
JournalofFossilReSearch,Vol.31(2)、 35-43 (1999)化石研究会会誌

[原著論文］

Heterogeneousfeaturesofselachianenameloids

TarouM.Kiso*

(1994)stressedthemammal-typeenamelproteinsare

abSenl intheshal･ktoothJrms・FromlhesereseaI℃hes

argumenisonlhehomologyofenameloidwithenamel

becameconfUsing.Theconfusionisprobablyduetothe

differenceofdevelopmentalaspectsfbcussedineachstudy.

Sasagawa(1993)proposedaninterestingschemethal lhe

enameloidfol･mation includesthreeaspects,namely

calcification,matriXformation,andcellularactivilyln

oIherwords, thestudiesofdevelopingenameloidshouldbe

pelfbnnedbaSedonthesethreeaspects.

Thispaperibcusesuponthisproblem.EPMAanalysis

wasperibrmedtoinvestigatethephysiologicalconditionin

theenameloidcalcification.Andinorderloreveal the

developmenlaloriginoftheel1ameloidmatrix, thematrix

formationwasstudiedbySEMandhistochemical

observationS.

Abstract

Chemicalpropertiesoftheenameloidofsharks(Lam"

dilmpis,C副℃ﾉ]aJDdoncar℃haffasandFW3io"cegﾉ"Ca)we'･e

analyzedusingEPMAibrinorganiccomponents,andusing

histochemicalmethodsfbrorganiccomponents, inorderto

discussevolutionofenameloids・ThedistributionpattemS

andconcenll･alionsofNa,CaandMgintheshark

enameloidweresimilartothoseofthemammalianenamel.

Thisfactsuggests that iontransporl isperfol･medby

epidermalcells inenameloidcalcificationas inmammais.

Histochemicalandimmlmohistochemicalobsel･valions

showedcomposilionalheterogeneityinthedeveloping

enameloidmairixofCcaJ℃haIfas, thatcorrespondStothe

structul･alheIerogeneityofmatureieethacquiredby

advancedselachiansfOrmoreefiもctivefeeding.Sincethe

heterogeneityol､matrixreflectsplUral stagesofmatrix

secretionbyodontoblasIs, theacquisitionofIhestl･uctural

helerogeneitymayhaveattainedbylheemergenceofnew

secretorystagesoftheodonloblasts.

Materiaisandmethods

ﾊ血!eria/s

InthepresentstudythreesharkspeceswereiIIvestigated.

TeethandIoothgermsofLamnadiimpjS(1.5mintotal

bodylengthand 1 .5cmin loolllcrownheight)were

obtainedinacommercial landingatKesennumaport,

northeasternJapan･TheyweI･efiXedwithlO%neutl･alized

fOrmalinfol･EPMAandhistochemical investigalions

TooIhgemlsweredetachediiOmlhefrozenspecimens,and

onlyenameloidmatrixwashomogenizedindislilledwater.

TeethandtoothgermsofCaJ℃妬1℃,donca1℃ﾉ】aifas(2cm

intoothcrownheight)waSprovidedbyDI･.GoIooI:

TsurumiUniversilyandwerepreservedinlO%neutralized

fOnnalin.

Teethof授加nacegﾉauca(1.5cmintoothcrownheight)

wasprovidedbyDr.TaniuchioftheUniversityofTokyo.

SomeofthemwerefixedwithlO%neutralizedfbrmalinfbr

EPMAanalysis.

Introduction

Morphogenesisoftee!hisoneofthemosiwell-studied

organogenesis invertebratesbecauseteetharefbnnedby

lheepithelio-mesenchymal intel､aclion, theimportant

proceSSindevelopment (Davidson,1991).Andteethare

suiledfol･ 1･esearcheson therelalionshipsbelween

developmentandmorphologicalevolulion・ Inthisstudy

chemical propel･tiesofsharkteethwereinvestigated

fbcussingonthefbllowingproblem

OnthebasisofmoIphologicalobservations(Goto, 19783

Kemp,1985;KempandPark,1974;ProstakandSkobe,

1988)therehavebeenaco㎡lictastowhethertheselachian

enameloidishomologouswithIhemammalianenamel，

whichepidemlalcellsfbnn,ornol・Andbiochemicaland

immunohistochemicalanalysesbyHerolderaﾉ. (1980,

1989)andSlavkineral. (1983a.b)demonstl･atedlhe

presenceofthemammal一typeenamelproteinssecretedby

epidermalcellsinthesharkenameloid.Butlshiyamaeraﾉ。

*BiochemistryDepartment,OsakaMunicipalTechnicaIReseal･chlnstitute,Osaka,336-8533Japan
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Me"】o山 rabbit lgG(SigmaBioScience) fbr30minutesalroom

lemperatul･e.Thesectionswerewashedllll･eetimeswilh

PBSandlhenincubatedwithreactionsolutioncontaining

nilrobluetetrazolium(NBT)and5-bromo-4-chloro-3

indolylphosPhate(BCIP)fOl､severalminutes(NBTand

BCIPsolutionswerepurchasedfromGibco-BRL)

ReactionwithalkalinephosphatasewasstoppedbyPBS

containing20mMEDTA、andthenthestainedsections

weredehydrated.AfteI･completingdehydrationthe

histological seclionswereenclosedinresinandthen

observedunderanopticalmicroscope.

EPMAanalysjS

Polishedthinsectionsofhal･dtissueswerecoatedwith

carbonandthenset inallelectl･onpl･obemicroanalyzer

(JEOLmodel JCMA-733mkll) toqualifythecontentsof

fiveelements(Ca,F,Mg,PandNa) inthetissues.The

diameterofelectronbeamwas lO"mandtheacceleralion

voltagewas 1.5kVBleachingofteethwasperibrmedin

10%(v/v) sodiumhypochlolitesolutionovemightbefOre

embeddinginreSin.Theelementcontentswel･emeasured

straight iTomthesulflceofenameloidtolhedentinat the

intel･valof2()"m. Results

SEMobserva"onofso〃〃s”es

Soft lissuesfixedwith lO%fbrmalinweredehydrated

Theywereembedded inparaffinat50℃andcul

longitudinallybyamicrotometoobtainflatsurfacefol･

observationasinthecaseofthinsections・Paraffinwas

eliminatedfromthespecimensandthenimmersedinI‐

buthylalcohol,andfifeeze-dried(HitachiFreezedrier)The

ireeze-driedspecimenswelccoatedwithPI-PdalloyprioI

toobservationbyascanningelectl･onmicroscope(S-
2400SHitachi)

EPM4analysis(Fig. 1)

111thethl･eesharkspecesexamined, thecalciumcontenl

wasabout50-55wt%, throughouttheenameloidlayei･

【･egal･dlessofwhetherthepreparationwasbleachedornot.

At theenameloid-dentinjunctionadiscretedec]･easeof

CaOwasobservedanddentincontainedlesscalcium(ca.

40wt%)thanenameloid.

Intheouterenameloidlayel･oftheunbleachedtoothof

L.dirmpistheContentofNa,Owas lower(<lwt%)than
←

lhatoftheinnerlayer(1.1-l.3wt%).Teethofothersamples

includingbleachedsamplesofL.d"mpiSandbleachedand

unbleachedsamplesoftheotherlwospeciesshoweda

similardislributiol1pattern. Intheteethofthethreespecies

examined,denlincontainedasmalleramountofsodium

thanenameloid.

IntheoulerenameloidlayeroftheteethofL.drimpiS,

thecontentofmagnesiumwasalmosiequal lothatofthe

innerenameloidlayer,beingaboutO.lwt%Bul lhe

innennostenameloidlayeradjacenttothedentincontained

twotimesmol･emagnesiumthantheothel･ layers・Thesame

resullwasobtainedfOrtheteethofCca1℃ﾉ加面asandP.

gla"".

HiS[ocﾉ】e""s"y

CarbohydratesweredetectedusingthePASmethod

Sectionswereincubatedin1%(w/v)periodicacidsolution

fbl･ 10minutestooxidizepolysaccharidecomponentsand

thel1washedwithdistilledwatel･.Thewashedsectionswere

immersedinSchiffisreagent for lOminutesat l･oom

temperatureandthenwashedthI℃etimeswithO､5%(w/v)

sodiumpyrosulfatesollltion.

AnliSelaplepamriOn

Antiserum,denotedasLDE-1,wasprepal･edagainsl

wholeteethextractsofLam"ausingal･abbitbySawady

TechnologyCorporation(Tokyo)Preserumwascollected

priortoimmunizationfOracontl･ol.

HiSrocheI刀iSiry(Fig2)

ThesectionsofthetoothgermofCca1℃加riaSwere

stailledusingthePASmethodAt thestageofmatrix

completioll, 1ntheenameloidmatriX,fibersbeingaITanged

inparallel totheenameloidsurfacewerered-stained・Their

densitywashighel･ intheinnel･ layerthaninlheothel

layers.

nnn”"oﾉ】伽ocﾉ]emjsIrVー

Theparaffin-embeddedsectionsweredeparaffinized,

hydrated,andwashedinphosphate-buffel･edsaline(PBS2

8.1mMNa2HPO.|i,1.5mMKHzPO4,2.7mMKCl,014M

NaCl)Thesectionswereincubatedwithprimaryantiserum

orpresemmappropriatelydiluledinPBSIbI･60minutesat

roomtemperature,washedthreetimeswithPBS,andlhen

incubatedwithalkalinephosphataseconiugate(Igoatanti-

S副fobscrl'a"on(Fig.3)

Theenameloidmah･ixoftoothgermofCca1℃加ItiaSwas

observedusingSEM・At theearlystageofmatrix
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fbrmation, intheoutel･ layer,athickbasementmembl･ane

wasobservedinareticulatefigure.Beneaththemembl･ane,

sheet-likefibel･bundleswereobserved. Inthemiddlelayel･

threecomponentswereidentified;Iheyare,1)sheet-like

I､iberbundles(collagenfibers, iTomhistochemicaldatanol

shown) thatal･eal･rangedinvel･tical totheenameloid

surlilce,2) thinfibers thalarearrangedinparallel lothe

enameloidsul･lhce,and3)vacuoles,aiEw以mindialneter.

Intheinnerlayer, thesheet-likefiberbundleswereabsent,

andthelhinfiberswerean･angedmoreirregularlylhan

lhoseinthemiddlelayel･oflhematrix.ThevacuoleS ill lhe

innerlayel･wel･esmallerlhanlhoseinlhemiddlelayer.

Afterthematrix{bnnationstageinlheoutermosl layel･,a

thickl･eticulal･basementmembranewasabsentandthe

fibersweredenselyaITangedinparallel totheenameloid

surface.Themiddlelayercontainedtwotypesoffibers,

arl･angedinverticalandparallel lolheenameloidsul･ltlce.

Theverticalfibersoccurredinasheet-likefigure,andthe

directionsofthepal･allel fibel･swereindependentofone

another. Intheinnerlayerirregulal･lyal･1･ailgedfiberswel･e

obServed・Thefiberscompal･abletotheSheet-likefibers

wel･enotobservedinil

componentaThereibl･eit isexpectedthat themechanisms

ofcalcificatioI1andiontransport intheenameloidare

illtrinsicfbl･sharks,andthal thesharkenameloidismore

relatedlolhemammalianenamel thanlothesharkdentin.

TheaboVe l･esultsandenameloidandthefact thal

mammalianenamel iscalcifiedwith inorganic ions

transpol･tedbyameloblast (NagaiandFl･ank, 1975;Ozawa

eraﾉ., 1979)bolhimplytheparticipalionofepidermalcells

inenameloidcalcification.Thefact that inthecalcification

stageoftheenameloidepidelmalcellsdisplayactiveshapes

(Goto, 1978;Kakizawa, 1984)stu･onglysupporl lhis

intel･pretation

0J増加o/､enamelojdmar"X

InthecaseofsharkenameloidmalrixinCcal℃halfas、

comParisonofSEMobsel･vationswithhistochemicalones

revealedthat thesheel-likematerialcomprisedcollagen

fibers(datanotshown).Thepel･pendicularfibel･sobserved

byKakizawa(1984) inthetoothgermofL.di"npismay

repl･esenttothesesheet-likecollagenfibel･sVacuoles､each

about2"mindiameter, andfinefibers(refel･redtoas

''microfibel･i' inthispaper)beingarrangedinparallel tothe

enameloidsurfaceweregreen-stainedwiththecollagen

stainmethod(datanolshown), indicatingthal they

containednon-collagenousprotems. SEMobsel･vation

revealedthat theyexistedaroundtheodontoblasts(Fig.3),

indicating lhemesenchymal originof lllem. The

micl･ofibel･s intheelasmobranchenameloidmatrixmay

col･I･espondtothegiant fiber(KempandPark, 1974;

ProstakandSkobe, 1988)01･ theodontoblasticprocess

(Goto, 1978;Kemp, 1985;ProstakandSkobe,1988)

Kiso(1997) indicatedthal tlleenameloidwasrelatedto

thedentinasfarassolubleproteinsai･econcel･ned.Protein

sharedbytheenameloidanddentinmatricesisabundantin

1hedenlill. Il iswellknownthaldenlinmatrixissecreted

onlybyodontoblasts・Strongreactivityofthevacuolesand

themicl･ofiberswithLDE-l inC・carchar/as(Fig.4)

indica(es invoIvementofmatrixproteinshavingthesame

epilopesasthoseofL.di"Dpis.Thisindica1ionsupporlsthe

mesenchymaloriginationofvacuoleSandmicrofibers.

ThelFeibl･etheshal･kenameloidisnothomologouswiththe

mammalianenamel inmatrixfbrmation.Theresultsofthis

studyal･econsistentwiththeinterpretationsbySasagawa

(1994)andlshiyamaeraﾉ4(1994).

Immu"o/1/sIocﾉ]emisIIy(Fig.4)

TheenameloidmatrixofthetoothgerminCca1℃加噸s

wasinvestigatedwithimmunohistochemical lechniqueThe

vacuolesandihemicrofiberswerewell-stainednolwith

pl･esel･umbutwiththeanti-Lam"teethextl･act(antiserum

LDE-l).AtthematrixcompletionstagetheLDE-lreacted

morestronglywiththeinnerlayeroftheenameloidmatrix

thanwithdleouterlayel･at thedilutionof lO4.Preserum

alsoreacledlheinnerlayerveryweaklyTlletoothgermsin

L.dirmpiSindicatedsimilal･reSults.

DiscussIon

HetemgeneollsdiS"jb""ono〃"oIganjccompone"Is

Thedistributionpatternsofsodiumandmagnesiumin

theenameloidofthethreeSharkspeciesdigplayedagl･adllal

increasetowal･dtheenameloid-dentinjunctionlikelhat

demonStratedinmammalianenamels(Fig. l)The

concenlrationsof these twoelemenis intheshark

enameloidshowedvaluesofthesameol･deras those

lcportedfbrmammalenamel.TheMgcontentoftheshark

enameloidwasmuchlowel･ thanthatOfdenlinas in

m“,』,皿2'1ianteeth.Thefactthatbleachingofteellldidnol

changethedistl･ibutionpattemsandthecontentsofNa,Mg,

andCashows that theyal･eil1dependentoforganic

Mar"""ono/､e"ameﾉojdma"激

Thisstudyrevealed lheslruclural changeof ihe

enameloidmatl･ixintheleethofCcar℃ﾉ1a"as.Underthe
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revealedlhedifi℃rencebetweenmaterialsoftheoutel･and

innel-el1ameloidiayel･s inthisspecies・Theinnel･ layel･

Ieactedbothwiththepreserumandlheantiserum,whilethe

oulerlayel･reactedonlywiththeanliserum.

Thehistochemicalhetel･ogelleilyobservedintheshal･k

enameloidmatrixmayberelatedtothelayeredstl･uctureof

maturcteelh.Reif(1973)stressedthat thethl･eelayered

sIruclureevolvedtoenablcmoree｢fectivefeeding.

Accol･(lingtohisobservation､ Ihethreelayere(I shark

enameloidconsistsof'1shinylayel･", 'ipal･allelfiberedlayer'',

and''haphazal･dlyliberedlayel･'! fi℃mtheouIel･sidelolhe

iImel･ si(le(Fig.5).Al thematl･ixcompletionslagelhe

structul･alhelerogeneityl･esembledReifs Ihreelayered

sII･ucturelTomtheviewOfmorphology(Fig.3)Especially,

Reifs !!haphazardlyfiberedlayel･"appearstocol･resl)ondIo

theregioncm･ichedwilhpolysaccharidesandpresel･um-

posilivemalerials Inthisstudythestl･uctul･alhelel･ogeneity

wi[hinllleshal･kenameloidwas l･evealedioaccompany

wilh thehistochemical hetel･ogeneilyBecauseof

odontobiasticol･iginofenameloidmatrixtheenameloid

sII･ucmresmayhaveal･isenbyevolutionaryemeIgenceof

switchingofmechanismsfol･odontoblasticactivity、

Accol･dingloReif(1973)primitiveelasmobranchs, including

hybodontidsandptychodontids,donothavethehaphazardly

fibel･edlayer,bulmoreadval1cedelasmobl･anchshaveil

(Fig.5).TherefOre. ifweaccept therecentopmionol、

elasmobl･anchphylogeny(Shil･ai, 1996), theemergenceof

swilchingofodontoblasticaclivilywollldhavebeen

achievedwhenNeoselachiiappeared.Sasagawa(1993)

considere(l thattheshinylayel･ isfoI･medbyepidel･mal

cells.TherefOl･etheincreaseofepidermalactivityalsomay

beimpoI･tal1l inlheevolutionoi､theshinylayel･.

Typesolenameloid
E…凶蒜r4症ﾛ“¥Ce

SEMthevacuolesareeliminatedandmicrofiberschanged

intothickfibel･sthatwel･earl･angedmparal lel tothe

enameloidsurfaceinthemiddlealldiheinnel･ layers(Fig.

3).Thedenceenameloidmatrixchangedintosparsefibl･oLIs

matrixThisobsel･vationproposes Ihalnon-collagenous

proteinsdecreaseduringthelatestage・Thescl･esullsand

thepreviousbiochemicalwork(Kiso, 1997) indicatethal

theproteolyticactivilies inshal･kenameloidareevidelltly

presenidul･ingenamcloiddevelopmen! inCca1℃加〃asas

inbonyfish.

Biochemicalanalysisclal･ifie(I thal lheamounlof

amelogenindecl･easesandtheenamelmatl･ixbecOmes

enamelin-richdul･mgtheenamelmalurationinmammals

(Termineeiaﾉ.. 1980). Inmammalianenamel pl･otefises

workibl･lhematuralion,andhislOchemical reactivitieso｢

lheenamelmalrixchangedul･inglhematrixmaturation

(Suga, 1987).KawaSaki er"ﾉ. (1987)madecleal･with

histochemicalandbiochemical techniquesthatbonyfish

proteaseaclivitiesareresponsiblefbI･eliminationofmatrix

proteinsduringmalrixmatul･atiol1asinmammalsThe

proleolyticactivilyinmammalianenamel isderivedii･om

theproteasessecI･etedbyameloblasts(0zawaeiaﾉ., 1983)

JudgingITomtheselinesofevidence､ inthemorphogenesIs

ofthesharkenameloid, Iheepidel･malcellsal･eexpectedlo

secretenot initialma[I･ixbut thecnzymes l･esponsiblelb1・

matrixmalul･ation.

Hefemgenejり'ofoIgamcma"xmenameﾉo/d

Thisstu(lyrevealedlhatvacuolesandmicrofibcl･swere

helerogeneouslydiSll･ibUtedintheenamcloidmairixorC

“J℃加血s・SEMobservationsshowedinCcaj℃ﾉ】a"asIhe

presenceoflal.geamountsofvacllolesandmicl･ofibel･sln

theouteI･ layel･ofilleenameloid,andofl･fmdomlyarmnged

fibersintheinnerlayeradjacenl lotheenameloid-dentin

junctionat thematrixformalionslage(Fig. 3).The

heterogeneityofthedistributionofthevacuolesan(Ifibers

wasalsocoI1firmedinthisspeciesbyimmunohistochemical

observallonsofthinsections･At thelatestage(mal'･ix

completionstage) [heheterogeneitywasrecognizedas
diflbrenceofOrientationsoffibers.

At theslageofmatrixcomplctionpolysaccharides inKI

fiberousfbrmoccurredabundantlyinlheinnerenameloid

layerofCcai℃ﾉ】amls(Fig.2).nlelilctUlatthepolysaccharides
weredetectedontheodontoblasl sideintheenameloid

matriximpliesthat lhepolysaccharidesaresecretedby

odontoblastsThisimplicationis inconsistenlwiththe

epidermaloriginofpolysaccharidessuggetedbyKakizawa
(1984)andGoto(1978)hnmunohistochemicalobservations
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Conclusion

Asaresultsofthisstudy, itwassupporte(l thal intlle

shal･ks themesenchymal cellsareresponsibleibrmatrix

fOrmationbuttheepidermalcellsprobablytakepartin

calcificalionduringenameloiddevelopment AI1d

proteolyticprocessduringenameloiddevelopmentwaS

clarifiedinelasmobranchasseeninothervel･tebrates,

TherefOl･esharkenameloidissimilartothemammallan

typeenamel inparlandtothedentininparl.

Moreover, thesehistogenicactivitiescollstl･uctalaye1℃d

SII･ucture inshal･kenameloidTheemergenceofthe

haphazardlyfibel･edlayerappeal･s lo11avedevelopedby

switchingofodontoblasticaclivi[yattheappearal1ceoflhe

NeoselachiiHistogeneticactiviliesdiffel･amongthe

specieswiththesamestruclllreofenameloid,especially
betweenthelamniibrmsharksandothel･sha1･ks.
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Figure3・SEMobservationsoftheenameloidmatrixofC.

Caｲ℃ha"sat thematrixiormationstage(a,c,e,9,andi)andihe

matrixcompletionstage(b,d, f,andh)aandb:wholelayersofthe

enameloids(i, innerlayer;o,outerlayer;od,odontobiasts;om,outer

mostlayer.).candd: theoutermostlayers.eandf; theouter

layers.gandh: theinnerlayers.ivacuoles(arrowheads)and

microfibers(whitearrowheads)aroundQdoniQbiasi､od)and

odontoblasiicprocesses(arrows)
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Figure2.ThinsectionofC.camha"astoothgermstainedby

PASmethodatthematrixcompletionstage・Theinner layerof

enameloidmatrixiswell-stained(thearrowheads). s:surfaceoi

enameloidmatrix.od:odontoblasts.Asteriskmarksaregionoi

artilicialdestruction.Bar=50"m
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Figure4. lmmunohistochemistryoitheenameloidmatrixofC.

carcha"asatthematrixformationstage(a)andat thematrix

completionstage(bandc;s,surfacesofenameloidmatix;o,outer

layers;i,innerlayers;od,odontoblasts).aandb: reactionwith

antiserumLDE-1.c:withpreserumlnthephotographofa,

a『｢owheadspointtowelI-stainedvacuoles,andwhitearrowheads

doesstainedmicrofibers･Bar=50′zm．
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