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ABSTRACT

ActivationofTRPV1byD1RagonistSKF-38393

inmousedorsalrootganglionneuron

LEEDongwoo

DepartmentofDentalScience

TheGraduateSchool

SeoulNationalUniversity

Transientreceptorpotentialvanilloid-1(TRPV1)isaligand-gatedion

channelexpressed on nociceptivesensory neuron,which transduces

extracellularstimulisuchasnoxiousheat,proton,andcapsaicin.Itis

wellknown the activity ofTRPV1 ismodulated by a variety of

intracellularsignalingpathways.Dopamineisaneurotransmitterthat

playsimportantrolesinmotorcontrol,cognition,andpainmodulation

inthecentralnervoussystem (CNS).Dopaminereceptorisaclassof

G-protein coupled receptor(GPCR)thatregulatescellularfunctions

through its downstream intracellular signaling pathways.Previous

studieshavedemonstrated theexpression ofD1-likereceptors(D1R

and D5R)in nociceptive sensory neurons.However,the effectof

dopaminereceptoronTRPV1remainsunknown.
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ThisstudywasdesignatedtoexaminetheeffectsofD1Ractivation

onTRPV1inmousedorsalrootganglion(DRG)neuronusingCa2+

imaging and immunofluorescence.Itwas found thatD1R agonist

SKF-38393inducesreproducibleCa2+ responsein nociceptivesensory

neurons.The SKF-38393-induced Ca2+ response results from influx

throughTRPV1ratherthanCa2+ mobilization from intracellularCa2+

stores.Immunofluorescenceanalysisrevealedco-expressionofD1Rand

TRPV1inDRG neurons.WhereasPKC inhibitor,diacylglycerol(DAG)

lipaseinhibitor,adenylylcyclase(AC)inhibitor,andPKA inhibitorhad

noeffectsonSKF-38393-inducedCa2+ response,phospholipaseC(PLC)

specific inhibitor blocked SKF-38393-induced Ca2+ response,Taken

together,thesedatasuggestthatCa2+ responseby SKF-38393result

from direct activation of TRPV1 by PLC/DAG-mediated

membrane-delimitedpathway.

In conclusion, these results provide strong evidence that

trans-activationofTRPV1followingD1R activationmaycontributeto

themodulationofpainsignalinginnociceptivesensoryneurons.

keywords :dopamine,dopaminereceptor,D1R,SKF-38393,

TRPV1,diacylglycerol(DAG),nociceptor

StudentNumber:2012-21836



3

CONTENTS

Abstract 1

Contents 3

ListofFigures 4

Introduction 5

MaterialsandMethods 8

Results 12

Discussion 24

Reference 28

국문초록 37



4

LISTOFFIGURES

Figure1.SKF-38393inducesCa2+responseinDRG

neurons 17

Figure2.SKF-38393-inducedCa2+responseresultsfrom

extracellularCa2+influx 18

Figure3.SKF-38393inducesCa2+responsethrough

activationofTRPV1 19

Figure4.Co-expressionofD1RandTRPV1indorsal

rootganglia 20

Figure5.SKF-38393inducesCa2+responsein

consequenceofdirectactivationofTRPV1by

PLC/DAG pathway 22



5

INTRODUCTION

Transient receptor potential vanilloid subtype-1 (TRPV1) is a

representative transducerofnociceptive sensory neuron thatplays

importantrolesin nociception.TRPV1isactivated bynoxiousheat,

proton,andchemicalsuchascapsaicin(Caterinaetal.,1997;Tominaga

etal.,1998;SzallasiandBlumberg,1999;Clapham,2003).Notably,the

activationofTRPV1ismodulatedbyavarietyofintracellularsignaling

pathways.cAMP-dependentprotein kinase (PKA)regulates TRPV1

desensitizationbydirectphosphorylation(Bhaveetal.,2002).Protein

kinaseC (PKC)isalsoinvolvedonactivationofTRPV1(Premkumar

and Ahern,2000;Vetteretal.,2006).In ourlaboratory'sprevious

study,wedemonstrateddirectactivationofTRPV1byDAG (Wooet

al.,2008;Kim etal.,2009).

Dopamine(DA)isaneurotransmitterinacatecholaminefamilythat

playsnumerousimportantrolesin thenervoussystem (Coolsand

Vanrossum,1980;Joyce,1983).Dopamine exertscellulareffectsby

bindingwith aspecificmembranereceptor.Dopaminereceptorisa

classofGprotein-coupledreceptor(GPCR)thataffectsthroughvarious

intracellularsignalingpathways.Dopaminereceptorhasbeenclassified

intofivesubtypes,D1R toD5R,which arecategorized intoD1-like

(D1R,D5R)and D2-like(D2R to D4R)subfamiliesbased on their

molecular structures and functional properties (Jackson and

Westlinddanielsson,1994;Jaberetal.,1997;Neveand Neve,1997;

Missaleetal.,1998).D1-likereceptoractivatesadenylylcyclase(AC)
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and increasesintracellularcAMP concentrations,while activation of

D2-likereceptoractsin oppositeway (Huff,1997;Andringaetal.,

1999;Coolsetal.,2002).Previousstudiesrevealedthatthereisanother

D1-like receptor thatelicits the hydrolysis ofphosphatidylinositol

4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol

triphosphate(IP3)throughstimulationofphospholipaseC(PLC)(Jinet

al.,2003;Neveetal.,2004;Zhenetal.,2005).

Itiswellestablishedthatdistributionandcontributionofdopamine

receptorinthecentralnervoussystem (CNS).Dopaminereceptorswere

widely expressed in various brain regions,particularly in cerebral

cortex,hippocampus,basalganglia(Meador-Woodruffand Mansour,

1991;Weineretal.,1991;Huangetal.,1992;Bergsonetal.,1995;Yung

etal.,1995;GurevichandJoyce,1999;Hurdetal.,2001;Kumarand

Patel,2007).Theexpressionand functionalcontributionofdopamine

receptorsinthespinalcordhavebeendemonstratedalongwiththeir

underlyingmechanism forpaintransmission.Dopaminergicfibersthat

originatefrom areaA11inthediencephalonprojecttothedorsalhorn

ofthespinalcordandrepresentthemajorsourceofdopamineinthe

spinalcord (Skagerberg etal.,1982;Skagerberg and Lindvall,1985;

Barraud etal.,2010).Itwasreported thatdopamineinspinalcord

exertsanti-nociceptive action by modulating activity ofnociceptive

transmissionthroughD2-likereceptors(JensenandYaksh,1984;Barasi

andDuggal,1985;Barasietal.,1987;Fleetwood-Walkeretal.,1988;

Tamaeetal.,2005;Zhu etal.,2007;Taniguchietal.,2011).Recent

studyshowsthatdopaminereceptorswereexpressednotonlyinCNS,

butalsoindorsalrootganglion(DRG)neuronsinperipheralnervous

system (PNS).A subpopulation ofDRG neuronsexpressestyrosine
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hydroxylase (TH),the rate-limiting enzyme for the synthesis of

dopamine(PriceandMudge,1983).mRNAsandalternativelyspliced

transcriptsofdopaminereceptorshavebeen detected in peripheral

sensoryneurons(Xieetal.,1998;Brumovskyetal.,2006a),and the

expressionofdopaminereceptorinDRG neuronswasconfirmedby

immunofluorescenceimaging(Brumovskyetal.,2012).

Theexpressionofdopaminereceptorwaslimitedinsmalldiameter

DRG neurons,mainlynociceptivesensoryneuron,asD1R and D5R

wereprimarilyexpressedbutD2Rwasnotexpressed(Galbavyetal.,

2013).Dopamineinfluencesonthepropertiesofvariousionchannels

in DRG neuron through intracellularsignaling pathways(Lietal.,

1998;2000;MolokanovaandTamarova,2003;Lietal.,2005;Galbavyet

al.,2013).Moreover,itwasreportedthatspontaneousglutamaterelease

wereenhancedbyactivationofD1-likereceptorviaPLC andTRPV1

inratsomatosensorycorticalneurons(Chuetal.,2010).However,the

effectofdopaminereceptoronTRPV1innociceptivesensoryneuron

stillremainspoorlyunderstood.

Inthisstudy,IhypothesizedthatD1-likereceptorandTRPV1are

co-expressedinDRGneuron,andactivationofD1-likereceptorrecruits

intracellular signaling pathway, to modulate TRPV1 activity in

nociceptivesensoryneuron.Toprovethishypothesis,theeffectsof

D1RactivationonTRPV1inmouseDRGneuronswereinvestigatedby

using Ca2+ imaging experimentswith D1R agonistSKF-38393.Our

resultssuggestthatD1R activation causestrans-activation ofTRPV1

throughPLC/DAGpathwayinnociceptivesensoryneurons.
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MATERIALSAND METHODS

All Surgical and experimental procedures were reviewed and

approved by the Institutional Animal Care and Use Committee

(IACUC)attheSchoolofDentistry,SeoulNationalUniversity(Seoul,

Korea).Animaltreatmentswereperformed according to theethical

guidelines ofthe InternationalAssociation for the Study ofPain

(Zimmermann,1983) and the Guide for the Care and Use of

Laboratory Animals (NationalResearch Council(US),2011).Adult

C57BL/6Jwild-type male mouse(OrientBio,Sungnam,Korea)were

used.Animalswerehousedinaconventionalfacilitywitha12:12hr

lightcycle(lightson 8.00am)and ad libitum accessto waterand

chow.Mice were acclimatized for at least one week prior to

experiments.

DRGPreparationandPrimaryNeuronCulture

DRG neuronswereobtainedfrom 6weeksoldadultmice.Animals

were anesthetized with isoflurane and decapitated.Under aseptic

condition,spinalcord includingthoracicand lumbarsegmentswere

removedandplacedincoldHBSS(Welgene).Thebonessurrounding

spinalcordwereremovedandexposedDRGswerepulledout.After

removingroots,DRGswereincubated with1mg/mlcollagenaseA

(Roche)and2.4U/mldispase-II(Roche)inHBSSfor40minat37℃.

Subsequently,DRGsweredigested with0.25% trypsin(Sigma)for5

minat37℃,followedby0.25% trypsininhibitor(Sigma).DRGswere
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then washed in DMEM (with 10% FBS,Welgene)and mechanically

dissociatedwithaflame-polishedPasteurpipettesinthepresenceof

0.05% DNaseI(Sigma).DRG neuronswereplatedonPoly-D-Lysine

(PDL)-coated12mm glasscoverslipandgrowninNeurobasaldefined

medium (with5% B-27supplement,Invitrogen)with5% CO2at37℃.

DRGneuronsweremaintainedfor24hrsbeforeuse.

Ca2+Imaging

Ca2+ responseofDRG neuronwasmeasuredusingthefluorescent

Ca2+ probe(indicator)Fluo-3AM (EnzoLifeScience).DRG neurons

wereplatedonPDL-coated12mm glasscoverslip24hrsbeforeuse.

DRG neuronswereloadedwithFlou-3AM (5μM)mixedwith1μl

Pluronicacid (20% solution in DMSO,Lifetechnologies)in DMEM

medium (with10% FBS)for40minat37℃.Fluo-3loadedcellson

coverslipweremountedontothechamber(12mm ChamlideAC,total

volumeof500μl,LiveCellInstrument,Korea),andplacedontoan

inverted microscope (Olympus IX70,Japen).Then,the cells were

washedbybathmedium for5min.Weusedanexternalbathmedium

(normalTyrodesolution)ofthefollowingcomposition(inmM):140

NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10

N-[2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] (HEPES),with

pH adjustedto7.3-7.4usingNaOH.Alldrugsandbathmedium were

appliedviabathperfusionataflow rateof5ml/min.

CellswereexcitedwithaLED sourcepE-100(CoolLED,UK)at470

nm andemissionswererecordedat535nm wavelengths.Fluorescent

emissionreadingswererecordedandstoredonharddiskevery0.5s.
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Intracellularcalcium concentrations([Ca2+]i)weremeasuredbydigital

video microfluorometry with an intensified charge-coupled-device

(CCD)camera(QIClick,QImaging,Canada)coupledtothemicroscope

andacomputerwithsoftware(MetaMorph® NX,MolecularDevices,

US).

Ca2+ responseswerepresentedasapseudoratio(⊿F/F)toestimate

comparison fluorescence intensity, because Fluo 3-AM is a

non-ratiometricCa2+ indicator.Single-wavelength valuesaredifferent

depending on the concentration ofloaded dye in respective cells.

Followingformulaindicatespseudoratio(Takahashietal.,1999).

⊿F/F=(F1-Fbase)/Fbase

F1 =measuredintensityofthecellafterstimulation

Fbase=measuredintensityofthecellbeforestimulation

Immunohistochemstry

Immunohistochemical processes were performed as previously

described(Kim etal.,2008).Briefly,6weeksoldmaleC57BL/mouse

were perfused with physiologicalsaline and sequentially with 4%

paraformaldehydein0.1M phosphatebuffer(PBS,pH 7.4).DRGsin

lumbarsegmentswereremovedandimmersedinthepost-fixativeat

4°Covernightandthentransferredto30% sucroseinPBSfor48hrs.

Serialfrozentransversesections(10 μm thickness)weremountedon

slides.Allprocedureswereperformedatroom temperature(RT)unless

otherwisestated.SlidewerewashedinPBSandthenincubatedinthe

blockingsolutioncontaining5% normalgoatserum,2% BSA,2% FBS,
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and0.1% TritonX-100for1hr.Thesectionswereincubatedovernight

at4°Cwithprimaryguineapiganti-TRPV1antibody(1:1000;Chemicon

AB5566) and primary mouse anti-D1R antibody (1:200;Millipore

MAB5290), washed 3 times with PBS. Then, incubated with

CY3-conjugateddonkeyanti-guineapigIgG antibody(1:1000;Jackson

ImmunoResearch,WestGrove,PA,USA)andFITC-conjugateddonkey

ant-mouseIgG antibody(1:500;JacksonImmunoResearch,WestGrove,

PA,USA)for1hr.After being washed with PBS,sections were

mountedwithVectaShield,mountingmedia(VectorLaboratories,Inc.,

Burlingame,CA,USA),which contained DAPItodetectnucleiand

visualizedusingaconfocalmicroscopeusingtheappropriatefiltersets

(FV-300;Olympus,Tokyo,Japan).

Drugs

SKF-38393,SCH-23390,Capsaicin,Capsazepine,SQ 22536,H-89,RHC

80267,BIM,Thapsigargin were obtained from Sigma and U73122,

U73343werepurchasedfrom TocrisBioscience.

StatisticalAnalyses

StatisticalanalysesofthesignificancesinnormalizedCa2+ responses

(2nd SKF-38393 response relative to 1stSKF-38393 response)were

carried outbySPSSsoftware(SPSSStatistics17.0,IBM).Datawere

comparedbyone-wayANOVA followedbyBonferroni'spost-hoctest.

DifferenceswereconsideredtobesignificantwhenPvaluewasless

than.05.Alldataarepresentedasmean±SEM;thenumbersofcells

testedareindicatedinparentheseswhereapplicable.
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RESULTS

D1R agonistSKF-38393inducesCa2+ responsein DRG

neuroninadose-dependentmanner

TheeffectsofD1RactivationinDRGneuronsweredeterminedwith

smallandmedium diametercells.Firstly,weexaminedwhetherD1R

agonistSKF-38393inducesCa2+responseinDRG neuronsusingFluo-3

AM-based Ca2+ imaging.A 10 s application of1 μM SKF-38393

induced reproducibleCa2+ responseduring sequentialapplication of

SKF-38393 (83.74 ± 4.53%;n = 8;p > 0.05)(Fig 1A).A 100 s

pretreatmentof10μM SCH-23390,aD1Rselectiveantagonist,inhibits

SKF-38393-response,indicating thatthe response to SKF-38393 was

mediatedthroughactivationoftheD1R (6.31± 1.04%;n= 8;p<

0.005) (Fig 1B). SKF-38393-sensitive neurons exhibited

concentration-dependent increase in [Ca2+]i,with the half-maximal

concentration (EC50) of SKF-38393, 517 nM (Fig 1D). Therefore,

activationofD1RcausesatransientincreasesinintracellularCa2+level

withdose-dependentmannerinasubpopulationofDRGneurons.

SKF-38393-induced Ca2+ responseresultsfrom influx of

extracellularCa2+

Next,weexaminedthesourceofincreasing[Ca2+]ibySKF-38393.To
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excludeextracellularCa2+ influx,0mM Ca2+ solutionwasappliedfor

100sbefore2nd SKF-38393application.2nd SKF-38393-induced Ca2+

responsewasblockedbypretreatmentwith0mM Ca2+ inthebath

solutioncomparedwiththeCa2+ responseto1stSKF-38393application

(4.70±1.12%;n=8;p<0.005)(Fig2A).Next,weusedthapsigargin,

aselectiveinhibitorofthesarcoplasmicCa2+-ATPase,toexcludeCa2+

mobilization from intracellular Ca2+ stores (Kirby et al., 1992).

SKF-38393-inducedCa2+ responsedidnotchangeinthepresenceof1

μM thapsigargin(71.53±6.55%;n=8;p>0.05),andthedepletionof

intracellularCa2+ stores was confirmed by a following little Ca2+

responsetoapplicationofthapsigargin(Fig2B).Theresultsof0mM

Ca2+ inbathsolutionabolishedSKF-38393-inducedCa2+ response,not

by the thapsigargin,suggestthatmostofSKF-38393-induced Ca2+

responseisasaconsequenceofaninfluxofextracellularCa2+ rather

thanCa2+releasefrom intracellularCa2+stores.

SKF-38393 induces Ca2+ response through TRPV1 in

nociceptivesensoryneuron

Wenextexamined whetherSKF-38393-induced Ca2+ responsewas

associated with TRPV1.The Ca2+ response was elicited by 1st

SKF-38393application,and2ndSKF-38393-inducedCa2+ responsewas

blockedbyapretreatmentwithaTRPV1blocker,10μM capsazepine

(6.59 ± 1.24%; n = 8; p < 0.005) (Fig 3A). To identify

TRPV1-expressing nociceptive neurons, TRPV1 agonist, 300 nM

capsaicin,wasappliedfora5sattheendofeachexperiment.In86

outof134DRG neuronsthathad acapsaicin-sensitivity(64%;n=
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86/134),wefound 57neuronsresponded to SKF-38393(66%;n =

57/86).29outof86neurons(34%;n=29/86)onlyshowedcapsaicin

response.SKF-38393-only-responsiveneuronwasnotobserved.

TRPV1ismorepermeabletoCa2+thanothercations(Caterinaetal.,

1997;Chung etal.,2008).To testwhethervoltage-activated Ca2+

channels(VACCs)contributedtoSKF-38393-inducedCa2+response,100

μM CdCl2waspretreatedinbathsolutiontonon-selectivelyblockall

VACCswithoutinfluenceonTRPV1(Shoudaietal.,2010).SKF-38393

evokedCa2+responseeveninthepresenceofCd2+(79.61±7.27%;n=

8;p>0.05)(Fig3B).Together,theseresultsindicatedthatSKF-38393

activatesTRPV1channelsinnociceptivesensoryneurons.

Co-expressionofD1RandTRPV1indorsalrootganglia

Our results strongly suggest that stimulation of D1R activates

TRPV1,suggestingD1RandTRPV1areexpressedtogetherinthesame

DRG neurons.Previous study reported thatD1R and D5R were

expressed in smalldiameterDRG neuron(Galbavyetal.,2013).To

confirm whetherD1R andTRPV1wereco-localized,weexploredthe

expressionofD1RandTRPV1byimmunofluorescentstaininginintact

dorsalrootganglia.D1R was homogeneously expressed in DRG

neurons.TheexpressionofD1Rhasnoclearpatternandintensityof

staining varied in DRG neurons.Consistentwith previousreports,

TRPV1wasprimarilyexpressedinsmalldiameterDRG neurons(Guo

etal.,1999;Amayaetal.,2004).Overall,theexpressionofD1R and

TRPV1 was consistent with previous studies, and most of

TRPV1-positiveDRGneuronswerealsoexpressedD1R.
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SKF-38393-inducedCa2+ responseinDRG neuronresults

fromdirectactivationofTRPV1bydiacylglycerol(DAG)

Activation ofD1R activatesadenylylcyclase (AC)and increases

intracellularcAMP levels(Missaleetal.,1998;Glovacietal.,2014).

Other study presents thatthere are D1R which stimulates PLC

pathway and hydrolyzesphosphatidylinositol4,5-bisphosphate (PIP2)

intoDiacylglycerol(DAG)and inositoltriphosphate(IP3)(Jin etal.,

2003;Chu etal.,2010).Both AC and PLC pathway can affectto

functionofTRPV1byphosphorylationordirectly(Bhaveetal.,2002;

Zhuang,2004).To determine which signaling molecules mediate

SKF-38393-induced TRPV1 activation,we examined with respective

inhibitorsofsignalmolecules.Pretreatmentwith 2 μM U 73122,a

specificPLC inhibitorabolishedSKF-38393-inducedCa2+ response(3.79

±1.25%;n=8;p<0.005)(Fig5A),whereasU73343,aninactive-form

ofU 73122 atthe same concentration did notinfluence on Ca2+

responsebySKF-38393(74.74± 5.36%;n = 8;p > 0.05)(Fig 5B).

SKF-38393-induced Ca2+ responseendured in thepresenceof1 μM

BisindolylmaleimideI(BIM),aspecificPKCinhibitor(77.20±3.73%;n

=8;p>0.05)(Fig5C)or1μM RHC 80267,aDAG lipaseinhibitor

(78.38± 10.54%;n= 8;p>0.05)(Fig5D)oritscocktail(77.92±

4.58%;n = 8;p > 0.05)(Fig 5E),indicating thatPLC pathway

mediated SKF-38393-induced Ca2+ response,butnotPKC-and DAG

lipase-dependentactivationofTRPV1.Previouslywehaveshownthat

TRPV1wasdirectlyactivatedbyOAG,amembrane-permeableanalog

ofDAG (Wooetal.,2008).Togethertheseresults,weconcludeDAG
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isthemostappropriatecandidatefordownstream signalingmolecule

ofPLC pathwaywhichmediatedSKF-38393-inducedCa2+ response.In

addition,AC/PKA pathwayalsocanbestimulatedbyD1Ractivation.

Therefore,wetested whetherAC/PKA signaling pathway wasalso

involvedinSKF-38393-inducedCa2+response.Pretreatmentwith10μM

SQ 22,536,anadenylylcyclaseinhibitor(74.49±8.45%;n=8;p>

0.05)(Fig5F)and10μM H-89,aPKAinhibitor(84.10±5.62%;n=8;

p>0.05)(Fig5G)hadnoeffecttoSKF-38393-inducedCa2+response.

Taken together,theseresultsindicatethatD1R agonistSKF-38393

activatesTRPV1throughPLCsignalingpathway,andimplythatDAG

isadownstream signalingmoleculeofPLC pathwaytoactivationof

TRPV1bySKF-38393.
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Figure1

Figure 1.SKF-38393 induces Ca2+ response in DRG neuron.A,

Sequentialapplicationof1μM SKF-38393(SKF)evokesCa2+ responses

withslightdecreasing,butnodifferences(n=8).B,SKF-38393-induced

Ca2+ response was blocked by a 100 s pretreatmentof10 μM

SCH-23390(SCH,n= 8).C,Summaryofnormalized Ca2+ response

(2nd SKF-38393responserelativeto 1stSKF-38393response).(*p <

0.005;non-pairedttest)D,Dose-responsecurveofSKF-38393-induced

Ca2+ responseinmouseDRG neuronshowedthatEC50is517nM (n

=10inrespectiveconcentration).Resultsarepresentedasthemean±

SEM.
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Figure2

Figure2.SKF-38393-inducedCa2+ responseresultsfrom extracellular

Ca2+ influx.A,SKF-38393-induced Ca2+ response wasabolished by

pretreatmentof0mM Ca2+inthebathsolution(n=8).B,SKF-38393

induces Ca2+ response withoutchange in the presence of1 μM

Thapsigargin(Thap,n=8).C,SummaryofnormalizedCa2+ response

(2nd SKF-38393responserelativeto 1stSKF-38393response).(*p <

0.005;one-wayANOVA)Resultsarepresentedasthemean±SEM.
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Figure3

Figure 3.SKF-38393 induces Ca2+ response through activation of

TRPV1.A,SKF-38393-induced Ca2+ response was blocked by the

pretreatmentof10μM capsazepine(CPZ,n=8).B,SKF-38393-induced

Ca2+ responsemaintained in the1 μM Cd2+ condition (n = 8).C,

SummaryofnormalizedCa2+response(2ndSKF-38393responserelative

to1stSKF-38393response).(*p<0.005;one-wayANOVA)Resultsare

presentedasthemean±SEM.
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Figure4.Co-expressionofD1RandTRPV1indorsalrootganglia.20

μm frozensectionswerepreparedfrom lumbarDRG takenfrom 6

weeksoldC57BL/6mouse.NucleiofDRG neuronswerestainedby

mounting media which contained DAPI(blue channel).Sectionsof

dorsal root ganglia were respectively stained with monoclonal

antibodiestoeitherD1R(greenchannel)orTRPV1(redchannel),and

FITC/CY3-labeled secondary antibody. Merged images indicate

co-expressionofD1RandTRPV1(DIC+/-).Scalebarsshownare50μm.
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Figure5
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Figure5.SKF-38393inducesCa2+ responseinconsequenceofdirect

activation ofTRPV1by PLC/DAG pathway.A,SKF-38393-induced

Ca2+ responsewaseliminatedinthepresenceof2μM U 73122(n=

8).B,2μM U73343hadnoeffectonSKF-38393-inducedCa2+response

(n=8).C,D,E,1μM BisindolylmaleimideI(n=8),1μM RHC80267

(n = 8),and mixture ofboth (n = 8)also had no effecton

SKF-38393-inducedCa2+response.F,G,SKF-38393-inducedCa2+response

wasnotblockedbythepretreatmentwith10μM SQ22,536(n=8)or

10μM H-89(n=8).H,SummaryofnormalizedCa2+ response(2nd

SKF-38393responserelativeto1stSKF-38393response).(*p < 0.005;

one-wayANOVA)Resultsarepresentedasthemean±SEM.
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DISCUSSION

In the present study,it was found that stimulation of D1R

trans-activates TRPV1 in mouse DRG neurons.Calcium imaging

revealed thatSKF-38393,aspecificD1R agonist,increased [Ca2+]iin

subpopulationofcapsaicin-sensitiveDRG neurons,whichwasblocked

by TRPV1 antagonist,capsazepine,indicating the involvement of

TRPV1.Immunofluorescentstaining furtherrevealed co-expression of

D1R andTRPV1inDRG neurons.Byusingpharmacologicalanalysis

with the calcium imaging,endogenous DAG produced by D1R

activationwasfoundtoleadtoTRPV1activation.

In the present study,we focused on the excitatory effect of

dopamineinDRG neuronbyusingaspecificD1RagonistSKF-38393.

Thebiphasiceffectofdopaminedependsonthesubclassofdopamine

receptor, D1-like or D2-like. Excitatory effect of dopamine was

mediatedbyD1-likereceptorthroughintracellularsignalingpathways.

Incontrast,InhibitoryeffectwasmediatedbyD2-likereceptor(Mahan

etal.,1990;Marshalletal.,1997;Sidhu,1998;Neveetal.,2004).

Recentstudiescharacterized theexpressionofdopaminereceptorsin

DRG neuronsby Western blotand immunofluorescenceimaging.It

wasreported thatD1R and D5R wereprimarilyexpressed insmall

diameterDRG neuron,butexpression ofD2R was notobserved

(Galbavy etal.,2013).Based on these reports,we inferred that

excitatoryeffectofdopaminewouldbemajorinnociceptivesensory

neuron.ItwasshownthatstimulationofD1R trans-activatedTRPV1
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and increased intracellular Ca2+ concentration. However, further

experimentswillrequire to testwhetherdopamine indeed induces

identicalexcitatoryeffectviaD1-likereceptor.

OurresultsinDRG neuronshow thattheeffectofD1Ractivation

was mediated by TRPV1. SKF-38393-induced Ca2+ response was

blockedbycapsazepine.Thisresultwasconsistentwithpreviousstudy

aboutactivationofD1Rinratsomatosensorycorticalneuron(Chuet

al.,2010).Thepossiblecontribution ofintracellularCa2+ releasewas

excluded by thepretreatmentofthapsigargin.Thapsigargin empties

intracellularCa2+ stores,endoplasmicreticulum (ER),asaresultof

inhibitingCa2+ uptakepathway(Kirbyetal.,1992).IntracellularCa2+

storeweredepletedbythapsigargin,however,SKF-38393responsewas

notchanged.

Sincevoltage-activatedCa2+ channels(VACCs)werealsoconcerned

as another possible portion of Ca2+ response, we verified the

irrelevanceofVACCtoSKF-38393-inducedCa2+responsebyusing100

μM CdCl2toinhibitVACC withoutinfluencesonTRPV1(Shoudaiet

al.,2010).InthepresenceofCd2+,SKF-38393-induced Ca2+ response

wasno differentfrom SKF-38393only response.In addition,taken

from this result,inhibitory effectof capsazepine (atmicro-molar

concentrations)onVACCscouldbenegligibleunderourexperimental

conditions(Dochertyetal.,1997).

SKF-38393responsewaspreventedbyPLC inhibitor,butnotbya

specificPKC inhibitor,DAG lipaseinhibitor,andthecocktailofboth.

The existence of phosphatidylinositol-linked D1-like receptor was
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described in previous studies (Missale etal.,1998;Neve,2005).

However,itisunclearwhichdownstream signalingmoleculeactivates

TRPV1.PreviouslywereportedthatendogenousDAGdirectlyactivates

TRPV1 which produced by GPCR-activation (Woo et al.,2008).

Moreover,wehaverecentlyshown thatgroup Ⅰ mGluR5activates

TRPV1channelinamembrane-delimitedmanneranditwasmediated

byDAG (Kim etal.,2009).Togetherthesedata,itseemsclearthat

DAG,producedbyD1R activation,isthemostplausibleendogenous

ligandfordirectactivationofTRPV1.

Inaddition,wefoundthattheeffectofSKF-38393persistedinthe

presenceoftheadenylylcyclase(AC)inhibitororPKA inhibitor.This

resultis in contrastwith previous study.Itwas reported that

capsaicin-inducedcurrentswereabolishedbyACandPKA inhibitorin

mouse DRG neurons (Park et al.,2011).Even the experimental

conditionsweredifferent,asaindirectactivationthroughintracellular

signalingpathwayand directactivationbyspecificagonist,itseems

thatmorestudiesareneeded to bettercharacterizetheintracellular

signalingpathwaystoTRPV1modulation.

Ithasbeen demonstrated thatdopaminergicnervein dorsalhorn

(DH) of the spinalcord originated from the A11 area in the

diencephalon(Barraudetal.,2010).Itmayseem thatdopaminewas

released from dopaminergicnervein dorsalhorn to DRG neurons.

Previous studies were well established that descending pain

modulationofdopamineisrelatedwiththedopaminergicnerveand

D2-likereceptors(JensenandSmith,1982;Barasietal.,1987;Shimizu

etal.,2004).However,descending modulation ofdopamineisstill
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debating whetherdirecteffecton DRG neuronsorindirecteffect

through interneurons (Fleetwood-Walker etal.,1988;Millan,2002;

Ossipovetal.,2010).Previousobservationssupportthatdopaminemay

bereleasedbyitselfinDRG neuron(PriceandMudge,1983;Philippe

etal.,1993;Brumovsky etal.,2006b;2012).Recently,ithasbeen

reported thatepidermiscellssuch askeratinocytesormelanocytes

expressedtyrosinehydroxylase(TH),therate-limitingenzymeforthe

dopaminemetabolicpathway (Ramchand etal.,1995;Chang etal.,

1996;Gillbroetal.,2004).Ifdopaminereceptorsareexpressedinthe

epidermal nerve fibers, especially unmyelinated afferent fibers,

epidermiscellalsocanbeanothercandidateofdopaminesourceto

DRG neuron.Moreover,itmightbepossibleexplanation toitching

sensations in Parkinson's patients (Giuffrida etal.,2005).In-vitro

experimentsareneededtounderstandthemeaningoftrans-activation

ofTRPV1byD1RactivationinDRG neuron.AndIn-vivostudiesare

also needed to explore the role ofdopamine in peripheralpain

modulation.

Inconclusion,ourpresentstudydemonstratesthatactivationofD1R

trans-activatesTRPV1inmouseDRG neuron.MostofD1R-expressing

DRG neuronswerenociceptivesensory neurons,expressing TRPV1.

D1RagonistSKF-38393inducesCa2+ responsethroughdirectactivation

of TRPV1 by PLC/DAG intracellular signaling pathway without

involvementofAC/PKA cascade.OurfindingontheeffectofD1R

agonistin nociceptivesensoryneuronsprovidesinsightintoroleof

dopamineinpainmodulation.
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국 문 초 록

도파민 D1수용체 작용제 SKF-38393에 의한 

transientreceptorpotentialvanilloid-1

수용체 활성화

Transientreceptorpotentialvanilloid-1(TRPV1)수용체는 리간드-결합 

이온통로로 통증감각신경세포에서 주로 발현하는 통증 수용체이다.

TRPV1은 유해한 열 또는 산성자극,그리고 캡사이신과 같은 화학자극에 

의해 활성화되고 신경신호를 전달한다.이러한 TRPV1이 다양한 세포 내 

신호경로에 의해서 그 기능이 조절된다는 사실은 이미 많은 연구를 통해 

밝혀졌다.신경전달물질의 한 종류인 도파민은 중추신경계에서 운동조절

과 인지,그리고 통증조절까지 다양한 부분에 걸쳐 중요한 역할을 담당하

고 있다.도파민 수용체는 G단백질 연결 수용체로 세포 내 신호경로를 조

절함으로써 세포에 그 영향을 미친다.최근,이러한 도파민 수용체의 한 

종류인 도파민 D1-like수용체 (도파민 D1/D5수용체)가 중추신경계뿐만 

아니라 말초신경계인 척수후근신경절세포,특히 통증감각신경세포에서도 

발현한다는 보고가 있지만 TRPV1에 대한 도파민 수용체의 영향에 대한 

연구는 전무한 수준이다.

이번 연구에서는 세포 내 신호경로를 활성화시키는 도파민 D1수용체가 

TRPV1에 미치는 영향을 마우스의 척수후근신경절세포에서 알아보았다.

이를 위해 도파민 D1수용체 작용제인 SKF-38393과 다양한 억제제를 사

용하여 세포 내 칼슘 농도의 변화를 칼슘 이미징 방법으로 비교하였다.
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실험 결과,SKF-38393에 의한 도파민 D1수용체의 활성화는 세포 내 칼

슘 농도를 증가시켰다.이때의 칼슘 반응은 세포 내 칼슘 분비보다는 대

부분 TRPV1을 통한 외부 칼슘의 유입에 기인하였다.또한 도파민 D1수

용체가 척수후근신경절세포에서 TRPV1과 함께 발현하고 있음을 면역형

광염색 분석을 통해 확인하였다.단백질인산화효소C억제제와 디아실글리

세롤지방가수분해효소 억제제,아데니닐고리화효소 억제제,그리고 단백질

인산화효소A 억제제는 SKF-38393에 의한 칼슘 반응에 아무런 영향을 미

치지 않았지만,인지질가수분해효소C억제제에 의해서는 칼슘 반응이 차

단되었다.이러한 결과를 바탕으로 SKF-38393에 의한 TRPV1활성화는 인

지질가수분해효소C에 의해 생성된 디아실글리세롤이 관여한다는 것을 확

인할 수 있었다.

이상의 실험 결과들은 척수후근신경절의 통증감각신경세포에서 도파민 

D1수용체 작용제 SKF-38393이 인지질가수분해효소C 세포 내 신호경로

를 통해 TRPV1을 활성화시킴을 보여주며,도파민 수용체의 활성화가 

TRPV1을 통해 통증신호 조절에 기여할 수 있다는 가능성을 제시한다.

주요어 :도파민,도파민 수용체,SKF-38393,TRPV1,디아실글리세롤,

통증감각신경세포
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