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ChapterI

GeneralIntroduction

NeuropeptidesarekeyregulatorsofdiversephysiologlCalprocesses,includinggrowth,

reproduction,responsetostresses,maintenanceofenergybalance,andfeeding(Strand

1999).NeuropeptideswerefToundtoexertneurohormonalandneurotransmittereffectsin

thecentralandperipheralnervoussystem.Recently,anincreaslngnumberoffindings

haveshownthatneuropeptides,inadditiontosuchtraditionalbiologicalroles,alsoactas

regulatorsofnon-neuronalcellssuchasendocrinecells.Invertebrates,cholecystokinin,

orexin,neuropeptideY and ghrelin,which areproduced and secreted by the

gastrointestinalendocrinecellsaswellasneurons,participateincoordinatedregulations

offeedingandenergyexpenditureresponsethrough neuraland/orhumoralinput(Murphy

andBloom,2004).

FeedinglSaCriticalbehaviorfわrsupplyofnutrientswithallorganisms,whichis

necessaryforenergyproduction,maintenanceofbiochemicalprocesses,growthand

development.Thus,understandingofcontrolmechanismoffeedinglSVeryImportantin

biologyandmedicine.Inhalfofthepastcentury,scientistsrevealedtheroleof

neuropeptidesinfeedingbehaviorincludinghunger,satiety,digestion,metabolism and

excretion.PeptiderglCregulationsoffeedingbehaviorofvertebrateshavebeenwell
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investigated,whereasthoseofinvellebrateshavenotbeenwellelucidated.Therefわre,

characterizationofinvertebrateneuropeptidesinvolvedinfeedingandcomparisonof

vertebrateandinvertebratecounterpartswouldprovideprofわundunderstandingofgeneral

andspecies-specificpeptiderglCregulationmechanismsofalllivingcreatures.

Insects,thepredominantlylargestinvertebratespecies,arewidelydiverseinfToodand

fTeedinghabits,andhavecorrespondinglyhigh diversityinthegutstructureandfunction.

Theevolutionarysuccessofinsectshasbeendrivenbytheirabilitytooccupyavarietyof

ecologlCalnichesandutilizemanydiffTerenttypesoffoodsources.Foodsourcesofinsects

canberoughlydividedintobroadcategoriesofsolidfわodsorliquidfわodsandplantsor

animals.Themostlikelyprototypicfeedingbehaviorofinsectswasbelievedtobe

omnivorous,fTollowed by divergence toward more specialized phytophagousor

camivorousproperties(Dow,1986).

Oneoftherepresentativeomnivorousinsectsisacockroach,whichisfbaturedbytheir

abilitytoIngestalmostallorganicmaterials.Theyhavesucceededinadaptingtheirlives

toman-madehabitats,whiletheonglnOfcockroachesdateback250millionyearstothe

CarbonifTerousperiod.Thefわssilrecordsshowthattheshapeorbodyorganizationof

cockroacheshavechangedverylittlesinceancientera,ascomparedwiththeirpresent-day

descendants(Comwell,1968).Theexceptionalomnivorouscharacterofcockroachesin

theinsectkingdomsuggeststhatthecockroach'sdigestivetracthastheabilitytodigest
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manykindsoffわods.Forinstance,Americancockroach,Perl'planetaahlericanafeedson

deadandinjuredindividualsofitsownspecies,bread,cheese,vegetables,andcardboard

(Bignell1981).Theshapeofcockroachgutisneitherasshortandbroadasthoseofsolid

feeders,norasconvolutedasthoseofliquidfTeeders.FigureI-1showsthegross

morphologyofthecockroachalimentarycanal.

Themidgut,whichisresponsiblef♭rsecretionofdigestiveenzym es,digestionoffood,

andabsorptlOnOfnutrients,hasaslnglelayerofcolumnarcellsproducingdigestive

enzym essuchasamylase,invertase,maltase,andlactase,proteasesandlipase(Comwell,

1968).Thecockroachmidgutismuchsimplerinstmcturethanmammalianguts.The

epitheliumisaflatlayerwithoutvilliorcryptfTormationandiscomposedofthreecell

types:columnar,endocrine,andregenerativecells.Theregenerativecells,which

diffTerentiatetocolumnarcellsandendocrinecells,fTormrelativelylargenestsornidiatthe

baseoftheepithelium.Themajorityofepithelialcellsaretallandunifbm columnarcells.

Theendocrinecellsresidesolelyamongcolumnarcellsandmidgutnidi,
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toexpressseveralgenesofinsectneuropeptidessuchasallatostatin(Reichwaldetal.

1994),leucomyosuppressin(Fuseetal.1998),andneuropeptideF(Brownetal.1999).

Thesefindingssupportthenotionthatneuropeptidesproducedbythemidgutendocrine

cellsplaypivotalrolesin企)Oddigestionasgutregulatoryfactorsinanon-neuronal

fashion.ComparedwiththeneuronalpeptiderglCSystems,however,thenon-neuronal

regulatorymechanismingutneuropeptideexpressionandsecretionhasyettobefully

elucidated.Furthermore,detailedphysiologicalrolesofgutneuropeptidesandtheir

functionalrelationshipwithneuronalelementsonthemidgutarestillunclear.

Consequently,wefocusedonthefunctionsofanarthropodneuroepeptide,Crustacean

cardioactivepeptide(CCAP)infTeedingbehaviorinthemidgutandnervoussystemofthe

cockroach,PerlPlanetaamericana,byfわllowingapproaches:(1)isolationofCCAPfrom

themidgutandcharacterizationofitsCDNAsequence,(2)localizationofthemRNAand

peptideproduct,(3)determinationofthephysiologicalfunctionsinfeedingandinducible

expressionandsecretionofCCAP.Thisstudyrevealedtheunprecedentedmultifunctional

rolesoftheneuropeptideinthemidgutandnovelnon一meuronalregulatorymechanismin

fTeedingbehavior,leadingtothepresumptionthatthecockroachmidgutisanexcellent

modelfわranintegratedanalysisofneuropeptidefunctionsinfeedingbehavior.
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Chaptern

CharacterizationofCrustaceanCardioactivePeptide(CCAP)

asaNovelInsectMjdgutFactor.･Isolation,Localization,and

Stimulationof α-AmylaseActivioJandGutContraction

u_1.Introduction

FeedingbehaviorisregulatednotonlybythecentralneⅣoussystem butalsoby

peripheraltissues,includingpositiveandnegativesensoryfTeedback,localhormonal

regulation,gastriCandintestinaldigestion,andtheeffectofnutrients.Inmammals,several

neuropeptidessuchascholecystokinin,orexln,andneuropeptideYareinvolvedinthe

regulationoffTeedingbehavior.Theseneuropeptidesareproducedingutendocrinecellsas

wellasintheneⅣoussystem(Strand1999).

Ininsects,themidgutisthepnmarytlSSuef♭rdigestionandabsorptlOnOfnutrients.The

stomatogastricnervoussystem,whichconsistsofanervetrunkalongthedorsalsurfaceof

thefbregut,andtheproctodealnervoussystem,whichonginatesfrom theterminal

ganglionoftheventralnervecord,immervatethemidgut(Comwel11968).Thesenervous

systemsimeⅣateonlythemidgutmusculature,indicatingthatthedigestiveand

absorptivecellsinthemidgutepitheliumarenotregulatedbynervetissues(Lehane1998),

Thus,non一meuralregulatorymechanismsareexpectedtoregulatedigestionandabsorptlOn
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ininsectmidgut(Lehaneetal.1995).Apart&omthevisceralnervoussystem,theinsect

midgutepitheliumcontainssecretorycellscalledendocrinecellsormidgutparaneurons

(Nishiitsutsuji-Uwoetal.1985).Ultrastructuralstudieshavedetectedexocytosisof

secretorygranulesfrom insectmidgutendocrinecellswhichhavemorphologlCal

similarityto vertebrategutendocrinecells(Nishiitsutsuji-Uwo and Endo 1981).

Immunohistochemicalobservationsuslngantibodiesagainstmammalianneuropeptides

alsosupportthepresenceofdiverseneuropeptidellikecompoundsinmidgutendocrine

cells(Montuengaetal.1989,Scholsetal.1987).Todate,geneexpressionofinsect

neuropeptidessuchasallatostatin,leucomyosuppressin,andneuropeptideFhavebeen

detectedinthemidgutendocrinecellsofinsects(Reichwaldetal.1994,Fuseetal.1998,

Brownetal.1999),whichisconsistentwiththephysiologicalroleofmidgutendocrine

cellsasamajorsourceOfgutneuropeptides.However,molecularand/orfunctional

aspectsofmidgutneuropeptideshavenotbeenwellcharacterized.

TheexceptlOnalomnivorouspropertyofcockroachesintheinsectkingdomallowsus

topresumethatthecockroachmidgutisconferredwithnotonlyahighlyadvanced

digestivesystem,butalsomultiplegut-peptiderglCregulatorymechanisms.Ⅰhavebeen

studyingthefunctionsofneuropeptidesinthecockroachmidgut.Inthisarticle,Idescribe

thebioactivityofanarthropodneuropeptide,Crustaceancardioactivepeptide(CCAP),the

CCAPCDNA sequence,andthetissue-distributionofCCAPpeptideandmRNA,
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providingevidencethatCCAPservesasanovelmultifunctionalmidgutfactoraswellasa

neuropeptide.
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u-2.MaterialsandMethods

AnL'mals

TheAmerican cockroach,Periplaneta americana,andthecricket,Teleogfyllus

occl'pitalis,rearedinmassandfTedwithwaterandartificialdiet(MF,OrientalYeastCorp.,

Tbkyo,J叩an)underconstantlightat25Cwereusedasthetissuesourcef♭rpeptide

isolationand丘InCtionalassaysofpeptidebioactivity.Animalswereanesthetizedby

coolingundercmshedice.

Extractionofpeptidesfromthemidgut

ThemidgutsofPamericanaweredissectedfrom1650adultsandplacedimmediately

intophosphate-buffTeredsaline(PBS;0.01M phosphatebuffTer,pH7.4,0.9%NaCl)after

luminalfoodstumshadbeenremoved.Theisolatedorganswereimmediatelyfrozenon

dryiceandstoredat-80℃.Thepooledtissues,whichweighed34.3g,wereboiledf♭r

10minin5volumesofwater.ARercooling,aceticacidwasaddedtoafinalconcentration

of4%.Thetissueswerehomogenizedatice-coldtemperatureusingaPolytron,andthen

centr血gedat15,000×gf♭r20minat4℃.Thes叩ematantWasChromatographedusing

C18cartridges(MegaBondElutC18,Vadan,Harbor,CA).A洗erwashingeachcartridge

with0.1% trifluoroaceticacid(TFA),theretainedmaterialwaselutedwith60%

acetonitrilein0.1%TFA,Theeluatewasconcentratedtoasmallvolumeinacentrifugal
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vacuum-evaporator(CE1,HitachiKokiCo.,Ltd.,Tokyo,Japan),

HPLCpunjicationatzdsequenct'ngofpeptide

The concentrated materialwasfiltered through a 0.45 um membrane filter

(Chromatodisk4N,Kurabo,Tokyo),appliedtoareversed-phaseHPLC (Rp-HPLC)

column(CapcellPakC18,10×250mm,Shiseido,Tokyo,Japan),andelutedwitha

70-minlineargradientof0-70%acetonitrilein0,1%TFAataflowrateof1.0ml/minat

40℃.columnefnuentwasmonitoredspectrophotometricallyat220nm.Fortyfractions

of2mleachwerecollectedand1/1000ofeachfractionwasassayedformyomodulatory

activityusingtheforegutofthecricketaspreviouslydescribed(Fujisawaetal.1993).

Myostimulatoryfractionswerepooled,reducedinvolumeuslngaCentrifugal-vacuum

evaporator,andappliedtoacation-exchangecolumn(TSKgelSp-5PW,4.6×150mm,

Tosoh,Tokyo,Japan).AOl0.6M gradientofNaClin10mMphosphatebuffTer(pH6.7)

wasappliedtothetQPOfthecolumnover90minataflowrateofO･5ml/minat40℃･

PositivefractionswerepurifiedbyaltematlngRp-HPLCseparationsandtheassayto

produceaslngleUV-absorbancepeak.Theaminoacidsequenceofthepurifiedpeptide

wasdeteminedbyanautomaticpeptidesequencer(PSq-1,Shimadzu,Kyoto,Japan).
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TotalRNAPreparation

Frozenventralnervecordsofthecockroaches(1g)werepulverizedbygrindingunder

liquidnitrogen.TotalRNAwasextractedfromthegroundtissueuslngRNeasyminikit

(Qiagen,Valencia,CA,USA),accordingtothemanufacturerTsinstructions.

AmpltjicationofthepartialfragmentofCCAPCDNA

AllnucleotideswereorderedfromQiagenJapan(Tokyo,Japan)andKiko-tech(Osaka,

Japan),andallreversetranscriptionpolym erasechainreactions(RTIPCRs)andrapid

amplificationsofCDNAends(RACE)wereperformedusingTaqExpolym erase(Takara,

Kyoto,Japan)orrTaqDNApolym erase(Toyobo,Osaka,Japan),and0.2mMdNTPona

themalcycler(modelGeneAmpPCRsystem 9600;PE-Biosystems,FosterCity,CA,

USA).First-strandCDNAwassynthesizedwiththeoligo(dT)-anchorprimersuppliedin

the5'/3'RACEkit(RocheDiagnostics,Basel,Switzerland)andamplifiedwiththeanchor

pnmer (Roche Diagnostics) and the first degenerate pnmers

5'-CCITT(T/C)TG(T/C)AA(T/C)GCITT(T/C)ACI3'(Irepresentsan inosineresidue),

CorrespondingtotheaminoacidsequencePFCNAFT.ThesePCRexperimentswere

perfTormedusingfivecycleseachconsistingof94℃ fTor30see,40℃ fTor30seeand

72℃ fTor3min,fTollowedby35cycleseachconsistlngOf94℃ fTor15see,50℃ fTor

30see,and72℃ fTor3min.Thefirst-roundPCRproductswerereamplifiedusingthe
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anchor pnmer and the degenerate pnmers

5'-AA(T/C)GCITT(T/C)ACIGGITG(T/C)GG-3') corresponding to the sequences

NAFTGCG,wherethelastGwasregardedasaC-terminalamidationslgnal.PCRwas

doneusingfivecyclesof94℃ fTor30see,37℃ fTor1min,and72℃ fTor2min,

followedby15cyclesof94oC for30see,45oC for30see,and72oC for2min,anda

finalextensionat72℃ fTor10min.TheresultingPCRproductwaspurifieduslngthe

QiaquickGelExtractionkit(Qiagen)andsubclonedintothePCRII-TOPOvectorusinga

TA cloningkit(Invitrogen,SanDiego,CA,USA)accordingtothemanufacturer's

instructions.TheDNAinsertsofthepositivecloneswereamplifiedbyPCRwithuniversal

M13primers.

Determinationofthe5'-endsequenceofCCAPprecursorCDNA

TemplateCDNAwassynthesizedwithanoligonucleotidepnmercomplementarytont

5951615(5'-GGCTCCAGGGCTTCGTGATC-3'),fTollowedbydA-tailingoftheCDNA

withdATPandterminaltransferase(RocheDiagnostics).ThetailedCDNAwasamplified

withtheoligo(dT)-anchorprimer(RocheDiagnostics)andgene-specificprimer1

(5'-CTCCTGGAGTTGAGATGTGG-3',complementarytonucleotides572-592).This

wasfわllowedbyfurtheramplificationofthefirst-roundPCRproductswiththeanchor

primer (Roche Molecular Biochemicals) and gene-specific primer 2
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(5'-CTGCAAATCTCTTCCTCCGG-3',complementarytonucleotides508-527).Both

first-roundandsecond-roundPCRstepswereperformedfor30cyclesof30seeat94℃,

30secat55℃ and1.5minat72℃.Thesecond-roundPCRproductsweresubcloned

andtheinsertswereamplifiedasdescribedabove.

DNAsequencLng

All nucleotide sequences were detemined with Big-Dye sequenclng kits

(PE-Biosystems)andanABIPRISMTM310Geneticanalyzer(PE-Biosystems),andthen

analysedwithDNASIS-MACsoRware(HitachiSo氏wareEngineering,Kanagawa,Japan).

UniversalM13primersorgene-Specificpnmerswereusedtosequencebothstrands.

RT-PCR

RT-PCRwasperformedontissuesamplesofthebrain,ventralnervecord,fToregut,

midgut,hindgutandMalpighiantubulesofthecockroach.TotalRNAwasextractedfrom

thetissuesasdescribedaboveandthenspectrophotometricallyquantified.Firststrand

CDNAwassynthesizedina20plreactionvolumewith2ugoftotalRNA,uslng

oligo(dT)primerandreversetranscriptase(Takara).Threemicrolitersofthereverse

transcnptionproductwasusedfわrPCR.AmplificationorCCAPprecursortranscnptswas

conducted using specific pnmers f♭r CCAP (fTorward pnmer,
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5'-TAGGATGTTCTCTCGCTATCC-3'; reverse pnmer, 5'-

GGCTGTCTTACAATTCTCCAG-3').Then,PCR productswereSeparatedon l･5%

agarosegel,andstainedwithethidiumbromide.

Znsituhybrt'dization

The midgutwas dissected from a male cockroach and incubated in 4%

parafTormaldehyde/PBSat4℃ ovemight.AfterwasheswithPBStoremovethefixative,

thefixedmidgutwasdehydratedinethanolandxyleneandembeddedinparaffin.Serial

sectionswith7LImthicknessweremadeandtreatedaspreviouslydescribed(Satakeetal.

1999).Wh ole-mountinsituhybridization丘)rtheingluvialganglionwasperformedas

previouslydescribed(Fujisawaetal.1999).Toprepareasenseorantisenseprobe,53-mer

oligonucleotidescomplementaryoridenticaltoCCAPprecursorCDNAlocatedbetween

nucleotides245and298weretailedatthe3'-teminusbyDIG-1トdUTPuslngaDIG

oligonucleotidetailingkit(Rochediagnostics).Hybridizationanddetectionwerecarried

outaccordingtotheDIGSYSTEMprotocol(Ro血eDiagnostics).

Zmmunohistochemistry

ThemidgutwasdissectedfromPamericana,adultmales,fixedovemightat4℃ in

Bouinnuid,andembeddedinparaffin舟omwhich71PmSectionswerecut.Anti-CCAP
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antiserumwasorderedfromGenemedSynthesisInc.(SouthSan Francisco,CA),andno

cross-reactivitytoprohormonalfわrmssuchastheCCAPnankedbyaGlyC-terminal

amidationsignaland/ordibasicendoproteolyticsitesateitherterminuswasconfirmedby

themanufTacturer.ImmunohistochemicalstainlngWasPerfわrmedaspreviouslydescribed

(Sattelleetal.2000)usingtheanti-CCAPantiserumdilutedto1:1000.Immunoreactivity

wasvisualizedbytheavidin-biotinperoxidasemethodwithadiaminobenzidine(DAB)as

achromogen(VectastainABCElitekit,VectaLab,Inc,CA,USA).Theingluvialganglion

wasdissectedfrom animal,fixedin4% parafbrmaldehyde/PBSat4℃ ovemight,and

furtherprocessed fわrwhole-mountimmunohistochemistry aspreviously described

(Fujisawaetal.1999).Thetissuewasincubatedwiththeanti-CCAPantiserumdilutedto

1:300andimmunoreactivitywasvisualizedbytheavidin-biotinperoxidasemethodwith

DAB.

Controlsincluded(i)preabsorptionoftheantiserumwithsyntheticCCAP(BACHEM

AG,Bubendorf,Switzerland)atafinalconcentrationof10-5M forovemightat4oC and

(ii)deletionoftheprimaryantiserum.Nospecificimmunostainingwasobservedineither

ofthecontrols.

Measurementofa-amylaseactivt.0,fromthemidgut

Cockroachmidgutsweredissectedinlowglucosesaline(154mMNaCl,13mMKCl,10
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mM CaC12,3mM MgC12,0.01% D(+)-glucose,1% FICOLLType400,and10mM

HEPES,pH7.0)containingaproteaseinhibitorcocktail(Complete,EDTA-free,Roche

Diagnostics).Isolatedmidgutswereopenedtoremovefわodparticlesandperitrophic

membrane.Thetissueswereincubatedinthelowglucosesalineatroomtemperaturef♭r

30mininthepresenceorabsenceofCCAP.α-amylaseandmaltaseactivitiesreleasedinto

thesupematantwasquantifiedusingtheα-amylasemeasuringkit(KikkomanCorp.Chiba,

Japan)andWakoglucosetestkit(WakoPureChemicalIndustries,Osaka,Japan),

respectively

Gutcontyactionassay

Thefbregut,midgutandhindgutofPamericanawereusedf♭rbioassaystoconfirmthe

effectofCCAPonthecockroachitself.Afterdissection,thesetissuesectionswere

mountedinachambercontainlngInsectSalineofthefbllowlngcomposition:154mM

NaCl,13mM KCl,1mM CaC12andllmM D(+)-glucosein10mM HEPES(pH7.0),

andtreatedaspreviouslydescribed(Fujisawaetal.1993).StimulatoryeffTectonthe

contractionofthetissuesectionsweremonitoredatdiffTerentconcentrationsofCCAPand

plottedinpercentofmaximumcontractionf♭reachtissue.
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Statisticalanalysis

Resultsareshownasthemean± SE.Dose-responsestudyonthemidgutα-amylase

andmaltaseactivitieswereanalyzedbytheone-wayANOVAwithDunnette汀Or

protection.Di飽renceswereacceptedasslgnificantwhenP<0.05.
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u-3.Results

HPLCpurtjication

Thechromatogram ofthefirst-roundRp-HPLCpurificationisshowninFig.II-1A.

Fractions#26and#27,showingmyostimulatoryactivitieson仇ecricketfbregut(Fig.Ⅱ

-1B),werepooledandpurifiedonthecation-exchangecolumn.Thebioactivefractionwas

furtherpurifiedbyfourmoreRp-HPLC steps.Finally,thefractionwithaslngle

UV-absorbancepeakwasobtained(Fig.Ⅱ-1C)andsubjectedtoan aminoacidsequence

analysis,reVeahngthatthepnmarystructureofthepeptidewasPFCNAFTGC,whichis

identicaltoCCAP(Stangieretal.1987).

Fig.II-1.PurificationofCCAPfromthe

midgutofthecockroachusingabioassay.

A,Firstwasaseparation stepuslng

Rp-HPLC.Thecolumn(CapcellPakC18;

10x250mm)wasdevelopedby0-70%

acetonitrileand0.1%TFA.Ashadedbar

indicatesthe bioactive fractionsfrom

whichCCAPwaspurified.B,Fractions

#26and#27in(A)stimulatedcontractions

ofthecricketforegut.Thefractionswere

appliedtothetissueatthetimeindicated

bythearrows.C,Thefinalstepused

reversed-phase HPLC. The column

(TSKgelODS-80TM;4.6×150mm)was

ellltedisocraticallywith21%acetonitrile

and0.1%TFA.
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CharacterizationofaCDNAencedingCCAPprecuysor

Sincethisneuropeptidehasbeenisolatedkomthecentralnervoussystemofarthropods

(Dircksen1998),IspeculatedthatthemidgutCCAPwasderivedfiomthestomatogastric

nervoussystem innervatingthemidgutmuscles.Toclarify theoriginofthepeptide

isolated,weexaminedtheexpressionortheCCAPgeneinthemidgut.

IattemptedtoclonetheCCAPcDNA丘･om也ecockroachventralneⅣecord,giventhat

high CCAPgeneexpressionwasdetectedintheventralnervecordofthemoth,Manduca

sexta(Loietal.2001)･IinitiallyperfわrmedanRTIPCRexperimentwithdegenerate

pnmerscorrespondingtothepartialCCAPsequencePFCNAFTandtheanchorpnmer,

followedbyreamplificationofthefirst-roundPCRproductswithdegeneratepnmers

correspondingtothepartialCCAPsequenceCNAFTGCGandthesameanchorpnmer.

Furthermore,5'RACEwithspecificpnmersf♭rtheclonewasemployedtoelucidatethe

fu1111engthsequenceoftheCCAPCDNA.Arepresentativesequencewassubmittedtothe

DDBJ/EMBL/GenBankdatabases(AB126034).AsshowninFigure2.2A,theCCAP

precursorCDNAwascomposedof1149nucleotidescontainlngaShort5'untranslated

sequenceof103bp,aslngleopenreadingframeof513bp,anda3'untranslatedsequence

of533bp.TheopenreadingframereglOnbeganwithtwoputativestartcodonsat

positions104and110andteminatedwithaTAAstopcodonatposition617.Four

polyadenylationsignals(AATAAA)werefわundinthe3'untranslatedregionatpositions
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925,1013,1028and1107.AsingleCCAPsequence,flankedbyaglyclneC-terminal

amidationsignalanddibasicendoproteolyticsitesatbothtermini,wasshowntobe

encodedatresidue50-63intheprecursor.Inaddition,aminoacidsequencecomparisons

ofthecockroachCCAPprecursorwiththoseofM.sextaandDrosophilamelanogaster

revealedthatoneCCAPsequenceandseveralaminoacidresiduesareconservedamong

allprecursors(Fig.Ⅱ-2B),although thebiologicalsignificanceofsuchconservedamino

acidresiduesremainsunknown.
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Fig.Ⅱ -2.NucleotidesequenceanddeducedaminoacidsequencesofcockroachCCAPCDNA.A,The

sequenceofCCAPisindicatedinboldfacetypeandunderlined.TheneuropeptidehasaC-terminalGly

residue(boldfaceditalics),whichisaconsensusresidueforamidation.Thedibasiccleavagesiteis

boxed.Fourpolyadenylationslgnalsareunderlined.B,ComparisonofaminoacidsequencesofCCAP

precursors.TheCCAPprecursorsarealignedwiththoseofthecockroach(Periplaneta),thetobacco

hawkmoth(Manduca)andthefruitfly(DtlDSOPhila).Aminoacidsequencesareavailablefrom the

DDBJ侶MBL/GenBankdatabases(accessionno.AF451838,themoth)andFlyBase(FBgnOO39007,the

fruitfly).Asterisksanddotsdenoteidenticalaminoacidresiduesamongallortwoprecursors,

respectively.Gapsmarkedbyhyphenswereinsertedtooptimizehomology.
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DistributionofCCAPinthemidgutendocrinecellandthenervousSystem

ThelocalizationofCCAPmRNAwasdirectlyobservedbyinsituhybridizationto

7-いmSerialsectionsofthetissueusinganantisenseDIG-labeled53-meroligonucleotide

probe.AsshowninFig.Ⅱ -4A,Severalmidgutendocrinecellswerepositivelystained.

SuchpositivestainlngWasOnlydetectedwhentheantisenseprobewasusedbutwasnot

obseⅣedwiththesenseprobe(datanotshown).Furthemore,notranscriptwasdetected

inthemusculatureofthemidgut.Inaddition,theseCCAp-expresslngCellswerefわundto

residesolelyamongcolumnarcellsandmidgutnidi,i.e.,clustersofregenerativeepithelial

cells.TheseresultsprovideindisputableevidencethattheCCAPgeneisexpressedinthe

endocrinecellsofthemidgutepithelium.lmmunoreactivityagainstCCAPwasalso

detectedintheendocrinecells(Fig.Ⅱ-4B),whichisincompleteagreementwiththe

resultsobtainedbyinsituhybridization(Fig.II-4A).CCAp-immunopositivecellswere

alsofわundtoresidesolelyamongcolumnarcellsandnidiofregenerativecells,andsome

endocrinecellswereextendedtowardtheluminalside.Theseimmunohistochemical

studiesconfTlrmedthespecificproductionofCCAPintheendocrinecellslocatedinthe

midgutepithelium.Intriguingly,CCAPimmunoreactivitywasdistributedaroundthe

apicalsiteandthelateralsurfaceofthecells(Fig･Ⅱ-,4C),butrarelynearthecircular

musclecells･Suchintracellularlocalizationoftheimmunoreactivitysuggestedparacrine

secretionofCCAPtoadjacentmidgutepithelialcellsratherthantothemuscletissues.
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StimulatoryeHectofCCAPona-amylaseactiv砂 itzthemidgut

Subsequently,Iexam inedtheeffectofCCAP onactivitiesofdigestiveenzym es･

Intriguingly,IncubationofthedissectedmidgutwithCCAPatmorethan10-8M 1.edtoan

increaseintheactivityofα-amylase(Fig.Ⅱ-6A),whereasonlythelowglucosesaline

showednoeffects(datanotshown).Furthermore,CCAPfTailedtoaffectactivitiesof

maltaseactivity(Fig.Ⅱ-6B).TheseresultsprovidedevidencethatCCAPisresponsible

fordigestionofcarbohydrates,atleaststarch
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Fig.Ⅲ-6.StimulatoryeffectofCCAPonthemidgutα-amylase(A)andmaltase(B)

activities.Midgutswereincllbatedfわr30minwithvariousconcentrationsofCCAP.

Eachpointrepresentsthemean±SEof3preparations.*,P<0.05,comparedwith

q-amylaseactlVltyintheabsenceofCCAP.Noslgnificantdifferenceinmaltaseactivlty

inthepresenceorabsenceofCCAPwasobseⅣed.
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MyotropL'CactiviolOfCCAPonthecockroachatl'mentarytract

TheeffectofCCAPonthealimentarytractofthecockroachwasevaluatedusingagut

contractionassay.Allthepreparationsofcockroach(foregut,midgutandhindgut)fTorm ed

stablespikesequenceswithoutCCAP.AdministrationofCCAPresultedinanincreasein

theampl血deofcontractionsofalltheguttissuesinadose-dependentmamerwitha

thresholdoflO~9M (Fig.Ⅱ-7A-D),whereasnochangewasobseⅣedbyadditionofthe

insectsalinetoanyguts(datanotshown)･EC50Valuesonthefbregut,midgutandhindgut

werecalculatedtobe2･4xlolaM,1･1xlOl8M and3x10-8M,respectively･Theseresults

clearlyshowthatCCAPatphysiologicalconcentrationsstimulatescontractionofeachpart

ofthealimentarytract.
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Fig.II-7.MyostimulatoryeffectsofCCAPonvariouspartsofthealimentarytractofadultP

americana.10L7MCCAPincreasedtheamplitudeofthecontractionsoftheforegut(A),midgut(B),

andhindgut(C).Thepeptidewasappliedatthetimeindicatedbythearrows.Verticalandhorizontalbars

ineachscalerepresent15mgand1min,respectively.Dose-responsecurvesshowingtheeffectsof

varyingconcentrationsofCCAPonforegut,midgut,hindgutmusclecontractions(D).Themaximum

contractioncausedby10-6MCCAPwastakenaslOO%･EC50Valuesontheforegut,midgutandhindgut

are2･4x10-8M,1･1x10-8Mand3x10-8M,respectively･Eachpointrepresentsthemean±SEof3

preparations.
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Discussion

CCAPwasonglnallyisolatedasacardioacceleratorinthepericardialorgansoftheshore

crab,Carcinusmaenas(Stangieretal.1987),andlateridentifiedinthenervoussystemof

diverseinsects(Dircksen1998).Furthermore,theCCAPgenewasclonedfromthecentral

nervoussystem ofM.sexta(Loietal.2001)andD.melanogaster(Parketal.2003).

CCAPwasalsofoundtoexhibitmyomodulatoryeffectsinvariousorgansincludingthe

heart,thelegmuscle,theoviduct,andthehindgutofinsects(Dircksen1987,Lehmanetal.

1993),andtostimulatetheinvitroreleaseofadipokinetichormone(AKH)byglandular

cellsoflocustcorporacardiaca(Veelaertetal.1997).Recently,thefunctionofCCAPin

ecdysiswasalsodemonstrated;inM.sexta,CCAPplaysakeyroleintheinitiationofthe

ecdysismotorprogram (Gamm ie and Truman 1997),and CCAp-knockoutD.

melanogasterabolishedthepupalecdysis,indicatlngthatCCAPisrequisitefわrinitiation

oftheecdysisintopupa(Parketal.2003).Thesefindingshavesuggestedmultipleand

vitalrolesf♭rCCAPasaneuronalfactorininsects.

Inthepresentstudy,IshowedtheisolationofCCAPfromthemidgutofPamericana,

localizationoftheCCAPmRNAandthepeptide,stimulationofα-amylaseactivityfrom

midgut,andcontractileeffectsonthealimentarytract.RT-PCRanalysis(Fig.II -3)

clearlydemonstratesexpressionoftheCCAPgeneinthemidgutaswellasintheventral
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cord,providingevidencethatCCAPseⅣesasbothaneuropeptideandagutpeptide.

Furthermore,insituhybridizationrevealedthattheCCAPgenewasexpressedexclusively

inseveralendocrinecellswithinthemidgutepithelium (Fig.Ⅲ-4A),suggestinga

biologicalroleforCCAPasasecretorysubstance丘ommidgutendocrinecells.Astriking

fTeatureisthatabundantCCAPimmunoreactivltyWasdetectedatthelateralmarglnSrather

仏anthecenteroftheendocrinecells(Fig.Ⅱ-4C).Ⅰnaddition,apreviousultrastmctural

studyshowedexocytosisofsecretorygranulesonthelateralandthebasalsurfaceofthe

midgutendocrinecellofPamericana(6).Incombination,theseBndingsstronglysuggest

thattheCCAPproducedinthemidgutisreleasedtoadjacentcellsasaparacrinefactor

andparticipatesintheregulationofsomemidgutepithelialcellssuchascolumnarcells

and/orregenerativecells.Intheinsectmidgut,columnar cellsarepredominantly

responsiblefTorsynthesisandsecretionofdigestiveenzym es(Lehane1998).Sincethe

midgutepithelialcellsarenotsubjecttoneuronalregulation(Lehane1998),synthesisand

secretionofdigestiveenzymesand/orabsorptlOnOfnutrientsareexpectedtobestimulated

notonlybydigestsinthelumenbutalsobythemidgutendocrinecells(Lehaneetal.

1995).Notably,theCCAp-expressingcellsarecloselyassociatedwithcolumnarcells

(Figs･2.4A-C),andCCAPwasshowntoincreasetheactivityofthemidgutα-amylase

(Fig.ⅡI.6A).Thesedataareingoodagreementwiththefactthatα-amylase-containing

columnarcellswerelocalizedinthemidgutepitheliumofPamericana(Limaetal.2003)

31



andthathighα-amylaseactivityinthemidgutwasalsoobseⅣedinthecockroaches,刀.

punctata(Fuseetal.1999)andNauphoetacinerea(EIpidinaetal.2001).Takentogether,

thesefindingsledtotheconclusionthatCCAPreleased&omthemidgutendocrinecellsis

involvedinfわoddigestionand/orabsorptlOnViaparacrineregulationoftheactivltyOf

α-amylaseproducedandsecretedbythecolumnarcells,although也epossibilitycamotbe

excluded thatCCAP may regulatesactivitiesofotherdigestive enzym esthan

carbohydrate-degradingenzym es.

CCAPwasalsoshowntoelicitaprominentcontractionofallgutmuscles(Fig.Ⅱ-.7),

suggestingthatCCAPcontrolsgutmovementinthecockroach.However,aninsitu

hybridizationsignalwasabsentthroughoutthemidgutcircularmuscleregion(Fig.Ⅱ

-4A),reveahngthatthemidgutmuscleregionisnotresponsibleforthesynthesisofCCAP.

Ontheotherhand,CCAp-immunoreactivitywasobseⅣedinneⅣe丘bersrunningthrough

themidgutcircularmuscle(Fig.II-4D).Theingluvialganglion,whichisamajor

componentofthestomatogastricnervoussystem,isknowntoinnervatethefbregutand

anteriormidgut(MiyoshiandEndo1998),andCCAPproductionwasinfactdetectedin

theingluvialganglion(Fig.Ⅱ-5A,B).Moreover,themidgutepithelialCCAPisnotlikely

tobereleasedinthecircularmusclelayers,glVenthatCCAp-immunoreactiveendocrine

cellsarerarelyobseⅣednearthecircularmusclelayers(Fig.Ⅱ-4B).Thesehistochemical

obseⅣationsindicatethatCCAPpresentinthemidgutcircularmusclereglOnis
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transportedthere丘omtheingluvialganglionandthenisinvolvedinregulationoffbregut

andmidgutcontraction.Inaddition,CCAPmRNAwasdetectedintheventralcord(Fig.

II -.3).Thecockroachabdominalgangliaoftheventralcordinnervatethedorsaland

ventral muscles, the dorsal heart, and the hindgut (Comwel1 1968). The

immunohistochemicalandphysiologlCalstudiesonavarietyofinsectsshowedthatCCAP

fromtheventralcordcontrolstheheartbeatandhindgutcontraction(Lehmanetal.1993,

Stangieretal.1989,Dircksenetal.1991,DulcisandLevine2001),suggestingthe

involvementofnervecordCCAPinthecontrolofhindgutmovementand/ortheheartbeat

inthecockroach.Thisnotioniscompatiblewiththeresultshowingcockroachhindgut

contractionbyCCAP(Fig.Ⅱ -7C andD).Therefわre,itispresumedthatCCAP

partlCIPateSintheregulationoffeedingbehaviorbyconcertedfunctionsasaparacrine

substancef♭rinductionofcarbohydratedigestionbythemidgutepithelium anda

myostimulatoryneuropeptideforeachoftheguttissuesand/orhearts,Suchfunctional

relationshipsarenowbeingexamined.

IforthefirsttimeshowedtheexpressionofboththeCCAPgeneandpeptideinthe

insectmidgutendocrinecells(Figs2.3and2.4).TheCCAPgeneexpressionhasyettobe

investigatedinthemidgutofotherinsectsincludingD.melanogaster(Parketal.2003)

andM.sexta(Loietal.2001).Similarly,thegeneexpressionofothermyomodulatory

neuropeptidessuchasleucomyosuppressin(Fuseetal.1998)andtachykinin-related
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peptides(Siviteretal.2000)inthemidguthassofarbeeninvestigatedinonlyasingle

insectspecies.Furtherstudiesarerequiredtoestablishcommonorspecies-specific

biologicalrolesfわrtheseneuropeptidesasmidgutfactors.

AlsoofinterestisthestructureandfunctionofaCCAPreceptor.ThestimulatoryeffTects

ofCCAPonthemidgutα-amylaseactivity(Fig.II-6)andcontractionofthemidgut(Fig.

Ⅲ-7B andD)suggestthepresenceofaCCAPreceptorinthistissue.Recently,

identificationofaCCAPreceptorfTromDrosophilawasreported(Cazzamalietal.2003).

MolecularandfunctionalcharacterizationofthecockroachCCAPreceptorsisexpectedto

contributetothefurtherinvestigationofthebiologicalrolesandmodesofactionfわr

CCAPintheinsectkingdom.IdentificationofCCAPreceptorfrom thecockroachis

currentlyinprogress.

Inconclusion,Ihaveshownthatanarthropodneuropeptide,CCAP,hasmultifunctional

rolesintheregulationofguttissuesasbothaneuropeptideandanovelmidgutfactor.
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Chapterm

Nutrients-induced α -Amylase and Protease activio, is

RegulatedbyCrustaceanCardioactivePeptide(CCAP)inthe

CockroachML'dgut

m-1.Introduction

Feedingbehavioriscriticalfわrallorganisms'lives.Mostinsectshaveeither

herbivorousorcamivorousproperty,whereascockroachesareknowntofeedonavariety

oforganicsources.Theexceptionalomnivorouscharacteristicofcockroachesintheinsect

kingdomsuggeststhatthecockroachmidguthastheabilitytorecognlZeanddigestmany

kindsorfわods.ThepnmarytlSSuef♭rdigestionornutrientsininsectsis血emidg叫which

producesdiversedigestiveenzym essuchasamylase,invertase,maltase,andlactase,

proteasesandlipase(Comwell,1968).Themidgutepitheliumresponsiblefわrdigestion

andabsorptionofnutrientsisnotimmervatedbysensoryneurons(Lehane1998),indicating

thenon-neuronalsensorymechanism functionsindigestingprocesses.Inearlystudies,

secretorygranuleswereobseⅣedininsectmidgutendocrinecellsresidingintheepithelial

layer(Nishiitsutsuji-Uwo etal.1981),and severalmammalian neuropeptide-like

immunoreactivitiesweredetectedintheendocrinecells(Montuengaetal.1989).Insect
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midgutendocrinecellswerealsofoundtoexpressseveralgenesofinsectneuropeptides

suchasallatostatin(Reichwaldetal.1994),leucomyosuppressin(Fuseetal.1998),and

neuropeptideF(Brownetal.1999).Thesefindingssupportthenotionthatneuropeptides

producedbythemidgutendocrinecellsplaypivotalrolesinfoOddigestionasgut

regulatoryfTactorsinanon-neuronalregulatoryfashion.Furthermore,theomnivorous

propertyofcockroachesindicatesthemultiplegut-peptidergicregulationsfわrdigestion.

Inourpreviousstudy,Iidentifiedaneuropeptidecrustaceancardioactivepeptide

(CCAP)asanovelgutfactorininsect.TheexpressionoftheCCAPgeneintheendocrine

cellsofthemidgutwasdetectedbyinsituhybridization,andimmunohistochemical

analysisshowedthatCCAPwasdistributedaroundthelateralsurfacesoftheendocrine

cells.Fu血emore,elevationofα-amylaseactivltyWasalsoobseⅣeduponadditionof

CCAPtothemidgut.

Inthisreport,IshowtheCCAp-regulatorydigestioncascadewherenutrients-inducing

α-amylaseandproteaseactivitiesaremediatedbyCCAP.
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m-2.Materialsandmethods

Animal

TheadultmaleAm ericancockroach,Periplanetaamericana,rearedinmassandfedwith

waterandartificialdiet(MF,OrientalYeastCorp.,Tokyo,Japan)at250Cwereusedfor

experiments.Theywerekeptat25oCundera12:12hlight.'darkcycle.Animalswere

anesmetizedbycoolingundercmshedicebefわreitsdissection.Toeliminatefわodinthe

gutcompletely,也ecockroacheswerekeptindividuallyinclearplasticcupscontainlnga

tubefilledwithwaterfTor3weekswithoutfood.TheywerefedwithlOO%starch,casein,

talcandnone,respectively,a洗er3-weekstarvation.ThemidgutfTromeachcockroachwas

collectedfわrsubsequentanalysisatlh,2h,3h,4h,and5hafterre-fTeedingthe

experimentaldiets.

ZmmunohistochemistTy

ThemidgutwasdissectedfromPamericana,adultmales,fixedinBouinfluidat40C

ovemight,and embedded in paraffin from which 7叫m Sections were cut.

ImmunohistochemistrywasperformedaspreviouslydescribedinChapterⅡ.primary

antibodiesusedwererabbitanti-CCAP(usedat1:1,000;GenemedSynthesis,Inc,CA,
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USA).Immunoreactivitywasvisualizedbytheavidin-biotinperoxidaseme也odwitha

diaminobenzidine(DAB)asachromogen(VectastainABCElitekit,VectorLab.Inc,CA,

USA).

Controlsincluded(i)preabsorptionortheantisemmwithsyntheticCCAP(BACHEM

AGBubendorf,Switzerland)atafinalconcentrationoflO15M forovemightat4oCand

(ii)deletionoftheprimaryantiserum.Nospecificimmunostainingwasobservedineither

ofthecontrols.

Morphometricanalysis

Theimmunohistochemicalreactionwasquantifiedusingthepointcountingmethod.Four

sectionsofthemidgutfTromeachexperimentalanimalwererandomlyselectedfrom50

sections.Pointsfallingontheendocrinecellswerecountedanddividedbythetotal

numberofpolntSOnthemidgutepithelium.Datawerereportedastheamountof

endocrinecellsper100pointsgrid.Allmorphometricparametersdeterminedforall

groupswerecomparedbyone-wayANOVAandthelevelofsignificancewassetat5%in

allanalyses.
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CompetitiveELtSA

Isolatedmidguts丘omthere-fredcockroacheswerehomogenizedindividuallyinTBS

a洗erremovlngfToodparticlesandperitrophicmembrane,andtheneachhomogenatewas

centrifuged.Thesupematantswereusedforsamples.Threesamplesweretestedateach

timepoint.TheantiserumagainstCCAPandasyntheticCCAPconjugateWereusedina

competitiveELISAtoquantifyCCAPinthesamples.ACCAPIBSAconjugatewas

preparedbycouplingCCAPtoBSAwithdimethylsuberimidate,DMS.Fortheanalysts,

thecoatingplateswerepreparedwithCCAp-BSA(0.6pg/mlperwell)i.n0.05Msodium

carbonate｣)icarbonatebuffer(pH9.0)fTor3handblockedwith2%skimmedmilkfor1h.

Standardpeptides(0.0ト100nmol/well)Orthemidgutsupematantsampleswereadded

respectivelyinavolumeof50LLl/well.Subsequently50plofthedilutedantiserumagalnSt

CCAP(1:20,000finalconcentrationinTBSTwith2%skimmedmilk)wereaddedinthe

wells.Plateswereincubatedovemightat4oC.PlateswerewashedthreetimeswithTBST

a洗erincubation,andincubatedwithasecondaryantibodysolution(goatserumanti-rabbit

IgGlabeledwithalkalinephosphatase,1:2000finalconcentrationinTBSTwith2%

skimmedmilk)fTor1h.looLLlofthesubstrate(p-nitrophenylphosphatedisodiumsalt

hexahydrate,NPP)wasaddedtoeachwellandincubatedf♭rlh.Thereactionwasstopped

with50トLlof4MNaOH.Finally,theresultsweremeasuredat405nmuslngan

39



automatedmicroplatereader(Tosoh,Tokyo,Japan).

Dl'gestiveenzymeassayIαamyLaseandprotease

Theα-amylaseactivitiesofthemidgutweremeasuredasdescribedpreviouslyuslngthe

α-amylasemeasuringkit(KikkomanCorp.Chiba,Japan).Theproteaseactivitiesofthe

midgutweremeasuredbydigestionofazocasein(EIpidinaetal.2001).Thecockroach's

midgutsweredissectedandcuttoremovelumencontentsin50mM TriS-HCl(pH7.4).

Eachtissuewashomogenizedinfresh50mMTrisIHClandcentrifugedat4,000×gfTor10

minat4oC.AliquotsweretakenfTromthesupematanttomeasureproteasesactivities.

Proteasesactivitieswerequantifiedbyincubating0.3mlsupematantwith0.3mlof0.5%

azocaseinsolutioninTrisIHCl(pH7.4).After15minofincubationat37oC,thereaction

wasstoppedbyadding0.9mlof30% trichloroaceticacid.Theincubationmixturewas

centrifugedat4,000xgat4oCfor15minandthesupematantwasreadat335nmwitha

UVISpectrophotometer.

CCAPeffectontheen郡meaCtivL'tz'es

Themidgutspreparedasdescribedabovewereincubatedinthe50mM TrisIHCl(pH

7.4)inthepresenceorabsenceofCCAPatroomtemperaturefわr20min.α-amylase
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activitiesandproteaseactivitiesreleasedinto血esupematantandthetissueswere

measured.

Statisticalanalysis

Resultsareshownasthemean±SE.Datawereanalyzedbytheone-wayANOVA

withDunnetterrorprotection.DifferenceswereacceptedasslgnifiCantwhenP<0.05.
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m-3.Results

Localizationofenzymesactiv砂 l'nthemidgut

ToinvestlgatethereglOnSresponsiblefわrstarchandproteindigestion,distributionof

twoofthedigestiveenzymes,α-amylaseandprotease,wasdetemined.Themidgutwas

dividedintothreereglOnS,anterior,middleandposteriorf♭renzym edistributionstudies.

Fig.Ⅲ-1ABshowsthatbothα-amylaseandproteaseenzym eactivitiesintheanterior

reglOnWere2timesstrongerthanmiddleandposteriorreglOn.Theseresultsshowedthat

theanteriorpartofthemidgutplaysamajorroleinproteinandstarchdigestion.

A ( 250⊂.-2.& 200> 4}lj=｣351503% .00号 8 50< %㌔ 0ヽJ 辛 ∩- - ■- -

8 250⊂～> 鳥 200:蔓 巴召 .蔓 150■ゝ4> d>岩 層 100も n-L L+_EL O 50i声 0 辛 一 一

Fig.Ⅲ-1.ThedistributionofoL-amylase(A)andprotease(B)activityinthemidgut

ofPamericanafromfedadults.Eachpolntrepresentsthemean土 SEofthree

preparations.*,P<0.05,comparedwiththeenzymeactlVltyOfposteriormidgut.
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Stimulato叩 eMectofCCAPondigestiveen砂meaCtiv砂 inthemidgut

Subsequently,IexaminedwhetherCCAPmodulatesproteaseactivitylnthemidgut.

Intrigulngly,lnCubationofthedissectedmidgutwithCCAPatmorethan 10-8Mledtoan

increaseintheactivityofprotease(Fig.Ⅲ 13),whereasonlythebuffTershowednoeffTects

(datanotshown).ThisresultprovidedevidencethatCCAPisresponsiblefordigestionof

proteinsaswellasstarch.Fig.Ⅲ -4A and4B show thedigestiveenzym eactivities

releasedintothebufferovera4hincubationperiod.Threehoursincubationofthemidgut

treatedwithCCAPexhibitedapproximately8-foldhighertheα-amylaseactivitythan the

midgutuntreatedwithCCAP(Fig.IIIl4A).Inaddition,Fig.III-4Ademonstratedthe

time-dependentα-am ylaseactivlty;theactivityremainedcontinuouslyelevatedupto3h,

andthenreduced.Likewise,thereleasedproteaseactlVltyOftheCCAp-treatedmidgut

was3-foldhigherthanthatofuntreatedone(Fig.Ⅲ-4B).Takentogether,theseresults

clearlyshowedthatCCAPup-regulatedboththeα-amylaseandproteaseactivities

releasedfromthemidgut.
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EjfectoffeedingonCCAPcontelZtinthemidgut

TheaboveresultssuggestedthatCCAPreleasedfrom themidgutendocrinecells

stimulatesdigestiveenzym eactivitiesinresponsetofoOdcontents.Weinitiallyexamined

whethertheCCAp-endocrinecellsnumberandCCAPamountweredependenton

nutrients.

Quantitativeanalysisofstainedcellsindicatedthattherewasanincreaseinthenumber

ofCCAp-expressingcellsaRerre-feedingstarch(Fig.Ⅲ -5A)andcasein(Fig.III-5C),

butnota洗erre-feedingtalc(Fig.Ⅲ -5E).Thetissuesectioncollecteda洗er3hr

post-re-feedingstarchshowedtwiceincreaseinthenumberofCCAP-Positiveendocrine

cellsthanthoseunfedandafter1hrpost-re-feeding,andthesectionspreparedfromthe

midgutalter5hpost-re-feedingshoweddecreaseinnumberofpositivecellstothebasal

level.Similar datawasobtainedfrom thequantitativeanalysisofthemidgutsection

preparedbythecockroacheswithcasein(Fig.Ⅲ -5C).CompetitiveELISAonthemidgut

homogenateofre-feedingstarchandcaseinindividualsalsoconfirmedthatCCAPamount

inthemidgutofcockroachesa洗er2hand3hpost-re-feedingIncreased1.5-fToldmorethan

intheunfedmidgut,andthendecreasedaRer4hpost-re-feeding(Fig.Ⅲ-5BandD).The

midguthomogenateofre-feedingtalcdidnotchangeCCAP amountduring4h

post-re-feeding(Fig.Ⅲ 15F).Itisnoteworthythatthesenutrients-inducingelevationof
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theCCAPamountwasingoodagreementwiththeup-regulationoftheα-am ylaseand

proteaseactivitiesbyCCAP(Fig.Ⅲ -4.),giventhatbothofthemreachedthemaximum

levelaRerat3-hrincubationaftertreatmentwithnutrientsorCCAP.Consequently,We

concludedthatbothstarchandproteinsinducethesynthesisofCCAPinthemidgut.
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m-4.Discussion

Thedigestivesystemorcockroachisacoiledtubecomposedofthefbregut,themidgut

andthehindgutfrommouthtoanus.Whenfoodsmovethorough thealimentarycanal

kommouthtoanus,almostdigestiveprocessesandabsorptlOnOfnutrientsareinitiatedin

themidgut(Comwel11968).Themidgutplaysacriticalroleinabsorptionanddigestion.

Themidgutiscomposedofaslnglelayeredepitheliumrestingonacontinuousbasal

membranesurroundedbycircularandlongitudinalmuscles.ThemajorCellsinthemidgut

arecolumnarcells,responsiblef♭rprocessingOfthediet.Endocrinecellsandregenerative

cellsarescatteredamongthepopulationofcolumnarcells,th℃ughouttheepithelium.The

neⅣoussystemsinneⅣateonlythemidgutmusculature,indicatingthatthedigestiveand

absorptivecellsintheepithelia1layerarenotcontrolledbyanyneuronalcells(Lehaneet

al1996).Thus,endocrinecellsareexpectedtoregulatethedigestionandabsorptionin

insectmidguts.

AsdescribedinChapterⅡ,neuropeptideCCAPwasfoundtobeproducedinthe

cockroachmidgutendocrinecellsasastimulatorofamylaseactivity;CCAPmRNAwas

detectedintheendocrinecells,andthatadministrationofCCAPtothemidgutresultedin

elevationofα-amylaseactivity.

Inthischapter,IshowthefunctionalcorrelationofCCAPwithdigestionofnutrients.
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Predominantα-amylaseandproteaseactivitiesweredetectedintheanteriorreglOnOfthe

midgut(Fig.Ⅲ11).Immunohistochemicalanalysisdemonstratedthatalargenumberof

CCAp-endocrinecellswerealsolocalizedintheanteriormidgut(Fig.Ⅲ -2).Notably,

CCAPwasshowntostimulatenotonlyamylasebutalsoproteaseactivltyinthemidgutin

atime-dependentmamer(Fig.Ⅲ -3).TheseresultsprovidedevidencethatCCAPis

responsiblef♭rdigestionofcarbohydrateandproteins.Furthermore,aquantitative

analysisofCCAp-immunoreactivecellsandELISAfTorCCAPinducedbynutrients(Fig.

Ⅲ -5)revealedthetime-dependentincreaseinCCAPproductionintheendocrinecells,

whichisconsistentwithinductionofα-amylaseandproteaseactivitiesbyCCAP(Fig.Ⅲ

14).Inaddition,CCAPiscontinuouslyelevatedupto3hrafterfeeding(Fig.Ⅲ -5).Taken

together,theseresultsledtotheconclusionthatthenutrientssuchasstarchandprotein

stimulatesthereleaseofCCAP,whichintum up-regulatestheα-amylasean'dprotease

activities.Furthermore,long-term (3h)continuouselevationofbothCCAPIPOSitive

endocrinecells(Fig.III-5A,C)andCCAPamounts(Fig.Ⅲ 15B,D)Stronglysuggestthat

thedenovosynthesisofCCAPisalsoenhancedbythepre-existingCCAP,nutrients

and/orothersecondaryinduciblefactors.Investigationofsuchregulatorysystemsis

currentlyinprogress.

TheCCAp-immunoreactivitywasobseⅣedatthelateralmarglnSOfthemidgut
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endocrinecells(Sakaietal,2004).Inaddition,microscopicobservationofthemidgut

impliesthattheCCAp-immunoreactivity likely spreadsfrom the CCAPIPOSitive

endocrinecellsintogapsamongadjacentcells.Thesefindings,combinedwiththe

up-regulationofα-amylaseandproteaseactivitiesbyCCAP,Supportthenotionthat

CCAPreleasedfromthemidgutendocrinecellsparticipatesintheregulationofdigestion

inaparacrinemanner.InkeeplngWiththis,alsoofinterestisthelocalizationofCCAP

receptorexpresslngCells.ThestimulatoryeffectsofCCAPonthemidgutdigestive

enzylleactivitiessuggestthepresenceofaCCAPreceptorinthecolumnarcellswhich

producethedigestiveenzym es.CCAPreceptorwasclonedfromDrosophila,although the

affinitytoCCAPisrelativelylow(Cazzamalietal,2003).Localizationofanauthentic

CCAPreceptorinthecockroachmidgutisexpectedtoprovideacmcialcluetothe

understandingofthemechanismandphysiologlCalrolesofCCAPinthedigestivesystem.

IdentificationofaCCAP'receptor&om thecockroachiscurrentlylnProgress. In

summary,wepresenttheregulationofnutrients-inducingα-am ylaseandprotease

activitiesbyCCAP,revealinganovelnon-neuralgutpeptidergicdigestivesystem.
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SummaryandPerspective

Inthepresentstudy,IshowedtheisolationofCCAP&omthemidgutofPamericana,

characterizationofCDNAsequence,localizationoftheCCAPmRNAandthepeptide,

stimulationofα-amylaseandproteaseactivityfromthemidgut,andcontractileeffectson

thealimentarytractbyCCAPadministration,andthefunctionalcorrelationofCCAP

expressionandreleasewithdigestionofnutrients.Thisstudyhasrevealednovel

biologicalrolesofCCAP,regulationsoffTeedingthrough neuralandhumoralinput･

TheexperimentsinChapter2ledtotheconclusionthatCCAPreleasedBomthe

midgutendocrinecellsisinvolvedinfTooddigestionand/orabsorption.CCAPwasshown

tobeexpressedintheingluvialganglionandγentralneⅣecordaswellasinthemidgut

endocrinecells,suggestingthatCCAPalsoplaysan essentialroleingutmovement

throughtheneⅣoussysteminthecockroach.Thisnotioniscompatiblewiththeresult

showlngprominentgutcontractionbyCCAP.Therefわre,itispresumed也atCCAP

participatesintheregulationoffeedingbehaviorbyconcertedfunctionsasanon-neuronal

substancefわrinductionoffわoddigestionbythemidgutepitheliumandamyostimulatory

neuropeptidefわreachoftheguttissues.ThisinvertebratespeptidergiccontroloffTeeding

isreminiscentofthebrain-gutaxishormonesysteminvertebrates.
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PresentstudystronglysuggestthatCCAPproducedinthemidgutendocrinecellsis

releasedtoadjacentcellsasaparacrinefactorandparticipatesintheregulationofsome

midgutepithelialcellssuchascolumnarcellsand/orregenerativecells.Localizationofan

authenticCCAPreceptorinthecockroachmidgutisexpectedtoprovideacmcialclueto

theunderstandingortheparacrinemechanismandphysiologicalrolesofCCAPinthe

digestivesystem.Addingthis,molecularregulatorymechanismsoftheneuropeptide

synthesisandsecretionoftheendocrinecellshaveyetbeenwellelucidated.Further

investlgationisrequiredtoexaminewhetherCCAPsynthesisisdirectlyinducedby

nutrientsorothersecondaryinduciblefactors,andwhethertheneuropeptideprocessing

enzym es,suchasprecursorconvertasesandpeptidy1-hydroxyglyclne-amidatinglyase,are

alsonewlysynthesizedtoproduceamaturepeptide.Alsoofinterestis･theregulationof

thedigestiveenzym es,glVenthatitisunclearwhetherCCAPpromotesdenovosynthesis

ofdigestiveenzym esoronlyenzym esecretion.

Insummary,CCAPwasshowntohavemultifunctionalrolesintheregulationofgut

tissuesasbothaneuronalandgutpeptidergicfactor,whichregulatesnutrients-inducing

α-amylaseandproteaseactivities.
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