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Seznam zkratek

ABi4
AChE
APP
Binax
cAMP
Cdk5
ChAT
CHO
DHA
DMEM
ECso

EDTA
Enmax

EPA

GDP
GPCR
GppHNp
GSK-38
GTP
»S-GTPyS
[*H]-NMS
ICso

Imax

IL-1,1L-6 a IL-10
Ky

LTP

M1, M2, M3, M4 a M5

-amyloid 1-42

acetylcholinesteraza

amyloid precursor protein (protein prekurzor amyloidu)
maximalni vazba

cyklicky adenosinmonofosfat

cyklin-dependentni kindza

cholinacetyltransferaza

Chinese hamster ovary (fibroblasty z ovarii zlatého kiecka)
dokosahexaenova kyselina

Dulbecco’s modified Eagle’s medium

effective concentration 50 (koncentrace vyvovavajici polovinu
max. odpovédi)

ethylendiamintetraoctova kyselina

maximalni stimulace

eikosapentaenova kyselina

guanosin difosfat

receptory sprazené s G-proteiny (G-protein coupled receptor)
guanosin-5'-(By-imino)trifosfat

glykogensyntaza-kinaza-3/4

guanosin trifosfat

radioaktivni izotop guanosin-5'-O-(y-thio)trifosfatu
tritiovand forma N-methylskopolaminu

half maximal inhibitory concentration (koncentrace, ktera
vytésni 50% znaceného ligandu; ptipadné koncentrace agonisty
vyvolavajici 50% maximalniho inhibi¢niho U€¢inku)
maximalni inhibice

interleukin-1, -6 a -10

rovnovazna disociaéni konstanta (koncentrace, pti niz je
obsazena polovina vazebnych mist)

dlouhodoba potenciace (long term potentiation)

jednotlivé podtypy muskarinového receptoru



mAChR
MCI
PAM
PBS
RLU
sAPP
S.E.M.
VACHhT

muskarinovy acetylcholinovy receptor

mirny kognitivni deficit (mild cognitive impairment)
pozitivni alostericky modulator

Phosphate Buffered Saline

relativni svételna jednotka (relative light unit)
solubilni fragment APP

sttedni chyba priiméru (standard error of mean)

vezikularni transportér acetylcholinu
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Uvod

1. Alzheimerova choroba

Alzheimerova choroba je nejcastéjSim neurodegenerativnim onemocnénim u ¢lovéka.
Poprvé byla popsdna némeckym Iékafem Aloisem Alzheimerem jako onemocnéni nejasného
puvodu, které se klinicky projevuje progresivni demenci, tedy postupnym zhorSovanim
paméti a kognitivnich funkci. Charakteristickym post mortem patologickym znakem, ktery
jednoznaéné potvrzuje klinickou diagnozu, jsou extracelularni amyloidové plaky tvofené
pfedevs§im bilkovinou P-amyloidem a dale intraceluldrni neurofibrilarni klubka tvorend
hyperfosforylovanym tau proteinem. Jak amyloidové plaky tak neurofibrilarni klubka se
nachdzeji v mozkové kufe a hipokampu pacienti s Alzheimerovou chorobou. Dal§im
typickym patologickym znakem Alzheimerovy choroby je ztrata neuronti a neuronovych
synapsi v mozkové¢ klife a v hipokampu a dalSich podkorovych oblastech mozku.

Alzheimerova choroba se vyskytuje ve dvou zdkladnich forméch — prvni byva
oznacovana jako dédicna, druha jako sporadickd forma onemocnéni. Dédi¢na forma se zacina
projevovat diive, naptiklad jiz kolem 40. roku véku, vzdy ale pted 65. rokem véku. Tvori
piiblizné jen asi 3 % vSech pifipadii onemocnéni. Na druhou stranu mnohem castéjs$i forma
sporadickd se zacind projevovat az po 65. roce v€ku a s pribyvajicim vékem jeji riziko
vyrazné stoupa. Alzheimerova choroba se o néco Castéji vyskytuje u Zen nez u muza.

Etiologie Alzheimerovy choroby je stile neznama, i kdyz do dnes$ni doby jiz byla
vyslovena fada hypotéz o piic¢inach tohoto onemocnéni. Od 80. let minulého stoleti, kdy byla
na zaklad¢ pravidelného néalezu poskozeni cholinergnich neuronii pfi pitvé formulovana
cholinergni hypotéza Alzheimerovy choroby (Bartus RT. et al., 1982), se zkouma role
cholinergni neurotransmise v etiologii a patogenezi Alzheimerovy choroby. Cholinergni
hypotéza byla od chvile svého vzniku jiZ mnohokrat zpochybnéna a v dnesni dobé vSeobecné
pfevladd pozdéji vyslovend amyloidovd hypotéza (Hardy JA. et Higgins GA., 1992).
Zakladem amyloidové hypotézy je mySlenka, ze prvotni pfi¢inou onemocnéni je zvySena
hladina amyloidogennich peptidi (zejména fragmentu 1-42; AP;42) odStépovanych
z bilkoviny prekurzor amyloidu (APP, amyloid precursor protein) a souhrnné oznacovanych
jako B-amyloid. Ten se mlize v mozku vyskytovat v riiznych formach (rtizna délka fragmentu,
agregovany ¢i rozpustny) a v dnes$ni dob¢ se ma za to, Ze nejvice skodlivé jsou neprili§ velké
rozpustné oligomery amyloidogennich peptidi. Prvotni zmény vyvolané témito

neurotoxickymi oligomery jsou skryté a pravdépodobné piedchazeji klinickou diagnozu
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onemocnéni o desitky let. Cholinergni a amyloidova hypotéza Alzheimerovy choroby budou
jesté podrobnéji zminény v samostatné ¢asti ivodu této prace.

Na zakladni mysSlence amyloidové hypotézy jiz bylo postaveno nékolik lécebnych
strategii Alzheimerovy choroby, z nichz se vS§ak az dosud Zadn4 nesetkala s v&tSim tspéchem.
To je také jeden z davodl, pro¢ neustdle probihaji snahy vysvétlit vznik Alzheimerovy
choroby jinym mechanismem. Jiz delSi dobu se napiiklad hromadi ditkkazy o spojeni mezi
Alzheimerovou chorobou a metabolismem cholesterolu. Nékteré mutace v genech, které
koduji proteiny podilejici se na metabolismu cholesterolu, byly identifikovany jako rizikové
pro vznik sporadické formy Alzheimerovy choroby (Martins 1J. et al., 2009) a poruSeny
metabolismus cholesterolu hraje pravdépodobné vyznamnou roli pii tvorbé amyloidovych
plaki a hyperfosforylaci tau proteinu. Epidemiologické studie rovnéz ukazuji, Ze zvysSena
hladina cholesterolu je rizikovym faktorem pro vznik Alzheimerovy choroby a podle
nekterych tdaji mohou dokonce 1éky snizujici hladinu cholesterolu v krvi (statiny) snizovat
riziko vyskytu Alzheimerovy choroby (Kandiah N. et Feldman HH., 2009; Arvanitakis Z. et
al., 2008). Jednou =z molekul nejcastéji zminovanych v souvislosti s metabolismem
cholesterolu a Alzheimerovou chorobou je apolipoprotein E, ktery je v mozku mimo jiné
odpovédny za transport cholesterolu z astrocytii do neurontl, ale ovliviiuje také clearance [3-
amyloidu vzniklého Stépenim APP. Jiz dlouho je zndmo, ze homozygotni jedinci s alelou
ApoE &4 maji vyznamné zvySené riziko Alzheimerovy choroby oproti jedincim nesoucim
alely €2 a €3 (Evans RM. et al., 2004).

Zvysend hladina cholesterolu se pomérn¢ Casto objevuje spolecné s insulinovou
rezistenci a v posledni dob¢ se ukazuje, Ze insulinova rezistence nebo ptimo diabetes mellitus
2. typu zvysuji riziko vzniku Alzheimerovy choroby (Cole AR. et al., 2007). Na druhou stranu
souvislost mezi insulinovou rezistenci a Alzheimerovou chorobou neni natolik ziejma, aby
typu. Spise se zd4, Ze porucha metabolismu glukézy a insulinova rezistence urychluji progresi
neurodegenerativnich zmén a ztraty synapsi v prubéhu onemocnéni (Williamson R. et al.,
2012).

Za alternativu nebo dokonce protipol amyloidové hypotézy Alzheimerovy choroby je
Casto pokladana teorie, kterd za hlavni faktor vyvolavajici onemocnéni povazuje
hyperfosforylovany tau protein. Ten tvoii parova helikalni filamenta agregujici za vzniku
intracelularnich neurofibrilarnich klubek — vedle amyloidovych plaki hlavni patologicka

znamka Alzheimerovy choroby. Parova helikalni filamenta je mozné pozorovat v dendritech
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jako neuropilova vldkna (threads) a v nékterych axonalnich zakoncenich obklopujicich
amyloidové plaky.

Tau protein patfi mezi bilkoviny asociované s mikrotubuly. Za fyziologickych
podminek podporuje polymerizaci jednotek tubulinu do mikrotubulli a podili se tak na
axonalnim transportu, avSak abnormalné hyperfosforylovany tau protein agreguje do podoby
parovych helikdlnich filament a ztraci schopnost ovliviiovat polymerizaci tubulinu. Na
hyperfosforylaci tau proteinu se pravdépodobné podili kindzy cyklin-dependentni kinaza
(Cdk5) a glykogensyntaza-kinaza-3f (GSK-3f) (Noble W. et al., 2003).

Nékteré vysledky ukazuji, Ze patologie tau proteinu a zvySend produkce B-amyloidu
spolu pravdépodobné tzce souvisi. Napiiklad synteticky B-amyloid injekéné aplikovany
transgennim myS$im exprimujicim modifikovany lidsky tau protein vyznamné zvysil vyskyt
neurofibrilarnich klubek (Go6tz J et al., 2001). Podobné imunizace B-amyloidem u trojité
transgenniho mysiho modelu Alzheimerovy choroby méla za nasledek nejen sniZeni produkce
B-amyloidu, ale také hyperfosforylovaného tau proteinu (Oddo S. et al., 2004). Dalsi vysledky
naznacuji, ze procesy vedouci k nadprodukci B-amyloidu zaroven zvySuji aktivitu GSK-34,
kterd je odpovédna za hyperfosforylaci tau proteinu, a tau-kindzy tak mohou byt spojujicim
prvkem mezi obéma hlavnimi patologickymi znaky Alzheimerovy choroby (Terwel D. et al.,
2008).
vyskytuje jesté fada dalSich. Naptiklad skutecnost, Ze v misté amyloidovych plakl se Casto
akumuluji buiiky mikroglie, vedla k myslence, Ze na vzniku Alzheimerovy choroby se
vyznamné podileji zanétlivé a imunologické mechanismy. Bunky mikroglie maji schopnost
fagocytovat B-amyloid v reakci na jeho zvySenou akumulaci (Kitamura Y. et al., 2003) a
zvySena aktivace fagocytozy [-amyloidu mikroglii se také stala jednou zuvazovanych
strategii v 1é¢bé Alzheimerovy choroby. Kromé ulohy mikroglie je v souvislosti s patogenezi
Alzheimerovy choroby diskutovdna mimo jiné i role hematoencefalické bariéry, astrocytd,
zanétlivych cytokini (pfedevsim IL-1, IL-6 a IL-10) nebo volnych kyslikovych radikala
(Sardi F. et al., 2011). I kdyZ neni jasné, nakolik jsou zanétlivé pochody odpovédné za vznik
onemocnéni a nakolik jsou jen jeho priavodnim jevem, je velmi pravdépodobné, Ze zanétlivy

proces hraje pii vyvoji onemocnéni diilezitou tlohu.
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2. Muskarinové receptory

Muskarinové receptory (mAChR) jsou acetylcholinové receptory spadajici do skupiny
receptori sprazenych s G-proteiny (GPCR). V organismu jsou mAChR distribuovany jak
v mozku tak také v mnoha dalSich organech a tkanich. D¢li se do péti podtypt M1 az M5
(Bonner TI. et al., 1987, 1988; Peralta EG. et al., 1987), z nichz vzdy liché a sudé podtypy
jsou si vzajemné funkéné i strukturné podobné. Acetylcholin jako pfirozeny ligand mAChR se
vaze také na nikotinové receptory, které vsak na rozdil od mAChR patii do skupiny chemicky
tfizenych iontovych kanalt.

Muskarinové receptory se vyskytuji prakticky v celém organizmu, napiiklad
v neuronech centralniho i periferniho nervového systému, v srdecni a hladké svaloving,
zlazach s vn&j8i 1 vnitini sekreci, ale také v bilych krvinkach nebo endotelidlnich bunikach.
V centralnim nervovém systému jsou zastoupené predevsim podtypy M1, M2 a M4. Podtyp
M4 se nachdzi na presynaptickych i postsynaptickych membranach predevSim ve striatu a
ovlivituje funkci dopaminergniho systému. Podtypy M1 a M2 se nachazeji ve velkém
mnozstvi v hipokampu a mozkové kife. Vzhledem k cholinergnim neuroniim je zde podtyp
M2 ptevazné presynapticky receptor, ktery inhibuje uvolfiovani acetylcholinu, zatimco podtyp
M1 je ulozen postsynapticky. Distribuce mAChR v perifernich tkanich i v centralnim
nervovém systému se v minulosti zji§tovala pomoci radioaktivné zna¢enych antagonisti, jako
jsou naptiklad neselektivni 3H-N—methylskopolamin (’H]-NMS) nebo *H-pirenzepin, ktery
vykazuje urcéitou selektivitu k M1 receptoru. Vazba ligandi byla lokalizovana pomoci
autoradiografick¢ vizualizace, pouzit¢ ligandy vSak neumoziiovaly spolehlivé rozliSit
jednotlivé podtypy mAChR.

Studie s komplementarni RNA schopnou hybridizovat s mRNA jednotlivych podtypi
mAChR priinesly o distribuci mAChR detailnéjsi poznatky. Pokud byl vSak receptor
exprimovan v neuronech, mohly byt vysledky studii s hybridizaci mRNA zavadéjici. mRNA
je totiz produkovana v bunééném téle, které mize byt i znacné vzdaleno od vybézkl neuronu,
kde je nakonec funk¢ni receptor lokalizovan. Jesté presnéjsi urceni lokalizace mAChR bylo
proto dosazeno pomoci specifickych protilatek zamétenych proti -NH, konci treti
intracelularni smycky mAChR, nejvariabilnéjsi casti receptorii specifické pro jednotlivé
podtypy (Levey Al., 1993).

V mozku potkanl je mozné prokazat expresi mRNA pro vSechny podtypy mAChR
(Krejéi A. et Tucek S., 2002). Nejhojnéji je zastoupena mRNA pro M1, zatimco v nejmensim
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mnozstvi se vyskytuje mRNA pro M5. Mezi oblasti CNS, ve kterych byla prokazana mRNA
pro M1 a zaroven také imunoreaktivita pro M1, patii mozkova ktira, hipokampus, thalamus,
caudatum, putamen a amygdala. V bulbus olfactorius a gyrus dentatus byla nalezena pouze
M1 mRNA bez ptislusné imunoreaktivity (Caulfield MP., 1993).

Oblastmi bohatymi na M2 mRNA a zaroven vykazujicimi M2 imunoreaktivitu jsou
bazélni telencefalon, caudatum, putamen, hipokampus, hypothalamus, amygdala a pontinni
jadra. V bulbus olfactorius, habenulech, jadrech retikularni formace a locus coeruleus byla
nalezena pouze M2 mRNA (Caulfield MP., 1993).

Podtyp M3 je typickym perifernim receptorem, ktery se v CNS vyskytuje malo.
Existuje studie, ve které nebyla pro M3 receptor nalezena imunoreaktivita v zadné ze
studovanych oblasti mozku (Levey Al et al., 1991). Na druhou stranu pfitomnost M3 mRNA
byla prokdzéna v mozkové kiie, hipokampu, medidlnim thalamu, caudatu, putamen a
amygdale (Buckley NJ. et al., 1988; Levey Al et al., 1991). Jina studie rovnéz prokazala M3
imunoreaktivitu v mozkové kire a hipokampu (Wall SJ. et al., 1991).

Pro M4 receptor byla nalezena mRNA a také imunoreaktivita v mozkové kiife,
hipokampu, thalamu, caudatu a putamen.

Pro M5 receptor, stejné jako pro M3, nebyla podle Leveyho studie zjisténa v mozku
zadna imunoreaktivita. Velmi nizkd M5 imunoreaktivita vSak byla podle jiné studie nalezena
ve striatu, hipokampu, sttednim mozku, pontomedularni oblasti a v mozecku (Yasuda RP. et
al., 1993). M5 mRNA byla naopak prokdzana v hipokampu, substantia nigra, amygdale,
thalamu, hypothalamu a lateralnich habenulech.

V perifernich tkanich potvrdily pokusy s protilatkami i hybridiza¢ni mRNA studie
pritomnost podtyptit M1 a M3 v exokrinnich zlazach (pfedevsim slinnych a slznych) (Dérje F.
etal., 1991; Levey Al., 1993). V srde¢ni svaloving byl prokdzan pouze M2 receptor. V hladké
svaloviné tenkého a tlustého stieva, trachey a mocového méchyie nejsou vysledky riiznych
studii jednotné, avsak obecné tyto tkané obsahuji predevsim vétsi ¢i mensi mnozstvi podtypt
M2, M3 a M4. V plicni tkani byla nalezena pievaha podtypi M2 a M4.

PiestoZze jsou muskarinové receptory v organismu odpovédné za regulaci velkého
mozstvi fyziologickych déjt, kdyz se na konci devadesatych let minulého stoleti podaftilo
vytvorit mysi knock-outy postradajici jednotlivé geny pro M1, M2, M3, M4 a M5 mAChR
(Wess J. et al., 2003), ukazalo se, ze tato zvitfata nevykazuji zadné vétsi fenotypové odchylky.
MysSi postradajici jednotlivé podtypy mAChR byly Zivotaschopné, fertilni, nevykazovaly
zjevné morfologické abnormality nebo zmény v chovani a teprve podrobnéjsi studie u

jednotlivych mutantnich kmenti objevily nékteré charakteristické rysy (Wess J. et al., 2007).
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Studie s knock-out mySmi postradajicimi M1 receptor naptiklad zjistila, ze na rozdil od
nemutovanych mysi a kmena s vyfazenim ostatnich podtypi mAChR nebylo mozné u M1
knock-outli vyvolat epilepticky zachvat pomoci pilokarpinu. To naznacuje, Ze signalizace M1
receptori v mozku se podili na vzniku pfinejmensim nékterych typa epileptickych zachvati
(Hamilton SE. et al., 1997). U M1 knock-outi kromé toho dochazi napiiklad ke ztraté
aktivace MAP kinazové drahy v korovych neuronech (Hamilton SE. et Nathanson NM., 2001)
a pyramidovych neuronech z CAl oblasti hipokampu (Berkeley JL. et al., 2001). ProtoZe
MAP kindzova signalizace hraje pravdépodobné vyznamnou roli v synaptické plasticité
(Adams JP. et Sweatt JD., 2002), podporuji tato pozorovani myslenku, ze aktivace M1
mAChR ma zna¢ny vyznam pro kognitivni funkce a tvorbu pamétovych stop. V souladu s tim
je také fakt, ze M1 knock-outy vykazuji deficit neurondlni plasticity v nékterych oblastech
mozku (Zhang Y. et al., 2006). Mezi dal$i zmény, které byly zjistény u M1 knock-out mysi,
patii zvySena koncentrace dopaminu ve striatu, ztrata vlivu muskarinovych agonistli na
vodivost nékterych typti vapnikovych kandlti v sympatickych nervovych gangliich nebo
zvysena lokomoc¢ni aktivita zvirat (Wess J., 2004).

Podrobné;jsi prostudovani knock-outii postradajicich dalsi podtypy mAChR odhalilo
vicero na prvni pohled neznatelnych odchylek charakteristickych pro jednotlivé receptory.
Naprtiklad studie s mySmi postradajicimi M2 receptor ukazaly, ze u M2 knock-outu je
nejnapadnéjsi vliv na regulaci srdecniho rytmu. Zatimco za normalnich okolnosti snizuje
aktivace M2 receptorti srdec¢ni frekvenci, u M2 knock-out mysi nema acetylcholin na
rytmicitu staht srde¢ni svaloviny zadny vliv. Mezi dal§i zmény nalezené u M2 knock-outti
patii absence oxotremorinem indukovaného tfesu a snizeni hypotermie indukované
oxotremorinem nebo absence muskarinem zprostfedkované desenzitizace perifernich
nociceptorti (Wess J., 2004). Zprvu velmi zajimavé se zdalo zjisténi u M3 knock-outtl, které
mély vyrazn€ snizenou télesnou hmotnost (piiblizné o 25%) 1 mnoZzstvi tukovych zasob, coz
vSak bylo posléze vysvétleno jako disledek snizeného piijmu potravy vlivem nizsi tvorby slin
(M3 mACHhR je vétSinove zastoupen prave ve slinnych zlazach). Dalsi odchylky pozorované u
M3 knock-outl byly naptiklad vétsi velikost zornice a distenze mocového méchyte (Wess J.,
2004). Z vysledkt vyplynulo, Ze M3 mAChR zastoupeny ptedevSim v perifernich tkanich
obecné¢ zvySuje kontraktilitu hladké svaloviny a ovliviiuje Cinnost zlaz s vnéjsi sekreci
(Caulfield MP., 1993). U M4 knock-outl byla stejné¢ jako u M1 pozorovéna zvySena
lokomoc¢ni aktivita a dale naptiklad snizeni vlivu oxotremorinu na uvoliiovani drasliku ze
striatalnich fizkt (Wess J., 2004). O fyziologickych funkcich posledniho podtypu mAChR,

M5, je toho znamo pomérné malo. U M5 knock-outd napiiklad nedochézelo k dilataci
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mozkovych arterii na popud acetylcholinu a stejné jako M4 knock-outy vykazovaly tyto
kmeny snizeny vliv oxotremorinu na uvoliiovani drasliku ze striatalnich fizkt (Wess J., 2004).

V 80. letech minulého stoleti se podafilo naklonovat vSech pét podtypti mAChR a
postupné byly ziskdny pomérné detailni informace o molekularni struktufe téchto receptori.
Predevsim se ukazalo, ze jednotlivé podtypy mAChR jsou si mezi sebou do zna¢né miry
podobné a zcelkové délky zhruba 500 aminokyselin obsahuji 160 invariantnich zbytka.
Molekulovd hmotnost mAChR se pohybuje mezi 51 000 (M1, M2) az 66 000 (M3).
Aminokyselinové sekvence mAChR obsahuji sedm hydrofobnich segmentt v délce 20 — 30
aminokyselin, které tvofi transmembranové domény. VSechny podtypy mAChR jsou u
sav€ich druht silné¢ konzervované (89 — 98% sekvencni homologie) a vétSina zjiSténych
rozdill se vyskytuje na extracelularnich smyckach peptidového fetézce a v cytoplazmatické
oblasti spojujici transmembranové domény V a VI (tfeti intracelularni smycka) na —NH,
konci pro 15 — 20 poslednich aminokyselin. Maximum sekvencni homologie se naopak
nachdzi v oblasti transmembranovych domén. Transmembranové domény jsou také nejvic
konzervované mezi ¢leny celé rozsahl¢ nadrodiny GPCR (Brann MR. et al., 1993).

Ve struktufe receptoru se aminokyselinové zbytky dulezité pro vazbu ligandu nachézi
na vnitinim povrchu transmembranovych helixt, jeden az tfi zavity od jejich
predpokladaného extracelularniho konce (Hulme EC. et al., 1993). Ur¢ita specifita sprahovani
jednotlivych podtypti mAChR s jejich ortosterickymi ligandy je pfitom zavisla predevSim na
druhé, treti a sedmé transmembranové doméné. Zasadni roli ve vazbé ligandl hraje aspartat
ve tfeti transmembranové doméné, se kterym interaguje kladné nabitd kvartérni amoniova
skupina pfirozeného ligandu acetylcholinu, kterd je také soucasti vétSiny dalSich
muskarinovych agonistil.

Transmembranové domény cislo II, IV, V a VI se shlukuji kolem domény cislo III a
tvoii tak utvar pfipominajici pravidelny Sestistén. Transmembranova doména ¢islo I neni
soucasti tohoto Sestisténu a vycnivda na jeho okraji. Svazek takto shluklych
transmembranovych domén je na vnitini strané cytoplazmatické membrany velmi tésné
sbaleny, avSak smérem ven se ponckud rozevira a tvofi tak kapsu, do které se pod trovni
povrchu cytoplazmatické membrany zachycuje ligand. Stejné jako u mnoha dalSich ¢lent
rodiny GPCR, také konformace mAChR je stabilizovana disulfidovym mistkem, ktery
spojuje extraceluldrni konec tfeti transmembranové domény a druhou extracelularni smycku
mezi doménami IV a V. Transmembranové domény -V a domény VI a VII, které jsou
vzajemné oddéleny dlouhou tfeti intracelularni smyckou, mohou fungovat do jisté miry

nezavisle na sob¢ a v membrané se dokazi spontanné shlukovat. V nékterych studiich byly
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tyto dvé skupiny domén ko-exprimovany nezavisle na sobé, pfi¢emz aktivita receptoru ztistala
zachovéana (Maggio R. et al., 1993).

Jednotlivé podtypy mAChR se specificky spfahuji s riznymi typy G-proteinll.. Za
specifitu sptahovani je pfitom odpoveédna variabilita -NH; konce tfeti intracelularni smycky,
jejiz struktura je vzdy navzajem podobna mezi lichymi a sudymi podtypy mAChR. Liché
podtypy M1, M3 a M5 se sprahuji specificky s Gy11 proteiny, které aktivuji fosfolipazu C,
podileji se na regulaci fosfatidylinositolového metabolismu a jednim z hlavnich dasledk
jejich aktivace je uvolnéni intracelularnich zésob kalcia do cytoplazmy. Naproti tomu sudé
podtypy M2 a M4 se specificky sptfahuji s Gy, proteiny, které inhibuji adenylatcyklazu a
snizuji tak koncentraci druhého posla cyklického adenosin monofosfatu (cAMP). Specifita
spfahovani jednotlivych receptorovych podtyptl s pfisluSnymi G-proteiny vSak neni absolutni
a sudé i liché podtypy se vedle preferencniho G-proteinu mohou sptahovat také s dalSimi
ttidami G-proteini. Pfi dostate¢né koncentraci agonisty a zaroven vysoké hustoté
muskarinovych receptori v membrané byla naptiklad pozorovana aktivace nepreferen¢nich
Gs a Gg11 G-proteint u bunék stabilné exprimujicich pouze M2 nebo M4 podtyp mAChR
(Michal P. et al., 2001, 2007, 2009).

G-proteiny existuji v klidovém stavu jako heterotrimery sloZené z podjednotek a, 3 a
Y, na podjednotku o vazi guanosin difosfat (GDP) a jsou asociovany s transmembranovymi
receptory nebo s nimi ndhodné interaguji (Rodbell M., 1997). Navazéani agonisty na receptor
podniti konformaéni zménu receptoru, ktera dale zpiisobi zménu konformace asociovaného
G-proteinu. Ta vede ke snizeni afinity G-proteinu pro GDP a k jeho vyméné za guanosin
trifosfat (GTP). G-protein se nasledné rozpadd na dimer podjednotek By a a podjednotku.
Podjednotka a i heterodimer By jsou biologicky aktivni a dale ovliviiuji bunécné déje. Cely
systém se vraci do klidového stavu poté, co je agonista uvolnén z receptoru a GTPazova
aktivita vlastni a podjednotce hydrolyzuje GTP zpét na GDP. To nakonec vede k reasociaci
jednotlivych podjednotek do ptivodniho heterotrimeru a moznosti jejich zpétného sptazeni

s receptorem (Nestler EJ. et Duman RS., 1999).
3. Cholinergni hypotéza Alzheimerovy choroby
Na vyznam cholinergniho systému pro integritu kognitivnich funkci poukazaly jako

prvni studie s anticholinergnimi latkami, jejichz podéni vyvoldvalo u pokusnych zvifat

poruchy paméti (Drachman DA. et Leavitt J., 1974; Longo VG., 1966). Cholinergni hypotéza
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Alzheimerovy choroby (postulujici, ze poskozeni cholinergniho systému je hlavni pfi¢inou
vzniku Alzheimerovy choroby) byla pak formulovana na pfelomu 70. a 80. let minulého
stoleti (Bartus RT. et al., 1982). Cholinergni hypotéza byla zaloZena pfedevs§im na vysledcich
studii, které zaznamenaly pravidelné posSkozeni cholinergnich neuronti v mozcich pacienti
s Alzheimerovou chorobou (Davies P. et Maloney Al., 1976; Perry EK. et al., 1977a,b; Sims
NR. et al.,, 1980, 1981), konkrétné¢ posSkozeni cholinergni projekce znucleus basalis
magnocellularis Meynerti uloZeného v pfednim mozku vedouci do kiry a hipokampu
(Whitehouse PJ. et al., 1981, 1982). Zaroven byla v mozkové kiife a hipokampu pacientt
s Alzheimerovou chorobou ve srovnani s veékoveé odpovidajicimi zdravymi kontrolami
soustavné zjiStovana snizena aktivita enzyml cholinergniho metabolismu, piedevSim
enzymu cholinacetyltransferazy (ChAT), ktery je odpovédny za syntézu acetylcholinu z
cholinu a acetyl-CoA. V nékterych ptipadech bylo zjisSténo také sniZeni syntézy acetylcholinu
(Bowen DM. et al., 1981), sniZzené uvolnovani acetylcholinu indukované depolarizaci a
snizeni zpétného vychytavani cholinu nervovymi zakonc¢enimi (Nilsson L. et al., 1986; Rylett
RJ. et al., 1983). Tyto zmény pfitom pozitivné korelovaly nejen s po¢tem amyloidnich plaka
v mozku (Perry EK. et al., 1978; Wilcock GK. et al., 1982), ale také s rozsahem kognitivniho
deficitu u pacientl, a ve srovnani se zménami nékterych dalSich neurotransmiterovych
systémi byly zjisStovany jiz v dobé nastupu prvnich pfiznaki demence (Francis PT. et al.,
1993; Tsang SW. et al., 2006).

Krom¢ vySe uvedenych zmén cholinergniho systému byl u nékterych pacientl
s Alzheimerovou chorobou zji§tén post mortem také tubytek celkového poctu mAChR
v urcitych oblastech mozku. Ohledné vlivu Alzheimerovy choroby na pocet mAChR vSak
ruzné studie vykazovaly mnohdy velmi rozdilné vysledky. To mohlo byt c¢astecné zpiisobeno
tim, Ze pofet mAChR u lidi (stejné jako u experimentalnich hlodavcl) s v€kem pftirozené
klesa a Alzheimerova choroba na tento pokles jiz nemusi mit dal$i vliv. Na druhou stranu
poté, co byl objeven zpiisob, jak méfit selektivné vazbu na jednotlivé podtypy mAChR, bylo
zjisténo, ze zatimco denzita postsynaptickych receptort (M1, M3) zlstdva pomérné stala,
mnozstvi presynaptickych receptorti (M2) se v mozcich pacientl s Alzheimerovou chorobou
ptece jen pon€kud snizuje.

V pribéhu let byly zjiStény také dalsi skute¢nosti podporujici mySlenku cholinergni
hypotézy Alzheimerovy choroby, jako naptiklad niz$i aktivita pyruvat-dehydrogenazového
komplexu, enzymu dilezitého pro syntézu acetylcholinu, ktery je obvykle vysoce aktivni
v cholinergnich neuronech nucleus basalis Meynerti (Gibson GE. et al., 1988). Bez ohledu na

to, ze aplikace cholinergni hypotézy piinesla hmatatelné vysledky v podobé symptomatické
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lécby Alzheimerovy choroby (inhibitory acetylcholinesterdzy — donepezil, rivastigmin,
galantamin a tacrin), byla od svého vzniku tato hypotéza jizZ mnohokrat prehodnocena (Bartus
RT., 2000; Davis KL. et al., 1999; DeKosky ST. et al., 2002) nebo rovnou zamitnuta. Ukazalo
se napiiklad, Ze sniZeni aktivity ChAT v rozsahu bézné¢ pfitomném u Alzheimerovy choroby
nemusi byt nutné spojeno s kognitivnim poskozenim. Néktefi autofi neprokazali pritomnost
cholinergniho deficitu u pacientl v ¢asném stadiu onemocnéni (Davis KL. et al., 1999) nebo
na rozdil od starSich praci zaznamenali zvySenou aktivitu ChAT (DeKosky ST. et al., 2002).
Nékteré prace u lidi a primatt dosly také k zavéru, ze cholinergni aktivita v mozkové ke
klesa ptirozené v prubéhu starnuti (Smith DE. et al., 1999; Sparks DL. et al., 1992), ptipadné
se vyskytuje také u dalSich neurodegenerativnich onemocnéni (Murdoch 1. et al., 1998; Perry
EK. et al., 1985). Napiiklad ve specifickém ptipadé dédicné olivo-ponto-cerebelarni atrofie
dochazi k podstatnému snizeni aktivity ChAT, aniz by zéroven doslo k rozvoji demence (Kish
SJ. et al., 1989). Navic dalsi terapeutické pokusy zalozené na podpoie a obnoveni funkci
cholinergniho systému (napiiklad pomoci prekurzorti acetylcholinu), nepfinesly v l1écbé
Alzheimerovy choroby vesmés zadny pokrok. Kromé inhibitorti acetylcholinesterazy byly od
pocatku provadény pokusy také slécbou Alzheimerovy choroby pomoci agonisti M1
muskarinovych receptorti (jeden z prvnich byl naptiklad parcialni agonista arecolin), avSak az
do dnesni doby nebyla vyvinuta latka stimto ucinkem, kterou by bylo mozné pouzit
v humanni mediciné¢ (jednou z vyznamnych piekazek je naptiklad nedostatecna selektivita
vétSiny M1 agonisti).

Na druhou stranu je nepochybné, Ze cholinergni hypotéza pfinesla vyznamny pokrok
ve vyzkumu a poznani podstaty (nejen) Alzheimerovy choroby a do dnesni doby se vyznam
cholinergniho systému ¢i piimo mAChR v patogenezi Alzheimerovy choroby intenzivné
zkouméd spoleéné¢ s nékterymi dal$imi neurotransmiterovymi systémy (pfedevSim
glutamatergnim). V novéjsi dob€ se objevily napiiklad diikazy poskozeného sprahovani mezi
M1 receptorem, G-proteiny a dalSimi molekulami signaliza¢ni kaskady (Francis PT. et al.,
1999; Tsang SW. et al., 2006) v mozcich pacientli s Alzheimerovou chorobou a také znamky
vlivu mAChR na metabolismus APP. Jednim z diivodii nékterych nejednotnych zavért a
cetnych zpochybnéni cholinergni hypotézy Alzheimerovy choroby byl pravdépodobné fakt,
ze ackoli v dobé jejiho vzniku bylo jiz k dispozici znacné mnozstvi vysledkl, které ji
podporovaly, bylo do té¢ doby provedeno jen velmi malo studii porovnavajicich nejen mozky
pacientii s Alzheimerovou chorobou a mozky starych zdravych kontrol, ale také mozky
mladych lidi. Nebylo tak moZzné od pocatku jasné odlisit vliv patologické demence a

normalniho vékem podminéného poklesu kognitivnich funkei (Contestabile A., 2011).
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Moznym spojujicim ¢lankem mezi poskozenim cholinergniho systému a patogenezi
Alzheimerovy choroby jsou pravé cholinergni mAChR. Na jejich vyznam poukézaly
napiiklad vysledky studie provedené u pacientd trpicich Parkinsonovou chorobou a 1écenych
latkami s antimuskarinovym Uc¢inkem. Pacienti dlouhodobé 1éCeni témito léky méli ve
srovnani s kratkodobé 1éCenymi nebo neléfenymi pacienty vyznamné vyssi vyskyt
amyloidnich plakli a také neurofibrilarnich klubek (Perry EK. et al., 2003). Je znamo, Ze
mAChR spole¢né s dalSimi neurotransmiterovymi systémy piimo ovliviluji metabolismus
APP, jehoz Stépenim za urcitych podminek vznikd patologicky protein -amyloid ukladajici
se v mozich pacientii s Alzheimerovou chorobou ve formé amyloidnich plakli (Buxbaum JD.
et al., 1992; Nitsch RM. et al., 1992; Nitsch RM., 1996). Zatimco proteolytickym St€penim
APP pomoci a- a nasledné vy-sekretdzy vznikd jako produkt molekula aAPPs
s neuroprotektivnimi G¢inky (tzv. neamyloidogenni Stépeni) (Lichtenthaler SF., 2011),
vysledkem amyloidogenniho S$tépeni B- a y-sekretazou je neurotoxicky B-amyloid. Jiz
pocatkem 90. let bylo prokdzano, ze aktivace M1 a M3 mAChR vyznamné ovlivituje
zpracovani APP a zvySuje podil pfiznivé pisobiciho neamyloidogenniho Stépeni (Nitsch RM.
et al., 1992; Buxbaum JD. et al., 1992). K podobnému zavéru u M1 receptoru dosli také autofi
novejsi studie s pouzitim mysi s knock-outem M1 receptoru (Davis AA. et al., 2010). Na
druhou stranu sudé podtypy mAChR M2 a M4 uvolilovani neuroprotektivniho aAPPs spise
potlacuji (Miiller DM. et al., 1997) a napomahaji tak amyloidogennimu $tépeni APP. Zatimco
tedy neurotoxické pusobeni B-amyloidu muze poskozovat mAChR a funkci celého
cholinergniho systému, naopak snizena funkce lichych podtyptt mAChR pftispiva k vyssi
produkci Skodlivého B-amyloidu, ¢imz se bludny kruh uzavird. Avsak i kdyz existuji prace
dokladajici tuto obousmérnou interakci mezi f-amyloidem a mAChR (ptehled viz Pakéaski M.
et Kalman J., 2008), je tfeba uvést, ze dokladii o Skodlivém pisobeni B-amyloidu na
cholinergni systém (v€etné muskarinovych receptorti) bylo v pribéhu let nashroméazdéno
podstatné vice nez dokladu o zpisobu, jakym muskarinové receptory ovliviiuji metabolismus
APP a produkci B-amyloidu (Roberson MR. et Harrell LE., 1997).

I kdyz cholinergni teorie Alzheimerovy choroby zatim nedokazala pfinést Zadny vetsi
uspéch v 1é€be a jeji platnost je znacné diskutabilni, pokusy o jeji potvrzeni ¢i vyvraceni
pfinesly celou fadu novych poznatkli o patologii a molekularni podstaté demence a zejména
Alzheimerovy choroby. Pfinosné byly naptiklad studie zkoumajici pfitomnost cholinergniho
deficitu jiz v Casnych fazich onemocnéni, které byly provedeny v rdmci takzvané ,,religion-

orders study“ (nckdy znamé také pod nazvem ,nun-study*) financované mimo jiné
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americkym National Institute of Aging a umoznéné UcCasti vice nez tisicovky Cclenil
kestanskych fadii po celych Spojenych statech. Ucastnici téchto studii podstupovali
pravidelné lékaiské a psychologické vySetfeni a po jejich smrti bylo provedeno dikladné
vySetieni patologie mozku a integrity cholinergniho systému. Ukéazalo se, Ze ackoliv
cholinergni deficit, stanovovany podle snizeni aktivity ChAT, je bézné patrny u pacientii
s pokroc¢ilou formou Alzheimerovy choroby, sniZzeni aktivity ChAT nebylo spolehlivé
prokazano v ptipadech casné diagnézy onemocnéni (ve fazi takzvaného mirného kognitivniho
deficitu) (Davis KL. et al., 1999; Tiraboschi P. et al., 2000; DeKosky ST. et al., 2002).
Pozdéji byly studie rozsifeny o zhodnoceni poétu a stavu neuronti v bazdlnim mozku
zéasobujicich cholinergni inervaci mozkovou klru a hipokampus a dalsi cetné studie se
zamétily také na zkoumani nervového ristového faktoru a jeho receptorti, jelikoz pusobeni
nervového ristového faktoru je nezbytné pro udrZzeni a normalni funkci cholinergniho
systému. Vysledky vSech téchto studii ukazaly, Ze i v ¢asnych fazich onemocnéni mtize byt
ptitomen cholinergni deficit, ktery vSak neni doprovazen snizenim aktivity ChAT a poskozeni
se nachazi primarn¢ v jinych pre- ¢i postsynaptickych slozkach cholinergniho systému (Sarter
M. et Bruno JP., 2002; Terry AV. Jr. et Buccafusco JJ., 2003).

V soucasné dobé¢ pievlada nazor, Ze cholinergni hypotéza Alzheimerovy choroby, tak
jak byla pivodné formulovana (tj. ze poskozeni cholinergniho systému je primarni pti¢inou
vzniku a postupného rozvoje onemocnéni), je rozhodné piili§ zjednodusend a neni mozné ji
rozumné obhdjit (Bartus RT., 2000). Na druhou stranu poskozeni cholinergniho systému je
nepochybn¢ dulezitou soucasti rozvoje a progrese onemocnéni a je pravdépodobné, ze
cholinergni teorie ¢i alespon jeji casti budou v budoucnu soucésti komplexnéjsi teorie o

vzniku a patogenezi Alzheimerovy choroby.

4. B-amyloid a amyloidova hypotéza Alzheimerovy choroby

Amyloidova hypotéza Alzheimerovy choroby byla poprvé formulovana jiz pred vice
nez dvaceti lety. Podle této hypotézy je pti¢inou onemocnéni bilkovina -amyloid, ktera se
ukladd v mozku pacientii ve formé plakd. Pfesna sekvence B-amyloidu byla poprvé zjisténa
v prvni polovin¢ 80. let minulého stoleti (Glenner GG. et Wong CW., 1984), konkrétné u
bilkoviny ziskané z meningealnich cév pacientii s Alzheimerovou chorobou a Downovym
syndromem. Kratce poté byl peptid se stejnou sekvenci identifikovan jako hlavni slozka

senilnich (amyloidovych) plakli uloZzenych v mozku pacientli s Alzheimerovou chorobou
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(Masters CL. et al., 1985). Nasledovalo naklonovani genu pro APP a jeho lokalizace na 21.
chromosom (Kang J. et al., 1987), coz spolecné se starSim poznatkem, ze trisomie
chromosomu 21 u Downova syndromu mé za nasledek neuropatologické ptiznaky obdobné
tém u Alzheimerovy choroby, polozilo zéklady amyloidové hypotéze.

Je zndmo, ze B-amyloid, ktery se sklada ze 38 az 43 aminokyselin, vzniké takzvanym
amyloidogennim S$t€penim bilkoviny prekurzor amyloidu, kterd se skladd zjedné
transmembranové domény, dlouhého extracelularniho -NH; konce a kratSiho intracelularniho
—COOH konce. APP je bézn¢ exprimovana v neuronech i dalsich typech bun¢k. Produkce -
amyloidu $tépenim APP probihd obecnym fyziologickym mechanismem znamym jako fizena
membranova proteolysa (regulated intramembrane proteolysis), pii némz membranové
proteiny nejprve podstoupi odsStépeni své extracelularni casti prostfednictvim proteaz
asociovanych s membranou (sekretdz) a poté je odstépena ¢ast (v pripadé APP oznacovana
jako sAPP) uvolnéna do extracelularniho prostoru. V. membrané zanoieny zbytek bilkoviny je
dale Stépen uvniti své transmembranové domény, piicemz dochdzi k uvolnéni malého
hydrofobniho peptidu (naptiklad -amyloidu v ptipadé APP po odstépeni extracelularni Casti
B-sekretazou). Intracelularni ¢ast se uvoliiuje do cytoplazmy, kde mlize mit rizné fyziologické
funkce napftiklad v aktivaci nuklearnich signdlnich drah. Rozdilna délka jednotlivych druhti 3-
amyloidu (obvykle se uvadi 38 az 43 aminokyselin) je zplisobena variabilnim mistem $tépeni
na hydrofobnim C konci peptidu a tato variabilita proptij¢uje jednotlivym druhtim -amyloidu
odliSnou schopnost oligomerizace. Komplex y-sekretazy $tépi APP pfinejmensim na tfech
riznych mistech transmembranové domény oznacovanych jako vy, € a &. Vysledkem Stépenti je
B-amyloid o délce 38, 40 nebo 42 aminokyselin. Pouze B-amyloid 1-42 ma silnou schopnost
oligomerizace in vivo.

Pti amyloidogennim $tépeni je APP postupné §tépen dvéma rliznymi protedzami, 3- a
y-sekretazou, a vysledkem tohoto Stépeni je B-amyloid. Na druhou stranu, pii takzvaném
neamyloidogennim S$tépeni je APP misto B-sekretazy nejprve rozstépen a-sekretazou, jez
Stépi APP uvnitt amyloidové sekvence a tim brani vzniku B-amyloidu pfi nasledném Stépeni
y-sekretdzou. Vysledek Stépeni y-sekretazou, coz je ve skuteCnosti proteazovy komplex
tvoteny Ctyfmi podjednotkami (presenilin-1 nebo presenilin-2, nicastrin, proteiny APHI1 a
PEN2) tak maze byt dvoji: pii neamyloidogennim S$tépeni je to solubilni fragment sAPPa
spole¢n¢ s kratkym peptidem p3, pti amyloidogennim $tépeni je to solubilni fragment sAPPJ3
a dale Skodlivy fragment oznacovany jako B-amyloid. Pfi¢inou vzniku Alzheimerovy choroby

podle amyloidové teorie pak muize byt patologické posileni amyloidogenniho $tépeni APP a
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tim zvySend akumulace (pfipadné v soucinnosti s nedostate¢nou clearance) B-amyloidu
v mozku.

Amyloidova hypotéza Alzheimerovy choroby byla vzdy mimo jiné podporovana
skutecnosti, ze u dédicnych forem onemocnéni byly popsany mutace genu pro APP a mutace
v genech kodujicich enzymy uplatitujici se pfi amyloidogennim §tépeni APP (presenilin 1 a
presenilin 2, které jsou soucasti y-sekretdzy). Mutace v genu pro APP majici za nasledek
dédicnou formu onemocnéni se vesmés nachédzeji v mistech, kde dochazi ke Stépeni APP
protedzami o, B- a y- a upfednostiiuji amyloidogenni St€peni APP (Citron M. et al., 1992).
Dalsim ptesvéd¢ivym dikazem ulohy amyloidogennich peptidii v patogenezi onemocnéni je
jiz zminény pravidelny vyskyt Alzheimerovy choroby u Downova syndromu, kde je pfi¢inou
zvysené tvorby normdalniho (nemutovaného) amyloidu tzv. gene dosage effect (pfitomnost tii
kopii normalniho genu pro APP, ktery je umistén na 21. chromosomu). Exprese genu pro
APP je u pacientii s Downovym syndromem asi 1,5 krat vyssi nez u zdravych jedinct a tvorba
amyloidovych plakl pfedchazi tvorbu neurofibrilarnich klubek pfiblizné o 10 let (Mann DM.,
1989).

PrestoZze pro amyloidovou hypotézu dnes existuje fada presvédcivych argumentd,
nikdy nepfestala byt zpochybniovana relevance amyloidnich plakd v patogenezi Alzheimerovy
choroby, mimo jiné proto, ze mnozstvi plakli v mozkové tkani ne vzdy korelovalo s tizi
kognitivniho deficitu u pacientti (Nagy Z. et al., 1995). Navic bylo zjisténo, ze 1 u zdanlivé
zcela zdravych jedinct se v mozkové kiife nachazi nezanedbatelné mnozstvi B-amyloidu, 1
kdyz ten je zpravidla ulozen v difuznich placich, které neobsahuji amyloidové fibrily, a
v jejich okoli se téméf nevyskytuji zndmky neurondlniho nebo gliového poskozeni (Dickson
DW., 1997). Reseni viech téchto problémi se objevilo az pomérné nedavno poté, co pomoci
zdokonalenych metod bylo mozno mnohem pfesnéji zhodnotit mnozstvi i specifické
vlastnosti zkoumaného [B-amyloidu. Tyto nové&jsi studie ukazaly, ze stizi kognitivniho
deficitu mnohem Iépe nez pouhy pocet amyloidovych plakt koreluje koncentrace rozpustného
B-amyloidu v¢etné rozpustnych oligomera (Néslund J. et al., 2000; McLean CA. et al., 1999).
Postupné bylo zjisténo, ze hlavnim nositelem synaptické toxicity neni agregovany 3-amyloid
tvotici plaky, ale podstatné mensi molekuly, rozpustné oligomery B-amyloidu (Haass C. et
Selkoe DIJ., 2007). Navic nejen u Alzheimerovy choroby, ale i u dalSich neurologickych
onemocnéni jsou k dispozici doklady o tom, Ze rozsahlé agregaty patologického proteinu jsou
bud’ zcela inertni nebo plsobi dokonce protektivné (huntingtin u Huntingtonovy choroby,

ataxin u spinocerebeldrni ataxie) (Arrasate M. et al., 2004; Cummings CJ. et al., 1999). Na
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druhou stranu je tfeba zminit, ze v okoli rozsdhlych plakii fibrilarniho B-amyloidu obvykle
nachazime ¢etné znamky synaptického poskozeni. Tyto plaky vSak maji ve svém okoli také
zvySenou koncentraci rozpustnych oligomerti B-amyloidu a je t€zké rozlisit, zda poskozeni
okolnich synapsi je piimo zpiisobeno amyloidovymi plaky ¢i nikoli. Shrneme-li soucasnou
situaci, naprosta vétSina odbornikd (pokud rovnou neodmitaji amyloidovou hypotézu jako
celek) ma dnes za to, Ze principidlni roli v patogenezi Alzheimerovy choroby hraji rozpustné
oligomery [-amyloidu, pfinejmenSim v Casnych nebo dokonce jiz pre-symptomatickych
fazich onemocnéni.

Jednim z ¢asto zminovanych mechanismi, kterymi P-amyloid miiZze poskozovat
pamét’ a kognitivni funkce, je inhibice dlouhodobé potenciace (long term potentiation, LTP)
v hipokampu. LTP je zesileni synaptického ptenosu diky opakovanym elektrickym signalim
s vysokou frekvenci a LTP v nékterych synaptickych okruzich hipokampu je odpovédna za
synaptickou plasticitu a tedy i schopnost uceni a paméti. V né€kolika studiich bylo prokazano,
ze jak synteticky B-amyloid tak pfirozené uvoliiované oligomery [-amyloidu maji schopnost
potlacovat LTP v hipokampu jiz pfi sub-nanomolarnich koncentracich (Lambert MP. et al.,
1998; Walsh DM. et al., 2002) a tento efekt je specificky inhibovan protilatkami proti [3-
amyloidu in vivo (Klyubin I et al., 2005). Jindy zase podani oligomerti B-amyloidu zptsobilo
rychlou a reverzibilni poruchu uceni a paméti u pokusnych zvitat (Cleary JP. et al, 2005).
Z uvedenych vysledkt vyplyva, ze poruchy paméti mohou byt ptfimo vyvolany izolovanou a
biochemicky ptesné definovanou formou B-amyloidu, konkrétné jeho rozpustnymi oligomery

o velikosti pfiblizné mezi di- az dekamery (Haass C. et Selkoe DJ., 2007).

5. Sou¢asné moznosti 1é¢by Alzheimerovy choroby

V soucasné dobé se k 1é€bé Alzheimerovy choroby v klinické praxi vyuZivaji léky ze
skupiny inhibitorit acetylcholinesterazy (AChE) a dale antagonista NMDA receptort
(memantin). V rizném stadiu preklinického a klinického zkoumani je vSak cela fada dalsich
piistupt, vcetné vyuziti ligandi mAChR (ptfehled viz Huang Y. et Mucke L., 2012). Vliv
1¢kt, které se vsoucasné dobé pouzivaji k 1écbé Alzheimerovy choroby, na pribch
onemocnéni je pomérné maly a pouze prechodny. Piestoze tyto latky mohou oddalit nastup
tézké demence (pfedevsim jsou-li pouzivany v kombinaci, Lopez OL. et al., 2009), nedokazi

postup onemocnéni zastavit nebo zvratit.
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Prvnim 1ékem ze skupiny inhibitori AChE, ktery byl schvalem americkym Utadem
pro kontrolu potravin a 1é¢iv (Food and Drug Administration, FDA), byl tacrin v roce 1993.
Nésledoval donepezil (1996), rivastigmin (2000) a galantamin (2001). Protoze prvni ze
schvalenych 1€ki, tacrin, md v organismu velmi kratky polo¢as a rovnéZz s sebou nese
nezanedbatelné riziko hepatotoxicity, v souc¢asné se jiz prakticky nepouziva.

Vsechny inhibitory AChE piisobi tak, ze acetylcholin uvoliiovany z presynaptického
zakonCeni setrvava déle vsynapsi a zvySuje se tak pravdépodobnost jeho interakce
s postsynaptickymi cholinergnimi (muskarinovymi ¢i nikotinovymi) receptory. 1 kdyz
jednotlivé 1€ky ze skupiny inhibitort AChE se pomérné vyznamné lisi svymi vlastnostmi
(naptiklad rivastigmin krom¢ AChE inhibuje také butyrylcholinesterazu, galantamin
alostericky ovliviiuje nikotinové receptory), klinicky vyznam téchto rozdili je zanedbatelny a
zadny z inhibitori AChE neni efektivnéj$i nez ostatni 1éky ze skupiny. Pfestoze se Casto
uvadi, ze jednim zdivodli malé ucinnosti 1ékli pouzivanych v 1é€bé Alzheimerovy choroby je
jejich nasazeni v relativné pozdnim stadiu onemocnéni, zadna ze studii neprokazala, ze by
inhibitory AChE mohly byt s tispéchem pouzity v 1écbé takzvaného mirného kognitivniho
deficitu (mild cognitive impairment, MCI), ktery Alzheimerové chorob& obvykle piedchéazi
(Jelic V. et al., 2006; Russ TC. et Morling JR., 2012). Jednim z divodi mize byt fakt, ze
MCI je etiologicky heterogenni a jen 60 az 70 % pfipadi je podminéno nastupujici
Alzheimerovou chorobou (Jicha GA. et al., 2006). U inhibitortt AChE jsou bézné nezadouci
ucinky na gastrointestinalni systém, jako je anorexie, nauzea a vahovy ubytek. Vliv na
cholinergni systém se muze projevovat také bradykardii, kterd predstavuje kontraindikaci pfi
podavani inhibitortt AChE.

V soucasné dob¢ se v rtzné fazi nachazi cela fada klinickych studii zkoumajicich
mozny efekt dalSich potencidlnich zplsobll 1écby Alzheimerovy choroby. Zaroven vsak
mnoho z nich, pfevazné diky nedostatecné piesvéd¢ivym prvnim vysledkiim, bylo prakticky
zastaveno a nachazi se na mrtvém bodé (Aisen PS. et al., 2012). Jednou z intenzivné
zkoumanych latek byl naptiklad tramiprosat (homotaurin), ktery se ma vazat na B-amyloid a
blokovat jeho agregaci a tvorbu fibril. Jeho ucinnost pti zlepSeni kognitivnich funkci se vSak
nepodafilo prokazat (Aisen PS. et al., 2011). Dale byly vneddvnych letech vyvijeny
ptedevsim latky snizujici produkci nebo naopak zvySujici clearance B-amyloidu. Tyto latky
prevazné snizuji aktivitu B a y-sekretazy, které jsou odpovédné za amyloidogenni Stépeni
APP. V roce 2010 vSak byla zastavena III. faze klinickych studii jednoho z plivodné velmi

slibnych inhibitort y-sekretdzy, semagacestatu, kvili nedostate¢nému efektu a vaznym
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nezddoucim ucinkim, které zahrnovaly i zhorSeni kognitivniho deficitu. Jednim z mnoha
moznych divodl prekvapivé Spatnych vysledkl studie mtuze byt fakt, ze APP neni zdaleka
jedinym substratem Stépenym 7y-sekretazou a aktivita tohoto enzymu ovliviiuje signalizaci
mnoha bunécnych drah, mimo jiné i1 signalizaci prostfednictvim receptoru pro nervovy
rastovy faktor, p7SNRT (Schor NF., 2011). Podobné dopadl také potencidlni 1€k tarenflurbil,
ktery mél rovnéz snizovat hladinu B-amyloidu skrze modulaci funkce y-sekretazy (Xia W. et
al., 2012).

Snahy o sniZeni hladiny AP prostfednictvim zvySené clearance vychazeji z vysledkt
studii, ve kterych aktivni imunizace proti AP snizila vyskyt amyloidnich plakl u transgennich
mysi, avSak nasledné klinické studie musely byt zastaveny kvili vedlejsim uc¢inkim na
imunitni systém (Gilman S. et al., 2005). V soucasnosti probihaji dalsi klinické studie
s pasivni imunizaci monoklondlnimi protilatkami, kter¢ by mély mit méné nezadoucich
ucinka. Dalsi moznosti, jak zvysit clearance B-amyloidu, je aktivace apolipoproteinu E, ktery
se za normalnich podminek na této clearance vyznamné podili. V soucasné dobé jsou
k dispozici pomérné slibné vysledky z preklinickych studii, kdy bexaroten, agonista RXR
receptoru podporujici expresi apolipoproteinu E, dokdzal rychle a u¢inné zvysit clearance [3-
amyloidu z mozku transgennich mysi (Cramer PE. et al., 2012).

Protoze existuji Cetné dikazy o tom, ze v pribéhu Alzheimerovy choroby dochazi
k oxidativnimu poskozeni, zanétlivym zméndm a poSkozeni mitochondrii, n¢které 1écebné
strategie zahrnuji 1 pouZiti antioxidantli, protizanétlivych 1€ki a latek s ochrannym ucinkem
na mitochondrie (napiiklad latka s ochrannym tu¢inkem na mitochondrie AC-1204, vitamin E,
kurkumin nebo kyselina dokosahexaenova). Nicmén¢ také tada téchto 1€kl se jiz v prubéhu
klinickych studii ukéazala jako neefektivni.

Dal$i zmoznych lécebnych strategii Alzheimerovy choroby je vyuziti liganda
mAChR, které by se svym primarnim u¢inkem na cholinergni systém fadily do skupiny
symptomatickych 1€kti, podobné¢ jako inhibitory AChE. V 1é¢bé by se mohly uplatnit
predevsim selektivni agonist¢é M1 piipadn¢ antagonisté M2 mAChR, které by zvysily
uvoliovani endogenniho acetylcholinu a tim i stimulaci postsynaptickych M1 receptort.
Jednim z hlavnich probléml piipadné 1écby Alzheimerovy choroby pomoci agonistl
stimulujicich funkci postsynaptickych mAChR je vSak nedostate¢na selektivita téchto latek
pro jednotlivé receptorové podtypy. Kromé toho selektivita pozorovana in vitro se nemusi
vzdy uplatnit také v podminkach in vivo. Do faze klinickych studii se v minulosti dostaly

latky (napf. xanomelin), které, aCkoliv mély pfiznivé G€inky na kognici pacientli (Bodick NC.
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et al., 1997), vykazovaly zaroven vazné nezadouci uinky na vegetativni nervovy systém
pravé z divodu nedostatecné selektivity. V soucasnosti se nejveétsi pozornost zaméiuje
predevsim na tii skupiny latek: ortosterické a alosterické agonisty M1 receptorii a na pozitivni
alosterické modulatory M1 (M1 PAMs). U alosterickych agonistii a PAMs je zpravidla mozné
dosahnout vétsi M1 selektivity nez u ortosterickych agonistti, které se vazi do evoluéné
vysoce konzervovaného vazebného mista. Vyssi selektivitu vykazuji néktefi antagonisté M2
receptorli, avSak jejich Uc€inek, podobné jako u dnes pouZivanych inhibitort AChE, je
limitovan postupné se prohlubujici presynaptickou hypofunkci cholinergnich neuront.

Lécba posilujici funkci cholinergniho systému je v souvislosti s Alzheimerovou
chorobou obvykle vnimdna pouze jako symptomaticka, neovlivilujici podstatu vzniku
onemocnéni. Protoze vSak aktivace M1 1 M3 mAChR podporuje neamyloidogenni §tépeni
APP a tim sniZzuje mnozstvi vznikajicitho B-amyloidu (Nitsch RM. et al., 1992; ptehled viz
Fisher A., 2012), mohly by M1 selektivni agonisté sehrat pozitivni roli i pii feSeni samotné
pfi¢iny onemocnéni. Tuto mySlenku podporuji napiiklad vysledky studie, kde podédvani
donepezilu pokusnym zvitatim mélo za nasledek snizeni produkce -amyloidu (Kimura M. et
al., 2005). U pacientd s Alzheimerovou chorobou lé¢enych inhibitory AChE byl zase pomoci
zobrazovacich technik zjistén mens$i rozsah mozkové atrofie nez u nelécenych kontrol
(Rountree SD. et al., 2009). Protoze vSak jiné studie naopak nezjistily Zadny vliv inhibitort
AChHE na priibéh onemocnéni, musi byt ptipadny takovy vliv jen maly a tyto 1éky maji obecné

pfedevsim symptomaticky efekt.

6. PosSkozeni cholinergni signalizace u zvifecich modeli Alzheimerovy choroby

Ke studiu postupnych zmén v cholinergnim systému v pribéhu normalniho starnuti a u
Alzheimerovy choroby je moZné vyuzit transgenni zvifeci modely. RovnéZ soucasti
experimentll obsazenych v této disertatni praci bylo zhodnoceni cholinergni transmise a
funkce muskarinovych receptorii u transgenniho mysiho modelu Alzheimerovy choroby
APPswe/PS1dE9 (Jankowsky JL. et al., 2004) s takzvanou Svédskou mutaci v genu pro APP
(K670N/M671L) a s deleci 9. exonu v genu pro presenilin 1 (soucést y-sekretdzového
komplexu).

V minulosti bylo u mys$iho modelu APPswe/PS1dE9 ve srovnani se zdravymi
kontrolami zjisténo snizeni aktivity AChE a ChAT (Savonenko A. et al., 2005), sniZeni

aktivity butyrylcholinesterazy, snizena koncentrace transportéru pro acetylcholin (vesicular
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acetylcholine transporter, VAChT) a také poSkozené sprahovani mAChR s G-proteiny, uréené
jako zména vazby *>S-GTPyS stimulované karbacholem. Porucha spfahovani mAChR s G-
proteiny a také snizeni koncentrace VAChT jsou u transgennich zvifat patrné jiz ve véku
piiblizné sedmi mésict, tedy v dobé&, kdy se v mozku mysi teprve zacinaji hromadit amyloidni
plaky (Machova E. et al., 2008).

Zatimco méfeni vazby [PH]-NMS, které nerozliduje mezi jednotlivymi podtypy
mAChR, zjistilo celkové sniZeni jejich denzity u transgennich mysi zvySujici se s vékem
(Machova E. et al., 2008), méfeni exprese M1 a M3 receptorti neodhalilo rozdil v hladiné
mRNA téchto dvou podtypit mezi transgennimi zvifaty a kontrolami stejného véku (Goto Y.
et al., 2008). V jiné praci byl zjiStovan kognitivni deficit a stav cholinergniho systému u
mladych mys$i APPswe/PS1dE9 (ve véku 2,5 a 3,5 mésice). Zatimco u zvifat starych 2,5
meésice nebyla patrna zadna kognitivni porucha ani rozdil ve funkci cholinergniho systému u
transgennich mysi a kontrol, u transgennich mysi starych 3,5 mésice se objevily poruchy
prostorové paméti doprovazené snizenim koncentrace ACh a aktivity ChAT v mozku. Jak
koncentrace ACh tak aktivita ChAT negativné korelovaly s tizi kognitivniho deficitu u mysi
(Zhang W. et al., 2012). Mezi dalsi projevy poskozeni cholinergniho systému u transgennich
mySi APPswe/PS1dE9 patii i zkraceni celkové délky axont cholinergnich neuront o
celkovych pfiblizné 300 m v porovnani s kontrolami stejného véku, které bylo zjisténo
stereologicky po imunohistochemickém ozna¢eni VAChT (Nikolajsen GN. et al., 2011). Dale
metodou méfeni excitacnich postsynaptickych potencidl byly u APPswe/PS1dE9 mysi
zjistény zmény cholinergni modulace glutamatergni transmise a to jiz u pétimésicnich zvirat.
(Goto Y. et al., 2008).

Ve starSich pracich byly jako model Alzheimerovy choroby vyuzivany transgenni
mysi s mutaci v jediném genu, pfedev$im mys$i Tg2576 s takzvanou Svédskou mutaci v genu
pro APP, u kterych se amyloidni plaky zac¢inaji objevovat az ve véku pfiblizn€¢ deseti mésici.
U téchto mysi nebyly v zadném véku zjistény rozdily v aktivitich ChAT a AChE mezi
transgennimi zvifaty a kontrolami, byla vSak zaznamenana snizena funkce vysokoafinitniho
pfenasSece cholinu a také snizeni vazby M1 a pozdéji i M2 podtypu mAChR (Apelt J. et al.,
2002).

Naopak v soucasné dobé se stale Castéji vyuzivaji trojit€¢ transgenni mysSi (obvykle
kombinujici mutaci v genu pro APP, presenilin-1 a tau protein), u kterych rovnéz dochdzi
k poruse fady cholinergnich markert. U trojité transgennich mySi
APPswe/PS1M146V/tauP301L byly zjistény napiiklad morfologické zmény cholinergnich

axonu zvyraznujici se s vékem, redukce poctu ChAT-pozitivnich bunék v nékterych oblastech



29

mozku, snizeni aktivity ChAT v hipokampu a také zmény v koncentraci nervového rustového
faktoru a jeho receptortt TrkA a p7SNTR (Perez SE. et al., 2011). Na druhou stranu bylo
zjisténo také zvyraznéni amyloidové a tau patologie v mozku trojit€ transgennich mysi
s nedostatecnou funkci mAChR, konkrétné knock-out M1 mAChR u téchto mysi dale zvySuje
pocet amyloidovych plakt a neurofibrilarnich klubek v mozku, zhorSuje synaptické poskozeni

neurond a zvyraziuje kognitivni deficit (Medeiros R. et al., 2011).

7. B-amyloid a poSkozeni funkce muskarinovych receptori

Neurotoxicky vliv rozpustnych oligomeri B-amyloidu, ktery pravdépodobné hraje
dilezitou roli v pribéhu Alzheimerovy choroby, je vSeobecné pfijiman (McLean CA. et al.,
1999; Selkoe DJ., 2002; Glabe CG., 2006). Za pouziti dostate¢né vysokych koncentraci Ize
toxické ucinky B-amyloidu pozorovat také in vitro, i kdyz tento ptistup miize byt zavadéjici a
ma své nevyhody: za prvé kdosazeni toxického ucinku je zpravidla nutnd vysoka
(,,nefyziologicka®) koncentrace syntetického B-amyloidu a za druhé syntetické oligomery [3-
amyloidu v podminkach in vitro jsou pravdépodobné nestabilni a mohou vytvaret fadu
odlisnych konformaci vzdalenych od struktur ptfitomnych in vivo (Benilova I. et al., 2012).
Bylo navrzeno vice mechanismii, které¢ by mohly byt odpovédné za neurotoxické vlastnosti 3-
amyloidu, napfiklad oxidativni stres, zména struktury biomembran nebo interakce s nékterymi
receptory.

Hlavnim cilem této dizerta¢ni prace bylo prostudovat mozny vliv B-amyloidu na
funkei jednotlivych podtypti mAChR, které jsou soucasti cholinergniho systému vykazujiciho
vyznamné morfologické posSkozeni a funk¢ni deficit u lidi s Alzheimerovou chorobou. Jiz
nckteré starSi prace provadéné post mortem na mozcich pacientli s Alzheimerovou chorobou
se pokusily dikladnéji prostudovat funkéni stav mAChR v mozkovych fezech. V téchto
pracech bylo zjisténo, Ze v mozcich pacientli s Alzheimerovou chorobou dochézi k poklesu
vysokoafinitni vazby agonisti u mAChR (agonist¢ mAChR, na rozdil od antagonisti,
rozeznavaji vysokoafinitni konformaci, ktera odpovida afinité receptoru sprazené¢ho s G-
proteinem, a nizkoafinitni konformaci, kterd odpovida afinité rozptazeného receptoru), dale
ke snizeni karbacholem stimulované vazby *°S-GTPyS, poklesu aktivity GTPazy a také
fosfolipazy C stimulované karbacholem (Flynn DD. et al., 1991). Celkova hladina G-proteini
se pfitom nelisila u pacientll s Alzheimerovou chorobou a u zdravych vékem odpovidajicich

kontrol.



30

Dale bylo u pacienti s Alzheimerovou chorobou pomoci vazby *H-pirenzepinu
zjisténo stejné mnozstvi M1 receptort jako u zdravych kontrol, zatimco imunohistochemicky
bylo M1 receptori ve srovnani s kontrolami naméfeno mén¢. To naznacuje, Ze v prubéhu
onemocnéni mize byt v mozku pfitomna alterovand forma MI1 receptoru s odliSnou
konformaci (Flynn DD. et al., 1995). N¢které vysledky také ukazaly, ze rozsah poskozeni
spfahovani M1 receptoru s G-proteiny v prefrontalni kufe je pfimo umérny rozsahu
kognitivniho poskozeni a nepfimo umérny aktivit¢ ChAT (Tsang SW. et al., 2006). Podle
nékterych autorti je poSkozené spfahovani M1 receptoru s G-proteiny zpisobeno sekvestraci
Gg11 G-proteinil oligomery angiotensinového receptoru AT2 (AbdAlla S. et al., 2009), které
v prubéhu Alzheimerovy choroby vznikaji predevsim diisledkem oxidativniho stresu.

Kromé¢ studii na mozcich pacientli s Alzheimerovou chorobou byl toxicky vliv -
amyloidu na mAChR studovan také na primarnich kulturach neuronti, na liniich bunék
pfirozené¢ exprimujicich mAChR nebo na transfekovanych builkkdch heterologné
exprimujicich pouze jednotlivé podtypy mAChR (Joseph JA. et Fisher DR., 2003). V kultufe
potkanich korovych neuronti B-amyloid snizoval aktivitu GTPazy, coz je zndmka
poskozeného sprahovani mAChR s G-proteiny, a zaroven snizoval akumulaci inositolfosfatt a
uvolnovani intracelularniho kalcia (Kelly JF. et al., 1996; Huang HM. et al., 2000). Oba tyto
procesy jsou aktivovany signaliza¢ni drahou spouSténou Ggi1 G-proteiny, se kterymi se
preferencné sprahuji liché podtypy mAChR. Tento u¢inek B-amyloidu byl blokovan latkami
s antioxida¢nim plsobenim. Nevyhodou uvedenych vysledki je skutecnost, ze byly vesmés
dosazeny s pouzitim vysokych koncentraci B-amyloidu (cca 10 uM), které jsou velmi

vzdalené ,,fyziologickym* podminkém in vivo.
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Cile prace a hypotézy

Hlavnim cilem této prace bylo zjistit, zda a pfipadné jakym zplsobem ovliviiuje
rozpustny P-amyloid pfenos signalu muskarinovymi receptory. Je znamo, Ze v prubchu
Alzheimerovy choroby, v jejiz patogenezi hraje [-amyloid vyznamnou tlohu, dochazi
k poskozovani cholinergniho systému. Zmény funkce né€kterych podtyptt mAChR, které jsou
vyznamnou soucdsti cholinergniho neurotransmiterového systému, byly zjistény jak post
mortem v mozcich pacientd s Alzheimerovou chorobou, tak u dvojité a trojit¢ transgennich
mySsich modeli tohoto onemocnéni. Vyznam oslabovani cholinergni transmise v patogenezi
Alzheimerovy choroby je jesté zvyraznén skuteCnosti, ze interakce mezi B-amyloidem a
mAChR je podle vSseho oboustrannd, tedy nejenze B-amyloid negativné ovliviiuje funkci
receptortl, ale naopak 1 snizena aktivace nékterych podtypi mAChR se podili na zvySeném
uvoliiovani -amyloidu a tim snad 1 na urychleni progrese Alzheimerovy choroby.

V predkladané praci jsem vychézela z nasledujicich hypotéz, které jsou zalozené na
dosud znamych faktech a celé fadé vysledki, které byly na toto téma az dosud publikovény,
predevsim v ramci zkoumani a ovéfovani ,,cholinergni hypotézy* Alzheimerovy choroby:

- B-amyloid 1-42 (APi42) ovliviiuje funkci mAChR (pfipadné jen nékterych jejich
podtypti) v rozpustné formé, bez pfitomnosti nerozpustnych amyloidnich deposit
(plakil). Tento vliv by mél byt patrny i pfi relativné nizké koncentraci APBj4: a
objevuje se jiz v po¢atecnich fazich rozvoje onemocnéni.

- Je mozné ocekavat diferencovany ucinek A4, na jednotlivé podtypy mAChR, nebot
je znamo z literatury (histologické a biochemické vysledky ziskané na mozcich
pacientll post mortem), ze jednotlivé muskarinové receptory nejsou u Alzheimerovy
choroby postiZeny stejné.

- Vliv ABi42 na funkci mAChR mize byt piimy (APi.42 se pfimo vdze na mAChR)
nebo neptimy (pokud AP.42 ovliviiuje naptiklad vlastnosti okolni membrany ¢i dalsi
molekuly vstupujici do pfimé interakce s receptorem, jako jsou naptiklad G-proteiny).

- Predpokladany vliv AB;.4» na mAChR se mlze projevovat na urovni vazby (vaze se na
receptor a méni vazebné vlastnosti receptoru pro agonisty, antagonisty nebo oboji), na
urovni sprahovani receptoru s G-proteiny, na trovni aktivace G-proteinti a jejich
signalizaCnich drah a koncentrace druhych posli nebo se miize vliv AB;.4, projevovat

jako kombinace vysSe uvedenych moznosti.
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Metody

1. Experimentalni zvirata a priprava membran

Transgenni mysi kmene APPswe/PSIdE9 pavodné pochazejici z Johns Hopkins
University, Baltimore, MD, USA (D. Borchelt and J. Jankowsky, Dept. Pathology) byly
chovany na University of Eastern Finland v Kuopiu (Finsko). Tyto mysi exprimuji konstrukt
vytvofeny z lidského genu pro APP s vlozenou Svédskou mutaci (dvojitd zédména
v aminokyselinach ¢islo 670 a 671 - lysin za methionin respektive asparagin za lysin) a z genu
pro presenilin 1 s delecni mutaci devatého exonu. K pokustim byly vzdy pouzity kontrolni a
transgenni samice ze stejné¢ho vrhu. Zvifata byla pfemisténa letecky do Prahy a zde chovana
pii nasledujicich podminkach: teplota 22 °C, svétlo od 07:00 do 19:00, vzdusna vlhkost 50-60
%, voda 1 potrava ad libitum. Od ptfevozu zvifat do zahajeni experiemntll uplynuly vzdy
minimaln¢ dva tydny. Pokusy byly provadény na dvou skupinach zvifat rizné¢ho véku, 7-10
tydnid a 57 mésict. Z mozkové kiry pravych hemisfér mysi APPswe/PS1dE9 jsem pfipravila
membrany pro méfeni vazby °S-GTPyS. Mozkova kura (pfiblizné 100 mg) byla
homogenizovana sklenénym homogenizérem na ledu, kazdy vzorek v 1,5 ml pufru
obsahujiciho 100 mM NaCl, 10 mM MgCl,, 20 mM Hepes, 10 mM EDTA, pH 7.4.
Homogenaty byly poté centrifugovany 30 minut pii 30000 xg a 4 °C. Pelety membran byly
resuspendovany v 1,5 ml pufru (stejné slozeni jako vySe, avSak bez EDTA), znovu

centrifugovany za stejnych podminek a skladovany pii - 80 °C.

2. Bunécné kultury a priprava membran

Pro sledovani vlivu lidského B-amyloidu na jednotlivé podtypy mAChR jsem ve své
praci vyuzila buiky CHO trvale transfekované jednotlivymi podtypy lidského mAChR (M1 —
MS5). Experimenty provadéné in vitro umoziuji nejen odlisit rozdilné ptisobeni B-amyloidu na
jednotlivé podtypy mAChR, ale také odstranit vliv celé fady proménnych, které
v komplexnich podminkach mozkové tkané ¢i celého organismu nutné ptisobi. Bunky CHO
jsou fibroblasty, které se vyznacuji velmi jednoduchym fenotypem. Pfirozené exprimuji
pouze velmi malo riznych receptorii a zadné muskarinové receptory, takze piipadna interakce
heterologné exprimovanych mAChR a dalSich pfirozené se vyskytujicich receptorti v burice je

minimalni.
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Fibroblasty z ovarii zlatého kiecka (CHO cells - Chinese hamster ovary cells) stabilné
exprimujici jednotlivé podtypy lidskych muskarinovych receptori (oznacované M1-5) byly
laskavé poskytnuty profesorem T. I. Bonnerem (National Institute of Mental Health,
Bethesda, MD). Byly péstovany pfi teplot¢ 37 °C v pfirozené atmosféte saturované vodou
obsahujici navic 5% CO, v médiu pro tkanové kultury (Dulbecco’s modified Eagle’s medium;
DMEM) doplnéném o 0,005 % geneticin a 10% fetalni teleci sérum (Jakubik J. et al., 1995)
v Petriho miskéch (primér 10 cm). Konfluentni buniky byly sklizeny po péti dnech rastu
v kultufe. Nejprve byly oplachnuty dvakrat 5 ml fosfatového izotonického roztoku (Phosphate
Buffered Saline, PBS; 150 mM NaCl s 10 mM fosfatovym pufrem, pH=7.4) a nasledné, po
piidani 3 ml PBS, jemné¢ sklizeny pomoci Skrabky. Poté nasledovala centrifugace 3 min pfi
300 xg a po odsati supernatantu byly uskladnény v -20 °C. ZamraZené buiky byly
resuspendovany v homogeniza¢nim médiu (100 mM NaCl, 20 mM Hepes, 10 mM EDTA,
pH=7.4) a na ledu homogenizovany v homogenizatoru Ultra-Turrax pii 22000 otackach/min
dvakrat po dobu 30 sekund s ptestadvkou 30 s. Jadra a nerozbité¢ bunky byly odstranény
nizkootaCkovou centrifugaci pii 300 xg po dobu 3 minut a pii 4 °C. Supernatant byl rozdélen
do mikrozkumavek a centrifugovan 30 min pii 30000 xg a 4 °C. Po odsati supernatantu byl
sediment (hruba membranova frakce) promyt 1 ml reakéniho media (stejné slozeni jako vyse,
avSak bez EDTA). Nasledovala druha centrifugace 30 min pii 30000 xg a 4 °C. Po odsati
supernatantu byly membrany zamrazeny pii -80 °C. Testované latky byly do média ptridany
druhy den po nasazeni a byly pfitomny az do okamziku sklizeni bunék. Ke zvySeni exprese
muskarinovych receptori pro pokusy sledujici bezprostiedni U€inek AP;.4, na vazebné
vlastnosti [3H]-N-methylskopolaminu ('H]-NMS) byl do média ptidan na poslednich 24
hodin 5 mM butyrat sodny.

3. Vazebné saturacni a kompeticni studie

Satura¢ni vazebny pokus umoznuje piimo sledovat vazbu radioaktivné znaceného
ligandu k receptoru. Umoznuje kvantifikovat maximalni pocet vazebnych mist (maximalni
vazba, Bnax) a afinitu ligandu k receptoru (rovnovaznd disocia¢ni konstanta, K4). Hlavni
nevyhodou saturanich pokusii je nutnost mit k dispozici studovany ligand oznaceny
radioaktivnim izotopem. Ve své praci jsem saturacnimi pokusy méfila pfimo pouze vazbu
muskarinového antagonisty [*’H]-NMS.

Vytéstiovaci studie obchazeji potifebu radioaktivné znaceného ligandu tak, ze méii

afinitu neznacen¢ho ligandu pomoci jeho interference se znacenym ligandem. Neznaceny
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ligand vytésnuje z vazebného mista radioaktivné znaceny ligand a pokles radioaktivniho
signalu je pouzit k urCeni afinity neznaceného ligandu. Z vazebné kiivky vytésnovaciho
pokusu muizeme odecist koncentraci neznaceného ligandu, pti které je z vazebnych mist
vytésnéno 50 % znacené¢ho kompetujiciho ligandu (ICsp), a pokud je zndma afinita znaceného
ligandu, mizeme urcit také afinitu (K4) neznaceného ligandu. Pro charakteristiku vazby
agonisty jsem pouzivala neznaCeny karbachol (nehydrolysovatelny analog ptirozeného
ligandu acetylcholinu) spoleéné s radioaktivné znagenym antagonistou ["H]-NMS.

Vsechny vazebné studie byly provadény v 96-jamkovych destickach v triplikatech az
kvadruplikdtech. Membrany byly resuspendovany v inkubaénim médiu tak, aby byla
zachovana priblizna koncentrace 10 pg proteinu na jamku a poté byly inkubovany pii 30 °C
v inkuba¢nim médiu (100 mM NaCl, 10 mM MgCl2, 20 mM Hepes) doplnéném o ptislusnou
koncentraci daného ligandu (v saturacnich pokusech ['H]-NMS 62,5 pM az 2 nM,
v kompeti¢nich pokusech neznageny karbachol 30 nM az 3 mM a [’H]-NMS 1 nM). Pro
urceni ucinku chronického plsobeni A4, byly k vazbé pouzity membrany bunék, jez rostly
4 dny v ptitomnosti 100 nM AP;.42 (US Peptides, Rancho Cucamonga, CA) a v inkubacnim
médiu v prubéhu vazebného pokusu jiz  APj;42 nebyl pfitomen. Pro urCeni ucinku
bezprostiedniho plisobeni AP;4, byl do inkubacniho média ptfiddn AB;42 v konecné
koncentraci 1 pmol/l. Celkovy inkuba¢ni objem byl 400 pl a nespecificka vazba byla
stanovena pomoci neznaceného atropinu v kone¢né koncentraci 10 uM. Po stanovené dobé
inkubace byly desticky filtrovany na filtracnich zatfizenich Tomtec Cell Harvestor Mach III
(USA) nebo Brandel Cell Harvestor (USA) a membrany s navdzanym radioaktivné znacenym
ligandem byly zachyceny na filtrech Whatmann GF/F piipadné na filtracnich destickach
opatienych filtry Whatmann GF/C. Filtry ¢i filtraéni desticky byly pfedem namoceny
v polyethyleniminu (sniZuje nespecifickou vazbu kladng nabitého [*H]-NMS). Ususené filtry
byly zality do scintila¢niho vosku Meltilex (Perkin Elmer, USA) a radioaktivita zachycena na
filtrech v mistech jednotlivych jamek zmétfend scintilaénim pocitatem Microbeta 1450
(Wallac, Finland). Filtra¢ni desti¢ky byly naplnény scintilacnim roztokem Betaplate Scint
(Perkin Elmer, USA) a radioaktivita v jednotlivych jamkach rovnéz zméfena scintilaCnim
pocitatem Microbeta. Koncentrace znacen¢ho ligandu byla vypocitana ze znamé specifické
radioaktivity ["H]-NMS a z radioaktivity v médiu stanovené v alikvotech ptidavaného média
kapalnym scintilacnim meétfenim v scintilaénim roztoku Rotiszint (Carl Roth, Germany)

pomoci scintilaéniho pocita¢e Microbeta 1450 nebo Tri-Carb 2810 (Perkin Elmer, USA).
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4. Vazba ¥S-GTPyS

Zvyseni vazby 35S-GTPyS vyvolané muskarinovym agonistou karbacholem muze byt
pouzito jako ukazatel schopnosti mAChR aktivovat G-proteiny. Karbacholem stimulovanou
vazbu *°S-GTPyS jsem méfila na membranach piipravenych z mozkové kiry pravé hemisféry
mySi APPswe/PS1dE9 a na membranach ptipravenych z CHO buné¢k trvale exprimujicich
jednotlivé podtypy mAChR. Alikvoty membran obsahujici kolem 10 pg proteinti byly nejprve
15 min preinkubovany pfi teploté 30 °C ve 150 pl reakéniho média obsahujiciho 100 mM
NaCl, 10 mM MgClz2, 20 mM Hepes, 1| mM DTT, 50 uM GDP pro membrany z mozkové
kary, 40 uM GDP pro membrany z CHO buné¢k exprimujicich M2 a M4 mAChR a 1 uM
GDP pro M1 a M3 mAChR. Muskarinovy agonista karbachol byl v médiu obsazen
v koncentraci 0,3—-100 uM pro membrany z mozkové kury, 0,15-1000 uM pro M1 a M3
mAChR a 0,02-100 uM pro M2 a M4 mAChR. Po preinkubaci byly do inkubacni smési
pridany 50 pl alikvoty **S-GTPyS (Biotrend Chemikalien, Germany; SRA 1000 Ci/mmol)
tak, aby finalni koncentrace *>S-GTPyS byla 500 pM, a néasledovala inkubace 20 az 60 min
podle typu membran. Celkovy obsah G-proteint v membrané byl uréen pomoci vazby *°S-
GTPyS v nepiitomnosti GDP. Alikvoty membran obsahujici 5 pg proteinti byly inkubovany
za stejnych podminek jako pii méfeni stimulované vazby *>S-GTPyS. Nespecificka vazba byla
uréena v pritomnosti 10 uM neznafeného GTPyS. Radioaktivita navdzanid na membrany byla
oddélena rychlou vakuovou filtraci na pfistroji Tomtec Harvester Mach III (USA) s filtry
Whatman GF/F (Whatman, USA). UsusSené filtry byly zality do scintilacniho vosku Meltilex a
radioaktivita zachycend na filtrech v mistech jednotlivych jamek zméfend scintilacnim

pocitatem Microbeta 1450.
5. Méieni akumulace inositolfosfata a inhibice syntézy cAMP

Akumulace inositolfosfati stimulovana karbacholem byla méfena v neporusenych
CHO bunkach, trvale transfekovanych pfislusSnym podtypem muskarinového receptoru,
rostoucich v 24-jamkovych destickach. Do média k rostoucim buiikdm byl nejprve na 3
hodiny piidan radioaktivng znadeny >H-myo-inositol (ARC, USA). Poté byl volny
(neinkorporovany do bunék) *H-myo-inositol odmyt a réiznymi koncentracemi karbacholu (0
— 100 uM) v pfitomnosti 10 mM lithia, které inhibuje defosforylaci uvolnénych

inositolfosfati a tim 1 inkorporaci znaceného myo-inositolu zpét do membran, bylo
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stimulovano Stépeni membranového fosfatidylinositolu. Inkubace v pfitomnosti karbacholu
probihala 5 min pfi teploté 37 °C. Akumulace od$tépenych *H-inositolfosfati v buiikach byla
stanovena jako radioaktivita extrahovand do trichloroctové kyseliny v scintilaénim roztoku
Rotiszint pomoci scintila¢niho pocitace Microbeta 1450.

Inhibice forskolinem stimulované syntézy cAMP byla méfena v suspenzi
neporusenych bunck exprimujicich M2 mAChR, které byly péstovany na Petriho miskach
s prumérem 10 cm. Bunky zjedné 10 cm Petriho misky byly mechanicky uvolnény do PBS
(150 mM NacCl, 10 mM fosfatovy pufr, pH = 7.4), odd€leny od sebe opakovanym opatrnym
nasavanim do pipety a sedimentovany centrifugaci 5 min pii 200 xg. Po odsati supernatantu
byly buniky resuspendovany ve 4 ml DMEM s I mM isobutylmethylxantinem a saturovaném
5% C02/95% O,. Bunky byly preinkubovany 5 min pti pokojové teploté. Alikvoty bunééné
suspenze (100 pl obsahujici pfiblizné 100 pg proteinu) byly ptidany do zkumavek se 100 pl
alikvoty DMEM s 1 mM IBMX obsahujicim navic 10 uM forskolin a 0-10 uM karbachol.
Inkubace pii 37 °C trvajici 10 minut byla zastavena zchlazenim vzorkd na ledu a pfidanim
HCI v kone¢né koncentraci 100 mM. Pro stanoveni koncentrace cAMP pomoci ELISA kitu
(New East Biosciences, USA) podle nadvodu vyrobce byly pouzity 100 ul alikvoty HCI

extraktu.

6. Stanoveni kaspazové aktivity a oxidacni aktivity

Aktivita kaspazy-3 a kaspazy-8 byla stanovena fluorimetricky v bunéénych lyzatech
pripravenych z bun¢k rostoucich ve 24-jamkovych destickach. Jako substrat byly pouzity
fluorescentni substraty acDVED-AMC pro kaspazu-3 a acl[ETD-AMC pro kaspazu-8 (oba
Sigma Aldrich, Praha). Po odsati média byla kazd4 jamka promyta 1 ml PBS a buiiky byly
homogenizovany na ledu ve 200 pl lyza¢niho pufru (50 mM Hepes, 0.1% CHAPS, 0.1 mM
EDTA, 1 mM DTT, pH = 7.4) opakovanym nasavanim do pipety. Poté byly ponechiny na
ledu 30 minut. Vzniklé homogenaty byly centrifugovany 10 min pfi 14000 xg a supernatanty
byly pouzity pro stanoveni obsahu proteinii a stanoveni aktivity kaspaz. K 50 pl alikvotim
bunécnych lyzath bylo pfidano 50 pl lyza¢niho pufru s obsahem pfislusné fluorescentni proby
(kone¢na koncentrace 10 uM). Fluorescence vznikla Stépenim substratu byla méfena v 96-
jamkovych destickach na cteéce desticek Victor™ pomoci umbelliferonovych filtri.

Vysledna fluorescence byla vztazena na obsah proteinti v bunécném lyzatu. Obsah proteind
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v bunéénych lyzatech byl stanoven po vysrdZeni proteinti kyselinou trichlorocotvou kviili
obsahu DTT, ktery interferuje se stanovenim.

Oxidac¢ni aktivita v neporusenych butikach byla stanovena jako oxidace fluorescencni
sondy 2',7'-dichlorodihydrofluorescein diacetat (Molecular Probes, USA). Bunky, péstované
v 24-jamkovych destickach, byly inkubovany 1 hodinu pifi 37 °C v Krebs-Hepes pufru
(kone¢né mM koncentrace NaCl 138, KC1 4, CaCl, 1.3, MgCl, 1.2, NaH,PO4 1.2, glukosa 11,
Hepes 10, pH 7,4) s 10 uM sondou. Fluorescence byla métfena na ctecce desticek Victor™

pii excitacni/emisni vinové délce 485/535 nm (fluoresceinové filtry).

7. Urceni stupné agregace B-amyloidu 1-42

Rozsah agregace B-amyloidu 1-42 v zdsobnim roztoku (na pocatku inkubace) a
v kultivaénim médiu po 4-denni inkubaci jsem urCovala pomoci vazby thioflavinu T
(upraveno podle Betts V. et al., 2008). Alikvoty vzorkd o objemu 100 ul byly smichany se
100 pl 200 mM glycinového pufru (pH 8,5), ktery obsahoval 12 uM thioflavin T (Sigma
Aldrich, Praha, Ceska republika). V mikrotitra¢nich desti¢kach byla méfena fluorescence pfi

488 nm po excitaci vzorkl pii 450 nm pomoci ¢tecky desticek Victor.

8. Stanoveni proteint

Mnozstvi proteintl bylo stanovovano spektrofotometricky pii 690 nm Lowryho

metodou (Lowry OH. et al., 1951) v Petersonové modifikaci (Peterson GL., 1977).

9. Vyhodnoceni vysledki

Prokladani kiivek a statistické zpracovani dat bylo provedeno za pouziti programt
Microsoft Office Excel a GraphPad Prism5 (GraphPad software, Inc., San Diego, USA).
Rozdily mezi jednotlivymi skupinami byly hodnoceny podle potiecby ANOVOU a
nasledujicim Tukeyho nebo Dunnettovym testem , t-testem nebo parovym t-testem.

V satura¢nich pokusech byly mé&feny vlastnosti vazby radioaktivniho antagonisty [*H]-
NMS. Do grafu se vynasi zdvislost mnozstvi navdzaného [*H]-NMS (radioaktivita zm&fena
scintilaénim pocitacem, osa y) na jeho znamé koncentraci v inkuba¢nim médiu (osa Xx).

Ziskané body se prokladaji rovnici (1), vysledna funkce ma tvar hyperboly. Z kiivky
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odecitdme Bp.x a Kgy. Jednotlivé hodnoty jsou vyjadieny jako primér +£ S.E.M. (Standard

Error of the Mean; stfedni chyba praméru).
Y = Bmax*X/(Kd + X) (D)

Y — vazba radioligandu pii jeho koncentraci X, By.x — maximalni vazebna kapacita, Ky —

rovnovazna disocia¢ni konstanta

Ve vytéstiovacich pokusech byly nepfimo méfeny vlastnosti vazby agonisty
karbacholu podle poklesu vazby kompetujiciho radioligandu [*’H]-NMS. Do grafu se vynasi
zavislost poklesu vazby (vytésnovani) konstantni koncentrace [H]-NMS na zvysujici se
koncentraci neznaceného agonisty. Body se prokladaji rovnici pro vytésnovaci kiivku o jedné
(2) pripadné¢ dvou (3) vazebnych komponentich. Vytésnovaci kiivka o jedné vazebné
komponenté prokazuje kompetici obou ligandl na ortosterickém vazebném misté s jedinou
konformaci. V duasledku interakci s G-proteiny vSak dochazi ke konformacni zméné
receptoru, kterd se ve vazebnych pokusech projevuje jako piitomnost ortosterickych
vazebnych mist sriznymi afinitami pro agonistu, zatimco [*H]-NMS (jako i ostatni
antagonisté) ma stejnou afinitu pro rtizné konformace receptoru. Z vytésiiovaci kiivky o dvou
vazebnych komponentach odegitame ICsohigh (koncentrace agonisty, ktera vytésni ["H]-NMS
z poloviny vysokoafinitnich mist) a ICsplow (koncentrace agonisty, ktera vytésni ["’H]-NMS z
poloviny nizkoafinitnich mist) a zaroven pomér zastoupeni vysoko a nizkoafinitnich mist v

populaci receptort. Jednotlivé hodnoty jsou vyjadieny jako pramér = S.E.M.
Y=Bottom + (Top-Bottom)/(1+10"(X-LogIC50)) 2)

Y=Bottom+[(Top-Bottom)*Fraction1/(1+10~(X-LogIC50 1))]+[(Top-Bottom)*(1-
Fractionl)/(1+10N(X-LogIC50 2))] 3)

Y — vazba [’H]-NMS pii koncentraci agonisty X vyjadfend jako procento vazby v
nepfitomnosti agonisty, Bottom — minimalni vazba, Top — maximalni vazba, Fractionl —
frakce nizkoafinitnich vazebnych mist, IC50 1 - koncentrace agonisty vytésnujici 50%
radioligandu na nizkoafinitnim vazebném misté, IC50 2 - koncentrace agonisty vytésiujici

50% radioligandu na vysokoafinitnim vazebném mist¢
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Vysledné hodnoty z funkénich pokusi (vazba *°S-GTPyS, akumulace inositolfosfata,
inhibice syntézy cAMP) byly proloZeny sigmoidalni kiivkou s pevnym (4) nebo variabilnim
sklonem (5) zndzoriiujici zavislost ¢inku na koncentraci agonisty. Jednotlivé hodnoty jsou
vyjadifeny jako primér = S.E.M. Vysledky funkénich pokust odrazi alosterickou interakci
mezi agonistou (karbacholem), ktery pisobi na receptor z extracelularni strany membrany, a
G-proteinem, ktery interaguje s receptorem na intraceluldrni strané membrany a piendsi signal

dal do bunky.

Y=Bottom + (Top-Bottom)/(1+10"((X-LogEC50))) 4)

Y=Bottom + (Top-Bottom)/(1+10"((LogEC50-X)*HillSlope)) (5)

Y — funkéni odpovéd pii koncentraci agonisty X, Bottom — bazdlni odpovéd, Top —
maximalni odpovéd’, EC50 — koncentrace agonisty, kterd vyvola polovi¢ni odpovéd’ mezi
bazalni a maximalni odpovédi, Hill slope — Hilliv koeficient (,,strmost kfivky*), ktery
popisuje miru kooperativity déje (Hilliv koeficient = 1 v ptipadé, ze receptor kooperuje
s jednim druhem G-proteinu; je-li koeficient odliSny od jedné, receptor kooperuje s v&tSim

poctem riznych G-proteini)

Vhodnéjsi prolozeni ziskanych vazebnych 1 funk¢nich dat bylo ur€ovano pomoci F-testu.
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Vysledky

1. Vliv AB1.42 na vazebné vlastnosti jednotlivych podtypii mAChR

1.1. Vliv ABy-42 na vazebné vlastnosti mAChR pro [3H]-NMS

[’H]-NMS je muskarinovy antagonista, ktery se vaze ke viem podtyptim mAChR a na
rozdil od agonistil nerozeznava nizko- a vysokoafinitni stav receptoru. Vazbu [*H]-NMS jsem
mefila na membrandch piipravenych z CHO bunék heterologné exprimujicich vzdy jeden
z péti podtyplt mAChR, které byly vystaveny akutnimu ¢i chronickému ptisobeni Afj.42.
Z vazby ["H]-NMS jsem urcovala expresi jednotlivych podtypi mAChR (Bmax) a afinitu
jednotlivych podtypt k antagonistovi (Kg).

Akutni ani chronické plisobeni A4 signifikantné nezménilo ani afinitu pro
antagonistu ["H]-NMS a ani poéet vazebnych mist u zadného z podtypi mAChR. Afinita
jednotlivych podtypit mAChR pro [’H]-NMS se pohybovala v rozmezi 70 az 600 pM a
klesala v pofadi M4 > M1 > M3 > M2 > MS5. Zmétené afinity a jejich primérné hodnoty u
jednotlivych podtypt bez ohledu na plsobeni A4z, které byly pouzity pro vypocty u
vytésiiovacich pokust, jsou uvedené v Tabulce 1. Hodnoty Bj.x membran vystavenych
akutnimu ¢i chronickému piisobeni A;.42, které se v parovanych pokusech pohybovaly mezi

88 a 124 % kontrolnich hodnot, jsou uvedeny v Tabulce 2.

Receptor M1 M2 M3 M4 M5
Kontrolni 197£16 411487 221432 74194 625182
membrany ) ) 9) (7) (10)
Akutni 183£28 508+126 204471 5043 701£16
pusobeni AP (6) 4) 4) 4) (7)
Chronické 217431 368t77 169£19 76112 387164
pusobeni A3 (3) (3) (3) 3) 3)
S 195+13 427158 207+24 6716 596+52
(18) (16) (16) (14) (20)

Tabulka 1
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Vliv akutniho a chronického pilisobeni AB;4, na afinitu jednotlivych podtypi mAChR pro antagonistu
[FH]-NMS

Vysledky jsou prumér £ SEM rovnovazné disociacni konstanty (Ky; pM) naméfené na kontrolnich membranach
a membranach vystavenych akutnimu ¢i chronickému plsobeni AP;.4,. Pocet pokusi (vzdy provedenych
v kvadruplikatech) je uveden v zavorce. V poslednim fadku (primér) jsou hodnoty Ky vypocitané jako pramér ze

vSech méfeni, bez ohledu na plisobeni AB;.4;.

Receptor M1 M2 M3 M4 MS
Akutni
97+4 106+10 96+5 10345 125+ 11
prsobent AP~ o ) ) 4 )
(% kontrol)
Chronické
110+5 89+12 105+12 114+ 24 91+17
prsobent AR 3) 3) 3) 3)
(% kontrol)
Tabulka 2

Vliv akutniho a chronického piisobeni AP, na expresi jednotlivych podtypi mAChR méienou jako
maximalni vazba [*H]-NMS

Hodnoty By« naméfené na membranach CHO bunék exprimujicich jednotlivé podtypy mAChR vystavenych
akutnimu a chronickému ptisobeni A;.4; jsou vyjadiené jako % kontrol £ SEM v parovanych pokusech. Pocet
pokust (vzdy provedenych v kvadruplikatech) je uveden v zavorce. Absolutni hodnoty kontrolni vazby byly pro
MI1-M5 receptory 10.88+0.72, 2.54+0.82, 13.56+0.86, 2.78+0.22 a 0.90+0.13 pmol/mg proteinu u pokust
sledujicich bezprostiedni ucinek Afi4 a 1.83£0.21, 0.52+0.11, 0.63+0.14, 0.42+0.02 a 0.48+0.13 pmol/mg u
pokust sledujicich chronicky ucinek. Vyssi exprese receptorii u pokust s bezprostiednim G¢inkem AB;.4, je
zpusobena pfidanim butyratu do inkubac¢niho média 24 hodin pted sklizenim u bunék, které byly pouzity pro

pfipravu membran pro tyto pokusy.
1.2. Vliv ABi.42 na vazebné vlastnosti mAChR pro karbachol

Na rozdil od [’H]-NMS se muskarinovy agonista karbachol miize k receptoru vazat
s vysokou ¢i nizkou afinitou podle aktualniho stavu receptoru. Vazebna vytésnovaci kiivka
karbacholu a dalSich agonistli proto obsahuje dvé vazebné komponenty (,,dvoumistna*
kiivka). Vazbu karbacholu jsem meéfila v kompeti¢nich pokusech jako pokles vazby
radioaktivné znageného [*H]-NMS. Stejné jako v piipadé saturaénich pokusti s [*H]-NMS,
také vazbu karbacholu jsem méfila na membranach piipravenych z CHO buné¢k heterologné

exprimujicich vzdy jeden zpéti podtypi mAChR, které byly vystaveny akutnimu ci
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chronickému plisobeni Af;4; (Obrazek 1). Na M1 mAChR, u kterého jsem zjistila
signifikantni rozdily ve vazbé& karbacholu po chronickém plisobeni 100 nM A4, jsem
rovnéz testovala chronické plisobeni AP;4> v riznych koncentracich a piisobeni scrambled
APi.42 (peptid se stejnym sloZenim aminokyselin jako AP.42, avSak v pozménéném potadi) a
rovnéZz jsem méfila vazbu karbacholu v pfitomnosti nehydrolyzovatelného analogu GTP,
GppNHp (Obrazek 2).

Z vazebné kiivky pro karbachol obsahujici dvé vazebné komponenty je mozné urcit
afinitu receptoru k agonistovi v nizko- a vysokoafinitnim stavu a dale pomérné zastoupeni
receptort v nizko- a vysokoafinitnim stavu v celkové populaci receptort (béZzne oznacované
jako ,,pocet nizko- a vysokoafinitnich mist“, pfestoZze se ve skutecnosti nejednd o rtizna
vazebna mista). Primérné parametry ziskané z jednotlivych vazebnych kompeti¢nich pokust
a pocty pokust jsou uvedené v Tabulce 3. Vazebné kiivky z jednotlivych sérii pokusti jsou
uvedeny na Obrazku 1, 2 a 3.

Akutni plsobeni A4, kdy byl 1 uM A4, pfitomen v médiu pouze 60 min
v prib¢hu inkubace vazebného pokusu, signifikantné nezménilo Zadny parametr vazby
agonisty karbacholu u zddného z podtypit mAChR. Na druhou stranu chronické piisobeni, kdy
100 nM AB;.4 byl pfitomen v kultivaénim médiu béhem riistu bunék a naopak do reakéniho
média v priabéhu vazebného pokusu jiz ptidavan nebyl, ovlivnilo vazbu karbacholu na M1 a
M3 mAChR. Doslo k signifikantnimu snizeni afinity vysokoafinitnich vazebnych mist pro
karbachol a zaroven ke zvySeni jejich pomérného zastoupeni u M1 receptoru, u M3 receptoru
pak bylo zjiSténo pouze signifikantni zvySeni relativniho poctu vysokoafinitnich vazebnych
mist. U M1 receptoru byly nasledné¢ provedeny pokusy s chronickym pisobenim A4z
v dalSich koncentracich (10 nM a 1 uM), které rovnéz statisticky vyznamné ménily afinitu
vysokoafinitniho vazebného mista, jejich vliv na pocet vysokoafinitnich vazebnych mist vSak
nebyl signifikantni. Naopak 100 nM scrambled A4, slouzici jako negativni kontrola
signifikantné¢ neménil zadny z parametri vazby karbacholu u M1 mAChR. Vazba karbacholu
k M1 mAChR i vazba karbacholu k M1 mAChR vystavenému chronickému vlivu A4, byla
provedena také v pfitomnosti nehydrolyzovatelného analogu GTP, GppNHp, ktery ptisobi
nevratné rozptazeni receptoru od G-proteinu. Podle ocekavani ptidani GppNHp do reakéniho
média vyvolalo pfeménu vazebné kiivky o dvou vazebnych komponentach na kiivku o jedné
komponentég, tedy pfeménu vysokoafinitnich mist na mista s nizkou afinitou. Afinity vazby
karbacholu se v ptitomnosti GppNHp (u rozptazenych receptorii) nijak nelisily u kontrolnich

M1 mAChR a u receptort ptipravenych z bunék vystavenych chronickému vlivu AB;.4,.
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pKi high pKi low frakce high
M1 kontrolni (19) 6,7310,14 3,91+0,08 0,21+0,02
kontrolni + GppHNp (3) --- 3,88+0,13 ---
akutni A 1 uM (6) 7,08%0,11 3,75+0,18 0,20+0,03
chronicky AB 10 nM (5) 5,5240,15%* 3,75+0,05 0,28+0,04
chronicky AB 100 nM (8) 5,68+0,27*%* 4,07£0,16 0,33+0,03**
chronicky AB 1 uM (8) 5,65+0,01%* 3,77+0,04 0,2610,04
chronicky scrambled A
6,62+0,25 3,90+0,02 0,20+0,03
100 nM (5)
chronicky A 100 nM + . 3.8340.12 .
GppHNp (3)
M2 kontrolni (11) 7,56%0,10 4,96+0,08 0,66+0,03
akutni AB 1 uM (4) 7,72+0,09 5,21+0,02 0,6610,04
chronicky AB 100 nM (5) 7,60+0,22 4,84+0,19 0,61+0,03
M3 kontrolni (9) 6,58+0,29 3,93+0,13 0,20+0,02
akutni A 1 uM (6) 6,74+0,36 3,80%0,13 0,20+0,04
chronicky AB 100 nM (3) 6,01+0,36 4,25+0,05 0,38+0,06*
M4 kontrolni (7) 7,39+0,05 4,94+0,09 0,46+0,02
akutni AB 1 uM (4) 7,360,09 4,90+0,13 0,48+0,02
chronicky AB 100 nM (3) 7,50+0,08 5,104£0,06 0,47+0,01
M5 kontrolni (8) 6,91£0,15 4,93+0,02 0,49+0,03
akutni AB 1 uM (3) 6,81+0,19 5,01£0,08 0,54+0,05
chronicky AB 100 nM (4) 6,6010,11 4,57£0,15 0,55+0,06

Tabulka 3

Vliv ABi4 na vazebné vlastnosti agonisty karbacholu na membraniach CHO bunék exprimujicich
jednotlivé podtypy mAChR.

Afinita karbacholu byla zjistovana nepfimo podle vytésiiovani [’H]-NMS z vazby na receptor. Vytésiovaci
pokusy byly provedeny na kontrolnich membranach v nepfitomnosti nebo pritomnosti AB;4, a na membranach,
ptipravenych z bunék péstovanych v ptitomnosti AP, (v pfipadé M1s riznymi koncentracemi A4, a také s
A4 scrambled). U M1 mAChR byla vazba zmétena téz v ptitomnosti GppNHp, ktery rozpfahuje receptory od
G-proteind. Afinity vysokoafinitnich (Ki high) a nizkoafinitnich (Ki low) mist jsou vyjadieny jako zaporny
dekadicky logaritmus koncentrace (pKi) karbacholu £ SEM. Vysokoafinitni frakce (frakce high) je podil
vysokoafinitnich mist na celkovém poétu vazebnych mist £ SEM. Pocet pokusti je uvedeny v zavorkach. *,
p<0.05; ** p<0.01, statisticky vyznamny rozdil od kontrol (bez pilisobeni (-amyloidu) pomoci ANOVA a

Dunnettova testu.
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Specificka vazba *H-NMS (% kontrol)

Specificka vazba *H-NMS (% kontrol)
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Specificka vazba *H-NMS (% kontrol)

Specificka vazba *H-NMS (% kontrol)
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Obrazek 1

Vliv pfimého a chronického piisobeni AB;.4, na vazbu muskarinového agonisty karbacholu k jednotlivym
podtypim mAChR

V grafech pro jednotlivé podtypy mAChR jsou zndzornény vazebné kiivky ziskané u kontrolnich membran
v nepfitomnosti (¢erné body) nebo pfitomnosti (Cerné ctverecky) AB;4, a u membran, pfipravenych z bunck
vystavenych chronickému paisobeni AB;.4,. Vysledky jsou vyjadieny jako procento maximalni vazby [*H]-NMS
v nepfitomnosti karbacholu. Body jsou prumértSEM. Parametry prolozeni vSech naméfenych hodnot

vytésiovaci kiivkou o dvou vazebnych komponentach a pocty pokust jsou uvedeny v Tabulce 3.

M1 receptory

120+

100+

80+

60+

40+

@ kontrola
20 © 1 uM AB1-42 chronicky
4 100 nM A 1-42 scrambled chronicky
B 10 nM AB1-42 chronicky

Specificka vazba 3H-NMS (% kontrol)

o

-7 -'6 -5 4
Karbachol (log M)

o
N
-

Obriazek 2

Vliv chronického pisobeni riznych koncentraci Af;4, a scrambled AfB, 4 na vazbu muskarinového
agonisty karbacholu k membranam exprimujicim M1 mAChR

V grafu je znazornéna kontrolni vazebna kiivka (Cerné krouzky) a vazebné kiivky membran vystavenym
chronickému ptisobeni A4, v koncentraci 10 nM (bilé ¢tverecky) nebo 1 uM (bilé krouzky) a 100 nM A4, se
zménénym pofadim aminokyselin (scrambled; cerné ctverecky). Vysledky jsou vyjadfeny jako procento
maximéalni vazby [*H]-NMS v nepfitomnosti karbacholu. Body jsou primér+SEM. Parametry proloZeni

méfenych hodnot vytésiovaci kiivkou o dvou vazebnych komponentach a pocty pokust jsou uvedeny v Tabulce
3.
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M1 receptory

110+

100+

90+

80+

70+

60+

50+

404 -@ kontrola

Specificka vazba 3H-NMS (% kontrol)

© kontrola + GppNHp
304 i 100 nM Ap1-42
1TF 100 nM AB1-42 + GppNHp
204
10+
3 T T T T T T 1
3 7 -6 -5 -4 3 -2 -1

Karbachol (log M)

Obrazek 3

Vliv GppNHp na vazbu karbacholu ke Kkontrolnim membriniam exprimujicim M1 mAChR a
k membranam pripravenym z bunék vystavenych chronickému pisobeni AB;.4,

V grafu jsou znazornény vazebné kiivky u kontrolnich membran (Cerné krouzky) a membran pfipravenych
zbunék po chronickém plsobeni AP;4, (Serné ¢&tverecky) v neptitomnosti GppNHp a kiivky pro stejné
membrany v pfitomnosti GppNHp (bilé krouzky a ¢tverecky). Pivodni vytésiovaci kiivky o dvou vazebnych
komponentach se v pfitomnosti GppNHp méni na kiivku o jedné komponenté s afinitou odpovidajici afinité
nizkoafinitnich mist. V nepfitomnosti GppNHp se li§i prubéh vazby u kontrolnich membran a membran
vystavenych chronickému vlivu AB;.4,, zatimco po ptidani GppNHp je prubéh vazby u obou typti membran
stejny. Vysledky jsou vyjadieny jako procento maximalni vazby [*’H]-NMS v nepiitomnosti karbacholu. Body
jsou prumér+=SEM. Parametry proloZeni naméfenych hodnot vytésnovaci kiivkou o jedné nebo dvou vazebnych

komponentach a pocty pokust jsou uvedeny v Tabulce 3.
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2. Vliv chronického pilisobeni AP;.4; na funkéni vlastnosti jednotlivych podtypi mAChR

Protoze ve vazebnych satura¢nich a kompeti¢nich pokusech byl zjistén signifikantni
ucinek pouze u chronického ptsobeni AP;4», provedla jsem funkéni pokusy pouze
s membranami a celymi bunikami, které byly rovnéz vystaveny chronickému ptsobeni 100
nM ABi.42. Nejprve jsem zjiStovala mozny vliv AP;.4; na aktivaci G-proteinii méienou jako
karbacholem stimulovanou vazbu *>S-GTPyS. Naslednd jsem zjistovala vliv A4, na dvé
odlisné signaliza¢ni drahy zprostfedkovavané lichymi a sudymi podtypy mAChR — akumulaci

inositolfosfatl a inhibici syntézy cAMP stimulované forskolinem.

2.1. Vliv chronického pusobeni AB;.4; na aktivaci G-proteinii

Aktivaci G-proteinli zprostiedkovanou jednotlivymi podtypy mAChR jsem méfila
jako vazbu *°S-GTPyS stimulovanou karbacholem. Zmé&na konformace receptoru, ktera
nasleduje po vazb¢ agonisty, zptisobi uvolnéni GDP z a-podjednotky sptazeného G-proteinu
a jeho vyménu za GTP. V pokusech jsem pouzila jeho radioaktivné znaleny analog °S-
GTPyS, ktery se vaze na a-podjednotku, avsak (podobné jako GppNHp) neni hydrolyzovan
jeji GTPazovou aktivitou. Z kiivek popisujicich vztah mezi koncentraci agonisty karbacholu a
vazbou > S-GTPyS je pak mozné odecist maximalni funkéni odpoveéd’ Enax a hodnotu ECs
vyjadiujici koncentraci agonisty, kterd vyvola 50 % maximalni funkéni odpovédi.

V pokusech s vazbou 35 S-GTPyS jsem nezjistila zadny rozdil v E.x nebo ECsy mezi
kontrolnimi membranami a membranami vystavenymi chronickému pisobeni ABj42 u
zaddného ze sledovanych podtypt mAChR (M1 — M4; Obrazek 4 a Tabulka 4). Zaroven jsem
nezjistila zadny rozdil ani v bazalni vazb& (vazba *>S-GTPyS bez piidani karbacholu) nebo
celkové vazbé (vazba *°S-GTPyS bez pridani GDP do inkubaéniho média, pti které dojde
k obsazeni vSech vazebnych mist o-podjednotek pfitomnych G-proteintt) u kontrolnich
membran a membran vystavenych vlivu AP;4,. U vSech sledovanych podtypi mAChR byl
Hilltv koeficient (sklon kfivky) mensSi nez jedna, coz znamend, Ze v daném rozsahu
koncentraci karbacholu dochazelo nejen k interakci mezi receptorem a preferenénim G-
proteinem (Gi, u sudych a Ggi1 u lichych podtypl), ale také kinterakci receptoru

s nepreferen¢nimi G-proteiny.
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]%max e Bazalni Celkova
(nasobky Hilluv
. | pECS0 . vazba vazba
bazalni koeficient dom/ dom/
vazby) (dpm/pg) | (dpm/ug)
w1 | Kentrolni(7) 1, 010,08 (42120,05| 0.8120,07% | 13012193 | 8433+501
chronicky AB N + +0 OR* " N
100nM (6) | 232£015|4.2320,15| 0752008 1170£162 | 8019+626
Mz | Kentrolni(d) i, 0 075(6.1420,04| 0,62£0,07* 206£12 | 68224219
chronicky AB N N N
100nM (4) | +52£0.94|6212009] 0612005 197445 | 622541027
m3 | Kontrolni(S) 1, o510 07142740,06| 0,78+0,06* | 13292201 | 6963404
chronicky A 4 + 0 05 % N N
100nM (5) | 1-98£0.06|4.2320.09] 0602005 13794166 | 7611+555
Mg | Kontrolni(d) ), oo, 51054440,00| 0,77£0,05% | 104£12 | 6050595
chronicky AB N N .
100nM (4) | 4812037 5,58£0.06| 0,75:0,04 108£16 | 6536568
Tabulka 4

Parametry vazby 35S-GTP\(S u kontrolnich membran a membran pripravenych z bunék vystavenych
chronickému vlivu AB;_4,

Hodnoty E,.« jsou vyjadfeny jako nasobky bazalni vazby v nepfitomnosti karbacholu £ SEM, hodnoty ECs, jako
zdporny dekadicky logaritmus koncentrace (pECs) karbacholu + SEM. Bazalni vazba a celkova vazba **S-
GTPyS jsou uvedeny v absolutnich hodnotach vztazenych na proteiny jako primér + SEM. Nizsi bazalni vazba u
membran exprimujicich M2 a M4 receptory je zpusobena pritomnosti vyssi koncentrace GDP v inkubac¢nim
médiu pfi méfeni stimulace vazby (viz metody). Hodnoty Hillova koeficientu jsou ve vSech piipadech
signifikantné mensi nez jedna (*; p<0.05 podle one sample t-testu). V zadném z uvedenych parametrii nebyl
zjistén rozdil mezi kontrolnimi membranami a membranami vystavenymi chronickému pusobeni Af;.4,. Pocet

pokust je uvedeny v zavorkach.
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Stimulace vazby **S-GTPyS karbacholem u membran exprimujicich M1-M4 mAChR p¥ipravenych

z kontrolnich bunék a bunék péstovanych v pritomnosti AB;_4,

Vysledky méfeni jsou vyjadieny jako nasobky bazalni vazby v neptitomnosti karbacholu. Pribéh vazby se nelisi

mezi kontrolnimi membranami a membranami vystavenymi chronickému ptsobeni A4, u zddného ze

sledovanych podtypti mAChR. Hilliv koeficient uvedenych kiivek je ve vSech pfipadech mensi nez jedna. Body

jsou primér£SEM. Parametry prolozeni hodnot ze v§ech méfeni a pocty pokust jsou uvedeny v Tabulce 4.
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2.2. Vliv chronického pusobeni APi4; na aktivaci nitrobunéénych signaliza¢nich drah

M1 a M2 mAChR

Chronické ptisobeni Af;4 ovlivilovalo vazebné vlastnosti pro agonistu u Ml
mAChR, aviak nemélo zadny vliv na stimulaci vazby **S-GTPyS (viz 2.1.). Hillav koeficient
koncentra¢ni zavislosti aktivace G-proteint karbacholem vs$ak ukazal, ze po vazbé¢ karbacholu
dochazi k aktivaci nejen preferencnich G-proteinil, a pfipadnd zména sptahovani receptoru
nepreferencnich G-proteinti (konkrétné v ptipadé M1 receptoru, ktery se preferencné sprahuje
s Gg11, miZe pievazovat interakce s Gin, které jsou vyrazné pocetnéjsi nez ostatni tfidy G-
proteint).

Abych zjistila, zda zména vazebnych vlastnosti u M1 receptoru ovliviiuje pienos
signadlu do buiky, studovala jsem mozny vliv chronického plsobeni AP;4, na aktivaci
specifickych signaliza¢nich drah M1 a M2 mAChR pomoci méfeni koncentrace takzvanych
druhych posli — akumulaci inositolfosfati (stimulovanou aktivaci lichych podtypi mAChR) a
syntézu cAMP (inhibovanou aktivaci sudych podtypi mAChR) v neporusenych bunkach.
ZvySujici se koncentrace muskarinového agonisty karbacholu aktivuji nebo inhibuyji,
v z&vislosti na podtypu mAChR, syntézu druhého posla, jehoZ koncentraci mizeme méfit.
Z kiivek popisujicich vztah mezi koncentraci karbacholu a tvorbou druhych posla
(inositolfostati a cAMP) jsem opét odecitala maximalni funkéni odpoveéd’ Epax (Imax v piipadé
cAMP, nebot’ se jedna o inhibici jeho syntézy) a hodnotu ECsy (ICsp).

V pfipad¢ inhibice forskolinem stimulované syntézy cAMP, ktera je zavisld na
aktivaci Gjj, proteinti skrze sudé¢ podtypy mAChR, nebyl zadny rozdil v hodnotach Iy ani
ICso u bunék exprimujicich M2 podtyp mAChR vystavenych chronickému ptsobeni A4, a
kontrolnich bunék (Obrazek 5 pravy panel, Tabulka 5). Na druhou stranu, v pfipadé
aktivovani akumulace inositolfosfati, které je zprostfedkovano lichymi podtypy mAChR
spfazenymi s Gy proteiny, doSlo u bun€k vystavenych chronickému vlivu ABi4, a
exprimujicich M1 podtyp mAChR ke sniZeni En.x pfiblizné o 14 % (p < 0.01 podle t-testu;
myoinositolu do membrdn ani rozdilem v bazdlni (klidové) akumulaci znacenych
inositolfosfati v neptitomnosti agonisty. Tyto hodnoty se vzajemné neliSily u kontrolnich
bundk a bungk vystavenych chronickému ptisobeni ABj4. Inkorporace *H-myoinositolu

do bun¢k byla 132+5 dpm/pg proteinu u kontrolnich bunék a 141+6 dpm/ug proteinu u bunék
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vystavenych chronickému plisobeni ABi.4, (pramér+SEM z péti pokusti). Bazalni akumulace
inositolfosfati byla v téchto pokusech 25,4+1.8 a 24,4+1,0 procent z celkové inkorporované
radioaktivity (primé&rtSEM z péti pokustl). Parametry funk&nich pokusii s inhibici syntézy
cAMP skrze aktivaci M2 mAChR a aktivaci akumulace inositolfosfatii skrze aktivaci M1
mACHhR jsou uvedeny v Tabulce 5, prabéh kiivek je zndzornén na Obrazku 5.

Emax pEC50 Hilliiv koeficient
M1 kontrolni (5) 34,7+1,8 5,4410,11 1,00
Stimulace Chronicky
o 30,0+2,0%* 5,40+0,02 1.00
inositolfosfatl AB100 nM (5) ’
M2 kontrolni (6) 34,5+4,0 6,32+0,28 1,00
Chronicky
Inhibice cAMP 33,243,7 6,30+0,20 1.00
AB 100 nM (6) ’

Tabulka 5

Parametry aktivace nitrobunéénych signalnich drah u bunék exprimujicich M1 a M2 mAChR, které
rostly za kontrolnich podminek nebo byly vystaveny chronickému vliva AB;.4;

Hodnoty stimulované akumulace inositolfosfat (E..x) jsou v pfipadé M1 receptoru vyjadieny jako procenta z
radioaktivity inkorporované do membran (Cisty nartst po odecteni bazalni akumulace), v piipadé¢ M2 receptoru
jsou hodnoty inhibice tvorby cAMP vyjadfeny v procentech, o néz se snizila pivodni (neinhibovanda) syntéza
cAMP. Hodnoty EC50 jsou vyjadieny jako zaporny dekadicky logaritmus koncentrace (pEC50) karbacholu +

SEM. Pocet pokust je uvedeny v zavorkach. **, p < 0.01, signifikantné odli$né od kontrol pomoci t-testu
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Akumulace inositolfosfati zprostfedkovana aktivaci M1 mAChR Inhibice syntézy cAMP zprostiedkovana aktivaci M2 mAChR
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Obrazek 5

Vliv chronického pisobeni AB;,, na koncentracni zavislost akumulace inositolfosfati v buiikach
exprimujicich M1 mAChR a inhibice syntézy cAMP stimulované forskolinem v buiikidch exprimujicich
M2 mAChR karbacholem

Akumulace inositolfosfatti stimulovana karbacholem u bunék exprimujicich M1 receptor (levy panel) je
vyjadiena v procentech celkové inkorporované radioaktivity. Inhibice forskolinem stimulované syntézy cAMP u
bunek exprimujicich M2 receptor (pravy panel) je vyjadiena v procentech kontrol v nepfitomnosti karbacholu.
Popisy kiivek jsou uvedeny v obrazku. V pfipadé M1 mAChR je patrné snizeni E.,x u bunék vystavenych
chronickému piisobeni A;_4. Hilliv koeficient uvedenych kiivek je ve vSech ptipadech roven jedné. Body jsou

pramér=SEM. Parametry kiivek a poéet pokust jsou uvedeny v Tabulce 5.

3. Aktivita kaspaz a tvorba volnych Kkyslikovych radikali v burikach vystavenych

chronickému vlivu AB;.4

Jednim z moznych vysvétleni snizené akumulace inositolfosfati vyvolané stimulaci
M1 mAChR karbacholem je obecné toxicky vliv ABi4; na buiikky. Abych provétila tuto
moznost, méfila jsem aktivitu kaspazy-3 a kaspazy-8 v buiikdch rostoucich v pfitomnosti
ruznych koncentraci AB;4 (100 nM — 10 uM). V téchto bunkach jsem rovnéz urcovala
hladinu volnych kyslikovych radikald, jejichz tvorba by také mohla byt zvySend vlivem
obecné toxicity APB;.4 a které by posléze mohly negativné ovlivnit funkci signalizacnich drah
aktivovanych M1 mAChR.

U bunék exprimujicich M1 a M2 mAChR a rostoucich v pfitomnosti nizsich
koncentraci ABi42 (aZ do koncentrace 1 uM) nebylo patrné zadné signifikantni zvySeni

kaspazovych aktivit (Obrazek 6). Pouze u bun¢k rostoucich v ptitomnosti 10 uM A.4> doslo
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ke statisticky vyznamnému nardstu aktivity kaspazy-3 (Obrazek 6, levy panel). Také tvorba
volnych kyslikovych radikalti byla zvySena pouze u bunck rostoucich v pfitomnosti vyssi
koncentrace AP;.4; (od 1 uM), nez byla koncentrace pouzita pro testovani chronického vlivu
ABi.42 ve funkénich pokusech (100 nM). Naméiené hodnoty hladiny volnych kyslikovych

radikalt jsou uvedeny na Obrazku 7.

Kaspaza-3 Kaspaza-8
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Obrazek 6

Vliv chronického pusobeni A;.4; na aktivitu kaspaz v CHO buiikach

Bunky exprimujici M1 nebo M2 podtyp mAChR byly po dobu ristu vystaveny riznym koncentracim A_4. Po
sklizeni bun€k byla v bunéénych lyzatech stanovena aktivita kaspazy-3 (levy panel) a kaspazy-8 (pravy panel).
Uvedené hodnoty jsou primérem ze dvou nezavislych experimentti s buitkkami exprimujicimi M1 receptory a
dvou nezavislych experimenti s bunkami exprimujicimi M2 receptory, vzdy provedenych v hexaplikatech.
Vysledky experimentt s buiitkami exprimujicimi odliSny podtyp receptoru se navzajem neliSily, proto jsou
vyhodnoceny spole¢né. Kontrolni hodnoty aktivity pro kaspazu-3 a kaspazu-8 byly 36.9+5.2 a 30.5£3.8
relativnich svételnych jednotek (relative light unit, RLU) na pg proteinu a 60 minut. *, p < 0.05, signifikantn¢

odlisné od vSech ostatnich skupin pomoci ANOVA a Tukeyho testu.
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Produkce volnych kyslikovych radikala
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Obrazek 7

Vliv chronického pisobeni AB;_4,; na produkci volnych kyslikovych radikali v CHO buiikach

Bunky exprimujici M1 nebo M2 podtyp mAChR byly po dobu rustu vystaveny riznym koncentracim A.4,.
Uvedené hodnoty oxidativni aktivity vyjadfené jako procenta kontrol v jednotlivych pokusech jsou primérem ze
dvou nezavislych experimenti s bunkami exprimujicimi M1 receptory a jednoho experimentu s bunikami
exprimujicimi M2 receptory, vzdy provedenych v hexaplikatech. Vysledky u obou typu bunék se nelisily, proto
jsou vyhodnoceny spoleéné. Kontrolni hodnoty byly 52.8+5.7 RLU na pg proteinu a 60 minut. *, p < 0.05,
signifikantné odli$né od vSech ostatnich skupin pomoci ANOVA a Tukeyho testu

4. Forma A4, pritomného v kultiva¢nim médiu

B-amyloid mad v médiu tendenci agregovat a snadno vytvaii oligomery a polymerni
fibrily. V soucasné dobé se méa za to, Ze hlavnim nositelem (neuro)toxicity jsou prave
rozpustné oligomery B-amyloidu, spiSe nez velké nerozpustné polymery. Proto jsem v dalsi
sérii experimenti zjiStovala, v jaké formée je pritomny A4, v kultivaénim médiu, ve kterém
byly péstovany buiiky uZivané v pfedchozich pokusech. Jiz diive bylo v nasi laboratofi
zjisténo pomoci metody Western blotu a nasledné imunodetekce (kolega Vladimir Rudajev),
ze AR je jak v kultivaénim médiu tak v zdsobnim roztoku pfitomen pievdzné ve formeé
oligomert (obsahujicich ptiblizné 5 - 20 molekul, viz Janickova et al, 2012), a tyto vysledky

jsem nasledné ovétovala také pomoci vazby thioflavinu, ktery detekuje stupeii agregace [3-
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amyloidu. Po navazani thioflavinu na agregovany amyloid dochazi ke spektralnimu posunu a
koncentraci navazaného thioflavinu lze tak méfit jako fluorescencni signal pii 450/488 nm.

V nasledujici sérii pokusti jsem nejprve indukovala agregaci ABi.4; v zdsobnim 100
pM roztoku. Do n¢j jsem pfidala 10 mM roztok kyseliny chlorovodikové a nechala
probéhnout agregaci pii teplot¢ 37 °C po dobu 24 hodin. Nasledovala centrifugace
(sedimentace agregovan¢ho amyloidu) pii 16 000 xg a sériové fedéni vyslednych roztoki
(supernatant a resuspendovany sediment) v DMEM. V jednotlivych fedénich jsem méfila
fluorescenci navazaného thioflavinu pii 488 nm po excitaci pfi 450 nm. Zavislost
fluorescenéniho signalu na obsahu proteinu agregovaného amyloidu byla linearni (r* = 0,998)
s detek¢nim limitem pftiblizn€ 33 — 100 ng agregovaného proteinu (Obrazek 8).

Ve srovnani s roztokem sedimentované¢ho A4, byla ve vzorcich rozpustného A4,
(supernatant po centrifugaci) namétena jen velmi nizka fluorescence a stejné tak 1 v pivodnim
zasobnim roztoku ABj4> ve vodé, u kterého nebyla indukovana agregace pomoci kyseliny
chlorovodikové. Statisticky vyznamné zvySeni signalu vazby thioflavinu v naSem zasobnim
roztoku byl naméfeno pifi koncentraci zasobniho roztoku AP;4 128 pg/ml (211 ng
agregovan¢ho amyloidu v méfeném alikvotu 100 ul coZ je pfiblizné¢ 1,6 % z celkového
proteinu). U vzorkll supernatantu to bylo pfi koncentraci 104 pg/ml (138 ng agregovaného
proteinu, coZ je priblizné 1,2 % z celkového proteinu.

Pfitomnost agregovaného amyloidu jsem pomoci vazby thioflavinu urcovala také v
médiu po kultivaci bunék v pfitomnosti APB;4. Po c¢tyfdenni inkubaci bunék v médiu
obsahujicim rGzné koncentrace APi4> bylo naméfeno statisticky vyznamné zvySeni
fluorescence thioflavinu proti kontrole pouze v médiu s nejvyssi koncentraci (10 uM AB;.42).

V ostatnich vzorcich se signal neli$il od kontrolnich vzorkl bez ptidaného AP;.4; (Obrazek 9).
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Fluorescenéni signal thioflavinu v zasobnim roztoku A31-42 (100 uM) pied
agregaci a po agregaci s centrifugaci
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Obrazek 8

Kvantifikace agregovaného B-amyloidu v zasobnim roztoku Af;.4,

Fluorescence pii 450/488, ktera je imérna obsahu agregovaného amyloidu, byla méfena v nékolika naslednych
fedénich zasobniho roztoku 100 uM Af;.4, ve vodé (bilé &tverecky). Vodorovna osa (logaritmickd) udava
koncentraci A4, v ng proteinu na vzorek. Agregovany A4 (bilé krouzky) byl piipraven ze zasobniho
roztoku, ktery byl inkubovan 24 h v pritomnosti 10 mM HCI pti 37 °C. Agregovany amyloid byl z roztoku
izolovan centrifugaci a pouzit pro méfeni. Pro stanoveni ucinnosti separace agregovaného amyloidu by méfen
také signal ve vzorcich ze supernatantu (Cerné krouzky). Vzorky na méfeni byly fedény v kultivacnim médiu
(DMEM). Naméfené hodnoty fluorescence (svisla osa) jsou vyjadieny jako nasobky kontrolnich (Cisté médium)
hodnot fluorescence pii 450/488 nm. *, p < 0.05, *, p < 0.01, *** p < 0.001 signifikantn¢ odliné od kontrol
pomoci ANOVA a Dunnettova testu.
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Fluorescencni signal thioflavinu v kultivaénim médiu obsahujicim riizné
koncentrace AB1-42 po étyfdenni kultivaci bunék
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Obriazek 9

Agregace -amyloidu v kultiva¢nim médiu s riznymi koncentracemi AB,.4; po ¢tyfech dnech kultivace
Bunky exprimujici M1 nebo M2 receptor byly péstovany po dobu ¢tyi dni v médiu s 0-10 pM A4, (vodorovna
osa). Alikvoty medii po skonceni inkubace byly pouzity ke zméfeni signalu agregovaného amyloidu
v pritomnosti thioflavinu (fluorescence 450/488 nm). Jsou vyjadreny jako nasobek hodnot média bez piidaného
AB1.4 (svisla osa) a predstavuji primér ze dvou nezavislych experimentt s buiikami exprimujicimi M1 nebo M2
receptory. Kazdy experiment obsahoval osm vzorkl. Vysledky u obou typti bunék se navzajem neliSily, a proto
jsou vyhodnoceny spole¢né. *** p < 0.001, signifikantné odli§né od kontrol pomoci ANOVA a Dunnettova

testu
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5. Vliv rozpustného B-amyloidu na aktivaci G-proteini in vivo v mozkové kiife mysi

APPswe/PS1dE9

Transgenni mysi APPswe/PS1dE9 diky wvnesenému konstruktu produkuji zvysSené
mnozstvi B-amyloidu, coz vede ve vé€ku kolem Sesti mésicti k pocinajici tvorbé amyloidovych
plaki. Na membrandch piipravenych z mozkové kiry téchto mysi jsem zjiStovala, zda se
v nas$i laboratofi popsané progresivni oslabovani muskarinové transmise u dospélych
transgennich mysi (7-17 mésici; Machova E. et al., 2008) projevuje béhem naristu
koncentrace rozpustného amyloidu nebo zda je zpisobeno jiZ samotnou piitomnosti
transgenu. Mé&fila jsem proto aktivaci G-proteinii muskarinovym agonistou karbacholem jako
zvySeni vazby °S-GTPyS u mladych zvitat (10 tydni) a mladych dospélych zvifat (5-6
meésicll), tedy vobdobi, kdy dochdzi k rychlému zvySovani koncentrace rozpustného
amyloidu (zejména fragmentu A.42) jesté bez tvorby amyloidovych plakt. Vysledky téchto
pokusii jsou shrnuty v Tabulce 6.

U mladych dospélych transgennich zvifat jsem zjistila signifikantni snizeni ECs
v porovnani s kontrolami, By, vSak zlistala nezménéna. Naproti tomu u mladych (7-10 tydna
starych) zvifat jsem nezjistila Zadny rozdil u kontrolnich a transgennich mysi v zddném
parametru. Bazalni a celkové vazba *>S-GTPyS byly u dospé&lych mysi signifikantné nizsi nez

u mladych mysi, neliSily se v§ak mezi kontrolnimi a transgennimi zvitaty stejného veku.

Emax ECS0 Bazalni Celkova
(fmol/mg) (uM) vazba vazba
(fmol/mg) (pmol/mg)
Miladé mysi kontrolni 280,2+11,3 2,72+0,59 616,9167 5,810,5
(7-10 tydui) (6) (6) (6) 4)
transgenni 286,8+22.2 4,14+0,88 805,5+60,3 5,6£0,2
(7 (7 (7 )
Dospélé mysi | kontrolni 95,4+19,3# 1,96+0,44 187,0£17,0# 3,910,1#
CIoRneaic) 4) 4) ) 3)
transgenni | 119,0£10,4# | 7,85+1,53* # | 249,9+37,2# 3,910,5#
) ) ) 3)

Tabulka 6

Parametry karbacholem stimulované vazby **S-GTPyS na membriny z mozkové kiry kontrolnich a

transgennich mysi rizného véku
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Uvedené hodnoty jsou primér=SEM z hodnot naméfenych na membranach z mozkové kiiry mysi, jejichz pocet
je uveden v zavorkach. *, p<0.05, hodnota signifikantn¢ odlisna od kontrol stejného véku; #, p<0.05, hodnota

signifikantné odli$na od geneticky odpovidajicich mysi rizného véku

6. Vliv nutri¢né obohaceného média na vazbu [H]-NMS a aktivaci G-proteini

prostiednictvim mAChR

Jednim z moznych zpisobl, kterym A4, mize ovliviiovat vazebné a funkc¢ni
vlastnosti jednotlivych podtypli mAChR, je zména vlastnosti bunééné membrany, ve které
jsou receptory ulozeny. V jedné sérii experimentd jsem proto testovala vliv nutri¢nich latek,
neurotransmiterti (Cansev M. et Wurtman RJ., 2007; Wang L. et al., 2007; Wurtman RJ. et
al., 2006), na vazbu antagonisty ["H]-NMS k jednotlivym podtypiim mAChR a na aktivaci G-
proteind témito receptory.

CHO bunky exprimujici M1, M2 nebo M4 podtyp mAChR jsem péstovala béZznym
zpisobem v kontrolnim kultivaénim médiu nebo v médiu, které bylo obohaceno o kombinaci
téchto nutri¢nich latek (v zavorkach je uvedena kone¢na koncentrace dané latky v kultivaénim
médiu): dokosahexaenova kyselina (DHA, 20 uM), eikosapentaenova kyselina (EPA, 20
uM), uridin (50 puM), cholin (20 uM), vitamin B6 (pyridoxin, 10 uM), vitamin B12
(kobalamin, 0,2 uM), vitamin B9 (kyselina listova, 15 uM), fosfatidylcholin (25 uM), vitamin
C (kyselina askorbova, 75 uM), vitamin E (a-tokoferol, 20 uM) a selen (0,4 uM). Na
membrandch pfipravenych ztéchto dvou skupin bunék jsem potom méfila vazbu
muskarinového antagonisty ["H]-NMS a vazbu **S-GTPyS stimulovanou karbacholem.

V ptipadé M1 receptoru nedoslo k z4dné zméné parametri vazby [*H]-NMS u
bunék rostoucich v nutri¢éné obohaceném médiu. Na druhou stranu, u membran pfipravenych
z nutriéné obohacenych bunék exprimujicich M1 mAChR byla naméfena vyznamné vyssi
aktivace G-proteini jako zvyseni E,x u karbacholem stimulované vazby 35S-GTP}(S, zatimco
ECs zlstala nezménéna. V piipadé bunék exprimujicich M2 mAChR nebyla zjisténa zména
v expresi receptoru (Bmax v obou skupindch bylo stejné), avSak u membran pfipravenych z
bundk rostoucich v obohaceném médiu jsem naméfila signifikantni snizeni afinity k [*H]J-
NMS. Zaroveil doslo ke snizeni maximalni aktivace G-proteinl (sniZzeni Enax), zatimco ECs
zlstala beze zmény. Nakonec u bun€k exprimujicich M4 mAChR nebyl zjistén zadny vliv

nutricné¢ obohaceného média na aktivaci G-proteini (En.x i ECsy zlstaly beze zmény).
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Parametry vazby ["H]-NMS a karbacholem stimulované vazby *°S-GTPyS na membrany
z kontrolnich a nutricné obohacenych bunék exprimujicich M1, M2 nebo M4 mAChR jsou
uvedeny v Tabulkach 7 a 8.

Bmax Kd
(% kontrol) (PM)
M1 kontrolni (4) 289195
obohacené médium (4) 95+12 370+£92
M2 kontrolni (4) 361444
obohacené médium (4) 122420 428+36*

Tabulka 7

Parametry vazby ['H]-NMS Kk membranim p¥ipravenym zbunék rostoucich v kontrolnim nebo
obohaceném médiu

Hodnoty B,,.x jsou vyjadiené jako % kontrol £ SEM v parovanych pokusech (kontrolni hodnoty By, jsou 6,4 £
1,0 a 1,3 £ 0,3 pro M1 a M2 mAChR). Hodnoty K4 jsou primér = SEM. Pocet pokust (vzdy provedenych

v kvadruplikéatech) je uveden v zavorce. *, p<0.05 signifikantné odlisné od kontrol pomoci parového t-testu

Emax pECS0 Celkova vazba
(% kontrol) (-logM) (pmol/mg)
M1 kontrolni (3) 5,60+0,38 1,42+0,45
obohacené médium (3) 172+5,3%* 5,46+0,41 1,63+£0,24
M2 kontrolni (3) 6,5610,28 1,87+0,40
obohacené médium (3) 85+6* 6,43+0,12 1,76%0,29
M4 kontrolni (7) 5,65+0,09 ---
obohacené médium (7) 11111 5,73%0,12 ---

Tabulka 8

Parametry karbacholem stimulované vazby **S-GTPyS na membrany p¥ipravené z bunék rostoucich
v kontrolnim nebo obohaceném médiu

Hodnoty E. jsou vyjadiené jako % kontrol £ SEM v parovanych pokusech (kontrolni hodnoty E,.x jsou 410 £
177, 445 £ 76 a 69 £ 6 dpm/pg proteinu pro M1, M2 a M4 mAChR). Hodnoty pEC50 a celkové vazby jsou
pramér=SEM. Pocet pokust (provedenych v kvadruplikatech) je uvedeny v zavorkach. *, p<0.05; **, p<0.01

signifikantné odli§né od kontrol pomoci parového t-testu.
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Diskuze

Tato dizertacni prace je zalozena na vysledcich pribézné uveiejnénych v nékolika
publikacich, jejichz jednoticim tématem je tloha mAChR pfi rozvoji Alzheimerovy nemoci,
pusobeni B-amyloidu na funkci mAChR a pokus o identifikaci mechanismi, které se podileji
na poskozeni mAChR pisobenim -amyloidu.

I kdyZ vyzkumu zmén raznych ¢asti cholinergniho systému v pritb¢hu Alzheimerovy
choroby se jiz vice nez tficet let vénovala celd fada autord, k dispozici je z pochopitelnych
diivodli jen pomérné malo praci, které by zkoumaly vliv B-amyloidu na jednotlivé podtypy
mAChR v pocatecnich stddiich onemocnéni in vivo. Pocatecni plisobeni B-amyloidu lze v§ak
do jisté miry napodobit v pokusech in vitro. Az dosud publikované prace, které se zabyvaly
vlivem B-amyloidu na rGzné primarni bunééné kultury a bunééné linie in vitro, zpravidla
pouzivaly velmi vysokou koncentraci syntetického B-amyloidu, kterd naprosto neodpovida
,prirozenym® pomérim v mozkové tkani. V prvni €asti této prace (publikovano v Janickova
H. et al., 2012) jsem zjistila, Ze chronické plsobeni jiz relativné nizkych koncentraci B3-
amyloidu (100 nM) vyvolava zmény vazebnych a funk¢nich vlastnosti u M1 ptipadné M3
podtypu mAChR. Nositelem toxicity je pritom s nejvétsi pravdépodobnosti AP.4> v rozpustné
oligomerni form¢, coz je ve shodé s hypotézou, ktera je v soucasné dobé vseobecné uznavana.
Poskozeni funkce mAChR jsem pfitom ve své praci zjistila nejen u CHO bunék heterologné
exprimujicich jednotlivé podtypy mAChR, ale také v mozkové kiife transgennich mysi
APPswe/PS1dE9, a to jiz vdobé, kdy se v jejich mozku teprve zacinaji objevovat prvni
amyloidové plaky (Machova E. et al., 2010) a kognitivni deficit u téchto mysi neni dosud
patrny.

Mechanismus vzniku poruch vazby a funkce urcitych podtypit mAChR (zejména M1
podtypu), které vznikaji jako disledek dlouhodobého plsobeni Af;.4», neni zcela jasny.
Nékteré vysledky vSak naznacuji, Ze se na jejich vzniku podili zmény ve struktufe bunécné
membrany (Savelkoul PJ. et al.,, 2012), které mohou naptiklad ovlivnit sprahovani
jednotlivych podtypi mAChR s G-proteiny. Vysledky publikované v praci Jakubik et al.,
2011a pfitom ukazuji, Ze zplsob spfahovani lichych a sudych podtypi mAChR
s preferencnimi a nepreferencnimi G-proteiny je do zna¢né miry odliSny (viz také Abdulaev

NG. et al., 2006).
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Na rozdil od antagonisti mAChR, které se k receptoru vazi vzdy se stejnou afinitou, je
vazba muskarinovych agonistli (naptiklad karbacholu) ovlivnéna konformaci receptoru, ktera
se méni vlivem spfaZzeni receptoru s G-proteinem a na n& navazanym guaninovym
nukleotidem. Receptor piredev§im vyznamné snizuje svou afinitu pro agonistu v ptipadé, kdy
diky navéazani GTP k a-podjednotce G-proteinu dojde k odptazeni G-proteinu od receptoru a
jeho disociaci na signaliza¢ni molekuly (a-podjednotka a dimer podjednotek By). Naopak
pokud je na a-podjednotce G-proteinu navazano GDP (G-protein existuje jako trimer
podjednotek afy), receptor se sprazenym G-proteinem se nachézi v konformaci s relativné
vy$$i afinitou k agonistovi. K tomu dochézi v celistvych bunkéch, které vzdy obsahuji GTP a
GDP. Pii pokusech provadénych na izolovanych membranach je situace jina. V inkuba¢nim
médiu béhem pokusu na membranach neni ptitomné GTP (pokud ho zdmérné neptidame) a
jen velmi nizkd koncentrace zbytkového GDP. Nékteré receptory jsou tak sptazené i s G-
proteiny bez navazaného nukleotidu, k ¢emuz za normélnich podminek v bufice nedochézi.
Pravé tyto receptory snavazanym G-proteinem bez nukleotidu, které nejsou ovlivnéné
alosterickym pasobenim GDP, se nachazeji v konformaci s relativné nejvys$si afinitou
k agonistovi a ve své praci je oznacuji jako ,,vysokoafinitni vazebna mista®“. Receptory
spfazené s G-proteinem s navazanym GDP (které je v izolovanych membranach na rozdil od
GTP stale ptitomné) jsou pak receptory oznacované jako ,,nizkoafinitni vazebna mista“.

Pti studiu toxického pisobeni AB;.4, na mAChR jsem nejdiive sledovala vliv AB;.4»
na vazbu antagonisty [’H]-NMS k jednotlivym podtypim mAChR. Akutni piisobeni A4
(APi.42 pfitomen v inkubacnim médiu v pribéhu vazebného pokusu) ani chronické (AP
pfitomen v kultivaénim médiu v prubéhu rastu bunck, do inkubaéniho média béhem
vazebného pokusu se jiz nepfidava) nevyvolalo zménu v afinité pro ["H]-NMS u Zadného
podtypu mAChR. Vazba antagonistt mAChR neni ovlivnéna zménou konformace receptoru,
ktera nastavd v zavislosti na sprahovani mAChR s G-proteinem a na n¢j navazanymi
guaninovymi nukleotidy. [’H]-NMS na receptoru nerozeznava takzvané nizko- a
vysokoafinitni misto, a proto by pfipadnd zména spfahovani mAChR s G-proteiny vyvolana
ABi42 neméla jeho vazbu ovlivnit. Ke zméné vazby v rovnovaznych pokusech (zvySeni
disocia¢ni konstanty K4) by naopak doslo v ptipad¢, ze by se AB;.4, vazal do stejného mista
receptoru jako [’H]-NMS nebo jinak snizoval vazbu [*H]-NMS. Nic takového viak nenastalo
v pfipadné akutniho ani chronického pisobeni AP;.4,. Stejné tak pfidani ABi42 do
kultivaéniho média k rostoucim buitkdm nezménilo ani maximalni vazbu (Bmy) ["H]-NMS

k receptoru, nemélo tedy zadny vliv na expresi receptort v bunécné membrang.
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Na rozdil od vazby antagonisty, kterd ziistala beze zmény, jsem ve vazebnych
pokusech s agonistou karbacholem zjistila signifikantni zvySeni relativniho zastoupeni
vysokoafinitnich vazebnych mist u M1 mAChR a zéaroven signifikantni sniZeni afinity téchto
mist pro karbachol u téch membran, které byly pfipraveny zbunck vystavenych
dlouhodobému pisobeni AB;.4,. U M3 mAChR doslo pouze ke zvySeni relativniho zastoupeni
vysokoafinitnich vazebnych mist, zatimco sniZzeni jejich afinity nebylo signifikantni. U
ostatnich podtypi mAChR se chronické plsobeni AP;4 na vazebnych vlastnostech
karbacholu nijak neprojevilo.

Protoze u bun¢k exprimujicich M1 a M3 mAChR a vystavenych chronickému vlivu
APi.42 doslo ke zvySeni frakce vysokoafinitnich vazebnych mist, bylo by mozné uvazovat o
tom, ze pusobeni A4, na bunéénou membranu ¢i zabudovani A4, do membrany snizilo
koncentraci ,,zbytkového* GDP ptitomného v membranové frakci pripravené z téchto bunck
(analogicky jak je tomu u M2 mAChR; Jakubik J. et al., 2011b a Janickova, bakalaiska
prace). Tato hypotéza vSak nevysvétluje snizeni afinity vysokoafinitniho vazebného mista a
uz viibec nebere v tivahu skutecnost, ze ke zménam v relativnim zastoupeni vysokoafinitnich
vazebnych mist ptipadné jejich afinity doslo specificky u dvou lichych podtypit mAChR (M1
a M3). Je proto pravdépodobnéjsi, ze plisobeni AP;4, néjakym zptasobem ovlivnilo
konformaci receptoru, kterd muaze byt zavisla také na konkrétnim aminokyselinovém slozeni
jednotlivych podtypt (vZdy liché a sudé podtypy mAChR jsou si navzajem strukturné vice
podobné). Tato zména konformace miize byt zptisobena i zménou alosterické inerakce mezi
receptorem a GDP, ktera by mohla byt vyvolana chronickym ptisobenim Af;.4> na bunéénou
membranu. Svou roli zde miize hrat i skuteCnost, ze preferencni G-proteiny se u lichych a
sudych podtyptt mAChR navzajem lisi (sudé¢ podtypy se preferencné spiahuji s Gy, liché
podtypy s Gg11 proteiny) a sprahovani G-proteinii s lichymi a sudymi podtypy mAChHR je
odli$né. Podtypy M1 a M3, na rozdil od sudych podtypi, vykazuji naptiklad i v nepfitomnosti
agonisty spfahovani receptoru (precoupling) s nepreferencnimi G-proteiny (Jakubik J. et al.,
2011a).

V pokusech s akutnim pisobenim A4, nebyla zjiSténa zadna zména vazebnych
vlastnosti jednotlivych podtypt mAChR pro karbachol, coz také potvrzuje hypotézu
vyslovenou na zakladd vysledki pokust s vazbou antagonisty ["H]-NMS, Ze totiZ AP se
nevaze piimo k mAChR a nijak nebrani vazb¢ ligandu na receptor.

Poté, co jsem zjistila zménu vazebnych vlastnosti u M1 a M3 mAChR vystavenych

chronickému piisobeni AP;.42, jsem se zaméfila na funkéni vlastnosti receptort a zjist'ovala,
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zda ptsobeni AB;.42 ma vliv také na signalizacni drahy aktivované lichymi a sudymi podtypy
mAChR. Z literatury je zndmo, Ze v mozcich pacientii s Alzheimerovou chorobou dochézi
k poskozeni spfahovani mezi mAChR a G-proteiny a toto poskozeni je pfimo umérné rozsahu
kognitivniho deficitu (Flynn DD. et al., 1991; Flynn DD. et al., 1995; Tsang SW. et al., 2006).
Tato pozorovani se vSak vztahuji k terminalnimu stadiu onemocnéni a nelze tak odlisit, zda se
jedna o nasledek pokrocilé neurodegenerace nebo o specifické poskozeni, které se uplatiuje
pfi rozvoji onemocnéni. Poskozeni spfahovani mAChR s G-proteiny, které je klicové pro
zahdjeni signalnich drah aktivovanych mAChR, jsem rovnéz zaznamenala ve svych pokusech
provedenych na mozkové kiife transgennich mysi APPswe/PS1dE9. Ve v€ku 5-6 mésict se u
téchto mysi zacinaji objevovat prvni amyloidové plaky v mozkové kiife a hipokampu, v té
dob¢ vsak jesté nejsou patrné zadné znamky kognitivniho deficitu. Z vysledkti mych pokusi
vyplynulo, Ze u mysi tohoto véku je také jiz pfitomna porucha funkce mAChR méfena jako
snizeni vazby *°S-GTPyS. Porucha spfahovani mAChR s G-proteiny a porucha aktivace
navazujicich signalnich drah se tedy objevuje v dobé vzniku prvnich amyloidnich plakd, na
druhou stranu vSak jesté pred tim, nez se patologické zmény projevi znatelnym narusenim
kognitivnich funkci. U my$i mladych (7-10 tydnl), u kterych jest€ nejsou piitomné
amyloidové plaky, jsem zadné snizeni aktivace G-proteind skrze mAChR nezaznamenala.
Oslabeni muskarinové transmise se tedy rozviji béhem postupného zvySovani hladiny
rozpustného amyloidu v mozku. To podporuje myslenku, Ze poruchy cholinergni transmise
jsou patrné jiz v ¢asnych fazich onemocnéni Alzheimerovou chorobou snad roky az desitky
let pfed prvnimi projevy deficitu kognitivnich funkci (Selkoe DJ., 2011, 2012), i kdyz je
podle vSeho nelze obecné povazovat za primarni pii¢inu vzniku samotného onemocnéni.
Vysledky pokusii na mozkové kiire mysi APPswe/PS1dE9 déle ukézaly, ze ke sniZzeni
aktivace G-proteinii skrze mAChR dochézi také u kontrolnich (netransgennich ze stejného
vrhu) mysi v prubéhu starnuti. Maximalni hodnoty vazby 35S-GTP\(S (Emax) Vvyvolané
karbacholem byly u kontrolnich mladych dospélych (5—6 mésicnich) mysi statisticky
vyznamné niz$i nez u kontrolnich mys$i mladych (7-10 tydnt). Tento pokles byl vSak u 7
mésicnich my$i vyznamné niz$i neZ u transgennich APPswe/PS1dE9 mysi. U jesté starSich 17
mésicnich mysi se se tyto hodnoty u transgennich a kontrolnich mysi neliSily (Machova E. et
al., 2008). Vyrazné&jsi poskozeni muskarinové transmise se u transgennich zvitat od véku 5-6
mesict projevovalo snizenim uc¢innosti (zvySenim ECsg) karbacholu pii aktivaci G-proteind,
ktera se s v€kem stavala vyrazn¢jsi (Machova E. et al., 2008). Poruchy cholinergni transmise

u pacientd s Alzheimerovou chorobou nelze proto povazovat jen za pfirozeny projev starnuti.
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Na rozdil od pokusi namozkové kife transgennich mySi APPswe/PS1dE9
experimenty s vazbou °S-GTPyS na membrany piipravené z CHO bundk heterologné
exprimujicich jednotlivé podtypy mAChR a vystavenych chronickému piisobeni AP;.4»
zadnou poruchu aktivace G-proteinti nepotvrdily. Moznym vysvétlenim, pro¢ se v pokusech
s vazbou *°S-GTPyS nepodafilo zachytit poruchu sptahovani mAChR a G-proteinu, mize byt
fakt, ze aktivace M1 mAChR agonistou vede ke sprahovani receptoru s vicero typy G-
proteint, nejen s preferenénim Gg/11, jak ukézal Hillav sklon vysledné kiivky, ktery byl niZsi
nez jedna.

Pro odliSeni aktivace jednotlivych tfid G-proteint jsem méfila aktivaci proteinlt Gy
M1 podtypem mAChR jako akumulaci inositolfosfatii v bufice vyvolanou karabacholem a
aktivaci proteinii Gy, M2 podtypem mAChR jako inhibici syntézy cAMP rovnéz vyvolanou
karbacholem. V téchto pokusech jsem, ve shod¢ s vysledky ziskanymi ve vytéstiovacich
vazebnych pokusech, zaznamenala snizeni aktivace (statisticky vyznamné snizeni E,,.x) pouze
u proteinit Gg; aktivovanych M1 podtypem mAChR. VSechny tyto vysledky podporuji
myslenku, ze chronické ptisobeni AB;_4; in vitro i in vivo selektivné posSkozuje funkci lichych
podtyplt mAChR preferencné se spfahujicich s Gy tfidou G-proteind.

Selektivni poskozeni M1 podtypu mAChR a jim aktivované signalizacni drahy
chronickym plsobenim AP;4 naznacuje, Ze toto poSkozeni, neni vyvolané celkovym
toxickym pusobenim AP;.4, na CHO bunky heterologné exprimujici mAChR. Piesto jsem
tuto moznost jesté ovéfila ve zvlastni sérii pokust, ve které jsem CHO buiky exprimujici M1
nebo M2 mAChR vystavila chronickému ptsobeni AB;.4, ve vzristajicich koncentracich a
projevy toxicity jsem sledovala jako nartst aktivity kaspdzy-3 a kaspdzy-8 piipadné jako
zvySeni produkce volnych kyslikovych radikalt. V téchto pokusech bylo potvrzeno, Ze AB;.42
v relativné nizké koncentraci 100 nM, kterou jsem bézné pouzivala ve svych pokusech, nema
viditelné¢ toxické u€inky na CHO bunky. APi4, pfitomny v kultivaénim médiu zvySoval
aktivitu kaspaz ptipadné produkci volnych kyslikovych radikalt az od koncentraci 1 — 10 uM
a tento ucinek se nijak neli§il u CHO bun¢k exprimujicich M1 nebo M2 podtyp mAChR.
V literatufe je sice popsana fada toxickych G¢inkli AP;.4> na buiiky nervového i nenervového
puvodu in vitro (napt. Kim HS. et al., 2009; Cenini G. et al., 2010; Peralvarez-Marin A. et al.,
2009), tyto ucinky jsou vSak vétSinou pozorované az pti fadoveé vysSich koncentracich nez
100 nM.

V soucasnosti je vSeobecné piijimana myslenka, ze kromé koncentrace ma pro toxicitu

APi42 velky vyznam také stupent jeho agregace v médiu a predevSim to, zda je APi4
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ptitomen ve formé rozpustnych oligomerti nebo ve formé polymert tvoficich nerozpustné
fibrily. Oligomery AP;.4> jsou strukturné odlisné od polymert. Oligomery na rozdil od
polymert naptiklad neobsahuji pravidelnou B-sheet strukturu (Ahmed M. et al., 2010). Také
konkrétni velikost oligomerit AB.4, pravdépodobné ovlivituje jeho (neuro)toxicitu, schopnost
vstupovat do lipidové dvojvrstvy bunééné membrany, pifipadné schopnost internalizace
dovnitt buiikky (Ono K. et al., 2009; Ahmed M. et al., 2010; Peralvarez-Marin A. et al., 2009;
Ladiwala AR. et al., 2012). Znalost konkrétni formy AP;4, pfitomného v prubéhu
experimentu je proto velmi diilezita pro spravnou interpretaci vysledkd.

Podle nekterych udaja tvoii AP;.42 polymerni fibrily spontanné (bez indukce agregace
napt. v roztoku HCI) pouze pii relativné¢ vysokych koncentracich fadové kolem 10 uM
(Ladiwala AR. et al., 2012). Pii nizSich koncentracich dochazi naopak spontanné ke vzniku
toxickych oligomerd. ProtoZe jsem ve svych pokusech pouzivala vétSinou nizké koncentrace
ABi-42 (100 nM), ocekévala jsem, Ze v kultivacnim médiu bude Af.4, pfitomen piedevsim ve
formé oligomerti. Tuto hypotézu jsme také nésledné ovéfili jak s pomoci Western blotu a
nasledné imunodetekce (pokusy provedl kolega Vladimir Rudajev), tak také pomoci vazby
thioflavinu, u kterého dochazi ke spektralnimu posunu po vazbé na polymerni fibrily B-
amyloidu.

Otazkou zustava, jakym zptasobem oligomery APi4 interaguji s bunéénou
membranou nebo zda ptipadné dochazi k jejich internalizaci dovnitt buiky. Vysledky
prezentované v této praci (AP pusobi zménu vazebnych vlastnosti a poruchu sprahovani
mezi M1 receptorem a G-proteinem, latky ovliviiujici charakteristiku bunénych membran
mayji pfiznivy ucinek na funkci M1 receptor) podporuji hypotézu, ze skodlivy ucinek AB;.4; je
alespont zpocatku zprostiedkovan predevsim vlivem A;4; na bunéénou membranu. Tento
zaver je ve shodé také s udaji z literatury (naptiklad Jang H. et al., 2013; Milanesi L. et al.,
2012; Evangelisti E. et al., 2012).

Z myslenky, Ze pro bunky toxicky f-amyloid primarné poskozuje bunééné membrany,
vychazi nékteré snahy o sniZeni toxicity B-amyloidu pomoci latek, které podle starSich
poznatkli ptiznivé ovliviuji lipidové slozeni a strukturu membran. Ve starSich pracich bylo
zjisténo, ze konkrétné obohaceni média kyselinou docosahexaenovou (DHA), uridinem a
cholinem podporuje tvorbu cholinergnich synapsi a uvolfiovani acetylcholinu (Wurtman RJ.
et al., 2006; Wang L. et al., 2007). Ptidavek DHA do definovaného média (bez séra)
bunéénych kultur NG108-15 podporoval rast bunék a zvySoval expresi muskarinovych

receptortl a také aktivitu ChAT (Machova E. et al., 2006). ZvySeny obsah fosfolipidovych
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prekurzor v potravé zlepSoval kognitivni funkce u laboratornich zvifat (Teather LA. et
Wurtman RJ., 2006). Také u muskarinovych receptorti uloZzenych v membrané ovlivitovalo
jejich bezprostfedni lipidové prostiedi vazebné vlastnosti a schopnost spirahovani s G-
proteiny, a to i tehdy, kdyZ nebyl patrny Zadny vliv na permeabilitu membrany, oxida¢ni
aktivitu nebo expresi proteinii (Michal P. et al., 2009). V dalsi sérii pokust uvedenych v této
praci jsem proto zkoumala schopnost nékolika rtznych nutrientd (fosfatidylcholinu,
polynenasycenych mastnych kyselin, vitaminl) podpofit funkci muskarinovych receptord,
konkrétng aktivaci G-proteinti méfenou jako vazbu **S-GTPyS.

Pouzivana kombinace jedendacti nutricnich latek prekvapivé zvySila maximalni vazbu
(Emax) 35S—GTPyS vyvolanou karbacholem pouze na M1 mAChR, zatimco u M4 neméla vliv a
u M2 podtypu dokonce doslo k mirnému snizeni maximalni vazby **S-GTPyS. Kombinace
téchto nutricnich latek neméla vliv na expresi M1 a M2 mAChR v membranach. U M2
podtypu zptisobila mirné snizeni afinity pro ["H]-NMS. Je tedy mozné, 7e zmény ve sloZeni
bunécné membrany zplisobené nekterymi nutricnimi latkami ovliviiuji specificky jednotlivé
podtypy mAChR snad na zéklad¢ jejich rozdilné struktury nebo diky preferenénimu
spfahovani s jinymi tfidami G-proteini nebo také diky membranové lokalizaci ve
specifickych membranovych doménach.

Je pravdépodobné, Ze spiSe nez jednotlivé nutriéni latky samy o sob& maji ptiznivy
vliv na vlastnosti bunéénych membran a funkci v nich obsazenych receptorti kombinace
nckolika nutriénich latek. Vliv nékterych vybranych nutri¢nich latek (naptiklad DHA) byl
totiz zkouman také jednotlive, jejich ptidani do kultivaéniho média vSak nevyvolalo ve vazbé
S-GTPyS zadnou zménu (nepublikované vysledky). RovnéZ z literatury je znam napiiklad
ptiznivy ucinek smési nckolika nenasycenych mastnych kyselin na $tépeni APP (zvySeni
poméru  APi40/APi42), které se také odehrdva v membrané. V bunéénych kulturdch
transfekovanych genem pro lidsky APP obsahujicim Svédskou mutaci zvySovala smés
n¢kolika mastnych kyselin pomér uvoliovanych fragmenti APi.40/APi42, pfiCemz tento
ucinek nebylo mozné ptipsat zadné individudlni mastné kyselin¢ (Amtul Z. et al., 2011). Jiné
prace vsak ukazuji, ze i samotna DHA snizuje aktivitu y-sekretazy (Grimm MO. et al., 2011)
kdezto trans-mastné kyseliny zvySuji amyloidogenni §t€peni APP (Grimm MO. et al., 2012).
Vysledky téchto pokust potvrzuji vzajemny vztah mezi metabolismem lipidi a S$tépenim
APP, které se rovnéz odehrava v membranach (Grimm MO. et al., 2006).

Prestoze lipidové prostiedi membrany ma nepochybné velky vliv na funkci (nejen)

muskarinovych receptorti, je dosud k dispozici jen malo informaci o konkrétnich
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mechanismech, kterymi je receptorova signalizace (jez se z velké ¢asti odehrava v membrané
nebo v tésném styku s ni) modulovana. Slozeni membrany a bezprostiedni okoli
transmembranového receptoru ovliviluje sprahovani receptoru s G-proteiny (Mitchell DC. et
al., 1990; Klein U. et al., 1995; Michal P. et al., 2009). Z vysledkti publikovanych v praci
Jakubik J. et al., 2011a a rovnéz castecné obsazenych jiz v mé diplomové praci vyplyva, ze
zpusob sprahovani muskarinovych receptori s G-proteiny je odliSny u sudych a lichych
podtypi mAChR. VSechny podtypy mAChR vykazuji takzvany precoupling se svymi
preferencnimy G-proteiny, na rozdil od sudych podtypt vSak lich¢ podtypy vykazuji
precoupling i s nepreferen¢nimi Gy, G-proteiny. U M1 i M2 mAChR jsem tento rozdil zjistila
nejen u karbacholu (coz je blizky analog ptfirozeného ligandu acetylcholinu), ale potvrdila
také u dalSich tfi agonistli (methylfurmethid, oxotremorin a ¢asteCny agonista pilokarpin).
Odlisnost ve spfahovani sudych a lichych podtypi mAChR miZze podle vSeho pfispivat
k selektivnimu poSkozeni M1 a M3 mAChR plsobenim Af;_4,.
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Zavér

Hlavnim cilem této prace bylo zjistit, zda a pfipadné jakym zplsobem ovliviiuje
rozpustny B-amyloid pfenos signdlu muskarinovymi receptory. Z vysledka prace vyplyva, ze
APi.42 ve formé rozpustnych oligomerth méni vazebné vlastnosti na dvou lichych podtypech
mAChR (pfedevsim M1) a to pouze tehdy, pokud jsou CHO buniky heterologné exprimujici
jednotlivé podtypy mAChR vystaveny plisobeni AP;.4, dlouhodobé. Kromé ucinku na
vazebné vlastnosti ma chronické ptisobeni Af.4; negativni vliv také na funkci M1 mAChR,
nebot’ snizuje maximalni funkéni odpovéd’ (akumulaci inositolfosfatll) vyvolanou vazbou
agonisty na receptor. V pokusech s transgennimi my$mi APPswe/PS1dE9 *’S-GTPyS jsem
prokazala, Ze oslabeni muskarinové transmise (podle snizeni karbacholem stimulované vazby
3S-GTPyS) neni zpisobeno pritomnosti transgenu, ale vyviji se v pribéhu zvySovani
koncentrace B-amyloidu a je patrné jiz v dob¢€ vzniku prvnich amyloidovych plaki.

Mechanismus, jakym dlouhodobé plisobeni AP 4, vyvolava vazebné a funkéni zmény
u mAChR, ziistava nejasny. Je vSak pravdépodobné, ze plisobenim A.42 dochézi ke zménam
ve struktufe bunééné membrany, které ovliviiuji interakci mezi jednotlivymi podtypy mAChR
a preferencnimi G-proteiny. Tuto hypotézu podporuje také skutecnost, Ze nutri¢ni latky majici
vliv na sloZeni bunééné membrany mohou specificky ovlivnit také spfahovani mezi mAChR a
G-proteiny.

Jednotlivé hypotézy uvedené v ivodu této prace se podarilo z velké ¢asti potvrdit ¢i

uptesnit a vyvodit nasledujici zavéry:

1. APi.4 negativné ovliviiuje vazebné a funkcni vlastnosti pouze u M1 a M3 podtypt
mAChR a to pouze tehdy, pokud je v kultivacnim médiu pfitomen dlouhodobé. A4
pfitom pusobi i v relativné nizké koncentraci (100 nM).

2. Vuvedené koncentraci a za mnou pouzivanych podminek je AP;4 v roztoku
pritomen témet vyluéné ve formé rozpustnych oligomert.

3. Oslabeni muskarinové transmise in vivo se u transgenniho mysSiho modelu
Alzheimerovy nemoci rozviji az v dobé zvySovani koncentrace rozpustného AP,
avSak zaroven dfive, nez je patrna zjevna amyloidova patologie a behavioralni
poruchy.

4. AP neinteraguje piimo s receptorem; naopak se zda, ze vliv AB;.4» na receptor je

zprosttedkovan ucinkem Af.4; na strukturu a slozeni bunééné membrany.
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5. Struktura a slozeni bunééné membrany, které lze ovlivnit napiiklad ptidanim
nekterych nutriénich latek do kultivacniho média, ma vliv na funkci pfinejmensim
nékterych podtypli mAChR. Je mozné, Ze ovlivituje také spfahovani receptoru s G-
proteinem, které ma prokazatelny vliv na vazebné vlastnosti receptoru (viz vysledky

uvedené v diplomové praci a Jakubik J. et al., 2011)
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Souhrn

Poskozeni cholinergniho neurotransmiterového systému se pravidelné objevuje u
zvitecich modelti Alzheimerovy choroby stejné¢ tak jako v mozku pacientli s timto
onemocnénim. Kromé¢ toho nékteré vysledky ukazuji, ze aktivace jednotlivych podtypi
mAChR specificky ovlivituje Stépeni APP, které muze probihat amyloidogennim C¢i
neamyloidogennim zplisobem a urcuje tak mnozstvi vytvorené¢ho neurotoxického B-amyloidu.
Ve své praci jsem studovala vliv akutniho a dlouhodobého plisobeni AB;.4; na mAChR, které
tvoii vyznamnou souc¢ast cholinergniho systému. Z vysledki mé prace vyplyva, ze AP
dlouhodobé¢ ptitomny v kultivacnim médiu s rostoucimi buikami exprimujicimi jednotlivé
podtypy mAChR negativné ovlivituje vazebné i1 funkcni vlastnosti nékterych lichych podtypa
mAChR (pfedev§im M1, méné¢ M3). Podobné poSkozeni funkce mAChR jsem zaznamenala
také v mozkové kife transgennich mySi APPswe/PSIdE9, které jsou jednim z bézné
pouzivanych zvifecich modeli Alzheimerovy choroby. Postizeni muskarinové transmise se u
mysSiho modelu Alzheimerovy choroby objevuje béhem postupného zvySovani koncentrace
rozpustného B-amyloidu (zejména fragmentu AP 4;), tj. diive nez typicka patologie nebo
behavioralni poruchy, a l1ze ho napodobit in vitro plisobenim nizké koncentrace Af.4. Tato
pozorovani podporuji predstavu ¢asného postizeni muskarinové transmise u Azheimerovy
choroby. Mechanismus chronického uc¢inku A4z, ktery vede k poskozeni uvedenych lichych
podtyptt mAChR, neni zcela jasny. Je vSak mozZné, ze se na ném podileji zmény bunécéné

membrany, které maji vliv na sptahovani jednotlivych typit mAChR s piislusSnymi G-proteiny.
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Summary

Impairment of the cholinergic neurotransmission system is regularly detected in
animal models of Alzheimer’s disease as well as in human patients suffering from this serious
disease. Moreover, there is increasing amount of evidence suggesting that activation of
individual mAChR subtypes specifically influences the cleavage of APP, the precursor for [3-
amyloid. APP can be processed in an amyloidogenic or non-amyloidogenic pathway and a
relative abundance of these patways contributes to establishing the final concentration of
neurotoxic B-amyloid in the brain. In this work, I have studied the acute and chronic effects of
APi.42 on binding and functional characteristics of mAChR. I have demonstrated that AB.4>
present in cell culture expressing the individual subtypes of mAChR negatively and
specifically influences the function of the M1 mAChR subtype. I have also detected a decline
in muscarinic receptor-mediated signal transduction in brain tissue of young adult
APPswe/PS1IdE9 mice, a commonly used animal model of Alzheimer’s disease.
Demonstration of the impairment of muscarinic transmissin in transgenic mice by soluble 3-
amyloid that occurs earlier than amyloid pathology and behavioral deficit, and its imitation by
soluble APi42 in vitro lend strong support to the notion of the early involvement of
muscarinic transmission in pathogenesis of Alzheimer’s disease. Mechanisms underlying the
negative effects of AB;42 on mAChR are not yet clear. Some results suggest that structural
changes of cell membrane and successive changes in receptor/G-protein interaction may be

involved.
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1. Introduction

ABSTRACT

The overproduction of B-amyloid (AB) fragments in transgenic APPswe/PS1dE9 mice results in
formation of amyloid deposits in the cerebral cortex and hippocampus starting around four months of
age and leading to cognitive impairment much later. We have previously found an age and transgene-
dependent weakening of muscarinic receptor-mediated transmission that was not present in young
(6—10-week-old) animals but preceded both amyloid deposits and cognitive deficits. Now we
investigated immediate and prolonged in vitro effects of non-aggregated ABi_42 on coupling of
individual muscarinic receptor subtypes expressed in CHO (Chinese hamster ovary) cells and their
underlying mechanisms. Immediate application of 1 uM ABi_42 had no effect on the binding of the
muscarinic antagonist N-methylscopolamine or the agonist carbachol. In contrast, 4-day treatment of
CHO cells expressing the M1 muscarinic receptor with 100 nM A1_42 significantly changed the
binding characteristics of the muscarinic agonist carbachol and reduced the extent of the M1
receptor-stimulated breakdown of phosphatidylinositol while it did not demonstrate overt toxic
effects. The treatment had no influence on the expression of either G-proteins or muscarinic
receptors. In concert, we found no change in the gene expression of muscarinic receptor subtypes and
gene or protein expression of the Gs, Ggj11, and Gjjo G-proteins in the cerebral cortex of young adult
APPswe/PS1dE9 mice that demonstrate high concentrations of soluble ABj_4> and impaired musca-
rinic receptor-mediated G-protein activation. Our results provide strong evidence that the initial
injurious effects of ABi_42 on M1 muscarinic receptor-mediated transmissionis is due to compro-
mised coupling of the receptor with Gq/1; G-protein.

© 2012 Elsevier Ltd. All rights reserved.

in the pathogenesis of the disease (Masters et al., 1985a,b; Hardy
and Higgins, 1992; Selkoe, 2001). A general consensus now exists

Alzheimer’s disease (AD) is presently the most widespread
dementing neurodegenerative disease. A major hallmark of the
disease is the presence of amyloid plaques and neurofibrilary
tangles in the cerebral cortex and hippocampus. Studies of familial
cases detected three genes directly linked to the disease and
persuasively pointed to a crucial role of amyloid-f (AB) fragments

Abbreviations: AD, Alzheimer’s disease; CHO cells, Chinese hamster ovary cells;
CHO-M1 through CHO-M5, Chinese hamster ovary cells expressing individual
subtypes (M1 through M5) of human muscarinic receptors.
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that an increase in soluble Af oligomers concentration initiates and
drives the pathology of AD (McLean et al., 1999; Selkoe, 2002;
Glabe, 2006). However, the initial harmful functional effects that
precede clinical manifestation, characteristic amyloid pathology,
and neurodegeneration remain largely unknown. Consistent
damage of cholinergic neurons in the basal forebrain in the
terminal state of AD led to the formulation of the cholinergic
hypothesis of AD (Bartus et al., 1982). Despite doubts about the
general applicability of this hypothesis (Davis et al., 1999; Bartus,
2000; DeKosky et al., 2002), the responsiveness of the disease to
cholinesterase inhibitor therapy supports its viability. It has been
demonstrated that immunolesion of basal forebrain cholinergic
neurons in rats resulting in presynaptic cholinergic deficit alters
APP metabolism in cerebral cortex (Rossner et al., 1997). In addition,
treatment of Parkinson’s patients with antimuscarinic drugs
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increases amyloid pathology (Perry et al., 2003) and M1 receptor
gene knockout in mice increases amyloidogenic metabolism of APP
(Davis et al., 2010).

The development of transgenic mouse models of AD has enabled
studies on deviations of neuronal functioning in the course of gradual
in vivo increase in the concentration of soluble human Af fragments
and development of amyloid pathology. The APPswe/PS1dE9 trans-
genic mouse model of AD demonstrates a robust overproduction of
APB1-_42 fragments that finally leads to the appearance of amyloid
pathology, cognitive decline, and neurodegeneration (Jankowsky
et al., 2004; Savonenko et al., 2005; Liu et al., 2008). In this model
we have previously demonstrated age and transgene-dependent
weakening of muscarinic receptor-mediated G-protein activation.
This reduction was not present in young (6—10-week-old) mice but
was already present at the time when amyloid plaques formation just
started (Machova et al., 2008, 2010).

In the present in vitro experiments we show that prolonged, but
not immediate, treatment of Chinese hamster ovary (CHO) cells
expressing individual muscarinic receptor subtypes with the AB;—
42 fragment specifically affects muscarinic M1 receptor/G-protein
interaction. This damage manifests itself as a change in agonist
binding characteristics and reduced efficacy in activating Gq/11 G-
protein signaling. We next tested the hypothesis that reduction in
muscarinic receptor-mediated signal transduction is due to
changes in the expression of receptor/G-protein complex compo-
nents. However, we found no changes in either gene expression of
individual subtypes of muscarinic receptor or gene and protein
expression of major subclasses of their preferential G-proteins in
APPswe/PS1dE9 mice. In accordance, prolonged AB1_4, treatment
of CHO cells expressing muscarinic receptor subtypes did not
change membrane concentration of either G-proteins or muscarinic
receptors. These findings support the notion that the early func-
tional impairment of muscarinic transmission is likely due to
a change that primarily occurs within the cell membrane and
selectively impacts the M1 receptor/G-protein interaction.

2. Methods
2.1. Experimental animals

The APPswe/PS1dE9 founder mice were obtained from the Johns Hopkins
University, Baltimore, MD, USA (D. Borchelt and J. Jankowsky, Dept. Pathology) and
a colony was established at the University of Eastern Finland at Kuopio Finland as
described previously (Machova et al., 2008). The housing conditions (Laborator-
yAnimal Center, Kuopio, Finland and Animal Facility of the Institute of Physiology,
v.v.i. in Prague, Czech Republic) were controlled (temperature 22 °C, light from 07:00
to 19:00; humidity 50—60%), and fresh food and water were freely available. Female
transgenic mice and littermate controls were transported to Prague by air and left to
adapt for at least two weeks before experiments. Two age groups of mice were used,
young (7—10 weeks) and adult (5—7 months). The experiments were conducted
according to the Council of Europe (Directive 86/609) in accordance with the
Declaration of Helsinki.

2.2. Cell cultures and preparation of membranes

Cell culturing and membrane preparation were done essentially as described
earlier (Jakubik et al., 2006). Briefly, Chinese hamster ovary cells stably transfected
with the human M1 through M5 muscarinic receptor genes (kindly supplied by Prof.
T.I. Bonner) were grown to confluency in 75 cm? flasks in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and 0.01% geneticine to
confluency. Then they were subcultured to sixteen 100-mm Petri dishes. For
experiments on prolonged effects, 100 nM human amyloid Bi_42 (ABi1—42; US
Peptides, Rancho Cucamonga, CA) was added to medium next day after subcultur-
ing. Stock solution of AB1_42 was prepared in redestilled water and stored in aliquots
at —20 °C. Cells were grown in a CO, incubator for 5 days without change of medium
(four days in the presence of ABj_42) and then harvested. For experiments on
immediate effects of AB;_4> during binding assay, 5 mM sodium butyrate was added
to the culture medium one day before harvesting to increase receptor expression
(levels of receptor expression are shown in Supplementary material Table S2).
Incubation medium was removed; cells were washed with 10 ml of phosphate-
buffered saline (PBS), mechanically released into 5 ml of fresh PBS, and collected

by 3-min centrifugation at 1000 x g. Washed cells were diluted in ice-cold
homogenization medium (100 mM NaCl, 20 mM Na-HEPES buffer, and 10 mM
EDTA, pH 7.4) and homogenized on ice by two 30-s strokes in Ultra-Turrax
homogenizer (Janke and Kunkel, Germany) with a 30 s pause between strokes.
Cell homogenate was first centrifuged for 3 min at 300 g to remove coarse cell debris
and nuclei. The crude membrane fraction was sedimented for 30 min at 30 000 g at
4 °C. The pellet was resuspended in incubation medium (100 mM NacCl, and 20 mM
Na-HEPES buffer, pH 7.4), and centrifuged again under the same conditions. Pellets
were kept at —75 °C until assayed for no more than 12 weeks. Membrane protein
content was determined using Peterson’s modification of Lowry’s method (Lowry
et al., 1951; Peterson, 1977) with human serum albumin as a standard.

2.3. mRNA expression of muscarinic receptor subtypes and G-proteins a-subunits

Total RNA from about 20 mg of cerebral cortices of 6—10 weeks and 5—6 months
old APPswe/PS1dE9 female mice was isolated using RNAwiz (Ambion, UK) and
further processed using DNA-free kit (Ambion, UK). The purity was checked spec-
trophotometrically at 260 nm and 280 nm. Reverse transcription of isolated RNA was
performed using M-MLV RT (Promega, USA) in accordance with the manufacturer’s
instructions in a final volume of 10 ul with 1 pg of isolated RNA and 1 pg of anchored
oligo(dT)23 primers (Sigma, Prague). Primers are listed in Supplementary material
(Table S1). Quantification of mRNA was done essentially as described (Machova et al.,
2009) using Light Cycler (Roche, USA) and Light Cycler software. Denaturation
analysis was performed to verify the identity of the product. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an internal standard.

2.4. Western blot and immunodetection of G-protein a-subunits

Separation and detection of membrane proteins was done essentially as
described (Rudajev et al., 2005). Briefly, membranes (40 pg of proteins) were dis-
solved in sodium dodecylsulphate and separated on 13% polyacrylamide gels.
Separated proteins were transferred to nitrocellulose membrane and visualized
using primary antibodies (from Santa Cruz Biotechnology, USA) and secondary HRP-
labeled antibodies and ECL kit (from Pierce, USA).

2.5. Saturation and displacement binding studies

Density and affinity of muscarinic receptors incorporated in CHO cell
membranes (5 pg of membrane proteins for M1 and M3 receptors, and 20 pg of
membrane proteins for M2, M4, and M5 receptors) were determined in saturation
binding experiments with the subtype non-selective muscarinic antagonist [*H]-N-
methyl scopolamine (*H-NMS; GE Healthcare, UK) as described previously (Michal
et al, 2009). Affinity of the agonist carbachol was estimated in displacement
experiments using 1 nM 3H-NMS as a tracer. Non-specific binding was determined
in the presence of 10 uM atropine. Fast filtration to separate bound and free ligand
was carried out using Unifilter plates (Whatman, USA) and Brandel Harvestor
(Brandel, USA). Plates were dried in vacuum and radioactivity retained on filters was
determined in Rotiszint (Carl Roth, Germany) using Microbeta scintillation counter
(PerkinElmer Wallac, Finland).

2.6. GTP-y*’S binding

Muscarinic receptor-induced activation of G-proteins was determined as an
increase of GTP-y>°S binding to membranes induced by the muscarinic receptor
agonist carbachol, essentially as described earlier (Jakubik et al., 2006; Machova
et al,, 2008). Briefly, 50 ul aliquots of membranes containing 5—20 pg protein
were first incubated for 15 min at 30 °C in 150 pl of reaction buffer containing
100 mM Nacl, 10 mM MgCl,, 20 mM HEPES, 1 mM DTT, 40 uM GDP for M2 and M4
receptors or 1 uM GDP for M1 and M3 receptors, and the non-hydrolyzable
acetylcholine analog carbachol at a concentration range 0.15—1000 uM for M1 and
M3 receptors or 0.02—100 puM for M2 and M4 receptors. Afterward 50 pl aliquots of
GTP-y3>S (Biotrend Chemikalien, Germany; SRA 1000 Ci/mmol) were added to give
a final concentration of 500 pM and incubation continued for another 20 min. Total
content of G-proteins in membranes was determined as GTP-y>°S binding in the
absence of GDP. Non-specific binding was assessed in the presence of 10 uM unla-
beled GTP. Incubation was terminated by rapid vacuum filtration through Whatman
GFJF filters using Tomtec Harvester Mach III (USA). Radioactivity retained on filters
was measured with Wallac Microbeta counter.

2.7. Functional assays in intact cells

Inositol phosphates accumulation induced by carbachol was assayed in attached
cells expressing M1 receptor grown in 24-well-plates essentially as described
previously (Michal et al., 2009). Cells were loaded with 3l-[—myo—inositol (ARC, USA)
for 3 h, free >H-myo-inositol was washed off, and the carbachol-induced >H-inosi-
tolphosphates accumulation was measured in medium containing 10 mM lithium
and respective concentrations of carbachol (0—100 uM) after 5 min lasting incu-
bation at 37 °C. Inhibition of forskolin-stimulated cAMP synthesis was measured in
M2 receptor expressing cell suspension in DMEM saturated with 5% C02/95% O,.
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Cells from one 10 cm diameter Petri dish were mechanically released to phosphate-
buffered saline, separated by careful repeated aspiration to a pipette, sedimented at
200 x g for 5 min, and supernatant was discarded. The cell pellet was resuspended
in 4 ml DMEM containing 1 mM isobutylmethylxanthine (IBMX) and preincubated
for 5 min at room temperature. One hundred pl aliquots of cell suspension
(approximately 100 ug of proteins) were transferred to prewarmed 100 pl aliquots of
DMEM containing forskolin and relevant concentrations of carbachol (final
concentrations during incubation were 100 pM for IBMX, 10 uM for forskolin and 0—
10 pM for carbachol). Incubation for 10 min at 37 °C was stopped by transferring
samples on ice and adding HCI to a final 100 mM concentration. Aliquots (100 ul) of
HCl extracts were taken for cAMP determination using Elisa kit (New East Biosci-
ences, USA) according to instructions of the manufacturer. Influence of prolonged
AB1-47 treatment on the formation of reactive oxygen intermediates in cells grown
in 24-well-plates was determined using the fluorescence probe 6-carboxy-2',7'-
dichlorodihydrofluorescein diacetate (Molecular Probes, USA) as described earlier
(Novakova et al., 2005).

2.8. Activities of caspase-3 and caspase-8

Activities of caspase-3 and caspase-8 were determined in cell lysates prepared
from cells grown in 24-well-plates fluorometrically using acDVED-AMC and acIETD-
AMC substrates (Sigma, Prague) as described earlier (Novakova et al., 2005).

2.9. Determination of AB1—42 aggregation

The extent of AB1_42 aggregation in stock solution (at the beginning of cultiva-
tion) and in cultivation medium after 4-day incubations was determined using thi-
oflavineT binding and Western blot. Thioflavine binding was estimated in
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microtitration plates as described by Betts et al. (2008). One hundred microlitre
aliquots of samples were mixed with 100 pl of 200 mM glycine buffer (pH 8.5)
containing 12 uM thioflavine T (Sigma Aldrich, Czech Republic). The fluorescence at
485 nm after excitation at 435 nm was determined by plate reader Victor™ (Perkin
Elmer). Western blot and immunodetection was done after separation on 4—20%
gradient polyacrylamide gel. Separated samples were transferred to nitrocellulose
membrane and assemblies of AB;_42 were visualized using primary antibodies 4G8
and 6E10 (from Covance, USA) and secondary HRP-labeled antibodies and ECL kit
(from Pierce, USA). For electron microscopy, five ul drops of AB{_43 stock solution
(100 puM in water) were applied onto glow-discharge activated carbon-coated grids
(Benada and Pokorny, 1990) and let adsorb for 30 s. The grids were then washed with
1% ammonium molybdate and immediately negatively stained with 2% uranyl
acetate in double distilled water for 30 s. The excess of water was blotted with filter
paper and the grids were air-dried. The samples were examined in a Philips CM100
electron microscope at 80 kV. The images were digitally recorded using MegaViewlI
slow scan camera at 64 000 times magnification, which gives pixel size of about 1 nm.

2.10. Data treatment and statistical evaluation

Curve fitting and statistical evaluation of data was done using Prism 5 (GraphPad
Software Inc., CA, USA). Rectangular hyperbolae were fitted to data obtained in
saturation analysis experiments. A sigmoidal concentration—response curve equa-
tion with constant or variable slope as appropriate was fitted to data obtained in
GTP-y?°S binding, inositolphosphates accumulation, and cAMP inhibition experi-
ments. A two-sites displacement curve equation was fitted to data obtained in
displacement experiments. Better fits were determined using F-test. The signifi-
cance of differences among groups was tested by Anova and indicated post-hoc
tests, t-test, or paired t-test as appropriate. Results are shown as means + S.E.M.
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Fig. 1. Immediate and prolonged influence of AB;_4, on carbachol binding to individual subtypes of muscarinic receptors. Competition of carbachol (abscissa, log M) with 1 nM >H-
N-methylscopolamine (3H-NMS) binding in the absence (closed circles) or presence (closed squares) of 1 uM AB;_4> during binding assay in membranes prepared from control cells,
and in membranes prepared from cells grown for four days in the presence of 100 nM AB_4, (open squares) is expressed as percentage of control binding (ordinate) in the absence
of carbachol. A—F: Receptor subtypes are indicated in each graph. D: Displacement of >H-NMS binding in M1 receptor expressing membranes prepared from control cells (circles) or
cells grown in the presence of 100 nM AB;_4 (squares) performed in the absence (closed symbols) or presence of GppNHp (open symbols). Parameters of displacement curves and

number of observations are shown in Table 1.
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3. Results

3.1. Effects of AB1—42 on agonist binding to different muscarinic
receptor subtypes

Binding characteristics of the muscarinic agonist carbachol were
determined in displacement experiments using the labeled
muscarinic antagonist >H-N-methylscopolamine (*H-NMS) as
a tracer. Neither direct addition of 1 uM AB1_42 to the binding assay
buffer in membranes prepared from CHO cells grown in control
medium nor prolonged treatment of cells with 100 nM ABq_4; for
four days before preparation of membranes influenced the binding
characteristics of >H-NMS (see Supplementary material Table S2).

As expected, the displacement of H-NMS binding by the
muscarinic agonist carbachol, a non-hydrolyzable analog of acetyl-
choline, demonstrated high- and low-affinity binding sites (Fig. 1,
closed circles; Table 1) at all receptor subtypes. Similar to >H-NMS
binding, the direct addition of 1 uM ABq_42 to the binding assay
buffer in displacement experiments had no influence on binding
parameters of carbachol (Fig. 1 and Table 1) at any receptor subtype.
In contrast, prolonged treatment with 100 nM AB1_4; for four days
changed carbachol binding in membranes prepared from cells
expressing the M1, and to a lesser extent also the M3 receptors but
not the M5 receptors (Fig. 1 and Table 1). Specifically, prolonged
treatment with AB;_42 resulted in an increase in the proportion of
agonist high-affinity binding sites at the M1 and the M3 subtypes
(from 0.21 to 0.33, p < 0.01, and 0.20 to 0.38, p < 0.05, respectively)
and a decrease in the affinity of the agonist at the high-affinity
binding site, specifically at the M1 subtype (Kj-high from 0.15 pM
to 2.1 uM, p < 0.01). Prolonged treatment of M1 receptor expressing
cells with 10 or 1000 nM concentration of ABj_4> also induced
a decrease in affinity of the agonist at the high-affinity binding site
(to 3.0 and 2.2 uM, respectively; p < 0.01) while an increase in the
proportion of the high-affinity binding sites (to 0.28 and 0.26,
respectively) was not statistically significant (Table 1). As expected,
prolonged treatment with 100 nM of the AB4, scrambled peptide

Table 1
Effects of AB;_42 on parameters of carbachol binding.

Receptor subtype Parameter

treatment pKi-high pKi-low fH ()
M1 control 6.73 +£ 0.14 3.91 + 0.08 0.21 + 0.02 19
M1 control + GppNHp - 3.88 £ 0.13 n.a. 3
M1 acute 1 uM AB 7.08 +£0.11 3.75+0.18 0.20 + 0.03 6
M1 four days 10 nM AP 552 +0.15°  3.75 + 0.05 0.28 + 0.04 5
100 nM AB 5.68 +027° 4.07+0.16 033+003" 8
100 nM scrambled 6.62 + 0.25 3.90 + 0.02 0.20 + 0.03 5
100 nM AP + GppNHp - 3.83 £ 0.12 n.a. 3
1 uM AB 5.65 + 0.01°  3.77 + 0.04 0.26 + 0.04 5
M2 control 7.56 +£0.10 4.96 + 0.08 0.66 + 0.03 11
M2 acute 1 uM AB 7.72 +£ 0.09 5.21 £ 0.02 0.66 + 0.04 4
M2 four days 100 nM Ap  7.60 + 0.22 4.84 + 0.19 0.61 + 0.03 5
M3 control 6.58 +0.29 3.93 +£0.13 0.20 + 0.02 9
M3 acute 1 pM AB 6.74 + 0.36 3.80 +0.13 0.20 + 0.04 6
M3 four days 100 nM AB  6.01 £ 0.36 4.25 + 0.05 0.38 + 0.06° 3
M4 control 7.39 £ 0.05 494 + 0.09 0.46 + 0.02 7
M4 acute 1 pM AB 7.36 + 0.09 490 + 0.13 0.48 + 0.02 4
M4 four days 100 nM AB  7.50 + 0.08 5.10 + 0.06 0.47 + 0.01 3
M5 control 6.91 £ 0.15 493 +0.016 0.49 + 0.03 8
M5 acute 1 pM AB 6.81 +£0.19 5.01 + 0.08 0.54 + 0.05 3
M5 four days 100 nM AB  6.60 + 0.11 4.57 +0.15 0.55 + 0.06 4

2 p < 0.05; significantly different from control by one-way Anova followed by
Dunnett’s multiple comparison test.

b p < 0.01; significantly different from control by one-way Anova followed by
Dunnett’s multiple comparison test.

was without effect (Fig. 1A; Table 1). Uncoupling of M1 receptors by
200 puM of the non-hydrolyzable GTP analog guanosine-5'-(fy-
imino)triphosphate (GppNHp) shifted the two-site carbachol
displacement curves to a single-site curve with a similar low-affinity
in membranes prepared from both control and 100 nM ABq_4
treated cells (pKi 3.88 & 0.13 and 3.83 + 0.12, respectively; n = 3)
(Fig. 1D; Table 1).

3.2. Functional consequences of prolonged AB1—4 treatment

In subsequent experiments we probed muscarinic receptor-
mediated G-protein activation as carbachol-induced GTP-y3°S
binding in membranes prepared from cells subjected to prolonged
treatment with 100 nM AB{_4. This treatment did not change either
basal (in the absence of agonist) or total (in the absence of GDP in the
reaction mixture) binding of GTP-y3°S at any receptor subtype (see
Supplementary material; Table S3). Similarly, prolonged ABi_42
treatment had no effect on the concentration—response curves of
receptor activation at any of the M1 through M4 receptor subtypes
(Fig. 2, Table 2A). However, all curves displayed Hill slopes signifi-
cantly smaller than unity, indicating interactions of muscarinic
receptor subtypes with more than one G-protein over the applied
concentration range of carbachol.

To test more closely for a possible influence of the treatment on
M1 receptor signaling pathways, we determined M1 receptor-
stimulated inositolphosphates accumulation that is mediated by
M1 preferential Gq;11 G-proteins in intact CHO cells. M2 receptor-
mediated inhibition of forskolin-stimulated cAMP synthesis that
is mediated by Gj, G-proteins served as a negative control. As
shown in Fig. 3 and Table 2B, prolonged treatment with 100 nM
AB1_42 reduced the efficacy of M1 receptor-mediated inositol-
phosphates accumulation by about 14% (p < 0.01 by paired t-test,
five independent experiments in triplicates) while M2 receptor-
mediated inhibition of forskolin-stimulated cAMP synthesis
remained intact (six independent experiments in triplicates).

Attenuation of phosphatidylinositol hydrolysis was not due to
changes in membrane concentrations of labeled phosphatidylino-
sitol (see text to Fig. 3). Similarly, the density of muscarinic receptor
subtypes (see Supplementary material Table S2) or their prefer-
ential G-proteins (Fig. 4) was not changed by the treatment.
Another possible explanation for the observed effects of prolonged
treatment with 100 nM ABq_4> on attenuation of M1 receptor
signaling is potential general noxious effects of AB1_4 (Yankner,
1996; Yankner and Lu, 2009). This is unlikely, however, because
four-day treatment of CHO cells with AB{_43 up to 1 uM concen-
tration had no effect on either caspase-3 or caspase-8 activity
(Fig. 5A and B, respectively), while 10 pM Afq_4> significantly
induced caspase-3 activity. Similarly, an increase in formation of
reactive oxygen intermediates in intact cells became apparent only
at APj—42 concentration of 1 pM and above (Fig. 5C).

3.3. Determination of AB1—42 Species in cultivation medium

In the next experiments we determined which molecular forms
of AB1_42 are present in cultivation media after four days of treat-
ment. As is shown in Fig. 6, using Western blot and immunode-
tection, two different antibodies detected low molecular mass
oligomers both in stock solution of AB1_47 and in media after 4-day
incubation of AB;_4p treated CHO cells in culture. We further verified
this finding with the help of thioflavine binding (Fig. 7). The aggre-
gation of 100 uM stock solution of AB{—_43 in 10 mM HCI for 24 h at
37 °C followed by centrifugation at 16 000 g (Stine et al., 2003)
yielded aggregated amyloid that contained 44% of original peptide in
stock solution. Measurements of serial dilutions of aggregated
amyloid dispersed in supplemented DMEM displayed a linear
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Fig. 2. Prolonged Ap;_4, treatment and G-protein activation in CHO cell membranes. Prolonged treatment of CHO-M1 through CHO-M4 cells with 100 nM AB;_4; has no effect on
carbachol-stimulated GTP-y>°S binding. Membranes prepared from control cells (open circles) and cells grown for four days in the presence of 100 nM AB;_4; (closed circles) were
stimulated by carbachol (abscissa, log M) as described in Methods. A—D: Receptor subtypes are indicated in each graph. The increase in GTP-y>>S binding (ordinate) is expressed as
fold increase over resting binding. Parameters of the concentration—response relationship are summarized in Table 2. Basal binding of GTP-y3°S is shown in Supplementary material

Table S3.

relationship between peptide concentration and fluorescence
signal, and a detection limit between 33 and 100 ng (Fig. 7B). The
soluble (16 000 g supernatant) amyloid as well as the original stock
solution in water showed only small aggregation signal that became
significant at concentrations ranging from 128 pg/ml (211 ng of
thioflavine-positive species, i.e. 1.6%) and 26 pg/ml (138 ng of
thioflavine-positive species at a concentration of 104 ug/ml, i.e.
1.2%), respectively. In concert with thioflavine binding, electron
microscopy analysis of 100 pM ABi_42 stock solution showed no
amyloid aggregates and only sporadic fibrils (Fig. 7C). After 4-day
incubation of CHO cells in the presence of increasing concentra-
tions of ABi_42 we found significant fluorescence signal only in
medium containing 10 uM ABi_42 (98 ng of thioflavine-positive
species, i.e. 2.2%). We did not detect any signal in media with 0.1—
1 uM ABq_4; after four days in culture (Fig. 7A).

3.4. Muscarinic receptors and G-proteins expression in transgenic
animals

Finally we investigated if gradual in vivo accumulation of soluble
APB1_42 influences muscarinic receptor and G-proteins expression.
The mRNA concentration of M1 through M4 muscarinic receptor
subtypes did not differ between wild-type littermate control and
transgenic APPswe/PS1dE9 female mice in the cerebral cortex of
both 6—10-week-old (young) and 5—7-month-old (young adult)
mice. The expression of the M5 subtype mRNA was under the
detection limit in both age groups. Expression of the M1 muscarinic
receptor, the most abundant subtype, represented similar propor-
tions of all subtypes in young and young adult animals (51% and
62%, respectively). However, the rank order of abundance of
muscarinic receptor subtypes changed from M1 > M4 > M2 > M3
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Table 2
Effects of prolonged treatment with 100 nM AB;_4> on G-protein activation in
membranes and functional response of M1 and M2 receptor expressing cells.

Receptor subtype Parameter

treatment Emax PECso Hill slope (n)

A: membranes

GTP-v>°S binding (fold of resting)
M1 ctrl 2.20 +0.08 4.21 £+ 0.05 0.81 £+ 0.07° 7
M1 ABi_42 232 +0.15 423 +0.15 0.75 + 0.08* 6
M2 ctrl 4.67 + 0.75 6.14 + 0.04 0.62 + 0.07° 4
M2 AB1_42 4.52 + 0.94 6.21 + 0.09 0.61 + 0.05° 4
M3 ctrl 1.93 + 0.07 4.27 + 0.06 0.78 + 0.06* 5
M3 AB1-42 1.98 + 0.06 4.23 + 0.09 0.60 + 0.05% 5
M4 ctrl 4.59 + 0.51 5.44 + 0.09 0.77 + 0.05% 4
M4 AB1_42 4.81 + 037 5.58 + 0.06 0.75 + 0.04° 4

B: Intact cells

IP accumulation (net increase)
M1 ctrl 347 +1.8 544 +0.11 1.00 5
M1 ABi_42 30.0 + 2.0° 5.40 + 0.02 1.00 5

cAMP synthesis (% inhibition)
M2 ctrl 345+ 4.0 6.32 £0.28 1.00 6
M2 ABi_42 332 +37 6.30 + 0.20 1.00 6

2 p < 0.05, significantly different from unity by one sample t-test.
b p < 0.01, significantly different from control by t-test.

in young to M1 > M2 > M4 > M3 in young adult animals (Fig. 8A
and B).

Similar to muscarinic receptor subtypes, the mRNA expression
of the a-subunits of both inhibitory (Fig. 8C and D) and stimulatory
(Fig. 8E and F) G-proteins was the same in wild-type and transgenic
animals in both age groups. The rank order of abundance of
stimulatory G-protein o-subunits was Gi1 > Gq > Gs in both
young and young adult animals, whereas that of inibitory G-protein
a-subunits changed from Gi2 > Go > Gil > Gi3 in young mice to

M1 receptor-mediated increase in IPs accumulation
40+
- M1 control
© M1 Ap1-42

Percent of incorporated radioactivity
n
o

-7 -6 -5 -4 -3

Carbachol (log M)

Gil > Gi3 > Go > Gi2 in young adult mice. Because we have earlier
observed a decrease in the potency of muscarinic receptor-
mediated G-protein activation in transgenic mice starting at the
age of 5—6 months (Machova et al., 2008, 2010), we also deter-
mined protein expression of a-subunits of major G-protein classes
in cortical membranes. None of the major G-protein classes or the
protein levels of the house-keeping gene Na/K-ATPase differed
between wild-type and transgenic animals at the age of 5—6
months (see Supplementary material Fig. S1).

4. Discussion

Despite decades of intensive research, the exact role of cholin-
ergic neurotransmission in the pathogenesis of Alzheimer’s disease
(AD; Bartus et al., 1982) is still unclear. General malfunction of
postsynaptic cholinergic mechanisms in post mortem AD brain
samples (Roth et al., 1995; Greenwood et al., 1995; Jope et al., 1994,
1997; Shiozaki and Iseki, 2004), as well as correlation of impaired
muscarinic M1 receptor/G-protein coupling with disease severity
(Tsang et al., 2005) are in favor of an involvement of impairment of
muscarinic signaling. However, all these findings relate to the
advanced or end-state of the disease, which makes it difficult to
discern whether deficits in cholinergic transmission also play
a significant role in the early pathogenesis. Since such studies are
difficult to carry out in humans, we employed a transgenic mouse
model of AD to probe integrity of cholinergic transmission during
aging and amyloid accumulation. We found an early reduction of
muscarinic receptor-mediated activation of G-proteins that was not
present in young transgenic animals and developed parallel to
a gradual increase in the concentration of soluble human A frag-
ments (Machova et al., 2008, 2010).

The present experiments investigated whether in vitro appli-
cation of non-mutated human Af;_4> influence signal transduction
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Fig. 3. Effect of prolonged treatment with AB;_4, on inositolphosphates (IP’s) accumulation in intact CHO-M1cells and inhibition of cAMP synthesis in intact CHO-M2 cells. The cells
were grown in control medium (open circles) or in medium containing 100 nM AP;_4, (closed circles) for four days and then used for experiments. A: Cells were labeled with H-
myo-inositol, and concentration—response curves for stimulation by carbachol (abscissa, log M) were determined. The carbachol-induced increase in IP’s accumulation is expressed
as net increase in percent of loaded radioactivity (ordinate). The treatment with AB;_4, had no effect either on inositol loading (132 + 5 and 141 + 6 dpm/ug of protein) or basal
accumulation of inositolphosphates (25.4 + 1.8 and 24.4 + 1.0 percent of loaded radioactivity in control and treated cells, respectively; mean + S.E.M. from five independent
experiments). B: Cells were incubated in medium containing phosphodiesterase inhibitor and forskolin to stimulate cCAMP synthesis, and the concentration—response curves of
cAMP synthesis inhibition by carbachol (abscissa, log M) were determined as described in Methods. The inhibition of forskolin-stimulated cAMP synthesis during incubations is
expressed in percent of control (ordinate). Treatment with AB;_4, had no effect on forskolin-stimulated synthesis of cAMP in the absence of carbachol (478 + 50 and 488 + 61 pmol/
mg protein/10 min in control and AB;_4; treated cells, respectively). The sigmoidal three parameter concentration—response equation was fitted to data in both graphs. Parameters

of fits are shown in Table 2.
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Fig. 4. Prolonged AB;_4, treatment and G-protein concentrations in CHO cell membranes. Prolonged treatment with 100 nM AB;_4, has no effect on the concentration of Gq/1; and
Gijo G-protein in membranes prepared from K1 and CHO-M1 through CHO-MS3 cells. Inserts above columns show representative blots. Membranes prepared from control (C) and
AB1_42 (AB) treated cells were used for western blot and immunodetection analysis as described in Methods. Relative density of Gq/11 and Gjjo a-subunits (ordinate; density of bands
of treated membranes is expressed as a fraction of density in control membranes from paired experiments) is shown in A and B graph as indicated. Columns K1 (CHO-K1 cells that
do not express any muscarinic receptor) M1, M2, and M3 represent one, three, two, and one independent experiments, respectively. Open column denoted “pooled” shows average
value of all seven experiments. Error bars where appropriate indicate range of individual values.

across plasma membrane in CHO cells expressing muscarinic
receptor subtypes in isolation. The muscarinic receptor family
comprises five subtypes (Bonner, 1989; Buckley et al., 1989) of
which M2 and M4 receptors preferentially signal through Gi,
G-proteins, while M1, M3, and M5 subtypes preferentially employ
Gg/11 G-proteins (Jones et al., 1988; Jones, 1993). We found a selec-
tive impairment of M1 receptor/Gq;11 G-protein coupling after 4-
day treatment of cells with relatively low (100 nM) concentration
of AB1_42. This detrimental effect was not due to a general ABi_42
toxicity, because consistent with results in neuronal cell lines
(Huang et al., 1998; Novakova et al., 2005) and primary neurons
(Huang et al., 2000), we observed commonly described toxic effects

like increased reactive oxygen species or caspase-3 activity only at
concentrations 10—100 times higher. In concert, we did not observe
morphological abnormalities in either living cells using phase
contrast microscopy or nuclear staining of fixed cells (see
Supplementary material Fig. 2S). We found only a small proportion
of amyloid aggregates in stock solution we used, and detectable
thioflavine binding only after 4-day incubation of cells in
10 uM AB1—42. Our results thus support the view that overt cellular
toxicity requires higher concentrations of A _45 to allow formation
of amyloid aggregates.

The abnormal M1 receptor agonist binding after AB;_4, treat-
ment at 100 nM manifested itself as increased proportion of high-
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Fig. 5. Toxic effects of prolonged AB;_4; treatment. Cells were exposed to the indicated concentration of AB;_4, (abscissa) for four days and then used for assay. A and B graph:
Caspase-3 and caspase-8 activities were determined in cell lysates. Data represent pooled values derived from two independent experiments on CHO-M1 cells and two independent
experiments on CHO-M2 cells run in hexaplicates that yielded the same results. Control values were 36.9 + 5.2 and 30.5 + 3.8 of relative light units/ug protein*60 min for caspase-3
and caspase-8, respectively. C: Production of reactive oxygen species (ROS) in intact cells represents pooled values derived from two independent experiments on CHO-M1 cells and
one experiment on CHO-M2 cells run in hexaplicates that yielded the same results. Control values were 52.8 + 5.7 of relative light units/ug protein*60 min. Shown are pooled
values expressed in percent of control (open column) in individual experiments. *, p < 0.05; significantly different from all other groups by Anova followed by Tukey’s multiple
comparison test.
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Fig. 6. Western blot determination of AB;_4 species in stock solutions and incubation
media after four days of incubation. A: Samples of Ag;_4; in water stock solution (lines
1-3: 2000 ng, 400 ng, and 80 ng in 15 pl of water, respectively) and in incubation
media after four days in culture (lines 4—7: 0 ng/15 pl, 6.75 ng/15 pl, 67.5 ng/15 pl,
67.5 ng/1.5 ul of incubation medium, respectively) were separated on gradient 4—20%
polyacrylamide gel, transferred to nitrocellulose membrane, and visualized using 4G8
antibody. Shown immunoblot includes bottom of wells to check for presence of
amyloid that did not enter the gel. B and C: Samples of AB;_42 in stock solution (lines
1-3: 50 ng, 100 ng, and 50 ng from another stock solution in 15 pl of water, respec-
tively) and in incubation media after four days in culture (lines 4—7: 0 ng/15 pl,
6.75 ng/15 pl, 67.5 ng/15 pl, and 90 ng/2 ul of incubation medium, respectively) were
separated as above and visualized using 4G8 (B) or 6E10 (C) antibody.

affinity binding sites, accompanied by decreased binding affinity. In
contrast, ten times higher concentrations of Apf;_4> had no direct
effect on the binding characteristics of either the muscarinic
antagonist N-methylscopolamine or the agonist carbachol.
Increased proportion of high-affinity binding sites were found to
a lesser extent also at M3 receptors but not at the remaining
muscarinic receptor subtypes, including the Gg/11 G-protein
preferring M5 subtype. Low-affinity agonist binding was not
changed at any subtype. Uncoupling of M1 receptors using a non-
hydrolyzable analog of GTP shifted the two-site carbachol binding
curves to the same affinity single-site low-affinity binding curve
irrespective of AB;_42 treatment. Agonists bind with low-affinity to
free receptors, uncoupled from G-proteins. The lack of ABi_42
treatment effect on low-affinity binding further indicates the
absence of a direct interaction of AB;_42 with the M1 receptor. The
high-affinity agonist binding conformation is due to allosteric
interactions of carbachol and the complex of receptor with free or
GDP-liganded G-protein (Abdulaev et al., 2006; Jakubik et al., 2011).
The decrease in affinity and increase in proportion of high-affinity
binding sites evidence that prolonged treatment with ABqi_4
impacts interactions between the receptor and G-protein within
the plasma membrane, downstream of agonist binding.

Despite influencing agonist binding at M1 receptor, the treat-
ment had no influence on muscarinic receptor-mediated stimula-
tion of GTP-yS binding. However, carbachol-stimulated GTP-yS
binding displayed a flat concentration—response curve (Hill slope
significantly less than unity), indicating activation of more than one
class of G-proteins (Tucek et al., 2002; Michal et al., 2007; Jakubik
et al., 2006, 2011). This complicates accurate detection of the
presumed impairment of M1 receptor-mediated Gq/11 G-protein
activation deduced from increased GTP-yS binding in membranes.
Nonetheless, the observed decrease in carbachol-stimulated ino-
sitolphosphates accumulation supports the view of impaired M1
receptor coupling with Ggqj11 G-proteins. The selectivity of pro-
longed AB;_4 treatment in impairing Gq/11 G-protein signaling was
also supported by the observation of unimpaired M2 receptor/Gio
G-protein-mediated inhibition of cAMP accumulation in intact
cells, in agreement with intact Gj, G-protein-mediated auto-
inhibition of acetylcholine release in cortical slices from transgenic
mice (Machova et al., 2010). The specific effect of AR on M1 receptor
coupling is further evidenced by the differential influence on the
binding characteristics at other receptor subtypes and the lack of
effect of the scrambled peptide on the M1 receptor.

A conceivable explanation for the compromised muscarinic
receptor signaling would be a reduced membrane concentration of
G-proteins that are an integral part of the signal transduction
apparatus. However, a prolonged AB1_4> treatment of CHO cells did
not change membrane concentration of G-proteins. Similarly, in
line with current literature on human brain (McLaughlin et al.,
1991; Jope et al, 1994; Wang and Friedman, 1994; Greenwood
et al,, 1995; Muma et al., 2003; Hashimoto et al., 2004), we found
no changes in membrane G-protein concentrations or gene
expression of major G-protein classes in the cerebral cortex of 5—6-
month-old transgenic APPswe/PS1dE9 mice that at this age already
demonstrate a significant attenuation of muscarinic receptor-
mediated G-protein activation (Machova et al., 2008).

Disorders of many G-protein coupled receptors are habitually
found at autopsy in verified AD, which points to their contribution
to AD pathogenesis (for review see Thathiah and De Strooper, 2011).
An interesting explanation of impaired receptor/G-protein-
mediated signaling in transgenic mouse models of AD is Ggj11 G-
protein buffering by oligomerized angiotensin AT2 receptors
(AbdAlla et al., 2009a,b). This potential mechanism, however, does
not seem to explain our findings, because the prolonged treatment
with 100 nM ABq—42 did not induce oxidative stress that triggers
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Fig. 7. Determination of AB;_4 aggregation using thioflavine T binding and electron
microscopy. Thioflavine T binding in media after four days in culture. A: Thioflavine
binding in 100 pl aliquots of cultivation medium without or with 0.1, 1, and 10 uM Ag;—
42 after 4-day incubation of CHO-M1 and CHO-M2 is shown as fold increase over
control (ordinate) in fluorescence (450 nm excitation, 488 nm emission). Values are

receptor oligomerization, and in addition, CHO cells do not express
AT2-receptors (Feng et al., 2005). Dysregulation of the signaling
pathway activated by Gq;11 G-proteins have been suggested to play
arole in AD (for review see Bothmer and Jolles, 1994; Fowler et al.,
1996). Non-toxic concentrations of AP fragments in vitro have been
shown to affect distant targets like inositolphosphate receptors
(Cowburn et al, 1995; Kurumatani et al., 1998), intracellular
calcium levels (Huang et al., 1998), inositol(1,4,5)-trisphosphate-5-
phosphatase activity (Ronnback and Fowler, 2000) or choline
transport via protein kinase C pathway (Novakova et al., 2005). A
direct effect of AP fragments on tachykinine receptor and synergy of
its activation with glutamate signaling has also been demonstrated
(Kimura and Schubert, 1993). In binding and functional experi-
ments we investigated the interaction of muscarinic receptors with
G-protein and the formation of second messengers by enzymes
incorporated in the cell membrane. The observed reduction of
phosphatidylinositol hydrolysis could have derived from decreased
availability of the labeled substrate. This seems unlikely, however,
because ABq1_42 had no effect on the labeling of cells with myo-
inositol. A direct inhibition of phospholipase C activity is also an
unlikely explanation, since we found no difference in the basal
inositolphosphates accumulation between control and treated cells
as we would expect in case of phospholipase C inhibition. The lack
of prolonged treatment with ABi_4 on phospholipase C activity
also supports the observation on primary cortical neurons
demonstrating inhibition of intracellular calcium mobilization by
carbachol but not by stimulation of metabotropic glutamate
receptor (Huang et al., 2000).

Numerous studies have failed to find a correlation between the
degree of cognitive decline and the number of amyloid plaques in
post mortem samples (e.g. Nagy et al., 1995). However, the cognitive
decline in AD has been demonstrated to correlate with post mortem
levels of soluble AB x-40 and x-42 fragments in the cerebral cortex
preceding clear tau pathology (Naslund et al., 2000). On the other
hand, a decline in the presynaptic cholinergic marker choline
acetyltransferase that correlates with both neuritic plaques and
neurofibrillary tangles densities are observed only in advanced
stages of the disease (Davis et al., 1999). This observation speaks for
arather late damage of cholinergic transmission in the course of the
disease. In contrast, another recent study reported impaired M1
muscarinic receptor/G-protein coupling that correlates with
severity of dementia, thus favoring the contention of an early
postsynaptic malfunction of cholinergic transmission (Tsang et al.,
2005). Our results support the view that the increase in soluble
AP fragments results in the attenuation of M1 receptor-mediated
signaling that may underlie the early functional deficits and
further drive AB production (Buxbaum et al., 1992; Nitsch et al.,
1992, 2000; Rossner et al., 1997; Caccamo et al., 2006; Medeiros
et al, 2011). Indeed, pharmacological reduction of AP level
reverses behavioral deficits and disorders of piriform cortex field
potentials in APPswe/PS1dE9 mice (Cramer et al., 2012).

In summary, we demonstrate that prolonged in vitro ABi_42
treatment of CHO cells expressing M1 muscarinic receptors
changes characteristics of agonist binding and attenuates agonist-

means of eight samples from two independent seedings. B: Concentration—response
relationship of thioflavine fluorescence in stock solution of Ag;_4> (open squares), and
pellet (open circles) or supernatant (closed circles) prepared from 100 uM Ag; 4 stock
solution incubated for one day in 10 mM HCl at 37 °C by centrifugation at 16 000 g for
15 min. All samples were diluted in supplemented DMEM. The increase in thioflavine
fluorescence shown as fold increase (ordinate) over control (DMEM alone) is plotted
against Ag;_42 concentration in ng per sample (abscissa, logarithmic scale). Points are
means from quadruplicates. *, p < 0.05, ***, p < 0.001; significantly different from
control by one-way Anova followed by Dunnett’s multiple comparison test. C: Electron
microscopy analysis of 100 uM AB_43 stock solution shows only sporadic fibrils and no
amyloid aggregates. Scale bar 200 nm.
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Fig. 8. Gene expression of muscarinic receptors subtypes and G-protein a-subunits in temporal cortex of control and APPswe/PS1dE9 transgenic mice. The concentration of mRNA
in transgenic mice (black columns) and control littermate mice (open columns) was determined in young (6—10-week-old; A, C, E) and young adult (5—6-month-old; B, D, F)
animals as described in Methods. The expression of any of the tested genes (ordinate, arbitrary units corrected for expression of house-keeping gene GAPDH) differs between age-
matched control and transgenic animals. Abbreviations: wt, wild-type; tg, transgenic; A—B: M1 through M4, subtypes of muscarinic receptors; C—D: Go, Gil, Gi2, Gi3, a-subunits of
inhibitory Gj, G-proteins; E~F: Gy, Gq, Gs, a-subunits of stimulatory Ggq/11- and Gs G-proteins. Results are mean + SEM of values obtained from 5 (muscarinic receptors and G-
proteins in young animals and muscarinic receptors in young adult animals) or 7 (G-proteins in young adult animals) animals.

induced activation of phosphatidylinositol signaling. This effect, in
line with the notion of the early involvement in pathogenesis of AD,
is apparently mediated by low molecular mass ABj_42 species. In
concert with in vivo results, the treatment does not induce either
changes in the expression of major G-proteins, and does not induce
oxidative stress or cytotoxicity. These results implicate that the
noxious effects of Ap;—42 on M1 receptor-mediated transmission
involve a mechanism that develops within the plasma membrane
and impacts receptor/G-protein/phospholipase C interaction.
However, detection of specific responsible molecular mechanisms
will need further investigation. The attenuation of muscarinic
receptor signaling previously reported in a rather early stage of
amyloid overproduction in a transgenic mouse model of AD
(Machova et al., 2008, 2010) and the demonstration of M1 receptor-
mediated signaling attenuation induced by generally non-toxic

concentrations of ABq_4y in vitro evidence the important role of
the M1 muscarinic transmission in early pathogenesis of AD.
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Abstract

Recent evidence indicates that supplementation with a spe-
cific combination of nutrients may affect cell membrane syn-
thesis and composition. To investigate whether such nutrients
may also modify the physical properties of membranes, and
affect membrane-bound processes involved in signal trans-
duction pathways, we studied the effects of nutrient supple-
mentation on G protein-coupled receptor activation in vitro. In
particular, we investigated muscarinic receptors, which are
important for the progression of memory deterioration and
pathology of Alzheimer’s disease. Nerve growth factor differ-
entiated pheochromocytoma cells that were supplemented
with specific combinations of nutrients showed enhanced re-
sponses to muscarinic receptor agonists in a membrane po-
tential assay. The largest effects were obtained with a
combination of nutrients known as Fortasyn™ Connect, com-
prising docosahexaenoic acid, eicosapentaenoic acid, uridine
monophosphate as a uridine source, choline, vitamin B6,
vitamin B12, folic acid, phospholipids, vitamin C, vitamin E,
and selenium. In subsequent experiments, it was shown that
the effects of supplementation could not be attributed to single

Cell membranes consist of a double layer of lipids, mostly
phospholipids, in which membrane proteins are embedded
(van Meer et al. 2008). In the brain, the major phospholipid
in membranes is phosphatidylcholine (PC), which can be
synthesized by the CDP-choline or Kennedy cycle from its
precursors, polyunsaturated fatty acids (PUFAs, e.g. doco-
sahexaenoic acid, DHA), uridine and choline (Kennedy and
Weiss 1956; Wurtman et al. 2009). It has been demonstrated
that oral supplementation of these nutrients increases brain
phospholipid levels (Cansev and Wurtman 2007), and
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nutrients. In addition, it was shown that the agonist-induced
response and the supplement-induced enhancement of the
response were blocked with the muscarinic receptor antago-
nists atropine, telenzepine, and AF-DX 384. In order to
determine whether the effects of Fortasyn™ Connect supple-
mentation were receptor subtype specific, we investigated
binding properties and activation of human muscarinic M1, M2
and M4 receptors in stably transfected Chinese hamster ovary
cells after supplementation. Multi-nutrient supplementation did
not change M1 receptor density in plasma membranes.
However, M1 receptor-mediated G protein activation was
significantly enhanced. In contrast, supplementation of M2- or
M4-expressing cells did not affect receptor signaling. Taken
together, these results indicate that a specific combination of
nutrients acts synergistically in enhancing muscarinic M1
receptor responses, probably by facilitating receptor-mediated
G protein activation.

Keywords: Alzheimer's disease, docosahexaenoic acid,
G protein-coupled receptors, muscarinic receptor, PC12,
uridine.
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promotes synthesis of new synaptic membranes (Cansev
et al. 2008). In addition, it has been shown that administra-
tion of phosphatide precursors increases neurotransmitter
release (Wang et al. 2007) and promotes synaptic protein
expression in brain (Wurtman et al. 2006). Moreover,
feeding animals with these dietary membrane precursors
improved their cognitive behaviors (Teather and Wurtman
2006; Holguin et al. 2008a,b). Together, these data suggest
that specific nutrient intake may potentially alter membranes
and their properties, which might influence membrane-
related processes like, for example, receptor signaling via
G protein-coupled receptors (GPCRs). These receptors are
encoded by the largest gene family known in the mammalian
genome and comprise the main family of receptors for
neurotransmitters, hormones, and neuromodulators (Fred-
riksson and Schioth 2005; Rajagopal ef al. 2010). When
neurotransmitters bind to these receptors, they cause a
conformational change that results in activation of heterotri-
meric G proteins, which in turn modulate the activity of
effector proteins (Wettschureck and Offermanns 2005;
Rosenbaum et al. 2009). As a consequence, cytosolic levels
of second messengers are altered and downstream processes
initiated. As GPCRs, as well as their G proteins, are
associated with the plasma membrane, lipid—protein interac-
tions are essential to their function, which therefore is
sensitive to changes in their lipid environment. Conse-
quently, modification of the membrane structure by dietary
intervention may influence GPCR signaling. Indeed, it has
been shown that alteration of membrane lipids can influence
GPCR-mediated signaling. For example, n-3 fatty acid
deficiency leads to reduced rhodopsin G protein-coupled
signaling efficiency in retinal rod outer segments (Niu et al.
2004), while others have shown that DHA has significant
effects on rhodopsin’s stability, leading to enhanced kinetics
of the photocycle (Grossfield e al. 2006). In addition, it has
been shown that G protein coupling of the serotonin(1A)
receptor is enhanced in membranes from cholesterol-depleted
cells (Prasad ef al. 2009). Upon aging, modifications in
membrane composition occur that have been associated with
alterations in GPCR signaling (reviewed in Yeo and Park
2002; Alemany et al. 2007).

As DHA, uridine and choline can potentially modify
membrane properties we addressed their single and com-
bined effects on GPCR signaling. In addition, we compared
the effects of these nutrients to a multi-nutrient composition
that was designed to enhance synaptic membrane formation,
containing nutritional co-factors in addition to DHA, uridine
and choline. This composition, called Fortasyn™ Connect
(FC), comprises DHA, eicosapentaenoic acid (EPA), uridine
monophosphate, choline, vitamin B6, vitamin B12, folic
acid, phospholipids, vitamin C, vitamin E, and selenium. As
we recently showed that this nutrient composition also
modified membrane composition by increasing membrane
n-3 PUFA and PC content (de Wilde et al. 2011), we also
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tested the effects of all individual nutrients in this formula-
tion on GPCR function. To detect changes in GPCR
signaling we used neuron-like pheochromocytoma (PC12)
cells, as these cells endogenously express various GPCRs,
including several of the metabotropic muscarinic acetylcho-
line receptors (mAChRs). mAChRs have been implicated in
higher brain functions such as learning and memory, and lose
their sensitivity to acetylcholine both during aging and more
markedly in Alzheimer’s disease (Joseph et al. 1993). Here,
we tested the effects of nutrient supplementation on musca-
rinic receptor agonist-induced changes in membrane poten-
tial as measured by a fluorometric imaging plate reader
(FLIPR®) membrane potential assay (Whiteaker er al. 2001;
Baxter et al. 2002). In addition, we measured the influence of
nutrient administration on G protein activation in human M1/
M2/M4 mAChR-transfected Chinese Hamster Ovary cells
(CHO-M1/M2/M4) by measuring agonist induced GTPy*>S
binding.

Materials and methods

Cell culture

Pheochromocytoma cells (PC12, kindly provided by Prof. R.J.
Waurtman) were maintained in Dulbecco’s modified Eagle’s medium
(Fischer Scientific, Landsmeer, The Netherlands), supplemented
with 10% fetal bovine serum, penicillin (100 units/mL), and
streptomycin (100 pg/mL; Gibco), under a humidified atmosphere
with 95% air and 5% CO, at 37°C. Cells were subcultured twice a
week and used for analysis up to passage 30.

Chinese Hamster Ovary (CHO) cells were stably transfected with
the human genes of the muscarinic M1, M2, or M4 receptor
subtypes (CHO-M1, CHO-M2, and CHO-M4, kindly supplied by
Prof. T. Bonner). Cells were grown in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum and 0.005% geneticin under a
humidified atmosphere with 95% air and 5% CO, at 37°C. Cells
were subcultured once a week. They were seeded for experiments on
10 cm diameter Petri dishes (Corning). Supplements were added the
day after seeding and cells were left to grow for another 2—4 days
before measurements as indicated.

Nutritional supplementation

In the supplementation experiments the following nutritional
components were used (final concentration used in FC supplemen-
tation of cell cultures): docosahexaenoic acid (DHA, 20 uM), EPA
(20 uM), uridine (50 uM), choline chloride (20 uM), vitamin B6
(pyroxidine, 10 pM), vitamin B12 (0.2 uM), vitamin B9 (folic acid,
15 uM), phospholipids (phosphatidylcholine, 25 uM), vitamin C
(ascorbic acid, 75 pM), vitamin E (alpha-tocopherol, 20 pM), and
selenium (sodium selenite, 0.4 uM). EPA and DHA were resus-
pended in absolute ethanol and diluted 5 times in fetal bovine serum.
Solutions were aliquoted and stored at —80°C. All compounds were
purchased from Sigma (Zwijndrecht, The Netherlands). Length of
supplementation of PC12 cells and the concomitant concentrations
of DHA and uridine monophosphate were based on literature reports
on phospholipid synthesis in vitro (Richardson and Wurtman 2007,
Pooler et al. 2005). Doses of additional components were based on

Journal of Neurochemistry © 2011 International Society for Neurochemistry, J. Neurochem. (2012) 120, 631-640



pilot studies searching for concentrations that did not affect cell
viability.

As a combination of DHA, uridine and choline (DUC) has been
shown previously to have an effect on membrane related processes
(see Introduction), we chose this combination as a reference. We
compared this reference to supplementation with single nutrients,
several nutrient combinations or the complete FC composition.

Membrane potential assay

To examine the effect of nutritional compounds on muscarinic
receptor activation in PCI12 cells, we used the FLIPR® membrane
potential explorer kit (Molecular Devices, Berkshire, UK) according
to the manufacturer’s protocol. The membrane potential assay
(MPA) is based on the uptake of fluorescent dye that depends on
membrane potential. Membrane depolarization increases the uptake
and thus the fluorescence of cells (Whiteaker er al. 2001; Baxter
et al. 2002). In brief, PC12 cells (7 x 103 cells per well) were seeded
on type IV human collagen (Sigma, Zwijndrecht, the Netherlands)
coated black colored 96-well plates with a clear bottom (Corning
Costar, Amsterdam, the Netherlands). After 24 h culture medium
containing 50 ng/mL nerve growth factor (NGF; Promega Benelux
BV, Leiden, the Netherlands) without or with indicated supplements
was added. Cells were grown for another 72 h and subsequently used
for assay. Culture medium was then removed and 75 pL of the
FLIPR® dye solution was added per well. Next, the cells were
incubated for 30 min at 20°C and then measured in a FlexStation
1I°** (Molecular Devices) at 20°C. The baseline signal was read for
16 s at an excitation wavelength of 530 nm and an emission
wavelength of 565 nm. At 17 s, cells were stimulated by the
muscarinic receptor agonists carbachol (Sigma) or oxotremorine-M
(Tocris Bioscience, Bristol, UK), with or without the non-selective
muscarinic receptor antagonists atropine (Sigma), Ml-selective
antagonist telenzepine (Tocris Bioscience), or M2-selective antag-
onist AF-DX 384 (Tocris Bioscience). Changes in fluorescence were
measured for 3 min and data were analyzed using SoftMax Pro 4.8.
Data were calculated as percentage of baseline to correct for
differences in cell density, and subsequently presented as receptor
activation as percentage of control (PC12 cells grown without
supplementation of nutritional compounds). Experiments were
performed at least three times in sextuplicate.

Binding studies

Membranes from CHO cells were prepared essentially as described
in Jakubik ef al. (2006). Briefly, control and supplemented cells
grown on Petri dishes were twice washed with phosphate-buffered
saline, mechanically detached in phosphate-buffered saline, pelleted
by 3 min centrifugation at 250 g, and supernatants were discarded.
Washed cells were diluted in ice-cold homogenization medium
(100 mM NaCl, 20 mM Na-HEPES, and 10 mM EDTA, pH 7.4)
and homogenized on ice by two 30-s strokes using a homogenizer
(Ultra-Turrax; Janke and Kunkel GmbH and Co. KG, IKA-
Labortechnik, Staufen, Germany) with a 30-s pause between
strokes. Cell homogenates were centrifuged for 30 min at
30 000 g. The supernatants were discarded; the pellets were
resuspended in incubation medium (100 mM NaCl, 10 mM MgCl,,
and 20 mM HEPES, pH 7.4), centrifuged for 30 min at 30 000 g,
and supernatants were again discarded. Pellets were either used for
experiments immediately or kept at —20°C until assayed, for
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10 weeks at maximum. Chemicals were purchased from Sigma
(Prague, Czech Republic) unless indicated otherwise.

Saturation analysis of membrane receptor density

Densities and affinities of muscarinic receptors incorporated in CHO
cell membranes were determined in saturation binding experiments
with the muscarinic antagonist [*H]N-methyl scopolamine
([3H]NMS) (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) as described previously (Michal et al. 2009). Non-specific
binding was determined in the presence of 10 uM atropine. Fast
filtration to separate bound and free ligand was carried out using
Unifilter plates (Whatman, Clifton, NJ, USA) and a Brandel
Harvester (Brandel, Gaithersburg, MD, USA). Plates were dried in
vacuum and radioactivity retained on filters was determined in
Rotiszint (Carl Roth, Karlsruhe, Germany) using a Microbeta
scintillation counter (PerkinElmer Wallac, Turku, Finland).

Determination of GTPy°S binding

Experiments were carried out in 96-well plates at 30°C in the
incubation medium described above supplemented with freshly
prepared dithiothreitol at a final concentration of 1 mM as described
(Jakubik et al. 2006, 2009). Briefly, aliquots of 5-20 pg of
membrane protein were pre-incubated for 5 min in incubation
medium containing 5 uM GDP for M1 or 50 uM GDP for M2 and
M4 receptor-expressing membranes, and indicated concentrations of
carbachol in a final incubation volume of 200 pL. Incubation was
initiated by adding 500 pM [**S]GTPyS. Non-specific binding was
determined in the presence of 1 pM GTPyS. Incubation lasted
20 min, and free ligand was removed by fast filtration through GF/F
glass fiber filters (Whatman) using a Mach III cell harvester
(Tomtec, Hamden, CT, USA). Filters were dried in a vacuum and
then solid scintillator Meltilex A was melted on filters (105°C; 90 s)
using a hot plate. After cooling, radioactivity on the filters was
determined using a Microbeta scintillation counter.

Statistical analysis

All data obtained in the FLIPR assay were analysed with SPSS,
using aANova and post hoc analyses when appropriate. Curve fitting
of the binding studies was done using Prism5 (GraphPad Software
Inc., San Diego, CA, USA). Effects of supplementation on binding
parameters were analyzed using paired 7-tests. For all analyses, the
significance level was set at p < 0.05.

Results

After 3 days of NGF (50 ng/mL) treatment, either with or
without nutrient supplementation, PC12 cells were stimu-
lated with increasing amounts of the muscarinic receptor
agonist carbachol (Fig. 1a). Carbachol induced a concentra-
tion-dependent increase of signal in the MPA (used as a
measure for receptor activation) with concentrations ranging
from 0.01 mM up to 10 mM, as evidenced by a main effect
of concentration [carbachol: F(3,18) = 375.16, p < 0.001].
Post hoc tests indicated that a maximum response was
achieved at a concentration of 1 mM. Supplementation of
the cells with nutrients resulted in an increased response
to carbachol [F(2,6) =228.53, p <0.001]. Post hoc
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Fig. 1 Concentration-response curve of muscarinic receptor agonist
induced changes in membrane potential in PC12 cells expressed as
the percentage of baseline of control without agonist. (a) Concentra-
tion—-response curve of carbachol and (b) concentration-response
curve of oxotremorine. During 3 days prior to measurement, cells re-
ceived NGF (50 ng/mL) with either no supplementation (Control) or

comparisons indicated that responses with DUC (DHA,
uridine and choline) were larger than Control, and those with
FC were again larger than with DUC supplementation (all
p < 0.01). In addition, significant Concentration x Supple-
mentation interactions were obtained [F(6,18) = 3.19,
p < 0.05]. Post hoc tests indicated that FC supplementation
resulted in a larger increase in membrane depolarization than
DUC supplementation at the 0.1 mM and 1 mM concentra-
tions of the agonists, but not at the 10 mM concentrations.
Based on these results, 1 mM carbachol was selected for
subsequent experiments. In addition to the concentration-
effect experiments summarized in Fig. 1a, we performed a
single concentration-effect experiment with the muscarinic
agonist oxotremorine. As can be seen in Fig. 1b, similar
results were observed for this compound, indicating that the
effects were not agonist-specific.

Next, we performed a concentration-response experiment
for FC supplementation, in which PC12 cells were incubated
with increasing concentrations of the FC composition, and
recorded the carbachol-induced changes in membrane
potential. As shown in Fig. 2, FC supplementation induced
a concentration-dependent enhancement of the carbachol-
induced response [F(4,10) = 9.28, p < 0.005]. The maximal
response was observed at the arbitrarily chosen 100%
concentration, which was used in subsequent experiments.

To confirm that the observed changes in membrane
potential were indeed mediated by muscarinic receptors,
we examined the effect of co-administration of the non-
selective muscarinic receptor antagonist atropine. As shown
in Fig. 3, atropine induced a concentration-dependent reduc-
tion of carbachol-induced depolarization [F(4,16) = 138.41;
p < 0.001]. Every concentration of atropine reduced the
carbachol-induced response more strongly than the preceding
concentration (all p < 0.001). Antagonism by atropine was
equally effective in PCI2 cells with and without FC
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nutrient supplementation with DUC (DHA, uridine and choline) or FC
(DHA, EPA, uridine, choline, vitamin B6, vitamin B12, folic acid,
phosphatidylcholine, vitamin C, vitamin E, and selenium). Results for
carbachol are shown as the means + SD of three independent
experiments run in sextuplicates. Results for oxotremorine are dis-
played as single data points, n = 1.
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Fig. 2 Concentration-dependent increase of carbachol (1 mM)-in-
duced changes in membrane potential compared with control after
supplementation of PC12 cells grown with NGF (50 ng/mL) and
increasing concentrations of FC (in % compared with concentration
used in Fig. 1) for 3 days. Values represent means + SD, n = 3. Bars
that do not share the same letters significantly differ, p < 0.05.

supplementation, as evidenced by the absence of both a
main effect of nutrient supplementation (p = 0.525) and an
atropine X supplementation interaction (p = 0.833).

To determine which nutrients in the FC formulation were
responsible for the enhancement of muscarinic receptor
activation, we supplemented NGF-differentiated PC12 cells
for 3 days with single nutrients from the formulation and
recorded their responses to stimulation with carbachol in the
MPA. Figure 4a shows the carbachol-induced changes in
membrane potential after supplementation with the different
single nutrients as compared with both the control without
supplementation and the full combination of FC nutrients. As
some of the nutrients were dissolved in ethanol, which is
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Fig. 3 Concentration-dependent inhibition of carbachol (1 mM)-in-
duced changes in membrane potential by the non-selective muscarinic
receptor antagonist atropine. PC12 cells were supplemented with NGF
(50 ng/mL), with or without multi-nutrient supplementation (FC) for
3 days. Values represent means + SD, n = 3.

known to evoke potassium currents, we also tested a
combination of all solvents. A main effect of supplementa-
tion [F(13,43) = 16.60; p < 0.001] together with subsequent
analyses indicated that single nutrients had little or no effect,
except for the PUFAs EPA and DHA, which both induced an
increased response that was smaller than the effect of the FC
combination (all p < 0.005). Supplementation of the solvents
alone did not induce any changes.

Subsequently, we pooled single nutrients into several
nutrient groups to explore their combined effects (Fig. 4b).
Again, a main effect of supplementation was found
[F(4,14) = 27.414; p < 0.001]. Post hoc comparisons indi-
cated that combined PUFAs (DHA and EPA) increased the
response to carbachol to a lesser extent than the FC
formulation (all p < 0.001), while combined B-vitamins
(B6, B12, folic acid) and combined antioxidants (vitamins C
and E, and selenium) did not have an effect on response to
carbachol.

Next, we combined different nutrient groups to examine
their potential additive or synergistic effects. As shown in
Fig. 4c, different supplementations resulted in an increased
response to carbachol [F(4,14) = 17.30; p < 0.001]. Com-
bining DHA, uridine and choline resulted in an increase
compared with control (p < 0.05) and the subsequent
additions of B-vitamins, antioxidants, and PUFAs further
increased the response to carbachol stimulation (p < 0.05).
Final addition of phospholipids to complete the FC formula
yielded the maximum receptor response observed.

To determine which muscarinic receptors are implicated in
the response to carbachol and nutritional supplementation in
PC12 cells, we used different receptor-selective antagonists.
Concentration-dependent decreases in responses were ob-
served with increasing concentrations (1-30 pM) of the M1
antagonist telenzepine (Eltze et al. 1985), which resulted in a
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near complete block of the carbachol-induced signal with and
without prior FC supplementation [F(4,16) = 190.08;
p < 0.001; see Fig. 5a]. Antagonism by telenzepine was
equally effective in PC12 cells supplemented or not with FC,
as indicated by the absence of both a main effect of nutrient
supplementation (p = 0.308) and a telenzepine X supple-
mentation interaction (p = 0.469). However, increasing con-
centrations (1-30 pM) of the M2/M4 antagonist AF-DX 384
(Alexander et al. 2009) also induced a significant decrease in
carbachol-induced responses [F(4,8) = 127.78, p < 0.001;
see Fig. 5b]. The antagonistic effect of AF-DX 384 was
similar in PC12 cells with and without FC supplementation,
as shown by the absence of a main effect of nutrient
supplementation (p = 0.978) and a AF-DX 384 X supple-
mentation interaction (p = 0.077). Consequently, we were
not able to distinguish between the involvement of different
endogenous muscarinic receptors in the observed effects,
using these antagonists in PC12 cells.

Next, to explore nutrient-mediated effects on muscarinic
receptors we used CHO cells stably transfected with the
human genes of the muscarinic M1, M2 or M4 receptor
subtype (Buckley ef al. 1989). Treatment of CHO cells
expressing the M1 subtype of muscarinic receptors with the
FC nutrient formula did not change either M1 receptor density
in plasma membranes (B, in treated cells 95 + 12% of
controls, p = 0.448) or affinity of [PHINMS binding (Ky4
289 + 95 and 370 + 92 pM in control and FC-supplemented
cells, respectively, p = 0.258). However, FC supplementation
significantly enhanced receptor activation determined as the
increase of GTP-y3SS binding induced by carbachol [Fig. 6,
M1; Enax 172 £ 5.3% of controls, #(2) = 23.5, p < 0.01] with
no change in potency (pEC50 5.60 + 0.38 and 5.46 + 0.41 in
control and supplemented cells, respectively). The same
supplementation of cells expressing M2 receptors did not
result in major changes in [PH]NMS-binding properties [Bumax
in treated cells was 122 + 20% of controls; #2) = 1.876;
p =0.2015], but the affinity for M2 was decreased Ky
[428 + 36 and 361 + 44 pM in control and FC-supplemented
cells, respectively, #(4)=3.366, p < 0.05]. In addition,
receptor activation by carbachol was decreased [Fig. 6, M2;
Enax 85 £ 6% of controls, #(2) = 4.457, p < 0.05, and pEC50
was not significantly different (6.56 + 0.28 and 6.43 + 0.12
in control and FC supplemented cells, respectively, n = 3)].
Growth of M4 receptor expressing CHO cells in medium
supplemented with FC mixture had no effect on carbachol-
induced stimulation of GTP-y>>S binding (Fig. 6, M4; Emax
111 = 11% of controls in FC-treated cells, and pEC50
5.65 + 0.09 and 5.73 = 0.12 in control and FC treated cells,
respectively; n = 7).

Discussion

The present data indicate that the muscarinic receptor
agonists carbachol and oxotremorine both induced concen-
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Fig. 5 Concentration-dependent inhibition of carbachol (1 mM)-in-
duced changes in membrane potential after administration of (a) the
M1-selective muscarinic antagonist telenzepine, and (b) the M2/M4-
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selective muscarinic antagonist AF-DX 384. PC12 cells were supple-
mented with NGF (50 ng/mL), with or without the FC nutrient com-
position, for 3 days. Data are expressed as means = SD, n = 3.
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Fig. 6 Carbachol-induced GTPv%®*S binding in CHO cells stably
transfected with human M1, M2 or M4 muscarinic receptor genes.
Membranes prepared from control and multi-nutrient (FC) supple-
mented CHO cells were prepared as described in Methods. Carbachol

tration-dependent changes in membrane potential in PC12
cells as measured by the FLIPR assay. Supplementation with
DHA, uridine and choline that was shown to support
formation of synapses (Wurtman et al. 2006; Cansev and
Wurtman 2007; Cansev ef al. 2008) and acetylcholine
release (Wang et al. 2007) yielded an increased depolariza-
tion of the cell membrane, although the specific combination
of nutrients in FC induced an even larger increase in the
response. Furthermore, the carbachol-induced changes ob-
served either with or without FC supplementation, could be
blocked by the non-selective muscarinic receptor antagonist
atropine, evidencing that the observed effects were actually
mediated by muscarinic receptors.

Subsequently, we investigated the effects of the nutrients
in FC on agonist-induced changes in membrane potential.
Supplementation with individual compounds did not lead to
an agonist-induced increase in membrane potential except for
DHA and EPA. However, the combined action of all
nutrients in the specific blend of FC led to agonist-induced
increase in membrane potential signal that is higher than
what could be achieved with single nutrient supplementation.
Furthermore, combined supplementation of DHA plus EPA
(Fig. 4b) did not induce an effect size similar to FC. Only
addition of the other nutrient groups yielded the maximum
effect as observed with FC (Fig. 4c). These data indicate that
the concerted action of the nutrients in FC could have larger
effects than fish oil alone or a combination of DHA, uridine
and choline on membrane related processes, possibly by
enhancing phospholipid synthesis and changing membrane
composition.

It has been shown that dietary supplementation with a
combination of DHA, uridine and choline enhanced learning
and memory more than supplementing these nutrients alone
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(abscissa, log M) stimulated GTPv%S binding mediated by M1, M2, or
M4 receptors is expressed in ccpm/pg protein. Shown are represen-
tative experiments. Data are expressed as means + SEM. A summary
of parameters of fits is given in Results.

(Holguin et al. 2008a,b), probably by synergistic improve-
ment of synaptic membrane synthesis. In this study, we
demonstrate that these nutrients, which affect membrane
synthesis may also affect membrane-related processes, like
GPCR functioning. Furthermore, the addition of co-factors
present in FC significantly enhanced the carbachol-induced
change in membrane potential compared with a combination
of DHA, uridine and choline in our cell model. As the FC
formulation yielded the largest effects, we used this nutrient
combination to investigate muscarinic receptor activation.
The muscarinic receptor agonists carbachol and oxotrem-
orine both induced concentration-dependent depolarization
of PCI12 cells as measured by the FLIPR assay. Agonist-
induced depolarization was inhibited by muscarinic antago-
nists, demonstrating involvement of muscarinic receptors. It
has been shown that M1, M2, M4, and M5 muscarinic
receptors are endogenously expressed in PC12 cells (Lee and
Malek 1998; Berkeley and Levey 2000; Clancy et al. 2007)
and that M2 and M4 receptors are up-regulated by NGF
treatment (Lee and Malek 1998; Clancy er al. 2007). The
most abundant subtype in PC12 cells is the M4 receptor,
which accounts for more than 95% of all muscarinic
receptors (Berkeley and Levey 2000). Nonetheless, the
response (depolarization) that we measured was most likely
mediated by the M1 subtype (Brown et al. 2007; Brown and
Passmore 2009) because activation of the M4 (or M2)
receptor subtype would lead to a hyperpolarization (Jones
1993; Clancy et al. 2007). In addition, M4 and M2 receptors
appear to be predominantly localized in the cytoplasm
whereas M1 receptors appear to be more expressed at the
plasma membrane (Clancy et al. 2007). However, we could
not discriminate between the various endogenously ex-
pressed muscarinic receptors using muscarinic antagonists
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that display certain specificity for M1/M3 or M2/M4 (Fig. 5).
This may be due to a fairly low expression of muscarinic
receptors (data not shown). Considering minute relative
amounts of M1 receptors, any marginal occupancy by the
selective M2/M4 antagonist may abolish M1 receptor-
mediated effects. Similarly, in line with muscarinic M1
receptor-stimulated activation of mitogen-activated protein
kinase (Berkeley and Levey 2000), comparable rather high
concentrations of agonists (> 1 mM) were needed to evoke
the maximal effect, again demonstrating the necessity of full
receptor occupancy (and a lack of receptor reserve).

To further investigate the effects of multi-nutrient supple-
mentation on muscarinic receptor activation, we used human
M1/M2/M4 transfected CHO cells. We have shown in CHO-
M1 cells that supplementation with multi-nutrient formula-
tion (FC) leads to an enhanced M1 receptor-mediated G
protein activation, whereas supplementation of either CHO-
M2 or CHO-M4 cells did not show any increased receptor
activation as measured by the [*>S]GTPyS-binding assay.
Together, these data suggest that multi-nutrient supplemen-
tation can potentially enhance GPCR signaling in general and
M1 muscarinic receptor signaling in particular.

As the muscarinic acetylcholine receptors lose their
sensitivity to acetylcholine during aging and more substan-
tially in Alzheimer’s disease (AD) (Joseph et al. 1993; Kelly
et al. 1996; Jope et al. 1997; Tsang et al. 2006; Machova
et al. 2008, 2010; Thathiah and De Strooper 2009),
interventions are aimed to target these receptors to restore
cholinergic functioning. Of the five mACh receptor subtypes
(M1-M5) that have been identified in humans (Bonner et al.
1987, 1988; Peralta et al. 1987, 1988; Bonner 1989a,b), the
M1 subtype is the most abundant subtype in the cortex and
hippocampus (Levey et al. 1991), which are also the main
brain regions that develop plaques and tangles. In AD
pathology M1 receptors are important, as deletion of these
receptors increases amyloid pathology in vitro as well as
in vivo (Davis et al. 2010). In addition, it has been shown
that activation of M1 receptors positively influences the
processing of the amyloid precursor protein towards the
non-amyloidogenic pathway (Buxbaum et al. 1992; Nitsch
et al. 1992; Caccamo et al. 2006; Jones et al. 2008).

Taken together, our results indicate that the specific
combination of nutrients in FC acts synergistically in
sustaining muscarinic M1 receptor responses, probably by
facilitating receptor-mediated G protein activation. As mus-
carinic M1 receptors are important for the progression of
memory deterioration and pathology of Alzheimer’s disease,
it would be of interest to confirm the observed increase in M1
receptor responses as a result of nutrient supplementation in
vivo. In addition, these results suggest that the detected
effects on M1 activation might have contributed to the
improved memory performance in mild AD patients that was
observed after a 12-week multi-nutrient intervention (Schel-
tens et al. 2010) using Fortasyn™ Connect.
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Abstract

Based on the kinetics of interaction between a receptor and G-protein, a myriad of possibilities may result. Two extreme
cases are represented by: 1/Collision coupling, where an agonist binds to the free receptor and then the agonist-receptor
complex “collides” with the free G-protein. 2/Pre-coupling, where stable receptor/G-protein complexes exist in the absence
of agonist. Pre-coupling plays an important role in the kinetics of signal transduction. Odd-numbered muscarinic
acetylcholine receptors preferentially couple to Gg/11, while even-numbered receptors prefer coupling to Gj/,. We analyzed
the coupling status of the various subtypes of muscarinic receptors with preferential and non-preferential G-proteins. The
magnitude of receptor-G-protein coupling was determined by the proportion of receptors existing in the agonist high-
affinity binding conformation. Antibodies directed against the C-terminus of the a-subunits of the individual G-proteins
were used to interfere with receptor-G-protein coupling. Effects of mutations and expression level on receptor-G-protein
coupling were also investigated. Tested agonists displayed biphasic competition curves with the antagonist [°H]-N-
methylscopolamine. Antibodies directed against the C-terminus of the a-subunits of the preferential G-protein decreased
the proportion of high-affinity sites, and mutations at the receptor-G-protein interface abolished agonist high-affinity
binding. In contrast, mutations that prevent receptor activation had no effect. Expression level of preferential G-proteins
had no effect on pre-coupling to non-preferential G-proteins. Our data show that all subtypes of muscarinic receptors pre-
couple with their preferential classes of G-proteins, but only M; and M3 receptors also pre-couple with non-preferential Gy/,
G-proteins. Pre-coupling is not dependent on agonist efficacy nor on receptor activation. The ultimate mode of coupling is
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therefore dictated by a combination of the receptor subtype and the class of G-protein.
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Introduction

G-protein coupled receptors (GPCR) represent the largest
family of receptors, with more than 900 encoding genes [1]. They
process and transduce a multitude of signals elicited by hormones,
neurotransmitter and odorants and are thus involved in a very
wide array of physiological and pathological processes. This makes
this class of receptors a major pharmacological target for drug
development [2].

Agonist-stimulated GPCRs in turn activate heterotrimeric
GTP-binding proteins (G-proteins) that activate various signaling
pathways. Two distinctive types of interaction between a receptor
and G-protein exist: collision coupling and pre-coupling. In the
former case, an agonist binds to the free receptor, activates it and
then the receptor with bound agonist “collides” with free G-
protein and activates it. In the latter case, stable receptor-G-
protein complexes exist in the absence of agonist, agonist binds to
this complex, induces change in the receptor conformation that
leads to G-protein activation and dissociation of the complex [3].
It should, however, be noted that the distinction between collision
coupling and pre-coupling is rather a matter of kinetics of

@ PLoS ONE | www.plosone.org

receptor-G-protein interaction, activation state and receptor to G-
protein stoichiometry [4]. Additional modes of interaction
intermediate between pure collision coupling and pre-coupling,
like transient receptor to G-protein complexing (“dynamic
scaffolding”), have been observed [5].

There is accumulating evidence for both collision coupling and
pre-coupling of GPCRs. Interestingly, coimmunoprecipitation
studies showed pre-coupling of asa-adrenergic receptors [6] with
G;/, G-proteins and Bo-adrenergic receptors with Gy, ¢ G-proteins
[7]. In contrast, rapid collision coupling of G-proteins with ga-
adrenergic receptors has been demonstrated in resonance energy
transfer studies [8] and with Bo-adrenergic receptors in living cell
imaging studies [9]. Overall, current data on GPCR coupling
suggest that the mode of receptor to G-protein coupling may differ
depending on the receptor type, cell type and membrane
composition [3,10]. Thus, understanding the dynamic behavior of
GPCR systems including receptor-G-protein coupling is important
in discovery and development of more organ-specific drugs.

Muscarinic acetylcholine receptors are GPCRs present at
synapses of the central and peripheral nervous systems but also
exist in non-innervated cells and tissues. There are five subtypes of
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muscarinic receptors encoded by distinct genes without splicing
variants [11]. Development of selective ligands for muscarinic
receptors thus represents an enormous challenge due to their
omnipresence, with only a few types of tissues being endowed by a
single or predominant subtype of these receptors. So far very little
1s known about the nature of coupling of muscarinic receptors to
G-proteins [12]. We have demonstrated that the My receptor can
directly activate all three classes of G-proteins [13], and that it
probably pre-couple to G/, but not to Gy, G-proteins [14]. To
further clarify the mechanisms of muscarinic receptor subtypes
signaling we analyzed the mode of coupling of M, through M,
muscarinic receptors with Gi/o, G/ and Gg,11 G-proteins in
membranes from Chinese hamster ovary cells expressing individ-
ual receptor subtypes. We show that while M, and M3 receptors
pre-couple both with their preferential G/1 and non-preferential
Gi/o G-proteins, My and M, receptors pre-couple only to
preferential G;,, G-proteins.

Results

Stimulation of [*>SIGTPYS binding to Gi/o, Gs/oif and G11
G-proteins

Membranes from CHO cells containing from 1.4 to 2.5 fmol of
M, through M, muscarinic receptors per mg of protein were
exposed to carbachol in concentrations ranging from 0.1 uM to
1 mM and binding of [*’S]GTPYS to G-protein classes was
determined using a scintillation proximity assay (SPA) (Fig. 1).
Carbachol stimulated [*>S]GTPyS binding to all three major classes
of G-proteins via all four receptors, with highest potency (ECsq
about 1 uM) and efficacy (more than 3-fold increase over basal) for

Pre-Coupling of Muscarinic Receptors

preferential G-proteins (G,,1 for M; and M3 and G;,,, for My and
M, receptors) (Table 1). The potency of carbachol in stimulating
[*S]GTPYS binding to non-preferential G-proteins was 2- (Mj
Gy/ 1) to 10-fold (Mg Gy/01) lower than to preferential G-proteins.

Competition of carbachol with [PHINMS binding at M,
through M, receptors

Binding of the tritiated antagonist N-metylscopolamine
(PHJNMS) in the presence of agonist carbachol concentrations
ranging from 10 nM to 10 mM (Fig. 2) was best described by
competition for two sites (Eq. 3) at all four receptor subtypes. The
equilibrium inhibition constant (Kj) of carbachol was similar
among receptor subtypes, both for high and low affinity sites
(Table 2). At M; and Mj receptors that preferentially couple to
Gg/11 G-proteins carbachol displayed more low affinity binding
sites than at My and My receptors that preferentially couple to G;/,
G-proteins. In some cases preincubation of membranes with
antibodies directed against the C-termini of o-subunits of
individual classes of G-proteins led to an increase in the proportion
of low affinity sites. The proportion of low affinity sites was
increased by anti-Gj,, and anti-G,,|; antibodies at M; and M3
receptors but only by anti-G;,,, antibodies at My and M, receptors.
The anti-G,,r antibody did not change the proportion of low
affinity sites at any receptor subtype. None of the antibodies
affected K of either the low or high affinity sites.

Competition of agonists with PHINMS binding at M, and
M, receptors

All tested agonists at M; receptors (carbachol, furmethide,
oxotremorine, and pilocarpine) bound to two binding sites (Fig. 3,
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Figure 1. Stimulation of [**SIGTPyS binding by carbachol. [**SIGTPyS binding to Gy, (circles), Gs/oir (squares) and Gg/11 G-proteins (diamonds)
via M (upper left), M, (upper right), Mz (lower left) and M, (lower right) receptors by increasing concentrations (abscissa, log M) of carbachol is
expressed as fold over basal (ordinate). Data are means = S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted using

equation 2 and results of fits are shown in Table 1.
doi:10.1371/journal.pone.0027732.g001

@ PLoS ONE | www.plosone.org 2

November 2011 | Volume 6 | Issue 11 | e27732



Table 1. Stimulation of [**SIGTPYS binding by carbachol to
Gijor Gs/olf and Gg/17 subtypes of G-proteins via M; through M,
receptors.

Gijo G/olf Gg/11

PECso Emax PECso Emax PECso Emax
M, 5.31%£0.05 2.01*0.05 5.44*+0.05 1.92*0.05 5.96*0.05 3.90*+0.08
M, 6.01£0.06 3.44*0.07 5.01*0.06 1.93*£0.05 5.24*0.02 1.63 *=0.02
M3 5.32*+0.05 2.16*0.06 5.54*+0.05 2.16*=0.05 5.83*0.04 3.31*+0.06
M, 5.89%+0.05 3.15*+0.08 5.18%+0.06 2.18*+0.06 5.49*0.05 1.59*0.04

Data are means * S.E.M. From 3 experiments performed in quadruplicates. Eyax
is expressed as fold increase of basal binding.
doi:10.1371/journal.pone.0027732.t001

full circles). Although they bound with different affinities they
recognized the same proportion of low-affinity sites (Table 3).
Anti-Gj/, and anti-G,, antibodies increased the proportion of
low affinity sites to a comparable extent for all tested agonists
(Fig. 3, open circles and open diamonds). The anti-G/ . antibody
did not change the proportion of the low-affinity binding sites for
any of the agonists tested (Fig. 3, open squares). None of the
antibodies affected K; values.

Similarly, all tested agonists bound to two binding sites at My
receptors (Iig. 4, full circles). As in the case of the M receptor they
bound with different affinities but they recognized the same
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proportion of low-affinity sites (Table 4). Similar to carbachol, the
proportion of low-affinity sites was lower at My than at M,
receptors for all tested agonists (Table 4 vs. Table 3) and only the
anti-G;/, antibody increased the proportion of low affinity sites
(Fig. 4, open circles). The anti-G,,qr and anti G/ antibodies did
not change either the proportion of low-affinity binding sites or
Kis for any of the agonists tested (Fig. 4, open squares and open
diamonds).

Effects of mutations of M, receptors that affect receptor
activation

To further investigate the role of receptor activation in
receptor-G-protein pre-coupling we prepared cell lines expressing
mutant M, receptor with mutations known to interfere with
receptor signaling. Mutation of aspartate 71 in the middle of the
second transmembrane domain to asparagine (D71N) has been
shown to abolish receptor activation [15]. Mutation of aspartate
122 in the conserved E/DRY-motif at the intracellular edge of
the third transmembrane domain to asparagine (D122N) has
been shown to reduce the potency of muscarinic agonists [16].
Opsin arginine in the conserved E/DRY-motif at the intracel-
lular edge of the third transmembrane domain of has been shown
to directly interact with the C-terminal cysteine of the o-subunit
of G-protein [16]. At M; muscarinic receptors mutation of
corresponding arginine 123 asparagine (R123N) blocks activation
of G-proteins [17]. The appropriate control CHO cell line
expressing the wild-type receptor was also generated using the
same expression vector. Expression levels of receptor mutants

M,

8 7 6 5 -4 -3 -2
Carbachol [log c]

Figure 2. Effects of anti-G-protein antibodies on competition between carbachol and [*H]NMS binding at M, to M, receptors.
Binding of 1 nM BHINMS to membranes from CHO cells expressing M, (upper left), M, (upper right), M5 (lower left) and M, (lower right) receptors in
the presence of increasing concentrations (abscissa, log M) of carbachol is expressed as per cent of control binding in the absence of carbachol. Filled
circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gy, (circles), anti-G/o (squares), and anti-Gq11
(diamonds) antibodies. Data are means = S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted using equation 3 and

results of fits are shown in the Table 2.
doi:10.1371/journal.pone.0027732.g002
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Table 2. Effects of IgG antibodies directed against the o-
subunits of individual subtypes of G-proteins on binding
parameters of carbachol in membranes of CHO cells
expressing individual subtypes of muscarinic receptors.

control anti-G;,, anti-G,o¢  anti-Gg/1q
M, PKi high 7.01+0.08 6.93+0.09 7.09+£0.08 7.14*+0.08
PKi tow 521%+0.07 5.25+0.06 527007 5.30+0.07

flow 69+7 84+8* 74x7 92+8*
M, PK; high 6.81+£0.08 6.70+0.07 6.93+£0.08 6.88+0.07
PKi 1ow 5.01+0.07 5.13+0.07 5.06%£0.07 5.01+0.08

f low 56+8 89+8* 61=9 54+9
M; PKi high 7.03+0.08 7.15+0.09 7.23*+0.08 7.14+0.09
PKi tow 5.15+0.09 5.20+0.09 523+0.08 5.27+0.09

T e 72x7 89+9* 76x7 92+8*
M, PKi high 6912009 7.03+0.08 7.09+0.09 6.94+0.08
PKi 1ow 5.01+0.09 4.95+0.08 5.08+0.09 5.00 +0.08

flow 62*7 82+8* 667 58+7

Data are means * S.E.M. From 3 experiments performed in quadruplicates. fio,
fraction of low-affinity sites in percent;

*, significantly different from control by t-test (P<<0.05).
doi:10.1371/journal.pone.0027732.t002
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Figure 3. Effects of anti-G-protein antibodies on competition
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(0.42 to 0.87 pmol per mg of protein) were the same as expression
level of the wild-type receptor (0.63 to 0.71 pmol per mg of
protein).

Association of 0.5 nM [*>S]GTPyS with membranes from the
newly prepared CHO cell line expressing M, receptors occurred
with observed association rate ko,s= 0.036 min™' (Fig. 5 upper
left, full circles, and Table 5). One hundred uM carbachol (Fig. 5,
open circles) accelerated association of [*>S]GTPYS two-times and
increased equilibrium binding (B.) by one third. Mutations D71N
(Fig. 5 upper right) and R123N (Fig. 5 lower right) did not change
basal (in the absence of carbachol) association of [*>S]GTPYS but
they both abolished acceleration induced by carbachol. Mutation
D122N accelerated basal association of [*°S]GTPYS by 50%. One
hundred pM carbachol further accelerated association of
[*S]GTPYS. The rate of association as well as B.q in the presence
of carbachol at R123N receptors was the same as at control (M,
wt) (Fig. 5 and Table 5).

On the newly prepared cell line expressing M; wt receptors
carbachol displayed binding to two binding sites in competition
with [PH]NMS with the same proportion of low affinity sites and
similar affinities (Fig. 6, full circles) as in Fig. 2. While mutation
D7IN did not change the binding parameters of carbachol,
mutation D122N brought about an increase in low affinity sites
and mutation R123N completely abolished high-affinity binding
(Fig. 6 and Table 6).
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between different agonists and [*HINMS binding at M, receptors.

Binding of 1 nM [*HINMS to membranes from CHO cells expressing M, receptors in the presence of increasing concentrations (abscissa, log M) of the
agonists carbachol (upper left), furmethide (upper right), oxotremorine (lower left) and pilocarpine (lower right) is expressed as per cent of control
binding in the absence of agonist. Filled circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gy/,
(circles), anti-G/oi (squares) and anti-Gq,11 (diamonds) antibodies. Data are means * S.E.M of values from 3 experiments performed in quadruplicates.
Curves were fitted using equation 3 and results of fits are shown in Table 3.

doi:10.1371/journal.pone.0027732.g003
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Table 3. Effects of IgG antibodies directed against a-subunits
of individual subtypes of G-proteins on binding parameters of
different muscarinic agonists in membranes of M; CHO cells.
Control anti-G;,, anti-G, o  anti-Ggy
carbachol pKi high  7.0120.08  6.93+0.09 7.09+0.08 7.14%0.08
PKi low  5.21£0.07 525+006 527%0.07 5.30+0.07
e 69+7 86+8* 74+7 92+8*
furmethide  pK; hign ~ 6.70£0.07 6.59+0.08 6.66-0.07 6.63+0.08
PKi 1ow 4.82+0.07 4.78*+0.07 4.81*0.07 4.87+0.07
flow 62+7 84+8* 62+6 92+8*
oxotremorine pK; high 8.12+0.08 8.04*0.8 7.96£0.06 8.14*0.08
PKiow  6.53%0.06 647+007 6.46*0.06 6.49+0.06
- 69+6 908 696 95:£5%
pilocarpine  pKi nign  7.72+007  7.64+007 7.61+0.07 7.66+0.07
PKi ow  5.84+0.06 581+006 5.80*0.06 5.71+0.06
f low 75+7 92+8* 73+7 90+8*
Data are means * S.E.M. From 3 experiments performed in quadruplicates. fio,,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P<<0.05).
doi:10.1371/journal.pone.0027732.t003

Pre-Coupling of Muscarinic Receptors

Effects of attenuation of expression of G;,, G-proteins in
M,-CHO cells

Total binding capacity of (saturating) 500 nM [*>S]GTPYS in
control My-CHO membranes (in the absence of GDP) showed
prevalence of Gy, G-proteins over Gy and Gq/11 (37.5%3.9,
22.0%£2.3 and 25.4%2.8 pmol/mg prot., respectively; mean *
S.E.M., n = 3). Treatment of Mo>-CHO cells with siRINA directed
to Gj/, G-proteins resulted in more than a 70% decrease in the
[*S]GTPyS binding capacity of G/, (10.1%1.8 pmol/mg prot.;
mean = S.E.M., n= 3) without a change in the binding capacity
of Gy/or and Gy/11 G-proteins (24.1%2.2, 23.8%2.5 pmol/mg
prot., respectively; mean * S.E.M., n=3). This treatment
resulted in a 10-fold decrease in the potency of carbachol in
stimulation of [358] GTPyS binding to G/, G-proteins (Fig. 7 vs.
Fig. 1 upper right, open circles; Table 7 vs. Table 1) and
decreased its efficacy more than 5-times. The efficacy of
carbachol in stimulation of [*S]GTPyS binding to G,/ or
Gq/11 G-proteins was unchanged while its potency increased
about 3-times in both cases.

Based on competition binding of agonists and ["H]NMS (Fig. 8;
Table 8), attenuation of G;/, expression led to an increase in the
proportion of low-affinity sites for all tested agonists (see controls in
Table 4 and Table 8) without change in K; values. The anti-G;,,
antibody further increased the proportion of low-affinity sites in
Gi/o G-proteins-depleted membranes only for the full agonists
carbachol and furmethide. In contrast to control My-CHO cells,
the proportion of low-affinity sites of the partial agonists
oxotremorine and pilocarpine in Gj/, G-proteins-depleted mem-
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Figure 4. Effects of anti-G-protein antibodies on competition between different agonists and [*HINMS binding at M, receptors.
Binding of 1 nM [*HINMS to membranes from CHO cells expressing M, receptors in the presence of increasing concentrations (abscissa, log M) of the
agonists carbachol (upper left), furmethide (upper right), oxotremorine (lower left) and pilocarpine (lower right) is expressed as per cent of control
binding in the absence of agonist. Filled circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gy/,
(circles), anti-Gg/op (squares) and anti-Gg;1 (diamonds) antibodies. Data are means + S.E.M of values from 3 experiments performed in quadruplicates.
Curves were fitted using equation 3 and results of fits are shown in Table 4.

doi:10.1371/journal.pone.0027732.9g004
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Table 4. Effects of IgG antibodies directed against a-subunits
of individual subtypes of G-proteins on binding parameters of
different muscarinic agonists in membranes of M, CHO cells.

Control anti-G;,, anti-G, o  anti-Ggy
carbachol pKi high  6.8120.08 6.70+0.07 6.93+0.08 6.88%0.07
PKi ow  5.01£0.07 5.13+007 5.06%0.07 5.01+0.08

e 56+8 89+8* 61+9 54+9
furmethide  pK; hign ~ 6.99+0.08 6.98+0.07 7.19£0.07 7.08+0.08
PKi 1ow 4.70+£0.08 4.79+0.07 4.84*+0.08 4.73+0.07

flow 48+8 80+7* 49+8 53*9
oxotremorine pK; high 7.74*+0.09 7.76+0.08 7.83*0.08 7.93*+0.08
PKiow  6.17+0.08 578+008 622+0.09 6.27+0.08

- 608 84£7% 65=8 61=7
pilocarpine  pKi pign  7.10+0.09  7.05+0.11  7.22+0.09  7.00+0.10
PKi ow  5.58+0.09 567+009 5.62%0.09 5.60+0.09

f low 53+10 7611 53+10 57+11
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Data are means * S.E.M. From 3 experiments performed in quadruplicates. fio,,
fraction of low-affinity sites in percent;
*, significantly different from control by t-test (P<<0.05).
doi:10.1371/journal.pone.0027732.t004
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branes was not changed by the anti-G;,, antibody. Similar to
untreated My-CHO cells, the anti-G;, oy and anti-G, 1 antibodies
had no effect on either the proportion of low affinity sites or K;
values in membranes with attenuated expression of Gj/, G-
proteins.

Discussion

Binding of an agonist to a G-protein-coupled receptor (GPCR)
results in transforming the receptor to an active state that
facilitates guanosine diphosphate (GDP) dissociation from the o-
subunit of interacting heterotrimeric G-proteins and its exchange
for guanosine trisphosphate (GTP) [18]. In principle there are
many possible ways for receptor-G-protein interactions to take
effect, with two extreme possibilities. In one scenario receptors and
G-proteins diffuse freely within the plasma membrane, agonist
binds to the free receptor that then randomly “collides” with G-
proteins and activates them. Alternatively, receptors and G-
proteins form stable complexes regardless of the receptor
activation state and agonist binding, the agonist binds to this
complex and induces conformational changes in the receptor
protein that leads to G-protein activation and dissipation of the
receptor-G-protein complex. We will refer to the former situation
as “collision coupling” and the latter one as “pre-coupling” [3]. It
should, however, be noted that even if receptors are partially pre-
coupled to G-proteins, an agonist can also bind to free receptors
and then “collide” with G-protein. Also the distinction between
collision coupling and pre-coupling is rather a matter of kinetics of

M, D71N
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M, R123N
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Figure 5. Effects of point mutations of the M, receptor on carbachol-induced stimulation of of [3**SIGTPYS. Binding of 0.5 nM
[3°SIGTPYS to all G-proteins in the presence of 50 uM GDP was measured in membranes from newly prepared CHO cell lines expressing either wild-
type (M; wt) or mutant (D71N, D122N, R123N) M; receptors in the absence (full circles) or in the presence (open circles) of 100 uM carbachol. Data are
means * S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted using equation 4 and results of fits are shown in Table 5.
doi:10.1371/journal.pone.0027732.9g005
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M; receptors.
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Table 5. Rates of basal and carbachol-stimulated association of [**SIGTPYS in CHO membranes expressing wild type and mutant

eq
[fmol/ug prot.]

M; wt D71N D122N R123N
control Kobs [min™"] 0.036+0.007 0.034+0.007 0.054+0.005# 0.038+0.007
Beq 101+6 107+12 103*+8 105*+6
[fmol/:g prot.]
+100 uM carbachol Kobs [Min™"] 0.075+0.006* 0.033£0.006# 0.077+0.005* 0.036+0.007#
B 133+8* 105+9# 126+6* 10054

Data are means *= S.E.M. From 3 experiments performed in quadruplicates.
*, Significantly different from control;

#, significantly different from wild type (M; wt), t-test (P<<0.05).
doi:10.1371/journal.pone.0027732.t005

receptor-G-protein interaction and activation and receptor to G-
protein stoichiometry [4]. Thus a myriad of possible ways for
Interaction among receptor, G-protein and agonist exist, e.g.,
transient receptor to G-protein complexing (“‘dynamic scaffold-
ing”) [5]. Receptor G-protein pre-coupling plays an important role
in signaling. It may accelerate kinetics of signal transduction. If
receptor G-protein complexes pre-exist, instantaneous activation
of G-protein takes place upon agonist binding to the receptor [4].

As shown repeatedly [10,13,19,20] and also in Fig. 1,
muscarinic acetylcholine receptors couple with all 3 major classes
of G-proteins (Gj/qo, Gy/orr and Gg/11). Our recent data show that
at My receptors the agonist carbachol slows down the association
of GDP with G;,, but not G,/ G-proteins [14]. This finding may
evidence the pre-existence of a receptor/G-protein complex prior
to carbachol binding. Data thus suggest that muscarinic M,
receptors pre-couple to Gj,, but not to Gy,qr G-proteins.
Alternatively, M, receptors may precouple with G/ but
carbachol has no effect on GDP association. To exclude this
possibility we analyzed in detail pre-coupling of all 3 major classes
of G-proteins with My receptors and compared it with pre-
coupling at other Gi/, preferring (M4) and G,y preferring (M,
and Mj) muscarinic receptors.
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Figure 6. Effects of point mutations of the M; receptor on
competition between carbachol and [*HINMS binding. Binding
of 1 nM [PHINMS to membranes from newly prepared CHO cell lines
expressing wild type and mutant M; receptors in the presence of
increasing concentrations carbachol is expressed as per cent of control
binding in the absence of agonist. Filled circles, binding to wild-type M,
receptors. Open symbols, binding to D71N (circles), D122N (squares)
and R123N (triangles) mutatant M, receptors. Data are means = S.EM
of values from 3 experiments performed in quadruplicates. Curves were
fitted using equation 3 and results of fits are shown in Table 6.
doi:10.1371/journal.pone.0027732.9g006
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At all receptor subtypes carbachol displays a “two site”” binding
curve with high affinity binding in the nanomolar range and low
affinity binding in the micromolar range (Fig. 2, Table 2).
According to the ternary complex model of GPCRs [21] agonists
bind with high affinity to the receptor-G-protein complex and with
low-affinity to receptors uncoupled from G-proteins. The interface
of interaction between the receptor and G-protein consists of the
intracellular edge of the third, fifth and sixth transmembrane
domains and adjacent parts of the third and fourth intracellular
loops of the receptor and the C-terminus of the G-protein o-
subunit [16,22]. Antibodies directed against the C-terminus of G-
protein should prevent receptor-G-protein interaction (or break
existing receptor G-protein complex) and lower the affinity of the
receptor for agonists. Indeed, IgG antibodies directed against the
C-terminus of the G;/, class of G-proteins increased the fraction of
low-affinity sites at all receptor subtypes including the G;,, non-
preferring M, and Mj receptors. Similarly, IgG antibodies
directed against the C-terminus of G,y class of G-proteins
increased the fraction of low-affinity sites only at their preferring
M, and Mj receptors, but IgG antibodies directed against the C-
terminus of G/ class of G-proteins had no effect. Antibodies
only changed the proportion of low-affinity sites without an effect
on receptor affinity. Our data also show that all receptors pre-
couple with their preferential G-proteins (M, and M3 with Gg/11
and My and M, with G;/,) and that M; and M3 receptors also pre-
couple with non-preferential G;,, G-proteins. In contrast, pre-
coupling of G/, G-proteins was not detected at any subtype of
muscarinic receptors. In other words, the interaction between
receptor and Gy, 1s so short-lived that cannot be detected by
antibodies. This is in agreement with our kinetic measurements at
Gy oir and My receptors [14].

Table 6. Effects of single amino acid mutations of M,
receptor on the binding parameters of carbachol.

M, control D71N D122N R123N
PKi high 7.13+0.08 7.01+0.08 7.07+0.09
PK; low 4.91+0.06 4.85+0.05 4.92+0.05 4.80+0.07
f low 72+6 74+7 86+7* 99+1*

Data are means = S.E.M. From 3 experiments performed in quadruplicates. fio,
fraction of low-affinity sites in percent;

*, significantly different from control by t-test (P<<0.05).
doi:10.1371/journal.pone.0027732.t006
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Figure 7. Stimulation of [**S]GTPYS binding by carbachol at the
M, receptor after suppression of expression of G;,, G-proteins.
M, receptor-mediated stimulation of [3SS]GTPyS binding to Gy, (circles),
Gy/of (squares) and Ggqq G-proteins (diamonds) after suppression of
expression of G;,, G-proteins by siRNA was stimulated by increasing
concentrations of carbachol (abscissa, log M). Response is expressed as
fold over basal (ordinate). Data are means *= S.E.M of values from 3
experiments performed in quadruplicates. Curves were fitted using
equation 2 and results of fits are shown in Table 5.
doi:10.1371/journal.pone.0027732.9g007

We tested binding of four structurally different agonists
(carbachol, furmethide, oxotremorine and pilocarpine) that also
differ in potency and efficacy in activating muscarinic receptors
[14] and binding kinetics [23]. Importantly, all tested agonists
recognize the same proportion of low-affinity binding sites (Figs 3
and 4; Tables 3 and 4). It is very unlikely that these agonists induce
the same proportion of transient high-affinity states (in collision
coupling, dynamic scaffolding or a similar scenario). Rather
receptor G-protein complexes preexist prior to agonists binding
and their proportion is given by stoichiometry of receptors and G-
proteins. Moreover, the antibodies have the same effect on binding
of all agonists, further excluding the role of agonists in the
formation of receptor-G-protein complexes.

To further investigate the role of receptor activation in receptor-
G-protein pre-coupling we prepared cell lines expressing mutant
M, receptor with mutations known to interfere with receptor
signaling. Mutation of aspartate 71 in the middle of the second
transmembrane domain to asparagine (D71N) has been shown to
prevent activation of the M receptor [15]. This residue is neither
part of the agonist binding site nor the receptor-G-protein
interface. It is supposed that the D7IN mutation disrupts
intramolecular hydrogen bond network and prevents the receptor
from gaining an active conformation. Its effect on suppressing

Table 7. Stimulation of [3*SIGTPyS binding by carbachol via
M, receptors to Gi/o, Gs/oif and Gg/q1 subtypes of G-proteins in
membranes with reduced expression of the G;/, subclass of G-
proteins.

PECso Emax
Gijo 5.01£0.06 1.43+0.08
Gy/olf 5.54+0.05 1.82+0.06
Gam1 5.65+0.05 1.63+0.04

Data are means * S.E.M. From 3 experiments performed in quadruplicates. Eyax
is expressed as fold increase of basal binding.
doi:10.1371/journal.pone.0027732.t007
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receptor activation is confirmed in Fig. 5 (upper right). Although
D71N receptors cannot be activated by carbachol they still display
both high- and low-affinity sites for carbachol with the same
proportion as control wild-type M, receptors (Fig. 6, full and open
circles). Thus, an active conformation of the receptor is not a
prerequisite for receptor-G protein pre-coupling. These data are in
perfect fit with a report by Quin et al. [24] published during
completion of this manuscript that Ms receptors form inactive
complexes with G, G-proteins.

In contrast, mutations that interfere with receptor signaling by
being directed against the receptor G-protein interface do affect
pre-coupling. Mutation of aspartate 122 in the conserved E/DRY-
motif at the intracellular edge of the third transmembrane domain
to asparagine (D122N) has been shown to reduce the potency of
muscarinic agonists [13]. Measurements of the association rate of
GTPyS shows that at D122N receptors GTPyS binding under
basal conditions (in the absence of agonist) is accelerated and that
carbachol has smaller effect on GTPyS association rate than at
wild-type M receptors (Fig. 5, lower left)]. Meanwhile, the
proportion of low-affinity sites for carbachol is increased in
D122N receptors in comparison with control (Fig. 6). Most likely,
increased basal activity of D122N results in more activated G-
proteins and thus more uncoupled receptors in membrane
preparations. Crystal structure of complex of opsin and C-
terminus of G-protein o-subunit revealed that arginine in the
conserved E/DRY-motif at the intracellular edge of the third
transmembrane domain interacts directly with the o-subunit C-
terminal cysteine [16]. At M, muscarinic receptors mutation of
arginine 123 to asparagine (R123N) blocks activation of G-
proteins (Fig. 5, lower right). In accordance with the ternary
complex model of GPCRs [21], R123N receptors (uncoupled from
G-proteins) display only low-affinity for carbachol (Fig. 6,
triangles).

It is worth noting that carbachol can activate all three classes of
G-proteins at both M, and Mj receptors (Fig. 1) and M, receptors
pre-couple both to preferential G/, and non-preferential G/, G-
proteins. In contrast, My receptors pre-couple only to preferential
Gi/o G-proteins. Gj/, are the major class of G-proteins in
membranes from CHO cells, representing almost half of all G-
proteins. To exclude the possibility that My receptors do not pre-
couple with G./1; G-proteins due to competition with preferential
Gi/o G-proteins, we attenuated the expression of Gj/, o-subunits
by siRNA to one quarter, making G/, G-proteins the least
abundant class in CHO membranes. Such reduction in expression
of Gj/, G-proteins diminishes the efficacy of carbachol in
activating these preferential G-proteins to a level lower than at
any of non-preferential G-proteins (Fig. 7). It also reduced its
potency (Table 7 vs. Table 1). On the other hand, the potency of
carbachol to stimulate GTPyS binding increases at non-preferen-
tial Gy/o and Ggs11 G-proteins, demonstrating competition
among G-proteins for My receptors [25]. In concert, the
proportion of low-affinity sites increases and the effect of the
anti-Gi/, antibody is reduced (Fig. 8, cf. Table 4 and Table 8).
Again, these findings indicate the presence of a lower proportion of
high-affinity receptor/G-protein complexes. However, the anti-
Gg/11 antibody has no effect on the proportion of low-affinity sites
even after such reduction in the expression of G;/, G-proteins.
This suggests that the lack of pre-coupling of G/1; G-proteins
with My receptors is not due to competition with G;,, G-proteins.

In summary, we show that muscarinic receptors pre-couple with
their preferential class of G-proteins in the absence of an agonist.
In contrast to the M, and Mj receptors that pre-couple both with
preferential G,/1; and non-preferential G/, G-proteins, the My
and M, receptors pre-couple only with their preferential G/, G-
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Figure 8. Effects of anti-G-protein antibodies on competition between agonists and [*H]NMS binding at M, receptors after
suppression of G;,, G-proteins expression. Binding of 1 nM [*HINMS to membranes from CHO cells expressing M, receptors after suppression of
expression of G, G-proteins by siRNA was determined in the presence of increasing concentrations (abscissa, log M) of the agonists carbachol (upper
left), furmethide (upper right), oxotremorine (lower left), and pilocarpine (lower right). Binding is expressed as per cent of control binding in the
absence of agonist. Filled circles, control binding in the absence of antibodies. Open symbols, binding in the presence of anti-Gy, (circles), anti-Gy/ ¢
(squares) and anti-Gg/1; (diamonds) antibodies. Data are means *+ S.E.M of values from 3 experiments performed in quadruplicates. Curves were fitted

using equation 3 and results of fits are shown in Table 6.
doi:10.1371/journal.pone.0027732.g008

Table 8. Effects of IgG antibodies directed against a-subunits
of individual subtypes of G-proteins on binding parameters of
muscarinic agonists in membranes of M, CHO cells with
reduced expression of Gy, G-proteins by siRNA.

control anti-Gj,, anti-Ggo  anti-Gg11
carbachol PKi high  6.85=0.08 6.89=0.07 6.94+0.08 6.77%0.07
PKi low 5.03+0.07 4.88*0.07 4.98+0.07 4.95*+0.08

flow 73+8 90+8* 75*9 72*9
furmethide  pKi gn ~ 7.07+0.08 6.72+0.07 7.91+007 6.97+0.08
PKilow  472+008 4.68+007 4.69+0.08 4.71+0.07

f low 72+7 867 69+8 72+9
oxotremorine  pK; high 7.55*+0.09 7.54*+0.08 7.76*+0.08 7.63*0.08
PKiow  6.09+0.08 6.15+008 6.17+0.09 6.25+0.08

- 78+8 89+7 84+8 79+7
pilocarpine PKi high 7.00£0.09 6.91*+0.11 7.06+0.09 7.31*+0.10
PKi low 555+£0.09 5.58*0.09 5.54*+0.09 5.62%+0.09

f low 72+11 87+12 76+10 7311

Data are means = S.E.M. From 3 experiments performed in quadruplicates. fi,,
fraction of low-affinity sites in percent;

*, significantly different from control by t-test (P<<0.05).
doi:10.1371/journal.pone.0027732.t008
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proteins. Lack of pre-coupling of the My and My receptors to
Gg/11 G-proteins is not due to competition with preferential Gy,
G-proteins. None of the four subtypes of muscarinic receptors pre-
couples to Gy, G-proteins. Thus, the mode of coupling of a given
subtype of muscarinic receptors is governed by a combination of
the receptor subtype and the class of G-protein. Advanced
instrumental methods like fluorescence resonance energy transfer
(FRET) between receptor and G-protein 7] and plasmon surface
resonance [5] were developed to monitor kinetics of receptor G-
protein interactions. Although these methods give better picture of
receptor G-protein interaction, our simple method, that can only
detect pre-coupling, does not require recombinant systems like
FRET-based methods nor reconstituted systems like plasmon
surface resonance methods and can be easily applied ex vivo, e.g. to
tissues of experimental animals.

Materials and Methods

Materials

The radioligands [*H]-N-methylscopolamine chloride (["H]NMS),
guanosine-5'-y[*S]thiotriphosphate ([**S]GTPyS), and anti-rabbit
IgG-coated scintillation proximity beads were from Amersham (UK).
Rabbit polyclonal antibodies against C-terminus of G-protein (G;/q,
C-10, and Gq);, C-18) were from Santa Cruz Biotechnology (Santa
Cruz, CA). Carbamoylcholine chloride (carbachol), dithiotreitol,
ethylendiaminotetraacetic acid (EDTA), guanosine-5'-biphosphate
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sodium salt (GDP), guanosine-5'-[y-thio]triphosphate tetralithium
salt (G'TPyS), N-methylscopolamine bromide (NMS), and pilocar-
pine hydrochloride were from Sigma (St. Louis, MO). Oxotremorine
sesquifumarate was from RBI (Natick, MA) and Nonidet P-40 was
from USB Corporation (Cleveland, OH). Furfuryltrimethylammo-
nium bromide (furmethide) was kindly donated by Dr. Shelkovnikov
(University of St. Petersburg). Small interfering RNA (siRNA) was
designed and synthesized by Ambion/Applied Biosystems, Czech
Republic.

Cell culture and membrane preparation

Chinese hamster ovary cells stably transfected with the human
M, to My muscarinic receptor genes (CHO cells) were kindly
donated by Prof. T.I.Bonner (National Institutes of Health,
Bethesda, MD). Cell cultures and crude membranes were prepared
as described previously [18]. Briefly, cells were grown to confluency
in 75 cm? flasks in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. Two million of cells were
subcultured to 100 mm Petri dishes. Medium was supplemented
with 5 mM butyrate for the last 24 hours of cultivation to increase
receptor expression. Cells were detached by mild trypsinization on
day 5 after subculture. Detached cells were washed twice in 50 ml of
phosphate-buffered saline and 3 min centrifugation at 250 x g.
Washed cells were suspended in 20 ml of ice-cold incubation
medium (100 mM NaCl, 20 mM Na-HEPES, 10 mM MgCly;
pH = 7.4) supplemented with 10 mM EDTA and homogenized on
ice by two 30 sec strokes using Polytron homogenizer (Ultra-
Turrax; Janke & Kunkel GmbH & Co. KG, IKA-Labortechnik,
Staufen, Germany) with a 30-sec pause between strokes. Cell
homogenates were centrifuged for 30 min at 30,000 x g. Superna-
tants were discarded, pellets resuspended in fresh incubation
medium and centrifuged again. Resulting membrane pellets were
kept at —20°C until assayed within 10 weeks at a maximum.

Attenuation of expression of G;,, G-proteins

Expression of Gi/o G-proteins o-subunits was attenuated by si-
RNAs of following sequences (5'->3" sense): G,, GGC UCC AAC
ACC UAU GAA Gtt; Gy, CCU CAA CAA AAG AAA GGA Ctt;
Gjy, CCU CCA UCA UCC UCU UCC Utt; Gis, GGG AGU
GAC AGC AAU UAU Citt. Cells were treated with complexes of
all 4 siRNAs and lipofectamine 48 hours prior to experiment.
Final concentrations were 50 nM for each siRNA and 0.5 vol. %
for lipofectamine.

Preparation of new stable cell lines

New stable CHO cell lines expressing wild-type M; and mutant M
receptors have been prepared. Coding sequence of wild-type human
M, muscarinic receptor (in expression vector pcDNA ver. 3.2, cDNA
resource center, University of Missouri-Rolla, MO, USA) was
mutated by PCR and mismatch primers using Qiagene QuickChange
kit. Mutations were verified by sequencing of complete receptor
coding sequence. Then CHO-K1 cells were transfected with either
original M;-pcDNA or mutated plasmid using Lipofectamine 2000
(Lipofectamie 10 ul/ml, DNA 0.5 pg/ml). After 48 hours geneticine
was added to cultivation medium to final concentration of 800 ug/ml.
After selection, the concentration of geneticine was lowered to 50 pg/
ml and maintained during cultivation.

Equilibrium radioligand binding experiments

All radioligand binding experiments were optimized and carried
out as described earlier [20]. Briefly, membranes were incubated
in 96-well plates at 30 °C in the incubation medium described
above that was supplemented with freshly prepared dithiothreitol
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at a final concentration of 1 mM. Incubation volume was 200 pl
or 800 pl for ["H]NMS saturation experiments. Approximately 30
and 10 ug of membrane proteins per sample were used for
[*H]NMS and [*>S]GTPYS binding, respectively. N-methylsco-
polamine binding was measured directly in saturation experiments
using six concentrations (30 pM to 1000 pM) of [PH]NMS for 1
hour. Depletion of radioligand was smaller than 20% for the
lowest concentration. For calculations, radioligand concentrations
were corrected for depletion. Agonist binding was determined in
competition experiments with 1 nM ["H]NMS. Membranes were
first preincubated 60 min with agonists and IgG antibodies against
C-terminus of o-subunits of G-proteins, if applicable, and then
incubated with [PH]NMS for additional 180 min. Final dilution of
antibodies was 1:200 for Gj/, and G/ and 1:500 for Gg/pi.
Nonspecific binding was determined in the presence of 10 uM
NMS. Agonist stimulated [*>S]GTPyS binding was measured in a
final volume of 200 ul of incubation medium with 200 pM (M, or
Mj receptors) or 500 pM (M, or M, receptors) of [*°S]GTPYS and
5 uM (M; or M3 receptors) or 50 uM (My or My receptors) GDP
for 20 min at 30°C after 60 min preincubation with GDP and
agonist. Nonspecific binding was determined in the presence of
1 uM unlabeled GTPyS. Incubations were terminated by filtration
through Whatman GF/T glass fiber filters (Whatman) using a
Tomtech Mach III cell harvester (Perkin Elmer, USA). Filters were
dried in vacuum for 1 h while heated at 60°C and then solid
scintillator Meltilex A was melted on filters (105°C, 90 s) using a
hot plate. The filters were cooled and counted in Wallac
Microbeta scintillation counter.

Scintillation proximity assay

In case of scintillation proximity assay, incubation with
[*S]GTPYS as described above was terminated by membrane
solubilization by the addition of 20 ul of 10% Nonidet P-40. After
20 min 10 pl of individual primary antibodies against C-termini of
G-protein o-subunits were added and incubation was continued
for 1 h. The final dilution was 1:500 in case of anti-G;,,-o and
anti-G; o0t antibodies and 1:1000 in case of the anti-Gg/ -0t
antibody. One batch of anti-rabbit IgG-coated scintillation beads
was diluted in 20 ml of incubation medium and 50 ul of the
suspension was added to each well for 3 h. Then plates were spun
for 15 min at 1,000 x g and counted using the scintillation
proximity assay protocol in a Wallac Microbeta scintillation
counter.

Data analysis

In general binding data were analyzed as described previously
[20]. Data were preprocessed by Open Office version 3.2 (www.
openoffice.org) and subsequently analyzed by Grace version 5.1
(plazma-gate.weizman.ac.il) and statistic package R version 2.13
(www.r-project.org) on Scientific Linux version 6 distribution of
GNU/Linux.

The following equations were fitted to data:

Saturation of radioligand binding

y=Bmax *x/(x+Kp) (1)
y, binding of radioligand at free concentration of radioligand x;
Byax, maximum binding capacity; Kp, equilibrium dissociation
constant.

Concentration-response

y=14(Enmax-1/(1+(ECso/x)"") 2
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y, radioactivity in the presence of agonist at concentration x

normalized to radioactivity in the absence of agonist; Eyax,

maximal increase by agonist; ECsp, concentration of agonist

producing 50% of maximal effect; nH, Hill coefficient.
Interference of agonist with [PH]NMS

y = (100-f10y) * (1-X/(ICs50nigh +X))+fiow*(1-x/(ICsp10w + X)) (3)

y, binding of radioligand at a concentration of displacer x
normalized to binding in the absence of displacer; fj,,,, percentage
of low affinity sites; IC5qnieh, concentration causing 50% decrease
in binding to high affinity sites; 1C5qj0,,, concentration causing
50% decrease in binding to low affinity sites. Equilibrium
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dissociation constant of displacer (Kj) was calculated according
to Cheng and Prusoff [26].
Rate of association

y= Beq * (l_e-kobs*X) (4)

y, binding of radioligand at a time x; B, equilibrium binding;

kons, Observed rate of association.
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Discovery of proteins expressed in the central nervous system
sharing the three-finger structure with snake a-neurotoxins
provoked much interest to their role in brain functions. Proto-
toxin LYNX1, having homology both to Ly6 proteins and three-
finger neurotoxins, is the first identified member of this family
membrane-tethered by a GPI anchor, which considerably com-
plicates in vitro studies. We report for the first time the NMR
spatial structure for the water-soluble domain of human LYNX1
lacking a GPI anchor (ws-LYNX1) and its concentration-depen-
dent activity on nicotinic acetylcholine receptors (nAChRs). At
5-30 uM, ws-LYNX1 competed with ?°I-a-bungarotoxin for
binding to the acetylcholine-binding proteins (AChBPs) and to
Torpedo nAChR. Exposure of Xenopus oocytes expressing a7
nAChRs to 1 um ws-LYNX1 enhanced the response to acetyl-
choline, but no effect was detected on @432 and &332 nAChRs.
Increasing ws-LYNX1 concentration to 10 uMm caused a modest
inhibition of these three nAChR subtypes. A common feature
for ws-LYNX1 and LYNX1 is a decrease of nAChR sensitivity to
high concentrations of acetylcholine. NMR and functional anal-
ysis both demonstrate that ws-LYNX1 is an appropriate model
to shed light on the mechanism of LYNX1 action. Computer
modeling, based on ws-LYNX1 NMR structure and AChBP
x-ray structure, revealed a possible mode of ws-LYNX1 binding.

Endogenous “prototoxins” like LYNX1, LYNX2, SLURP-1,
and SLURP-2, belonging to the Ly6 protein family, modulate
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nicotinic acetylcholine receptors (nAChRs)? (1-8). In the cen-
tral nervous system, LYNX1 and LYNX2 regulate nAChR activ-
ity, preventing excessive excitation (3, 4). Gene deletion of
LYNX1 or LYNX2 indicates that these modulators are critical
for nAChR function in the brain. LYNX1 knock-out mice dem-
onstrated enhanced performance in specific tests of learning
ability and memory, whereas loss of LYNX2 results in increased
anxiety-related behaviors (3, 4). Prototoxins have also been
shown to affect cell growth in lung carcinoma (9), are involved
in skin diseases (6, 7), and are related to prostate stem cell anti-
gen (10).

LYNX1 and LYNX2 are tethered to the membrane by a GPI
anchor, which considerably complicates in vitro studies.
LYNX1 is co-localized in the brain with @42 and a7 nAChRs
(1-3), and its modulatory activity on a42 nAChR was shown
in experiments on Xenopus oocytes (1, 3). It was reported that
soluble form of LYNX1 (not containing a GPI anchor) potenti-
ates @432 receptor (1), but the concentration at which it acts
remains unknown. A secreted water-soluble protein SLURP-1
expressed in palmoplantar skin acts on a7 nAChR and regu-
lates keratinocyte proliferation (5).

It was predicted that the prototoxins should have a spatial
structure similar to that of snake venom a-neurotoxins, effec-
tive competitive inhibitors of nAChR (1). a-Neurotoxins are
characterized by a three-finger fold formed by three adjacent
loops arising from a small globular hydrophobic core, cross-
linked by four conserved disulfide bonds (11-13). Nicotinic
acetylcholine receptors are targeted by short-chain a-neuro-
toxins, by long-chain a-neurotoxins with additional fifth disul-
fide in the central loop II and an extended C-terminal tail, and
by structurally similar k-bungarotoxins, as well as by some so-
called nonconventional (or weak) neurotoxins. The latter, sim-
ilarly to Ly6 proteins, have the additional fifth disulfide bond in
the N-terminal loop I (see Fig. 1).

Elucidating molecular mechanisms of the prototoxins inter-
action with nAChRs requires the knowledge of their three-di-
mensional structures. Because the production of GPI-linked

3 The abbreviations used are: nAChR, nicotinic acetylcholine receptor; ws-
LYNX1, water-soluble LYNX1; ACh, acetylcholine; AChBP, acetylcholine-
binding protein; GPI, glycosylphosphatidylinositol; Ac-AChBP, Aplysia cali-
fornica AChBP; Ls-AChBP, Lymnaea stagnalis AChBP; mAChR, muscarinic
acetylcholine receptor; a-Cbtx, a-cobratoxin; WTX, weak toxin; a-Bgtx,
a-bungarotoxin; NMS, N-methylscopolamine; Epi, epibatidine.
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LYNX1 as an individual protein represents an unfeasible task, a
water-soluble LYNX1 appears to be a good substitute for struc-
tural analysis and may provide an adequate model for func-
tional studies. Here, we present the expression in Escherichia
coli of a water-soluble LYNX1 lacking a GPI anchor (ws-
LYNX1) and its high resolution NMR structure. It was found
that the protein has classical a three-finger fold formed by two
B-sheets composed of six antiparallel strands. A high degree of
structural homology between ws-LYNX1 and other members
of the Ly6/neurotoxin family was observed. Furthermore, we
demonstrated the interaction of ws-LYNX1 with acetylcholine-
binding proteins (AChBPs) and several nAChR subtypes. The
observed competition with '**I-a-bungarotoxin (a-Bgtx) for
binding to AChBPs and Torpedo nAChR revealed partial over-
lap in binding sites for ws-LYNX1 and a-neurotoxins on the
receptor surface. The concentration-dependent activation/de-
activation effects of ws-LYNX1 on a7 nAChR were observed in
electrophysiological experiments. This is of special interest
because for LYNX1 itself, no concentration dependences were
analyzed earlier.

EXPERIMENTAL PROCEDURES

Cloning and Bacterial Expression of ws-LYNXI—The ws-
lynx1 gene encoding 73 amino acids of water-soluble fragment
of a human LYNX1 (UniProt database accession no. Q9BZG9)
was constructed from six overlapping synthetic oligonucleo-
tides (supplemental Table S1) using a three-stage PCR. The
ws-lynxl gene was cloned into the expression vector pET-
22b(+) (Novagen) on the Ndel and BamHI restriction sites.
E. coli BL21(DE3) cells transformed with pET-22b(+)/ws-
lynx1 vector were grown at 37 °C on Terrific Broth medium
using a fermenter (Bioflow 3000, New Brunswick Scientific)
under automatic maintenance of oxygen content in the system
at a level of 30%. Gene expression was induced by addition of
isopropyl 1-thio-B-p-galactopyranoside to a final concentra-
tion of 0.025 mMm at Ay, 0.6, and cells were grown additionally
for 18 h. Ws-LYNX1 was purified and refolded as was described
for nonconventional neurotoxin WTX from Naja kaouthia
venom (17). Briefly, ws-LYNX1 was extracted from inclusion
bodies after incubation with 50 mm NaP,, 8 M urea, 1 mm tris(2-
carboxyethyl)phosphine, 5 mm DTT, pH 7.4. Next, reduced ws-
LYNX1 was purified on a SP Sepharose resin (GE Healthcare)
equilibrated in 50 mm NaP;, 8 Mm urea, 5 mm DTT, pH 5.0. The
protein was eluted by a gradient of NaCl. DTT and NaCl were
removed by gel filtration on a NAP-25 column (GE Healthcare)
equilibrated in 50 mm Tris/HCI, 8 m urea, pH 9.5. Refolding of
ws-LYNX1 was induced by dissolving of reduced protein in a
renaturation buffer (50 mm Tris/HCI, 1.5 M urea, 0.5 M L-Arg, 3
mM GSH, and 0.3 mm GSSG, pH 9.5) to final concentration of
0.1 mg/ml. Renaturation was performed during 3 days at 4 °C.
The refolded ws-LYNX1 was analyzed and purified on a
reverse-phase C4 HPLC column (4.6 X 250 mm, A300, Jupiter,
Phenomenex). For production of '°N-labeled ws-LYNXI,
transformed cells were grown on Terrific Broth medium until
Agoo 0f 0.6. The cells were harvested (2000 X g for 20 min) and
resuspended in an equal volume of minimal medium M9 con-
taining '"NH,Cl as a nitrogen source, and afterward, gene
expression was induced.
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NMR Experiments and Spatial Structure Calculation—The
NMR investigation was done using 0.5 mm samples of '>N-
labeled or unlabeled ws-LYNX1 in 5% D,O or 100% D,O at pH
5.3 and 25 °C. NMR spectra were acquired on a Bruker Avance
800 spectrometer equipped with a cryoprobe. "H and '°N res-
onance assignment was obtained by a standard procedure using
combination of two- and three-dimensional total correlation
spectroscopy (TOCSY) and NOESY spectra (18). The ]~ ,*
and ®J;® coupling constants were determined using three-
dimensional HNHA and HNHB experiments (19). The *J,,*,*
and ®J,,%,, coupling constants were measured using the ACME
program (20) in the COSY spectrum in 100% D,O solution.
Spatial structure calculation was performed in the CYANA
program (21). Upper interproton distance constraints were
derived from NOESY (1,, = 80 ms) cross-peaks via a “1/r°”
calibration. Torsion angle restraints and stereospecific assign-
ments were obtained from ] coupling constants and NOE inten-
sities. Hydrogen bonds were introduced basing on temperature
coefficients and deuterium exchange rates of HN protons (sup-
plemental Fig. S2). The disulfide bond connectivity pattern was
established on the basis of observed NOE contacts (22) and
verified during preliminary stages of spatial structure calcula-
tion. In the final rounds of structure calculation, lower distance
constraints (3.0 A), based on the expected cross-peaks but not
present in the NOESY spectra, were introduced. The NMR-
derived data (atomic coordinates, chemical shifts, and
restraints) have been deposited in the Protein Data Bank under
accession code 2L03.

Binding of ws-LYNX1 to nAChRs and AChBPs—The binding
of ws-LYNX1 to GH,C1 cells expressing human «7 nAChR,
nAChR-enriched Torpedo californica membranes, Aplysia
californica AChBP (Ac-AChBP), and Lymnaea stagnalis
AChBP (Ls-AChBP) was carried out in competitive experi-
ments with '*°I-a-Bgtx as described in Ref. 23. The tested
amounts of ws-LYNX1 (from 1 to 30 um) were preincubated 3 h
with the GH,Cl cells expressing human a7 nAChR (final con-
centration of toxin-binding sites, 0.4 nm), or nAChR-enriched
Torpedo membranes (final concentration of toxin-binding
sites, 1.25 nM), or the Ls-AChBP, or Ac-AChBP (final concen-
tration of toxin-binding sites 2.4 and 150 nm, respectively).
Binding with the GH,C1 cells and Torpedo membranes was
carried out in 50 ul of 20 mMm Tris/HCI buffer (containing 1
mg/ml of BSA, pH 8.0) and with the AChBPs, in 50 ul of binding
buffer (PBS, containing 0.7 mg/ml of BSA and 0.05% Tween 20,
pH 7.5), at 25°C. Next, "**I-a-Bgtx (~2000 Ci/mmol) was
added to a final concentration of 0.15-0.35 nwm for 5 min fol-
lowed by filtration of reaction mixture on GF/C filters (What-
man, Maidstone) presoaked in 0.25% polyethylenimine (for
cells and membranes) or on double DE-81 filters (Whatman)
presoaked in binding buffer (for AChBPs). Unbound radioac-
tivity was removed from the filters by washes (3 X 3 ml) with the
respective incubation buffers. Nonspecific binding was deter-
mined in the presence of 10 uM a-cobratoxin (a-Cbtx; 3-h
preincubation).

The binding of ws-LYNX1 to SH-EP1 epithelial cells express-
ing human 432 nAChR was carried out in competitive exper-
iments with [*H]epibatidine (49 Ci/mmol, Amersham Biosci-
ences) as follows. The tested amounts of ws-LYNX1 (from 1 to
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30 um) were incubated 4 h with SH-EP1 cells (final concentra-
tion of epibatidine-binding sites, 0.2 nm) and 2 nm [*H]epiba-
tidine. Filtration was performed on GF/C filters as mentioned
above, and nonspecific binding was determined in the presence
of 4 mM nicotine. Competition data were fit using ORIGIN
(version 7.5; OriginLab Corp.) to a one-site dose-response
curve using the Hill equation.

Binding of ws-LYNX1 to Muscarinic Acetylcholine Receptors—
Membranes from CHO cells expressing individual subtypes of
muscarinic receptors (for M; and M, 5 ug of membrane pro-
tein; for M,, M,, and M, 20 ug of membrane protein) were
incubated for 60 min at 30°C in the presence of 150 pm
[PH]INMS without (control) or with 10 um ws-LYNX1. Incuba-
tion was terminated by fast filtration through GF/B filters
(Whatman) essentially as described previously (24). Nonspe-
cific binding was determined in the presence of 10 um atropine.

Electrophysiology—Two-electrode voltage clamp experi-
ments were performed on Xenopus laevis oocytes. Oocytes
were prepared and injected as described in Ref. 25. Briefly,
oocytes were injected with 2 ng of cDNA encoding for human
a4 B2 (ratio 1:1), a3B2 (ratio 1:1), or a7 nAChRs and utilized
2-3 days later. All recordings were performed with an auto-
mated two-electrode voltage clamp robot. Oocytes were
clamped at —100 mV and perfused with OR2 (oocyte ringer)
containing 82.5 mm NaCl, 2.5 mm KCl, 2.5 mm Ca,Cl, 1 mm
MgCl,, 5 mm HEPES, and 20 pg/ml BSA. OR2 was adjusted to
pH 7.4. Atropine (0.5 um) was added to all solutions to block
activity of endogenous muscarinic receptors. Acetylcholine and
ws-LYNX1 were dissolved in OR2 just before use. Data were
digitized and analyzed off-line using MATLAB (Mathworks,
Natick, MA).

Computer Modeling of ws-LYNX1-Ls-AChBP Complex—The
x-ray structures of Ls-AChBP with nicotine, carbamylcholine,
and a-Cbtx (Protein Data Bank codes 1UW6, 1UV6, and 1YI5,
respectively) were used for modeling of the ws-LYNX1-Ls-
AChBP complex. All 20 NMR structures of ws-LYNX1 were
docked independently using both AutoDock (version 4) and
HEX (version 4.5) programs. The solutions of the complexes
were relaxed and underwent molecular dynamics simulation
with GROMACS for 20-ns trajectories as described in Ref. 26
(the OPLS-AA force field was used). Ws-LYNX1 structure was
also analyzed by molecular dynamics for 50 ns. The root mean
square deviation to starting coordinates did not exceed 2.5 A.

RESULTS

Expression of ws-LYNX1 in E. coli—The structural and func-
tional studies require the milligram quantities of a protein. For
obtaining the water-soluble domain of human LYNX1 (amino
acid residues 1-73), the production in bacterial E. coli cells was
chosen, as previous studies reported a successful application of
bacterial systems for expression of a-neurotoxins (27). Several
approaches, including the expression of thioredoxin-fused pro-
tein, secretion of ws-LYNX1 fused with the signal peptide of E.
coli heat-stable enterotoxin II (STII) (NCBI accession number
M35729), and the production in the form of E. coli inclusion
bodies with subsequent refolding, were tested. Despite the fact
that secretion system was the most efficient for production of
short-chain and long-chain a-neurotoxins (28), its application
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for ws-LYNX1 as well as production in the form of thioredoxin-
fused protein (29) were unsuccessful. However, the direct
expression into inclusion bodies followed by the refolding (see
“Experimental Procedures”) resulted in the milligram scaled
production of ws-LYNXI. Interestingly, a similar protocol was
previously successfully applied for bacterial production of non-
conventional (weak) toxin WTX from N. kaouthia venom,
which, similarly to LYNX1, contains a fifth disulfide bond in the
N-terminal loop (Fig. 1) (17). The yield of refolded ws-LYNX1
and of its '"N-labeled analog was 1.8 and 0.5 mg/l of bacterial
culture, respectively.

The homogeneity of the refolded ws-LYNX1 was confirmed
by SDS-PAGE, analytical HPLC, and mass spectrometry (sup-
plemental Fig. S1). The measured molecular mass of the recom-
binant protein (8400 Da) within experimental error coincides
with the calculated mass of water-soluble domain of human
LYNX1 (amino acids 1-73) with an additional Met residue at
the N terminus and five closed disulfide bridges (8399.6 Da,
supplemental Fig. S1C). Formation of disulfide bonds for the
refolded ws-LYNX1 was additionally confirmed using Ellman’s
reagent. CD spectroscopy of the refolded ws-LYNX1 revealed a
preferentially B-structural organization (supplemental Fig.
S1D).

Spatial Structure of ws-LYNX1I in Comparison with Struc-
tures of Other Three-finger Proteins—The spatial structure of
ws-LYNX1 was studied by "H-'>N NMR spectroscopy in aque-
ous solution at pH 5.3 (supplemental Fig. S2 and Table S2). The
calculated set of 20 ws-LYNX1 structures and the representa-
tive structure are shown on Fig. 2. The protein is composed by
three prolonged loops (I, II, and III) protruding from the “head”
region. The secondary structure of ws-LYNXI1 represents two
antiparallel B-sheets, one consisting of two strands (Asp®-His®
and Pro'”-Arg"? (loop I)) and another of four strands (Cys’—
Tyr® (loop 1), Tyr**~Thr>? (loop II), Arg**~Val*® (loop II), and
Ser®?—~Cys®” (loop III)). Almost the whole structure is well
defined, except for a part of the third loop (residues Thr*>—
Ala®") (Fig. 2B). The residues in this region demonstrate close
to random coil values of 'H chemical shifts and averaged
31, Ny* coupling constants with magnitudes ~7 Hz. Moreover,
no long and medium range NOE contacts were detected for
these residues indicating enhanced mobility of this fragment.

The ws-LYNX1 structure is stabilized by four disulfide bonds
in the head (Cys*-Cys*’, Cys*°-Cys*®, Cys*-Cys®, and
Cys®”—Cys”®) and one in the first loop (Cys’—Cys'*). These
results confirm the disposition of disulfide bonds earlier pro-
posed for LYNX1 (1). Apart from the backbone-backbone
hydrogen bonds associated with canonical elements of second-
ary structure, the head and loops of the protein are stabilized by
additional H-bonding and electrostatic interactions (Fig. 2C).
For instance, two hydrogen bonds (HN Leu”'~CO Asp® and
HN Asp®-0°' Asp”®) control the relative spatial arrangement
of N and C termini of the protein. The N-H-N hydrogen bond
(HN Asn'®~N°' His") and salt bridge (Asp>~Arg"®) stabilize the
first loop. The hydrogen bond HN Cys®*-O¢" Glu®' stabilizes
the third loop. In addition, several tight 8- and y-turns present
in the tips of the loops I and II and in the head region (supple-
mental Fig. S2). The comparison of NMR spectra of the ws-
LYNX1 measured at pH 5.3 and 7.0 (supplemental Fig. S3) indi-
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short-chain neurotoxins

[ 11 ]

Erb a, Laticauda semifasciata RIC ——————————— P- QTTKTCSPG ESSCY OWSP-F---RGTII] GCG————CPTVKP ———————————— GIKLSCCESEVCNN 62
toxin o, Naja nigricollis LECHNQ@SSQ----------- P-PTTKTCP-G-ETNCY] ---RGTIIERGCG—---CPTVKP---=--—==—=== GIKLNCCTTDKCNN 61
long-chain neurotoxins

o-Cbtx, Naja kaouthia IRGFIT-----=-===-===-= PDITSKDCPNG--HVCYTKT SIRGKR GCAAT--CPTVKT----------—- GVDIQCCSTDNCNPEPTRKRP 71
o-Bgtx, Bungarus multicinctus IVEHTTATS-----------—- P-ISAVTCPPG-ENLCY! SSRG! GCAAT--CPSKKP--—------—-—- YEEVTCCSTDKCNPHPKQRPG 74
non-conventional toxins

candoxin, Bungarus candidus MKCKICNF----DTCRAG------ ELKVCASG-EKYCFKESWREA - - --RGTRIFRGEAAT--EPKGSVY-—--———-——- GLYVLECTTDDEN 66
WTX, Naja kaouthia LTCLNCPE----MFCGK-------- FQICRNG-EKICFKKLHORR---PLSWRYIRGCADT--CPVGKP--—-—-—=——==— YEMIECCSTDKCNR 65
lynx family

ws-lynxl, Homo sapiens MLDCHVCAYN--GDNCFN- -HASTTSCCQYDLCNG 74

LDCHVCAYN--GDNCFN—
LDCHVCAYN--GENCFN-
LECHVCAYN--GDNCFK---
IQCYQCEEFQLNNDCSSPE-

lynxl, Macaca mulatta
lynxl, Bos Taurus
lynxl, Mus musculus
lynx2, Mus musculus

'MRCPAM-VSYCMTTRT SKSCVPS—CFETVYDGYSK- -HASTTSCCQYDLCNG 73
-PMRCPAM-ATYCMTTRT YRMKVRKSCVPS—-CFETVYDGYSK-----~- HASATSCCQYYLCNG 73

-PMRCPAM-VAYCMTTRT P-—-- SKSCVPR-—CFETVYDGYSK-
PMRCPAM-VAYCMTTRT SKSCVPS-—CFETVYDGYSK- HASTTSCCQYDLCNS 73
LOCYNCPNP--TADCKT-—----—-.

CD59, Homo sapiens

CD59 a-cobratoxin

ws-lynx1 erabutoxin-a

. "A34

FIGURE 1. Amino acid sequence alignment of ws-LYNX1, other members of LYNX family (shown without GPI consensus sequence at the C terminus),
CD59, and three-finger a-neurotoxins from snake venoms (upper panel) and comparison of spatial structures of ws-LYNX1, CD59, candoxin, erabu-
toxin-a, and a-cobratoxin (lower panel). The sequence data were obtained from Swiss-Prot Protein Database. The artificially introduced Met' residue in the
ws-LYNX1 sequence is highlighted gray. Cysteine residues are colored in orange, and the disulfide linkages are shown. The atomic coordinates for a-Cbtx,
erabutoxin-a, candoxin, and CD59 were taken from the Protein Data Bank (Protein Data Bank codes 2CTX, 1QKD, 1JGK, and 2J8B, respectively). Residues of
a-Cbtx and erabutoxin-a important for binding to nAChRs according to mutagenesis data (14, 15), homologous residues in candoxin (16), and corresponding
residues in loop Il of ws-LYNX1 are shown. Aromatic, hydrophobic, positively charged, negatively charged, and polar residues are colored in green, yellow, blue,

red, and magenta, respectively.

cates that the protein has similar spatial structure at neutral and
moderately acidic conditions.

Because LYNX1 targets nAChRs, it is interesting to compare
its three-dimensional structure with those of snake venom
a-neurotoxins and some nonconventional toxins acting on
nAChRs (16, 30, 31). CD59, the complement regulatory protein
of the Ly6 family, was included for comparison because the
spatial structure is known for its GPI-lacking form (32, 33). Fig.
1 shows a similarity in the overall fold for all these proteins. The
fifth disulfide bond in the loop I is common for ws-LYNX1,
nonconventional toxins, and CD59. However, a large and
mostly disordered loop III is a unique feature of ws-LYNX1;
CD59 protein also contains quite long insertion in the loop III,
but this element is well structured and adopts an a-helical con-
formation in crystal and solution (32, 33).

ws-LYNX1 Binding to AChBPs, nAChRs, and Muscarinic
AChRs—Previous studies demonstrated LYNX1 effects on the
ACh-induced currents in Xenopus oocytes and cell lines
expressing a482 nAChR (1-3). However, it was not possible to
quantify the observed activity and measure K, or EC;, for
LYNX1 effects. Here, we measured the binding parameters for
ws-LYNX1 interaction with nAChRs as well as with Ac-AChBP
and Ls-AChBP, excellent structural models for nAChR ligand-
binding domains (34). Because homo-oligomeric AChBPs are
most similar to &7 homo-oligomeric nAChR, and as Ls-AChBP

MARCH 25,2011 +VOLUME 286+NUMBER 12

binds a-Bgtx with nanomolar affinity, competition with radio-
active a-Bgtx allows the detection of compounds that should
bind to &7 nAChR (34, 35). Moreover, compounds that target
other nAChR subtypes may also interact with AChBPs,
although with a lower affinity (36).

The competition experiments with ?°I-a-Bgtx yielded an
IC,, ~ 10 pum for ws-LYNX1 binding to AChBPs (Fig. 3A).
Although the affinity is not high, the attempts to crystallize the
ws-LYNX1-AChBP complexes were undertaken but still did
not yield positive results.* The binding of ws-LYNX1 to AChBPs
suggests that it may also bind to nAChRs. Indeed, the presence
of tight complexes of LYNX1 and a7 or o432 nAChRs was
earlier shown by co-immunoprecipitation (1-3). However, in
the case of human a7 nAChRs overexpressed in the GH,C, cell
line, no competition with a-Bgtx was detected at 30 um ws-
LYNX1 (Fig. 3C). Under the conditions necessary to analyze
competition with [*H]epibatidine for binding to o482 nAChR
in the SH-EP1 epithelial cell line, we achieved the same 30 um
concentration of ws-LYNX1, which did not show any inhibition
(Fig. 3D). For comparison, the displacements of these radioac-
tive ligands by a-bungarotoxin and epibatidine, respectively,
are shown in these figures.

4P. Rucktooa and T. Sixma, private communication.
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FIGURE 2. NMR data define the spatial structure of ws-LYNX1 in aqueous solu
25 °C). The obtained resonance assignments are shown. The resonances of side c

are connected by dotted lines. B, the set of the best 20 ws-LYNX1 structures superi

tion. A, two-dimensional 'H,">N-HSQC spectrum of ws-LYNX1 (0.5 mm, pH 5.3,
hain groups are marked with an S. The resonances of Asn and GIn NH, groups
imposed over the backbone atoms in regions with well defined structure. The

three loops and head of the protein are labeled. C, ribbon representation of ws-LYNX1 spatial structure. The electrostatic and hydrogen bonding interactions
that stabilize the protein fold are shown. The Arg, Asp/Glu, and His side chains participating in salt bridges and hydrogen bonds with backbone amides are in
blue, red, and green, respectively. The hydrogen bond HN Leu”"-CO Asp? is also shown. Backbone amide and carbonyl groups are shown by blue and red spheres,

respectively. The disulfide bonds are shown in orange.

Because LYNX2 was co-immunoprecipitated with muscle
nAChR (4), we tested ws-LYNX1 binding to the muscle-type
nAChR from T. californica and found IC, to be ~30 um (Fig.
3B). Thus, the observed competitions pointed to a possible
overlap in ws-LYNX1 and a-neurotoxin binding sites on the
surfaces of AChBPs and muscle type nAChR.

The additional disulfide bond in the loop I and micromolar
affinity to the muscle type and a7 nAChRs are characteristic for
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some nonconventional neurotoxins, e.g. WTX (37). Because
WTX binding to muscarinic acetylcholine receptors has been
reported recently (38), we tested the interaction of ws-LYNX1
with M;—M; muscarinic receptors. Fig. 3E shows that 10 um
ws-LYNX1 had no effect on all tested subtypes, with the excep-
tion of the M, receptor, for which a statistically significant 15%
increase in [*’H]N-methylscopolamine (NMS) binding in the
presence of ws-LYNX1 was observed. A weak positive allosteric
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FIGURE 3. Binding of ws-LYNX1 to AChBPs and nicotinic and muscarinic acetylcholine receptors. Competition of ws-LYNX1 with '?*l-a-Bgtx for binding
to Ls-AChBP and Ac-AChBP (A), to membrane-bound nAChR from T. californica (B), and to a7 nAChR in the GH,C, cell line (C). Competition of ws-LYNX1 with
[PHlepibatidine for binding to @432 nAChR in the SH-EP1 cell line is shown in D. For comparison, the displacements of '*°I-a-Bgtx and [*H]epibatidine by
unlabeled Bgtx and epibatidine are also shown in these panels. Each point is mean = S.E. of three independent experiments. The Hill equation (y = 100/(1 +
([toxin]/ICs0)™™)) was fitted to normalized data (% of control binding). The calculated parameters ICs, and nH were 10.7 um and 1.5 for Ls-AChBP, 9.4 umand 1.2
for Ac-AChBP, and 24 um and 2.3 for muscle-type nAChR. E, effects of 10 um ws-LYNX1 on [*HINMS binding at M,-Ms human muscarinic receptors expressed
in membranes of CHO cells. The asterisk indicates that binding of [PHINMS to the M, receptor in the presence of ws-LYNX1 was significantly different from
control (p < 0.05, according to t test). Each pointis mean * S.E. of quadruplicates. F, interaction of ws-LYNX1 with [?HINMS binding at muscarinic M, receptor.
Membranes expressing M, muscarinic receptor (5 ug of protein) were incubated in the presence of indicated concentrations of ws-LYNX1 and 108 pm P H]NMS.
[PHINMS binding is expressed in percent of control binding in the absence of ws-LYNX1. Each point is mean = S.E. of quadruplicates. The equation (y = 100 X
(INMS] + K)/(INMS] + K, X (K, + 10MWsEYNXU) /(i 1owsLYNXTI/e)) a5 fitted to normalized data (% of control binding). K, of [PHINMS binding (207 pm) was
determined in parallel saturation experiment. Estimated parameters are K, (equilibrium dissociation constant of ws-LYNX1) 3.0 um and a factor of cooperativity
(o) of 0.8. The correlation coefficient of the fit is 0.8.

interaction (factor of cooperativity o ~ 0.8) between obtained preliminary data point to a possible existence of non-
ws-LYNX1 and [*’H]NMS was confirmed in a pseudocompeti- nAChR molecular targets for LYNX1.

tion experiment at the M, receptor (Fig. 3F). The affinity of Electrophysiology Studies and Effect of ws-LYNX1 on Human
ws-LYNX1 was relatively low (K, ~ 3 um) as compared with the =~ nAChRs—Electrophysiological recordings were performed on
reported affinity of WTX (K, ~ 0.3 uM). Nevertheless, the Xenopus oocytes expressing o432, @332, and a7 nAChRs in the
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FIGURE 4. Effect of ws-LYNX1 on nAChRs expressed in Xenopus oocytes. A1-A3, concentration-response curve for ACh on human a7 (A7), human a4 32 (A2),
and human a382 nAChRs (A3) in the absence and presence of 1 um ws-LYNX1. B71-B3, ACh-induced responses on human a7 (B7), human a4 82 (B2),and human
a3B2nAChRs (B3) in the absence and presence of 10 umws-LYNX1. C7-C3, ACh-evoked activation curves of the fitted data for human a7 (C7), human o482 (C2),
and human a382 nAChRs (C3) in the absence and presence of 1 and 10 um ws-LYNX1 (n = 3-11). The highest ws-LYNX1 concentration (10 um) affects the
higher ACh-induced responses. At 1 um ws-LYNX1 an increased response was observed for human a7 nAChR at 1000 um ACh.

A @ -— ws-lynx1 B
0 i
812
<-10 2
3 208
-20 04
30 é
E = o A
1000 3 E &
Time (s) p

FIGURE 5. Effect of 1 um ws-LYNX1 on human a7 nAChR expressed in
Xenopus oocytes. A, five repetitive ACh (1000 um) responses in the absence
and presence of 1 um ws-LYNX1. B, bar diagram of the data (n = 6), 1 um
ws-LYNX1 increases the ACh response.

absence and presence of 1 um or 10 uM ws-LYNX1. Currents
were measured at —100 mV and elicited by different ACh con-
centrations ranging from 10 nm to 1 mM. Application of 1 um
ws-LYNX1 showed no effect on a482 and «332; however, a
slight enhancement of the ACh-induced currents was observed
for a7 nAChR (Fig. 4, A and C). This effect was confirmed in
another batch of cells using a single concentration of 1 mm ACh
with or without exposure to 1 um ws-LYNX1 (n = 6) (Fig. 5).
Contrary to that, the application of 10 um ws-LYNX1 resulted
in inhibition of the ACh-induced currents for all three recep-
tors, but the effect was more profound on a42 nAChRs (Fig. 4,
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B and C). Interestingly, the blocking effect of ws-LYNX is not
suppressed by increasing ACh concentrations but becomes
even more visible, especially for o482 nAChRs as was earlier
observed for the membrane-tethered LYNX1 (2). This suggests
that inhibition caused by ws-LYNX1 is probably not competi-
tive. For naturally occurring LYNX1 (although at unknown
concentrations), an increase in desensitization rate has been
described for 482 nAChR (2), but our data did not reveal sig-
nificant modification of the response time course in the pres-
ence of 1 uM or 10 uMm ws-LYNX1 for any of receptors tested.
Computer Modeling of ws-LYNX1 Interaction with AChBP—
The established NMR structure of ws-LYNX1 made possible the
docking of ws-LYNX1 to Ls-AChBP and the comparison with
binding modes for three-finger a-neurotoxins. The Ls-AChBP
structures, with either loop C in an outward position (as in com-
plex with competitive antagonist a-Cbtx) or shifted to the central
axis (as in complexes with agonists carbamylcholine and nicotine)
(39, 40), were used. The docking and subsequent molecular
dynamics studies revealed that the ws-LYNX1 affinity to
Ls-AChBP in the latter case was considerably higher (estimated
energies of interaction are —239 and —342 kJ/mol/binding site,
respectively). Thus, ws-LYNX1 appears to stabilize loop C in the
position characteristic for Ls-AChBP complexes with agonists.
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FIGURE 6. Model of ws-LYNX1-Ls-AChBP complex (A) in comparison with the x-ray structure of a-Cbtx-Ls-AChBP complex (Protein Data Bank code
1Y15) (B). One subunit of AChBP (principal side of the interface) is in blue; the other (complementary side) is in green. The vicinal disulfide bond in C-loop of
AChBP is marked by yellow. Ws-LYNX1 and a-Cbtx are in orange and beige, respectively. An ACh molecule is shown in A using a space-filled representation.

The resulting model for complex ws-LYNX1-Ls-AChBP is
shown in Fig. 6A4, and the structure of the a-Cbtx-Ls-AChBP
complex (39) is given for comparison (Fig. 6B). Similarly to
a-neurotoxins, the central loop II of ws-LYNX1 interacts with
loop C of the AChBP protomer. At the same time, the model
revealed some differences in the binding modes of ws-LYNX1
and a-Cbtx with Ls-AChBP. These include the disposition of
the loop C and opposite orientations of ligands; the loop I of
ws-LYNX1 is below loop II, and the loop I of a-Cbtx is above.

DISCUSSION

Membrane-tethered proteins LYNX1 and LYNX2 are co-lo-
calized with some nAChR subtypes and modulate their activity.
The structure-function investigations of these natural GPI-
tagged proteins would meet considerable problems, including
their production in sufficient amounts, solubilization, and esti-
mation of the effective concentrations. Thus, we focused our
study on a recombinant water-soluble analog of LYNX1 that
can permit detailed structure-function characterization. Due to
expected spatial similarity of LYNX1 with secreted three-finger
neurotoxins, we supposed that their action on nAChRs should
have some common features and, at least in part, does not
require the GPI anchor. Indeed, our NMR study revealed a high
degree of structural homology between ws-LYNX1 expressed
in E. coli and snake venom «-neurotoxins (Fig. 1). Moreover,
the comparison of obtained electrophysiological data on ws-
LYNX1 with previous investigations of natural membrane-
tethered LYNX1 (2) revealed some similarities in their action
on nAChRs (see below).

The presented data reveal new facets in the molecular mech-
anism of LYNXI1 action on the nicotinic receptors. One such
finding is the observation of competition between ws-LYNX1
and long-chain a-neurotoxin (a-Bgtx) for binding to Torpedo
nAChR and to AChBPs. The measured binding parameters
(Fig. 3, A and B) supplement the earlier co-immunoprecipita-
tion data on binding of LYNX1 or LYNX2 to a4f32, a7, and
muscle-type nAChRs (2—4). The observed profound inhibition
of ACh-evoked currents by 10 um ws-LYNX1 in 432 nAChR
(Fig. 4) agrees well with the previous proposal that this receptor
subtype is possibly the major target for GPI-anchored proto-
toxins LYNX1 and LYNX2 (2—4). Fig. 4 shows that 10 um ws-
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LYNX1 also inhibited (reduced the current amplitude) a7 and
a3B2 nAChRs. No substantial effects were observed for a7
nAChR at 10 uM ACh, but a clear reduction of the current was
registered at 100 and 1000 um ACh. Interestingly, ws-LYNX1 at
1 pum had no effect on currents induced in @42 and «a332
nAChRs but significantly increased the current of a7 nAChRs
(Fig. 5). These data imply the presence of concentration-depen-
dent effects of ws-LYNX1 on a7 nAChRs resulting in potenti-
ation or inhibition of the current amplitude. It should be noted
that attempts to elucidate the concentration dependences were
made previously only for the insect analog of LYNX1 by varying
the amount of its cRNA introduced into oocytes (41). More-
over, LYNX1 action on @332 nAChRs was not reported
previously.

Because in binding studies we saw neither inhibition of
[*H]epibatidine binding to @482 nAChR nor of '*°I-a-Bgtx
association with a7 nAChR at 30 um ws-LYNX1, the effects
observed in electrophysiological experiments with 1 and 10 um
ws-LYNX1 indicate that, at least in part, its activity could arise
from binding outside the classical nAChR binding site for ago-
nists/competitive antagonists. This assumption is further sup-
ported by the fact that in electrophysiological experiments, the
inhibitory effect of ws-LYNX1 becomes even more pronounced
at high concentrations of ACh (Fig. 4, C2).

The observed competition between ws-LYNX1 and a-Bgtx
for binding to muscle type nAChR and AChBPs suggests that
the ws-LYNX1 binding site at least partially overlaps with the
a-neurotoxin binding sites on these targets. The differences in
the ws-LYNX1 interactions with distinct nAChR subtypes can
be compared with those of the three-finger neurotoxins and
a-conotoxins: a-Bgtx, a long-chain neurotoxin, binds to the a7
and muscle-type nAChRs, whereas short-chain neurotoxins
target only the latter type. The most relevant to our case is the
example of a-conotoxin Imll; it has the same potency as
a-conotoxin Iml in blocking «7 nAChR but displaces '*°I-a-
Bgtx much more weakly (42). Moreover, it has been recently
shown that binding of a-conotoxin ImII occurs at the classical
site for agonists and competitive antagonists on AChBPs and
a7 nAChR, whereas at Torpedo nAChR, this conotoxin binds
mainly beyond this site (23).
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The different action modes of ws-LYNX1 and snake neuro-
toxins can be attributed to considerable differences in the
nature of their functional groups brought to the binding sites at
the receptor. Fig. 1 depicts a-Cbtx side chains important for
interaction with &7 nAChRs (14), whereas those necessary for
binding of short-chain a-neurotoxins to muscle-type receptors
(15) are shown on erabutoxin-a. The short- and long-chain
neurotoxins, together with those nonconventional neurotoxins
that block nAChRs with high affinity (e.g. candoxin (16)), have
in loop II a combination of aromatic, positively and negatively
charged residues (Fig. 1), which possibly determine the target-
ing of the toxin to the ligand binding pocket on the receptor
surface (39, 43). A positively charged residue located in the tip
of loop II (Arg®® in a-Cbtx and erabutoxin-a or Arg® in can-
doxin) imitates a positive charge of ACh, thus preventing the
simultaneous binding of neurotoxin and the agonist. Ws-
LYNX1 does not have such a set of residues and in principle can
be targeted to another site on the receptor surface, leaving a
possibility for simultaneous ACh binding.

There is another group of three-finger proteins, so-called
muscarinic toxins, mostly found in black mamba venoms,
which block muscarinic acetylcholine receptors (44). The dual
action of a three-finger protein on the nicotinic and muscarinic
AChRs was described for WTX, a nonconventional weak neu-
rotoxin from the N. kaouthia venom (38). In the present report,
we showed the preliminary data about the ws-LYNX1 action on
the M, subtype of human muscarinic AChR (Fig. 3, E and F),
which, in view of the described similarities in the activity of
ws-LYNX1 and LYNX1 on the nAChRs, suggest the necessity
to check the action of GPI-attached LYNX1 on muscarinic
AChRs and other putative targets.

Attaching a-Bgtx, a three-finger neurotoxin, to the mem-
brane via GPIanchor preserved its inhibition of &7 nAChR (45).
Our work, on the other hand, shows that the detachment of
LYNXI1, also a three-finger protein, from the membrane does
not destroy its activity. The release of water-soluble forms from
GPI-containing proteins due to effects of proteases and phos-
pholipases is well known (46); such forms were detected for
CD59 (33) and for uPAR proteins (composed of the prototypi-
cal three-finger domains), especially in cancer cells (47, 48).
Thus, our results suggest that if membrane-detached LYNX1
arises, some in vivo activities similar to those of ws-LYNX1 may
be anticipated.

The determined high resolution spatial structure of ws-lynx1
makes it possible to analyze how this molecule, and probably its
progenitor LYNX1, recognizes the target. As the highest affin-
ity for ws-LYNX1 was observed in binding to AChBPs, and the
x-ray structures for these proteins are known, at the first stage,
we confined this analysis to computer modeling of the
ws-LYNX1 complex with the L. stagnalis AChBP. We have
chosen this particular protein because the x-ray structure of its
complex with a-Cbtx, a three-finger neurotoxin, is known (39).

The results of docking and molecular dynamics illustrate a
general similarity between binding of ws-LYNX1 and a-Cbtx
(Fig. 6). However, marked dissimilarities were also identified;
a-Cbtx approaches the target with one side of its relatively flat
molecule, whereas ws-LYNX1 approaches with the opposite
side. In addition, the binding site for ws-LYNX1 overlaps only

10626 JOURNAL OF BIOLOGICAL CHEMISTRY

partially with that for snake neurotoxin. Contrary to a-Cbtx
(Fig. 6), ws-LYNX1 appears to stabilize the loop C of AChBP in
position closer to the central axis in a conformation that was
observed previously in complexes of AChBPs with agonists
(40). In principle, this would even allow a simultaneous binding
of ws-LYNX1 and acetylcholine depicted in the model. How-
ever, further studies are needed to verify how this model is close
to reality and to what extent it is applicable to different nAChR
subtypes.

In summary, the results presented here demonstrate that
the water-soluble domain of human LYNX1 (ws-LYNX1),
obtained by expression in E. colj, is an individual protein with
the correct primary structure and well defined three-dimen-
sional structure. A high resolution NMR study of ws-LYNX1
demonstrated a three-finger fold well characterized earlier for
snake venom neurotoxins. However, the marked differences
between ws-LYNX1 and neurotoxins in the conformation of
individual loops were revealed. In general, it was shown that
ws-LYNX1 provides a good model to elucidate at the molecular
level the modulatory effects of LYNX1 on nAChRs. Indeed, we
characterized the interaction of ws-LYNX1 with several
nAChR subtypes and AChBPs. Our results for the first time
demonstrated a concentration dependence of ws-LYNX1 mod-
ulatory effects and indicated that the activity of the naturally
occurring LYNX1 and its congeners is most probably not
restricted to o482 nAChR. Determination of the high resolu-
tion NMR structure of ws-LYNX1, one of the initial stages of
our research in this field, made docking and molecular dynam-
ics analysis of ws-LYNX1 interaction with its targets possible.
We hope that future mutagenesis studies, based on the solved
spatial structure of ws-LYNX1 and computational models, will
shed light on the detailed molecular mechanisms of LYNX1
modulating effects.
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BACKGROUND AND PURPOSE

Conventional determination of agonist efficacy at G-protein coupled receptors is measured by stimulation of
guanosine-5’-y-thiotriphosphate (GTPyS) binding. We analysed the role of guanosine diphosphate (GDP) in the process of
activation of the M, muscarinic acetylcholine receptor and provide evidence that negative cooperativity between agonist and
GDP binding is an alternative measure of agonist efficacy.

EXPERIMENTAL APPROACH

Filtration and scintillation proximity assays measured equilibrium binding as well as binding kinetics of [3S]GTPyS and
[®H]GDP to a mixture of G-proteins as well as individual classes of G-proteins upon binding of structurally different agonists to
the M, muscarinic acetylcholine receptor.

KEY RESULTS

Agonists displayed biphasic competition curves with the antagonist [*H]-N-methylscopolamine. GTPyS (1 uM) changed the
competition curves to monophasic with low affinity and 50 uM GDP produced a similar effect. Depletion of membrane-bound
GDP increased the proportion of agonist high-affinity sites. Carbachol accelerated the dissociation of [*H]GDP from
membranes. The inverse agonist N-methylscopolamine slowed GDP dissociation and GTPyS binding without changing affinity
for GDP. Carbachol affected both GDP association with and dissociation from G, G-proteins but only its dissociation from
G,/0r G-proteins.

CONCLUSIONS AND IMPLICATIONS

These findings suggest the existence of a low-affinity agonist-receptor conformation complexed with GDP-liganded G-protein.
Also the negative cooperativity between GDP and agonist binding at the receptor/G-protein complex determines agonist
efficacy. GDP binding reveals differences in action of agonists versus inverse agonists as well as differences in activation of Gy,
versus Gy, G-proteins that are not identified by conventional GTPyS binding.

Abbreviations
CHO cells, Chinese hamster ovary cells; GDP, guanosine diphosphate; GTPyS, guanosine-5’-y-thiotriphosphate; NMS,
N-methylscopolamine
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Introduction

Almost 900 genes of the human genome encode several thou-
sands of G-protein coupled receptors (GPCRs). GPCRs thus
represent the largest family of receptors. The heterotrimeric
guanine nucleotide-binding proteins (G-proteins) function to
transduce signals from these receptors to effector systems
including enzymes, such as adenylyl cyclase and phospholi-
pase C and ion channels. Binding of an agonist to a GPCR
induces conformational changes in the receptor protein that
enable the receptor to promote guanosine diphosphate (GDP)
release from the o-subunit of interacting heterotrimeric
G-proteins (Go) (Wess, 1997) and formation of a high-affinity
complex with guanine nucleotide-free Go. (Kent et al., 1980).
The Go subunit dissociates from the agonist-receptor-Go
complex upon binding of GTP and releases free Go. with
bound GTP and By dimer, both of which are involved in
regulation of the activity of various effector systems.

The biological activity of an agonist is a product of both
affinity and efficacy. While affinity of an agonist for a receptor
is strictly given by free binding energy, agonist efficacy in
transducing a signal across the cell membrane depends on
time-ordered complex conformational changes involving
interactions among agonist, receptor, G-protein and guanine
nucleotides. These interactions and the resulting conforma-
tional changes are less well characterized. In their pioneering
work, De Lean et al. (1980) reported that GDP did not affect
the efficacy of B-adrenoceptor agonists at G, G-protein-
coupled receptors. However, it has been repeatedly demon-
strated that GDP affects binding of agonists at G; G-protein
coupled GPCRs (Florio and Sternweis, 1989; Tota and Schi-
merlik, 1990), muscarinic agonists decrease GDP binding
(Haga et al., 1986; Shiozaki and Haga, 1992) and accelerate its
dissociation (Ferguson et al., 1986). Although the structural
basis for many steps in the G-protein nucleotide cycle have
been clarified over the past decade, the precise mechanism for
receptor-mediated G-protein activation (GDP-GTP exchange)
remains incompletely defined largely because of difficulties in
obtaining crystals of receptor G-protein complexes for X-ray
diffraction analysis (Johnston and Siderovski, 2007; Oldham
and Hamm, 2008).

The aim of our study was to investigate in detail the
mechanisms that determine efficacy of agonists at individual
classes of G-proteins coupled to M, muscarinic acetylcholine
receptors in natural membrane environments. We performed
detailed analyses of allosteric interactions between guanine
nucleotides and four structurally distinct agonists exhibiting
different potencies and efficacies at the M, receptor expressed
in Chinese hamster ovary (CHO) cells. We showed that the
efficacy of these agonists in stimulation of GTP binding cor-
relates with the magnitude of negative cooperativity with
GDP binding to the receptor G-protein complex. These data
suggest that the decrease in GDP affinity due to acceleration
of its dissociation plays a key role in determining agonist
efficacy at the muscarinic M, receptor. We suggest that mea-
surements of GDP binding provide additional information on
receptor activation to that obtained from GTP binding assays.
Most importantly, it reveals differences in the action of ago-
nists and inverse agonists that are not observable in GTP
binding studies.
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Methods

Cell culture and membrane preparation
Chinese hamster ovary cells stably transfected with the
human M, muscarinic receptor gene (CHO-M, cells) were
kindly donated by Professor T.I.Bonner. Cell cultures and
crude membranes were prepared as described previously
(Jakubik et al., 2006). Briefly, cells were grown to confluency
in 75 cm? flasks in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum and 2 x 10° cells
were subcultured to 100 mm Petri dishes. Medium was
supplemented with 5 mM butyrate for the last 24 h of culti-
vation to increase receptor expression. Cells were detached by
mild trypsinization on day 5 after subculture. Detached cells
were washed twice in 50 mL of phosphate-buffered saline and
3 min centrifugation at 250x g. Washed cells were suspended
in 20 mL of ice-cold incubation medium (100 mM NacCl,
20 mM Na-HEPES, 10 mM MgCl,; pH = 7.4) supplemented
with 10 mM EDTA and homogenized on ice by two 30s
strokes using Polytron homogenizer (Ultra-Turrax; Janke &
Kunkel GmbH & Co. KG, IKA-Labortechnik, Staufen,
Germany) with a 30 s pause between strokes. Cell homoge-
nates were centrifuged for 30 min at 30 000x g. Supernatants
were discarded, pellets resuspended in fresh incubation
medium and centrifuged again. Resulting membrane pellets
were kept at —20°C until assayed within a maximum of 10
weeks.

Preparation of GDP-less membranes
Membrane-bound GDP was removed by mild denaturation
(Ferguson et al., 1986). Membranes were incubated for 3 h in
1M ammonium sulphate at 4°C, centrifuged and resus-
pended in incubation medium containing 20% glycerol
for 1 h to allow renaturation. Then they were again centri-
fuged, resuspended in incubation medium, and used for
experiments.

Equilibrium radioligand binding experiments

All radioligand binding experiments were optimized and
carried out as described earlier (Jakubik et al., 2006). Briefly,
membranes were incubated in 96-well plates at 30°C in the
incubation medium described above that was supplemented
with freshly prepared dithiotreitol at a final concentration of
1 mM. Incubation volume was 200 uL or 800 uL for [*H]N-
methylscopolamine (NMS) saturation experiments. Approxi-
mately 30 and 10 pg of membrane proteins per sample were
used for [*H]NMS and [*S]GTPyS binding respectively. NMS
binding was measured directly in saturation experiments
using six concentrations (30 pM to 1000 pM) of [*'H]NMS for
1 h. Depletion of radioligand was smaller than 20% for the
lowest concentration. For calculations, radioligand concen-
trations were corrected for depletion. Agonist binding was
determined in competition experiments with 1 nM [PH]NMS.
Membranes were first pre-incubated 60 min with agonists
and guanine nucleotides, if applicable, and then incubated
with [PH]NMS for additional 120 min. Non-specific binding
was determined in the presence of 10 uM NMS. Equilibrium
[3H]GDP binding was measured after 5 h incubation. Non-
specific binding was determined in the presence of 50 uM
GDP. Agonist stimulated [*S]GTPyS binding was measured in
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a final volume of 200 uL of incubation medium with 500 pM
of [**S]GTPyS and 50 uM GDP for 20 min at 30°C after 60 min
pre-incubation with GDP and agonist. Non-specific binding
was determined in the presence of 1 uM unlabelled GTPyS.
Incubations were terminated by filtration through Whatman
GE/F glass fibre filters (Whatman, Maidstone, UK) using a
Tomtech Mach III cell harvester (Perkin Elmer, Norwalk, CT,
USA). Filters were dried in vacuum for 1 h at 80°C and then
solid scintillator Meltilex A was melted on filters (105°C, 90 s)
using a hot plate. The filters were cooled and counted in
Wallac Microbeta scintillation counter.

Kinetic experiments

Kinetics of [**S]GTPyS binding at GDP-less membranes was
measured in a final volume of 200 uL at 30°C. Association of
1 nM [*¥S]GTPyS with GDP-less membranes was measured
after 20 min pre-incubation with buffer or carbachol = 50 uM
GDP. Dissociation of [**SJGTPyS was initiated by 1 uM GTPyS
alone or in mixture with carbachol after 90 min pre-
incubation of GDP-less membranes with 1 nM [**S]|GTPyS +
50 uM GDP. Kinetics of [PH]GDP binding at Gy, and Gyor
G-proteins was measured using scintillation proximity assay
(SPA) (DeLapp etal.,, 1999) essentially as described earlier
(Jakubik et al., 2006). Association of 500 nM [*H]GDP was
measured after 20 min pre-incubation of GDP-less mem-
branes with buffer or carbachol. Dissociation of [*'H]GDP was
started by addition of 50 uM GDP alone or in mixture with
carbachol after prelabelling GDP-less membranes with
500 nM [PH]GDP for 180 min at 30°C. Dissociation was
stopped by cooling and solubilization of samples by adding
Nonidet P-40 to final concentration of 1% for 15 min.
Primary polyclonal rabbit IgG antibody against o subunit of
Gijo 0r Gyor G-proteins in final dilution 1:1000 was then
added and samples were incubated on ice for 60 min. After-
wards, 50 uL aliquots of anti-rabbit IgG coated scintillation
beads were added (Amersham Bioscience, Buckinghamshire,
UK; 500 mg of beads was resuspended in 40 mL of incubation
buffer) and incubation continued for another 3 h. Trapped o
subunits were pelleted at 4°C and 1500x g for 15 min and
counted using SPA protocol in Wallac Microbeta scintillation
counter.

Data analysis
In general binding data were analysed as described previously
(Jakubik et al., 2006). Data were preprocessed by Open Office
2.3 (http://www.openoffice.org) and subsequently analysed
by Grace 5.1.18 (http://plasma-gate.weizman.ac.il/Grace) and
statistic package R (http://www.r-project.org) on Mandriva
distribution of Linux.

The following equations were fitted to data:

Saturation of radioligand binding

¥ = Buax xx/(x+Kp) (Egn 1)

y, binding of radioligand at free concentration of radioligand
x; Buax, maximum binding capacity; Kp, equilibrium dissocia-
tion constant.

Concentration-response
¥ =1+ (Eyax = 1)/(1+(ECso/x)™) (Eqn 2)

y, radioactivity in the presence of agonist at concentration x
normalized to radioactivity in the absence of agonist; Ewax,

maximal increase by agonist; ECsy, concentration of agonist
producing 50% of maximal effect; nH, Hill coefficient.

Interference with [*H]NMS or [*H]GDP binding

y =100x% (1 - x" /(ICso + x)"™) (Eqn 3)

Y = (100 - flow) X (1 —-X /(ICSOhigh + X)) + flow X (1 - X/(ICSOIOW + X))

(Eqn 4)

y, binding of radioligand at a concentration of displacer x
normalized to binding in the absence of displacer; ICso,
concentration causing 50% decrease in binding; nH, Hill
coefficiet; fi,w, percentage of low affinity sites; ICsonign, cOncen-
tration causing 50% decrease in binding to high affinity sites;
ICsoi0w, concentration causing 50% decrease in binding to low
affinity sites. Both equations were fitted to data and the one
giving better fit determined by F-test was used. Equilibrium
dissociation constant of displacer (K;) was calculated accord-
ing to Cheng and Prusoff (Cheng and Prusoff, 1973).
Rate of association

¥ = Beg X[1—exp(—1X Kops X X)] (Eqn 5a)
¥ = Beqi X (1 —exp(=1 X Kops1 X X)) + Begz X [1— exp(=1 X Kopsz X X)]
(Egqn Sb)

y, binding of radioligand at time X; Kobs, Kovs1, Kons2, Observed
rates of association; Beg, Beqi, Begz, €quilibrium binding.
Rate of radioligand dissociation

y =100 x et (Eqn 6a)

y — (100 _ fZ) X e(—kofflxx) + fZ X e(—kofflxx) (Eqn 6b)

y, binding of radioligand at time x normalized to time O; K,
Kosr1, Kotro, Tate constants; f,, percentage of sites with rate con-
stant K.

Allosteric interaction of radioligand

Allosteric interaction between a radioligand and an allosteric
modulator was analysed according to the ternary complex
model (Ehlert, 1988).

[D]+Kp
Kp x (K4 +Xx)
K,+x/o

[D]+ (Eqn 7)

y, binding of radioligand in the presence of ligand A at con-
centration x normalized to the absence of ligand A; [D] con-
centration of radioligand; Kp, equilibrium dissociation
constant of radioligand; K,; equilibrium dissociation con-
stant of ligand A; o, factor of cooperativity between radioli-
gand and ligand A.

Allosteric interaction between GDP and
agonist binding

Allosteric interaction between GDP and agonist binding was
analysed according to the ternary complex model with ago-
nists competing with radioligand (Jakubik et al., 1997).

British Journal of Pharmacology (2011) 162 1029-1044 1031



| Jakubik et al.

_ [D]+K)p
V= Ko X ([A]x (K + X/ B)+ K x (K» + X))
[D]+
K x(Ky+x/a)

(Eqn 8)

y, binding of radioligand ([PH]NMS) in the presence of GDP at
concentration x normalized to the absence of GDP; [D] con-
centration of radioligand; Kp, equilibrium dissociation con-
stant of radioligand; [A], concentration of agonist; K,
equilibrium dissociation constant of high affinity agonist
binding form Eqn 3; K,, equilibrium dissociation constant of
allosteric ligand (GDP); o, factor of cooperativity between
radioligand and allosteric ligand from Eqn 7 (always 1); f,
factor of cooperativity between allosteric ligand and agonist.

Materials

The radioligands [PHINMS ([PH]GDP), [*S]GTPyS and anti-
rabbit IgG-coated scintillation proximity beads were from
Amersham (UK). Rabbit polyclonal antibodies against
C-terminus of G-protein (Gy,, C-10, and Gyor, C-18) were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA) Car-
bachol, dithiotreitol, EDTA, GDP, GTPyS, NMS chloride and
pilocarpine were from Sigma (St. Louis, MO, USA). Oxotremo-
rine was from RBI (Natick, MA, USA) and Nonidet P-40 was
from USB Corporation (Cleveland, OH, USA). Furmethide
was kindly donated by Dr Shelkovnikov (University of
St. Petersburg, Russia). Nomenclature of receptors and
G-proteins follows Alexander et al. (2009).

Results

General characterization of crude membranes
Experiments were performed on membranes of CHO-M; cells
stably expressing 1.4 + 0.2 pmol of binding sites for [*H]NMS
chloride per mg of membrane protein. The equilibrium dis-
sociation constant (Kp) of PH]NMS was 512 = 32 pM (mean
+ SEM, n = 4, measurements on cells from independent
seedings). Total binding of [**S]GTPyS to crude membranes
was 123 + 18 pmol per mg of protein out of which 74 *
11 pmol was to Gy, 21 = 3 pmol to Gy and 16 = 3 pmol to
Gy G-proteins respectively (means = SEM, n = 3).

Carbachol, furmethide, oxotremorine and pilocarpine
concentration dependently stimulated binding of [**S]GTPyS
(Figure 1, Table 1). Carbachol and furmethide induced similar
maximal increase of [**S]GTPyS binding (threefold and 3.1-
fold increase respectively) with half-effective concentrations
(ECsp) of 12.3 and 7.0 uM respectively. Oxotremorine and
pilocarpine were more potent (ECso = 1.0 and 1.2 uM respec-
tively) but less efficacious (Emax = 2.8 and 1.6-fold increase
respectively). The rank order of efficacy was: furmethide =
carbachol > oxotremorine > pilocarpine, with a ranking of
potency of: oxotremorine = pilocarpine > furmethide = car-
bachol. Carbachol had no effect on [*S]GTPyS binding at
wild-type (non-transfected) CHO cells.

Influence of guanine nucleotides on the
affinity of agonists

Affinity of agonist binding was assessed indirectly in compe-
tition experiments with 1 nM of the muscarinic radioligand
[FHINMS (Figure 2). Competition curves were biphasic and
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Figure 1

Stimulation of [**S]guanosine-5’-y-thiotriphosphate (GTPyS) binding
by agonists. [**S]JGTPYS binding to membranes stimulated by
increasing concentrations (abscissa, log M) of agonists carbachol,
furmethide, oxotremorine, pilocarpine and antagonist N-
methylscopolamine (NMS) is expressed as fold over basal (ordinate).
Data are mean * SEM of values from three experiments performed
in quadruplicate. Curves were fitted using Equation 2 and results of
fits are shown in the Table 1.

displayed a similar proportion (50 to 66%) of low-affinity
binding sites for all agonists but different affinities for both
high- and low-affinity binding sites (Table 2). High-affinity
binding ranged from 12 nM for oxotremorine to 120 nM for
carbachol and low-affinity binding from 580nM for
oxotremorine to 9 uM for carbachol. Competition curves
between [*H]NMS and agonists in the presence of 1 uM GTPyS
expectedly became monophasic for all agonists (Figure 2)
with calculated equilibrium inhibition constants (K;) corre-
sponding to the low-affinity K; in the absence of GTPyS.
Similarly, 50 uM GDP present during competition measure-
ments (Figure 2) also converted curves to monophasic ones
with K; corresponding to that in the presence of GTPYS and
the low-affinity K; in the absence of added nucleotides
(Figure 2, Table 2).

In order to explore the effects of added GDP on agonist
binding, we reduced membrane-bound native GDP by induc-
ing its dissociation under slightly denaturing conditions,
washing and renaturing as described in Methods. Competition
curves remained biphasic (Figure 2) but the proportion of
low-affinity sites decreased fivefold to sevenfold compared
with membranes before treatment (Table 2). Low-affinity K; of
agonists corresponded to the low-affinity K; under control
conditions. High-affinity K, values were significantly lower
for carbachol and oxotremorine (twofold and fourfold respec-
tively) and not changed for oxotremorine and pilocarpine.

Characterization of GDP-depleted membranes
In comparison with crude membranes, depletion of GDP did
not change the affinity for PHINMS (498 = 29 pM) but
increased the number of binding sites per mg of protein to 24
+ 3 pmol (mean = SEM, n = 4). On the other hand, total
binding of [**S]JGTPyS per mg of protein fell to 28 * 2 pmol
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Table 1

Parameters of agonist-stimulated [>*S]GTPyS binding to membranes from M, CHO cells

Emax

Carbachol 491 = 0.04*
Furmethide 5.15 = 0.05

Oxotremorine 5.99 = 0.04**
Pilocarpine 5.93 = 0.08**

[fold over basal]

3.01 £ 0.07 0.81 = 0.05
3.12 £ 0.08 0.82 = 0.05
2.78 = 0.06* 0.92 = 0.03
1.59 £ 0.06*** 0.98 = 0.03

Constants and Hill coefficients (nH) were obtained by fitting Equation 2 to data from individual experiments shown in Figure 1. Half-effective
molar concentration of agonists is expressed as negative logarithm (pECse) and maximal stimulation (Euax) as fold increase over basal binding.
Data are means = SEM of values from three individual experiments performed in quadruplicates. *P < 0.05, significantly different from
furmethide; **P < 0.01, significantly different from carbachol and furmethide; ***P < 0.001, significantly different from all other agonists by
ANOVA and Tukey’s test.
CHO cells, Chinese hamster ovary cells; GTPYS, guanosine-5’-y-thiotriphosphate.
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Effects of guanine nucleotides on competition between agonists and [*H]N-methylscopolamine (NMS) binding. Binding of 1 nM [*H]NMS to
membranes in the presence of increasing concentrations (abscissa, log M) of the agonists carbachol (upper left), furmethide (upper right),
oxotremorine (lower left) and pilocarpine (lower right) is expressed as per cent of control binding in the absence of agonist. Data are shown for
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values from three experiments performed in quadruplicate. Curves were fitted using Equations 3 and 4. Results of fits are shown in the Table 2.
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Table 2

Effects of guanine nucleotides on binding parameters of muscarinic agonists

Carbachol
Control PKi high 6.92 + 0.08
PKitow 5.04 = 0.08

fiow [%0] 59 = 11
+1 uM GTPyS pKi 5.13 = 0.05
+50 uM GDP pK; 5.19 + 0.06
GDP-less membranes PKi high 7.27 = 0.08*
PKi tow 4.99 + 0.09

flow [%] 12 + 4

Furmethide Oxotremorine Pilocarpine
7.12 * 0.09 7.93 £ 0.07 7.19 + 0.08
4.78 + 0.08 6.24 = 0.07 5.65 = 0.08
50 =9 66 = 8 58 £ 9
4.76 = 0.05 6.26 = 0.04 5.54 = 0.06
4.77 = 0.05 6.38 = 0.04 5.67 = 0.05
7.77 = 0.08** 7.95 £ 0.07 7.33 £ 0.07
4.87 = 0.09 6.49 = 0.08 5.69 = 0.10
9.6 = 3.8** 13 & 4* 7.9 £ 3.2**

Equilibrium inhibition constants K, and percentages of low affinity sites were obtained by fitting Equations 3 and 4 to data from individual
experiments shown in Figure 2. K, values of agonists are expressed as negative logarithms of molar concentration (pK;). fiw is the fraction of
receptors in the low-affinity state. Data are means = SEM of values from three independent experiments performed in quadruplicates. *P <
0.05; **P < 0.01, significantly different from corresponding control membranes by t-test.

GDP, guanosine diphosphate.

Table 3
Rate constants of [*S]GTP-yS binding in GDP-less membranes

GDP-less membranes 4.35 = 0.15
+100 uM carbachol 4.33 = 0.17
50 uM GDP 1.34 = 0.14*
+100 uM carbachol 3.98 = 0.14*
+100 nM NMS 1.01 = 0.08*

B.q [fmol-ug™' protein] kot [h7"]

5.66 = 0.22 0.324 + 0.013
5.70 £ 0.25 0.327 = 0.014
1.21 = 0.12* 0.334 = 0.012
4.85 = 0.19* 0.322 = 0.012
1.20 £ 0.11 0.343 = 0.009

Constants were obtained by fitting Equations 5a or 6a as appropriate to data from individual experiments shown in Figure 3. kobs, association
rate constant; B.q, binding at equilibrium; ko, dissociation rate constant. Data are means = SEM of values from three independent
experiments performed in quadruplicates.*P < 0.01; significantly different from control (GDP vs. GDP-less, with vs. without carbachol) and

2P < 0.05; significantly different from control without ligand by t-test.

GDP, guanosine diphosphate; GTPYS, guanosine-5’-y-thiotriphosphate; NMS, N-methylscopolamine.

out of which 18 = 1 pmol was to Gj., 3.5 £ 0.5 pmol to Gg11
and 4.6 * 0.6 pmol to Gyt G-proteins respectively (means *
SEM, n = 3).

Kinetics of [**S]GTPYS binding to membranes

Measurements of 1 nM [*S]GTPyS binding kinetics were
carried out on GDP-depleted membranes without (Figure 3,
left) or with added 50 uM GDP (Figure 3, right). As shown in
Table 3, addition of GDP slowed down the rate of association
3.2-fold, decreased equilibrium binding 4.7-fold, but did not
change the rate of dissociation (Figure 3, Table 3). A saturat-
ing concentration of carbachol (100 uM) did not change
kinetics of [*S]GTPyS binding in the absence of GDP
(Figure 3, left, open circles). In the presence of GDP, carbachol
had no effect on the rate of dissociation of [**S]GTPyS but
accelerated the rate of association 2.6-fold and increased
equilibrium binding fourfold (to 92 and 90% of that in the
absence of GDP respectively). In the presence of GDP, the
inverse agonist NMS slowed the association of [**S]GTPyS by
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25% and, similarly to carbachol, did not change dissociation
kinetics (Table 3).

Kinetics of [PH]GDP binding to membranes

Measurements of 500 nM [*H]GDP binding kinetics (Figure 4)
were carried out on GDP-less membranes in the absence or in
the presence of 10 uM or 100 uM carbachol or 0.1 uM NMS.
Association of [*'H]GDP was biphasic with an observed asso-
ciation rate (Kops siow) 0f 0.010 min™ for 44% of sites and Kops fast
of 0.063 min™ for the rest. Ten uM carbachol decelerated
association of the slower fraction sevenfold while it slowed
down that at the faster fraction by only twofold. Carbachol
(100 uM) brought further slowing down of both the slower
and faster fractions to 0.00024 min' and 0.013 min™' respec-
tively. Dissociation of [*H]GDP was also biphasic with disso-
ciation rate constants Ko siow 0.85 min~' for 40% of sites and K
st 0.073 min™ for the rest. Carbachol accelerated [*H]GDP
dissociation from the faster fraction more than 100-fold at
both concentrations while the rate at the slower fraction was
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Kinetics of [>*S]guanosine-5"-y-thiotriphosphate (GTPYS) binding to membranes. Time course of association of 1 nM [>**S]GTPyS with (top row) and
dissociation from (bottom row) GDP-less membranes. Binding was carried out either in the absence (left graphs) or presence (right graphs) of
50 uM GDP in the absence or presence of 100 uM carbachol or 100 nM N-methylscopolamine (NMS). Data are presented as mean = SEM of
values from three experiments performed in quadruplicate. Curves were fitted using Equations 5 (association) or 6 (dissociation). Results of fits

are shown in the Table 3.

reduced threefold and fourfold at 10 and 100 uM carbachol,
respectively.

Allosteric interactions between GDP

and agonists

Carbachol-induced changes in GDP kinetics confirmed allos-
teric interactions between GDP and carbachol. In order to
quantify allosteric interactions between GDP and agonists,
their affinities to free receptor-G-protein complex had to be
known. Affinity of GDP was determined in equilibrium
binding of [*H]GDP to GDP-less membranes in homologous
competition (Figure S left) and saturation (Figure 5 right)
experiments. Homologous competition curves of 1 uM and
5 uM [*H]GDP were monophasic with Hill coefficient equal to
1 and ICs values 4.48 (95% interval of confidence 3.93-5.02)
and 8.55 (95% interval of confidence 7.62-9.59) uM, respec-
tively, giving Ky, for [*H]GDP of 3.49 uM. In accordance with
competition experiments, saturation binding of GDP-less
membranes with 0.3 to 10 uM [PH]GDP displayed Ky of 3.47

+ 0.03 uM and Buax of 28 *= 3 fmol of binding sites per pg of
protein.

In the first set of experiments to quantify the magnitude
of allosteric interactions between GDP and agonists, the
binding of [PH]GDP at fixed 10 uM concentration and
increasing concentrations of tested agonists was measured in
competition-like experiments (Figure 6). While the inverse
agonist NMS did not affect [*H]GDP binding, all the tested
agonists decreased it. Fitting Eqn 7 to data using all four
agonists gave the same equilibrium dissociation constant for
[FH]GDP (pK, 5.51 = 0.05; mean = SD; n = 12). Factors of
cooperativity o between binding of [PH]GDP and carbachol,
furmethide, oxotremorine and pilocarpine were (expressed as
po) -2.3 =0.2,-2.4 £ 0.3,-1.8 £ 0.1 and -1.4 = 0.1 (mean
+ SEM., n = 3) respectively.

In the second set of experiments determining the magni-
tude of allosteric interactions between GDP and agonists, we
employed [PH]NMS as a tracer because of the high cost of
[*'H]GDP and difficulties in quantifying negative cooperativity
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were fitted using Equations 1 and 3 as appropriate.

between GDP and full agonist (carbachol, furmethide)
binding. The magnitude of negative cooperativity between
agonists and GDP in these experiments was derived from a
decrease in displacement of [*H]NMS binding by a fixed con-
centration of tested agonist by increasing concentrations of
GDP in GDP-less membranes. In the absence of agonist, GDP
had no effect on [PH]NMS binding (Figure 7). Eqn 7 could not
be fitted to the data and the factor of cooperativity o between
[*HINMS and GDP is thus equal to 1. Agonists competed with
[*HINMS and diminished its binding (Figure 7). GDP allosteri-
cally reduced the affinity for agonists that was manifested as
an increase in [*H]NMS binding. Factors of cooperativity f
between GDP and agonists were calculated by fitting Eqn 8 to
the data shown in Figure 7. GDP diminished the affinity of the
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full agonists furmethide and carbachol 250-fold and 200-fold,
respectively, while the affinity of the partial agonists
oxotremorine and pilocarpine was reduced only 60-fold and
25-fold respectively. Estimated affinity for GDP was 3.2 uM
(pKa =-5.49 = 0.03; mean = SEM.; n = 12) for all fits.

Agonist stimulation of [**S|GTPYS binding to
individual G-proteins

Binding of [*S]GTPyS to individual subclasses of G-proteins
was measured in SPAs (Figure 8). As expected, all tested ago-
nists stimulated binding of [**S]GTPyS to Gi/o G-proteins with
higher potency than to Gyor and Ggu G-proteins (Table 4).
The rank order of potencies was oxotremorine = pilocarpine >
furmethide > carbachol at all tested G-protein subclasses
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(except no stimulation of [*S]GTPyS binding by oxotremo-
rine at Gy, was detected). Agonists were also more efficacious
in stimulating [*S]GTPyS binding at Gy, G-proteins than at
the other two G-protein classes. The rank order of agonist
efficacies to stimulate [*S]GTPyS binding varied among
G-protein classes and was as follows: furmethide = carbachol
= oxotremorine > pilocarpine at Gy, carbachol = furmethide
> oxotremorine > pilocarpine at Gyo, and carbachol > furme-
thide > pilocarpine > oxotremorine at Gg1.

Kinetics of [PH]|GDP binding to individual
subclasses of G-proteins

Kinetics of 500 nM [*H]GDP binding at individual subclasses
of G-proteins measured in SPA is shown in Figure9.
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Direct measurement of allosteric interactions between agonists and
[H]GDP at membranes. The magnitude of allosteric interactions
between agonists (carbachol, furmethide, oxotremorine, pilo-
carpine) or antagonist [N-methylscopolamine (NMS)] and GDP was
measured directly as changes in equilibrium binding of 10 uM
[*HIGDP to GDP-less membranes in the presence of increasing ligand
concentration (abscissa, log M). Data are expressed as mean = SEM
of values from three experiments performed in quadruplicate. Curves
were fitted using Equation 7.

Table 4
Parameters of [**S]JGTPyS binding to Gy, Gy and Gg1 subtypes of G-proteins

Association of [PH]GDP with the G, subclass of G-proteins
that preferentially couple with the M, receptors was biphasic
(Figure 9, top left) with twice as many sites with fast (Kops1 =
0.055 min™!) as with slow (Kes = 0.011 min™) association
kinetics (Table 5). Carbachol converted the association curve
to become monophasic and decreased equilibrium binding
1.8-fold and ninefold at 10 and 100 uM concentrations
respectively. Carbachol (100 uM) slowed down the associa-
tion of [PH]GDP 12-fold in comparison to fast sites or 10-fold
in comparison to mono-exponential fit of association data
under control conditions (in the absence of carbachol) (Kops =
0.042 *+ 0.005 min™; Beg = 2.8 + 0.3 fmol-ug-prot”’; mean =+
SEM; n = 3). Dissociation curves were biphasic in the absence
as well as in the presence of carbachol with 36 to 38% of slow
binding sites. Carbachol accelerated the dissociation rate to a
similar extent from both slow and fast sites. Acceleration was
6.3-6.5-fold by 10 uM carbachol and eightfold by 100 uM
carbachol respectively (Figure 9, lower left; Table 5).

Muscarinic M, receptors also couple non-preferentially
with the Gy and Gg1: subclasses of G-proteins. We therefore
attempted to determine the influence of carbachol on the
kinetics of [*H]GDP binding at these two other major
G-protein subclasses. Unlike the results obtained for the Gy,
subclass, association and dissociation curves of [*H]GDP
binding with Gy were monophasic in the absence as well as
in the presence of carbachol (Figure 9, right column). Carba-
chol had no effect on [?’H]GDP binding association rate, accel-
erated [*H]GDP dissociation rate 1.8-fold and threefold, and
decreased equilibrium binding 1.9-fold and 8.1-fold at 10 and
100 uM carbachol respectively (Figure 9, top right, Table 5).
We were not able to determine the kinetics of [PH]GDP
binding at Ggy1: subclass of G-proteins due to extremely fast
on and off rates.

Allosteric interactions between GDP and
agonists at individual subclasses

of G-proteins

Effects of agonists on equilibrium binding of 10 uM [*H]GDP
to individual subclasses of G-proteins was measured in SPA
(Figure 10, Table 6). All agonists decreased [*H]GDP binding
to Gy, (Figure 10, upper left) and Gy (Figure 10, upper right)

carbachol 5.11 = 0.06 2.89 = 0.06 4.25 = 0.06 1.82 = 0.05 4.37 = 0.02 1.61 = 0.02
furmethide 5.34 = 0.10 2.95 = 0.09 4.76 = 0.03* 1.70 = 0.02 4.72 = 0.06* 1.20 = 0.01*
oxotremorine 6.03 = 0.05** 2.72 = 0.05 5.13 = 0.04** 1.53 = 0.01** n.c. n.c.***
pilocarpine 5.95 = 0.06** 1.52 + 0.05*** 5.05 = 0.05** 1.10 = 0.07*** 4.95 = 0.05** 1.08 = 0.07***

Constants and Hill coefficients (nH) were obtained by fitting Equation 2 to data from individual experiments shown in Figure 1. Half effective
molar concentration of agonists is expressed as negative logarithm (pECso) and maximal stimulation (Euax) as fold increase over basal binding.
Data are means = SEM of values from three individual experiments performed in quadruplicates. *P < 0.05, significantly different from
carbachol; **P < 0.01, significantly different from carbachol and furmethide; ***P < 0.001, significantly different from all other agonists by

ANOVA and Tukey’s test.
GTPyS, guanosine-5’-y-thiotriphosphate; n.c., no convergence.
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Indirect measurement of allosteric interactions between agonists and GDP at membranes. The magnitude of allosteric interactions between
agonists (carbachol, upper left; furmethide, upper right; oxotremorine, lower left; pilocarpine, lower right) and GDP was measured indirectly as
changes in equilibrium binding of 1 nM [*H]N-methylscopolamine (NMS) to GDP-less membranes in the presence of a fixed concentration of
agonist and increasing concentrations of GDP (abscissa, log M). Binding of 1 nM [*H]NMS in the absence of agonis is also shown (control).
Carbachol and furmethide were used at 3 and 10 uM, oxotremorine at 0.1 and 0.3 uM, and pilocarpine at 0.3 and 1 uM. Data are presented as
mean * SEM of values from three experiments performed in quadruplicate. Curves were fitted using Equations 7 ([*H]NMS alone) or 8 ([*H]NMS

in the presence of agonist).

G-proteins. Oxotremorine (Figure 10), unlike all other ago-
nists, had no effect on [*'H]GDP equilibrium binding to Gy
(Figure 10, lower panel) G-proteins. The rank order of factors
of cooperativity between [*H]GDP and agonist binding varied
among G-protein classes and was as follows: furmethide =
carbachol = oxotremorine > pilocarpine at Gy,, carbachol =
furmethide > oxotremorine > pilocarpine at Gy, and carba-
chol > furmethide > pilocarpine > oxotremorine at Gy
(Table 6).

Discussion

Conventional determination of agonist efficacy of G-protein
coupled receptors often utilizes measurements of agonist-
induced activation of GTPyS binding. We analysed the role of
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GDP (the second guanine nucleotide that binds to
G-proteins) in the process of activation of the M, muscarinic
acetylcholine receptors and tested whether changes in its
binding could serve as a possible measure of agonist efficacy.
The muscarinic agonists studied here differ in structure as
well as affinity and efficacy to stimulate GTPyS binding via
the M, muscarinic receptor (Figure 1). Binding studies show
that GTPyS decreases the affinity of agonists as reported pre-
viously for the majority of, if not all, GPCRs (Wess, 1997). The
decrease in agonist affinity is generally interpreted as being
due to disintegration of the receptor/G-protein complex and
the liberation of the signalling GTPyS-liganded G-protein
o-subunit and complex of By subunits (Johnston and Sid-
erovski, 2007). In accordance with previous findings (Haga
et al., 1986; Florio and Sternweis, 1989; Tota and Schimerlik,
1990; Shiozaki and Haga, 1992) our data demonstrate that at
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furmethide oxotremorine and pilocarpine or antagonist N-methylscopolamine (NMS) is expressed as fold over basal (ordinate). Data are presented
as mean * SEM of values from three experiments performed in quadruplicate. Curves were fitted using Equation 2 and results of fits are shown

in the Table 4.

the muscarinic M, receptors GDP also decreases agonist affin-
ity. In addition, we found that reduction of membrane-bound
GDP increases the proportion of high-affinity binding sites
for all agonists to a similar extent (Figure 2). Adding GDP
back to GDP-less membranes reduces agonist affinity
(Figure 7). These findings are consistent with the existence of
an agonist low-affinity conformation of the receptor that
is complexed with GDP-liganded G-protein, in addition to
the agonist low-affinity conformation of receptor that is
uncoupled from G-protein upon binding of GTP (Abdulaev
et al., 2006).

Although the affinity of agonists at the low-affinity
binding state is similar in the presence of either GDP or
GTP»S, kinetics of guanine nucleotides binding provide evi-
dence that the molecular mechanisms of modulation of
agonist affinity is different. The ability of carbachol to
accelerate dissociation and decelerate association of GDP

(Figure 4) proves the existence of allosteric interaction
between agonist and GDP on the receptor/G-protein
complex. On the other hand, the inability of agonists to
change the kinetics of GTPyS binding in the absence of GDP
(Figure 3, left column; Table 3) is in concert with data
obtained in a reconstituted system (Florio and Sternweis,
1989) and the commonly accepted concept that the GTPyS-
liganded Go. subunit dissociates from receptor (Johnston and
Siderovski, 2007) and therefore the kinetics of GTPyS binding
cannot be allosterically regulated by agonists. Receptor-
mediated acceleration of GTPyS association in the presence of
GDP (Figure 3, upper row; Table 3) is a consequence of accel-
erated GDP dissociation, while in the absence of GDP the
speed of GTPyS binding (irrespective of presence or absence of
agonist) is already maximal. Lack of effect of agonists on the
rate of GTPyS dissociation in both the presence and absence
of GDP (Figure 3, lower row; Table 3) further supports the
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Table 5

Effects of carbachol on the kinetics of [*H]GDP binding to Gy, and Gy G-proteins

Control

Gifo Kobst [min™'] 0.055 *= 0.003
Beq1 [fmol-ug™ protein] 2.1 £0.2
Kobs2 [min™'] 0.011 * 0.006
Beqz [fmol-ug™ protein] 1.1 = 0.1
Kofrr [min~'] 0.35 = 0.03
Kot [Min~'] 0.040 = 0.004
f, [%] 37+ 5

G/ol Kobs [Min~'] 0.031 += 0.003
Beq [fmol-ug™' protein] 0.81 + 0.04
kot [min~"] 0.067 = 0.007

10 uM carbachol 100 uM carbachol

0.0056 + 0.0003** 0.0044 = 0.0002**
1.7 £ 0.2** 0.35 = 0.03**
2.2 £ 0.2* 2.8 = 0.3**

0.26 + 0.03** 0.32 + 0.03**
38 = 4 36 £ 5
0.030 *= 0.003 0.031 = 0.003
0.43 + 0.02** 0.10 = 0.01**
0.12 = 0.071** 0.20 = 0.02**

Association rate constants (kqps), equilibrium binding (Beg), dissociation rate constants (ko) and percentages (f) of populations were obtained
by fitting Equations 6a and 6b or 7a and 7b as appropriate to data from individual experiments shown in Figure 9. Values from better fits are
shown. Data are means + SEM of values from three independent experiments performed in triplicates. **P < 0.01, significantly different from

control in the absence of carbachol by t-test.
GDP, guanosine diphosphate.

Table 6
Parameters of [*H]JGDP binding to Gy, Gsor and Ggq subtypes of G-proteins

Carbachol 6.90 = 0.06 -23 *+0.2 6.87
Furmethide 7.13 £ 0.05 -2.4 + 0.2 7.10
Oxotremorine 7.93 = 0.05 -2.1 £ 0.2 7.97
Pilocarpine 7.23 = 0.06 —0.94 = 0.08 7.19

I+

=
£l

*

0.06 -1.2 = 0.1 6.87 = 0.02 —0.85 = 0.09
0.05 -1.0 = 0.1 7.17 = 0.06 —0.32 = 0.05
0.05 -0.78 = 0.08 n.c. n.c.

0.07 —0.24 += 0.04 7.25 = 0.08 -0.16 = 0.03

Equilibrium dissociation constants (K,) of agonists and factors of cooperativity (o) between agonists and [*H]]JGDP binding are expressed as
negative logarithms. Constants were obtained by fitting Equation 7 to data from individual experiments shown in Figure 10. Data are means
+ SEM of values from three independent experiments performed in quadruplicates.

GDP, guanosine diphosphate.

notion that, under our experimental conditions, the Go
subunit with bound GTPyS is not in physical contact with the
receptor.

Agonist-induced allosteric acceleration of GDP dissocia-
tion from the Go subunit strongly implies involvement of
this mechanism in regulating the strength (efficacy) of
agonist signal transmission to intracellular second messen-
ger pathways. Despite multiple lines of evidence for allos-
teric interaction between agonist and GDP on receptor-G-
protein complex the magnitude of these allosteric
interactions has not been quantified so far. Our present data
show that the magnitude of negative cooperativity between
the four tested agonists displaying different potencies and
efficacies, and GDP binding (Figure 6) demonstrate that
full agonists (carbachol, furmethide) display significantly
stronger negative cooperativity than partial agonists
(oxotremorine, pilocarpine). The magnitude of negative
cooperativity correlates with agonist efficacy in stimulating
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GTPyS binding to membranes (furmethide = carbachol >
oxotremorine > pilocarpine) (Figure 11). Interestingly, 30
years ago Birdsall et al. (1978) showed that agonist efficacy
correlates with the ratio of agonist high- and low-affinity
binding. Our results confirm these observations and provide
a plausible interpretation. Agonist high-affinity binding
takes place at a receptor-G-protein complex free of GDP and
low-affinity binding occurs at a complex with GDP-liganded
G-protein that is low due to negative cooperativity in
binding of agonist and GDP. The stronger the negative
cooperativity (more negative po in our experiments) is, the
higher the agonist efficacy and the lower the agonist affinity
is in the low-affinity binding state. Thus, agonist efficacy
correlates with the difference in affinities of the agonist
high and low-affinity binding states.

In addition to inhibition of adenylyl cyclase (G-
mediated), activation of non-preferential G-proteins is asso-
ciated with strong stimulation of adenylyl cyclase and
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of 500 nM [*H]GDP from G, (bottom left) and Gy (bottom right) subclasses of G-proteins was measured by scintillation proximity assay as
described in Methods. GDP-less membranes were pre-incubated for 20 min with either buffer or 10 uM or 100 uM carbachol. Then, 500 nM
[®H]GDP was added and association terminated by filtration at the indicated times (abscissa, min). [*H]GDP binding (ordinate) is expressed as fmol
per ug of protein. In dissociation measurements, GDP-less membranes were equilibrated for two hours in the presence of 500 nM [*H]GDP.
Dissociation was then initiated by the addition of 50 uM GDP alone or in combination with carbachol at 10 uM or 100 uM and terminated at
indicated times (abscissa, min). [*H]GDP binding (ordinate) is expressed as per cent of binding at the beginning of dissociation. Data are expressed
as mean * SEM of values from three experiments performed in triplicate. Curves were fitted using Equations 5a and 5b (association) or 6a and

6b (dissociation). Results of fits are shown in Table 5.

relatively weak effects on accumulation of inositol phos-
phates (Gg-medited) by muscarinic M, receptors was
observed repeatedly (Ashkenazi efal.,, 1987; Burford etal.,
1995; Jakubik etal., 1996; Michal etal., 2001; 2007). In
SPAs, furmethide, carbachol and pilocarpine stimulated
GTPyS binding to preferential Gy, as well as non-preferential
Gy and Ggi1 G-proteins. In contrast, oxotremorine stimu-
lated GTPyS binding only to Gi, and Gy G-proteins
(Figure 8, Table 4). Different orders of efficacies at individual
G-protein classes can be explained by the concept of
agonist specific conformations (Kenakin, 2003), where indi-
vidual agonists induce different receptor conformations that
differ in the ability to activate individual classes of
G-proteins.

In agreement with an allosteric mode of action, affinities
of GDP for the Ga subunits calculated from interactions with

all of the tested agonists are the same (between 2.9 and
3.4 uM; Figures 6, 7 and 10) and correspond well to published
values (Thomas et al., 1993) as well as results of [*H]|GDP
kinetics (Figures 4 and 9; Tables 3 and 5) and [*H]GDP satu-
ration binding (Figure 5). Thus, changes in GDP affinity or
kinetics are good measures of agonist efficacy at the Gy-
coupled M, muscarinic receptor. In practice, being the first
step next to receptor activation, [*H]GDP binding appears to
be a more direct measure of receptor activation than GTPyS
binding or second messenger levels in case of M, receptors,
and this may be so at other Gy, coupled GPCRs. However, this
assay requires laborious preparation of membranes free of
GDP. Agonist induced changes in GTPyS binding were dem-
onstrated in fused G,o/f,-adrenoceptors where agonist effi-
cacy was well reflected by changes in the kinetics of GTPyS
binding (Wenzel-Seifert and Seifert, 2000; Seifert et al., 2001).
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Allosteric interactions between agonists and [*H]GDP at individual G-proteins. The magnitude of allosteric interactions between agonists
(carbachol, furmethide, oxotremorine, pilocarpine) and [*H]GDP was measured directly as changes in equilibrium binding of 10 uM [*H]GDP to
Gio (upper left), Ggor (upper right) or Ggi1 (lower row) G-proteins in the presence of increasing ligand concentration (abscissa, log M) via
scintillation proximity assay as described in Methods. Data are presented as mean = SEM of values from three experiments performed in
quadruplicate. Curves were fitted using Equation 7. Results of fits are shown in the Table 6.

However, in concert with the involvement of agonist-
induced decrease in GDP affinity in G-protein activation,
GDP differentially and concentration-dependently influ-
enced relative efficacies of partial agonists in increasing
GTPyS binding (Wenzel-Seifert and Seifert, 2000). In accor-
dance with previous findings (Florio and Sternweis, 1989),
agonists at M, receptors under our experimental conditions
do not change the kinetics of GTPYS binding in the absence of
GDP (Figure 3). Thus, while a change in the kinetic of GTPyS
binding is a good measure of activation of physically coupled
G-protein/f,- adrenoceptors, kinetics of GDP binding seem to
be a closer measure in case of M, muscarinic receptors and
likely in other GPCR. Another drawback of GTPyS binding
measurements is their dependence on the concentration of
GDP that strongly affects outcome of the experiments
(Figure 3). Also, unlike GDP binding, GTPyS concentration—
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response curve has to be measured under non-equilibrium
conditions (Figure 3).

The data presented here show some interesting aspects of
the process of receptor activation. NMS was reported as an
inverse agonist at the M, receptor (Jakubik ef al., 1995; Burst-
ein et al.,, 1997) and behaved as inverse agonist under our
experimental conditions (Figures 1 and 8). Although positive
cooperativity in binding with GDP would be expected, our
data show that the cooperativity between NMS and GDP is
neutral (Figures 6 and 7) and NMS only slightly slows down
GDP dissociation (Figure 4 right), implying different mecha-
nisms underlying the inverse agonist nature of NMS. One
possible explanation may be that NMS stabilizes the receptor
in the ground state (inactive conformation) (Hulme efal.,
2003) that leads to reduction of spontaneous transition of the
ligand-free receptor to an active state and slower rate of GDP
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Correlation of binding cooperativity between agonist and GDP
with maximal stimulation of [*S]guanosine-5’-ythiotriphosphate
(GTPyS) binding by agonist. Values of maximum of [*S]GTPyS
binding (Ewax) to membranes, Gi, Gyof and Gg1q (Tables 1 and 4)
are plotted against the negative logarithms of the factor of
binding cooperativity between agonist and GDP (por) (results
of Figure 6 and Table 6). Lines: 2D (Deming) linear regression of
the data.

dissociation. Significantly, this difference in mechanisms of
agonism and inverse agonism cannot be revealed by measure-
ment of GTPyS binding.

The second interesting aspect of our study is derived from
data shown in Figure 9 that illustrates that carbachol slows
down association of GDP with Gj,, G-proteins but does not
change the rate of association of GDP with Gy G-proteins.
These data suggest that interaction of the M, receptor with
preferential G, G-proteins differs from that with non-
preferential Gyt G-proteins. One possible explanation is that
Gi, G-proteins precouple to M, receptors while Gy do not
(Shea and Linderman, 1997; Hein et al., 2005), where precou-
pling gives an agonist a chance to influence GDP association
while collision coupling does not. However, demonstration
of this difference in coupling requires further detailed analy-
sis. Again, this difference in kinetics at Gy, and Gy classes of
G-proteins cannot be revealed by measurement of GTPyS
binding.

In conclusion, we have demonstrated that the negative
cooperativity between GDP and agonist binding played a
key role in signal transduction via the M, receptor. Agonist-
induced low-affinity conformation of the Go G-protein
subunit for GDP leads to accelerated dissociation of bound
GDP that in turn accelerates binding of GTP and G-protein
activation. Thus, stronger negative cooperativity between a
given agonist and GDP binding leads to a bigger shift of the
GDP/GTP affinity ratio resulting in a higher rate of GTP

binding and agonist efficacy. Our data demonstrated ben-
efits of GDP binding measurements that can reveal mecha-
nistic differences that are not apparent in measurements of
GTP binding, as was demonstrated in case of inverse ago-
nists versus agonists or Gy, versus Gy G-proteins. Measure-
ments of GDP binding therefore provide additional
information beyond that obtained from GTP binding mea-
surements.
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We investigated the functional characteristics of pre- and postsynaptic cholinergic transmission in APPswe/
PS1dE9 double transgenic mice at a young age (7-10 weeks) before the onset of amyloid plaque formation
and at adult age (5-6 months) at its onset. We compared brain slices from cerebral cortex and hippocampus
with amyloid deposits to slices from striatum with no amyloid plaques by 6 months of age. In young
transgenic mice we found no impairments of preformed and newly synthesized [*H]-ACh release, indicating
intact releasing machinery and release turnover, respectively. Adult transgenic mice displayed a significant
increase in preformed [*H]-ACh release in cortex but a decrease in hippocampus and striatum. The extent of
presynaptic muscarinic autoregulation was unchanged. Evoked release of newly synthesized [*H]-ACh was
significantly reduced in the cortex and hippocampus but unchanged in the striatum. Carbachol-induced G-
protein activation in cortical membranes displayed decreased potency but normal efficacy in adult animals
and no changes in young animals. These results indicate that functional pre- and postsynaptic cholinergic
deficits are not present in APPswe/PS1dE9 transgenic mice before 10 weeks of age, but develop along with

étria“:“,‘ B-amyloid accumulation in the brain.
“proteins © 2009 Elsevier Inc. All rights reserved.
Introduction disease brains pointed out disturbances of acetylcholine metabolism

The characteristic post-mortem morphological finding in Alzhei-
mer's disease (AD) is the presence of senile plaques comprising
p-amyloid peptides as their main constituent and neurofibrillary
tangles in the cerebral cortex and hippocampus. However, these
pathological changes are also found in post-mortem brains of elderly
persons with no history of clinical symptoms of the disease
(Snowdon, 2003). The primary event in the pathogenesis of AD is
considered to be increased production of noxious B-amyloid
fragments composed of 39-43 amino acids. The biologically active
form of B-amyloid consists of soluble oligomers (Haass and Steiner,
2001; Klein et al., 2001) that appear in the brain earlier than amyloid
plaques and neurofibrillary tangles.

In rare familial cases of AD overproduction of PR-amyloid
fragments is due to known defects in amyloid precursor protein
(APP), presenilin 1, or presenilin 2 genes (Selkoe, 2001). However,
the reason for increased production of 3-amyloid is unknown in the
sporadic form of the disease that represents the overwhelming
majority of cases. Original neurochemical findings in Alzheimer's

* Corresponding author. Fax: 4420 296442488.
E-mail address: dolezal@biomed.cas.cz (V. DoleZal).
Available online on ScienceDirect (www.sciencedirect.com).

0969-9961/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.nbd.2009.12.023

(Bowen et al., 1976; Davies and Maloney, 1976; Perry et al., 1977a,b;
Sims et al., 1980, 1981; Francis et al,, 1985 and 1999) and led to
formulation of the “cholinergic hypothesis” of Alzheimer's disease
(Bartus et al., 1982). Since then, a large body of evidence has
accumulated either in support of or questioning this hypothesis
(Bartus, 2000). The crucial question is whether disturbances of
cholinergic mechanisms are present and play a role at the beginning
of the pathogenesis of AD or simply reflect a general neurodegenera-
tion that afflicts many neurotransmitter systems in the late or terminal
stage of the disease. This is a very important issue because in addition
to the involvement of muscarinic neurotransmission in cognitive
functions, stimulation of M; and M5 subtypes of muscarinic receptors
leads to non-amyloidogenic cleavage of the amyloid precursor protein
(Buxbaum et al., 1992; Nitsch et al, 1992). We have recently
demonstrated in the cerebral cortex of a transgenic APPswe/PS1dE9
mouse model of AD (Jankowsky et al., 2004) a reduction of vesicular
acetylcholine transporter protein levels and a functional decline of
muscarinic neurotransmission (Machova et al., 2008). These deficits
were already apparent in 7-month-old transgenic animals and
deteriorated further with aging. APPswe/PS1dE9 mice demonstrate
appearance of plaques at about 4 months of age (Shemer et al., 2006)
and manifest cognitive deficits between 10-15 months of age
(Savonenko et al., 2005; Minkeviciene et al., 2008).
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Cholinergic neurotransmission depends on the ability of choliner-
gic nerve terminals to synthesize, store and release acetylcholine
(ACh), and on the ability of postsynaptic cells to adequately respond
to released ACh. Our objective was to determine the functional
integrity of cholinergic terminals in young (7-10 weeks) and adult
(5-6 months) APPswe/PS1dE9 mice, i.e. before and at an early stage
of amyloid pathology. We performed two types of ex vivo experiments
on cortical, hippocampal and striatal slices. In the first set of expe-
riments we investigated the release of previously stored (preformed)
ACh and its presynaptic autoregulation. These experiments tested the
releasing machinery and function of muscarinic inhibitory autore-
ceptors. In the second set of experiments we estimated the capacity to
maximally release newly synthesized ACh that is additionally limited
by the supply of substrates for ACh synthesis and loading of ACh to
synaptic vesicles. In addition, we probed the capacity of the ACh
analog carbachol in activating muscarinic receptors/G-protein cou-
pling in cortical membranes that show age and transgene-dependent
deterioration in mice between 7 and 17 months of age (Machova et al.,
2008).

Methods
Animals

The APPswe/PS1dE9 founder mice were obtained from the Johns
Hopkins University, Baltimore, MD, USA (D. Borchelt and ]. Jankowsky,
Dept. of Pathology) and a colony was established at the University of
Kuopio as described previously (Machova et al., 2008). The housing
conditions (National Animal Center, Kuopio, Finland and Animal
Facility of the Institute of Physiology, v.v.i. in Prague, Czech republic)
were controlled (temperature 22 °C, light from 07:00 to 19:00;
humidity 50-60%), and fresh food and water were freely available.
Female transgenic mice and littermate controls were transported to
Prague by air and left to accommodate for at least 2 weeks before
experiments. Two age groups of mice were used, young (7-10 weeks)
and adult (5-6 months). The experiments were conducted according
to the Council of Europe (Directive 86/609) in accordance with the
Declaration of Helsinki.

Release of preformed ACh

Cortical, hippocampal, and striatal slices were prepared from 5-
to 6-month-old female mice using Mcllwain tissue chopper set at a
width of 0.35 mm. Tissues (brain cortex from left hemisphere, left
and right striatum, and left and right hippocampus) were dissected
and chopped in two perpendicular directions. Superfusion experi-
ments were done essentially as described previously (Lazareno et al.,
2004; Machova et al., 2007). Brain slices were loaded with [H]
choline (Amersham, UK; SRA 82 Ci/mmol) in Krebs buffer (in mM:
NaCl 138; KCI 3; CaCl, 1.2; MgCl, 1; NaH,PO4 1.2; NaHCO3 25;
glucose 10; saturated with mixture of 5% CO0,/95% O-; final pH
adjusted to 7.4) for 30 min, washed in superfusion medium, and
loaded to a superfusion apparatus (Brandel, USA). Superfusion
medium contained 10 uM hemicholinium-3 to prevent re-uptake
of labeled choline. In experiments on striatal slices 500 nM
domperidone (RBI, USA) was included in superfusion medium to
prevent dopamine D, receptor-mediated inhibition of acetylcholine
release (DoleZal et al., 1992). Slices were superfused at a rate of
0.5 ml/min and 4-min fractions were collected after 1 h washout of
free radioactive substances. The release of [°H]-ACh was evoked by
mild field electrical stimulation (sixty 2-ms rectangular monopolar
pulses, 1 Hz, 25 mA) at the beginning of the third, ninth and
fifteenth fractions denoted S;, S,, and Ss, respectively. These
conditions do not induce autoinhibition of the release by endoge-
nous ACh. The first stimulation was always control. The second
stimulation was in the presence of 10 pM carbachol to maximally

stimulate autoinhibition and the third stimulation in the presence of
1 UM atropine to prevent any stimulation of presynaptic muscarinic
autoreceptors.

Release of newly synthesized ACh

The release of newly synthesized [*H]-ACh was done as described
previously (DoleZal and Tucek, 1991). Briefly, brain slices were
preincubated in Krebs buffer containing 2 pM choline and 50 uM
paraoxon to irreversibly inhibit cholinesterases for 1 h and then
washed three times to remove paraoxon. Slices were then separated
into duplicate incubation vials and incubated for 60 min in 0.3 ml of
normal Krebs buffer or depolarizing Krebs buffer with 50 mM KCl (at
the expense of NaCl to maintain isoosmolarity) containing 2 pM
choline, 1 uM atropine, and [*H]choline (1 uCi/ml). In case of striatal
slices incubation medium also contained 500 nM of the dopamine D2
receptor antagonist domperidone, both during preincubation and
incubation. Preincubations and incubations were at 37 °C. At the end
of incubation tissues and media were separated by centrifugation
(2 min, 400 g). Tissues were extracted into 0.3 ml of 10%
trichloroacetic acid. Concentrations of [*H]-ACh in incubation media
and tissue trichloroacetic acid extracts were determined as described
(DolezZal and Tucek, 1991). Trichloroacetic acid was removed from
tissue extracts with ether. Two 0.1 ml aliquots were taken from each
extract and medium. One of them was incubated with choline
oxidase (0.2 U; Sigma) to remove choline and the other with choline
oxidase plus acetylcholinesterase (type V, 2 IU; Sigma) to remove
both choline and ACh. Final volume of 0.2 ml was made up with
100 mM Tris buffer (final concentration 50 mM and pH 8). After
20 min at 37 °C, 0.2 ml of sodium tetraphenylboron dissolved in
butyronitrile (10 mg/ml) was added, the mixture was vigorously
shaken for 1 min, the organic phase was separated by centrifugation,
and the radioactivity in 0.1 ml aliquots of organic layer was
measured. The radioactivity corresponding to [*H]-ACh was calcu-
lated as the difference between the radioactivities recovered in the
organic phases from the two samples.

GTP-y*S binding

Determinations of carbachol-stimulated GTP-y>>S binding as a
postsynaptic marker of cholinergic transmission were done in
membranes prepared from right hemisphere cortices. They were
homogenized on ice in 1.5 ml of buffer containing 100 mM NaCl,
10 mM Mg Cl,, 20 mM Hepes, 10 mM EDTA, and pH 7.4 using a glass
homogenizer. Homogenates were centrifuged at 30 000 g and 4 °C for
30 min. Supernatants were then collected, membrane pellets were
resuspended in 1.5 ml of the same buffer without EDTA, and again
centrifuged under the same conditions. Supernatants were removed
and pooled with previous ones. Crude membrane pellets and
supernatants were stored in —80 °C until assayed. Pooled super-
natants were used to confirm increase in concentration of soluble
amyloid B_40 and amyloid B;_4, in transgenic animals.

Muscarinic receptor-induced activation of G-proteins was deter-
mined as an increase of GTP-y*>>S binding to membranes caused by
the muscarinic receptor agonist carbachol, essentially as described
earlier (Jakubik et al., 2006; Machova et al., 2008). Briefly, 50 pl
aliquots of membranes containing 10 pg protein were incubated for
15 min at 30 °C in 150 pl of reaction buffer containing 100 mM NacCl,
10 mM Mg Clp, 20 mM Hepes, 1 mM DTT, 50 uM GDP, and the
muscarinic agonist carbachol at a concentration range 300 nM-
100 pM. After this preincubation, 50 ul aliquots of GTP-y*>S (Perkin
Elmer, USA; SRA 1250 Ci/mmol) were added to give a final
concentration of 500 pM and incubation continued for another
60 min. Total content of G-proteins in membranes was determined
as GTP-y*>S binding in the absence of GDP. Aliquots of membrane
suspension containing 5 pg of protein were incubated for 60 min
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under the same conditions. Nonspecific binding was assessed in the
presence of 10 uM unlabeled GTP. Incubations were terminated by
rapid vacuum filtration through Whatman GF/F filters using Tomtec
harvester Mach III (USA). Radioactivity retained on filters was
measured with Wallac Microbeta counter (Finland).

Miscellaneous

Choline concentration in the incubation medium was assayed
using Amplex Red Acetylcholine/Acetylcholinesterase Assay Kit from
Molecular Probes (USA) according to manufacturer's instructions.

Immunohistochemistry of 3-amyloid deposits was done on 30 um
coronal sections from 9-week- and 7-month-old transgenic mice
using mouse anti-human APR4-9 antibody (6E10; Senetek, St. Louis,
USA) essentially as described earlier (Machova et al., 2008).

Determinations of amyloid 31_49 and amyloid 314, in supernatants
were done using human/rat/mouse specific ELISA kit from Wako
Chemicals (USA) according to manufacturer's instruction.

Proteins were determined by Peterson’'s modification (Peterson,
1977) of the Lowry's method.

Presentation of data and statistical analysis

Data are expressed as means 4 SEM. Statistical evaluations were
done using Prism 5 (GraphPad Software Inc., USA).

Chemicals

All chemicals were from Sigma (Czech Republic) unless indicated
otherwise.

Results

Results of superfusion experiments are summarized in Fig. 1 and
Table 1. In control mice, the first electrical stimulation (S1, control
stimulation in the absence of drugs) evoked similar release of [*H]-ACh
in cortex (young 1.48 +0.21 and adult 1.56 4 0.09% of tissue content)
and hippocampus (young 1.07+0.08 and adult 1.364+0.13%) but
significantly higher release in adult striatum (young 2.74 + 0.38 and
adult 5.3940.33%; p<0.001 by t-test). There were no significant
differences in the evoked [>H]-ACh release between young control and
transgenic animals. In contrast, the evoked release was significantly
increased in cortex (by 24%), and significantly decreased in hippo-
campus (by 32%) and striatum (by 47%) in adult transgenic mice.
Carbachol significantly inhibited evoked [*H]-ACh release in all three
brain regions in control and transgenic mice of both age groups and
atropine fully prevented this effect. Similarly, the extent of presynaptic
autoregulation of [®H]-ACh release (mediated by M, muscarinic
receptors in cortex and hippocampus, and by My muscarinic receptors
in striatum) estimated as a ratio S3 (the release in conditions of
blocked autoreceptors by atropine) / S2 (inhibited release due to
maximal activation of autoreceptor by carbachol) was not changed in
any brain region and age group. The loading of brain slices with [*H]
choline and its conversion to [°H]-ACh (Table 2) were determined after
a 30-min incubation followed by 1 h washing in the presence of
hemicholinium-3 that prevented any new synthesis of [3H]-ACh
during washing. Incorporation of radioactivity did not differ between
control and transgenic mice of either age group in any of the tested
brain regions. The tissue content of [*H]-ACh expressed in dpm/ug
protein was significantly higher in adult mice than young mice in all
tissues except hippocampus from transgenic animals. However,
relative incorporation of radioactivity into [*H]-ACh did not differ
between control and transgenic mice in any of the brain regions in both
age groups. The relative incorporation of radioactivity into [*H]-ACh
was highest in striatum (range 83.8-85.0%) and significantly lower in
cortex (range 69.5-74.5%) and hippocampus (range 68.2-73.9%).

Potassium depolarization significantly increased the release of
newly synthesized [>H]-ACh formed during incubation in slices from
all brain regions and age groups (Fig. 2). In young transgenic
mice, neither basal release nor potassium depolarization evoked
release of newly synthesized [*H]-ACh was changed compared to
corresponding controls. In contrast, both basal and potassium
depolarization evoked release in cortex and potassium depolariza-
tion evoked release in hippocampus were significantly reduced in
adult transgenic mice (by 40% and 37% in cortex and by 36% in
hippocampus, respectively; p<0.05, paired t-test). Neither resting
nor stimulated [*H]-ACh release was changed in striatum. The
content of [°H]-ACh in slices at the end of incubation in both resting
and depolarizing conditions (Table 3) did not differ between control
and transgenic mice in all examined brain regions of both age
groups. The observed changes in [?H]-ACh release were not due to
unequal liberation of endogenous choline during incubation that
would result in unequal dilution of radioactive tracer. As shown in
Table 3, the concentration of free extracellular choline at the end of
incubation did not differ between tissue samples from control and
transgenic mice of corresponding age. However, slices prepared
from adult animals liberated more choline than those from young
animals during incubation in all examined tissues. This increase in
choline release was significant in all tissue incubated in resting
conditions and in control hippocampus and striatum incubated in
depolarizing conditions.

Next we verified changes in muscarinic receptor/G-protein
coupling in membranes from cerebral cortex. In line with our previous
findings (Machova et al., 2008) we observed about 5-fold (from 2.1 +
0.6 to 10.04+1.0 pM, p<0.01 by t-test) rightward shift of the
concentration-response curve of carbachol-stimulated GTP-vy3°S
binding in cortical membranes of adult transgenic animals with no
change in maximal binding (Table 4). This shift of the concentration-
response curve was not present in young transgenic mice. Basal
binding of GTP-y>S, Eqax of carbachol-stimulated GTP-y>>S binding
and total G-protein content were all significantly smaller in adult mice
than in young mice but did not differ between control and transgenic
mice of the same age.

In the last set of experiments we estimated age-related changes
in buffer-soluble AP;.40 and APi.s» (Table 5). Concentrations of
AP1.40 and APq.4> were already significantly increased in young
transgenic mice (7 times and 12 times, respectively). Concentrations
of APq.40 were the same in young and adult control mice and
increased only by about 38% (from 176.1 to 242.9 pmol/mg protein)
with age in transgenic mice. In contrast, concentrations of AP;_4»
increased with age by about 257% (from 3.3 to 11.8 pmol/mg protein)
in control mice and by about 503% (from 39.9 to 240.6 pmol/mg
protein) in transgenic mice. These changes in buffer-soluble p-
amyloid concentrations resulted in an age-dependent decrease in
AP1-40/ AP1-42 ratios from 7.5 to 1.8 in control and from 4.4 to 1.0
in transgenic mice. Despite significant increases in buffer-soluble
AP1.40 and APi.4» concentrations, all brain regions in young
transgenic mice were free of visible p-amyloid deposits (Fig. 3). In
contrast, adult transgenic mice displayed apparent amyloid plaque
deposition in the cortex and hippocampus, while the striatum still
remained free of amyloid plaques.

Discussion

The main finding of our experiments is the significant decrease of
evoked release of newly synthesized ACh in cortical and hippocam-
pal slices dissected from adult (5- to 6-month-old) transgenic
APPswe/PS1dE9 mice at the age when they start to demonstrate
amyloid pathology but no cognitive deficits (Savonenko et al., 2003
and Savonenko et al., 2005; Shemer et al., 2006, Machova et al., 2008;
Minkeviciene et al.,, 2008). Reduction of the evoked ACh release
correlated with a sharp increase in soluble APB;.4» concentration and
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decrease in APi.40/AP1.42 ratio. Experiments on young (7 to 10- concentrations of soluble B-amyloid. In concert with our previous

week-old) transgenic mice indicate that the observed changes are findings in 7-month-old transgenic mice (Machova et al., 2008) we
not inborn but gradually develop in parallel with increasing also observed comparable decrease in potency but not efficacy of
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Fig. 1. Electrical stimulation-evoked release of preformed [*H]-ACh from brain slices. Brain slices from control and transgenic mouse cortex (A, B), hippocampus (C, D), and
striatum (E, F) dissected from 7-10 weeks (A, C, E) or 5-6 months (B, D, F) mice were loaded with [*H]-Choline and then superfused as described in Methods. The release of
radioactivity (ordinate) is expressed as percentage of tissue content of radioactivity present in tissue at the beginning of respective collection period (abscissa). The evoked
release of radioactivity represents [*H]-ACh while basal output of radioactivity consists of a mixture of [*H]-ACh and other labeled substances. The first stimulation was in control
conditions, the second in the presence of 10 uM carbachol to maximally stimulate muscarinic autoreceptors, and the third in the presence of 1 uM atropine to block presynaptic
autoregulation of release. Values of stimulated release of [*H]-ACh, basal outflow of radioactivity, number of observations, and statistical evaluation of the data are shown in
Table 1.
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Table 1
Electrical stimulation-evoked [*H]-ACh release and resting outflow of radioactivity from brain slices of control and transgenic animals.

Cortex Hippocampus Striatum

Control Transgenic Control Transgenic Control Transgenic
7-10 weeks
S1: Control 1.484+0.21 1.22+£0.12 1.07 £0.08 1.00 4 0.06 2.7440.38 2.704+0.38
S2: Carbachol 0.20 £ 0.02 0.1940.03 0.14+0.01 0.13+£0.02 0.61+0.09 0.60+£0.10
S3: Atropine 1.5140.20 1.254+0.11 1.0640.11 0.94+0.06 2494031 2.78+0.38
B1: Control 1.68 4 0.07 1.85+£0.13 1.31£0.06 1.26 +0.08 3.09+£0.16 2.6740.12
B2: Carbachol 1.36 4 0.06 1.62 £0.12 1.09 £ 0.06 1.06 4 0.05 2.174+0.13 2.0140.12
B3: Atropine 1.4540.09 1.67+0.11 1.264+0.10 1.114+0.07 2.70+£0.16 243+0.13
ratio S2/S1 0.15+£0.02 0.1640.02 0.14+0.01 0.1240.02 0.244-0.02 0.224+0.02
ratio S3/S1 1.06 4 0.09 1.06 £0.07 0.96 +0.06 0.96 4+ 0.06 0.9440.05 1.0440.02
ratio S3/S2 7.74+£0.74 7.76 £1.15 7.454+0.96 8.74+0.89 4.80+1.07 5.32+0.62
(n) 10 10 10 10 10 10
5-6 months
S1: Control 1.564+0.09 1.9440.12* 1.364+0.13 0.93 +0.06* 5394033 2.87 £0.39*
S2: Carbachol 0.3440.08 0.3640.04 0.49+0.11 022 4 0.04* 2.014+0.23 1.18£0.27*
S3: Atropine 1.6040.10 1.73+£0.13 1.40+£0.12 1.00 £+ 0.07* 495+0.24 2.5040.29*
B1: Control 1.2940.04 1464+0.11 1.104+0.07 1.0140.05 2.1440.05 2.34+0.10
B2: Carbachol 1.034+0.03 1.22+£0.08 0.99 4+ 0.06 0.8640.04 1.72 £0.06 1.864+0.11
B3: Atropine 1.134+0.04 1.27+£0.08 0.994+0.05 0.884-0.03 2.2440.07 2.3140.12
ratio S2/S1 0.21+£0.05 0.1940.02 0.37+£0.08 0.27 £0.05 0.43+£0.05 0.43+£0.05
ratio S3/S1 1.0440.05 0.89+0.05 1.084+0.07 1.104+0.06 0.88 +0.04 0.94 +0.06
ratio S3/S2 6.85+1.19 5.8240.72 4244044 5.6340.89 2.4840.28 2.4940.24
(n) 17 17 16 18 14 14

Data are derived from experiments shown in Fig. 1. Electrical stimulation-evoked release of preformed [>H]-ACh (S1-S3; calculated as described in Methods) and resting outflow of
radioactivity (B1-B3; outflow in fractions immediately preceding S1, S2, and S3, respectively, i.e. fractions F2, F8 and F14 ) are expressed in percent of tissue content of radioactivity
in control conditions (S1, B1), in the presence of 10 uM carbachol (S2, B2), and in the presence of 1 uM atropine (S3, B3), respectively. Ratios S2/S1, S3/S1, and S3/S2 indicate degree
of muscarinic autoinhibition, reversibility by antagonist, and overall extent of muscarinic autoregulation, respectively. Values are mean 4 SEM of indicated number of individual
values from five 7-10 weeks old mice and six (cortex and hippocampus) or five (striatum) 5-6 months old mice.

* p<0.05; significantly different from corresponding non-transgenic controls by t-test; n, number of observations.

carbachol to activate muscarinic receptors in cerebral cortex
membranes also in 5 to 6-month-old mice. Similarly to the evoked
ACh release, the impairment of muscarinic receptor/G-protein
coupling was not present in young mice. Findings of reduced evoked
ACh release and potency of the acetylcholine analog carbachol in
stimulating muscarinic receptors lend further support to early
involvement of cholinergic transmission in the pathogenesis of AD
(Sims et al., 1980, Sims et al., 1981; Bartus et al., 1982; Francis et al.,
1985, 1999; DoleZal and Kasparova, 2003; Perry et al., 2003; Goto et
al., 2008). The decrease of evoked release of newly synthesized ACh
in cortex and hippocampus could stem from a reduced ability to
synthesize ACh, damage of the releasing machinery, or slowing of
loading of newly synthesized ACh into synaptic vesicles. A distinct
pattern of changes in individual studied brain regions (decrease of
potassium-evoked release in cortex and hippocampus but not in
striatum, no effect on resting hippocampal and striatal release) is not
consistent with a general mechanism. The present results point to
the impairment of ACh transport to synaptic vesicles. The content of

Table 2
Incorporation of *H-choline to acetylcholine during loading.
Control Transgenic Control Transgenic
7-10 weeks ~ 7-10 weeks  5-6 months 5-6 months
3H-ACh in tissue (dpm/pg protein)
Cortex 88.3+9.7 859+10.7 1884421.0% 157.7+£22.5*
Hippocampus  149.5+12.7 165.34+23.6 3142+52.5% 229.24504
Striatum 470.2+488 4385+427 1193 +97* 1055 + 69*
3H-ACh in tissue (% of incorporated radioactivity)
Cortex 745+59 73.6+7.1 70.8+2.6 69.5+2.4
Hippocampus 733+3.8 72.04+4.5 73.9+23 68.2+4.8
Striatum 843+0.8 83.8+13 85.0+2.0 85.0+2.6

Values of *H-ACh loading shown as means = S.E.M. of five observations are expressed in
dpm/pg protein (upper part) or in percent of incorporated radioactivity (lower part).

* p<0.05; significantly different from corresponding young animals by t-test. There
are no significant difference between control and transgenic animals of the same age.

labeled ACh found in slices from control and transgenic animals
incubated in conditions of maximally stimulated release was the
same in all brain regions. A limited supply of substrates for ACh
synthesis (choline or acetylcoenzyme A) or reduced capacity of
choline acetyltransferase to synthesize ACh would lead in addition to
a decrease of its content in slices. A further observation supporting
an involvement of vesicular acetylcholine transporter is the decrease
of “resting acetylcholine release” in cortical slices. Unlike in
hippocampal slices, basal acetylcholine release in cortical and striatal
slices involves a detectable component of evoked release due to
spontaneous firing (DoleZal and Wecker, 1991; Dolezal and Tucek,
1991). Cortex and hippocampus in rodents as well as in humans
receive cholinergic innervation from basal forebrain cholinergic
neurons while cholinergic system in striatum is mainly composed
of intrinsic cholinergic interneurons. However, unlike in humans,
rodent cortex also contains interneurons (Mesulam et al., 1983;
Mesulam, 2004) that may be responsible for the disparity of resting
liberation between cortex and hippocampus. Our observations
demonstrate differences in transgenic animals between the evoked
release of newly synthesized ACh in striatum and cortex induced by
both potassium depolarization and natural spontaneous activity.
These observations provide plausible evidence for the functional
significance of decreased vesicular acetylcholine transporter protein
levels in cortex that we previously reported in 7-month-old APPswe/
PS1dE9 mice (Machova et al., 2008). Another factor explaining the
decrease of evoked release of newly synthesized ACh in cortex and
hippocampus but not in striatum is the robust difference in the rate
of amyloid accumulation in these brain regions. While manifest
amyloid plaque burden was present in cortex and hippocampus by
7 months of age, we found only occasional plaques in striatum at this
age (although they appear at an older age).

Control release of previously stored ACh in the absence of
muscarinic ligands (denoted S1) evoked by mild electrical stimulation
differed between control and transgenic mice in adult, but not young,
animals in all tested brain areas. However, it was not influenced



32 E. Machovd et al. / Neurobiology of Disease 38 (2010) 27-35

A B
[®H]-ACh release in cortex [®H]-ACh release in cortex
100000+ 7-10 weeks 260005 5-6 months
—_ [ wild type —_
.‘GEA 80000+ W transgenic E 200004 —I_
e e T
o o
D 600004 2 150001
E E
E E T
o o
T 40000+ Z 100004
5 5
< <
o 20000 & 5000
mall — -
0 .
Basal (3 mM KCI) 50 mM KCI Basal (3 mM KCI) 50 mM KCI
Cc D
[*H]-ACh release in hippocampus [*H]-ACh release in hippocampus
150000+ 7-10 weeks kit 5-6 months
.;E-; — E‘ 400001
s o
5 100000+ &
D ) 30000+ *
£ — £
£ E
o o
z T 200001
= ] £
& 50000 o
3 5
e & 100004
[ | . ol ™ e
Basal (3 mM KCI) 50 mM KCI Basal (3 mM KCI) 50 mM KCI
E F
[3H]-ACh release in striatum [*HJ-ACh release in striatum
200000+ 7-10 weeks 40000+ 5-6 months
150000+ 30000+
g i :
=3 =
o o
o =]
E £
[ 100000+ £ 200001
=% =3
2 B
= < T
Q T Q
<< 50000- i << 10000 £
o o o
o ©
0 0
Basal (3 mM KCI) 50 mM KCI Basal (3 mM KCI) 50 mM KCI

Fig. 2. Potassium depolarization-evoked release of newly synthesized [*H]-ACh from brain slices of control wild-type and transgenic mice. Brain slices were equilibrated in control
medium containing the cholinesterase inhibitor paraoxon and then incubated in medium without paraoxon containing 2 uM [*H]-choline, 1 uM atropine, and either 3 mM or
50 mM potassium chloride for 30 min. [*H]-ACh release (ordinate: dpm/mg protein*30 min) from cortex, hippocampus, and striatum in 7-10 weeks old (A, C, E) and 5-6 months
old (B, D, F) control (open columns) and transgenic (closed columns) is shown as means+ SEM from five experiments on randomly paired (control-transgenic) animals.

* p<0.05; significantly different from non-transgenic littermates by paired t-test.

uniformly. The release was significantly reduced in hippocampus (by on the operation of the releasing machinery and on extracellular
32%) and striatum (by 47%) but significantly increased in cortex (by regulatory influences but not on events connected with ACh synthesis
24%). The evoked release of ACh in this experimental setup depends and storage. Opposite changes in evoked ACh release in cortex on the
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Table 3
Tissue content of *H-ACh and concentration of choline in medium after incubations in

the presence of [*H]choline.

33

wt 7-10 weeks

tg 7-10 weeks

wt 5-6 months

tg 5-6 months

3H-ACh in tissue after incubation (dpm/ug protein)

Cortex 3 mM K+ 12928 42276 13402 42350 10614 42109 10168 41824
Hippocampus 3 mM K+ 20715 £4355 17904 +3271 17483 +2724 15776 43556
Striatum 3 mM K-+ 73390 + 12690 73326412690 58674 4+ 11469 80533 + 17620
Cortex 50 mM K+ 803041776 9436 42375 3773 £544 4145 + 689
Hippocampus 50 mM K+ 1277043240 12814 42805 7943 4-946 7792 £ 880
Striatum 50 mM K+ 1632643918 16042 4-4997 9502 41085 15989 4- 6069
Choline concentration in medium after incubation (uM)

Cortex 3 mM K+ 2.2140.26 2.3640.28 3.9340.38* 4,09 +0.38*
Hippocampus 3 mM K-+ 1.4340.27 1.584+0.29 2.4040.12* 2.97 +0.25*
Striatum 3 mM K+ 0.9440.11 0.98+0.16 2.58 +£0.41* 2.2640.38*
Cortex 50 mM K+ 2.5640.44 2.5440.38 3.68 +0.45 3.904+0.53
Hippocampus 50 mM K+ 1.354+0.16 1.984+0.38 24940.18* 2924043
Striatum 50 mM K+ 1.444-0.24 1.4040.19 3.154+0.48* 2.80+0.58

Tissue content of >H-ACh (in dpm/pg protein) and choline concentration at the end of incubations are expressed as means + SEM of values obtained in five experiments shown in

Fig. 2.

* p<0.05; significantly different from corresponding 7-10 weeks old mice by t-test. There are no significant difference between control and transgenic animals of the same

age.

one hand and in striatum and hippocampus on the other hand
(Table 1) that are not connected with changes of ACh loading (Table
2) are not consistent with a general impairment of the releasing
machinery. Regional differences in the extent of cholinergic functional
changes likely reflect different rate of amyloid deposition and
associated neuropathology in different brain regions. Degeneration
of monoaminergic axon terminals has been recently demonstrated
in APPswe/PS1dE9 mice at the age of 12 months and loss of
noradrenergic and serotonergic neurons at 18 months (Liu et al.,
2008). The loss of noradrenergic and serotonergic terminals was more
robust in somatosensory cortex than in hippocampus (Liu et al.,
2008). In contrast, loss of striatal dopaminergic terminals in this
mouse model has been reported only at 17 months of age and is
unaccompanied by neuron loss in substantia nigra (Perez et al., 2005;
Liu et al., 2008). By and large, the extent of monoaminergic neuro-
degeneration in different brain regions corresponds to the extent of
amyloid plaque burden, being highest in cortex followed by hippo-
campus and an order of magnitude less in striatum (Fig. 3). Moreover,
monoaminergic neurodegeneration appears to proceed faster in
APPswe/PS1dE9 mice than cholinergic neuropathology, because
significant loss of acetylcholinesterase positive terminals occurs only
at ~19 months of age in APPswe/PS1dE9 mice and is equally robust in
hippocampus as in somatosensory cortex (Savonenko et al., 2005). To
link neurodegenerative changes in monoaminergic neurons to
observed functional changes in the ACh neurotransmission may
appear far-fetched since all these lesions occur much later than

changes in ACh release we demonstrated. However, functional
disorders as those we demonstrated for muscarinic receptors/G-
protein coupling (Machova et al., 2008; Table 4) may concern also
other G-protein coupled receptors that mediate postsynaptic actions
of various transmitters. Presumed changes in potency and efficacy of
various monoaminergic transmitters in stimulating presynaptic
receptors on cholinergic terminals or receptors located on cell bodies
in case of cortex and striatum in our experiments might explain
changes of preformed evoked ACh release.

Signal transduction via muscarinic receptors is reduced in
membranes prepared from cortical tissue of Alzheimer brain (Tsang
et al., 2005) or cortical membranes from transgenic mouse models of
AD (Machova et al., 2008; Table 4). The evoked release of ACh is
modulated by presynaptic muscarinic autoreceptors (Bymaster et al.,
2003) and various heteroreceptors (Starke, 1987; Raiteri, 2006). In
knockout mice, muscarinic M, and M, receptors were shown to play
an important role in the in vivo homeostasis of hippocampal
acetylcholine release and in cognition (Tzavara et al., 2003). The M,
muscarinic receptors act as presynaptic inhibitory autoreceptors in
cortex and hippocampus while the My receptors do the task in
striatum (DoleZal and Tucek, 1998; Zhang et al., 2002; Lazareno et al.,
2004). We examined whether impairment of muscarinic receptor
coupling affects functioning of these two muscarinic autoreceptor
subtypes. Application of the muscarinic agonist carbachol in a
saturating concentration reduced cortical ACh release in adult
transgenic mice to the same extent as in wild-type animals while in

Table 4
Parameters of carbachol-stimulated GTP-y>>S binding in cerebral cortex membranes.
ECso Basal binding ER Total G-proteins
(M) (fmol/mg protein) (fmol/mg protein) (pmol/mg protein)
Membranes from 7-10 weeks old animals
Wild type 2.72+£0.59 616.9+67.0 280.2+11.3 5.8+05
(6) (6) (6) (4)
Transgenic 4.144-0.88 805.5+60.3 286.84+22.2 56402
(7) (7) (7) (5)
Membranes from 5-6 months old animals
Wild type 1.96+0.44 187.0+17.0% 95.4+19.3% 3.9+0.1%
(4) (5) (4) (3)
Transgenic 7.85 4 1.53*% 249.9+37.2% 119.0 4+ 10.4% 3.9+05"
(5) (5) (5) (3)

Results are mean + SEM of data obtained in cerebral cortex membranes prepared from number of mice indicated in parentheses.

* p<0.05; significantly different from age-matched wild type mice by t-test.
# p<0.05; significantly different from corresponding 7-10 weeks old mice by t-test.



34 E. Machovd et al. / Neurobiology of Disease 38 (2010) 27-35

Table 5
Concentration of buffer soluble amyloid 3;.40 and amyloid (3,4, in cerebral cortex.

APi-40 APz

(pmol/mg protein) (pmol/mg protein)

7-10 weeks old animals

Wild type 24.7+4.9 33403
Transgenic 176.1 +15.3* 39.9+3.0%
(n) (5) (5)

5-6 months old animals
Wild type 213425 11.8 +1.0*
Transgenic 242.9+15.6%* 240.6 +16.6%"
(n) (6) (6)

Results normalized to total protein content are mean 4 SEM of values obtained in high-
speed supernatants of cerebral cortex homogenates prepared from number of mice
indicated in parentheses.

* p<0.05; significantly different from non-transgenic control mice by t-test.

# p<0.05; significantly different from corresponding 7-10 weeks old mice by t-test.

transgenic hippocampus and striatum the reduction was larger than in
wild-type slices. Nevertheless, the extent of autoregulation when
expressed as the ratio “the release in the presence of atropine (blocked
autoreceptors)/the release in the presence of carbachol (activated
autoreceptors)” was the same in controls and transgenic animals in all
three brain areas (ratios S3/S2 in Table 4). As already mentioned,
stimulation of GTP binding by muscarinic receptors is impaired in this
transgenic mouse line (Machova et al., 2008; Table 4). Our results
exploiting a functional assay on intact tissue ex vivo demonstrate that
this impairment, in line with results of muscarinic receptor stimula-
tion of GTP-y3>S binding, does not affect the maximal response
mediated by M, and M, receptors that preferentially utilize G;,, G-
protein signaling pathway but as mentioned in previous paragraph
may reduce potency of ACh in autoinhibiting its own release.

In summary, we employed two experimental paradigms to probe
ACh release in native tissue ex vivo. In the first set of experiments we
addressed ACh release induced by electrical stimulation and its
autoregulation in isolation from upstream events involving synthesis
and storage of ACh. We found a significant increase in evoked cortical
ACh release and a significant decrease in striatum and hippocampus
from transgenic animals. These changes are probably due to adaptive
changes and may be related to regional differences in monoaminergic
terminals regulating ACh release. The maximal extent of muscarinic
autoregulation of ACh release (mediated by M, receptors in cortex

2 mo

7 mo

HIP

e 5 AL
s e """“'\J)

A

Fig. 3. Inmunohistochemical staining for human specific 3-amyloid (6E10) in cortex
and striatum (upper row) and hippocampus (lower row) of young (9 weeks) and adult
(7 months) APPswe/PS1dE9 mice. The scale bar is 1.0 mm. Note virtual absence of
staining in all regions of young transgenic mice and in striatum of adult mice.

and hippocampus, and by My receptors in striatum) was preserved in
all brain areas in transgenic animals. In the second set of experiments
we examined the extent of maximal ACh release evoked by potassium
depolarization under conditions that also involve ACh synthesis and
storage as limiting steps. The significant decrease of evoked ACh
release in cortex and hippocampus but not in striatum with no change
of tissue ACh content indicates a reduction of ACh loading to synaptic
vesicles. We did not find any of these changes in tissues from young
transgenic mice. These results demonstrate impaired operation of
cholinergic synapses in cortex and hippocampus of transgenic
APPswe/PS1dE9 mice that develop at an early stage of amyloid-p
accumulation.
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