo granulovaskularni degenerace (Selkoe, 2001a; Lopez
a DeKosky, 2003). RozliSujeme dvé formy onemocnéni Alzheimerovou chorobou:
formu sporadickou a formu familidrni. Sporadicka forma zpravidla zacina po 65. roce
véku, pfedstavuje vétsinu pfipadl Azheimerovy choroby a jeji pfi¢iny jsou nezname.
Familiarni forma se zpravidla projevuje jiz pfed 65. rokem véku a je podminéna
geneticky. Na celkové populaci postizenych Alzheimerovou chorobou se podili jen

nékolika procenty.
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Obrazek 1: Neuritické plaky a neurofibrilarni klubicka. Klra z temporalniho
laloku mozku Clovéka postizeného Alzheimerovou chorobou. Na vyfezu B jsou
znazornény neuritické plaky, na vyfezu C neurofibrilarni klubi¢ka. Méfitko odpovida
12,5 pm. (Gotz a spol., 2006)

Hlavni slozkou neuritickych plak(i je B-amyloid (AB), coZ je peptid skladajici se
z 39-43 aminokyselin, ktery vznika &tépenim vétS§iho membranového proteinu
nazyvaného prekurzor 3-amyloidu (APP; amyloid precursor protein). Gen pro tento
protein je velky pfiblizné 400 kb a obsahuje minimalné 18 exon(l. Alternativhim
sestfihem mulze vznikat protein o velikosti 365 az 770 aminokyselin. Spolu s proteiny
podobnymi APP 1 a 2 (APPLP1 a APPLP2; APP like protein 1 a 2 ) patfi do stejné
proteinove rodiny (conserved type | membrane proteins). V neuronech je exprimovan
predevsim ve variant&é P695 v oblasti postsynaptického ztlu§téni, na axonech a na
dendritech. Jde o membranovy glykoprotein s velkou extracelularni N-terminalni a
malou intracelularni C-terminalni doménou. Jeho fyziologicka funkce dosud neni
vyjasnéna (Zhang a Koo, 2006). Knockout APP neni letalni a APP neni
nepostradatelny pro spravny vyvoj mysi (Zheng a spol., 1996). V dUsledku odstranéni
APP byla u star§ich mys$i zaznamenany pouze niz$i hmotnost, poruchy kognitivnich

funkci a dlouhodobé potenciace, reaktivni glioza a snizeni mnozstvi synaptickych
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marker( v kiife a hipokampu (Dawson a spol., 1999). Pfi odstranéni APP jeho funkci
ziejmeé dokaze nahradit APPLP2 (Heber a spol., 2000). APP/APPLP2 knockout je
v 80 % u narozenych mysi letalni v prvnim tydnu Zivota (von Koch a spol., 1997).
Mysi s odstranénymi geny pro APP/APPLP2 maji ve srovnani stémi s pouze
odstranénym APPLP2 cholinovy transportér 1 umistény z velké ¢asti na axonech
misto na presynaptickém zakon&eni nervosvalové ploténky a hemicholinium-3
senzitivni transport cholinu do mozkovych cholinergnich synaptozom( je u téchto
zvifat snizen (Wang a spol., 2007).

APP je stépen proteazami, které jsou oznacovany na zakladé mista Stépeni jako
a-, B- nebo y-sekretazy (obrazek 2) (Selkoe, 2001a; Dolezal a Kasparova, 2003;
Racchi a Govoni, 2003; Zhang a Koo, 2006). a-sekretaza §tépi APP uvnitf sekvence
B-amyloidu. Je znamo nékolik rGznych proteaz (ADAM9/MDC-9, ADAM10 a
ADAM17/TACE), které maji a-sekretazovou aktivitu (Allinson a spol., 2003). Pokud je
tedy APP rozstépen a-sekretdazou, AR nemuze vzniknout. AR vznikd postupnym
Stépenim B- a y-sekretazou. B-sekretaza stépi APP na N-konci a vytvari v membrané
vazany C-terminalni fragment APP. Tento fragment S&tépi pfiblizné uprostred
membranového Useku y-sekretaza a uvolfiuje AR fragmenty dlouhé 39 az 43
aminokyselin, pfedev§im ABs40 a AB142 (Nunan a Small, 2000; Racchi a Govoni,
2003). Nedavno bylo zjiSténo, Zze ve fyziologickych koncentracich ABi42 sniZzuje
aktivitu sfingomyelinazy a mnozZstvi sfingomyelinu, ABi40 ShiZuje aktivitu
hydroxymethylglutaryl-CoA syntazy a mnozstvi syntetizovaného cholesterolu a
familiarni mutace presenilindi, které zvySuji pomér AB1.42/AB140, SNiZuji mnoZstvi
sfingomyelinu a zvySuji mnozstvi cholesterolu (Grimm a spol., 2005).

AB142 ma mnohem vétsi sklony k agregaci a predpoklada se, ze se podili na
iniciaci tvorby oligomerq, fibril a plak( (Younkin, 1995). y-sekretaza je enzymovy
komplex stépici v hydrofobni membranové ¢asti kromé APP i dalsi proteiny, jako je
napfiklad Notch (Selkoe, 2001B; De Strooper, 2003; Parks a Curtis, 2007). Dulezitou
¢asti y-sekretazového komplexu jsou presenilin 1 (PS1) a presenilin 2 (PS2).
Katalytické jadro komplexu y-sekretazy tvofi nejméné 4 proteiny: PS1 nebo PS2,
nicastrin a dal&imi slozkami jsou u Caenorhabditis elegans Aph-1 a Pen-2 (Wolfe,
2006). Neni pfekvapive, ze u PS1-/- mysi je vyrazné narusen embryonalni vyvoj a jeji
fenotyp je vyrazné podobny Notch1 -/- mySi ( Wong a spol., 1997; Shen a spol.,
1997). Zda se, Ze inhibice y-sekretazy, ktera byla povazovana za slibnou cestu

k lé¢bé Alzheimerovy choroby, nebude pouzitelna z davod( vaznych vedlejSich
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Gcink zplGsobenych zfejmé inhibici $t€peni proteinu Notch (Searfoss a spol., 2003;
Wong a spol., 2004).

NH,

APP

/ B-sekretaza

gc B-amyloid Bl e o-sekretdza

ic - N\ ,
\ v-sekretaza

COOH

Obrazek 2: Schéma stépeni B-amyloidu sekretazami. - amyloidova doména
je zvyraznéna Cervené. Pro zjednodus$eni je pro kazdy enzym vyznaéeno jen jedno
misto Stépeni.

Hlavni argumanty podporujici teorii 0 vyznamné uloze AB pfi vzniku Alzheimerovy
choroby vychazeji z genetickych studii. VSechny mutace, o kterych je znamo, ze
zpUsobuji vznik Alzheimerovy choroby, postihuji viastni APP nebo PS1 a PS2, které
se jako soudast enzymového komplexu y-sekretazy podileji na katabolismu APP.
V souc¢asné dobé je znamo 15 mutaci v APP, 120 v PS1 a 12 v PS2, které zpUsobuji
vznik Alzheimerovy choroby (Alzheimer Disease & Frontotemporal Dementia
Mutation Database). Mutace APP pobliz mista §tépeni B-sekretazou zvysuji stépeni
APP timto enzymem. Mutace pobliz y-sekretazového mista APP a mutace
presenilint zpravidla zvy$uji pomér vznikajiciho AB4.42 oproti AB1-40. Mutace ve vilastni
sekvenci AB méni jeho vlastnosti a usnadriuji jeho agregaci (Wolfe, 2007). Skodlivé
mutace vgenu pro APP jsou zpravidla umistény pobliz nékteré oblasti Stépeni
sekretazami a vedou ke zvySeni produkce AR nebo ke zvySeni produkce AB1.42 oproti
AB140 (Selkoe, 2001a a 2001b). Mezi nejznaméjsi patii takzvana Svédska mutace
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(APPswe) zplsobujici zaménu lysinu a methioninu na pozicich 670 a 671 za kyselinu
aspartovou a leucin.

Vyznamny argument podporujici vyznam B-amyloidu jako faktoru, ktery zplUsobuje
Alzheimerovu chorobu, je odvozen znalezi u Downova syndromu. U tohoto
onemocnéni (trisomie 21. chromosomu) je pfirozeny (nemutovany) gen pro APP
pritomen ve tfech kopiich, coZ se projevi nadprodukci pfirozeného APP a jeho
metabolitll (gene dosage effect). VSichni postizeni Downovym syndromem onemocni
Alzheimerovou chorobou (Mann a Esiri, 1989). K prvnim znamkam ukladani
B-amyloidu u nich dochazi jiz ve 12ti letech véku a degenerace v okoli plak(i zadina
jiz kolem tricateho roku véku (Lemere a spol.,1996).

Navzdory tomu, Ze je zfejmé, Ze i na vzniku sporadické formy onemocnéni se
podili genetické predispozice (Gatz a spol., 1997), byl dosud potvrzen pouze
polymorfizmus v genu pro apolipoprotein E jako faktor, ktery prokazatelné ovliviuje
pravdépodobnost vzniku sporadické formy onemocnéni (Strittmatter a spol., 1993 a
1995; Poirier, 2000). Uvazuje se ale o velkém mnozstvi dalSich genl, které by mohly
spolu s environmentainimi faktory zvySovat nebo snizovat pravdépodobnost vzniku
Alzheimerovy choroby (Palotas a spol.,, 2007). Presto je prvotni pfi¢ina vzniku
zvy$ené produkce B-amyloidu u sporadickych pfipadl zatim neznama. V soucasné
dobé vsak existuje shoda, Ze jednim z prvotnich impulza pro vznik a rozvoj funkénich
a patologickych zmén je zvySena hladina rozpustnych oligomert B-amyloidu (AB),
kterd mlze byt zplsobena bud zvy$enou produkci nebo snizenym odbouravanim
AB, zvlasté ABy.4p, ktery ma vétsi sklony k oligomerizaci nez AB1.40. Plsobeni téchto
oligomer(l na synapse ma vyznamnou ulohu v rozvoji onemocnéni (Selkoe, 2002;
Walsh a Selkoe, 2007; Haass a Selkoe, 2007).

U sporadickych forem existuje mnozstvi hypotéz, které se snazi vysvétlit
mechanizmus vzniku onemocnéni (Ann N Y Acad Sci, 2000). Jednou z téchto
hypotéz je cholinergni hypotéza (Bartus a spol., 1982; Barthus, 2000), kterou se
zabyvam ve své praci. Tato hypotéza predpokiada vysokou citlivost centralnich
cholinergnich neuront ke 8kodlivému pUsobeni AR, ktera se projevuje jejich
poskozenim u pacientd s Alzheimerovou nemoci, a zucasti muskarinové
neurotransmise pfi neamyloidogennim metabolizmu APP (Nitsch a spol.,, 1992 a
2000; Rossner a spol., 1998).
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3.2 CHOLINERGNI NEURONY

3.2.1 Cholinergni synapse

Mediatorem cholinergnich synapsi je acetylcholin, ktery byl prvnim objevenym
neuropienasecem. Jiz v roce 1921 O. Loewi popsal, Ze stimulace bloudivého nervu
(n. vagus) vede v Zabim srdci k uvolfiovani latky, ktera prenasi fyziologicky Ucinek
stimulace, tedy zpomaleni frekvence srde¢nich kontrakci, a prokazal tim chemicky
prenos nervového signalu. Tato latka byla pozdéji identifikovana jako acetylcholin
(obrazek 3) (Loewi a Navratil, 1926; Dale a spol., 1933; Donnerer a Lembeck, 2006).
Profesor O. Loewi a sir Henry Dale byli za prikaz chemického prfenosu nervového
signalu a identifikaci neuromediatoru acetycholinu ocenéni v roce 1936 Nobelovou

cenou za lékarstvi.

0)
I o CH3
CH3—C—0—CH2— CH2—N*—CH3
ACETYLCHOLIN CH3
Y CH3
OH—CH2— CHz—N{— CH3
CHOLIN CH3
Obrazek 3: Molekula acetylcholinu a jeho prekurzoru cholinu.

Cholinergni synapse jsou rozmistény jak v centralnim, tak i perifernim nervovém
systému. Vlastni cholinergni synapse (obrazek 4) je tvofena z presynaptické a
postsynaptické c¢asti. Presynaptické zakon€eni cholinergniho neuronu zajistuje
syntézu, skladovani a uvolfiovani acetylcholinu. Na postsynaptické ¢&asti
jsou acetylcholinové receptory, které zprostfedkuji odpovéd na uvolnény
acetylcholin. Kromé& proteinli potfebnych k uvolfiovani jakehokoliv mediatoru
obsahuje cholinergni zakonceni specifické proteiny zajistujici syntézu a skladovani
acetylcholinu (Tuéek, 1978). K témto specificky cholinergnim proteinim patfi enzym
zajistujici syntézu acetylcholinu cholinacetyltransferaza (ChAT) (Korey a spol.,

1951), vackovy transportér acetylcholinu (VAChT; Erickson a spol., 1994; Roghani a
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spol., 1994) zajistujici prenos syntetizovaného ACh do synaptickych vackl a
vysokoafinni cholinovy prenasel transportujici z extracelularni tekutiny prekurzor
acetylcholinu, tedy cholin (obrazek 3), do cholinergnich zakoncéeni (ChT1; Okuda a
spol., 2000; Okuda a Haga, 2000; Apparsundaram a spol., 2000). Na zakladé in situ
hybridizace a imunohistochemie je znamo, Ze ChT1 se vyskytuje prevazné na
synapsich cholinergnich neuronl a jeho lokalizace je podobna lokalizaci ChAT a
vackoveho prenasete pro ACh (Weihe a spol., 1998). Pro spravné fungovani
synapse je také nutna pfitomnost enzymtl, které ukonéi plisobeni mediatoru. Ug&inek
ACh je, na rozdil od vétSiny ostatnich nizkomolekularnich pfenasecl, kde je
plsobeni neuromediaroru ukonéeno jeho vychytavanim, ukonéen hydrolyzou, a to na
cholin a kyselinu octovou, prostfednictvim enzym( acetylcholinesterazy nebo

butyrylcholinesterazy (Massoulié, 2002).

3.2.2 Syntéza a skladovani acetylcholinu

Acetylcholin je syntetizovan v cytoplazmé& cholinergnich zakonéeni enzymem
cholinacetyltransferazou (ChAT, acetyl CoA:choline O-acetyltransferase
EC 2.3.1.6) z cholinu a acetylkoenzymu A (acetyl-CoA):

cholin + acetyl-CoA <------ > acetylcholin + CoASH

ChAT je nejcastéji pouzivany marker pfitomnosti cholinergnich neurond a
cholinergnich zakonceni jak v centralnim, tak v perifernim nervovém systemu. Gen
pro ChAT se nachazi spole¢né s genem pro VAChT na takzvaném cholinergnim loku
(Bejanin a spol., 1994; Erickson a spol., 1994). Zvlastnost usporadani tohoto loku
spociva vtom, ze gen pro ChAT obsahuje ve svém prvnim intronu cely gen pro
VAChT a oba geny tedy obsahuji i spoleéna regulacni mista. Toto uspofadani
umoziuje spole¢nou regulaci exprese obou genl. Mozna je ale i nezavisla exprese
obou proteinli, ktera se objevuje napfiklad béhem embryonalniho a casného
postnatalniho vyvoje (Holler a spol., 1996). Na zakiadé alternativniho sestfihu muze
vznikat protein o velikosti 69 nebo 82 kDa. Enzym se mize nachazet v rozpustné
formé (80-90%) nebo ve formé vazané na membranu (10-20 %) (Oda, 1999). Ma
fosforylaéni mista pro nékolik rlznych proteinovych kinaz. Fosforylace nebo
defosforylace téchto mist ovliviuje jeho aktivitu a pfitomnost v membranové nebo

cytoplazmatické frakci (Prado a spol., 2002).
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Do nitra synaptickeho vacku, ktery slouzi jako zasobarna uvolnitelIného mediatoru,
je acetylcholin transportovan vackovym prenasecem pro acetylcholin (VAChHT)
(Alfonso a spol, 1993, Bejanin a spol., 1994; Erickson a spol., 1994; Roghani a spol.,
1994). VAChT je glykoprotein sloZzeny z 500 - 600 aminokyselin a je pfibuzny
vackovému monoaminovému pfenaseci obsahujicimu 12 transmembranovych Usek(.
C a N konec ma obraceny smérem do cytoplazmy. K transportu dochazi vymeénou
jedné molekuly acetylcholinu za 2 protony (Nguyen a spol., 1998).

Cholin nezbytny pro syntézu ACh je do cholinergnich zakonéeni dopravovan
vysokoafinnim cholinovym prenaseCem 1 (choline transporter 1; ChT1)
(Apparsundaram a spol., 2000, Okuda a spol., 2000; Okuda a Haga, 2000), ktery
vykazuje viastnosti typické pro jiz dfive farmakologicky definovany vysokoafinni
transport cholinu (high affinity choline transport system; Yamamura a Snyder, 1972 a
1973; Haga a Noda, 1973), tj. K; v nizké mikromolarni oblasti (okolo 2uM), ucinnou
inhibici hemicholiniem-3 (K; vrozmezi 2-10 nM) a zavislost na Na* a CI
v extracelularnim prostiedi. Kromé& ChT1 je dalSim pfedpokladanym cholinovym
transporterem vykazujicim nékteré vlastnosti vysokoafinniho transportu cholinu
protein CTL1 (choline transporter like protein 1), ktery ale neni typicky pro cholinergni
nervova zakon&eni (O'Regan, 2000). Vzhledem k tomu, Ze koncentrace cholinu je
v mozkomisnim moku oproti plazmé& nizka (Loffelholz, 1998), mohl by se tento
prenasec uplatfiovat zejména v mozku pri vychytavani cholinu pro syntézu fosfolipidl

nervovymi i gliovymi bufikami.

3.2.3 Regulace syntézy ACh

Aktivita ChAT meéfenda v homogenatech je mnohem vétsi, nez je maximalné
stimulovany obrat acetylcholinu zjistény v mozkovych fizcich in vitro a mozkove tkani
in vivo, a neni tedy pravdépodobné omezujicim (rate limiting) krokem pfi syntéze
ACh. Limitujicim faktorem je dostupnost obou substrati. Syntéza ACh je regulovana
dodavkou cholinu, ktery se v cholinergnich neuronech nesyntetizuje, prostfednictvim
ChT1 (Ribeiro a spol., 2006). Acetyl-CoA je vytvaren v mitochondriich. Prevazujicim
zdrojem acetyl-CoA, ktery cholinergni zakonceni vyuZivaji pro syntézu ACh, je
glukdza a jeji metabolit laktat. Z mitochodrii do cytoplazmy se acetylova skupina
dostava pfevazné jako acetylkarnitin (Dolezal a Tucek, 1981; Tucek a spol., 1981).
Nedostupnost acetyl-CoA mlze rovnéz omezovat syntézu ACh (Dolezal a Tucek,
1982; Trommer a spol., 1982; Maire a Wurtman, 1985).
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Obrazek 4: Syntéza, skladovani a odbouravani acetylcholinu. Acetylcholin je
syntetizovan cholinacetyltransferazou (ChAT). Cholin pro tuto syntézu je ziskavan
predevsim transportem z extracelularniho prostfedi cholinovym transportérem ChT1.
Do synaptickych vacki se acetylcholin dostava vackovym pienase¢em pro
acetylcholin (VAChT) vyménou za dva protony. Po uvolnéni acetylcholinu (ACh) ze
synaptickych vackl je ACh navazan na nikotinové (N) nebo muskarinové (M)
receptory, kde vyvolava pfisluSnou odpovéd nebo je rozstépen acetylcholinesterazou
(AChE).

3.2.4 Acetylcholinové receptory

Acetylcholinové receptory se rozliSuji na dva zakladni podtypy, které byly
historicky pojmenovany podle farmakologického ucinku pfirodnich agonistt
muskarinu a nikotinu. Muskarin (alkaloid z muchom(rky ¢ervené Amanita muscaria)
aktivuje muskarinové receptory a jeho Gcinek je specificky blokovan atropinem

(alkaloid obsazeny napfiklad v ruliku zlomocném Afropa belladonna). Naproti tomu
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nikotin (alkaloid obsazeny v tabaku Nicotiana tabacum) aktivuje nikotinové receptory
a ucinek v podobé stimulace nikotinovych receptorll je na nervosvalové ploténce
specificky blokovan d-tubokurarinem (obsazeno vrostliné Chondrodendron
tomentosum).

Nikotinové receptory jsou iontové kanaly, které jsou tvofeny péti podjednotkami
kruhovité usporadanymi kolem centralniho poéru, ktery je pfi otevieni kanalu
propustny pro kationty. Jde tedy o ionotropni receptory s rychlou aktivaci a rychlym
ucinkem. Podjednotky, které tvofi nikotinovy receptor, se oznaéuji jako a4, B14, Y, ©
a €. Nikotinové receptory lze podle lokalizace rozdélit na nervové a svalové. Prvnim
popsanym nikotinovym receptorem, citlivym na kurare, je svalovy nikotinovy receptor.
Tento receptor se sklada ze dvou podjednotek ai, dale podjednotek B30 a € u
dospélych savcll. V embryonalnim obdobi je podjednotka € nahrazena vy
podjednotkou. Neuronalni nikotinové receptory jsou pentamery tvofené kombinacemi
podjednotek az.10 @ B4, které mohou byt homo- i heteromerni. VétSina nikotinovych
receptorl tvori neselektivni iontovy kanal, ale nékteré, jako a; homopentamer, maji
vysokou selektivitu pro vapnik. V centrédlnim nervovém systému se nikotinové
receptory hojné vyskytuji jako presynaptické nebo preterminalni receptory, které maji
modulacni Ucinek spocivajici ve zvySeném uvolnovani mediatord (Wonnacott, 1997;
Dani a Bertrand, 2007).

Muskarinové receptory jsou receptory sprazené s heterotrimernimi G-proteiny
(G-protein-coupled receptors, GPCR) (obrazek 5). K aktivaci G-proteinu a
k probéhnuti jim vyvolané odpovédi je potieba vice ¢asu nez k prostému otevreni
iontového kanalu u nikotinovych receptor(i. To se projevuje v rychlosti odpovédi
zprostredkované témito receptory, ktera je oproti nikotinovym receptoriim pomalejsi o
100-250 ms.  Charakteristickym  znakem  téchto receptori je sedm
transmembranovych segmentl, které jsou spojeny tfemi extracelularnimi a tremi
intracelularnimi klickami. N-konec je umistén extracelularné a C-konec intracelularné.
Rozlisujeme 5 typl muskarinovych receptor(, které oznacujeme M; az Ms (Bonner a
spol., 1987, Peralta a spol., 1987; Bonner a spol., 1988; Bonner, 1989). Podle typu
funkéni odpovédi délime muskarinové receptory do dvou skupin (obrazek 5).
Receptory skupiny Myss aktivuji  prostfednictvim  G-proteind ze skupiny Ggi
fosfolipazu C, ktera z fosfatydylinositolbisfosfatu vytvari druhé posly diacylglycerol
(DAG) a inositoltrisfosfat (IP3). IP3 dale zprostfedkovava uvolnéni Ca?*

z intracelularnich zasobaren a DAG aktivuje protein kinazu C. Receptory skupiny My4
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prostiednictvim G-proteinG skupiny Gy, inhibuji svou a podjednotkou produkci cAMP
adenylcyklazou. Kromé toho komplex podjednotek By muze bez zapojeni druhého
posla pfimo otvirat draslikové kanaly nebo zabrarfovat otevieni nékterych napétové
fizenych vapnikovych kanald (Herlitze a spol., 1996). V riznych tkanich a na riiznych
Castech synapse se nachazeji rizné podtypy muskarinovych receptorti. Podtyp
receptoru a umisténi receptoru tedy vyrazné ovliviiuje nasledné G¢€inky acetyicholinu
(Wess, 2003).

Primary biochemical responses
mediated by muscarinic acetyicholine receptors

Inhibition of
adenylyl cyclase

cAMP

OACh
Stimulation of Myas
phospholipase C A mAChR b puc: LI
fvciats iR Pip, wm PIP =PI
kinase C ¥ S
Agrr

f
GTP
Diacylglycerol ——ww——-——

Regulation of
K* channels

Obrazek 5: Interakce muskarinovych receptori s G-proteiny. Interakce
acetylcholinu s muskarinovym receptorem vyvola v zavislisti na podrypu receptoru
rizné odpovédi. M; a My postyp intereguje s a podjednotkou G-proteinu tiidy G; a
vyvolava oddéleni této podjednotky od By podjednotek. a; podjednotka poté inhibuje
adenylcyklazu. Stejna adenylcyklaza mize byt aktivovatelna jinym receptorem, jako
je napriklad B-adrenergni receptor (nahofe). My, M3 a Ms podtyp muskarinového
receptoru po navazani agonisty interaguje s a podjednotkou tfidy G4 nebo G, ktera
poté aktivuje fosfolipazu C (uprostied). M2 a M, dale mohou prostiednictvim
uvolnénych By podjednotek G; nebo G, G-protein( regulovat otvirani nékterych typl
draslikovych kanall (dole). Prevzato z Basic Neurochemistry.
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3.2.5 Ligandy muskarinovych receptoru

Pro nikotinoveé i muskarinové receptory existuje, kromé prirozeného agonisty ACh,
Siroké spektrum pfirodnich nebo umélych ligand( s rlznou mirou specifity pro
jednotlivé podtypy receptord. Jiné ligandy mohou plsobit pfes vlastni vazebné misto
pro acetylcholin a poté je nazyvame ortosterické ligandy. Dal$i ligandy mohou vazat
do jiného (alosterického) vazebného mista a vytvaret spolu s receptorem a
ortosterickym ligandem takzvany ternarni komplex, aniz by kompetovaly
o ortosterické vazebné misto. Pokud navazani alosterickych ligandi usnadnuje
vazbu ortosterického ligandu, jedna se o pozitivni kooperativitu, v opaéném pfipadé
o negativni kooperativitu. Ortosrericka vazebna mista jednotlivych podtypl
muskarinovych receptor(i jsou si velmi podobna a zfejmé proto existuje pomérné
malo jejich specifickych ligandll, zvlasté agonistl. Predpoklada se, Zze muskarinovy
M; agonista, pfipadné M, antagonista by mohl pozitivné ovlivnit stav pacientd
s Alzheimerovou cherobou (Clader a Wang, 2005).

Jednim z pfedpokladanych selektivnich agonistd My muskarinovych receptord byl
xanomelin, ale z divodu vyskytu vedlej$ich Ucinkli v priibéhu klinickych studii bylo od
zaméru |écit xanomelinem Alzheimerovu chorobu upusténo (Mirza a spol., 2003).
Xanomelin je latka, kterd se vaze se ke vSem podtypim muskarinovych receptor(
s vysokou afinitou (Bymaster a spol.,1997; Watson a spol., 1989; Wood a spol.,
1999; Jakubik a spol., 2006; Machova a spol., 2007), ale vykazuje funkcni selektivitu
pro My a My receptory (Shannon a spol.,1994; Ward a spol., 1995; Bymaster a spol.,
1997 a 1998). Pozdéji bylo zjisténo, ze vazba xanomelinu ma dvé slozky: reverzibilni
a neodmyvatelnou. Neodmyvatelna vazba byla postupné popsana u v§ech podtypl
muskarinovych receptorl (Christopoulos a spol., 1998; Jakubik a spol., 2002, 2004,
2006; Grant a El-Fakahany 2005; Machova a spol., 2007).

3.2.6 Regulace uvoliiovani ACh muskarinovymi autoreceptory

Uvolfiovani ACh probiha kvantovym (ze synaptickych vackl) nebo nekvantovym
zpusobem. Klidové uvolfiovani jednotlivych vackl se na postsynaptické membrané
nervosvalového spojeni projevuje miniaturnimi ploténkovymi potencialy, zatimco
nekvantové uvolnovani jako mirna trvala depolarizace (Katz a Miledi, 1977; Vyskocil
a llles, 1977), ktera je zplsobena vytékanim ACh zprostiedkovanym VAChHT, ktery se
dostava do membrany nervového zakonéeni béhem synaptické aktivity (Dolezal a

spol., 1983; Edwards a spol., 1985). Stimulované uvolfovani, fyziologicky vyvolané

21



depolarizaci nervového zakonéeni akcénim potencialem, otevienim napétové
fizenych vapnikovych kanall a vtokem vapniku, je zplsobeno koordinovanym
uvolnénim ACh z mnoha synaptickych vackd. Existuje vSak i teorie, ktera ukazuje
na existenci poru (mediatophore), ktery umozZiuje na vapniku zavislé stimulované
uvolnovani mediatort z cytoplazmy (prehled Israel a Dunant, 1998).

Stimulované uvolfiovani mediator( je regulovano rliznymi receptory umisténymi
na presynaptickém zakonceni (Wu a Saggau, 1997; Miller, 1998). Z hlediska
moznosti ovliviiovani ucinnosti muskarinového pfenosu na mozkovych cholinergnich
synapsich jsou dllezité presynaptické muskarinové acetylcholinové autoreceptory
(obrazek 6), které jsou inhibiéni. Farmakologické pouziti muskarinovych agonistl
nebo zvysovani hladiny pfirozeného ligandu ACh inhibici cholinesteraz tlumi
stimulované uvolfiovani ACh. Stimulace muskarinovych autoreceptori na centralnich
cholinergnich zakonéenich vede ke sniZzeni uvolfiovani ACh (Polak a Meeuws, 1966;
Polak 1967), které je zplsobeno omezenim vtoku vapniku napétové fizenymi
vapnikovymi kanaly. Toto sniZeni vtoku vapniku je vyvolano interakci kanali
sdimerem podjednotek By (Herlitze a spol, 1996) uvolnénym z Gy,
heterotrimerickych G-protein{ citlivych na plUsobeni pertusis toxinu (Dolezal a spol.,
1989). V mozku hlodavci tuto autoregulaci uvolfiovani zprostfedkovava muskarinovy

M, receptor ve striatu a M, receptor v mozkové kiife (Dolezal a Tuéek, 1998; Zhang

a spol., 2002).
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Obrazek 6: Schéma presynaptické inhibice uvolnovani acetyicholinu.

Acetylcholin inhibuje své vlastni uvolfiovani stimulaci muskarinovych presynaptickych
receptorl. Pokud je pfidan agonista muskarinovych  receptorli (acetylcholin,
karbachol), je evokované uvolfovani acetylcholinu snizeno. Pfidani antagonisty
(atropin, NMS) zabranuje inhibici evokovaného uvolfiovani acetylcholinu.
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3.2.7 Ukonéeni pusobeni acetyicholinu acetylcholinesterazou
a butyrylcholinesterazou

U¢inek uvolnéného acetylcholinu v synaptické stérbiné je ukon&en velmi rychlym
plUsobenim cholinesteraz (ChE), které $tépi acetylcholin na kyselinu octovou a cholin.
Cholin muze byt poté transportovan zpét do burky prostfednictvim ChT1 a byt pouzit
pro znovuvytvofeni acetylcholinu. Kromé& vlastni acetylcholinesterazy (AChE;
EC 3.1.1.7) Stépi ACh jesté butyrylcholinesteraza (BuChE; EC 3.1.1.8). Oba enzymy
jsou si pribuzné a patfi do rodiny a/B-hydroxylaz. Mohou se vyskytovat v rozpustné
formé v plazmé nebo v nékterych hadich jedech, ve formé&, kdy je cholinesteraza
zakotvena pres glykolipidovou kotvu v membrané napfiklad u erytrocytli nebo ve
formé zakotvené na kolagenové struktufe nervosvalové ploténky nebo hydrofobné
zakotvené k membrané neuronl v mozku. Kromé toho se AChE muzZe vyskytovat
v monomerni, dimerni nebo tetramerni formé&. Vlastni katalytickd doména je ale
u vsech forem stejnd a rozdil v ostatnich c¢astech je zplsoben alternativnim
sestfihem a naslednymi posttransiaénimi Upravami. V savéi centralni nervové
soustaveé se vyskytuje pfedevS§im AChE-T forma, ktera je asociovana s dalSimi
hydrofobnimi podjednotkami, molekulami kolagenu nebo hydrofobnimi proteiny
(Massoulié, 2000). Na rozdil od presynaptickych proteind ChAT (Misgeld a spol.,
2002; Brandon a spol., 2003) a ChT1 (Ferguson a spol., 2004) vSak neni knockout
AChE letalni (Li a spol.; 2000), coZ ukazuje na schopnost BuChE zastat funkci AChE.

3.2.8 Centralni a periferni cholinergni neurony

Centrélni cholinergni neurony Ize rozdélit podle jejich umisténi a funkce na
neurony vysilajici sva zakonceni do periferie, interneurony, lokalni projekéni neurony
a projekéni neurony. Mezi neurony vysilajici nervova zakoncéeni do periferie patfi
motoneurony v mozkovych jadrech a ventralnich misnich rozich. Dale to jsou
pregangliove  neurony sympatiku a parasympatiku umisténé v nucleus
intermediolateralis. Periferni cholinergni synapse lze tedy nalézt v autonomnich
gangliich, parasympatickych postgangliovych synapsich a na nervosvalové ploténce.
Interneurony a lokaini projekéni neurony nachazime pfedevSim ve striatu, kde
interaguji s dopaminergnimi nervovymi zakon&enimi, které smérfuji do striata ze
substantia nigra. Cholinergni zakonéeni ve striatu pochazeji pfedevSim ze
striatalnich interneuront ale v mensi mife i z bazalniho mozku (basal forebrain)

(Mesulam, 1990). Projekéni neurony se nachazeji pfedevSim v bazalnim mozku.
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Protoze anatomické uloZeni cholinergnich neuronti v bazalnim mozku neodpovida
zcela presné tradicnimu rozdéleni jader, jsou rozdélovany do 8 skupin oznacovanych
Ch1-Ch8. Téla cholinergnich neuronl inervujicich mozkovou kiru se nachazeji
v oblastech Ch1-Ch4 bazalniho mozku. Neurony skupiny Ch1 a Ch2 inervuji
hipckampus, neurony skupiny Ch3 cichovy lalok a neurony oblasti Ch4 inervuji zbylé
¢asti mozkové kiiry a amygdalu. Skupiny Ch5-6 inervuji thalamicka jadra, skupina
Ch7 interpedunkularni jadro (nucleus interpeduncularis) a skupina Ch8 horni
kolikulus (colliculus superior). V mozku primat(l jsou zviasté vyrazné oblasti Ch4
(nucleus basalis Meynerti), Ch5 (nucleus pedunculopontinus) a Ch6 (nucleus
laterodorsalis). U &lovéka je zvlasté vyvinuta oblast Ch4 (Mesulam, 1990; Mesulam a
spol., 1983; Everitt a spol., 1988; Alonso a spol., 1996).

3.3 CHOLINERGNIi HYPOTEZA ALZHEIMEROVY CHOROBY

Prirozené starnuti se projevuje slabnutim mentalnich schopnosti, které je u opic
doprovazeno poskozenim centralnich cholinergnich neuronli v bazalnim mozku
(Smith a spol., 1999; Conner a spol., 2001). Pfirozené oslabovani mentalnich funkci
v prubéhu starnuti se projevuje | u Clovéka a ve zvyraznéné podobé, ktera je jiz
doprovazena nevratnymi zménami centralnich cholinergnich neuronu, se objevuje u
neurodegenerativnich onemocnéni, jako je napfiklad Alzheimerova nemoc (Bartus,
1982).

Existuje mnozZstvi teorii vysvétlujicich pfic¢iny Alzheimerovy choroby (prehledy v
Ann N Y Acad Sci, 2000). Jednou zhypotéz vysvétlujicich vznik a rozvoj
Alzheimerovy choroby je cholinergni hypotéza (Bartus, 1982), kterou se zabyvam ve
své praci. Tato hypotéza vychazi zpravidelné pfitomného nalezu poskozeni
cholinergnich neuron(l u osob postizenych Alzheimerovou chorobou. Pfedpoklada
se, ze cholinergni neurony jsou vysoce citlivé k toxickému plsobeni AB, a Ze jejich
poskozeni vyrazné pfispiva k vyvoji Alzheimerovy choroby a zhor$eni kognitivnich
schopnosti ve stafri.

K vytvofeni cholinergni hypotézy pfispéla zjisténi, Zze u osob zemrelych na
Alzheimerovu chorobu byla popsana snizena aktivita acetylcholinesterazy a
cholinacetyltransferazy a korelace snizeni jejich aktivity s mirou rozvoje
Alzheimerovy choroby (Davies a Maloney, 1976; Perry a spol.,, 1977, 1978a,b).
Pozdéji ale bylo zjisténo, ze snizeni aktivity AChE a ChAT nenastavaji v rané fazi

rozvoje onemocnéni (Davis a spol., 1999 ), &i dokonce, ze v hipokampu a frontaini
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kife dochazi u pacientld v pocateéni fazi onemocnéni ke zvy$eni aktivity téchto
enzym( (De Kosky a spol., 2002). Nelze ale vyloucit, Ze zvy$eni aktivity jedné Casti
cholinergniho systému je kompenzacnim mechanizmem poskozeni jeho jiné ¢asti.

V mozkové kife osob postizenych Alzheimerovou chorobou bylo zaznamenano
snizeni mnozstvi nikotinovych receptorl, jmenovité jejich a4 a «7 podjednotek
(Wevers a spol., 1999; Martin-Ruiz a spol., 1999; Burghaus a spol., 2000; Perry a
spol., 1995; Banerjee a spol., 2000). Dale byly u lidi s AD popsany zmény v mnozstvi
jednotlivych  podtypl muskarinovych receptori v rlznych oblastech kary a
hipokampu, ale tyto vysledky se mezi jednotlivymi studiemi liSi (Rodrigues-Puertas a
spol., 1997; Flynn a spol., 1995; Nordberg a spol., 1992), a vyrazné poruchy sprazeni
muskarinovych receptort s G-proteiny stanovené jako snizeni karbacholem
stimulované vazby GTP- yS a aktivity fosfolipazy C (Flynn a spol., 1995; Jope a spol.,
1994 a 1997, Tsang a spol., 2006).

Na ulohu cholinergniho systému v patogenezi Alzheimerovy choroby Ize usuzovat
i ztoho, Ze do dnesni doby jsou jedinymi, i kdyZ jen omezené u&innymi, léky
inhibitory acetylcholinesterazy (tacrin, rivastigmin, donepezil, galantamin). Jiné
pokusy o 1é¢bu posilenim cholinergni transmise, napfikiad podavani vysokych davek
cholinu nebo lecithinu (choline loading therapy) analogické k posilovani dopaminové
transmise u Parkinsonovy nemoci podavanim prekurzoru dopaminu L-dopa, byly ale
neuspésné (Scarpini a spol., 2003).

U mysi, primatd i u ¢lovéka zhorsuji muskarinovi i nikotinovi antagonisté kognitivni
vykonnost stejnym zplUsobem jako poskozeni cholinergnich drah vedoucich
z bazalniho mozku do klry nebo hipokampu. Naopak byl pozorovan pfiznivy vliv
podavani muskarinovych agonistl (Terry a Buccafusco, 2003). U osob postizenych
Alzheimerovou chorobou snizuje selektivni muskarinovy M1 agonista AF102B
mnozstvi AR v mozkomiSnim moku (Nitsch a spol., 2000).

Je ziejme, Ze tato data ukazuji na poskozeni cholinergniho systému u osob
s Alzheimerovou chorobou. Zatim ale neni jasné, jedna-li se o primarni nebo
o sekundarni poskozeni, tedy jestli se poSkozeni cholinergnich neuront objevuje jiz
v €asnych stadiich onemocnéni, nebo jde o vysledek obecné neurodegenerace

v pokrocilém stadiu nemoci.
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4 CILE PRACE

Cile mé dizerta¢ni prace vychazeji z nalezll, které ukazuji na vyznamnou ulohu
ochabovani centralni cholinergni transmise v pribéhu starnuti a v patogenezi

Alzheimerovy choroby. Ve své praci jsem hledala odpovédi na tyto konkrétni otazky:

1. Lze prokazat ¢asné zmeény markerl cholinergnich neuronli a muskarinové
neurotransmise u mysiho transgenniho modelu Alzheimerovy choroby
APPswe/PS1dE9 a urychleni zmén v pribéhu starnuti pfi srovnani s netransgennimi

kontrolami?

2. Jaky vliv ma dokosahexaenova kyselina, ktera snizuje in vivo u mys$iho
transgenniho modelu Alzheimerovy choroby APPswe/PS1dEY produkci B-amyloidu
(Oksman a spol., 2006; Hooijmans a spol., 2007), na expresi cholinergniho fenotypu
u cholinergni bunééné linie NG108-157?

3. Jaky vliv ma xanomelin, povazovany puvodné za M; selektivniho
muskarinového agonistu (Sauerberg a spol., 1992; Shannon a spol., 1994), na
autoregulaci uvolnovani acetylcholinu M, a Ms; muskarinovymi receptory

z mozkovych fezll potkana a jaky je mechanizmus jeho ucinku?

26



5 VYSLEDKY A DISKUSE

51 ZMENY MARKERU CHOLINERGNICH NEURONU A MUSKARINOVE
NEUROTRANSMISE U MYSIHO TRANSGENNIHO MODELU ALZHEIMEROVY
CHOROBY APPSWE/PS1DE9 Vv PRUBEHU STARNUTI PRI SROVNANI
S NETRANSGENNIMI KONTROLAMI

Studium  mechanizml vzniku Alzheimerovy choroby je komplikovano
nedostupnosti vzorkl postizenych tkani ¢lovéka. Pokud jsou tyto vzorky k dispozici,
jde zpravidla o tkané z osob jiZ trpicich rozvinutou Alzheimerovou chorobou, které
jsou ziskany az nékolik hodin po smrti. Mechanizmy vzniku Alzheimerovy choroby a
kvalita zmén v ranych fazich postiZzeni tedy zUstavaji pomérné nejasné. Pro studium
ranych fazi postizeni jsou proto Casto pouzivany zvifeci, pfedev§im mysi, modely
Alzheimerovy choroby. Zpravidla se jedna o zvifata s viozenym genem pro jeden
nebo vice z proteini obsahujicich mutaci, ktera u lidi zpUsobuje familiarni formu
onemocnéni. Problémem téchto modell je mald moznost srovnani symptomdi
onemocnéni mysi a ¢lovéka.

Pro nasi praci jsme pouzili mySi APPswe/PS1dE9, které produkuji zvysené
mnozstvi amyloidovych fragmentl, zejména ABi42, coZz zpUsobuje ukladani
B-amyloidu a tvorbu neuritickych plak(, ale ne hyperfosforylaci proteiny tau a tvorbu
neurofibrilarnich klubic¢ek (Jankowsky a spol., 2001 a 2004). V klfe a hipokampu
mysi této transgenni linie dochazi ke zvySeni produkce ABi42 a k vytvafeni
B-amyloidovych plak( jiz od obdobi mezi 5. a 6. mésicem véku. Zmény zfejmé
z behavioralnich test(l jsou ale patrné az po 12. mésici (Savonenko a spol., 2005).
Mysi pouzité pro tuto studii byly staré 7 mésicl (dale oznacované jako mladé) a 17
mésicl (dale oznacované jako staré). Pro pokusy jsme pouzili samice téchto mysi,
protoze maji rychlej$i rozvoj patologie nez samci, a parietalni kiru, protoze vykazuje
nejvyraznéjsi akumulaci B-amyloidu (Jankowsky a spol., 2004). Vysledky nasi prace
jsou podrobné popsany v &lanku, ktery je soulasti této dizertaCni prace (Machova a
spol., 2008). Sledovali jsme zmény presynaptickych (aktivita ChAT a mnozstvi
VAChT) a postsynaptickych (aktivita AChE, BuChE, mnozstvi muskarinovych
receptorll a G-protein(l a jako funkéni test stimulace vazby GTP-y*°S po aktivaci

muskarinovych receptorl agonistou acetylcholinovych receptorli karbacholem)
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markert cholinergnich synapsi. Nalezli jsme zmény zpisobené vékem mysi i zmény
zplUsobené pfitomnosti vlozenych gen(.

V souladu s obecné pfijimanym ochabovanim cholinergni transmise v pribéhu
starnuti mély staré kontrolni (netransgenni) mysi oproti mladym snizenou aktivitu
v8ech sledovanych marker( s vyjimkou poc¢tu muskarinovych receptordl. U starych
transgennich APPswe/PS1dE9 mySi jsme pfi srovnani s mladymi transgennimi
mySmi pozorovali i snizeni denzity muskarinovych receptor(i, zatimco snizeni aktivity
AChE, ackoliv srovnatelneho rozsahu jako u kontrolnich mysi, nebylo signifikantni.
poSkozeni, ke kterému dochazi v cholinergnim systému jiz u miadych transgennich
my$8i pfi srovnani s kontrolnimi a které prfedchazi rozvoji patologie a behavioralnim
porucham a koreluje se zvySenim produkce ABi.42. Zjistili jsme snizené mnozstvi
vackového transportéru pro acetylcholin (stanovené jako vazba radioaktivné
znaceného specifického ligandu vesamicolu), snizené mnozstvi muskarinovych
receptordl (stanovené jako vazba radioaktivné znaceného NMS), snizenou aktivitu
BuChE a snizenou aktivaci G-proteint jakozto odpoveéd na stimulaci muskarinovych
receptord karbacholem (stanovenou jako stimulaci vazby GTP-y*°S). Popsana
snizeni se stavaly méné vyrazné u starych mys$i pravdépodobné v dusledku na véku
zavislého snizovani u kontrolnich my&i. Nicméneé i u starych transgennich mysi byla
signifikantné snizena hustota muskarinovych receptori a jejich aktivace
karbacholem, ktera se projevila signifikantnim zvySenim koncentrace karbacholu
potiebného pro aktivaci G-protein(.

Poskozeni cholinergniho systému je patrné i u mladych APPswe/PS1 mysi, kde
nachazime Ubytky v podstaté na vSech urovnich cholinergni neurotransmise. Na
pfitomnosti transgenu (zvySené produkci AB, zejména fragmentu AR1.42) zavislé
poskozeni se tedy tyka jak presynaptickych, tak postsynaptickych markert. Zvlaste
vyznamné je zjisténi, ze dochazi ke snizeni karbacholem stimulované vazby GTP-
v*S. Tento nalez, ktery je funkénim testem schopnosti pfenosu signalu, nelze
vysvétlit pouhym sniZzenim mnozstvi muskarinovych receptort. Prokazuje snizenou
schopnost muskarinovych receptorl aktivovat G-proteiny nebo snizenou schopnost
G-proteint byt muskarinovymi receptory aktivovan (prenast signal do postsynapticke
buriky) jiz v poc¢ateénim stadiu rozvoje onemocnéni. K podobnym vysledkim dospély
i studie provedené vtkanich zemrelych osob s Alzheimerovou chorobou, tedy

v terminalnim stadiu onemocnéni (Flynn a spol.,1995; Jope a spol., 1994 and Jope a
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spol., 1997; Tsang a spol, 2005). Obdobné vysledky jsme ziskali i na
APPswe/PS1A246E transgennim modelu Alzheimerovy choroby (nepublikovano).
Toto naruseni muskarinové neurotransmise pres G-proteiny by mohlo mit vyrazné
disledky pro fungovani cholinergniho systému jiz ve velmi ¢asném stadiu rozvoje

onemocnéni.

5.2 VLIV DOKOSAHEXAENOVE KYSELINY NA EXPRESI CHOLINERGNIHO
FENOTYPU U BUNEK LINIE NG108-15.

Dokosahexaenova kyselina (DHA, obrazek 7) je esencialni nenasycena mastna
kyselina patfici mezi w-3 mastné kyseliny. Jeji molekula obsahuje Sest dvojnych
vazeb. Je soucasti bunéénych membran a savéi buriky ji nedokazi syntetizovat de
novo. Vysoky prijem w-3 mastnych kyselin je asociovan se zlepSenymi kognitivnimi
funkcemi (Kalmijn a spol., 2004) a snizenim rizika vzniku Alzheimerovy choroby
(Barberger-Gateau a spol., 2002, Morris a spol., 2003a,; Morris a spol., 2003b).
V plazmé pacientll postizenych Alzheimerovou chorobou a mirnou kognitivni
poruchou je nizsi koncentrace DHA (Conquer a spol., 2000). Nedostatek DHA ve
stravé zplsobuje sniZenou vykonnost v behavioralnich testech a toto snizeni Ize
zvratit podavanim diety s vysokym obsahem DHA (Moriguchi a Salem, 2003), které
zlep$uje uvolfiovani acetylcholinu u starych potkant (Favreliere a spol., 2003).
Obohaceni lidskych SH-SY5Y neuroblastomovych bunék transfekovanych lidskym
APP se Svédskou mutaci dokosahexaenovou kyselinou posouva katabolizmus APP

smérem k neamyloidogennimu Stépeni (Sahlin a spol., 2007).

HOL N NP N —_ ° 1

1 4 7 10 13 16 19

Obrazek 7: Konstitucni vzorec dokosahexaenové kyseliny.

V nasich pokusech jsme vyuzili bunécnou linii NG108-15. Jde o hybridni bunécnou
linii (Hamprecht, 1977, Hamprecht a spol.,1985) vykazujici cholinergni fenotyp
(exprese cholinergniho loku a pfitomnost zralé ChAT), ktery |ze zvyraznit diferenciaci

vyvolanou cAMP a dexametazonem (Castel a spol., 2002; Dolezal a spol., 2001a, b).
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Buriky v bunééné kultufe jsou ve svém ristu odkazany jednak na latky, které jsou
pritomny v jejich okoli, to znamena v kultivatnim médiu, a dale na latky, které si
dokazi nasyntetizovat. Protoze bézné dodavané sérum pfidavané do kultivaénich
medii obsahuje nedefinované mnozstvi DHA a dal$ich trofickych latek, pouzili jsme
v nasich pokusech médium, ve kterém bylo sérum nahrazeno hovézim sérovym
albuminem bez mastnych kyselin a lipidQ, tedy médium, které neobsahovalo DHA,
cholesterol ani jiné lipidy nebo mastné kyseliny nebo dalsi trofické latky. Do tohoto
média jsme pridavali definované koncentrace DHA.

Nasim cilem bylo zjistit, jaky vliv ma dodana DHA na aktivitu ChAT u béznych
bunék a bunék diferencovanych smérem ke zvyraznéni cholinergniho fenotypu a
dale srovnat zmény exprese cholinergniho fenotypu se zménami riistovych vlastnosti
bunék vyvolanych pfidanim DHA. Vysledky téchto praci jsou shrnuty v praci Machova
a spol., 2006b a 2006a.

Pred vlastnimi pokusy s DHA jsme stanovili, jaky vliv ma odstranéni séra a
diferenciace na rlstové vlastnosti bunék (aktivita kaspazy-3, obsah proteinu) a
aktivitu  cholinacetyltransferazy, markeru exprese cholinergniho fenotypu.
U diferencovanych bunék (vmédiu s 200uM dibutyryl-cAMP a 100nM
dexametazonem) péstovanych v médiu se sérem byla oproti nediferencovanym
kontrolam vice nez pétkrat snizena aktivita kaspazy-3, na tfetinu snizena rychlost
ristu a témér Sestkrat zvySena aktivita cholinacetyltransferazy.

U kontrolnich i diferencovanych bunék zpUsobilo podle predpokladu nahrazeni
séra BSA (25 g/l) zpomaleni rlstu zjiStované podle obsahu proteini. Toto zpomaleni
nebylo u nediferencovanych bunék doprovazeno zménami v aktivité kaspazy-3 a
u diferencovanych bunék dokonce dosSlo kjejimu mirnému snizeni. Ztoho lze
usuzovat, Ze u bunék nedochazelo k apoptdéze. U obou skupin byla snizena aktivita
cholinacetyltransferazy, tedy enzymu, ktery jsme pouZili jako marker cholinergni
diferenciace. Toto snizeni bylo mnohem vyraznéjSi (vice nez S$estinasobné)
u diferencovanych bunék. Konecna aktivita ChAT byla tedy po odstranéni séra
u diferencovanych bunék jen mirné zvySenda oproti nediferencovanym a buriky rostly
obdobné rychle. U bunék péstovanych v bézném meédiu i v médiu bez séra byla
diferenciaci vyrazné snizena aktivita kaspazy-3.

Daléi pokusy jsme provadéli jiz jen s buikami péstovanymi v médiu bez séra,
protoZze sérum obsahuje nedefinované mnozstvi DHA a nebylo by tedy mozné

spolehlivé studovat ucinek pridani DHA za pfitomnosti séra. Pokud byla k bunkam
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péstovanym v médiu bez séra pfidavana zvysujici se koncentrace DHA, zvySovala se
aktivita ChAT i mnoZstvi proteinu (rist bunék) a sniZovala se aktivita kaspazy-3
u diferencovanych i nediferencovanych bunék. U&inek byl ale vyraznéj§i u bunék
diferencovanych a to zvlasté v pfipadé aktivity ChAT, jejiz zvySeni bylo vice nez
Sestkrat vétsi u diferencovanych bunék. Dulezitym vysledkem téchto pokusl bylo
zjisténi, Zze zavislost uc€inku na koncentraci DHA méla u diferencovanych bunék
stejny priibéh u aktivity kaspazy-3 a rlstu bunék s ECso pfiblizné 1uM, zatimco
u aktivity ChAT byla hodnota ECso desetkrat vy$&i (pfiblizné 10uM). Tento rozdil jsme
nepozorovali u kontrolnich (nediferencovanych) bunék (ECsy pfiblizné 1uM pro
vSechny tii sledované ucinky). Rozdil mezi uéinnymi koncentracemi DHA na riast
bunék a aktivitu kaspazy-3 na jedné strané a na aktivitu ChAT na druhé strané
svédci pro nezavislost téchto Ucinkl a ukazuje, Ze DHA podporuje u diferencovanych
bunék expresi cholinergniho fenotypu (ChAT) mechanizmem nezavislym na rlstu
bunék.

V dal$ich pokusech jsme sledovali u¢inek 100uM DHA (saturujici pro rlst i pro
expresi ChAT) v mediu bez séra u kontrolnich a diferenciovanych bunék a srovnavali
jsme bunky péstované bez séra s pfidanou DHA a buriku péstované v pfitomnosti
séra. Podpora rlstu v bezsérovém médiu podle obsahu proteinli byla caste¢na
(78+/-4,3%) u nediferencovanych bunék a nebo daplna (109454%) u
diferencovanych. V pripadé aktivity ChAT byla pfidanim DHA vyraznéji obnovena jeji
aktivita u kontrolnich (67,8+4,9%) nez u diferencovanych (17,8+1,4%) bunék, ale
absolutni pfirGistek aktivity ChAT byl podstatné vétsi u diferencovanych bunék.

Abychom Iépe popsali stav péstovanych bunék a podpofili nezavislost plsobeni
DHA na aktivitu ChAT na obecném metabolickém stavu bunék, provedli jsme dalSi
pokusy, ve kterych jsme sledovali oxidativni zatizeni bunék (stanovené jako oxidace
fluoresceinu), obsah cholesterolu a aktivitu a-sekretazy. Nahrazeni séra albuminem
u diferencovanych bunék zpUsobilo zvySeni oxidativni zatéze o 31 procent a tento
ucinek byl zcela zrusen pfidanim 10pM DHA. Pfidani vy8Si koncentrace DHA jiz
nemélo dalsi uc¢inek. Nahrazeni séra albuminem zpusobilo, podle predpokladu,
snizeni obsahu cholesterolu u diferencovanych (na 59+/-11,6 %) i nediferencovanych
(37,4176 %) bunék. Pfidanim 10pM DHA se toto snizeni caste¢né zvratilo
(z 37,476 % na 66,5 +2,2374+~%6 %) pouze u nediferencovanych bunék. Dale
jsme sledovali aktivitu a-sekretazy, ktera nebyla ovlivnéna diferenciaci. Odstranéni

séra sniZovalo jeji aktivitu na pfiblizné polovinu u diferencovanych (na 46.3 + 5.0 %) i
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nediferencovanych (na 50.6 + 4.5 %) bunék. Snizeni aktivity bylo signifikantné, i kdyz
pouze Castecne, zvraceno pfidanim 10uM DHA (na 71.2 £ 3.6 % u kontrolnich a
80.1+5.1 % diferencovanych bunék). ZvysSeni koncentrace DHA na 100uM jiz
nemélo dal$i Gcinek.

Nase vysledky demonstruji, ze DHA pfidana k buné&né kulture péstované v uplné
definovaném médiu bez séra (s albuminem) dokaze podpofit rlst bunék, upravit
obecné metabolické vlastnosti vyvolané odstranénim trofickych latek obsazenych
v séru a zvySovat aktivitu ChAT. Tyto vysledky jsou v souladu s neuroprotektivnim
plsobenim DHA (Favreliere a spol., 2003; Hogyes a spol., 2003; Kim a spol., 2001;
Minami a spol.,1997). Navic jsme ukazali, Ze DHA posiluje expresi cholinergniho
fenotypu u diferencovanych bunék a Ze je tento uCinek nezavisly na sledovanych
obecnych protektivnich G€incich. Nase vysledky podporuji dllezitost dostateéného
dietetického pfijmu DHA pro ochranu pfed neurodegenerativhimi onemocnénimi a

starnutim cholinergniho systému.

5.3 VLIV XANOMELINU NA AUTOREGULACI UVOLNOVANIi ACETYLCHOLINU
Z MOZKOVYCH REZU POTKANA ZPROSTREDKOVANOU MUSKARINOVYMI M,

A M4 RECEPTORY

VV nedavné dobé se ukazalo, ze pfedpokladany funkéné selektivni agonista
muskarinovych M, receptorll xanomelin (obrazek 8) se vaze nejen reverzibilné do
ortosterickeho vazebného mista pro acetylcholin, ale t€Z neodmyvatelné do jiného
vazebného mista vSech podtypl muskarinovych receptorl. Pokusy charakterizujici
neodmyvatelnou vazbu byly vétSinou provadeny na receptorech exprimovanych ve
fibroblastech kfec¢ka (chinese hamster ovary, CHO bunkach). V na$i praci jsme
studovali vliv neodmyvatelné vazby xanomelinu na presynaptickou regulaci
uvolfiovani acetylcholinu z korovych a striatalnich fezd krysy, tedy na modelu, ktery
se podstatné vice priblizuje redlnym procesim, které probihaji v mozku, nez modely
vyuZivajici expresni systémy v bunéénych kulturach. V mozku hlodavel tuto
autoregulaci uvolnovani zprostfedkovava muskarinovy My receptor ve striatu (Dolezal
a Tucek, 1998) a M, receptor v mozkové klfe (Zhang a spol., 2002). Vysledky této

prace jsou podrobné shrnuty v ¢lanku Machova a spol., 2007.
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Obrazek 8: Molekula xanomelinu.

Tkanove rfezy byly 30 minut inkubovéany s radioaktivné oznadenym cholinem,
z kterého si tkan sama nasyntetizovala znaceny acetylcholin. Poté byly inkubovany
15 minut s xanomelinem v 0, 1, 10 nebo 100uM koncentraci a pfipadné
s ortosterickym muskarinovym antagonistou. Elektrickou stimulaci vyvolané
uvolfiovani ACh jsme méfili v superfuznich pokusech jako uvolfovani radioaktivity
(radioaktivné oznaceného ACh) ve Ctyfminutovych frakcich. Pred vliastnim méfenim
byly fizky proplachovany 53 minut médiem bez xanomelinu, aby byl odmyt volny
xanomelin.

Zjistili jsme, Ze 10pM xanomelin, pokud je pfitomen v pribéhu stimulace, neméni
uvoliovani acetylcholinu z korovych ani striatalnich fezi a ani nedokaze zabranit
sniZzeni uvolfiovani acetylcholinu vyvolanému cholinergnim agonistou karbacholem.
Pokud byl ale xanomelin pridan na 15 minut a poté pred vlastni stimulaci 53 minut
odmyvan, snizoval v zavislosti na koncentraci stimulované uvolfiovani ACh.
Maximalni inhibicni uCinek xanomelinu byl co do velikosti stejny jako ucinek saturujici
10uM koncentrace karbacholu. Maximalni acCinky se nescCitaly. Lze tedy
predpokladat, Ze mechanizmus jejich ucinku je stejny. Presynaptické muskarinové
receptory na cholinergnich zakoncenich ovliviuji uvoifnovani acetylcholinu inhibi¢né,
z cehoZ je ziejmé, Ze neodmyvatelné navazany xanomelin se v naSich pokusech
chova jako agonista a to jak u M, tak i u M4 receptori. Uginek neodmyvatelné
navazaneho xanomelinu je mozné zcela (1 a 10uM xanomelin) nebo Castecné
(100uM xanomelin) zrusit prfidanim muskarinového antagonisty NMS. Ztoho je
zfejmé, ze neodmyvatelné navazany xanomelin GcCinkuje alepori z Casti pfes

ortosterické vazebné misto.
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V dalSich pokusech jsme se pokusili zablokovat vznik neodmyvatelné vazby
soucasné s xanomelinem pfidanym NMS nebo ireverzibilni inaktivaci ortosterického
vazebného mista inkubaci s antagonistou PRBCM pfed inkubaci s xanomelinem. Ani
reverzibilni, ani ireverzibilni antagonita vazici se do klasického vazebného mista v§ak
nezabranil u€inku xanomelinu, pfestoze PRBCM ireverzibilné zablokovalo vétSinu
vazebnych mist pro NMS. Tyto vysledky prokazuji, Ze pro vytvofeni neodmyvateiné
vazby xanomelinu neni potfeba ortosterické vazebné misto, pfesnéji jeho cast
obsazena NMS nebo PRBCM, a Ze neodmyvatelné navazany xanomelin mlze
receptor aktivovat, i kdyZ je navazan na jiné nez klasické vazebné misto (obrazek 9).
Tyto vysledky jsou v souladu s pozorovanimi na M; receptorech exprimovanych
v CHO bunkach (Jakubik a spol., 2002).

Abychom zjistili, zda je tento uc€inek specificky pro cholinergni neurony, tedy ze
nepostihuje nektery obecny mechanizmus stimulovaného uvolfiovani mediatord
spolecny pro vSechny neurony, provedli jsme obdobné pokusy, ve kterych jsme ale
stanovovali uvolfiovani radioaktivné znaCeného noradrenalinu a jako agonistu a
antagonistu jsme pouzili specifického agonistu presynaptickych autoinhibi¢nich
ap-adrenoreceptord UK14304 a specifického antagonistu yohimbin. V pfipadé
uvolfovani noradrenalinu nemél 1 a 10uM xanomelin zadny ucinek na stimulované
uvoliiovani noradrenalinu, ani nijak neovlivnil rozsah presynaptické inhibice jeho
uvolnovani. V pripadé 100pM xanomelinu bylo zvySeno klidové uvolfiovani
noradrenalinu a lehce ale nesignifikantné snizeno stimulované uvolfovani. Regulace
uvolfiovani noradrenalinu presynaptickymi  az-adrenoreceptory vSak zlstala
zachovana. Z vysledk( téchto pokus( tedy vyplyva, Ze inhibi¢ni ucinek xanomelinu
na uvolfiovani ACh neni obecnym inhibicnim ucCinkem na stimulované uvolhovani
mediatorl nebo obecnym uéinkem na kterékoliv presynaptické inhibi¢ni
autoreceptory. Tento zavér se shoduje s vazebnymi pokusy na rekonstituovaném
systému, které ukazuji, Ze xanomelin se nevaze na lipozomy, na purifikovanych
muskarinovych receptorech vykazuje pouze reverzibilni vazbu a neodmyvatelna
vazba se objevuje aZ po inkorporaci purifikovanych receptord do lipozom(i (Jakubik a
spol, 2004).

Nase vysledky na muskarinovych receptorech pfitomnych v jejich pfirozeném
prostiedi potvrzuji pozorovani odvozena z pokusU na receptorech exprimovanych
heterologné v CHO burikach. Uginek xanomelinu pfes M, a M, receptory vyzaduje

jeho neodmyvatelné navazani. Del$i doba potfebna k Gcinku xanomelinu mize byt
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zplsobena oproti My pomalejsi kinetikou neodmyvatelné vazby xanomelinu, ale
hlavné kinetikou aktivace M, (Jakubik a spol., 2006) a mozna i M, receptor(.
Opozdéna aktivace i jinych podtypl muskarinovych receptor(i, nez je My podtyp, by
mohia vysvétlit i vedlejsi ucinky xanomelinu pfi klinickych testech, které vedly k jejich
preruseni. Slozity mechanizmus ucinku xanomelinu je ale zajimavy i z jiného dlvodu.
Xanomelin totiz pfedstavuje prototyp latky s dlouhodobym u€inkem a mohl by slouzit
jako predloha pfi navrhovani struktury specifickych ligandd s dlouhodobym

plsobenim.

Ortosterické
vazebné misto

Obrazek 9: Schematické znazornéni mozného fungovani xanomelinu na
M4 receptorech. 'V oblasti ortosterickeho vazebného mista jsou schematicky
oznaceny oblasti vazebnych mist pro NMS a PRBCM. Xanomelin je neodmyvatelné
navazan mimo ortosterické vazebné misto. Jeho Ucinek je zprostfedkovan jednak
pfes ortosterické vazebné misto (blokovatelny NMS), jednak pfes jiné vazebné misto.
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6 ZAVER
V ramci této prace jsme dospéli k témto konkrétnim vysledkiim:

Transgenni mySi model Alzheimerovy nemoci APPswe/PS1dES vykazuje pfi
srovnani s netransgennimi kontrolami ze stejného vrhu signifikantni Ubytek markerd
cholinergnich synapsi a poskozeni muskarinové transmise jiz u mladych zvifat,
u kterych se teprve zacina objevovat charakteristicka patologie v dobé, kdy teprve
dochazi k urychlovani tvorby B-amyloidu. Tyto poruchy se tykaji presynaptické
(vaCkovy prenasec pro acetylcholin) | postsynaptické (poCet muskarinovych
receptor(l) Casti synapse. Dulezitym nalezem je zejména porucha sprazeni
muskarinovych receptorll s G-proteiny, ktera se u mladych zvirat projevuje snizenim
maximalniho ucinku agonisty a u starych zvirat zvySenim jeho koncentrace potfebné
pro dosazeni maximalniho U€inku. Vyznam téchto zjisténi spociva v priikazu ¢asnych
poruch cholinergniho  systému s progresivnim  zhorSovanim  pfi  starnuti
u tohoto modelu Alzheimerovy choroby. Podporuji tak cholinergni hypotézu
onemocnéni, ktera predpoklada vyznamnou ulohu oslabovani cholinergni transmise
jiz v Casné fazi onemocnéni, a poskytuji podporu pro snahu o ovlivnéni Alzheimerovy

choroby farmakologickym plsobenim na cholinergni systém.

2. Na modelu cholinergni dediferenciace u neuronalni cholinergni bunécné linie
NG108-15 vyvolané odstranénim séra z kultivatniho média jsme potvrdili obecny
neuroprotektivni  UCinek dokosahexaenove kyseliny. Navic jsme zjistili, ze
v koncentraci priblizné desetkrat vyssi (ale stale fyziologické), nez je koncentrace
zajistujici obecnou neuroprotekci, podporuje dokosahexaenova kyselina i expresi
cholinergniho fenotypu. Ztohoto pozorovani vyplyva, ze dostateCny pfisun této
nenasycené mastné kyseliny vpotravé mize mit kromé& obecného
neuroprotektivniho G€inku pfiznivy vliv i na udrzovani fenotypu cholinergnich
neuron, ktery se oslabuje pfirozené béhem starnuti a ve zvyraznéné podobé

u Alzheimerovy nemoci.

3. Pfi studiu a¢inku pfedpokladaného M; selektivnino muskarinového agonisty
xanomelinu, ktery se vSak podle vysledk( ziskanych na heterologné exprimovanych

muskarinovych receptorech vaze na vSechny podtypy reverzibilné do ortosterického
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vazebného mista a neodmyvatelné do jiného vazebného mista, jsme zjistili, ze
v piirozeném preparatu xanomelin aktivuje i M; a My receptory. Aktivace téchto
podtypl vyZaduje vytvofeni neodmyvatelné vazby, kterou nelze zablokovat klasickym
antagonistou, projevuje se opozdené i v nepfitomosti volného ligandu a ma
ortosterickou i alosterickou slozku ucinku. Tato pozorovani jsou v souladu se slozitym
farmakologickymi vlastnostmi xanomelinu, ktery pfi klinickém testovani na
nemocnych s Alzheimerovou chorobou ved! k vyraznym nezadoucim Géinkim a
preruSeni testt. Xanomelin predstavuje prototyp muskarinového ligandu
s dlouhodobym pusobenim a po odhaleni molekularnich mechanizmi jeho Géinku by
mohl slouzit jako predloha pro vyvoj skuteéné selektivnich M; agonistl, které se
vazou do ektopického mista a mohly by mohly byt vyuzity pfi Ié¢bé Alzheimerovy

nemoci k posileni signalizazace prostfednictvim muskarinovych receptor(.
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Abstract

We assessed the integrity of cholinergic neurotransmission in parietal cortex of young adult (7 months) and aged (17 months) transgenic
APPswe/PSIdE9 temale mice compared to littermate controls. Choline acetyltransferase and acetylcholinesterase activity declined age-
dependently in both genotypes, whereas both age- and genotype-dependent decline was found in butyrylcholinesterase activity, vesicular
acetylcholine transporter density, muscarinic receptors and carbachol stimulated binding of GTPyS in membranes as a functional indicator of
muscarinic receptor coupling to G-proteins. Notably, vesicular acetylcholine transporter levels and muscarinic receptor-G-protein coupling
were impatred in transgenic mice already at the age of 7 months compared to wild type littermates. Thus, brain amyloid accumulation in this
mouse model is accompanied by a serious deterjoration of muscarinic transmission already before the mice manifest significant cognitive

deficits.
© 2006 Elsevier Inc. All rights reserved.

Kevivords: Cholinergic neurotransmission; Choline acetyitransferase; Vesicular acetylcholine transporter; Acetylcholinesterase; Butyrylcholinesterase; Mus-

carinic receptors; G-protein coupling; Transgenic mouse

1. Introduction

Original neurochemical findings in Alzheimer’s brains
pointed out disturbances of cholinergic neurotransmission
(Bowenetal., 1976; Davies and Maloney, 1976; Franciset al.,
1985; Perry et al., [977a,b; Sims et al., 1981) that were basis
for the “cholinergic hypothesis” of Alzheimer’s disecase (AD)
(Bartus et al., 1982, Dolezal and Kasparova, 2003; Francis
et al., 1999; Mesulam, 2004). Since then a large body of
evidence has accumulated both supporting and questioning
the hypothesis (Bartus, 2000). Cholinergic neurotransmis-
sion plays an important role in learning and memory. These
functions progressively deteriorate as the disease advances

* Corresponding author. Tel.: +420 296442287 fax: +420 296442488.
E-mail address: dolezal @biomed.cas.cz (V. Dolezal).

0197-4580/% - sce front matter © 2006 Elsevier Inc. All rights reserved.
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and also decline in the course of natural aging. One of the
important questions is whether disturbances of cholinergic
mechanisms are present early in the pathogenesis of AD or
are simply a reflection ol a general neurodegeneration which
afflicts many neurotransmilier systems in the terminal state
of the disease.

It has now been generally accepted that the primary event
in the pathogenesis of AD is increased production and aggre-
gation of noxious B-amyloid fragments composed of 39—43
amino acids. Their overproduction in hereditary cases of the
disease is due to known genetic defects (Sclkoc, 2001) while
the reason of increased production in sporadic cases is largely
unknown. The active form of B-amyloid consists of soluble
oligomeric fragments (Haass and Steiner, 2001; Klein et al.,
2001) that appear in the brain earlier than amyloid plaques
and neurofibrillary tangles typical for pathological picture in
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the terminal state of the disease. Are these soluble oligomeric
R-amyloid fragments also the direct cause of cholinergic
transmission dceficits in AD? This issue is very pertinent
from the viewpoint of potential therapeutic approaches. It
was demonstrated that stimulation of M; and M3 subtypes
of muscrinic receptors leads to non-amyloidogenic cleav-
age of the amyloid precursor protein (Buxbaum et al., 1992,
Nitsch et al., 1992). Attenuation of cholinergic transmission
early in AD pathogenesis may thus result in accelerated pro-
gression of amyloid accumulation, which in turn exacerbates
degeneration of cholinergic neurons. Alternatively, impaired
cholinergic transmission may appear later on during amy-
loid accumulation as a consequence of indirect mechanisms
like impairment of glucose metabolism (Hu et al,, 2003;
Meier-Ruge et al., 1994; Messier and Gagnon, 1996) or pro-
duction of reactive oxidative species (Mattson and Pedersen,
1998).

Several studies have indeed demonstrated substantial loss
of cholinergic markers in the basal forebrain and hippocam-
pus after intracerebroventricular injection of (-amyloid
(Pepeu, 2001). However, acute i.c.v. injection of 3-amyloid
at relatively high concentrations does not really mimic the
gradual accumulation of this peptide in the brain due to
a metabolic disturbance as likely happens in the course of
human AD. It is not feasible to conduct biochemical inves-
tigations in human brains to detect early changes in AD.
However, development of transgenic mice models express-
ing mutated human genes found in hereditary AD enable
investigations of various aspects of brain metabolism and
functioning in the course of amyloid accumulation. Various
transgenic mice modelling the disease display amyloid accu-
mulation and ptaque formation but not significant cholinergic
deficit, with the exception of anti-NGF mouse (Capsoni et
al., 2000, 2002; Ruberti et al., 2000). Loss of basal fore-
brain neurons was not observed in APP mutant mice and
early reports indicated no change in ACh markers such as
acetylcholinesterase (AChE) and choline acetyltransferase
(ChAT) (Pepeu, 2001). However, moderate morphological
changes of cholinergic terminals were reported in the vicin-
ity of plaques in double transgenic APP/PS1 mice (Hu et
al.,, 2003; Wong et al., 1999). Later studies have nonethe-
less reported moderate decline in cholinergic markers in APP
transgenic mice but only after around 16 months of age
(Aucoin ct al., 2005; Hartmann et al., 2004; Savonenko et al.,
2005).

We took advantage of double transgenic APPswe/PS1dE9
mice that overproduce amyloid-B3_4 resulting in develop-
ment of Alzheimer-like pathology (Jankowsky et al., 2001,
2004). This mouse line first develops amyloid plaques around
5-6 months of age in the cortex and hippocampus, but
cognitive deficits are present only after 12 months of age
(Savoncnko et al., 2005). In these experiments we focused
on the parietal cortex as this brain area shows the most rapid
accumulation of R-amyloid in this mouse model (Jankowsky
et al., 2004). Female mice were used as they express faster
development of pathology than males (Oksman et al., 2006;

Wang et al., 2003). We investigated changes in the den-
sity of the vesicular acetylcholine transporter (VAChT) as a
presynaptic marker of cholinergic synapse and ability of the
full muscarinic agonist carbachol to activate heterotrimeric
G-proteins as a functional indicator of cholinergic signal
transmission efficiency. We provide evidence that marked
deficit in presynaptic cholinergic markers and transmission
through muscarinic receptors at a functional level occur much
earlier than reported in the literature.

2. Methods
2.1. Animals

The APPswe/PS1dE9 founder mice were obtained from
the Johns Hopkins University, Baltimore, MD, USA (D.
Borchelt and J. Jankowsky, Department of Pathology) and a
colony was established at the University of Kuopio. In brief,
mice were created by co-injection of chimeric mouse/human
APPswe (mouse APP695 harboring a human A domain and
mutations K595N and M596L linked to Swedish familial AD
pedigrees) and human PS1-dE9 (deletion of exon 9) vectors
controlled by independent mouse prion protein promoter ele-
ments. The two transgenes co-integrate and co-segregate as a
single locus (Jankowsky et al., 2004). This line was originally
maintained in a hybrid C3HeJ x C57BL6/J F1 background,
but the mice of the present study are derived from backcross-
ing to C57BL6/J for five to six generations. The housing
conditions (National Animal Center, Kuopio, Finland) were
controlled (temperature 22 °C, light from 07:00 to 19:00;
humidity 50-60%), and fresh food and water were freely
available. The experiments were conducted according to the
Council of Europe (Directive 86/609) and Finnish guide-
lines, and approved by the State Provincial Office of Eastern
Finland.

2.2. Sample preparation

Samples were dissected in Kuopio, Finland. The mice
were anesthetized with chloralhydrate—pentobarbiturate mix-
ture (each 60 mg/kg, i.p.), transcardially perfused with 50 ml
heparinized ice-cold 0.9% saline (10 ml/min), and the brains
were rapidly removed. One hemibrain of each brain was
immersed in 4% paraformaldehyde in 0.1 M Na-phosphate
buffer (pH 7.6) for 4 h and then transferred to a 30% sucrose
solution and kept overnight on a shaker table. The hemi-
brains were then stored in a cryoprotectant in —20°C for
later immunohistology. The other hemibrain was dissected on
ice into selected brain areas (hippocampus, frontal and pari-
etal cortex, and cerebellum) that were stored in —70°C for
biochemical assays. Samples of brain parietal cortical tissue
from 7- to 17-month-old control and transgenic female mice
were transported ondry ice to Prague (Czech Republic). Sam-
ples were homogenized in a glass homogenizer (seven strokes
atsetting 7) in I mlof 10 mM sodium phosphate buffer (Na-P-
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buffer) containing 1 mM EDTA (ethylenediaminotetraacetic
acid), final pH 7.4. All operations were done on ice and sam-
ples were then stored at —75 “C before use. Protein content
in homogenates ranged between 1.80 and 8.28 mg/ml.

2.3. [PH]-vesamicol binding measurement

Levels of vesicular acetylcholine transporter (VAChOT)
were estimated as vesamicol (phenylpiperidinocyclohexanol)
binding to homogenatcs. To 100 pl aliquots of homogenates
(200-500 pg of protein) was added 100 1 of SO0 mM Na-P-
buffer (pH 7.4) containing 4 mM CHAPS, 200 nM naloxone
to block sigma binding sites (Custers ct al., 1997), and triti-
ated vesamicol (NEN, 34 Ci/mmol) at a final concentration
of 7uM for equilibrium single-point binding assay or at a
concentration range of 0-35 nM for saturation analysis. Non-
specific binding was determined in parallel tubes containing
in addition 100 .M unlabeled vesamicol. Samples mostly in
duplicates or triplicates were incubated for 30 min at 25 °Cin
ashaking water bath. At the end of incubation free labeled lig-
and was separated by rapid filtration with a Brandel filtration
apparatus through Whatmann GF/F glass filters pretreated
for | h with 0.25% polyethylenimine. Radioactivity of bound
labeled ligand retained on filters was quantified by liquid
scintillation counting.

2.4. [PS]GTP-yS binding measurement

Coupling of muscarinic receptors with G-proteins was
determined as an increase of GTP-yS binding to mem-
branes induced by the muscarinic receptor agonist carbachol
as described earlier (Jakubik et al., 2006). Briefly, crude
membranes were prepared by centrifugation of brain cortex
homogenates at 30,000 x g for 30 min at 4 °C. Supernatants
were discarded. To remove traces of EDTA and cytoplasm
from original homogenates that would interfere with the
assay, pellets were resuspended in a reaction buffer con-
taining NaCl 100 mM, MgCl, 10mM, Hepes 20 mM, pH
7.4, and centrifuged once more in the same conditions.
Supernatants were again discarded and the resulting pel-
lets were resuspended in the reaction buffer at a final
protein concentration of about 1 mg/ml. Suspensions of mem-
branes were used for assay immediately or stored at —75°C
before assayed. For measurement of resting and carbachol-
stimulated GTP-yS binding, 50 ul aliquots of membranes
containing 2—4 wg protein were incubated for [5min at
30°C in 150 ul of reaction buffer containing in addition
1 mM DTT, 50 uM GDP, and the muscarinic agonist carba-
chol at a concentration range 300 nM to 100 uM. After this
preincubation, 50 wl aliquots of [*°S]GTP-vS were added
to give a final concentration of 500pM and incubation
continued for another 45 min. Total content of G-proteins
in membranes was determined as [3SS]GTP-'yS binding in
the absence of GDP. Aliquots of membrane suspension
containing | wg protein were incubated for 20 min under
the same conditions. Nonspecific binding was assessed in

the presence of 10 WM unlabeled GTP. Incubations were
terminated by rapid vacuum filtration through Whatmann
GF/F filters using Tomtcc harvester Mach TIT. Radioactiv-
ity retained on filters was mcasurcd with Microbcta counter
(Wallac).

2.5. [JH]-N—methylscopolami/le binding

Density of muscarinic receptors was estimated as spe-
cific binding of ‘H-N-methylscopolamine (*H-NMS) as
described previously (Jakubik et al., 1995). Brefly, 50 ul
aliquots of homogenates were incubated in triplicates with
[*H]-NMS (1nM, SRA 148 dpm/fmol, NEN) in a final
volume 1 ml of incubation buffer (final concentrations:
20mM HEPES, 100mM NaCl, 10mM MgCly, pH 7.4)
for 1 h at 25°C. Free ligand was separated by rapid fil-
tration (Brandel superfusion apparatus) through Whatmann
GF/F filter presoaked with 0.25% polyethylenimine. Non-
specific binding was measured in parallel samples in the
presence of 10 uM atropine. External standard (membranes
of chinese hamster ovary cells expressing M subtype of
muscarinic receptors) were included in each filtration to
correct results for a possible deviations among individual
filtrations.

2.6. Determination of enzyme uctivities

For determination of enzyme activities, 200 il aliquots
of original homogenates were mixed with 200 .1 of choline
acetyltransferase assay buffer (final concentrations in mM:
200mM NaCl, 10mM Na-P-buffer, 0.2% Triton X-100,
pH 7.4) and stored at —75°C until assayed for activities
of choline acetyltransferase (ChAT), acetylcholinesterase
(AChE), and butyrylcholinesterase (BuChE). ChAT activity
was determined using a modification of Fonnum’s method
(Berrard et al., 1995; Fonnum, 1969) in 10wl aliquots of
homogenates in three series. Samples were incubated in (final
volume) 50 wI ChAT assay buffer containing in addition (final
concentrations) 0.2 mM eserine, 2 mM choline, and a mixture
of 15 uM unlabeled acetylCoA and *H-acetylCoA (Amer-
sham, SRA 3 Ci/mmol; final SRA around 140 dpm/pmol) for
15 min at 37 °C. Incubations were stopped by adding 400 pl
of ice cold 10 mM N-P-buffer and 400 .l of tetraphenylboron
dissolved in butyronitril (10 mg/ml). Synthetized labeled
acetylcholine was extracted into organic layer and 250 .l
aliquots were taken for scintillation counting. In each series,
the same standard sample was measured to verify repro-
ducibility of assay (measured activities in individual series
were 1.68, 1.57, and 1.54 pmol/ug protein/15 min). AChE
and BuChE activities were estimated using Ellman’s method
(Ellman et al., 1961). For AChE activity, 5 ul aliquots of
samples were incubated for 30 min at 25 °C in (final volume)
200 .l of incubation mixture (55 mM Na-P-buffer, 0.25 mM
dithiobisnitrobenzoic acid, 5 mM acetylthiocholine, 0.05%
Triton X-100, pH 8.0) and the absorbance was measured at
405 nm. BuChE activity was measured under the same con-
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ditions in 50 wl aliquots of samples for 60 min with 5mM
butyrylthiocholine as chromogenic substrate.

2.7. Protein determination

Proteins were determined using Paterson’s modification
(Peterson, 1977) of Lowry’s method (Lowry et al., 1951).

2.8. Immunohistochemisty

The hemibrains were cut in six series of coronal sec-
tions (30 wm) using a sliding, freezing microtome. One of
the series was stained for AR (Mouse anti-human A{4-9;
6E10, (Senetek, St. Louis, USA). The sections were first pre-
treated for 30 min with hot (80 °C) citrate buffer, and then
transferred to a solution containing the primary antibody
(mouse anti-human AR at 1:1000). Following incubation in
this solution for 18 h on a shaker table at room temperature
(20°C) in the dark, the sections were rinsed three times in
tris buffered saline and Triton (TBS-T) and transferred to
the solution containing the secondary antibody (goat anti-
mouse-biotin, Sigma). After 2 h, the sections were rinsed
three times with TBS-T and transferred to a solution contain-
ing mouse ExtrAvidin (Sigma); following rinsing the sections
were incubated for approximately 3 min with Ni-enhanced
DAB. A second series was stained for AChE as described by
Hedreenetal. (1985) with slight modifications. Sections were
rinsed in 0.1 M maleate buffer (pH 6.0). After that sections
were moved to the reaction solution (Karnovsky & Roots-
solution) for 2 h, followed by rinsing five times in 0.05M
Tris buffer (pH 7.6). Finally the sections were intensified
in Ni-enhanced 3,3-diaminobenzidine tetrahydrochloride
(DAB). All stained sections were mounted on slides and
coverslipped.

2.9. Statistical and mathematical evaluation

Curve fitting and statistical evaluation of data were
done using Prism 4 (GraphPad Software Inc., CA). A
sigmoidal concentration-response curve Y = (Bottom +
(Top — Bottom))/(1 + 100°8EC0=%)y was fitted to GTP-
yJSS binding data where X is log of carbachol concentration,
Y the GTP-vy»S binding expressed as fold over basal, and
ECsg is concentration of carbachol required to produce
nalf-maximal stimulation. One site saturation binding curve
Y=Bmax X X/(Kq+X) was fitted to vesamicol binding data
where X is vesamicol concentration, Y is vesamicol spe-
cific binding, Bmax is vesamicol maximal binding, and Ky is
concentration of vesamicol required to reach half-maximal
binding. Variations among measurements were analysed by
two-way ANOVA. Statistical significance between trans-
genic animals and age-matched control or between control
and transgenic animals from both age groups was tested by
Bonferroni’s post-test. Significant age-dependent differences
are indicated by crosses (#) and transgene-dependent differ-
ences by asterisks (*).

3. Results

3.1. Age and transgene dependent changes of
cholinergic markers

Activities of enzymes related to cholinergic neurotrans-
mission and muscarinic receptor density are summarized
in Fig. 1. ANOVA revealed an age-related decline in
ChAT [F(1,36)=16.3, p=0.0003], AChE [F(1,36)=09.1,
p=0.0046], and BuChE [F(1,35)=22.1, p<0.0001] activ-
ity. BuChE activity was also reduced in transgenic mice
compared to their nontransgenic littermates [F(1,35)=9.6,
p=0.037], but no age x genotype interaction were observed
inthese enzymes. Muscarinic receptor density also decreased
age-dependently [F(1,36)=8.1, p=0.0074] and was lower
in transgenic mice [F(1,36)=25.1, p<0.0001] resulting
in a significant age x genotype interaction [F(1,36)=4.3,
p=0.0444].

3.2. VAChT is reduced in young transgenic animals

Because ChAT activity is not a rate-limiting factor in
acetylcholine synthesis (Brandon et al.,, 2004), possible
impairment of the presynaptic component of cholinergic
synapses was further probed using vesamicol binding. Den-
sity of the VAChT in individual samples was determined in
equilibrium binding assay with 7nM *H-vesamicol. In order
to prevent contribution of binding to sigma receptors (Custers
et al,, 1997) binding measurements were performed in the
presence of 500 nM naloxone. As shown in Fig. 2, the den-
sity of VAChT exhibited both age and transgene dependent
dechne. This was verified by the ANOVA, which revealed
significant effects of age [F(1,20)=73.3, p<0.0001] and
genotype [F(1,20)=11.8, p<0.003]. Furthermore, the age-
related decline in vesamicol binding was larger in transgenic
mice resulting in age by genotype interaction [F(1,20)=4.5,
p<0.05]. These differences of vesamicol binding reflected
levels of VAChTSs because saturation analysis of vesamicol
binding in all groups displayed the same affinity of vesam-
icol binding (Table |; in nM: young control, 6.51 £0.84;
young transgenic, 4.32 £ 0.55; aged control, 5.68 £ 1.90;
aged transgenic 4.98 + 0.50).

3.3. Muscarinic receptor-G-protein coupling is impaired
in young transgenic animals

Signal transduction through muscarinic receptors was
assessed as the ability of the non-hydrolyzable acetyl-
choline analogue carbachol to activate coupling of muscarinic
receptors with heterotrimeric G-proteins. Stimulation of
GTP-v*S binding in cortical membranes by 10 uM car-
bachol (Fig. 3, upper graph) was highest in young control
mice, followed by aged control, young transgenic and
aged transgenic groups. Only the main effect of genotype
manifested as a reduction of GTP-y*S binding was sta-
tistically significant [F(1,18)=11.9, p=0.003]. These data
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Fig. . Age and transgene related changes of cholinergic markers in parietal cortex. Upper left: Choline acetyltransferase activity (ChAT) is expressed in pmol
ACh/pg protein/15 min. "p<0.05, *p <0.01, significantly difterent from corresponding young animals. Upper right: Density of muscarinic receptors was
determined as H-NMS binding and is expressed in fmol/mg protein. “p<0.05, *""p <0.001, significantly different from age-matched controls; *p <0.01,
significantly different from young transgenic animals. Lower left: AChE activity is expressed as the increase of absorbance/mg protein/30 min. #p <0.05,
significantly different froin young controls. Lower right: BuChE activity is expressed as the increase of absorbance/mg protein/60 min. " p < 0.01. significantly
different from age-matched controls; #p <0.05, #¥p < 0.001, significanty differenl from corresponding young animals. CY. 6-month-old control mice: TgY,
6-rnouth-old transgenic mice; CO, 16-month-old control mice; TgY, 16-month-old transgenic mice. In all graphs, columns represent mean + S.E.M. of samples
derived from 14, 10, 8 and 7 (in the case of BuChE activity in TgY only 6) animals, respectively. Statistical significance between age-matched or control
ransgenic animals was determined by two-way-ANOVA followed by Bonferroni’s posttest.

Table |
Parameters of vesamicol binding

Bmax (fmol/mg protein) Kq (nM)
Control 7 months 93.6 4.4 (82.3-105.0) 6.51 +0.84 (4.34-8.68)
Transgenic 7 months 69.1 £4.3(61.9-76.4) 43240.55(291-5.73)
Control 17 months 72.0£5.7 (50.5-93.5) 5.68 £+ 1.90 (0.79-10.56)
Transgenic [7 months 65.2+5.0(58.8-72.4) 4,98 +£0.50 (3.58-6.38)

Data represent mean = S.E.M. of binding parameters derived from experiment shown in Fig. 2. In parentheses are shown 95% limits of confidence.

implied serious impairment of muscarinic signal transduc-
tion efficacy in young transgenic animals. To get more
detailed insight into malfunction of muscarinic receptor-G-
proteins coupling we performed a concentration-response Table 2 i
analysis of carbachol stimulation of GTP_,YJSS binding in Efficacy (Emax) and potency (ECsg) of carbachol in stimulating GT'P—V“’S

v . binding
pooled samples of individual groups (Fig. 3, lower part). (e ,
Results demonstrate age-dependent decline in both effi- Ema (fold increase)  ECso (WM)
cacy (Emax) [F(1,8)=65.3, p<00001] and potency (ECSO) Control 7A months [.85 + 0‘07'#“1 522 £0.79
[F(1,8)=46.0,p=0.0001] of carbachol in activating coupling Transgenic 7 months 1.48 + 0.0177 8.46 £ 1.08
.. . . . Control 17 months 1.35 £ 0.01 7.58 + 0.43
of muscarinic receptors with G-proteins (Table 2). The main Transeenic 17 months 134 1 0.02 24,43 4 24377 W

effect of transgene on these parameters was also significant 5 L SEM. of three indenend e

] _ . . . ata represent mean + S.E.M. of three independent measurements done in
(Emﬂx’ p=0.001; ECso, p<0.0001). _In addmon? the decline quadruplicates as that shown in Fig. 3. *" p < 0.001. significantly diflerent
in both parameters was more robust in transgenic compared from young controls; **p < 0.001, significantly different from age-matched
to control mice (age x genotype interaction for both Epmayx controls by two-way-ANOVA and Bonferroni's post-test.
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Fig. 2. Density of VAChT. Upper graph: Vesamicol binding in fmol/mg
protein (ordinate) in individual samples was determined in triplicates with
7.0 nM *H-vesamicol. Columns represent mean £ S.E.M. of six samples in
each group. “"p < 0.01, significantly different from age-matched controls;
" <0.001. sienilicantly different from corresponding young controls by
ANOVA followed by Bonferroni's posttest. Lower graph: Pooled samples
were used for saturation analysis. Data are derived from a single measure-
ment in each group done in duplicates and expressed in fmol/mg protein
(ordinate). Error bars show individual values. Abscissa: concentration of
vesamicol. Parameters of saturation curves are given in Table 1. CY, 7-month-
old control mice; TgY, 7-month-old transgenic mice; CO, 17-month-old
control mice; TgY, 17-month-old transgenic mice.

and ECsp, p=0.001). Total content of G-proteins in mem-
branes determined as GTP-y*>S binding in the absence of
GDP was not changed either in transgenic or aged animals
(Table 3).

Table 3
Content of G-proteins in brain cortex membranes

G-protein content (pmol/mg protein)

Control 7 months

37735
Transgenic 7 months 337405
Control 17 months 35728
Transgenic 17 months 341124

Data represent mean + S.E.M. of three samples done in quadruplicates.

Stimulation of GTP-y%S binding by 10 .M carbachol
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Fig. 3. Carbachol stimulation of GTP-y**S binding. Upper graph: Stimu-
lation of GTP-y®S binding in individual samples by 10 pM carbachol is
expressed as fold increase over basal binding in the absence of agonist.
Columns represent mean £ S.E.M. of six samples in eacb group. "p <0.05,
significantly different from age-matched control by two-way-ANOVA fol-
lowed by Bonferroni's postiest. Basal binding was not significantly dittcrent
among groups (183 435, 273 48, 317 £ 59, and 288 + 67 fmol/mg pro-
tein in CY, TgY, CO, and TgO groups, respectively). Lower graph: Pooled
samples were used for concentration—response analysis. Data shown are
representative of three experiments run in quadruplicates. Values expressed
as fold increase of GTP-y**S binding (ordinate) induced by carbachol
(abscissa, logM concentration) represent mean+ S.EM. Parameters of
concentration—response curves are given in Table 2. CY, 7-month-old control
mice; TgY, 7-month-old transgenic mice; CO, 17-month-old controf mice;
TgY, 17-month-old transgenic mice.

3.4. Development of amyloid plagues and AChE staining

Progressive plaque formation between 7 and 17 months
of age in APPswe/PSIdE9 mice is illustrated in Fig. 4.
As reported earlier (Savonenko et al., 2005), the parietal
cortex displayed amyloid plaques already at 7 months of
age. Nevertheless, both plaque number and size substan-
tially increased at 17 months of age. The advancing plaque
pathology was not accompanied by a systematic weakening
of AChE immunopositivity. However, as the lower part of the
figure with high magnification indicates, amyloid plaques
caused local derangement of AChE positive fibers. Some
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Fig. 4. Immunohistochemical staining for human specific B-amyloid (6E10) and cholinergic synapses (AChE) in 7- and 17-month-old APPswe/PSI1dE9 mice
and aged wild type mouse. The bottom row shows high magnification of cortical AChE-positive fibers. Note how amyloid ptaques (arrows) show up as cither

higher or lower density spots than the surrounding tissue. The scale bar =200 wm.

plaques appeared pale and devoid of AChE positive termi-
nals, while others showed increased immunopositivity. This
most likely simply reflects pushing the cholinergic terminals
aside at the cutting plane.

4. Discussion

The most important finding of our experiments is presy-
naptic as well as postsynaptic impairment of cholinergic
synapscs in parictal cortex of young adult transgenic mice.
The observed modest age-dependent decline of esterases
activities and transgene-dependent reduction of BUuChE activ-
ity in young animals are not likely to have major impact on
strength of cholinergic transmission, considering abundance
of these enzymes, and may therefore represent an adaptive
response. Evidence for the functional significance of BuChE
comes from AChE knockout in mice which are viable till
adulthood when fed liquid diet (Duysen et al., 2002; Xie et
al., 2000). These findings indicate that AChE is not essential
for embryonic development and survival, and can be substi-
tuted by BuChE. Moreover, selective inhibition of BuChE

increased brain ACh concentration and improved cognitive
performance in aged rats, and decreased AR).40 and AR
production in transgenic APPswe + PS1 mice (Greig et al.,
2005). Our finding of the transgenc-dependent reduction in
BuChE activity is in concert with its decrease in Alzheimer’s
disease brain cortex determined in vivo by positron emission
tomography (Kuhl et al., 2006).

On the other hand, the transgene-dependent decrease of
VACAT in young animals and muscarinic receptors in aged
animals point to relaxation of synaptic strength. These obser-
vations are consistent with the notion that damage of synaptic
transmission plays a crucial role at the very beginning of
pathogenesis of Alzheimer’s disease (Bartus et al., 1982;
Dolezal and Kasparova, 2003; Francis et al., 1985; Mesulam,
2004; Selkoe, 2001). VAChT that we used together with
ChAT as a presynaptic marker serves to pack ACh into synap-
tic vesicles. Its decrease in young transgenic animals thus
represents damage that may limit the size of the releasable
pool of ACh during ongoing activity. Because we did not
find a change in vesamicol binding affinity, the decrease of
its binding in single point measurements reflects lower levels
of VAChT protein. This conclusion is further supported by the
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significant decrease of calculated maximal vesamicol binding
in saturation experiments (Fig. 2; Table 1). The lower VAChT
number could indicate a decrease in the density of choliner-
gic terminals. However, this explanation does not seem likely
because we did not observe a concomitant decrease of ChAT
activity in the same samples from young animals (Fig. I).
Although ChAT an¢ VAChT are transcribed from a common
gene locus (Erickson et al., 1994) and their transcription is
co-regulated (Berrard ct al., 1995; Berse and Blusztajn, 1995;
Cervini etal., 1995), an independent regulation of the expres-
ston of the two proteins at a posttranscriptional step, i.e. at the
level of protein translation or breakdown, has been demon-
strated during late embryogenesis and early postnatal life
(Holler et al., 1996). This dissociation of the levels of the
two proteins in transgenic animals resembles the situation in
late embryogenesis and may be the result of cholinergic neu-
ron dedifferentiation (Blusztajn and Berse, 2000) induced by
increased production of B-amyloid fragments, whereas con-
comitant reduction of both proteins observed in aged mice
may reflect a loss of cholinergic synapses similar to that
found in parietal cortex of 18-month-old hAPPs,, [n4 trans-
genic mice (Aucoin et al., 2005). Results shown in Fig. 4,
however, are not in favor of the latter possibility. Our find-
ings of both age- and transgene-related decrease of VAChT
density in parietal cortex compares well with the reported
decrease of cortical VAChT in AD patients (Efange et al.,
1997). The dccrease of VAChT density may offer a plausi-
ble explanation for reduced ACh content observed in APPsw
mice (Ikarashi et al., 2004).

In addition to ACh release, an integral step in choliner-
gic transmission is transduction of extracellular chemical
signal represented by released ACh to intracellular sig-
nalling pathways mediated by ACh receptors. Our finding
of both age- and transgene-related decline of the capabil-
ity of carbachol to activate G-proteins demonstrates serious
impairment of muscarinic signal propagation across the cell
membrane. This observation may explain the apparent dis-
crepancy between cognitive impairment and preserved or
even increased expression of the cholinergic marker ChAT
observed in post-mortem samples of patients diagnosed with
mild cognitive impairment or mild AD (DeKosky et al., 2002,
Frolich, 2002). We found no change in the density of mus-
carinic receptors in the parietal cortex between young and
old control animals and detected a reduction by only 9%
in young and 22% in aged transgenic animals compared to
age-matched controls. The large (about 50%) decrease in G-
protein activation cfficacy we observed in young transgenic
and aged control animals compared to young controls thus
could not be due to a decrease in muscarinic receptors den-
sity. This is further supported by the finding that the small
reduction of muscarinic receptors number in aged transgenic
animals compared to aged controls was not connected with
further appreciable decrease of carbachol efficacy in acti-
vating G-proteins. In concert with reported observations in
human brain (Li et al., 1996; McLaughlinetal., 1991) we did
not find any appreciable reduction of G-proteins level mea-

sured as a total number of GTP binding sites in membrane
preparation in transgenic animals compared to corresponding
controls or in aged compared to young controls that would
explain observed decrease of carbachol clticacy. However, a
possibility of selective depletion of a class of G-proteins will
need further investigation. Another important feature of the
impairment of signal transduction was the detection of more
than three-fold decrease of carbachol potency in aged trans-
genic animals in comparison to all other groups. These data
are in line with attenuated muscarinic receptor-stimulated
phosphatidylinositol hydrolysis in rat primary cortical neu-
ron cultures exposed to B-amyloid fragments (Kelly et al.,
1996) and with a decrease of low K, GTPase activity stim-
ulated by muscarinic agonists in hippocampus and striatum
of aged rats (Joseph et al., 1993). The deficit of muscarinic
receptor/G-protein coupling estimated as a decrease of mus-
carinic receptor-stimulated phosphatidylinositol hydrolysis
(Jopeetal., 1994; Jope etal., 1997) and a loss of high affinity
M| muscarinic receptor binding sites has also been demon-
strated in membranes prepared from post-mortem human
cortex in the terminal state of AD (Tsang et al., 2005).

All these observations point to a rather complex mal-
function of muscarinic receptor/G-protein coupling than to
a selective depletion of specific muscarinic reccptor subtype
and/or specific G-protecin. The large reduction of carbachol
efficacy without change ol potency in young transgenic
animals could derive from a selective reduction of Gy or
Ggs1 G-proteins that preferentially couple with prevailing
M, receptor in the cortex and/or of the M receptor itself.
This mechanism, however, cannot explain the large reduc-
tion of carbachol potency in aged transgenic animals but
the same efficacy in young and aged transgenic animals
(Table 2). It has been shown that coupling specificity of mus-
carinic receptor subtypes is not absolute and activation of
non-conventional G-proteins and their signalling pathways
with respect to muscarinic receptor subtype could take place
under certain conditions (Jakubik et al., 2006; Michal et al.,
2001). Considering complexity of agonist-stimulated recep-
tor/G protein coupling and functional outcome of receptor
stimulation (Kenakin, 2004; Tucek et al., 2002; Urban et
al., 2006), it is apparent that clarification of mechanism(s)
responsible for the observed attenuation of muscarinic signal
transduction will require further studies.

The observed early changes in cholinergic neurotransmis-
sion in APPswe/PS1dE9 mice are probably not unique to this
particular mouse line. Early studies in the common APP-
swe (Tg2576) line were not able to detect any cholinergic
neuropathology up to 23 months of age (Gau ct al., 2002),
whereas a more recent study reported decreased ACh levels
in several brain areas at 10 months but not yet at 6 months of
age (Ikarashi et al., 2004). Additionally, changes in cholin-
ergic presynaptic markers have been reported in mouse lines
carrying the APP717(Lon/Ind) mutation alone or combined
with PS1 mutation from 14 months of age on (Aucoin ct
al., 2005; German et al., 2003; Hartmann et al., 2004). None
of the earlier reports have addressed components of cholin-
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ergic neurotransmission to the same detail as our current
study, so these functional changes may have gone undetected.
It is also possible that APPswe/PSIdE9 mouse line has a
particularly aggressive pathology among APP overexpress-
ing mouse lines, which renders the cholinergic system more
vulnerable at an early age. Compared to the Tg 2576 line,
APPswe/PSTdE9 mice show a more rapid formation of amy-
loid plaques with age, so that 7-month-old APPswe/PS1dE9
mice have similar amyloid burden as APPswe (Tg2576) show
around [2 months of age (Hsiao et al., 1996). The lines also
differ slightly in terms of APP processing. Both overexpress
human APP, but the expression is about six-fold compared
to the endogenous levels in Tg2576 mice (Hsiao et al., 1996)
while it is only about three-fold in our mice (our unpublished
observation). Second, whereas APPswe mutation alone leads
mainly to production of B-amyloid 140 (AB |40 to AR 42
ratio in Tg2576 mice is 2—4), the presence of PSI muta-
tion modifies ~y-sccretase activity so that about two times
more AP |42 peptide than AR _40 peptide is produced in the
APPswe/PS 1dE9 double mutant line (Jankowsky et al., 2004;
Oksman ct al., 2006; Savonenko et al., 2005). These compar-
isons suggest that accumulating A3)_47 plays an important
role in the age- and transgene-related deterioration of cholin-
ergic neurotransmission. However, the role of other APP
degradation products as a cause for cholinergic degeneration
cannot be ruled out.

Changes in APPswe/PS1dE9 mice compared to wild
type littermates resemble precipitated age-related changes
observed in wild type mice. This fits with the idea of acceler-
ated aging in amyloid overproducing mice. Accumulation
of B-amyloid may induce metabolic changes in the brain
such as increase of oxidative stress (Aucoin et al., 2005;
Mattson and Pedersen, 1998) or disturbances of glucose
metabolism (Hoyer, 2000; Meier-Ruge et al., 1994; Messier
and Gagnon, 1996) that accompany aging. These metabolic
changes may render the cholinergic system more vulnera-
ble to toxic effects of B-amyloid. However, it is known from
clinical studies, e.g. the famous religious order’s study on cen-
tenarian nuns, that many individuals may carry remarkable
amyloid [oad in the brain without any impairment in neu-
ropsychological tests (Snowdon, 2003). Deficit in muscarinic
transmission that we observed provides a new promising tool
to study the interaction between genetic and life-style fac-
tors in the pathophysiology of AD. For instance, Jankowsky
et al. (2005) demonstrated that environmental enrichment
enhances amyloid accumulation, butresults in improved cog-
nition in APPswe/PS1dE9 mice. It would be interesting to
see effects of such manipulations on strength of muscarinic
transmission.

In conclusion, the most widely used cholinergic markers
AChE and ChAT exhibit only age-related decreases in the
present study. However, our data convincingly demonstrate
extensive functional decline of cholinergic signal trans-
mission at the muscarinic receptor level in the transgenic
APPswe/PS1dE9 mouse model of Alzheimer’s disease remi-
niscent of accelerated aging. This decline is already apparent

in young adult (7-month-old) transgenic animals that display
rapid accumulation of 3-amyloid deposits in the brain but no
cognitive decline yet (Savonenko et al., 2005), and deteriorate
with aging as evidenced by the decrease of carbachol potency
to activate G-proteins (Table 2). We also showed reduction of
VAChT level that is nota consequence of cholinergic denerva-
tion. Our findings thus provide evidence for both presynaptic
and postsynaptic defects of cortical cholinergic synapses in
young transgenic APPswe/PS1dE9 mice and unequivocally
prove early malfunction of muscarinic transmission in this
transgenic model of Alzheimer’s discase.
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BSTRACT

e studied the effects of 3-[3-hexyloxy-1,2,5-thiadiazo-4-yl]-
'2,5,6-tetrahydro-1-methylpyridine (xanomeline) wash-resis-
it binding on presynaptic muscarinic regulation of electrically
oked [*HJacetylcholine (ACh) release from rat brain slices. In
ath cortical and striatal tissues that possess M, and M, au-
receptors, respectively, immediate application of 10 uM xa-
omeline had no effect on evoked [*HJACh release or its inhi-
fion by 10 uM carbachol. In contrast, preincubation with 1,
10, or 100 uM xanomeline for 15 min decreased evoked release
f ACh measured after 53 min of washing in xanomeline-free
tedium in a concentration-dependent manner. The maximal
hibitory effect equaled the immediate effect of the muscarinic
I agonist carbachol, and it was completely {(at 1 and 10 uM
znomeline) or partially (at 100 uM xanomeline) blocked by 1
N-methylscopolamine. Neither presence of N-methylsco-

polamine during 100 M xanomeline treatment nor previous
irreversible inactivation of the classical receptor binding site
using propylbenzylcholine mustard in cortical slices prevented
the inhibitory effect of wash-resistantly bound xanomeline.
Treatment of cortical slices with xanomeline slightly decreased
the number of muscarinic binding sites, and it markedly de-
creased affinity for N-methylscopolamine. When applied as in
acetylcholine release experiments, xanomeline did not impair
presynaptic a,-adrenoceptor-mediated regulation of noradren-
aline release. The functional studies in brain tissue reported in
this work demonstrate that xanomeline can function as a wash-
resistant agonist of native presynaptic muscarinic M, and M,
receptors with both competitive and allosteric components of
action.

3-[3-Hexyloxy-1,2,5-thiadiazo-4-yl]-1,2,5,6-tetrahydro-1-
tethylpyridine (xanomeline) is an atypical agonist that
iinds to all muscarinic receptor subtypes with high affinity
ymaster et al., 1997; Watson et al., 1998; Wood et al., 1999;
akubik et al., 2006), but it displays functional selectivity for
M, and M, receptors (Shannon et al., 1994; Ward et al,,
1995; Bymaster et al., 1997, 1998). Xanomeline was supposed
» be developed as an M, receptor-selective drug for treat-
nent of Alzheimer’s discase. However, original clinical trials
svealed frequent peripheral side effects that were not
onsistent with M, selectivity and led to interruption of tes-
ing (Mirza et al., 2003). More recent behavioral studies in
ndents, primates, and clinical studies have pointed to pot-

This work was supported by project of Czech Academy of Sciences
W0Z50110509, Czech Science Foundation Grant GACR305/05/0452, National
stitutes of Health Grant NS25743, and Ministry of Education, Youth, and
Sport of Czech Republic Grant LCH54.

Article, publication date, and citation information can be found at
hittp:/fjpet.aspetjournals.org.

doi:10.1124/jpet. 107.122093.

ential profitable antipsychotic effects that are ascribed to the
M,/M, agonistic profile of the drug (Bymaster et al., 2002;
Andersen et al., 2003).

We observed previously that xanomeline interacts with
two binding sites on the muscarinic receptor, i.e., the ortho-
steric binding site and another distinct site where it binds in
a wash-resistant manner (Christopoulos et-al., 1998; Jakubik
et al., 2002, 2004), Wash-resistantly bound xanomeline acti-
vates guanosine 5’-0-(3-thio)triphosphate binding at the M
receptor, and, although with lower efficacy but similar atfin-
ity, also at the M, receptor (Jakubik et al., 2006). Likewise,
wash-resistantly bound xanomeline induces durable antago-
nism of My receptor activation (Grant and El-Fakahany,
2005). Together, these findings strongly indicate that the
complicated pharmacological profile of xanomeline action
may be due not only to the selective stimulation of M /M,
receptors but also to not yet well characterized effects of
wash-resistant xanomeline at all subtypes of muscarinic re-
ceptors thus far tested.

All these observations on the effects of wash-resistant xa-

IABBREVIATIONS: ACh, acetylcholine; PRBCM, propylbenzylcholine mustard; NMS, N-methylscopolamine; NA, noradrenaline; CHO, Chinese
ramster ovary; UK-14,304, 5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)-6-quinoxalinamine.
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fig. 1. Immediate application of xanomeline does not influence electrically evoked [PHJACh release and its presynaptic M, (cortex) and M, (striatum)
neeptor-mediated inhibition. Brain cortical (left column) and striatal (right column) slices were stimulated (2-ms monopolar pulses at 1 Hz for 1 min
125 mA) at the beginning of the 3rd, 9th, and 15th collection fraction (abscissa). A and D, no drug (closed circles) or 10 uM xanomeline (open circles)
a2 present 4 min before and during the second stimulation and 10 uM NMS 4 min before and during the third stimulation as indicated. ['H]ACh
ilease is expressed as fractional release in percentage of tissue content of radioactivity (ordinate). B and E, slices were stimulated as in described in
evious experiments but in the presence of 10 M carbachol (closed squares) or 10 uM carbachol and 10 xM xanomeline together during the second
simulation. Points are mean = 5.E.M. of five to nine samples from two (cortex) or three (striatum) animals in independent experiments. Ordinate,
“nctional release of radioactivity. Abscissa, time from the end of loading. C and F, influence of tested drugs is expressed (ordinate) as S, /S, ratios
elative to the first, always control, stimulation; letters Ct, x, ¢, and cx denote superfusion with control medium, 10 «M xanomeline, 10 uM carbachol,
110 uM xanomeline and 10 pM carbachol together before and during the second stimulation, respectively). =+ p < 0.01, significantly different from
urresponding preceding control stimulation and following stimulation in the presence of 1 uM NMS by ANOVA followed by Tukey's test.
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“meline on receptor function were derived in experiments
1 human muscarinic receptors heterologously expressed in
“roblasts (Chinese hamster ovary cells). It is therefore very
aportant to elucidate whether such unusual effects of xa-
umeline are also evident in case of receptors expressed in
eir natural environment. To approach this question, we
wrformed ex vivo experiments with rat brain cortical and
natal tissue. We investigated delayed wash-resistant ef-
its of xanomeline on the regulation of stimulation-evoked
“lease of acetylcholine (ACh) that is mediated by M, recep-
s in brain cortex and M, receptors in striatum (Dolezal
ad Tucek, 1998; Zhang et al., 2002; Bymaster et al., 2003).
e show that wash-resistant xanomeline binding decreases
wvked ACh release by stimulating both M, and M, receptors
il that both the allosteric and orthosteric binding sites
Laticipate in this effect.

Materials and Methods

Release Experiments. Brain cortical and striatal prisms were
wepared from 2- to 3-month-old male Wistar rats using a Mcllwain
~ssue chopper set at a width of 0.35 mm. Superfusion experiments
e done essentlally as described previously (Lazareno et al., 2004).
~ brief, brain cortical slices were loaded with [*H]choline (specific
Adicactivity, 82 Ci/mmol; Amersham, Little Chalfont, Buckingham-
Jire, UK) in Krebs’ buffer (138 mM NaCl, 3 mM KCl, 1.2 mM CaCl,,
mM MgCl, 1, 1.2 mM NaH,PO,, 256 mM NaHCO,, and 10 mM
“urose; for noradrenaline release experiments in addition 0.03 mM
DTA and 0.06 mM ascorbic acid) for 30 min. Superfusion medium
utained 10 pM hemicholinium-3 in ACh release experiments to
wevent reuptake of labeled choline, and 1 uM desipramine was
dded in noradrenaline release experiments to prevent reuptake of
‘eled noradrenaline. Domperidone (500 nM) was included to pre-
it dopamine D, receptor-mediated inhibition of acetylcholine re-
ase ((Dolezal et al., 1992). The release was evoked electrically by
uplying 60 2-ms rectangular monopolar pulses (1 Hz; 25 mA) at the
“ginning of the 3rd, 9th, and 15th 4-min fraction denoted S;, S,, and
+, respectively. Immediate effeets of tested drugs were determined
yadding them to the superfusion medium 8 min before respective
umulation. Tested drugs remained in the medium as indicated in
g figures. Effects of wash-resistantly bound xanomeline were stud-
lin experiments in which brain prisms were preincubated for 15
uin in the presence of 1 to 100 uM xanomeline, thoroughly washed
iith fresh nmedium, and superfused using xanomeline-free medium
r 53 min before the first electrical stimulation. In some experi-
sents, 100 nM propylbenzylcholine mustard (PRBCM) was added
uring the last 15 min of loading with [*H]choline to irreversibly
sactivate muscarinic receptor orthosteric binding sites (Fig. 5B).
“lectivity of xanomeline pretreatment on regulation of acetylcho-
e release was verified in analogous experiments after loading
ssue with [*H)noradrenaline (specific radioactivity, 36 Ci/mmol;
imersham) and evaluating functionality of the a,-adrenoceptor-me-
dated presynaptic inhibition ot noradrenaline release.

The evoked release of tritiated ACh and noradrenaline is ex-
messed as fraction of tissue content of radioactivity present at the
wrinning of individual collected fractions during a 4-min collection
wriod over background. The latter was calculated by subtracting
ulues immediately preceding and following the evoked liberation.
amediate influence of xanomeline on evoked [PHJACh release (Fig.
| was estimated from changes of S./S, ratios ([*HJACh release
woked by the second and third stimulation in the presence of drugs
slative to the first stimulation) and as changes of the evoked frac-
inal release of (*HJACh in xanomeline-pretreated compared with
untrol slices in other experiments.

Binding Experiments. ["H]N-methylscopolamine binding and
vash-resistant xanomeline binding were determined as described by
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Fig. 2. Concentration-response relationship of wash-resistant xanome-
line effects on electrically evoked "HJACh and ["H|NA release. Cortical
(A) and striatal (B) slices were loaded with tritiated choline and then
preincubated for 15 nin without or with 1 to 100 uM xanomeline as
indicated and then superfused with xanomeline-free medium. Three con-
secutive electrical stimulation were applied as in experiments shown in
Fig. 1. Electrically evoked [*H]JACh release was measured during super-
fusion in control medium, in the presence of 10 uM carbachol, and in the
presence of 10 pM carbachol and 1 uM NMS together, respectively. C,
cortical slices were loaded with ["H]NA, treated for 15 min without or
with 1 to 100 uM xanomeline as indicated. and then superfused in
medium containing 1 uM desipramine. Electrically evoked ["H|NA re-
lease was measured with time as in A and B. The «,-adrenoceptor agonist
UXK-14,304 (1 uM) was present during the second stimulation and UK-
14,304 together with 1 pM ,-adrenoceptor antagonist yohimbine during
the third stimulation. Ordinate, fractional release of transmitter. Ab-
scissa, time from the end of loading. Each point is mean = SE.M. of
samples derived from at least two animals. Values of evoked ["H]ACh and
[PHINA release, number of observations, and statistical evaluation are
given in Table 1.
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akubik et al. (2006). Curve fitting and statistical evaluation of data
vere done using Prism 4 (GraphPad Software Inc., San Diego, CA).

Chemicals. Xanomeline was kindly supplied by Dr. C. Felder (Eli
illy & Co., Indianapolis, IN). Hemicholinium-3, carbachol, V-meth-
Iscopolamine (NMS), desipramine, UK-14,304, domperidone, and
shimbine were from Sigma (Prague, Czech Republic), and PRBCM
ras from NEN (Boston, MA). All other chemicals were of highest
vailable purity.

All experiments were performed on male albino Wistar rats bred
n the animal house of the Institute of Physiology (Czech Academy of
ciences, Prague, Czech Republic). The experiments were approved
v the Animal Care and Use Committee of the Institute of Physiology
0 be in agreement with the Animal Protection Law of the Czech
lepublic that is fully compatible with European Community Council
irectives 86/609/EEC.

Resulis

In control slices, sequential stimulations applied at the 9th
nd 33rd min of superfusion (third and ninth collected frac-
ions) evoked the release of [*HJACh that slightly declined
rom 0.92 = 0.08 to 0.78 + 0.06% of tissue content of radio-
ctivity (mean = S E.M.; n = 6) in cortex and from 2.99 *
44 to 2.53 = 0.41 (n = 9) in striatum (Fig. 1, A and D).
\ddition of 10 uM xanomeline to the superfusion medium
ad no effect on either basal outflow of radioactivity (0.85 +
.04 versus 0.80 + 0.02% of tissue content of radioactivity in
ortex and 1.13 = 0.07 versus 1.11 * 0.18 in striatum for
ontrol and xanomeline treatments, respectively) or electri-
ally evoked release of [*HJACh evaluated as S,/S, (Fig. 1C
or cortex and F for striatum). As expected, 10 uM carbachol
ignificantly inhibited the evoked release of [*"HJACh and 1
M NMS abolished its inhibitory influence in both tissues.
anomeline at a concentration of 10 uM present together
rith carbachol did not influence its inhibitory effect (Fig. 1, B
nd C, for cortex and E and F, for striatum).

Pretreatment of choline-loaded cortical and striatal slices
ith 1, 10, or 100 uM xanomeline for 15 min followed by

ABLE 1

extensive washing had no effect on basal outflow of radioac-
tivity, but it resulted in a concentration-dependent inhibition
of evoked ["H]ACh release from cortical slices by 49, 77, and
86% and striatal slices by 23, 48, and 67%, respectively (Fig.
2, A and B; Table 1). Carbachol at 10 uM further caused a
significant decrease in cortical slices pretreated with 1 uM
xanomeline and in striatal slices pretreated with 1 and 10
uM xanomeline. In both tissues, 1 uM NMS fully prevented
the inhibition of ACh release induced by pretreatment with 1
and 10 uM xanomeline, but it only partially reversed the
inhibition induced by pretreatment with 100 uM xanomeline.
Unlike [PHJACh release, pretreatment with up to 10 puM
xanomeline had no influence on either basal outflow of ra-
dioactivity or evoked release of [*HINA and its regulation by
presynaptic ay-adrenoceptors (Fig. 2C; Table 1). Compared
with all other groups, pretreatment with 100 uM xanomeline
significantly increased basal outflow of *H radioactivity to
4.18 = 0.17% of tissue content of radioactivity from 2.84 *
0.20, 2.64 = 0.09, and 2.46 = 0.18 in controls and after
pretreatment with 1 and 10 uM xanomeline, respectively
(p < 0.001 compared with all other groups by ANOVA and
Tukey’s test). As in ACh release experiments, pretreatment
with 100 uM xanomeline significantly reduced by approxi-
mately 35% evoked release of [P’HINA. However, regulation of
evoked [PHINA release by presynaptic a,-adrenoceptors was
preserved as demonstrated by inhibition of evoked [*PHINA
release by the selective agonist of «,-adrenoceptors, UK-
14,304, and full reversal of this effect by the «,-adrenoceptors
antagonist yohimbine.

Binding experiments with membranes of CHO cells ex-
pressing human M,-M, subtypes of muscarinic receptors
demonstrated that wash-resistant xanomeline binding oc-
curs with similar potency at all subtypes (Fig. 3). Likewise,
pretreatment of cortical slices with 100 uM xanomeline fol-
lowed by washing as in superfusion experiments slightly
decreased maximal binding of [*H]NMS determined in corti-

oncentration-response relationship of wash-resistant xanomeline inhibitory effect on the evoked [*HJACh release from cortical slices, striatal

ices, and lack of effect on |"H]noradreneline release in cortical slices

ata are derived from experiments shown in Fig. 2, A to C. The number of observations is given within parentheses.

Evoked Transmitter Release in % of Tissue Content of Radicactivity

Stimulation

82 83

S1
Cortex: ACh release
Drug during stimulation Control
Drug during preincubation
None 1.23 = 0.07 (6)
Xanomeline, 1 uM 0.63 = 0.13* (6)
Xanomeline, 10 uM 0.28 = 0.03* (6)
Xanomeline, 100 M 0.17 = 0.03* (6)
Striatum: ACh release
Drug during stimulation Control
Drug during preincubation
None 2.87 = 0.22 (16)
Xanomeline, 1 uM 2.21 = 0.43(8)

10 pM Carbachol 1 uM NMS

0.16 = 0.02" (6) 1.02 = 0.07* (6)

0.18 = 0.04" (6) 0.89 = 0.087(6)
0.23 = 0.04 (&) 1.00 £ 0.127 (6)
0.14 + 0.01(6) 0.42 = 0.04™ (6)

10 uM Carbachol 1 pM NMS

0.87 = 0.09° (16)
0.92 = 0.20" (8)

2,43 = 0.21% (16)
2,35 = 0.43* (8)

Xanomeline, 10 pM
Xanomeline, 100 uM
Cortex: NA release
Drug during stimulation
Drug during preincubation
None

1.49 = 0.21* (8)
0.95 = 0.11%(19)

Control

1.48 = 0.07 (6)

0.57 = 0.18" (8
0.87 = 0.09(19)

1 uM UK-14,304

0.18 = 0.04" (6)

2.11 = 0.45% (8)
1.28 = 0.11%%19)

1 uM Yohimbine

1.72 = 0.15% (5)

Xanomeline, 1 pM 1.24 = 0.12 (6) 0.24 = 0.07°(6) 1.52 = 0.07% (6)
Xanomeline, 10 uM 1.69 = 0.31(6) 0.56 = 0.16" (6) 1.64 = 0.18* (6)
Xanomeline, 100 uM 1.07 = 0.15(5) 0.09 = 0.09" (») 0.88 + 0.12%*(4)

By columns, *p < 0.01, significantly different from control-evoked transinitter release in the absence of xanomeline during preincubation in respective stimulations by

{OVA and Tukey's test. By rows, ip -

reeeding S2 stimulation by repeated measures ANOVA and Tukey's test.

0.01, significantly different from both preceding S1 and following S3 stimulation; and ip < 0.01, significantly different from
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Fig. 3. Wash-resistant xanomeline binding to the M;-M; subtypes of
nuscarinic receptors. Membranes prepared from M, (triangles), M, (di-
imonds), and M, (closed circles) receptor expressing CHO cells were
preincubated 60 min with increasing concentrations of xanomeline (ab-
wissa), extensively washed, and then incubated with [*H]NMS. Wash-
iesistant binding of xanomeline to muscarinic receptors was determined
by its ability to decrease binding of 1 nM [FHJNMS (ordinate, specific
linding in percentage of control) as described in Jakubik et al. (2006).
Nonspecific binding was determined in the presence of 10 uM NMS.
incubation with ["H|NMS was terminated after 60 min by filtration
through glass fiber filters. Data are means = S.E.M. of three to four
ndependent experiments performed in triplicates. Hill slopes are not
sgnificantly different from unity. Inset, pIC;, values. Data for M, and M,
receptors (open cireles and open squares, respectively) were taken from
Jakubik et al. (2006) for comparison.

tal membranes by 28% (from 675 to 486 fmol/mg protein), but
it induced a large (approximately 10 times) decrease of
PHINMS affinity from 495 to 4847 pM (Fig. 5C; Table 2).
In the next experiments, we further investigated features
of the irreversible agonistic effects of pretreatment with 100
pM xanomeline in cortical slices, i.e., at M, receptors. As
shown in Fig. 4A and Table 3, the release of acetylcholine
after xanomeline pretreatment was stable for at least three
stimulations. Neither presence of 1 uM NMS during xanome-
line treatment (Fig. 4B; Table 3) nor continuous washing
with 1 M NMS for 57 min before stimulation (Fig. 4C; Table
3] prevented inhibition of ACh release. In experiments sum-
marized in Fig. 5, A and B and Table 4, we irreversibly
inactivated the orthosteric binding site using propylbenzyl-

TABLE 2

Parameters of ["H iN-methylscopolamine binding to cortical membranes
after treatment with xanomeline

[lata shown in Fig. 5C were evaluated as described by Jakubik et al. (2006). Results

are mean = SEM. of four independent samples run in triplicates.
Pretreatment B Ky
fmol/ing protein pM
None, control 675 = 64 495 + 36
Xanomeline, 1 uM 663 + 20 605 + 14
Xanomeline, 10 uM 619 * 47 1170 = 164
Xanomeline, 100 M 486 = 46% 4847 = 572*

“p = 0,01, significantly different from controls by ANOVA and Tukey’s test.
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Fig. 4. N-Methylscopolamine does not prevent wash-resistant xanome-
line effect. A, three consecutive control stimulations (in the absence of
muscarinic ligands) evoke comparable [*HJACh release in control slices
as well as in 100 M xanomeline-treated slices. B, 1 uM NMS present
during xanomeline treatinent (closed squares) does not influence the
inhibitory effect of wash-resistant xanomeline on [*HJACh release. C,
extensive washing of slices in medium containing 1 pM NMS (closed
triangles) prevents only partially the inhibitory effect of wash-resistant
xanomeline. Ordinate, fractional release of transmitter, Abscissa, time
from the end of loading. Points are mean = S.E.M. of samples derived
from two independent experiments. Values of evoked [PHJACh release,
number of observations, and statistical evaluation are given in Table 3.

choline mustard to further support the finding that activa-
tion of the M, receptor by prolonged pretreatment with 100
uM xanomeline does not involve the orthosteric binding site.
Treatment of slices with 100 nM PRBCM for 15 min reduced
specific binding of the orthosteric ligand [*HINMS at 2 nM to
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ition of electrically evoked [*H]ACh release by wash-resistantly bound xanomeline in cortical slices
ire derived from experiments shown in Fig. 4, A to C. The number of observations is given in parentheses.

Stimulation

Jrug during stimulation
Jrug during preincubation
None
Xanomeline, 100 ¢M

Control

Jrug during stimulation Control
Jrug during preincubation
Xanomeline, 100 uM

Xanomeline, 100 pM, + NMS, 1 uM

1.26 * 0.06 (6}
0.23 = 0.07*(6)

0.14 = 0.03 (6)
0.16 = 0.03 (6)

Evoked ACh Release in % of Tizsue Content of Radioactivity

S1

S2 83
Control Control
1.08 *+ 0.10 (6) 1.01 = 0.10 (6)
0.27 = 0.07% (6) 0.22 = 0.04* (&)
10 xM Carbachol 1 uM NMS
0.06 = 0.02 (6) 0.44 = 0.03"*(6)
0.15 = 0.03 (6) 0.38 = 0.05" (6)

Drug during stimulation 1 M NMS 100 uM Carbachol
Drug during preincubation
Xanomeline, 100 pM 0.20 = 0.04 (6) 0.11 + 0.03 (8)
Xanomeline, 100 pM, then washing with NMS 0.64 * 0.05% (6) 0.44 + 0.06* (8)
< 0.01, significantly different from control evoked ACh release (in the absence of drugs during preincubation, by columns) in individual stimulations by ¢ test.

0.01, significantly different from preceding S2 stimulation in the presence of carhachol.

< 0,01 significantly different from preceding S1 stimulation in the absence of drug (by rows) by ANOVA and Tukey's test.

- 0.8% of control. As expected, inactivation of the ortho-
¢ binding site by PRECM treatment markedly attenu-
presynaptic modulation of ACh release by carbachol
5A; Table 4). The small remaining response to carbachol
not receptor-mediated, because it was not blocked by
5. However, in line with our observation that NMS
ent together with xanomeline does not prevent its de-
1 inhibitory effects on ACh release, preincubation of
CM-treated slices with 100 uM xanomeline for 15 min
strongly inhibited ACh release, and this inhibition was
reversed in the presence of NMS during stimulation,
rary to what is expected in case of drugs acting through
rthosteric binding site.

Discussion

nomeline is a muscarinic agonist that binds equally well
1 subtypes of muscarinic receptors, but its immediate
ication in functional assays in vitro points to M,/M,
tivity (Bymaster et al., 1997). Another remarkable fea-
of xanomeline interaction with muscarinic receptors is
‘ash-resistant binding demonstrated at M; (Christopou-
Lal., 1998, 1999; Jakubik et al., 2002, 2004), M, (Jakubik
., 2006), and M; (Grant and El-Fakahany, 2005) recep-
We also demonstrate wash-resistant binding of xanome-
to the My and M, receptor subtypes that has similar
ity with other subtypes (Fig. 3). In addition, it has been
onstrated that in the absence of free ligand, wash-resis-
v bound xanomeline exhibits different potency, time
se, and efficacy in activating M, and M, receptors (Jaku-
t al., 2006) and antagonizes the M, subtype (Grant and
akahany, 2005). However, all these observations were
ined using muscarinic receptors heterogenously ex-
sed in cell lines. The main finding of the present exper-
ts 1s the confirmation of the presence of persistent wash-
tant effects of xanomeline at M, and M, receptors
essed in their natural environment.

line with previous findings on M, receptors expressed in
branes of CHO cells, xanomeline at concentrations that
rate the orthosteric binding site had no immediate effect
ither basal efflux of radioactivity or evoked release of
led ACh release from cortical slices. Conversely, prein-
tion of cortical slices for 15 min with xanomeline induced

a delayed concentration-dependent decrease of evoked ACh
release estimated 53 min after xanomeline washout. The
half-maximal inhibition of evoked ACh release by wash-re-
sistant xanomeline was reached at around 1 M. The maxi-
mal effect of xanomeline amounted to that of the full agonist
carbachol and maximal effects of xanomeline and carbachol
were not additive, indicating common mechanism of action,
i.e., activation of M, receptors. Although the potency of wash-
resistant xanomeline in inhibiting ACh release and in induc-
ing coupling of M, receptor expressed in CHO cell mem-
branes to G,,, G proteins (Jakubik et al., 2006) is reasonably
comparable, its efficacy in inhibiting evoked acetylcholine
release is higher. This discrepancy may be due to receptor
reserve of autoreceptors on cholinergic endings.

Selectivity of xanomeline pretreatment with regard to
muscarinic receptor-mediated effects was tested using pre-
synaptic a,-adrenoceptors that mediate presynaptic inhibi-
tion of evoked noradrenaline release (Starke, 2001). Nor-
adrenaline release from rat brain cortex in vivo is not
influenced by administration of xanomeline (Perry et al.,
2001). In concert, as shown in Fig. 2C and Table 1, xanome-
line pretreatment at concentrations up to 10 uM had no
appreciable effect on evoked noradrenaline release or on its
inhibition by the «,-adrenoceptor agonist UK-14,304. Pre-
treatment with 100 uM xanomeline, however, significantly
increased basal outflow of radioactivity and somehow re-
duced evoked noradrenaline release. However, the inhibition
of evoked release by an ay-adrenergic agonist remained pre-
served.

An interesting feature of wash-resistant xanomeline inhib-
itory action was observed in experiments testing the involve-
ment of the orthosteric site in xanomeline effects on ACh
release. Presence of the orthosteric antagonist N-methylsco-
polamine in the medium during stimulation abolishes inhi-
bition of ACh release observed after treatment with low
concentrations of xanomeline (1 and 10 uM), whereas only
partial prevention was found after treatment with 100 uM
xanomeline for both cortex and striatum. The inhibition of
ACh release from cortical slices induced by pretreatment
with 100 uM xanomeline was not abolished by either pres-
ence of N-methylscopolamine during pretreatment or exten-
sive washing in the presence of N-methylscopolamine. Like-
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fig. 5. A, inhibition of electrically evoked [*HJACh release by wash-resis-
ntly bound xanomeline after irreversible blockade of the muscarinic recep-
wr orthosteric binding site. Cortical slices were treated during the last 15
uin of loading with ["H|Ch with 100 nM PRBCM to irreversibly inactivate
de muscarinic orthosteric binding site and afterward without (closed
yuares) or with (opened squares) 100 M xanomeline for another 15 min.
Jices were then superfused in the absence of free xanomeline and stimu-
sted in control medium, then in the presence of 10 uM carbachol, and finally
1 the presence of 10 uM carbachol and 1 uM NMS together as described in
g 2A. Each point is mean = S.E.M. of samples derived from at least two
sdependent experiments. Ordinate, fractional release of radioactivity. Ab-
tissa, time from the end of loading. Values of evoked [*H]ACh release and
ditistical evaluation are given in Table 4. B, effect of treatment with in-
seasing cancentrations of PRBCM for 15 min on [*HINMS binding to brain
urtex membranes prepared after 53 min of washing. Abscissa: concentra-
Wn of PRBCM during treatment. Ordinate: [PHJNMS-specific binding is
apressed in dpm per aliquot of 500 ug of protein. Each point is mean *
unge of two measurements in triplicates. Control binding was 52,139 + 23

wise, irreversible inactivation of the orthosteric binding site
using propylbenzylcholine mustard before xanomeline treat-
ment reduced [PH]N-methylscopolamine binding by more
than 95% and abolished carbachol-induced inhibition of
evoked ACh release, but it did not prevent the inhibitory
action of wash-resistantly bound xanomeline. These results
apparently indicate that binding of xanomeline to the ortho-
steric site is not imperative for formation of its wash-resis-
tant interaction with the receptor. Furthermore, they dem-
onstrate that wash-resistant xanomeline activates the
receptor even when the orthosteric site is obstructed as evi-
denced by abolition of N-methylscopolamine binding and in-
hibition of evoked ACh release by an orthosteric agonist after
propylbenzylcholine treatment.

The inhibitory action of xanomeline on ACh release was
similar in cortex and striatum in that it did not display
immediate effects; the concentration-responses were roughly
the same, in line with comparable affinity of wash-resistant
binding (Fig. 3); and the delayed inhibitory effects were not
prevented by pretreatment with xanomeline in the presence
of antagonist (data not shown for striatum). This observation
was a bit surprising in striatum because of reported M,/M,
agonistic profile (Bymaster et al., 2002, 2003). Because stri-
atum contains cholinergic interneurons, we verified that the
inhibitory action of xanomeline on ACh release was effected
through presynaptic M, receptors in experiments with 50
mM potassium stimulation that precludes a possible involve-
ment of action potential propagation from cell bodies. As with
electrical stimulation, xanomeline had no immediate effect
when applied 8 min before and during potassium stimula-
tion. However, preincubation with 100 uM xanomeline for 15
min followed by 53-min washing significantly reduced evoked
ACh release (data not shown). We speculate that wash-resis-
tant xanomeline binding is necessary for agonistic effects of
xanomeline. It may be a matter of kinetics of wash-resistant
binding formation that is very fast in M, receptor; therefore,
receptor activation seems immediately. This is in contrast to
much slower onset in case of the M, subtype (Jakubik et al.,
2006) and perhaps also in the M, subtype. Alternatively, {ree
xanomeline acting only through the orthosteric binding site
might have antagonistic effects. This possibility is unlikely
because continuous presence of xanomeline does not interfere
with carbachol inhibitory influence on ACh release (Fig. 1, B
and E). Moreover, we did not observe a reduction of wash-
resistant xanomeline-induced receptor activation by free xa-
nomeline in M; and M, receptors (Jakubik et al., 2006).

In conclusion, results of our experiments demonstrate
wash-resistant delayed agonistic effects of xanomeline at
muscarinic M, and M, receptors in functional tests using
natural brain tissue. They are in line with observations ob-
tained in binding and functional experiments in CHO cells
expressing individual subtypes of muscarinic receptors, and
they provide evidence for a coniplex mode of xanomeline
action that encompasses both orthosteric and allosteric com-
ponents. Interaction of xanomeline at an allosteric site on the

dpm (mean = range). C, effects of increasing concentraions of xanomeline
applied for 15 min on [PHINMS binding to brain cortex membranes
prepared after 53 min of washing, ["HINMS-specific binding (ordinate) to
brain cortex membranes is expressed in dpm per aliquot of 50 to 60 g of
protein. Points are mean *+ S.E.M. of representative measurement in
triplicates. Abscissa, [*HJNMS in nanomolar. Parameters of [“H]NMS
binding are summarized in Table 2.
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salent modification of muscarinic receptors orthosteric binding site with PRBCM does not prevent wash-resistant inhibitory effect of

smeline on evoked ["H]ACh release

“are from experiments shown in Fig. 5A. Number of observations is given in parentheses.

Evoked ACh Release in % of Tissue Content of Radioactivity

Stimulation 51

52 S3

Drug during stimulation
Drug during preincubation
None
PRBCM, 100 nM
PRBCM, 100 nM, then
Xanomeline, 100 M

Control

1.43 = 0.08 (6)
1.36 * 0.06 (12)
0.42 = 0.07* (6)

10 uM Carbachol 1 uM NMS

0.13 = 0.057 (6)
1.09 = 0.06* (12)
0.39 = 0.04* (6)

1.22 = 0.14 (6)
1.03 = 0.08(12)
0.54 = 0.08* (6)

"5 < 0.01, by volumns, significantly different from ["HJACh release in the absence of drugs during preincubation in respective stimulations by ANOVA and Tukey's test
p < 0.01, by rows, significantly different from both preceding S1 control stimulation and following 83 stimulation in the presence of antagonist by repeated measures

VA and Tukey's test.

uscarinic receptor is probably involved in its wash-resis-
nt binding and agonistic effects (Jakubik et al., 2002).
s, our findings support the potential of allosteric agonists
azareno and Birdsall, 1995; Jakubik et al.,, 1996, 1998,
16, Sur et al., 2003; Langmead et al., 2006), and they
wvide an example of an agonist drug with prolonged activ-
vthat lingers in the absence of free ligand.
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Abstract Wec investigated the influence of the poly-
unsaturated docosahexaenoic acid (22:6n-3; DHA) on
the constitutive expression of choline acetyltransferase
(ChAT) in native and induced expression in differen-
tiated cholinergic cells NG108-15 grown in serum-free
medium. Elimination of serum-derived trophic support
resulted in growth arrest and a strong decrease of
ChAT activity. In either conditions, DHA largely res-
cued general indicators of cell growth and function,
and partially prevented the decrease of ChAT activity.
However, the maximal effect on general cell state in
native and differentiated cells, and ChAT activity in
native cells, was reached at or below 10 pmol/l of
DHA. In contrast, maximal induction of ChAT activity
in differentiated cells required about six times higher
concentrations of DHA. These data thus demonstrate
stimulatory cffect of DHA on ChAT activity that is
independent of its general cell protective properties.

Keywords Cholinergic neuron - Docosahexaenoic
acid - Trophic support - Cell growth - Choline
acetyltransferase - Alzheimer’s disease - Calcium influx -
Oxidative load - a-Secretase - Caspase-3 - Cholesterol

Introduction

The polyunsaturated docosahexaenoic acid (22:6n-3;
DHA) is a natural component of cell membranes that
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14220 Prague 4, Czech Republic
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is particularly abundant in brain, testes, and liver. In
mammals, DHA is an essential fatty acid that cannot
be synthesized de novo. DHA itself or its immediate
precursors thus must be supplied as indispensable
constituents of food. A large body of evidence indi-
cates that adequate intake of polyunsaturated fatty
acids is essential for brain development in early onto-
genesis and positively impacts various pathological
states connected with aging, including, among others,
neurodegenerative diseases [1-4]. It has been reported
that inadequate intake of DHA results in depletion of
its brain content and disturbances of acetylcholine
metabolism in rat hippocampus [S]. Similarly, DHA-
rich diet rectifies deficits of behavioral performance
accompanying DHA depletion [6] and restores lipid
composition and acetylcholine release in hippocampus
of old animals [7]. Increased intake of DHA has also
been shown to prevent excitotoxic injury of cholinergic
neurons in basal forebrain [8]. Altogether, these find-
ings demonstrate general neuroprotective effects of
DHA intake that might involve protection of cholin-
ergic neurons and cholinergic function. However, they
do not elucidate existence of such presumed direct
effects on cholinergic neurons.

Hybridoma cell line NG108-15 [9, 10] demonstrates
a phenotype in that these cells transcribe cholinergic
gene locus [11] and express mature choline acetyl-
transferase (ChAT) protein. We have reported previ-
ously that differentiation of NG108-15 cells induced by
cAMP and dexamethasone leads to morphological
differentiation accompanied by a marked enhancement
of the cholinergic gene locus transcription, the
expression of ChAT activity, and depolarization-
induced calcium influx through neuronal voltage-
operated calcium channels [12-14]. In the present
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experiments we utilized these cells to investigate a
presumed effect of DHA on the expression of their
cholinergic phenotype represented by ChAT activity.

Growth of most mammalian cell lines strictly
depends on the presence of poorly defined components
of serum encompassing low molecular weight sub-
stances like DHA or cholesterol, and various trophic
factors. Because commercially available defined cul-
ture media and liptd medium supplements do not
contain defined concentrations of DHA we employed
for experiments fully defined medium in which fatty
acid-free serum albumin replaced serum as DHA car-
rier. The cells were therefore devoid of any possible
trophic factors and all cholesterol needed for mem-
brane formation and cell growth had to be synthesized
de novo. Our main aim was to determine the influence
of exogenous DHA on the constitutive expression of
ChAT activity in native cells and on its induced
expression in cells differentiated to enhance their
neuronal and cholinergic phenotype. Because of
deprivation of trophic support from serum we also
followed effects of DHA supplementation on addi-
tional parameters important for cell functioning that
may be involved in neurodegeneration involving
depolarization-induced calcium transients, cell choles-
terol content, g-secretase activity caspase-3 activity,
and oxidative state of cells, respectively.

Experimental procedure
Cell cultures

NG108-15 cells (kindly donated by Prof. B. Hampr-
echt) were propagated in 75 cm?® culture flasks in
Dulbecco’s modified Eagle's medium containing in
addition 5% non-inactivated fetal calf serum, 1% HAT
supplement (Sigma, Prague, Czech Republic), 3 uM
glycine, 2 mM glutamine, 100 U/ml penicillin, and
100 pg/ml streptomycin (basal medium), under an
atmosphere of 5% C0O,/95% humidified air at 37°C.
For experiments, cells were seeded in basal medium
(serum containing). Drugs were added the next day
after seeding and the cells were grown in their presence
for 3-5 days cither in the same medium or in medium
containing 25 g/l fatty acid-free bovine serum albumin
(Sigma, Prague, Czech Republic) in place of serum
(serum-free medium) as a carrier of DHA (cis-
4,7,10,13,16,19-DHA, Sigma, Prague, Czech Republic)
without change of the medium before being used for
experiments. DHA was dissolved at thousand times of
desired final concentration in ethanol. Controls
received only ethanol. Cells for intracellular calcium
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measurcments were seeded on round glass coverslips
placed in 3 cm diameter plastic Petri dishes at a density
20,000 cells per dish and cultured in 3 ml of basal or
serum-free Dulbecco’s modified Eagle’s medium. For
all other experiments, 20,000 cells were seeded into
each well of 24-well-plate and grown in 2 ml of basal or
serum-free Dulbecco’s modified Eagle’s medium. Dif-
ferentiation of cells was induced by 0.2 mM dibutyryl-
cAMP and 100 nM dexamethasone [12-14].

Biochemical measurements

Oxidative load of intact cells and caspase-3 activity
were determined as described earlier [15].

Choline acetyltransferase activity was determined
using a modification of Fonnum’s method [16, 17].
Briefly, cells grown in 24-well-plates were homoge-
nized by trituration in 200 pl of ChAT assay buffer
(Na,HPO,/NaH,PO, buffer 10 mM, NaCl 200 mM,
Triton X-100 0.2%, pH = 7.4). Aliquots of homogen-
ates (10-30 pl) were incubated in 50 pl of ChAT assay
buffer (final volume) containing in addition (final
concentrations) 0.2 mM eserine, 2 mM choline, and a
mixture of 15 uM cold acetylCoA and *H-acetylCoA
(Amersham, SRA 3 Ci/mmol; final SRA around
140 dpm/pmol) for 15 min at 37°C. Incubations were
stopped by adding 400 ul of ice-cold 10 mM Na,HPO4/
NaH,PO, buffer with 200 uM acetylcholine as a carrier
(pH = 7.4) and 400 pl of tetraphenylboron dissolved in
butyronitril (10 mg/ml). Synthesized labeled acetyl-
choline was extracted into organic layer and 250 pl
aliquots were taken for scintillation counting,.

Activity of z-secretase was determined using a-Sec-
retase Activity Kit (R&D Systems, Minneapolis,
MN, USA) according to manufacturer’s instructions.
Enzyme activities are corrected for protein content.

Cholesterol content of cells grown in 24-well-plates
was determined with Amplex® Red Cholesterol Assay
Kit (Molecular Probes, Eugene, OR, USA) according
to manufacturer’s instructions. Results are corrected
for protein content.

Proteins were determined using Peterson’s modifi-
cation [18] of Lowry’s method [19] with human serum
albumin as standard.

Microfluorimetry

Intracellular calcium measurements were done essen-
tially as described previously [20]. Briefly, cells on cov-
erslips were washed in Krebs-Hepes buffer and
incubated at 37°C for 30-60 min in 1 ml of the same
buffer supplemented with 5-10 ptM  Fura-2-AM
(Molecular Probes, Eugene, OR, USA). The coverslips
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were then washed again and installed into a superfusion
chamber on an inverted fluorescence microscope
(Olympus). The cells were superfused at room tem-
perature (22-27°C) at a rate close to 0.5 ml/min using an
application system that enabled extremely fast switches
of the superfusion media. They were stimulated by 2.3 s
lasting exposures to a medium containing 73 mM KCl
which had been isoosmotically substituted for NaCl. For
fluorescence measurements, cells were alternately illu-
minated at 340 and 380 nm wavelengths and light
emission at 510 nm was recorded using a CCD camera.
Data were collected every 1.2's and processed with
Metafluor software (Universal Imaging Corporation,
West Chester, PA, USA). Influence of the treatment
during cultivation on potassium depolarization-evoked
increases of [Ca’'|; was determined by comparing the
increases of fluorescence ratio F340/F380.

Evaluation of data

Data were analyzed and statistical tests were performed
using GraphPad 4.0 software. Sigmoidal concentration—
response curve Y = Bottom + (Top — Bottom)/(1+
1000eEC=X)) s used to fit concentration-response
data. Statistical significance was evaluated using one-
way ANOVA followed by Tukey’s test or Student’s
{-test.

Results

Effects of DHA on cell growth and ChAT activity
in serum-free medium

Differentiation of NG108-15 cells induced by 100 nM
dexamethasone and 0.2 mM dibutyryl-cAMP in pres-
ence of serum increased ChAT activity more than five
times and attenuated cell growth estimated as a
decrease of protein content by 34% (Table 1) in line
with previous findings [12, 13]. Deceleration of cell

growth was connected with strong reduction of
executioner caspase-3 activity. Replacement of serum
in native cells by fatty acid-free albumin (2.5 g/100 ml)
resulted in growth arrest and significant reduction of
ChAT activity while caspase-3 activity remained
unchanged. The presence of differentiating drugs in
serum-free medium had no effect on cell growth while
slightly but significantly increased ChAT activity and
reduced caspase-3 activity. The extent of these changes
in serum-free medium induced by differentiation was,
however, much smaller than that observed in serum-
containing medium (5.9-fold vs 1.6-fold increase of
ChAT activity and 5.6-fold vs 1.3-fold decrease of
caspase-3 activity in native and differentiated cells,
respectively).

Supplementation of serum-free medium with DHA
resulted in a concentration-dependent increase of cell
growth demonstrated by an increase of protein con-
tent, ChAT activity and a decrease of caspase-3 activity
mn both native and differentiated cells compared to
control values in the absence of DHA (Fig. 1; Table 2).
The potency of DHA in supporting cell growth and
reducing caspase-3 activity (Table 2) was similar for
control (ECsq=1.9 and 1.2 uM for cell growth and
caspase activity, respectively) and differentiating cells
(EC50=0.9 and 0.7 uM for cell growth and caspase
activity, respectively). With regard to these effects on
cell growth and caspase activity, DHA was slightly
more potent in differentiated cells. In contrast, ECs, of
the increase of ChAT activity in differentiated cells
was significantly more than six times higher than in
control cells (8.8 uM vs 1.3 uM).

The extent of the recovery of cell growth and ChAT
activity was verified in separate experiments with
100 uM DHA that is saturating with respect to both
cell growth and expression of ChAT activity. In three
independent experiments done in quadruplicates the
recovery of cell growth was only partial in native cells
{protein content 78.0 + 4.3% of controls grown in
serum-containing medium) while differentiated cclls

Table 1 Effects of differentiation on ChAT activity, protein content, and caspase-3 activity in serum-conlaining and serum-free

medium

Control cells

Differentiated cells

Serum

Albumin Serum Albumin

ChAT activity (pmol/mg protein x 30 min)
Protein content (pg/well)
Caspase-3 activity (AU/ug protein x 1 h)

1200 = 6.3 (12)
296.0 + 102 (12)
118.0 + 12.0 (12)

706.0 = 33.4%* (12)
195.0 + 6.4%% (12)
212 + 1.6%* (12)

114.0 + 10.8%%* (22)
101.8 + 6.9% (22)
16.4 = 1.2+ (12)

717 +4.9% (21)
93.7 £ 6.8* (21)
122 + 2.9 (12)

Data are mean + SEM of number of independent observations on cells from at least three independent seedings

AU arbitrary units

* p < 0.01 significantly different from control values in serum-containing medium

** p < 0.01 significantly different from corresponding values in native cells by unpaired +-test with Welch’s correction
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Fig. 1 Concentration—-response of DHA effect on protein con-
tent and ChAT activity in NG108-15 cells. Native (full symbols)
or differentiated cetls (closed symbols) were grown in medium
with serum-free albumin and indicated concentrations of DHA
(abscissa). Ordinate—increase of ChAT activity (upper graph)
and protein content (lower graph) over controls grown in the
absence of DHA is shown. Points are means + SEM of 4-12
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values obtained in experiments on cells from at least two
independent seedings. Sigmoidal concentration-response curve
Y = Bottom + (Top — Bottom)/(1 + 100¢ EC«-%)) "is fitted to
data. Parameters are given in Table 2. *p < 0.05, *¥*p < 0.01,
significantly different from corresponding native cells by Stu-
dent’s t-test

Table 2 ECsy and E,,,x of DHA effect on ChAT activity, protein content, and caspase-3 activity

Control cells

Differentiated cells

ECS() ([Og M) Enmx

EC.’-() (lOg ‘w) Enmx
Increase of ChAT -5.89 + 0.09 (0.7-2.3 uM)
activity
Increase of protein -5.72 + 0.13 (0.9-4.4 uM)
content

Decrease of caspase-3 -5.92 + 0.02 (1.1-1.4 uM) 266.8 + 2.4 (263.9-273.7)

activity

64.9 £ 2.70 (57.3-72.5)

177.5 + 11.3 (146.2-208.8) —6.07 + 0.10 (0.4-1.9 uM)

-5.05 + 0.04 (6.6-11.8 uM) 174.1 + 4.5 (159.9-188.2)
81.3 + 3.0 (71.8-90.7)

—6.14 + 005 (0.6-0.9 uM) 233 + 0.4 (22.4-24.6)

Values of ECsy and E,,,, indicating mean + SEM and 95% confidence interval given in parentheses are derived from experiments

shown in Fig. 1

_@_ Springer
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demonstrated full recovery (109.0 = 5.4% of controls
grown in serum-containing medium). Although the
recovery of ChAT activity by 100 uM DHA was more
complete in native than differentiated cells (to
68.8 +4.9% vs 17.8 £ 1.4% of native and differenti-
ated controls in grown in serum-containing medium,
respectively; p < 0.001 by unpaired ¢-test with Welch’s
correction), the net increase of ChAT activity was
more than two times bigger in differentiated than in
control cells (59.1 = 9.8 and 24.9 + 3.3 pmol/mg pro-
tein x 30 min, respectively; p < 0.01 by unpaired t-test
with Welch's correction). These results correlate well
with more than two times higher ChAT activity in
differentiated cells calculated from £E,,, values
(Table 2).

DHA prevents increase of oxidative load and
decrease of calcium influx consequent to serum
withdrawal

Observations in differentiated cells indicated that the
effects of DHA on ChAT activity and cell growth are
independent. In order to get further insight into effects
of DHA on general cell performance, we determined
in differentiated cells the influence of 10 uM DHA that
fully supports cell growth but has only about half
maximal effect with respect to the expression of ChAT,
on oxidative activity and depolarization-evoked cal-
cium influx. As is shown in Fig. 2, replacement of
serum by albumin increased oxidative load deduced
from fluorescein oxidation by 31%. This increase was
fully reversed by 10 yM DHA present in culture
medium during cultivation. Three times higher con-
centration of DHA had no further effect. Similarly,
withdrawal of serum reduced potassium depolariza-
tion-evoked influx of calcium determined as the
increase of Fura-2 fluorescence ratio and 10 M DHA
abolished this effect. In three independent experi-
ments, the increase of fluorescence ratio evoked by
depolarization was 0.788 + 0.038 (n = 114), 0.596 =
0.035 (n = 132: p < 0.05, significantly different from
both other groups by ANOVA followed by Tukey’s
test), and 0.743 + 0.041 (n =109) in cells grown in
serum-containing medium, serum-free medium, and
serum-free medium supplemented with 10 M DHA,
respectively.

Influence of DHA on cholesterol content
and a-secretase activity

Availability of cholesterol is essential for membrane
production and renewal. In addition, cell cholesterol

content plays an important role in signal transduction
and links lipid homeostasis with 3-amyloid formation.
We therefore estimated the influence of 10 uM DHA,
a concentration which already provides a maximal ef-
fect in supporting cell growth, on cell cholesterol con-
tent and «-secretase activity (Table 3). Withdrawal of
serum induced a decrease of cholesterol content in
both native and differentiated cells compared to cor-
responding controls grown in the presence of serum.
However, cell cholesterol content in differentiated
cells was higher than in native cells, i.e., differentiation
in serum-free medium could increase cholesterol con-
tent. Supplementation of serum-free medium by DHA
significantly augmented cholesterol content in native
cells but had no additional effect in differentiated cells.
Unlike cholesterol content, differentiation did not
change «-secretase activity. Removal of serum signifi-
cantly diminished z-secretase activity in control as well
as differentiated cells to a similar extent. Addition of
10 uM DHA significantly augmented a-secretase
activity in both conditions to a similar level which was,
however, still significantly smaller than that in cells
grown in serum-containing medium. Increasing the
concentration of DHA to 100 nM did not cause further
effect in either condition.

Discussion

Serum contains in addition to a variable amount of
fatty acids other undefined trophic factors. The most
important finding of our experiments is that DHA
alone was able to support growth and functionality of
neuronal NG108-15 cells in a fully defined serum-free
medium, i.e., in the absence of any additional trophic
support. Serum withdrawal had as expected adverse
effects on cell growth and functional characteristics
like an increase of oxidative load and a decrease of
depolarization-induced calcium influx. The attenuation
of growth induced by differentiation or growth arrest
consequent to serum deprivation apparently was not
connected with induction or enhancement of apoptosis
because differentiation of cells markedly diminished
activity of executioner caspase-3 activity while omis-
sion of serum both in control and differentiated cells
had no appreciable effect in either condition. At
physiologically relevant concentrations DHA largely
or fully prevented these deficits and diminished
caspase-3 activity., These results are consistent with
reported neuroprotective effects of in vivo adminis-
tration of polyunsaturated fatty acids, namely DHA
[7, 8, 21-24].
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Fig. 2 Influence of DHA on potassium depolarization-evoked
calcium influx and oxidative activity in differentiated NG108-
15 cells. Upper graph—cclls were grown in differentiating
conditions in medium containing serum (open circles), serum-
free medium with albumin (closed squares), or serum-free
medium with albumin and 10 uM DHA (closed circles). They
were stimulated by 2.3s lasting exposures to a medium
containing 73 mM KCI which had been isoosmotically substi-
tuted for NaCl. Abscissa—time in second. Ordinate—the
changes of intracellular-free calcium concentration are ex-
pressed as changes of fluorescence ratio Fsyu/Fig0. Points are
mean + SEM of 29, 40, and 22 cells grown in serum-containing
medium, serum-free medium, and serum-free medium supple-

Another important finding is the ability of DHA to
induce an increase of ChAT activity in the absence of
any other trophic factor. However, the concentration
dependency of this effect is different in native cells
than in cells induced to differentiate. While the maxi-
mal effect of DHA in native cells 1s reached with ECsg
close to that supporting cell growth in either condition,
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alb D+DHA 10 alb D+DHA 30

mented with 10 pM DHA, respectively. Shown is representa-
tive of three experiments on cells from independent seedings.
Lower graph—cells were grown in differentiating conditions in
medium containing serum (black column), serum-free medium
with albumin (open column), or serum-free medium with
albumin and 10 or 30 uM DHA as indicated. Ordinate—results
are expressed in percent of control cells grown in serum-
containing medium as mean + SEM of 12-31 values obtained
in experiment on celis from two (30 uM DHA) or seven
independent seedings. **p < 0.01, signtficantly different from
cells grown in the presence of serum; “p < 0.01, significantly
different from cells grown in the presence of albumin by
ANOVA followed by Tukey’s multiple comparison test

the ECsy in differentiated cells is about five times
higher. It indicates that the increase of ChAT activity
by DHA in differentiated cells is independent of its
effects on cell growth and protection. Deficits in
mental performance during aging or Alzheimer’s dis-
eases are regularly accompanied by a decline of ChAT
activity and cholinergic transmission in general [for
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Table 3 Influence of DHA on o-secretase activity and
cholesterol content in NG108-15 cells grown in serum-free
medium

a-Secretase activity Cholesterol content

(% control)

Native 100.0 = 1.9 (17) 100.0 = 5.8 (8)
Albumin 46.3 + 5.0 (15)* 37.4 £ 7.6 (8)*
DHA 10 uM 80.1 = 5.1 (13)%#* 66.5 + 2.2 (8)##*
DHA 100 uM 704 + 4.5 (12)*** n.m.
Differentiated 100.0 = 1.9 (14) 100.0 + 4.5 (8)
Albumin 50.6 £ 4.5 (12)* 59.0 £ L1.6 (6)F
DHA 10 uM 71.2 + 3.6 (10)*#* 50.0 £ 3.9 (-8)*
DHA 100 uM 67.1 £ 5.3 (10)*** n.m.

Results are given as percentage of values obtained in control
native or differentiated cells from the same seeding grown in
medium with serum and represent mean + SEM of number of
observations given in parentheses obtained on cells from at least
two independent secdings. Control values of a-secretase activity
were 1347 + 22 and 145.1 + 23.4 of arbitrary units/ug pro-
tein x 2 h and that for cholesterol content were 18.2 + 1.4 and
236 + 1.1 nmol/mg protein (p < 0.01 by Student’s r-test) for
native and differcntiated cells, respectively

n.m. not measured

* p < 0.01, significantly different from respective controls
grown in serum-containing medium

#* p < 0.01, significantly different from cells grown in serum-
free medium by ANOVA followed by Tukey’s multiple com-
parison test within native or differentiated group

reviews see references 25-27]. It has been demon-
strated that the reduction of ChAT expressing neurons
in aging brain and Alzheimer’s disease is due to a loss
of trophic support that leads at the beginning to their
dedifferentiation [S, 28-34]. The increased expression
of ChAT activity by DHA offers a plausible mecha-
nism of action by which food DHA supplementation
ameliorates behavioral performance and cholinergic
activity [6, 7, 21, 35, 36].

An important component of all cell membranes is
cholesterol that determines membrane fluidity. Cho-
lesterol tn membrane microdomains plays a crucial
role in signal transduction [37]. In addition, its defi-
ctency was shown to inhibit dendrite outgrowth and
decrease microtubules stability [38]. Under the con-
ditions of our experiments there was no supply of
exogenous cholesterol and cell needs thus had to be
covered by de novo synthesis. Results indicate that
withdrawal of serum lead to the diminution of cell
cholesterol content. This decrease was significantly
smaller in differentiated cells. Addition of DHA in
control cells reduced this deficit to the level of dif-
ferentiated cells demonstrating the ability of DHA to
ameliorate cholesterol homeostasis. Cell cholesterol
content and its distribution influence amyloid pre-
cursor protein breakdown [39] and conversely the

products of B and y cleavage of amyloid precursor
protein are involved in the regulation of cholesterol
and sphingomyelin metabolism [40]. Increased pro-
duction of amyloidogenic fragments of amyloid pre-
cursor protein is the primary pathogenic event in the
development of Alzheimer’s disease. Therefore it was
of interest to know the influence of DHA treatment
on the activity of wo-secretase that mediates non-
amyloidogenic  breakdown of amyloid precursor
protein. Our results evidence that the decrease of
w-secretase activity consequent to serum deprivation
1s significantly prevented by DHA treatment in
control as well as differentiated cells.

In summary, we demonstrated that DHA alone ap-
plied in defined medium in vitro supports growth of
cholinergic NG108-15 cells. This effect is accompanied
by maintenance of general functional properties.
Independently of effects on cell growth, it also sustains
with lower potency the expression of ChAT activity in
differentiated cells. Nevertheless, both of these effects
plateau at physiologically relevant levels demonstrat-
ing a potential benefit of DHA supplementation in the
maintenance of cholinergic phenotype and confirm its
general protective potency.
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Docosahexaenoic Acid Supports Cell Growth and Expression
of Choline Acetyltransferase and Muscarinic Receptors
in NG108-15 Cell Line

Eva Machova,* Jana Novakova, Véra Lisa, and Vladimir Dolezal

Inst. Physiol, CAS, Prague, CZ-14220

A large body of evidence indicates that adequate
intake of polyunsaturated fatty acids is essential for
brain development in early ontogenesis and posi-
tively impacts various pathological states connected
with aging, as well as other neurodegenerative dis-
eases (Jump, 2002; Bazan, 2003; Ruxton et al., 2004).
In the present experiments, we investigated the pos-
sible effects of polyunsaturated docosahexanoicacid
(DHA [22:6, n = 3]) on the expression of cholinergic
phenotype-represented by choline acetyltransferase
(ChAT) activity and a number of surface muscarinic
receptors-as well as on cell growth in the choliner-
giccellline NG108-15(Hamprecht, 1977, Hamprecht
et al., 1985). However, chemical composition of dif-
ferent batches of sera is neither stable nor defined,
and this fact complicates investigations on in vitro
effects of substances that are natural constituents of
serum. To avoid this restraint we employed defined
medium in which fatty acid—free bovine albumin as
a carrier of DHA replaced serum.

Growth of most cell lines, as well as cells in pri-
mary cultures, depends strictly on the presence of
serum in growth medium. As expected, withdrawal
of serum resulted in growth arrest exemplified by a
decrease in protein content compared with control
cells grown in the presence of serum and also caused
a decrease in ChAT activity (Fig. 1, lowerleft). DHA,

at a concentration of 10 pmol/L, largely prevented
both growth arrest in defined medium with fatty
acid-free bovine albumin as a carrier of DHA and
the attenuation of ChAT activity. DHA at concen-
trations 10 times higher had no further effect. At a
concentration of 100 pmol/L, DHA also significantly
increased the number of surface muscarinic receptors
compared with cells grown in serum-containing as
well as serum-free medium (Fig. 1, upper right).
These data demonstrate the ability of DHA at low
micromolar concentrations to support cell growth
and expression of ChAT activity. Although it is not
possible to stipulate a mechanism of action on the
expression of ChAT and muscarinicreceptors, a plau-
sible explanation could be prevention of apoptosis,
evidenced by a sharp decrease in executive caspase-3
activity (Fig. 1, lower right). Apoptosis is a process
with a high requirement for energy. An improved
metabolic state of cells consequent to suppression
of apoptosis might thus better fulfill requirements
for protein synthesis and targeting.
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Fig. 1.NG108-15 cells were seeded in serum containing DMEM in 24-well-plates at a density of 20,000 cells/well.
Serum-containing medium was replaced the next day by defined growth medium with 2.5 g/100 mL fatty acid-free
serum albumin instead of serum (open columns). DHA (shaded columns) at indicated concentrations was added at
this time. Control cells werce feft in serum-containing medium (black columns). Cells were grown for an additional
3-4 d and used for assays. Individual graphs show the influence of DHA (numbers indicate concentrations in pmol/L)
on protein content in serum-free medium (upper left), ChAT activity (lower left), number of muscarinic receptors mea-
sured as specific *H-N-methylscopolamine (NMS) binding (upper right), and caspase-3 activity in cell lysates (lower
right). Protein content was measured using Lowry’s method; ChAT activity was determined using Fonnum’s method;
number of plasma-membrane muscarinic receptors was estimated as specific NMS binding in intact cells; and cas-
pase activity was determined in cell lysates fluorometrically using DEVD-AMC as a substrate. Resuits are expressed
as mean = S.E.M. of 7-40 observations obtained in cells from at least two independent seedings. (**) p < 0.01; (***)
p < 0.007, significantly different from controls grown in medium containing only albumin by one-way ANOVA, followed
by Tukev's test,
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hstract

We investigated the influence of the amyloid-R-peptide; _ 4, on hemicholinum-3-sensitive high-affinity choline uptake in NG 108-15 cclls.
T-PCR analysis revealed the presence of mRNA for a choline transporter-like protein but not for cholinergic high-affinity choline
nsporter. Differentiation of cells increased both hemicholinum-3-sensitive choline uptake and high-affinity hemicholinium-3 binding. This
nsport was not influenced by tenfold excess of camitine. Continuous presence of submicromolar concentrations of amyloid-p-peptide; 45
ring differentiation resulted in a decrease of both choline uptake and hemicholinium-3 binding. These effccts were not present when
vloid-B-peptide; _47 was added 5 min prior to measurements. Ncither differentiation nor amyloid-R-peptide; _4; treatment changed levels
choline transporter-like protein mRNA. Protein kinase C inhibition by staurosporine or its inactivation by continuous presence of
tradecanoy! phorbol acetate prevented the inhibitory effect of amyloid-B-peptide; _4, treatment on choline uptake. Activation of protein
inase C by tetradecanoyl phorbol acetate during measurcment had inhibitory effcct on choline uplake in control but not amyloid-[3-
ptide; _4o-treated cells. The concentration of amyloid-B-peptide; _ 4, maximally effective on hemicholinium-3-sensitive choline uptake had
effect on cell growth, oxidative activity, membrane integrity, number of surface muscannic receptors, caspase-3 and -8 activities, or uptake
f deoxyglucose. Results demonstrate that long-term treatment with non-toxic concentrations of amyloid-B-peptide; _4, downregulates
ioline uptake presumably mediated by a choline transporter-like protein through activation of protein kinase C signaling. The decrcase of
fioline uptake may have rclevance to the pathogenesis of Alzheimer’s disease.

2005 Elsevier B.V. All rights reserved.
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L. Introduction [28,45]. A large body of evidence indicates that an increased

production or decreased clearance of AP fragments or a
. It is generally accepted that malfunction in the metabo- combination of both processes leads to the development of
bm of amyloid precursor protein (APP) plays a funda- Alzheimer’s disease [6,45]. Most recent findings are
mental role in the pathogenesis of Alzheimer’s discase consistent with a notion that soluble oligomeric Af
fragments and not insoluble amyloid plaques are involved
R : in the initiation and progression of the discase [19,25,46].
ho;’f’frj\‘;f}’,““}’f .AJmTO"d B'pCP“de_l“_‘ui APy Amyloid Precursor Probably, the most toxic species of Ap fragments is that
CTUngham::gcligl\::?T;mHsgoiJl;O[gi;ranzpi‘;cl:yig;;clz::nl comprisi.ng 42 ar'm"no acid residues (AP, _42). h spite c?_f a
NEWS; Protein Kinase C, PKC: Tetradecanoyl Phorbol Acetate, TPA substantial experimental effort, however, th_cr__e is no gencral
Corresponding author. Fax: +420 296442488, consensus as to what constitutes the early pathogenic
Email address: dolezal@biomed.cas.cz (V. Dolezal). influence of AB|_42 on neuronal functions [20].

?"‘8993!3 - see front matter © 2005 Elsevier B.V. All rights reserved.
110.1016/1.brainres.2005.09.021
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Impairment of cholinergic neurons in basal forebrain
mnervating cerebral cortex and hippocampus is invariably
found in Alzheimer’s brains at autopsy. It 1s not known
whether this damage is due to a general neuronal
degeneration occurring at a late-stage of the disease or
whether cholinergic ncurons are more sensitive to AP
oxicity and involved in the pathogenesis of the disease
(3,11,18]. Several aspects of cholinergic neurotransmis-
sion have been shown to be targets of physiologically
relevant concentrations of AR [2]. We have observed in
previous experiments that submicromolar concentrations
of ABy_42 present in the culture medium dunng differ-
entiation of the cholinergic cell line NG108-15 [23,24]
mhibited N-type calcium channels [31]. The differentia-
ion also increased transcription of genes embedded in
the cholinergic gene Jocus and enhanced general neuronal
phenotype [7,10,12,13,15].

These findings led us to mvestigate the influence of
APy _4y on a high-affinity cholinc uptakc in NG108-15 cells.
Using RT-PCR analysis we found that these cells do not
express the specific cholinergic high-affinity choline trans-
porter ChTIl [1,40,41]. However, we have identified
expression of a hemicholinium-3-sensitive (HC-3) choline
fransporter-like protein (CTL1) that is similar to ChT1 [39].
CTL1 is widely expressed in the brain and its over-
expression in ncuroblastoma cells has been shown to
mcrease choline uptake [48]. We demonstrate that chronic
but not acute treatment with non-toxic concentrations of
ABy_42 diminishes both HC-3-sensitive choline uptake and
high-affinity *H-IHC-3 binding occurs downstream of gene
transcriplion and involves protein kinase C signaling.

1. Materials and methods
2.1, Cell culture

NG108-15 cells were cultured as described [11]. Briefly,
they were grown in Dulbecco’s modified Eagle’s medium
confaining 5% non-inactivated foetal calf serum, 1% HAT
supplement (Sigrna; containing hypoxanthine, aminopterin
and thymidine), 3 pmol/1 glycine, 2 mmol/l glutamine, 100
U/ml penicillin and 100 pe/ml streptomycin, under an
atmosphere of 5% CO0,/95% humidified air at 37 °C. For
hemicholinium-3 (HC-3) binding and choline uptake experi-
ments they were seeded on 10 cm Petri dishes at a density of
200,000 cells per dish in 10 ml of supplemented DMEM.
For all other experiments, they were seeded in 24-well
plates at a density 20,000 cells per well in 2 ml of
supplemented DMEM. Drugs were added the next day as
indicated and the cells were grown in their presence for 4—5
days without change of the medium. Differentiation was
induced by 0.2 mmoV! dibutyryl ¢cAMP and 100 nmol/l
dexamethasone. AR, 4, was dissolved in redestilled water
at a concentration of 100 pumol/l at room temperature and
stored frozen in aliquots beforc use. It has been demon-

strated that formations of the toxic soluble oligomers is
rcached within a few minutes and ageing docs not increase
its toxicity {14]. '

2.2 H-Hemicholinium-3 binding

Medium was removed and cells were relcased into 6 ml
of Krebs—HEPES bufler (final concentrations in mmol/I:
NaCl 138, KCl 4, CaCl, 1.3, MgCl, 1.2, Nall,PO, 1.2,
glucose 11, HEPES 10, pl{ 7.4) and collccted by centrifu-
gation (5 min at 200 x g). Cell pellets were resuspended in
fresh Krebs—HEPES buffer (300-500 pl per onc Petri dish)
and.aliquots (50 wl) of the cell suspension were added in
triplicate to eppendorf test tubes containing 50 pl of the
buffer with labcled HC-3 and incubated 30 min at 37 °C. At
the cnd of incubation, they were chilled.on ice and-pelleted
for 5 min at 2000 g in a refrigerated centrifuge. Supematants
were carefully removed, the cell pellets were surface washed
with 200 ul of ice-cold Krebs—HEPES buffer and ceutri-
fuged again for 2 min at 2000 x g. Supematants werc
discarded and cell pellets were dissolved in 100 pl aliquots
of 1 mol/!l sodium hydroxide. 60 pl aliquots were nsed for
scintillation counting and 20 ul aliquots for protein
determination. Non-specific. binding was measured in the
presence of 20 pmol/l unlabeled -HC-3 in single point
determunations or 10 nunol/i choline in kinetic experiments.
The displaceable binding of HC-3 ranged between about
40% of total binding in low concentrations and 10% in high
concentrations of tracer. For this reason, the single point
measurcments were performed using 5—10 nmol/l of
’H-HC-3 and the results are expressed as percent of controls
in individual experiments.

2.3. *H-Choline uptake

Cells were treated and harvested as described for HC-3
binding. The cell pellet was resuspended in 10 ml of Krebs—
HEPES buffer and incubated for 30 min at 37 °C in a Petri
dish to deplete endogenous choline. Cells were collected
again, resuspended in Krebs—HEPES buffer (300-500 pnl
per one Petri dish) and 50 pl aliquots of cell suspension
were added to Eppendortf test tubes in.ice. 50 pl aliquots of
buffer with *H-choline wecre added and samples were
incubated in most cases (see text to figures) for 4 min at
37 °C. Incubation was stopped by transferring samples to an
1ce bath and adding S00 pl of ice cold Krebs—HEPLS buffer
containing 10 pmol/l HC-3. The samples were than
processed as described for HC-3 binding. Non-specific
uptake of choline was determined in parallel samples that
contained 10 pmol/l HC-3 during the uptake period.

2.4 *H-NMS binding
Medium was removed and 1 nl of K}eb_s—HEPES buffer

containing 2 nmol/l *H-NMS or 3HNMS plus 5 pmol/l
atropine was added into the wells in, triplicate. The plates
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were 1ncubated for | h at 37 °C. The medium was then
removed and each well was washed with | ml of Krebs—
HEPES solution at room-temperature. The cells in each well
were dissolved in 300 pl of 1 mol/I sodium hydroxide. 200
ul aliquots were used for scintiliation counting and 30 pl
aliquots for protein determination.

2.5. iju’woxyg/ucose uptake

Culture medium was removed and 0.3 ml of Krebs—
HEPES buffer containing *H-dcoxyglucose was added to
~each.wcll. The plates were incubated for 60 min at 37 °C. At
the end of incubation the mediuvm containing *H-dcoxy-
glucose was carefully removed and each well was washed.
Cells werc dissolved in 200 pl of | M sodium hydroxide.
One hundred fifty-ul aliquots were used for scintillation
counting and S-pl aliquots for protein determination.

2.6. Cell viability assay

Cell viability was estimated using uptake and retention of
the fluorescent probe calcein AM. Cells grown for 4 days in
the absence or presence of A3 _4, were incubated for 2 h at
37 °C n Krebs—HEPES buffer containing the probe at a
concentration of 10 pmol/l. Afier incubation, the cmission
of light at 535 nm excited by 485 nm light was followed
using a Victor™ plate reader. A signal from extraccllular
calcein was quenclicd using 0.1 mmol/I manganese chloride.

2.7. Oxidative activity of cells

Oxidative load of intact cells was deduced from the
oxidation of fluorescent probe 2',7-dichlorodihydrofluor-
escein diacetate. Cells grown for 4 days in the absence or
presence of A[3; _4; were incubated for 1 h at 37 °C in
Krebs—HEPES bulfer containing the probe at a concen-
fration of 10 pmol/l and then the crnission of light at 535 nm
excited by 485 nm light was followed using Victor™ plate
reader.

2.8. Determination of enzyme activities

Activities of caspase-3 and caspase-8 were determined
in cell lysates fluorometrically using acDVED-AMC and
wIETD-AMC substrates (Sigma, Prague). Cells were
qgrown 1n 24-well-plates. Cultivation medium was removed
and each well was washed with 1 ml of PBS (155 mmol/1
NaCl, 10 mmol/! sodium phosphate buffer, pH = 7.4).
Cells were homogenized on ice in 200 pl of lysis buffer
50 mmol/l HEPES, 0.1% CHAPS, 0.} mmol/l EDTA, |
,]mmol/l DTT, pH = 7.4) by trnituration and then left on ice
Jor 30 min. Afterwards, the homogenates were centrifuged
4t 14,000 x g and 0 °C for 10 min. Resulting supematants
were 'use‘d for determination of caspase activities and
protein content. 50 pl aliquots of cell lysates in a final
volume oi? 100 pl made up using lysis buffer with 10

umol/l (final concentration) fluorescent probe 1n 96-well-
plates were used for measurcment. Fluorescence response
due to substratc cleavage was measured in Victor™ plate
reader using umbelliferone filters. Enzyme activitics are
expressed as light output corrected for protein content in
cell lysates. Protein content of cell lysates was determined
after precipitation of proteins by trichloroacetic acid to
remmove dithiothreitol. Proteins in samples were determined
using Pelerson’s modification of Lowry’s method with
human serum albumin as standard.

2.9. RT-PCR and real time PCR analysis

Total RNA from control and differentiated NG108-15
cells, and from different tissucs as indicated in Figs. | and 5,
was isolated using RNAwiz (Ambion, UK) and further
processed using DNA-free™ kit (Ambion, UK). The purity
was checked spectrophotometrically at 260 nm and 280 nm.
The Following primers were used to investigate a presence of
ChT and CTL! by RT-PCR: rat ChT-forward 5'-GGA CAC
CCG GAC CCC TAA ATC-3', reverse -CAA TGT CTC
GGC CCC CAA CTA T-3, product 244 bp, GeneBank
accession no. NM053521; mouse ChT-forward 5-CTG TGT
ATG GGC TGT GGT ACC-3, reverse 5-TCA TTG TAA
GTT ATC TTC AGT CCC-3', product 542 bp, GencBank
accession no. AJ401467; rat CTLI1-forward 5'-GGG CCT
TTG CAG TAC ATG TGG-3', reverse 5'- CCT ACT GTT

rChT mChT1

R TR R

rLi  NGD NGC St S5t mSt NGD NGD NGD NGC

NGD NGC NC

mLi mCo mCe mSt

Fig. 1. NG108-15 cells do not express the cholergic high-afiinity choline
transporter (ChT1). RT-PCR analysis of total RNA was performed in
NGI08-15 cells grown for 3-4 days in control (NGC) or differentiating
medium (NGD). Rat and mouse tissues were used as positive and negative
controls. rChT1: product of anticipated size (244 bp, 31 cycles) was found
using a rat high-afiinity choline transporter primers in rat striatum (rSt) but
pot in either control or differentiuted NG108 15 cells, or rat liver (rL1).
mChT1: the primers designed to recogpize both mouse and rat sequence of
high-affinity choline transporter gave expected products (542 bp, 28 cycles)
in rat (rSu and mouse (nSy) strialum but nol in either control or
differentiated NG108 15 cells. CTL!: the primers for CTL] gene [39)]
produced a product of the expected size (756 bp, 25 cycles) in all tissues
examined (mLi, mouse liver; mCo, mouse cerebral cortex; mCe, mousc
cercbellurn; mS(, mouse stratum; NC, negative PCR control). -
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TTC CAC AAA CTC CAT-3', product 756 bp, GeneBank
accessiqn no. AJ245619. Primers used for real time PCR
were: rat CTLI-forward 5-GAA TGC ATA CAC AGC
CAC AG-3; reverse - GTT GAG CAG CAT AAT CCC
AG-3', product 187 bp, GeneBank accession no. AJ245619
at GAPDH-forward 5-GAA CAT CAT CCC TGC ATC C-
¥, reverse 5'-GCT TCA CCA CCT TCT TGA TG-%,
product 179 bp, GeneBank accession no. M17701. Reverse
rranscription of isolated RNA was performed using a
commercial kit from Roche (C. therm. Polymerase for
Reversc Transcription in Two-Step RT-PCR) with 1 pg of
isolated RNA in a final volume of 10 pl at 60 °C for 30 min
ind 94 °C for 3 min. The PCR reaction was done using the
commercial kit HotStarTag™ PCR (Qiagen), usually with 1
ul of reverse transcription mixture, for the indicated number
of cycles (activation 15 min at 94 °C, 45 s at 58 °C and 40 s
at 75 °C; PCR cycle 30 s at 94 °C; 40 s at 58 °C; 40 s at 72
'C; termination 7 min at 72 °C). The PCR product was
separated on a 1.9% agarase gel. Isolation of cDNA from
gels was done using a comunercial kit (Gel Extraction
DIAquick, Qiagen). Cloning of the PCR product was
sccomplished using supercompetent bacteria XL1 (Invi-
rrogen, TOPO TA Cloning) after ligation of PCR product
by means of thc commercial kit pGEM-T Easy (Prom-
¢ga). Plasmids were isolated using Plasmid MinyMidi Kit
[Qiagen) according to manufacturer’s protocol. Sequenc-
ng was done commercially. Real-time PCR was accom-
plished using QuantiTect™ SYBR Green PCR kit
Qiagen) in LightCycler apparatus (Roche) and results
were processed using software LightCycler3. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDII) was used as
an intcrnal standard.

110. Chemicals

[Methyl *Hlcholine chloride (SRA 81 C¥mmol), 1-[N-
methyl- H]scopohmmc methyl chloride (SRA 79 Ci/
mmol), and 2-deoxy-D-[2,6-*H]glucose (SRA 43 Ci/mmol)
were from Amersham, UK. [Methyl-’H]hemicholinium-3
liacetate salt (SRA 127.8 Ci/mmol) came from NEN.
Amyloid 3 peptide 1—-42 was purchased from US Peptides
[Rancho Cucamonga, CA) or from Sigma (Prague, Czech
Republic). Calcein AM and 2/,7 -dichlorodihydrofluores-
wein diacetate were supplied by Molecular Probes (Eugene,
OR). All other reagents and media were from Sigma
[Prague; Czech Republic).

3. Results

1. NG108-15 cells express the high-affinity choline
ransporter CTLI

Differentiation of NG108-15 cells in the presence of
‘AMP and dexamethasone increased high-affinity HC-3-
sensitive choline uptake [11] and high- affinity *H-HC-3
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binding (Fig.. 3B). RT-PCR analysis of total mRN#
isolated from control and - differentiated NG108-15 ccll:
did not detect a presence of the cholinergic high-affinit
choline transporter ChTI (Figs. 1A and B). However, i
concert with previously reported findings, both undiffcr
entiated and differentiated cells contained mRNA fo
CTLI1, another putative high-affinity choline transporte:
(Fig. 1C). The spccificity of the high-affinity cholinc
transporter in control NG108-15 cells was further verifiec
by competition with camitine to exclude possiblc involve:
ment of camitine transporters. Carnitine at a concentratior
0.1 munol! had no influence on the transport of 10 jumol.
I choline (96.2 £ 1.6% of control choline transport in twc
expcriments with cells from independent seedings)
Similarly, transport of 10 pmol/l camitine was no
inhibited by 0:1 mmol/l choline (110.0 + 1.4% of contio:
carnitine transport in two expenments with cells from
independent scedings).

3.2. Chronic treatment with Af;_,; attenuates high-affinity
choline uptake

HC-3-sensitive choline uptake in differentiated cells was
concentration dependent (Fig. 2B) with half saturation in the
range of S—10 pmol/l choline and proceeded lincarly for at
least 12 min (Fig. 2A). Cultivation of differentiated cells in
medium containing 100 nmol/l AR, _4; for 4 days induced a
slight reduction of HC-3-sensitive choline uptake when
measured at the concentration of 2 pmol/l and-a significant
decrease when measured at the concentration of 10 pmol/l
(Fig. 2C). This effect required persistent presence of AR _40
during growth: becausc it was not apparent when AR, _4

~ was added S min before choline uptake measurement (Fig.

2D). Comparable results were observed in experiments on
specific high-affinity *H-HC-3 binding (Fig. 3). In differ-
entiated cells- AP;_4,; present for 4 days induced a
concentration-dependent decrease of *H-HC-3 binding with
an ECsq of about I nmol/l (Fig. 3A). This inhibitory effect
was not found in cells that were not differentiated (Fig. 313)
or W differentiated cells when AR,_4, was added 5 min
prior to the binding assay (Fig. 3D). In three independent
experiments (Fig. 3C) *H-HC-3. bound to intact differ-
entiated cells with Kg 10.5 + 2.1 nmol/I. Four days of
treatment with 100 mnol/l AR, _4; reduced B to S1.3 £
5.4% of control (mcan + SEM, P < 0.05 by ¢ test) while K4
remained unchanged (8.7 £ 1.9 nmol/I).

3.3. Influence of protein kinase C activity modulators on
high-affinity choline transport

A role of protein kinase C in the mhibitory effect of
100 nmol/l AP, 4> on choline transport was investigated
in differentiated cells. The protein kinase C inhibitor
staurosporine at a concentration of 100 pmol/l present 5
min before and during choline uptake measurement
(determined at the concentration of 10 umol/l) significantly
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“ig. 2. Influence of chronic treatment with AR _ 4, on hemicholinium-3-sensitive choline uptake in differentiated NG108-15 cells. (A) The uptake of choline
neasured at a concentration of 10 pmol/! lincarly increased for at least 12 min. Ordinate: HC-3-sensitive uptake of choline in pmol/mg of protein. Each point
epresents the mean + SEM of nine obscrvations made on cells from three independent secdings with the exception of the last point which is derived from a
ingle experiment. (B) Concentration dependence of choline uptake during 4-min incubations. Abscissa: concentration of *H-choline in pmol/1. Ordinate:
1C-3-sensitive uptake of choline calculated as percent of maximal uptake (mean + SEM was 67.8 £ 13.3 pmol/mg protein) in four individual expc_{'imcnts. Each
oint represents the mean £+ SEM of 11- 12 observations on cells from four independent scedings. Choline transport proceeds with K, around 5-10 pmoVl.
C) Treatment of differentiated cells with 100 nmol/l AB for 4 days attenuates the uptake of choline during 4-min incubations measured at 2 gmoV1 choline (left
vair of columns) and significantly decreases the uptake at 10 pmoV/l choline (right pair of columns). Ordinate: choline uptake in pmolmg protein at 4 min. Each
olumn represents 13- 15 observations derived from experiments on cells from five independent seedings. *P < 0.05 significantly different from controls
Student’s  test). D: APy _4; at a concentration of 100 nmol/l has no immediate effect on hemicholinium-3-sensitive choline uptake. Diffcrentiated cells (D)
vere preincubated for 5 min with 100 nmol/l AP, _4; which was also present during assay. Columns represent 24 values derived from expeniments on cells
rom eight independent seedings expressed in pmol/mg protein at 4 min.

ncreased choline uptake (Fig. 4A) while 1 pumoVll of the over a time interval of 1—-4 days (Fig. 5A). Similarly, 100
rotein  kinase C activator TPA significantly reduced and 1000 nmol/l AR, _4; did not change CTL1 mRNA level

holine uptake (Fig. 4B). Staurosporine prevented the after treatments lasting 1 or 3 days (Fig. 5B).

nhibitory effect of the persistent presence of AR;_4. In

ontrast, TPA lost its inhibitory effect in AR, _4o-treated 3.5. Chronic treatment with Af;_s; al submicromolar
ells. Staurosporine present during the cultivation and concentrations has no general adverse cellular ¢ffects

neasurement also increased choline uptake both in the
ibsence and presence of 100 nmol/l AR, _4, (Fig. 4C).
similar to the effects of staurosporine, TPA freatment under experimental conditions has general toxic c?ffccts.
luring  cultivation downregulated PKC activity and Oxidative load of differentiated cells was espmglcd
esulted in an increase of choline uptake in control as according fo the extent of dihydrofluorescein oxidation.
vell as AR, _gp-treated cells (Fig. 4D). In control non-differentiated cells permanent presence of
| pmol/l but not 100 nmol/l APi-42 significantly
increased oxidative activity (data not shown), whereas
lotchange./evelofCTLl mRNA in differentiated cells no influence at both tested
' concentrations of AP,_so was detected (Table 1).
Capacity of the fluorescent probe o sense increage_d
signal was verified at the end of measurements by adding

In the next experiments, we examined whether AR _42

.4. Differentiation and chronic treatment with Af;_4z do

Differentiation of cells in the presence of dbcAMP and
lexamethasone had no effect on the level of CTLI mRNA
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“ig. 3. Influence of chronic treatment with AR, 45 on high-affinity saturable binding of hemicholinium-3 in differentiated NGI0R-15 cells. (A) Ay 42
t from the beginning of cultivation decreased specific binding of HC-3 in a concentration dependent manner with EC., of approximately 1 nmol/l.
Xesults are expressed in percent of control (ordinate). Each point is the mean  SEM of 6~12 values derived from 2 1o 4 independent experiments. **P ~
101, significantly differeat from control cells grown in the absence of A _4; by ANOVA followed by Dunnett's multiple comparison test. (I3)
Differentiation of NG108-15 cells increased the number of high-affinity HC-3 binding sites. Presence of 100 nmol/l AR, _ 4, for 4 days decreased the binding
{HC-3 in differentiated (right pair of columns) but not in control (left pair of columns) cells. Specific HC-3 binding is expressed as percent of control values
control, non-difterentiated cells). Each column represents 915 values derived from 3—5 independent experiments. Control values were 8.1 = 1.6 dpm/ug
rotein (mean + SEM, n = 14). *P < 0.01 significantly different from control; *P < 0.05 significantly different from control differentiated cells (D) by ANOVA
ollowed by Tukey’s multiple comparison test. (C) 4-day treatment of differentiated cells with 100 nmol/l AR, _; had no effect ou the atfinity of specific
iC-3 binding. Data shown are representative of three experiments on cells from independent seedings that yielded affinity 10.6 + 2.9 nmol/l and 9.4 + 2.5
imal/l in control and Af _ap-treated cells, respectively. B,y values were more variable, ranging from 17 to 72 dpm/ug protein in control differentiated cells.
lowever, Af3y _4-treated cells showed a consistent reduction in B, in individual cxperiments (58, 41, and 55% of control values). (D) AP, 4 at a
oncentration of 100 nmol/l has no immediate effect on the specific binding of HC-3. Differentiated cells were preincubated for § min with 100 nmol/l Ay, _4»
hat was also present during assay. Columns represent values derived from experiments on cells from three independent seedings and arc expressed as percent

feontrol (4.7 + 0.8 dpm/pg protein, mean £ SEM, n = 9).

lydrogen peroxide (data not shown). Integrity of plasma
nembranes was checked by the ability of cells to take up
aleein AM and retain deesterified (fluorescent) calcein.
\31-42 up to I umol/l did not change calcein AM
iptake and hydrolysis as well as calcein retention inside
hie cells that was measured after quenching extracellular
ignal by manganese. Capacity of the method 1o detect a
ossible change was checked by treatment with 1 pmol/l
onomycin for 60 min (data not shown). Additional
xperiments summarized in Table 1 show that 100 nmol/l
\P1-42 applied for 4 days did not affect cell growth
ctermined as protein content, the number of surface
nuscarinic  recepfor measured  as specific binding of
H-N-methylscopolamine on intact cells, and uptake of
H-deoxyglucose. At concentration of | pmol/l, ARj_4
Ughlly but significantly augmented protein content and
ignificantly reduced the uptake of 3I—I—d<—:o><:yg1ucose.
Jone of the tested concentrations of AR _42 changed

activity of extracellular signal regulated caspasc-8 or
executioner caspase-3 activities.

4. Discussion

The most important finding of our expcriments is the
attenuation of the HC-3-sensitive high-affinity choline
transport and the density of saturable HC-3 binding sites
caused by chronic but not acute treatment with submicro-
molar concentrations of AB;_4;. The kinetic parameters of
HC-3 binding (K4 around 10 nmol/l) and choline uptake
(K, around 5-~10 umol/t) are similar to that of the high-
affinity choline transporter ChT1. However, our data
demonstrate that NG108-15 cells do not express the ChT]
gene. On the other hand, we have confirmed the expression
of another recently cloned high-affinity choline transporter,
CTL1. This choline transporter can also be inhibited by low
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Table |
Influence of 4-da
integrity, lnd m(h

at |'-,'L ac l vity in differentiated NG108-15 cells

Control

- teatment with AfS; 4z on cell growth, number of muscannic receptors

12 (2005) 101-110

, caspasc-3 and 8 activities, “H-deoxyglucose uptake, membrane

AP 1 pmoll (% control)

A 0.1 pmoll (% control)

Jwell) 255 £ 6 (52)

muscarinic receplors (Imol/mg protein)
ty (AU/ig prot* 120 min) 65.9 ¢

Protein content (g

Caspase-3 activi
Caspase-8 activity (AU/ug prot®120 min)
“H-DOG uptake (fmol/mg protein*60 min)
Calcein retention (AU/pg prot*120 min)
Di Il clrl)f‘m res scein oxi idation (AU/pug prot* 60 mm) 68 24

2941 2.0 (12)
14.0 (1)
615 % 119 (8)
0.72 £ 0.05 (16)
558 + 48 (16)
3.3 (26)

101 + 2 (43) 1)

£ 5% (31)
107+ 5(9) 105 + 9 (6)
119 + 12 (8) 99 & 9 (6)
112 £ 6 (8) 119 7 (8)
95 + 3 (16) 79 & 3** (16)
110 £7 (12) 109 £ 6 (12)
102 £ 2 (16) 10122 (16)

Results are given in ruunld ¢ of control valum shown in the ﬁr;l column as the mean £ SEM of the number of observations given in parentheses, Eacl
expenment-was done at least twice on cells from independent seedings. *P <0.05, **P < 0.01, significantly different from control by ¢ test. AU, arbitrary units

concentrations of HC-3, has distinct 1onic requirements, and
was found in all cell lines tested so far [38]. The specificity
of the investigated transporter for choline is further
suwportcd by its in*unsitivity to mhibition by camitine.

he abscnce of ChT1 has offered a unique possibility to
sludy in 1solation thg Lflu.l of AR;_4p on specific high-
affinity choline transport mediated presumably by the CTLI1
protcin that is largely expressed in the nervous system
[37,48]. Lack of a direct effect on choline transport implies
that, unlike ChT1 [29,30], AB,_4> does not interact directly
with the transporter but rather influences its gene expression
or mechanisms downstream of genc expression. Qur results
are In favor of the sccond possibility. We did not find any
change of CTLI gene expression induced by either differ-
entiation or 13 days of treatment with AR, _4 in
concentrations that caused about fifty percent reduction of
:holine transport (Fig. 5).

It has been repeatedly demonstrated that p-amyloid
:xhibits toxic effects in in vitro experiments including
induction of oxidative stress, damage of cell membranes and
initiation of apoptotic ccll death. However, these effects are
ssually demonstrated only when relatively high concen-
rations of (3-amyloid in the micromolar range are used. In
sontrol experiments we did not find any indications of overt
cell toxicity brought uabout by 100 nmol/l APRj_4, a
>oncentration that maximally inhibits choline transport
Table 1). An increase of oxidative load in native NG108-
|5 cells (data not shown) and a decrease of deoxyglucose
ransport in differentiated cells after treatment with 1 pmol/I
AP1-42 evideneced that treatment using higher concentra-
lons of B-amyloid can provoke toxic effects. In our
yrevious work, we demonstrated that chronic treatment of
lifferentiated NG 108-15 cells with 100 nmol/l AR, _4, leads
0 a disappearance of calcium influx through. N-type
‘hannels while the activity of a specific cholinergic neuronal
narker, choline acetyltransferase, remained unchanged [31].
‘aken together, thesc findings indicate that submicromolar
oncentrations of AP,_4» do not demonstrate general cell
oxicity but rather show certain specificity in compromising
istinct physiological functions like choline transport and
aleium N-type channel functioning.

An Interesting feature of the high-affinity choline trans-
ort in NG108-15 cells is its sensitivity to modulators of

protein kinase C activity. Disturbance of protcin kinase C
signaling has been amply demonstrated in post mortem
Alzheimer’s brains. This might be a rellcction of the
terminal state of the discase and cannot be thus considered
indicative of early pathophysiological cvents. Howevcr,
changes in levels of various isoforms of PKC [44] and
disturbances of its signaling [50] wcre observed at different
ages in brains of transgenic mice overexpressing P-amyloid
as well as in skin fibroblasts obtained {rom Alzheimer’s
paticnts [16,49]. Similarly, low concentrations of f3-amyloid
have been shown to induce activation of PKC in primary
cell cultures and cell lines [27,32,33,47]. Altogcther, these
findings point to the involvement of PKC signaling as a
plausible pathogenic cvent operating carly in tlic genesis of
the disease. Qur obscrvations are in line with this view. We
found that the decreasc of choline uptake is countcracted by
the protein kinase C inhibitor staurosporine or by chronic
treatment with the protein kinase C activator TPA  that
eventually downregulates PKC activity. In concert, acute
addition of TPA decreases HC-3-sensitive choline uptake in
control but not AR,_4-treated cells. In addition, the
inhibitory effect of chronic treatment with A3, 4. 15 not
just a general_deleterious effect on transport mechanisms
and has certain specificity for choline uptake becausc
glucose transport was not influcnced by the concentration
of AR_q4p that displaycd full inlnbitory effect on choline
uptake and HC-3 binding. The inhibition of glucose
transport only appeared after the treatment of cclls with
one order of magnitudc higher concentrations of AR, ..
(Table 1) confimning the sensitivity of glucose transport to
high concentrations of p-amyloid [4].
Suppression of non-cholinergic high-affinity
uptake may have a scvere tmpact particularly i the bramn.
Choline 1s an essential component of all cell membranes.
Although humans can synthesizc a small proportion of
choline de novo, the predominant portion of required
choline must be supplied as a constituent of food [5].
Choline concentration in brain cxtracellular fluid is kept
lower than in the rest of the body. This suggests relevance of
a high-affinity transport mechanism in brain cells that may
be of critical importance to fuel phospholipid metabolism
necessary for membrane synthesis and renewal during
development of the brain ncuronal network and in the

choline
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plasticity of neuronal cells or their repair afler damage or
injury. Indeed, it has been demonstrated that prenatal
supplamentation with choline results in acceleration of
brain development, increascd resistance against toxicity,
and improvement of mental performance that lasts until
senescence [5,8,21,22,34-36,43]. These effccts are unlikely
to be due to improved delivery of choline for acetylcholine
synthesis and cholinergic activity because proteins impe-
rative for presynaptic cholinergic activity, such as choline
acetyltransferase and vesicular acetylcholine transporter in
the brain arc not fully expressed until several days after birth
[26]. In addition, experiments on knockout mice have
indicated that the functional ChTI becomes indispensable
after but not before delivery [17]. Further evidence of the
involvement of CTLI in membrane repair comes from
studies showing upregulation of CTLI1 expression after
cranial motor nerve transection that returns to normal level
after axon regencration [9], while in a similar situation
ChTI expression in neuronal cell bodies decays and renews
only when synaplic contact 1s being re-established [42].

In summary, our data demonstrate thHat non-toxic
submicromolar concentrations ol ABy_4p acting for an
extended period of time impair hemicholinium-3-sensitive
high-affinity choline uptake presumably mediated by CTL].
This transport 1s distinct {rom uptake mediated by the
specific cholinergic transporter ChT1, does not occur
through carnitine carriers, and its regulation involves protein
kinase C signaling. Inhibition of protein kinase C prevents
suppression of high-affinity choline transport by AR _az.
However, the molecular mechanism that link protein kinase
C and the inhibitory effect of ARj_42 on choline transport
require further investigation. Regardless of the molecular
mechanisms involved, these {indings may have important
implications in early stages of Alzheimer’s disease with
regard to the importance of choline supply for membrane
resynthesis and renewal.
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