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1．はしがき

私達は10数年来、受容体からイオンチャネルに至るシグナル伝達について研究し

ている。ことにムスカ'ノン性アセチルコ}ノンやブラジキニン両受容体刺激により、

イオンコンダクタンスを減少きせ膜を興奮させるMタイプの力1ﾉウム(K+)イオン

チャネルに興味を持っているoMとK+チャネルの遺伝子がKCNQチャネルであるこ

とがわかり、サイク】ノックADP'ﾉボース(cADPR)とプロテインキナーゼCがM

KCNQチャネル抑制のセカンドメッセンジャーではないかという仮定のもとに研究

を進めてきた。

後者の成果としてKCNQを抑制するプロテインキナーゼはAKAP(AKinase

anChoringprotein)と結合するC一キナーゼであることを見い出し、この6月にNautre

Neuroscienceに発表する。また、cADPR産生酵素(ADP-ribosylcyclaSe)活性を持つ

'ノンパ球細胞膜表面抗原であるヒトCD38cDNAの大量発現細胞を作り、cADPRの

細胞内作用を研究しているうちに、思いがけなく、内在性のADP-ribosylcyclaseが

ムスカ1ノン受容体により、Gタンパク質を介してその活性を上下させることを知っ

た。この情報交換機構は、非骨格筋細胞内で1ノアノジン受容体の関与する。即ち、Ca2+

inducedCa2+-release機構の関与するCa2十バイオシグナル分野で長らく疑問ときれてい

た宿題に対する一つの回答であった。

そこで我々は、（非骨格筋細胞に存在するII型の)1ノアノジン受容体に作用する

cADPRの産生機構の分子機構解明を目指し、平成9～ll年度に「脳型ADP'ノポシ

ルシクラーゼの精製とcDNAクローニング」という課題の研究補助を受け、研究を

スタートさせた。また、12年度から3年間にわたり、「受容体とカップルするADP

リポシルシクラーゼ分子の個体レベルでの解析」という課題で研究を深化させた。

その結果①ラット心臓心室筋細胞でのADPリボシルシクラーーゼが/3受容体により

活性化されること、②培養脳アストロ細胞でADPリボシルシクラーゼがβ受容体に

より活性化されること、③神経腫瘍細胞NG108-15細胞に注入したcADPRにより、

L型Caチャネルが活性化きれること、④生後1週間以内の心筋では、アンギオテン

シン受容体とADP'ノポシルシクラーゼがカツプルしていること、⑤代謝型グルタミ

ン酸受容体はサブタイプ特異的にカツプルすること、⑤上頚神経節細胞のムスカ!ノ

ン受容体がADP1ノボシルシクラーゼとカップルし、cADPRがMチャネル抑制の感

受性」を規定していることなどをCD38ノックアウトマウスを使い証明した。

以上、ADP'ノボシルシクラーゼの遺伝子から細胞や個体レベルでの解析を行い成

果をあげた。
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6.研究成果（英語版）

Partl

Subtype-specificcouplingwithADP-ribosylcyclaseofmetabotropic

glutamatereceptorsinretina,cervicalsuperiorganglionandNG108-1S

cells

Runningtitle:SelectivecouplingofmGluRswithADP-ribosylcyClase

Ab､ract

CyclicADP-ribose(cADP-ribose)isaputativesecondmessengerormodulator.

However,theroleofcADP-riboseinthedownstreamsignalsofthe

metabotropicglutamatereceptors(mGluRs)isunclear・Here,weshowthat

glutamatestimulatesADP-ribosylcyclaseactivityinratormousecrude

membranesofretinaviagrouplllmGluRsorinsuperiorcervicalganglionvia

grouplmGIuRs，TheretinaofmGluR6deficientmiceshowednoincreasein

theADP-riboSylcyciaselevelinresponsetoglutamate.GTPenhancedthe

initiairateofbasalandglutamate-stimulatedcyclaseactivitybGTP-YESalso

stimulatedbasalactivitybTbdeterminewhetherthecouplingmodeofmGluRs

toADP-ribosylcyclaseisafeaturecommontoindividualclonedmGluRs,we

expressedeachmGluRsubtypeinNG10S-15neuroblastomaxgliomahybrid

celIs･Theglutamate-inducedstimulationofthecyclaseoccurspreferentiallyin

NG108-15celisover-expressingmGIuRsl,3,5,and6．Cellsexpressing

mGluR2ormGIuRs4and7exhibitinhibitionornocoupling,respectivelyb

Glutamate-inducedactivationorinhibitionofthecyclaseactivitywas

eliminatedafterpretreatmentwithcholeraorpertussistoxin,respectively.

Thus,thesubtype-specificcouplingofmGIuRstoADP-ribosylcyclaseviaG







eta1.,1996).AlthoughmGluRssometimescauseinhibitionofvoltage-depcndentCa2+

chamels(Ikedacta1.,1995;Anwyl,1999),thesemGluR-mediatedCa2+elevationscanoften

activateCa2+-dependentrornon-selectivecationicchanncls(Pollocketa1.,1999;Fagmet

a1.,2000;Morikawacta1.,2003).Inretina,depolarizationofGON'bipolarcellsisthoughtto

bemediatedbytheinactivationofmGluR6withlight(Nawy,2000),andincreases

conductanceofcyclicGMP-dependentcationchannelsaccompaniedbysubsequentCa2+

concentrationelevations(ShiellsandFalk,1999).Howeverjlittlcisknownabouthow

mGluRsinteractwiththeCa2+amplificationmachinery,namelyfUnctionaltriadsconsisting

ofryanodinereceptors,Ca2+channels,andCa2+-activatedKfchannels(AkitaandKuba,

2000)．

OnepossibilityistheinvolvementofcyclicADP-ribose(cADP-ribose),aputative

secondmessenger(Lee,2001;Higashidacta1.,2001).cADP-ribosepotentiatesCa2+-induced

Ca2+-releaseatncuronalryanodinereceptorStriggeredbyCa2+influx,designatedan

(orthogradesignal'(EmpsonandGalione,1997;Pollocketa1.,1999;Hashiieta1.,2000).

Subsequently,increasedCa2+affectsCa2+channelsindirectlythroughryanodinereceptors

activatedbycADP-ribose,referredtoasa@retrogradesignal'(Chaviseta1.,1996;Empson

andGalione,1997;Hashiieta1.,2000/Therefbre,ourfavoredhypothesisisthatcADP-

riboseplaysaroleasasolublefactorfOrmGluR-mediatedCa2+signaling.

Wepreviouslyreportedthatstimulationof6-adrenergicandangiotensinllreceptors

modulatesactivityofADP-ribosylcyclase,asyntheticenzymeofcADP-ribose,andshowed

thatcADP-riboseisacriticalmoleculeinsympatheticpotentiationofheartcontraction,post-

natalheartgrowth,andneuron-gliainteraction(HigaShidacta1.,1999and2001).Inthe

presentstudy,weusedthesamestrategytoexploretheideathatcADP-riboseisasecond

messengerdownstreamofthemGluRs.WefirstmeasuredADP-ribosylcyclaseactivityin

crudemembranesfromvariousratandmousenervoustissuesinthepresenceorabsenceof

glutamateand/OrGTRSecond,thecouplingpreferenceofmGluRstoADP-ribosylcyclase

wasexaminedinNG108-15neuroblastomaxgliomahybridcellsover-expressingeach



subtype.

Materialsandmethods

Membranepreparation

Wistarrats(1tol2weeksold)andadultwild-typeormGluR6-ﾉらmice(Sugiharaetal.,1997)

wereancsthetizedusingdiethyletheranddecapitated.Variousbrainrcgions,retinaand

superiorcervicalganglion(SCG)wereisolatedandminced,andNG108-15cellsfrozenat

-80｡Cwerethawed・Nervoustissuesorcellswerethensuspendedinahypotonicsolution

(10mMTris-HCIsolution,pH7.3,with5mMMgCl2)at4｡CfOr30min.Thecell

suspensionswerchomogcmzedinaglasshomogenizer,andtheresultanthomogenatewas

centrifUgedat4℃fOr5minatlOOOxgtoremoveunbrokencellsandnuclei.Crude

membranefractionswerepreparedbycentrifUgation(twice)ofhomogenatesatlO5000xg

fOrl5min.Thesupernatantwasremovedandthepelletwaswashedtwice,thefinalpellet

wasdispersedinlOmMTris-HClsolution,pH6.9,andusedimmediatelyfOrenzymatic

reactions.Insomeexperiments,NG108-15cellsweretreatedwithchorelatoxin(CTx)or

pertussistoxin(Prx)(100ng/ml)fbr8-16hinculturedishes・Ratswereintraperitoneally

injectedwithCTx(100ngpergofbodyweight)16hbefOresacrificc.

ADP-ribosylcyclaseandcADP-㎡bosehydrolaseassay

Cenmembranes(1.2-6IAg),preparedasabove,whereplacedin20"lofreactionmixture

contaimngTris-HCl(50mM,pH7.1),100mMKCl,5mMMgCl2,0.1mMEDTA,2

llMNAD+,[3H]6-NAD+(0.111ﾙM,0.06ILCi)withorwithoutglutamateandGTPslightly

modifiedtowhatwasreportedpreviously(Higashidactal.,1997andl999).Reaction

mixtureswereincubatedfOr2minat37｡Candstoppedbytheadditionof21ﾙl

tricmoroaceticacid(15%).Aliquotswerecentrifuged(14000xg,2.5min)and2ILlofthe







1001ﾙlreactionmixturecontainingO.32mM[32PIATP(0.6ILCi),and[32P]cAMPwas

separatedwiththin-layerchromatographybyusingthesamesolventfOrseparatingcADP-

riboseasdescribedpreviously(Higashidacta1.,2002).

StatiSticalanalySiS

Allvaluesarerepresentedasmean±S.EM・Homogeneityofvariancewastestedwith

Fischer'sFtestfOllowedbyStudent'ttestusingtwo-wayanalysisofhomogeneousvariance.

Results

ADP-ribosylcyclaseactivitywasmeasuredusingradioisotopes(Higashidaetal.,1997)orby

thefOrmationrateofnonhydrolyzablecGDP-ribosefrom6-NGD+(Graeffetal.,1994;

Higasmdaetal.,1999)withcrudemembranesisolatedfromvariousregionsofthenervous

system.ADP-ribosylcyclaseactivitywasdetectedintheolfactorybulb,cerebralcortex,

hippocampus,cerebellum,retinaorSCGofl-tol2-week-oldrats.[3H]cADP-ribose

fOnnationandcGDP-ribosefluorescenceincreaseduponexposuretoglutamate(100nMand

lIﾙM)incrudemembranefractionsofbothretinaandSCGintheprescnccofendogenous

GTP(Hgs､1and2),butwasnotmuchinfluencedinotherbrainregions,includinginthe

olfactorybulb,cerebralcortex,hippocampus,cerebellum.ThemeanADP-ribosylcyclase

activitywas49.3=t23.6and495.5226.9pmol/min/mgofprotein(n=4)fOrretinaand

SCGof4-week-oldrats,respectively.TotalactivitiesofADP-ribosylcyclasewereabout

0.86pmol/min/SCGandO.38pmol/min/retinain4-week-oldrats,respectively.Theincrease

inI3H]cADP-ribosefOrmationinducedbylOllMglutamatewasl88.3士46.1%inretina

andl95.0i36.4%inSCG(n=4;vs.noglutamate,p<0.05;Fig.1),reSpectively.Differing

fromtheresponsesintherathearttoangiotensinllandisoproterenol(Higashidactal.,2001),

couplingefficiencyandpreferenceofADP-ribosylcyclasetoglutamatewasnotmuch

changeddevelopmentallyinretinaandSCGof2-4-weeksoldtoyoungadultrats.

Incontrast,cADP-ribosehydrolaseactivitywasbarelydetectablcinbothretinaand





(Sugiharaetal.,1997).ThemGluR6-ﾉ~retinashowednoincreaseintheADP-ribosylcyclase

levelinresponsetolllMglutamate(101.9士5.7%,n=7,vs.noglutamate,Fig.4A),while

theretinafromwild-typemiceshowedanidenticalincreasetotheratretina(201.0士20.4%,

n=6;P<0.001vs.mGluR6~/~/Inthecontrolexperiment,glutamateincreasedADP-ribosyl

cyclaseactivityintheSCGofbothmGluR6+/+andmGluR64miceequally(Hg.4B).These

resultsindicatethatretinalactivationisprimarilyduetomGluR6,whilethatofSCGisdueto

othermGluRsubtypes.

Inseparateexperiments,optimalconditionsfOrtheassayandeffectsofglutamatewere

examinedinmoredetailwithretinalpreparations.ProductionofcGDP-ribosewasoptimalat

aboutpH6.5(at37｡C),s伽ilarlyshowninADP-ribosylcyclaseactivityofcardiacmyocytes

(Higashidactal.,1999).Howev"theglutamate-inducedactivationwasobtainedonlyatthe

morealkalinerangethan6.8(datanotshown).Thus,itisconfinnedthattheidentical

actiVation(upto2-to3-fOld)byglutamatewasobservedatthephysiologicalpHrange,

thoughthebasalactivitywasreduced.

Glutamate-inducedactiva伽nofADP-riboSylcyclaSeinSCG

ThemaximumincreaseinADP-ribosylcyclaseto201.3士17.9%(n=7)andl94.7士10.8%

(n=3)ofthepre-exposurelevelwasobtained6ylorlOILMglutamateintheSCG(Fig2;

P<0.001).Unlikeretina,thisglutamate-inducedincreasewasmimickedbyDHPG(1ILM,

198.7士15.5%,n=3;P<0.01),butnotbyDCG-IVorL-AP4(Hg.3B).Glutamateinduceda

fUrtheractivationevenafterthetreatmentwithDCG-IVorL-AP4,butnotwithDHPG

(Thblel).InthepreSenCeoflOlﾙMAIDA,butnotEGLUorCPPG,glutamate(10nM)failed

toinduceanincreaseintheADP-ribosylcyclaselevel('Ihble2).Theseresultssuggestthat,

pharmacologically,theeffectofglutamateintheSCGismediatedviathegrouplmGluRs.

DespitealackofmGluRresponsesinadultratSCG(Ikedactal.,1995),mobilization

ofintracellularCa2+bymGluR5hasbeenshowninneonatalratdorsalrootganglionneurons

inculture(CrawfOrdetal.,2000/Therefbre,wedissectedSCGneuronSfromlO-day-oldrats



andculturedthemfOr5-6weeks(Mochidactal.,1994),toevaluatefUnctionalmGluRs.

Applicationof30011MglutamatetoculturedSCGneuronsresultedinarapiddepolarization

(timetopeak,～15s)withameanamplitudeof3.1士0.84mV(n=5),fOllowedbyasmall

depolarizationofO.97±0.09mV(n=5)whichlastedfOrupto30min(Hg.5/Thisslow

depolarizationwasassociatedwithanincreasedmembraneresistanceandactionpotential

firings(datanotshown),similartogrouplagonist-induceddepolarizingresponsesinenteric

neurons(Uuand瞳rchgessner,2000).Exposureofneuronstoglutamatealsoeliciteda

frequencyincreaseinspontaneousexcitatorypostsynapticpotentialsinourrecords(datanot

shown),duetoanenhancedreleaseofacetylcholinefifompairedSCGneurons(Mochidaet

al.,1994).Thedepolarizationwasmimickedbyl.5IAMDHPG(1.40士0.34mV;n=8)and

sigmficantlyantagonizedbylOOIﾙMAIDA(0.13士0.06mV;n=5;p<0.001),indicatingthat

culturedSCGneuronsposscssgrouplmGluRs、

EfWnectsofGTPorGTPanalogSonADP-面加sylcyclaseactMty

TheabovcstimulationinducedbyglutamateseemstobeductocndogenousGTPandGTP-

bindingprotcinsinmembranes.TherefOre,wedeterminedwhetherornotmGluR-mediated

activationofADP-ribosylcyclaseinretinaandSCGisreproducedbyGTPanditsanalogue.

AdditionofGTPresultedinanincreaseinenzymeactivityinretina(Fig.6A)andSCG(Fig.

6B)．Arelativelysymmetricalbiphasic(activatingandinhibitory)relationshipisapparent

betweentheconcentration(0.1nM-10011M)ofGTRasshowninthefatcelladenylyl

cyclasesystembyRodbellandhiscolleagues(Cooperetal.,1979).GTPwasmorepotent

thanglutamateintcrmsofitseffectiveconccntration(lessthanmicromolar)range.GTP

(100orlOnM)stimulatedbaSalactivityby84.2±11.4%(n=6)inretinaandlO9.6±18.3%

(n=6)inSCG(p<0.001).

Next,weexaminedtheeffectofglutamateinthepresenceofvariousconcentrationsof

GTRGTPcausedal.5-to2.5-fOldstimulationoftheresponseoftheenzymesystemtolO

nMglutamate(Fig.6C).Themaximumincreaseinthepresenceofglutamatewas271.2*



22.9%(n=6)atlllMGTPinretinaor341.8±41.4%(n=4)atlOnMGTPinSCG,

respectively(p<0.001).

Theeffectofanon-hydrolyzableanalogueofGTRGTP-Y-S,thatpersistentlyactivates

GTP-bindingproteins,wasexamined.GTP-Y-SproducedonlyanincreaseincGDP-ribose

fOrmingactivityinbothretinaandSCG.ThedependencyontheconcentrationiSnotbell

shaped(datanotshown).Increasesto207.7±3.3%(n=6)inretinaand199.3±6.0%(n=3)

inSCGofthecontrolwereproducedatlllMorlOOnMGTP-Y-S(p<0.001),respectively.

AdditionoflIAMGDP-6-Sincreasedthecyclaseactivityslightly(about10%),butblocked

fUrtherincreasesbylIAMglutamateinretinaandSCG(n=4).

EffectofglutamateandbacterialtonnonImcADP-ribosefOrmation

Glutamate-inducedactivationofthecyclaseactivityinthecrudemembraneofbothretina

andSCGinratswaseliminatedafterpretreatmentwithlOOng/mlCTxfbr8-16h(P<0.01;

Fig.7A).Thissuggeststhelikelihoodthatthemembranedelimitedeffectofglutamateis

mediatedviatheCTx-sensitivesubsetofGproteins.Thesamelineofdatahasbecnobtained

inmlandm3muscarinicreceptorsinNG108-15cells(Higashidaetal.,1997)and6-

adrenoceptorsincardiomyocytesandcorticalastrocytes(Higashidaetal.,1999and2001).

CyclaseactMtyinNG108-15cellstransientlyoverexpressingeachmGluRsubtype

TodeterminewhethertheabovecouplingmodeofmGluRstoADP-ribosylcyclaseisa

featurecommontoindividualclonedmGluRs,weexpressedeachmGluRsubtypeinNG108-

15neuroblastomaxgliomahybridcells.ADP-ribosylcyclaseactivitywasdetectedin

membranespreparedfromNG108-15cellstransientlytransfectedwithcDNAsofeach

mGluRsubtype,aspreviouslycharacterized(Higashidaetal.,1997).

UponapplicationoflOnMglutamate,ADP-ribosylcyclaseactivitysignificantly

increasedinmembranespreparedfromNG108-15cellsexpressingmGluRsland5,withan

averageactivationofl77.4士18.9%(n=5)andl51.0±10.9%(n=3)ofthepre-application









dentategyrus,thepostsynapticlocalizationofmGluR3israthersimilartothatofgroupl

mGluRsthanmGluR2('Ihmaruetal.,2001).Similarly,whilemGluRs4and7areexclusively

locatedpresynapticallylmGluR6showspostsynapticlocalization(Nakajimactal.,1993;

Nomuraetal.,1994;Shigemotoctal.,1997;Netoetal.,2000).Interestingly,closer

inspectionofTable3revealsthatcouplingtoADP-ribosylcyclaseappearstoberestrictedto

asubsetofmGluRswhosepostsynapticexistencehasbeenproven.TherefOre,such

coincidencemaysupportournewclassificationresultedfrommoremultiplesignal

transductionpathwaysthanpreviouslyappreciated(Nakamshi,1992andl994;Duvoisinet

al.,1995;ConnandPin,1997;Nakanishietal.,1998).

ThePresentstudyisoneofthefewtodescribethepossibleroleofperipheralmGluRs,

giventhatactivationofmGluR5modulatesnociceptiononunmyelinatedsensoryafferents

(Bhaveetal.,2001).JudgingfromourelectrophysiologicalstudieSonculturedSCGcells,

grouplmGluRsincreasecADP-ribosefOnnationinganglionneurons・Howeverjglialcells

alsopossessgrouplmGluRs(Biberetal.,1999),henceaglialcontributiontoour

measurementofADP-ribosylcyclasecannotbeexcluded.PreganglionicneuronsintheSCG

donotreleaseglutamate(ConnandPin,1997;Anwyl,1999),andthusonepossibilityisthat

glutamatereleasedfromsurroundingglialcellsmayactonmGluR1ormGluR5in

postganglionicneurons,invivo.Itwillbeinterestingtotestifreleaseofacetylcholinefrom

ganglioncellscouldbemodulatedbyactivationofryanodinereceptorsbyincreasedcADP-

ribose.

mGluR6hasbeenshowntobelocatednotonthetipofthecentralelementbutonits

baseatthemouthoftheinvagination,400-800nmfromthereleasesitein@ON'bipolarcells

(Vardietal.,2000),andfUnctiontotransferon-signalingbydepolarizingbipolarcellsvia

openingofcGMP-gatedcationchannelsbylightstimulation(delaVillaetal.,1995).These

channelscouldbepartiallyphosphorylatedwithlightbyCa2+(ShiellsandFalk,1999;Nawy,

2000)andCaM-kinaselI(Waltersetal.,1998;ShiellsandFalk,2000),andshouldbe

dephosphorylatedbycalcineurininthedark-adaptedretina(ShiCllsandFalk,2001).Ifthis
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Tablel

Effectsofglutamateandgroup-specificagonistsoncGDP-ribosefOnnationinratretinaand

SCG

Group-

speciEc

agonist

ADP-ribosylcyclaseactivity(%ofpre-additionlevel)

AIncrease(%)Imtial

applicationof

SubSequent

applicationof

glutamateagOnlst

Retina

None

I(DHPG)

II(DCG-IV)

III(L-AP4)

167.5±16．9(9)＊

173.0±6．6(4)*＊

158.5±10.8(3)＊

194.0±8．2(5)*＊

ー ■■■

102.3±2.3(4)

100.3±0.4(3)

172.3±8.6(5)＊＊

＊
＊
＊
＊
＊
＊
７
２
７

●
●
●

０
８
１

７
５
２

SCG

None

I(DHPG)

II(DCG-IV)

III(L-AP4)

＊
＊
＊
＊

＊
＊
＊
＊

ｊ
ｊ
ｊ
ｊ

５
４
３
３

く
ｌ
く
く

２
７
７
４

●
●
●
●

５
５
４
９

＋
｜
＋
一
十
一
十
一

８
８
０
７

●
●
●
●

４
８
１
４

６
７
７
７

１
１
１
１

■■■ I■■

173.3±4.3(4)*＊

111.3±6．6(3)

107.3±1.3(3)

＊
＊
＊
＊
＊
＊
７
４

５
９
弧

５
５
６

Cellmembraneswereincubatedwith60UMP-NAD+,andthefluorescenceoftheresulting

cGDP-ribosecontinuouslymonitored・ActivityafterapplicationoflOnMDHPG,DCG-IV;

andL-AP4wasmeasurcdandcalculatedaspcrcentageofthepre-applicationlevel,

respectively.Subscquently,10nMglutamatewasadded.Itisnotedthatonlylittleincrease

wasobtainedbyglutamateinthepresenceofL-AP4orDHPGinretinaandSCG.*and**,

significantlydifferentfifomcontrolvalues(withoutagonists)atp<0.05andO.001.***ツ

significantlydifferentbetweenvaluesofinitialapplicationwithagonistsandsubSequent

applicationwithglutamateatp<0.01.



Table2

EffectofglutamateoncGDP-ribosefOnnationinthepresenceofeachgroup-specific

antagonistinratretinaandSCG.

Glutamate-inducedactivation(%)Group-

speciEc

antagonist SCGRetina

＊
＊
＊
＊

〕
ｊ
ｊ

４
３
３

く
く
く

３
５
６

●
●
●

４
１
８

＋
一
十
一
十
一

０
７
３

◆
●
●

３
５
５

０
８
８

１
１
１

159.5±20.2(4)＊

147.0±5.0(3)*＊

102.3±1．5(3)

I(AIDA)

II(EGLU)

III(CPPG)

Glutamate(10nM)wasappliedinthepresenceoflOliMantagonists.*and**,

sigmficantlydifferentfromthecontrolvalueatp<0.05andP<0.001.

Table3

SubclassificationofmGluRsaccordingtocouplingpreferenceandlocalizationinsynaptic
regons．

Synapticlocalization*GroupSubtype Couplingto

NC**AC**PLC**Presynaptic Postsynaptic

ａ
ａ
ｒ
ｒ
ｔ
ｔ
Ｘ
Ｘ
Ｅ
Ｅ
ヲ
７

●
つ
■
ロ
ユ
◆
で
０
基

一
○
日
ユ
一
．
０
ユ

ｅ
ｅ
Ｐ
Ｐ

↑
↑

品
Ｉ
傘
Ｉ

↑
↑

融《刊uRl

猟GIuR5

ａ
ａ
ｌ
１

一
一

PSD,Peri,Extra

Extra

↑
↓
↓
↓

ａ
ａ
ｒ
ｒ
ｔ
ｔ
Ｘ
Ｘ
Ｅ
Ｅ

ａ
‐
Ｄ

Ｉ
Ｉ
Ｉ
Ｉ

脇
醜
ｕ
ｕ
劇
団
猟
Ⅲ

BCE

I■■

I■■

↑ ↓
↓
↓

》
ｃ
４
‐
【
γ

展
Ｒ
Ｒ

ｕ
ｕ
ｕ

ｌ
ｌ
ｌ

Ｇ
Ｇ
Ｇ

ｍ
ｍ
錘

1週a

Wc

mc

ｅ
ｅ
ｎ
ｎ
ｏ
Ｏ
Ｚ
Ｚ
ｅ
ｅ
Ｖ
Ｖ

●
石
口
日
ユ
●
勺
■
Ⅱ
畢

・
今
ロ
■
し
・
■
Ｕ
》

｝
帥
虹

↓
↓

*Baseduponobservationsdesc㎡bedinthetext.Peri,perisynapticsite;Extra,extrasynaptic

site;PSD,postsynapticdensity;BCE,baseofcentralelement;-,notdetected.

**NC,ADP-ribosylcyclase;AC,adenylylcyclase;PLC,phospholipaseC.

1,activation;l,inhibition;→,noeffect.





plotted.Datarepresentmean=tS.E.M.for3-9measurements.ValuesatlnMof

L-AP4inAandDHPGinBaresignificantlydifferentC)<O.02)fromthecontrol

activity(100%withoutagonists)andallothervaluesofL-AP4inAandDHPGinB

areatp<O.OO1.

Fig.4．EffectofglutamateonADP-ribosylcyclaseactivityinretinaandSCGof

wild-typeandmGluRedeficientmice.11ﾙMglutamateinducedactivationofADP-

ribosylcyclaseactivityinmembranesofretina(A)andSCG(B)ofwild-type(+/+)or

mGluR6-knockoutmice(-/-).Datarepresent6-8measurementsfromthreel2-

month-oldmiceofeachtype.Bars=S.E.M.*,p<0.001.

Fig.5.Chart-recordingsofmembranepotentialchangesinculturedratSCG

neuronsinducedbyglutamateandagrouplagonist.(A,B)ThreehundredILM

glutamatewasaddedtothebath(arrows),intheabsence(A)andthepresenceof

100ILMAIDA(B).(C)DHPGwasaddedtothebathproducingl.SILM.Theresting

membranepotentialoftheSCGneuronswas-51mV(A),-53mV(B)and-52mV

(C),respectively.(Inset)PeakamplitudeofsIowdepolarizationswasmeasuredand

averagedfromfiveexperimentswithSOOIJMglutamate(A),fiveexperimentswith

glutamateinthepresenceoflOOMMAIDA(B),andeightexperimentswithl.SllM

(S)-5,S-DHPG(C).Valuesrepresentthemean±SEMwasplotted.

Fig.6．EffectofGTPoncGDP-ribose-producingactivitiesinretinaandSCG.

ChangesinfluorescenceinducedbyapplicationofindicatedconcentrationsofGTP

wereplottedinretina(A)andSCG(B)of5-week-oldrats.Eachdatapoint

representsthemean±S・EMof3-11determinations・ValuesatO.1nMofGTPinA

andBareSignificantlydifferentatp<0.O5fromthecontrolactivity.ValuesforlO

andlOOMMareatp<0.01,andallothervaluesatP<0.001.(C)Changesin
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throughKCNQ2/3channels(themolecularcorrelatesoftheMchannelinsympathetic

neurons:Wangetal.,1998),andinpartbycurrentsthroughmERGchannels(Mevesetal.,

1999;Selyankoetal.,1999).AlthoughbothcomponentsappeartobeaffectedbycADPR,and

althoughbothareinhibitedbyM1-mAChRstimulationinamannersensitivetocADPR

antagomsts(Hgashidaeta1.,2000a),thepresenceofthetwocomponentsaddscomplexityto

theinterpIetationoftheaboveexperiments.

Accordingly,inthepresentexperiments,wehavesoughtfilrtherinfbnnationregarding

theroleofcADPRinMcunentregulation.First,wehavetestedwhetherMl-mAChR

stimulationincreasesADP-ribosylcyclaseactivityinmembranefractionsfromratsupeIior

cervicalsympatheticganglia(SCGs),theneuronsofwhichonlyappeartoeXpressKCNQ

curl･ents,notERGcurrents(Selyankoetal.,2002).Second,wehavecomparedMl-InAChR-

inducedinhibitioninsympatheticneuronsfiomwild-type(CD38+ﾉ+)andCD38~/~nullmutant

mice・Third,wehavetestedtheeffectofover-expressingthecADPRhydrolase-deficientCD38

mutantonMl-mAChR-inducedinhibitionoflK(M,ng)inNGI08-1Scells.

MethodsandMatelials

Matelials

6-[2,8-adenine-3H]NAD+(30.SCimmol~')waspurchasedfiomNewEnglandNuclear

(Boston,MA,U.S.A.).cADPRwasobtainedfromeitherYamasaShoyu(Choshi,Japan)or

Sigma(StLouis,MO,U.S.A.).Oxidized-nicotinamideguaninedinucleotide(6-NGD+)was

obtainedfromSigma・SilicaGel60F2S4plasticTLCsheetswereobtainedfromMerck

(Dannstadt,Gennany).

Mice

MicelackingCD38weregeneratedbyhomologousrecombination.Thegenerationand

genotypingofthemicehavebeendesclibedindetailpreviously(Katoeta1.,1999;Fukushiet

al.,2001).ThemiceusedfbreacheXperimentwerederivedfromlCRbackgroundandwere

fiomthesamelitterorthesamefamily.SympatheticneuronswereisolatediromSCGof

humanelykilledl4-to21-d-oldmiceandculturedusingstandardproceduresasdesclibed

previously(Selyankoetal.,2002).

CellcultureofNGIO8-1SellsandCD38transfection

NeuroblastomaxgliomaNG108-15cellsover-expressingtheM1muscaIinicreceptor

(NGMl;Fukudaetal.,1988andl989)wereculturedasdescribedpreviously(Higashidaetal.,

1986).Brieflycellsweremaintainedat37｡CandlO%COzinDulbecco'smodifiedEagle's



mediumsupplementedwith5%foetalcalfserumlOOllMhypoxanthine,0.1ILMamlnoptenn

andl6IAMthymidine・TheexpressionplasmidspZHCD38andpZHCMCD38were

constructedasfollows.TheO.55KbH加！III(vector)/PsA(606)fragmentandO.36-kbPsZI

(606)/BgJII(969)fiagmentfrompSV2-HCD38(Takasawaetal.,1993b)wereligatedwith3.0-

kbB""HI/H加IIIIfragmentfrompBSIIKS(+)toyieldpBSHCD38.Restrictionendonuclease

sitesareidentifiedbynumbersinparenthesesindicatingthe5'-terminalnucleotidegenerated

bycleavage.TheO.91-kbH伽ﾒIII(vector)/Si)el(vector)fragmentcontainingtheentireprotein-

codingsequencefrompBSHCD38wasligatedwith3.4-kb"el/HIMIIIfragmentfiomthe

expressionvectorpZeoSVtoyieldpZHCD38andpZHCMCD38.Theplasmidswere

multipliedinE.coliandpurifiedwithaplasmdDNApurificationkit(Qiagen,Germany).

NGM1,mlmuscalinicreceptortransfbnnedNG108-lScellswereplatedinsix35-mm

dishesatadensity7.SxlO4cellsperdish.After24hoursthecellsweretransfectedwithlOllg

ofpZHCD38orpZHCMCD38mixedwith25Uglipofectamine(BethesdaResearch

laboratoliesLifeTechnologieslnc.,USA).Onedayaftertransfection,thecellswereharvested

andplatedintwelve60-mmdishes.Oneweeklaterthecellswereselectedwith200,2SOand

500Ugml~'Zeocin.Independentcolonieswereobtainedfromcellstreatedwith200Ugml~'
Zeocinafter4weeks.

Membranepreparation

BothsexesofWistarrats(lto4weeksold)andwild-typeorCD38~/~mice(3-4weeks

old)wereanaesthetizedusingdiethyletheranddecapitated・SCGswereisolatedandminced.

NG108-15cellsfiozenat-80｡Cwerethawed.Nervoustissuesorcellswerethensuspendedin

ahypotonicsolution(10mMTris-HCl,pH7.3,withSmMMgCl2)at4｡Cfor30min.Thecell

suspensionswerehomogenizedandtheresultanthomogenatecentIifilgedat4｡CforSminat

1000xgtoremoveunbrokencellsandnuclei.Crudemembranefractionswerepreparedby

centrifilgation(twice)ofhomogenatesatlOS,OOOxgfbrl5min.ThesupematantwasremOved

andthepelletwaswashedtwice,thefinalpelletwasdispersedinlOmMTris-HCIsolution,pH

6.9,andusedimmediatelyforenzymaticreactions・ProteinwasmeasuredbytheBioRadassay

dyereagent.

ADP-ribosylcyclaseandcADP-ribosehydrolaseassay

Cellmembranes(1.2-611g),preparedasabove,whereplacedin20111ofreactionmixture

containingTris-HCI(SOmM,pH6.6),100mMKCl,SmMMgCl2,0.1mMEDTA,2

llMNAD+,[3町β-NAD+(0.11llM,0.06IACi)slightlymodifiedtowhatwasreported

previously(Higashidaeta1.,1997).ReactionmixtureswereincubatedforO.5tol6minat37





currents.VOltagepulsesweregeneratedbyanamplifier(Axoclamp2B)indiscontinuousmode,

whilecurrentswererecordedviaasignalconditioner(Cyberamp320),digitisedonanADC

(Digidatal200)anddisplayedonaPCrunningcommercialsoftware(pClamp6).Alldatawas

storedonopticaldisk(Panasonic,LK).Dataisexpressedasmean±S､E.M.andstatistical

analysiswasperfonnedusinganANOVAandaposthocDunnettstestifp>0.0Sonthe

ANOVA.

MembranecurrentswererecordedfromSCGneuronsusingamphoteIicin-pelforated

patchelectrodes,asdesclibedpreviously(Selyankoetal.,2002).Thecompositionofthe

electrodesolutionswere(mM)fbrSCGneurons:Kacetate80;KCl30,HEPES40,andMgCl2

3.SolutionswereaqjustedtopH7.3-7.4withKOHandto2SOmOsmol/lwithKacetate.

Electroderesistanceswere2-4MOhm;accessresistancesafteramphotericinperforationwere

6-8MOhm.

Westemblotting

ControlandtransfbnnedcellmembranesweresubjectedtoWestemblotanalysisto

detectthepresenceofCD38proteinasdesclibedpreviously(Zhongeta1.,1997).The

membraneswereincubatedfor2hwithmouseanti-humanor-mouseCD38monoclonal

antibody(Immunotech,FranceandChemiconlnt.),washed3timesfbrS-10mininablocking

buffemThemembraneswerethenincubatedfbrlhatroomtemperamreintheblockingbuffer

containinghorseradishperoxidase-cOjugatedgoatanti-mouseoranti-rabbitantibodies.The

membraneswerethenwashed3timesfbr5-10minwithblockingbufferandreactiveproteins

visualisedwithaWesternblottinganalysissystem(Amersham,UK).

Northemblotting

CD38mRNAwasdetectedusingNorthernblotanalysis.TotalcellularRNAwasextracted

廿omcontrolNGMlcells,mock-,andwild-type-ormutantCD38-transfectedcellsas

descIibedpreviously(Yokoyamaetal,1994).Briefly,15UgoftotalRNAwasseparatedona

l.1%agarose/2.2MfbnnaldehydegelandtransferredontoaZetaprobenylonmembrane.

町bridisationwasperfonnedat42｡Cinasolutionwhoserecipewasreportedpreviously

(Yokoyamaetal.,1994).TheprobeusedwastheO91-kb"加江Ⅱ"'elfifagmentfifom

pZHCD381abelledbytherandomprimermethod.Thefilterwaswashedat50｡CinO.1xSSG

AutoradiographywaScarriedoutusingFljiBASIOOO.

Immunocytochemistry

ControlandtransfectedNG108-15cellsgrownoncoverslipswerewashedtwicefor3





Results

ACh-inducedactivationofADP-ribosvlcvclaseinSCG

First,wetestedwhetherornotapplicationofAChinducesanychangesinADP-ribosyl

cyclaseandcADPRhydrolaseactivitiesinSCGmembraneswhenmeasuIedby[3mcADPR

production(seeMethods).Inganglionmembranesfrom4-weekoldrats,themeanrateof

[3H]cADPRproductionfrom[3H]NAD+was495.S226.9pmolmin~'mg~'ofprotein(n=4).

ACh(100nM)increased[3HIcADPRfOnnationtolSS5.9士336.7pmolmin~'mg'of

protein(n=4),by314.0士36.4%(p<0.01),asshowninFig.1A.Incontrast,cADPR

hydrolaseactivitywasnegligibleinSCGmembranes(aswithNG108-1Scells:Higashidaet

a1.,1997).ThisimpliesthattheACh-inducedaccumulationofcADPRinthemembranesof

SCGisduepredominantlytoacceleratedproduction.

Theeff造ctofAChwasconfinnedincrudemembranepreparationsofSCGfiOmlO-35

dayoldratsusingiluolimetricmeasurementofcyclicGDP-Iibose(cGDPR)productionasan

assayfbrcADP-ribosylenzymaticactivity(seeMethods;Fig.1B,insert).cGDPRfluorescence

increasedinaconcentration-dependentmanneruponeXposuretoACh(Rg.1B)．The

maximumincreaseinADP-ribosylcyclasewas272.5±28.1%(n=4)ofthepre-exposurelevel

wasobtainedbylOnMACh(p<0.01).Thisincreasewaspreventedbysimultaneous

applicationofO.1-10"Matropine(Rg.1Bopendiamond).TheactionofAChwasreplicated

bylOILMcarbamylcholine(CCh)(213.7±7.8%,n=3;p<0.001)orlllMoxotremorineM

(Oxo-M)(2S6.3±15.S%,n=4;p<0.001).

{Fig.1nearhere}

ADP-ribosylcyclasestimulationwasprobablymediatedbyM1muscaIinlcreceptors

sinceitwaspreventedbylOOnM-IO"Mpirenzepine(anMl-selectiveantagonist;Fig.2A)

butwasunaff℃ctedbyl"MAF-DX116,4-DAMPortropicamide(M2,M3andM4-prefering

antagonists,respectively;Fig.2B).

{Fig.2nearhere}

InordertotestwhetherADP-ribosylcyclasestimulationbyAChrequiredreceptor

couplingtoanendogenousGprotein,weexaminedtheeffectofexogenousGTPinwell-

washedmembranes・AdditionofGTPalone(10-100nM)resultedinanincreaseinenzymatic

activityinSCGmembranepreparations,increasingbasalADP-ribosylcyclaseactivityby84.2

rll.4%(n=6;P<0.01).GTP(10nM)alsoenhancedtheACh-inducedstimulation(1.5-to2.5-





二1《】VeleXI、 guuと 〕・う卜

Wenextwantedtotesttheeffectofover-expressingtheCll9K/C201Emutatedhuman

CD38/ADP-ribosylcyclasecDNA、whichisdevoidofcADPRhydrolaseactivityandhence

functionsonlyasacADPRsynthesiZingenzyme(Tohgoetal.,1994;seelntroduction).Fbr

theseexperimentsweusedNGMlneuroblastomahybridcellsthathasbeenstablytransfbnned

toexpresstheMlmuscalinicacetylcholinereceptor(Fukudaetal.,1988).Thesecellswere

transfectedwithacDNAplasndencodingthemutatedCD38geneandselectedinthe

presenceof20011gml~'zeocinfbr2-6weeks・ThepresenceofthehCD38mRNAwas

verifiedbyNorthemblotanalysisinzeocin-resistantclones.ExpIessionofthehumanCD38

proteinintheCD38RNA-positivecloneswasexaminedbyWesternblotanalysisusinga

mouseanti-hCD38monoclonalantibody(datanotshown).Amongcellsshowingaprotein

bandat～幻kDafbrthemutantCD38,threeclonesdesignatedNGMl-mCD38a,NGM1-

mCD38b,andNGMl-mCD38cwereselected・Mock-orvector-transfonnedcellswere

designatedNGM1-VandthosetransfOrmedwiththewildtypehumanCD38,NGM1-CD38.

TheefficiencywithwhichthedualcysteinemutantCD38hadbeentransfectedwasalso

confinnedbyimmunocytochemicalanalysis(Fig.5).hCD38-specificimmunoreactivitywas

detectedinNGMl-mCD38a,bandccells(Hg.SEH,andJ),asinNGM1-CD38cells(data

notshown).WildtypeNGMlormock-transfectedNGMl-Vcellsshowednoorlittlespecific

stainingunderthesameconditions(Rg.5BandD).OurnuorescencemicroscoPic

observationdidnotidentifytheexactlocationofthehCD38-immunoreactivity-i.e.,whetherit

wasinthecellsurfaceandintracellularmembranesorintheperinuclearregions(asshownin

MC3T3.E1CD38-transfectedfibroblastcells:AdebalIoetal.,1999).Sincethiol-sensitivity

ofCD38,anditsabilitytooligomerizehavebeenreported(Grimaldietal.,1995),weexposed

pre-fiXedintactcellstoO.SorlmMHgCl2fbr2min・Thisresultedintheenhancementof

hCD38-specificstaimngattheplasmamembranearea(Hg.SK).Allcontrol(NGMl)or

mock-transf己cted(NGMl-V)cells,aswellashCD38-transfected(NGMl-CD38)cells,

possessedendogenousmouseCD38(Rg.5L),whichwasdetectedwithananti-mouseCD38

monoclonalantibodyinWestemblotanalysis(datanotshown).

{Fig.5nearhere}

ADP-ribosylcyclaseactivitieswerestudiedby[3mcADPRfonnationfrom[3H]NAD+as

thesubstrateinallclonestested.ThebasalcyclaseactivityinNGMl-mCD38a,b,andccells

was5.7-,12.7-,andl2.1-foldhigherthanthat(116±14pmolmin-'mg-'ofprotein,n=24)of

NGMlcellsandO.74-,1.64-,andl.56-foldofthat(899*330pmolmin~'mg~'ofprotein,n=7)







3.6%(n=23),and80.8±6.2%(n=8),respectively(Rg.8C).Judgingfiomthedose-response

relationshipobtainedbyperfusionofvariousconcentrationsofACh(Rg.9),thelCs｡ofACh

wascalculatedtobeaboutl.55andO.88IAMAChforNGM1-mCD38bandccells,compared

withl311Mfbrwild-typeNGMlcells.

{Fig.9nearhere}

Finally,weeXaminedwhetherthevoltage-dependentcharacteristicsofMcurrents,p"se,

werealteredinmutantCD3SeXpressingcells.Therefbrecontrol(NGMl),mock-transfected

(NGM1-V)andthedualcysteinemutantCD38transiectedcells(NGM1-mCD38b)were

recordedunderidenticalconditionstomeasurelK(M,ng)inthewhole-cellvoltage-clampmode.

Thetotalamplitudeofthedeactivationrelaxationmeasuredat-SOmVafterastepfrom-20

mVwasfoundtobenotsignificantlydifferentbetweenthethreecelltypes.Constructionofan

activationcurvefollowedbyafittoaBoltzmanfimction(seeRobbinsetal.,1992)

demonstratednosignificantdiff己rencebetweenthehalfactivationpotential(Vo)ortheslope

value(s)amongallthreegroupsofcells(Tablel).Constructionofatimeconstant-Vmcurve

(Robbinsetal.,1992)alsoindicatednosignificantdifferencebetweentheopening(qo)or

closing(6o)rateconstantsortheslopefactor(c).Thus,over-expressionofthemutatedCD38

hadlittleeff℃ctonthegating,voltagedependenceorkineticsofthechannelsresponsiblefor

IK(M,ng).[Note:fortheseanalyses,acompOsitetime-constantembracingbothcomponentsof

IK(M.ng)currentrelaxation(seeMevesetal.,1999;Selyankoetal.,1999)wereapplied(see

Robbinsetal.,1992).Thefactthatthiscompositetime-constantwasunchangedimpliesthat

thetwocomponentsofcurrentcamedbyKCNQandERGchannelswereaff℃ctedequally.]

{Tablelnearhere}

Discussion

TheresultsofpreviouseXperiments(seelntroduction)haveindicatedthatcADPRmay

playaroleininhibitionoftheM-likecurrentinNG108-15neuroblastomahybridcellsthat

resultsfromM1mAChRstimulation.Inhsreportwehaveinvestigatedthispossibilityfurther

bytheuniqueapproachofgeneticallymanipulatingtheenzymethatmayberesponsiblefor

generatingcADPR,humanCD38・ThiShasledtotwosignificantadvances.

First,over-expressionofamutatedfonnofthecADPRsyntheticenzyme,CD38/ADP-

ribosylcyclase,thatwasdevoidofhydrolaseactivity(andthereforeactsasaconstitutively-

activeADP-ribosylcyclase,leadingtohigherlevelsofcADPR)stronglyaugmentedthe



inhibitionoftheM-likecurrentinNG108-15cells.ThiswasspecifictothiscomponentofMl-

mAChRactionsincetherewasnocorl･espondingincreaseintheimtialelevationof

intracellularCa2+orintheconsequentialoutwardcurrentmediatedbyactivationofCa2+-

dependentK+channels(seeHigashida&Brown,1986;Brown&Higashida,1988;Robbinset

al.,1991andl993).Interestingly(andincontrasttocontrolcells:Hgashidaetal.,1997),

activationoftheMlreceptorsdidnotappeartoenhancetheactivityofthismutatedCD38

enzyme.Hence,theenhancedinhibitionoftheM-likecurl･entappearstoresultfiomthehigher

overallbasalrateofADP-ribosylcyclaseactivity.

Second-andperhapsmoresignificantly-wehaveextendedtheputativerolefbrcADPR

inMcurrentregulationtoincludeplimalysympatheticneurons.Thus,wehaveshownthat

AChacceleratesthesyntheticactivityofADP-ribosylcyclaseinmembranepreparationsfrom

sympatheticganglia,justasitdoesinNG108-1Scellmembranes(Higashidaetal.,1997).Tests

withantagonistsshowedthatthiswasduetostimulationofendogenousMlmAChRs,andtests

withGTPandGTP-Y-SindicatedthatitresultedfromMlmAChR-Gproteincoupling.

Finally,usingCD38knock-outmice,inwhichnegligibleADP-ribosylcyclaseactivity

couldbedetectedinthemembranefractionspreparedfromsympatheticganglia,welbunda

verysubstantialreductioninthemAChR-inducedinhibitionofthenativeMcurrentsin

dissociatedsympatheticneuronsinCD38~/-micewhencomparedwiththatinneuronsfrom

wild-typeCD38+/+mice,from～75%to～2S%.

Someoftheexperimentalmanipulationspreviouslyusedtoinvestigatetheroleof

cADPRinneuroblastomacells-fbrexample,intracellulardialysisofcADPRandits

antagomsts-aredifficulttoapplytosympatheticneuronsbecauseoftherapidMcurrent

Grundown'usuallyeXperiencedwithwhole-cellrecording(see,fbrexample,Brownetal.,

1995).ThishashithertoprecludedextensionofinfbnnationdrawnfromNG108-15cellsto

primalyneurons.Thepresentexperimentsaretherefbreparticularlyimportantinsuggesting

thatsuchanextensioncanreasonablybemade.

Nevertheless,whenviewingcADPRasapotential@secondmessenger'forMcurrent

inmbition(seefilrtherbelow),anumberofquestionsremain.First,CD38isamultifilnctional

gglgenzyme(ShubinskyandSchlesingeI;1997),whichgeneratescADPRfiOm6-NAD+inthe

extracellularcompartment・Thiscomictswiththeestablisheddogmathatsecondmessengers

aregeneratedandremainintracellularly(withtheexceptionperhapsofnitlicoxide).This

apparentanomalymightbeexplainedinanumberofways.First,perhapsitisextracellular

cADPRthatmodulatestheM-current.Thisseemsunlikely,becausecADPRhasbeenshownto

inhibittheneurobastomacurrentwhenappliedintracellularlyviathepatch-pipette(Higashida

etal.,199S)anditsantagonistsarealsoeffectivefromtheinside(Bowdenetal.,1999).Second,



ithasbeensuggestedthatsomeoftheCD38proteinmayexistonintracellularmembranesand

therefbregeneratecADPRwithinthecell(Katoetal.,1995;Chinietal.,2002;Khooand

Chang,2002).ThirdlyithasbeenproposedbyZocchietal.(1999)thatplasmamembrane-

locatedCD38internalises6-NAD+intovesiclesand,fbllowingconversionof@-NAD+to

cADPR,pumpscADPRintothecytosol・Similarconsiderationsapplytotheproposed

involvementofcADPRinothercellularresponsessuchasf℃rtilization,insulinsecretionand

cardiaccontraction(Galioneetal.,1993:Leeetal.,1993;Takasawaetal.,1993a;Higashidaet

al.,1999,2000b)andclearlyneedresolution.

Second,the"Ioα"s叩〃α"αjofcADPRasapotentialMcunentinhibitorisnotyetclear.

Themostwidely-acceptedviewisthatitactsbyfacilitatingryanodinereceptor-induced

intracellularCaz+release(Meszarosetal.,1993;Leeetal.,1994;Thomasetal.,2001).

Howevel;inpreviousexperiments,noevidencecouldbeadducedtosupportarolefbreither

Ca2+(Higashidaetal.,1995)orryanodinereceptors(Bowdenetal.,1999)intheregulationof

theM-likecurrentSinneuroblastomahybridcells.Equally,analternativepossibility-thatofa

directeffectontheMchannelsthemselves-canbeexcludedbecausecADPRdidnotaffectM

channelactivitywhenappliedtotheinsidefaceofexcisedmembranepatchesfrom

sympatheticneurons(Bowdenetal.,1999).

Notwithstandingthispaucityofmechanisticinfbnnation,theexperimentalevidencefbr

cADPRasaputative｡secondmessenger'forGprotein-coupledreceptor-inducedMcurrent

inhibitionnowappearsquitesubstantial(seelntroduction),andcomparabletothatfbrsome

othersuggestedmessengerssuchasCaz+andproteinkinaseC(seeMamon,1997).Recent

workhasaddedphosphatidylinositolbisphosphate(PIPz)depletiontothatlistofputative

secondmessengersystems(Suh&Hille,2002).Onepossibilitythatemergesisthatchangesin

membranephosphatidylinositidelevelsprovidetheunifyingmechanismunderlyingthe

regulationofMchannelsbyGq/11-coupledreceptorsingeneral,butthatothermodulators

generatedbyreceptorstimulationenhancethesensitivityofthechannelstochangesinPIP2

levelsinareceptor-specificmanner.Thus,forbradykininB2receptors(Cruzblancaetal.,

1998)andnucleotidePZYreceptors(Bofill-Cardonaetal.,2000),closureisfacilitatedbythe

InsP3-inducedriseinCa2+(perhapsresultingfromacloseproximityofthetransmitterreceptors

tothelnsP3-receptors:Delmasetal.,2002)andtheconsequenteffectofCaz+onchannel

activity(Selyanko&Brown,1996).Ontheotherhand,fonnationofdiacylglyceroland

consequentactivationofproteinkinaseCboundtotheA-kinaseanchoringprotein(AKAP)in

acomplexwiththeMchannelactsasasensitizerformAChR-mediatedinhibition(Hoshietal.,

2003).ThepresentresultsstronglysuggestthatADP-ribosylcyclaseactivation,and

consequentialfonnationofcADPR,alsofallsintothiscategoryof｡sensitizingmechanisms'.
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Tablel.AmplitudeandkineticpropertiesoflKMng)incontrolandcysteinemutatedCD38-
transfectedNGMlcells.

NGMlNGM1-VNGMl-mCD38b

Parameter (n=9)(n=8) (n=9)

一一q■■■■■一q■■一一一一一一q■■ーーq■■q■■q■■■■■q■■ーー一一一一■■■ﾛ■■q■■q■■q■■一一ー一一一q■■ー■■■－－1■■ー一一一一一■■■■■p一一■■■q■■一一■■■ーー。■■■■■1－■■■ーーq■■ーーー■■■q■■■■■ーq■

Amplitude(pA)

VO(mV)

S

qo(s-1)

6o(s-1)

C(mV)

524±851272±408700±1Z7

－38．9±1．61‐36．3±1．S-38.5±0.5

‐7.7±1.6-6.S±0.6-6.8±0.5

l.9±0．41．1±0．21.0±O.2

1．4±0．11.2±0.ll．2vO．2

15.0±0.81S.9±O.615.5±06

一一■■■ー■I■■ーーーー一一■■■■■■ー■■■■■■■■■ー■■■ー■■■ー■■■ー■I■■■■■■I■■ーーーーー■■■■ーー■■■ー一一ー一一ーー－－ー■■■ー■■■■I■■■■■■■■■ーーーーーーーーーーーーー一一■■■ーー■■■■■■■■■

BiophysicalpropertiesoflKM,ng)incontrol(NGM1),Vectortransf己cted(NGM1-V)cellsand

dualcysteinemutantCD38(NGMl-mCD38b)cells.Dataaregivenasthemean±s.e.m.fbr

thedeactivationtailamplitudeat-50mVhalfactivationpotential(Vo),slope(s)obtainedfiOm

activationcurvesfitbyBoltzInanequationG/Gmax=1/{1+expVzﾉ,[(Vo-Vc)/s]}・The

opening(qo)andclosing(6o)rateconstantswerecalculatedfromtau-Vccurvefitbythe

equationsq=qoexp((Vc-Vo)/C)and6=6o((Vc-Vo)/-C).Numberofcellsisgivenin

brackets.



Figurelegends

Rg.1.ActivationofADP-ribosylcyclasebyAChinratSCG.A・ADP-ribosylcyclasewas

measuredfromthei血ialvelocityduring2minwithmembranespreparedfiUmratSCG.

ValueswerecalculatedbyconversionofrHIcADPRfiom[3田NAD+inthepresenceor

absenceoflOOnMAChin4eXperiments.Valuesindicatemean±S.E.M.*indicates

significantlydiff己rentfiomthecontrolatp<O.01.B.RelationshipbetweenAChconcentration

andADP-ribosylcyclaseactivitywith(opendiamonds)orwithoutlllMatropine(filled

circles)measuredfluorometrically. ThefluorescenceoftheresultingcGDPRwas

continuouslymonitoredbefbreandafterapplicationoflOOnMACh(alTow),asshownin

insert・Changesinvelocitywereplotted.Datarepresentthemean(±S.E.M.)in3-5

measulenlents・SomeS.E.M.valuesarewithinthesiZeofsymbols.*and**significantly

differentfiOmthevaluewithatropineattheindicatedAChconcentl･ationsatp<0.001and

0.01,respectively."se",Barsindicate30sandO.larbitraryunit.

Fig.2.EffEctsofsubtype-specificantagonistsonACh-inducedactivationofADP-ribosyl

cyclaseactivityinratSCG.A.RelationshipbetweenAChconcentI･ationandADP-ribosyl

cyclaseactivitywith(opensquares)orwithoutlllMpirenzepine(filledcircles)measured

fluorometrically.Valuesindicatemean±S.E､M.in3-5measurements．*significantlydiff℃rent

fromthevaluewithpirenzepineattheindicatedAChconcentrationsatp<0.Ol.B､Effectsof4

subtype-specificantagonistsatlllMonACh(100nM)-inducedactivationofADP-ribosyl

cyclase.Valuesindicatemean±S.E.M.in3-Smeasurements.*sigmficantlydiff℃rentfiom

controlvalueatp<0.001.

Fig.3．SynthesisofcGMP-riboseanddose-dependenteffectofAChinSCGmembranesof

CD38+ﾉ令wildtypeandCD38-/-knockoutmice.cGDPRsynthesiswasmeasul℃d

flourometrically.A.MembranepreparationsofSCGofCD38+/+andCB38~/-micewere

incubatedfor700sandbasalactivities(arbitraryunitsmin-'mgprotein~')werecalculated.*

signifIcantlydifferentfromthevalueofwildtypemiceatp<0.001(n=7).B.Membraneswere

incubatedwithdiffErentconcentI･ationsofAChandthevelocitywascalculated.Resultsare

expressedaspercentageofcontrolrateofcGDP-ribosein4independentexperiments.*and**

significantlydiff己肥ntfromvaluesattheindicatedAChconcentrationsinCD38~/~miceatp<

0.002and0．001respectively.

Rg.4.ComparisonofM-currentinhibitioninculmredSCGneuronsofwild-typeCD38+/+

orCD38~/~mutantmice.Typicalcurrentresponsestoavoltagestepto-50mVfromholding





desclibedinFig.4D.NumberofcellstestedrangedfromSto6.Bars,S.E､M・*p<O.001

fromtwocontrolcells.

Fig.9.Theconcentration-dependentinhibitionofM-currentbyacetylcholineinNGMl(filled

circle),NGMl-mCD3Sb(opensquare)andNGM1-mCD38c(opendiamond)cells.The

relativeinhibitionoftheM-currentdeactivationrelaxationsproducedbytheincreasing

concentrationofAChinthreediffErentsubcloneswasplotted.RelativelK(Mng)wascalculated

bydividingtheamplimdepriortoapplicationwiththatobtainedaftertheperfusionofthe

indicatedconcentrationsofACh.Eachpointrepresentsthemean(±S.E.M.)of4-Scells.
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(Unit/min/mgprotein)
邑
口
印

◎
ロ
伽的 凸

◎
○
口
②
切
十
、
＋

。
ｐ
い
②

■
■
■
■
■
■
■
■
■
■
■
■
》
庫
一
丁
寧
“
■
函
■
理
■
叩
■
唖
》
蠅
琿

■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■

■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■

■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■

■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■

■
■
■
■
■
■
■
■
■
■

日
、
８

可
②
伽
◎

Ｖ 則
②
。
。

ａ
鵲
剛
蹟
ｏ

ａ
ｔ
洞
加
ｇ
ｏ

Ｃ
Ｃ

Ⅷ
肌
酬
凸
切
◎

脈
僻
凸
。
。

ｒ Ｐ

伽
Ｏ

ＤＡ

。
■
ｄ
ｏ
日
“

弱
◎
畠
（
一
呂

閉
威
閥
目
同
６
い

星ふ

ロ

心



Ⅲ
g
Ⅲ
氾
斗

A
C
D
s
B
+
A
.

B
C
D
s
B
-
/
b

ＭＭＭ伽Ｏ

（くこ）一厘⑩堂．０

-O.で

O
x
o
-
M

芒①堂．◎二ちこ◎逗旦星三

C
m
O

２０８６４２○『 ■■■■■■ で利０００Ｏ 芒⑩堂．◎三ち⑩で。菫ＱＥく

，

綱
T

了
5０
５
（誤）

＊Ｔ

2
50

C
D
s
B
+
/
+
C
D
3
8
+

4
0
0

0
2
0
0

2
0
0

T
i
m
e
｡







F
i
g
m
c
7

A

a

A
C
h

ー
q
■
■
一
一
一
一
ー
q
■
■
一
一
一
一
ー
q
■
■
ー

a
b
c
a
c

ー

－
1
．
－
－
－
｢
一
‐
~
1
-
-
』
一
-
I
_
－
－
『
一
’

■
q
■
■
一
一
ー
q
■
■
q
■
■
q
樫

応
q
■
■
一
一
一

一

O
p
A

0
.
5
S

■
■
■
■
■
■
■
■
■
■
■
■
■

B

a

一
一

A
C
h

心

や 一
一

● ０ ０ ゆ ▲ ｇ ■ ■ 巳 側 b

．
Q

，
､

．

■
■
■
ー

_
_
l
4
0
0
P
A

C
3
0
S

a
b
c
d

a
c
．

-
1
－
－
J
一
一
L
－
－
｢
一
‐
－
1
－
－
r
－
－
L
－
｣
－

ー
ー
■
■
■
ー

雪
一
一
→

"
…

ー
■
■
■
q
■
■

一
一
一

一
一

0
.
5
S

ヒ
ー
ー
ー
‐



Ⅲ
窪
u
r
e
S

%
I
n
h
i
b
i
t
i
o
n
o
f
M
c
u
r
r
e
n
t

O
2
5
5
0
7
5
1
0
0

O
u
M
a
r
d
c
u
r
r
e
n
t
(
n
A
)
I
n
w
a
r
d
c
u
r
r
e
n
t
(
n
A
)

O
O
．
5
1
1
．
S
O
-
O
．
2
5
-
O
．
5
-
O
．
7
5

、
●
●
■
■
■
■
■
●
●
●
□
■
■
■
●
■
■
●
●
■
■
①
●
g
■
■
■
■
■
■
｡
■
■
●
ロ
■

■
■
●
■
●
●
｡
●
●
●
●
●
巳
●
●
g
、
■
■
■
■
●
●
■
●
●
●
●
■
■
●
■
●
■
｡
●
●

■
●
■
●
■
●
●
●
■
■
■
■
●
■
●
■
●
■
ﾛ
●
■
●
■
●
●
｡
■
、
■
●
●
■
●
●
●
●
●

:蕊:蕊:蕊:蕊:蕊:;:;:;:;:;:;:;:::;:!:;:;:;:!:;:E菩妾
●
●
●
●
■
■
●
●
●
●
●
■
■
｡
■
●
■
■
●
●
●
●
■
●
●
■
,
●
■
●
■
●
●
●
●
●
●

｡
●
■
■
●
●
●
●
●
■
●
●
■
●
□
■
●
●
●
●
●
●
●
●
■
●
●
■
●
●
旬
●
■
●
●
｡
●

■
■
■
●
●
●
●
、
●
■
■
●
■
●
■
■
､
●
●
●
●
■
■
■
■
■
●
●
●
■
●
■
●
■
●
●
■

●
●
■
■
●
■
●
●
■
●
■
●
●
■
●
●
●
｡
●
●
●
●
●
句
｡
●
●
●
■
●
●
■
■
■
●
■
●

■
■

C
-
-
H
A

B
N
G
M
1

計
跨
斧

綴
計

■
●
■
③
■

■
｡
■
S

■
●
●
●
旬

■
■

一冊

■ｅ
■●

■●
●■

■●
●■

■、
■■

■■
■●

■●
●●

●■
●●

ロ●
●●

句●
■●

■●
●●

■、
■■

■■
●、

●■
■●

●●
９●

●●
●■●■●●

■■●ｅ●●■

●●●●●、

●■●●■■●

●■。●■■

■●●●●巳●

■●●●●●

■●ロ●●●●

■■●●■■

●●■●■■●

■●●●●■

●●■●●。■

■●●●●□

●■●●■■■

■●●●●●

■●●●●ＣＤ

●●●■、●

巳●●■●●●

●●■●●■

■■●■●●●

■●●●●●

、●●●■●●

■■●■■●

■、●●■●●

■●■●●■

●●●■●■●

■●●●■■

●●■●■、●

●■●●●■

■■■●■■●

■●■■●●

■■●●●●●

、●●●●●

●■■●、●●

N
G
M
1
Q
V

卜
妾
睾

－
－
コ

目
引
験

■
●
●
●
●
■
●
■
巳
■
■
●
■
■
｡
■
■
■
■
■
■

■
●
●
●
■
●
●
■
●
■
●
●
●
●
●
●
●
●
口
●
●

□
ロ
●
●
●
●
■
●
●
■
●
●
●
■
●
■
●
●
●
●
●

■
●
●
O
■
●
●
●
■
●
■
■
■
●
●
●
｡
C
D
■
●

:;:;:蕊:;:;:蕊:蟻:;:;:張籍
■
●
●
●
●
●
■
●
●
■
●
■
●
●
■
●
●
■
●
｡
■

●
●
、
●
■
●
●
ロ
■
■
■
●
■
●
●
■
●
●
□
■
■

計
‐

I裟；
N
G
M
1
-
m
C
D
S
B
a

－
1
＊

■
●
●
●
①
■
■
■
●
□
●
●
■
■
■
●
■
●
●
●
●

●
●
●
■
●
●
●
●
□
■
●
●
■
●
●
●
●
●
●
●

■
●
●
●
●
●
■
｡
■
■
■
■
●
●
●
■
●
●
●
e
■

①
●
■
●
●
●
巴
●
●
●
●
■
●
●
■
●
●
｡
●
●

::::::::::::::::::::::::::::::::::19eg;
■
●
●
●
■
●
●
●
●
●
●
｡
●
●
●
●
●
■
●
●
■

●
●
■
■
■
■
■
■
●
●
●
■
●
●
■
●
□
■
●
巳

■
●
●
●
●
■
●
●
●
■
■
●
●
●
■
●
●
｡
●
●
■

●
●
●
●
●
●
●
■
■
■
●
■
●
■
●
●
●
●
●
●

f
篭
蓑
弓

計
N
G
M
1
-
m
C
D
S
B
b

峠
計
★

■
■
■
■
■
■
巳
■
■
■
■
■
■
■

■
■
■
●
●
●
●
●
■
●
■
●
■

■
●
●
●
●
■
■
■
●
●
●
■
■
｡

■
●
■
●
｡
■
●
●
■
●
●
●
■

:::::::::::::偽;宍苧皇；
●
D
B
●
●
●
●
●
■
●
●
●
■
■

●
●
■
●
■
●
●
●
●
●
■
●
●

●
●
■
■
●
●
●
■
■
●
■
●
●
｡

●
●
■
●
■
e
●
●
●
■
●
●
■

h
苧
宍
;
§
苧
実
苧
§
苧
§
－
斗

‐
N
G
M
1
-
m
C
D
S
B
c

I蓋
引
＊





7．謝辞と展望

本研究は、京都大学中西重忠教授、大阪大学福田淳教授、生理学研究所重本隆

一教授、東北大学岡本宏教授、九州大学野田百美助教授、ロンFン大学DABrown

教授・Robbins講師等の御支援を賜った。深くお礼申し上げます。

前回の重点Bの報告においても小冊子を作り、日本中広く頒布することを取り止

め、その代わり英語で総説を書くと宣言した。その結果、前回の成果をJournalof

Neuroche皿stry76巻、321-331頁(2001年）にまとめて、より広く世界中へ発

信した。 今回の成果も、一流のRevieI"誌への掲載を行う覚悟である。


