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INTRODUCTION

Thein点uencesofintrapulmonaryrellexesandlocalresponsesuponchanges

ofrespiration andcirculationhavelong beenstudied. TheBezold-Jarisch-like

reflexl,2),whichisalsoobservedintheacutestageofpulmonaryembolism,isone

ofthetypicalpatternscomposedofthosereflexesandresponses.Thisreflexincludes

brady-cardia,systemichypotension,pulmonaryhypertensionandhypoventilationl,3).

Comroe3)regardedthisreflexasanexpressionofcompositereactionswhichfollow

excitationofpulmonarydepress-orchemo-reflex,Coronarychemoreaexandpulmonary

respiratorychemoreRexl).Thisideaissupportedbymanyinvestigators4,5) and

theypresumedthatthisreaex istriggeredbythestimulationofsensorynerve

endingsattheareaofthepulmonaryvesselsandcoronaryvessels.

Inthefirststeptorevealthemechanism ofreRex,theauthorobservedthe

disturbancesinrespiration andcirculationduringtheacuteatageofpulmonary

microembolism inducedbyrapidinjectionofbarium sulfateemulsionintotheright

heart.

Inthesecondstep,autonomicnerveswereblockedpriortotheproceduresto

producepulmonaryhypertension,such asinjection ofbarium sulfateemulsion,

histamine,andsoforthinordertorevealtheeffectsofnervouscontroluponthe

pulmonaryhemodynamicsandrespiration.

MATERIALANDMETIIODS

Rabbits(1.8to2.4kg)Wereanesthetizedwith intravenousnembutalsodium 3.5

mg/kg.Respirationwasrecordedthroughthetrachealcannulaonthekymographin

viaatambour,andduringthoracotmyitwasmaintainedwithpositivepressure

respirator,suppliedwith210fpureoxygenperminute.Positivepressureranged

from 2to6cm H20percycle.

Heparin1000I.U./kgwasusedasananticoagulant.Thecatheterforinjection
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ofbarium sulfatesolutionwasintroduced through therightjugularveinintothe

rightatrium.Pulmonaryembolization wasbroughtaboutbyrapidinjectionof

bariumsulfatesolutionof5.5volumepercentsuspendedinsaline.Systemicpressure

wasmeasuredbyacatheterconnectedtoStatham transducerforrecording,which

wasinsertedviaaleftcarotidarteryintoaorticarch.Thethoraxwasopenedby

amediansternotomyandtheheartwasexposedforinsertionofcatheterstomeasure

thepressuresofmain pulmonary artery andrightventricle.Sincetherewasan

essentialdifferencebetweenresponsestothosereceivingmorethan2.0ccofthe

solutionandthosereceivinglesssolution,rabbitsweredividedintotwogroups,that

is,A andB.GroupA received0.6to1.Occ/kgofthesolutionandGroupB1.1to

1.4cc/kg,respectively.

Asproceduresforautonomicnervousblockade,imidaline2mg/kgwasinjected

forsympatheticblockadeandbothcervicalvagi Werecutoffforparasympathetic

blockade.

RESULTS

(1)Changesinhemodymamics

A.Changesinpulmonaryarterypressure(PAP)

SystolicPAPofboth groupsbegantoincreasein1.5to2.0Secafterinjection

ofthesolutionand attaineditsmaximum valuein4to10sec,which suggested

thattheinitialresponseofPAPtoembolizationwasmediatedbyanintrapulmonary

reflex.After10see itbegantodeclinegradually(Fig.1,2).Gradesofincrease

weremoreprominentinGroupB.ThesystolicPAPin groupAreturnednearly

tothelevelofpre-embolizationafter2min,andthereaftermaintainedaslightly

highervalue,butingroupBitdecreasedfurtherandtherabbitsdiedinseveral

minutes(Fig.2).

DiastolicPAPchangedalmostparalleltosystolicPAP.Pulsepressuredecreased

prominentlylngroupB,indicatingrightheartfailure.

た怠≡..

Fig.1 Pulmonaryarterypressure(PAP)begantoincreasewithin2to3Sec
ofinjectionofbariumsulfateemulsionintotherightatrium.Both
systolicanddiastolicpressureincreased.After10sectheybeganto
declinegradually.
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Fig.2 BothsystolicanddiatolicPAPbegantoincreasewithin3secof
pulmonaryembolization.IngroupA aftertheyattainedstable
maxmumofPAP(meanvalueof5rabbits),theybegantodecline
andreachedaslightlyhigherlevelthanthatofpre-embolization.
IngroupB,(meanvalueof5rabbits),PAPcontinuedtodecline
furtherandrabbitsdiedinseveralminutes.

B.Changes inrightventricularpressure(RVP)

BothsystolicanddiastolicRVP increased transiently1secafterlnjection,and

thensoonreturnedtothelevelofpre-injection.After3sectheybegantoincrease

again(Fig.3).TheresponseofRVP appeared later than thatof PAP and this

suggestedthatchanges in RVP were secondarytochangesin PAP. IngroupA

systolicRVPchanged almostparallelto thatofPAP and returnedtothe pre-
injectionlevelafter 2min,butin groupB the decreaseinpressure after10sec

Fig.3 Rightventricularpressure(RVP)ofrabbitsbelongingtogroupA.
BothsystolicanddiastolicRVPbegantoincrease3to4Secafter
injectionofbariumsulfateemulsion.
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Fig.4 BothsystolicanddiastolicRVPbegantoincrease3to4Secafter
injectionofbarium sulfateemulsion,ensuingaboutoneseclater
thanthatofPAP.ChangesofsystolicRVPwerealmostparallel
tothoseofsystolicPAP.(meanvalueof5and6rabbitsingroup
AandgroupB,respectively)

wasmoreabruptthanthatofgroupA,andrabbitsdiedinseveralminutes(Fig.4).

C.Changesinleftatrialpressure(LAP)

LAPslightlydecreasedorstayedunchanged after pulmonaryembolization.It

wasprobablyduetodecreaseinpulmonaryblood且ow (Fig.5).

D.Changesincarotidarterypressure(CAP)

BothsystolicanddiastolicCAPbegantodecrease1.5to2.0Sec after injection

ofthesolution.

Fig･5 Leftatrialpressure(LAP)decreasedslightlyorstayedunchanged
afterpulmonaryembolization.
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Fig.6 Carotidarterypressure(CAP)begantodecrease1.5to2.0Secafter
injectionofthesolution,suggestiongthatthechangeswereinitiated
byreflex.AndthenCAPgraduallyrecoveredtoasomewhatlower
levelthanthatofpre･injectionin2miningroupA.

1 2 3 4 5 6 1() :iり 6日 2 .E-, 10
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Fig.7 BothsystolicanddiastolicCAPbegantodecreasel･5to2･Osec
followinginjcetionofthesolution･IngroupA,CAPgradually
returnednearthepre-injectionlevelafter2min,butingroupち
itcontinuedtodecreaseuntilrabbitsdied･(Meanvalueof5rabbits,
respectively)

IngroupA CAPreached the minimum valueafter10sec andthengradually

recoveredin2min toastable,somewhatlower levelthan thatof pre-injection

(Fig.6,Fig.7).

Theycontinued as they were for a considerable period,presentingamirror

imageofPAPchangesingroupA.

SimultaneousresponseofCAP with thatofPAP to pulmonary embolization

suggestedthatresponseofCAP(hypotension)wasprovoked byanintrapulmonary

nervousre免ex. Theensuing hypotension wasprobablyduetodecreaseincardiac
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output.

IngroupB,CAPcontinuedtodeclineuntiltherabbitsdied.

(II)Changesinrespiration

lnbothgroups,Changesinrespiration appearedlaterby3to4sec thanthose

ofhemodynamicchanges. Thismeansthatsomewhatdifferentmechanismsfrom

thoseofhemodynamicchangesareactinginrespiration following microembolism.

Fig.8 Changesinrespirationappearedlaterby3to4secthanthoseof
hemodynamicchanges.Theyshowedhypoventilationsuddenly4.5
to6secafterembolization.IngroupAhyperventilationgradually

appearedthereafter.

Fig.9 1mbothgroups,respiratorychangesappearedlaterby3to4sec
thanthoseofhemodynamicchanges. Afterinitialsuddenbrady-

pnea,tachypnea/OrhyperventilationdevelopedingroupA.Butin
groupBbradypneaprogressedtoapnea.
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% increaseofsystolicPAP

Fig･ll PercentincreaseofsystolicPAPabovenormalaverageinrabbits･

(averagevalueswereobtainedfrom 4to7rabbits･)Hist･denotes
histaminedihydrochloridesuspenededinsaline;Adren･ denotes

adrenalinehydrochloride; Norad･ denotesnoradrenalinehydro-

chloride;Ligati()nmeansligationofrightpulmonaryarteryby

silkthread;Ser()t.denotesserotonincreatininesulfatesuspended

in saline.;Emul. denotespulmonary embolization caused by

intravenousinjectionof5.5% barium sulfateemulsion･Bloodclots
denotespulmonaryembolizationbyinjectionof2ccofbloodclots･

Alltheproceduresexceptinjectionofserotonincausedincreasein

systolicPAP.

Injection ofserotoninsolutioncausednochangeinPAP(Fig･ll)･

Then,autonomicnerveswereblockedbythemethodsmentionedabove･Respira-

toryundulation became consplCuOuS in either sympathectomy or vagotomy,and

PAPslightlydecreased aftersympathectomy,butnotaftervagotomy･

Invagotomizedrabbits,whenthechemicalagentsmentionedabovewereinjected,

Fig.12 ChangesinPAP followingintravenousinjectionofhistaminein

rabbits,sympathectomizedbyinjectionofimidaline2mg/kg･
IncrcaseinPAPwasseverelyinhibited.
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changesinPAPwerethesameasthoseinintactrabbits.Insympathectomized

rabbits,however,theeffectsofchemical agentstoPAP werestronglyinhibited

(Fig.12).Butincasesofsuddendecreaseinthepulmonaryvascularbed,suchas

inpulmonaryembolizationandinterruptionofrightmainpulmonaryartery,inhi･

bitiveeffectsofsympathectomyupon pulmonaryhypertensionweresmall.(Fig.

13,14).
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Fig.13 Changesin PAP following pulmonary embolization in rabbits

sypathectomized by injection ofimidaline2mg/kg. Increasein
PAPwasslightlylessascomparedwiththoseinintactrabbits.

Mist. 50;'kg

Eml】1.1.0cckg

Ligation

Coag.1.0cc′′′kg
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Norad.5mg/kg

Sero. 25γノkg

Blood1.Occ′′kg

50

0/oincreaseofsystolicPAPafterblocking

loo鮪

Fig.14 PercentincreaseofsystolicPAPaftertheproceduresabovemen-

tionedinsympathectomized and vagotomizedrabbits. Insympa-

thectomized rabbits,increasesinsystolicPAPfollowlng injection

ofhistamine,adrenalineandnoradrenalinewereseverelyinhibited,
butonlymoderatelyinhibitedincasesofembolizationandligation

ofrightpulmonaryartery. Ⅰn vagotomized rabbits,increasasin

systolicPAPwerenotalteredatall.
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(B)LAP

Leftatrialhypertension wasobserved only incasesofinjectionofcatechol-

amines,suchasadrenalineandnoradrenaline,butwasnotseenatallincasesof

pulmonary embolization and injection ofhistamine(Fig.15,16).In vagotomized

rabbitsitwasthesameasin intactcases.Butin sympathectomizedrabbits,

increaseinLAPfollowing injection ofadrenalineornoradrenalinewasinhibited

completely(Fig.17).

(C)Respiration

Afterpulmonaryembolization and injectionofhistamine,respirationchanged

from transienthypoventilation tohyperventilation afteralatentperiodof5to6

secasmentionedbefore.

Fig.15 Leftatrialhypertension wasobserved in casesof injection of
catecholamines,suchasadrenaline.Incasesofpulmonaryemboli-

zationandinjectionofhistamineitwasnotseenatallasinFig.5･

10

increaseofI.Al)(meこ111)

20rrlml-Ig

Fig.16 Percentincreasein leftatrialpressure afterthe procedures･

OnlycatecI101aminessuchasadrenalineandnoradrenalineproduced

leftatrialhypertension.
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Fig･17Leftatrialhypertension observedfollow1mg lnjectionofcate-
cholamineswerecompletelyinhibitedinsympathectomizedrabbits,
butnotinvagotomizedrabbits.

Itwasalmostthesamewith theprocedureofsympathectomy butfollowing

vagotomyrespiratorychangesissuedimmediately(Fig.18,19).Ineithersympathe-

ctomizedrabbitsorvagotomizedones,effectsofboth embolization andhistamine-

injection werestrengthened to aconsiderabledegree(Fig.20,21).Therefore,it

cannotbesaid with certainty whetherthesympathetic nerveorvagalnerveis

dominantinthecontrolofrespiration.

DISCUSSION

Inthisstudy,theneteffectsofpulmonarymicroembolizationwereinvestigated

inintactrabbitswithclosedchestinthe丘rststep.Itwasclearly showninthis

Fig.18 Respiratorychangesafterbilateralcervicalvagotomy.Hyperpnea
orhyperventilationissuedimmediatelyaftterbilateralvagotomy.
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Fig.19 Respiratory changes following sympathectomy;5-6secafter
injectionofimidaline2mg/kg,hypopneaappearedandthenit
graduallychangedtohyperpnea.
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Fig.201:Respiratorychangesfollowingembolizationinvagotomizedrabbits.
Furtherincreaseinventilatoryvolume(bothinrespiratoryrate
andintidalvolume)wasobserved.

experimentthatpulmonary hypertension following injection ofbarium sulfate

emulsion occured within 2to3sec,concomitantly with systemichypotension,

suggestingthatpulmonaryhypertensionduetoembolimaybeprovokedinpartby

thenervousfeBex.

Theimportantfactorsresponsibleforelevationofpulmonaryhypertensionare;

(1)elevationofpulmonarycapillarypressure,(2)decreaseinoverallcross-Sectional

areaofthepulmonary vascularbed,(3)significantincreaseinpulmonary artery

flow,and(4)increaseinpulmonaryvascularresistance.

h theacutestageofpulmonary emboli,cross-Sectionalareaofpulmonary

vascularbeddecreasesslgnificantly duetomechanicalobstructionofpulmonary

vesselsandthepulmonary capillary pressureremainsunchanged,consideringthe

factthatleftatrialpressureshowednochangeorslightdecreaseprobablydueto

decreaseinpulmonarybloodnow.

Itwasinfact,Observed thattoobtain a measurableincreaseinpulmonary

arterypressure,itscircumferencemustbereducedby50to60percentorelse14~16)

theextentofthepulmonary vascularbed mustbereduced by52toto60per

cent17,18). And in thisexperiment,morethan 0.6cc/kg of5% barium sulfate
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Fig.21 Comparisonofchangesinventilatoryvolume(tidalvolumexresp.
rate)inthestablestatesofhyperventilationfollowingembolization
amongtheintact,sympathectomizedandvagotomizedrabbits.
Changesinventilatoryvolumeweresimilarbothinvagotomized
andinsympathectomizedrabbits.

emulsionwasusedtoobtainaneffectivepulmonayhypertension.Itispossible

thatactivepulmonaryvasoconstrictionoccuredreaexively,contributingtopulmo-

naryhypertensionfollowingembolilO,ll,13'

Ventilatorychangesaresomewhatdifferentfrom thoseofcirculatorychanges.

Theinitialhypoventilationcorrespondstotheso-called Hering-Breuerreflexor

responsetotheslowlyadaptingpulmonarystretchreceptors1,6),theafferentnerves
ofwhichoriginatefrom thebronchialwallandruninthevagl.

Thelatehyperventilationmightbebroughtaboutbysensitizationoftheslowly

adaptingpulmonarystretchreceptorsl,7),whicharestimulatedbyhistamine-like

substancereleasedatthesiteofemboli8,9). Thereareseveralexplanationsforthe

latentperiodof5to6secbetweenlnjectionofbarium sulfateemulsion andthe

onsetofhypoventilation,amongwhichisthepossibilitythatthepulmonarystretch

receptorsarenotimmediatelyaccessibletothepulmonarycirculationl'.

Inthesecondstep,autonomicnervousinauencesuponpulmonaryhypertension

followingembolism andotherprocedureswereinvestigatedinrabbitswhichwere

sympathectomized orvagotomized prlOrtOtheprocedures.Ascomparedwith

increaseratioofsystolicpulmonaryarterypressurein intactrabbitsfollowlng

emboliandotherprocedures,thoseinsympathectomized rabbitswerereduced

distinctly,especiallywithinjectionofhistamine,adrenalineandnoradrenaline,and

alsowithembolizationtoamoderatedegree.ConsideringtherelationbetweenPAP

andLAP(Fig.14Fig.17),sympathectomyactedtoinhibitincreaseinpulmonary

vascularresistanceproducedbyinjectionofhistamineandbarium sulfateemulsion.
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Dextershowedin196414'thatsmallemboliwithdiameterof100to1000J↓could

produceactivevasoconstriction,incontrasttothoseembolilargerthanlOOO〃′in

diameter.Heconcludedthatthereexistsprecapillaryactivevasoconstrictionbyway

ofautonomicnervesaftermicroembolism.Thefactorswhichpossiblymaystimulate

the pulmonary receptorsforactive vasoconstriction are increase in arteriolar

pressure,mechanicalirritation in vessels,hypotension distaltothesegmentof

arteryoccludedby theembolus,andreleaseofchemicalsubstances.Amongthe

latter,serotonin20,21',histamine8･;Z2',andotherunknownsubstances,havebeeneither

recognizedorhypothesized.Halmagyiinhisingeniousexperimentinsheep23'showed

thatsomehumoralsubstancereleased atthesiteofembolicertainly caused

pulmonaryhypertension.

From myexperimentinthesecondstep,thiswassupposedtobeahistamine-

1ikesubstanceinrabbits,sincehistamineproducedverysimilareffectsonhemo-

dynamicsandrespiration andserotonin broughtaboutnodiscerniblechangesin

pulmonaryarterypressureandotherindices.Respiratorychangeswereestimated

bychangesinventilatoryvolumeandwerecomparedamongintactrabbits,sympa-

thectomized ones,and vagotomized one.Aftersympathectomy and vagotomy,

ventilatoryvolumeincreasedmodertelyinbothcases.Injectionofhistamineand

barium sulfateemulsionintotherightheartproducedfurtherincreasefrom the

controldeviation.Thisshowsthatbothsympatheticandvagalnervesacttoinhibit

hyperventilationfollowinginjectionofhistamine,andbarium-sulfateembolism.

StJMMARY

1.Pulmonary microembolism induced by injection ofbarium sulfate emulsion

producedBezold-Jarisch-likereflex immediatelyaftertheprocedure,presenting

bradycardia,systemic hypotension, hypo-to-hyperventilation and pulmonary

hypertension.

2･Hemodynamicchangesbeganalmostsimultaneouslyfollowingembolism,suggst-

ingthattheywererenexinorigin.

3･Respiratorychangesbegan laterby4secthan thoseofcirculatorychanges,

disclosingthatdifferentmechanismsexistinrespiration.

4.Sympatheticnervousblockademarkedlyinhibitedtheincreaseratiointrans-

pulmonaryvascularpressuredifference(PAPminusLAP)in casesofinjection

ofhistamineand pulmonaryemboli,indicatingthatsympatheticnervescon-

tributedtopulmonaryvasculartoneinpulmonaryemboli.

5.Vagalblockadehadnodistincteffectuponpulmonaryvasculartone.

6.Ventilation increased following eithervagotomy or sympathectomy,and in

additionwasmoderatelypr()notedbyeach.

7.Histaminedisplayedquitesimilareffectsuponhemodynamicsandventilationto

thoseofpulmonaryemboli.
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