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Pouzité zkratky

AAR a-adrenergni receptory

ACTH adrenokortikotropni hormon

AD adenylatcyklaza

ANS autonomni nervovy systém

AP 1 activator protein 1

BAR B-adrenergni receptory

cAMP cyklicky adenosinmonofosfat

CRE glucocorticoid respond element

CREB cAMP rerspond element binding protein
CRH kortikotropin releasing hormon

CRH KO vyFazeni genu pro CRH, mySi s vyFazenym genem pro CRH
DAG diacylglycerol

HPA hypotalamus — hypofyza-adrenokortikalni systém
1P; inositoltrifosfat

KO knock out: vyriazeni specifického genu
MR muskarinové receptory

MRNA mesengerova ribonukleova kyselina
PKA proteinkinaza A

PKC proteinkinaza C

PLC fosfolipaza C

PLD fosfolipaza D

RT-PCR real time polymerazova retézova reakce
PNMT fenyletanolamin-N-metyl transferaza

WT wild type: kontroly
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Souhrn v cestiné

Cilem ptedkladané prace bylo objasnéni, zda a jakym zplsobem se méni mnoZzstvi
adrenergnich a muskarinovych receptor v srdci a plicich pod vlivem stresu. K vyzkumné
praci jsme meéli k dispozici plice a srdce laboratornich potkanti a plice CRH KO mysi.
Nejprve jsme ovérili expresi mRNA pro jednotlivé podtypy ai- a B-adrenergnich receptorti a
pro receptory muskarinové (zde i1 zastoupeni jednotlivych podtypti) v srdci a plicich. Nasledné
jsme stanovili mnozstvi vazebnych mist odpovidajicich pfisluSnym receptorim pomoci
specifickych radioligandi. V plicich potkant jsme prokézali pfitomnost vSech tfi podtypil as-
adrenergnich receptorii. V plicich u WT mysi se nam podafilo prokazat pohlavni rozdily
VvV mnozstvi og-adrenergnich a muskarinovych receptorti, u samic byla zvySena denzita o;-
adrenergnich receptorti oproti samctim, naopak mnozstvi vazebnych mist pro muskarinové
receptory bylo vyssi u samcl. Pohlavni rozdily v distribuci B-adrenergnich receptorti jsme
Vv plicich mysi neprokézali. U CRH KO mysi bylo mnoZstvi vazebnych mist pro sledované
receptory sniZzeno oproti WT mySim (vyjma Pi-adrenergnich receptorti u samic).

Hlavnim zdmérem prace bylo zjistit imobilizaci, tj. stresorem, navozené zmény v mnozstvi
vyse uvedenych receptord v plicich WT mysi a soucasné sledovat vliv vyfazeni genu pro
CRH (CRH KO mysi). Kratkodoba i dlouhodobé imobilizace zptisobila u WT mysi vyrazné
sniZeni vSech podtypl aj-adrenergnich receptorii u samic, zatimco u samcti se snizilo pouze
mnozstvi aga-adrenergnich receptorti. Mnozstvi B1-adrenergnich receptort se snizilo u samcii,
u samic zustalo nezménéno. Mnozstvi o-adrenergnich receptori a muskarinovych receptora
bylo sniZzeno u obou pohlavi proporéné srovnatelné. Pokles v mnozstvi ptislusnych receptorti
u CRH KO mysi pod vlivem imobilizace byl ve srovnani s WT zvifaty méné vyrazny a to
pfedevsim u samct. Aktivita AC byla u WT vlivem imobilizace sniZena, aktivita PLC ziistala
beze zmén. U CRH KO mysi nedoslo k Zadné zméné v aktivite AC.

Dale jsme detekovali zmény exprese a mnozstvi receptorii navozené plisobenim imobilizace

Vv srdcich u mysi a potkant.



Souhrn v angli¢tiné

The aim of this thesis was to clarify the influence of the stress on the adrenergic and
muscarinic receptors in the heart and in the lungs. Research was performed on rat hearts and
lungs and on the hearts and lungs of the CRH KO mice. First, we assessed mRNA levels of all
a- and B-adrenergic receptor and muscarinic receptor subtypes. Subsequently, we performed
the radioligand-binding studies to determine densities of these receptors.

We identified all three aj-adrenergic receptor subtypes in the rat lungs. In the lungs of WT
mice, we found that the amount of a;-adrenergic and muscarinic receptors was sex-dependent.
Densities of the former were higher in females and those of the latter were higher in males.
There was no difference between males and females in B-adrenergic receptor density. As for
CRH KO mice, the basal densities of studied receptors were lower than in WT mice (except
B;-adrenergic receptors in females).

The main purpose of the thesis was to detect immobilization-induced changes in the studied
receptors in the control (WT) and CRH KO mice. Short-term and long-term immobilization
caused decrease in all oj-adrenergic receptor subtypes in females, whereas only oja-
adrenergic receptors decreased in males. The amount of ;-adrenergic receptors decreased in
males and remained without change in females while Bp-adrenergic receptors decreased in
both sexes equally. Decrease of the receptors after the stress exposure was more striking in
WT mice than in those with disrupted CRH gene. Moreover, the decrease of the receptors in
CRH KO males was less prominent than in CRH KO females. Adenylyl cyclase activity was
decreased in WT mice after the immobilization, the PLC activity in WT mice did not change.
In CRH KO mice there was no change in AC and PLC activity.

Futhermore, we detected immobilization-induced changes in expression and amount of the

receptors in the rat and murine hearts.



1. UVOD

1.1 Zastoupeni receptoru pro transmitery autonomniho nervového
systému v plicich

Spravna funkce respiracniho systému je pro zachovani Zivota zcela nezbytna. Ackoliv
existuji vnitini mechanismy, které determinuji rytmické zmény zodpovédné za dechovou
automacii (jednd se o pacemakerovou aktivitu specializovanych bunck), akutni zmény
plicnich funkei jsou kontrolovany prostfednictvim autonomniho nervového systému. Tato ¢ast
nervového systému zprostiedkovava své ucinky cestou dvou témét antagonisticky plsobicich
neurotransmiterovych systémil: cestou sympatickych a parasympatickych nervii. Oba tyto
systémy pusobi na wrovni organu prostfednictvim receptori spiazenych s G proteiny.
Neurotransmitery sympatického oddilu aktivuji adrenergni receptory, parasympaticky oddil

ucinkuje pies receptory muskarinové.

Adrenergni receptory mohou byt rozdéleny na a- a B-adrenergni (Ahlquist 1948), které se
vyskytuji v mnoha podtypech: o-adrenergni receptory se déli na oy- a op-adrenergni
receptory, které se dale déli na nasledujici podtypy (Guimaraes and Moura 2001): oa,

Qu1B, 0D, O2A, Oi2B & OlzC.

- adrenergni receptory mohou byt rozdéleny na Pi-, B2- & Ps-adrenergni receptory (Lohse,
Engelhardt et al. 2003). Muskarinové receptory se vyskytuji v nasledujicich podtypech: My,
M2, M3, My a Ms podtyp (Wess, Duttaroy et al. 2003). Strukturalné vSechny tyto receptory
patii do rozsahlé rodiny receptoru spfazenych s G proteiny. Tyto receptory jsou bilkovinné
molekuly sedmkrat prochazejicich cytoplasmatickou membranou. Vazba pftislusného
specifického transmiteru vede ke konformacni zméné receptorové bilkoviny, nésleduje
zvySeni afinity receptoru ke G proteinu, St€peni GTP a nasledna aktivace/inhibice dalSich

intracelularnich poslt jako jsou napf. enzymy adenylatcyklaza (AD), fosfolipaza C (PLC).



Vsechny tyto zmény vedou ke zmén¢ koncentrace nitrobunéénych druhych posli jako napf.
cyklicky adenosinmonofosfat (CAMP), diacylglycerol (DAG) a inositoltrifosfat (IP3). Tyto
molekuly poté ovliviiuji fadu nitrobunéénych regulacnich a funkénich kaskad od akutnich
zmén v propustnosti cytoplasmatické membrany az po ovlivnéni genové exprese: napi. cestou
AP-1 (activator protein 1), CREB (cAMP response element binding protein) ¢i mnoha dalSich

molekul.

1.1.1 Adrenergni receptory v plicich
Na trovni plic rozliSujeme tkan dychacich cest, jejichz vlastnosti, predevsim primér, mohou
byt ovlivnény prostiednictvim muskarinovych i adrenergnich receptori a tkan plicnich

alveoll, kde dochazi k vlastni vyméné plynd.

1.1.1.1 a-adrenergni receptory v plicich

a-adrenergni receptory se v plicich vyskytuji v zastoupeni podtyplt oua, o1, oup (Zhong and
Minneman 1999). Vsechny tyto podtypy aktivuji G protein z rodiny Gg;1. Nasledné dochézi
k aktivaci enzymu fosfolipaza C (PLC), ktery konvertuje fosfatidylinositol na inositoltrifosfat
a diacylglycerol. Obé tyto molekuly ptisobi jako druzi poslové v nitrobunécné signalizaci.
Nicméné kolem existence vSech tii podtypt ay-adrenergnich receptort v plicich nadale panuji
jisté pochybnosti. Nékterym autorim (Yang, Reese et al. 1998) se podatilo v plicni tkani mysi
prokazat pouze podtypy oia @ oig, ovSem nikoliv podtyp oyp. Hiramatsu a jeho tym
(Hiramatsu, Muraoka et al. 1994) detekovali v roce 1994 v plicni tkani potkana mRNA pro
vSechny 3 podtypy as-adrenergnich receptori. Obdobné i Faure et al.(Faure, Pimoule et al.
1994) a Alonso-Llamazares et al. (Alonso-Llamazares, Zamanillo et al. 1995) identifikovali
mRNA pro vSechny tfi podtypy ai-adrenergnich receptori véetn€ oup podtypu v plicich u

potkana.



Obecné je pfijimana role oy-adrenergnich receptori v plicich a jejich podil na ftizeni
ventilacnich funkci jako minoritni az zanedbatelna. Nékteré studie vSak dokumentovaly roli
nizkoafinnich vazebnych mist pro prazosin odpovidajicich oy-adrenergnim receptorum (oy -
adrenergni receptory) V procesu alergické bronchokonstrikce (Nobata, Fujimura et al. 2002).
Zde je dulezité, ze ligand (JTH-601) pouzity v této studii vykazuje vysokou afinitu k aya a
oyg-adrenergnim receptorim a velice nizkou afinitu k oayp-adrenergnim receptorim
(Takahashi, Taniguchi et al. 2000).

Nékteré studie naznacuji, ze tkané plic obsahuji i op-adrenergni receptory (Calzada and De

Artinano 2001).

1.1.1.2 B-adrenergni receptory v plicich

Funkce a distribuce p-adrenergnich receptort v plicich byla intensivné studovana
Amrahamem a kol. (Abraham, Kottke et al. 2003). Hlavni zavéry této studie byly nasledujici:
a) pocet B-adrenergnich vazebnych mist je vyssi v plicich nez v tkani bronchti a trachey, b) ve
vSech oddilech vyrazné¢ pifevazuji P,-adrenergni receptory. Pp-adrenergni receptory jsou
zastoupeny predev§im v hladkych svalovych bunkdch, kde jsou zodpovédné za
bronchodilataci, ale jsou soucasné exprimovany také v oblasti alveold. V alveolech se
vyskytuje i dal$i podtyp adrenergnich receptorii: f1-adrenergni receptory (Mak, Nishikawa et
al. 1995). Pomér B1/B2-adrenergnich receptorti vykazuje mezidruhové rozdily. Pro priklad, u
prasat ¢ini 58:42 (Liang and Mills 2001), u mysi 14: 86 (Ota, Matsui et al. 1993), u koni 20-
26/74-80 (Abraham, Kottke et al. 2003), coz dale zavisi také na typu tkané (trachea,
bronchialni tkan, aleveoly). V dychacim traktu je B,-adrenergni receptory mozno nalézt i na
epitelialnich bunkach (Aksoy, Mardini et al. 2002). U prasat byly identifikovany mRNA pro
B1/B2/B3 v poméru 3.8:1.9:0.1 z celkové RNA, v plicni tkani potkana to bylo 2.5:3.8, nicméné

v dalSich studiich B3 MRNA nalezena nebyla (McNeel and Mersmann 1999). Pii¢inou



hyperreaktivity dychacich cest mize byt i funkéni disbalance zplsobend nepomeérem
jednotlivych podtypti B-adrenergnich receptori, podobné jako je tomu pii nepoméru
V zastoupeni muskarinovych receptort. Celkové mnozstvi adrenergnich receptorti se zvysuje a
procento B-adrenergnich receptori odpovidajici vysokoafinitnimu vazebnému mistu pro

agonistu se naopak snizuje vlivem zruseni vazby receptoru s G5 (Emala, Clancy et al. 1997).

1.1.2 Muskarinoveé receptory v plicich

Muskarinové receptory jsou v dychacim systému reprezentovany M;, M, a Mj; podtypy.
Aktivace vSech téchto podtypt vede v konecném disledku k bronchokonstrikci, nicméné
ponékud odlisSnym mechanismem. Zatimco aktivace muskarinovych receptorid patiicich
k podtypu M3 vyvolava jejich kontrakci, inhibice M, podtypu je zodpovédna za uvolnéni
acetylcholinu a relaxaci hladkych svalovych bun¢k dychacich cest (Fryer and Jacoby 1998).
Nesmirné dilezitym faktem je, ze zmény v pomérném zastoupeni vV expresi My a M, podtypu
by mohly hrat kli¢ovou roli ve zvySené reaktivit¢ dychacich cest (Kadota, Kuwahara et al.
2001). V hladké svaloviné trachey je pomé&rné zastoupeni M; a M, podtypu muskarinovych
receptort prakticky vyvazené, v oblasti alveolt vSak zna¢né¢ dominuje podtyp Mj (Kadota,
Kuwahara et al. 2001). Zatimco M, muskarinové receptory jsou zodpovédné za inhibici
relaxace vyvolané aktivaci 3 adrenergnich receptort, aktivace M3 muskarinovych receptori
vede piimo ke kontrakci hladkych svalovych bun¢k bronchti (Fryer and Jacoby 1998).
Obdobn¢ jako P-adrenergni receptory mohou byt tyto receptory nalezeny na epitelidlnich
bunkach (Fryer and Jacoby 1998), coz by mohlo nasvéd¢ovat, Ze i na urovni téchto bun¢k by
mohl existovat funk¢ni antagonismus. V epitelidlnich bunikach je zastoupen ptedevSim M;
podtyp muskarinovych receptort.

Exprese a poptipad¢é funkce dalSich podtypti muskarinovych receptori (My) V tkanich plic je
nejista (Bymaster, McKinzie et al. 2003), (Stengel, Gomeza et al. 2000) a (Stengel and Cohen

2002).



1.1.3 Regulace plicnich funkci receptory ANS

Shrneme-li funkéni aspekty, na procesu bronchodilatace se podileji receptorové systémy
aktivujici Gs protein a dale adenylatcyklazu, piedev§im [p-adrenergni receptory.
Adenylatcyklaza prostiednictvim zvySeni koncentrace CAMP aktivuje proteinkinazu A (PKA)
a dochazi k disociaci katalytické podjednotky této kinazy od podjednotky regulacni.
Katalytickd podjednotka je schopna fosforylovat cilové struktury v hladké svalové buiice
klicové pro jeji relaxaci (Hall 2000) a dojde tedy k bronchodilataci. M, muskarinové
receptory jsou zodpovédné za inhibici relaxace vyvolané pravé aktivaci B, adrenergnich
receptortl.

Aktivaci receptoru signalizujicich pies PLC, tj. M; a Mz muskarinové receptory a oy-
adrenergni receptory, dochazi ke zvySeni intracelularni koncentrace Ca?* prostiednictvim IPs
a tento d¢j vkoneéném disledku vede ke kontrakci hladkych svalovych bunc¢k a
bronchokonstrikci (Hall 2000).

Jak jiz bylo zminéno, hlavni pozornost byla vzdy vénovana piedev§im vlastnostem a
funkci B-adrenergnich receptorii a podrobnosti funkce aj-adrenergnich receptorii v plicich
jsou nadale nejasné. Vysledky zabyvajici se roli aj-adrenergnich receptori v patofyziologii
astma bronchiale je v tuto chvili nadale obtizné interpretovat (Goldie, Paterson et al. 1990).
Aktivace oy-adrenergnich receptori muze vest ke kontrakci hladkych svalovych bunék
bronchialni stény, ale pouze za specifickych podminek: bronchokonstrikce indukovana
fenylefrinem muze byt demonstrovana pouze u astmatiki s piedchozi blokadou -
adrenergnich receptort (Goldie, Paterson et al. 1990). Pti absenci tohoto predisponujiciho
faktoru podani fenylefrinu vyvold bronchodilataci. Je nutné zminit, Ze u zdravych jedinct
netrpicich astmatem efekt podani fenylefrinu na hladké svalstvo dychacich cest neni
pritomen. Preuss a kol. v roce 1998 pozoroval, Ze schopnost kontrakce hladkych svalovych

bun¢k ve sténé trechey jako odpovéd’ na podani oay-adrenergnich agonistii je zavisla na



anatomické lokalizaci: v hornich oddilech trachey je kontrakce vyraznéjsi nez v dolnich
oddilech (Preuss, Rigby et al. 1998). Goldie a kol. prokazal (Goldie, Paterson et al. 1990), ze
vzajemny pomér B-adrenergnich receptorti a aj-adrenergnich receptorti se méni pii astma
bronchiale/alergiich. Za fyziologickych okolnosti je pomér [-adrenergnich receptord a o;-
adrenergnich receptor u clovéka 6:1, ale za patologickych podminek klesa na 1:1. Stejna
situace nastava i v plicich morcat (Goldie, Paterson et al. 1990).

Z téchto skutecnosti vyplyva, Ze rozhodujici je vzajemny pomér a funkéni vyvazenost og-
adrenergnich receptorti a B-adrenergnich receptort, coz hraje roli pfedevsim za patologickych
okolnosti jako napf. pfi astma bronchiale. Moznym mechanismem vzajemného ovlivnéni je
potenciace funkci zprostfedkovanych B-adrenergnimi receptory aktivaci aj-adrenergnich
receptort, coz se domnivaji n¢kteti autoti (Nousiainen, Arnala et al. 1977; Goldie, Paterson et
al. 1990), dale (Thiele, Nemergut et al. 2011).

Antagonistické ptisobeni muskarinovych a adrenergnich receptor na plicni funkce je tedy

vice nez pravdépodobné (Johnson 1998).

1.2 Zastoupeni receptoru pro transmitery autonomniho nervového

systému v srdci

Spravna regulace srdecnich funkci je jednou ze zékladnich podminek pro preZiti
organismu. Adekvatné fungujici regulacni mechanismy jsou schopné zajistit za podminek co
Hlavnimi regulatory srdecnich funkci jsou dva typy receptort: B-adrenergni receptory (BAR)
a muskarinové receptory (MR), které maji prakticky protichtidné G€inky na srde¢ni funkce.
V srdci jsou zastoupeny jak majoritni podtypy, tak v mensi mife i podtypy minoritni, které

nejspise prispivaji k jemnéjSimu doladéni regula¢nich mechanismti.



1.2.1 Adrenergni receptory v srdci

Schématické zobrazeni funkci adrenergnich receptorti v srde¢ni fyziologii je na obrazku 1.

vvvvvv

intracelularnimi signaliza¢nimi cestami.

1.2.1.1 a-adrenergni receptory v srdci

V srdci se krom¢ majoritné zastoupenych [-adrenergnich receptorti vyskytuji i a-
adrenergni receptory. Jedna se ptredevsim o aj-adrenergni podtyp (Brodde O.E. and M.C.
1999), ale v malé mife také ap-adrenergni podtyp.
Ackoliv u lidi jsou v bunkdch myokardu os-adrenergni exprimovany vyrazné méné nez [3-
adrenergni receptory, u hlodavci, predevsim potkant, je tomu naopak. Navzdory malému
zastoupeni aj-adrenergnich receptort v kardiomyocytech, neni jejich vyznam zanedbatelny.
Z funk¢éniho hlediska jsou aj-adrenergni receptory schopny zvySovat srde¢ni ionotropii a
soudasné zvySovat citlivost myokardialnich myofilament k Ca**. Vedle t&chto kratkodobych
efektl, muze dlouhodoba stimulace zprostfedkovana aktivaci aj-adrenergnich receptorti
indukovat zmény charakteru hypertrofie, jak bylo prokazano na potkanich srdcich (Zimmer
1997), (Noguchi H 1993). Nutné je ovS§em pamatovat, Ze tyto zmény byly prokazany pouze u
hlodavct a nelze je extrapolovat na lidskou fyziologii.

ou-adrenergni receptory patii do rodiny receptorit sprazenych s G proteiny, v tomto
ptipadé se jednd o Gg/11 (viz tabulka 1). Nasledné kroky intracelularni signalizacni kaskady
jsou aktivace fosfolipazy C (PLC) a zvySeni intracelularni koncentrace diacylglycerolu
(DAG) a inozitoltrifosfatu (IP3). Proteinkinaza C (PKC) a IP3 a pfenaSeji signal na dalsi
intracelularni struktury. Aktivace PLC ptedstavuje pouze jednu z cest pienosu signdlu pfi
aktivaci oy-adrenergniho receptoru v kardiomyocytech. Spusténa mize byt i signalizacni

draha zahrujici aktivaci fosfolipazy D (PLD), coz vede z ovlivnéni L-typu Ca®* kanali a



zmén¢ membranového potencidlu a dalSi aktivaci napétové fizenych membranovych
receptorti. (Endoh, Hiramoto et al. 1991). Dale mize byt aktivovana i Na */H * pumpa a
Na'/K*- ATP4za (Endoh, Hiramoto et al. 1991).

Role op-adrenergnich receptorti v srdci je predev§im modula¢ni, nepisobi zde jako
primarni cilové struktury pro pifimy ucinek katecholaminli. Aktivace ap-adrenergnich
receptorit vede k inhibici presynaptického uvolnéni noradrenalinu na synapsich. Vsechny
podtypy or—adrenergnich receptor vykazuji po vazbé specifického transmiteru déje vedouci

k inhibici adenylatcyklazy a tedy v koneéném dusledku snizeni intracelularniho cAMP.

1.2.1.1.1 Nizkoafinni stav a; — adrenergnich receptorti v srdci

Nejprve byla vazebna mista, charakterizovana jako oy -adrenergni receptory,
detekovana farmakologicky a predpokladalo se, Ze se jedna o novy podtyp o-adrenergnich
receptort s nizkou afinitou k prazosinu (Muramatsu 2006). Na zakladé funk¢nich studii bylo
prokdzano, ze tento podtyp vyvolava kontrakci v oblasti dolnich mocovych cest u ¢loveéka, ale
podatilo se ho identifikovat i v srdci (Maruyama, Nakamura et al. 1998). Nakonec bylo
rozhodnuto na zakladé experimenti s klonovanymi a-adrenergnimi receptory, Ze se nejedna o
novy podtyp a-adrenergnich receptord, ale pouze o nizkoafinni stav oy-adrenergnich
receptor (Ford, Daniels et al. 1997). Nadale ovSem o tomto zavéru existuji pochybnosti —
farmakologicky profil téchto receptori se ponc€kud lisi od profilu membranovych o;-
adrenergnich receptord, ale spiSe se zda, ze by se mohlo jednat o funkéni izoformu oy-
adrenergnich receptorti nez o samostatny podtyp (Marti, Miquel et al. 2005) a v posledni dobé
je ovéfovana hypotéza, zda by se mohlo jednat o vysledek dimerizace aj-adrenergnich
receptort. Dilllezitym zjiSténim V této oblasti je, Ze oy-adrenergni receptory mohou tvofit
homo- i heterodimery, ovSem tyto komplexy nevykazuji snizenou afinitu Kk prazosinu

(Ramsay, Carr et al. 2004).
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1.2.1.2 B — adrenergni receptory v srdci

Srde¢ni bunky exprimuji ; a B, podtyp adrenergnich receptort, ovSem relativni
mnozstvi [3;-adrenergnich receptort je mnohem vyssi nez mnozstvi podtypu f,-adrenergnich
receptorti. Oba podtypy stimuluji adenylatcyklazu (AC). Hlavni funkci B-adrenergnich
receptort v srdci je puasobit pozitivné ionotropné a chronotropné (Brodde O.E. and M.C.
1999), (Kaumann and Molenaar 1997). Dalsi dilezitou funkci B-adrenergnich receptort
(ptedevsim receptorti B;-adrenergnich) pfedstavuje stimulace Ca®" kanald via proteinkinaza A
(PKA) nebo piimym navazanim G proteinu (Gsa). Vyskyt dal$ich podtypt f-adrenergnich
receptoril, Bz-adrenergnich receptoril a jejich mRNA byl popséana jiz diive v srde¢nich sinich 1
komorach (Gauthier, Tavernier et al. 2000), kde zprostiedkovavaly kardioinhibi¢ni ptisobeni
cestou G; proteinu. Jejich existence vsak také byla fadou autorti zpochybnéna (Kaumann and
Molenaar 1997). Dalsi vyznamnou skute¢nosti je, ze exprese Ps-adrenergnich receptori
vykazuje zna¢nou mezidruhovou variabilitu. Také nam se podafilo identifikovat mRNA pro
Bs-adrenergni receptor v jednotlivych srde¢nich oddilech u laboratorniho potkana (vcetné
odliSeni casti obsahujicich ganglia pifevodniho systému srde¢niho od casti negangliovych;
(Myslivecek, Novakova et al. 2006).
Soucasna predstava regulace na trovni srde¢nich receptorii predpoklada vzajemné regulacni
propojeni bunécnych funkci prostfednictvim riiznych receptorovych podtypti. Pro tuto teorii
sved¢i napt. existence jednak adrenergnich podtyptl, které mohou pisobit kardiostimulacné
(B1 a Bo-adrenergni receptory) a soucasné podtypu, které maji kardioinhibi¢ni Ginky (Bs-
adrenergni receptory). Tato problematika byla pfed neddvnem dopodrobna zpracovéana
(Gauthier, Tavernier et al. 2000), (Brodde O.E. and M.C. 1999) a(Granneman 2001)).
Poslednim podtypem [-adrenergnich receptord, ktery byl v srdci identifikovan, je tzv. Ctvrty
podtyp. Je oznacovan také jako atypicky kardiostimula¢ni B-adrenergni receptor a diive byl

povazovan za samostatny podtyp, Ps-adrenergni receptor (Kaumann 1997). Toto vazebné
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misto vykazuje zcela jedineCné vazebné charakteristiky a je nyni povazovano za atypicky
vysokoafinitni  stav  Pi-adrenergniho receptoru (Granneman 2001). Zmény u
“propranolol/bupranolol-insensitivni formy [;-adrenergniho receptoru“ (Brodde O.E. and
M.C. 1999) vykazuji velmi podobné charakteristiky, jaké byly prokazany pti sledovani f1-
adrenergnich receptord. Nicméné za uréitych podminek je mozné spekulovat, jak jsme
prezentovali nedavno (Myslivecek, Ricny et al. 2003), Zze Ps-adrenergni receptory se pii

podavani hydrokortizonu méni vzhledem k (;-adrenergnim receptoriim reciproéné.

Obrazek 1: Schématické znazornéni hlavnich signalizaCnich kaskad zprostfedkovanych
aktivaci adrenergnich receptort v srdci

AC — adenylatcyclaza, DAG — diacylglycerol, Gs, Gi, Gq — G proteiny, IP3 — inozitol 1,4,5-
trifosfat, IP3R — IP3 receptor, PKA - proteinkinaza A, PKB - proteinkinaza B, PKC -
proteinkinaza C, PLC - fosfolipaza C, PIP2 - fosfoinozitol 4,5-difosfat, RyR —
ryanodinreceptor, PLB fosfolamban, SERCA — sarkoplazmatické retikulum kalcium ATPaza,
CaMKIl — calmodulin-dependentni kinaza Il, PI3K — fosfatidylinositol 3-kinaza
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1.2.1.3 Rozdilna afinita adrenergnich receptoru ke katecholaminiim
Funk¢ni vystup vyvolany aktivaci receptoru =zavisi na vice skutecnostech.
Nejdilezitéjsi je relativni mnozstvi daného typu receptoru na buiikach ptislusné tkané, dale
afinita receptoru k ptislusnému transmiteru a v neposledni fadé schopnost receptoru aktivovat
intracelularni signaliza¢ni kaskadu. Chceme-li zhodnotit efekt aktivace receptoru v dané
tkani, musime vzit v ivahu vSechny tyto body, jinak by v disledku zjednoduseni mohlo dojit
k vyznamnému zkresleni vysledka (Kenakin 2004).
Hodnotime-li tedy ucinek katecholamini zprostfedkovany srde¢nimi nebo plicnimi
adrenoceptory musime vzit v potaz nasledujici fakta:

1) Relativni mnozstvi danych receptord v pfislusné tkani véetné region-specifickych
rozdilt. Napiiklad: Bi-adrenergni receptory jsou v kardiomyocytech vice zastoupeny
nez Bp-adrenergni a dale jsou vyrazné pocetnéj$i nez aj-adrenergni a Bz-adrenergni
receptory (Brodde O.E. and M.C. 1999). Nicméné v né€kterych srde¢nich oblastech je
relativni mnozstvi Po-adrenergnich receptorii vyrazné vyss$i nez [i-adrenergnich
(Myslivecek, Novakova et al. 2006).

2) Specificka afinita receptoru Kk ligandu. Existuji vyznamné rozdily v afinité
adrenergnich receptortt k adrenalinu a noradrenalinu. Naptiklad: [j-adrenergni
receptory maji vyssi afinitu k adrenalinu nez k noradrenalinu, viz tabulka 1.

3) Receptorova funkce. Adrenergni receptory maji rozdilny vliv na srde¢ni fyziologii,
aktivace Ps-adrenergnich receptord puisobi kardioinhibi¢né, aktivace 1-adrenergnich
receptorit kardiostimula¢né. Nékteré podtypy maji komplexnéjsi funkce, napt. o;-

adrenergni receptory.
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Receptor | adrenalin noradrenalin | G 2. posel
protein

1A 0.3 1.2-2.8 Gy/G11 IP3/Ca”; DAG

0B 6 10 Gy/G11 IPs/Ca”*; DAG

oD 0.016 0.012 Gy/G11 IP3/Ca”"; DAG

Ol2A 8.3-5.6* 8.4-5.6* GilGo Snizeni cAMP

o2B 6.2-5.2* 9.1-5.6* GilGo Snizeni cAMP

oo 6.2-5.8* 8.7-5.9* GilG, Snizeni cAMP

B1 1.0 0.5 Gs Zvyseni cAMP
0.0027# 0.0008#

B2 0.9+0.7 1016 (9.7) Gs ZvySeni cAMP
0.0022# 0.036#

B3 4.7-3.9* 3.8-5.3* Gi Snizeni cAMP
0.049# 0.0063# Gs Zvyseni cAMP

Tabulka 1: Vlastnosti adrenergnich receptoru

Afinita adrenergnich receptord k adrenalinu a noradrenalinu vyjadfena hodnotou EC50
(Mmol.I'l) nebo pKi. (Bylund, Eikenberg et al. 1994), (Skeberdis 2004) a IUPHAR receptor
databasis. (Germack and Dickenson, 2006).

1.2.2 Muskarinové receptory v srdci

Muskarinové receptory jsou v myokardu savcl reprezentovany predevSim podtypem
M (Brodde O.E. and M.C. 1999). Funkce zprostfedkované MR jsou antagonistické k funkcim
vyvolanym aktivaci (3-adrenergnich receptort (tj. negativné ionotropni a chronotropni). M,
receptory jsou spfazeny s Gi proteiny (inhibuji AC), ale vyrazna aktivace téchto receptort
vede K interakci s G4 proteinem a nasledné aktivaci fosfolipazy C (PLC): (Dhein, van Koppen
et al. 2001). Dalsim vyznamnym dopadem aktivace MR je ovlivnéni prostupnosti membrany
pro ionty a to cestou aktivace/inhibice pfislusSnych iontovych kanali (viz Obrazek 2).
Aktivace M, muskarinovych receptort inhibuje Ca?* kanaly nep¥imo cestou sniZeni produkce
CAMP a tudiz snizené aktivity PKA; hlavnim vysledkem aktivace muskarinovych receptori
na Urovni iontovych kandlii je ale aktivace acetylcholin-senzitivnich draslikovych kanala
(Kacn). Aktivace tohoto kanalu vede k hyperpolarizaci bunék myokardu a ptisobi na svalovinu
sini negativné ionotropné. Dale se tyto kandly podileji také na negativné chronotropnim

pusobeni. Jina situace je v oblasti pacemakeru: SA uzel (sinoatrialni uzel), kde negativné

14



chronotropni efekt je vyvoldn muskarinovymi receptory zprostfedkovanou inhibici
adenylatcyklazy.

Predstava, ze M; receptory nejsou jedinym podtypem MR vyskytujicim se v srdci je Siroce
podporovan, ale potize s identifikaci a kvantifikaci zatim nebyly uspokojivé vyfeseny. Mezi
vSechny non-M; receptory identifikované farmakologicky a/nebo elektrofyziologicky v srdci
do soucasné doby (Mj;, M3, My, (Brodde O.E. and M.C. 1999), jsou M; a M3 podtypy
(kardiostimulac¢ni, piisobici pres Gq/PLC) zatim zdokumentovany nejlépe (detekce M1 mMRNA
pomoci RT-PCR (real time polymerase chain reaction)), (Colecraft, Egamino et al. 1998)),
ackoliv nedavné poznatky tuto hypotézu zpochybnuji (Hamilton, Hardouin et al. 2001). Pro
podrobnosti tykajici se vyskytu M3 podtypu muskarinovych receptort v srdci (Wang, Shi et
al. 2004). Pokouseli jsme se identifikovat minoritni podtypy v srdci u laboratorniho potkana a
podafilo se nam detekovat populaci pravdépodobné odpovidajici M; muskarinovym

receptoram (Myslivecek, Klein et al. 2008).
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Obrazek 2: Schématické znazornéni hlavnich signalizaénich kaskad zprostfedkovanych
aktivaci muskarinovych receptort v srdci

AC — adenylatcyclaza, DAG - diacylglycerol, Gs, Gi, Gq — G proteiny, IP3 — inozitol 1,4,5-
trifosfat, IP3R — IP3 receptor, PKA - proteinkindza A, PKB - proteinkinaza B, PKC —
proteinkinaza C, PLC - fosfolipaza C, PIP2 - fosfoinozitol 4,5-difosfat, RyR -
ryanodinreceptor, PLB fosfolamban, SERCA — sarkoplasmatické retikulum kalcium ATPaza,
CaMKIl — calmodulin-dependentni kinaza Il, PI3K — fosfatidylinositol 3-kinaza

1.3 Receptoroveé regulace

Receptory jsou vysoce dynamické proteinové struktury, které jsou schopny meénit Groven
intensity pfenaseného signalu v riznych oddilech v fadu sekund. Senzitivita k extracelularnim
pusobkiim muze byt modifikovana nejen jednoduse jako diisledek masivni aktivace
piislusného receptorového typu (homologni regulace, viz (Morris and Malbon 1999)), ale také
aktivaci nebo inhibici dalSich receptori exprimovanych v buiice (heterologni regulace, viz

(Selbie and Hill 1998); (Bunemann and Hosey 1999) a (Cordeaux and Hill 2002)). Nepiimé
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disledky vyvolané aktivaci receptoru mohou byt chapany jako “jemné dolad’ovéani”
receptorem zprosttedkovaného signalu (Selbie and Hill 1998) a (Cordeaux and Hill 2002).
Heterologni regulace receptorti sprazenych s G proteiny (GPCR) je proces, pii némz
proteinkindzy (PKA, PKC) ,,0znaci*, nafosforyluji, vSechny receptory bez ohledu na to, jsou-
li obsazeny agonistou anebo jsou-li volné. Tato skute¢nost zasadné odliSuje heterologni a
homologni regulaci (zprostfedkovavana cestou GRKs, kindzy receptori sprazenych s G
proteiny). Heterologni regulace muze v kone¢ném dusledku zesilovat ucinek signalu
prenaSen¢ho oznacenym receptorem ¢i tento uc¢inek naopak zeslabovat Zkiizena regulace je
dobfe dokumentovdna mezi receptory spfazenymi s Gi- and Gg-proteiny a Gs- and Gg-
proteiny viz (Cordeaux and Hill 2002, Hur and Kim 2002). Kone¢né je pravdépodobné, ze
nikoliv pouze fosforylace receptoru, ale také fosforylace Ga; proteinu by mohla hrat urcitou
roli v regulaci inhibi¢niho pusobeni G; proteinu. Fosforylace GPCRs prostiednictvim
receptorl s vnitini tyrosinkindzovou aktivitou je dal§i formou tzv “jemného dolad’ovani”
signalu prenaseného GPCRs (Selbie and Hill 1998; Cordeaux and Hill 2002; Hur and Kim
2002). Analogicky (Morris and Malbon 1999) muze byt jako zkiizenad regulace chapana
jednak posttranslacni regulace (fosforylace proteinti, tj.desensitizace), posttranskripcni
regulace (destabilizace mRNA, tj. down-regulace) a také transkripéni regulace (kdy jde o
slozitou regulaci oznacenych, fosforylovanych, geni).

Mechanismus heterologni regulace neni v soucasné dobé zcela pfesné¢ znam. V mnoha
ptipadech je heterologni regulace mezi receptory exprimovanymi V buiikach
kardiovaskularniho systému studovana za pouziti bunék se stalou expresi receptorli pro
neurotransmitery autonomniho nervového systému (Bunemann and Hosey 1999). Toto
pouzité zjednoduseni si vSak vynucuje otazku, do jaké miry vysledky ziskané na takto

upravené tkdni odpovidaji fyziologickym podminkam.

17



Existence heterologni regulace mezi adrenergnimi a muskarinovymi receptory jiz byla
demonstrovana mnohokrat (pro piehled (Cordeaux and Hill 2002; Hur and Kim 2002) a
(Myslivecek and Trojan 2003). Nékolikrat bylo prokazano, ze v srdci jsou tyto receptory ve
vzajemné funkéni vazbé (J.Myslivecek 1996; Myslivecek 1996; Myslivecek 1998;
Myslivecek and Trojan 2000; Myslivecek 2003). Nicméné mechanismim této vzajemné

regulace rozhodn¢ nebyla doposud vénovana dostate¢na pozornost

choline  acetylcoenzyme A
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adrenaline «—noradrenaline <— dopamine acetylcholine
\ \ PRESYNAPTIC \
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acetylcholine
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Obrazek 3: Schéma moznych receptorovych regulaci v€etné predpokladané aktivace
receptord vlivem zvySenych hladin cirkulujicich katecholaminld. Podle (Myslivecek,
Tillinger et al. 2008).
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1.4 Vliv stresu v plicich a srdci, vyznam vyrazeni CRH pro

stresovou reakci

Pojem stres byl poprvé pouzit v tficatych letech dvacatého stoleti Hansem Seleym
(Seley 1936) a to, jak uvadi sam Seley spiSe neznalosti piesné anglické terminologie (stress,
tj. tlak, napéti vs. strain, tj. napor, zaté¢z). Jde o slovo, které je v soucasnosti naduzivano a
velmi Casto feCnik, ktery toto slovo uziva, jeho pfesny vyznam nezna. Na druhou stranu
pfesné definice stresu neexistuje. V negjméné rigidni definici je stres vSe, co vede ke vzniku
jakékoliv nemoci u ¢lovéka. Obecné lze chapat stres dvéma zplisoby: jednak (v rdmcei Seleyho
konceptu) jako nespecifickou odpovéd’ organismu, jednak jako specifickou odpovéd’, ktera je
specificka v zavislosti na typu stimulu (Pacak and Palkovits 2001). Koncept Pacdka a

Palkovitse je dnes chapan jako odpovidajici skute¢nosti.

1.3.1 Stres, stresory
Zjednodusené lze fici, Ze stres je situace, v niZ je organismus ovliviiovan stresorem (tedy
stresovym podnétem). To vyvolava zmény v organismu, které vedou ke zménadm vystupnich
veli¢in organismu. V tomto kontextu podava zajimavy pohled na stresovou reakci Mravec
(Mravec 2008), ktery popisuje stres jako specificky ,,reflexni oblouk“. Tak se Ize na stresovou
reakci divat jako na reflexni reakci ¢i chovani, kde je aferentace reprezentovana aktivaci
receptoru(-1), centrum je komplikovana neuronalni sit mezi specifickymi oblastmi CNS
(které zahrnuji emocni, neuroendokrinni, neuronalni integraci) a efektor (eferentace) jsou
systémy aktivované s cilem udrzet homeostazu.
Stresory, dle své povahy, mohou byt déleny do nasledujicich skupin (Myslivecek and
Kvetnansky 2006) (viz téz Tabulka 2):

1) fyzikalni,

2) chemické,

3) psychologické
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4) socialni,

5) porusujici kardiovaskularni/metabolickou rovnovahu,

6) ovliviujici vice systémtl.

Stresorova skupina

Typ stresoru

Stresorova skupina

fyzikalni chemické

psychologické

socialni

kardiovaskularni

fyzikalni

chlad

v

teplo

v

v

Intenzivni radiace

hluk

vibrace

chemické

hypoglykémie

Oxidativni stres

otravy

hypoxie

psychologické

Omezeni pfijmu potravy

Spankova deprivace

Emocni stres

deprese

socialni

tlacenice

izolace

Umisténi do teritoria
dominantniho jedince

ANRNERN

porusujici
kardiovaskularni/metaboli
ckou rovnovahu

krvaceni

<
<

cvicéeni

orthostaze

Svisly sklon

Ovliviujici vice systému

Imobilizace

Omezeni pohybu

bolest

Potravova a vodni

deprivace

ANERNERNINIRN

ASRYRYAN

Zmény v rezimu svétlo/tma

Vynucené plavani

AN

ANRN

v

Tabulka 2: Typy stresorll. Nejsou uvedeny vSechny typy stresord, v pfipadé stresoru
ovliviiujicich vice systému jsou uvedeny pfislusné hlavni U¢inky. Lze si vS§imnout, Ze zadny
stresor neovliviiuje pouze jeden systém (podle Myslivecka a Kvetfianského, 2006).

Ve vztahu K trvani mize stresor ovliviiovat organismus bud akutné (nékdy se hovoii o

akutnim, jednorazovém, intermitentnim stresu) ¢i chronicky/opakované (pak hovoifime o

chronickém, opakovaném ¢i dlouhodobém stresu).

Jak je vidét z Tabulky 2, neexistuje stresor, ktery by ovliviioval organismus pouze jednim

zpisobem. Proto mohou byt v experimentdlnim stresu pouZivany pouze stresory, které

ovlivilyji vice systémt.
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1.3.2 Vliv stresu v plicich

Opakované bylo prokazano, Ze stres ovliviiuje imunitni funkce (viz pfedchozi kapitola) a
nejinak je tomu i vplicich (Kanemi, Zhang et al. 2005). Nicméné zmény podtypi
adrenergnich receptorii a muskarinovych receptor vlivem stresu nebyly dosud do hloubky
studovany. Pravé s ohledem na vlastnosti adrenergnich receptori predstavuje navozeni stresu
vyznamny vyzkumny prostiedek, jelikoz se pii Stresu zvySuje uvoliiovani noradrenalinu a
adrenalinu (Pacak and Palkovits 2001). Hlavnim zdrojem cirkulujiciho adrenalinu b&hem
stresu je dfen nadledvin stimulovana plsobenim sympatiku, ovSem pfiblizn¢ 70%
noradrenalinu v cirkulaci pochazi pfimo ze sympatoneurondlniho systému (Kvetnansky,
Weise et al. 1979). Stejné tak mize byt stresem ovlivnén i periferni cholinergni systém: praveé
cestou paralelni regulace muskarinovych a adrenergnich receptord  (Myslivecek and
Kvetnansky 2006). Mimo piimych u¢inkd, které jsou dany vyplavenim katecholamint,
mohou byt adrenergni receptory (ale té€Z receptory muskarinové, pravdépodobné na zakladé
heterologni regulace — viz diskuse Kk jednotlivym pracim) ovlivnény také mnozstvim
pusobicich glukokortikoidtu. Sekrece glukokortikoidti vzrusta s peakem za 30 minut (pro
vétSinu stresortl) po zacatku pisobeni stresoru. Vysoké hladiny glukokortikoidi mohou
ovlivnit expresi adrenergnich i muskarinovych receptorti cestou cytoplasmatickych receptorti
pro glukokortikoidy, které nasledné vstupuji do bunééného jadra a ovliviuji expresi
piislusnych gent. Tyto Géinky mohou byt jednak piimé, cestou GRE (glucocorticoid response
elements), které se vyskytuji v promoterové oblasti genti Bp-adrenergnich receptoru (Cornett,
Hiller et al. 1998) a ;-adrenergnich receptort (Tseng, Stabila et al. 2001). Jednak mohou byt
tyto uCinky na genové sekvence receptorii nepiimé, jako je tomu u muskarinovych M,
receptora (Zhou, Fryer et al. 2001). Sekvence GRE je také mozné najit na v promoterové
oblasti genu a;g-adrenergnich receptori (Gao and Kunos 1993), ale vazba a funk¢ni nasledky

takové vazby nejsou doposud znamy. Promoterovéa oblast oya-AR genu obsahuje Sest GRE
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sekvenci (Scanga and Schwinn 1998). Nicméné¢ je tfeba poznamenat, ze vyskyt GRE se mize
druhov¢ znaéné odlisovat (Tseng, Stabila et al. 2001).

Glukokortikoidy jsou nezbytné pro aktivaci genové transkripce fenyletanolamin N-
methyltransferazy (PNMT) a jeji aktivaci béhem pulsobeni stresoru (Kvetnansky,
Kubovcakova et al. 2006). PNMT je klicovym enzymem v pfeméné noradrenalinu na
adrenalin.

Zajimavou a jisté dulezitou skutecnosti je, Ze schopnost odpovédi na plisobeni stresu muze
byt pohlavné zavisld. Prikladem jsou naptiklad pohlavni rozdily v prevalenci astmatu, dale
pohlavni rozdily v praméru dychacich cest v souvislosti s aktivaci adrenergnich C¢i
muskarinovych receptorti v respiratnim systému (Almqvist, Worm et al. 2008). U ¢lovéka je
vyvoj a manifestace astmatu prokazatelné spojena s piitomnosti stresu (Vig, Forsythe et al.
2006), pticemz ale souvislosti se zménami muskarinovych a adrenergnich doposud dukladné&ji

studovany nebyly.

1.3.3 Vliv stresu v srdci
1.3.3.1 Vliv stresu na periferni adrenergni receptory

Data o zménach adrenergnich receptori za stresovych podminek nejsou cetnd a
rozhodné je nelze oznacit za kompletni a vycerpavajici. V prvnich pracich (U'Prichard 1980;
Torda, Yamaguchi et al. 1981; Yamaguchi, Torda et al. 1981), které se tykaly sledovani vlivu
stresu na periferni adrenergni receptory, popsali autofi zmény téchto receptort v srdci. Dalsi
prace pak ukazaly, Ze pokles adrenergnich receptort v srdci (Torda T. 1984; Torda,
Kvetnansky et al. 1985) neni inhibovatelny chemickou sympatektomii (Torda T. 1985 ). Bylo
také ukazano, ze za stresovych podminek hraji vyznamnou ulohu P,-adrenergni receptory
(Kirby and Johnson 1990). Podobng, kratkodoba imobilizace ménila selektivné mnozstvi ;- a
B2-adrenergnich vazebnych mist v riznych oblastech srdce (Myslivecek, Ricny et al. 2004). U

ryb muze byt pocet B-adrenergnich receptort snizen vlivem hypoxie (Gamperl, Vijayan et al.
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1998). Na druhou stranu, oxidativni stres (konkrétné aplikace H,0,) také snizoval mnozstvi
srdeCnich [B-adrenergnich vazebnych mist (Persad, Panagia et al. 1998). Kratkodoba
imobilizace vedla i k poklesu oy-adrenergnich receptorti (Meerson 1991). Dalsi autofi pak
sledovali zmény v senzitivité¢ srdec¢nich receptorti, které byly vyvolany stresem — Viz

ptrehledny ¢lanek Santos a Spadari-Bratfisch (Santos and Spadari-Bratfisch 2006).

1.3.3.2 Vliv stresu na periferni muskarinové receptory

Mezi tadou stresoru tak, jak byly zminény v piedchozi kapitole, je nejvice prozkouman vliv
oxida¢niho stresu na periferni muskarinové receptory. Stimulace srde¢nich muskarinovych
M, receptort vedla ke zvySeni negativné inotropni odpovédi v isolovanych srdeénich
predsinich potkana po expozici chlornanem indukovaného oxidativniho stresu (Peters, Sand et
al. 2001). Tento jev nebyl pozorovan po stimulaci adenosinovych A; receptort, které jsou
stejné jako M, muskarinové receptory sprazeny s Gi-proteiny. V potkani ocasni arterii nebyla
kontraktilni odpovéd’ (zprostiedkovand stimulaci M3 receptor muskarinovych receptori)
zvySena. Autofi proto pfedpokladaji, ze M, muskarinové receptory jsou specifickd pro
chlornanem indukované efekty (Sand, Peters et al. 2002). Stimulace elektrickym polem
zvysila vaskularni tonus v zavislosti na frekvenci a byla inhibovatelna acetylcholinem. Muize
byt tedy uzavieno, Ze rozdilna citlivost neuronalnich a srde¢nich M, muskarinovych receptorti
k chlornanu muize byt vysvétlena rozdilnostmi v podjednotkach G-proteinu, které se uplatiuji
v aktivaci nasledné signalizacni kaskady. Na druhou stranu, eventualita, Zze M, muskarinové
receptory v srdeci nemusi byt nutné lokalizovany pouze ‘“pre-synapticky” (mySleno na
varikozitach nervovych cholinergnich zakonceni), ale i na kardiomyocytech (coz by
odpovidalo nervové lokalizaci post-synaptické), jak je tomu praveé u srdecni tkdné, nebyla
viibec v této praci diskutovana (Sand, Peters et al. 2002).

Dalsi prace (Kubera, Skowron-Cendrzak et al. 1992) ukézala, Ze B-adrenergni receptory se

meéni v lymfocytech jako odpovéd na akutni imobilizaci. Tyto zmény ale nebyly sledovany u
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muskarinovych receptorii. Chronicky imobiliza¢ni stres (5 dni, v trvani 2 h) snizil vazbu
muskarinovych receptort na lymfocytech odebranych ze sleziny a krve, ale nikoliv na
lymfocytech odebranych piimo z tymu, Ke zménam B-adrenergnich receptort v tymocytech
ani lymfocytech ziskanych z krve a sleziny nedoslo.

Kratkodoba imobilizace vedla k poklesu muskarinovych receptort (Myslivecek, Ricny et al.

vvvvvv

receptortl po pusobeni kratkodobé imobilizace (Meerson 1991).

1.3.4 Vyznam vyrazeni CRH pro stresovou reakci

Vzhledem Kk vyznamu osy hypotalamus-hypofyza-nadledviny se piedpokladalo, ze
kortikotropin releasing hormon (CRH) bude mit pro stresovou reakci zdsadni vyznam. Proto,
kdyz to ke konci minulého stoleti pokrok v genetickych manipulacich umoznil, byla zdsadni
otazka, jak bude vypadat stresova reakce u zvifat (mysi), u nichZ CRH chybi. Pfi chybéni
CRH (tedy u CRH KO mysi) se mnozstvi cirkulujicich glukokortikoidui v pribéhu stresové
reakce dramaticky snizuje (Jeong, Jacobson et al. 2000; Kvetnansky, Kubovcakova et al.
2006). Krom¢ toho u CRH KO mysi nedochazi k cirkadiannim zménam v hladinach
glukokortikoidii (Muglia, Jacobson et al. 1997). Vzhledem k tomu, ze glukokortikoidy, jak jiz
bylo zminéno dfive, jsou dilezité pro expresi PNMT, neni piekvapivé, ze exprese tohoto
enzymu je u téchto mysi sniZzena a noradrenalin neni u¢inné methylovan na adrenalin. To vede
k tomu, ze plasmatické hladiny adrenalinu jsou snizeny, naopak hladiny noradrenalinu se
zvySuji (Jeong, Jacobson et al. 2000). Nicméné je tfeba si 1 uvédomit, ze pisobeni dalSich
hypothalamickych hormonti muze ¢astecné u CRH KO mysi kompensovat vliv na sekreci
ACTH.

Z hlediska plicnich funkci je potfeba jesté zminit jeden dilezity, vyvojovy fakt. CRH KO (-/-)
mysi, které vznikly kiizenim mezi homozygotnimi CRH KO samci a samicemi maji zhorSené

plicni funkce a umiraji kratce po narozeni (prvni postnatalni den) (Venihaki and Majzoub
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1999). Toto fatalni respira¢ni selhani nastava proto, ze CRH je nezbytny pro sekreci
dostatecnych koncentraci glukokortikoidli a tim padem zprostfedkované stimuluje produkci
surfaktantu. Proto, pokud chceme ziskat jedince homozygotni na nepfitomnost genu pro CRH,
je tieba kiizit CRH+/- samce a CRH+/- samice. Diky tomu nedochazi vyvojové (prenatalng)
ke snizeni hladiny glukokortikoidti, snizeni produkce surfaktantu a tak u takto narozenych
jedinct homozygotnich CRH-/- neni zvySena postnatalni mortalita. To navic ukazuje, Ze
heterozygotni matky produkuji takové mnozstvi glukokortikoidi, které je dostacujici
k fyziologické syntéze surfaktantu u mlad’at a umozni tak adekvatni vyvoj jejich plic.
Obdobn¢ 1ze vyvoj surfaktantu a tim i mortalitu ovlivnit i pfidanim glukokortikoidd do pitné

vody CRH-/- bfezim mySim.
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2. CILE PRACE A HYPOTEZY

Hlavnimi cily nasi prace, jejichz naplnéni je dokumentovano v zafazenych publikovanych
pracich, bylo piispét k detailnéjSimu poznani mechanismi, regulujicich mnozstvi
muskarinovych a adrenergnich receptori v buitkach myokardu a plicich. Tyto zakonitosti a
zmény ve zminénych receptorovych systémech nas zajimaly jak za fyziologickych podminek,
tak pfedev§im pod vlivem stresorti. Pochopeni vzajemné regulace téchto dvou receptorovych
typa je zasadni vzhledem k jejich vyznamu v modulaci srde¢ni ¢innosti a vlivu na plicni
funkce a také proto, ze piesné zastoupeni jejich podtypt a predev§im vliv stresu na tyto
receptory nebyl dosud piesnéji objasnén.
Polozili jsme si tyto specifické otazky:
a) Jaké podtypy ou-adrenergnich receptort se vyskytuji v plicni tkani?
b) Jaké podtypy muskarinovych a adrenergnich receptorti jsou exprimovany srdecni tkani
a to jednak na urovni genové exprese (mRNA), jednak na Grovni vazby?
c) Jak se méni mnozstvi muskarinovych a adrenergnich receptorti vlivem stresu v plicich
a srde¢ni tkani?

d) Jak tyto zmény v plicni tkani ovlivni neptitomnost dulezitého hormonu t¢astniciho se
humoralni regulace za stresovych podminek (CRH)? Jsou tyto zmény zavislé na

pohlavi?
V souvislosti s témito cili jsme si vyty¢ili nasledujici hypotézy:

a) V plicni tkani budeme schopni na zakladé vazebnych studii identifikovat vSechny

podtypy a;-adrenergnich receptord.

b) V srde¢ni tkani bude mozné identifikovat minoritni podtyp muskarinovych receptort a
na urovni genové exprese 1 PBs-adrenergni receptory. Jednotlivé receptorové podtypy
budou mit specifickou distribuci v srde¢nich oblastech, genova exprese bude

odpovidat mnozstvi vazebnych mist.
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c) Stres bude ménit nejenom mnozstvi adrenergnich receptord, ale bude paralelné
ovliviiovat i muskarinové receptory. Nitrobunécna signalizace nebude témito zménami

vyznamn¢ ovlivnéna.

d) CRH je nezbytny pro normalni pribéh stresové reakce.
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3. VYSLEDKOVA — EXPERIMENTALNI CAST

Publikované prace

Dale jsou zafazeny nasledujici prace publikované v impaktovanych ¢asopisech, které jsou

naplni cila disertace a ovétenim hypotéz formulovanych v predchozi ¢ésti.

1)

2)

3)

4)

5)

M. Novakova, J. Myslivecek: Identification of all al-adrenoceptor subtypes in rat
lung. Gen. Physiol. Biophys. 24: 349-353, 2005 (1F2009=0.741)

Specificka otazka v ¢asti cile pod pismenem a)
J.Myslivecek, M. Novakova, M. Palkovits, O. Krizanovd, R. Kvetnansky:
Distribution of mMRNA and binding sites of adrenoceptors and muscarinic receptors in
the rat heart. Life Sci. 79: 112-120, 2006 (1F2009=2.56)

Specificka otazka v ¢asti cile pod pismenem b)
Myslivecek J, Klein M, Novakova M, Ricny J: The detection of non-M2 muscarinic
receptor subtype in the rat heart atria and ventricles. N-S Arch Pharmacol, 378(1):103-
116, 2008 (IF2009=2.631)

Specificka otazka v ¢asti cile pod pismenem b)
Novakova M., Kvetnansky R., Myslivecek J.: Sexual dimorphism in stress-induced
changes in adrenergic and muscarinic receptor densities in the lung of wild type and
CRH-knockout mice. Stress 13(1): 22—-35, 2010 (1F2009=3.205)

Specificka otazka v ¢asti cile pod pismenem c), d)
Myslivecek J., Tillinger A., Novakova M., Kvetnansky R.: Regulation of
adrenoceptors and muscarinic receptors gene expression after single and repeated
stress. Annals NY Acad Sci 1148: 367-376, 2008 (IF2009=2.67)

Specificka otazka v ¢asti cile pod pismenem c)
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6) Tillinger A., Myslivecek J., Novakova M., Krizanova O., Kvetnansky R.: Gene
expression of adrenoceptors in the heart of cold acclimated rats exposed to a novel

stressor. Annals NY Acad Sci 1148: 393-399, 2008 (1F2009=2.67)

Specifick4 otazka v ¢asti cile pod pismenem c)
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Short Communication

Identification of All a;-Adrenoceptor Subtypes in Rat Lung

M. NOVAKOVA AND J. MYSLIVECEK

Institute of Physiology, 1% Faculty of Medicine,
Charles University, Prague, Czech Republic. E-mail: noma@1fl.cuni.cz

Abstract. The function of lung tissue is regulated via a release of neurotransmit-
ters from autonomic nerves. The neurotransmitters of sympathetic nervous system,
adrenaline and noradrenaline, activate both a-adrenoceptors and (3-adrenoceptors.
Although the function and expression of 3-adrenoceptors can be considered major,
some doubts exist about the function and expression of aj-adrenoceptor subtypes
in the lung tissue. Therefore a set of competition binding experiments was employed
in order to discriminate between the «ap-adrenoceptor binding site subtypes in the
rat lung. We identified three subpopulations of «;-adrenoceptor binding sites in
the rat lung (a1, a1 and aip).

Key words: aj-adrenoceptor subtypes — Lung — Rat

a-adrenoceptors belong to the most numerous family of membrane receptors —
the G-protein coupled receptor family. They can be divided into three subtypes:
a1a, a1 and agp (Zhong and Minneman 1999). All these subtypes activate Gq/11
family of G-proteins and consequently phospholipase C3 (PLC) that cleaves phos-
phatidilinositol to inositoltrisphosphate and diacylglycerol. Both molecules are able
to act as second messengers. Tissue distribution of these receptor subtypes is now
generally considered to be a mixture of all three subtypes (Zhong and Minne-
man 1999). Although the role of o;-adrenoceptors in the lung function is assumed
to be minor, some findings have revealed the role of low-affinity prazosine binding
sites (previously assumed as a1y, receptors) in allergic bronchoconstriction (Nobata
et al. 2002). This finding is also important as the ligand used (JTH-601) in this
study has high affinity for aja- and a;ip-adrenoceptors but low affinity for a;ip-
adrenoceptors (Takahashi et al. 2000). Surprisingly, some papers have described
only two subtypes in the lung tissue (Yang et al. 1998). On the other hand, in the
middle of 90’s, Hiramatsu et al. (1994) have suggested that the aj-adrenoceptors
of rat lung are composed of three distinct subtypes. Similarly, all three mRNA sub-
types have been detected in the lung tissue (Faure et al. 1994; Alonso-Llamazares
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cine, Charles University, Albertov 5, 128 00 Prague, Czech Republic.
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et al. 1995). Nevertheless, the relationship between mRNA and protein expression
is not always obvious (Zhong and Minneman 1999). Therefore we have employed
the set of competition binding experiments with selective antagonists for a4 (RS
17053), a1p (L-765,314) and oiyp (BMY 7378) aiming to determine the binding site
subtype proportion in the lung tissue.

Experiments were performed on adult Wistar male rats (200-250 g weight,
age 4655 days). They were housed in standard conditions (12/12 light/dark cycle,
feeding and drinking water ad libitum). Animals were sacrificed by cervical dis-
location and decapitation. Lung tissue was isolated, adjacent tissue was carefully
discarded, the lung tissue was weighed, cut to small pieces and homogenized with
an UltraTurrax homogenizer (Janke and Kunkel, Staufen, Germany) in an ice-cold
saline. The homogenates were stored frozen at —20°C until the measurements of ra-
dioligand binding. Radioligand binding experiments were performed as described
previously (Myslivecek et al. 2003) with minor modifications. The homogenates
were re-homogenized just before the addition of tissue to the mixture of radioli-
gad and antagonist. Preliminary saturation binding experiments with *H-prazosin
(specific activity 2.77 TBq/mmol; Amersham Biosciences, Little Chalfont, Buck-
inghamshire, UK) revealed the following binding parameters: Byax = 253 fmol/mg
of protein (255.7 and 250.3) and Kp = 585 pmol/l (657.1 and 514.7). The Kp
value is in good agreement with our previously published data on rat heart o;-
adrenoceptors (Mysliveéek et al. 2003) and Bpax is similar to the data of other
authors on lung 3H-prazosin binding (Latifpour and Bylund 1983). The competi-
tion binding experiments with 3H-prazosin (560 pmol/l) and specific antagonists
were performed in order to ascertain the proportion of aj-adrenoceptor subtypes in
the lung tissue. The following compounds were used as specific antagonists for a;a,
agp and aip: RS 17053 (Tocris-Coocson, Bristol, UK), L-765,314 and BMY 7378
(Sigma-Aldrich, Prague, Czech Republic). The antagonists’ ranges were between
107 and 107° mol/1 (RS 17053), between 10~!% and 10~* mol/1 (L-765,314), and
between 10719 and 10~* mol/1 (BMY 7378) using two concentrations per grade.
The incubations were performed in triplicates in 25°C for 90 min and were termi-
nated by fast washing with ice-cold distilled water — the same washing method as
published previously (Myslivecek et al. 2003) — through Whatman GF/B filter that
were pre-soaked in distilled water in order to diminish the non-specific binding with
the use of a Brandel cell harvester. Generally, the washing of filters using Brandel
cell harvester is extremely fast and therefore the differences in the composition of
washing fluid are not of great effect on the binding. Moreover, we have compared
the binding on filters washed with buffer and ice-cold distilled water and no dif-
ferences have been found, therefore we have employed this washing method. The
filters were dried overnight and the radioactivity retained on them was measured by
liquid scintillation spectrometry using Bray’s solution. Proteins were determined
using modified Lowry’s method. Data were analysed using GraphPad Prism 3.0
program (GraphPad Software, San Diego, CA).

All three a-adrenoceptor binding site subtypes were detected in the rat tissue,
i.e. all three antagonists competed with *H-prazosin in a biphasic manner (see
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aq-adrenoceptor lung subtypes
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Figure 1. The competition binding of *H-prazosin and different antagonists in the lung.
Data from three independent experiments are presented as means + S.E.M. Abscissa:
common logarithm of competitor concentration (ccomp) in mol/l. Ordinate: % of total
bound. Explanation of symbols is inserted.

Table 1. The affinities and fractions revealed from competition binding experiments. Data
from three independent experiments performed in triplicates are expressed as means +
S.E.M.

Competitor Fraction 1 (%) pKB1 pKB2

RS 17053 32.72 + 3.49 9.76 £ 0.29 6.85 £ 0.16
L-765,314 23.06 £+ 2.83 9.28 £ 0.29 5.79 £+ 0.25
BMY 7378 21.07 £+ 2.47 9.37 £ 0.25 5.90 £ 0.39

Figure 1). The respective values of high affinity fraction, pKB1 and pKB2, are
given in Table 1. We can therefore conclude that the lung tissue contains all three
binding site subtypes of aj-adrenoceptors. As it can be seen from the Table 1,
there is another proportion of *H-prazosin binding that is undistinguishable by «;
antagonists.

It has been mentioned previously that the major attention was paid to the
function of (-adrenoceptors and the consequences of «j-adrenoceptor function
are still not clear. The results concerning the role of aj-adrenoceptors in asthma
are difficult to interpret (for review, see Goldie et al. 1990). Although the role
of aj-adrenoceptors in the function of respiratory tract is not fully understood
yet, some findings suggest the possibility that their role lies in the potentiation of
(-adrenoceptor function (Nousiainen et al. 1977; Goldie et al. 1990). The role of
ap-adrenoceptor subtype has not been studied yet. There are some findings that
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lung tissue also contains as-adrenoceptors (for review, see Calzada and de Artinano
2001). Our results show that all three aj-adrenoceptor binding site subtypes are
present in the lung tissue. All three competitors revealed high-affinity binding sites
whose binding affinities (pKBj, see Table 1) were comparable to that for cloned
a1a-, a1p- and ajp-adrenoceptor subtypes. Thus, pKB1 revealed by RS 17053
(a1a-specific antagonist) was almost same (9.76 vs. 9.1-9.9) as that indicated by
Ford et al. (1996) for cloned aja-adrenoceptors, pKB1 for L-765,314 (a;p-specific
antagonist) was similar (9.28 vs. 8.7) to that indicated by Patane et al. (1998) for
cloned «ajp-adrenoceptors, and pKB1 for BMY 7378 (specific antagonist of ajp-
adrenoceptors) was virtually same (9.37 vs. 9.0-9.4) as that reviewed by Willems et
al. (2003) for cloned ajp-adrenoceptor. On the other hand, the low affinity binding
sites (pKB2) have shown the values that implies to the presence of more binding
sites with similar affinities. By other words, it shows the presence of one high-
affinity binding site and the other (with low affinity) that is mixture of two other
ap-adrenoceptor binding site subtypes. Moreover, there is another proportion of
3H-prazosin binding that is undistinguishable by «; antagonists (see Table 1). As
3H-prazosin also binds to the ap-adrenoceptors, it is possible to assign this binding
to ag-adrenoceptors. These receptors are also present in the lung tissue as have
been demonstrated multiple times (for review, see Goldie et al. 1990).

Our results, describing three binding sites, are in good agreement with data
from the studies that detected mRNAs for these receptor subtypes (Faure et al.
1994; Alonso-Llamazares et al. 1995). Also, Hiramatsu et al. (1994) have identified
three subtypes in rat lung using radioligand binding studies. However, the authors
could only concluded, in context with erstwhile knowledge, that in the rat lung
14, a1 and unknown subtypes are present. On the other hand, Yang et al. (1998)
have identified only a; and a3 binding subtypes in the murine tissue. Similarly,
Calzada and de Artinano (2001) have reviewed also the expression of two mRNAs
(a1a and agp only). It is not fully clear why our data vary from those obtained
from papers by Yang et al. (1998) and Calzada and de Artinano (2001). Contrary to
that, there is another reference (Hiramatsu et al. 1994) showing the binding to all
three a-adrenoceptor subtypes. Our finding of three subtypes of a;-adrenoceptor
binding sites in lung seems to support opinion on the existence of all three (aja-,
a1p- and ajp-adrenoceptor subtypes) in this tissue.
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Abstract

Since there exist some obscurities in the expression of mRNAs and their receptors in the heart, we have investigated the gene expression
(mRNA levels) of adrenoceptors (aa-, at1p-, P1-, B2-, P3-) and muscarinic receptors (M,) and the density of receptor binding sites (cj5-, 0t1p-,
31-, P2-adrenoceptors, muscarinic receptors). Moreover, the heart regions consist of tissue rich in ganglion cells (that are of importance in heart
neural circuits) and those virtually free of them (myocytes). Therefore, we have examined the differences in the distribution of mRNAs/receptor
binding sites in the atrial samples of the heart rich in ganglion cells vs. those are virtually free of them. Binding sites and mRNAs of muscarinic
receptors and ap-adrenoceptors differ in their distribution in different heart regions. The mRNAs for 3,- and PB,-adrenoceptors were almost
equally distributed herein, while the amount of 3-adrenoceptors significantly differs in the heart regions. The oy 5- and B3-adrenoceptors mRNAs
were also found in all investigated heart regions, but at significantly lower level and have not shown region differences. This is a new finding,
especially to B3-adrenoceptors, as they were not regularly found in each heart regions. a;g-adrenoceptors have similar distribution of their
mRNAs and binding sites in some heart parts. Thus, we can conclude that there are noticeable differences in the presence of receptors in heart

regions that contain ganglion cells in comparison to those are virtually free of them.

© 2005 Elsevier Inc. All rights reserved.

Keywords: Adrenoceptors; Muscarinic receptors; Heart; Binding; mRNA

Introduction

The force and rate of cardiac contractions adapt continually
to the changing needs of the organism. Sympathetic nerves
(releasing noradrenaline) and vagal nerves (releasing acetyl-
choline) are mainly responsible for the short-term regulation of
the heart activity in mammals, together with the changing
concentrations of adrenomedullary hormones (adrenaline and
noradrenaline) in the blood plasma. Noradrenaline and
adrenaline act via the adrenoceptors, while the action of
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Charles University, Albertov 5, 128 00 Prague, Czech Republic. Tel.: +420
2249684845 fax: +420 224918816.
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0024-3205/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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acetylcholine is mediated by the muscarinic receptors (for
review see Brodde and Michel, 1999). Myocardial cells express
a broad spectrum of muscarinic receptors and adrenoceptors,
which belong to a large family of seven transmembrane-
spanning proteins, namely G-protein coupled receptors
(GPCRs). M, muscarinic and [3;-adrenoceptors are the most
important receptor subtypes expressed in cardiomyocytes
(Brodde and Michel, 1999), but the heart cells express also
the other subtypes, i.e. 35, and a;-adrenoceptors probably also
other non-M, subtype of muscarinic receptors (Wang et al.,
2004) and P; adrenoceptors (Gauthier et al., 2000). The
mRNAs for M, muscarinic receptors and ;- and PB,-
adrenoceptors have been repeatedly found in the heart (for
review see Brodde and Michel, 1999). The expression of minor
subtypes is now under investigation and has been discussed in
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recent reviews (Brodde and Michel, 1999; Granneman, 2001;
Zimmer, 1997; Myslivecek and Trojan, 2003; Wang et al.,
2004) or original papers (Kaumann and Molenaar, 1997;
Gautier et al., 1996; Hamilton et al., 2001; Colecraft et al.,
1998; Brixius et al., 2004). Wang et al. (2001) have identified
the muscarinic receptor subtypes and mRNAs in the human
heart. mRNAs for all muscarinic receptor subtypes have been
recently quantitated in the rat heart (Krejéi and Tucek, 2002).
Similarly, the ay-adrenoceptor subtype expression in the heart is
still a matter of debate and the differences in species expression
could exist (see Brodde and Michel, 1999; Michel et al., 1994;
Autelitano and Woodcock, 1998). Some discrepancies still exist
about the expression of 3 adrenoceptor subtype in the heart.
While Gautier et al. (1996), Gauthier et al. (2000) repeatedly
described their role in the heart, the others (Kaumann and
Molenaar, 1997) have challenged these findings (for review see
Gauthier et al., 2000). Very recently, the data about the function
of Ps-adrenoceptors in human heart dramatically increased
(Brixius et al., 2004; Tavernier et al., 2003; Pott et al., 2003) but
the data on rat myocardium are still controversial. Moreover, the
data about the gene expression of this receptor subtype in cells
that are almost of neuronal origin (neuronal ganglia) and that of
mainly of myocyte origin (non-ganglionic heart parts) are still
missing.

Cardiac ganglia are groups of cells that possess heterogenous
population of preganglionic, ganglionic and interconnecting
local circuit neurons. The neurotransmitter systems including
receptor to these molecules are still the subject of continuing
research. In the mammalian heart the intrinsic cardiac ganglia
are situated within the subepicardial plexus. A majority of them
were found in the left subepicardial plexus adjacent to the
pulmonary veins. Complex interactions between cardiac and
extracardiac ganglion cells play a crucial role in the regulation
of cardiac function. According to our knowledge, the gene
expression of receptor mRNA and the receptor binding in the
heart regions rich in ganglion cells and that virtually free of
them were not followed yet. Therefore, we have divided the
atrial heart parts into regions rich in these cells and those
virtually free of neuronal cells in order to discriminate the
possible differences in the gene expression (using the RT-PCR
identification of mRNA) and receptor binding site density
(using ligand binding studies).

We tried to identify mRNAs of adrenoceptor (a4, a1p, P1,
B>, P3) and muscarinic receptors (M;) and their binding sites
(a1, 1B, P1, P2, muscarinic receptors) in ten different heart
parts. We divided the rat heart into left and right atria rich in
ganglion cells or virtually free of ganglion cells, left and right
ventricles and septum. As there is no suitable binding technique
for Ps-adrenoceptor detection, these receptors were identified
on the mRNA level only.

Materials and methods
Tissue preparation

Adult male Sprague—Dawley rats (300-350 g b.w.) were
used. Animals were treated in accordance with the Guide for

Care and Use of Laboratory Animals and the experimental
protocol was approved by the Ethic Committee of the
Institute of Experimental Endocrinology. Animals were kept
on standard laboratory conditions with 12/12 light/dark cycle
(light on at 6.00 a.m.) and supplied by dry rat food and
drinking water ad libitum. After decapitation, hearts were
quickly removed and immediately separated into parts as
stated thereinafter. Seven heart parts were dissected for
radioligand binding experiments: right and left heart atrial
part virtually free of ganglion cells, right and left atrial tissue
with the majority of heart ganglia, left and right ventricles and
septum. Three more parts were dissected for the RT-PCR
experiments: atrial septum, apex and the ventricular septum
that was divided into upper and lower part. Samples were
collected in Eppendorf tubes, flash frozen in liquid nitrogen
and kept at —70 °C until use.

RNA isolation and relative quantification of mRNA levels by
RT-PCR

RNA was isolated by RNAzol. Concentration and purity of
RNA was determined spectrophotometrically on a GeneQuant
Pro (Amersham Bioscience). Reverse transcription was per-
formed using Ready-To-Go You-Prime First-Strand beads and
pd(N)s primer. PCR for specific receptors was carried out
afterward using the primers originally designed or obtained
from the references given in Table 1. The initial denaturation
was performed at 95 °C for 5 min followed by the process
described in detail in Table 1 with the exception of M,
muscarinic receptors when the denaturation lasting 5 min was
followed by 35 s annealing at 60 °C and 45 s polymerization at
72 °C (according to Krejci and Tucek, 2002 and the process
described in Table 1). Polymerization was performed at 72 °C in
all cases. The final polymerization lasting 7 min was performed
at 72 °C in all cases.

PCR products were analysed on 2% agarose gels and
visualised using ethidium bromide. As a control, the house-
keeper glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
was used. Intensity of the individual bands was evaluated by
PCBase software. For semiquantitative evaluation the values
were normalised to the signal obtained with GAPDH.

Radioligand binding experiments

Preliminary saturation binding

The tissue was weighted and samples from 2—4 animals was
pooled and homogenised for 30—45 s in homogeniser (Ultra-
Turrax® T25 basic IKA®-Werke 24,000 r.p.m.) in physiological
saline keeping the tissue on ice.

Density of muscarinic binding sites (B,x) were computed
by non-linear regression of data obtained in saturation
experiments with the binding of 31.25—-1000 pmol/l [’H]QNB
to cardiac tissue homogenates performed in duplicates. The
non-specific binding was determined in the presence of 5 pmol/
| atropine and was less than 10%.

Density of p-adrenergic binding sites (B,ax) Were computed
from saturation experiments with the binding of 62.5—
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Table 1
Primer sequences and protocols used in PCR reactions
Gene Primer sequence Fragment  Denaturation Annealing Polymerization =~ Number of  Reference
size [°C)/time [s] [°C)/time [s] time [s] cycles
QpA- Sense: 5'-CGA GTC TAC GTA 204 95/60 65/30 60 31 (Salomonsson
adrenoceptors GTA GCC-3’ antisense: 5'-GTC et al., 2001)
TTG GCA GCT TTC TTC-3'
R Sense: 5'-ATC GTG GCC AAG 201 95/60 62/30 60 36 (Salomonsson
adrenoceptors ~ AGG ACC-3’ antisense: 5'-TTT et al., 2001)
GGC TGC TTT CTT TTC-3’
Bi- Sense: 5'-GCC GAT CTG GTC 326 94/60 65/60 60 36
adrenoceptors ~ ATG GGA-3’ antisense: 5-GTT
GTA GCA GCG GCG CG-3’
Bo- Sense: 5'-ACC TCC TTC TTG 540 94/60 65/60 60 36
adrenoceptors ~ CCT ATC CA-3’ antisense: 5'-
TAG GTT TTC GAA GAA GAC
CG-3’
Bs- Sense: 5-GCA ACC TGC TGG 418 94/60 60/30 60 36
adrenoceptors ~ TAA TCA CA-3' antisense: GGA
TTG GAG TGA CAC TCT TG-3’
M, muscarinic Sense: 5'-TAC CCT CTA CAC 363 95/45 62/35 40 34 (Krej¢i and Tucek,
receptors TGT GAT TGG C-3’ antisense: 2002)
5'-ATG ATG ACA GGC AGA
TAG-3'
GAPDH Sense: 5-AGA TCC ACA ACG 309 94/60 60/30 60 37

GAT ACA TT-3/ antisense: 5’-TCC
CTC AAG ATT GTC AGC AA-3’

All polymerizations were performed at 72 °C. The initial denaturation was performed at 95 °C for 5 min with the exception of M, muscarinic receptors when the
denaturation lasting 5 min was followed by 35 s annealing at 60 °C and 45 s polymerization at 72 °C. The final polymerization lasting 7 min was performed at 72 °C in

all cases.

2000 pmol/l [*H]JCGP 12177 to the tissue homogenates
performed in duplicates. The non-specific binding was
determined in the presence of 5 umol/l propranolol and was
less than 15%.

Density of aj-adrenergic binding sites (Bax) were computed
from saturation experiments with the binding of 62.5—
2000 pmol/l [*H]prazosin to the tissue homogenates performed
in duplicates. The non-specific binding was determined in the
presence of 100 pmol/l phentolamine and was less than 15%.

The incubation was performed at 38 °C and lasted 2 h with
[PHJQNB, 1 h with [’H]CGP 12177 and 90 min at 25 °C with
[*H]prazosin. In all cases, the incubation was terminated by a
filtration through Whatman GF/B glass fibre filters in a Brandel
cell harvester when the filters were washed with ice-cold water.
Radioactivity retained on the filters was measured by
scintillation counting in Bray’s solution after desiccation
overnight. The dissociation constants (Kp) were computed
and used for the “single-point” measurement in order to
determine the number of receptors saving the amount of tissue
needed, as described below.

Radioligand binding using “single-point” measurements

The densities of muscarinic, a- and B-adrenergic receptor
binding sites were determined by using single point measure-
ments of the binding. Homogenates were incubated in a single
fully saturating concentration of the radioligand (1000 pmol/
1 PH]QNB for muscarinic receptors, 1000 pmol/l [*H]prazosin
for a-adrenergic receptors and 3200 pmol/I [*H]CGP 12177 for
R-adrenergic receptors), and the B, values were computed
according to the equation B,.c=Bx([L]+Ky)/[L] (1), where

B=bound of radioligand [fmol/mg of protein], L=radioligand
concentration [fmol/l], and K; =Kp [fmol/l] of the radioligand.
All of the tissue samples were processed in triplicates.

Determination of the densities of a4~ and o;g-adrenoceptors

Homogenates were incubated for 90 min at 25 °C. The
composition of the incubation medium corresponded to that of
the medium used for homogenisation, with the addition of [*H]
prazosin as the specific radioligand (800 pmol/l), and of the
subtype-selective antagonists where indicated. To ascertain the
proportion of the a4 and a;p subtypes, the binding of [*H]
prazosin was determined in duplicates in the absence and the
presence of 10~ ® mol/l RS17053 (a selective a; s-adrenoceptor
antagonist) or 10~ ® mol/l L-765,314 (a selective o;p-adreno-
ceptor antagonist). The concentrations of RS17053 and L-
765,314 suitable to distinguish the a;5- and ayg-adrenoceptor
subtypes had been determined in preliminary experiments using
the full competition curve (data not shown) with three
concentrations of antagonist per grade.

Determination of the densities of ;- and Br-adrenoceptors
Homogenates were incubated for 60 min at 38 °C. The
composition of the incubation medium corresponded to that of
the medium used for homogenisation, with the addition of [*H]
CGP 12177 as the specific radioligand (400 pmol/l), and of
the subtype-selective antagonists where indicated. To ascertain
the proportion of the 3, and B, subtypes, the binding of [*H]
CGP 12177 was determined in duplicates in the absence
and the presence of 107 mol/l CGP 20712A (a selective B-
adrenoceptor antagonist) or 10~ % mol/Il ICI 118.551 (a selective
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P,-adrenoceptor antagonist). The concentrations of CGP
20712A and ICI 118.551 suitable to distinguish the ;- and
,-adrenoceptor subtypes had been determined in preliminary
experiments using the full competition curve with three
concentrations of antagonist per grade. In all instances the
proportion of total [PH]JCGP 12177 binding inhibited by 10~ ’
mol/l CGP 20712A was virtually identical with the proportion
of binding not inhibited by 10™* mol/I ICI 118.551, and the
proportion of binding inhibited by 10~ ® mol/I ICI 118.551 was
virtually identical with the proportion of binding not inhibited
by 1077 mol/l CGP 20712A.

Data analysis

Radioligand binding data have been treated as described
previously (Myslivecek et al., 2003), with the use GraphPad
Prism 3.0 (GraphPad Software, San Diego, CA) program.
Statistical differences among groups were determined by one-

way analysis of variance ANOVA. For multiple comparison, an
adjusted #-test with P values corrected by the Student—
Newman—Keuls Method or Dunn’s methods were used. For
some comparisons the #-test was also used (see further text for
details).

Source of reagents

[*H]Quinuclidinyl benzilate ([*HJQNB, 1.59 TBg/mmol),
-(—)4-(3-tert-butylamino-2-hydroxypropoyx)-[5,7° H]benzimi-
dazol-2-one ([*H]JCGP 12177, 1.85 TBq/mmol), and [3H]
prazosin (75 Ci/mmol) were purchased from Amersham
Pharmacia Biotech (Little Chalfont, Buckinghamshire,
England). Atropine and propranolol were from ICN
Biomedicals Inc., Aurora, OH, USA; compounds
CGP20712A  ((1-[2-(3-carbamoyl-4-hydroxyphenoxy)-ethyla-
mino]-3-[4-(1-methyl-4-trifluormethyl-2-imidazolyl)-phe-
noxy]-propanol-methansulfonate), ICI 118.551 (erythro[£]-1-
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Fig. 1. Above: distribution of a; o-adrenoceptor, a;g-adrenoceptor and muscarinic receptor mRNA in different heart regions. RA, right atria virtually free of ganglion
cells; RG, right atria rich in ganglion cells; RV, right ventricle; LA, left atria virtually free of ganglion cells; LG, left atria rich in ganglion cells; AS, atrial septum; LV,
left ventricle; Ap, apex; US, upper septum; LS, lower septum. Data are expressed as means+S.E.M. and represent an average of at least 5 animals. An example of gel
electrophoresis with aj5-, ajp-adrenoceptor and muscarinic receptor primers is inserted. Bottom: distribution of binding sites to o;a-, ajp-adrenoceptors and
muscarinic receptors in different heart regions. Legend as above; Sp, ventricular septum. Data are expressed as means+S.E.M. and represent an average of 3—5
experiments where the tissues from 3 to 4 animals have been pooled. *Significantly different from LG. *Significantly different form LV. Significantly different from

RV. "Significantly different from RA.

+Signiﬁcantly different from Sp. 1Signiﬁcantly different from LA.
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[7-methylindan-4-yloxyl]-3-isopropylamino-butan-2-ol), L-
765,314 ((25)-4-(4-amino-6,7-dimethoxy-2-quinazolinyl)-2-
[[(1,1-dimethylethyl)amino]carbonyl]-1-piperazinecarboxylic
acid, phenylmethyl ester), HEPES (N-(2-hydroxyethyl)-
piperazine-N’-2-ethanesulfonate) were purchased from
Sigma Czech Republic. RS 17053 ((N-[2-(2-Cyclopropyl-
methoxyphenoxy)ethyl]-5-chloro-a,a-dimethyl-1H-indole-3-
ethanamine) hydrochloride) was from Tocris—Coocson (Bris-
tol, UK). RNAzol was from Tel-Test, USA, Ready-To-Go
You-Prime First-Strand beads and pd(N)g primer were from
Amersham Biosciences (AP Biotech Czech Republic). Buffer
F511 and polymerase (DyNAzyme II Polymerase) were from
Finnzymes, USA.

Results

Levels of mRNA coding for adrenoceptors and muscarinic
receptors in heart areas

Data obtained from these experiments are shown in Figs. 1
and 2 (upper part). One-way ANOVA have shown that the

J. Myslivecek et al. / Life Sciences 79 (2006) 112—120

amount of mRNA of M, muscarinic receptors (»p=0.011) and
ap-adrenoceptors (p<0.002) significantly differs in the areas
of our interest. In more detail, the amount of M, mRNA was
significantly higher in the left atria than in the upper part of the
septum (see Fig. 1, upper part). When comparing the areas with
t-test, the significant difference can be found between left and
right atrial part virtually free of ganglia, left atria atrial part
virtually free of ganglia and upper part of septum, left ventricle
and upper part of septum and also between left ventricle and
atrial septum. The significant differences were also achieved in
the amount of o;g-adrenoceptor mRNA between the following
heart areas: in the left atrial part virtually free of ganglia, there
was higher expression of mRNA than in the right atrial part
virtually free of ganglia and also than in the atrial septum, in the
right ventricle there was higher amount of mRNA than in the
right atrial part virtually free of ganglia and in the atrial septum,
and, finally, in the left ventricle the expression of ojp-
adrenoceptor mRNA was significantly higher than in the right
atrial part virtually free of ganglia and atrial septum (see Fig. 1,
upper part). When comparing the areas with ¢-test, the
significant difference can be found between the right atrial
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Fig. 2. Above: Distribution of -, ,-, p3-adrenoceptor mRNA in different heart regions. For legend see Fig. 1. Data are expressed as means+S.E.M. and represent an
average of at least 5 animals. The example of gel electrophoresis with 3,-, 3,-, B3-adrenoceptor primers is inserted. Bottom: distribution of binding sites to op-
adrenoceptors in different heart regions. For legend see Fig. 1. Data are expressed as means+S.E.M. and represent an average of 3—5 experiments where the tissues
from 3 to 4 animals have been pooled. *Significantly different from septum. “Significantly different from LV. *Significantly different from RA.
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part virtually free of ganglia and the right atrial parts rich in
ganglion cells.

Radioligand binding experiments

Preliminary saturation binding

Preliminary saturation binding experiments (n=3, tissue was
pooled from 2 to 4 animals) have shown the Kp=0.59+0.07
nmol/l for a-adrenergic receptors, Kp=0.69+0.08 nmol/l for [3-
adrenoceptors, and Kp=0.09+0.02 nmol/l for muscarinic
receptors. The respective B, were as follows (fmol/mg
prot.): a-adrenergic receptors: atria 234.74+36.59, ventricles
304.35+19.38; p-adrenoceptors: atria: 32.48+3.69, ventricles:
35.58+3.29; muscarinic receptors: atria: 281.70£58.68, ven-
tricles: 99.87+5.64.

Radioligand binding using “single-point” measurements and
determination of the densities of o;4-, 05~ P;- and Bs-
adrenoceptors and M, muscarinic receptors

Data obtained from these experiments are shown in Figs. 1
and 2 (bottom part). One-way ANOVA have shown that there is
significant difference in the density of receptor binding sites for
arp- (<0.001), - (p=0.025), B,-adrenoceptors (p<0.001),
and muscarinic receptors (p<0.001) in the different heart
regions.

In more detail, the densities of ajg-adrenoceptor binding
sites were higher in the left atrial part rich in ganglion cells than
in the left atrial part virtually free of ganglion cells and in the
right atrial part virtually free of ganglion cells and also in the
right atrial part rich in ganglion cells Moreover, the receptor
density is higher in the left ventricle than in the left atrial part
virtually free of ganglion cells, right atrial part virtually free of
ganglion cells and right atrial part rich in ganglion cells; the
density is higher in the right ventricles than in the right atrial
part virtually free of ganglion cells and left atrial part virtually
free of ganglion cells; and, finally, the receptor density
measured in the septum was higher than the density in the left
and right atrial parts virtually free of ganglion cells. The {3;-
adrenoceptor density (tested by #-test) was higher in the septum
than in the right atrial part virtually free of ganglion cells and
left ventricles, and the density in the right ventricles was higher
than in the right atrial part virtually free of ganglion cells. On the
contrary, the density of 3;-adrenoceptors in the left atrial part
rich in ganglion cells was higher than in the left ventricles. The
densities of 3,-adrenoceptors were lower in all regions than in
the septum. When using #-test, there was also a significant
difference between the density of binding sites in the right atrial
parts containing ganglion cells (it was higher) than the density
of these binding sites in the right atria virtually free of neuronal
ganglionic cells. The amount of M, muscarinic receptors was
higher in the left atrial part virtually free of ganglion cells than
in the right ventricles. When the #-test for comparing two areas
each other was applied, the following differences were revealed:
the receptor density was higher in the right atrial part virtually
free of ganglion cells than in the right atrial parts containing
ganglion cells, in the left ventricles and in the septum. The
density was higher in the left atrial part virtually free of ganglion

cells than in the left atrial part rich in them, and in the septum.
The density was also higher in the right atrial part rich in
ganglion cells than in the right ventricle, and in the septum.
Similarly, the density was higher in the left atrial part rich in
ganglion cells than in the left ventricle, right ventricle and than
in the septum.

Taken together, the data obtained can be summarized:

1) The a;a-adrenoceptor mRNA levels and density of binding
sites are equally distributed in the heart and do not reveal the
differences between parts rich in ganglion cells and that free
of them.

2) The highest levels of «;g-adrenoceptor mRNA were
observed in left ventricle, right ventricle and left atrial part
virtually free of ganglion cells in which values were
significantly higher than mRNA levels in the atrial septum
and right atrial part virtually free of ganglion cells (see Fig.
1, upper part). Moreover, the amount of mRNA in the right
atrial tissue rich in neuronal ganglia was higher than that in
the right atrial part free of ganglia. The density of op-
adrenoceptor binding sites was higher in the ventricles than
in the atrial parts without ganglia. The differences were also
evident in left atrial parts virtually free of ganglion cells and
that rich in ganglion cells. The highest densities of o p-
adrenoceptor binding sites observed in the left ventricle and
left atrial ganglionic part (LV, LG, Fig. 1, bottom part)
correspond to the mRNA measurements (Fig. 1, upper part).
The lowest receptor densities were observed in the right atria
free of ganglion cells that is in agreement with the low
amount of mRNA in that part.

3) The p;-adrenoceptor mRNA is equally distributed in the
heart and do not reveal the differences between parts rich of
neuronal ganglia and that free of them. On the other hand
there were some differences in the density of receptor
binding sites between different regions (septum vs. right
atrial part virtually free of ganglion cells and left ventricles,
right ventricles vs. right atrial part virtually free of ganglion
cells, left atrial part rich in ganglion cells vs. left ventricles).

4) Although the Pj-adrenoceptor mRNA was equally distrib-
uted in the heart parts, the densities of binding sites were
significantly higher in the septum than in the other parts.
Also, the density of binding sites in the right atrial part rich in
ganglion cells was higher than the density of these binding
sites in the right atrial part virtually free of ganglion cells.

5) We were able to detect B3-adrenoceptor mRNA in all heart
regions.

6) The highest amount of M, muscarinic receptor mRNA was
found in the left atrial part virtually free of ganglion cells
what correspond to the highest amount of receptor binding
sites in this region. Moreover, there was higher density of
receptor binding sites in that region than in the left atrial part
virtually free of ganglion cells. Similarly, the density of
muscarinic receptor binding sites was higher in the right
atrial tissue without ganglia than in the right atrial part rich in
ganglion cells.

7) It is evident, that the amount of «;g-adrenoceptor mRNA
(see Fig. 1, upper part; significant differences not marked) as

40



118 J. Myslivecek et al. / Life Sciences 79 (2006) 112—120

well as the density of ag-adrenoceptor binding sites (see
Fig. 1, bottom part; significant differences not marked) is
higher than the amount of «;-adrenoceptor mRNA and
aga-adrenoceptor binding sites in following heart areas:
right atrial part rich of ganglion cells, left atrial part virtually
free of ganglion cells, left ventricle and apex.

8) The amount of mRNA of ;- and B,-adrenoceptors did not
differed in right atrial part rich of ganglion cells and that
virtually free of them, and in the left atrial part virtually free
of ganglion cells (Fig. 2, upper part), but was different in the
left atrial part rich of ganglion cells. The difference was also
apparent in the right ventricle. On the contrary, the density of
receptor binding sites in these areas was different (see Fig. 2,
bottom part).

Discussion

Generally, the amount of appropriate mRNA coding
adrenergic and muscarinic receptors in the respective heart
region corresponds to the density of receptor binding sites in
that area. Some exceptions can be found in the atria when
compared to the amount of o mRNA and binding sites in
parts rich in ganglion cells and that virtually free of them.
Similarly, we have found that the highest amount of mRNA for
M, muscarinic receptor is expressed in the left atrial part
virtually free of ganglion cells that corresponds to the highest
density of receptor binding sites in that heart part and also that
the lesser amount of mRNA is expressed in the left atrial part
rich in ganglion cells, that is in agreement with the density of
binding sites in that area. On the other hand, the amount of M,
muscarinic receptor mRNA did not differ in the ventricular
heart parts and in the atrial regions, but the density of binding
sites was higher in the atrial parts without neuronal ganglia.
These results suggest that the muscarinic receptor reserve could
exist. One could speculate that this reserve might allow the
receptor protein in the ventricles to be rapidly transcribed in the
case of an acute need. These results vary from that of Krejci and
Tucek, 2002 that have found the amount of M, mRNA higher in
the atria than in the ventricles. Although we do not know the
reason for this discrepancy, the difference could lie in the fact
that these authors did not divide the atria into parts virtually free
of ganglion cells and those regions rich in ganglion cells.
Moreover, these authors used another strain of rats. This can be
evident from the fact that the left atrial tissue free of ganglia has
the similar mRNA expression as the density of binding sites. It
is also possible to mention that even if there was no difference in
the mRNA expression of ;- and [,-adrenoceptors, the
receptors, determined using radioligand binding experiments,
were differently expressed in the heart regions. This is mainly
the case of Pj-adrenoceptors: mRNA was almost equally
distributed in all the heart regions but the transcript was
especially found in the ventricular septum.

Our results have shown that mRNAs for muscarinic
receptors and a;g-adrenoceptors are differently distributed in
the ten heart parts. Also, the densities of binding sites of
muscarinic receptors and ag-adrenoceptors have been signif-
icantly different in heart parts analysed in our study. On the

contrary, mRNAs of ;- and Pj-adrenoceptors were not
differently distributed in the heart regions while the respective
receptors, determined using radioligand binding experiments,
were. aqa-adrenoceptor and (3-adrenoceptor mRNAs have a
similar distribution in the heart regions we have divided.
According to our knowledge this is the first observation about
the distribution of mRNAs and their transcripts in ten heart
regions in which atria were divided into parts virtually free/rich
of ganglion cells.

In brief, our data agree with that reviewed by Brodde and
Michel (1999) for human heart in the following conclusions:

1) in the heart, the amount of ;-adrenoceptors is much higher
than that of 3,-adrenoceptors,

2) the amount of a;g-adrenoceptors is much higher than that of
o a-adrenoceptors,

3) the amount of aj-adrenoceptors was much higher in the
ventricles than in the atria,

4) the density of muscarinic binding sites is much higher in the
atria than in the ventricles,

5) the amount of B3-adrenoceptor mRNA is very low.

But, as it has been mentioned before, our data are new in the
findings about the distribution of all receptor subtypes in the
heart regions rich in ganglion cells. This fact can be of great
importance in receptor regulation and in mutual interconnection
between different receptor subtypes both in myocyte and
neuronal cells.

In general, our data also agree with those of Wolff et al.
(1998) about the distribution of a;-adrenoceptor mRNA in
different parts of the heart although we do not find the
differences in the distribution of «j-adrenoceptor mRNA.
Moreover, we were able to identify not only the differences in
the distribution of mRNA, but also in the density of binding
sites for a;p-adrenergic receptors.

We have also obtained similar result as Hardouin et al.
(1998) about the distribution of B,-adrenoceptor mRNA in the
different heart chambers, despite the fact that these authors did
not discriminate between heart parts rich in ganglion cells and
that virtually free of ganglion cells.

Even though the expression of mRNAs for M, muscarinic
receptors, (3;- and P,-adrenoceptors, a;g-adrenoceptors was
repeatedly noticed in the rat heart (for review see Brodde and
Michel, 1999), there still exist doubts about the appearance of
Rs-adrenoceptor mRNA in the heart. Also, the expression of
o a-adrenoceptor mRNA was not regularly recorded and it is
conceivable that species differences may exist (for review see
Brodde and Michel, 1999). In respect to (s-adrenoceptors,
while majority of authors (for review see Gauthier et al., 2000)
have determined the (;-adrenoceptors functionally and also
found their mRNA, the others (Kaumann and Molenaar, 1997,
Oostendorp and Kaumann, 2000) have found only marginal
effects of Ps-adrenoceptor specific agonist on heart function.
Moreover, Evans et al. (1996), Berkowitz et al. (1995) and Krief
etal. (1993) were not able to identify p3-adrenoceptor mRNA in
the heart. We have identified the mRNA for 3-adrenoceptors in
all heart regions. On the other hand, it is important to note that

41



J. Myslivecek et al. / Life Sciences 79 (2006) 112—120 119

the average expression (in all heart regions) of B3-adrenoceptor
mRNA was about 5 times lower than those of 3;-adrenoceptors
and 2-3 times lower than those of 3,-adrenoceptors.

Similarly, we have confirmed that from the a-adrenoceptor
subtype mRNAs, the «ojg-adrenoceptor mRNA is more
abundant in the rat heart than that of a;-adrenoceptors. Of
course, it is necessary to mention that in the human heart the
amount of a;-adrenoceptors is much smaller than in the rat heart
(Brodde and Michel, 1999).

According to our knowledge this is the first study describing
the differences in the density of receptor binding sites and their
mRNAs in heart regions divided into parts virtually free/rich in
autonomic ganglion cells.

In brief, we have found that heart receptors to transmitters
that are released by autonomic nerves have different distribution
in heart regions. The mRNAs for these receptors have shown
less differences in the distribution throughout the heart regions
assuming that there could exist the other mechanisms (i.e.
transcriptional, posttranscriptional and posttranslational modi-
fication) that are able to determine the receptor binding sites
density on the membranes.

Conclusions

The main findings concerning the differences in receptor
mRNA/binding sites distribution between the heart parts
virtually free/rich in ganglion cells are as follows:

1) The amount of mRNA of muscarinic receptors and op-
adrenoceptors differ between heart regions,

2) The density of binding sites for muscarinic receptors, op-
adrenoceptors, Bi-adrenoceptors and [3,-adrenoceptors dif-
fer between heart regions.

Expressly, the heart parts virtually free/rich of ganglion cells,
differ in following:

3) We have found significant differences in the amount of -
adrenoceptor mRNA in heart regions comprising neuronal
ganglia and the other heart areas.

4) We have found significant differences in the «;g-adreno-
ceptor and (j-adrenoceptor density in heart regions
comprising neuronal ganglia and the other heart areas.

5) The levels of minor subtypes (a;5- and P3-adrenoceptors)
mRNA is some heart parts (in RA in case of oja-
adrenoceptor and in LA and RG of B3-adrenoceptor) similar
to the levels of major subtypes.

These results indicate the different roles of receptors in the
heart areas virtually free/rich in ganglion cells. This could be
seen on the level of mMRNAs as well as on the density of receptor
binding sites. Also, the finding that 35-adrenoceptor mRNA can
be found in all heart areas including that virtually free/rich in
ganglion cells, is new. We were able to identify the heart regions
rich in ganglion cells (right atrial part rich in ganglion cells) that
express relatively high levels of minor receptor subtypes
mRNA. These findings could indicate that not only myocytes

but also possibly other cells present in the myocardial tissue
could express this minor adrenoceptor subtype. In summary, the
differences in receptor expression in heart parts virtually free/
rich in ganglion cells could indicate the role of appropriate heart
part in the receptor mutual interconnections targeting in normal
heart function.
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Abstract Mammal heart tissue has long been assumed to be
the exclusive domain of the M, subtype of muscarinic receptor,
but data supporting the presence of other subtypes also exist.
We have tested the hypothesis that muscarinic receptors other
than the M, subtype are present in the heart as minor
populations. We used several approaches: a set of competition
binding experiments with pirenzepine, AFDX-116, 4-DAMP,
PD 102807, p-F-HHSiD, AQ-RA 741, DAU 5884, methoctr-
amine and tripinamide, blockage of M; muscarinic receptors
using MT7 toxin, subtype-specific immunoprecipitation
experiments and determination of phospholipase C activity.
We also attempted to block M;—M, receptors using co-
treatment with MT7 and AQ-RA 741. Our results show that
only the M, subtype is present in the atria. In the ventricles,
however, we were able to determine that 20% (on average) of
the muscarinic receptors were subtypes other than M,, with
the majority of these belonging to the M, subtype. We were
also able to detect a marginal fraction (6+2%) of receptors
that, based on other findings, belong mainly to the Ms
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muscarinic receptors. Co-treatment with MT7 and AQ-RA
741 was not a suitable tool for blocking of M;—M, receptors
and can not therefore be used as a method for Ms muscarinic
receptor detection in substitution to crude venom. These
results provide further evidence of the expression of the M,
muscarinic receptor subtype in the rat heart and also show that
the heart contains at least one other, albeit minor, muscarinic
receptor population, which most likely belongs to the Mjs
muscarinic receptors but not to that of the M3 receptors.

Keywords Heart - Immunoprecipitation -
MT7 mamba toxin - Muscarinic receptors -
Non-M2 muscarinic receptor - PLC activity

Introduction

Muscarinic receptors belong to the G protein-coupled receptor
family, and they transduce signals of the parasympathetic
nervous system, i.e. they can reduce the heart rate. To date,
five muscarinic receptor subtypes have been described and
cloned. The odd-numbered subtypes (M;, M3, Ms) stimulate
phospholipase C (PLC; via pertussis toxin-insensitive Ggq
protein), which cleaves phosphatidilinositolbisphosphate
(PIP,) to inositoltrisphosphate (IP;) and diacylglycerol
(DAG). The even-numbered subtypes (M,, M) inhibit
adenylyl cyclase (AC; via pertussis toxin-sensitive Gy
protein), i.e. they decrease the amount of cyclic adenosine
monophosphate (Moscona-Amir et al. 1989) and decrease
the activity of protein kinase A (PKA).

It has long been believed that only one subtype is present
in the mammalian heart—the M, receptor. This assumption
was experimentally supported by a study with M, knockout
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mice (Gomeza et al. 1999). However, the concept of the
heart possessing a fully homogenous muscarinic receptor
population has been challenged during the last decade
(reviewed concisely by Dhein et al. 2001).

Studies based upon mRNA expression

There are many papers dealing with M;—M5 gene expression in
the heart. Gallo et al. (1993) were first to report the presence
of a non-M; mRNA (namely, M,) in the mammalian heart,
and the presence of mRNA for the other muscarinic
acetylcholine receptor (mAChR) subtypes has been reported
as well (Hassal et al. 1993; Hoower et al. 1994; Sharma et al.
1996; Colecraft et al. 1998; Shi et al. 1999; Hellgren et al.
2000; Oberhauser et al. 2001; Wang et al. 2001). Quantitative
determination of mRNAs for all five mAChR subtypes has
been recently reported by Krej¢i and Tucek (2002).

Studies based upon radioligand binding/methods
to measure receptor protein

One of the pioneering studies on muscarinic receptor subtype
in the heart was reported in the strictly pharmacological paper
of Yang et al. (1993). These researchers concluded that the
second population of muscarinic receptors in the heart cells
of rats is of the Mj subtype. Shi et al. (1999) found (by
electrophysiological and pharmacological methods) not only
M3, but also My receptors in canine heart tissue, and Wang
et al. (2001) demonstrated the presence of multiple subtypes
(M;, My, M3 and Ms) in the human heart by immunochem-
istry and analysis of ligand binding. The minor population of
heart muscarinic receptors and, in particular, the functional
heart M3 muscarinic receptors was discussed in review of
Wang et al. 2004). In agreement with these results, Pérez et
al. (2006) confirmed the presence of mRNA of the M;—M5
mAChR subtypes in both human cardiac atria and
ventricles. Using immunoblotting methods, multiple anti-
gen blot assay (MABA) and enyzme-linked immunosor-
bent assay (ELISA) with subtype-specific antibodies they
also confirmed the presence of M;, M,, M3, My and M5
proteins in membrane preparations from both atria and
ventricles. These authors also suggest that muscarinic
receptor subtypes undergo discrete transitions from a
non-cooperative kinetics of non-interacting monomers to
a cooperative kinetics of interacting oligomers. Luthin et
al. (1988) found a small population of receptors in rat heart
with a high affinity for pirenzepine. However, they showed
that these [*H]pirenzepine-labeled cardiac receptors were
not precipitated by anti-M; antibody but by anti-M,
antibody. They therefore concluded that rat heart contains
pirenzepine-sensitive M, receptors. Luthin et al. (1988)
also found that anti-M; antibody did not precipitate QNB-
labeled receptor from rat heart.

@ Springer

Functional studies

As mentioned, the odd-numbered muscarinic receptors
have been characterized primarily as stimulators of inositol
metabolism. Consequently, evidence of increased phos-
phoinositide metabolism following cholinergic stimulation
is one of the experimental findings supporting the conclusion
that heart cells express more than one muscarinic receptor
subtype (see Brown and Brown 1983; Moscona-Amir et al.
1989; Nadler et al. 1993; Sterin-Borda et al. 1995; Sun et al.
1996). Wang et al. (2004, 2007) reviewed the ever-increasing
body of data indicating the presence of the M3 muscarinic
receptor and the functional consequences of the presence of
this receptor in human heart. As these reviews were focused
mainly on the human heart and the M3 muscarinic receptor,
the question of the existence of multiple subtypes existing in
the heart tissue and of species differences arises. Ford
et al. (1992) only found M, mRNA in the guinea pig heart,
although they did observe stimulation of phosphoinositide
metabolism that was not explainable by the properties of the
M, receptors. In sheep, IP; synthesis was found to decrease
with aging (Birk and Riemer 1992), and there was also a
substantial decrease in M, mRNA. Pharmacological charac-
terization revealed that the muscarinic population in sheep
heart is consistent with the properties of M, and of M3 or M5
receptors. Data from functional studies of phosphoinositide
metabolism changes in heart tissue and the data from the
studies following ontogenetic aspects of muscarinic subtypes
expression are still controversial: heart atria of rats express
M; and M, receptors in newborn rats, while only M, are
expressed in adult ones (Camusso et al. 1995; Borda et al.
1997). Nadler et al. (1993) described the stimulation of IP;
synthesis in rat ventricles. Sterin-Borda et al. (1995)
proposed that positive inotropy caused by carbachol in
isolated atria is secondary, mediated via the PLC-NO
pathway. Sun et al. (1996) concluded that the positive
inotropic effect of carbachol in myocytes from rat heart
ventricles is M3 mediated. To support their conclusion,
they reported the following experimental findings: (1) the
increase in the force of contraction cannot be blocked by
M, and M, antagonists but it can be blocked by the M3
antagonist; (2) IP3 accumulation is stimulated by carba-
chol and blocked by the M3 antagonist; (3) stimulation of
phosphoinositide hydrolysis is pertussis toxin-insensitive.
In agreement with these findings, Trendelenburg et al.
(2003, 2005) demonstrated, using M, and M3 knockout
mice, a heterogenous population of muscarinic receptors
mediating the inhibition of sympathetic transmitter release
(both M, and Mj receptors affect the release). Similarly,
Ponicke et al. (2003) demonstrated that the G, coupled
muscarinic receptor in the heart is of the M3 subtype. They
also found an increase in the heart rate after selective
stimulation of these receptors. In contrast, Colecraft et al.
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(1998) described the coupling of neonatal heart (ventricular)
M, receptors to G, coupling to PLC.

In summary

To date, the nature of the minor heart muscarinic subtype
remains unclear. The studies dealing with gene expression
are limited by the fact that they are not able to detect the
receptor protein expressed in the tissue, while the functional
studies are typically limited by the fact that there is no
specific ligand (agonist, antagonist) that is able to affect the
specific receptor subtypes.

Moreover, there are a number of questionable points that
need to be taken into consideration:

1) minor subtypes can differ in different species,

2) receptor expression and/or second messenger activation
can change during ontogenesis,

3) the expression of the total number of muscarinic
receptors differs in the heart atria and ventricles (a fact
not taken into account in all studies).

Here we attempt to quantify muscarinic receptor
subtypes—other than the M, subtype(s)— in the atria and
ventricles of rat heart using different approaches:

1) set of competition binding experiments using three
concentrations of antagonist per grade with pirenzepine,
AFDX-116, 4-DAMP, PD 102807, p-F-HHSiD, DAU
5884, AQ-RA 741, methoctramine and tripinamide;

2) blockage of M| muscarinic receptors using MT7 toxin;

3) subtype-specific immunoprecipitation experiments;
immunoprecipitation experiments are more sensitive
than the Western blots because the former do not show
protein expression as there is no binding to the
appropriate ligand.

4) activation of PLC and using specific competitors
(pirenzepine, DAU 5884 and AFDX 384) to block
the effects of carbachol;

5) attempted blocking of M;—M4 receptors using incubation
with AQ-RA 741 and MT7.

Material and methods
Reagents

PHINMS ([methlyl-*H]-N-scopolamine methyl chloride;
specific activity 84 Ci/mmol) and [3H]JQNB (L-quinuclidinyl
[L-quinuclidinyl [phenyl-4-*H]benzilate; specific activity
48 Ci/mmol) were obtained from Amersham Pharmacia
Biotech (Little Chalfont, Buckinghamshire, UK). AQ-RA
741 ((11-({4-[4-(diethylamino)butyl]-1-piperidinyl}acetyl)-
5,11-dihydro-6H-pyrido(2,3-b)) was a generous gift from

Boehringer Ingelheim (Biberach, Germany), p-F-HHSiD
(para-fluoro analog hexahydro-sila-difenidol hydrocholride)
was obtained from RBI (Natick, MA), pirenzepine (5,11-
dihydro-11-([4-methyl-1-piperazinyl]acetyl)-6H-pyrido(2,3-
b) benzodiazepin-6-one), methoctramine (methoctramine
tetrahydrochloride N,N'-bis [6-[[(2-methoxyphenyl)-methyl]
aminoJhexyl]-1,8-octane diamiline tetrahydrochloride)
and 4-DAMP (4-diphenylacetoxy-N-methylpiperidine
methiodide) were from Sigma (St. Louis, MO), compounds
DAU 5884 (8-methyl-8-azabicyclo-3-endo[3.2.1]oct-3-yl-
1,4-dihydro -2-oxo-3(2H)-quinazolinecarboxylic acid ester
hydrochloride) and AFDX 384 (N-[2-[2-[(Dipropylamino)
methyl]-1-piperidinyl]ethyl]-5,6-dihydro-6-oxo-11H-pyrido
[2,3b] [l,4]benzodiazepine-11 -carboxamide) were from
Tocris (Bristol, UK), compound PD 102807 ([carboxyethyl,
methyl, 9-O-methyl)]benzoxalazine isoquinoline) was a
generous gift from Parke-Davis Pharmaceutical Research,
tripinamide (tripinamide dihydrochloride) was a generous
gift from Prof. C. Melchiorre, MT7 (muscarinic toxin
7, green mamba toxin) was from the Peptide Institute,
(Osaka, Japan), AFDX-116 ([11-[12-diethylamino-methyl]-
1-piperidinil]acetyl]-5-11-dihydro-6H-pyrido-2-3-b][1,4]
benzo-diazepie-6-one]) was generous gift from Prof. H.
Ladinsky. Antibodies to muscarinic receptors were pur-
chased as follows: anti-M, (M9558) from Sigma-Aldrich
(Czech Republic), anti-M3 (sc-9108), anti-My (sc-9109) and
anti-Ms (sc-9110) from Santa Cruz Biotechnology (Santa
Cruz, CA), anti-M; from Alomone Labs (Jerusalem, Israel)
(AMR-001, lot AN-01), Santa Cruz Biotechnology (sc-9106,
lot A140) or Sigma-Aldrich (M9808, lot 90 K1372). All
anti-receptor antibodies used were from rabbit. Goat anti-
rabbit Ig (R5506) and donkey anti-goat Ig (G7767) were
obtained from Sigma-Aldrich.

Animals and preparation of homogenates

Experiments were performed on juvenile male Wistar rats
aged 46-55 days. The animals were handled in accordance
with the legislature of the Czech Republic and EU Guide-
lines, and the experimental protocol was approved by the
Committee for the Protection of Experimental Animals of
the Institute of Physiology. The animals were sacrificed by
cervical dislocation and decapitation. The cardiac atria and
left and right ventricles were isolated, connective tissue was
carefully discarded and the heart tissue was weighed, cut
into small pieces and homogenized with an UltraTurrax
homogenizer (Janke and Kunkel, Staufen, Germany) in ice-
cold medium consisting of 20 mmol 1" Na-HEPES (pH
7.4) and 1 mmol 1" MgCl,. The homogenates were filtered
through medical gaze and centrifuged for 10 min at 600 g at
4°C. The sediments were resuspended in homogenization
medium (the same as before) and washed twice by
centrifugation (10 min at 600 g). The supernatants were
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pooled and re-homogenized. The homogenates were stored
frozen at —60°C until the measurements of radioligand
binding.

Cell lines

Chinese hamster ovary (CHO) cells stably transfected with
the human genes for muscarinic m;—ms receptors were
provided by Dr. M. Brann, University of Vermont Medical
School, Burlington, VT. The cells were grown in plastic
dishes in Dulbecco’s modified Eagle’s medium with 10%
calf serum and 0.005% Geneticin. They were harvested by
mild trypsinization 7 days after subculturing and washed
twice by centrifugation (3 min at 300 g).

Competition binding studies on muscarinic receptors

Competition binding studies were performed using [*H]
NMS as a ligand in a modified procedure of Myslivecek et
al. (2003). Homogenates corresponding to 2 or 5 mg fresh
tissue per tube were incubated for 120 min at 25°C in a
total volume of 1 ml. The incubation medium contained NaCl
(136 mmol I""), KCI1 (5 mmol 1), MgCl, (1 mmol I'"), Na-
phosphate (pH 7.4, 1 mmol I'"), Na-HEPES (pH 7.4;
10 mmol 1), phenylmethylsulfonyl fluoride (0.1 mmol
1" and [PHINMS (1800 pmol I""). The non-specific binding
of the radioligand was measured in tubes to which atropine
(5 umol 1"" final concentration) had been added before the
start of the incubation. The incubation was arrested by
dilution with ice-cold distilled water, followed by rapid
filtration through Whatman GF/B glass fibre filters in a
Brandel cell harvester. The filters were washed with distilled
water, and the retained radioactivity was measured by liquid
scintillation spectrometry. The range of the concentrations of
antagonists used is given in the Results. In general, we used
three different concentrations of antagonist per grade.

Radioligand binding studies with MT7

M;-receptor-selective toxin (MT7, m1-Toxinl) from green
mamba (Dendroaspis angusticeps) venom has an extremely
high selectivity for the M; subtype (Adem et al. 1988; Max
et al. 1993; Olinas et al. 2000; Carsi and Potter 2000). Two
different approaches were employed:

1) the binding of PHJNMS (2 nmol I"") to homogenates
preincubated 30 min with MT7 (concentration range:
102107 mol I'");

2) saturation binding experiments with increasing concen-
trations of [PHINMS (0.125-4 mol 1'') in tissue
preincubated 30 min with MT7 (10~® mol 17").

Homogenates corresponding to 2 or 5 mg fresh tissue
per tube were preincubated for 60 min at 38°C in a total
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volume of 1 ml. Incubation with [*H]NMS followed for
60 min. The incubation medium contained NaCl (136 mmol
1", KC1 (5 mmol 1), MgCl, (1 mmol I""), Na-phosphate
(pH 7.4; 1 mmol I'"), Na-HEPES (pH 7.4; 10 mmol 171),
phenylmethylsulfonyl fluoride (0.1 mmol 1™'). The non-
specific binding, termination of incubation and radioactivity
measurements were made as stated before.

Determination of M5 muscarinic receptors

The determination of the Ms muscarinic receptor was
performed using a modified method of Reever et al.
(1997). These authors pre-treated tissue in 30 pg ml™'
crude green mamba toxin and 1 pmol 1"'AQ-RA741 to
block all muscarinic receptors except for than Ms. This
procedure blocked 99% of the M, M,, and M, receptors
and 85% of the M3 receptors, while sparing the majority of
M5 receptors. The remaining receptors were then measured
by binding with [PH]NMS. We adopted a similar procedure
using MT7 toxin instead of crude venom. First, we have
evaluated the binding of 0.5 nmol "' [PHJNMS in CHO
cells individually expressing the human muscarinic receptor
subtypes (M;—Ms). The tissue was preincubated for 60 min
with MT7 toxin (10 ® mol 1) and AQ-RA 741 (10 ¢ mol
I'") and then incubated for 60 min with [PH]NMS. For
comparison, the binding of [PH]NMS to specific subtypes
pre-treated with AQ-RA 741 (10® mol I'") only was also
performed.

Membrane preparation, receptor labeling, solubilization
and immunoprecipitation

Membranes from stably transfected CHO cells individually
expressing the human muscarinic receptor subtypes (M;—
Ms) and from rat atria and ventricles were prepared by
homogenization (Ultra-Turrax homogenizer, 2x20 s,
20,500 rpm, on ice in 10 mmol 1" Hepes pH 7.4+
250 mmol 1" sucrose+2 mmol I"' EDTA+1 mmol 1!
PMSF) followed by slow centrifugation (Hettich centrifuge,
5 min/800 rpm/4°C). Pellets from the first centrifugation
were rehomogenized and spun again under the same
conditions. Combined supernatants were centrifuged at a
higher speed (Sorvall centrifuge, SS34 rotor, 30 min/
15,000 rpm/4°C). The resulting sediments were resus-
pended in glass-teflon homogenizer in 10 mmol "' Hepes
pH 7.4+1 mmol I '"EDTA+1 mmol I"' EGTA+0.2 mmol
1I"'PMSF (protein concentration: 1-2 mg ml™" for cell lines
and 34 mg ml ' for the tissue). Muscarinic receptors
present in the membranes were radiolabeled with ["THJQNB
(a subtype-nonselective antagonist with a high affinity and
very slow dissociation; 2 nmol 1" for 2 h at 30°C). The
samples were then cooled on ice and centrifuged (Sorvall
centrifuge, SS34 rotor, 15,000 rpm/30 min/4°C). Receptors
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from the pellet were solubilized with digitonin and sodium
cholate (extraction in 10 mmol I"' Hepes pH 7.4/1 mmol
"' EDTA+1 mmol I 'EGTA+1% digitonin+0.2% sodium
cholate; 1 h on ice, centrifugation 15,000 rpm/30 min/4°C).
The mAChR content in the membranes was quantified by
incubation with [’HJQNB (0.2 ml; saturation binding: 0.1—
2 nmol "' QNB for 2 h at 30°C) followed by filtration
through Whatman GF/B glass fiber filters. The concentration
of solubilized receptors was determined by gel filtration on a
G-25 Sephadex column (1x18 cm, equilibrated with
10 mmol 1" Hepes pH 7.4+1 mmol 1" EDTA+1 mmol
"' EGTA+0.2% Triton X-100; 0.3 ml solubilized receptors
applied; 0.5-ml fractions of the eluate measured by liquid
scintillation spectrometry). Incubation in the presence of
5 pumol 1" atropin served as a control for non-specific
binding. Soluble receptors were immunoprecipitated by
subtype-selective antisera; all manipulations were carried
out in the cold room (4°C) or on ice: 1 ml extract (containing
0.2-0.8 pmol 1" mAChR) was incubated overnight with
5 ul (1 ug) of subtype-selective antisera (rabbit non-immune
serum served as the negative control). After 12-16 h of
incubation, 5 pl of goat anti-rabbit immunoglobulin (Ig)G
was added to the extract-antisera solution; this was followed
4 h later with 10 pul of donkey anti-goat IgG. The solution
was allowed to co-precipitate overnight. The samples were
then centrifuged (Hettich centrifuge, 12,000 rpm/10 min/4°C),
the immunoprecipitate were washed 3x1 ml 10 mmol 17!
Hepes pH 7.4+0.1% digitonin+0.02% sodium cholate,
dissolved in 1% sodium dodecyl sulfate (SDS) (0.2+0.2+
0.1 ml) and measured by liquid scintillation spectrometry.

Phospholipase C activity

Phospholipase C activity was measured using the enzymatic
assay described by Dwivedy and Pandey (1999). Briefly, the
tissue was homogenized on ice (10 mg of tissue per 100 pl
of buffer) in 20 mmol "' Tris-HCI (pH 7.4), 2 mmol 17
EGTA, 5 mmol I"' EDTA, 1.5 mmol "' pepstatin, 2 mmol
1! leupeptin, 0.5 mmol "' phenylmethylsulfonylfluoride,
0.2 U ml™" aprotinin, and 2 mmol I"" dithiothreitol using
two short pulses of 10 s with a 30 s pause between pulses.
For the assay, 5 pg of protein per tube was used. The tissue
was incubated in incubation buffer (20 mmol "' Tris-HCI,
1 mmol "' CaCl, and 100 mmol 1" KCI, pH 7.4)
containing 10 mmol 1" LiCl, PIP, substrate (50 pmol 17!
unlabeled PIP,), 2.0 mCi ml~' [?HJPIP, and 0.5 mg ml "
cetrimide) in a total volume of 100 ul at 37°C (Thermo-
block Biometra T1) for 40 min with buffer (basal activity)
or with the addition of carbachol (1 mmol "), carbachol +
pirenzepine (1 umol 17"), carbachol + DAU 5884 (1 umol
1" or carbachol + AFDX 384 (10 pmol 1"). The reaction
was terminated by the addition of 500 ul of 1 M HCI and
500 pl of a mixture of chloroform/methanol (1:1 vol/vol).

The tubes were vigorously mixed and centrifuged at 1000 g
for 10 min. The aqueous (upper) phase was transferred to a
scintillation vial containing scintillation fluid, and the
radioactivity counted. Each experiment had its blank in
which the protein suspension was added after the reaction
had been stopped with chloroform/methanol.

Data treatment

Radioligand binding data were treated as described previ-
ously (Myslivecek et al. 2003) with the use of GRAPHPAD
PrISM ver. 5.01 (GraphPad Software, San Diego, CA)
program. In detail, the curves were fitted using non-linear
regression. The goodness of fit was determined using R?,
that was determined using the equation R? =1-S85,¢4/SSo1s
where SS,., is sum of the squares of the distances of the
points from the best-fit curve determined by nonlinear
regression, and SS,.; is sum of the square of the distances of
the points from a horizontal line through the mean of all ¥
values. The decision of preferred model was based on
Akaike’s information criterion (AIC; Akaike 1974) compar-
ing one-site competition and two-site competition. Protein
determination was performed using Peterson’s modification
of Lowry’s method. Statistical significance of differences
between means was evaluated with an unpaired two-tailed
Student’s #-test.

Results
Competition binding with muscarinic antagonists
Atria

Preliminary saturation binding experiments (n=3) with [°H]
NMS revealed the density of receptors to be 778.2+
25.63 fimol mg ' protein and the affinity (Kp) to be 1.10+
0.10 nmol 1"". The competition binding experiments with
pirenzepine (10 '°~10* M) revealed one binding site in the
heart atria [pKI=6.14+£0.04, nH (Hill coefficient for
binding of the radioligand) = 0.97+0.1]. Similarly, the
competition with AFDX-116 (concentration range: 10—
10* M) showed a pKI=7.50+0.09 (nH=0.94+0.08).
Finally, the competition with 4-DAMP (10 ''-107°)
revealed only one binding site (pKI=7.81+0.03; nH=0.93+
0.06). These results correspond to a uniform (M,) muscarinic
receptor population. The curves are shown in Fig. 1.

Ventricles
Preliminary saturation binding experiments (n=3) with [°H]

NMS revealed that the densities of receptors in the left and
right ventricles were 290.2+4.4 and 367.9+8.9 fmol mg '
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Fig. 1 The competition binding of [’H]NMS and different antagonists
in heart atria. Data are from three independent experiments in which
tissue from three to four animals was pooled. Data are presented as
means * standard error of the mean (SEM). Abscissa Common
logarithm of competitor concentration in mol/l, ordinate percentage of
total bound

protein, respectively. The Kp was 1.43+0.06 and 1.01+
0.15 nmol 17", respectively. The competitions were carried
on whole ventricles only, without differentiating the left and
right ventricles. These competition-binding experiments
with pirenzepine (107'°-107 M) revealed two binding
sites. Similarly, the competition with AFDX-116 (concen-
tration range: 10 °-10"* M), 4-DAMP (10 "'-10° M),
DAU 5884 (10 ''-10° M) and AQ-RA 741 (10 '°-
10~ M) showed two binding sites. In contrast, competitions
with PD 102807 (10°-10"* M), p-F-HHSIiD (10 °—
10 M), tripinamide (107'°-10"* M) and methoctramine
(107'°~107° M) revealed one binding site. The data (pKT; or
pKl, pKI, and fraction 1) are summarized in Table 1. The
curves are shown in Fig. 2.

Subtype-specific immunoprecipitation experiments

Labeling of mAChR with [*HJQNB was highly efficient
(approaching complete saturation) and stable. The yield of

mAChR solubilized from membranes was 40-55%,
depending on the concentration of the protein. Dissociation
of the label and/or degradation of receptors in solubilized
receptor preparations were assessed by gel filtration. We
found that 80-90% of the initial activity of the solubilized
preparation (as measured immediately after solubilization)
was still present in the extracts after 90 h under the
conditions used for immunoprecipitation. The efficiencies
of the receptor-specific antisera to immunoprecipitate the
respective receptor protein were quantitated using receptors
prepared from appropriate CHO cell lines. The results are
shown at Fig. 3. At the antibody concentration used for the
experiments (5 ul ml™"), the efficiency of immunoprecip-
itation was 41% for anti-M, serum, 32% for anti-Ms, 45%
for anti-M, and 50% for anti-Ms. We also tested anti-m;
antisera from Alomone, Santa Cruz Biotechnology and
Sigma (lot numbers given in Reagents), but all showed
precipitation efficiencies that were too low to be applicable
in our experiments. The specificities of antisera were
confirmed by measuring the precipitation of comparable
amounts of cloned mAChR subtypes. For heart tissue, the
potential cross-reactivity of antibodies against M, receptors
is of particular importance. The selectivities of individual
antisera, as established by the immunoprecipitating receptor
extract from ms,-transfected CHO cells, are illustrated in
Fig. 4a: immunoprecipitation by anti-M3, M4 and M5 was at
the level of non-specific binding (control nonspecific
trapping with non-immune serum). In a number of other
cases, our antisera did not show cross-reactivity. It is also
important to note that CHO cells themselves express
different M receptor subtypes. Our assessment of the
sensitivity of the immunoprecipitation is based on the
following parameters and criteria. We were using 18,000—
60,000 dpm specifically bound in tissue extracts. Non-
specific precipitation represents 1.4—1.6% of total labeled
receptors. Standard deviations (SD) of blanks were 30—
70 dpm (for triplicates, depending on total radioactivity;

Table 1 Affinity (pKI) and the Hill coefficient for binding of the radioligand (nH) from binding experiments in the ventricles

Competitor® Fraction 1 pKI; or pKI pKI, nH

Pirenzepine 0.13+0.05 8.76+0.26 6.28+0.09 0.63+0.04
AFDX-116 0.86+£0.004 7.78+0.02 5.65+0.11 0.78+0.04
4-DAMP 0.20+0.01 9.23+0.65 7.92+0.16 0.73+£0.07
DAU 5884 0.35+0.02 9.81+0.11 7.23+0.07 0.47+0.02
AQ-RA 741 0.81+0.11 8.24+0.16 6.78+0.88 0.79+0.05
PD 102807 - 6.19+0.29 - 0.90+0.08
Tripinamide - 7.73+0.09 - 1.15+0.12
Methoctramine - 7.82+0.11 - 1.48+0.13
p-F-HHSiD — 5.92+0.07 - 1.11+0.08

Data are means from three to five independent experiments in which tissue from three to four animals was pooled. The data are expressed as
means =+ standard error of the mean (SEM). These data are averaged values form the above-mentioned number of independent experiments. Note,

that fraction 1 does not mean the major population in all cases
#See Reagents for the definitions of the competitors
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contained 0.35-0.5 pnri?l mAChR mg ' protein for aFria 0'000 5 10 15 20
and 0.15-0.2 pmol mg  protein for ventricles. Illustrative Ab (ul/ml)

results with immunoprecipitations from the left ventricular
extract are shown at Fig. 4b. Combined estimations,
expressed as the percentage of receptor subtypes precipi-
tated by subtype-specific antibody (corrected for precipita-
tion efficiency) from the three parts of the rat heart are
listed in Table 2. Our anti-M, antibody precipitated 96+8%

Fig. 3 Efficiency of immunoprecipitation (determined with receptors
isolated from Chinese hamster ovary (CHO) cells transfected with the
appropriate mAChR subtype). At concentration 5 ul ml™' (concentra-
tion used for heart receptor immunoprecipitation), anti-M, antibody
precipitated 41%, anti-M; 32%, anti-M4 45% and anti-Ms 50% of the
receptors. This was only case in which [PHJQNB was used as the
radioligand
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of labeled receptors, anti-M3;, My and Ms antisera showed
low but detectable specific precipitation of their respective
receptors which was close to the detection limit of our
procedure. The anti-m; antisera available to us (from
Alomone, Sigma and Santa Cruz Biotechnology, respec-
tively) were not suitable for quantitative estimation of the
M, subtype.

Binding to homogenates preincubated with MT7

Atria

The preincubation of homogenates with MT7 caused no
substantial decrease in the binding of [PHINMS at all
concentrations (data not shown). These results correspond
to the presence of a uniform (M,) muscarinic receptor
population.

Ventricles

The preincubation of homogenates with MT7 (107''—
1077 M) caused a concentration-dependent decrease in

which the data were best fitted with the model containing
two binding sites: one comprising 9+1%, with apparent
pK1=9.7 and the other with apparent pK1,=6.84, consistent
with a major M, muscarinic receptor population (Fig. 5).
These results can indicate that the minor population of
muscarinic receptors in heart ventricles belongs mainly to
the M, subtype.

Saturation binding experiments in tissue preincubated
with MT7

The comparison of the saturation experiments in presence
and absence of MT7 are shown in Table 3. These experiments
confirmed that in the heart atria there is no M, subtype. On
the other hand both left and right ventricles showed decrease
in [*’HINMS binding after MT7 pre-treatment.

Competition binding experiments in tissue preincubated
with MT7

The competition binding experiments with pirenzepine
showed that there are two binding sites. Pre-treatment of

Table 2 Data on the immunoprecipitation of the M;—M5 subtypes (expressed as percentage of receptor subtype precipitated by subtype-specific
antibody and corrected for differences in the efficiencies of individual antisera)

M] M2 M3 M4 MS
Atria (%) ND 103+5 0.4+0.14 0.7+£0.24 0.5+£0.31
Left ventricle (V) ND 9348 1.5+0.21 2.5+0.37 2.5+0.53
Right ventricle (V) ND 95+7 1.1+£0.2 0.6+0.12 0.6+0.18

ND, Not determined
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Fig. 5 Binding of [°’H]NMS to ventricular membranes preincubated
with MT7 toxin. Data obtained from the fitted curve gave best fit with
the two-binding site model: high-affinity (accounting for 9+1.1%)
with pKlg;=9.7 and low-affinity with pK1,=6.84

the tissue with MT7 toxin abolished this biphasic binding in
both the left (pKI=6.11+£0.22; n=3) and right ventricles
(pK1=6.37£0.06; n=3), clearly indicating a pKI for M,
muscarinic receptors (see Table 4).

Determination of Ms muscarinic receptors
using the modified method of Reever et al. (1997) in CHO
cells stably expressing M;-Ms muscarinic receptors

Co-incubation with both AQ-RA741 and MT7 toxin has
been supposed to be a useful modification of Reever et al.’s
method (1997) for M5 muscarinic receptor determination.
Therefore, we attempted to replace crude venom by MT7
toxin. In CHO cells stably transfected with human M;—Mj
muscarinic receptor subtype, this procedure (MT7 toxin +
AQ-RA 741) resulted in an 81% inhibition of binding in
M; muscarinic receptors, 79% inhibition of binding in
M, muscarinic receptors, 49% inhibition of binding in M3

muscarinic receptors, 47% inhibition of binding in
M, muscarinic receptors and 4% inhibition of binding in
M;s muscarinic (Fig. 6). Moreover, the comparison of
binding in the presence of AQ-RA 741 only and the
combination of drugs showed that the purified toxin
behaves differently from crude the venom used by Reever
et al. (1997): in the latter case the venom decreased the
binding to all muscarinic receptor subtypes, while here
MT?7 decreased the binding to M; subtype only (see Fig. 6).
Moreover, the addition of MT7 toxin also increased the
binding to the M3 and My subtypes. Therefore, this method
can not routinely replace the method of Reever for Mjs
receptor determination.

Determination of Ms muscarinic receptors in rat ventricles

Despite the fact that the combination of AQ-RA 741 and
MT7 toxin can not be used for determining the M;
muscarinic receptor subtype, we attempted to use this
procedure to determine the “‘sub-minor” muscarinic receptor
population that is probably masked in the amount of minor
population based on the results of the competition binding
experiments. Co-incubation of rat ventricles with both AQ-
RA741 and MT?7 toxin showed that there is 5.5+1.6% of
muscarinic receptor subtypes that can not be blocked using
this combination of drugs.

PLC activity

Carbachol was able to increase PLC activity (to 152% of
control). This increase was not diminished by addition of
the M3 selective antagonist DAU 5884, but was inhibited
by pirenzepine (M; antagonist) and AFDX 384 (M;
antagonist). These data show that M; and M;s receptors
are able to affect PLC activity in the heart ventricles. All
data are shown in Fig. 7.

Table 3 The densities and affinities of muscarinic receptors in heart atria and left and right ventricles pre-treated with MT7 or without pre-

treatment (control)

Control MT7

Atria
Bmax (fmol mg protein ') 778.254+25.63 Bmax (fmol mg protein ) 772.80+59.20
Kp (nmol 171 1.10+0.10 Kp (nmol 1) 0,97+0,02

Left ventricles
Bmax (fmol mg protein ') 290.25+4.35 Bmax (fmol mg protein”') 258.40+3.10 (89%)*
Kp (nmol 1) 1.43£0.059 Kp (nmol 171 1.41+0.14

Right ventricles
Bmax (fmol mg protein ') 367.92+8.88 Bmax (fmol mg protein ') 304.55+15.95 (83%)*
Kp (nmol 17" 1.01+0.15 Kp (nmol 17" 0.760+0.02

n=3-4

Percentage of control value is given in parenthesis; the asterisk (¥) indicates when it is significantly different from control at p<0.05)
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Table 4 Antagonist affinity constants (log affinity or pKI values) for muscarinic receptor subtypes

Antagonist Receptor subtype

M, M, M; M, M;
Pirenzepine 7.8-8.5 6.3-6.7 6.7-7.1 7.1-8.1 6.2-7.1
Methoctramine 7.1-7.8 7.8-8.3 6.3-6.9 7.4-8.1 6.2-7.2
4-DAMP 8.6-9.2 7.8-8.4 8.9-9.3 8.4-9.4 8.9-9.0
AF-DX 116 5.8-6.9 7.1-7.3 5.5-6.6 6.2-7.0 5.4-6.6
AF-DX 384 7.3-1.5 8.2-9.0 7.2-7.8 8.0-8.7 6.3
DAU 5884 9.40+0.04 7.40+0.05 8.80+0.03 8.50+0.02 Not known
Tripinamide 7.2-7.4 7.9-9.3 5.15-5.33 6.68-6.92 Not known
PD 102807 53-5.5 5.7-5.9 6.2-6.7 7.3-7.4 52-55
p-F-HHSiD 6.68-7.3 6.01-6.6 7.5-7.84 7.2 6.6-7.0
AQ-RA 741 7.6-7.8 8.21-8.9 7.4-7.5 7.9-8.2 5.8-6.1
MT?7 toxin 9.8 <6 <6 <6 <6

Data were obtained from Caulfield and Birdsal 1998; Dhein et al. 2001; Doods et al. 1993, 1994; Eglen and Nahorski 2000; Choppin et al. 1999;
Lazareno et al. 1998; Buckley et al. 1990; Bolognesi et al. 1998; Wang et al. 2004.

Discussion
Binding experiments

In general, the pharmacological characterization of the
minor muscarinic receptor subtype presents some difficul-
ties. There is no specific antagonist to one receptor subtype,
except for mamba MT7 toxin (more than three orders of
selectivity towards M; receptors). Therefore, we employed
several approaches using MT7 toxin: (1) competition of
heart tissue with MT7 toxin (decrease in binding means that
there are M, receptors), (2) saturation binding after pre-
incubation with MT7 toxin (if there is decrease in the
Bmax, the minor M, population should be present) and (3)
competition with pirenzepine after pre-incubation of tissue

Fig. 6 Binding of [PH]NMS to

with MT7 toxin (if the M; receptor was present, then there
should not be two population as all M; muscarinic
receptors would be blocked, i.e. it would also prove that
pirenzepine inhibits M; muscarinic receptors). It has also
been shown previously that co-incubation of crude mamba
toxin with AQ-RA 741 resulted in inhibition of all
muscarinic subtypes except for Ms (see Material and
methods). Therefore, we tried to replace crude venom by
MT7 toxin.

Our data shows that in the atria there is no other subtype
than M,. In the ventricles, we were able to identify certain
amounts (13-35%, 19.6% on average) of non-M, musca-
rinic receptor subtype, which is the most probably the M;
subtype. Also, a marginal fraction (about 5.5%) can be
detected using a combination treatment consisting of MT7

CHO cells transfected with 100 1

appropriate human mAChR 90 |

subtype. Comparison of

preserved binding sites when 80

incubated with AQ-RA 741

(10° mol 117" only [left 70

(empty) columns] and with S
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Fig. 7 Phospholipase C (PLC) activity in rat heart ventricles.

Ordinate PLC activity expressed as nmol of IP; mg protein ' min™".

*p<0.05 indicates a difference from carbachol, #p<0.05 indicates a
difference from control. The tissue was incubated for 40 min with
buffer (basal activity) or with the addition of carbachol (1 mmol 1™"),
carbachol + pirenzepine (1 umol I™"), carbachol + DAU 5884 (1 umol.
1Y) or carbachol + AFDX 384(10 umol 11

toxin and AQ-RA 741. It is possible to exclude the
possibility that the minor subtypes are My receptors (PD
102 807 did not show a biphasic curve). In addition, the
possibility that the minor population belongs to Mj;
receptors is rather improbable. There are more reasons
why we draw this conclusion: (1) the competition with p-F-
HHSID showed a monophasic curve with pKI=5.92 that
corresponds to the pKI in M, cloned receptors (6.01-6.6)
but is inconsistent with the pKI for the M3 subtype (7.5—
7.84); (2) methoctramine and tripinamide, which have a
low affinity for the M3 muscarinic receptors (see Table 4)
did not show biphasic curves; (3) DAU 5884, which is a
highly functionally potent M3 muscarinic antagonist,
revealed pK1;=9.81, which corresponds to the M; musca-
rinic receptors (pK=9.4, see Table 4) but not to Mj;
(pK=8.8) and pKl,=7.23, which correspond to the M,
muscarinic receptors; (4) the competition and saturation
binding experiments with almost the most specific drug for
M; muscarinic receptors (MT7 toxin) clearly showed that
the majority portion (9-17%) of the second muscarinic
population belongs to the M; muscarinic receptors; (5)
competitions with pirenzepine, AFDX-116 and 4-DAMP
and competition with pirenzepine in tissue pre-treated with
MT?7 toxin showed that the minor population belongs to the
M; subtype, but it is not possible to absolutely exclude any
proportion of the M5 subtype as the pKI, in competitions
with AFDX-116 can correspond both to the M; and the M5
subtype; (6) pKI, computed from AQ-RA 741 - [PH]NMS

competition lies between the estimated values of M, M;
and Ms receptors; therefore, we employed the method
described in the Material and methods for identifying the
M:; receptors in order to be able to discriminate between the
subtypes. Taken together, these data show that minor
population (if it is up to 20%) represents binding to more
receptor subtypes that can (as we show by functional
experiments) contribute to cardiostimulating effects (increase
in PLC activity) and, therefore, they protect the heart (like
«;-adrenoceptors; see Brodde et al. 2001).

Immunoprecipitations

Our data on immunoprecipitation confirmed that the
population of M, receptors is not the only one in the heart
ventricles, but their proportion in the total amount of
receptors is very small (about 2.5% of Ms, 2.5% of My and
1.5% of M3 in the left ventricles and less than 1.1% of M;
in the right ventricles). Also, these data confirmed our
findings on the uniform muscarinic population in the atria.
Unfortunately, the antibodies available to us were not able
to detect the M; receptors. On the other hand, the
immunoprecipitations also revealed that on the level of
protein, there is another minor population of muscarinic
receptor subtypes other than M. These data show that on
the protein level the amount of Ms and M, in the left
ventricle is slightly higher than the amount of Mj;
muscarinic receptor protein. Therefore, we cannot exclude
the possibility that the heart minor muscarinic population is
heterogeneous and consists of more than one muscarinic
receptor subtype. This finding can be also supported by
data from the competition binding studies with MT7 and
AQ-RA 741.

Subtype-specific antibodies to muscarinic acetylcholine
receptors (targeted to specific peptide sequences of all five
subtypes) have been developed (Luthin et al. 1988; Levey
et al. 1990, 1991; Wall et al. 1991a, b; Li et al. 1991,
Mayanil et al. 1991; Yasuda et al. 1992) and used for
quantifying muscarinic acetylcholine receptors by immu-
noprecipitation in a number of tissues in various species. In
general, immunoprecipitation experiments are more sensitive
than Western blots as they do not show protein expression
despite the fact it does not bind to the appropriate ligand.
Therefore, we employed this method instead of blotting. No
cross-reactivity of the anti-M3, anti-My or anti-Ms sera with
the M, subtype was detected. Similarly to our data, Luthin
et al. (1988) found that there was a small population
of receptors in the rat heart with a high affinity for
pirenzepine. However, these researchers showed that these
[*H]pirenzepine-labeled and also [PH]JQNB-labeled cardiac
receptors were not precipitated by an anti-M,; antibody but
by an anti-M, antibody. They concluded that rat heart
contains pirenzepine-sensitive M, receptors. These results
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appear to negate our conclusion. On the other hand, it is
improbable that other M;-specific irreversible antagonist
(MT7 toxin) can also detect pirenzepine-sensitive M,
receptors. Therefore, these findings are more likely able to
explain why these sites were not precipitated by an anti-M;
antibody, i.e. it is more likely that these sites are immuno-
precipitation pirenzepine-insensitive M; receptors. Hardouin
et al. (2002), in contrast, did not detect QNB-labeled
receptors in mouse heart and reported unchanged mAChR-
mediated activation of PLC in the atria and ventricles of M;-
deficient mice, while Perez et al. (2006) detected all
muscarinic receptor subtypes in the human heart using
ELISA. However, the data from the latter study opens the
question of whether this method should be used as it may
lead to misinterpretation of the results given that in the
atrium, septum and left and right ventricles these authors
obtained a higher optical density for M; than for M,
muscarinic receptors. Nevertheless, this study presumes a
very important fact—that muscarinic receptors can co-
operate with each other to form hetero- and homooligomers.
Taken together with the conclusions of Luthin et al. (1988)
and Colecraft et al. (1998), the data reviewed by Wang et al.
(2004, 2007) and our data, the concept of specific binding
properties of minor muscarinic receptor population is one of
the most probable explanations of the different results
obtained in the heart tissue.

Co-incubation of tissue with AQ-RA 741land MT7

Although, as is stated elsewhere, the co-incubation of AQ-
RA 741 with MT7 toxin did not result in blockage of M;—
M, muscarinic receptors (as was in the case of crude venom
toxin), these results indicate that the majority of this “sub-
minor” population belongs to Ms muscarinic receptors.
This population, which is resist to co-incubation of tissue
with MT7 and AQ-RA 741, can not belong to the M3 and
M, muscarinic receptors (as revealed by the competition
experiments). The remaining subtypes (M;, M, and Ms)
should have the ratio (see Fig. 6) 19:21:96. Therefore, it is
possible to suggest when 5.5% of the binding sites are
resistant to combination with MT7 and AQ-RA 741, 0.9%
belong to the M; muscarinic receptor subtype, 0.8% to the
M, subtype and 3.9% to the Mssubtype.

PLC activity assay

The results of our experiments show that carbachol
increased the production of IP3;, which could be inhibited
most of all by pirenzepine, suggesting the primary
importance of M; muscarinic receptors in phosphoinositide
metabolism. On the contrary, DAU 5884, which is
considered to be a functionally highly selective Mj;
muscarinic antagonist, failed to inhibit the carbachol action.

@ Springer

Inhibition of the carbachol effect was also recorded with
107° mol I'' AFDX 384, i.e. the concentration that is able
to block M5 muscarinic receptors. These data are in part in
agreement with the results of Dobrev et al. (2002) who
were able to functionally characterize both M; and M;
muscarinic receptors in human heart atria.

General discussion

Our data are in good agreement with that of Colecraft et al.
(1998) who identified the M; receptors in functional
and single-cell RT-PCR mRNA assays on neonatal rat
ventricular myocytes. Yang et al. (1993), however, found
the M3 muscarinic receptors as the minor heart subtype, and
Wang et al. (2004, 2007) have also reviewed this subtype as
a probable minor subtype. The findings that favor the
presence of M3 muscarinic receptors are those of Ponicke
et al. (2003). On the other hand, some findings have shown
that human atria appear to possess both M;, M3 and Ms
receptors (Wang et al. 2001; Willmy-Matthes et al. 2003).
There is no mRNA for M;-receptors in rat atrial myocytes
(single-cell PCR; Meyer et al. 2001). Moreover, Fisher
et al. (2004) clearly demonstrated that heart rate responses
remained unchanged in M; receptor-deficient mice, where-
as bronchoconstrictor responses were totally abolished in
these animals. These findings also question the role of the
M3 muscarinic receptor subtype in the regulation of the
heart rate. On the other hand, Krej¢i and Tucek (2002)
found about 100-fold less mRNA for M; muscarinic
receptors than for the other minor subtype. These results
are in antinomy to that of Colecraft et al. (1998) who
identified no other minor mRNA than M; in rat heart
ventricular myocytes. The explanation of this disparity
could lie in the fact that Colecraft et al. employed
myocytes, but Krej¢i and Tucek used a mixture of both
myocyte and non-myocyte cells. We have also recently
identified differences in receptor expression in cardiac
tissue with neuronal ganglia and tissue that is virtually free
of neuronal cells (Myslivecek et al. 2004, 2006).

It is also necessary to state that species differences
and disease state may be the key in resolving the
controversy surrounding the existence of non-M, recep-
tors in the heart. For example, data available for canine
atria clearly show the absence of M, and the presence of
M, through M,, but there is uncertainty regarding Ms
(Wang et al. 2001, 2004, 2007). Data on the human atrium
clearly show that M, is present at the protein level and is
functional in regulating potassium channels (Dobrev et al.
2002). Although it cannot be excluded that M; receptors
are expressed in a diseased atrium only, it appears that
their existence is a general phenomenon, although M; is
not present in all species (i.e. dog; see data of Wang’s

group.).
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In addition to data on the minor muscarinic population in
the rat heart, we have also demonstrated that MT7 toxin can
not be used instead of crude mamba venom (Reever et al.
1997) in simple routine M5 muscarinic receptor detection.
The increase in receptor binding (see Fig. 6) in comparison
to [’HINMS binding when following a pre-treatment with
AQ-RA 741 only suggests positive allosteric binding or
positive co-operative binding with MT7 toxin.

Taken together, all these data provide further evidence
that there are minor muscarinic receptor subtypes in the
heart. Also, based on the results using different approaches,
it is possible to suggest that the expression and function of
minor muscarinic receptor subtypes is subject to very
complicated interrelationships.
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Abstract

We tested the hypothesis that single and repeated immobilization stress affect densities of a;-adrenoceptor («;-AR) and B-AR
subtypes, muscarinic receptors (MR), adenylyl cyclase activity (AC) and phospholipase C activity (PLC) in lungs of male and
female wild type (WT) and corticotropin-releasing hormone gene (CRH-knockout (KO)) disrupted mice. We found sex
differences in the basal levels of a1-AR subtypes (females had 2—3 times higher density of receptors than males) and MR
(males had twice the density found in females). In marked contrast, 3-AR subtype densities did not differ between sexes. CRH
gene disruption decreased all three studied receptors in intact mice (to 20—-50% of WT) in both sexes (except B;-AR in
females). Stress induced sexually dimorphic responses, while all a;-AR subtypes decreased in females (to 30% of control
approximately), only a; 5-AR level diminished (about 50%) in males. 3;-AR decreased in males (to about 40%) but remained
stable in females. $3,-AR diminished in females (to about 20—-60%) and also in males (to about 30-60%). MR decreased in
both sexes (approximately to 50%). AC activity diminished in males (to <50%) while PLC activity was not changed.
In CRH-KO mice, the stress response was severely diminished. Paradoxically, the receptor response to stress was less affected
by CRH-KO in males than in females. AC activity did not change in CRH-KO mice. In conclusion, in mice the stress reaction
is sexually dimorphic and an intact hypothalamo-pituitary—adrenocortical system is required for the normal reaction of
pulmonary adrenergic and MR to stress.

Keywords: stress, males, females, CRH knockout, adrenoceptors, muscarinic receptor

Hislop et al. 2002; Abraham et al. 2003), which has
higher B-AR density than bronchial and tracheal
tissue. The 31-AR/B»-AR ratio is similar in all parts of
the lung and is about 20—25/80—75. Besides the B-AR,
lung tissue also expresses a-AR (subtype a;a, a;B,
a1p; (Faure et al. 1994), which have also been detected
at the mRNA level in mouse tissue (Alonso-
Llamazares et al. 1995). The data on lung o;-AR
distribution are sparse: there are only reports about
a1-AR density in rat lung vessels (Nozik-Grayck et al.

Introduction

Lung tissue expresses several subtypes of adrenocep-
tors (ARs). B,-ARs are the most abundant subtype and
of major importance in lung physiology. They are
localized in the smooth muscles and they are
responsible for bronchodilatation. However, they
are also expressed in alveoli. B,-AR are also found
on epithelial cells of the respiratory tract (Aksoy et al.
2002). Moreover, another B-AR subtype—(;-AR

are expressed in lung tissue in humans (Mak et al.
1996) and mice (Ota et al. 1993). Gene expression
of B3-AR has been shown in porcine lung, while in rat
B3s-AR mRNA was not detected (McNeel and
Mersmann 1999). B-AR are mainly located in the
lung parenchyma (Carswell and Nahorski 1983;

2006) and murine lung parenchyma (Yang et al.
1998). Although the role of ®;-AR in lung function is
assumed to be minor, some findings have revealed a
role of low-affinity prazosine-binding sites (ar.
receptors) in allergic bronchoconstriction (Nobata
et al. 2002). Moreover, it has been shown that in both

Correspondence: J. Myslivecek, 1st Faculty of Medicine, Institute of Physiology, Charles University, Albertov 5, 12 800 Prague,
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guinea-pig and rat isolated tracheal tissue, a-AR-
mediated contraction appeared to involve the activation
of a;-AR (Preuss et al. 1998). Surprisingly, some
papers described only two subtypes of «;-AR in lung
tissue (Yang et al. 1998). Recently, we identified all
a;-AR subtypes in rat lung using radioligand-binding
competition studies (Novakova and Myslivecek 2005).
This is supported by finding that all three subtypes
mRNAs are expressed in the lung tissue (Faure et al.
1994). However, the relationship between mRNA and
protein expression is not consistent (Zhong and
Minneman 1999).

Multiple subtypes of muscarinic receptors (MR)
are expressed in the lung tissue (M;, M5, and M3).
The balanced ratio between M, and M; MR in the
respiratory tract is essential for normal function of the
airways (Fryer and Jacoby 1998; Kadota et al. 2001).
In tracheal smooth muscle, the amount of M, and M3
mRNA is comparable but in the alveoli M3 MR
mRNA dominates (Kadota et al. 2001). While M,
MR are responsible for inhibition of B-AR mediated
relaxation of bronchial muscles, M3 receptor acti-
vation directly contracts the smooth bronchial muscle
(Fryer and Jacoby 1998). Likewise B-AR, MR
(M, subtype) is also found on epithelial cells
(Fryer and Jacoby 1998), indicating that in these
cells functional antagonism may exist. In contrast to
B-AR, MR is mainly found in the trachea and bronchi,
with a more than 20 times higher receptor density than
in the lung parenchyma (Abraham et al. 2007).

There are sex differences in anatomy and physiology
of the lung in mice (Chang and Mitzner 2007).
In detail, females have smaller alveoli and greater
surface area, males have greater total lung capacity.
Sex differences also exist for dead space volume, vital
capacity, static compliance, inspiratory reserve
capacity. There are also strain differences in this
regard: in some strains there are gender differences
while in the others the lung parameters are similar
between the sexes. In humans, the large airways grow
faster than parenchymal tissue in young females, while
the growth of the large airways in young males tends to
reveal so called dysanaptic growth that leads to
relatively narrower airways in young males (Carey et al.
2007). With respect to development of asthma, it is
important to note gender differences in airway
hyperresponsiveness in C57B1/6 mice that cannot be
seen in the hyperresponsive A/] strain (Chang and
Mitzner 2007). Moreover, it seems that there is no
difference in baseline resistance between male and
female mice, but significant differences exist in airway
responsiveness to cholinergic challenges—females are
less responsive (Chang and Mitzner 2007).

Many reports have shown the effects of stress on
lung immune functions (Kanemi et al. 2005) but the
changes in AR subtypes and MR under stress have not
been studied in depth. With respect to the function of
AR, stress can provide a useful investigative approach.

Stress sexual dimorphism in lung 23

Stress can increase norepinephrine (NE) and epi-
nephrine (EPI) release (Pacak and Palkovits 2001).
The main source of circulating EPI in stress is the
adrenal medulla, however, about 70% of circulating
NE is from the peripheral sympathoneural system
(Kvetnansky et al. 1979). Moreover, the peripheral
cholinergic system (via MR) is affected by stressful
stimuli as well (Myslivecek and Kvetnansky 2006).
Stress may also involve increased glucocorticoid
hormone secretion (with peak circulating levels within
30 min for most stressors), with effects on AR and
MR. These effects can be direct, i.e. via glucocorticoid
response elements (GRE), which are present in the
promoter region of the B,-AR (Cornett et al. 1998)
and B;-AR genes (Tseng et al. 2001). However, the
effects of glucocorticoid hormones on muscarinic M,
receptors are rather indirect (Zhou et al. 2001). GRE
sequences are also found on promoter regions of
a18-AR (Gao and Kunos 1993), but the binding and
functional consequences of glucocorticoid action are
unknown. The «a;5-AR gene contains six GREs
(Scanga and Schwinn 1998). Such GRE sequences
can differ between species (Tseng et al. 2001).

Glucocorticoids are essential for activation of
phenylethanolamine N-methyltransferase (PNMT)
gene transcription in stress (Kvetnansky et al. 2006).
This enzyme catalyzes the biosynthesis of EPI.
In transgenic mice lacking the gene for cortico-
tropin-releasing hormone (CRH-KO) the amount of
circulating glucocorticoid under stress is dramatically
decreased (Jeong et al. 2000; Kvetnansky et al. 2006).
Moreover, CRH-KO mice fail to increase glucocorti-
coid levels during the circadian peak (Muglia et al.
1997). In these mice, PNMT expression is reduced,
and NE is not efficiently methylated to EPI. Hence,
plasma EPI levels are reduced and NE levels increased
(Jeong et al. 2000).

CRH-KO (7/7) mice born of mating between
homozygous CRH-KO males and females have
impaired lung function shortly after delivery that
leads to death on the first postnatal day (Venihaki and
Majzoub 1999). This fatal respiratory failure occurs
because CRH is essential for glucocorticoid secretion
and hence the stimulation of surfactant synthesis.
In contrast, there is no postnatal mortality in CRH-
KO mice from heterozygote mating (CRH™~ male/
CRH"™ female), indicating that the heterozygote
mothers produce sufficient glucocorticoid for lung
maturation in the homozygous offspring. Accordingly,
glucocorticoid addition to drinking water for CRH ™/~
pregnant mice prevents the mortality of pups.

We have shown that acute immobilization stress
down-regulates MR, and B;- and B,-AR in the heart
(Myslivecek et al. 2004). Here, we investigated if
a1-AR and B-AR subtypes, and MR are altered by
stress in lung tissue. We also assessed effects of
glucocorticoid status on a-AR and B-AR subtypes.
We sought sex differences because sex differences have
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an important role in the development of asthma
(Almgvist et al. 2008), and airway diameter is a result
of AR/MR action. In humans, stress is implicated in the
development and manifestations of asthma (Vig et al.
2006), while the role of AR and MR in the lung
parenchyma under stress has not been studied before.

The aim of this study was to test the hypothesis that
lung parenchyma levels of a;5-AR, a;15-AR, a;p-AR,
Bi-AR, B>-AR, and MR, and consequently second
messenger synthesizing enzyme activity, are altered in
CRH /™ mice, with sex differences. We also expected
responses to stress would be different in CRH ™/~
mice, with sex differences.

Methods
Anmimals

Mice were treated in accordance with the legislature of
the Czech Republic, Slovakia, and the European
Union legislature, and the experimental protocol was
approved by the Committees for the Protection of
Experimental Animals of the 1st Medical Faculty,
Charles University, Prague, and of the Institute of
Experimental Endocrinology in Bratislava. CRH-KO
mice were originally obtained from Harvard Medical
School, Department of Endocrinology, Boston and
then bred in our own animal facility. The wild type
(WT) line was a mixed 129SV]J/C57B16 line. Mice
were maintained under controlled environmental
conditions (12/12h light/dark cycle, 22 + 1°C, lights
on at 6 a.m.). Food and water were available ad libitum.
For the study 81 males, of which 41 were WT and 40
were CRH-KO, and 42 females, of which 21 were WT
and 21 CRH-KO were used. The females were housed
separately from males and showed the Lee—Boot
effect (i.e. synchronized oestrous cycles; Ma et al.
1998). Moreover, stress can suppress oestrous cycling
(Jeong et al. 1999), so similar levels of sex hormones
were expected in the females. The CRH-KO mice
were obtained by mating of homozygous mice and the
CRH /™ genotype was confirmed by DNA isolation
from tail samples with subsequent PCR. CRH-KO
pregnant mice were given glucocorticoid in the
drinking water (corticosterone 10mg/ml) to enable
the pups to survive (Venihaki and Majzoub 1999).

Experimental protocol and preparation of tissue

The mice (male and female CRH '™, body weight
20-25g, 11-13 weeks old and their WT (CRH™™)
age matched controls) were exposed to immobiliz-
ation stress for 120min (first immobilization) or
repeatedly for 120 min across seven consecutive days
(seventh immobilization). Immobilization was done
by taping (with adhesive tape) all four legs, in the
prone position, to a fixed board. The mice endured the

stress procedure well and all survived the sevenfold
exposure.

Mice were killed without anaesthetic by decapi-
tation 3 h after the end of the last 2h immobilization
(i.e. after one or seven immobilizations). Lungs were
collected, the main airways were discarded and the
remaining lung parenchyma with adjacent bronchioli
was flash frozen and stored at —80°C until analysis.
The tissue of each mouse was used separately in each
investigation.

EPI and NE determination

Trunk blood for catecholamine quantification was
collected into heparinized Eppendorf tubes, centri-
fuged at 10,000¢ for 20 min, and separated plasma
was stored at —70°C. The plasma concentrations of
and NE were determined in 50 pl aliquots of plasma
using a radioenzymatic method with subsequent thin
layer chromatography of methylated products of EPI
and NE, and detection by scintillation counting
(Peuler and Johnson 1977).

Radioligand-binding experiments

Saturation binding. The tissue was weighed and
homogenized for two or three pulses of 20—30s in a
homogenizer [Ultra-Turrax® T25 basic IKA® —Werke
(Staufen, Germany) 24,000rpm] in ice cold
Tris—EDTA buffer (Tris—HCl 50 mmoll ', EDTA
2mmoll~ !, pH adjusted to 7.4). The tubes were
cooled on ice throughout.

In pilot experiments, we compared binding to
membranes and to whole homogenates. Membranes
were prepared as follows: the homogenate was
centrifuged at 600g for 10 min (Hettich Micro 22R,
Tuttlingen, Germany), the supernatant was collected
and the sediment was re-suspended in buffer and
centrifuged again. The second supernatant was
collected, mixed with the first and centrifuged for
25 min at 31,990g. The supernatant was discarded;
the sediment was re-suspended in buffer and
centrifuged as before (25 min, 31,990g). We found
similar ligand binding to whole homogenates and to
membranes, but the disintegrations per minute per
mg of tissue was greater in homogenates, so we used
whole homogenates for the measurements.

Measurements were made as described previously
(Myslivecek et al. 2003, 2004, 2006). Briefly, the
amount of MR-binding sites (Bp,.x) Were computed by
non-linear regression of data obtained in saturation
experiments from binding of 65-2000pmol/l
[PH]QNB to homogenates, in duplicates. Non-specific
binding was determined in the presence of 5 pmol1™*
atropine. The amount of B-AR-binding sites (Bpax)
was computed from saturation experiments with
binding of 65-2000pmol/l [PH]JCGP 12177 to
the tissue homogenates, in duplicates. Non-specific
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binding was determined in the presence of 5 umoll™*
propranolol. The amount of «;-AR-binding sites
(Bmax) Was computed from saturation experiments
with binding of 93.75-3000 pmol/l [°H]prazosin to
the tissue homogenates, in duplicates. Non-specific
binding was determined in the presence of
100 ;Lmolrl phentolamine. B.,,, and the affinity
constant (Kp) were computed by non-linear regression
using the GraphPad Prism 5.01 program (GraphPad
Software, San Diego, CA, USA). Incubations were at
38°C for 2h with [’H]QNB and 1h with [’H]CGP
12177. For a;-AR, the incubation was for 90 min at
25°C; incubation times were optimized previously
(Myslivecek et al. 2003, 2004, 2006; Novakova and
Myslivecek 2005). The incubations were terminated
by filtration through Whatman GF/B glass fibre filters
pre-soaked with distilled water in a Brandel cell
harvester (Brandel, Inc., Gaithersburg, MD, USA);
the filters were washed three times with ice cold water.
Radioactivity retained on the filters was measured by
scintillation counting in Bray’s solution after desicca-
tion overnight. The affinity constants (Kp) were
computed and used for the ‘single-point’ measurement
in order to determine the number of receptors,
reducing the amount of tissue needed, as described
below.

Radioligand binding using ‘single-point’ measurements.
The numbers of muscarinic, a- and B-AR-binding
sites were determined by wusing single point
measurements of binding. Homogenates were
incubated in a single saturating concentration of the
radioligand (2000 pmol/l [’H]prazosin for «-AR,
2000pmol/l [PH]JCGP 12177 for B-AR, and
2000 pmol/l [’H]QNB for MR), and the B,y values
were computed from

Bmax = B X ([L] + I<L)/[L] (1)

where B = bound radioligand (fmol/mg of protein),
L = radioligand concentration (fmol/l), and K; = Kp
(fmol/l) of the radioligand. All tissue samples were
processed in triplicates.

Determination of a;4-, a;p- and a;p-AR  densities.
Homogenates were incubated for 90min at 25°C.
The incubation medium was as wused for
homogenization, with the addition of [’H]prazosin as
the specific radioligand (400 pmol/l), and subtype-
selective antagonists where indicated. To ascertain the
proportion of the a; 5 and a;g-AR subtypes, the binding
of [PH]prazosin was determined in triplicates in the
absence and the presence of 10 ®mol/l RS 17053 (a
selective a;4-AR antagonist), or 10~ 3mol/l L-765314
(a selective o;p-AR antagonist), or 10 ‘mol/l
BMY 7378 (a selective o;p-AR antagonist).

Stress sexual dimorphism in lung 25

The concentrations of RS 17053, 1.-765314 and BMY
7378 suitable to distinguish the a;a-, o5~ and a;g-AR
subtypes were determined in preliminary experiments
using the full competition curve with three
concentrations of antagonist per grade.

Determination of B;- and B,-AR densities. Homogenates
were incubated for 60 min at 38°C. The incubation
medium was as used for homogenization, with the
addition of [PH]CGP 12177 as the specific radioligand
(400 pmol/l), and subtype-selective antagonists
where indicated. To ascertain the proportion of the
B, and B,-AR subtypes, the binding of [PH]CGP
12177 (300 pmol/l) was determined in triplicates in the
absence and the presence of 10~ " mol/l CGP 20712A
(a selective B;-AR antagonist) or 10 ®mol/l
ICI 118.552 (a selective PB,-AR antagonist).
The concentrations of CGP 20712A and ICI
118.552 suitable to distinguish the ;- and B,-AR
subtypes were determined in preliminary experiments
using the full competition curve with three
concentrations of antagonist per grade.

Cyclic adenosine-3',5'-monophosphate cAMP assay

We measured the basal level of cAMP and forskolin-
stimulated activity of adenylyl cyclase (AC) as
previously described (Hoffert et al. 2005). Briefly,
membranes were prepared as above (using Hank’s
stock solutions (HBSS) as a buffer) and incubated
with buffer (HBSS; basal cAMP level) or in the
presence of 40 pumoll™! forskolin (to stimulate AC
activity) for 10 min at 37°C. The reaction was stopped
by adding 0.2 N HCI and incubating for 20 min at RT,
followed by centrifugation at >10,000g¢ for 10 min.
Supernatants were saved for measurement of
cAMP and pellets were used to measure protein
content (bicinchoninic acid assay, Sigma, Prague,
Czech Republic). cAMP content was measured using
a non-radioactive enzyme immunoassay kit
(Cayman Chemical, Ann Arbor, MI, USA) based on
competitive binding between endogenous cAMP and
an exogenous cAMP tagged acetylcholinesterase
tracer. Samples were run in 96-well microtiter plate
format and measured at A = 413 nm on a plate reader
(Sunrise, Tecan, Minnedorf, Switzerland). Absor-
bance data were analyzed using a spreadsheet program
provided by Cayman Chemical which calculated
cAMP content in pmol/ml.

Phospharidylinositol-specific phospholipase C (PI-PLC)
activity

PI-PLC activity was measured by the enzymatic assay
described (Dwivedi and Pandey 1999). Briefly, the

tissue was homogenized (10mg of tissue per 100 pl
of buffer) in 20mmoll ' Tris—HCl (pH 7.4),
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2mmoll~ ! EGTA, 5mmoll™! EDTA, 1.5mmoll}
pepstatin, 2mmoll ™! leupeptin, 0.5 mmoll ' phenyl-
methylsulfonylfluoride, 0.2 U/ml aprotinin, and
2mmoll ' dithiothreitol using two short pulses of
10s with a 30s pause on ice. For the assay, 5 nug of
protein per tube was used. The tissue was incubated
in incubation buffer (20mmoll ' Tris—HCI,
1 mmoll~ ! CaCl,, and 100mmoll ' KCI, pH 7.4)
containing 10mmoll~ ! lithium chloride, PIP, sub-
strate (50 pmoll™ ' unlabeled PIP,), 2.0mCiml !
[PH]PIP,, and 0.5mgml ' cetrimide in a total volume
of 100 pl at 37°C for 10 min (Thermoblock Biometra
T1; Gottingen, Germany). The reaction was termi-
nated by the addition of 500 ul 1M HCI and 500 ul
chloroform/methanol (1:1 vol/vol). The tubes were
vigorously mixed and centrifuged at 1000¢ for 10 min.
The aqueous (upper) phase was transferred to a
scintillation vial containing scintillation fluid, and the
radioactivity counted. Blanks were included, in which
the protein suspension was added after stopping the
reaction with chloroform/methanol.

Statistical analysis

Radioligand-binding data were evaluated as described
previously (Myslivecek et al. 2004) using non-linear
regression. Statistical significance of differences
between means was evaluated with one-way, two-way
and three-way ANOVA. For multiple comparisons an
adjusted z-test modified by Student—Newman—Keuls
correction was used. Values of p < 0.05 were
considered to be significant.

Sources of reagents

*H-prazosine [7-metoxy-] (3.21 TBg/mmol), -(—)4-
(3-tert-butylamino-2-hydroxypropoyx)-[5,7°H]ben-
zimidazol-2-one (*H-CGP 12177, 1.22 TBg/mmol),
*H-(*)-quinuclidinyl a-hydroxydiphenylacetate, L-
[benzilic-4,4'->’H]- (CH-QNB, 1.35 TBq/mmol),
were purchased from Perkin-Elmer, Boston, MA,
USA. Atropine and propranolol were from
ICN Biomedicals, Inc. (MP Biomedicals), Aurora,
OH, USA. Compounds CGP 20712A (1-[2-(3-
carbamoyl-4-hydroxyphenoxy)-ethylamino]-3-[4-(1-
methyl-4-trifluormethyl-2-imidazolyl)-phenoxy]-pro-
panol-methansulphonate), ICI 118.551 (erythro[£]-1-
[7-methylindan-4-yloxyl]-3-isopropylamino-butan-2-
ol), L-765314 ((28)-4-(4-amino-6,7-dimethoxy-2-
quinazolinyl)-2-[[(1,1-dimethylethyl)amino]carbo-
nyl]-1-piperazinecarboxylic acid, phenylmethyl
ester), BMY 7873 (8-[2-[4-(2-methoxyphenyl)-1-
piperazinyl]ethyl]-8-azaspiro[4.5]decane-7,9-dione
dihydrochloride), HEPES (N-(2-hydroxyethyl)-
piperazine-N'-2-ethanesulfonate), EDTA (ethylene-
diaminetetraacetic acid), Tris—HCIl (Tris(hydroxy-
methyl(aminoethane hydrochloride), phentolamine
were purchased from Sigma. RS 17053 (N-[2-(2-

cyclopropylmethoxyphenoxy)ethyl]-5-chloro-a,a-
dimethyl-1H-indole-3-ethanamine hydrochloride)
was from Tocris-Coocson (Bristol, UK).

Results
Wild-type (WT) mice

EPI and NE plasma levels. Plasma EPI concentration
was significantly greater in the W'T control female
group compared to the WT male controls (164%,
p <0.05; Figure 1). After acute or repeated
immobilization stress exposure, plasma EPI
concentrations were reduced (one-way ANOVA,
p=0.012; F=3.517, degrees of freedom (df) = 37),
especially in females (one immobilization, reduction to
47%, p < 0.05; seven immobilizations, reduction to
58%, p < 0.05, Figure 1, WT females). It is important
to note that plasma catecholamine levels were not
elevated because they were measured 3 h after the 2h
immobilization. Plasma concentrations of NE in WT
control males and females were not different from each
other, and values and were not altered after
immobilization (Figure 1, WT mice, two-way
ANOVA, p = 0.113, F = 2.325, df = 40).

Recepror-binding characteristics

Saturation binding. Saturation-binding experiments for
a1-AR, B-AR, and MR did not reveal any significant
differences between male and female WT mice in Kp
(Table I), indicating that any changes in receptor
densities are not the effects of changes in receptor
affinity. There were some sex differences in K, (i.e. for
a;-AR, 0.165nmoll ! vs. 0.109 nmoll~! for males
and females, respectively). The By, values obtained
in saturation-binding experiments do not differ from
‘single-point’ measurements. The B-AR receptor
densities were similar to those reported previously
(Abraham et al. 2003). The MR density values were
greater than reported for another species (horse;
Abraham et al. 2007). The «;-AR densities in lung
parenchyma for male mice were similar to those we
found previously in male rats (Novakova and
Myslivecek 2005). There were sex differences in WT
control receptor levels (Figures 2, 4 and 5; left):
females had 2-3.5-fold higher density of «;-AR
subtypes than males (x;5-AR: 3.37-fold higher,
p <0.001; a;p-AR: 2.83-fold, p < 0.001; a;p-AR:
2.23-fold, p = 0.004), but males had almost twofold
greater MR density than females (1.84-fold,
p < 0.001). In contrast, 3-AR subtype densities did
not differ between sexes.

Densities of a;4-, a;g- and a;p-AR. Overall, the sum of
the densities of proportions of the subtypes was
indistinguishable from unity. Hence, the antagonists
acted selectively to block the a-AR subtypes. The B, .«
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Plasma concentrations of EPI and NE in WT and CRH-KO male and female mice in control conditions and after exposure to a

single or seven-times repeated immobilization stress (IMMO). See inset for explanation of symbols. Left: plasma EPI and NE levels in males.
Right: plasma EPI and NE levels in females. *p < 0.05 versus WT control; S, p < 0.05 versus the other sex (the difference is indicated only in
females); G, p < 0.05 versus the other genotype (i.e. from WT mice); n = 6—8 per group.

values were different for the are completely different
for the three a;-AR subtypes: a15o-AR B, in control
male mice was ca 200 fmol/mg protein, a;g-AR was ca
60 fmol/mg protein, and a;p-AR was ca 20 fmol/mg
protein.

Densities of B;- and B-AR. In all instances, the
proportion of total P’H]CGP 12177 binding inhibited
by 10~ " mol/l CGP 20712A was indistinguishable from
the proportion of binding not inhibited by 10~ % mol/l
ICI 118.552, and vice versa. Hence, the antagonists
acted selectively to block the 3-AR subtypes.

Sexual dimorphism in responses to stress

Immobilization decreased differently the densities of
receptor subtypes in the male and female lung tissue.
While in females all a-adrenergnic receptor subtype

densities (Figure 2) were diminished (o;5-AR: one-
way ANOVA, p = 0.0003, F=18.79, df = 13; a;p-
AR: one-way ANOVA, p=0.0005, F=16.63,
df = 13; a;p-AR: one-way ANOVA, p = 0.0001,
F=128.63, df = 11) by acute and repeated stress
(to 32% of control, p < 0.001 and to 23% of control,
p < 0.001 by acute and repeated stress, respectively, in
a1a-AR; to 28 and 21%, respectively, p < 0.001 in
a15-AR, and to 29 and 21%, respectively, p < 0.001 in
a1a-AR), in males we found a decrease by acute stress
only of a; o-AR density (to 48% of control, p = 0.047).
Other «;-adrenergnic receptor subtypes were not
affected by stress in males. Similarly, the 3;-AR and
B>-AR stress reaction differed between males and
females (Figure 4). In males, 3;-AR density decreased
(one-way ANOVA, p = 0.0005, F = 12.65, df = 18)
both after acute (to 31%, p < 0.001) and repeated
stress (to 59%, p < 0.05). In marked contrast,
in females B;-AR density was stable during the

Table I. Dissociation constants for >H-prazosine (c;-AR), >H-CGP 12177A (B-AR) and *H-QNB (MR).

a;-AR Kp (nmoll™ 1) n B-AR Kp (amoll™ ) n MR Kp (amoll™ 1) n
Females WT 0.165 = 0.023 6 Females WT 0.341 = 0.035 6 Females WT 0.136 £ 0.031 6
Females KO 0.172 = 0.016 6 Females KO 0.266 = 0.055 6 Females KO 0.169 + 0.026 6
Males WT 0.109 = 0.022 6 Males WT 0.246 = 0.044 6 Males WT 0.102 = 0.016 6
Males KO 0.127 = 0.017 6 Males KO 0.187 = 0.020 6 Males KO 0.149 * 0.035 6

Data are expressed as mean = SEM. No significant differences (z-test) in Kp between WT and CRH '~ (KO) mice.
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Changes in lung a;-AR subtype (a1 4-AR, a;5-AR, a; p-AR) densities in WT mice. Left: males, right: females. See inset for explanation

of symbols. Control, intact mice, 1 X IMMO mice subjected to one stress session, 7 X IMMO mice subjected to repeated stress session (seven
immobilizations). *p < 0.05 versus control. S, p < 0.05 versus the other sex (the difference is indicated only in females); » = 5 per group.

stress (one-way ANOVA, p = 0.9548, F = 0.04645,
df = 13). However, B,-AR density was decreased by
stress in females (one-way ANOVA, p < 0.0001,
F=34.31, df = 13), as for subtypes of a;-AR: to
61%, p < 0.01 in acutely stressed mice and to 18%,
p < 0.001 in repeatedly stressed mice. In males, both
acute (to 33%, p < 0.001) and repeated stress (to 64%,
p < 0.01) diminished the density of B,-AR (one-way
ANOVA, p<0.0001, F=19.94, df = 18).
The changes in lung MR density (Figure 5) were similar
in males (one-way ANOVA, p = 0.0007, F=11.08,
df = 20) and females (one-way ANOVA, p = 0.0247,
F=5.481, df = 12). In both sexes, MR density
decreased both after acute (to 51%, p < 0.01 in males
and to 37% in females, p < 0.05, respectively) and
repeated stress (to 42%, p < 0.01 in males and to 67%
females, p < 0.05, respectively).

The effects of immobilization on PLC activity

There was no difference in PLC activity after
immobilization between groups (Table II; one-way
ANOVA, p = 0.334, F = 1.310, df = 15).

The effects of immobilization on AC activity

Basal levels of cAMP decreased (one-way ANOVA,
p < 0.0001, F = 19.86, df = 20) when the male mice
were stressed both acutely (to 40% of control,
p»<0.001) and repeatedly (to 24% of control,
p <0.001). Similarly, forskolin-stimulated AC
activity was decreased after stress (to 49%, p < 0.01
in acutely stressed mice and to 70%, p < 0.05 in
repeatedly stressed mice, respectively). Moreover,
after acute immobilization AC did not respond to
forskolin (Figure 6).
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Changes in lung a;-AR subtype (a;4-AR, a;5-AR, a;p-AR) densities in KO mice. Left: males, right: females. Symbols and groups

are as in Figure 2. *p < 0.05 versus control; S, p < 0.05 versus the other sex (the difference is indicated only in females); G, p < 0.05 versus

the other genotype (i.e. WT mice); n = 5 per group.

CRH-knockout (CRH-KO) mice

Plasma EPI and NE concentrations. The basal plasma
EPI concentrations in CRH-KO female and male mice
were less than in WT mice. There were no effects of
immobilization (3 h before sampling; Figure 1, two-way
ANOVA, p =0.753, F = 0.286, df = 38). The basal
concentrations of NE were greater (increase to 156%,
p < 0.05) in male control CRH-KO mice than in
control WT mice (Figure 1). Immobilization stress did
not alter plasma NE concentrations 3 h later (Figure 1).

Recepror-binding characteristics

Saturarion binding. Saturation-binding experiments for
a1-AR, B-AR and MR did not reveal any differences
between WT and KO mice in Ky (Table I), indicating

that any changes in receptor densities (B,a,) are not a
consequence of changes in receptor affinity. Notably,
B¢ values of control KO mice were similar to the
values for WT immobilized mice (Figures 2—5).

Changes in receptor binding. CRH gene disruption
decreased the density of AR and MR-binding sites in
intact male and female lungs. B, values for «;-AR
sub-types (a;a, a8, @1p) Were diminished to 34% (on
average) of the levels in WT mice (Figures 2 and 3),
and B, values for B-AR (31, B») were diminished to
70% (on average; Figure 4) and MR were diminished
to 48% of WT (Figure 5). In detail: a;5-AR density in
CRH-KO mice (two-way ANOVA, p < 0.027,
F=4.251, df = 28) was 43% of WT (p < 0.001);
a18-AR density in CRH-KO mice (two-way ANOVA,
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Figure 4. Changes in lung 8,-AR and B,-AR densities in WT and KO mice. Left: males, right: females. Symbols and groups are as in
Figure 2. *p < 0.05 versus control; S, p < 0.05 versus the other sex (the difference is indicated only in females); G, p < 0.05 versus the other

genotype (i.e. WT mice); n = 5—7 per group.

p=0.001, 8.851, df = 28) was 34% of WT
(p <0.001); a;p-AR density in CRH-KO mice
(two-way ANOVA, p < 0.001, 11.945, df = 24) was
25% of WT (p < 0.001); B;-AR density in CRH-KO

mice (two-way ANOVA, p < 0.001, F=14.558,
df = 26) was 84% of WT (p<0.05); B>-AR
density in CRH-KO mice (two-way ANOVA,
p <0.001, F=9.197, df = 26) was 58% of WT
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mice); n = 5—7 per group.

(p < 0.001); MR density in CRH-KO mice (two-way
ANOVA, p = 0.04, F = 3.553, df = 39) was 48% of
WT (p <0.001).

Responses to stress. Compared with WT, CRH gene
disruption completely abolished the stress reaction
(decreases in WT) in the a1 3-AR and a;p-AR densities
in females (Figures 2 and 3). However, this may reflect
the reduced density values for these AR subtypes in
control CRH-KO females (Figures 1 and 2). In contrast,
the changes in a;5-AR were preserved: acute stress
decreased density to 40% (p = 0.036), and repeated
stress decreased density to 44% of control (p = 0.011).

In male CRH-KO mice, there was no change in
a1-AR subtype densities in response to stress
(Figure 3).

Similarly, in male CRH-KO mice there was no
decrease after stress in 3;-AR density, in contrast with

WT mice (Figure 4); however, B;-AR density in
control CRH-KO males was much less than in control
WT (Figure 4). Interestingly, in CRH-KO females
repeated stress significantly increased the number of
Bi-AR (to 462% of control, p < 0.001; one-way
ANOVA, p < 0.001, F=59.92, df = 12).

The decrease in B,-AR density after stress, seen in
WT males, was maintained in the CRH-KO males
(one-way ANOVA, p = 0.0214, F=5.12, df = 16;
decrease to 37% of control, p < 0.05; Figure 4). By
contrast, the decrease in B,-AR density seen after
stress in WT females was reduced in CRH-KO
females, and not significant after repeated immobil-
ization (Figure 4).

MR density was also affected by CRH gene
disruption  (one-way ANOVA, p=0.0265,
F=4.597,df = 18; Figure 5). Male lung MR density
was significantly decreased in CRH-KO only after
repeated stress (to 47% of control, p < 0.05).

Table II. PLC activity.
WT control KO control WT 1 x IMMO KO 1 x IMMO WT 7 x IMMO KO 7 x IMMO
8.13 = 0.94 7.52 = 0.75 4.59 = 2.22 8.65 £ 0.33 6.58 = 0.39 6.63 = 1.40

PLC activity was measured in males exposed to immobilization stress. Datas are expressed as mean + SEM. IP; nmol mg prot 'min~!.n = 3
in all cases. No significant difference between any groups. 1 X IMMO, acute (1) immobilization; 7 X IMMO, repeated (7) immobilizations.
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Figure 6. Changes in basal levels in lung of cAMP and AC activity

(stimulated by 40 p,m01171 forskolin) in males. See inset for
explanation of symbols. #p < 0.05 versus respective control
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versus basal. G, p < 0.05 versus the other genotype (i.e. WT mice);
n = 5-6 per group.

In females, the reduced MR density after stress seen in
WT was not significant in CRH-KO females
(Figure 5).

The effects of immobilization on PLC activity. There were
no significant differences in PLC activity between
groups of male mice (Table II).

The effects of immobilization on AC activity. CRH gene
disruption completely abolished the respective
stimulatory effects of forskolin and inhibitory effects
of immobilization on cAMP levels seen in WT mice
(one-way ANOVA, p = 0.1806, F = 1.766, df = 20;
Figure 6).

Discussion

We found that male and female mice showed sex
differences in the changes in lung parenchyma receptor
densities after stress. In males, 3;-AR and MR showed
decreases, but in females more complex receptor
changes (i.e. decreased density of a;5-AR, a;5-AR,
a1p-AR, B,-AR, and MR) occurred. 3;-AR density
was not affected by stress in females. These

phenomena have not been observed before and are
interesting in the context of the CRH-KO phenotype,
in which a sexually dimorphic response to stress has
been observed while in WT mice no sex differences
were seen (Muglia et al. 1995). Moreover, the findings
may be important since some lung pathologies such as
asthma show gender differences (Carey et al. 2007;
Almgqyvist et al. 2008) and, more importantly, stress is
one of the factors that contribute to the development of
asthma (Vig et al. 2006). The sex differences in the
reactions of AR and MR to stress may illuminate this
gender difference in asthma. The adjusted prevalence
of asthma in the North American population is higher
in males until the 20th year of age, then it decreases and
becomes again higher shortly before the 80th year
(Carey et al. 2007). In our model, accepting
limitations in comparing murine and human ages,
our mice were young adults. Mortality rates for asthma
are higher in males (Carey et al. 2007), and female
airways are less responsive (i.e. less bronchoconstric-
tion) to cholinergic challenges (Chang and Mitzner
2007). This fits with our finding of almost twofold
greater MR density in lung tissue from male than from
female mice (and no difference in B-AR).

As mentioned above, plasma EPI and NE concen-
trations were changed differently in WTand CRH-KO
mice and EPI levels were dependent also on gender.
Although the plasma catecholamines were measured
in trunk blood samples (i.e. in which concentrations
are expected to be higher than in arterial or cardiac
samples (Kvetnansky et al. 1978)), EPI concen-
trations were higher in WT mice than in CRH-KO
mice, especially in females, which indicates reduced
EPI synthesis in the KO mice, and agrees with
previous results (Jeong et al. 2000; Kvetnansky et al.
2006). In chromaffin cells of the adrenal medulla,
stressor-induced gene expression of PNMT, which
converts NE to EPI, requires normal hypothalamo-
pituitary—adrenocortical (HPA) axis activity, implying
a role for glucocorticoids in PNMT gene expression
and action (Jeong et al. 2000; Kvetnansky et al. 2006)
and thus probably explaining the altered concen-
trations of circulating catecholamines in CRH-KO
mice (Jeong et al. 2000; Kvetnansky et al. 2000).

The presence of GRE on AR gene promoters
(i.e. on PB,-AR (Cornett et al. 1998); B;-AR
(Tseng et al. 2001); a13-AR (Gao and Kunos 1993)
and «ja-adrenergic receptor (Scanga and Schwinn
1998) genes, indicates a mechanism for glucocorticoid
hormone actions during stress. Data so far reported
about the effects of stress on these receptor systems are
rather incomplete. Some have not shown effects of
repeated immobilization on either lung a- or B-ARs in
rats (Torda et al. 1981, 1985). Others have employed a
model of oxidative stress and also have not found
effects on rat muscarinic and B-adrenergic receptor
function (pD2 values to agonists did not change; van
Hoof et al. 1996). By contrast, here we provide
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evidence that the AR and MR systems are involved in
the reaction of lung tissue to stress. Moreover, we
observed important sexual dimorphism in these stress
responses. Overall, our results show that the a;-AR
could be an important player in lung physiology in
females and that these receptors could have a minor
role in regulation of lung function in males. Further
investigation is needed to follow these findings.

Some cells in the lung tissue (epithelial cells,
bronchial smooth muscle cells, the lung parenchyma
cells) could represent the basis for a heterologous
regulation system, as they express the pair of receptors
with remarkable antagonism (i.e. MR and B-AR).
Hence, we could hypothesize about effects of AR
activation on MR density. The importance of balance
between the MR subtypes was discussed above, and
the balance between the muscarinic and adrenergic
receptors may also be important. Such heterologous
regulation, the effect of one receptor system on
another, has been demonstrated repeatedly
(Krohn and Hildebrandt 2004; Myslivecek and
Kvetnansky 2006). Another possibility is that changes
in MR level are a consequence of direct effects of the
absence or presence of glucocorticoid. Tentative
evidence of the presence of a GRE in the MR M;
gene has been presented (Klett and Bonner 1999),
although the presence of GRE in the promoter region
of MR genes has not been confirmed.

We also found sex differences in the basal levels of
a1-AR subtypes (females had higher density of
receptors than males) and MR (males had higher
density than females) in lung parenchyma. By contrast,
B-AR density did not differ between sexes. In relation
to the issue of receptor balance, different reactions to
stress could be expressed in male and female lung
parenchyma, and in particular, a likely higher density
of bronchoconstrictive MR in males could be a factor
responsible for gender differences in asthma, as
discussed above.

Also, the values of B, were different for the three
subtypes of a;-AR, and between males and females.
The low By« values for aja-, ia;p- and a;p-AR in
male mice (Figure 2) likely contributed to the general
absence of significant differences after stress.

The cAMP signal is neutralized by hydrolysis of
cAMP to AMP by phosphodiesterases. Hence, the
concentration of cAMP in a cell is a function of the
ratio of the rate of synthesis from ATP by AC and its
rate of breakdown to AMP. Here, we found that cAMP
levels in lung parenchyma from males decrease during
the stress response and resemble changes in 3;-AR and
MR levels in males. This could imply that the balance
between cAMP production by stimulating receptors
(i.e. B:;-AR) and cAMP production by inhibiting
receptors (i.e. MR) is disrupted. Evidently, stress
decreased the expression of AC (as revealed by the
inability of forskolin to stimulate cAMP production).
By contrast, PLC activity was not changed by stress.
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This may be related to unchanged (or modestly
changed) density of a;-AR subtypes in males.

We describe here that elimination of the CRH gene
led to a decrease in AR and MR receptor levels in lung
tissue in mice under basal conditions. Density of all of
these receptors in both sexes (except B;-AR in
females) was decreased (see Figures 3—5). This is an
important finding as mice lacking the CRH gene have
reduced levels of glucocorticoids in basal conditions
and in response to stress stimuli (Jeong et al. 2000;
Kvetnansky et al. 2006). Similarly, CRH-KO mice fail
to increase glucocorticoid levels during the circadian
peak (Muglia et al. 1997). In addition, the levels of
PNMT are reduced, NE is not efficiently methylated
to EPI and plasma NE concentrations are increased.
In this paper, we similarly report increased plasma NE
concentrations in CRH-KO male mice under basal
conditions (Figure 1), which is consistent with
decreased PNMT mRNA and protein levels
(Jeong et al. 2000). The present results therefore
indicate that different reactions in EPI but not NE
release to the immobilization stress could contribute
to the different AR and MR changes in response to the
stress in male and female CRH-KO mice.

We observed essentially unresponsiveness to stress
in lung a;-, Bi-, B2-ARs and MR in the CRH-KO
mice. Specifically, a;-AR subtypes and 3,-AR were
more affected (reduced to one half approximately)
than B;-AR in the female CRH-KO mice. While there
was almost no change in 3;-AR density (no change in
females, reduction to 62% in males), the B,-AR
density was down-regulated in CRH-KO mice of both
sexes. CRH-KO had a greater effect on 3,-AR density.
This could be caused by their higher responsiveness to
glucocorticoids than other receptors (Myslivecek et al.
2003).

Paradoxically, the lung receptor response to stress
was less affected in CRH-KO males than in females.
This is similar to the findings that responses to stress
in CRH-KO mice are sexually dimorphic (Muglia et al.
1995).

Moreover, it is also necessary to note that intact KO
mice have fewer receptor-binding sites than their WT
counterparts for all receptors studied here, therefore
the absent or reduced stress reactions of the receptors
in KO mice may result from the lower basal levels,
which were in the range of the inhibited values after
stress in WT mice.

In summary, we hypothesize that: (a) lung ARs may
play an important role in various pulmonary diseases
(e.g. asthma) and in lung development; (b) there are
sex differences in levels of AR expression in the lung;
and (c) the HPA axis, particularly CRH, may play an
important role linking AR and lung pathology.

Our data describe for the first time the effects of
stress (immobilization) on lung receptor systems
that could underlie impaired lung function in
CRH-KO mice.
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Thus, we conclude that: (1) CRH gene knock-out
changes the densities of MR, a-AR, and B-AR in the
adult lung tissue. Our initial hypothesis that CRH
gene disruption can affect the densities of these
receptor-binding sites in the lung has been supported;
(2) our hypothesis that lung receptors in CRH-KO
mice would be down-regulated has been supported;
and (3) also, we have discovered a sexually dimorphic
stress response in these receptor systems that is
significantly reduced in CRH-KO mice; although the
role of a;-AR subtypes in lung function is considered
minor, we have found that all these subtypes play
important role in the stress response in the female
lung.
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Regulation of Adrenoceptor and Muscarinic
Receptor Gene Expression after Single and
Repeated Stress
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Although stress is tightly connected with elevated levels of catecholamines, stress ef-
fects on target structures of catecholamine action—adrenoceptors (ARs)—has not been
deeply studied yet. Similarly, very little is known about changes of muscarinic receptors
(MRs) during stress. We determined changes in these receptors in the individual parts
of the heart (right atria and ventricles) of animals (rats and mice) exposed to a single
and repeated immobilization stress. Changes of tissue catecholamines, §,-AR gene ex-
pression, protein levels, and binding sites were determined in rat right ventricles, and
changes in f-, B2-, and f3-AR gene expression were followed in murine right atria. Tis-
sue catecholamines were elevated, while f,-AR mRNA levels and $,-AR proteins and
binding were decreased, in rat right ventricles. In murine right atria, ;- and §,-AR
gene expression was elevated, while 3-AR mRNA levels and M;-MR were reduced.
Taken together, our data show that interaction of AR and MR is important for the or-
ganism coping with stress and that different heart regions reveal distinct reactions to

stress.

Key words: stress-heart; adrenoceptors; muscarinic receptors

Introduction

Stress, although the word is promiscuously
overused in modern society, is not yet accu-
rately defined. On the other hand, our knowl-
edge about mechanisms of stress reaction dra-
matically increases every day. It is interesting
that although the roles of adrenaline and nora-
drenaline are widely accepted and have been
known for decades, changes in these neuro-
transmitters’ targets—adrenoceptors (ARs)—
under stress have been of lesser interest.

Address for correspondence: Jaromir Myslivecek, Institute of Physi-
ology, Ist Faculty of Medicine, Charles University, Albertov 5, 128 00
Prague, Czech Republic. Voice: +420-224 968 485; fax: +420-224 918
816. jmys@If].cuni.cz

This fact is important in view of periph-
eral organs regulated via two almost antago-
nistic nervous systems, the sympathetic and the
parasympathetic. The initial hypothesis sug-
gests that muscarinic receptors (MRs) can be in-
directly affected via ARs activated by increased
level of catecholamines. In addition, changes in
Bs-AR gene expression opposite to that of B1-
and Po-AR were expected, as these receptors
are supposed to have opposite function to f-
and PBo-AR.

In this paper, we focused on individual parts
of the heart—right atria and right ventricles—
as parts with lesser importance to systemic car-
diac physiology than left heart, but with impor-
tance to lung circulation (right ventricles) and
the location of the main cardiac pacemaker
(right atria).

Stress, Neurotransmitters, and Hormones: Ann. N.Y. Acad. Sci. 1148: 367-376 (2008).
doi: 10.1196/annals.1410.028 © 2008 New York Academy of Sciences.
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Effects of Stress on Adrenoceptors

Data about changes of ARs in the peripheral
tissue are not plentiful. In the first reports,!
authors have described changes of ARs in the
heart. The next papers*® showed decreased
numbers of B-ARs in the heart that could not be
prevented by chemical sympathectomy.® The
role of B9-AR in the cardiac stress reaction was
also shown.” Similarly, short-term immobiliza-
tion selectively changed the numbers of B;-AR
and Bo-AR in different heart regions.® In fish,
the number of B-AR was increased by hypoxia.’
On the other hand, oxidative stress (treatment
with HoOy) decreased the number of heart B-
AR.!Y Short-term immobilization leads to a de-
crease in a-AR.!" Another aspect of receptor
changes—heart receptor sensitivity—was re-
viewed by others. 2

Effects of Stress on Muscarinic Receptors

Among many stressors, oxidative stress has
been shown to impact MRs in peripheral tissue.
Stimulation of cardiac M9y MRs revealed an en-
hanced negative inotropic response in isolated
rat left atria after exposure to hypochlorite-
induced oxidative stress.!> This phenomenon
was not observed after stimulation of the car-
diac adenosine A receptor, which like the My
receptor 1s coupled to Gi-proteins. In the rat
tail artery, the contractile response to M3 re-
ceptor stimulation was not amplified in the rat
portal vein. The authors hypothesized an My
receptor specificity of the hypochlorite-induced
enhancement.!* Electrical-field stimulation in-
creased the vascular tone in a frequency-
dependent way and was attenuated by acetyl-
choline. It can be concluded that the varied
responsiveness among neuronal and cardiac
M, receptors to hypochlorite may be explained
by the different G-protein subunits involved in
the activation of the underlying signaling cas-
cade. On the other hand, the eventuality that
My receptors in the heart cannot necessarily
be located presynaptically (and are mostly ex-
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pressed by cardiomyocytes, that is, postsynap-
tically) was not discussed in this paper.'*

Another report!® showed that B-ARs, but not
MRs are changed in lymphocytes and thymo-
cytes after acute immobilization. Chronic im-
mobilization stress (5 days, for 2 h) decreased
MR binding to lymphocytes collected from
the spleen and blood, but not from thymus;
it caused a significant change in neither the B-
ARs binding to thymocytes nor lymphocytes
obtained from the blood and spleen. !

Short-term immobilization lead to the de-
crease of MRs,® but former data reported
increase in MRs after short-term immobiliza-
tion.!!

Possible Mechanisms of Receptor
Regulation

Heterologous regulation among G-protein-
coupled receptors (GPCRs) is a process that
could be involved in the regulation of other
receptors than ARs. This is an event whereby
protein kinases (PKA, PKC) target all receptors
despite whether they are occupied or vacant.
Heterologous regulation can act either as an
amplifier of the targeted receptor response, or
as its quencher. Cross-talk is well documented
between Gi- and Gg-coupled receptors, as well
as between Gs- and Gg-coupled receptors. %17

Moreover, not only receptor phosphoryla-
tion but also phosphorylation of Gai-protein
had been suggested to play a role in regulating
inhibitory action of the Gi-protein. Phospho-
rylation of GPCRs via receptors with intrinsic
tyrosine kinase activity is another way of “fine-
tuning” the GPCRs-mediated signal.'® 18

Cross-regulation can be comprehended as
posttranslational regulation (protein phospho-
rylation, or desensitization), as posttranscrip-
tional regulation (destabilization of mRINA, or
downregulation), or as transcriptional regula-
tion (when the regulation of targeted genes is
involved). !

Therefore, based on these facts we wanted
to know whether:
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1. B;- and Bo-ARs (gene expression, protein
levels, receptor binding) are affected by
stress in the peripheral tissue (such as the
heart),

2. B3-ARs are affected in a way opposite to
that of ;- and Bo-ARs,

3. MR gene expression is affected as well.

In order to explore these aims we used rats
and mice immobilized once or repeatedly for
seven times.

Methods

Experimental Protocol and Preparation
of Tissue

Animals were treated in accordance with
NIH guidelines for animal care, and the
experimental protocol was approved by the
Committees for Experimental Animals Pro-
tection of our Institutes. The experiments
were performed on 129SV]/C57BI6 mice and
on Sprague—Dawley rats, maintained under
controlled environmental conditions (12/12
light/dark cycle, 22 £ 1°C, light on at 06.00 h).
Food and water were available ad lbitum. The
mice (males weighting 20-25 g) were exposed
to immobilization stress for 120 min (one im-
mobilization) or repeatedly for 120 min on 7
consecutive days (seven immobilizations). Ani-
mals were sacrificed by decapitation 3 h after
the end of the last immobilization (that is, after
first or seventh immobilization). Hearts were
collected, and right atria and right ventricles
were dissected, flash frozen, and kept at —80°C
until assays were performed. Male Sprague—
Dawley rats, weighting from 300 to 350 g, were
exposed to the same immobilization stress pro-
tocol as the mice. Hearts were collected, the
pericardium carefully removed, and right atria
and ventricles dissected.

Noradrenaline and Adrenaline
Tissue Levels

Catecholamine concentrations were deter-
mined by the modified method for plasma
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catecholamine quantification.?’ Frozen tissue
was weighted and immediately homogenized in
0.1 M HCIO,4. Homogenate was centrifuged
at 10,000 rpm for 15 min. An aliquot of super-
natant was taken and diluted with water to a
final concentration 1 mg of tissue in 50 pL of
solution (pH 8.4). The rest of the method was
the same as for plasma catecholamine quantifi-
cation.?” Statistical significance of differences
between means was evaluated with ANOVA.
For multiple comparisons, an adjusted ¢-test
with P-values corrected by the SNK (Student—
Newman—Keuls) method was used.

RNA Isolation and Relative
Quantification of mRNA Levels
by RT-PCR

RNA was isolated by RNAzol ™ (Tel-Test,
Friendswood, TX). Reverse transcription (RT)
was performed using Ready-To-Go You-Prime
First-Strand Beads (AP, Biotech, Prague, Czech
Republic) and pd(N)g primer. PCR for spe-
cific receptors was carried out afterward us-
ing the primers given in Table | and the
process described in detail therein. For semi-
quantitative evaluation of PCR, primers for the
housekeeper glyceraldehyde-3-phosphate de-
hydrogenase were used. PCR products were
analyzed on 2% agarose gels and visualized
by ethidium bromide. Intensity of individ-
ual bands was evaluated by analysis system
STS 62201 (Ultra-Lum, Inc., Claremont, CA)
and PCBAS 2.08e software (Raytest, Inc.,
Straubenhardt, Germany). Statistical signifi-
cance of differences among means was evalu-
ated with ANOVA. For multiple comparisons,
an adjusted ¢-test with P-values corrected by the
SNK (Student-Newman—Keuls) method was
used.

Radioligand Binding Experiments

The tissue was weighted and homoge-
nized for two or three pulses of 20-30 s in
Ultra-Turrax homogenizer in ice cold Tris-
EDTA buffer (Tris-HCl 50 mmol/L, EDTA
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TABLE 1. Primer Sequences and Protocols Used in PCR Reactions

Gene Primer sequence

size

Fragment Denaturation Annealing Polymerization Number

(C)/time (s) (°C)/time (s) time (s) of cycles

Sense: 5'-GCC GAT
CTG GTC ATG
GGA-3' Antisense:
5-GTT GTA GCA
GCG GCG CG-%

Sense: 5'-ACC TCC TTC
TTG CCT ATC CA-3
Antisense: 5'-TAG
GTT TTC GAA GAA
GAC CG-3

Sense: 5'-GCA ACC
TGC TGG TAA TCA
CA-3’ Antisense: GGA
TTG GAG TGG CAT
TCC TG -3

Sense: 5-TAC CCT CTA
CAC TGT GAT TGG
C-3' Antisense: 5'-ATG
ATG ACA GGC AGA
TAG-3'

Sense: 5-AGA TCC ACA
ACG GAT ACA TT-3
Antisense: 5'-TCC
CTC AAG ATT GTC
AGC AA-%

293

B-adrenoceptors

111

Bo-adrenoceptors

381

Bs-adrenoceptors

324

My muscarinic
receptors

GAPDH 309

94/60 65760 60 36

94/60

65/60 60 36

94/60

60/30 60 36

95/45

62/35 40 34

94/60 60/30 60 37

All polymerizations were performed at 72°C. The initial denaturation was performed at 95°C for 5 min
with the exception of My muscarinic receptors, when denaturation lasting 5 min was followed by 35 s anneal-
ing at 60°C and 45 s polymerization at 72°C. The final polymerization lasting 7 min was performed at 72°C in all cases.

2 mmol/L, pH adjusted to 7.4),
membranes were prepared using repeated
centrifugation at 32,000 g. Experiments were
performed as has been reported before.®
Briefly, the amount of muscarinic binding sites
(Bmax) were computed by nonlinear regression
of data obtained in saturation experiments with
the binding of 65-2000 pmol/L [*H]QNB
(Quinuclidinyl benzilate, L-[Benzilic-4,4'-*H])
(PerkinElmer Life and Analytical Sciences,
Inc., Waltham, MA) to tissue homogenates
performed in duplicates. Nonspecific bind-
ing was determined in the presence of
5 pmol/L atropine. The number of B-
adrenergic binding sites was investigated
using 65-2000 pmol/L [PH]CGP (4-(3-t-
butylamino-2-hydroxypropoxy)-[5,7-° H]ben-

and

zimidazol-2-one) (PerkinElmer Life and An-
alytical Sciences, Inc.) 12177. Nonspecific
binding was determined in the presence of
5 pmol/L propranolol. The incubation was
performed at 38°C. for 2 h with [*H]JQNB
and 1 h with [PHJCGP 12177. In all cases,
the incubation was terminated by a filtration
through Whatman GF/B glass fiber filters
presoaked with distilled water in a Brandel
cell harvester when the filters were washed
three times with ice-cold water (Whatman plc,
Maidstone, Kent, UK). Radioactivity retained
on the filters was measured by scintillation
counting in Bray’s solution after desiccation
overnight. The affinity constants (Kp) were
computed and used for the “single-point”
measurement in order to determine the
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number of receptors saving the amount of
tissue needed, as described bellow.

In “single-point” measurements, numbers
of the MR and B-AR binding sites were
determined using a single saturating con-
centration of the radioligand (2000 pmol/L
[*H]CGP 12177 for B-ARs and 2000 pmol/L
[3H] ONB for MRs), and B
were computed according to the equation
Bmax = B x [(L + K)/L], where B = radi-
oligand bound (fmol/mg of protein), L. = ra-
dioligand concentration (fmol/L), and K}, =
K4 (fmol/L) of the radioligand. All of the tis-
sue samples were processed in triplicate. f-
and B9-ARs were determined in 300 pmol/L
of [PH]CGP 12177 and of the subtype-selective
antagonists (1077 mol/L CGP 20712A for B;-
ARs or 1078 mol/L ICI 118.552 for By-ARs).
Radioligand binding data was evaluated as de-
scribed previously.® Statistical significance of
differences between means was evaluated with
ANOVA. For multiple comparisons, an ad-
justed #-test with P-values corrected by the
SNK (Student-Newman—Keuls) method was
used.

values

Results

Rat Right Ventricles

Noradrenaline and Adrenaline Tissue
Levels

We found increased levels of tissue nora-
drenaline in the rat right ventricles after re-
peated immobilization (seven immobilizations).
Levels of adrenaline were increased after either
one or seven immobilizations (Fig. 1).

Measurement of B2-AR mRNA Levels by
RT-PCR

Single immobilization did not change the rel-
ative amount of B9-AR mRNA in rat right ven-
tricles (Fig. 1). On the other hand, we found
decreased Po-AR mRNA levels after seven
immobilizations (Fig. 1). In contrast, f;-AR
mRNA levels were not changed in the right
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Figure 1. Changes in catecholamine levels (up-
per panel) and B,-AR gene expression (lower panel)
in the rat right ventricle of animals exposed to im-
mobilization stress. AC, control; 1 IMMO, animals
immobilized once; 7 IMMO, animals immobilized 7
times. *P < 0.05 different from control.

ventricles of either once or repeatedly immobi-
lized rats (data not shown).

Radioligand Binding Experiments and
Protein Determination

The number of B9-AR binding sites and the
amount of B9-AR protein were decreased after
one immobilization in the rat right ventricles
(Fig. 2); however, seven immobilizations did not
lead to significant decrease of either 9-AR pro-
tein or number of Bo-AR binding sites (Fig. 2).
In contrast, neither B-AR protein, the number
of B1-AR, nor MR binding were changed in the
rat right ventricles (unpublished data).

Murine Right Atria
Measurement of B-AR mRNA Levels by
RT-PCR

In contrast to rats, B;-AR mRNA levels
were increased in the right atria of mice af-
ter repeated immobilization stress (Fig. 3). In
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Figure 2. B,-AR protein levels (upper panel) and
B2-AR receptor binding sites (lower panel) in the
rat right ventricle in animals exposed to immobiliza-
tion stress. AC, control; 1 IMMO, animals immobi-
lized once; 7 IMMO, animals immobilized 7 times.
*P < 0.05 different from control.

addition, gene expression of Bo-AR was in-
creased In mice exposed to a single, as well
as to repeated, immobilization (Fig. 3). De-
creased levels of B3-AR mRNA (after either one
or seven immobilizations) and My MR mRINA
(after one immobilization) were seen in murine
right atria (Fig. 3).

Discussion

Rat Right Ventricles

Noradrenaline and Adrenaline Tissue
Levels

Immobilization stress affected the right ven-
tricle levels of noradrenaline and adrenaline
differently. While adrenaline was increased as
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early as after the first immobilization, the
level of noradrenaline was changed only after
seven immobilizations. Concentration of nora-
drenaline in this tissue is more than 20 times
higher than that of adrenaline because of no-
radrenalinergic sympathetic innervation. After
repeated stress exposure, there is a more in-
tensive biosynthesis, which might explain the
elevated noradrenaline levels.

Cardiac sympathetic innervation contain-
ing adrenergic neurons is very low, even if
gene expression of phenylethanolamine N-
methyltransferase (PNMT), the key enzyme of
adrenaline synthesis, has been recently detected
in the stellate ganglia.?” Tt was believed that up-
take from circulation and reduced biosynthesis
in some cardiac cells might be responsible for
the low adrenaline levels in the heart. Recently,
we have described PNMT gene expression in
cardiac tissue and its increase, especially af-
ter repeated immobilization stress.?®* Thus,
the found stress-induced increase of adrenaline
concentration in the right ventricle of stressed
rats is most probably a result of increased
adrenaline biosynthesis as the consequence of
increased PNMT gene expression.

Changes of mRNA Levels

To our knowledge, no data about changes in
AR gene expression after immobilization stress
have been published. On the other hand, some
data about changes of the B-AR gene expres-
sion in the failing heart,! 2% the situation in
which the levels of blood catecholamines are
increased, already exist.

Radioligand Binding Experiments and
Protein Levels

Our results concerning the changes in bind-
ing characteristics are in good agreement with
previously published data about changes in the
AR binding. """ In detail, it was shown®® that
the number of B-ARs in the heart is decreased.
The role of B9-AR in the cardiac stress reaction
has also been shown.’” Similarly, short-term im-
mobilization selectively changes the number of
B1-AR and By-AR in various heart regions.®
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Figure 3. Effects of immobilization stress on murine right atria gene expression of #1-AR
(upper left panel), B2-AR (upper right panel), B3-AR (lower left panel), and My MR (lower right
panel). AC, control; 1 IMMO, animals immobilized once; 7 IMMO, animals immobilized 7

times. *P < 0.05 different from control.

Short-term immobilization led to a decrease of
MR® in the heart, but there are reports'® that
B-AR, but not MR, is changed in lymphocytes
and thymocytes after an acute immobilization.

Protein levels of Bo-AR were changed simi-
larly to their receptor binding (Fig. 2). On the
other hand, physical training did not change
the amount of B9-AR receptor protein in rat
left ventricles.?*

Murine Right Atria

Changes of mRNA Levels

As it can be deduced from Figure 3, changes
in AR and MR gene expression in murine right
atria differed from that in rat right ventricles.
Changes of B1-, Bo-, B3-AR gene expression are
also different from our investigation of AR gene
expression in the rat right atria (unpublished
observation). Some data demonstrated changes
in B3-AR gene expression in chronic exercise—
induced cardiac hypertrophy,?® or in human
failing myocardium.?®

Our data demonstrate that the gene expres-
sion of cardiostimulative receptors (f;-AR and

Bo-AR) in murine right atria is changed by the
same way (increase) and that the gene expres-
sion of cardioinhibitive receptors (B3-AR and
MR) is changed by the opposite way (decrease).
This could imply their role in maintaining the
heart homeostasis. On the other hand, these
changes differ from those in rat right atria (un-
published observation), where decrease in Po-
AR gene expression was found. A possible ex-
planation of'this discrepancy could lie in species
differences between rats and mice.

General Discussion

Taken together, our data show that both AR
and MR are important in coping with stress sit-
uations. Increase in catecholamine levels brings
about not only changes in ARs, but also affects
MRs. These changes could be caused by the ac-
tivation of PKA as well as PKC (see schematic
diagram in Fig. 4).

Important findings about the process of re-
ceptor regulation can be deduced from the
comparison of changes in gene expression, pro-
tein levels, and the amount of receptor bind-
ing sites. The levels of catecholamines correlate
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Figure 4. The schematic diagram depicting pos-
sible pathways for MR regulation. Increased levels of
catecholamines can affect the number of ARs on the
membrane. When this occurs, the internalization of p-
AR (left part of the diagram) can start. Internalization
is a process leading to a decrease of 8-AR in the mem-
brane. If receptor activation persists, the increase in
cAMP level (via B1-AR and B2-AR) or phospholipase
C (PLC) activity (via a1-AR) can affect the activity of
protein kinase A (PKA) and protein kinase C (PKC),
respectively. The MR can be affected both via PKA
or PKC, which can decrease the amount of MR bind-
ing sites on the membrane by the process of inter-
nalization (right part of the diagram). AC, adenylyl
cyclase.

inversely with the levels of protein/receptor
binding of Bo-AR. On the other hand, gene
expression of this receptor did not change after
one immobilization, but did after the seventh
immobilization. Moreover, when we compare
the changes in protein level and receptor bind-
ing, it is possible to deduce that the process
of receptor inactivation is mainly involved in
receptor regulation. This can be demonstrated
by similar changes in the disability of the recep-
tor binding pocket to bind the radiolingand in
membrane receptors (as revealed from binding
data) as well as in the inability to bind antibodies
to the C-terminal of the receptor protein (as re-
vealed from western blots of receptor protein).
After the process of receptor inactivation, gene
expression is affected. This can be judged from
Figure 1 and Figure 2. The gene expression of
Bo-AR is not changed after a single immobi-
lization (Fig. 1) but is dramatically decreased

Annals of the New York Academy of Sciences

after repeated immobilization, while receptor
protein and receptor binding are affected af-
ter a single but not repeated immobilization
(see Fig. 2). A significance of the decrease
in gene expression, however, needs further
investigation.

Changes in ARs are not the only receptor
changes influenced by stress in murine atria.
MRs, the receptors with opposite AR function,
are affected as well. This could imply that the
changes in the receptor milieu are important
for homeostatic maintenance.

The question arises, why the number of Bo-
AR and level of their protein decreased after a
single, but not after repeated, immobilization.
In order to hypothesize this phenomenon, it
is necessary to take into consideration that the
changes in gene expression and receptor bind-
ing are a result of adaptation to stress. There-
fore, not only B9-AR, but also f3-AR and MR,
are affected, and the resulting gene expression,
protein expression, and binding to receptors
should be considered a result of mutual interac-
tion among receptor systems involved in heart
regulation caused by huge changes in ARs (see
Fig. 4 showing possible mechanisms of another
receptor regulation [MR]).

In summary, immobilization stress is able to
affect gene expression, protein levels, and re-
ceptor binding not only of ARs, but also of
MRs in the right heart. We suppose that these
changes could help the organism to cope with
the stress condition.

Acknowledgments

Supported by Grants GAUK 11/06 from
Grant Agency of Charles University (Czech
Republic), APVV-0148-06 from Agency for
Research and Development (Slovakia), and
VEGA 2/5252 from The Scientific Grant
Agency of the Ministry of Education of the
Slovak Republic and of the Slovak Academy
of Science and partially supported by research
project MSMO0021620849 (from Ministry of
Education of the Czech Republic).

79



Myslivecek et al.: Adrenoceptor and Muscarinic Receptor Regulation

10.

1.

12.

Conflicts of Interest

The authors declare no conflicts of interest.

References

. U’Prichard, D.C. & R. Kvetnansky. 1980. Central

and peripheral adrenergic receptors in acute and
repeated immobilization stress. In Catecholamines and
Stress: Recent Advances. E. Usdin, R. Kvetnansky & 1].
Kopin, Eds.: 299-308. Elsevier. New York.

. Yamaguchi, L., T. Torda, F. Hirata & I]. Kopin. 1981.

Adrenoceptor desensitization after immobilization
stress or repeated injection of isoproterenol. Am. f

Physiol. 240: H691-H696.

. Torda, T., I. Yamaguchi & F. Hirata, e a/l. 1981.

Quinacrine-blocked desensitization of adrenoceptors
after immobilization stress or repeated injection of
isoproterenol in rats. . Pharmacol. Exp. Ther. 216:
334-338.

. Torda, T., R. Kvetnansky & M. Petrikova. 1984. Ef-

fect of repeated immobilization stress on rat central
and peripheral adrenoceptors. In Stress: The Role of
Catecholamines and Other Newrotransmitters. E. Usdin, R.
Kvetnansky & J. Axelrod, Eds.: 691-701. Gordon
and Breach Sci Publ. New York.

. Torda, T, R. Kvetnansky & M. Petrikova. 1985. Ef-

fect of repeated immobilization stress on central and
peripheral adrenoceptors in rats. Endocrinol. Exp. 192
157-163.

. Torda, T. & I.J. Kopin. 1985. Lack of preventive ef-

fect of 6-hydroxy-dopamine on a decrease of beta-
adrenergic receptors induced by repeated stress in
the heart of rats. Endocrinol. Exp. 19: 47-51.

. Kirby R.E. & AK. Johnson. 1990. Role of beta 2-

adrenoceptors in cardiovascular response of rats to
acute stressors. Am. J. Physiol. 258(Pt 2): H683-H688.

. Myslivecek, J., J. Ricny, M. Palkovits & R. Kvetnan-

sky. 2004. The effects of short-term immobilization
stress on muscarinic receptors, beta-adrenoceptors,
and adenylyl cyclase in different heart regions. Ann.
N. X Acad. Sci. 10182 315-322.

. Gamperl, A K., M.M. Vijayan, C. Pereira & A.P.

Farrell. 1998. Beta-receptors and stress protein 70
expression in hypoxic myocardium of rainbow trout
and chinook salmon. Am. J. Physiol. 274: R428-R436.
Persad S., H. Rupp, R. Jindal, e a/. 1998. Modifi-
cation of cardiac beta-adrenoceptor mechanisms by
H202. Am. J. Physiol. 274(2 Pt 2). H416-H423.
Meerson, EZ. 1991. Alphal desensitization of the
heart during adaptation to stress. Fiziol <h. 37: 3-6.
Santos, LN. & R.C. Spadari-Bratfisch. 2006. Stress
and cardiac beta adrenoceptors. Stress. 9: 69-84-.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

375

Peters, S.L., C. Sand, H.D. Batink, ez al. 2001. Reac-
tive oxygen species potentiate the negative inotropic
effect of cardiac M2-muscarinic receptor stimulation.
NS Arch. Pharmacol. 364: 166-171.

Sand, C., S.L. Peters, M,J. Mathy, et al. 2002. The
effects of hypochlorite-induced oxidative stress on
presynaptic M2-receptors at sympathetic nerve end-
ings in the rat tail artery. Auton. Autacord Pharmacol.
22: 127-132.

Kubera, M., A. Skowron-Cendrzak, B. Mazur-
Kolecka, et al. 1992. Stress-induced changes in mus-
carinic and beta-adrenergic binding sites on rat thy-
mocytes and lymphocytes. F Neuroimmunol. 37: 229~
235.

Cordeaux, Y. & S.J. Hill. 2002. Mechanisms of cross-
talk between G-protein-coupled receptors. Neurosig-
nals. 11: 45-57.

Hur, EM. & K. T. Kim. 2002. G protein-coupled
receptor signalling and cross-talk. Achieving rapidity
and specificity. Cell. Signal. 14: 397-405.

Selbie, L.A. & SJ. Hill. 1998. G protein-coupled-
receptor cross-talk: the fine-tuning of multiple
receptor-signaling pathways. Trends Pharmacol. Sci. 19:
87-93.

Morris, A,J. & C.C. Malbon. 1999. Physiological reg-
ulation of G protein-linked signaling. Physiol. Rev. 79:
1373-1430.

Peuler, J.D. & G.A. Johnson. 1977. Simultaneous
single isotope radioenzymatic assay of plasma nore-
pinephrine, epinephrine and dopamine. Life Sci. 21:
625-636.

Brodde, O.-E., M.C. Michel & H.R. Zerkowski.
1995. Signal transduction mechanisms controlling
cardiac contractility and their alterations in chronic
heart failure. Cardiovasc. Res. 30: 570-584.

Lohse, MJ., S. Engelhardt & T. Eschenhagen. 2003.
What is the role of B-adrenergic signaling in heart
failure? Circ. Res. 93: 896-906.

Port, J.D. 2001. Altered beta-adrenergic receptor
gene regulation and signaling in chronic heart failure.
J- Mol. Cell Cardiol. 33: 887-905.

Barbier, J., F. Rannou-Bekono, J. Marchais, ¢ al.
2004. Effect of training on betal beta2 beta3 adren-
ergic and M2 muscarinic receptors in rat heart. Med.
Sci. Sports Exerc. 36: 949-954.

Barbier, J., F. Rannou-Bekono, J. Marchais, ¢ al.
2007. Alterations of beta3-adrenoceptors expression
and their myocardial functional effects in physiologi-
cal model of chronic exercise-induced cardiac hyper-
trophy. Mol. Cell Biochem. 300: 69-75.

Moniotte, S., L. Kobzik, O. Feron, e/ al. 2001.
Upregulation of beta(3)-adrenoceptors and altered
contractile response to inotropic amines in hu-
man failing myocardium. Circulation 103: 1649—
1655.

80



376

27. Kubovcakova, L. et al. 2006. Identification of
phenylethanolamine N-methyltransferase gene ex-
pression in stellate ganglia and its modulation by
stress. f. Neurochem. 97: 1419-1430.

28. Krizanova, O. et al. 2001. Existence of cardiac
PNMT mRNA in adult rats: elevation by stress in

29.

Annals of the New York Academy of Sciences

a glucocorticoid dependent manner. Am.j. Physiol.
(Heart Cire. Physiol.) 281: H1372-H1379.

Kvetnansky, R. et al. 2006. Gene expression
of phenylethanolamine N-methyltransferase in
corticotropin-releasing hormone knockout mice dur-
ing stress exposure. Cell Molec. Neurobiol. 262 735-754.

81



STRESS, NEUROTRANSMITTERS, AND HORMONES

Gene Expression of Adrenoceptors in the
Hearts of Cold-Acclimated Rats Exposed
to a Novel Stressor
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Changes in the heart rate and force of contraction are regulated by catecholamines via
adrenoceptors (AR). In this work, we measured gene expression of AR in left heart atria
and ventricles in rats exposed to cold stress and in cold-acclimated rats exposed to a
novel stressor (immobilization). We found a significant increase in f3-AR in left ventri-
cle of rats exposed to acute (1 day) and long-term (28 days) cold, but no changes in ;-
and f,-AR mRNA levels. However, single immobilization significantly decreased f,-AR
mRNA levels both in left atria and ventricles compared to acute cold stress. Application
of a novel stressor (immobilization) to previously cold-acclimated animals did not show
decrease of $,-AR mRNA levels as seen in intact animals. Moreover, ;- and f,-AR did
not show any significant changes. Surprisingly, the most prominent changes in the heart
were detected for a;5-AR gene expression. We found decreased levels of o;5-AR mRNA
in the heart of rats exposed to cold and immobilization. We also found that exposure
of cold-acclimated rats to immobilization is responsible for additional decrease of o/13-
AR mRNA levels in heart. It seems that while B-AR undergoes adaptation, o13-AR is
probably prepared to modulate heart functions. Proposed mechanism of f-AR adapta-
tion needs to be elucidated. Thus, we have shown that gene expression of different AR
subtypes in the heart is regulated differently by various stressors. A protective role of
B2-, B3-AR, and o13-AR in the process of heart adaptation to chronic stress exposure is

proposed.

Key words: adrenoceptors; cold; immobilization; heart; gene expression

Introduction

Catecholamines—norepinephrine (NE) and
epinephrine (EPI)—are among the principal
compounds released by the organism during a
stress reaction, which is related to activation of
the sympatho-adrenomedullary system (SAS)
as the main source of catecholamines in the
organism. NE and EPI play a crucial role in

Address for correspondence: Dr. Andrej Tillinger, Institute of Experi-
mental Endocrinology, SAS, Vlarska 3, 833 06 Bratilsava, Slovakia. Voice:
+421 2 5477 2800; fax: +421 2 5477 4247. ueentill@savba.sk

the regulation of many physiological functions
in the organism, as in the cardiovascular sys-
tem, for example. Changes in the heart rate
(chronotrophy) and force of muscle contraction
(inotrophy) are regulated by catecholamines
via adrenoceptors (AR). They belong to two
main groups, designated a- and B-AR. At least
nine AR subtypes were described (a4-, o1p-,
®1p-, oA, OoB-, Qoc-, B1-, Po-, and B3-AR).
B-AR are the most important AR for the reg-
ulation of heart function. The main subtype is
B1-AR, which represents 70-80% of all B-AR
in the heart.! Despite the fact that f;-AR are

Stress, Neurotransmitters, and Hormones: Ann. N.Y. Acad. Sci. 1148: 393-399 (2008).
doi: 10.1196/annals.1410.024 © 2008 New York Academy of Sciences.
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dominant subtype in the heart,! functional re-
sponses mediated by B;- and Po-AR are not
necessarily different. fn vivo studies have con-
firmed that both B - and B9-AR are involved in
positive inotropic and chronotropic effects.>?
In the heart, B3-AR subtype is also present, but
its functional role in the heart has not been
clarified. It is supposed that negative inotropic
effectinduced by Bs-AR might play a protective
role during sustained adrenergic stimulation of
B1- and Bo-AR in the heart.*> It is well estab-
lished that B-AR have a dominant position in
the regulation of heart function, but there are
also a1-AR which are contributed in positive
inotropic effect in the heart as well.> All three
subtypes of a;-AR coexist in the heart, but pos-
itive inotropic effect is mediated mainly by o 4-
and a3-AR subtypes.>® The maximum posi-
tive inotropic effect triggered by a-AR is by
far less than that evoked by B-AR stimulation.?
The role of a1-AR in regulation of the heart
function is still a matter of discussion.

Selye’s doctrine of stress response nonspeci-
ficity® has been modified during past years.
Nowadays we accept that stress reaction is
a specific response of an organism to differ-
ent stimuli. Individual stressors (immobiliza-
tion, cold, hypoglycemia, and others) activate
the SAS differently. Immobilization increases
significantly both NE and EPI plasma lev-
els, while, on the contrary, cold increases NE
plasma levels leaving EPI levels practically un-
changed.” Thus, stressful situations induce in-
creases in plasma levels of catecholamines.”
Prolonged exposure to stress-induced increases
in catecholamine levels could lead to changes
in gene expression and protein levels of AR.
The aim of this study was to explore changes
in mRINA levels of the above-mentioned AR in
the heart atria and ventricles in rats exposed to
short- and long-term cold exposure as well as
in cold-acclimated animals exposed to a novel
stressor (immobilization). We wanted to find
out whether there is an adaptation in gene ex-
pression of the heart AR to chronic stress ex-
posure and how such acclimated rats respond
after exposure to a novel stressor.

Annals of the New York Academy of Sciences
Materials and Methods

Animals

Male Sprague-Dawley rats (250-300 g,
Charles River, Suzfeld, Germany) were used
in our experiments. Animals were housed two
per cage in a controlled environment (22 =+
2°C, 12 h light-dark cycle, lights on at 6 AM)
1 week before the beginning of the experiment.
After the first week, cold-stressed animals were
gradually housed two per cage in a cold cham-
ber (4°C, 12 h light-dark cycle, lights on at
6 AM) for 28, 7, and 1 day(s). Animals exposed
to 28 days cold (acclimated), as well as animals
held at room temperature (control), were ex-
posed to immobilization stress as described be-
fore.!” Animals were immobilized once for 2 h
and immediately decapitated. Cold-acclimated
rats were immobilized in the cold chamber. All
experimental groups (controls, 28 days, 7 days,
and 1 day cold exposed, immobilized control
and immobilized acclimated rats) were decap-
itated at the same day. Hearts were rapidly re-
moved, atria and ventricles withdrawn and im-
mediately frozen in liquid nitrogen and stored
at —70°C until the assay.

RNA Isolation and Relative
Quantification of mRNA Levels by
Reverse Transcription with Subsequent
Polymerase Chain Reaction (RT-PCR)

Total RNA from frozen heart tissue was iso-
lated by TRI Reagent (MRC Ltd., Cincin-
nati, OH). The purity and integrity of iso-
lated RNAs was checked on GeneQuant Pro
spectrophotometer (Amersham Biosciences,
Piscataway, NJ). Reverse transcription was per-
formed using 1.5 pg of total RNAs and
Ready-To-Go You-Prime First-Strand Beads
(Amersham Biosciences) with pd(N6) primer
(Amersham Biosciences). PCR specific for AR,
primers, and PCR conditions were carried out
as described previously.!! PCR products were
analyzed on 2% agarose gels. Intensity of in-
dividual bands was evaluated by PCBAS 2.08¢
software (Raytest, Inc., Dusseldorf, Germany).
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Statistical Analysis

Results are presented as a mean £ SEM,
and each group represents an average of six ani-
mals. Statistical differences among groups were
determined by one-way analysis of variance
(ANOVA), and for multiple comparisons, an
adjusted ¢-test modified by Bonferroni’s correc-
tion was used. Values of P < 0.05 were consid-
ered to be significant.

Results

Effect of Long-term Cold on Gene
Expression of Adrenoceptors in Rat Heart

There were no changes in gene expression
of B1- and Bo-AR in left atria and ventricles
of cold-stressed rats (Fig. 1). In the atria, we
also did not find any changes of f3-AR mRNA
levels. On the other hand, we found a signif-
icant increase of f3-AR mRNA levels in left
ventricles of animals exposed to acute (1 day)
and chronic (28 days) cold exposure (Fig. 1). We
found decreased levels of a;3-AR mRNA—the
dominant subtype of a;-AR—in atria and ven-
tricles in cold-stressed animals (Fig, 2).

Effect of Single Immobilization on
Adrenoceptors mRNA Levels in Hearts
of Rats Acclimated to Long-term
Cold Exposure

Immobilization did not change mRNA lev-
els of B1-AR in left atria and ventricles of rat
hearts in either control (held at room tem-
perature) or cold-acclimated animals (Figs. 3
and 4). We have found a decrease in gene ex-
pression of Bo-AR in hearts of immobilized con-
trol rats. In hearts of cold-acclimated animals
exposed to immobilization there were no signif-
icant changes in mRNA levels of B9-AR com-
pared to cold control animals (Figs. 3 and 4).
No changes in gene expression of P3-AR in
hearts of control and cold-acclimated rats ex-
posed to immobilization were found (Figs. 3
and 4). The only changes in gene expression
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Figure 1. Changes in mRNA levels of various
B-AR subtypes in left atrium (top) and ventricle
(bottom) of rats exposed to different time periods of
cold exposure (4°C). Results are expressed in arbi-
trary units as mean £ SEM (n = 5-4). Statistical sig-
nificance between control and cold-stressed group
was defined as *P < 0.05.

of AR in hearts of immobilized control and
cold acclimated animals were observed in og-
AR subtype of a;-AR. There was a decrease
in mRINA levels of a;g-AR in hearts of both
immobilized control and cold-acclimated an-
imals. We observed also significant additional
decreases of oijg-AR mRNA levels in left atria
of immobilized cold-acclimated animals (Figs. 3
and 4).

Discussion

Stress is considered a major risk factor
in the development of cardiovascular dis-
eases. Stress-induced elevation of plasma lev-
els of catecholamines—NE and EPI—as a
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Figure 2. Changes in mRNA levels of op-
adrenoceptor subtype in left atrium (fop) and ven-
tricle (bottom) of rats exposed to different time peri-
ods of cold exposure (4°C). Results are expressed in
arbitrary units as mean + SEM (n = 5-6). Statistical
significance between control and cold-stressed group
was defined as *P < 0.05.

consequence of increased SAS activity is a well-
known phenomenon. Changes in mRINA and
protein levels of AR in animal models of heart
failure and in human failing hearts in relation
to increased sympathetic activity have been
shown (for review see Brodde and Michel).!
Due to the increased sympathetic activity, the
cardiac NE turnover is enhanced and EPI
levels are elevated.!? Sustained sympathetic
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Figure 3. Effect of heterotypic novel stressor (im-
mobilization, IMO) on the gene expression of se-
lected adrenoceptors (a8, B1, B2, and B3) in left
atrium of animals acclimated to longterm cold ex-
posure and in infact, previously unstressed animals.
Results are expressed in arbitrary units as mean +
SEM (n = 5-6). Statistical significance between con-
trol and immobilized group was defined as *P <
0.05, **P < 0.001 and between group held at room
temperature or at cold ##P < 0.001.

stimulation of AR leads to downregulation of
B-AR. Decreased levels of B;-AR, demon-
strated by reduced gene expression and protein
level and uncoupling of B9-AR, often seen with-
out changes in mRINA or protein levels, have
been described.!

In our experiments, we did not find any sig-
nificant changes of B - and fo-AR mRNA lev-
els in atria and ventricles of animals exposed
to acute (1 day) or long-term (28 days) cold.
Nevertheless, elevated plasma levels of NE in
animals exposed to acute and long-term cold
were described.!®!* Neither exposure of ani-
mals to acute cold nor exposure to single im-
mobilization stress was efficient to change levels
of B;-AR mRNA in the left heart. Unchanged
levels of B1-AR mRNA may be related to
higher resistance of f,-AR to agonist-induced
downregulation.!> Contrary to findings on
B1-AR, we found a significant decrease of Po-
AR mRNA levels in animals exposed to single
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Figure 4. Effect of heterotypic novel stressor (im-
mobilization, IMO) on the gene expression of se-
lected adrenoceptors (a1g, B1, B2, and B3) in left
ventricle of animals acclimated to longterm cold ex-
posure and in infact, previously unstressed animals.
Results are expressed in arbitrary units as mean +
SEM (n = 5-6). Statistical significance between con-
trol and immobilized group was defined as *P <
0.01, **P < 0.001 and between group held at room
temperature or at cold #P < 0.01.

immobilization stress, while in animals exposed
to acute cold stress no changes of fo-AR mRNA
levels in left atria and ventricles were seen
(Figs. 1, 3 and 4). These results correspond to
decreased density of Bo-AR in immobilized rats
observed by Myslivec¢ek and colleagues.'® As
already mentioned, there is a different activa-
tion of SAS in relation to the type of stressor.
While during immobilization, both plasma lev-
els of NE and EPI are elevated, cold increases
only NE plasma levels. So, distinct regulation
of B9-AR gene expression in animals exposed
to cold or immobilization is most probably due
to the higher affinity of f2-AR to EPI than to
NE."

We also found changes in mRNA levels of the
third subtype of B-AR, a significant increase in
gene expression of B3-AR in left ventricle of
animals exposed to acute and long-term cold
stress (Iig. 1). These results are in good agree-
ment with the observations on animal models
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of heart failure, in which sustained activation
of sympathetic system (elevated levels of NE)
led to increased levels of B3-AR.!®!9 Similarly,
in animals exposed to physical training, an in-
crease in the amount of B3-AR protein in the
left ventricle was observed.?’ Stimulation of B3-
AR induces negative inotropic effect, and its
overexpression might protect against cardiac
damage induced by the high levels of cate-
cholamines present during intense SAS stim-
ulation in stressed healthy heart or in fail-
ing heart.’ Interestingly, in animals exposed
to single immobilization, we did not find any
changes of B3-AR mRNA levels in left ventricle
compared to acute cold stress (Figs. 1 and 4).
Most probably this is a question of stress input
duration.

Exposure of cold-acclimated animals
(28 days at 4°C) to a novel stressor (immo-
bilization) further increased plasma levels of
catecholamines as described earlier,'* but we
did not find any change in the Bi-, Bo-, and
B3-AR mRNA levels. It seems that hearts of
acclimated rats are less vulnerable to a novel
stressor input. This is evident especially in
the B9o-AR mRNA in left atria and ventricles,
where immobilization in previously unstressed
rats decreases Po-AR mRINA levels, while in
cold-acclimated animals Bo-AR mRNA levels
are unchanged. Since, in cold-acclimated
animals exposed to a novel stressor (immobi-
lization) a huge increase in plasma levels of
EPI was described,!* we can speculate about a
possible adaptation of 9-AR to repeated stress
situations.

Together with dominant B-AR, the heart
also expresses subtypes of a;-AR, predomi-
nantly aja- and a;p-AR in man and rat, re-
spectively. Although catecholamines regulate
cardiac contractility primarily by f-AR stimu-
lation, the acute activation of a1-AR also leads
to a positive inotropic effect in the heart.®” We
found a decrease in gene expression of op-
AR 1in the left atria and ventricles of acute and
long-term cold stressed rats (Fig. 2). Also, af-
ter single immobilization similar to acute cold
exposure, we observed a decrease of ajp-AR
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mRNA level in left rat heart (Figs. 3 and 4).
Some data about decreased density of total a -
AR in hearts of animals exposed to immobi-
lization as well as in failing hearts have already
been published.!->21:22

Interestingly, compared to B-AR, we found
the most prominent changes in mRINA levels
of a13-AR 1in atria and ventricles of animals
acclimated to cold and then exposed to im-
mobilization. We were able to induce addi-
tional decreases of ojg-AR mRINA levels in
cold-acclimated animals (Figs. 3 and 4). We
can suppose that in cold-acclimated animals
there is some kind of reserve in downregula-
tion of a;3-AR in the way of another stress-
ful input. Finally, we can propose that a;p-AR
undergo a complex series of adaptive changes
generally referred as desensitization. More pro-
nounced changes in gene expression of the
a13-AR in animals exposed to different stress
stimuli probably result from their lower den-
sity in heart compared to B-AR. Based on our
results, we can assume that o3-AR, in addi-
tion to the dominant B-AR, play an important
role in the pathway of adaptation to elevated
activation of SAS. Crosstalk between o- and
B-AR was described, and its role in regulation
of heart functions is proposed.®> However, we
must be very careful with interpretation of re-
sults obtained in rat hearts and its extrapola-
tion to human hearts. In a direct comparative
study, it was found that density of a;-AR is
the highest in the rat heart among seven other
species, including human.?® Contrary to hu-
man heart, the relative abundance of a;3-AR
subtype in the rat heart is higher than that
of a14-AR, which is dominant in the human
heart.+?

Our results show different regulation of gene
expression of individual types of o and B AR by
various stressors. Bo- and a1 3-AR are expressed
in the opposite manner to f3-AR, and their role
in the process of heart adaptation to repeated
or chronic stress exposure is proposed. They
may protect heart against cardiotoxic effects of
elevated catecholamines levels.

Annals of the New York Academy of Sciences

In our previous papers we found that
long-term exposure to cold activates the
catecholaminergic system in rat adrenals and
additional stress input (immobilization) poten-
tiates gene expression of tyrosine hydroxy-
lase, a rate-limiting enzyme in catecholamine
biosynthesis, and elevates plasma levels of cat-
echolamines.!®!* We assume that the cate-
cholaminergic system in cold-acclimated rats
is prepared for future stress situations. Ques-
tion arise, how AR would react on such
an activation of the catecholaminergic sys-
tem in cold-acclimated animals exposed to
immobilization.

Prolonged exposure of heart to elevated NE
led to changes in gene expression of -AR that
influenced their modulation by additional cate-
cholamine excess. Exposure of cold-acclimated
animals to a novel stressor did not change
mRNA levels of B-AR in the rat heart that could
suggest some kind of adaptation. The mecha-
nism of proposed B-AR adaptation needs to
be elucidated. It might be a kind of protec-
tion against exaggerated sympathetic stimula-
tion, which could be harmful during long-term
and/or additional stress input. Thus, there is a
decrease in heart o.1g-AR mRINA levels in accli-
mated animals after exposure to a novel stressor.
It appears that a;5-AR is probably involved in
modulation of heart functions after exposure
to a novel stressor, while the B-AR undergoes
adaptation. Nevertheless, further experiments
are needed to confirm our results and presump-
tions and to determine the physiological conse-
quences of our findings.
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4. VSEOBECNA DISKUSE

Z vysledki naSich experimentalnich praci lze uzaviit, ze se nam podafilo identifikovat
vSechny podtypy ai-adrenergnich receptort v plicich, identifikovat podtypy muskarinovych
receptort v srdci a popsat distribuci mRNA pro piislusné receptory. Tato zakladni
charakteristika receptori a pfedev§sim zkoumani a porovnani jejich zmén u stresovanych
zvifat a kontrol nam umoznila n¢které nové nalezy, které ve znamé literatufe dosud popsany
nebyly. Za nejdilezitéjsi zjisténi povazujeme, ze se adrenergni a muskarinové receptory méni
v plicich vlivem stresu, pfi¢emz jsme prokazali jejich pohlavni zavislost a nezbytnost
pritomnosti CRH pro aedkvatni pribéh stresové odpovédi. Déle jsme prokazali i zmény
adrenergnich a muskarinovych receptora v srdci pod vlivem stresu.

Pokud tyto zavéry konfrontujeme s nasSimi hypotézami, které jsme stanovili v ivodu, pak Ize
konstatovat, ze hypotéza o piitomnosti vSech oy-adrenergnich receptorovych podtypi
Vv plicich byla potvrzena (hypotéza a). Navic je tfeba zdiraznit, Ze pravé potvrzeni pfitomnosti
vSech téchto podtypli nam umoznilo, abychom se ddle zabyvali jejich vyznamem ve stresové
reakci. To se ukédzalo jako vyznamné ve stresové reakci v plicich, kde podtypy ou-
adrenergnich receptortt hraji zfejmé vyznamnou tlohu. Mimoto jsme také zjistili vyznamné
rozdily v mnozstvi vazebnych mist mezi samci a samicemi, coz by mohlo vzhledem
k pohlavni zavislosti prevalence astmatu hrat moznou roli v patogenesi jeho vzniku. Hypotéza
b) se vzasad¢ potvrdila: minoritni muskarinovy podtyp se nam podatilo v srde¢nich
komorach identifikovat, stejné jako na Urovni genové exprese zaznamenat piitomnost [3-
adrenergnich receptort. Zavislost mezi genovou expresi a vazbou na receptory existovala, i
kdyZ ve vSech oblastech mnozstvi vazebnych mist zcela nekorespondovalo s mirou genové
exprese. Zastoupeni receptorovych typt i podtypt se liSilo podle srdecnich oblasti. Tento
popis distribuce ndam umoznil identifikovat oblasti srdce, u kterych jsme podrobné sledovali

stresovou reakci. Tato reakce se liSila dle oblasti srdecnich. Ukézalo se také, Ze 1 zde hraji
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dilezitou Ulohu aj-adrenergni receptory. Vysledky sledovani vlivu stresu na receptory
Vv plicich potvrdily nase hypotézy: stres neptisobil pouze na adrenergni receptory, ale
ovlivitoval 1 muskarinové receptory (hypotéza c) a vyfrazeni genu pro CRH m¢élo vliv na
stresovou odpovéd’ (hypotéza d). Kromé téchto zjisténi jsme nasli i vyznamné rozdily ve
zménach mnozstvi piislusnych receptord mezi samci a samicemi a to jak za u kontrol, tak
pfedev§im u zvifat s vyfazenym genem pro CRH. Toto zjisténi by mohlo mit vyznam
V patogenesi ruznych onemocnéni, napt. astmatu, onemocnéni bezpochyby spojeného se
stresovou reakci a vykazujiciho rozdily v pohlavni prevalenci.

V dalsich odstavcich budeme diskutovat konkrétni nalezy naSich praci ve vztahu k relevantni

literatufe.

4.1 Zastoupeni receptoru pro transmitery autonomniho nervového
systému v plicich

Mizeme tedy shrnout, Ze jsme v plicich potkanli prokazali vyskyt tii subtypl
vazebnych mist pro os-adrenergni receptory.
Pouziti antagonisté vykazovali specifickou vysokoafinni vazbu a jejich vazebné parametry
odpovidaly hodnotam pro klonované oya- , ous- , auip - adrenergni podtypy (pKBI1, viz Tab.
1.). Hodnota pKB1 pro RS 17053 (aua- specificky antagonista) byla prakticky totozna (9.76
vs. 9.1-9.9) s hodnotou udavanou Fordem a kol. (Ford, Arredondo et al. 1996) pro klonovany
aa-adrenoceptor, pKB1 pro L-765,314 (o1s- specificky antagonista) odpovidala (9.28 vs.
8.7) hodnot¢ udavané Patanem a kol. (Patane, DiPardo et al. 1998) pro klonovany oup-
adrenergni receptor a hodnota pKB1 pro BMY 7378 (specificky antagonista pro ouip-
adrenoceptor) byla prakticky totozna (9.37 vs. 9.0-9.4) s hodnotou prezentovanou Willemsem

a kol. (2001) (Willems, Heiligers et al. 2001) pro klonovany o,1p-adrenergni receptor.
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Je vsak tfeba zminit, Ze mnozstvi vazebnych mist s nizkou afinitou (pKB2) poukazuje na
suspektni vyskyt vét§siho mnozstvi vazebnych mist s obdobnymi vazebnymi charakteristikami.
Jinak feCeno, tato skuteCnost svéd¢i pro existence jednoho vazebného mista s vysokou
afinitou a soucasné dalSiho vazebného mista s nizkou afinitou, které je nejspise smési dvou
dalsich podtypl aj-adrenergnich receptort. Dale zde existuje dal$i vazebna mista pro 3H-
prazosin, ktera nelze identifikovat za pomoci oy antagonistd (viz. Tab. 1.). Tuto skute¢nost by
mohlo vysvétlovat, 7e [*H]prazosin se sou¢asné minimalné vaze i na oz-adrenergni receptory,
tudiz by tato vazebna mista mohla odpovidat op-adrenergnim receptorim. Tento podtyp o-
adrenergnich receptori se v plicich rovnéz vyskytuje, jak bylo demonstrovano ve vice
ptipadech (Goldie, Paterson et al. 1990).

Nase zjisténi ti vazebnych mist pro 3H-prazosin v plicich koresponduje s vysledky
predeslych studii potvrzujicich vyskyt mRNA pro tyto podtypy as-adrenergnich receptort
(Faure, Pimoule et al. 1994) a (Alonso-Llamazares, Zamanillo et al. 1995). Stejn¢ tak
Hiramatsu a kol.(Hiramatsu, Muraoka et al. 1994) identifikoval na podkladé vazebnych studii
3 vazebna mista v plicich potkanli. Vzhledem k urovni tehdejSich znalosti vS8ak mohl pouze
uzaviit, ze se jedna aga-, oup- adrenergni podtypy a dalsi téeti neznamy podtyp oi-
adrenergniho receptoru.

Na druhou stranu Yang et al. (1998)(Yang, Reese et al. 1998) identifikovali u mysi pouze aa
a oyp vazebné podtypy. Obdobné Calzada a kol.(Calzada and De Artinano 2001)
dokumentovali expresi pouze dvou typi mRNA pro aj-adrenergni receptory (o1 a oyp-
adrenergni podtyp).

Nase vysledky, které prokazujici tfi podtypy ou -adrenergnich vazebnych mist pro
[*H]prazosin v plicich, podporuji teorii o existenci viech tf podtypéi oy -adrenergnich

receptoril v této tkani: aya-, a1p- @ ayp-podtypli adrenergnich receptord.
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4.2 Zastoupeni receptort pro neurotransmitery ANS srdci

Jak je vidét v experimentalni casti, da se fici, Ze mnozstvi mRNA kodujici adrenergni a
muskarinové receptory v dané oblasti srdce koreluje s hustotou piislusnych receptorovych
vazebnych mist v této oblasti. Nékteré vyjimky je mozné nalézt, pokud sledujeme mnozstvi
oug MRNA a mnozstvi vazebnych mist v sinich, at’ uz v oblastech bohatych na autonomni
ganglia, ¢i v oblastech prakticky aganglionarnich. Stejn¢ tak jsme zjistili, Ze nejvEétsi mnozstvi
MRNA pro M, muskarinové receptory je exprimovano v ¢asti levé siné bez neuronalnich
ganglii (nicméné mnozstvi mRNA v komorach je pouze nepatrné mensi). V této oblasti
odpovida mnozstvi mRNA pro M, muskarinové receptory hustoté¢ vazebnych mist a jedna se
0 oblast s nejvyssi hustotou vazebnych receptorovych mist pro muskarinové ligandy Vv srdci.
Mensi mnozstvi mRNA pro M, muskarinové receptory je exprimovano v levé sini, vV Casti
bohaté na gangliové buiiky, coz je v souladu s hustotou vazebnych mist v této oblasti. Na
druhou stranu ackoliv se mnozstvi MRNA M; muskarinovych receptorti pfili§ neliSilo v
srdec¢nich komorach a sinich, hustota vazebnych mist byla vyssi v levych sinich (v ¢asti bez
nervovych ganglii), nez v komorach. Tyto vysledky naznacuji, ze by u muskarinovych
receptor mohla existovat receptorovd rezerva. Dalo by se spekulovat, Ze tato rezerva
(respektive rezerva mRNA) by mohla v komorach umoznit rychlou akutni proteosyntézu
pfislusné receptorové bilkoviny a umoznit tak rychlejsi funkéni zménu. Déle je tfeba zminit,
Ze tfebaze jsme nezjistili zadny rozdil v expresi mMRNA pro Bi1- a Bp-adrenergni receptory
mezi jednotlivymi srde¢nimi oddily, vazba na tyto receptory, zjisténa pomoci radioligandu, se
mezi jednotlivymi srde¢nimi oblastmi liSila. To plati pfedev§im pro p,-adrenergni receptory:
MRNA pro tyto receptory byla téméf rovnomérné exprimovana v jednotlivych srde¢nich
oblastech, nicmén¢ mnozstvi receptorové bilkoviny (zjistovano vazebnou studii) bylo

nejvyssi v oblasti komorového septa.
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Distribuce PBi1- a Bo-adrenergni receptorové mRNA se mezi jednotlivymi srde¢nimi oddily
nelisila, zatimco vazba odpovidajici pfislusnym receptorim v jednotlivych sledovanych
srde¢nich oblastech srdce rozdilna byla. Mnozstvi mRNA pro oagg-receptory se mezi
jednotlivymi oddily lisila nespecificky, bez jasného trendu. Také mnozstvi receptorovych
vazebnych mist pro oyg-receptory se v jednotlivych srde¢nich oddilech lisila, pfedevsém
Vv oblsti sini nekorespondovala s rozdily v mnozstvi mRNA. Mnozstvi mRNA pro asa- @ Ps-
adrenergni receptory méa podobnou distribuci v jednotlivych oblastech srdce, které jsme
Vv ramci naseho experimentu pouzili.
Strucné fe¢eno, nase udaje souhlasi s vyzkumy na lidském srdci (Brodde O.E. and M.C. 1999)
Vv nasledujicich zavérech:
1) mnozstvi Bi-adrenergnich receptorti ve vsech srdecnich oddilech je mnohem vys$$i nez
mnozstvi B-adrenergnich receptort,
2) mnozstvi oyg-adrenergnich receptort v srde¢nich oddilech je mnohem vyssi nez oya-
adrenergnich receptort,
3) mnozstvi ay-adrenergnich receptort je mnohem vyssi v komorach, nez v sinich
4) hustota muskarinovych vazebnych mist je mnohem vyssi v atriich neZz v komorach,
ackoliv mnozstvi mRNA se vyrazné nelisi (v sinich je nepatrné vyssi).
5) mmnozstvi Bz-adrenergni mRNA je velmi nizka ve vSech oddilech.
Nase vysledky jsou také v souladu s udaji Wolffa a kol.(Wolff, Dang et al. 1998) o distribuci
MRNA pro oy-adrenergni receptory v ruznych c¢astech srdce, i kdyz rozdily v distribuci
MRNA pro aja-adrenergni receptory jsme nedetekovali. Navic jsme byli schopni
identifikovat nejen rozdily v distribuci MRNA, ale také ve vazbé ligandu na ajg-adrenergni

receptory.
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Dale jsme ziskali obdobné vysledky jako (Hardouin, Bourgeois et al. 1998). Tito autofi
popsali distribuci mMRNA pro B.-adrenergni receptory v rdznych castech srdce, nicméné
nerozlisovali mezi ganglionarnimi a aganglionarnimi ¢astmi sini.

Ackoliv exprese mMRNA pro M, muskarinové receptory, PBi-, B2 & oug-adrenergni receptory
byla opakované popsana v myokardu potkana (pro pirehled (Brodde, Bruck et al. 2001), stale
existuji pochybnosti o expresi mMRNA pro [s-adrenergni receptory v srdci. Také oua-
adrenergni receptorovd MRNA neni v srdecni tkdni pravidelné nachizena a neni vylouceno,
ze mohou existovat mezidruhové rozdily (Brodde O.E. and M.C. 1999). Receptory Bs-
adrenergni a jejich vyskyt v srdci je doposud stale predmétem diskuzi. Zatimco vétSina autort
((Gauthier C., Langin D. et al. 2000)) stanovila Bs-adrenergni receptory v srdci funkéné i na
urovni MRNA, nékteré vyzkumné skupiny (Kaumann and Molenaar 1997; Oostendorp and
Kaumann 2000) prokazali pouze marginalni vliv Bz-adrenergnich agonistd na srdeéni funkce.
Ackoliv nékterym skupinam (Krief, Lonnqgvist et al. 1993; Berkowitz, Nardone et al. 1995;
Evans, Papaioannou et al. 1996) se mRNA pro Bs-adrenergni receptory ve jednotilivych
oblastech srdce identifikovat nepodatilo, my jsme identifikovali mMRNA pro Bs-adrenergni
receptory ve vSech nami sledovanych oblastech. Na druhou stranu je tieba si uvédomit, Ze
prumérnad genova exprese Bz-adrenergnich receptori (ve vSech sledovanych oblastech srdce)
byla asi 5x niz$i nez exprese Pi-adrenergnich receptorti a asi 2-3x nizs$i nez exprese .-
adrenergnich receptor.

Stejné tak jsme v nasi studii potvrdili, Ze v srde¢ni tkani je hojnéjsi vyskyt mMRNA pro op-
adrenergni receptory, nez mRNA pro asa-adrenergnich receptort. V této souvislosti je vSak
tieba si uvédomit, Ze exprese mRNA 1 mnozZstvi vazebnych mist pro os-adrenergni receptory
je v lidském srdci mnohem men$i nez u potkant (Brodde O.E. and M.C. 1999).
Podle naSich znalosti se jednd o prvni studii popisujici rozdily v hustot¢ vazebnych

receptorovych mist a mnozstvi MRNA v srdci, kdy bylo pouzito déleni sini na ¢asti bohaté na

94



autonomni ganglia a na c¢asti prakticky aganglionarni. Nase data pfinesla nové poznatky o
rozlozeni vSech podtypi receptori v oblastech srdce bohaté na buiiky neuronélnich ganglii.
Tato skute¢nost miize mit velky vyznam pii regulaci receptorii a pfi vzajemném propojeni
mezi riznymi podtypy receptorti jak v myocytech, tak v nervovych buiikach.

Zjistili jsme, ze srdeCni receptory pro neurotransmitery, které jsou uvoliovany na
autonomnich nervovych zakoncenich, maji rtznou a specifickou distribuci v srdecnich
oblastech. Distribuce mRNA pro tyto receptory vykazovala mensi rozdily, nez pozorované
rozdily v distribuci vazebnych mist. To naznacuje, ze by mohly existovat dal$i mechanismy
(napf. na urovni posttranskripénich a posttranslaénich modifikaci), které jsou schopny
determinovat mnozstvi receptorovych vazebnych mist na membranach a regulovat tak funk¢ni

efekt na bunku.

4.3 Vliv stresu v plicich a srdci, vyznam vyrazeni genu pro CRH ve

stresoveé reakci

Klicovym zjisténim nasi prace (Novakova, Kvetnansky et al. 2010) je nalez vyznamnych,
pohlavné odliSnych zmén, ve vazbé specifickych ligandi pro receptory autonomniho
nervového systému v plicnim u WT mysi a CRH KO mysi. Tyto zmény jsme pozorovali jak
za fyziologickych podminek, tak pfedevsim pod vlivem stresu.

Stresova reakce zptsobila nasledujici rozdilné reakce u samcii a samic: u samcu se snizovaly
B1-AR a MR, u samic vsak nastala mnohem komplexné&jsi reakce: doslo ke snizeni oa-AR,
a18-AR, a1p-AR, B2-AR a MR. Bi-adrenergni receptory nebyly u samic stresem ovlivnény.
Tyto jevy nebyly dosud pozorovany a jsou zajimavé v souvislosti s CRH KO fenotypem.
Muglia a kol. pozorovali u téchto mysi sexualn¢ dimorfni reakce na stres (zvyseni
kortikosteronu ((Muglia, Jacobson et al. 1995)). U WT mysi doposud zadné pohlavni rozdily

popsany nebyly. Krom¢ toho muze byt nalez pohlavniho dimorfismu ve stresové odpovédi
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dulezity z hlediska vyskytu nékterych plicnich onemocnéni, piedev§im astmatu. Vyskyt astma
bronchiale jevi prokazané pohlavni rozdily (Carey, Card et al. 2007; Almgvist, Worm et al.
2008) a stres je prokazateln¢ jednim z faktori, které pfispivaji k rozvoji astmatu (Vig,
Forsythe et al. 2006). Pohlavni rozdily ve zmé&nach adrenergnich a muskarinovych receptort
jako odpovéd na puisobeni stresu by tedy mohly pomoci osvétlit rozdily mezi pohlavimi u
astmatu. Prevalence astmatu v populaci severni Ameriky je az do 20. roku véku vyss§i u mazu,
pak klesa a stava se opét vyssi kratce pred 80. rokem (Carey, Card et al. 2007). Umrtnost na
astma je vyssi u muza (Carey, Card et al. 2007). V nasem modelu, porovname-li staii mysi a
lidsky veék, naSe mysi odpovidaly ptiblizn¢ mladym dospélym.

Bylo prokazano, ze U mysich samic je niz$i citlivost dychacich cest na cholinergni stimulaci,
tj. mén¢ intenzivni bronchokonstrikce (Chang and Mitzner 2007). To koresponduje s nasim
zjisténim téméf dvakrat veétsi hustoty MR v plicni tkani u samct nez u samic (a zadného
rozdilu v denzité 3-AR).

Plazmatické koncentrace adrenalinu a noradrenalinu se u WT a CRH KO mysi ménily
odlisné. Koncentrace adrenalinu byla zavisla i na pohlavi. Plazmatické hladiny katecholaminti
byly naméfeny ve vzorcich krve ziskanych exsanguinaci, tj. v koncentracich, které by mély
byt vy$si nez v arterialni Krvi nebo v srde¢ni tkani (Kvetnansky, Jahnova et al. 1978).
Koncentrace adrenalinu byla u WT mysi vyssi nez u CRH KO mysi a to pfedevsim u samic.
Toto zjisténi znamend sniZeni syntézy adrenalinu U KO mysi, coZz souhlasi s pfedchozimi
vysledky (Jeong, Jacobson et al. 2000; Kvetnansky, Kubovcakova et al. 2006). V
chromafinnich bunkach dfené nadledvin, kde stresor zvysuje genovou expresi PNMT, ktera
katalyzuje pfeménu noradrenalinu na adrenalin. Pro tento d¢j je nezbytna normalni funkce
HPA o0sy, nebot enova exprese zminéného enzymu je stimulovdna plsobenim
glukokortikoidi, které jsou nezbytné i pro jeji spravnou funkci (Jeong, Jacobson et al. 2000;

Kvetnansky, Kubovcakova et al. 2006), Timto zplsobem je mozné vysvétlit zménéné
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koncentrace cirkulujicich katecholamini u CRH-KO mysi (Jeong, Jacobson et al. 2000;
Kvetnansky, Kubovcakova et al. 2006).

Pritomnost GRE na promotérovych sekvencich genti 31-AR (Tseng, Stabila et al. 2001), -
AR (Cornett, Hiller et al. 1998) a ag-AR (Gao and Kunos 1993) ukazuje na mechanismus
pusobeni glukokortikoidnich hormont béhem stresu. Dosavadni data 0 vlivu stresu na tyto
receptory jsou netplna. Néktefi autofi efekt opakované imobilizace na B;-AR u potkan
neprokazali (Torda, Yamaguchi et al. 1981; Torda T. 1985 ). V jinych pracich se autofi
vénovali vlivu oxidativniho stresu a také nenaSli u€inky na muskarinové a [-adrenergni
funkce u potkana, pD, hodnoty se nezménily((van Hoof, van Bree et al. 1996)). Naproti tomu
V nasi praci podavame dikazy, ze BAR a piekvapivé vyznamné i AAR, stejné jako MR jsou
na urovni plic do stresové odpovédi zapojeny. Kromé toho jsme pozorovali vyznamny
sexualni dimorfismus ve stresové odpovédi. Nase vysledky piekvapivé ukazuji, ze ou-AR
mohou hrat dulezitou roli v plicni fyziologii u samic. Soucasné se ukazuje, ze tyto receptory
maji ziejme nevyznamny podil na regulaci plicnich funkci u samct.

Nékteré buiiky v plicni tkani (epitelidlni buiiky, bronchidlni hladké svalové buiiky, buiky
plicniho parenchymu) by mohly ptedstavovat zdklad pro systém heterologni regulace, protoze
exprimuji receptory s vyznamnym antagonismem (tj. MR a B-AR) Proto bychom mohli
predpokladat, ze zmény v mnozstvi adrenergnich receptor mtize mit v dal§im kroku vliv na
mnozstvi receptortt muskarinovych. Dulezitost rovnovahy mezi podtypy MR byla uvedena
vyse, a rovnovaha mezi muskarinovymi a adrenergnimi receptory by v tomto kontextu mohla
byt rovnéz dulezita. Tato heterologni regulace, tedy vliv jednoho systému na jiny receptorovy
systém, byly opakované prokazany (Krohn and Hildebrandt 2004; Myslivecek and
Kvetnansky 2006). Dalsi moznosti je, ze zmény v mnozstvi MR jsou dusledkem piimého

ucinku nepiitomnosti nebo ptitomnosti glukokortikoidi. Pfedbézny diikaz o piitomnosti GRE
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na genu pro Mj-muskarinovy receptor byl publikovan (Klett and Bonner 1999), ale
ptitomnost GRE v promoterové oblasti genlit MR nebyla zatim definitivné potvrzena.

Také u o3-AR podtyptt jsme zjistili pohlavni rozdily v bazalnich hladinach (samice mély
vyS§8i hustotu receptorti nez samci). Pohlavni rozdily jsme pozorovali i u MR (samci maji
vyS$i hustotu nez samice). Naproti tomu, receptorova denzita B-adrenergnich receptort se
nelisila mezi pohlavimi. Ve vztahu k problematice receptorové rovnovahy, by rozdil v reakci
na stres mohl byt dasledkem rozdili v receptorovych denzitach v plicich mezi samci a
samicemi pritomnych jiz za fyziologickych podminek. Zajimavé je zejména vyS$i mnozstvi
muskarinovych receptorti u samci, tedy receptorii vyvolavajici bronchokonstrikei, coz by
mohlo byt faktorem zodpovédnym za rozdily mezi pohlavimi u astmatu, jak bylo uvedeno
vyse.

Tim, Ze se hodnoty Bmax, tj. celkova receptorova vazba, se liSila mezi samci a samicemi,
samci maji celkové niz§i mnozstvi receptort, coz se tykalo vSech podtypt. Tato skutec¢nost
by mohla vést k tomu, ze u samcii nedochazi k vyraznéj§im zménam vmnozstvi receptort pod
vlivem stresu.

Signal prenaseny pres CAMP je neutralizovan hydrolyzou cAMP na AMP enzymem
fosfodiesteraza. Koncentrace cAMP v bunice je tedy vysledkem poméru aktivity
adenylatcyklazy a fosfodiesterazy. V nasi praci jsme zjistili, ze hladiny cAMP v plicnim
parenchymu u samcu Klesaji béhem stresové reakce a pfipominaji tak zmény V mnozstvi
vazebnych mist 1-adrenergni a muskarinové receptory. To by mohlo znamenat, Ze rovnovaha
mezi syntézou cAMP, jez je stimulovana [3;-adrenergnimi receptory a inhibici této produkce,
jez je vysledkem aktivace muskarinovych receptorii, je u stresovanych zvifat narusena. Je
ziejmé, ze stres snizuje expresi adenylatcyklazy (jak lze usuzovat z neschopnosti forskolinu

stimulovat produkci CAMP u stresovanych zvitat). Naproti tomu aktivita fosfolipazy C se
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nemeénila. Tento jev by mohl mit souvislost s tim, ze mnozstvi os-adrenergnich receptort u
samct se pod vlivem stresu vyraznéji nemeni.

Déle jsme se vramci naSich experimentli zajimali o disledek vyfazeni genu pro CRH.
Nepritomnost genu pro CRH vedla ke snizeni AR a MR receptorii v plicni tkani u mysi za
fyziologickych podminek. Mnozstvi vSech receptorti u obou pohlavi (s vyjimkou Bi-AR u
samic) bylo snizeno. Toto je nutné zminit, nebot’ mysi, kterym chybi gen CRH, maji snizené
koncentrace glukokortikoidu jak za fyziologickych podminek, tak pfi reakci na stres (Jeong,
Jacobson et al. 2000; Kvetnansky, Kubovcakova et al. 2006). Podobné, u CRH KO mysi
nedochazi ke zvyseni hladin glukokortikoida v cirkadiannim peaku (Muglia, Jacobson et al.
1997). Krom¢ toho se snizuji hladiny PNMT, noradrenalin neni efektivné methylovan na
adrenalinu a hladiny noradrenalinu v plazmé se zvySuji. Toto pozorovani je v souladu s
poklesem mRNA PNMT a nizkou plazmatickou koncentraci PNMT proteinu (Jeong,
Jacobson et al. 2000). V ramci naSi prace obdobné nachazime zvySené plazmatické
koncentrace noradrenalinu u CRH KO samct za fyziologickych podminek. Takto odlisné
koncentrace adrenalinu a noradrenalinu stejn¢ jako zvySeni koncentrace noradrenalinu béhem
imobilizacniho stresu by mohly pfispivat k rozdilnym zménam v mnozstvi adrenergnich a
muskarinovych receptor béhem stresu u samci a samic u CRH KO mysi.

Pozorovali jsme hlavné neschopnost CRH KO mysSi reagovat na stres zménami V mnozstvi
oa-, PB1 -, B2-AR a MR. Konkrétn€, o;-AR a B2-AR byly u samic CRH KO mysi ovlivnény
vice (snizeny na priblizné polovinu) nez B1-AR. Zatimco Bi-adrenergni receptory Se u samic
CRH KO mysi neménily, snizovaly se u samct az na 62% u samcu. B,-AR byly snizeny u
samcu i samic CRH KO mysi. Vyrazeni genu pro CRH mélo tedy vétsi t¢inek na f-AR. To
mize mit souvislost s jejich zvySenou citlivosti na glukokortikoidy ve srovnani s jinymi

receptory (Myslivecek, Ricny et al. 2003).
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Reakce receptord na stres byla v plicich méné ovlivnéna u CRH KO samci nez u samic. To
koresponduje se zjisténim, ze reakce na stres CRH KO mysi jsou sexualné dimorfni (Muglia,
Jacobson et al. 1995).

Krom¢ toho je také nutné si uvédomit, ze intaktni KO mysi maji celkové méné receptorovych
vazebnych mist, nez WT mysi, coz plati pro vSechny receptory, které jsme sledovali. Proto
muize chybé&jici nebo sniZzena receptorova reakce na stres U KO mysi byt v prvni fadé odrazem
niz§iho bazalniho mnozstvi receptort. Tento rozdil v mnozstvi receptorti zhruba proporéné
odpovida poklesu v mnozstvi receptortt pod vlivem stresu u WT mysi.

V souhrnu miizeme predpokladat, ze:

a) plicni zastoupeni adrenergnich a muskarinovych receptori a rozdily v jejich
pohlavnim zastoupeni mohou hrat dulezitou roli v rozvoji nékterych plicnich
onemocnéni (napt. astma),

b) HPA osa, pfedev§im CRH, hraji dilezitou roli propojeni AR a plicni patologie.
Nase prace jako prvni popisuje ucinky stresu (imobilizace) na receptorové systémy v
plicni tkani, které by mohly byt podkladem poruchy plicnich funkci u CRH-KO mysi,
tak, jak byly popsany vyse.

Muzeme tedy uzavtit, ze:

1) CRH KO zvifata vykazuji zmény v mnozstvi MR, a;-AR a B-AR na trovni plicni
tkan¢ za fyziologickych podminek. NaSe plvodni hypotéza, ze vytazeni genu pro
CRH muZze mit vliv na pocet vazebnych receptorovych mist v plicich, se tedy
potvrdila.

2) NaSe hypotéza, ze receptory autonomniho nervového systému (adrenergni i
muskarinové) v plicich u CRH-KO mysi budou snizeny se potvrdila.

3) Prokazali jsme pohlavné odlisné zmény v mnozstvi zminénych receptorti jako

odpovéd’ na piisobeni imobiliza¢niho stresu. U CRH KO mysi je intenzita zmén
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v mnozstvi receptorti pod vlivem stresu snizena ve srovnani se situaci u WT mysi.
Ackoliv je uloha oy-adrenergnich podtypii obecné povazovana za minoritni, naSe
vysledky ukazuji, Ze podtypy oay-adrenergnich receptori méni své mnozstvi
Vv zavislosti na pusobeni stresu a mohou tedy hrat vyznamngjsi roli v odpovédi na
stresové podnéty, nez se obecné piedpoklada. Tyto zmény byly pozorovatelné ovsem
pouze u samic, u samcil se oy-adrenergni receptory Vvramci stresové odpovédi

vyznamnéji nemenily.

Vliv stresu na srdecni receptory pro piisobky autonomniho nervového systému vykazoval
podobné charakteristiky, jaké jsme pozorovali u adrenergnich a muskarinovych receptort
V plicni tkéni. Nase ndlezy jsou v dobré shodé€ s diive publikovanymi daty o zméndch poctu
vazebnych mist pro f-adrenergni ligandy vlivem stresu (U'Prichard 1980; Torda T. 1984;
Torda, Kvetnansky et al. 1985; Torda T. 1985; Kirby and Johnson 1990). Nase nalezy
rozvijeji tyto poznatky o regionalni rozdily v mnozstvi receptorii jako odpovéd’ na piisobeni
imobiliza¢niho stresu. Mimoto nalez, ze se vlivem stresu v srdci snizuji i muskarinové

vvvvv

muskarinovych receptor (Meerson, Kopylov et al. 1991)).

Celkové vzato, nase data popisuji soucasné¢ zmény AR a MR, které jsou dilezité v ramci
reakce na stres. Témto zménam predchdzi masivni narlst koncentrace katecholaminl (viz
data nasi prace (5) a také diivejsi pozorovani diskutované v této praci).

Dulezitym bodem v procesu receptorovych regulaci je porovnani genové exprese, zmén
proteinu a zmén poctu vazebnych mist. Hladiny katecholaminii negativné koreluji
S mnozstvim proteinu ¢i vazebnych mist pro adrenergni receptory. Nicméné je tieba

poznamenat, Zze se v mnoha pracich je zména proteinu a zmény vazebnych mist povazovana
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za identicky jev, ale to nemusi vzdy odpovidat skute¢nosti. Casto se totiz mize stat, Ze
v procesu degradace receptoru, imunodetekce proteinu metodou Western blotting zachyti
protein i piesto, ze jiz zadna vazba na receptor (a tedy zadny funkéni receptor) neni pfitomen.
Je tomu tak proto, Ze se protilatka vaze na specificky fragment proteinu, aniz by byla schopna
zachytit intaktni vazebné misto, jak to dokaze vazebna studie. Proto by bylo vhodnéjsi
vV ramci receptorovych zmén spiSe sledovat vazbu ligandii na receptory nez mnozstvi
receptorového proteinu. Genova exprese nemusi byt stresem ovlivnéna paralelné
S receptorovymi a proto, jako dalsi, spiSe metodicky zavér nasi prace, bychom doporucili
sledovat paralelné¢ zmény genové exprese, proteinu a vazby, ¢imz lze dosahnout podrobného

obrazu zmén danych stresovou reakci.
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5. ZAVERY

Na zéaklad¢ vysledkl a diskuze mtuzeme tedy shrnout:

1)

2)

3)

4)

5)

identifikovali jsme mMRNA a vazebnd mista pro vSechny podtypy oj-adrenergnich
receptort V plicich potkana,

identifikovali jsme podtypy muskarinovych receptorti v srdci: identifikovali jsme
podtyp M; a dalsi podtyp, ktery by nejspise mohl odpovidat podtypu Ms, ale nikoliv
Ms,

popsali jsme distribuci mRNA pro podtypy adrenergni receptorti a pro receptory
muskarinové. Soucasné jsme stanovili mnozstvi vazebnych mist odpovidajicich témto
receptorim v sledovanych deseti srdecnich oddilech, u nékterych receptorti jsme
v regionech nasli rozdily v mnozZstvi mRNA ve srovnani s mnoZstvim vazebnych mist
(az-adrenergni receptory, Ma-receptory v srde¢nich komorach)

prokazali jsme zmény V mnozstvi adrenergnich (piekvapivé i vyznamné zmény
podtypi a;-adrenergnich receptorti) @ muskarinovych receptort v plicich mysi vlivem
stresu. Prokazali jsme pohlavni zavislost téchto zmén a vliv pfitomnosti ¢i absence
CRH na receptorovou stresovou odpovéd’ v plicich,

prokazali jsme zmény adrenergnich a muskarinovych receptora v srdci vlivem stresu a

odli$nost téchto zmén Vv jednotlivych srde¢nich oddilech.
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