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Abstract

Effectsofphorbolesters(stimulatorofproteinkinaseC)ontheL-typeCa2+currentin

isolatedsinglerabbitsin°-atrial(SA)nodalcellswereexamined.Inwhole-cellvoltage-clamp

experiments,12-0-tetradecanoylphorbo1-13-acetate(TPA)atlO~7MinhibitedtheLtypeCa2+

current.PretreatmentwithH-7(10~5M),anantagonistofproteinkinaseC(PK-C),didnot

modifytheTPA-induceddepression.ThetimecourseofinactivationprocessfortheLtype

Ca2currentwasslowed.Incell-attachedpatch-clampexperiments,TPA(10ー7M)profoundly

decreasedtheprobabilityoftheopeningofunitaryLtypeCa2+channels(adihydropyridine-

sensitive).Theconductancewasunaffected(18±1pS,n-5).EvenH-7(10~5M)alonetended

toinhibittheopeningofthechannels.AdditionofTPA(10~7M)totheH-7-containingsolution

causedfurtherdecreaseintheopening.Ontheotherhand,41alpha-phorbol112,13-didecanoate

(notaPK-Cactivator)hadnoeffectontheCa2+channels.TheseresultsindicatethatthePKIC

stimulationdecreasestheopeningofLtypeCa2+ChannelsoftheSAnodalcellmembranes.

ⅠntrOduction

ltisknownthatproteinkinaseC(PK-C)is

animportantcomponentofcellularslgnal

transductionsforbiologicalactivatorsof

substancesl).PK-CisCa2+-andphospholipid-

dependentproteinkinase,andrecentlyPK-C

independentofCa2+hasalsoidenti丘ed.A

stimulantspeci丘Callybindstoareceptorof

cellsurface,whichactivatesaphospholipase

Cforphosphatidylinositol(PI)locatedonthe

cytosolicfaceoftheplasmamembrane.The

activeenzymereleasesphosphatidy1-inosito1-

4,5-biphosphate(PIP2)intothecytosol,and

leavesmyo-inosito1-1,4,5-triphosphate(IP3)

anddiacylglycerol(DG)inthemembrane.IP3

mobilizesCa2+Storedinthesarcoplasmic

reticulum (SR)2),3). DG activatesPK-C by

stabilizingitsinsertionintothemembrane.

ActivatedPK-Cthenphosphorylatessubstrate
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proteins,andtherebythephysiologicalre-

sponsesareelicited2)･4).

Ithasalreadybeenreportedforsomany

physiologicaleffectsofPKICstimulation;(1)

increaseinRNA,proteinandDNAsynthe-

sis5),6),(2)plateletaggregationandphospho-

rylationofapeptideinbloodplatelets7),8),(3)
increasesinNa+-K+pumpactivityandNa+-

H十exchange9),10).Inourstudies,thePK-C

stimulationcausedanegativeinotropiceffect

inguinea-pigventricularmusclell),andcaus-

edanegativechronotropiceffectandele-

vatedcellularCa2+concentrationinrabbit

sin°-atrial(SA)nodecells12-14).Furthermore,

stimulationofPK-CincreasedtheLtype

Ca2+current(Ⅰ｡a(L))inrabbitSAnodecells12),

whereasthestimulation decreased itin

guinea-pigventricularandvascularsmooth

musclecells14116).Thus,theeffectsofPK-C

stimulationonthelca(L)CurrentWasCOntrO-

versial.

Inthepresentexperiments,Iwantedto

examinehowTPAmodulatestheLtypeCa2+

channelsinrabbitSAnodalcellmembrane

uslngapatch-clamptechnique.Tocon丘rm

theactionsinducedbyPK-Cactivation,both

PDD(whichlacksanactivatorofPK-C)and

H17(aninhibitorofPK-C)'wereused.

MaterialsandMethods

Cellpreparation

Rabbitseithersex,weighing1.5-2.0kg,

wereanaesthetizedwithintraveneousinjec-

tion ofsodium pentobarbital(30mg/kg).

Aftertherabbitwasexsanguinated,thechest

wasopened.Theheartwasdissectedoutand

immersedinnormalTyrode'ssolution,ac-

cordingtopreviousreports13),14).TheSAnode

stripswerecutfurtherinpleCeSinthenomi-

nallyCa2+-freeTyrode'ssolution.Thespon-

taneouslybeatingheartwasceased.Then,

theperfusatewasswitchedtolow-Ca2'(30-60

〟M)Tyrodesolutioncontaining0.1mg/ml

collagenase(TypeI,SigmaChemicalCo.,St.

Louis,MO)forabout30-35min.Theprepara-

tionsweretransferredtohigh-K+andlow-C1~

solution(KBsolution),andstoredat4℃for

1h.

Whole-cellvoltage･clamprecording

Whole-cellpatchclampexperiments14~18)

Weredoneusingglasspatchpipettes.Thetip

diameterswas3-5JJmandtheresistancewas

3-10Mn.Themembranecapacitancewas

25.8±4.0pF(n-14).Currentandvoltage

recordswerestoredonmagnetictapefor

computeranalysis(NEC98series).Thecom-

positionsofthemodi丘edTyrode'ssolution

wasasfollows(mM);NaCl137,KC15.4,

CaC12 1.8,MgC120.5,NaH2PO4 0.33,glucose

5.0,HEPES5.0(pH7.4).Thepipette(intracel-

1ular)solutioncontained(mM);CsOH 110,

asparticacid90,CsC120,K2ATP5,creatine

phosphate5,EGTA5,MgC121,HEPES(N-2-

hydroxyethylpiperazine-N′-2-ethanesulfonic

acid,WakoPureChemicalIndustries,Ltd.,

Osaka,Japan)5,andcyclicAMP0.05.Intra-

cellularpHwasadjustedto7.2andpCawas

7.2.Thevaluesrepresentmean±S.E.M.

Unitarycurrentrecording

Torecordsinglechannels,celトattached

patd1-Clampexperimentswereperformed14),17)

Theresistanceofthepatchelectrodewas3-5

Mf2,andthetipoftheelectrodewascoated

withSylgard (KE106,Shin-etsuChemical

Co.).Unitarycurrenttraceswerestoredona

videorecorder(BR6400,Victor)usingaPCM

convertersystem (Rp-880,NF Electronic

CircuitDesign,Tokyo).The data were

analysedonanHitachiE600computer.Cur-

renttraceswerefi1teredwithacut-offfre-
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quencyof1kHzforplotting(FV-625,NF).

Themembranepotentialofthepatchwas

calculatedasthedifferencebetweentherestl

lngpotentialandthepipettepotential.The

pipettesolutioncontained(mM):BaC1250,

cholin-C170,glucose5,HEPES0.5,BayK

8644210-6M,andtetrodotoxin10-5M (pH

7.4).Allexperimentswereperformedat37℃.

Drugs

Drugsusedinthisstudywere12-0-tetra-

decanoylphorbo1-13-acetate(TPA)and4-alpha-

phorbo1-12,13-didecanoate (PDD) (Sigma

ChemicalCo.,St.Louis,MO,U.S.A).Both

phorbolestersweredissolvedindimethyl

sulfoxide(DMSO),whichwasdiluted7,000-

20,000timesintheperfusionmedium,and

stockedat-10℃.Also,H-7[1-(5-isoquinoliny1-

sulfonyl)-2-methylpiperazinedihydrochloride]

(SeikagakuKogyoCo.,Tokyo)andtetro-

dotoxin(TTX,SankyoCo.,Tokyo)were

dissolvedindistilwater.Sincesolutioninthe

bathwereexchangedwithin1minandthe

effectsofdrugscompletelyreachedasteady

statewithin3min,thedatawereobtainedfor

3-5minafterexchanglngtOthenewsolution.

Results

L･typeCa2+current

EffectsofTPAontheL-typeCa2'current

(Ica(L))inisolatedSA nodalmyocyteswere

examinedbywhole-cellpatch-clamptech-

nique(Fig.1).Testpulsewasappliedto0mV

for300msdurationfromaholdingpotential

of-40mV.Thepeakoflca(L)CurrentWas

-325±11pA (n-7),andwassensitiveto

nifedipine(10~6M).TPA (10~7M),aPK-C

activator,wasaddedtothebathsolution.

TPA depressedthelca(L)Current.Theper-

centageinhibitionwere20.3±1.5%(n-7,P<

0.01).Thetimecourseofinactivationprocess

Fig.1.DepressionintheLtypeCa2+currentby
TPAinsinglesin°-atrialnodalcell.Whole-cellvolト
ageclampexperimentwasexerted.Testpulse(for
300ms)wasappliedto0mVfromaholdingpotential
of-40mV.Phorbolester,12-0-tetradecanoy1-phorbo1-
13-acetate(TPA)wasaddedtothebathsolution.
Symbolsusedarecontrol(opencircles)andTPAIO~7
M (丘lledcircles).K+inthepipettesolutionwas
replacedbyCs+.Dashedlinerepresentszerocurrent
level.

forlca(L)WasSlowedinthepresenceofTPA

(10~7M).AdditionalapplicationofH-7(10~5

M)(aninhibitorofPK-C)hadlittleorno

effectonthedepressantIca(L)lnallof6cells

(butbenotshown).

SingleIJ-typeCa2+channels

ToexaminetheeffectsofPK-Cactivation

inducedbyTPAonunitaryL-typeCa2'cur-

rent,cell-attachedpatchclampexperiments

wereperformed.Depolarizingtestpulsesof

70mVfor300mswereappliedfromtheresト

ing potential(-80mV).Theconductance

wasunaffected(18j=lpS,n-5).Asshownin

Fig.2A andB,TPA (10~7M)reducedthe

openingprobabil/ityby21･3±3･30/.(n-6,P<

0.01).Inanothercell,H-7(10~5M)alonetend-

edtodecreasetheopeningprobability(by

6.2±1.6%,n-5,P>0.05)(Fig.3A andB).

AdditionofTPA(10~7M)inthepresenseof

H-7(10~5M)potentiatetodecreasetheopen-

ingby43.2±2.4% (n-5,P<0.01)(Fig.3C).

NoantagonisticactionbyH-7wasobserved

inallofsixcells.

Ontheotherhand,PDD(10~7M)(aphorbol
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TPAIO~7M

B
70mVDepo

50ms

Fig.2.DecreaseintheopeningofLtypeCa2+channelinthepresenceofTPA.Cell-attachedpatchclamp
experimentswereperformedusingarabbitsin°-atrialnodalcardiomyocyte.Unitarychannelopeningsare
shownbythestepstotheinwarddirection.Depolarizingtestpulsesof70mVfor300mswereappliedfrom
therestingpotential(-80mV).A:CurrenttracesofunitaryLtypeCa2+channelincontrol.B:Unitary
currenttracesinTPA(10~7M).PipettesolutionincludedBa2+(50mM)andBayK8644(10~6M).TTX
(10~5M)wasaddedtothebathsolution.Dashedlinerepresentszerocurrentlevel.

A Contro1 70mVDepO

B H-710~5M

C +TPAIO~7M

⊥_一二｣i

<
CL

50ms

Fig.3.EffectsofH17andH-7plusTPAonthe
LtypeCa2+channelinarabbitsin°-atrialnodalcell.
Cell-attachedpatch-clampexperimentswereper-
formed.Depolarizingtestpulsesof70mVfor300ms
wereappliedfromtherestingpotential(-80mV).A:
CurrenttracesofunitaryLtypeCa2+channelin
control.B㌧:UnitarycurrenttracesinH-7(10~5M).C:
UnitarycurrenttracesinH-7(10~5)plusTPA(10~7).
PipettesolutionincludedBa2(50mM)andBayK
8644(10~6M).TTX(10~5M)wasaddedtothebath
solution.Dashedlinerepresentszerocurrentlevel.

esteranaloguenotactivatingPK-C)didnot

causeanye庁ectofthechannelopenlng,aS

showninFig.4AandB.

Discussion

Phorbolestersnotonlyplaysaroleas

tumorpromoters,butalsoproduceslotof

physiological responses, as mentioned

abovel).PhorbolesterssubstituteforDGand

activatePK-C.TPA,aDG-likestructure,can

substituteforDG,anditsprimarysiteof

actionisthecellsurface19),20).Recentstudies

including our findings have showed the

electrophysiological effects on the ionic

channels12),14~16)

Onthecellmembraneofheart,twotypes

(LandT)ofCa2+channelsarepresent13),21~23)

Thesearedistinguishedbydi庁erencein(1)

theirvoltage-dependencyofactivationand

inactivation,(2)theirsensitivitytodihydro-

pyridine blockers,(3)their single-channel

conductance,and(4)theirpermeabilityto

variousdivalentcations.Ⅰnthisstudy,the

effectsofPK-CstimulationonlyontheIca(L)

wereexamined.

TheeffectsofPK-Cstimulationbyphorbol
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Contro一 PDDIO~7M
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Fig.4.EffectofPDDontheL-typeCa2'channelsinasino-atrialnodalcell.Non-activatorofPKIC
amongphorbolesteranalogues,4-alpha-phorbo1-12,13-didecanoate(PDD,10~7M),wasaddedtothe
bathsolution.Depolarizingtestpulsesof70mVfor300mswereappliedfromtherestingpotential
(-80mV).A:CurrenttracesofunitaryLtypeCa2+channelincontrol.B:Unitarycurrenttracesin
PDD(10~7M).PipettesolutionincludedBa2+(50mM)andBayK8644(10~6M).TTX(10~5M)was
addedtothebathsolution.Dashedlinerepresentszerocurrentlevel.

estersontheI｡a(L)lnCardiacandvascular

smoothmusclecellsandinneuronsarestill

controversial.TheactivationofPK-Cenhan-

cedthevoltage-dependentCa2+currentinbag

cellneuronesofthemolluscAplysia24),where-

asTPA attenuateslca(L)insensoryneu-

rones25).InrabbitSAnodeandneonatalrat

heart,TPA slightlyincreasedlca(L)12)･26).Ⅰn

smoothmuscles(frogvisceraandrataorta),

phorbolestersenhancedlca(L)27),28).Recently,

SatohandSperelakis15),16)inaorticvascular

smoothmuscles(A7r5cellline),TPA and

PDBslightlyenhancedlca(L)1nalmosthalfof

allcells,andinhibitedI｡a(L)inthehalfcells.In

thepresentexperiments,bothwhole-celland

patch-ClampexperimentsshowedthatTPA

inhibitedtheamplitudeoflca(L)andtheopen-

ingofLtypeCa2+channels.AndPDD(non-

activatorofPK-C)didnotaffecttheopening.

Thesearequiteconsistentwiththeresults

fromguinea-pigventricularcardiomyocytes14).

Therefore,theseresultsindicatethatTPA

inhibitslca(L)andtheopeningprobabilitydue

tothePK-Cstimulation.

H-7,aPK-Cinhibitor,didnotaffectany

signi丘cant changes in the TPA-induced

depressionintheCa2+channelopening,also

consistentwithpreviousreports13),14).Ⅰthas
beenknownthatHl7alsoinhibitsthediffer-

entproteinkinaseswithequalactivity;cyclic

nucleotides (CAMP and CGMP)-dependent

kinases(PK-AandPK-G)29).Thus,itseems

thattheslightdecreaseintheopeningofCa2+

channelsinduced by H-7 alone may be

producedbytheinhibitionofPK-A.Iconclud-

edthatH-7hasnoorlittleselectiveinhibi-

toryactionofPK-Cactivation.

Satoh and colleaguelト13)have already

demonstratedthatphorbolesterselevatethe

cellularCa2+concentration([Ca]l).Because

phorbolesterselicitedthecellularcalcium

overloadinspontaneouslybeatingSAnode

cellsandventricularmyocytes,resultingin

developementofarrhythmias.Inexperiments

usingfura-2(afluorescentCa2'indicator),

phorbolestersactuallyelevated[Ca]llevel.

Inthepresentexperiments,however,TPA

inhibitedlca(L)anddecreasedtheopening

probability.Therefore,theseresultssuggest

thatPK-CactivationwouldelevatelCaLdue
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tootherunknownintracellularfunctions;(1)

releasefromCa2+stores(SRandmitochon-

dria),(2)blockadeofCa2+re-uptakeintoSR,

(3)blockadeofCa2+pump,(4)feedbackofPI

turnover,and(5)inhibitionofNa+-H+or

Na+-Ca2+exchange.Furtherexperiments

arerequiredtoelucidatethismechanism.
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プロテインキナーゼCの単一ウサギ洞房結節細胞L型 Ca2

チャネルに対する作用 :ホールセルとセルアタッチ ･

パッチクランプ法による解析

佐藤 広康

奈良県立医科大学薬理学教室

要 旨

単離したウサギ洞房結節細胞にフォルボールエステルを適用して細胞内プロテインキナーゼC

を活性させ,L型Ca2+チャネル (ジ-イドロピリジン感受性)への電気生理学的作用について調べ
た｡ホールセル･クランプではTPA(10-7M)はCa2+電流を抑制し,その不活性化過程を遅延させ
た｡セルアタッチ ･クランプによる解析ではTPAは単一チャネルの開口率を著名に減少させた｡

チャネルコンダクタンスは18±1pS(n-5)のままであった｡プロテインキナーゼCの抑制剤H-

7(10~5M)はTPAによるチャネル開口率の減少を括抗しなかったが,PDD(プロテインキナーゼ
Cの不活性化フォルボールエステル)は全 く開口率に影響を与えなかった｡H-7単独では有意差はな

いが,チャネル開口率を抑制した｡以上の結果より,フォルボールエステルによるプロテインキナー

ゼCの活性化はウサギ洞房結節細胞のL型Ca2+チャネルの開口率を減少させて,Ca2+電流を抑制

することが解明された｡
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