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Abstract:ElectrophysiologiCalandmechanicaleffectsofnicotineintherightandleftatrialmusclesofratwere

investigated.Nicotine(300pMandlmM)decreasedtheactionpotentialamplitude(APA).Therestingpotential

(RP)wasdepolarized.Theactionpotentialduration(APD,at90% repolarization)oftherightatrium was

prolonged,whereastheAPDoftheleftatriumwasshortened.Theresponseswereconcentration-dependent.In

therightatrium,nicotineprolongedthecyclelength.Nicotine(10FLgtOlmg)Causedanegativeinotropiceffect

inboththerightandleftatriainaconcentration-dependentmanner.Theresponseswerepotentiatedwithan

increaseinthefrequenciesofstimulation(0.5to3Hz).Nicotinecausedmorepotentdepressanteffectsontheright

atriumthanontheleftatrium.Theeffectswerenotmodifiedbyatropine(lFLM)andhexamethonium(lmM).

Additionofisoproterenol(2JJM)recoveredthedepressedactionpotentialsinducedbynicotine(3001(M).The

responseswerereversible.Theseresultsindicatethatnicotinecausesonlythenegativeresponsesonratatriadue

toitsdirectaction,andsuggestthatthedifferencesbetweentheelectrophysiologicalandmechanicaleffectsof

nicotineontherightandleftatriawouldresultfromphysiologicalandanatomicalpropertiesofratatria.

抄録 :ウイスター系 ラット左右心房筋を用いて,ニコチソによる電気生理学的作用 と機械的作用について調べたO

ニコチソ(300FEm-1mM)は活動電位振幅を抑制 し,静止膜電位を脱分極したo活動電位持続時間は右心房筋では延長

し,左心房筋では短縮 した｡右心房筋では自発興奪の頻度を抑制した｡また,左右心房筋で陰性変力作用を示し,左

心房筋の抑制作用は刺激頻度 (0.5-1Hz)に依存した03Hzで刺激の左心房筋と比較 して,右心房筋 (約200回/分)

の方が強い抑制作用を出現したoこれらの反応は濃度依存性に出現し,正常タイロー ド液に戻すと完全に回復した.

ア ト.,ピソ (1pM)辛-キサメ トこウム (1mM)前処置によるニコチン反応-の影響はなかったoさらに,ニコチソ

による抑制作用はイソプロテレノール (2/JM)投与によって括抗された｡以上の結果により,ニコチンは陰性変時変

力作用をその心筋膜への直接作用によって引き起こすことを明らかにした｡また,左右心房筋に対する反応の違いは

その生理学解剖学的特性の差異から発現されるのではないかと考えられた｡

Introduction

Physiologicalfunctionsofnicotineoncardiovas-

cularsystemviagangliaofautonomicnerve,aswell

ascentralnervesystem andskeletalmuscles,have

beenreported.Nicotineinitiallyproducesapositive

actionandsubsequentlyanegativeactiononcardiac

musclesl~3).Theinitialpositivechronotropic and
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inotropicresponsesevokedbynicotinehavebeen

relatedtoanadrenergiCmechanism4･5).Thenorepine-

phrine(NE)releasewasactuallydemonstratedbythe

analysesuslng且uorescentdyeandradioactive3H-

NE6･7).Ontheotherhand,thenegativechronotropic

andinotropiceffectsofnicotineareduetoactivation

ofcholinergicpathwaysbystimulationofparasympa-

theticgangliawithintheheart2,3).Ⅰnventricularmus-

cleswithlittleornoinnervationofparasympathetic

nerve,nicotine produced only the positive

responses2,8).Ⅰncontrast,ithasalsobeenreportedthat

nicotinecausedonlythenegativeeffectsinratheart9).
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Thus,thee庁ectsofnicotineoncardiacmusclesare

controversial.Inourlaboratory,mostrecently,nico-

tinehadonlythenegativeresponsesaccompanied

withadownregulationinbothrightandleftatriaof

rat.Inthepresentexperiments,wecomparedthe

electricalandmechanicale庁ectsofnicotineonthe

actionpotentialsandthedevelopedtensioninright

andleftatriaofrat,andalsoexaminedthem at

differentfrequenciesofstimulation(0.5to3Hz).

Methods

Wistarrats(male)of6-to12-weeks-old,weighing

250-650g,wereanaesthetizedwithsodium pentobar-

bital(30mg/kg,intraperitoneally).Thedetailsofthe

methodshavebeendescribedinourrecentreportslO･11)

Inbrief,theheartwasquicklyexcised.Oneendofthe

preparationwas丘Ⅹedonthepara庁inbaseofthebath,

andtheotherendwasconnectedwithaforcedisplace-

menttransducer(NihonKohden,TB-652T,Tokyo,

Japan)usinga虫nenylonthread.Therightatrium

possessedspontaneouslybeatingwithabout200-250

beats/min.Theleftatrium wasdrivenatdiだerent

frequencies(0.5to3Hz)of負eldstimulation(Dia

MedicalSystem,DPS-160B,Tokyo,Japan).Thedura-

tionofstimulationwas3-5msec,andtwicethevolト

agethresholdinstrengthwasused.Theactionpoten-

tialsandthecontractileforcewererecordedbya

conventionalglassmicroelectrodetechnique(it'sresis･

tancewas5-10ME2)onanoscilloscope(NihonKohden

VC-ll)andthethermalarrayrecorder(NihonKoh-

den,WS-641G).

Solution

Thecompositionofmodi丘edTyrodesolution(mM)

wasasfollows:NaCl137,KC12.7,MgC121.0,NaHCO 3

ll.9,NaH2PO4 0.45andglucose5.5.ThepH was

adjustedto7.4withNaOH.Thepreparationswere

superfusedinabathwithoxygenated(95%02plus5%

CO2) Tyrode solution. The temperature was

maintainedat36℃.

Thefollowingdrugswereused;1-nicotine(Sigma

Chemical,St.Louis,MO,U.S.A.),トisoproterenol

(SigmaChemical),atropinesulfate(WakoPureChem･

ical,Osaka,Japan),andhexamethonium hydrochlor-

ide(C6,SigmaChemical).A洗erthemagnitudeof

contractileforcebecamesteadystate(approximately

20to30minlater),thedrugswerecumulativelyadded
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Fig.1.Effectsofnicotineontheactionpotentialsinrat

rightatrium.A:Control.追:Nicotine100/∠M.C-a

:3minafternicotine(300JLM)application.C-b:7

minafternicotine(300jLM)application.D:Addi-

tion of2JfM isoproterenol(ISO)tonicotine

(300JLM).Shortlineattheleftoftheactionpoten-

tialrecordingrepresentszeromV.

tothebathsolution.

Statisticalanalysis

Valuesaregivenasmean±S.E.M.Thecompari-

sonswereanalyzedbyANOVA.Probabilitylevelsof

lessthan0.05weretakenasindicatingsigni丘cant

differences.

Results

Effectsontllerightatrium

Atlowconcentrations(10and30FEM),nicotinedid

notaffectthe action potentialconfiguration to

sigmifiCantextent.Nicotine(100JLM to lmM)de-

creased.theactionpotentialamplitude(APA)and

prolongedtheactionpotentialduration(APD)(Fig.1).

ThesechangesaresummarizedinTable1.Nicotine

(10FeM tolmM)wasadministratedcumulatively.The

cyclelength(CL)wasprolonged,andtheresting
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Table1

Electrophysiologicaleffectsofnicotineonthe

spontaneouslybeatingrightatrialmuscleofrat

APA APD RP CL

(mV) (msec) (mV) (msec)

Contro1 8 123± 3 39 ± 2 -86± 3 282±13

Nicotine

lOJLM 8 123± 2 39±3 -86± 3 286±14

30/JM 8 111± 2 40± 2 -84±4 289±13

1001上M 8 99±2** 42±2* -80± 4 296±14

300jLM 8 88± 2*** 46± 2* … -78±3 342±15**

lmM 8 82± 3*** 46±2事** -65±4** 396±16=*

十Isoprotereno1

2JJM 6 98±3† 41± 3† -81 ±3 288± lュ†

Valuesrepresentmean±S.E.M.APA:Actionpotentialamplitude.APD:Actionpotential

durationat90%repolarization.RP:Restingpotential.CL:Cyclelength.*:P〈O.05,**:P<0.01,

*'*:P<0.001,withrespecttocontrolvalue.T:P<0.05,withrespecttothevaluesat300jLM
nicotine.

Table2

Effectsofnicotineonthecontractileforceintherightandleftatrialmusclesofrat

Rightatrium Leftatrium

1Hz 2Hz 3Hz

Contro1 8 122± 11mg 132± 21mg 116±19mg 102± 18mg
Nicotine

IOノ(M 8 1.9± 1.4 0.4± 2.9 0.4±3.2 0.8± 1.5

30JJM 8 2.7± 2.2 -1.1± 1.3 1.2± 1.6 3.6± 1.6

100JLM 8 17.5± 2.8 -10.2± 2.4* -9.8±2.0* -7.6± 2.8

300JLM 8 -18.8± 3.2* * -18.3± 2.6***-16.3±3.3* -14.2± 1,9***

1mM 8 -54.1± 3.5***-41.8± 1.9***-34.7±3.5*** -32.6± 4.6***

Values(%)representmeanj:S.E.M.～:P<0.05,～+:P<0.01,***:P<0.001,withrespectto
controlvalue.

Potential(RP)wasdepolarized.Theaveragedsinus

ratewas213±14beats/min(n-8)innormalTyrode

solution(equivalentto282±13msecintheCL).As

showninFig.1C-aandb,nicotineat300JJM slightly

enhanced,andsubsequently(atapproximately7mュn

later)decreasedtheAPA.Thepercentagedecreases

were28.1±1.8%(n-8,P<0.01)intheAPA,and21.8±

3.8% (n-8,P<0.05)intheAPD.Theinitialpositive

responsewasnotsignはcantstatistically(by9.1±

3.6%),andthedataarenotshowninTable1.

Addition ofisoproterenol(2FLM)attenuated the

nicotine(300pMトinduceddepressionintheaction

potentials(Fig.1D).Therecoveryin6preparations

wasll.3±1.1% (P<0.05)intheAPA,10.8±3.9%(P<

0.05)intheAPD,and15.8±4.7% (P<0.05)intheCL,

3

butnotsigni鮎a!ltintheRI)(Table1).

Nicotinealsocausedonlyanegativeinotropiceffect

inaconcentration･dependentmanner.Thepercentage

changesaresummarizedinTable2.Nicotineatover

300JLM decreasedthecontractileforcesignificantly.

Afterawashout,theresponseswerereversible.About

15min-washoutwith300/JM nicotinewasrequiredto

recovertothecontrolvalue,andal⊃out35min-wash-

outwithlmM.

Pretreatmentwith atropine(1JJM),amuscarinic

AChreceptorblocker,didnota仔ectthenegative

chronotropicandinotropice庁ectsinducedbynicotine.

Nicotine(lmM)Causedthenegativechronotropicand

inotropice庁ectsby39.6±3.5% and54.1±3.5%inthe

absence(n-7)andby38.9±3.3% and53.6±2.3% in
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Table3

Effectsofnicotineontheactionpotentialsinratleft

atrialmuscleatdifferentfrequenciesofstimulation

APA APD RP

(mV) (msec) (mV)

At0.5Hz

Contro1 7 148± 3 46± 2 -95± 3

Nicotine

10〟M

30JJM

100JとM

300JJM
lmM

7

7

7

7

7

2

2

3

±

±

±

6

7

8

4

4

4

2

2

2

±

±

±

5

0

6

4

5

5

引M
H
コ
引
凹

2

2

±

±

9

1

4

5

3

3

±

±

9

7

5

5

1

1⊥

3

3

±

±

0

9

V軌
MUIn

At1 Hz

Contro1 7 138± 3 42± 2 -93± 2

Nicotine

10FLM 7 130± 2 36± 2* -93± 3

30JJM 7 129± 2 37± 3* -93± 3

100〟M 7 128± 2 32± 2** -92± 4

300JJM 7 123± 3* * 30± 2*** -89± 4

1mM 7 117± 2* ** 30± 2*** -87± 3

At2Hz

ContrO1 7 131± 3 40± 3 -93±2

Nicotine

lOJJM 7 124± 2 38± 3 -92± 3

30FLM 7 123± 2 38± 2 -92± 3

100JLM 7 126± 2 35± 3* -93± 4

300FLM 7 123± 2 30± 3*糊 -90± 3

1mM 7 115± 2* 30± 2*** -89± 4

At3Hz

Contro1 6 130± 3 36± 3 -94± 4

Nicotine

10FLM 6 123± 2 33± 3 -94± 3

30FLM 6 119± 3 32± 2* -93± 2

100JJM 6 117± 2* 31± 3* -93± 3

300〟M 6 123± 3 31± 2** -92± 3
1mM 6 116± 3** 30± 3** -92± 3

Valuesrepresentmean±S.E.M.APA:Actionpotential

amplitude.APD:Actionpotentialdurationat90% re-

polarization.RP:Restingpotential.串:P<0.05,**:P<

0.01,***:P〈O.001,withrespecttocontrolvalue.

Leftatrium

A Control a NicotI'ne300JIM

IHZ｣ ⊥ ｣

3皿 止 血 omg

Fig.2.E庁ectsofnicotineontheactionpotentialsinrat

leftatrium.A:Actionpotentialsandcontractile

forceat1,2or3Hzstimulationincontrol.B :

Actionpotentialsandcontractileforceat1,2or

3Hzstimulationinnicotine300J∠M.Shortlineat

theleftoftheactionpotentialrecordingrepre･

sentszeromV.

thepresence(n-7)ofatropine(1/JM),respectively.

Effectsontheleftatrium

Theeffectsofnicotineontheleftatrialmusclewere

examinedatthedifferentfrequenciesofstimulation

(0.5to3Hz)(Fig.2AandB).Nicotine(10pM tolmM)

wasalsoadministratedcumulativelytothebathsolu-

tion.AtlHz,nicotineatover300ノJM decreasedthe

APA,andatlOJLM orhigherconcentrationsitshor-

tenedtheAPD.Theaveragevaluesaresummarizedin

Table3.TheRPwastendedtodepolarize(butnot

signi丘cantly).Thepercentagechangesinthecontrac-

tileforceofleftatrium arealsoshowninTable2.

Increasingfrequencyofstimulationproducedanega-

tivestaircasephenomenon.Nicotineatlowconcentra-

tions(10and30FEM)increasedtheforce,butitdidnot

causetosigni丘Cantextent.AtoverlOOJLM,nicotine

produced only the negative inotropic e庁ectin a

concentration･dependentmanner.However,nicotine

causedmorepotentnegativeinotropice庁ectatlow

(1Hz)thanatthehighfrequenciesofstimulation(2or

3Hz).

Althoughnicotineatlow concentrations(10and
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30JJM)causedasmallpositiveinotropiceだect,the

responsestonicotinewerenotmodi丘edbyhexameth-

onium (C6),anicotinicAChreceptorinhibitorof

autonomicganglions.Nicotine(1mM)decreasedthe

contractileforceby39.0±4.7% (n-7)intheabsence,

andby52.5±6.0%(n=4)inthepresenceofC6(1mM).

Theresponseswerereversible.Nicotinecausedless

potenteだectsintheleftatrium,ascomparedtothe

effectsintherightatrium.

Discussion

lthasbeendocumentedthatnicotinecausesa

positivee庁ectfollowedbyanegativee庁ectonthe

atrialpreparations of cats12),guinea-pigs5･13･14),

rabbits4)andrats15).Thebiphasicresponsetonicotine

isconsideredtobeduetodirectandindirectactions

mediatedthroughthepbarmacologicalactivationof

autonomicnerves.Themechanism ofthenegative

e庁ectmayinvolvewiththereleaseofAChbyvagal

stimulation (through muscarinic ACh receptors),

becauseitisblockedbyatropineortreatmentwith

hemicholinium-36).Ontheotherhand,themechanism

fortheinitialpositiveinotropice庁ectofnicotineis

consideredasthefollowing.(1)Directactiononcaト

cium release6,12-16)andoncalcium exchange17･18).(2)

Indirectactiononcatecholaminereleasefromeither

post･ganglionic sympathetic nerve endings qr

chromaffincells.Thepositiveeffectisabolishedby

reserplnepretreatmentOrSurgicalsympathectomy2･19)

In the presentexperiments,however,nicotine

causedonlythenegativechronotropicandinotropic

e庁ects,andfailedtoproducethesecondarypositive

effects.ThisisconsistentwithrecentreportbyCarrly

andco-workers9).Also,nopositiveresponseoccurred

inchickatrialandventricularmuscles20).Fuderet

al.21)haveshownthatnicotinecausesonlysmall3H-

NEreleaseinrat.Theseresultssuggestthatnicotine

receptorsforthereleaseofnoreplnephrinemightbe

absent.However,otherpossibilitiesmayalsoexist.

Oneisthatthenegativeresponsesweremorepotent,

andthesecondaryresponseswereweakormasked.

AnotherisanoccurrenceofcellularCa2十overload,

becausethepositiveresponsesevokedbynicotine

maybeabolishedordepressedundertheCa2十 over-

loadconditionll,22,23)

5

OntheactionpotentialcorLfiguration

NicotinehasbeenreportedtoincreasetheAPDand

thecontractileforcein catandtoadventricular

muscles12)andinratleftatrium15).Ingulnea-pigleft

atrium,nicotineatlowconcentrationsincreasedthe

APA andAPD,whereasathighconcentrations,it

decreasedthem14).Thisissomewhatconsistentwith

theresultsofthepresentexperiments;nicotineat

300JLM producedtheinitialstimulationoftheaction

potentialsinsomecells,andatlowconcentraionsbad

thetendencyofthepositiveinotropiceffect.TheAPA

isdependentonactivationoffastNa+channels.

Nicotineat300JLM actuallydecreasedamaximum

rateofdepolarization(anindicatorofthefastNa+

current,INa)by24.5±2.20/o(n-5,P<0.01)inourlabo-

ratory.Thus,theseresultsindicatethatnicotine

inhibitstheINa.

TheCLismodulatedbyseveralfactors;Icahypoth-

esis,gKhypothesis,andlfhypothesis24).Inthisstudy,

nicotinehadonlythenegativechoronotropICeffect.

Thesinusrateisregulatedbyaninteractionofthese

ioniccurrents25).Therefore,theCLlengtheningin-

ducedbynicotinewouldberesultedfromtheinhibi-

tionsofallthecurrents.

NicotineprolongedtheAPDoftherightatrium,

whereasitshortenedtheAPDoftheleftatrium.The

plateauisregulatedbyabalanceofinwardand

outwardcurrents.AsmallchangeinoneoftileCur-

rentswillgreatlya庁ectthecourseofmembrane

potentialontherepolarization26).TheAPDprolonga･

tionwouldbeduetomainlydecfeaseinadelayed

outwardK+current(IK).Incontrast,theAPDshorten-

ingintheleftatrium mightbeduetoactivationof

ACh･activatedI与十current(IKACh)andCa2十一activated

K+current27,28).From atheoreticalpointofview,the

APDmayalsoberegulatedbyINaandlcacurrents,

andbytheirinactivations.Koleyetal.29)concluded

thatnicotinestimulatesthecalciumchannels,because

slow actionpotential(depolarizedbyhighK+)was

evokedbynicotineanditwasblockedbyverapamil

勘JM).Inthepresentexperiments,however,addition

ofisoproterenolrecoveredthedepressedactionpoten-

tialsinducedbynicotine,indicatinganinhibitory

actionofnicotineonlca.

NicotinedepolarizedtheRP.Theactionofnicotine

ontheRPisalsocomplex,buttheRPwouldbenot

regulatedbyonlyoneioniccurrent;ex.aninwardly

rectifyinginwardcurrent(IKre｡)andabackground
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cu汀ent30).Thenicotine･induceddepolarizationofRP

wasmoremarkedintheriglltatrium,butnotinthe

leftatrium,suggestingthepharmacologiCaldifEerence

ofthenicotinereceptorsontherightandleftatrial

cellmembranes.

OILtheinotropiceffect

NicotinehadonlythenegativeinotroplCe庁ect.At

low concentrations,nicotinetendedtoincreasethe

contractileforce.Thissuggeststhatnicotinemay

producethepositiveresponseslikethereportsof

otherspeciesandtissues4･12,15),andthatthepositive

responsesmightbemaskedbymorepotentnegative

responses.The mechanisms for the negative

chronotropicandinotropiceffectsarecontroversial.

Thei血ibitionandstimulationinducedbynicotine

havebeenreportedtosuppressbyatropineandC6in

isolatedspontaneouslybeatingrabbitatria4),andin

gulnea･plgatria5).Inthisstudy,however,thee仔ects

werenotaffectedbybothatropineandC6.Thisis

consistentwithsomepreviousreports7･31).Thediscrep-

ancymightberesultedfrom di庁erentspeciesand

tissues.

Primaryeだectofnicotinemaybemoreonthe

mobilizationofcalciumatthecellsurfaceratherthan

intracellularly17).Nicotinedoesnotactontheintraceト

lularsite,becauseverapamilselectivelyantagonized

theeffectofnicotinewithoutaffectingtheresponseto

caffeine18･24).Therefore,theseresultsindicatethatthe

electriCalandmechanicaleffectsinducedbynicotine

areduetomainlyitsdirectactiononthenicotinic

AChreceptors(ornicotinereceptors)onthecell

membraneofratatria.Theresponsestonicotine

exhibitedadownィegulation(unpublisheddata),sug一

gestingthatthenicotineeffectswouldbeproduced

through thereceptors.Thenegativeinotropiceffect

wouldalsobemodulatedbyinhibitionsoflcaandINa.

DiぽerencebetweerLrightandleftatria

TheeffectsofnicotineontheAPDoftherightand

leftatriawerequitedifferent.Thedifferencewould

resultfrom differenteffectsofnicotineontheionic

channelstoregulatetheAPD.Thedifferencemaybe

related with difference in the coupling between

myocardialnicotinereceptorsandionicchannels.

Theremaybedifferencesbetweenthesensitivities

and/orbindingsitesofnicotineintherightandleft

atria32).

Nicotine (1mM)caused more potentnegative

inotropice拝ect(byapproximate22%)intheright

atriumthanintheleftatrium(at3Hz).Thedi庁erence

wasalsoproducedontheelectrophysiologicale庁ects.

Thismightbeduetothedi庁erenceoftheimervation

ofautonomicnervesintherightandleftatria,andbe

duetothespontaneousbeatingintherightatrium.

Furthersingle-channelpatch-clampandbiochemical

experimentsrequiredtoelucidatethemechanismsof

nicotine.
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