
北 水 式 研 頼

Scl.Rep.
HokkaidoFishExpSLn

CODEN:HSSHEE
ISS:寸.0914-6830

北 海道 立水産試験場研究報告

第 41 号

SCIENTtFIC REPORTS

OF

HOKKAIDO FISHERIES EXPERIMENTAL STATION

No.41

北 海 道 立 中 央 水 産 試 験 場

北 海 道 余 市 町

1993年3月

HokkaldoCentralFisherleS

ExperimentalStatlOn

Yoichl,Hokkaldo,Japan

March,1993



北海並立水産放牧場は､次の機関をもって構成されており､北海道立水産試験場研究報告は､こ

れらの枚関における研究英紙を登載したものである｡

北 海 逆 立 水 産 試 験 場

北 海 道 立 中 央 水 産 試 戦 場
(HokkaidoCentralFisheriesEJ:perlmenLalStal】on)

北 海 並 立 面 相 水 産 試 牧 場
(HokkaldoHAkodALeFISherleSExperlmentalStation)

北海iB立函館水産壬式戦場室蘭支1点
(MuroranBranch.HokkaldoH且kodateFISherleS

ExperlmentalStat10n)

北 海 逝 立 釧 路 水 産 試 験 堀
(HokkaldoKushLrOFIShcrtesExperimentalStal10n)

北 港 道 立 網 走 水 産 試 験 JB
(Hokk且)doAbaShlrlFISherleSExperlmenla)Stat10n)

北海道立網走水産ZiE挨鳩紋別支鳩
(MonbetsuBranch.HokkaldoAbashlrlFISherleS

ExperimentalSt8tlOn)

北 海 並 立 稚 内 水 産 拭 壌 JA
(HokkaldoWakk8nalFisheriesExperlmentAlStation)

北海並立.抜培漁兼投合 セ ンタ-
(HokkaldoInstituteon1arlCUlture)

046
余市郡余市町喪中町23 8
(YoLChl.HokkaldoO46.Japan)

042
由好 市 &川rH - 2-66
(Yunokawa,Hakodate,

HokkaJdo伽2.Japan)

051
室鵬市舟見町1 -133131
(Funaml-Cho.Muroran,

Hokka)doOSI.Japan)

085
01路 市浜町2-6
(HaTna-Cho.KushlrO.

Hokkaldo085,Japan)

099-31
網走市竹浦 31
(Masuura,Abash)rl,
Hokkaldo099-31.Japan)

094
紋別市港町7
(Mln810-rnachl,Monbetsu.

HokkaldoO9LI.Japan)

097
稚内市宝 来4-5-4
(Horal.Wakkanal.

HokkAldo097.Japan)

041-14
茅部都度容PT字本別539-112
(Shlkabe.Hokkaldo84ト14.Japan)



北海道立水産試験場研究報告

第 41 号

目 次

斉藤 節雄

ティラピアの内耳､特に耳石器官と耳石の成長に関する

解剖学的､微細構造学的研究 (英文)- 1184

(1993年3月)



SCIENTIFICREPORTS

OF

HOKKAIDO FIS～HERIESEXPERIMENTALSTATION

No41

CONTENTS

SetsuoSAITOH

Stud)esontheAnatomyandMICrOStruCtUreOr

theInnerEarofTllapla(OreochTVmLSnLLoLICuS),

wlthspecialrererenceLotheOtollthGrowthlnthe

Oto)lLh)cOrgan

(March.1993)



北水は研確 Jll,l-84()993)
SclRepHokkaldoFIShExpSlrL

STUDIESONTHEANATOMYANDMICROSTRUCTUREOFTHEINNER

EAR OFTILAPIA (OREOCHROMISNILOTICUS),WITHSPECIAL
REFERENCETOTHEOTOLITHGROWTH

INTHEOTOuTHICORGANH '2

SeLsuoSAITOHり

AnatomlcalandllnestructtJrallnVeSt】gatlOnSOftheInnerearOfOreochromLS

nェLoLLCLLSWereCOnductedtoestabllShLhcmorphologlCalbasISOrOtOllth(saglLta)

growthwlthrcrcrencelothedallylnCrCmenlfortnalionThesaccular(otolllh-

holdlrLg)wallwascomposedoraslngle)ayerofce日sclaSSlrledintothreedifrerent

typesofepltheHa.thesensoryepithellum.thelransltionalepllhellumandthesqua一

mouseplthellum ApatchoEmltOChondrla-richce一lswaslocatedlnthesquamous

epltheLlum TheotollthlCmembraneandtheolollthwerelocatedoverthesensory

eplthellumOfthem且CUlaTheolollthICmembraneconsIStedortwodlStlnCtlayers.

theupperge18tlnOuSlayerandthelowersubcupularmeshworkThesubcupular

meshlVOrkextendedovertheentlreundersurfaceohheotollLh,whereasthegclatl-

nouslayerwasllmltedtothemaculareglOnlVhlChcorrespondedLothecenterarea

oftheotollthThecytoplasmlCeXtruSlOnSandmlCrOVllll10rlgl】14tedvesICleswere

obser､･edonthesensoryandtrams)1lonaleplthellalce)Is,respectlVelyThesensory

epllhelll)mOfthecrlStaampul)ar)S(non-otoHth-holding)wasmorphologlCallythe

sameasthatoLthesaccularmacula.andslml)arsecretoryextrusionswereexISled

onthecellsurface.buttherewerenOtr8nSltlOnaleplthe)lUmCellsbe&rlngmicro-

vLlllThequanlltatlYedlStrlbutionandc81cluTnContentolthesecretoryspherules

onthetranslt10naleplthellumShowedadlurnalchangeMaterlalslnthemlCrOVlll卜

orlglnatedvesicles.orspherulesonthetranSILIOnalepllheliun.weresuggestedlo

playthemoshmportantrolelntheotollthgrowth

Accepted March15.1993ContrlbutlOnA20日romtheHokkaldoFlsherleS
ExperimentalSLah0n
(輔文番号 A20ユ(平成5年3月lSEl受理))
+l ティラピアの内耳､特に耳石器官と耳石の成長に関する解剖学的､徽細構造学的研究
～2 ThepresentworkwassubmlttedasapartialfulfllmentortherequirementsTor
Doctor'sdegreelnFISherleSSclenCeatHokkaldoUnlVerSltym1992)
(本論文は､平成4年 1月北海道大学へ提出した学位審査論文である｡)

*3 HokkaldolnstltuleofMarlCulLure.Shlkabe.HokkaldoO41114.J叩an
(斉藤筋蛙､北海並立栽培漁業蛭台センター)
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l.lNTRODUCT10N

IntheanalystsOH)ShresourqS.theagedeterminationorindivldualFish)svery

ImportantandtheotollthlSOneOrthemostexcellentageCharacters.Ca_lclrledtlSSueS

suchasscalesandboneshavebeenusedforagedetermlnat10nOHlShesslnCemorethan

200yearsago(DeaJletal.)983)Later.somestudleShavedemonstratedthepresence

ofant)UlllnOtOllthsoftemperateflShesasare)nducedbytheresultsolslowand一ast

growthperlOdsTherellablHtyOftheseaLnnuLIOrOtOllthsforagedeLermlnaいOnhas

beenvalldaLedthroughworkwlthFishesorknownhlStOrleSandoftagglngandrecap-

turlngeXPCnment,S

SlnCetherlndlngOfthepresenceofdallygrowthIncrementslnflShotollths

(Pannella,1971),manylnVeStlgaLionshavebeencamedouttoClarlfythemlCrOStruCture

andgrowthlayersoftheotollth(Pannella,1974,Brothe一setal.1976;Taubertand

Coble.1977)andtoutlllZetheLnCrementSaSanlndlCaLorofdallyageorflSh(See

Beamlsh&McFarla.ne,1987)AlsotheotollthmlCrOSLructurehasbeenstudledtosub-

stantlateagedetermlnationonada_ユlybasIS(Morales-Nln.1987)ItlSnowCOnStdered

thatonecanesL]maLetheageorafLShtlslngtheoto)lthm)crostructureevenlrlLlacks

annullaSlnthecaseorsomeLroplCalspecleSOrtherlShlsinveryyounggrowthstages

ThevalldltyOldallyLnCrementformatlOnlntheflShotollthsshouldprovlderlShery

sclentlStS＼VlthaverypowerrultooHrthetemporalhlSLOryOfarlShlSrecordedlnthe

otol】thasa.permanentphyslOloglCaLca一ender.ltWOu)dmakeDoss)b上etoanalyze

seasonalandshort-termeventslnthedallyIncrementrecordThustheuseofoto)lths

forestimatlngages.growthpatternsandllrehlStOrleS.ParLICularlylnPreVIOuSly

unagedflShes.woo)dpromotepopulat10nStUdlesforresourcemanagemenLsTanakaet

al(1981)andMuglyaetal(1981)suggestedthatthedallynatureofIncrementsare

basedontheformaLIOnOfca)clum-r)ChandorganlcmatrlX-rlChlayerslnaccordance

wlththephotoper10dasanexternaltlmeCuefortheinternaユblO】oglCalclockHowever,

the)ncrementsarenotalwaysformeddailyunderaslow-growlngCOndltlOn(Ceflen,

1982).Ontheotherhand,1tSOmetlmeSmakesdlrflCu)HoassessthevalldlLyOrdally

agesbyappearenceorsubdaHyrlngS,Falser川gS.andverynarrowlndlStlnCLrlngS

(CampanaandNel】son.1985)

AgrowthlncrementlSablpartlteStructure.usuallyformedoyer24h.consISいngor

accretlonaTlddlscont)nuouszones(WatabeeLal,1982)Whenvlewedlv)thallght

mICrOSCOPe,theaccreuonzone appearsasabroad,translucentbaLld,whlledlSCOntlnuOtlS

zonelSOfrelaいvelynarrowandopaqueWhenanotollthplanehavlngaSerleSOldally

growthIncrementsISetchedwlthaweakacidandvleWedwlthascannlngelectron

m】croscope (SEM),accretlOnzonesappealaSrelatlVelywlde.))ght-etchedbandswhlle

dlscontlnuOuS冨onesareOfnarrrowaLnddeeply-etchedTherehavebeenmadeveryrev

mvestlgatlOnSaboutthemechanlSmOfrormaLionoftheseba.nds.especlallyfromce)1ula.r

aspectsorotollthdallygrowth,andmanyproblemsremalntObcsolvedformore

accurateuseorthesestructuresasanlnformatlOnSOurCeOfthellrehistroyorrlSh
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TheInnerear)nflSheslacksbonylabyrlnLhandlSlocated]neachsldeofthe

postcrlOrPartOrthecranialcavltyThetypICalmembranousLabyrlnthoftheInnerear

】ncartllagenousandbonyflShesconsIStSOfthreeslmIClrCularcanalsandthreeotol】Lh

organsAl】arerll】edwlthalymphaticf)uldcalledtheendolymF)h.orotollthrluld】n

otollthlCOrgansThesemlClrCularcanalsandtheutrlCulus.oneortheotol)Lhorgans,

areresponsibleforthecontrolofequl)lbrlurnandlocomot)on.wh)1etheothertwoot0-

11thicorgans,thesacculusandlagena,functIOnaSreCePtOrSforbothaudltlOnandgrav]-

tatlOn(Lowenstc)n.1971)Theotol)thorgansaremembranoussacseachcontalninga

slngle.denseca)CareousotolithormanycalcarcousotoconlaOnthesensoryeplthel)um,

themacula,whlChextendsonthemod)alwanoreachsacTheotol)thorotoconlaare

separatedfromthesensoryeplthelIumbytheotollthlcmembranewhlChlSaStructure

composedofglycosamlnOglycans(Muglya,1968)andhelpskeeptheotol】thlnposltlOn

relatlVetOthesensoryeplthellum

lnbonyflShes,therearethreekindsofsolldca)careousotol)ths,Iap]1)uslnthe

uLrlculus,saglttalnthesacculusandasterlSCuSlnthelagenaThesethreeklndsof

otolithsdifferfromoneanotherlnSIZeandshapeThesaglttalSusuallythelargest

andlSmostOftenusedToragedetermlnatlOnlnostar)OPhlsldflShes.theaster)scusIS

the)argestlntheca1careousotoHt･hEachotollthhasaspecleSISpeClflCShapethatlS

usedforanalyzlngSyStematlCrelat10nShlpSlntaxonomyOrbothextantandrossllflShes

TheseotollthsarecomposedofcalclumCarbonatelnI,heformofaragonltelnteleosts

(Morales-Nln.1987)

TheotollthsofteleostscontainanOrganlCmatrix,COmPOSedofglycosamlnOglycans.

llPlds(Muglya,1968)andprotelnSknownasoLoIln(Degenseta).1969)TheprotelnS

cons)storalargeproportlOnOraC)dlCam)nOaCldssuchasaspartlcacldandglutamlC

acld.ThlSmatrixISSeenlnCrOSSISeCtlOnSOftheotollt,hasf)brousmaterlalslnboth

a)ternatlngthmorganlC(dlSCOntlnUOuSZOne)andlnO'ganlC(accretlOnZone)layers

surroundlngthecenLra)core(WaLabect8),1982)ThecorelSaCryStallZedcentral

reglOnWhlChconsIStSOfseveralcalcareousspherulescalledI,heprlmOrdla.andlS

surroundedbyaLhlCkcalclfledlayerTheorganlCSubstance)sfoundalsolnCalclfledIn-

crementallayersasflneflbersbetweenslng】ecrystals(ュnter-CryStal1me)andevenwlth-

lnCalcIUmCrystals(lntr8-CryStalllne)(Dunkelbergeretal,1980)vICeVerse,the

organiclayershavesomeCalclumCrystals.Aslm)laplntraCrySta日lnematr)XISfound

lnmOlluscansheHs(Mutvel,1970)andspICulesolcoelenterates(Dunke)bergerand

Watabe,1974)However,thesourcesoftheseorganlCmaterialsandcalcrumandthe

wayorincorporatlonlntOtheotollthhavenotbeenposltlVelyelucldated

TheotollthlSSurroundedbyotollthfluld(endolymph)TheelectrolytecomposltlOn

ofsaccularendolymphlSCharacterlZedbyahlghpotassiumandalowsodlUmCOnCen-

tratlOn,andthereforetheendolymphhasanatureOflntraCellularfluld(Ormerod1960)

Moreover.aconslderablyhlghblCarbonate)onconcentrationaSWelhsah】ghvalueof

pH.andalowcalclum (dlffuslble)concentrat)oncomparedw)ththoseofserum(Enger,

1964;MuglyaandTakahash).1985)aretobenotedAccordlngtOShlChlrl(1985),
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JOnlCCOmpOnentSOfsaccu)arendolympharehlghlysupersaturatedI,othecalciumcar-

bonateorotollthInthesacculus,themedlalwa)1lnCludlngthemaculareg10nWaSPOStul

latedtobethesiteOfcalc)umsecretion(Muglya,1974)

Mug)ya(1968)suggestedthattheorganlCmatrlXOrOtOllthlSProducedatthe

macu18rag10nandsecretedmtotheotollthrluld(endo】ymph)Dunke)bergereta)

(1980)postulatedthatthesubcupularmeshwork,thelowerlayeroftheotollthlC

membranelVhlchcoversboththemacularsensoryandtheperlmaCularnon-sensory

reglOnS.lSIncorporatedIntotheotollLhasanorganlCmatrlXCOnStltuent

TheInnerearOfhlghervertebratesthanteleosLshasbeenstudledmostlyfromthe

medicalpolntOfviewconcernmgtheconstltuentSOfendolymphandthestructural

ch8raCtCrlStlCSMoststudleShavebeencamedoutwlthreferencetothesensoryreglOn.

andaFewlnVeStlgat)OnShavetreatedtheotollth(otoconla)formationSalamatetal

(1980)SuggestedthatsomecellslnthemaculareglonsecretprecursorsofoLocon)al

constltuentSlntOaqueousendolymphandthentheprecursorsarecalclfledlntOa

crystalllneStructureHarada(1983)studledtheotoconlalmembrane(astructurewhich

correspondstothegelatinouslayer)andthesensoryepltheI】umofthegulneaPIEInner

ear.andproposedthatcalc)umtobeincorporatedlntOOtOCOn)alSSecret,Cdfrom

supportingCeHsofthesensoryeplthellum

D8le(1976)Observedtheotollthlcmembraneandtheotollthsurface)ncod,and

foundthatsomeuniformsphcruleswereembeddedIntotheotollth.Heconcludedthat

thespheruleswerethelbulldingunltSrOftheotoHthSokolowskH(1986)andYamada

andShlmlZu(1988)observedrlbr]日arstrandsextendingfromthemacularcellsto

prlmOrdialspherulesortheotollthlnembryonictoadr)shandmed8ka,respectlve)y.

However,therearenodescrlPいonsontheultrastructura1characterlStlCSOrthe

membranotlSlabyrlnthlnte】eostslnrelationtOtheotollthgrowth

Thlsstudywasperformedtocontributetotheknowledgeofthecomparative

anatomyoftheInnerearandtopromoteunderstand)ngofthemechanlSmOfotollth

growthlnflShUslngtllaplaaSmaterlals,theresearcha)nedat 1)CharacterlZlng

ultrastructureortheotollthlcmembrane,otollthandotherstructuresofthemembra-

nouslabyrlnth,2)IdentlrylngCeHswh】ChareresponslbleTorsecretlOnOfoho)lth

materla)sand3)ExammmgthepresenceofadlurnalrhythmofthesecretlOnlnaddl-

tlOn,aCOmParatlVeStudyonthed)strlbutlOnOfmltOChondrla-rlChcellslnthelabyrlnths

oftllapla(non-OStarlOPhysldfish)andgoldrlSh(ostarlOPhysldrlSh)wasconducted

todef)netheroleormlLochondrla-rlChcells

ll,MATERIALSANDMETHODS

Hundredsor】uvenlleandadu一ttllap)a,OreochroTTuSTILLollCLLS,WhlChwereabout2

cmandlOczmntotaHength.respectlVely,wereusedasmater)alsThe∫)shwerekeptln

60llteraeratedfreshwateraquarlaatternPer8turemalntalnedat27≡1℃ They､vere
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redadLLbLLumw)thasufflClentSupplyofcommcrclalpelletsforcarp

JuvenlleflShwereusedforlightmicroscope(LM)andtransmissione)ectron

mlCrOSCOPe(でEM)ObservatlOnSOfthemembranouslabyrlnthAdultflShwereusedfor

grossanatomyoftheInnerear,andforstudleSbyscannlngelectronmlCrOSCOPy(SEM)

andelectron-probeX-raymlCrOanalysIS(EPMA)ofsecretorystructuresoftheotollthlC

Organs

Foracornp8ratlVeStudywlthtllapla,】uVenllesorgoldflSh,GlrtZSSLZLSauratuS.

approxlmately2CzDlntotallengthwereusedasmaterialsForexamlnatlOnOfthedlstrl-

but10nOfmltOChondrla-richcellsinthemembranouslabynnthbyLMandTEM

RearIngcondit)onswerealmostthesameasthatofi)lapla

ForLMandでEMstudleS,anlmalswcrcdecapltated.andtheheadswereimmersed

lnaPr)maryflXativeofKarnovsky(1965)TheprlmaryfixatlVeWasamixtureOf2.5

%glutaraldehydeand2%pararormaldehydeln0IMcacodylatebuffer(pH74)After

30mlntheheadswerecutalongthemedlanllne(tllapla)Ortrlmmed(goldf】sh),

andthenflXedwlththesameflXatlVeforanother5hatroomtemperatureThehead

pleCeSWererinsedovernlghtlnaCOldburrersolutlOn.andthendecalclfledAfterrlnSed

lnthesamebuffersolutlOn.theywerepostflXedlnaSecondaryrlXaいVewhlChwas1%

OsO.)nthesamebuffersolut10n,andthendehydratedlnethanoI.ThespeclmenSWere

embeddedlnePOXyreSlnbytheroutlneprocedureofLuft(1961)AftersectlOnedw】th

anultramlCrOtOmePorter-BIumMT-1,ultrathlnOrthlCksectionsWereSubjectedtoan

e一ectronstalnlngWlthsaturatedaqueousurany1acetate(Sjostrand,1967)for15mln

atroomtemperatureforelectronmlCrOSCOpyOrSLalnedwlthtoluldlneblueforllght

mlCrOSCOPyAllexamlnatlOnSOfultr8thlnsect10nSWerePerformedwlthaHltaChl

H-300transmlSSlOnelectronmicroscopeOperatedat75kV

ForstudleSOfgrossanatomy,SEMandEPMA.theheadsofadultflShwerecut

saglttallyandfixedwlththeprlmaryflXatlVCSomespeclmenSWererlXedwlththe

sameflXat)VeCOntalnlng4%cetylpyrldlnlumChloride(CPC)addedtostabll)ze

glycosamlnoglycans(Watabeetal,1982)Theheadpleceswerewashedwlthcold

buffersolutlOnanddehydratedthroughagradedserleSOfethanoIForgrossanatomy,

surroundlngboncs且ndcartllageswereremovedcarefullyln70%ethanoluntlJtheent]re

labyrlnthwas一oosenedfromltSbonycradleForSEMandEPMAobservatlOnS.the

membranouss8ccularandampullarcapsuleswereopenedwltharazorbladeandthe

otollthwasextrlC8tedgentlyfromthesensorymacula.Afterdehydration.thecapsules

weredrlCdwiththecrltlCa)-POlntdryingmethod,thelnSldescoatedw)thcarbonorgold

undervacuumandexammedwlthaJEOLJSM25SEMandEPMA

MaterlalsandproceduresspeclflClneachobseryatlOnSOrexperimentsWュllbe

describedlneachchapter.

StatLSILCalaTLaLysLS.D)fferenccsbetweenpalrSOfmeansofmorphometrlCand

EPMAmesurementsweretestedbytheStudent'si-testSlgniflC且nCeWasacceptedata

p-value<005.
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日.MORPHOLOGYOFMEMBRANOUSLABYF=NTH

ThemorphologyoftheInnerearOfte】eostshasbeenstudledbymanylnVeStlgatOrS

(Flock,1964.Ham8,1969,LewISandNemanlC,1972,Saito,1973,Dale,1976,Popper,

1976.1977.JenklnS.1977.1979.CoombsandPopper,1982,Phtt,1983.Popperand

Plat上,1983;SaldclandPopper,1983)However.mostofthesepreviousWOrkhavebeen

carrledoutfromaneurO-phys1010g)catpolntSOfvleW.CellularCOntrlbutlOnStOthefoT一

m81.10nOfotollthsorotoconlalnVertebratesharenotbeenstudiedextensIVely.

Enger(1964)reportedthatendolymphlnthetcleostInnerearShowedhlgh

potassiumandlowsodlumCOnCentratlOnScomparedwlththeperllymphlnthecranlal

cavltyHowever.nomoTPhologlCa=)aSISOnthemechanlSmOflOnlCregulatlOnOf

endolymphhasbeenpresented

AmorphologlCalstudywasconductedtocharacterlZetheultrastructurcofthe

tllaplalabyrlnth.withemphas)SonacomparativeaspectorthesacculuswhlChcontalnS

oto】lthtotheampullawhlChlsanon･otollthholdlngSac.A一so.theloca11Zat10nand

u)trastructureofmltOChondrla-rlChcellslntheI,eleosteanlabyrlnthWereexamlnedln

bothgo)dflSh(ostarlOPhys)aflsh)andi)1apla(non10StarlOPhysldfish).

1.M8terlals8ndMethods

Theheadofadulttllap】awascutIntotwohalvesalongt,hemedはnllneand

Immersedlmmed)ately)ntheprimaryf)xat)veatleast2weeksTheheadpieceCOntalnlng

theInnerearWasthenwashedovernlghtwlththesamecoldbuffersolution.and

dehydratedlnaSerleSOfgradedethanol.ln70%aqueousethanol,theheadwasftJrther

dlSSeCteduntilthewholelabynnthwasloosenedfromItsbonycradleThespeclmens

wereobservedunstalneddlpplngln70%ethanolunderabinoculardlSSeCtingmlCrOSCOPe

ForllghtrrLICrOSCOPe(LM)observatlOnS.JuVenlletllapla(OreochromLS'ILEoLLCuS)

andgoldflSh(CarassLuSauralus),bothapproxlmatCly2cmlntotallength.wereusedas

materlalsThe】uv8nlleflShweredecapltatedandtheheadswereImmersedlmmedlately

lntheprimaryf'xatlVeAfter30mlntheywerecutalongthemedlanllne(tllapla)or

trlrnmed(goldr】sh).andthenrlXedforfurtherflVehoursatroomtemperaturewlth

thesamef)XatlVCAfterrlnSedovernlghtlnthesamebufersolutlOn,theheadpleCeCOn-

talnlngtheearwasdecalc)r)ed)nlO%EDTA.pH7.4,for3daysat4℃ AfterrlnSed

overnlghtlnthecoldbuffersolutlOn.theheadpleCeWaspOStfixedwlththecoldsecond-

aryflXatlVefor1hPlastlCSeCt)OnSOf1〃mth)ckwerestalnedwlth1%toluldlne

blueln1%aqueousboraxonahotplate(McrcerandBlrbeck.1972).

FIShusedfortransmlSS10nelectronmicroscope(TEM)ObservationsWerethesame

asdescrlbedforllghtmlCrOSCOPeObservationsThelrheadswereprocessedlnthesame

waydescrlbedaboveuptoembeddlngUltrathlnSeCt10nSWereSUb】ectedtoanelectron

stalnlngandexamlnedbyでEM.

ForscanmngelectronmlCrOSCOPy(SEM),adultOreochroTnlS,uLotLCLLS,叩PrOXl-



UltrastructuralStudiesOrtheInnerEarlnRel8tLOntOOtollthGrowth 7

matelylOcmlntotallength.wereusedTheadultrlShweredecapltatedafterbleedlngby

caudalsectlOntOaVO】dbloodcant,amlnat10nThecranlumWasOPeneddorsally,andthe

bralnWasrernOVedcareful)ytoexposethe川TLerearsThentheheadwaslmmedlate)y

immersedintheprlmaryflXaJtlVe,andtrlmmeddowntotwosrnallblockseachcont81n-

ingthelabyrinthAfterthlSprocedure.ablockwasplacedlnavialcontainingthe

prlmaryflXatlVC且ndkeptforatleast48h SomespeclmenSWereflXedwiththesame

flXatlVebutwlth4%cctylpyrldlnlumChlorlde(CPC)Thentheb)ockwaswashedoyer-

nlghtwlthacoldbuffersolutlOn.ItwasthenpostflXedwlththesecondaryflXatlVefor

1handdehydratedthroughaseriesorgradedethanol.ThespecimenswerefurtherdlS-

sectedln70%aqueousethano】toanapproprlateSIZeforobservatIOnSbySEM Theears

werethendlSSeCtedfromt.hetlSSueblockThemembranousot.OllthlCCapsuleswere

openedandtheotollthsweregentlyF)ulledawayfromthesensorymaCulaeOneofthe

membranouslabyrlnthampul)aewasopenedandthecrlStaamPull&rlSWasexposedln

thesamewayAfterdehydratlOnthecapsulesandotollthsweredrledbytheCol-Cr)tJI

catpolntmethoduslngamylacetateasanlntermedlaryfluld,placedonanalumlnlum

stub,coatedwlthgold)nvacuum,andobservedbyS盲M

2 0bservat10nS

1)Grossanatomy

Thegrossstructureofthemembranous】abyrlnthof0 nLLotLCuSISShownlnFI古

1a.Themembranouslabyrinth)acklngthebonylabyrinthissuspendeddirectlylnthe

cranlalcavltyltlSCOmPOSCdoftwomaJOrmembranouscompartments;thesacculus

towhlChthelagenalSattachedattheposterlOrend,andtheutrlCulusfromwhichthe

threesemlClrCularcana一sareextendedTheampullaearebu一bousswellingsOftheanterlOr

partsoftheanteriorandlateralsemlClrCUlarcanalsandoftheposteriorPartOfthe

posterlorsemlC)rCularcanalThetwovertlCalcanals.t.heanter)Orandthepost,erlOr,are

connectedattheapexOftheslnuSSuPerlOrWhlChopensat･themュddleoftheutrlCUlus

Themaculae,namelytheareasorthesensoryepithellumOftheutrlCulus,sacculus

andlagenaarecovered,respectively.byacompactca)careousstone,theotollthThe

utrlCularmacul且lShorlZOntallyelongatedwhereasth㊤SaCCUlarmaculaandthelagenar

maculaarevertlC811yoriented

TheutrlCUlus,saccu)us,andlagenaeachcontamSaCOmpaCtCalcareousotolith.the

laplllus,S8gltta,andasterlSCuS,reSpOCtively.ThesほeOftheotollthisrelatedtothe

volumeofeachendolymphatlCSac(Flg.1a) ThesaglttalSthelargestandoccupleS

almosttheentlreSpaceOrthesacculus,whi)etheaster)scusISthesmallestThetermト

nalsofthethreesemlC)rCularcanalsarebu)gedtoformtheampullaelneachofwhlCh

lSalsothesensoryareaWithoutloadlnganOtO)lthonlt.

2)Sacculus

HLSEoLogLCaLcharaelerLStLCSOfthesaccLLEus AtransversesectlOnOfthemlddlepart
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ofthesacculusof0 nLLoLLCuSISShownlnFlg 1bThesensoryeplthellumOfthe

maculareglOnlSthethlCkestlnthesaccu)arwallTheconnectlV8t】SSuelayerllnlngthe

sacculareplthellumlShlghlyvascularlZedatthemacularegiontOformacap111arybed

FromtheconnectlYeI)SSue,nerver)herslnnerVatethesensoryceHsofthemacula

throughthebasementmembrane.

TheperlpheryorthesensoryeplthellumlStransformed)ncoathlnnertranSltlOnal

eplth811um,WhlChinturngraduallybecomesthlnnertOformtheextremelythJnSqua-

mouseplthellumatthelateralandopposlteSldesofthemaculaThesquamouseplthellUm

lSCOmpOSedofaSlnglelayerolthュneP)thellaJceHsandapatchofmltOChondrはIrlCh

cellsThelooseconnectlVetlSSuCbeneaththesquamousep)thellUmlSVaSCularlZedwith

afewcaplllarleSneartheep】thellalIlnlng

ThelargespaceofthesaCCularcavltylSfllledwlthaclearfluld,orendolymph

TheotollthlュesOverthesensoryandtransltlOanleplthcllumreg10nInterruptedbythe

otollthlCmembrane

SensoryepLthel一um ThesensoryeplthellumlSCOmPOSedofaslnglelayerofhalr

cellsandsupportlngCel一slnthesurveyv)ew(Flg 2a).thehalfCellswereobservedto

extendhalf-waydownthecplthelrumInterposedalternatelybysupportingCellsTlght

】tJnCtlOnSareCOnneCtedthesecellsattheaplCalsurfaceThehalrCellsareembracedby

supportlngCellswhlChgenera)lyextendedfromthesurfaceofthecpLthel)umtothebase-

mentmembraneTheapICalendorthehalrCelllSProvidedwlthabundleorsensory

halrSTheovoldnuc)eusISlocatedlnthemュddleofthecellandsurroundedbyamore

orlessdensepopu)atlOnOfmltOChondrlaM】tochondrlaarealsofoundcongregatedat

theapexofthecell1mmedlatelybeneaththefreesurface,whlChbearsmlCrOVl1110r

hallsThesupportlngCellsaremoreelectrondensethanthehalfCells.ThenuclelOfthe

stlpportlngCellsareroundatvariousleyelsbelowthemlddleoftheepLthellUm Thls

causedthesensoryeplthe)lumtOglVeanappearanceOfaPSeudostratlfledeplthellum

Thenucle)ofthesupportlngCellsalsostalnedmoreheavilythanthoseofthehalrCe】1s

Towardthebasementmembranewlde)ntercelluarspacesareOftenformedbetweenthe

supportlngCel一s

Flgure3aIllustratestheposltlOnalrelatlOnSh)pbetweenthesensoryeplthellum,

theotollhtlCmembraneaT)dtheotollth(sagltta)Overlylngthesensoryeplthe】lumis

theotollht.lCmembranewhlChlSlnCOntaCtWlththeInnerSurfaceoftheot,ollth

(sagltta)TheotollthlCmembranelSCOmPOSedoftwodlStlnCLlayers,theupperlayer

orthegelat)nouslayerlSamassOragelatinousSubstance,whlChformsthecupulafor

sensoryhallsOfthemacula,andthe)OwcrlayerorthesubcupularmeshworklSameSh-

workofgranularorflne】yflbrlllarsubstancesoccupylngthesubcupularzone.The

gelatmous)averlSlnClosecontactWlththeotollthTheelectrondensityOrthegelatl-

nouslayerlSIowcrthanthatofthesubcupularmeshworkManyvcsICularstructures

arefoundlnthesubcupularzonebeneaththegeIatlnOuSlayerAbundantcytoplasmlC

extrus10nSarebulglngfromtheapICalsurfaceofthesensoryeplthcllumIntothe

saccu18rlumenVcs)cu)ardl)atlOnS.about05FLmlnWldth.areroundatthedlStalend
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ofm-CrovllllOrthesupportlngCeIIs(Flg3b)

Thecytop】asmlCeXtruSIOnSShowedthesameelectrondensltyaSthesubJacentapICal

cytoplasm (FlgS3b,4a)Theyoftenconta)nedsomevesIClesof03-08JJmlndlame-

ter(Fig.4b)andnumerous~rlbosomcs(FlgS3b,4a)Theseapocrlne-tyPeeXtruS)OnS

oftenoccurredc一osetotheap)catJUnCtlOnalcomplex(FI古4a)SometlmeStheywere

seentocollapselnthesubcupularzone(F)g4C)TheseextruslOnSWerea一soconfirmed

lnSCannlngelectronmlCrOgraPhsasspherulesoH 513FLmlndlameter(Flg5a)

Theywerelocatedbetweenthehal一bundles,showlngaround(Flg.5b)oranIrregular

(Flg5C)shape.lnsomecascs,afewholeswereobservedonthesurface(Flg5d)

Tra乃古山onaLepLLheLILLm Ce)1softhetr且nSlt.10naleplthellumareCyllndrlCalln

shapegradua日ychanglngtOalowcuboldalformmoredlStalfromthesensoryarea

(Flg 2b)Relativelyw)delnterCe)lularspacesdevelopedsometimesWithlarge

dlStenS10nS(Flg6)DesmosomesarepresentbetweennelghborlngCellsTherough

endoplasmlCretlCulumandmltOChondrlaarePrOmlnentfromthebasaltothe叩 lCal

cytoplasm PresenceofnumerousmlCrOVl)ll0nI,hecellsurface)saCharacterlStlCfeature

ofthetransltlOnaleplthellum (FlgS2b,6).ManyGolglapparatuseslndlC8tlnga

hlghlyactivePhaseareobservedlnthesupranuclearreglOn(Flg 7a)Flattened

sacculesandelectron-1ucentmlCrOVeSIClesof01-02LLmlnSIZearePredomlnantGoIgi

e)ementsThesacctJlesaredlIatedatthedlStalendlnaSSOCLat10nWlt･htherough

endoplasmlCretlCulum (Flg7b).whlChlSWet)dove)opedfromthebasetothetopof

thecell.M】LochondrlaareSCatt8redthroughoutthecytoplasmoftenlnaSSOClat)On

wlthcISternaeOftheroughendoplasmlCretlCulurn(F)ど7C).Atthebasalport10nOf

thecell(FI昔8a),theroughendoplasrnlCretlCulumandfreerlbosomesaredense)y

packedD)storiedmltOChondrlaformedbylnvaglnaいonofcytoplasmwereoftenseen

(Fig8b)

VesICulardllatlOnSatthetopoft,hemlCrOVllllWerefrequentlyobservedonthe

surfaceofthetransltlOnaleplthellum (Flgga)SomeofthesemICrOVeSIClesseemed

tobeliberatedfree】nthelumen.showlnglnSldeafewmembranousStructures(Flg 9

a,b)ormanymlnuteVeSICles(Flg9C).SometlmeStheyseemedtoberuslngtogether

(FI古.9d)

Themlcrovesicleswereobscrved且lsobySEMasspherulesof05-06〟mlndiame-

teronthetransltionaleplthellumOrtheperlmaCularrcglOnWherenumerousmlCrOVHli

wereseen(FI昔.10)SomeofthesecretoryspherulesonthemiddleportlOnOrthe

perlmaCularreglOn(FIElOa.b)seemedtobeformedbyruslOnOrSeveralsmall

spherulesTheyshowedarough-surfaCedappearanceProbablycausedbydehydration

procedureOntheanterlOrandposterlOrPartsOftheperlmacularreglOnWhere

mlCrOVllllarenotSOabundant,thesecretoryspherulesarealmostsmooth-surfaced

(Fig10C,d)Somemembranousstructurescoveringthecellsurraceswereobserved

whenspecJmenSWerellXedwlththepr)maryflXatlVeCOntalnlngCetylpyrldlnlum

chlorlde(CPC) (FlglOd)

ThevesIClesandmlCrOVlll10nthetransltlOnaleplthellUmgraduaHyreducedln
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numberasdlStantfromthemacu】aregion(Flgll)

SquamousepllheLLLm :ThesquamouseplthcllumlSCOmPOSedofveryflattenedcells,

aboutI.5JLmlnhclght,exhlbltlngVeryfewrnlCrOV)ll)ontheapIC且lsurfacefaclngthe

lurnen(Flg 2C)LightanddarkcellsaredlStlngulShedlylngalternatelyor8trandom

BoththecellshaveafewmltOChondrla,thepoor一ydevelopedroughendop)asmlC

retlCulumandsometlmeSlnCOnSplCuOuSGolglapparatusesClosetothenucleusThe

basementmembranelSthlnandtheconnectLVetlSSuelSOranareO】artype

TheplasmamembranebetweenadjacentceHsISIndentedlnVOlutedlythata

canal)cularnetworksometlmeSOCCupleSa一mosttheentlreCytOplasmlCarea(FIE12a)

Onthesurfaceorthesquamouscells,secretoryb)ebswhlCh)Ookedllkeamassof

amorphousmaterlal.orofmanyvesICles,arefrequentlyobserved(Flg 12b).Someor

theb)ebscontalnafewelectron-lucentvesiclesorら).ghtlye)ectron-densem且terlal(Flg

12C)TheblebsarealsoldentlfledbySEMasvanousLysIZedspherulesorabout1-10

jimlndlameterTheyarelnVarlOuSShapessuchasofoval(Flg13a).round(FIE 13

b),oramorphous(FIE-13C).andsometimeslnallnkedform (F】g13d)

InasurveyvleWbySl;M (F)どIヰa),therearedlStlngulShedtwod)frerentreglOnS

astothepresenceoftheb)ebslnthereglOnWheretheblebsarepresent(F)ど14b),the

termlnalbarsoflndlVldualcol)sarenotobvious,butlnthereg】onwheretheblebsare

absent(Flg14C),thecellboundarleSaregenerallyde)lneatCdbymlCrOVlHarpatterns

Asdescrlbedalready,thesquamousceHsaregenerallyveryflattened.but

sometlmeShavewelldevelopedroughendoplaSmlCretlCulum (FIE15a).ornumerous

yesIClesande)ectrondensebodlCSaSSOClaLedwlthGolglapparatus(FI昔15b)

M一tOChonLina-rlChcells ThemltOChondrla-rlChcellsvarled)nslzeandshapeThey

aregenerallysquamousorcuboldaland3to5LLmlnhelght.ThemostobvlOuS

cytologlCalcharacterIStlCOrthecellsISthepresenceofabundantmltOChondrlaWlth

dllatedcISternaeOrthesmoothendoplasmlCretlCulum ThenucleusISOvalandlocated

lnthecentra)partorthecell(Flg2d).Thecytoplasmcontalnednumerousoval10r

rod-shapedmltOChondrはandextensiveendoplasmlCrot)CUIurnTheapICalsurfaceofthe

celllSConvexWltharevm】crovHll,andthebasahrealSllnCdwlththecomparat)vely

smoothbasementmembraneManycaplllanesarea)strlbuted)ntheconnect)yetlSSue

belowI,hemltOChondrl8-richcells

OloLLthLCmembrane TheotollthlCmembraneextendlngOverthesaccularmacu)a

consistsOftwodlfrerent)ayers,theuppergelatlnous)dyerandthelowersubcupular

meshwork(Flg3a)ThegelatlnC'uSlayerlSCOmPOSedoralesselectron･dense.smooth

mater]althanthatorsubcupularmeshworkBetweenthesubcupularmeshworkandthe

eplthe)lalsurfacelSthesubcupularzonelntOWhlChhaLrbundlesorsensorycellsprod

trudedThegelat)nouslayerlSllmltedtotheareaabovethesensorymaculacorrespond-

ingtOthesulcusacoustlCuSOftheotolith,butthesubcupularmeshworkextendsover

thetransltlOnaleplthellumbeneaththeentlreOtOllthBothlayershaveflnelyLextured

amorphousmaterlals

SEMobservat)on≦ofthegelatlnOUSlayer(FIEl6a,b)revealedahoneycomb
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Text-ti首.1 SchematicluuStratlOnOfatranslerSeSeChOnthroughthemiddlepartorthe
sacculusorOr･eochr.omISTILloILeuSThesaccularwallconsIStSOfsensoryepLthellum.
macula(M),translt10naleplthellUm(TE),squamOuSePlthellum(SE).and
mltOChondrla･rlChcells(MC)ES,endolymphatlCSPaCe:SM,subcupularmeshwork.
G,gelatinouslayer,SA.otollth(sagltta)

structurewithnumerousholes,about51LmlndlameterSensoryhalrSProtrudedInto

theholesofthegalatlnOuSlayer(FI古16C,d)TheoutersurraccfaclngtheotollthlS

smooth

Theresu)tsofobservat10nSOfthesaCCulareplthellumandtheotollthlCmembrane

lntllapla,0 /lLEoLLCuS,lSSummarlZedasroHows(Text-flg 1) Thcsaccularwal一lS

composedofthreetypesofeplthella,SensoryePlthellum.tranSItlOnaleplthellum,and

aquamouseplthellumWithapatchormltOChondrla-rlChcellsThesensoryepithellum)S

composedorhalrCellsandsupportingCe)1sApocrlne-typeSeCrCtOrymaterlalsextrude

fromtheapICalsurfaceofthecellsofthesensoryeplthellumIntothesaccularlumen

Anothertypeofsecrct10nlSperformedbyth8SupPOrtlngCCllsasvesICulardllatlOnSOf

thedlStalendsorthelrmlCrOVllllContlguOUStOthesensoryeplthellum,the

transltiona)epithellumCellsgraduallychangeFromacyllndrlCaltoaCUbolda)Form

moredlStantfromthesensoryareaVes)culardl)at)OnSatthetlpSOfthemlCrOVllllare

morefrequentonthetransltlOnaleplthellum;SOmedetachfromthemlCrOYl111rreC

IntothesubcupularspaceaSVCSICles.Secrctoryblebsory&rlOuSShapesw)thvar10uS

clectrondensltleSOccurOnthesquamouseplthellumCe)lsAclusterofmltOChondrla-rlCh

cellscontalnlngdllatedc)st,crnaeofthesmoothendoplasmLCretlCulumareaggregatedat

aportlOnOfthesquamouseplthellum TheotollthlCmembraneconsIStSOftwodlStlnCt

layers,theuppergelatinouslayerandthelowersubcupularmeshworkThesubcupular
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meshworkextendsovertheareaolthesensoryandtranslt10naleplthellabeyondtheen-

tlreundersurlaceofthegelatlnOUSlayerwhlChlSllmltedonlyoverthemaculaereg10n

ThegelatlnOUSlayercorresponds)nposlt10mtOthesulcusacoustlCuSatthecentralarea

ortheotollth

3)Ampulla

Senso/ツePllheLlum ThesensoryeplthellUmOfthecrlSLaampullar)sIS
morphologlCallythesameaSthatofthesaccularmaculashowlngcomponentsOftlVO

typesorcells.hallCellsandsupportlngCel一s(Flg 17b,C)

Thecytop18SmlCeXtruSlOnSCOntalnlngSOmeVeSICles,02-05JLmlndlameter.Were

foundclosetotheaplCalJUnCtlOnalcomplexofthesensoryeplthelIUm (FI昔 17d),

showlngthesamefeatureobservedlnthesacculuSBySEMconflgurat10nS,many

extruslOnSappearaSroundbodlesofabout3-5LLmlndlameter.arlSLngamOngbundles

ofsensoryhal一s(Fig.18b)NoextrusionsarenotlCedattheperlPheralsurfaceofthe

crlsta(FIg18C)wheresensoryhal√sgrowthlCkandsquamousepithellumlS8d】accnt

dlreCtlytothesensoryarea

SquamousepLtheLlum EplthellumCOnいguoustothesensoryep)thel】umlSa

squamoustypeThereobservednotr8nSltlOnaleplthellumlntheampul)aThecells

8d】acenttothesensoryeplthe)lumaremOrPhologlCallythesameasthoseofthesqua-

mouseplthellum OfthesacculusTheyareflatabout2JLmlnhe)ghthavlngfew

m】crovllll(Flg19a).andthecytoplasmISVerycomple又edwlthlnfoldlrlgSand

lndeT)LatlOnSbetweennelghborlngcells(Flg19b.C)Noves】culardllatlOnSOfthedlStal

endofmlCrOV)lHWereObservedlnTEMproflles

SEMobservationsOfthesurfaceofthesquamouscellsaroundthecrlStaamPUHarlS

revealedafewmlCrOVH1】butnosecretoryspherules

C岬uLa Thecupu)aabovethecrlStalSCOmpOSedornumerousvesICU)arstructures,

andamongwhlChareelectrondensecytop)asrnlcextrusions(FI昔_17b,C,d)SEMobser-

VatlOnSOfthecupularevealedsolldbodlCSOraPlleofmanysolidblocks(Figs20a,35

a),IntoWhlChsensoryhalrSfromthecrlStaareIntrudedNosubcupularmeshworkwas

observedbelowthecupula(FIE208,b)

2-4.MltOChondrla-rlCheel)s

Grossa/mLomyofLhemeTnbraTIOZLSbbynTILh ThethreesemlClrCularcanals,the

slnuSSuperiorandtheutrlCuluslngOldflSh(Text-fig2A)andtllapla(Text-flg2B)

arealmostslm)tarlngrossstructurelngoldflSh,theutrlCUlus,Sacculusandlagenaare

connectedwltheachotherthroughbroadopenlngS-andtherlghtandlertsaccuILare

Jolnedbyaductcalledthetransversecane)Thesacculustakesaslenderandelongated

shapeandthe)agenalSrClatlVelylargeIntllapla.Ontheotherhand.thesacculusISa

s】mpleovoldsaccompletelyseparatedfromtheutrlCulus.andthesmalllagenalS

attachedtotheposterlOrendofthesacculus
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LocaLIZationo/mltOChondna-nchcells lnbothgoldrlShandtllapla.mltOChondrla-

rlChceHsaredlStrlbuLedlnPatcheslnthethreesemlClrCularcana)S,theslnuSSuper-Or

andtheutrlCuluslnaSlmllarpattern(Text-flg 2A,B)MltOChondrla-rlChcellslnthe

ampul】aeofallthesemlClrCularcanalsarealwaysfoundlntheep)t,hel)umad)acentto

thecrlStaamPullarlS(FIE21a)Intheanter10ramPUlla,thecel一sarc)ocatcda)most

completelysurroundlngtheopemngtotheutrlCU)uslnthelateralamPUlla.theyare

locatedonboththeutrlCularandthecanalsldesofthecr)stalntwogroups,One

extendlngtOtheutrlCularopenlngandtheotherlormlnganOValpatchlnthecanalbase

lnthepostcrlorampulk,thecellsarelocatedonlyontheutrlCularsldelnthemlddle

portlOnOftheutrlCulus(Flg21b),ThemltOChondr18-rlChce)1sarefoundalongthe

lateralwall,lndcp8ndenLlyohhoselntheanterLOrPOrtlOnThe)ateralwallofthe

slnUSSuPerlOrlSOCCuPledbyalargee)ongatedpatchormltochondrla-rlChcellsextendlng

FromthemlddleportlOnOfthes)nussuperlOrSeparatedfromthislargepatch.asmall

patchlSfoundonthetopolthelateralwa一lofthesinusSUperlOr.

ThedlStrlbut10nOfthemltOChondrla･rlChcol)slnthesaCCUlusandthelagenaln

goldflshisdifferentfromthatlntllaplalngoldflSh-thece)lscanbeseenlnthe

transltlOnaleplthellunaroundthemaculaofthesacculus(Flg 2lc)andonthebasal

wa)IofthetransversecanalwhlChlSCOntlnuOuSW)ththetransltlOna]eplthelLumOfthe

B

Text-flg･2 SchematlCrePreSentat10nSOramedlanVleWOhheleftmembranouslabyrlnth
ofgoldfish(CarasstLLSauraLLLS)(A)andtLlapla(OreochromLSntLottcus)(B)The
hatchedareaslndlCatethoseoccupledbymltOChondrla-rlChceltsAA,ampulla
anterlOr,AL,ampullalaterallS.AP,ampullaposterior,CAA,CrlStaamPu日arlS
anterlOr,CAL,crlStaamPullarlSlaterallS,CAP,crlStaamPUllarlSPosterior,DSA.
duotussemlClrCularlSanter10r.DSL,ductussemlClrCularlSlaterallS.DSP,ductus
semlClrCularlSpOSter10r.L,lagena.S.sacculus.SS.sinusSuPerlOr.TC.transverse
canal.U.utrlCulus
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sacculus(FI昔21d)TheceHscannotbeseenmthelagenalntl)apla,Ontheotherhand,

themltOChondrla-rlChcol)sareobservedlnthelat,eralwal)ohhesacculusTheyarealso

observedlnthelatera)wallortheposterlOrPOrtlOnOfthelagenainapatternslmlhr

tothatlnthesacculus

ULEraslrucLureoJmLlochondLra-richcells-ThemostconspicuousCyLolog)cal

characterlStlCSOfthemltOChondrla-nChceHsarethepresenceolabundantmltOChondrla

anddilatedcISternaeOfthesmoothcndoplasmlCreLICulum ThecellslnbothgoldfLSh

andtllaplaarebasicallyslm)ユarlnultrastructuralfeatures

lntheampullaetheyarecolumnar,aboutlOFLmlnhelght,andhaveanOva一

nucleus(FI古22a)Somevacuolesarefoundlnthecytoplasm MeduHatedflbersrun

throughtheconnectlVetissuebeneaththecells.Eplthellalcellsoftenseenbetweenthe

mltOChondr】8-rlChcellshaveelectron-densecyt,oplasm､Hthpoorlydevelopedcc日

organelles

MltOChondrla･rlChcellslntheut,rlCulusandtrhesinussuperlOrOrLenshowthelr

ntJCIcilocatedlntheap)catporuOnOrthecells.ThecellsurfacelSrelatlVelysmooth.

butoccas10nally)iisequlPPedwlt,hpoorlydevelopedmlCrOVllll.andthecellboundarleS

aregenerallyi'LdIStlnCt(Fig22b).Someofthecells.however,reveal]ndentcdcell

boundarleSCOnneCtedwithafewdesmosomeslntheap)catandthebasalregIOnS(Flg

22C)Dl)atedcIStCrnaeOfthesmoothendoplasmlCretlCulumareremarkablelnthe

cytoplasm.NumerousglycogengranulesaresometlmeSdetected】nc)ustersorscauerlng

amongmltOChondrla(FIE23a).CaplHarleSWlththelenestratedendothellaarenot)Ced

)∩theconnecいveいssuebeneaththemltOChondr)a-rlChcelts(FIE23b)

Inthesaccu)usandthe)agenaoTI,llapla,them)tochondrla-rlChcellsarebasICally

slmllarlnultrastructuralre且t,UreStOthoselnI,hcutrlculusandtheslnuSSuPCrlOrThey

aregenera)lysquamousoTCubolda1.3to5LLmlnhelght.asareotherep]thel1alcells

ThemltOChondrla-rlChcellslnthesacculus(FIE23C)andthetransyersecanal

(FIE23d)ofgoldflshareslmllartothoselntheampullaelnSIZeandshape.butthelT

ap)catsurfacesareprovldedwlthmanymlcrovilll,andlndentatlOnSOfthecell

boundarlesbetweenthemarelesscompllC8ted

3.DISCuSSIOn

MostprevlOUSWOrkonthemorphologyoftheteleosteanInnerearhasbeendone

fromaneurophysLOloglCalperspectlve(Hama.)969,LewisandNemanlC,1972,SaltO,

1973,Popper.1976.1977.JenklnS.1979,CoombsandPopper.1982,Plat上,1983.

PopperandPlat上,1983,SaldelandPopper,1983)UltrastructuralcharacterlstlCSOf

themembranous)abyrlnthorthesacculusrelativetOformationandgrowthofthe

otollth)CmembraneandtheototlltharePoorlyunderstood

TheotollthlCmembrane,lyingbetweentheotol】thandthesensorycells.hasbeen

conslderedtobeanapparatusformechanorecepLIOnOrgray)tatlOnalforcesIGenerally,

alayercalledthel̀tectorialrct)culum''lSfoundbetweenthesurfaceorthesensory
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eplthellumandthecupularlayer)nthelabynnthinemechanoreceptororgans)n

vert,ebraLesfromf)shestomammals(Wever,1971)Theotol)thlCmembraneorthesac-

culuslnOreochromlSnLLotLCuSWasCOmPOSedoftwoclear)yseparable)ayersordlfreren

ii)ectrondensltleS.theupper-gelatlnouslayerandthe)owersubcupularmeshworkThl

sfeaturelsconslst.ent.wュt.hobservat,)onsorthesaccularotoHthlCmembranelnGadus

morhua(Dale.1976)andFLL'uiuLLLSheLerocILtLLS(Dunkelbergeretal.1980)D81e(1976)

suggestedthatthegelatinouslayerlSaStructurePreClpltatedfromendolymphbutthe

subcupularmeshworklSaSeCretOryProductofthesensoryepILhellum DunkelbergereL

al(1980)reportedthatthegelatlnOUS)ayerlSCOmPOSedortlghtlyarrangedflbrous

materlalsthatoverlleonlythesensorymacula.butthesubcuput8rmeShworkconsIStS

oHlbersLnaloosenetworkextendingbeyondthesensorynaculaThepresentstudy

revealedthatthesubcupularmeshworkor0TluOtLCLLSISalsoextendingOvertheentLre

undersurfaceortheotollth,whereasthege18tlnOuSlayerlS)lmltedtothemaculareglOn

whlChcorrespondstothecentralareaoftheotolith.

VesICulardllatlOnSOfthedlStalendsofmlCrOVilliofthesupportingcellsandい1e

LransiLIOnalep)thellUmCellsappeartobellbcratedfreelnthelumenTheresultant

vesIClesareprobablyldentlCalwlththe"ve)ls"observedlntheotollthorgansofplgeOnS

(Dohlman.1971)andchlnChlHas(Llndeman,1973)AccordlngtODohlman(1971),the

'Lvel1S''secretedfrommlCrOVIHlOfthesupportlngCe)lsaregraduallypackedtogether

'ntothegelatlnOuSlayerortheotollthlCmembranerfth)S)salsothecaserOrtllapla,

thegelatlnOUSlayermlghtbedcrlVedfromtheYes)cu)ardllat)OnSOrmlCrOVl1110fthe

supportingCellsHowever,thesensoryeplthellumhasmanycytoplasm-cextruslOnS,

whlChappearedtocoHapseandscatterthecontentslnthesubcupularzoneunderthe

gelatlnOuSlayer.Thefactthatthesubcupu)armeshworkabutsthemlCrOYllI1-bearlng

cellsofthesensoryandtransltlOnalep)thellasuggeststheposslbllltythatthevesICles

fromthemicrovll)oussecretlOnareIncorporatedIntothesubcupularmeshwork.rather

thanIntothegelatlnOuSlayerThecytop)asmlCeXtruS)OnSOrtheSensoryepithelialcells

mayberesponsiblefortheformationofthegelatlnOuSlayer.

Cytoplasmlcextrus10nSWerealsoobservedonthesensoryeplthellumOfthe

ampulla,onwhlChonlythe.cupula,astructurecorrespondlngtothegelatlnOuSlayeror

thesacculus,waslocatedTherefore,cytop)asmlCeXtruS10nSOrtheSensoryeP)thel)um
cc)1sseemtobere】atedtotheformat)OnofthecupulalnamPullaaSSameaSthefor一
matlOnOfthegelat】nouslayerlnthesacculus
Thesubcupularmeshworkwasobservedonthesaccularmacula.butnotonthe
ampullarcrlsta.whereotollthdldnotexlstVesICulardllat)onsofthedlStalendoE
mlCrOVlll)WereroundonthesensoryandtransltlOnaleplth81)umcellsofthesacculus
butnotonthoseortheampullaltlSSUggeStedthatveslclesderlVedfrommlCrOVllI)
mayplayanlmpOrtantrolelntheformat10nOfsubcupularmeshworkwhlChmaybean
essentlalstructureforI.heotollthformatlOn

Teleosteanotollthsarecomposedofpolycrysta111neCalclumCarbonaLe.malnlyln
theformofaragonlte(Moralcs-Nm.1987;Muglya,1974)Theneedlelllkecrystalsare
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reportedtogrowbyfus10nOfcalcareousspherules(NISh10,1926)AlsolnmammalLan

otoconla,CalclteCrystalsmayorlglnatefrommultiplecalcareoussubunltSSeededon

theorganlCmatrlX(Ros≦andPeacor.1975,Salamatetal,1980)However.cellular

contrlbut,IontOtheotoconlalrormatlOnhasnot,beene)ucidaLedSecreLoryYes)cles,

attachedtoorextrudedfromthesensoryeplthel)umcellsIntothevesいbularlumenat

theslteO[developlngOtOCOnla,WereObservedlnfrog(Harada,1972).chュcks(Balsano

et81.1969),andmammals(Marcoeta),1971,NakaharaandBevelander.1979,

SaLarnatetaL 1980,Harada.1983)ThesevesIC)esareassumedtocont,aln£ome

precursormaterlalsoftheorganlCmatrlXOfotoconla

lnSEMprorllesofthesacculusln0 nllotLCuS,numerousSpherulesa.refoundLo

occurbymlCrOVllloussecretlOnOfthetranSlt10naleplthellumcells.Althoughthelr

chemlCalnatureremainsunknown,amembranousstructurelnaSSOClat10nWIththe

secretoryspherulesbecamevIS】bleonthetraslいonalcplthellumWhenflXedthetlSSUe

wlthafIXatlVeCOntaln)ngCPCBecauSeCPCsLablHZeSandpreservesglycosamlnOglycans

(Watabeetal.1992).presuTnablytheveslcleSmayCOntalnSubstancesrelatedtog)yco-

samlnOglycansltlSPreStJmed.byanalogytooLoconlaHormat10n(Salamatetal,

1980).thatthespherulescontalnPrecursormaterlalsoftheorganlCmatrlXOfthe

otollthAsnotedabove,vesIClesorlglnatedfromthemlcrovllloussecretionOlthetran-

SltlOnaleplthellummayprObablybeinvolvedlnsubcupularmeshworkrormatlOn

Dunkelbergcretal(1980)demonstrated,lnthelrultrastructuralstudleSOfthesacculus

lnFLLnduLLLSheteroclltLLS.thatflbersofthesubcupularmeshworkwereIncorporated

]ntotheotollthsasanorganlCCOnStltUentConslderingthlstogetherwlththeresults

ofthepresentobservatlOnS.PerhapsmaterlalslnthemlCrOVIllトOriglnatedveslcles.or

sphcrules.areIncorporatedIntothesubcupularmesh-work,whlChthenmaybecomean

organicCOnStltuenLoftheotollLhmatrlX

SlmllarsecretoryspherulesattheapICalendofmlCrOVlll)ofmlnerallZlngeplthellUm

wereobservedlnthem)dgutposterlOrCaeCaOfanamphlPOd,OrchesILa,lnthepro-molt

stage(GrarandMeyran,)983,GrafandMIChaut.1980)Ultrastructuralcyto-

chemlStryandX-raym)croanalysISdemonstratedthatcalclumWastransportedthrough

theeplthellumbywayofaplCalm-crovilll(Meyranetal_,1984)Slmlhrly,calcHJmfor

otollthformatlonmlghtbetransportedthroughthesacculareplthellumOf0 nLLoILCLLS

bywayoftheap)GalmlCrOVIIllMuglya(1974)demonstrated,lnanautOradlOgraPhlC

stutyofQCalnCOrPOratlOn】ntOtheralnbowtroutotol)th.thatCadeposltlOnWaSmOSt

aCいveatthemedla)(Inner)surfaceexceptthesulcusacoustlCuS,thesurfaceshownln

thepresentstudytobefaclngtOthetranslいonaleptthellum TheSEMprofllesorthe

spherulesonthetrans)t10naleplthe】lumrevealedaresemblancetocalcareousspherules

lnthemolluscanmantle(TsLlnandKrlSChner,1968;TsいnandGlrard.1970,Saleuddln,

1970,lstlnandMasonl,1973,Rolneletal,1973,Watabeetal.1976)Thecalcareous

spheruleslnShc日-regeneratlngPomaceaarecomposedofamorphouscalclumCarbonate

orvaterlteCrystalsandtheorganlCmatrlXWhlChcontalnS5Ulratedmucopolysaccarldes

andprotelnS(Watabeetal,1976)ThosespheruleswereCOnSlderedtoorlglnatefrom
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GolgIVaCuOlesThetranslt10naleplthellumCe)lsorthesacculusof0 /llLoILCuSShowed

wcllldevelopcdendopl且SmlCreLlculumandGolglaPParattjSWlthnumerousvesIClesThLS

characterlSt)CfeaturemaylndlCatethatthespherulesorlglnatefromGolglVeSIClesas

lnmolluscs.a】thoughnoprom】nenいntracellu】arsecretoryYes)cleswereobserved

Probably,thespherulescnlargcrapldlyasthey)eayethecellsurface.

Secretoryblcbsfoundonthesquamouseplthel)umcellsmayevenLua)lybedlsso)Ved

Intoendolymphbecausetheyarefoundmostlyattachedto.oronlyveryclosetothe

cellsurface.ThesquamouscellsgeneraHycontalnedrevorganelles.butsomeLlmeS

fairlywell-developedendoplasmlCretlCulumandsomevesiclesorelectron-densebodleS

lnaSSOClat]OnWlthaGolglapparatusPerhapsthcscvesIClesande)ectron-densebodleS

arerelatedtosecretorymaterlals)ntheblebsConslderlngtogetherwlththeirdllated1

ntercellularSF)aces.thesquamouscellsmaybeInvolvedlnhumoralcontrololthe

endo)ymph

Thepresentstudyrevea一edthedlStrlbutlOnandultrastructureofmltOChondlra-rlCh

celts】ntheteleostInnerear_HlghervertebratesmalntalnhlghpotaSSlumandlowsodium

concentrationslnthecochlcarendolymphcontrarytolowpotasslumandhlghsodlum

concentrat10nSlnP)asma(CltrOneta),1956).ThisISalsothecaseforteleostean

saccularendolym ph(Enger,1964)ThescnsltLVltyOfreceptorceHshavebeenconsldered

todependonthis10nlCSltuatlOn(Tasakl,1960).Aport10nOfthesquamotJSePlthelrum

wasoccupiedbyapatchofmltOChondrla-rlChceHsTheirCharacterlStlCultrastructure

suggeststhattheyfunctlOnlnaCtlVetransportOfュonsTnthemamma】lanInnerear.

some"darkcells"ofslmllarfeaturesareknowntoexIStlntheutrlCulusandampullae.

andareassumedtobeengagedlnlOnlCcontroloftheendolymph(Dohlmanand

Ormerod,1960,LundqulStetal,1963.Dohlman.1964.Kimuraetal.1964.H8mllton.

1965.NakalandHlld)ng,1968,Klmura,1969)Probably.themltOChondria-richcells

maybelnYOlvedlnthelOnlCregulat10nOrtheendolymph.Fenestraeortheendothellum

ofcapll)arlCSbeneaththecellsmaybeafeatureresponslbleforthefluldtransport

(Rhodln.1962)Slmllar)ontransportingCellshavebeenfoundlnthek)dney(Rhodln,

1962),saltsecretlngglands(Bulger,1963),clllarybodyoftheeye(Tormey.1963).

choroldplexus(Pease.1956),andgills(Copeland,1948)lnVarlOUSanlmals

ThedlStrlbutlOnOfmltOChondrla-rlChcellslntheampt)Jlae.theslnuSSuPerlOrand

theutrlCuluswasslm)1arlnbothostarlOphysldgoldfishandnon-ostarlOphysldtllapla,

andalsoLothatofdarkcel一slnUtrlCularorganslnmammals(K)mura,1969)

However,thelrdlStrlbution]nthesaccu)usandlagenawasdlfferentbetweenthetwo

speciesaccordlngtOthestructuraldmcrenceofthe)abyrlnthlnmammals.darkcells

areabsentlnthesacculusandthecochlea(Klmur8.1969)ItlSOrlntereSttOnotethat

theutrlCUlusandthesaCCulusarecompletelyseparatedsacslntllapla,Whllethoseof

mammalsarcJolnedbyaductcat)edductusutrlCulosaccularlS(BloomandFawcett,

1975)throughwh)chendolym phcanflowfreely lngoldfish.mltOChondrla-rlChcells

werenotfoundlnthekgena.whIChwasconnectedwlththesacculusbyabroadopenlng,

as)ml1arsltuatlOnbet,weentheut,rlCu)usandthesacculuslnmamma)S
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lngoldflSh.mltOChondrla-r)Cheel)swerefoundlnthebasa)wanofthetransverse

canalandtheperlmaCulart,ransltlOnaleplthellumOfthesacculusThesacculusof

tllaplalacksthet,ransversecanal,andtheceHswereobservedatthelateralwallofthe

sacculusandlagenaThlSdlrfcrcntdlStrlbut10nOrmltOChondrla-rlChcellsmaybe

attributedtothestructuraldlfrerenceofthelabyr】nthbetweenostarlOPhysldandnon-

ostarlOPhysldrlShes

lV ULTRASTRUCTUR∈OFOTOLITHCRYSTALS

TheotollthsofteleostsarecomplexpolycrystalllnebodiesWhlChserveasstatollths

lnthe)nnerear(Carstrom.1963)TheyarecomposedmalnlyofcrystalllZedca)Glum

carbonatelntheformofaragonlteandoraf)brousproteln(Degenset81.,1969)

Dale(1976)observedmanySPheru)esattachedtothesurfaceofcodotollthsand

proposedthattheywere'bulldlngunlt,S'oft,heoLollthsGenerally,ltlSassumedthat

theotol1thgrowsmostrapldlyalongtheanterior-posterioraxュsandthatthegrowth

pauernSarebestexpressedonthedorsO-ventra)sagltta)plane(Pannella,1974),Blngel

(1981)reportedthatcodotollthrevealednon-unlformgrowthasaresultofpreferenLlal

deposlt10nOfcrystalsonspecif)csurfacesortheotollths

Ontheotherhand,Watabeetal(1982)investlg8tedtheultrastructuralcharacter-

lStlCSOfotollthorganlCmatrlXlnkllllrlShandtllaplaandshowedthatthecrystalsor

theaccretlOnZOneWereembeddedlnOrganlCmatrlXflbersslrnllartoandcontlnUOUS

withflbersofthedlSCOnt)nUOUS∑oneThustherateofcalcJumdeposltlOnlSCOnSldered

tobeInfluencedbytherateoforgan)CmatrlXthatalsoaffectsthesIZeOfciLIc)um

crystals

ManyspherulesobservedonthetransltlOaleplthellumOrSaCCuluslntllap)awere

suggestedtocontalnPrecursormater】a】sc'ftheotollth(ChapterⅢ)ItlSqueStl0ned

whethertheoLOllthgrowsthroughd)rectapposltlOnOrthesesphcrulesoveritsSUrface

aSbuildlngumtSThlSStudywasCOnductedlnanattempttOCha柑CterlZethe

ultrastructuralsurfacetextureoftheotollth,andtoproposeaposslblcprocessof

crysta)(otollth)growthTofacllltateCOmPar)SonsWlthpreviousdescrlPt10nS(Dale,

1976,Blngel,1981).otollthsoftllap)aWereObservedwlthoutflXat10nOrafterflXatlOn

wlthdlfrerentflXatlVCSforvarlOuSIcngthsori)me

l.M8terr8lsandmethods

ForscanningelectronmlCrOSCOPy(SEM),adultOreochro'nLS'uLollCLLS,aPPrOXl-

matelylOcmlntOtaHength,wereusedRearlngCOndlL10nSWerethesameaslntheでEM

andLMstudleSOrthepreviousChapter

SEMobservationsOfsaccularcapsuleswereperformedaccordlngtOthesameproce-
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duresasdescrlbedlnChapter皿.OtoI1thswereobservedbySEMart,ert,hefollowing
treatments.Otollths(saglttae)dlSSeCtedotltfromadultflShunderablnOCUlardlS-

SectlngmlCrOSCOPeWereWashedln99%ethanolandstoreddryforashorttlme.They

wereplacedlntheprlmaryfliatlVeforvarlOuSlengthsortlmefrom 1minto7days

AsprlmaryflXatlVeS,CaCOdylateorphosphatebuffersolutlOnSeachadJUStedpHat74

wereusedforamlXtUreOf25%glutara)dehydeand2%paraforrnaldehyde(Karnovsky,

1965)addlng4%cetylpyrldlnlumChlorldc(CPC)tostablIIZeglycosamlnOglycans

(Vvatabeetal,1982).AfterflXatlOntheywerewashedovern.ghtlnthecoldburrer

solutionanddehydratedlnethanoI

Afterdehydrat10nthecapsulesandoLollthsweredrledbytheCOいCrltlCalpolnt

methodusingamylacetateasanlntermedlaryfluldThespeclmenSWereP)aCedon

alumlnlUmStubs.coatedwlthgold)nvacuum,andobservedbyascannlngelectron

mlCrOSCOpe

2 ResuJts

Thesaccularotollth(sagltta)0ladu)ttl1aplaisanOYalstoneflattenedmedlaト
laterally(FI昔24a,b)ItI)esvertlCally)nawaythatthesulcusacoustlCUSOfthe
medialsldelSlnContactWlththegelatlnOuSlayeroftheoto)1thlCmembraneonthesen-
soryeplthellum ThecontouroFthesulcusacoustlCuSISlnaccordancewlthanextentOf

thesensoryeplthellumOrthemaculawhichlooksllkeanelongatedfootpr)ntlnShape

(Flg24C)

Ultrastructuralchangesofca)clumCarbonatecrysta)Softheotol)thsurfacewhen

treatedwlthdlfferentlybufferedrlxatlVeSfordlfferentlengthsorflXatlOntlmCWere

studledwlthdlfrerentportionsofthesaglttalotollth.ScanningelectronmlCrOgraPhs

weretakenatdlfrerentportlOnSlnd)catedlnText-rlg3.

ThecrystalswerevarlableInsIZeandshapewlthdlfrerenLportionsofthesame

otollthlnIntact,nOn-flXedotollths.boththeinner(medlal)andtheouter(lateral)

surfacesshowedcrystalswhlChseemedtobegrowlng.aSAWhole,fromthecenterto

theotollthmargm lrlthecentralportlOnOfthesulcusacoustlcuscrystalneedleswere

approxlmately5-8FLmlnWldth(Flg25a)AcICu)arcrystalswcreabout3FLm )n

wldthontheupperandlowerportlOnSOrtheInnerSurface(FI古25b,C).Attheouter
surfacespherlCalcrystalsaboutI-2JLmlndlameterOCCupLedthecentralarea(FI古

25d)TheanterlOTmarginOftheoutersurfaceshowed)argoacICularcrystalsabout10

〟mュnWldth(Flg25e)

TheeffectsofthephosphateorcacodylatebufferedflXat)YesOnthesurfacefeature

ofcrystalscou一dnotbcdetectedbyf)xatlOnSuPtOabout2days.butcleardlfrerences

wereobservedbetweentreatmentswiththetwoflXatlVeSafterrlXat)Onfor4-7days

AfterflXatlOnWlththecacodylatebufferedflXatlVeforabout6h(Flg26),a

granularappearancebegantoappearonthesurfacesoral一thecrystalsAfterflXatlOn

from12hoursto2days(Fig27).CrystalgralnSOfaboutOIJLmlndlamCterbecame
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TexLイig･3 0tollthsurfacesofOreochromlSTulottcusloshowtheportions(●)selec･.ed
forSEMobservat10nSOTthecrystalstructure
(a) lnnerSurraCe
(b) outersurrace

clearerwlthtlme,andmembranoussLrucLuresappearedlnandbetweenthecrystals

AfterrlXat10nfor4to7days(FIE28).therlbrousstructureslnandbetweencr)stals

becamemoreremarkable.andthecrystalgralnSWerealsomoreobvlous

AfterflXatlOnW】ththephosphatebufferedflXatlVeFor4to7days,calcareous

spheru)esor5-7FEmlnd]ameLer,composedofgroupsofprobablymaturedhydroxy-

apatitep一ateletslnahlghlyorderedhexagonalarray,Wereobservedonandaroundthe

areasofthesulcusacousLICS(FIE29a,b)andontheopposlteOuterSurraCe.Onthe

anterlOrmarglnOftheoutersurface.smallclustersofcrystalsranging0.1-1JLm,

posslb】yapatlteCrystalslnanearlyphase,wereobserved.

3 DISCuSS10n

Them8】ncomponentOft,eleosteanotollthsISCal°)umcarbonatclntheformof

aragon)tewhlChlSPO)ycrystaHlnelnnature(Irle.1955,1960.Carlstrom,1963.

Muglya,1974)Theneedle-1lkecrystalsofaragonlteareOrlentedthe一ongaxISnearly

perpendlculartotheoutermargmOftheotollth(Irle,I955;Degensetal,1969)

Crystalsonthesurfaceortheotol】thsoftllaplaShowedthesamefeatureas

reportedbyBlngel(1981)lncodotoHth.theSIZCandshapeorcrystalsvarledln

dlrrerentportionsoftheotoltthsurfaceThislnd)Catcsthatthegrowthorotollthls

notunllormwlthdlreCtlOnSThesIZeOfcrystalsortheInnersurfacefaclngtheTnaCula
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were)argerthanthoseontheoutersurraCefaclngthebu一kylumenTherefore,the

otollthseemstogrowmoreactlVelyattheInnerSurfaceThlSlnterPretatlOnOfotollth

growthlSlnaccordwlththeresultsofcalclum-451nCOrPOratlOninra)nbowtrout

otol■ths)nwhlChmuch'Ca巾asshowntodeposltOntheInnerSurface(Irle.1960,

Muglya.1974)Theshapeofthesu)cusacoustICuSOfi)1aplaSaglttanearlycorresponded

tothecontourorthesensoryeplthellUm ConslderlngthatthegelatlT10uSlayeroverlylng

themaculareg)onlSlndirectContactWlththesulcusacoustlCuSWherethecrystal

growthlSlessactlVethantheotherportionOrtheotollthInnersurface(Muglya,1974).

thecellsofthesensoryeplthe)lumarernOre]lkelytobeInvolvedintheformationOf

gelatlnOuSlayerratherthanlntheotollthgrowth

Ontheotherhand,theanterlOrandposterlOrmarginsOftheoutersurfaceor

otollthshowed一argerac)CularcrystalslnCOmParlSOnWlthotherportlOnSPerh叩Sthls

flndlngmaylndlCatethattheoLollthgrowsmorerapldlylntheanterlOrandposterlOr

direct)OnS

AccordlngtODale(1976),themaculasideorthecodotollth)sstrewnwlthunlform

spheruleswhzchareembeddedIntotheot,011LhasIts'bulldlngUnltS■However.asDale

usedphosphatebuffersolutionforrlXatlOnandstorage.thespherulescou)dhavebeen

FormedartlflClallyonthesurraceoftheotollthascalclurnPhosphatecrystalslnthe

formofhydroxyapatlteCrystal(Meyeretal,1972).SlrnllarhydroxyapatlteCrystals

wereobservedlnthisStudywhenuslngaPhosphatebuffersolutlOnfortheflXatlOnOf

otollthlnthepresentobservatlOnOfRon-flXedtllap180tOHths,Crystalswereseenon

theInnerSurfacelnVariousSIZeSandshapesWhentheotol)thswereflXedwithcac〇･

dylatebuffcred25%glutaraldehydeand20%paraforma)dehyde,thecrystalswereseen

tobcgraduallydecalclf)edwltha)ongerrlxatlOntlme.1eavlnggralnSOfabout01FLm

withmembranousstructureslnandbetweencrystalsoftheotollthsurface.Probably

thegrainsarccrystalsubunltS(crystaHlteS)ofaslnglcaragonlteCrystalandthi:

membranousstructuresarelnterCryStalmatrix.

V MORPHOMETF=CANALYSISOFSECR[TORYSPHERULES

INTHESACCULUS

TheotollthsorteleostscontainanOrganicmatrlXCOrnPOSedofglycosamlnOglycans,

llPlds(Muglya,1968)andprotelnSknownasotoIIn(Degensetal.1969)Muglya

(1968)suggestedthattheorganlCmatrixOfotollthlSProducedandsecretedatthe

maculareglonintotheotollthfluid(endo)ymph)AsstatedlnChapterET,spherules

roundonthetransltlOna)eplthellumOfthesacculuslntllaplaareCOnSlderedtocontain

precursormaterla)SoftheorganlCmatrlXOfotollthOntheotherhand,Tanakaeta),

(1981)andMug)yaetal(1981)suggestedthatthedallyincrementsareformedby

dlurnalchangeslnOtOllthformlngaCtlVltleSdetermlnedbytheInterna一b1010glCalclock

whIChlSentralnedbythephotoperlodasanext,ernaltimecue
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】nthlSStudy.determinatlonofdallychangesOfthesecretoryactlVltyWasatteTnPted

byquantlfylngthespherulesonthetransltlOnalepltheliumorsacculuslntllapla

l M8terl8ls8ndmethods

TwentyadtJ)ttllaP)aOreochromLS,tlLotLCuS,aPPrOXlmatelylOcmlntotallength,

wereusedasmaterialsTheywerekeptln60llterfreshwateraeratedaquarlaundera

12Ll12Dphotoreg)me(llghtphase.08 00-20 00) watertemperatureandfood

supplywerethesameasdcscrlbedlnChapterⅢ Anlmalswereace)lmatedtothephoto-

perlOdatleasttwoweeksandthen5flShweresacnflCedateach2 00,8 00,14OO
and20 00hSEMspcclmenSOrtheInnerearwerePreparedbytheproceduresdescrlbed

lnChapterⅢ TherelatlVeamountOfsecretoryspherulesontheperlmaCulartranSlt10nal

eplthellumwasdetermlnedbySEMobservationsWiththethreepart)t10nedareashown

lnTexHlg4 TherelatlVeamountOfsecretoryspheruleswasrepresentedbythespace

factorWhlChwasapercentageproportlOnOftotalspacesoccupledbythespherulesina

unltareaOf50JHnSquare(Text-flg5)About5110unltareasWereObservedfora

rlSh.

2.Results

Tl)aplaShowedadiurna)rhythmlnquantityOfsecretoryspheruleslnthethree

differentperlmacularreglOnS(anterlOr,mlddleandposter10r)(Text-F)ど6)

IntheanterlOrPer)maCUlarreglonthespacefactorwasthelowest(541%)8t800

h,andthenincreasedら)gn)llCantly(p<001)to1507%at2000h

OnthemlddlcreglOnthevaluewasthe)owcst(039%)at200handIncreasedlln-

earlytothehlghestat2000h (619%)TトISVa一uewasslgnlflCantlyhlgher(p<001)

thanthatat.200h.

IntheposterlOrreglOnthespacefactorwasthelowest(505%)at8:00h.andthen

IncreasedslgnlrlCantly(p<001)tollO8%at20.00h

lncomparlSOnSbetweentheanter10r,mュddleandposter10rper)maCularreglOnS,the

anterlOrreg10nShowedthe一argestquantltyOfsecretoryspheTUlesatanytimeOfthe

day.TypICalSEMphotographsoftheanterlOrregionWlthnumeroussecretoryspherules

areshownlnFlg30b.dThepostenorreg10nfollowedtheanterlOrreg10nandthe

mlddleregionWastheleastactlVC.TypICalSEMphotographsofthemlddleperlmaCular

regionWlthsmallnumbersofsecrctoryspherulesareshownlnFI古30a,C

3.DISCuSS10n

DlurnalquantltatlVeChangesofsecretoryspherulesonthetransltlOnaleplthel)um

wereconflrmedbySEM ThenumerlCaldensltyOfthespherulesshowedaCleartendency

thatltlShighintheaftcrnc>onandlowlnthemornlngOnanyOftheantcr10r,m】ddle
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Text-fig.4.SchematlCrepresentationOfthesaccularm8CulaandtheperlmaCularreg10n
(transLtlOnaleplthellum)lntllaplaA.anterlOrPartOfthesaccularmacula,M,
mlddleparLorthesaccularmacula.P.posLerLOrPartOfthesaccularmaCula.a,
anterlOrPartOrtheperlmaCularreg10n,m,middleparlortheperlmaCu18rregion,
p.poster10rpartOftheperlmaCularreg10n

..:L･.:T.･●●..●●.:･1.T･･
･..●･･･::.･l:･･l･'.4(●̀●.''.':ll:('-
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Text-rig･5･DlagramSOfthesecretoryspherulesontheperlmaCularreg10n
(a) SEMphotographofsecretoryspherules
(b) Copyofthephotographor(a)BlackspotslndlCateareasCOVeredbysecret
spherulesSpacerectorwasmeasuredwlththeencasedarea(50LLmSquare).
Copyofthephoto_graphor(a)BlackspotslndlCateareasCOVeredbysecretory
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TexHig6 DallychangesoTthespacefac'bOrOfthesecretoryspherulesonthesaccular
translt10naleplthellUmlntllap)aVertlCalbarslndlCateSDofmeanfor20-30unltS
A,anter)OrpartofthetrasLtlOnaleplthellum.
M,middlepartorthetransltlOnaleplthellum.
P,posterlOrPartOhhetransILIOnaleplthellurn
★SlgnlflCantlydlfEerent(p<005)fromthevalueat800h
★★SlgnlflCantlydlfreT･ent(p<001)fromthevalueat200h

andposteriorperlmaCu)arreglOnSMuglyaetal(1981)andMugiya(1984)foundln

goldflShandralnbowtrout,respectlVely,thatotollthformatlOnSloweddownorstopped

atsunrlSeandresumedafter3hrsAccordlngtOTanakaetal(1981).thedlSCOntlnuOuS
zoneorotollthIncrementswasformedaroundthetimeOfllght10nunderareglmeOr12

L-12DphotoICOndltlOn(llghtphase.080012000)lDtil叩)a.

Irthecontentsorthespherulesareorgan)Cmater)al≦wlthorwlthoutcalclum

necessaryTorotol】thgrowth,andlfthedeposltlOnOforganlCmatrlXandthegrowth

ofaragonlteCrystalsontheotollthsurfacearealmostconcurrentevents,thequantlty

ofspherulesontheperlmaCu)arreg10mShouldberelatedtothegrowthrateOrOtO)lth

Thesecretoryspheruleswereshowntobemost,abundantattheanter10rPerlmaCular
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reg10n,lessattheposterlOrreglOnand)eastatthemlddlereglOnthroughouttheday

TheanterlOrandtheposter10rbudsortheouterotollthsurfaceshowedlargeracICU)ar

crystals,andLhlSWasCOnSlderedto)nd)catethattheotoHthgrewmorerapldlylnthe

anterlOrandposteriordlreCt1-ons(ChapterIV)Therefore.thegrowthrateofotollth

canbecorrelatedtothequantltyOrSeCretOrySpherulesontheperlmaCularreglOnThe

observeddlurnalrhythmofspherulesecrct10nOftheperlmaCularcellsmayhavea

causalrclatlOnWlththedallyIncrementformat10n

BasedonthemorphologlCalstudleSOfWatabeetal(1982)andCampanaand

Ncllson(1985),Muglya(1987)proposedthreealternatlVehypothesesthatm･ght

accountfortheformationOftheblpartltCStructureOrOtOllthIncrements-1)both

organlCmatrixandcalcrumdeposltlOnSVarydrurnallybutlnoppos)tephases,2)

calcIUmdeposltlOnVarleSdlurnally,whllematrlXdeposIL10ndoesnot.and3)calclum

dcposltionlSCOnSt且nt,WhllematrlXdeposlt10nYarleSdlurnally.Allthesewouldresu一t

irltheformatlOnOfalternatezoneslnWhichcalclumOrmatrlXdeposltionispredomlnal

tedInralnbowtroutotollth,deposlt10nSOfcalclumandorganicmatrlXWereShownto

belnOPPOSltephaseswltheachother,therateofcalclumuptakebytheotollthvarled

iTla∝Ordancewithadiurnalrhythmofserumcalciumconcentration(thcpeakat1600h

andthenadlrat2200h),whlleglutamlCaClduptakepeakedatnlght(2200h)agalnSt

analmostconstantleveldurlngthedaytlme(MugLya,1987)ThePresentresultsrevealed

thattheamountofspherulesontheperlm8CUlarreglOnChangeddlurnally(thepeakat

2000handthenadlrAt800h)TtlSneededtoknowwhethercalclumlnadd】tlOntO

organicmatrlXPrecursorsISCOntalned)nthespherulesandhowlongtlmelSrequired

forthespheru)esfromsecretlOnatthetranSltionaleplthellUmtOdcposltlOnatt,he

otollthsurface

Vl.ELECTRON-PROBEXIRAYMJCROANALYSESrN

THESACCULUSANDAMPULLA

OtollthslnbonyfishesconsIStSOfcrystall)neca1ClumCarbonatelnもheformor

aragOnite(Mor&lesINln,1987)andasmaHamountororganicmatrlX(Degenset81..

1969,Muglya,1968).LittlehasbeenknownaboutthemechanlSmOftheotollthgrowth,

part.cularly｡nthecc)lula,C｡ntrlb｡t.｡nbecausethe.t.llthgr.wslnahum.,alen,lr.n-

mentoutofcontactswlthanycel】u】arstructur

were"suu:geersotucsdStP.h::unlteaslnfo,u,nedcuo,ns.trhemtartaen,:it:oon,TtheeP1.t崇inulTmO::,Txe.S,a三C:oll:tSh1Z｡thl三a,::

Ⅲ)Thespheruleswereshowntooccurbysecre

eplthelumcellsinadlurnalrhythm (ChapterV

TolnVeSt)gateChemlCalcharaCterlStlCSOfi

yactlVItleSOfthetransltlOnaJ

spherules.e)ectron-probeX-raym)cro-

analyses(EPMA)wereperformedlnCOmParlSOrlw)ththoseofthesacculusand

ampullalntllapla
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l M8ter18lsandmethods

AdulttLlapla,OreochromLSnLEoLIC LLS.aPPrOXlmatClylOcmrltotallength,wereused

asmaterlalsTherearlngCOndlt10nSandthesampllngShedulewerethesameasthe

studyforthedlUrn8lchangesofthesecretoryspherulesonthetransltlOnaleplthellum

(ChapterV)

Theheadwascutsagltta】1yandflXedwlth5%glutaraldehydeln0IM cacod)late

buffer(pH74)for3hrs,washedovern)ghtlnthesamecoldburreranddehydrated

throughagradedserleSOfethanol.Thepost-f)xatlOnWlththesecondaryrlXat】VeWas

notperformedSurroundingbonesandcart))ageswererernovcdcarefullyln70%ethanol

untlltheentirelabyr)nthwas)oosenedfromItsbonyclad)eThemembranoussaccular

capsu一ewasopenedwltharaZerbladeandtheotollthwaspulledgent)yofftheset)SOry

maculaThe8mPUllaewereopenedandthecrlStaampullarlSeSWereexposedlnthesame

way,Followlngdehydration,thecapsuleandotollthwerecr)tICal-polntdrled,placedon

aCarbonstub,andcoatedwithcarborHnVacuum OtollthsweretreatedwlthI,he

prlmaryflXatlVeCOntainlng4%CPCforalongtlmetOdecalclfyandvISuallZethelr

organlCflberslnthesamestudyforthesurfacetextureorotollthcrystals(ChapterⅣ)

EPMAwasconductedwlthaHltaChlS-2300scannlngelectronmlCrOSCOpCequipped

wlthaHorlbaEMAXenergydlSPerSlYeX-rayspectromcterat20kV Theworklng

distancewas20mmandthelntegratlOntlmefordetcctIOnWas100seconds

AHltaChlX-650SEMequlPPedwlthaS16091waVelOngthdlSPerSIVeX-ray

mlCrOanalyzeralsowasusedtodeterminetheamountofcalcJUmlnSelectedareasor

speclmenSItwasoperatedat25kV,lnaWOrklngdistanceO日5mJMndadetectlnghme

of20Sec

SpeclmenSWerePlacedonstubsasflatasposs)bIe,anddetectedcharaCterIStlC

X-raysfromspecJmenSaSmuchasposslblebycontroll)ngtheworklngdlSt8nCeSOrthe

SEM ForquantltatlVeanalysISOfcalclum,thewavelengthdlSPerSIVeX-ray

mlCrOanalysISWasPerformedaccordingtothespottospotmethodtaklngtheotol】th
oftllaplaaSthestandardsampleanddeterm)nedtherelatlVeCOUntSforcalcium

2.Results

1)E一ementaryanalyses

(1)Sacculus

Se舶O/ツePL亡heLLLLm SecretoryBXtTuS10nSWereSeenaSroundbodleSmeaSurlng15-

3JLmlndlameLcramongbundlesorsensoryhairsofthesacculareplthellum(FIE31a).

EPMAoftheextrusIOnSylCldedthreema)orpeakswhlChwereldentirledaSka

emlSSIOnSOrPhosphorus.sulphurandcalclum,rePeCtrVely(FI甘31b)Thehlghestpeak

wasofsulphur.
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7TatLS山 onaLepLtheLILLTn SphericalvesiclesscatteringOvertheperlmaCUlar

transltlOnaleplthellum (Flg3lc)weresmaller(05-06FLmlndlamCter)thanthose

onthesensorymacula(FI古31a)AnalystsOfthespherulesshowedpeakslntheorder

ofcalclum,Sulphurandphosi)horus(FIE3ld)TherelatlVePrOPOrtlOnOfcalcIUm Was

hlgherlnthespherulesofthetransltlOnalep】thellUmthanlntheextrusionsOfthe

sensoryep)thellUm

SqzLaT7W LLSePLthelLum SecretoryblobsofvariousShapesoccurredonthesquamous

eplthellumCellslnthesacculus(Flg.32a)Exam】natlOnSOftheblebsgaveslmllar

resultswithspherulesonthetranslt)OnalorsensoryeplthellUmlnthatphosphorus,

SulphurandcalclumWerethemajorelementscontalned(Flg32b)Moreover.the

hlghestpeakwasofphosphorus

OtoILthLCTTlembrane SEMobservatlOnSOfthegelatlOnuSlayerrevealedahoney-

combedstructurewlthnumerousholesofabout5JLmlndlameter(FIE32C)The

analysisOfthegelatlOnuS)avergaveon]ypeakofsulphur(FIE32d)Ontheother

hand,subcupularmeshworkshowedaflnelytexturedflbrousstructurewlthamorphous

materials(FIE33a)AnalysisOfthesubcupularmeshwordshowedpromlnentpeaksfor

phosphorus,sulphurandcalcium (FIE33b)Thepeakofcalciumwasthehlghest,and

followedthepeaksofphosphorusandsu】phurlnturnThepatternofpeakswas

dlfferentfromthatofthespherulesonthetransltlOnaleplthellumlnthatthesulphur

peakWasverylow

OtoLLth SEMprof)lesofotollthsurfaceafterflXat10nWlththeprlmaryflXatlVe

for7daysshowedflbrousstructureslnandbetweencrysta】S(FI古33C)Theanalyses

ofboththeflbrousstructuresgavealmostthesamepatternofablgPeakforcalcium

with､erysmallpeaksforphosphorusandsulphur(FIE33d)

(2)Ampulla

SensoTツePLthelLuTTtCytoplasmlCeXtruS10nSOf1-5JLmdlameterWereOnand

amongthehallbundlesofthesensorycellsoftheanterlOrCrlStaamPullarlSWere

ana一ysed(FIE.34a)ApromlnCntPeakorsu)phurandsma)1peaksofphosphorusaTld

calciumWerea)sofoundThecalclumPeakwasmuchlowerthaTlthephosphoruspeak

(Flg.34b)

SqLLaTnOLLSePLthelLum ThesurfacevleWOfeplthellumadJaCenttOthesensory

eplthellumOfcrlStaamPullarlSScarcelyshowedsecretoryspherules(Flg35a)Thecell

surfacecmlttedthreemaJOrPeakslntheorderofsulphur,phosphorusandcalclum,a

patternslmJlartothatofthecytoplasmlCextrusions(FIE35b)

Cupub ThecupulaearegelatlnOuSbodleSlocatedabovethecrlStae.about70-80

pmlnhelght(FI古34C)ProminentPhosphorus.SulphurandcalciumPeakswereseen

lnthatorder(Fig.34d)Thespectrumshoweda一mostthesamepatternasthatofthe

cytoplasmlCeXtruSIOnSOnthesensoryeplthellumOfthecrlStaamPullarlS
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Text-fig.7 RelatlVeamountsOfcalclummeasuredonthesecretorystructuresofthe
saCCulustaklngtheotollthvalueaSloo拓 Thec8lclumContentsOlblebsonsquamous
eplthellurn.SPherulesonthetransltlOnaleplthellumendextruslOnSOnthesensory
eplthellumWereO23%.092-177%and212%,respecllVely

2)QuantltatH/eanaIysISOlcalclum

TherelatlVeamountsOfcalcluminvar)oussecretorystructuresonthesaccular

eplthellumWQredetcrmlnedfromtherelatlVeCOuntSOfspot.tospotanalyses,taklng

theotollthasthestandardmaterlal(Text-flg 7)CalclumOfsecretoryextrus-onson

thesensoryepithellumamountedtoabout212%oftheotollth.ThecalclurnCOntentS

ofspherulesonthetransiいonaleplthcllumWerefrom177%to092%reduclngaS

dlStantfromthesensoryeplthellum.Blebslnthesquamousreg10nShowedonly023%

CalclurnCOmParedtotheotolith
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2 8 14 20 TIME

I lLIGHTPER10D + OARKPER10D

Text-Eig･8 DaLlychangesoftheamountoFcalcrumlnSeCretOryeXtruS10nSOnthree
portlOnSOrthesensoryep)thetlum VertlCalbarslndlCateSDofmeanforgo-30
samplesA.anterior.M.mュddle.P.poster10r
★SlgmflCantlydlrferent(p<005)fromthevalue&L200h
★★SlgnlflCantlydlfTerent(p<001)fromtheyalueat200h

3)D-urnalquantltatlVeChangesofcalclum

(1)Sensoryeplthellum

DlurnalchangesoftherelatlVe且mOuntOfcalc)umofsecTetOryeXtrUSJOnSat

dlrrerentpOrt10nS(anterlOr,mlddleandpost8rLOr.SeeText-flg.4)ofthesensory

eplthel川mWeredetermlnedltwasthe】owestat200h.andconstantlyhighafter800h

aLanyportlOn(Text-flg･8)Themeanyaluesofcalcrumcontents(1.80-183%)｡f

thethreeportlOnSat14･00hweres)gnlflCantlyhlgher(p<001)thanthoseat200h

(1･49-167%)ComparingthethreeportlOnSat8.00hand2000h,thevalues0(the

mlddleportionWer白lowerthanthoseattheanter)orandposteriorPOrtlOnS
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L ILIGHTPERIDD - DARKPERIOD

TexL･rlg.9 DallychangesoftheamOuntOlcalclumlnSeCretOrySPherulesonthree
port10nSOrthetranslt10aleplthellum VerticalbarsIndicateSDofmeanFor20130
samplesA.anterlOr.M,mlddle,P,posterlOr
★★SlgnlflCantlydlfferent(p<001)Fromvalues&t200,800and2000h

(2)Transltionaleplthellum

AttheanteriorandposteriorPerlm&CularportlOnS.thecalclumCOntentSOfsecTetOry

spheruleswerethehlghest(164-1.77%)at1400h,whl1eslgnlficantly(p<001)the

lowest(I08-120%)at200hOnthcotherhand,theca)GlumContentOfspherulesat

themlddlcportion(114-144%)changedllttlealldaylong(Text-flg 9)

(3)Squamouseplthellum

calcrumcontentsofblebswerelnaVerylowlevel(02210_23%)atanytimeOf

thedayCOmParedwlththoseofthesecretorystructuresonthesensoryandtranslt10nal
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Text-tig10 DallychangesOrtheamountofcalciumlnblebsonthesquarnousepILhellum
VertlCalbarsIndicateSDofmeanfor20130samples

eplthellum (Text-fig.10)

3 DISCUSSIon

ElementaryCharacterlstlCSOfthesecretorystructuresonthesacculareplthellum

wereshownbyelectron-probeX-raymlCrOanalys)S(EPMA)Theycontalnedphosphorus,

sulphurandcalclumamongOthers.Phosphorus,SulphurandcalclumWeredetectedln

allthesecretorysphcrulesonthesaccularcplthellumWhl]eonlysulphurwasconflrmed

lnthegelatinouslayeroftheotollthlCmembrane.Su)phurlnthegelatinouslayermay

representsulfatedglycosamlnOglycansasItsmajorcomponentlncrlStaamPUllarlS,

cytoplasmlCeXtruSIOnSWereObservedonlyonthesurfaceofthesensoryePlthellumand

notontheadJaCent8plthellum TheseCXtruSLOnSalsocont,alnedphosphorus.sulphurand

calclum DlfferentfromthegelatlnOuSlayerofthesacculus,however.thecupulaofthe

crlStaCOntalnedaHthesethrccelernentsAsnelthertheotollthandthesubcupular

meshworkISPresentOnthesensoryeplthelrumcellsofthecr)std,thecytoplasmlC

extrus10nSmustberesponslblefortherormatLOnOfcopula(ChaptcrⅢ)lnthesacculus,

thesameSituatlOnCanbeapplledtothecytop)asmlCextrusionsOfthesensoryeplthelium

cells8StOtheorlglnOfthegelatlnOuSlayerltlSCOnSldered,however,thattherewou一d
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bedlfferentpr∝esses)ntheformatlOnOfthesegelatlnOuSStructures,thatlS.thecupula

maybeformeddirectlyfromcytoplasmlCeXtruS10nS,butthegclat)nOuS)ayera一ter

somefurthermodirlCation

TheX-rayspectraofboththesecretoryspherulesonthetranslいonalcplthellum

andthesubcupularmeshworkshowedaslmllarpatternexcepta)overpeakofsulphur

andahlgherpeakofphosphoruslnthemeshworkltlSpOSSlbletopressumethat･some

sulphurconta)nlngcomponentsaretransferredtothegelatlnouslayerJudglngfrom

theresultsofEPMAtogetherwlththemorphologlCalobservatlOnS(Chapter班).the

subcupularmeshworkmayhaveitsOrlglnlnthesecretoryspherulesonthetranslt10mal

eplthellum

OtollthsofteleostscontaintheorgarucmatrlXCOmPOSedofglycosamlnOglycans,

1)plds(Muglya1968)andprotelnS(Degensetal,1969,Asanoetal,1988,Babact

al,1991)TheX-rayspectrumoftheotollthf)xedfora)ongtlmerepresentedab)ど

peakorcalclumandverysmallpeaksorphosphorusandsu)phurSulphurmayrepresent

su)fatedglycosamlnOglycanslntheoto)lthOntheotherhand.phosphorusmaybea

componentofphosphollpldsderlVedfromcyt,oplasmlCmembranousstructuressecreted

bythesaccularepltheliumcell.Thepeakofphosphorusmthesubcupularmeshworkwas

muchhigherthanthatofsulphurlfthesubcupularmeshworklSIncorporatedIntothe

otollthasltSOrganlCmatrlX.theuptakeofphosphoruswouldbereducedcompared

wlththatofsulphurbysomemechanlSm

TherelatlVeamountOrCalclumlnSpheru1eswasthehlghestonthesensory

eplthel】um,next,ontheI,ransltlOnaleplthe)lumandthelowestonthesquamous

eplthellUm ThequantltyofcalclumdetectedlnblebsonthesquamOuSePlthcllumWas

slgnlrlCantlymuchlowerthanthoseontheothersaccularcplthellum Thecalclum

contentofthesecretoryspherulesonthesensoryandtranslt10naleplthel18C一earlyshowed

adiurnalchangeOntheotherhand,thecalciumCOntentOfblobsonthesquamous

eplthellumShowedalmostthesame】eve)allthedayTherefore,ca)C】umlntheblebson

thesquamouseplthcl]ummaynoHakeanImportantPartlntheotollthgrowth

ThecalclumCOntentSOfsecretoryextrusionsWerethehlghestat14･00andthe

lowestat2000nallthethreeportlOnSOfmaculaThecalclumCOntentSOfsecretory

spheruleswerOalsothehlghestat1400andth㊤一owestat2000ntheanterlOrandpost-

erlOrPOrt10nSOfperlmaCUlarreglOn,butscarcelychangedthroughoutthedayonthe

mldd)eport)onIfcalc)umlnthesecretoryspherulesontheperlmaCulareplthellumhas

themaJOrImportancefortheotollthgrowth,theremustbeaphasedlfferencebetween

thedlurna)changeofcalc)umcontentofsccretoryspherulesandthedlurnalgrowthof

oto)lth.becausetheotollthgrowthlntllaplaunderthesamephotoICOndlt10nlSreported

tostopat8008ndresumeafter3hrs(Tanakaetal,1981).T)mecourscaStOthe

llber8tlOnanddeposlt10nOrCalc)um lnthespherules,aSWellasoforgan】ccontents,

shouldbelnYeStlgated

ShlChlrl(1985)reportedthattheotollthofgoldflShlSroundlntheearlylifestage

butlSgradual一ytransformedtoaslmllarshapeofItsSaCCulus,andwonderedwhy
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calclu皿10mSlnendolympharenotdlStrlbutedunlforrnlybyd)ffuslOnlnthlSrespect,

lt)SVerylntereSt】ngthatthecalclumCOntentOfspherulesontheperlmaCUkrreg10n

waslocallydlrfercntaccordlngtOthedlStanCefromthemacula.ThlSCanbeaneXplana-

tlOnforacauseofthenon-uillformgrowthoftheotollth

V".GENERALDISCUSS10N

ThefunctlOnalmorphologyoftheInnerearOfteleostshasbeenstudiedbymany

workers(Flock.1964,Hama,)969;LewISandNcmanlC,1972.SaltO.1973,Dale.1976.

Popper,1976,1977.Jenkms,1977.1979.CoombsandPopper,1982,Platt,1983.Popper

andPlait,1983iSaldelandPopper.1983)MostofthepreviouslnVeStlgat10nS,however,

h8Yebeencamedoutfromtheneuro-physlOloglCalpolntOfvleWandmorphologlCal

aspectsinrelatlOntOthemechanlSmOfotollthgrowtharepoolyunderstoodThe

resultsobtainedlnthlSStudyuslngtllaplahavepresentedmorphologJCallnEormatlOn

ortheteleosteaninnerOar.PartlCularlysuggestlVeforelucldatlOrlOfthemechanlSmOf

otollth(sagltta)growththatisImportantforapplicationortheotollthmlCrOStruCture

lnpOpUlatlOnStudleSOfflShes

ThedevelopmentoftheflShotollthbeginsWlththe8pPearenC80forganicCores

calledprlmOrdlalntheotlCVeSIC】elntheearl)embryonlCStage(Sokolowski.1986.

YamadaandShlmlZu,1988).CalclflCatlOnOftheprlmOrdlafollowsandtheotollth

growsbyappo51t10mOforganlCmatrlXandltSCa1clflCatlOnltlSnowPOStulatedthat

alternatedeposlt10nSOfca)clum-rlChandorganicrnatrlX-rlChbandscausethedally

growthIncrementsintheotollth(Watabeetal,1982.Muglya,1987)

EnvlrOnmentalcondlt10nSSuchasphotoper10d(Brothelsetal.1976;Taubertand

Coble,1977;CampanaandNellson,1985.Jones.1986.SecorandDean,1986),

temperature(Brotbers.1981,Campana.1984.NellsonandGeen,1985),feedlng

(Campana,1983;Nellsonand°een.1985),andendogenouscondlt10nSSuchasgrowth

(Gerfen,1982),bloodcalclum (Muglyaeta1.,1981)andclrCadlanrhythm(Inoue,1982)

mayallfluctuatecycllCally,andallmayhavepotentlaltoInfluencetheotollthgrowth

Howeyer,physlOloglCalmechanismswhlChcontrolthedai一ygrowthofotollthst111re-
malnStObesolved.

Theotollth(sagltta)lnthesacculusISlocatedabovethemacularsensory

eplthellum,attachedtothelntermedlateOtO)lthlCmembraneandsurroundedbyotollth

fluld(endolym ph).NocellsdlreCtlyattachtotheotollth.Therefore,precursor

mater18lsoftheorgan)Cmatr】Xandcalciumareconsideredtobesecretedbyorthrough

thesaccularwallIntoendolymphanddeposltedontotheotolithsurfaceHowever.Ilttle

havebeenstudledaboutthJSprocess;eventheproblemwhichcel一soft.hesaccularwall

arelnVOlYedlntheprocesshavenotyetbeenmadec)ear

TheresultsobtalnedfromthepresentobseryatlOnlndlCatedthatthesecretory

spherulesofthetrams)tlOnalepithellumarethemostposslblesourceofprectJrSOr
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materlalsortheotollth.However,ltCannotbeexcludedthatthecytoplasmlCeXtrUSIOnS

ofthesensorycellsarealsorelatedtotheotollthgrowthBabaCtal(1991)ldcnLlfled

lmmunOhlStOChem)callycalcrum-blndlngglycoprotelnSextractedfromotollthslnhair

cel一softhem8CU18inwalleyepollackInt11&p)alLISCOnSlderedthatcytoplasmlCeXtru-

slOnSOnthesensoryeplthellumarcrelatedtotheform8tlOnOfgelatlnOuSlayerrather

thanOtOllthgrowth,becausetheyoccurllmltedonthemacularregionlnthesacculus

anda一soontheotollth-lesscrlStaTheposs)bllltythattheyareInvolvedintheotollth

growthshouldbeexaminedfurther

ObservatlOnSOftheotollthsurfaceshowedthataragonlteCrystalsaredlfrerentln

sIZeandshapeandgrowdlfferentdirect)OnSatdlfrerentportlOnSAtthearlterlOrand

theposteTIOrPartsOftheotollth,partlCularlyatthelatter.crystalsgrowfaster

comparedtothoseatthemュddlepart,correspondlngtOthereg10naldifferencesln

quantltyOrperlmaCularsecretoryspherulesandthelrC8lclumContentThlSflndlng

suggeststhatthenon-unlformoto)1thgrowthlSdependentontheamountandcalclum

contentofsecretoryspherulesontheperlmaCu)arregion.

ThecalclumContentOfthesecretoryspheruleschangedd)urnally(thepeakat14･00

handthenadlrat200h),andtheamountofspherulesontheperlmaCularregiona)so

changeddlurnally(thepeakat2000handthenadlrat800h).lndlffererltphasesof

about6hrsAccordlngtOTanakaetal(1981).tllaplaUndera24-hphotoperlOdof

12L-12D(lightphase80012000)stoptheotollthgrowthat800andresumelt

caaffcB.ruahbr.Sthlfnescpehsesraurlyes,.0,bs.etrovl諾hOgnrとhwetB7rtlhmeacChUi:三crてEl:ニ:Dun:ta:fOs::,aentl.Cr,m;三rh'eX,ualneds

shou)dreflectonthedlUrr)algrowthof

Tw?tubsih.erThO.rip.hg?cma;tor:;dreenScUe)ttshaO:ltSh:opnrselTtneニtstwu.dtyh:::vV.loduest,hhe,慧 gllnCCa:esTue:le;

(Muglyaeta1..1981.Muglya.1984.

d)urnalchangeslnamountOfspherules

theprocessoflncorporatlOnOfmatrix

needstobec)arlfledfurher

r諾oニ'tthstこhda,t,1,nodvulCdeeStahedadli.ylyg::cW:Ohm:C:et:ec.n:;

lya,1987)Atimelagof6hrsbetweenthe

ofcalclumCOnt,ent,mustbeconslderedfrom

substancesandca)clumOntotheotollt,h,I,hat

was1:APdreeP:hr:onugg:hae:epre.ce'smoefnSgrfaodredE:鵠 )Iqhue:de≡l,Xoacte)dYuere:aiuusStedhaavnedcdaeuhsyeddramt:Osnt

watersolublesubstancestobedlSSOIved

IlltherormofcLLIcarcousconcretlOnSSee

otherhand.itisposslblethatsomecalcI

secretorysphemlesdurlngflXation,and

calclumCOuldhaveoccurredlt,isnecessE

ConslderatlOnlneXPlalnlngCalciumdy

Therefore.on)ylessso】ublcmaterはls,eg

dtohayeremalnedlnthespecimenOnthe

lon≦lnendolymphwere且dsorbedonthe

I.serlOuStossesoT.tranSlocat10nSOftissue

totakethesetechnlCalllmltatlOnSInto

:sfromrcsu)tsobtalnedbyEPMA
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partiallycontalned)nthesecretoryspheruleslt,lSnecessaryt,0tracetheactualpathway

ofcalciumfromserumtoendolymphviathesaccu)arep)thelIUmCellsA)so.the

chemlCa1matureOfspheru)esontheep)thellumCel一sshou一dbestudledFurther.

SUMMARY

l.AnatomlCalandfloeStructurallnVeStlgatlOnSOftheInnerearOfOreochromls

nLLoILeZLSWereCOnductedtoestabllShthemorphologlCalbasISOfotollth(sag)tta)

growthwlthr8ferencetothedallylnC1･emCntformat)on.ThesacculusasanotollthlC

organwasstudledbyllghtmlC'OSCOPy(LM),transmlSSIOTtelectronmlCrOSCOPy(TEM),

scLLnnlngelectronmlCrOSCOpy(SEM)andelectronprobeX-raymlCrOanalysIS(EPMA)

lnCOmParlSOnWlththeampullaasanon10tOllthlCOrgan

2.ThesaCCularwallwascomposedofaslnglelayerofcellsc1aSSlfledIntothree

dlffcrenttypesofeplthella,thesensoryepithellum.thetranSltion81eplthellumandthe

squamouseplthelium Apatchofm)tochondr18-richcellswaslocat,ed)nthesquamOUS

cplthellum TheotollthlCmembraneandtheotollth(sagltta)werelocatedoverthe

sensoryep)theュ)umofthemacu)a

3.ThesensoryeplthellurnOfthemaculawascomposedofhalrCellsandsupporting

cellsarrangedalternatelyApocrlne･tyPeSeCretOryeXtruS10nSCOntalnlngsoれeVeSIC1QS

andelectrondensematerはlswereextrudingFromtheapICalsurfaceOfthesensoryand

supportlngCeltsintothesaccular)umenTheywereseentocoHapseandreleasethe

vesIClesintoendolymphofthesaccularlumenatthesubcupularzone.Anothertypeof

secretlOnWasVeSicu)ardllatlOnSOfthedlStalendsofmlCrOYll)iofthesupport)ngce))S

4.TheperipheryofthesensoryeplthellumW且StransformedIntoathlnnertranS卜

tiorlaleplthe】lum.Whichgradua)lybecametotheextremelythュnSquamOuSePithellUma

ithelateralandopposlteS)desofthemacu)aThetransltionalepltheliumcellsin

sacculuswerecharactenzedbymlCrOVllllattheapIC81surface,We一ldeve一opedrough

endop)asmlCret】Culum.Golglapparatuses.mltOChondrlaandwldeintercellularspaces

Thesefeaturesindicatedahighact)vltyofsynthesISOfprote]nsNumerousspherules

derlVedfromdl18tlOnSOfthemlCrOVll】lWerefoundonthetranSltlOnaleplthellumand

lnthesubcupularspace

5.Secretoryblebsofanapocrlne-typeWerealwayspresentonthesurfaceofthe

squamouseplthellUmOfthesacculusAfterplnChedoffIntothelumen.thesecretory

blebsseemedtobreakdownandd)ssolvethemse)Yeslntheendolymph.

6.ThesensoryeplthellumOfthecristaampuHarlSWasmOrPhoJoglCLLllythesame
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aSthatorthesaccularmacul且Showlngha)rcellsandsupportingCellsSlmllarsecreLOry

extruslOnSWereObservedontheccllsurface.butnomlCrOVll)I0rlglT)abedspheru]eswere

foundCellscontlgUOuStOthesensoryeplthellumOlthecrlStaamPullarlSWeremOrPh0-

10glCallythesameaSSquamOuSCellsofthesacculus,therewerenotransltlOnal

eplthellumCellsbearlngmlCrOVllllThecopulaabovethecrlStaWasCOmPOSedofnumer-

ousvesICularStructures,intowhlChe)ectrondensecytoplasmlCeXtruSIOnSOrSensory

cellswereprotruded

7.Inpart】cularreg10nSOfthesquamouseplthellumOfthesacculus.mltOChondrla-

rlChcellswereroundingroupsTheywerecharacterlZedbyagreatnumberof

mltOChondrlaaSSOClatedwithlntrlCatedsmoothcndoplasmlCretlCulum DIStrlbut10nS

ofmltOChondrla-rlChcellsJntheInnerearsOftllapla(OTeochromLSnLLoLLczLS)且odgold-

rlSh(ChrassIZLS aLLraLus)werecomparedbyLM 且ndでEM Theywerealwaysfoundln

patcheslnthestructurallyIsolatedcompartments,theamPUllaeorthreescmlClrCular

canals,theslnuSSuperlOr.theutrlCUIusandsacculuslnbothspecleSThecellswerealso

foundlnthetransversecanaHngoldflShandthelagenalntllaplaFenestrated

caplllarleSWeredlStrlbutedlntheconnectivetlSSuebeneaththepatchesof

mltOChondri8-rlChcells

8.TheotollthlCmembraneofthesacculuscons】stedoftheuppergelatlnOUSlayer.

wh)chlSlnClosecontactwiththeotollth,andthelowersubcupu)armeshworkThegela-

tlnOuSlayerwasareticulatedstructureofahoneycomb･llkearChlteCtureCOYerlngthe

areaOfthesensoryeplthellum ThesubcupularmeshworkwasCOmpOSedofaveryloose

networkofflneflbersextendlngOverboththesensoryandthetranslt10naleplthellum

9.Crystalsontheotollthsurface(58gltta)weredifferentlnSIZEandshapewith

dlfferentport10nS.andshowedlargergrowthattheanterlOrandtheposterlOrendsof

theotol)thInter-andlntraCryStalllneOrgaruCmatrlCeSWeredisclosedbytreatlngthe

otollthwlthflXatlVCSformorethan4days

lO.QuantltatlVedlStrlbutlOnOrSeCretOrySPherulesonthetranslt10naleplthellum

waslnaccordwlththegrowthgradlentOrtheotollth.ThequantltyOfspherulesorla

unltareaundera12L-12DphotopeTIOd(】lghtl0n800h)showedadlurn81change,the

largestat2000handthesmaHestat800hontheanterlOrandposter10rPOrtlOnSOn

themiddleport10nthespheruleswerefewalltheday

ll.ElementaryanalysesbyEPMAofthespherules.vesiclesandblobsonthe

sensory.transltLOnalandsquamouseplthellUmCellsofthesaccularandampullar

eplthellaShowedthatPhosphorous.su一phurandcalciumWereCOntalnedlnallthe

secretorystructuresThegelatlnOuS)8yerOrtheotollthユCmembraneshowedonly

sulphur,whllethesubcupul&rmeshworkortheoLollthlCmembraneandcupulaorthe
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ampul】ashowedallthethreee)ementsOntheotherhand,otol】thmatr)xrlbersexposcd

afterf]xatlOnforalongtlmeshowedabu一kofca)C)umwlthllttlephosphorusand

sulphur

12.ThecalclumCOntentOfthecytoplasm)cextruslOnSOfthesensoryeplthellum

wasthelowestat200handconstantlyh)ghatthefollow)nghoursThecalcIUmCOntent

orthespherulesontheanterlOrandposLer10rPort)OnSOfthetranslt)Onalep)thellum

wasLhehighesLatl4'00handthelowestat200h,whlletherewasllttlechangeonthe

mlddleportionThecalcIUmCOntentOrblebsonthesquamouseplthellumWasverylow

andvarledlittlethroughouttheday

13.ThemlCrOVllll-bearingCellsofthetransltlOnaleplthel)umwerecone)udedto

playthemostImportantrolelntheotollthgrowththroughsecretlOnOfspheruleswhlCh

containedcalclumandorganlCmatrlXPrecursorsThecontentsofspheruleswere

assumedtobeIncorporatedIntotheotollthvlafibrousstructureofthesubcupular

meshworkOntheotherhand.apICalextrusionsOfthesensoryeplthellumCellswere

conslderedtobeInvolvedlntheformat)onofgelat,lnOuSlayer
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ExplarlatiorLOffigures

Fig.1
a LateralγlewOftheleftmembranouslabyrlnthofOreocんromLSTuLoILCLLSThe
threecalcareousotollths.laplllus(LA),sagglta(SA)andasterlSCuS(A)are
contaLnedlntheutrlCulus.saccu)usandlagena.respectlVelyFrorntheuLrlCulus,
thethreesemlClrCUlarcanals,ductussemlClrCUlarlSanterOr(DSA).ductus
semlClrCUlarlSPOSterlOr(DSP)andduclussemlClrCularlS)aterallS(DSL)are
extendedAA,ampullaanterlOr,AL.ampullalaterallS,AP,ampullaposterlOr.
SS.sinusSuperior
b Transversesectionthroughthemュddlepartorthesacculus.LM.toluLdlneblue
SaccularwallconsIStSOfsensoryeplthellum (M.macula).translt10nal
eplthellum (TE).squamouseplthellum (SE)andmltOChondrLa-richcells(MC)
ES,endolymphatlCSPaCe.OM.otollthlCmembrane.SA.otollth(sagltLa)

Flg･2 TransmlSSIOnelectronmlCrOgraPhsoffourdifferentpartsofthesaccularwall
lllustratlngCharacterlStlCfeaturesoftheepILhellumCells
a SensoryeplthellumCOmPOSedorhalrCells(HC)andsupportlngCells(SC)
ThecytoplasmofsupportlngCellsISmoreelectron-densethanthatofhal一Cells
Noteanelectron-densecyLOPlasmlCextrusion(arrow)onthetopora
supportlngCeHG,gelatlnOUSlayer.ICS.lnterCelluarspace,SH,sensoryhalr,
SM,subcupularmeshwork.V.vesicularstructure
b TransltlOnaleplthellumcomposedofcyllndrlCalcellsThecellsgradually
redusetheheightwithlnCreaSlnglywldelnterCellularspaces(TCS)
C SquamouseplthellUmCOrnPOSedorverythlnCellwlthfinger-1lkepro】ect10n(FP)
betWeenthenelghborlngCellsAdlfferencelnelectrondensltyOfthecytoplaSm
lSnotedbetweenthecells

d MltOChondrla-rlChceltslnthemュddlepartofthesquamouseplthellum They
ar-eaboutthreetimestallerthanthesquamousccllsNotecaplllarleS(C)
belowthecells

Fig.3
a TransmlSSIOnelectronmlCrOgraPhortheapLCalpartohhesensor-yePlthellum
(SE),otollth】cmembraneandotollth(Ot)ofthesacculusTheotollthlC
mernbranelSCOmOOSedoftheuppergelatlnOuSlayer(G)andthelower
subcupularmeshwork(SM)NoteelecLron･densecyLoplasmLCeXtrUSIOnS(ECE)
onthesurfaceofthesensoryepILhellum
b HlghermagnlflCat10nOftheaplCalportionOfthesensoryeplthellum VesICular
d11at10nSaHhedlStalendormlCrOVllle(arrows)areevidentSomerlbosome-

llkepartlCles(arrowheads)areseenlnanelectron-densecytoplasmlCeXtruSIOn
(ECE)SH.sensoryhalrS

Fig.4
a Electron-densecyloplasmlCeXtruSIOn(ECE)OccumngneartheaPICal
JunCtlOnalcomplex(arrow)ofasensorycellTheextrus10nCOntalnSrlbosome-
1lkepartlCles(arrowheads)
b Electron-densecytoplasmlCeXtruSIOn(ECE)contalnlngVesicles(arrow)and
membranousstructures(arrowhead)

c Electron-densecytoplasmlCeXtruSIOn(ECE)collapsingWithanopening
(arrow)lnthesubcupularzone

Fig.5 ScannlngelectronmlCrOgraPhsofthesaccularmacula
a ManycytDPlasmlCeXtruSIOnSamongthesensoryhal一bundles
b HlghmagnlrlCatlOnOrroundcytoplasmlCeXtruSIOnS
c HIghmagnlflCatlOnOfarough-surracedcytoplasmlCextrusion
d HlghmagnlflCat10nOfacytoplasmlCeXtruSIOnhavlngafewholes(arrows)



UltrastructuralStudlesortheInnerEarlnRelat10nLOOlollthGrowth 45

Fig 6 Transm lSSIOnelectronmlCrOgraPhofcellsorthetranSltlOnalepllhellUmShowlng
wel1-developedroughendoplasmlcT･etlCulum (RER)andGolglapparatus(GA),
mltOChondrla(M)scatteredlnthecytoplasmandnumerousmlCrOV1111(Mv)
onthecellsurfaceReLaLIVe)ywldelnterCellularspaces(ICS)areseenbetween
thecolumnarcells-

Flg.7
且,b TransmlSSIOnelectronmlCrOgraPhsshowlngGolglSacs(G)andGolglVesicles
(GV)InatranSltLOnaleplthellUmCellM.mltOChondrla.N.nucleus.RER.
roughendoplasTTuCretlCulum
c TransmlSSIOne】ectr-OnmLCrOgraPhshowlngWelldevelopedroughendoplasmlC
retlCulum (RER)lrlatranSlいonalcplthellumCCllM.mltOChondrla.N.
nucleus

Fig 8
a TransmlSS10nelectronmlCrOgraPhofthebasalpartOfthetransltlOnal
eplthellumCellsArrow,desmosome,FrJreerlbosome,ICS,lnterCellular
space.M.mltOChondna,RER.roughendoplasmlCretlCulum,Whitearrow.
basementmembrane

b Transm)ss10ne)ectronmlCrOgraPhofamltOChondrlaunuSuaHyshapedwltha
deeplnYaglnat10n(asterlSk)lnatranSltlOnalep)LhellumCell

Flg 9 TransmlSSIOne)ectronmlCrOgraPhsshowingtheaplCalpartoHransltlOnal
eplthellumCel一s
a VesICulardllatlOnatthedlStalendormlCrOVllllAyesIClehavlngafew
rnembranousstructuresappearstolュefreelnthelumen(arrow)
b VesICulardllatlOnatthedLStalendofmLCrOVllll

c LargevesiclecontalnlngmanymlnuteVeSICles.
d VesIClesfuslngtogetherlnthelumen(arrow).

Fig10 ScannlngelectronmlCrOgraPhsshowlngSeCretOT.ySPherulesandmlCrOV11110n
thetransltlOnaleplthellum (perlmaCularreglOn)

a,b Secretoryspherulesonthemlddlepartoftheperlm8CuIarregionSome
spherules(arrows)seemtobeformedbyfusionOfseveralsmallones
NumerousmlCrOVllllareSeenaroundthesecretoryspherules

c.d SecreLoryspherulesontheanLerlOrandposter10rportionsOhheperlmaClilar
reg10nThespherulesarealmostroutldlnShapeMembranousstructures
coverlngthecellsurfacescanbeobservedln(a),causedbyflXBtlOnWitha
rlXatlVeCOntalnlngCPC

Fig.ll ScannlngelectronmlCrOgraPhsorthesurfaceofthetranSlt10naleplthellum
showlngdlStrlbut10n0:IsecretoryspherulesMICrOYlH1(Mv)andsecretory
spherulesgraduallydecreaselnnumberfromthesaccularmaCUla(SM)tothe
perlmaCularreglOn(a-∫)

Flg12 TransmlSSIOnelectronmlCrOgraPhofthesquamouseplthellum
a VerycornplexedlndentaLIOnSWlthlnthecytoplasrnandbetweenthecells.
occupylngalmosttheentireCytOPlasmlCarea
b SomeblebbystructuresLngroupsattachedtotheeplthellalsurrace
c BlebscortalnlngVesiclesandsllghtlyelectron-densematerlal(arrow)

Fig.13 ScannlngelectronmlCrOgraPhsorblebsonthesquamouseplthellum
a Oval-shapedbleb
b Round-shapedbleb
c Amorphousblebs
d Llnkageorseveralblebs
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Flg.14 ScanrungelectronmlCrOgraphsofthesurfaceorthesquarnousepLthel)um
a Thetextureofalmosttheentireere80hhesquarnouseplthellum Numerous
blebsareseenonthelerthalfofthepICtUre
b Lefthalfof(a)Manyblebsareseenonthesurface,wheremlCrOVllllarenot
soobv10uS

c Rlghthalfof(a)ThecellboundarleSareClearlydellneatedbymlCrOVllll

Flg.15 TransmlSS10nelectronmlCrOgraPhsohhesquamouseplthellum
a WelldevelopedroughendoplasmlCretlCulum
b Manyvesiclesandelectron･densebodleS(arrows)associatedwlthGolgl
apparatus

Fig.16 ScannlngelectronmlCrOgraPhsofthegelatlnOUSlayer,cutverLICallyandvleWed
rromthelateralslde

a surveyvleWOftheotollthlCmembrane(OM)andthemacula(M)OSG,outer
surfaCeOhhegelatinouslayer
b PartlallyremovedotollthlCmembrane(OM)andtheunder_ylngrnaCula(M)
SH.sensoryhalrS
c SensoryhalrSPrOtrUdlnEIntotheotollthlCmembrane.SH.sensoryhal一s.OM.
otollthlCmembrane

d,Honeycomb-likestructureofotollthICmembraneSH.sensoryhalr

Fig.17
8 LLghtmlCrOgraPhoElhecrlStaamPullarlSanter10r(CAA)oftheampu118
anterLOr(AA)

b TranSmlSS10nelectronmlCrOgraPhoftheaPIC且lpartofthecrlStaamPuHarlS
anterlOrThesensoryeplthelLum (SE)lSCOmPOSedorhalrCellsandmore
electron-densesupportingCeuSNotenumerousvesIClesabovetheeplthellum
c HlghcrmagnlllCatlOnOftheapICalport10nOlthesensoryeplthelLum SH.
sensoryhairsSC,SupportingCeH
d HlghermeLgnlflCatlOnOftheapICalportionOlthesensoryeplthellumShowing
ane】ectTOn-densecytoplasmlCeXtruSIOn(ECE)OccumngneartheJunCtlOnal
complex(arrow)

Fig18
a ScanningelectronmlCrOgraPhlllustr8tlngthesurfacetextureofampulla
anter10r(AA)CA人,crlStaamPullarlSanter10r
b ManycytoplasmlCeXtruSIOnSOnandabovethesensoryhairbundlesorthe
c｢lSta

c OneendofthecrlStaamPullarlSan一erlOrNoteadenseclusterorsensoryhal一s
(SH)andsquamouseplthellumad)acenHothesensoryeplthellum

Fjg･19 TranSm)SSIOnelectronmlCrOgraPhsohheepILhellumad)aCenHothesensory
eplthellumOhhecrlStaamPullarlSanterlOr
a:CellsadJaCenttOthesensoryeplthellum (SE)NoteveryfewmlCrOVl1110nthe
cellsurface.

b FlattenedcellshavinglnfoldlngSmthecytoplasm AcaPlllary(C)1SSeen
beneaththecells

c Largevacuole(arrow)andcomplexedIndentationsarenotedlnthecytoplasm

Fig･20･ScannlngelectronmlCrOgraPhsshowlngSensoryandadjacenteplthellaOfthe
crLStaamPullarlSanter10r
a Cupola(C)abovethesensoryeplthellUm ThesensoryarealSClearly
de)lneatedfromthenon-sensoryareaSH,Sensoryhalls
b NosecretoryspherulesandafewmlCrOVllllWereSeenOntheeplthelrum
adJ8CenttOthesensoryarea
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Flg21
8 LlghLmlCrOgraPhoftheamPullaanter10r(AA)oftllapla NotemltOChondrla-
rlChcells(arrows)locatednearthecrlStaampullar)santerior(CAA)
b LlghtmlCrOgraPhofthesacculus(S)andtheutrlCulus(U)ortllapla
MltOChondrla-rlChでells(arrows)areseenlnthelateralwallsofthesacculus

andtheutrlCulusAh)ghermagnlflCauOnOrtheencasedarealSShownlnFlg
22b

c LLghtmlCrOgraPhorthemiddleportlOnOfthesaCCulus(S)ofgoldrlSh
MltOChondrla-rlChceus(arrows)areseenlnthetranSltlOnaleplthellumOfthe
macula(M)

d LlghtmlCrOgraPhofasect10nthroughtherightandlertsaccull(S)andthe
transversecanal(TC)ofgoldrlShNotemltOChondrl8-richcells(arrows)ln
thebasilwallohhetransversecanal

Fig.22
a TransrnlSSIOnelectronmlCrOgraPh(でEM)ofmltOChondrla-rlChcellsLnthe
ampu1188nterlOrOrtllaplaNotelargeVaCuOles(arrow)andthenucleus(ド)
lnVaglnatedlnthecytoplasm MedullatedTterVeflbers(NF)areSeenlnthe
connectlVetissueEC.eplthellalcell
b TEMoftwomltOChondrla-rlChcellslnthemlddleportlOnOftheutrlCulusof
tllaplaThecellboundarylSnOteVldentN,nucleus
c TENormlLochondrla-rlChcellslnthemュddleportlOnOrtheutrlCulusohLlapla
Desmosomes(arrows)areapparentattheapICO-lateralandbas°-lateral
reg10nSD)latedcana)lCuH0hhesmoothendoplasmlCretlCulurnareseennear
thecellboundary

Flg23
a TransmlSSIOnelectronmLCrOgraPh(TE…)ofamltOChondrla-rlChcel一lnthe
mlddlepartoftheutrlCulusoftllaplaNumerousglycogengranulesareseenln
thecytoplasm
b でEMofamltOChondrla-rlChcelllnthemlddlepartoftheutrlCulusoftllap18
Thefenestratedendothellum (arrow)ofacaplllarylSSeenlntheconnecLIVe
tlSSue

c TEMormltOChondr181rlChcellsandanIntervenedeplthellalcelllnthe
perlmaCulareplthellumOrthesacculusorgoldrlShNotemanymlCrOYHll(My)
onLheeplthellalceHsurfaceN.nuc)eus
d TENofmltOChondrlalrlChcellslrLthetransversecanalofgoldflShAfew
mlCrOVl111areSeenOnthecellsurface

Fig.24
且,b ScanningelectronmlCrOgraPhsoTasaglttaOtOl)thfromanadult0ruLoLtczLS,
showlngthemedial(a)andlateral(b)surfacesohheotollthThesulcus
acoustlCtJS(SA,outlinedlnblack)lSfoundonthemedia)surface
c･ScannlngelectronmlCrOgr8PhofthesaccularsensoryeplthelulmOfanadult
t11aplaThemacula(outlinedlnblack)resemblesthcsulcusacoustlCuSln
shaPe(SA)

Fig25 ScannlngelectronmlCrOgraPhsshowlngdlfrerentcrysLa111neStructureslnthe
lntaCtSurfacesofannon-flXedotollthsurfacesNotetherclatLVelysmoothside
facesofthecalciumCarbonatecrystalsln(a)and (e)
a CentralporL10nOfthesulcusacoustlCuS
b LowerportionOftheinnerSurface
c UpperportionOEthelnnerSurfaCe
d CentralportlOnOfLheoutersurface
e MarginalportionOftheoutersurface
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Fig･26,ScanningelectronmlCrOgraPhsorotollthsurracesflXedwlthacacodylate-buffered
llXatlVefor1-6hNotecrystalgrainsOnthesurfacesorlndlVLdualcrystals
a CentralportionOfthesulcusacoustlCuS
b LowerportionOftheInnerSurface
c UpperponlOnOftheInnerSurface
d MaTglnalportionOftheupperlnnerSurface
e CentralportionOftheoutersurface
rMarglnalpor一10nOftheoutersurface

Fig.27.ScannlngelectronrnlCrOgraphsshowingtheotollthsurfacesf)xedwitha
CacodylatebuTreredTIXatlVeFor12h-2daysNotemembranousstructureslnand
betweenthecrystalsandcrysta一grainsOnthesurface
CentralportionOfthesulcusacoustlCuS
LowerportionOftheInnerSurface
UpperportionOftheInnersurface
CentralportlOnOrtheoutersurface
MarglnalportionOftheoutersurface

Fig.28 ScannlngelectronmlCrOgraPhsshowingtheotollthsurfacesfixed､Vltha
cacodylatebufferedflXatlVefor4-7days
NoteflbrousstructuresandcrystalgrainsOnlndlVldualcrystals
Centralport10nOfthesulcusacoushCuS
LowerportionortheInnerSurface
UpperportionOftheInnerSurEace
MarglnalportlOnOhheuppersurface
CentralportlOnOTtheoutersurface
MarglnalportlOnOrtheoutersurface

Fig.29 ScanmngelectronmlCrOgraPhsshowlngOtOllthsurfacesrlXedwithaphosphate
bufferedrlXatlVerOr417daysNoteahlghlyorderedarrayolhexagonalplate-
1etsorhydroxyapat)tecrystalscausedbyartュfact
a CentralpartofthesulcusacoustlCUS
b MarglnalparlorthesulcusacoustlCuS

Fig･30 ScannlngelectronmlCrOgraPhsoftheperlmaCularreg10nOfthesacculus
showlngdallychangeslnamountOrSeCretOrySPherules
a MlddleperlmaCularreglOnat2Doh
b AnteriorPerlmaCularreglOnWLthnumeroussecretoryspherulesa1200h
c MiddleperlmaCUlarreglOnWlthnumeroussecretoryspherulesat1400h
d AnterlOrPerlmaCularreg10nWlthnumeroussecretoryspherulesat1400h

Fig.31
a ScanningelectronmlCrOgraphofthesensoryeplthellumOrthesacculus
CytoplasmlCeXLrus10nSWereSeenarnOnghalrbundlesofsensorycells
b EnergydlSPerSIVeX-rayspectrumataPOlnt(arrow)1nFlg31ashowlng
proTmnentPeaksorP(Ka202KeV).(Ka231KeV)andCa(Ka369KeV)
X-rayCOuntSWeredlSPlayedaSafunct10nOfX-rayenergylnklloelectronvDlts
c ScanningelectronmlCrOgraPhofthetranslt)OnaleplthelLum Roundsecretory
spheruleslnVarlOuSSIZeSWereSeenOnthecellsurface
d PromlnentCalclum (Ca)andsulphur(S)peakswlthalowphosphoruspeakat
apolnt(arrO､V)lnFlg31c

Fig.32
a ScanningelectronmlCrOgraPhofthesquamouseplthellUm Somesecretory
blebsofvanousshapesareseenonもhecel一surface
b EPMAspectrumatapolnt(arrow)lnFI古32aPeaks(Ka)orSandCaare
promlnent
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c ScannlngelectronmlCrOgraPhorthegelatinouslayeroftheotollthlCmembrane.
d:EPMAspectrumatapolnt(arrow)lnFlg32cOnlyasu)phurpeak(Ka)lS
obv10US

Fig.33
a ScannlngelectronmlCrOgraPhohhesubcupularmeshwork
b EPMAspectrumatapolnL(arrow)lnFIE33aPromlnentPeaks(Ka)of
phosphorusandcalciumandalowpeakofsulphurarenoted
c ScannlngelectronmlCrOgraPhofoto】lthcrystalsafterfixedfor7days
d EPMAspectrumatapOlnt(arrow)lnFlg33cPeaks(Ka)ofphosphorus
andcalciumareObylOuSNotetheyertlCalscaleyarledabout16tlmeSaSlarge
slnCeaturnat310KeV

Flg.34.
a Sc8nnLngelectronmlCrOgraPhofthesensoryeplthellumOrCrlStaamPullarlS
anterlOrThecytoplasmlCeXtruSIOnS(CE)Wereseenonandamongthehair
bundles(SH).

b EPMAspectrumatapolnt(arrow)lnFlg34aApeak(Ka)ofsulphur(S)
lSPrOmlnent.Peaksofphosphorus(P)andcalclum (Ca)arerelatlVelysmall
c ScannlngelectronmlCrOgraPhorthecupula(C)OrcrlStaampullarlSanterior
HalrbundlesareIntrudedIntothecupula
d EPMAspec一rurn8Lapolnl(arrow)lnFlg34cPeaks(Ka)ofphosphorus(P),
sulphur(S)andcalclum (Ca)showaslmllarpauerntOthoseofa
cytoplasmlCextrusion(b)OnthesensoryeplthellumOrthecrlSta

Fig.35
a ScanningelectronmlCrOgraPhortheepltheHumContiguoustOthesensory
eplthellumOfcTIStaampullarlSanteriorSecretoryspheruleswerescarcelyseen
b EPMAspectrumatapolnt(arrow)lnFlg35aPeaks(Ka)ofphosphorus(P),
sulphur(S)andcalcium (Ca)areprominent
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Fig22.
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Fig.26
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Fig.30



Fig.3



LltrastrucLura】StlldleSOltheInnerEarlnRe]atlOntOOtollthGroWlh 81

Flg.3
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北水拭研稚 41,85-87(1993)

ScLRepHokka)doFIShEJLPStn

ティラピアの内耳､特に耳石器官と耳石の成長に関する
解剖学的､微細構造学的研究

斉 藤 節 雄

魚類の耳石は年齢形質として資源解析にlBf用されているo近年､多くの魚類の耳石に日周

輪の存在が知られ､年齢構造を持たない熱rr,r･性魚や生後 1年未満の魚の目レベルでの齢丑定

の可能性を関くとともに､初期生活史に関する多くの生態的情報を提供するものと期待され

ている｡しかし､日周輪や耳石の形成､成長機構に関する研究は極めて少なく､不明な点が

多く妓されている｡

硬骨魚頬の耳石は内耳膜迷路を構成する通載､小宅及び壷毅の中に各々一個ずつ存在し､

それぞれ確石､扇平石及び星状石と呼ばれる｡扇平石は通常最も大きく､齢査定におもに利

用されているo

耳石は炭散カルシウムを主成分とする高度に石灰化した組轍で､品質として､蛋白TL 多

糖類､脂質などの有機質が含まれているoLかし､耳石は上述の畿内を満たす内リンパ液にP

で成長し､これと直接する細胞性構造を欠くことから､これらのカルシウムと有機質の由来

や沈前経路についてはまだよくわかっていない｡

本研究は､硬骨魚頬の耳石の成長､特にtj周輪の形成機構を､内耳膜迷路綾織のなかで耳
石をもつ小我と､耳石をもたない三半規管膨大部との比較形態学的観察から解明することを

目的に行った｡

材料として日周輪の存在が証明されているティラピア (OreochromLSnuOEICuS)の稚魚

及び成魚を用いた｡魚には養鯉用ペレットを任意に与え､水温27±l℃､12L12D (8時

点灯､20時消灯)の光周期条件下で飼育した｡

光学及び昭子範徽鏡 (SEM,TEAM)による披矧こより､小我は次の四禰類の細胞群から成
ることを明らかにした｡即ち､感覚上皮､移行部上皮､扇平上皮の各上皮細胞及びミトコン

ドr)7に富む細胞 (ML一細胞)である｡小孝壁の大部分は扇平上皮細胞から成り､その一

部領域にML-細胞が雷袋して観察された｡小葉壁体軸例には感光上皮細胞と支持細胞から

成る厚い感i苫上皮 (感i‡班)が存在し､これに餅接して移行部上皮細胞が簿い扇平上皮との

間に存在する｡感光上皮細胞と移行部上皮細胞の上を耳右腹が被い､耳石はその上に戦って

いる｡

耳右腹はゼラチン僧とクプラ下網状層の二つの舛なる層からなるoゼラチン層は耳石に接

してクプラ下網状層の上方に位置し､感光上皮域に対応している.ゼラチン層は､蜂の-3ti状

の穴を持ち､感iヱ細胞の感AiLl毛がその穴に倣入している｡クプラ下網状層は細い繊維からな

るゆるい網目状補遺を呈し､感覚上皮域と移行部上皮域を覆っている.

感覚上皮の表面には､電子密度の高い細胞質の突出及び徴抜毛の先端からの小胞の放出が

多数観客された｡また､クプラ下の空間 (クプラ下網状層と感覚上皮及び移行部上皮との間

の空間)で突出物が朋蟻している俊が観葉された.

移行部上皮細胞は､その表面に多数の徴抜毛を持ち､細胞野中には粗面小胞体､ゴルジ裟
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置及びミトコンドリアが良く発達し､細胞間隙は比較的広いOこれらの特徴は､蓋白質の合

成､輸送を活発に行っている細胞の形態的特徴を示す｡一方､故紙毛先端の膨出により形成

される小球状分泌胞が細胞表面及びクプラ下の空間に多数朝案された.これら感淀上皮及び

移行部上皮の細胞表面に観察された小球状分泌胞や細胞質の突出物と､耳石及び耳石膜との

位置関孫から､耳右腕のゼラチン屑は感覚上皮の実出物に､クプラ下網状層は小球状分泌胞

にそれぞれ由来すると考えられたO

哀平上皮細胞の表面には､アポクリン型の分泌様式を示す多数の泡状分泌胞が見られたO

扇平上皮細胞は非常に薄く､細胞質に乏しいが､時に､粗面小胞体やj'ルジ装置が良く発達

し､j'ルジ小胞や高電子密度物質を含んでいる細胞も観察されたoこれらの物質が泡状分泌

胞の成分として内リンパ液側へ分泌されるものと考えられた｡

Mt-細胞の細胞質は､ほとんどがミトコンドリ7とそれを取り巻く滑面小胞体で占めら

れ､細胞の基底部の下には内皮に小孔を有する毛細血管が多数存在していたO骨甥魚のキン

ギョと非骨繰魚のティラピアの内耳におけるMt一細胞の分布を調べたところ､両種ともに

三半規管膨大部､通嚢及び小憩 こ密集して存在していたoまたキンギョの横行管及び隔壁に

より独立しているティラピアの壷秦にも存在が認められたoLかし､独立構造をとらないキ

ンギョの壷嚢には観察されなかった｡骨蟻魚と非骨控魚における分布の違いは､内耳組織の

構造上の相違に対応していたCこれらの形態及び分布の特徴から､Mt一細胞は内リンパ液

のイオン調節に関与していると考えられた｡

三半規管の膨大部稜は､形態学的に小禁の聴班と同様に､感覚細胞と支持細胞から成る感

光上皮を形成する.しかし､移行部上皮に当たる隣1妾する上皮の形態は扇平上皮と同じく非

常に薄く､微繊毛を有する細胞はほとんど観察されず､小球状分泌胞も存在しなかった.膨

大部稜の上にはゼラチン状のクプラが被っていた｡これらの観察から､耳石の成長にとって

移行部上皮の小球状分泌胞が重要な役割を果していると推察された｡

小蕪の移行部上皮細胞の表面に慨寮された小球状分泌胞の丑的El周変動を調べたところ､

前方部と後方部では8 00に最も少なく､20 00に最も多かった｡これに対して中央部では､

2 00に最も少なく､その後直線的に増加し､20 00に最も多かったDこの様に､いずれの

部位においても明瞭な日周変動が認められたが､部位によりその周期性は多少異なった.

小嚢及び三半規管膨大部の細胞表面に認められた分泌物及び耳石膜と耳石について､局所

X線微塁分析 (EPMA)による元素分析を行ったDその結果､すべての分泌物からリン､

イオウ､カルシウムが検出された｡小嚢の耳右脇ゼラチン層からはイオウのみ検出されたが､

膨大部のクプラからはリン､イオウ､カルシウムが検出された0両者とも感覚上荻の分泌物

に由来すると考えられるが､ゼラチン層では､ある唖の修飾枚柵の存在が示唆された0-万､

耳右投クプラ下網状層ではリンとカルシウムが朗著に多く､移行部上皮の小球状分泌胞には

イオウとカルシウムが多かった｡長時間固定によりカルシウムを溶出させた耳石表面から検

出されたのは､殆どカルシウムであり､相対的にリンとイオウは撞く少玉であったOクプラ

下網状層は小球状分泌胞に由来し､耳石の有披基質として取り込まれると考えられたが､リ

ンの取り込み丑はイオウよりも相対的に少ないと思われたo小義感覚上皮の細胞質突出物中

に含まれるカルシウム丑は､2:00に倍も低く､その後高い値で安定していた｡移行部上皮

の前部と後部における小球のカルシウム丑にも2 00に最低､14 00に最高という明瞭なEl

周変化が認められたが､中央部では殆ど変化がなかった｡一方､扇平上皮の小泡状分泌胞中

のカルシウム丑は非常に少なく､一日中殆ど変化しなかった｡
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微械毛に由来する小球状分泌胞が耳石の成長に必繋な有機質とカルシウムを含むと仮定す

ると､移行部上皮に認められた分泌胞LI体､及びそのカルシウム含出の出的円周変動は､日

周輪の形成に密接なl姻越を有し､その形成機構を説明する上で極めてlJlf･TRiな現象と考えられ

たE,
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