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AbstractWedescribeherethedevelopmentand

applicationofnoninvasiveinvivomethodologleS

totheinvestlgationofbiologicalstructure,func-

tionandxenobioticresponseinsee-throughmeda-

ka(STII;Oryziaslatipes).InvivostudiesinSTII

medakaprovidednovelinsightsintohepatobiliary

architecture,developmentandtoxicresponse,

inboth2and3dimensions.Asthepresented

丘ndingssuggest,STIImedakaprovideaunlque
meansforhighresolutioninvivostudy,andthe

futureopportunltytOintegratemechanismsof

toxicity(e.g.genomic,Proteomicinformation)

Withphenotypicchangesatthesystemlevel(the

overarchinggoalofourlaboratory)･Whileour

focushasbeenthehepatobiliarysystem,other

organsystemsareequallyamenabletoinvivo

study,andweconsiderthepotentialfordiscovery,

withinthecontextofinvivoinvestlgationinSTII

medaka,asslgnificant.

lntroduction

Exhibitingnoexpressionofleucophoresand

melanophores,andminimalexpressionofxan-

thophoresandiridophores,see-throughmedaka

(STII)areessentiallytransparentthroughouttheir

lifecycle(Wakamatsuetal.2001),andallowhigh

resolution(<1pm)noninvasiveinvivoimagingof

internalorgansandtissuesatthesubcellularlevel･

Bycomparison,Othermedakastocksdevelopder
malandvisceralpigmentationthatprecludeshigh

resolutionwide丘eldandconfbcalimaglngdeep
withinorganisms.EmploylngWide丘eldandconfb-

calmicroscopytechnologleS,inconjunctionwith

fluorescentprobes,WedevelopedmethodologleS

forhighresolutioninvivoimaglngatthesubcel1

1ularlevel.Inembryo,larvalandjuvenileSTII

medaka(from3to60dayspostfertilization,dpf)

itispossibletoviewcellsandtissuesinternally

(resolvingfeatures<1トIminsize),andtogener-

ate3Dreconstructionsoforgansandtissuesunder

study.

Becauseourfocuswasthehepatobiliarysys-

tem,weuseasanexample,andprovideasum-
maryof,Ourstudiesinthisorgansysteminvivo,

fromorganogenesisthroughembryonicandlarval
stagesofdevelopment.

MaterialsandMethods

Medaka

See-throughmedaka(STII)wereprovidedby
Prof.Y.Wakamatsu,LaboratoryofFreshWater

FishStocks,NagoyaUniverslty.OurSTIImedaka

colony,maintainedatDukeUniversltySince2002,
arehousedinacharcoal丘ltrated,UV treated

re-circulatingsystem(CityofDurham,NCwater)
maintainedat25+/-0.5oC.Waterchemistries

weremaintainedat:pH(7.0⊥7.4),dissolvedoxy-

gen(6-7ppm),ammonia(0-0･5ppm),nitrite(0

-0.5ppm)andnitrate(0-10ppm).Waterhard-
nesswasmaintainedat80-100mgL-1caco3,
followingguidelinesoftheUSEPA(Horningand

Weber1985).Adielcycleof16:8hr(light:dark)

wasemployed･Medakalarvaewerefedground

(pressedthrougha60Hm Sieve)OtohimeL3diet

(AshbyAquatics,WestChester,PA)viaanauto-

maticfeeder7timesperday･BecauseOtohime
J3hasbeenshowntobefreeofestrogeniccom-

plications(Inudoetal.2004),Weconsideredit
anoptlmal伝shfood.Inaddition,allbroodstock

fishdietsweresupplementeddailywithArtemia

nauplia(hatchedbrineshrimp).Eggclusters,
collecteddaily,Werecleanedinembryorearlng

medium (ERM),andindividualfertilizedeggs

wereseparatedandmaintainedinERM at25oC.
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Unconsumeddiet,detritusandassociatedalgal

materialwereremovedfrom rearlngandbrood
stocktanksdaily.Careandmaintenanceofmeda-

kawereinaccordancewithprotocolsapprovedby
theInstitutionalAnimalCareandUseCommittee

(IACUC;Al17-07-04;A141-06104;A173103105).

Microscopy
A ZeissAxioskoppequlppedwithDAPI/

TRITC/FITCfluorescencefiltercubeset(DAPI/
UV:Ex360-380mm/EmAllVis>400nm,FITC:
Ex450-490nm/Em515-565nm,TRITC:Ex528

-552nm/Em578-632nm),ZeissPlanNeofluars

5x/0･15,lox/0.3,20Ⅹ/0･5,40x/0.85pol,and
lOOx/1･3Oilobjectives,PhotometricsCooISnap
digitalimagingsystem (2048x2048-element

array)andIPLab(V 3.0)imageacquisitionsoft-
ware(Scanalytics)wasusedforwidefieldnuo-

rescencemicroscopy.Axenonlampwasusedfわr
excitation･(DAPI-4'-61Diamidin0-2-phenylindole,

TRITC-tetramethylrhodamineisothiocyanate,
FITC一且uoresceinlsothiocyanate).

ForconfocalfluorescencemicroscopyaZeiss
510Metasystem withZeissLSM 5Axiovision

imageacqulSitionsoftware,ArgonandHeNe
laserandCarlZeissC-apochromatic40Ⅹ/1.2,

C-apochromaticlox/0.45Objectiveswasused.

A NikonEclipseE600withaNikonDXM

1200digitalcapturesystem,halogenlightsource,
Nikonplannco-fluorlox/0･3wd16,planneo-fluor
20x/0.5wd2.1,plannco-fluor40x/0.75wdO.72,
andplanapo60x/1.4wdO.21(oil)objectiveswas
usedforbrightfieldmicroscopy.A NikonSZM

1500(dissectingmicroscope)withaNikonDXM

1200digitalcapturesystem,NikonHRplanapo
lxWD54andNikonHR0.5xWD136Objectives

wasusedforbrightfieldmicroscopy.
Software:Imageanalystsandcompilation

wereperformedwithEclipseNet(Nikon,USA),

AdobePhotoshop(Adobe,Inc.),ImageJ(Vl.32j),
IPLabsoftware(Scanalytics,Inc.,version3.55),

andZeissImageBrowser(CarlZeiss).All3
dimensionalreconstructionsandanalyseswere

performedwithAmira3D (MercuryComputer

Systems,Berlin).
Alltransmissionelectronmicroscopy(TEM)

wasperformedattheLaboratoryforAdvanced

ElectronandLightOpticalMethods(LAELOM),
CollegeofVeterinaryMedicine,NorthCarolina

StateUniverslty,OnanFEI/PhilipsEM 208S
TransmissionElectronMicroscope.

Chemicalsandj7uorescentprobes
A fulllistoffluorescentprobesusedis

showninTablel･Theprlmaryfluorescent
probesemployedwere;7-benzyloxyresorufin,

β-BodipyC5-HPClBODIPY㊥581/591C5-HPC
(2-(4,4-difluoro151(41Pheny1-1,3-butadienyl)I
4-bora-3a,4a-diaza-S-indacene-3-pentanoyl)-1-
hexadecanoyl-sn-glycero-3-phosphocholine)],

BodipyFL C5-ceramide[N-(4,4-difluor0-5,7-
dimethyl-4-bora-3a,4a-diaza-S-indacene13-

pentanoyl)sphingosine],DAPI[4',6-diamidin0-

21Phenylindole,dihydrochloride],andfluorescein

isothiocyanate･Allfluorescentprobeswere

administeredtoSTIImedakaviaaqueousbathin
concentrationrangeslistedinTable1.Durationof

exposuretimes(aqueousbathexposures)varied

foreachnuorescentprobe,andcanbederived

fromthevaluesglVenininitialandpeakexposure
column.

Embryorearingmedium (ERM)wasprepared
asfollows:1.0mlHank'sStock#1,0.1mlHank's
Stock#2,1.0mlHank'sStock#4,1.0mlHank's

Stock#5,1.0mlfreshHank'sStock#6,in95.9ml

distilledH20,pH7.2[Stock#1:8.0gNaCl,0.4
蛋KCl,in100mldistilledH20,Stock#2:0.358

mgNa2HPO4Anhydrous,0.60mgKH2PO4,in
100mlddH20,Stock#4:0･72蛋CaC12in50ml
ddH20,Stock#5:1･23gMgSO4x7H20 in50

mldistilledH20,Stock#6:0.35gNaHCO310.0
mlsdistilledH20】･Otherchemicalsemployed:
Diethylnitrosamine(N-nitrosodiethylamine,Sigma,
NO756),ethinylestradiol[(1,3,5(10)-estratriene-3,

17β-diol),Sigma,E-8875],α-napthylisothiocyanate

(signla,N4525),β-napthoflavone(Sigma,N13633),
tricalne-methanesulfonate(Sigma,E10521),

dimethylsulfoxide(DMSO)(Sigma,276855),

Pronase(streptococcalprotease,Sigma),Hank's
balancedsaltsolution(Sigma,H5899),phosphate
bufferedsaline(PBS,sigma).

Statistics

Differencesinfluorescenceintensltyindigital

imagecaptureswereanalyzedstatisticallyuslng
Statviewsoftware(SASinstitute,Cary,NC).Two

wayANOVAwithFisher'sT-testwasemployedto
assessstatisticallyslgnificantdifferencesinfluo-

rescenceintenslty.Backgroundfluorescenceand
autofluorescencewasaccountedforinstatistical

analyses.Pearson'sCorrelationCoef丘Cientwas
usedforcomparisonofcalculatedversusmeasured

morphometricvaluesinvivo.EqualityofVariance
F-testwasusedfわrassessmentofbloodtobile

transport,whichwasassessedviacomparisonof
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Fluorophore

lnitial/

Peak Exposure
Solub】e Ex Em Assimila- Concent-

tionTime ration

(min)

7-benzyloxyresorufin DMSO 560 590 30/45 50トIM

lnvivoCYP3Aactivity.Uptakeviaglll,invivometabolism inglHandgut,goodforinvestigatingbloodtobiletransport,lHBPs,
EHBPsandintestinaHumen.

7･Ethoxyresorufin DMSO 30/45 10-50トIM

lnvivoimaglngOfCYPIAactivity.UptakeviagL",invivometabolisming["andLiver.CYPIA2,2ESubstrate.

AcridineOrange H20 500 526 1-5pM

lnvivolabelingofDNA,RNA.Goodforapoptosis,interactswithDNAandRNAbyintercalationorelectrostaticattractions･

BODIPY505/515:4,41difluorol1,3,5,7-tetramethyl･41bora-3a,4a-dia-
za-ら-indacene DMS0 502 510 15/20 5pM-100nM

UptakeviagllL,activetransportthroughhepatobiliarysystem,concentrativebloodtobiletransport,andsecretionfromga"bladder
intogutlumen.GoodforelucidationofgI",lHBP,EHBP,intestinaHumen.Non-Polar,Lipophilic.

BODlPYFLC5-ceramide:N-(4,4-difluor0-5,7-dimethyト4-bora-3a,
4a･diaza-S･indacene･3-pentanoyl)sphingosine

DMSO 358 461 20/45 5トlM-100nM

Putativepassivetransportinvivo.UptakeviaglH,transportthroughcardiovascularandhepatobiliarysystemsandsecretionfrom

gaHb一adderintogutlumen.

BodipyVerapamH DMSO 504 511 20/60

lnvivoBodipyverapamillocalizedtohepatocyticcytosolindiscretevesicles.Transporttobilewasnotobservedinthetimeframe

assayed,whichwas90minutes.

BODIPY◎4931503:4,4-difluor0-1,3,5,7,8-pentamethyl-4-bora-3a,
4a-djaza-S-indacene(BODIPY@493/503)

DMS0 493 504 15/20 10トIM

UptakeviaglH,activetransportthroughhepatobiliarysystem,concentrativebloodtobidetransport,andsecretionfromga"bladder
intogutlumen.Goodforelucidationofgl",lHBPs,EHBPs,intestinallumen.Lipoph‖ic,amphiphilic.

BODIPY◎581/591C5･HPC(Phosphocholine)PC:2･(4,4-ditluor0-5,
71dimethyl141bora13a,4a-diaza-S-indacene-3IPentanOyL)lllhexa･ DMSO 582 593 15/20 30nM

decanoylsn･glycero13-phosphocholine

lnvivoLabelingofintrahepaticandextrahepaticbiliarysystem.UptakeviagiH.Hepatobiliarytransporttogutlumen.DiffusefluoresI
cenceinhepatocytecytosol.

cellTraceTMOregonGreen@488carboxyLicaciddiacetate,succinimi-

dylester(carboxy-DFFDA,SE)'cellpermeantHmixedisomers

Lnvivolabelingofhepaticnuclel,Potentialfordetectionofapoptosis.

DMSO <300 none 15/20 10-100トIM

DAP･=4,,6-diamidin0-2-pheny･indo.e,dihydroch･oride EZioi 358 461 15′60 0･3-310uM

lnvivonuclearlabelingofvirtuallyallceHtypesassociatedwithgill,gut,liver,andcardiovascularsystem.

DAP.Diacetate:4,,6-diamidino12-pheny.indo.e･diacetate MHe2.Oh 358 461 15/60 0･3-3･OpM

DAPldiacetateiswater-solubleform.lnvivonuclearlabeling.

Fluorescein-5-isothiocyanate(FlTC l̀somerl') DMSO 494 519 10/30 1pM-50nM

Excellentinvivoprobeforelucidatingbiliarysystem.Lnvivolabelingofintrahepaticandextrahepaticbiliarysystem.Hepatobi=ary

transporttointestinal山men.Uptakeviag日.

MitoTracker◎GreenFM

lnvivolabelingofhepatocytes.

DMSO 490 516 20/30 25-200nM

sYTO◎16greenfluorescentnucleicacidstain DMSO 488 518 15/30 10nM11PM

lnvivonuclearlabelingofepitheliaandendothelia,putativeinvivoprobeforapoptosis.

sYTO◎27greenfluorescentnucleicacidstain DMSO 495 537 15/50 10nM-1ドM

Apoptosis.

sYTOX◎orangenucleicacidstain DMSO 547 570 15/50 0･1-5pM

Apoptosis

Yo-pRO◎-1iodide(491/509) DMSO 509 15/60 1LIM

Apoptosis

YOYO･lIodide(491/509) DMSO 491 509 15/50 215nM

lnvivoaccumuJatedininterstitiarspaces,somelabelingofvasculature.Typica"yusedforassaysforcellenumeration,ce"prolifera-
tionandcellcvcle.

28fluorescentprobeswereselectedforinvivoapplicationbasedontheirmolecularweight,utilitylnelucidatingdesiredstruc-

ture/function,ontheirbiocompatibility,andinvivotransportproperties(18probesareshown).Thefluorescentprobe,adescrip-

tionoffindings,Solventusedfわrstockpreparation(Solubility),fluoresc?nceexcitationandemissionwavelengths(Ex/Em),initial
andpeakfluorescencetimes,andeffectiveaqueousexposureconcentrat10nSareglVen.
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且uorescenceintensitiesacrosssinusoid,hepato-

cytlCCytOSOlandcanalicularspaces･DescrlptlVe
statisticswereusedformorphometricanalyses.

Histologyandimmunohistochemistry
Allhistologicalsectionswerepreparedbythe

HistopathologyLaboratory,CollegeofVeterinary
Medicine,NorthCarolinaStateUniverslty.For

histologicalstudiesmedakawerefixedinlO%
formalinfor24hrs.Medakayoungerthan20dpf

werefixedwhole.Formedakaolderthan20dpf,a
midlineincisionwasmadefromtheanalaperture

totheleveloftheheadkidney,toallowsaturation
ofabdominalcavltyWith丘Xative.Cytokeratins

7,8,18and19(Invitrogen)andalphafetoprotein

(AFP)primaryantibodieswereusedforinves-

tlgationofhepatocyte,biliaryepitheliaandbile
preductularepithelia(cytokeratinpro別e,celldif-

ferentiation).Secondaryantibodieswere;Alexa-

Fluor488goatanti-mouseIgGandAlexa-Fluor
488IgG(Fabfragment).Cryosectionsandparaf一
点nimbeddedsectionswereincubatedwithprlma-
ryantibodiesatdilutionsof1:100to1:200(PBS)

for90minutesatroom temperature･Sections
werewashedthreetimeswithPBSafterincuba-

tionwithprlmaryantibodies,incubatedwithsec-

ondaryantibodiesfor90minutesatroom temp,
andsubsequentlywashedthreetimeswithP石S.

SectionsweremountedinUltracruzmountlng
medium andexamineduslngaZeissAxioskopp
fluorescencemicroscope.

Xenobioticexposures
ANITandDEN exposureswereinaqueous

bathatvariousstagesofdevelopment,under

acute,chronicandserialexposureconditions.
Acuteexposures:medakawereexposedonce

toaqueousconcentrationsofO･25ドM to10pM
ANIT,andassessedat6,12,24,48,72and96

hrs,andatday10,30and60postexposure.

Serial/chronicexposures:timepolntSfわrexpo-
suresarethesameasdescribedforacuteexposure

conditions,however,forserialexposures,medaka
werere-dosedevery3days,oronceweekly,and

examinedatthesamepolntSglVenfわracuteexpo-
sure.Forserialexposuresstaticrenewalwasused

withreplacementofsolutioneverythreedays･
ControlsreceivedDMSO (ANIT,DEN solvent)

atsameexposureconcentrationsglVenforANIT,

DEN.DENexposurewasfor48hrsat200ppm

inaqueousbath.Allexposuresweredonein750
mlwide-bottom glassrearlngbeakers.Aqueous
bath/exposuremediumwasERM:deionizedwater

(1:3)･Glassrearingbeakerswerekeptona280C
heatingPad.Cohortsofmedakarangedfrom10t0

30丘sh,dependingonthestudy.Fromeachcohort

ofmedakasubpopulationswereusedfor;invivo

assessments,histologicalandimmunohistochemi-

Calstudies,andtransmissionelectronmicroscopy
(TEM)studies.

ResultsandDiscussion

Asanoverview:invivostudy(methodology)in

STIImedakacanbeconsideredtobecomprised
ofthreeprimarycomponents;(1)sedation,(2)

microscopy/imagingtechnologies,and(3)且uores-
centprobes.First,Wedescribeeachinthecontext

ofmethodologydevelopment,andthenweglVe
examplesoftheapplicationofthesetoolstoinves-

tlgatlngbiologicalstructure/functionandadap-

tive/toxicresponsesofthehepatobiliarysystem,in
VIVO.

Sedation

ForoptlmalinvivoimaglngOflarvaland
olderSTIImedaka(>8dpf)wefoundnonlethal

sedationnecessary,particularlywhenwork-
ing/imaglngatthecellularlevel.Whileanice

bathprovedeffectiveforsedationofmedakaat

allstagesofdevelopment,Optlmalsedationwas
achievedwith10pM tricainemethane-sulfonate

(MS1222).Briefly;STIImedakawereplacedina
solutionoflO卜M MS-222(ERM assolvent).As
soonasmedakawereanaesthetized(immobile)

theywereremovedfrom thesedativebathtoa
bathoffreshERM:deionizedwater(1:3)for1-2

minutes.Sedatedmedakawerethenplacedona

glassdepressionwellslidewith～400PlofERM:
deionizedwater,orenoughsolutionto丘uthe

depressionwell,orientedinadesiredanatomical

position,andcoverSlippedwith#2glasscover
slips.Sedatedmedakawerecompletelyimmersed

inanaqueousmedium whilecoveILSlippedon
thedepressionwellglassslide.Carefulattention
waspaidtoensurlngmedakawereasclosetothe
coverSlipaspossible.Thisentailedpositionlng
sedatedmedakaasclosetotheedgeofthecon-
cavedepressionwellaspossible,therebyensurlng
contactofthedermiswiththecoverSlip.Such

positionlngminimizedthefluidmediumbetween
medakaandcover-slip.Evensmalldistancesofa
fewmicronsbetweenmedakaandthecover-Slip

greatlydiminishedopticalresolution(clarityof
cellsandtissues),duetodiffractionoftheimage

throughtheintervenlngSpace.
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Figure1.InvivoimaglngOftumorformationinSTIImedaka:brightfieldmicroscopy.Neoplasticresponsefollowlngearlylife

stageexposureofSTIImedakatothereferencehepatocarcinogendiethylnitrosamine(DEN).(A&C)Invivoimaging(bright-

field)ofhepatictumorformation(greenarrowheads)inmedakaexposedtoDENatanearlylifestage,Showingenlargementof

totallivermassandalteredvasculature.Histopathologicalassessmentofthetumorshowedmixedhepatocellular(B)andcholan一

giocellularcarcinomas(D)･Biliaryhyperplasia(D)wascharacterizedbyasinglelayerofbiliaryepitheliumlininglargecystic

spacesintheliver.Opaquewhitetissueinbrightfieldimages(A&B)isovary,thegutoccupiescaudalmostregionoftheabdomi-

nalcavlty.

Microscopy/imagingtechniques
Oncemountedonadepressionwellglassslide

medakawereimagedlivewithbright丘eld,wide-

fieldandlaserscannlngCOnfocalfluorescence

microscopy(LSCM)･Eachpresentedspecific
advantagesanddisadvantages,whichwillbeillus-

tratedthroughtheinvivoimagespresentedhere.

Followlng,WepresentanOVerView ofconsider-

ationsforeachimaglngmOdality.
Bright丘eldmicroscopy(e.g.NikonLSM dis-

sectingmicroscope),duetoopticsandillumina-
tionsource,waswellsuitedforinvestlgationatthe

tissueandorganleveloforganization.Anexample
isshowninFigure1;wherehepatictumorfor-
mation,theresultofearlylifestageexposureto
thecarcinogenDEN,wasimagedat10months
postexposurethroughtheabdominalwall.The

abilitytoobserve/imagegrossanatomy/whole

animalviabright丘eldmicroscopyalsoprovided
avaluablecomparativereferenceforfluorescence

basedimagingstudies(e.蛋.LSCM,examples

Canbeseenthroughouttheimagespresented)･
Expectedly,brightfieldmicroscopy(dissecL
ingmicroscope)wasnotsuitablefordeeptissue
observationsinSTIImedaka,orforcellularlevel

investlgation/imaglng.
Bothwidefieldandconfocalfluorescence

microscopyprovedexcellentforhighresolution(<
1pm)invivoobservation/imagingofindividual

cells,tissuesandorgansinlivingindividuals.

Whilecon丘)calmicroscopywassuperiortowide-

fieldinvirtuallyallaspects,aswillbeshownin
thefindingspresentedhere,widefieldmicroscopy
wasnotwithoutmeritandshouldbeconsidered

apracticalmeansbywhichtoundertakeinvivo
investlgationsinSTIImedaka.Forinstance,

wide丘eldmicroscopywasattimesemployedas
ascreeningmethod,andformethodologyrefine-

ment,whenaccesstoaconfocalmicroscopewas

notpossible(aproblemnotuncommoninmany
researchfacilities).Thefundamentaldrawback

towide丘eldwasoptlCalresolution;anundesired
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greaterdepthoffield,andresolutioninferiorto

thatobtainedwithconfocalmicroscopes.

Byexample:invivoinvestlgationsintohepato-

biliarytransport(discussedlateI)necessitatethe

spatialresolutionprovidedbyconfocalimaglng.

Becauseofthelackofresolution(depthof丘eld
permittedwithXenonlaserandstandardNeo-

Fluarobjectives,seematerialsandmethods),

widefieldfluorescencemicroscopywaslimited
toqualitativestudies(vs.quantitativeinvivo
study/imaging).Thedepthof丘eldwiththe60Ⅹ

PlanNeoIFluarobjectiveonourZeissAxioskopp
(widefield)was0.65トIm;technically,compa-

rabletoconfocal.However,this0.65トImdepthof
fieldrepresentsonlythefieldof丘nefocus.Also

resolved,duetoilluminationbyXenonlaserlight-

1ngsource,WereOutOffocusplanesaboveand

belowtheplaneoffocus.Itfollowsthatdueto
reflectionandrefractionfrom tissuesaboveand

belowtheplaneofimaglng,Opticalresolutionwas
diminished,andfluorescencebasedstudieswere

limitedtosem1-quantitativeandqualitativeassess一

ments.

Incontrast,confocalmicroscopy(LSCM),due

tolimiteddepthoffieldandopticalresolution,
provedoptlmalforquantitativeinvivoinvestlga-

tionsintohepatobiliarytransport(transportof

fluorophoresfrombloodtobile).Confocalmicros-
copyalsoofferedtheadvantageofacqulSlt10nOf

confocalstacksofuplOOいmindepth,atplanes
ofsectionfrom0.5トImtO2Pm.Further,individ-
ualconfocalstackscouldbecoupled,allowlngfor

finalinvivoconfocalimagestacksofup200ドm
indepth(themaximaldepth,wefound,atwhich

highqualityinvivoimagingcouldbeperfわrmed)

withthesystemused.
Insummary,whilewide丘eldwassufficientfor

qualitativestudy/imaglngOfhepatobiliarystruc-

ture,functionandtransport,accuratequantitative

study/imaglngrequiredthe丘nerspatialresolution
providedbyLSCM.Confbcalmicroscopypermit-
tedhighresolutioninvivoimaglngOfindividual
cells,andsubcellularorganelles,andenabled3

dimensionalreconstructions(3D)ofthehepato-

biliarysystem viaacqulSlt10nOfinvivoconfoI
calimagingstacks(describedindetailbelow).

Examplesillustratlngthedifferencesbetween
widefieldandconfocalmicroscopycanbeseen

throughoutthefindingspresentedhere.

Fluorescentprobesandendogenousfluoro･

phores
Importantly,fluorescence-basedmicroscopy

provedhighlyvaluabletoinvivoinvestlgations.

Theuseoffluorescentprobesinlivlngmedaka

greatlyenhancedourabilitytoinvestlgate
hepatobiliarystructure/functionandxenobiotic

responseinvivo.Whilenuorescentprobeshave

beenwidelyemployedinvitro(e.g.cellculture
basedinvestigations),fewcommerciallyavailable
fluorophoreswere(atthetimethestudieswere
undertaken)characterizedforinvivouseinfish.

Hence,alargepartofourworkwastheexplora-
tionof且uorophoresthatcouldbeemployedfわrin

vivoinvestigationinmedaka(biocompatibility,
efficacy).43fluorescentprobeswerescreened,

ofthese,28werefoundtobeusefulprobesfor
elucidationofbiologicalstructureandfunction.

Fluorophoresselectedforbiocompatibilityand

utilitylnanalysisofhepatobiliarymorphology
andtransportareglVeninTable1.Probeswere
alsoselectedontheirabilitytobeadministered

viaaqueousbath,andtoprovideforevaluationof

invivotransportdynamics/kinetics.Thataprobe
wouldexhibituptake,transportanddistribution

viaaqueousbathwasapr10rltyforselection.
OtheroptlOnSforfluorophoreadministrationwere

viaintra-peritonealorintravenousinjection(IP,
ⅠⅤ).Becausemanystudieswerecarriedoutdur

lngdevelopmentalphases,thiswouldentailIP,

IV,OryolksacInjectioninembryosandlarvae,

requlrlngmicrolnJeCtiontechniques;arouteof
administrationthatwouldprovetimeconsumlng,

Wouldsigni丘Cantlyextendthetimerequiredfわr
invivoinvestlgations,andthatinsomeinstances

mayproveharmfultomedakaunderstudy(e.蛋.
embryos,larvae).IPinjectionscanalsobeincon-

sistentindeliveryoftheagentintroduced(e.g.
1nJeCtionsmayoccurwithinthegutlumen,or
peritonealcavlty,thusalterlnguptakeandtrans-
portkineticsoffluorophore,toxicantintroduced).

Forthesereasonsaqueousbathexposureswere
employedastherouteofadministrationforall

fluorophoresandtoxicantsdescribedherein.
A descrlptlVeOVerView ofallprobesisnot

possibleinonereport.Hence,forclarity,the
propertiesofeachprobearesummarizedinTable
1andtheiref丘cacycanbederivedfromtheBnd-

1ngSpresentedinfbllowlngSections.However,

adiscussionofselected月.uorescentprobesmost
frequentlyemployedforelucidationofcell/tisI
sue/Organstructureandfunctionismerited.

Metabolicsubstrates7-benzyloxyresorufin(71BR,

CYP3A substrate)and7-ethoxyresoru丘n(7lER,
CYPIA substrate)werefoundtobevaluablein

vivoprobesfわrinvestlgatlngCYP3AandCYPIA

/
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F呈gure2.InvivoimaglngOfhepatobiliarymetabolism,biietransport,andparenchymalarchitecture:widefieldfluorescence

microscopy.∫llustratedisutilizationoftissueautofluorescenceandtheinvivoapplicationof700benzyloxyresorufin(7BR)for

detectionofCYP3Ametabolicactivity.Dechoriorlatedembryosexposed(aqueousbath)totheCYP3Astlbstrate7BRexhibited

7-berlZyloxyres()rufin-0-dealkylation(BROD)activity,whichrestlltedinthegenerationofthefluorescentmetaboiiteresorlユfin

(red)･TransportOfthemetabolitethroughtheintrahepaticbiliarypassageways(TL)oftheembryonicliver(L),andconcentration

inthegaitbladder(GB),wasimagedinvivoinlivingdechorionatedembryos.Hence,utilizingautofiuorescencepropertiesoftis-

suesintandemwithfluorescentprobesaidedinvivoelucidationofbiologicalstructureandfunction.Ailinvivoimagesfroman

individualST田medaka,6dpf,(A)怒rightfieldmicroscopy,illustratingliver(L)andgallbladder(GB).(Bl)Sameanimalasin

frameA,imagedwithwidefieldfluorescencemicroscopy(DAPⅠ/UV)illustratingtissueautofluorescence.(B2)Sameanimalas

frameA:Widefieldfluorescence(TRrrC)imagecaptureofresortlfin(indicativeofCYP3Ametabo一icactivity)fluorescencein

theintrahepaticbiliarypassagewaysoftheembryonicliver(L).ResorufinfluorescenceisdistinctandlimitedtotheintlQahepatic

biliarypassagewaysandgaュlbladder.(B3)ColorcompositeofBl&B2,DAPⅠ/TRITCimagecaptures,illustratingresorufinfluo-

rescence(red)intheliverandgallbladder.(Ci&C2)言nvivoimagingofhepaticparenchymaヮ6dpf,revealinghepatictubulephe-

notype･6to8hepatocyteswereobserved(intransversesection)toformattlbulelumen(TL)attheiraPicaimembranes.C2shows

concentrativetransportofresorufinfromhepatoceilularcytosoitotubulelumen(TL),indicatedbyincreasedfluorescenceinthe

tubulelumen.Redbloodceiiswereobservedactivelycirculatingthroughhepaticsinusoids(SIT).Hepatocytenuclei(HN).

expressioninorgansandtissues,andforeiuciぬt-
1ngtheintraandextrahepaticbi呈iarysystem,as
weHasguHumen.Bothprobes,non-鮎orescentin
theirnativestate,aremetaboiicallyactivated(de-
alkyiationof7-BR,de-ethyiationof77ER)bytheir
respectiveGYPenzymestotheanionic鮎ores-

centmetab0号iteresoru畠n.Eachhavebeenwidely
employedinvitroinmicTOSOmeandceHct鵡ure
basedassays(Milleretal,2000;Schlenketal,

1997;andothers).7-ERhasalsobeenemployed
forinvivoCYPiAactivityinFundulusheterocli-

tusandmedaka(Winettetal.1995;Meyeretal.
2002;Naccietal.2002;Kashiwadaetai.2007).

監Xamplesofinvivoapplicationsof7-BR,e呈uci肋

datinglnVivometabolism,transport,andhepatic
tubuiephenotypearegiveninFigure2.

Sphingoiipids,astructurallydiverseclass
ofcompoundscomposedofapolarheadgroup
andtwononpoiarもails(akintophosphoiipids),
a圭一enaturally-occumngcompoundsfoundinall
plantsandanimals.Assuch,洩ereispotentialfor
貝uoTeSCently壷beledsphingoiipidstobeincorpo-

ratedintolivecells.Two鮎orescentsphingosines,
a -BodipyC5-HPCandBodipyFLC5Ceramide,
wereexplored.43-BodipyC5-HPC,a鮎orescentiy-

1abeledphosphochoiine,provedbiocompatible
andexhibitedinvivopropertiesthatwereoptlmai
foreiuc皇datingepithelia,endothelia,andhepato-
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Figure3.Differentialuptakeandtransportoffluorescentprobes良-BodipyC5-HPC,BodipyFLC5andBodipy505/515:

widefieldandconfocalfluorese,encen?icroscopy･(A-C甘 BodipyC5Ceramideuptakeanddistribution:(A&B)Theceramide
fluorophore(green)exhibitedpropertiesCOnSIStentWithpassivediffusionacrosscellmembranes,Withdistinctuptakeoverthe

gili(GL)andtransportthroughthecardiovascuiarsystem.Thefluorophorewasnotobservedtocrosstheblood-brainbarrier

(C),thotighitpersistedinvasculature,witharesidencetimeofhourstodays(dependingonexposureregime)｡(D)Incontrast,

β-BodipyC5phosphocholine(HPC)wasobservedtolabelneuronsinthehindbrainofST王medaka.(D)STHmedaka,18dpf,

confocaifiuorescence聖 roscopy(from3Dprojection)o移 BodipyC5phosphoch｡inelabelingneuralbundlesinthecorpus
cerebelli,cristacerebeliarlSandmeduua,90minutespostfluorophoreexposure(aqueousbath),Corpuscerebeili,cristacerebeト

IarisandmeduilaareregionofinterestindicatedbygrayTeCtangieinframeC,(El皮E2)Widefieldfluorescencemicroscopyof

Bodipy505/515secretion(redfluorescence)fromgallbladder(GB)throughthecysticduct(CD)andcommonbileduct(CAD)

intothegt]tlulTlen.Mucosoまfoidsofthegut(MF)elucidatedwithβ-BodipyC5Ceramide(greenfluorescence;co-administered

withBodipy505/515).Ventralaorta(Va),HeartVentricle(Hv),HeartAtrium(Ha),Liver(i),PinealGland(P),Opticrectum
(Ot),OticVesicle(Ov),Vasculattire(V).

biliarytransport.L3-BodipyC5-HPClabeledthe
111Lljol.ityot∴ltlcllithビIiこIt111-0ughouttllehodyor

STIImedaka.Whileinvivodynamicsjkineticsfor

鮎orescen班y壷beiedsphingosineslike a -Bodipy
(15-HP(1LlnL1BoLIill)IFLC5cc1■こ1111iLILllllで110t

curren班yknown,andlittleinformationexistson

thビit'i11､.i､'0111亡tLIhoti叩 l叩LlrtieL<.itl､.i､'いい11柑r､'ニト

Lionssuggestthe鮎orescenも且ylabeled崩-Bodipy

C5-HPCbehavesasanendogenoussphingolipid,

llゝ I.i-BoLlil-).C5-HPC WこlトreLldil)'illn-rPOriltLlLl
.･il..＼l･h..:L卜.,.:;二､-:Jt･:imlJこ…L:L､･､-い∴､:;､:I-I

ousexposureconditions.Forinstance,良-Bodipy
C5-tlP('＼＼.こ111101Onlylllkm LIPhy＼■il-1tlこlllyllll
叩ithLtliこ1.hutohトビ1●､'LILllo…1ゝゝ lhLllヽlooJtll'llin

hこIn-主el-.lllhelillgllビL11-illhLlllJILlゝil一tllLl111LldullL10r
･.い､トー;､日日.Jh い.トー一･工一己･､～ .r:!り ･･､.･.･…･

tohelこIkenu1-ilLlrO＼Heitl叩ilhLlliulll.illlLltt'l川S-

portedもhroughthecardiovascも最arsystem toもhe
liverandg此 Asasmal且organic£ationthein

vivokineticsofthisprobesuggestedconcentra-

tivetransportof洩e負uorophorefrom bloodto

bi呈e(hepatic),withfairlyrapid(15minutespost
ハ110nll'Ll)ilLILlumulilti川10rlh亡日日Ot'Otlhot-Llintlile.

WhileemplriCaiandpTe且iminary quantitative

studiessuggestconce醸ativevec臨iaはansportof
thiHlm11●017h川で.11ur111ビI'仙lLly＼､'itlhH1亡LILlトトLlr)'tO
LlluLTidこItettlHllL,Llhi111i川1日-rL1-1111叩川-I.

lllLl川11T.11←LthLlil='i､.いki11LlliLIHlrBoLIip).F L

C5ceram皇deappearedmoreconsistentwithpas-

L<i､.LlLlit'f心i川111LlrOト".Llll111Lllllh1-1111el.し1plllLeL111d
distributionof蝕e鮎oTOPhorewasobservedto
hLlnth批IntiLlll)･.t<1…'el-(15-30111inulLlドSIower)

･い l∴ト･'.了､･･､i!'' 一･･∴lhこ ､i･'i･l､･･･､.･･･‥･

tlho申1いLlhllillLl(HPClゝm､.Lttltllkどこ川dLIOI-Ll州trこ 1 -
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Fig抜Te4.invivoimaglngOfnucieaTlabeling.Evidenceforinvivometabolismandnucleariabe旦ingofanexperjmentaianti-

malariaipro-drug,DB289,demonstratesnoninvasiveinvivoimaglngOfnuc一earbirldingofexogenouscompounds.Theanti-
trypanosomaidiamidinewasusedforpreliminarylnVeStigationintothestudyofabsorption,distribution,metabolism and
excretion(A王)ME),aswellastoxicity,inST田medaka.PreliminaryresultswithtwoDBcompounds(DB289andDB75)suggest
metabolismoftheparentcompoundDB289andnuclearbindingoftheactivefluorescentmetabolite(DB75)toolfactorytissues
andhepatocyteswithin15mintiteSOfaqueousexposure.ADMEassessmentsshowedtemporalvariationinnuclearbinding,With
distributionproceedingfromliver(i),togut(Gt)andpancreas(P),andeventuallysystemictissues,overa24hrperiod｡inrodent
andprimatemodelsDB289ismetabolized(activated)toDB75viaacomplexpathwayinvolvingCYPIAl,lA2,SA斗,4F2,4FB,
212andb5,priortonuclearbinding.Hence,itissuggestedthatasimilarorhomoiogousmetabolicpathwayse裏Stinmedaka.(A)
STIⅠmedaka,20dpf:Widefieidfluorescencemicroscopy,contro日量ver(L)at45minutes.(A)STHmedaka,24dpf:45minutes
postexposuretoDB289fiuorescerlCeOftheactivemetaboliteDB75(confirmedwithanalyticaichemistry)wasdetectedinthe
liverandgut(Gt),(C)STIImedaka,26dpf:24hourspostexposurefluorescenceinthegutlumenwasmarkedlyincreased.(D&

E)ST田medaka,26dpf:HighermagnificationimageshowingDNAbindinginhepatocytes72hrspostexposllre.Redceiiscanbe
seeninthelumenofthehepaticveirl(Hv/r).(F)STI三medaka,34dpf:Shownisinvivoimageofmedakabrair35hrspostDB289
exposure-NoriuCieaTbindingwasobservedinthebrainupto30daysofexposure,Optictectum(Ot),Corpuscerebeili(Ce).

一ioninintrahepaticbiiiarypassagewaysaseady

as15minutespostadministration(aqueousbath),
111e tlu川･eSLlelltCビl･こ1111iLle wllド110tOhsCllVed I-0

accumuiate(peak鮎 orescence)inthehepatobiii-

arysystem un鰯 -60minutesafterdosing.Like

かBodipyHPC,BodipyFLC5ceramideappeared

tobetakenupacrossgiliep血 elia,andtransport-

edぬTOughぬecardiovascuiarsystem totheliver

l川dguttFigurej).CLll-dio＼'llt<LlulLlrtl'11n叩OrtOr

BodipyFLC5ceramidewasmuchmoredistinct

偽anぬatofBodipyHPC,withmarkediabe呈ing

ol'LlndotlleliutllLl11し11̀LILlbloodLlells.BoJip),FL

C5ceramide,becauseofitsapparently slower,

passiveuptake,andaccumu呈ationinthecytosoi

ofvirttiaHyaままceiHypes,wasfoundoptlmaifor

investigatingePitheiiaice呈呈morphoiogyinVivo.

This鮎 orophoTeShowed neareven distribution

wi血 nbloodpiasma昌hecytoso呈ラandintrahepatic

bi呈epassageways.Hen c e ,BodipyFLC5ceramide

wasthe鮎 orophoreofchoiceforeiucidaぬ gee且i

morphologyinVivo.,anowingimaglngOfhepa-

toceHuiarspace,bi呈iary space,andvascuiature,

simも鵡aneous呈y.

互nsummary,bothBodipyFLC5Ceramideand

A-盛odipyC5-HPC showeddifferenもiaHTanSPOrt;

＼､'helでBodip,vC 5 -HP(∴Llll0rgll11iLILllltion.elhih-
itedkilletiLISanddiFltl･e11tiatLlistrihuliollhelWeen

bloodLltldhilCthこItmlggピトーedilLlti､'亡11.1川叩01-I.C5

°ビr11nlid亡eヽhitlitLld 1ゝ… 'Llr叩tllkeWithLllle＼.etl

distribution through もhe vasc血 ture,hepatocel-

旭 ar,andbilespaces,consistentwithpassivedif-

fusionofthe鮎orophoreacrossceHmembranes.



52

Table2.EndogenousFluorophores

R.C.Hardmanetal.

Ex(nm) Em(nm)

Flavoproteins:flavjneadeninedinucleotide(FAD),flavinmononucleotide(FMN)

PyridineNucleotides:nicotinamidedinucleotide(NAD),nicotinamidedinucleO -

tidephosphate(NADP).★Thereducedstatesfluoresce-NADPH,NADH

Tryptophan

Hydroxykynurenineg山coside(3-HGK)

Serotonin(5-HT)

5HIAA

α-napthoI

Bilirubin

Protoporphyrin

Collagenl

Elastin

Lipofuscin

VitamjnA

VitaminE

Thiamin(Bl)

RiboHavin(B2)

SalicylicAcid

450 550

336 450

295 329

520 550

290/366 340-440/510

300 350

340 460

435 500

424/408 594/630

340/500 410/520

330 405

300 420

345 490

295 335

366 430

440 514

319 408

ExamplesofsometheknownendogenousmlOrOphoresandtheirexcitation/emissionwavelengthsarelisted.

Overall,bothprobeswerefoundtobeefficacious

forelucidatingbiologlCalstructure/functionin

vivo,andthereby,morphologicalchanges(e.g.

cytotoxicity)inresponsetoxenobioticexposure

(SeeFigures3,6,8and9forcomparison)･

ThehighlylipophilicBodipy505/515and493,

likeL3lBodipyC5-HPC,werealsofoundtobe

excellentnuorophoresforinvestlgatlnghepatobili-

arytransportandbilesecretion(Figure3)IBoth

probesallowedelucidationoftheintrahepatic

biliarypassageways,extrahepaticbiliarypassage-

ways,gutlumen,andintestinallumen(e･g･muco-

salfoldsofthegut).

Perhapsthemostutilizedprobeforelucidating

thebiliaryarchitecturewasthewidelyemployed

fluorophorefluoresceinisothiocyanate(FITC)･

Thissmallorganiccationshowedrapidbranchial

uptake,Withmarkeddifferentialdistribution
betweenbloodandbile.Becauseofthedifference

inconcentrationofFITCinbloodandbileona

temporalscale,thisallowedfわrhighresolutionin

vivoinvestlgationintobiliarymorphology,bile

transport,andxenobioticresponse･Examplesof

theapplicationofFITCtoinvivoinvestlgations
canbeseeninFigures7&8.

Severalprobeswerefoundtobeusefulfor

invivonuclearlabeling,thesewere:DAPI4',

6-diamidin0-2-phenylindole,dihydrochloride;

DAPIDiAcetate4',6-diamidin0-2-phenylindole,

dilactate;CellTraceOregonGreen488carboxylic

aciddiacetate,succinimidylester;andtheSYTO㊥

seriesoffluorescentprobesfrom Invitrogen(e.g.

sYTO@16greenfluorescentnucleicacidstain).

Anadditionalexampleofinvivoinvestlga-

tionofnucleophilicfluorophorescanbeseenin

preliminarystudiesexaminlngtheabsorptlOn,
distribution,metabolism andexcretion,aswell

astoxicity(ADME/Tbx),ofanexperimentalpro-

drugfortreatmentoftrypanosomiasis(Figure4).

Preliminaryresultswithtwoanti-trypanosomal

compounds,termedDBcompounds(DB289and

DB75),revealedmetabolism oftheparentcom-

pound,DB289,andnuclearbindingofthebiologl-

callyactivefluorescentmetabolite,DB75,togill

epitheliaandhepatocyteswithin15minutesof

exposure.Temporalassessmentofdistributionand

metabolismshowednuclearbindingofthemetab-

oliteincreasedwithtime,peakingat90minutes,

Withdistributionexpandingtothegut,pancreas

andsystemictissuesovera24hrperiod.Inrodent

andprlmatemodelsDB289ismetabolizedvia

acomplexpathwayinvolvingCYPIAl,1A2,
3A4,4F2,4FB,2J2andb5(Dr.∫.Ed.Hall,UNC

ChapelHill,personalcommunication).Hence,

similarorhomologousmetabolicpathway(S)like-

lyexistinmedaka,thoughsuchpathwaysremain
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tobeelucidated.

Theabilitytolabelandvisualizenucleiof

individualcellsinorgansandtissuesproved
valuablenotonlyforstructuralelucidation,but
fordifferentiationbetweennucleiandcellular

lesions(describedlaterinthexenobioticresponse
section),wherenucleiweredifferentiatedfrom

hydroplCVaCuOles･Theef丘cacyofthenuclear

labelingfluorophoresisillustratedinFigure4and
9.

1nadditiontotheutilizationofexogenous
nuorophores,autofluorescenceoflivecellsalso
provedusefulindelineationofcellularandtissue
morphologylnVivo.Autofluorescenceisaninnate

apropertyoflivingcells(*note,weobservedthe
autoauorescenceofnonviablecellsandtissues

wasdiminishedrelativetotheirviablecounter

parts).Avarietyofendogenouscompoundsare

knowntoexhibitautofluorescenceunderavariety
ofexcitation/emissionspectra(Table2).Among

these,endogenous且uorescenceofnicotinamide
adeninedinucleotidephosphate(NADPH),ribo-

flavin,flavinco-enzymesandflavoproteins,as
wellasporphyrins,areeachusedasindicatorsof

enzymeactivltyandphysiologicalstateinliving
cells(BoonackerandVanNoorden2001).For
instance,NADPH且uorescesinitsreducedstate,

butnotinitsoxidizedstate(e.蛋.NADP).Incon-
trastflavinadeninedinucleotidefluorescesinits

oxidizedstate(FAD),whilefluorescenceisunde-

tectablewhenreducedtoFADH2.Becauseeachof

theseendogenous且uorophoresiswidelyemployed
inavarietyofcellularprocesses,they,bytheir
fluorescence,Canbegoodindicatorsofcellviabi1-

ltyandfunction･Forinstance,RamanuJam etal

(1994)reportedthatdysplasticcellsexhibited
greaterauorescence,likelyduetoincreasedmeta-

bolicrateofalteredcelltypes.Fromthese丘nd-
1ngSUVlightexcitationhasbeenusedtodiffer-

entiateneoplasticcervicaltissuefromnormaltis-

sues,invivo(Ramanujametal.1994).Similarly,
differentialfluorescencehasbeenemployedtodis-
tlnguishnormal,hyperplastlC,andadenomatous

humancolonicmucosaepitheliacells(primary
cellcultures)(DaCostaetal.2005).

Oftheendogenous且uorophores,NADPHisa
likelycandidateformuchofthetissueautofluores-

cenceobservedinvivointhe丘ndingspresented
here(whereweemployedexcitationof～350-400

nm,DAPI/UV)･Excitationatthiswavelength

resultedinauto且uorescenceinvirtuallyallcell
typesinmedaka.Thesamehasalsobeenreported

formammalianandotherpiscinespecies(see
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reviewbyBoonackerandVanNoorden,2001).
WhileUV/DAPIcanbephototoxictocells,

itwasattimesofvaluetoutilizethisexcitation

wavelength(autofluorescenceoftissues)toeluci-

datemorphologicalfeaturesotherwisedifficultto
visualize.Forinstance,UV/DAPIexcitationwas

highlyusefulforvisualizingthevasculatureof

medakaliver,andvasculaturethroughoutthebody

(bloodplasmawasrelativelynonfluorescentcom-
paredtoindividualepithelial,endothelialandred
bloodcells).UV/DAPIwasalsousefulforvisu-

alizingindividualcellsinvivo(e.g.hepatocyte
morphology).Hence,byutilizingtheautofluores-

cencepropertiesofcells/tissuessavlngSintime
andmaterialsmayberealized,negatlngtheneed

toadministerexogenous且uorophorestoelucidate

cellular/tissuemorphologylnVivo･
Atotherexcitation/emissionwavelengths

(TRITC/FITC)tissueautofluorescencewasless

distinct,andlesswidelydistributedincell/tis-
sues,thanthatobservedwithDAPI/UVHowever,

autofluorescenceofbilenuidwasverydistinct
underbothTRITC&FITCillumination.Because
ofthisTRITC/FITC excitation/emissioncould

beemployedtodetecttheonsetofbilesynthesis
(endogenousbile且uorescence),andtoobserve

biletransportinvivo.Ofinterest,weobserved

bileautofluorescencetovaryonatemporalscale,
afactwhichmeritsfurtherdetailedstudy.While
TRITC/FITC excitationresultedindistinct

autofluorescenceofintra-andextrahepaticbile
passageways,aswellasgallbladder,itwasnot
consistentlyobserved,suggestlngVariationsin
bilecomposition,perhapsduetovarylngCOnCen-

trationsofendogenousfluorophores(inbile)pre-
viouslydiscussed(e.g.NADP,FADH,porphyrin

compounds).Forthisreason,itwasnotpossibleto
fullyutilizebileautofluorescencealoneasanindi-

catoroftransportofspecificbileconstituents.

Invivodesm'ptionofhepatobiliarydevelopment
lnvivoobservation/imaglngpermitteddetailed

studyanddescrlptlOnOfdevelopmentofthe

medakahepatobiliarysystem.Thisincluded
observatiom/descrlptlOnOfhallmarkeventssuch
asorganogenesis,theonsetofbilesynthesisand

transport,andmetamorphosisoftheliverfrom
anembryonictoadultphenotype(Figure5).The
abilitytomakeinvivoinvestlgationsatvarious

stagesofhepatobiliarydevelopmentledtoimpor-

tantinsights(e.蛋.parenchymalarchitectureduring

embryonic,larvalandjuvenilestagesofdevelop-

ment)(Hardmanetal.2007).Whilealengthydis-
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cussionoftheseeventsisbeyondthescopeofthe
article,Figure5providesanoverviewofresults
fromthesestudies.

Quantitationofhepatobiliarytransportinvivo
Perhapsthemoresalientexamplesthatbest

illustratetheutilityofinvivoinvestlgationinSTII
medakaarethosethatcharacterizedthe3Darchi-

tectureofthemedakaliver,andelucidatedhepato-

biliarytransportandxenobioticresponse.
Transportofsolutesfrom bloodtobileisa

vitalliverfunction･Itisthroughbilesynthesisand
transportthatxenobioticsofenvironmentalorlgln

(e･g･environmentaltoxicants/toxins,pharmaceu-
ticals),andendogenousmetabolicby-products,

areeithersafelyremovedfrom thesystem,or,

withsystemicaccumulation,resultinmorbidity/
mortality･Inhibition/impalrmentOfbiletransport

(cholestasis)commonlyresultsinmorbidity/mor-
talitylnmammals,andlittleisknownaboutbile

transportinplSCinespeciesandtherelationshipof

impairedtransportfunctionintheseorganismsto
diseaseandtoxIClty.WhileitisbecomlnglnCreaS-

1nglyapparentthatmanyplSCinespeciesshare
bilesyntheticandtransportmechanismswiththeir
mammaliancounterparts(Hagey1992;Moschetta
etal.2005;Hintonetal.2007),nostudiesonfish

cholestasisinresponsetodiseaseandtoxIClty
exist.

OurpreliminarylnVeStlgationsshow invivo

quantitationofhepatobiliarytransportinSTII

medakaispossible.Usingfluorescentprobes
successwasachievedinestablishingmethods

forquantifyingbloodtobiletransportinvivo

(Figure6)･Foraccuratequantitationoftransport
severalkeyelementswerenecessary.Mostof

thehurdlestoquantitationwerefoundtobedigi-
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tallybased,orrather,laylnmicroscopy/imaglng

technologleS,ratherthanlimitsimposedbythe
STIIanimalmodelitself.Forinstance,oneofthe

prlmaryissueswasstandardizationofmicros-
copytechniques(TaylorandWang1989;Webbet
al.1990;St.Croixetal.2005).Exposuretimes

whileimaging(e.g.fluorophorequenching),laser
intensity(excitation),fluorophoreconcentration

intheexposurebath,andimaglngdepthinvivo
(e･g.howdeepintothetissuesyouareimaging),
wereallfoundtoinfluenceanddefinethedigital

imageinformationcapturedinvivo,andthis,lS

turn,affectedquantitationofdigitalinformation.
Hence,animportantconsiderationwasthetype

ofsoftwareusedfordigitalimageacquisition
andquantitation.Thiswas/isapotentialsource
oferrorifnotwellunderstood.Forinstance,for

somesoftwareprograms,suchaslmageJ,digi-

talimageformat(whetherthedigitalimagewas

8,16or32bit,colororgrayscale)potentially

affectedquantitativeanalysis.Theseparameters,
plXeldepthandcolorpro丘le,aredeterminedby

theimageacquisitionsoftware(Softwarethat
interfaceswithdigitalCCD camerasonconfO-

calorwidefieldmicroscopes;inthiscaseIPLab
wasthesoftwareacqulSltlOnProgram forthe

wide丘eldmicroscope,ZeissLSM 5Axiovision

imageacqulSlt10nsoftwarefortheconfocalmicroI
scope).Hence,whiledigitalimageacquisition,
inourcase,occurredinIPLabandZeissLSM 5

Axiovisionprograms,quantitationwasperfわrmed

usingthirdpartysoftware(ImageJ,ZeissImage
Browser5andAmira3D,seematerialsandmeth-

ods).Hence,itwasoftennecessarytoconvertthe
originalimage(acquired)toapixeldepthand

colorpro丘lethatwasoptimaland/Orcompatible
withthequantitationsoftwareemployed.Perhaps

Figure5･ Invivoinvestigationsofhepatobiliarydevelopment.(Al:FirstRow)Brightfieldmicroscopy.(A2:SecondRow)

Widefieldfluorescencemicroscopy,DAPIandTRITCcompositesrevealinggallbladder(GB,red)position.(A3:ThirdRow)

Widefieldfluorescencemicroscopy,DAPIautofluorescenceelucidatingvasculature.Atdayofhatching,8dpf,theliverwasfわund

astheL5phenotype,leftlateralandventraltothe3rdsomite(A1-A31stcolumn).From8tolldpftheL5liverandgallblad-

derdescendedtotheventralabdomen,withmarkedrestructuringoftheassociatedvasculature.(A4,A5)Translocationofthe

L5liverandgallbladdertotheγentralabdomenwascharacterizedby:descentoftheliverandGB,whichremaininlongitudinal

position,yolkresorption,thedisappearanceofthestomatodealandproctodealmembranes(notshown),theonsetofperistalsis,

andthebeginningofrespiration･(A4)Brightfieldmicroscopy,lldpf,ventralview,showingliver(L),gallbladder(GB)andlipid

droplet(LD)･(A5)Widefieldfluorescencemicroscopy,DAPI/TRITCcomposite,γentralview,elucidatingliver,gallbladderand

vasculature･Theonsetofmetamorphosisofthehepatobiliarysystemtoatransversepositionintherostralabdominalcavity(adult

phenotype)beganatlldpf･(B)Widefieldfluorescencemicroscopy,DAPIimagecapture,ventralview.By20dpftheliverand

gallbladderweretransverseintheventro-rostralabdominalcavlty,markingtheattainmentoftheadultphenotype･Ascanbe

discernedfromtheimagesshown,markedrestructurlngOfthevasculatureaccompaniedmetamorphosisoftheliverandgallblad-

derfromanembryonictoadultphenotype･WhilesuchobservationsarepurelydescrlptlVe,theypermittedelucidationofhallmark

eventsinhepatobiliarydevelopmentandhelpedcharacterizenormalcyinvivo.Liver(L),GallBladder(GB),HeartAtrium(Ha),

HeartVentricle(Hv),SinusVenosus(Sv),HepaticVein(Hv),LeftDuctofCuvier(Ldc),MedianYolkVein(Myv),LipidDroplet
(LD)
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F量gtm 6.Ⅰnvivoquantitationofhepatobiliarytransport｡Fluorophoressuchasβ -BodipyC5phosphocholine,shownhere,
州こIhlL}Llill､ri､,いLtluLliJLIIi川1い1､ihLlh‖iこIr)'＼).←t州-こ11-LlL1uilnlilこtliUTh､f-hlいいLIlいhilLlrmn叩州t.(AI〕1311申1tI､iLllJllliLIIIL-トnlf..VOrS′lll

medakaat30dpf.Greenaigaecanbeseenilltransportthroughlumenoftheguf中(A2)Widefieidfluorescencemicroscopyof

regionofinterestindicatedbygraysquare主nAl,showingβ-BodipyC5phosphocboHnefluorescenceirlintrahepaticbi呈iarypas-

sageways(弼BPs)ofthei主veT(L)andgaiib一adder(GB).(BりST壬Ⅰmedaka,9dpf,confocaiD言cmicTOSCOPy,壬n号ongittld主na】sec-

don2rowsofhepatocytesandtheirnuclei(HN)characterizeparenchymaiarchitecture｡Stackedovatestructuresareredblood

LILlll←iI-LlirLlut;lti州 throu貞一lhLlゝil-u←いiLl←(S/-11･R亡(iLlel1-11111LlllrllこItl州LtL-1山lLtlいlIL.li､.LILtirLlulittiい‖いIILtLltl＼lhrいudldlu←いiLIL<.

andresultingdistortionduringimaging｡(B2)SameasBi,singleframefrominvivocorlfc,catimagestackcapturingβ-Bodipy

C5phosphocholine(greenfluorescence)intransportfromb呈oodtobiie,throughintTahepaもicbiliarypassageways(IHBP)ofthe

li､.ビr･1'1-LTrlll川.Lit-hL,I.LT".こl←illlこIgビLIin､.i､~い:10Ⅰ一一itlulLIリーいトlこl山一-ini州'こIli川1仙111山一Ll→I,こIlい･(f331(､川1-I-い←itLI｡=1.1m-LlトIilLlnLlri二

一ocalizingfiuorophoretransporttoareabetweenapICaimembranesofadjacenthepatocytes,suggestingactivetransportofthe

l'tt10t.Ot,I-川̀ビinLolrlBt'←≡tL'&i)=ごrllmLtL1i-urrilLlemLlllいrI.Ll画一not､iI-t亡rLl→t川1-ilLl叩1こ11.Ll)inh'こ=-rti二 ,ilttl←lrllliHざLI｡11Llt.Tltr l I -

tivetransportOfthefiuoropborefromsinusoidalspace(S)tobilespace(BP).ThewhiterectangttiaTregi()nofinterestinでTame

B2,Spanningan18･3Pmareafrombloodtobile(sinusoidtocarlaiicuius),wasquantitativelyassessed(frameD),andsuggested
Bい.･･J･＼'･･!･11.､･い･!･- ､､､ ･-･l:､I- ･- ､･･･1･こ＼:.､･ ･い一 一": ･‥-いミ -･l･･･ ト 一･･-:-い' ､

insinusoidaispace(S).AlsoevidentisanincreaseまnCytOSOlまC(Cyt)concentratior10fthefiuoTOPhoTe,Whilenofluorescencewas

detectedinthentiCieus(HN).ThesetypesofstudiesdemonsもratedconcentraかetransportOffluorescentprobesfromb呈oodto

bilecanbeimagedandquantitativelyevaluatedinvivo.Alsoillustratedistheltltiiityoff王uoTOPhoressuchas針呂odipyC5phos-

phochoiineinelucidatingbilecanalicuii,ductulesandductshConfocalima農eSCapturedwitha-apochromaもicobjectiveラ1.2NA
wiGOrreCぬri,488nmexcitation,ZeissLSM5壬0.
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Bloodto甲1eTransportlnVivo:p-BodipyC5Phosphocholine(HPC),BodipyC5Ceramide,
FIuorescernlsotMocyanate(FlTC),AreaAverages,ST…Medaka12dpf
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トvalue

C5Ceramide:FITC 1.026

C5Ceramide:HPC 0.117

FITC:HPC 0.114

p-value F-value p-va一ue F-value p-va山e

0.9665 38.508 <.0001 18.672 0.0001

0.0019 17.109 0.0002 28.413 <.0001

く∴0001 0.444 0.0686 1.522 0.3412

Figure7･Quantitativeanalysisofbloodtobiletransportinvivo:PIBodipyC5phosphocholine(HPC),fluoresceinisothiocya-

nate(FTIC)andBodipyC5ceramide.Quantitativeanalysisofdifferentialbloodtobiletransportbetweenp-BodipyC5phosI

phocholine(HPC),fluoresceinisothiocyanate(FTIC)andBodipyC5ceramide.Allfluorophoreswereimagedinvivoatpeak

uptaketimes(Table1)ADifferencesinbloodtobiletransportbetweenallthreefluorophoresaresuggestedwhenmeasuredvalues

(means)offluorescenceintensityacrosssinusoid,cytosolandcanalicularspaceswereassessed.Themostmarkeddifferences

werebetweenβ-BodipyC5phosphocholineandfluoresceinisothiocyanate,andBodipyC5ceramide･This竺asconsideredto

bedueto(basedoninvivoobservations)activetrams.portofbothβ-BodipyC5phosphocholineandfluorescelnisothiocyanate
vs･passivetransportofBodipyC5ceramide･Interestlngly,whiletherewasclearconcentrationoftheceramidefluorophorein

thecanaliculus,transportofthefluorescentceramidesawdecreasedfluorescenceintensltyinthecytosol,ascomparedtoboth

sinusoidandcanaliculus･Equalityofvarianceトーestcomparingmeasuredvalues(repeatedmeasures,whichvariedfrom30to70

dependingonnumberofstacksandavailablefields)incytosol,sinusoidandcanalicularspacesaregivenwithp-values.
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F圭gl及Te8.ⅠnvivoimagingofhepatobiiiaryresponsetoANITexposure:caヱ1ai主cuiarattenuation皮dilation.(A)Invivoconfocal

imageofuntreatedmedakaliver(30dpf),noteun拍)rmityofdiameterOfIHBPs.(B-Bl)InvivoconfocaiimageofAN王Ttreated

medakaliver(24dpf)Showingdilatedandattenuatedbilecanaliculi(redarrowheadpointstoattenuation,whitetodilation)at48

hrspostexpostiretO2.5PMANT.Onlytheintrahepaticbiiiarypassagewaysarefluorescent(FITC,green).Parenchymaislarge-

lynonfluorescent,asidefromweakanddiffusefluorescenceofhepatoceiluiarcytosoi.(Bl)Dilatedcanaliculi(blackarrowhead;

e一ucidatedwithFITC)werefoundtobeuptoapproximate一y3timesnormaldiameter(e% 3[9いmdiameterindilatedvs.i.3ドm

averagediameterinnormalcanaliculi).Attenuatedcanaliculiweredistinct,appealウingasfinesinuouspassagewaysmeasuring0.4

PmtO0.8けmindiameter(*canaiicuiarattenuationjdiiationwasnotreadilyapparentinhistoiogicalandultrastructuralsttまdies).

(C)NonirlVaSiveinvivoconfocaiimage10dayspostexpostlretO2,5PM ANⅠT(chronicexposure)illustratingbilepredtiCtu-

iarlesions(redarrowheads),characterizedbylossofpreductulemembraneintegrityandlossoftlniformityiniumendiameter.

ⅠntrahepaticbiliarypassagewayselucidatedherewithBodipyC5Ceramide･Blackarrowheadiiiustratesappearanceofnormal

bilepreductule.(Ci)Transmissionelectronmicrographillustratingchangestobilepreductuiarepitheまia(BPDEC)associatedwith

preductular一esions,whichshowedincreasedcytosoiicareaandvacuolation(redarrowhead).王nvivoobservationshelpedleadto

thehypothesisthatANITir)血cedBPDECtoxicitylSresponsibleforbi一epreductularlesionsobserved,andthatthesecellsare

earlytargetsofANITtoxicity,withhepatocellularresponsesobservedstibsequenttoBPDECTeSPOriSe.(D)Exampieof3Drecon-

strlユCtionofdamagedpreductulerevealsthedamagedbilepassageway(green)wasbiiridending,notintercorlnectedwithother

segmentsoftheintrahepaticbiliarynetwork.Alsoshownarebilepreductularepithelia呈ceils(purple),suggestingthedamaged

areawasacanaiiculo-preductularjunction｡Ⅰn(A,B,Bi)ⅠHBPselucidatedwithFITC,in(C)withBodipyC5ceramide.

oneofthemostimportantfactorswasthetempo-

ralscaleofstudy,orthetimeofimageacqu呈SitヱOn.
Most鮎orophoresusedforinvestigationofblood
tobiletransportwereobservedtobeassimilated
hy111edllkLlrLlillyl叩idly(1ト二0111illuteSrot-ini-

tialuptakefrom aqtieOuSbath).Peakuptake(or
saturation),occurredsome15も090minutesiateT,

dependingonthe鮎orophoreused(Tabieり.

HenLtLl.il一LlevelopinLeil一＼ri＼･ollletllOdologyfor

quantifyinghepatobi王iarytransport,Severalkey
elementswerelarereq血ed.First,uptake,distri-

butionandもransportof呈ndividuai鮎orophores

lゝlいuldllLIL)JlullLllllll･llLlClli/,at~iollforゝtl川し11trLIi/.こ 1 -

tionofprotocols.Thisenmiischaracterizingtem-
poralchanges,asweHastheeffectof鮎orophore
concentration(aqueousbath)onuptakeandtyans-

portdynamics/kinetics.互nourinvestigationsrlg -

orou"tudy1111dthotl0ughJeteH11i11il【ionoilfluol'O -

phoredynamicsjkineticsinvivowasnotpossible
山letOthLllこILtkot~､ilLIeLliL･LltビdL･川ltbLlこllinstru111ellL

lllldlillle･lnliCL101､this1,vtl亡OrLlhこIt'こILlt.ri/-1lli川1.

peakuptaketimes,andatimeframesubsequentto

peaktiPtakeもimethataHowsforinvivoimaging
andquantitationofもransport,wasdeterminedfor
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F畳gure労政互nvivoima爵ingofhepatobiliaryresponsetoAN汀 exposure:hydropicvacuolation,AN汀 concentrations(aque-
ousbathexposures)of2to8pMTeSuまted呈namarked"pebbiing"ofthe呈iverLThisteTminoiogywasused血e5tOmOrPho呈ogica旦
appearanceoftheliver,firstObservedinvivowithwidefieidfiuoTeSCenCem主CTOSCOPy.(A)ST喜言medakacontrol,i6dpf,show-

ingther10rmalsmoothappeararlCeOftheparenchymainvivoasviewedwithwidefieidfluorescencemicroscopyat24hrs.Liver

(L).LITL1t(.(171).lt3Ltn SllllllLl山kil.二日LIr,(.､＼'iJLlriJJrluL,remlnLILtIごTrrCiⅢLlFLIi,ill-turLl＼iltLl州.こllitlLtIthHliヽli11LlllllIT.州Llhリ11ill

pebblinglnresponsetOAN肝.Noninvasiveinvivoimaglngelucidatedwhatappearedtobeovatestructureswithinthecytosol
ofhepatocytes,givingaPebbiedappearancetOtheplaneoffocusinthelivertThisphenotypewasobservedwiththeaidofauto-

fまもiOreSCenCeaiorle(DPAPjUV,TRⅠTC),nofiuo呈40PhoTeSWerenecessaryforVisuaままZ主ngthisceiMarresponse.Ga呈ibjaddeT(GB,

Sinusoid(S)チ(D)AN汀 exposedmedakaweresimultaneouslyt柁ated雨ththenuciearstainDAPⅠ(aqtleOuSbaぬ)toiabeihepato-
りItTll一一し=-iliこIt･)･叩ilhLttiこlIL:Ll=nuLllLli･:＼flLlr=けいIl)Al-1Icl叩いnlT･LlthLlh叩ittいhiliこIr),ゝいILln一､いrnlLtJこILこ=､､Llr亡il一一こIgLILlillヽ･iヽ･Oヽ.ill
widefie呈dfltiOreSCenCemicroscopy.TheseinvestigationsrevealedintraGeHuiarovatestructures(blackarrowhead)didnotiabei

withDAPⅠ,andweredistinguishabiefromhepaticandbil呈aryepitheiiainuclei(grayarrowhead),(E&F)Experimentsinvestigat-
inlLlilP｡tltいトi一､､･tlltI-1Ll汗州一一一山 ､＼･ithl'0 -PROll∴川uLllCiLlこILliLlt<tllit一･1Ⅰ-1ilぎ亡E→t-州ヽ=トul-1i-kLtい1'1'0-11RO11iI-1いLILlll.- ･ヽilhLl｡1-ト

promisedcellmembranes.(F)InvivoconfocaままmageofYO-PROー呈,aDICar)dTRⅠTCcomp()site.ⅠrlthegrayscaieD王Cimage

hydropicva£tiO呈es(bia洩 ai-rOWhead)areTeadiiyapparent･Associatedwithhydropic,vacuo旦ationwasas呈ighHncreaseinapopto-

sis,suggestedbygreenfluorescenceofYO-PRO-Hceiitypenotknown).(G)Semi-thinsection(toiuidineblue)showinghydropic
vacuoiation(blackaTTOWhead)at24hrs,4日MANITdose･Numerousvaeuolesarepresentinasinglefield.(H良Ⅰ)Transmission

ビlLILlr川川IiLltLlgrill-h＼IlurlhビrLlluLliLliltLILlhytlrolliLl＼◆こILlu｡tハi11hいIhhLl,こIlいLtylLl←IlllこILtkill.I-州h…1.I-I1iulL=1il叩rLTLluLltulとIrLl,ilhビ1iこ1

(blackarrowhead,i)･Vacuolesrangedfrom2to10拝mindiameterandwerefoundtobepaTtiailytocompletelyfilledwithelec-
tronLlL･11klLILl‖lllilI-itlrilll･こIte.
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F呈guTeiO.ⅠnvivoimagingofhepatobiliaryresponsetoANITexposure:passivehepaticcongestion,(A)Widefieidfluorescence

DAPI/UV,controHiver(L),20dpf,24hrspostANITexposure,ShowingthenormalinvivoappearanceofhepaticvascuiatuTe

(b一ackarrowhead).Hepaticvasculatureappearsdark(nonfluorescent)･Epitheliaofpayenchymaappearslightgray･(A&C)At4

ドMAN肝,24hrspostexposure,modestdilationofhepaticvasculature(blackarrowhead)wasobservedthroughouttheliver,as

earlyas6hrspostexposure.ImageBisDAPI/UV(autofluoresceriCe),imageCisTRITC(autofluorescence).(D)At8pMANIT,

24hrs,markeddilationoftheintrahepaticvasculaturewasobserved(DAP壬/UV),(FJ)InvivoconfocaHmaging,acquiredat48

hrspostANITexpostire,COnfirmeddilationofintrahepaticvascuiature(blackarrowhead)wasapanJlePaticresponse,Occurring

uniformlythroughouttheliver.Vasculatureisdarkgray,hepatocytesarldtheirnucleifluorescegreen,(P)TrailSmissionelectron

micrograph(8pM,20dpf,48hTSPostexposure)ofanintrahepaticvesselirkANiTtreatedmedaka,revealingabnormalsinu-

soid/endothelialceHmorphology(S).Asingleredbloodcellcanbeseeninthesinusoidiumen.Endothei呈umishigh一yattenuated.

ⅠntandemwithmorphologlCalchangeswerechangestocardiovascularfunction;decreasingheartrateandmotilityaiongwith

increaseinvasodiiation,inmedakaexposedto0,5ドMto8PMANITゥwasobservedF

each鮎orophoreemployed.WeprovideinTable
itimesatwhich貝uorescencewas鮎Sをobserved

inthebiiiarypassagewaysoftheliver(uptake),

andthetimewhen鮎orescencepeaked(satura-

tion).AfterpeakBuorescencewasachieved,鮎 O -

rescence(鮎orophoreconcentrationinvivo)was

assumedtobeatasteadystateaslongasmedaka

remainedunderconstantexposuretothe鮎o恥

phoreinaqueousmedium.Atthispolnt9transport
kineticswereassumedtohavereachedeq扇iib-

rium(aHheexpost王reCOnCentrationsgiven).

Forthesestudies,itwasdecidedthatimage

acquisitionWouldoccurduringthedmeframe
thatseesinidalmaximaluptake(saturation),or

thetimewhen鮎OrescenceiritenSltyPeaksata

givenexposureCOnCentration,andforaprede負ned
periodoftimefoHow呈ngtheonsetofpeak鮎 O -

TeSCenCe,determinedpriortOSttldy.Thesechar-
llLILlriドIiLlト､＼'Ct-LlrOm1し=ohL'uniL1uLlrOl'LTilLl1lluo-

rophore.Hence,inthesestudies,invivoimaging

wasdoneattheonsetpeak鮎orescenceandfor,
onaverage,nOmorethan30minutespostpeak
爵uorescence.

Lasdy,quantitation皇sbasedonameasureOf

鮎orescenceintens珪y,theunitsofbwhic臨canvary
Ll叩州LIi11ぎい‖llilLllLl叩lhltnL1い-1川.PrOIilC(L1.i.

brightness,saturation,grayscaievalue).Hence,

therearem油ipievariabies(potentiaiiyconfound-

ingfactors)thatneedtobecontroi3edforinorder
:- .i≡.ト.[しい i､Ulい- ■.I.r､IIL.･ll･- 1-.-･t∴ト

IILlminiトーLlrLILlnuorollll川-Ll.iillI.i＼'い.

W呈ththeabovefactorsaccountedfor,prelimi-

naryfindingsonquant呈tadonofinvivotransport

suggestquantitationoFhepatob損arytransportin



Ⅰnvivoimaging主nSr勘1帽daka(Oryziaslat桓esj (ll

Fi拝urCl1l･1-:.＼こlml-1=-(工',l~)I.LILIL一一一ドIt.LlLlli川-0日lLllllliL･i)LIITIILlh)11111rI-川11iI='i､.いLlい-1flい｡111imllぎLlトはLlk:h‖LlI-I.LltluLlul亡t<illlL11-I.ト

血ctu互arepithelialcells｡Shownisanisolatedsectionoftheparenchymashowingthe3Dcharacteristicsofbilepreductuiarepi-

thelia(BPDEC)andbilepreductules(BPD),thelatterauniquemorphologicalfeattm createdbyjunctionalcomplexesbetween
13Pl~)l三rHlnJh叩Ilい｡).(tt←･I-1叩ittいLl)~1亡←､､､'hiJ-いし･LlullylhビnLlglIli､~tl/J州-llty叩こILILl∴ll̀…tltr州LlLllTLIIlor､-i川こllLllこIt.it)',:㌔Lli=1111iLluluゝ

(a)isshownjoiningabilepreductule.Thebackgroundgrayscaleimageisasin巌ieframefromaconfocaiimagestack｡Redbl()od
ceiisareseencapturedincirculationthroughsinusoidsofthe王iver(S/T)IToourknowledgethiswasぬefirstrenderingofthis

jtlnCtionaicomplex(bilepreductuk)in3dimensions,theevaluationwhichpi.OVidednovelinsightsil砿oparenchymalorganまza-
1i川 1 .

ST三重medakaispossibie書FoHnstance,emp漬Cai
observationssuggesteddifferentialuptakeand
transportdynamicsjkineticsbetween8-Bodipy
L15-HP(∴BoLIitlyC5Cel一州1ideLllldtlLl川-eLqLleill
isothiocyanate.Forqtlantitation,digitalimag e
capもuFeSfyom invivoinvestigationswereCon-

vertedtobothRGB32bitcolor,and8bitgray…
･､･､i! =･･､･､＼t､･Lt.LILH･州.車･'､･･tsl.:一日ー:､t､いい､沖､
thefoHowingtechniques:regionsOfinterest
A:t.'り卜呈､∴= いi･一､･日川 ＼日日･小日日･.三･;も････恒 ､L

tocytecytosoiラandcanalictiiar/bilepreductru王ar
lu111eHS.ROIsⅥ･･erellleLISuredrol･HuoI･esLlenLte

i11t州 iゝl)'tl｢l.ighlnCトト＼'こ11uC)inbothRGBjコhit
color,and8bitgrayscaieimages中音nanygまVerl
imagem油ipleROⅠswererandomlyselected,for;
sinusoidaispace,cytoso呈spaceandbik space,
Forinstance,inasingleconfocalstackmultiple

partments,rest血nglnrepeatedmeasures.These
､.=!=L.り1.i;1㌧.､､!,i/･.L､･.＼･いt.､.h､､､:;､＼.h､いIl.･.i

areameasuredforsinusoid,cytosoiandbilespace,
･､L､h･=!.い:いJTい＼い､い･_･王.･･川.日､1/トJ＼､トー-､l;こ

tisも呈eaianalyses.Meansweretakenforeachsetof
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forplots/graphs.DescrlPtlVeStatisticsaswellas
bivariateanalyseswereusedfわrquantitationof

bloodtobiletransport.Whiledifferencesbetween

BodiPyC5ceramide,andL3-BodipyC5-HPCand
fluoresceinisothiocyanatewereexpected,the

moresubtle,statisticallyslgnificantdifferences
betweenL3-BodipyC5-HPCandfluoresceiniso-

thiocyanate(Figure7)wereespeciallyinteresting･
IncontrasttoC5ceramide,whichexhibitskineト

icsmoreconsistentwithpassivediffusionacross
cellmembranes,thelattertwofluorophoresexhib-

itedkineticsmoreconsistentwithactivetransport.

Thatthesedifferencesareputativelyindicated

hereinquantitativeresultsispromlSlngforfuture

investlgationsintoquantifyingtransportofsolutes
frombloodtobileinviv0.

3Dimensionalhepaiobiliaryarchitecture:in
vivostudies

Noninvasiveinvivoimaglngallowedthegen-
erationof3Dmodelsofthemedakahepatobiliary
system.Usingconfocalfluorescencemicroscopy
(LSCM),intandemwithexogenousfluorophores,
wewereabletoelucidatehepatocellular,biliary
andvascularcomponentsoftheliver.Briefly;the

fluorescentprobes71benzyloxyresorufin(7lBR),

BodipyC5-HPC,BodipyFLC5-ceramide,DAPI,

andfluoresceinisothiocyanate(FITC)were

administeredtolivingSTIImedakainaqueous
bathtoelucidatespeci丘celementsofthehepato-

biliarysystem(e.g.hepatocytes,endothelialcells,

biliaryepithelia,bilepassageways)･Individual
medakawereexposedtofluorophores(aqueous

bath)atthefollowingconcentrationsanddura-
tions:7lBR(10150PM,10to30minutes),Bodipy

C5-HPC (30nMl10pM,10to30minutes),

BodipyFLC5-ceramide(500nM-5トIM,10to44
minutes),FITC(1nM-50pM,10to30minutes).

After15-45minutesoffluorophoreexposureSTII
medakaweresedated,mountedondepressionwell

glassslideswithcoverslipandimagedliveuslng
confocalfluorescencemicroscopy(LSCM),at

variousstagesofdevelopment(8-60dpf)･
Confocalstacksfrom invivoimaglngOfthe

hepatobiliarysystemwerethenimportedintothe
3Drenderingandanalyticalsoftware,Amira3D.

ConfocalstackswerecomprisedofO･5um to2

いm Sections(spacebetweenindividualimages/
scans),though0.5wasmostcommonlyemployed･
Stacksweretypically90to120Pmthick(depthof

scan),thoughinsomeinstancesthesewerecom-

binedtocreatestacksofupto200いminthick-
ness.3Dreconstructionswerethenusedfわrarchi-

tectural,morphometricandvolumetricanalyses.

3Danalysesyieldedimportantinsights,which

maynothavebeenpossibleuslngStandard2
dimensionalhistologlCalandultrastructural
methodologiesalone(Hardmanetal.2007).For
instance,3Danalysesrevealedthat:(1)thehepatic
parenchymaisorganizedasahexagonalstructural
motif(polyhedraltessellation),evidentinthe丘ne

structureofthebiliarysystem;(2)thebiliarysys-
temisaninterconnectednetworkofcanaliculiand

bilepreductulesthatperfusesthemajorityOfthe

livercorpus(～95%)uniformly,withequidiameter

intrahepaticbiliarypassageways(IHBPs)(1-2
pm)observedthroughouttheliver;(3)largerbile

ductulesandductswereobservedonlyattheliver
hilus,andconsequentlyanarborizingbiliarytree

wasabsent,seenonlyintherudimentarybranch-

1ngOfintrahepaticductsfrom thehepaticduct;
(4)parenchymalarchitectureisapredominantly
2cellthickmuralium,thoughtubule-likefわrma-

tionsmayalsocomprisethemuralium;(5)the
liversofthesesmall丘sharerepletewithBPDECs,

theputativemammaliancorollaryofbipotential

progenitor/stem cells;(6)BPDECsandhepato-
cytesformunlqueJunCtionalcomplexesthatcre-
atebilepassageways(bilepre-ductules).Thelatter

丘ndingswereofparticularinterestglVenimpor

tanceofthesecelltypes,andweremadepos-
sibleby3D investlgationofBPDEC-hepatocyte
JunCtionalcomplexes.Byexample;whenexposed
tothecompletecarcinogendiethylnitrosamine
(DEN),hepatocytesandbiliaryepithelialcells
giverisetotumorsofthemedakaliver(Okihiro

andHinton1999).Bothpartialhepatectomyand
bileductligationfわllowedbyhighresolution

lightandelectronmicroscopicfindingsintrout
(OkihiroandHinton2000)haveshownsmall

diameterbiliaryepithelialcellsthatform JunC-

tionalcomplexeswithhepatocytes.Furthermore,
thecellsliningportionsoftheintrahepaticbiliary

system betweencanaliculiandbiliaryductules/
ductsproliferateasresponsetobileductligation
orpartialhepatectomy.Thesecells,termedbile

preductularepithelialcells(BPDECs)(Hampton
etal.1988;Hamptonetal･1989),maybethetelel
ostequivalentofmammalianovalcells(Golding

etal.1996;FaustoandCampbel12003).Dueto

theirsmallsize,thesecellsarenoteasilyseen

insurveylightmicrographsofmedakaliver.By
couplingthistransparentorganism withspecific

fluorophores,weareableto"seeinside"living
organismstorecordnormalstructureandtoxic
alterations.Examinationof3D modelsrevealed
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BPDECstooccupythecenterofunlquemOrph0-

10glCalformationscreatedbybilepreductularepl-

thelialcellsandhepatocytes(Figurell).
Findingsfrom3dimensionalstudiesalsosug一

gestthehepatobiliarysysteminmedakacanbe,as

aconceptualmodel,consideredaslnglefunctional
unitofthevertebrateliver,akintoindividualunit

ofthemammalianlobule(Hardmanetal.2007).

Whileourfocuswasthehepatobiliarysystem,it
shouldbeevidentfromthe丘ndingspresentedhere

andpreviously(Hardmanetal.2007)thatthese

typesofinvestigations(3D)inotherorgansys-
tems,uslngthesameorsimilarmethodologleS,is

possible.

Invivoinvestigationxenobioticresponse
BecausetheabilitytoinvestlgateXenObi-

oticresponseinvivoisoneofthemostvalu-
ablefeaturesoftheSTIImedakaanimalmodel,

andimaglngatthecellularlevelhadnotbeen

described,characterizationofnormalcy(in
vivostructure/function)wasessential.Thiswas

accomplishedbydescribingtheinvivophe一
motypesofindividualcells/tissues(e.g.hepa-

tocytes,biliaryepithelia,endothelium)ofthe
hepatobiliaryandrelatedorgansystems,and3D

structureofthehepaticparenchyma.WithnoIL

malcycharacterizedwewerethenabletoapply

thisexperimentalsystem toinvestlgatetOXIClty
invivo.Todosoweusedthereferencehepa-

totoxicantsα-napthylisothiocyanate(ANIT),
anddiethylnitrosamine(DEN).ANIThasbeen

employedinrodentstudiestoinvestlgatebiliary
toxICltyIncludingcholestasisandarborizationof

finerdiameterpassageways(Masyuketall2003;
PalmeiraandRolo2004;Ferreiraetal.2005).

DEN hasbeenwidelyemployedtoinvestlgate

neoplasticresponse(IshikawaandTakayama
1979;Teh1993;OkihiroandHinton1999).In

vivoinvestigations(responsestoxenobioticexpo-
sure)Werecorrelatedwithhistopathology,ultra-
Structureandimmunohistochemistryforvalida-
tionofxenobioticresponse/toxIClty.Anexample

ofnoninvasiveinvivoserialanalysisoftheadult
consequenceofearlylifestageexposuretoDEN

isglVeninFigure1.Shownisaninvivoassess一

mentofneoplasticresponseoftheliver10months
postexposuretoDEN.Histopathologyrevealed

thetumortobecomprisedofmixedneoplasmsof
hepatocellularandbiliaryorlgln,andwithfociof
biliaryhyperplasia‥

Invivoexaminationsofresponsesofthe

livertoANIT exposurerevealeddistinctdose

63

dependentphenotyplCChanges.Byexample:

acuteexposurestoll3PM ANIT(aqueousbath)
resultedincanalicularattenuationanddilation

whilechronicexposuresto1-5ドMANITresulted
inbilepreductularlesions.Lesionsappeared,in

vivo,asmarkedlydilated(upto6pm)anddys-

morphiccanaliculi/bilepreductules,suggestlng
lossofhepatocellular/bilepreductulemembrane

integrity(Figure8).ANIT concentrationsof

316PM resultedinaHpebbling"Phenotype,the
resultofhydroplCVaCuOlationofhepatocytes

andbiliaryepithelialcells(Figure9)･Aqueous
ANITconcentrationsof6いM to8PM resulted

inaphenotyplCChangesconsistentwithpassive

hepaticcongestion.Invivoinvestlgationsrevealed
amarkedcardiovascularresponse,whereallliver
vasculature,bothafferentandefferentvesseland

sinusoids,Showedincreaslngdilatoryresponseto
increasingconcentrationsofANIT(Figure10).

Thisresponsewasobservedunderbothacuteand

chronicexposurereglmeS･Intandem withvaso-

dilationofhepaticvasculature,wasaconcomitant
dosedependentdecreaseinheartrateandmotil-

1ty･Hence,themagnitudeofboththevasodilation

andheartrateresponsesweredosedependent,and
appearedtobecoupled.

Summary

Wehavepresentedherethedevelopmentand
applicationofnoninvasiveinvivomethodologleS
tothestudyofbiologicalstructure,functionand

xenobioticresponseinSTIImedaka･Thedevelop一
mentofthisinvivoinvestlgatOry"SyStemHencom-

passedthevalidationof23fluorescentprobesfor
invivouseinSTIImedaka,andshowedforthe

hrsttimetheapplicationoffluorescentprobesto

invivostudyofcellsandtissuesinSTIImedaka･
Withconfocalmicroscopy,highresolution(<
lum)invivoimagingwasachieved,permitting
fullobservationofintracellularvesiculartrafL

fickingoffluorophoressuchasBodipyFLC5

Ceramide.Withanexpandingarrayofmolecular
probescomlngavailable,includingquantumdots,

STIImedakaholdsignificantpotentialforfuture
invivostudy.The丘ndingspresentedherealso

suggestthatinvivoquantitationofhepatobiliary

transportispossible.Whiletransportstudiesare
preliminary,these丘ndingsshow STIImedaka

provideaunlqueandinvaluablemodelorganism
toinvestlgatehepatobiliarytransportinplSCine

species.
Lastly,andsignificantly,istheabilitytoinves-

tlgatebiologicalstructure/functionrelationships,
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andxenobioticresponse,in3D.Whileworkover
thelastdecadehasmarkedlyadvancedhigh
resolution3D elucidationofstructure/function

relationshipsatthemolecularandproteinlevels

ofbiologicalorganization,similarinformation

onorgansystem structureandfunctionatthe
cellularlevelhaslagged･Theabilitytoelucidate

biologlCalstructure/functionrelationshipsina3D
contextisinvaluableto:(1)advanceourinterpre-

tive/diagnosticunderstandingofnormalcyand
diseaseincells,tissuesandorgans,(2)furtherour

comparativeunderstandingoforgansystemontog-

eny/structure/function,and(3)integrategenetic
andmolecularinformationwithsystem levelsof

biologlCalorganization･Thelatterisparticularly
important,asoneofthemainchallengesover
thenextseveraldecadeswillbetheintegration

andinterpretationofsubcellularinformation(e･g･

genomic,proteomic,metabolomic)inrelationto
thecomplexphysiologicalsysteminwhichHomic"
mechanismsoperate.Asthese丘ndingssuggest,
STIImedakaprovideaunlquemeansbywhich

tointegratemechanismoftoxicity(e･g･genomic,
proteomicinformation)withphysiologicalsystem
levelresponsesandphenotyplCChangesinvivo
(theoverarchinggoalofourlaboratory).While
ourfocushasbeenthehepatobiliarysystem,other

organsystemsareequallyamenabletoinvivo

study,andweregardthepotentialfわrdiscovery,
withinthecontextofinvivoinvestlgationinSTII

medaka,asslgni丘cant.
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