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Chapter I

General intFOduCtio■

Water is the maJor constituent of almost a11 life forms, accolning for

a/ppro対mate貯 50‐950/O ofthe bo寺 weiまt OfalHi宙 ng organisms.■ is essential for the

continued sLlrV市 al of all orgamsms.ヽ趣鯖 has Lmique physical and chemical properties

that have eamed tt the narrle of“universd solveポ'due toれs ability tO act as a solvent

for many substances.Organisms depend upon this propeJtt and Water maiⅡ l■ns life by

stabilizing biomolecular structures,oontributlng to inttan and extracellular biochemical

reaclons and hctioning tt a transport mediurn ofbiomolecules,Organisms oHginated

in a primttive inarine envirollment approxilnately 4 billion ye田■agO and subsequently

evo市ed gradually to life in fresh water or on dry land.As such,the evolution of

organisms is intricately linked with watet and this inorganic molocule is of great

ilnpome for a11living processes.

Anwan amphibians, the most llumerous order of the Amphibia,〔 Fe ndely

distributed throughout the wo■ d and hve adapted to various water environments,

ranぎ叫 frOm freshwattr and seawater to forests and a五 d dese■ (Pough,2007:Frost,

2008).Most anurans 30 through an aqШ■ic stage― theれdpole stage一 before they

metamorphose into their ddt fornl,which is able to aぬμ to life on iand,Adult anurans,

with the exception of some aquatic species,are terrest五 al and exposed to evaporative

water loss through their thin skin when on dry land(Lillywhite,2006).■ isimpomnttO

llndersttd the daptive processes to enable anllrans to l山 abit a宙de range of

ecolo,cal environments,ln tems of water homeostasis.To adttt to their habnts,

anurans have developed varlous complicated systems for maintaining water balance.

For exarnple,in gieneral,most adult anuran mpHbians do not drink water throtth their

mouth,rather they absorb water throuま the Ventrd pel宙 c skin(alsO refeFed tO as the
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pelvic Patch)and reabsorb water from urine in the面 nary bladder(BCntly&Main,

1972:Bently&YoHo,1979).

The plasma membrane,fornled by a phospholipid bilalyeL functions as an

exquisitely selective btter agalnst the ent〕 「of ions,snlali neu祖■l solutes,alld water

into cells.Itis slightly pemeable to water by simple dirusion.HoweveL some types Of

cells and tissues,such as the red blood cell,Inattlnalian kidney,and anwan skin and

urina7ry bladdet exhbit hiま water pemeabiltt J宙 ng五seね the hypothesis that

specialized water ttmspo■ molecules cwater chamds)may exist in these cells and

tissues.Freeze‐ fracture electron IIllcroscopic stu灘 es have suggested thatintramemtte

particles in the amphibian血 nary bladder ttld skin may be water chamel proteins

because they ttamslocate lbm the cytoplasmic Pools to the plasma membrme following

stimulation by vasopressin(Chevalier`J αJ。,1974:KachadoH躙 θJ J.,1975:Brown gr

αJ.,1983).

Aquaporin family

ln 1992,a water channel was identifled in the plasma rnembrane ofred blood cells,

which was subsequently llamed aqllaporin(AQP)(Agre g′ αJ.,1995)。 AquapO五 lls are a

class of integral membrane proteins that fo111l a select4ive water pore in the plasma

membrane of v〔 Ⅲous cells of animals,plants,帥d microorganisms(ZardOyι  2005).

There aFe atleast 13 direrent members ofthe AQP protein ttmily(AQPO口AQP12)that

mediate bidirectional waLr transport across the plasma membrane in response to

OSmO■0 3Tadients and dittrences in hydrostttic pressure.A corttnon characterislc of

the AQP proteinねmily members is that they contain a conseⅣ ed sequence of

asparaglne, proline, and al〔uune, called the NPA motif Aquaponn proteins can be

cattgo五zed into two subfamilies,orthodox AQPs and aql田 Lglyceroporins,based on their

transport hction.Orthodox AQPs,suCh as AQPO,AQPl,AQP2,AQP4,and AQP5,
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conduct only wateL whereas aquaglyceropodn,includng AQP3,AQP7,AQP9,and

AQP10,transport■ ot only water but also small neutral solutes,such as 31ycerol and

lrea(IShibashi gr J.,2000:Takata cr J.,2004).AQP6,AQP8,AQPll,and AQP12

have recently been 3TOuped tt lmorttodox AQPs beCause their functions are■ ot yet

hily deflned(Ishibashi,2006:Rttek gr αJ.,2008)。

AQP ofanuran amphibians

h general,the帥呻 species adttted to the trresmal environlnent,such tt Flψ

(tereStrial)and ttα (arbOreal),haVe a ventral pelvic shn thtt is highly pemeable to

water耐 a bladder thtt has a hitt capacity to store urine,h contrast,aquatic anuran

species,such as χし″QρzJJル
`ッ
お,htt a ventral pelvic skin with a low pemeability to

water and a lrlnary bladder with a low ttOrage capacity(Bentley&Main,1972:Bentlり
,

2002),

Recendェ D■ Tanaka's3TOup has identifled three distinctサ p3s of日曜弊nine

vasotocin(AVT)‐dependent AQPs in the tree■og:AQPtth2 and AQP口 h3in the ventFal

Skin(Tanil α αJ.,2002:Hasegawa`J αJ.,2003),AQP‐h2in the urlnary bladdet and

AQP"h2K in the Hdney(Ogush θJ J.,2007).TranSepithelid water transpo■ seclns to

be accomplished by these AQPs in COnce■ with AQP"h3BL(Akttme ι′αJ.,2007).

AQP‐h2and AQP‐h3are speciically expressed in the ventral pel宙 c skin oftree frogs,

where water absorption occllrS(Tanii Cr αJ.,2002:Hasegawa gr αJ.,2003).In reSponse

to stimulation by AV■ theSe AQP proteins are translocated to the apical plasma

membrane forthe p9ose ofabsorbing waterthrough the membrane,whereas the water

e対ts iom the cytoplasm throuま the AQP‐h3BL protein,moves into the connect市 e

dssucs,and then enters capillaries thro哺 AQPl for rehydration Ofthe body(Suzllki&

Tan山,2009).In cOntrast to AQP‐h2and AQP"h3,the localization ofAQP‐ h3BL does

■ot change following AVT stimulation cAkttane gr J.,2007).In addttio■ to localizing
由.J
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AQP‐h3BL protein in the basolateml membrane,量 was also demonstrated that both

AQP‐h2and AQP‐ h3proteins are located tt the basolateral plasma membrane of the

flrst‐reacting granular cells in the no■ ‐stimulated ventral pelvic shn of tree 針ogs

(HaSegawa gr αJ.,2003).

Although ttla AQP“h2is translocated lhm the cytoplttm to the arpical plasma

membrane of 3Tttlultt Cel13 0fthe夏 ノα winary bladder in response to AVT stimulttion

(HaSegawa`ノ α′.,2005),AQP‐h2immllnoreactivtty in the」 権″Ψtt bladder Ettns in

the cytoplasm,宙 th little movement to the apical membrane ttr AVT stimul試lo■

(MOChida gr J.,2003),ThiS inditt indicttes that the response ofル ″oFtt tO AVT is

considerabけ weaker than that of semi‐ ■mtiC,trrestriJ,and arboreal anwans(EweL

1952:Bentle■ 2002:Hasegawa gr arJ,,2003,2005).ThuS,■ WOuld appear that ttw田

species possess direrent osmoregulatory systems though ttdependent AQPs,whiCh

are dependent upon ecological niches,

Anuran amphibian lddmey

ln adult anurans,AVT exerts antiduretic erects on the kidneyp as well as the

urinav bladdet to aid watr economy(Bentle■ 2002).The renal erect of AVT is

considered to be weak in the aquatic species,such as Xル
`ッ

お(Kloas&Hanke,1992),

while the kidney of most ttlult anurans shows signiicant antldiuretic responses to AVT

in two modes a decreased glomerular■ ltratio■ mte md an increased water reabsoⅢ ion

across the rellal tubule(Pang,1983:Bentle■ 2002).The adult kidney is a mesonephros,

and the nephrons compnse a Jomerulus in the Bo― an's capsule md a rend tubule

that is divided into the following moThologically distinguishable settents:a neck

settent, proxilnal tubule, thin inte.11lediate settent, carly distal tubule, late dis桜 J

tubule,and com■ ctng tubule linked to the collecting duct(Romer and Parsons,1986:

Uchiyama&YoshizaⅦ ,2002;Hillyard,gr αJり 2009)(Fig.1).The anuran renal tubule
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does not have an extended U‐ shaped medullary po■ ion like Henle's loop in the avian

and malnmalim Hdneys,so thtt hyperosmotic u五 ne cannot be produced in the anllran

kidney(Bentle■ 1998),

Proteolytic processing of pro‐ arJnin卜vasotocin

Hydrin is an intel..lediate peptide derived from a prottvasotocin‐ neurophysin

precllrso■ It plays a pivo性 ■role in the water absOrption/reabsorptiOn process in the skin

and bladder but is devoid of mudlretic acuvlty n the kidney cMiChel gr J.,1993:

Rouille θr α′.,1989).H■ttn 2(vasotOCinyl‐ 01y)is present in田 田nount equalto that of

Jtt in the neurohypophysis ofRanidae ttd Bufonidac.h contrast,the aquatic Jbg X

レ ッおsynthesizes hydrin l(vasOmcinyl‐ Gly“Lys‐Arg)as Wellas M Both peptides aFe

rnerated from a dowll‐regulation in the processing,ゴ .`.,hydrin l by a decrease in

carboxypeptidase E act市 ity and hydrin 2 by a reduction in the acti宙 ty of the

α‐amidating e_atiC SyStem,Thesc hydrins are found in anuran amphibims,but not

in other vertebrates,raislng the ques■ on ofwhether hyゼHn has a sumulatory potency l■

the translocation of frog AQPs to the apical melnbrane in the prlncipal cel13 0f the

pelvic skin.

The ailn Ofthis thesis

The dm of this thesis is to elucidate the adaptation mechanisms of anlビ 帥

alnphibians to various water envirollments of anwan amphibians in ten■ of the water

chmel,AQR h Chapter 2,I identiied the anlran ortholo騨 of mammalian AQP2,

AQP‐h2K,from the kidney of the tree fbg,Iブ 甲θttf“ ,and analyzed its functions.

Fwieュニ..ore,phylogeneticJ relatio■ ships wcre analyzed by comparlng the pmmary

stmctures ofvanous AQP moleCules,olucidating thtthe AQP family is composed ofat

least AQPO‐AQP5,AQP7‐ AQP10,and the two anuran‐speciflc type,designated as

ト



AQPal and AQP虚 .Chttter 3 reports the regulatory system ofwater perlneability in the

ventral pel宙 c skin in the tree ttbg.I exalnined the water permeability in the pel宙 c skin

utilizitt AV■ hydrins(intermediate peptides of pro‐ AVT),and β‐adrenergic efh■ ors,

because both AVT tt β‐adrenergic neuron regultte the watr penneabiliサ ofthe Jhg

ventral skin. The efFects of antidiuretic ho.11lone On Osl■ otic water transfeF aCrOSS

anuran pelvic skin had been extensively invesdgated in宙 tro(WarbWg,2000:Bentley9

2002).Interettingl■ the response to antidiuretic hol.1.one tends to be greater in anuran

species nol11lally occupying drier habitats than thlose lhm wet httitats(Bentley9 1974,

2002).h Chapter 4,to exarrline the involvement of AQPs in thiS drerence,

iIImunoblot analysis has been perfonned for the tissues of flve Japanese anllrans.

According to their habints,they can be di宙ded into four groups.池 碑甲zJJル倒お is

aquatic,and Rα ttα

`α
た∫ら

`ね
″α and」叱

“
Igramαcttαね訂e classifled into a sclni‐ aquatic

group.3ノ qρθttJCIJs and Iニ ノ暉
'θ

″J6α,Which expand their habitats to the drier land,are

classifled tt a terrestrial species alld tree口 adapted species,respectively.Because tllo

antibody against鞠 Iα AQP“h2was nised and utilized in the previous expe五 ments

(HaSegawa β′αJ.,2003),thiS antibody was applied to Wettem blot analysis for other

帥llrans.AQP‐h2and AQP‐h2‐like protein were detected in the winary bladder of all

the species examined.The AQP‐ h2homologue was detected in the pel宙 c skin of the

terres輛 al antlran,as in the tree‐ adapted anwatt but not in the other species,On the

other hand,the cDNA encoding AQP‐ h3‐homolog was identiied in the ventral pel宙 c

skin of all the anllrans examined,by molecular cloning(Table l_1).BaSed On these

results,I POStulated that the AQP口h2is the urintt bl弧 島dereme AQR while AQP‐ h3is

the ventral pe市 ic skin‐type AQR h contrast,the skin of the aquatic clawDd量 og,X

ルgソお,has a much lower water pellll既ibility that reduces excessive entt of water into

the bo(サ and iS■Ot stimulated by AVT(Bentely&Mains,1972:Bentely9 1966).I found

that the pelvic skin‐如pe AQP(AQP‐ x3)has 10飢 the abiliャ of emCient protein

．
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production,and eluci山 庶,d that the extra CnteminJ tail in AQP… x3and/or 33

nucle面 des enoodng this tdl appear to participate in the postanscゴptioml‖gulation

ofAQP‐x3gene expression by attenШ ting protein expressiOn.The last chapterド 麒 des

a sunmary and discussion ofthe results described in this dissertation.
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Table l.Phylogenetic distribution ofAQP口 h2-like protein and cDNA encording

AQP‐h3-like protein ill ventral pelvic skin and urinary bladder

AQP口h2‐like protein

Ⅱabitat  Felvic skin Urinary bladder   Pelvic skin

cDNA for
AQP‐ h3‐like protein

Species

＋

＋

＋

＋

＋

＋

＋

＋

＋

＋

＋
　
　
＋

，

Ｉ

・
　
　
１
ゴ
■

Hyla japonica

Bufo japonicus

Rana catesbeiana

Rana nigromacalata

Xenopus laevis

arboreal

terrestrial

semiaquatic

semiaquatic

aquatic
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Fig, 1-1. Schematic illustration ofan anuran nephron connected to a
collecting duct. The anuran nephron is composed ofa glomerulus,
Bowman's capsule, a neck segment, proximal tubule, thin intermediate
segment, early distal tubule, late distal tubule, and connecting tubule
connected to the collecting duct. Blue dofted arrows depict the tubular
fluid flow.
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Chaptor 2

Immunocytochemical and]Phylogenetic Analyses ofan Arginine

Vasotocin‐Dependent Aquaporin,AQP‐ h21町 SpeCirlcally Expressed in the Xidmey

ofthe Tree Frog,IyraJilcPθ

“
たα

Abstract

Water movelnent occllrs across the口 aslna membrme ofvarious cel15 0fanimds,

plants,and micrOo[mSms through specialized Ⅷ 憾卜channel protins cdled

aquaporinsは QPs)。 We have idendied a new member ofthe arnphibiall AQP family,

AQP口h2EL from the kidneys of町 10メ弓ρθ″fCα・This protein consists of280 amino acid

residues宙 thtwo NPA(Asn‐Pro‐ Ala)sequence motitt and a merc岬 ‐senSitiVe

cysteine residuejust upstrealn hm the second NPA motif There aretwo putative

N‐linked glyoosylation sites at Asn‐ 120 and Asn口 123 and one protein Hnase A

phosphorylation stte at Se卜 262.The AQP‐ h2K protein Ⅵ牡s speciflcally expressed in

the apical membrane and/or cytoplasm ofprincipd cells in the kidney collecting ducts.

鮒 er stimulttion with arginine vasotocin,量 was translocated from the cytoplttmic Pool

to the apical membrane.Phylogenetic allalysis ofAQP proteins量 》m murans and

mamlnals ident五ed s破 clusters ofanuran AQPs:types l,2,3,and 5 and two

mwan‐ speciflc l押Юs,designated al and a2.The cluster AQPa2 oontains月 りα AQPぃh2

andAQP口h3,which tte expressed in the anurall urinary bladder and ventral pelvic skin.

AQP‐h2K belongsto the tp3 2,together with mttmalian(hman and mollse)AQP2,

suggetting that AQP‐ h2K is an anuran orth01og ofthe nelrohypophysiJ

hol...one‐rettated marnmalittQP2 and that ttAQP2 molecule is alreaゥ present in

the anm mesonephros.odbCFli4θ J9邸′148:5891-5901,2007)
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AMЛAN MHIBIANS(h〕 gS and tods),the most numerous order ofthe

Amphibia,are wldely distributed throughoutthe world and have adapted to a wlde

range ofwater environlnents.Adult anllrans,with the exception ofsome totally aqu面 c

species,are constantly exposed to the五 sk ofwater evaIЮ ration through their thin skin

when on dry land.To adapt to their habitats,they have developed vanous complic油 議d

osmoregulatory systems for maintalmng their water balance.Most adult anmns do not

drink through their mouthi rather they absorb it throuBrh the ven甘 J pe市ic skin which,

oompared with that ofOther測4pdS,is highly pemeable to water,respintow gases,

and some solutes(Bentley c′ J.,1972:Bentley g′ J.,1979).Water is dso reabsorbeNd

hm the unne in the adult anun unna7ry bladderin response to arginine v郎 otocin

(AⅥ「i the nollmammdian vertebrate counterptt ofvasopressin).The alnphibian

kidney consists ofeight morphologically distinguishable parts:a glomerlllus,neck

segment,proximal tubule,thin intellllediate segttent,early distal tubule,late distal

tubule,oonnecung tubule,and collecting duct(Uchiyama gr αJ。 ,2002).Whereas some

ofthe water iltated thro理彙the glomerulus is considered to be reabsorbed量 om the

nephron in the lddney,to date no amphibian kidney has been observed to produce

hyperosmotic urine,possibly because the Henle's loop,aU‐ shaped medullary portiOn

ofthe nephron,is not developed to the same extent as in birds and lnalnmals(Bentley,

2002).Howe‐r,there have been repo■ s ofsigniicant amounts ofwater being

reabsorbed from the rellal tubule ofthe amphibian lcidney in response to AV「 (SaWyeL

1957)or noradrenaline(Gallardo gr αJ.,1980,Pang`′ αJ.,1982).TheSe results have

been supported by the study by Uchiya.ma(UChiyama,1994)sho宙 ng the possible

presence ofV2‐ttte AVT receptOrs in the microdissected collnecting tubule ofthe

nephron ofbullfrogs based on incr(認 sesin cAMP levelsin responseto AⅦ .However,

it has remained an open question whether an appreciable amount ofwater is reabsorbed
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hm the kidney during rehydration because the wattrtaken up and discharged麟 )m the

kidney accШ■ulates in and is reabsorbed hm the urinary bladder(Steen,1929).

Aquaporin(AQP)prOteins are a class ofintegral membmne proteins tht fol.1l seleCt市 e

water channels(pOres)in the plasma membranes ofvarlous cells ofalllmals,plants,and

microorganisms.There is,however,a subJhmily ofAQPs,tel・ 1lod aqlttglyceropo五 ns,

■Hch follll membrane pores■ at are pell..eated by certtin割■」I solutes,such as

glycerol and llrea.To date,13 isofoms ofAQPs(AQPO‐ AQP12)have been ident通 ed

in malnHlals alld cm撻五zed by Clolung and sequencing ofteir cDNA(Ishibashi gr

αl,2000,Takata α α′.,2004).We previOusly cloned cDNAs encoding three dittinct

AQPs(AQP‐hl,AQP‐ h2,帥d AQ卜h3)■om the venml pe市 ic shns of」yraメ甲鋼加

(Tanii gr J.,2002:Hasegawa ιr aJ.,2003)。 AQP‐ hl ⅥはS fOund to be homologousto

ma― alian AQPl and ShOWed a ubiquitous lssue disdbution,AQP‐h2protein was

expressed in the venml pelvic skin and urinary bladder but notin the kidney,whereas

AQP‐h3displayed a specittc distribution that was restricted to the ventral pel宙 c skins.

As for Iゴ甲o″ JGα,therefore,wateris absorbed from the a.pical membrano ofgranular

cells in the ventral pelvic skins and彙 )m ie urinary bladderthFOugh the mediation of

AQP‐h2together with AQP‐ h3orby AQP‐ h2alone,respecively.h the ranular cells,

these proteins are translocated to the apical membrane■ om the cytoplasmic pools in

response to stimulation by AVT(HaSegawa gr αJ.,2003:Hasegawa gr α∴,2005).In

addition,AQP‐ h3BL,which was found to be homolo80usto mammalian AQP3,is

expressed in the basolateral plasma memhme ofthese cells,thereby potentially

foming the e対 t channelttproteins for the passar ofwater(Akabane Fノ αJ.,2007),

T観【en together,these flndings provide solid e宙壷〕nce for both AQP‐ h2and AQP‐ h3

dependence on AVr stinllJation.However,ilnmuno■ uorescence md WesteHl blot

staining did■ ot revealthe presence ofAQP‐ h2or AQP‐h3proteins in the kidney(Tanii

gJ α′.,2002,Hasegawa gノ αJ.,2003)。 We report here the identiflcation ofa new member
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ofthe amphibian AQP family,AQPtth2K,which has been isolaLd from the kidneys of

Iノ暉
'θ

ηJ“.This proLin is predominantly expressed in apical plasma membrane or

cytoplasm ofthe oollecting duct cells.We also examined Phylogenetic rel離 lonships

among the■■eAVT‐dependent AQPs in the tree魚 )g,AQP‐h2,AQPtth3,alld

AQP‐h2K.Bayesiall and neighbo可 oining analyses reveded that AQP‐ h2K belongs to

the same cluster as m田 lmalitt AQP2,wherett AQP‐h2and AQPお be10ng to an

anuranttspeciflc AQPa2 olutter,

Materials and Methods

J“ltts

Aduh tree frogs(Iノ
`T"J“)Were Captllred in a ield near our umvlerdty

(ShiZl10ka University,Shizlloka,Jttan),kept under laboratory conditions,and fed

cHckets.The animds were 2-2.5 om lo叫 (bo中 lenざりand Weighed l.0-1,3 s sex

was■ot oonsidered to be a relevant factor in ollr experlments.The kidneys were

removed iom anesthetized ammJs(MS 222:Nacalai Lsquc,Kyoto,Japan)for

processing and subsequent use in cDNA cloning experiments.The ttmmals were then

killed,and vaHous tissues,the kidney,tlnnary bladdett ventral pelvic skilL dorsal skin,

heart,Inuscle,liver,lung,braln,testis,and ova珂 んwere removed for analysis by

RTICR and immunocytochemistry.All a面 mal expre五ments were cattied outin

compllance with the Cuide for Care and Use ofLaboratory Animals ofShizlloka

Universlty.

Oligonucleotide deslgn

The sense primer and antisense primer used for cloning Hyla AQPhZK are given

in Table l.
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The kidneys were used fortotal RNA preparation.The diss“ ted kidneys were

immedately frozen in liquid面 trogen,田 ld total RNA vほ se】由

“
ted with TREOL RNA

extractio■ reagent(InVitrOgen,Tokyo,Japan).RTHPCR was perfolllled usil略

Moloney‐murine leukemia宙 ms(M‐MLV)reverse transcriptasc(RT:Invttroge⇒

acoording to the manll加価 er's instructions,PCR was prerfomed using primers l and 2,

as described previously(Akabane`ノ αJ.,2007).The PCR products were puriied afhr

gel electrophoresis and sequenced using an AlokaDNA sequencer IMOdel

Lic‐4200L(3):Aloka Co.,Ltd.,Tokyo,Javpan].J'α ″ごJ'IηPガαttP′Jrα″θ″qノ

`コ
駒И

`“

冶 側 切 The RACE techque was used to Obtain the hll‐lelui J尋施 AQPh2K

mRNA sequence.For 3'4ULCE,polズ A)+ⅢA wasisolated from the total Ⅲ A using

oligo‐ dT‐ooated latex beads(01igOtex口 dT30 superi Takan,Kyoto,Japan)出3oording to

the manufacturer's in釧 貯uctions.Isolated RNA was primed with oligo口dT19 adaptor

pHmer and reverse transcribed using M‐ MLV RT.Al‐lll aliquot ofthe RT productl酬ls

then PCR ttnpliied with primer l帥d the adaptor pJmeri subsequent ampliication

was perfOrIIled usittl the 3'画mer alld the adaptor p五 mer.Atter denaturation at 95 C

for 5 miL PCR armpliflcation prograrm oonsisted offlve cycles of60 sec誠 94C,60 sec

at60 C,and 90 sec at 72 Ci ttve cycles of60 sec討 94C,60 sec at58 C,and 90 sec at

72 Ci flve cycles of60 sec a直 94C,60 sec at 56 C,面 90 sec at 72 Ciand 15 cycles of

60 sec at 94 C,60 sec at 55 C,and 90 sec at 72 C.The obtained clone was sequc]肛 xd as

descHbed above.For 5'‐RACE,poly(■o+RNA wasp五 med with p」 mer 2 and reverse

transcゴ bed using the M‐MLV"RT.This frst‐strand cDNA was punied宙 th a QIA

QuiCk PCR plnication k量 (QIAGEN,Hilden,Ge111lallyl,層 」 a polycA)tail Was

synthesized at the 3'temillus ofthe cDNA with l mm dATP and O.8U/20 μl of

tmillal deoxynucleotidyl transferase(TOyobo,OsJ軋 Japan),A■ er the resulmnt

cDNA was punfled once agaln using the same kit,the second cIふ 「A was synthesized

ト
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with Ex Taq polymerase (1.25 U/50 pl) and oligo-dTl9 adaptor primer sequentially for

5 min at 93 C, 90 sec at 42 C, and 3 min at 72 C. A l-pl aliquot of second-strand cDNA

was then amplified by PCR with the 5' primer and the adaptor primer. This product was

then amplified by PCR with the 5' nested primer and adaptor primer. These PCR

amplificalions were carried out under conditions identical with those described for the

3' RACE-PCR. The obtained clone was sequenced as described above. Phylogenetic

annlysis The amino acid sequences of humar4 mouse, and anuran AQPs were aligned

using ClustalW(http://bioweb.pasteur. frlseoanal/interfac€s/ clustalw.htrnl) (Thompson

et al., 1994), and alignment paramet€rs were set according to an instruction manual by

Flall (Hall, 2004), e.g. Gonnet 250 for protein weighr matrix, 35 for the gap opening

penalty, and 0.75 for the gap extension penalty in the pairwise alignment, and Gonnet

series for protein weight matrix, 15 for the gap opening penalty and 0.3 for the gap

extension penalty in the multiple alignment. An rmrooted fiee was generated by the

Bayesian method (\/Iat et al., 1999), using the MrBayes program version 3. 1.2

(http://www.mrbayes.csit.fsu.edu/index.php) (Ronquist et al., 2003).

Metropolis<oupled Markov Chain Monte Carlo sampling was conducted for 2 million

generations (four simultaneous Metropoliscoupled chains; sample frequency 100

genentions; chain temperature 0.2) under the JTT (Jones et al.,1992) +lmodlel.

Among the sampled 20,000 trees, the first 5,000 trees were discarded as bumin, and the

subsequent trees were used to construct a 50% majority-rule consensus tree. The

credibility of clades was evaluated using Bayesian posterior probabilities. Another

uffooted free was infened by the neighbor-joining (NJ) method (Saitou et al., l9B7) in

the PAUP program version 4.0 p-l0 (Sinauer Associates, Inc., Sunderland lvIA). The

mean character difference was used to estimate the evolutionary distance. Confidence

in the NJ tree was assessed with 10,000 bootshap replications (Felsensteir! 1985) and

used to construct a 50% majority-rule consensus tree.
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An oligOpeptide oorresponding to the C‐ teminal amino acids 269-280(ST"202:

QTPRSGttV)ofthe ttlaAQP‐ h2K,with all minoteminal cysteine residue,

was synthesized on a mode1 433A synthesizer(PE Applied Blosystems,Foster City,

CA.).The Cmde peptide was punied by reverseephase HPLC with a幅 0%linear

gradient ofCH3CN in O.1%trittuoroacetic acid.Puriication ofthe peptide was

conilmed by mttsllring its molecular mass by mass spectrom岬 .The antibody was

raised in a rabbtt or guinea pig imm面 zed with the ST‐ 202 peptide coupled to keyhole

limpet hemocyanin(PierCe,Rockford,L),as deSC五 bed previously(Tanaka gr J,,

1992),Similarly,an antibody attinst夏 メα AQP"hl(Tanii Cr αJ.,2002)was raiSed in

rabbLs using the Ctttell.linal amino acids 256■ 69[ST‐ 153:

(CFYELDOEDARMEMK]as antigen,The rabbit anti口 鞠 Iα AQP‐h3BL(15Akabane

gr αJ.,2007)and bull■Og vacuole proton APase E‐ sublmit(V‐ATase)(Yttima″ αJ.,

2007)sera had been generated and characterized pre宙ously.■■PCRぽ町 lα ′J語″

The tissuc expression ofAQP‐ h2K mRNA wasanalyzed by RT口 PCR.TRIZOL reagent

was used to prepare total Sヽ 魚)m various ryJa tissues.Total RNA(20 μgl waS irst

treated with DNase I(4U:Taktta),ater which a l)μ g aliquot ofthe total RNA

product was reverse transcribled at 37 C for l h and then at 52 C for 30 min in 20 111 of

reaction bufFer containing l mm ofeach deoxynucleotide tHphosphate,9.9 U MttM“ LV

RT(Takara),20 U Ⅲ ase inhibitor(ToyobO),and 7.5 mm oligo‐ dT19 primer(OperOn,

Tokyo,Japan)。 RT口PCR wtt perfonned basically by the same method described above,

using primers l田d2.The RT‐ PCR products were analyzed on a 2%agarose gel

oontaining ethidium bromide(0.5漣、1).Marker 6(λ/Styl digesti Wako Pure

Chemicals,Osaka,Japan)was uSed as the molecula卜 weight marker.伽‖θ′lir waた「

ノgF‖
`α

ι″jl/0/θθッtes The hll‐length tt10AQP"h2K cDNAwas produced by
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RT‐PCR using the Ko2ak Sequence with「yJJ AQP“ h2K‐speciic primer

(GCCACCATGATGATGTCAGAC)and「yJJ AQP‐ h2Kospeciic primer with

polIA)25[(TL500TGTAWTACCAGATACC].The prOduct ofthc PCR ampliflcation

was cloned into the pOEM‐ 5Z vector Promega,Madison,WI).cRNAs were prepared

hm linettizeф G肺 5Zvectors cOntanmg the entire open re面 ng frame ofAQP‐h2K

by digestion with地叫I(Takara),fol10Wed by transc五ption and carpping wlth SP6 RNA

polynlemsc(mCAP RNA capping kiti Sttatagene,La Jolla,CA)。 Stage v and VI

ル″ψ囲oocytes were defolliculated by oollagenase(lm」 ml:Roche Molecular

BlochemicJs,Meylan,France),micrOtteCted輛 th either cSXs(50 ng)or Water,耐

incubated for 3 d inBarth's burerat 18 C,a■ er which they were transferred from 200

mOsm to 70 mOsm B訂■'s buffer.The osmotically elicited increase in vollme was

monitored at 24 C under a BX50 microscope(01ympus,Tokyo,Japan)with a.4

magnifying o町 ecuVe lens and a chargecoupled de宙ce camera collnected to a computer.

The coemcient ofosmotic water pemeaЫlity(PO waS Calculated from the inidal slol■

ofoooyte swelling according to accepted methodology(Fushimi`′ αノ.,1993,Zhang gr

αJ.,1990).In sOme expe五 lrlents,AQPcRNA‐珂ected 00Cytes were incubated with

O.3mM HgC12 fOr10 min.To oonim whether AQP“h2K protein was expressed in

ル 4oP需 oooytes aner the Lゴ ectiOn OfAQP口 h2K cRNA,we evaluated AQP‐ h2K cRNA

itteCted Or water‐ itteCted Oocytes by Westem blot analysis‖ld immunostaining as

described below.

″勧 r“ ルJJ″ α
“
α懸曲

The AQP“ h2K cF口可A口hJected 00oytes were homogenized in celllysis burer 150

mM Tris‐HCl(pH 8.0),0,15 m NaCl,1%T五 ton X-100,0。 lm山 1

phenylmethylsulfonyl■ uodde,l μl羮■l aprOti」nl and Centnfuged at 12,000 rpm in a

microcentringe for lo min to remove insoluble mateHals.The protein(10 μg)waS
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denatured at 70 C for 10 1nin in denatuntion burer oompnsing 30/O sodillm dodecyl

sulfate,70 mM T五 s‐HCl(pH 6.8),H.20/O glycerol,5%2‐ mercaptoethand,and O.01%

bromophenol bluei sutteCtedto elect,phoresis oll a 120/● polyacrylamide geli 3耐 then

transferred to an lmmobilon‐P membrane tMillipore,Tokyo,Ja.pan).The prOteins on

the membrme were reacted sequentially with rabbれ anti‐AQP‐h2K(ST‐202)senlm

diluted at l:5000,biotinylated go誠 田ldぬbbitlgO cDako Japan,Kyoto,Japan),and

試reptavid卜oo可 ugated horserdish pero対 dase ttDako[騨).The reac饉on products on

the membrane were宙 sualized using an ECL Westem blot detection kit(Amersham

Phannacia Blotech,Buckinghamshire,UKl.To check the speciicity ofthe

imllnOreacuon,we performed tt absorption test by preincubtting antieAQP‐ h2K

(ST4202)with the alltigen peptide(10 1tyml).To detemine whetherthe

illmllnoreactive proteins were glyoosylated,we treated the extracts ibm the

cRNA‐ itteCted Oooytes威 37 C with peptide‐ N‐glyoosidase F(Dalichi Pllre Chenucals,

Tokyo,Japan)befOre sDS‐ PAGE and Westem blotin accOrdancel旧 th the

manufacturer's insmct10ns.

r_.cメ
“
θrFsrFarF

The kidney,urinarv bladder,and testis were flxed overmght at 4 C in

pe五odate‐ lysine“ ParafO・・1laldeLrde flXative,delΨ ttated,and embedded in Paraplast,

Thin(4 μm)seCuOns were cut and mounted on ttlatinooated slides,dep猟 直inized,and

五nsed with distilled water and PBS,For single labeling ofAQP‐ h2K or AQP‐ hl

protein,IInmuno■ uorescence stalning was perfo....ed essentially as described

previously(Tanaka cr αl,1997).The Sections were sequentially incubated with l%

BSA‐PBS,rabbit anti‐AQP‐h2K serlm(1:2000),Or rabbit anti口 AQP‐hl Serum(1:5000),

and indocarbooyanine(Cy3)‐ labeled amnity‐pwiied donkey antirabbit lgG(1:40Q

Jackson lmmunoResearch,West Orove,PA).For nucle肛 oounterstaining,4',
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6‐diamidino‐ 2‐phenylindole(DAPI)waS included in the secondaly antibo〔 サsolutiOn,

The sections were flnally washed wlth PBS and then mounted in Pell.laFluor

(hmЩ10n,Pimburgh,PA).The Speciiclサ ofthe immllnos面 ning was checked using

an absorption tett by preincubating the an城 ‐AQP口h2K or antittAQP"hl antiserum宙th

the corresponding antigen peptide(10μゴml).For double‐ immllno■uorescence s面 ning

for AQP‐h2K and AQP"h3BL,sections were iFStinCubated with a mi雨、oflttinea

pig anti‐ AQP“h2K(1:2000)and rabb量 劉重卜AQP‐h3BL(ST‐ 184:1:2000)(Akaba■e`′

αノ.,2007)and then reacted vttth a mixhe ofAlexa4884abeled go雛 anti口gluinea pig lgG

(1:200)田d Cy3‐labeled donkey ttldrabbit lgG(1:400;Jackson),and DAPI.Tree hgs,

which had been ilrlmersed in a oontainer illed宙 th water for 30 min,were used in the

飩imulation expe亘 ments with AⅦ .The hgs were tteCted with 50 μl saline or 10(M

[Arg 01‐AV「 ■ssolved with sdine(Peptide hstitute,Osaka,Japan),and 15 min a■ er

the ttectiOn,the Hdneys were ixed with the sme ixative solution for examination by

ilnIIluno■ uorescence rnicroscopy,Some sections were double stained for both

AQP‐h2K and bull』 bg V‐ATase(Yttima g′ αJ.,2007)to identitt the parts Ofa

nephroni SPccimens were exalnlned輛 th an 01脚 pus BX61 microscope equipped with

aBX"epittuorescence at蜘 じhment(01ympus Optical,Tokyo,Jarpa・ n).

Jrattsttcdα「Eα駿曲

Stuttnt's r test orthe Cochran‐ Cox test for nonhomottneous data were used for

analyzing the resuhs.

Results

cD几4 crFJ暉 ぽ Iyル JCP‐121

F尊鵬 2‐ lA shows the full‐ length cDNA sequence ofryJa AQP‐ h2K and

“

duced amino acids.The cDNA constted ofa 45‐ bp 5'‐untranslated region and a
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encoded a protein of 280 amino acids with a relative molecular mass calculated to be

30,531 Da. Hydropathy analysis predicted six transmembrane regions with an N

terminus and a C terminus located in the cytoplasm, which is similar to other major

intrinsic proteins family members (Fig. 2-lB). There wsre two putative Nlinked

glycosylation sites at Asn-120 and Asn-128, one protein kinase C phosphorylation at

Ser-236, and one protein kinase A phosphorylation site at Ser-262 in the predicted

amino acid sequence of AQP-h2K. The amino acid sequence also contained the

conserved Asn-Pro-Ala (tttPA) motif found in all major intrinsic protein family

members as well as a cysteine just upstream from the second NPA motif. This full-

length cDNA sequsnce has been deposited in DDBJ/ EMBL/GenBank (accession no.

4'8295642).

動 yJagFagttr αJ3abSお J/α‖P力ibiara

ИcPJルル AQP‐h2K showed the hittett deEree Ofanino acid sequence

similarity to AQP2(HC‐ 2)ofI`カッ Jθ∬ιJぉ (97%)(Zimmerman grαノ.,2007),

followed by a high deelree ofsimilarittO mmmalian AQP2(69%),inCluding thtt Of

mouse,rat,and hlmlarl.In addi饉 on,野 laAQP口 h2K showed sequence simil面
サ tO

X″″Ψ tt AQP(61%:AAN75455),3ψ ‖″ J認卸 AQP颯t2(60%:AAC6994),町la

AQP“h2(58%)(HaSegawa gr αJ,,2003),AQP‐h3(57%)(Tmii gr αJ.,2002),and a

燿″ j47JS AQP‐t3(57%:AAC69695).BayeSian phylogenetic analysis of25 ma― ali帥

AQPs and 19 anuan AQPs suggeststhatanuran AQPs re di宙 ded intO six 01usters,ig.

types l,2,3,and 5 and師 oa■uran‐speciic蜘

"S,designated as al and a2 cthe letter a
represents anuran)(Fig.2‐ 2).The Cluster AQPal oOmp五 ses AQPxlo■Om xど

“
Qρ zJJ

ル
`ν

おo00ytes(Virkki Cr αノ.,2002)and anOtherχ ル
`vお

AQP(BC090201),The cluster

AQPtt iS COmposed ofAQP‐ h2(Hasegawa θ′J。 ,2003)and AQP‐h3(T鉗」i θr α′。,

2002)from the tree frog,Iノ 甲 θ″j“,and AQP― t2(AF020621)and AQP■ 3
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(AF020622)fbm thetOd,ユ ‖aFinarS,Interestingly,the cluster AQP2 oontains■ ot

only mmmalian AQP2 but Jso AQP4h2K魚 3m Iジψ θ″j“ andAQP HC‐2 from I

θみッ∫わJrJお にimme...lan gr αJ。 ,2007).Anuran AQPl molecules cloned from several

iogs,includingttla(AQP口 hl:AB073315)and Rα J露 (FACHIP)(Abrami gr J.,1994),

belong to the clattAQPltogether with mammalian AQPl.The clade AQP3 oo■ sists of

ryJJ AQP‐h3BL(Akabane θr aJ.,2007),ル‖Ψ tt AQP3(AJ131847),and」 シ Jα HC-3

(Felsenstein,1985)as well asmammalianAQP3.The clade AQP5 oompnses AQPs

iomル認り需 (AQPx5)(Kubota gr αJ.,2006)and F2/0(AQP‐ t4:AF020623)in

addttionto mammalitt AQP5,NJ analysis corroborates the classiication ofanuran

AQPsintO S破 types(Fig.2‐ 3:daね not showll for types l,3,or al)and c10Se

relationships mong AQPO,AQP2,AQP5,AQP6,and AQPa2(Fig.2‐ 3).

Distribation of Hyla AgP-hZK tnRNA acpressed in varioas fissres

The distribution of Hyla AQP-hZK mRNA expression in various tissues was

investigated by means of RT-PCR using total RNA from these tissues. AQP-hZK

mRNA was observed in the kidney, urinary bladder, and testis but not the ventral pelvic

skin (Fie. 24).

助 棚 b“ J/1yJaJCP‐ ■21れ Xし

“
叩

“

s θθttrFs

Transmembrane water■ ow山っuま therttα AQP‐h2K protein was Ⅳduated by

an expression analysis inJ彙蹴にりχJJ 00Cytes.A』にr3d ofincubation at 18 C,the oooytes

were transferred hm isotonic(200 mOsm)to hypoosmotic(70 mOsm)B訂 ■'s

solution:swelling was lnonitored by rneans Ofa lnicroscope with an amched

chargettcoupled device ci田 lera,alld the Pfwas calcuk■ 3d(Fig.2‐ 5A).The PfOf

AQPh2K口 hゴected 00cytes was appro対mately 4‐ fold higher than that ofwate卜童ゴected

oocytes.The stimulated water permeabiliサ was alSO Signiflcantly inhibited by O.3mM
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HgC12(Fig.2‐5,A and B).When secuons ofthe AQP"h2K cRNA口 hJected 00oytes

were imllШ lostttned with anti‐

「

yJJ AQP‐ h2K,an intense immlmoposidve reaction

was ob"Ⅳ ed in the plasma membttne(Fig,2‐ 5C‐ la肛1‐2).The immunoposiuve sites

were completely abolished by preabsorption ofthe〔 musenlm with 10 μl鼻■1 0fthe

immwlogen peptide(Fig.2‐ 5C‐3),h addi10n,■ o labels were observed in the

wateruitteCted Oooytes(Fig。 2‐5C‐4).To teStthe speciicity ofthe antisemm toward the

kidney,we conducted Westem blot analysis oftheir lnembrane enacts.Because the

ST‐202 antiserum did not detect a・ny bands in the kidney membrane extract(daL nOt

showny,we coducted a Westem blot analysis using the e府

“
tofAQP‐h2K

cRNA‐itteCted Oocytes and found a m可 or band at a.ppro対 mately 31 kDa and a weak

smett band bdween 41 and 60 kDa(Fig。 2‐5D,lane l).The bands descHbed above

were not detected when anti口鞠 Iα AQP口h2K ms preabsorbed with the peptide used郎

the i― llnogen(Fig.2‐ 5D,lane 2).A■ er digestion with peptide‐N‐glycosidase F,the

smear band at 41-60 kDa bec〔 m■ a band of31 kDL suggesting thatthe bands of

apparent hgher molecular mass represented glycosylated foms Ofthe 31‐ kDa」ッル

AQP‐h2K protein(Fig。 2‐ 5,lalles 3 and 4)。

二θ

“

li醐o■ o/1yね JcP‐力2r加 誦″翻山印J

The anuran nephron is divided intO eight parts,amo叫 which are the glomenJus,

pro対mal tubule,late distal tubule,collecting duct,and neck se3ment(UChiyama g′ J.,

2002).The C01lecting duc愧 oonsist ofa lnonolayer ofoolllmmar epithelial cells,with the

basal side sllrrounded by a thin oomective tissuc.When Hdney sedons we"

immunoltteled with anti‐ AQP‐h2K,the labels were obseⅣ ed in the colleding duc愧

only(Fig。 2‐6,A―C).The illmunopositive labels were abolished at the backE「 ound

LveL when the frog Hdney sedions we“ labeled with the p‖ absorbed antise― 宙血

the antigen(10μ 3たnl)(Fig.2‐ 6D).When Sections ofthe kidneys魚 〕m the ttee frogs
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keptin water we■ labeled宙th anti‐HッlaAQP囀 h2K,the punctate labels weК  found

throughout the cytoplasm(Fig.2‐ 7,A,C,and E)。 ConVersely,翻にr the stimulation of

the tree± ogs underthe same condi■ olls by AVr,the intense labls were found only in

the a.pical plasma membrane ofthe collecing ducts(Fig.2‐7,B,D,and F)。 h addi■0■,

positive labels for AQP‐ h2K were not found in att ofthe cells ofthe urinary bladder

(Fig,2‐ 8,んC)and testes(Fig.2‐ 8,D―F).h the urinary bladder,a1l ofthe cells were

follnd to react宙 th the anti‐serlln(Fig.2‐ 8,A ttB),but similar labels were seen in

the sec■ o■s ofthe preabsorbed test ofmlserum(Fig.2‐ 8C).The labels were also

宙sible in intersltial cells ofthe ttsticular strolna(Fig。 2‐8,D置dE),but the Lbels

were not diminished in the cells ofthe testes(Fig.2‐ 8F)when anti_AQP‐ h2K is

preabsorbed with the comesponding antittn peptide,indicating that these labels are

nonspeciflc.「yJJ AQP口 h3BL,which is expressed speciflcally in the basolateral plasma

membrane ofwate卜 pemeable ep油 elid cells from三 ノψθ″I“ (Akabane`′ J.,2007),

was found to be expressed in a similarlnannerin the basolateral plasma membrane of

the collecting duct principal cells in the presence and absence ofAⅦ 威imulation(Fig.

2‐9,A and B).The cells showing V― ATPase were scattered throughout the epithelillm

ofthe collecting ducts and were uJabeled for AQP‐ h2K(Fig.2‐ 9,C and D).鞠la

AQP口 hl Was detected in the endothelial cells arOund the pro対 mal tubules and the

nattened cells ofthe p対 etallayer ofBowman's ca.psule but not in ttncipal cells ofthe

pro対mal tubules(Fig.2‐ 10,A,B,and D).The labels were abolished tt the backgromd

levels when the antisenlm ms preincubated with the antigen peptide(Fig.2‐ 10C).

Iliscussion

We report here the full-length sequence of an mRNA encoding a novel AQP,

AQP-h2K, that is specifically expressed in the principal cells of the collecting ducts of

tree frogs. This AQP, denoted AQP-h2K, has been structurally characterized as having
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two lPA motifs,two putative N‐ glycosylated sites,a cysteinc at a merc血 al sensiivlty

sitejust upstream ofthe second NPA motit ttd Six pu協 uve transmembrane domains.

AQP‐ h2K also has a putttive phosphorylation site by protein kimse A at Sere262,

which is idmical with that ofmamlalianAQP2(Brown gr αJ.,1998).The alnino acid

sequences ofryra AQP‐ h2and「yJJ AQP‐h3,both ofwhich were cloned in previolls

studies,also oontain a puttive phosphoryl威 ion site reco3nized by prOtein kinase A

(Tanii et al.,2002:Hasegawa et al.,2003),PhoSphorylations are considered to pla/y an

impo由皿tr01einthe trarlchng ofmaFnmdianAQP2 and月 レJα AQP‐h2to the apical

plasma membrane(Hasegawa`JJ`,2005:Denker`′ α′.,1988:Sabolic α α′.,1992),

Accordingly,AQP口 h2K,similar to ttlaAQP‐ h2and AQP口h3,面 ght be translooded

h》m the cytoplasmic PoolS tO the apiml plasma membrane by A｀ ぼ.The homolo野

analysis revealed thatthe deduced ttino acid sequence ofAQP‐ h2K has a high degtte

ofsimilarttyto mttШ nalian AQP2 and a moderate similaコLyto AQP‐h2and AQP口 h3.

The present Bayesian and NJ phylogenetic ttees suggetted evolutiontt relationsHps

between anumn AQPs and rnammalian AQPs(Figs,2‐ 2 and 2‐ 3).Pre宙Ously we

depicted ttl unrooted phylogenetic tree ofthese AQPs,whiCh had been inferred by the

NJ method(Stt grJ.,2007).TheSe three phylogenetic trees show pこ 耐ially direrent

topologies due to the dittrence in the analytical dgoriJh,alnino acid subttitution

model,and/or p― eter for sequence alil夢 Inent,For instance,amino acid substitution

models md pammeters for sequence alittment are di最 ,rent between the previously

reported NJ tree and the present NJ tree.The fornler tree was constmcted with the

deLuh setting in the ClustalWprogram version l.83

(ゝユ■ヽlustal‐dd可 .ゴg,acjP/top可 .html)(ThOmpson gF α′。,1994),J.θ.Kimura's

dstancc(Kimura,1983)was adOpted tt aminO acid substitution■ odel in tree inference

a■er the alnino“ id sequences ofthe AQPs were aligned宙 th Blosum(HenikOffgr αJ。 ,

1992)for prOtein wcight matrix田正 10 fOrthe gap opening penalty and O.l forthe gap
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extension pemlty in the paimttse dittment ttd With Blosurn(HenikO∬ gr J,,1992)for

protein welまt mttX,10 for the garp opening penalty,and O.2 for the gap extension

pendサ in the muldple aligⅢ lent(SIttki gr αJ.,2007).On the Other hand,the latter tree

was inferred as desc五 bed in ttteriαおα″ご九々 働θJJ.The three phylogenetic trees are

thus constructed under different conditions,but all the trees indicate that the hitherto

reported anuran AQPs can be classiied into six clustersi types l,2,3,5,al,and a2

(Figs.2‐ 2 and 2‐3)(Suzuki gノ αJ,,2007).鞠laAQP‐h2K is assigned to theちpe2

together with mammalian AQP2,whereas bothAQP‐ h2and AQP‐h3belong to theサpe

a2,suggesting tht AQP“ h2K is an anuran Ortholog ofmammdian AQP2,whereas

AQP‐h2and AQP‐ h3are paralogs ofmammalian AQP2.Xし ″oP需 oooytes showed a

signiicantincrease in water pemeability inthe presence ofAQP‐ h2K and an inhibition

in waLr pemeation in the presence ofHgC12,Although this inhibitory action ofHgC12

is inconsittent with the results reported onAQP2(HC‐ 2)of鳳 誦7SaJ“ Jお by

ZiIIllne..1.m arα 二(zimmemlan α αJ.,2007),they WOuld seem to be logical,given the

fact tht「J/JJ AQP‐h2K pЮtein cOntains a merc岬‐sensitive cysteine residuejust

upstrem froln the second iN旺し牡Inotif Westem blot analysis and digestion expterlments

vだth peptide‐ N‐glyoosidase F ofAQP口 h2Kcコロゞ A口 hゴ ected 00cytes showed one band誠

approxiinately 31 kDa and smear band at 41-60 kDa,indicating that the smear band is

glycosylated foms,h contrast,Westem blot allalysis ofthe extract ofryJa kidneys did

not produce a positive reaction,even when the rnembrane extl■ cts ofthe Hdneys,

prepared with the ultracentrifuge or the Native membrtte protein extract kit,were llsed

(data nOt shown).ThiS may be because the p五ncipd oollecting duct cells expressing

AQP‐ h2K protein Occupy a very small ttea ofthe kid■ ey.RT‐ PCR analyses on the

expression ofAQP‐ h2K mRNA in various島 ′Jα tissues revealedthat AQP‐ h2K was

expressed in the kidney,面 nary bl劇山r,and testis.Theimmuno■ uorescence study

demonstrated that AQP口h2K protein was localized in the apical plasma membrane or
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cytoplasm ofthe principal cells Ofthe kidneys li「 7∫jr"butthat i ms not presentin鵬

urinary bladder and testes,even though RT‐ PCR had detectedAQP口h2K mRNAinthe

la仙3rtwo organs.This flnding suggests that AQP‐ h2K protein is■ ot廿田Blated in the

血nary bladder and testes.Because ma― dian AQPl is100■ed in the principd cells

ofthe kidney proximal tubules,WHch consequently rettsorb water oonstitut市 ely

(Denker`r aJ。 ,1988,Sabolic`′ J.,1992,Nielen ι′αJ.,1993,Mamsbach`′ J.,1997),

we inve亜 gatedthe localization ofryra AQP‐ hl in the anuran kidney by

immullolocalia■ o■.鞠Iα AQP‐hl W器 ■Ot detectable in any ofthe cells ofthe

proxilnal tubules.メビllran amphibian kidney is lnesonephric,whereasthe mrnmlian

kidney is metanephric,andl面 s lrerence may be de五 vedihm ashinlhm the

mesonephros to m由 珈ephros during development.Two watertmnsport pa■ wtts ttt

been proposed for the salivaw acinar cells ofln― als:the pttacellular and

transcellular routes(Kawedia gr J。 ,2007).HoweVer,because water is considered■ot to

be reめ sorbed in the pro対 mal tubules ofanuran kidney and most ofthe rettsorbed

water is stored in the urlmw bladder(Steen,1929),only AVT"dependent AQP,

AQP‐h2K,may be active in reabsorbing water in the kidney ofalluran amphbians.

Immllllolocalization ofryJJ AQP‐ h2K in the fbg kidneys〔 遺er AVT treatment resulted

in enhanced signals for AQPh2K on the apical plasma membrane ofthe p亘 ncipd cells

ofthe kidney collo面ng ducts.In malnlnals,AQP2 is involved in the reabsorption of

water in the collecting duct ofthe kidney(Fushimi`′ αJ.,1993:Klussmann et al.,2000)

田d is expressed in the aplcal plasma membrane and cytoplasmjust beneaththe aplcal

membrane(Fushimi gr αJ.,1993:Nielsen gノ α41993).In reSponse to ttldduiric holll10ne

(ADH),malllmdian AQP2 is translocated量)m the cytoplasmic PooltO the apical

membrane,thereby enhancing the water pemeability ofthe membrane cNielsen g′ J,

1993,Nielsen gr ari,1995)i conVersely,in the nonstimulated oonditioL AQP2 is

removed ihm the arpical membrane by endOcytosis,thereby decreasing water
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pemeabiltty(Nielsen gr J.,1995).ThuS,mammalian AQP2 is considered to be an

ADH"regulated AQP.h the present stu中 ,w00btained山 ね indcadng ttt AQP口 h2K

resides in the vesicles distributed throughout the entire cytoplasm in the nonstimulated

condition and that itis translocated to the aplcal plasma membrane in response to AVT.

Based on these results,we propose that ryra AQP‐h2K is a water―charmel molecule

thatis Ettattd in response to AW,SeveFal lines ofevidence have shown that protein

kinase A phosphorylation tt the collsenSuS Se卜 256 is a necessary cond競 lon for the

mi『ation Ofmammdian AQP2■ om thei血襲ellular membrane vesicles to the atpical

plasma membrane(Kuwahara gr aJ.,1995:Fushimi cr J.,1997:Van Balkom ar″
.,

2002).Because there is a protein killase A site at Ser‐ 262in AQP‐ h2K,phosphoryl舗 ion

atthis site may be necesstt forthe translocation ofAQP口 h2K protein to the a.pical

plasma membrane.We have previously shown thatin theぎ anular cells ofthe urin岬

bladder,助源α AQP‐h2is phosphorylated in the vesicles within 2 min ofAVT

stimulation and subsequently translocated to the apicd membrane ofthese salne cells

(HaSegawl gr αJ.,2005).Similar events may occur withttlaAQP口 h2K,Taken

together,our present and previolls ttm(Tanti″ αJ.,200乳 HaSegawa gr J.,2003)

demonstrated ttat an AⅦ‐dependentAQP is eXpressed in the collecting ducts ofthe

kidney ofIゴリθガ
“

and thatthere are three dstinct tpes OfAVr―dependent AQPs in

this tree frott AQP‐h2,AQP‐h3,and AQP‐h2K.These AQPs shOW direrenttissue

distribution and seem to play important roles in the homone‐ dependent water transport

in ttte anuran osmoregulatory organs:AQP口 h2and AQP‐ h3in the venttd pelvic skin,

AQP‐h2in the urintt bladder,and AQP―h2K in the kidney.
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Table 2-1
Primers used for cloning and PCR analysis of Hyla AQP-hZK sequence

Name Primer $equence

AQP‐h2K

primer 1      5'‐CCTTACTGTTTCCATCATCATAGTC‐3'  32… 57 bp

primer 2      5'‐TCTGTACTTCTTCTCTCTCACAC‐ 3"   882-905 bp

adaptor primer  5'日GACTCCAGTCGACATCGAT‐ 3'

3'RACE p」mer

3'primer     5'日 TCGGCTATATAAGTCGTCCC‐ 3ヨ     236-255 bp

5'RACE p面mer

5'primer     5'日 TGTCACTCACACTCCAATCG‐ 3'     538-559 bp

5'nested primer 5'‐ AAGGAAATCTGACACCCCAC‐ 3'    288-308 bp

β‐aCIn

β‐aCtin primer1 5'‐TACCTCATCAACATCCTCACC‐ 3"    562-582 bp

β‐aCtin primer2 5'‐TCATCCACATCTCCTCCAAGG‐35  1052… 1072 bp

33



A
-45 TTTTTAAAA●CAC■OGA●●

…
TRCncRAOTCCTTACTeTTTcc   -1

l  ATCATCATAGT… ATCCOA― COTTCT・ TA●C―             TTTTcTc   60
l M M I V R L W E L R SV A F T R A V F V 20

6■  mATTTTTTCCCACCCTTTTATTTMATGTTTCGTATACGTTcATCTTTAAACTCeCcT  ■20
3■  E F F A T L L F V M F Gェ o s s L N W P 40

■2■  00-CCTCCAA● TGTTCTTCRA●TTCCCTTA― TTTCCCETc            TTA  ■80
4■  ● A P P S V L o V A L A F O L O工 G T L 60

・::写
TTTTICTTTTTT虻

置菱罫葛Ч
ttTIT 2::

24■  AT00T― CT… TTTCCTTCATCCm― GTTTTTTATGT― T― QGTTACTG  300
81 M V e S。 ■ s F M R A V F Y V e A Q L L ■00

30■  Om― GTGTCT― m― mTAATTQA― TACT― TTeAAGTmm― AAC  36●
101 G A V S C A A I I Q G L T P Fヨ V R O N ■20

▲

361  TTATQGTAAATCCGTTATTCAACAATACACACCCRCcGハ ASCCTTTTCTTGT― ― T  420
121 L S V N e L F N N T E A C К A F V V E L 140

▲

42■  TTTcTAACTCTTQACTCATCTTGT― TATTT― TCTACTCATCAT              400
■4■  F L T L o L工 L c I F A S T D D R R T D 16●

48■  ATTGT00oTTm― ― TTcrcQTT― cTCTCAGTmCA― ― CACCTCCTTCGT  540
16■   l  V  e  S  P  A  L  S  I  C  L  S  V  T  L  G  H  L  L  G   ■00

輩 ICΨ ttTT罵    翼

TTttT器

601  -CAHTmATCCCCATTCOCTCTTCT― T― cCATCTTT                  660
201   G D F N A  H W V F W  L ●  P L  F e A T V e   220

661  TCCTTOATeTATAAcTTTATATTCATT                TTTT                 720
221 S L M Y N F I F I P N T К T F S E R I A 240

◆

72■  ATTCTAAC●●GTmeCT― occT…                  ― TAmAGA  7● 0
24■  工 L R O E L E P Q E D W E E R D M R R R 260

781  0ATCCATCeA― A_OAccCAnCAATACCAAmA● T― T            c  84■
261 Q s M E L H S T Q T I P R S C M T E KV 280

■

841  T                                       
…

TccTTcecAcccG  900
281   ■

9o■  AmTTTGTAT颯 颯 GTttA口 〈コP―
…

GTeTTT―             ceT 96■
96■  mTA― TACTmACATTATGNT            ccttT型

…

AAO日 TttTてコT岬   1021
■02■   AAATAmCCAAAAm 1056

400i
281 (AA)

|

B‥

―

―
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１

１

１

１
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FIG. 2-1. A' Nucleotide and deduced amino acid sequence of aquapot'rn (Hyla
AQP-h2K) cDNA. The predicted amino acid is shown below the nucleotide
sequence (DDBJ/EMBLiGenBank accession no. AB29 5642). The asterisfr indicates
the terminal codon. NPA motifs are outlined. The solid triangle indicates a putative
N-glycosylation site. The diamond, squore, and open triangle indicate
phosphorylation sites for protein kinase C and protein kinase A and the mercurial-
inhibition site, respectively. B, Kyte-Doolittle hydropathy profile (window I 1) of
the deduced AQP-h2K amino acid sequence.
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Human AQPl(NM198098)
Mouse AQPl(NM007472)
HyraJiaponた a AQP― hl(AB073315)
Hyra cヵrysosceris Hc_1(DQ364243)
3〃 fo mariln"s AQP‐ 11(U56603}
Rarla escrrenfa FA‐CHIP(L24754)
冶

"●
pus lrop′ ca′is AQPl(NM001005829)

Human AQP4(NM001650)
Mouse AQP4(NM009700)

Human AQPO(NM012004)
Mouse AQPO(NM008600)

Human AQP2(NM000486)
Mouse AQP2〔 NM009699)
HyJa」 iaporrica AQP¨ h2K(AB295642)
HyJa c力ysosceris Hc_2(DQ364244)

Human AQP5(NM001651)
Mouse AQP5(NM009701)
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AQP3

FIG. 2-2. Bayesian unrooted tree of AQP proteins from the human, mouse, and
anurans. Anuran AQPs are assigned to six types, two of which (types al and a2)
are unique to the anurans. Hyla AQP-h2K is classified in type 2 together with
mammalian AQP2. The length of each branch is not proportional to evolutionary
distanceo and the numbers in the interior branches are Bayesian posterior
probabilities (percent). The organism (genus), name, and accession number are
indicated for each AQP.
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Human AQPO (NM012064)
Mouse AQP0 (NM008600)

Human AQPZ (NM000486)
Mouse AQP2 (NM009699)
Hyla japonrba AQP-h2K (48295642)
Hyla chrysoscelb HC-2 (DO364244)

Human AQPS (NM001651)

Mouse AQPS (NM009701)
Bufo marinus AQP-I4 (AF020623)
Xenopus laeyis AQP-xS (A8250090)

Human AQPG (NM001652)
Mouse AQPE (NM175087)

Hyla japonfca AQP-h2 (A8107014)
Bufo mainus AQP-I2 (AF020621 )
Hyla japonica AOP-h3 (A8073316)
Bufo marinus AQP-I3 (AF020622)

AQP2

FIG. 2-3. Phylogenetic relationships among AQPO, AQP2, AQps, Aep6,
and AQPa2, seen in the NJ unrooted ffee of AQP proteins from the
human, mouse, and anurans. AQP-h2K, AQP-h2, and AQP-h3 from Ii.
japonica are classified into two types: type 2 andtype a2. Hyla Aep-h2K
belongs to the type 2 together with mammalian AQP2. The length of each
branch is not proportional to the estimated number of amino acid
substitutions, and the numbers in the interior branches are bootstrap
probabilities (percent; 10,000 replicates). The organism (genus), name,
and accession number are indicated for each AQP.
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AQP‐ h2K

β‐aCtin

AQP‐h2K

872 bp

51l bp

FIG. 2-4. Tissue expression ofAQP-h2K mRNA by RT-PCR. RT-PCR products
obtained using primers as described in Materials and Methods viere separated on
a 2olo agarose gel and stained with ethidium bromide. RT and water represent the
negative control using the kidney sample without a Rl'reaction and with water
instead of cDNA, respectively. p-actin is used as positive control. +, Presence of
the mRNA: -. absence of the nRNA.
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FIG.2-5. Expression of AQP-h2K in Xenopus ooc7,tes. A, Time course of the osmotic swelling.
Oocytes were microinjected with water or cRNAs encoding AQP-h2K. Some of the AQP-h2K-
injected oocltes were incubated with 0.3 mM HgClr. B, Pf was calculated from the initial rate of
oocyte swelling. The representative data shown are given as the mean SE of measurernents fiom
five to six oocytes in each experimental goup. *, P 0.01 vs. water; r*, P 0.01 vs. AQP-h2K. C,
Immunofluorescence images ofthe AQP-h2K protein in AQP-h2K-injected oocltes: after
complete swelling ofthe oocytes, immunoreactive AQP-hZK substances are visible,
predominately in the plasma membrane (l); the corresponding Nomarski differential interference
image (2); in the absorption test, immunopositive substances obtained with anti-AQ-h2K are
nearly abolished at background levels in the AQP-h2K-injected oocyte (3), and only background
levels are observed in the water-injected oocyte with anti-AQP-tAK (4). Anowheads indicate the
plasma membrane. Bar, 50 pm. D, Westem blot analysis of AQP-h2K-injected oocltes (lane 1)
prepared after complete swelling. Immunoreactive bands are seen at 3l and 41 50 kDa in an
extract of AQP-MK cRNA-injected ooc).tes. The membrane was immunostained with the
antiserum preabsorbed with the antigen peptide (i0 g/ml; lane 2). Western blot analysis of extracts
before and after digestion ofthe extracts by peptide-ff-glycosidase F are shown. Specific bands
with the extract of the cRNAinjected oocytes seen before and digestion (lane 3) are replaced by a
signal band of 3l kDa, presumed to be the nonglycosylated form of Hyia AQP-MK after digestion
(lane 4).
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FIG. 2-6. Immunofluorescence localization of AQP-h2K in the collecting
duct ofkidney. Fluorescence images ofAQPh2K (A, C, and D) and the
corresponding Nomarski image (B) are shown. The labels (green) are clearly
visible in the apical plasma membrane and subapical cltoplasm in principal
cells ofthe collecting ducts (c). No labeling is seen in the other renal tubules,
including the distal proximal tubules (d). C, Enlarged view of AQP-h2K-
positive principal cells (green) in the collecting ducts. D, No labeling is

visible in any ofthe kidney cells when anti-AQP-h2K is preabsorbed with
the corresponding antigen peptide. Nuclei are counterstained with DAPI
(blue). Bar,50 pm (A and B); l0 pm (C and D).
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I''lG. 2-7. lmmunofluorcsccnce micrographs shorving the principal cells in the kidnc)'
collectine ducts labclcd l'or AQP-h2K under nonstimulated antl AV I -srimulatcd conditions.
rcspectively. A and tr. Immunolaheling rcsults for Aep-h2K under thc nonstimulated
condition are shown (green\. tl and F. Immunolabcling results (green) fbr A{lph2K in
response to AVT. Upon stimulation of AVT, the labeling for Aep_h2K (green) moved
liom the cvtoplasm to thc apical plasma merrhrane. C and I) concspond to the Nomarski
rmagcs to A and B. respectively, Nuclei are counterstained 

'uith 
I)Apl (blue). c. colle{rtins

duct: d, distal tubule. Bar, 50prn (A I)); I0prn (E and l ).
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FIG. 2-8. Immunofluorescence images showing the urinary bladder and testis
immunolabeled for AQP-h2K. Fluorescence images of AQP-h2K (A and D), the
corresponding Nomarski images (B and E), and the preabsorption controls (C and F) are
shown. No labeling is detected any of the cells of the urinary bladder (A{). Nonspecific
label is seen in most cells ofthe urinary bladder when anti-AQP-h2K is preabsorbed with the
conesponding antigen peptide (C). The labels are visible in interstitial cells (ic) ofthe
testicular stroma (D and E), but the labels are not diminished in the cells of the testes (F)
when anti-AQP-MK is preabsorbed with the antigen peptide. Arrowheads indicate epithelial
cells ofthe urinary bladder. l, Lumen; ms, mature sperms; ic, interstitial cells. Bar,lO pm.
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FIG. 2-9. Double-immunofluorescence images for AQP-h2K and AQPh3BL (A and B)
and AQP-h2K and V-ATPase E-subunit in the kidney collecting ducts under
nonstimulated (A and Cl and vasotocin-stimulated (B and D) conditions are shown.
The labeling sites for AQP-h2K (green) are different liom those for the AQP-h3BL
(red). Conversely, the labeling cells for AQP-h2K (green) are distinguished fiom those

for the V-ATPase E-subunit (red). Bar, l0 m.
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Chapter 3

Correlation between aquaporin and water permeability in response to vasotocin,

hydrin,and p‐ adrenergic erectors in the ventral pelvic skin ofthe tree frog,Iyれ

JCPa“ rrα

Abstract

The ventral pel宙 c skin ofthe tree lЮ g,鞠Iaノ qρθttica expresses two kinds of

肛堺nmle vasotocin(AVT)‐ stimulated aqua.porins(AQP‐h2and AQP‐ h3),whiCh a麟
"t

the capacity ofthe童 og's skin to absorb water.As such,it can be used as a model

system for amlyzing molecular mechanislns ofwater pel..lo山 iliサ。We inVestigated

AQP ttnamics alld water permettility in the pelvic skin Of鳳 ゴ叩0認たα f0110wing

challenge with AVT,hydrins(intemediate peptides ofpro‐ AⅦ)and β“劇騰nergic

effectors.h the tt νfνθ experiment,both AQP口 h2and AQP‐ h3proteins were

transloctted to the apical plasma membrane in the pHncipal cells ofthe irst rea(対 ng

cell(FRC)la7yer in the pelvic skin following challenge宙 th Alば ,hydrin l and hydHn

2,thereby inc“ asing the water pemeabiltt on the pel宙c skin,The β‐adrenergic

receptor agonist isoproterenol(IP)and itS antago面 st propranolol cPP)in cOmbination

宙th AⅦ or hydrins were llsed as challenge in the加 ッJrrθ expenment.IP increased

water pemeability whereas PP inhibited■ ,and both events were well oorrelated宙th

the translocation ofthe AQPs to the arplcal membrane.h the PP+AⅦ ‐treated skills,

labels for AQP‐ h2and AQP‐h3were differentidly宙sible among the pincipal cell跳 the

apical plasma membrane ofsome cells was labeled while others were not,indicating

thatthe response ofPP or A¬ VT is direrent■ Om cell to cell.These results provlde

morpholoぎcal evidence thatthe ttncipal cells ofthe FRC layers may have神 o kinds

ofreceptorsi a V2 receptor and β‐adrenergic receptor.
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Introduction

如 wm alnphibians are adapted to li宙 ng in the divette range ofwaLr

enviroments.A ttneral classiflcittion ofanllrans acoor〔 五鴫 to habitat distinguishes four

groups,J.a,aquttic,semi"aquatic,terresmal,and arboreal species(Hillman et al.,2009).

加 wms have developed a number Ofllnique physiolo」 cal Syttems for mttnttning

water balance in these dversc habitats(Bentley&Mai■ 1972:Bentley&Yo五 o,1979),

For example,most dult anllrall alnphibians do not drink water thro■ ま their mOuthi

This is PartiCularly true for ma・ ny terestrial and arboreal s「 Юles,such as ttla

(arbOreal)and」 1頑〕(teITestrid),utilize a region in the posterior or pel宙 c region ofthe

ventral skin that is specialized for rapid rehydration from shallow water sources or

moist substrates.In ddition,periods OfteFeStriJ acti宙 ty can be prolonged by the

鸞absorptlon ofdilute urine彙〕m bladder.The degree to which these attpmtions have

been山鴫 loped varies among the direrent ttwms.For example,the terrestriJ

envirollment‐ adapted species have high water pemeability in their ventral pel宙 c skin

and a high capacity fOr urine storage in their urinary bladder,whereas the pel宙 cskh of

an aqmtic species,such as X蒟 甲需ルθソお,Ms alow water pemeabilty(Bentley&

Main,1972).In addition,the slmulation ofwater permeability ofthe pelvic skin by

arginine vasotOcin(AVT)is higher in arboreal and terrestrial species than in aquatic

species(YoHo and Bentley 1978).

Brown et al.(1983)measured a correlation between the aggregation of

intramembrane particles(telllled ttgrephore)and Water■ ow in tods skin in response

to the mammalian antidiuretic homone aFgllllne vasopressin,These particles were

subsequently shown to be a class ofintc『 d membranes ltemed a・ qua7pO五nSfAQPs)],

that fb...l selective lva贅 〕r channels in the plaslrla inembms in various cells ofvarlolls

organisms(Preston gr αJ.,1992).
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In mamlals,13 isofolllls OfAQPs(AQPO一 AQP12)have been identiied to date

耐 hatt been characteHzed by cloning and sequencing oftheir cDNA(Ishibashi θ′αJ.,

2000:Takata`J″ .,2004).A subfamily ofAQPs(te・・lLed aqШJycerOporins)that fOm

membrane pores,which are pelHleated by glycerol and urea has also been reported

(IShibashご α′.,2000:A釘 8,2006),Ollr grOup recently dscovered three folllls OfAVT“

stimulated AQP in the tree魚}g,助j彎‥iCal AQP‐h2in the ventral pel宙c skin and

urinaw bldder(HaSegawa gr JJ。 ,2003),AQP‐ h3in the pe市ic skin(Tan五 gr αJ.,2002)

and AQP‐h2K in the kidney(OguShi gノ α′.,2007).The eXpression ofAQP‐ h2and

AQP‐h3in the pelvic skins oftree frogs ralses the interlesting question whether other

factors thtt stimulate water perlneability and absorption by anurans involve a simil雷

insenon ofAQPsinthe apical membrane.

Hydrin is all interlneditte pettde de五 ved from a prottvasotocin‐ nelrophysin

precllrsor.■ pla.ys a pivotal r01e in the water absotttion/reabsoTtiOn process in the skin

and blatter but is devoid ofantidiuretic act市 ity in the kidney fMiChel αα∴,1993:

Rouille Fr αl,1989).Hydrin 2(vasotOCinyl‐ Gly)is presentin an mount equaltO that of

AVT in the neurohypophysis ofRanidac and BufOnidac.By oontrast,the aquatic■ og

ル″qρ孵ル
`ソ

lis secretes hyttn l(vasotOCinyl‐ 01y‐Lys"Arg)as Well as AVT.Both

peptides are generated from a downregulation in the processing,1`。 ,Ivttin l by a

decrease in carboη ttptidase E"dvity and hydrin 2 by a reduction in the activity ofthe

β‐amidating emmatiC System.These hydHns are foulld in mm amphibians,but■ ot

in other vertebrates,ralslng the question ofwhether hydrin htt a stimulatory potency ln

the trandocatioll ofhg AQPs m the apical meIIlbrana

Water pemeability in the pelvic skin Of魚 Ogs is cOllsidered to be regulated by at

least twO systemtt the irst isッ lia the AⅦ V2 receptor and the otherisッ fa the βロ

adrenerJc reCeptor(BrOWn gr α∴,1980:De Sousa and Orosso,1982).Our grOup has

shown that both AQP‐ h2and AQP"h3proteins tt translocated in response to AVT tlo

■

ヽ

い イ
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the apicJ plasma membmo ofpHncipal cells in the outenno■
3Ta・nular la/yer[J・ a,the

irst‐ reacting cell(FRC)laye1 0fthe pel宙 c skin in tree m〕 gs(Hasegawa gr αJ.,2003)・

In the study reported here,we exalnined the erect ofAVT,hydrin,雛 d emじctors

ofthe βttadrener」 c receptor on the water permeability and ttansloo威 ion Ofboth AQPロ

h2and AQP‐ h3in the FRC layer oftwo pel宙 c slns ofthe tree frog.

Materials and Methods

J“′
“
り鶯

Adult male tree frogs輌 山 ノcPθ
“

j“ Gliinterl were captured in a ield near ollr

雨 trsity(ShiZuOka University,Shizlloka,Japan)am kept under laboratory conditions

where they were fed c五 ckets.On alに rage,the frogs used in this study had a body length

ofappro対 mately 2,9 om and weighed approximately 2,6g.The ventral pe市 ic skins

were removed ullder mesthesia(MS 22乳 Nacalai tesque,Kyoto,Japanl andthen

processed fbr experiments involvlng hon■ one or reagent treattnents.All anil■ al

exPcriments were carrled outin compliance wlth the Cuide for Care and Use of

Laboratory Animals ofShizlloka University.

助 C‖

“
碑raJ PrararθJJゎr rrga山鷹r“″漑ごみC■ettaJR`qr“ rF

For the linッ ″θ expe五 ments,the■ ogs were bathed to above魚ぼoothird oftheir

ventral skin in distilled water for 30 min and then itteCted宙 th 10口 0.65%(w/v)NaCl

saline contai」ng 10(M IArJ]‐‐sotocin(PeptidC hstitute,Inc.,Osaka,Japan),"hydrin

l or‐hydrin 2(Bachem,Bubend成 SWitZerlan)per lg OfbOむ mass,Following the

ittediOn,the body weigrnt Ofthe frogs was measllred chronologicdly on an analytical

balance(SartO五us,Tokyo,Ja/pan)。

For the li4ッ ゴJra eXperlments,the frogs were rinsed in water for 30 min before

being killed as described above and the pelvic skins removed.The appamtus for

■
　
　

ト
　
　
ト

■

トイ

54



γ

measuring water■ ow oonsists oftwo cMbers with a l‐cm―diameter hole atthe center

ofthe wall sewaing the two chambers,which was a modiication ofthe device by

Kohno`rα′.(Kohno gr αr,,2004).The iS01ated skin was washed with Ringer solution

and then lnounted over the holo.The chmber on the serosal side ofthe skin was f11led

with a Ringer solution:11.301 mM NaCl,1.877 mM KCl,1.081 mM CaC12,0・ 064副

NaH2P04 and l`429 mM NaHC03 haVing an Osmolanty of220 mOsm01,while that on

the muoosal side ofthe skin was illed with water,Water movement from the mucosal

side to the serosal side ofthe skin was measured directly using a O.1‐ ml pipette

ho五zontally amched the serosal chamber ofthe appantus.The isolated rに lvic skins

were preincubattd for 30 min in the Ringer solution as described above or in a Ringer

solution contaijn3 10‐
8M AVr,hydrin l or hydrin 2.Following the addition ofeach of

the solutions to the serosal side ofthe chttber,water lnovement was lneasured using

the pipette.Applying the same procedure,we added Ringer solution containing 10‐ 8M

ofthe β‐adrenerJC receptor a"nist iSOproterenol(Pi Sigma‐ Aldrich,Tokyo,Japan)

and its antagonist propran01ol(PPi Sigm卜 Aldrich),reSpectively,to the serosal sido of

the chmberto examine the effects ofthese subsmces On the actions ofAWη 「,hydrin l

and hyttin 2.A■er incubation,the skin specimells were examined by

lmlnuno■ uorescence mlcroscopy.

J― 叩
“

θraJrg“ c′

The pelvic skins used in the J‖ ッJッθ andl"ソ ilro expe五ments were qulckly flxed

overnlJlt in"HOdate‐ lysine‐p鍼ぼbr■laldehyde(PLP)重 xatiVe,dehydrated田 」

embedded in Paraplast.Four‐μm sections were cut and mounted on gelatineoo誠 ed sli山 3s.

The depttnized sections were rinsed mth phosphate‐ burered saline(PBS).Double“

i―uno■ uo“scence labeling was carrled out accodng to Hasegawa gr α′,IHaSegawa

g劇
"2003).In bHet fOrthe double‐

immuno■uorescence labelin3 0fAQP‐ h2and
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AQP‐ h3,sections were incubated with a mixture ofguinea pig anti‐ AQP―h2(ST‐ 140:

1:5,000,Hasegawa′ ″J.,2003)and rabbit antiJヽQP"h3(ST‐ 141:1:10,000,Tanii gr αJ.,

2002),and then reacted with a mixtllre ofindocarbocymine(Cy3)‐ labeled donkey anti一

頭 nea pig lgG(1:400:Jackson hmunoreseaFCh,West GrOve,PA,USA),Alexa 488‐

labeled donkey anti‐ rabbtt lgG(1:200:Molecular probes,Eugene,OR,USA)田d DAPI.

Rabbit antittlα AQP‐h3BL serlm(ST‐ 184)was alSO used fOr ltteling the basolateral

membrane ofthe ttncipal cells(Akabane et al.2007).SpeCimens were exalnined宙 ぬ

an 01ympus BX61 microscope equipped宙 th a BX‐epi■uorescence attachment

(017pus optical Co.,Tokyo,Jttm),

働 口 廊 翻g″ α′電 聯 SiS

S協d威ical analysis was perfo111led by Dun“■'sm」」ple range te就 .

Results

I"vJ7J…
“

″

The body mass ofthe frogs increased sittdicantly with time follo宙 ng the

itteCtiOn OfAヽぼ reachitt a body mass approximately l.15‐ fold greater than that of the

control frogs Jter 60 min〔 バ0.01)(Fig.3‐ 1).Hydrin l and hythn 2 we‖ equally as

erective as AVT in stimulating the increase in bo(サ masS(Fig.3‐ 1).By 00ntrast,the

control hgs ttecttd With O.65%NaCI sdution did■ ot show any change in bo中 maSS

within the expe五 menl刻l interval.In the contro1 3TOup,the labels for AQP“ h2and AQP‐

h3were observed in the basolateral lnembrane ofthe principal cells in the FRC la.yer

(Fig,3‐2A‐C).In COmparison,when sections hm the AVT‐ ittected■Ogs were l〔島eled

with anti‐ AQP口 h2or and‐ AQP‐h3,these labels were宙 sible in the apical membrane of

the princlpal cells in the FRC layer and thrOughout the entire plasma membrane ofthe

p五ncipal cells undedying the FRC lalyer(Fig.3‐ 2D"F).Similar labeling pattems for
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AQP‐h2and AQPtth3 were obseⅣ ed on sections from the貯山in l口 and hyご H■ 2‐

輔eded h,野 (Fig.3‐ 2G‐ L).

rrc w静O cPF油″爾

The effect ofAVT was to gadllally stimulate the water permeability ofthe

isolated pelvic skins with incretting incubation lmQ by oontrast,the water

permeability ofthe control pel宙 c skins did not increasc(Fig,3‐ 3).Hydrin l and hydrin

2 also were e麟3ctive h increasing the water pel...既 ibility ofthe is01ated pelvic skins,

but at slightly lower levels than those observed for the AVT{reated skins(Fig,3‐ 3).At

the end ofthe expe五 mental pe五 od(30 min),the water perrrleabiliv ofthe AⅦ ‐,hydrin

l‐,and hyd減n2‐treated skins had incttased si騨岨cantly oompared to the contr01『 oup

(PCO,01)(Fig。 3‐4).HoweVer,there was no siruiCant direrence among the AⅦ 中
,

hydFin l‐ and hydrin 2‐treated groups.In each ofthe hi■ oloJcal Se面Ons frOm the

oontrol group,labels for AQP“ h2and AQP口 h3were obseⅣ ed near or in the basolateral

membrane in the FRC layer whereasthe label for AQP“ h3BL,which is expressed

constimtively in the basolateral plasma membrane(Akabane Fノ α√.,2007),was宙 Sible誠

the sal■ e sttes(Fig,3‐ 5A‐C).Inthe AVT“,hydrin l‐ and hiは■2‐treated groups,

however,labels for AQP‐ h2劉d AQP‐h3were intensely宙 sible in the apical plasma

membrane ofthe pHncipal cells in thc FRC layer(Fig,3‐ 5D,E,0,H,J,聡 .Inthe AVT‐

treated grouP,many spot‐ like AQP口 h3‐posive reactions were found in the cytoplasm of     .

the pnncipal cells,and the same intense posiive reaction as described above was also

宙sible thrO理由out the entire plasm membrane ofthe principal cells llnderlying the

FRC la7yer(Fig,3‐ 5D‐F).

Water pemeabiliサ in theコP‐treated pelvic skin specimen increased in a similar

mamerto that obseⅣ ed forthe hydrin‐ treated skin.Atthe 30‐min incub誠 lon polnt,

water pemeability ofthe F‐ treated pelvic skin was signilcantly lower than that of■ e
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IP+AVT‐treated skin(pCO.01)(Fig.34).h tum,When the pelvic skills were

challenged mth PIPP,water pemeabiliサ waS■Ot aslow as that ofthe PP‐ treated and

contral skin『 ig.3‐4).h tum,When the pel宙 c skins were challetted with IP+PP,

wtter pemeability was■ot as hi』L aS that ofthe PIP‐ treated and control skins(Fig。 3‐4).

The water permeability ofthe IP‐ treated pelvic skins was lower than that ofthe AⅥ “

treated skins(FO.01)butthere was■ o signincant drerence in the wattr pemettiliサ

between the AVr口 and the IP+AVT‐ treated skins in telllls ofWater pelll.eability(Fig.

3‐4),The treatnent with PP tt AW induced a mean increase in water pel.1leabilityッ れ

the isolated pelvic sHns but the levels were higher than those obseⅣ ed in the control

group(Fig.3‐ 4).

Similar sumulatory and inhLitory expenments with IP or PP using貯 山in l and

hydrin 2 produced the salne results as those using AⅦ (data nOt shown),

Intense labels were obseⅣ ed in the a.pical membrane ofthe p五 ncipal cells in the

FRC layers when sections ofthe P‐ treated pelvic skins were labeled with anti― AQP‐h2

or anti口 AQP“h3.Similarlabeling was only found in the AVT口 treated skins(Fig.3‐ 5D口 F,

Fig.3‐6A“C)。

Increased water pemeability was■ ot observed in the PP‐ treated and oontrol skins,

which is consistent with the distribution ofAQP口 h2and AQP‐h31abels,which were

visible in the basolateral plasma membrane(Fig.3‐ 6D‐F).In the PP_treated group,

labels for AQP口 拉 and AQP‐h3were宙 sLle in the basol誠 eral plasma membrme ofthe

p五ncipal cells in the FRC layer(Fig.3‐6D‐F),

When the sections ofthe P tt AVr口 treated skins were lJbeled for AQP‐h2,more

intense labds were bllnd h the apicd membrane ofthe ttndpd cdh,Similtt results

were obtained in the IPIAVTttPP‐ treated pel宙c skins(山L nOtshown).

When the sections ofthe PP+AVTetreated group were labeled forAQP"h2and

AQP‐h3,positive lttels were folmd in the a.picJ plasma membrane ofseveral principal
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cells but not all cells in the FRC layer(Fig.3‐ 5D‐F,3‐6M‐0).When a1l ofthe reagents

were used,labels forAQP‐ h3BL were visible in the basolateral plasIIla membrane in the

principal cells(Fig,3‐ 5C,F,I,L and Fig.3‐ 6C,F,I,L,0).

Discusslom

The present study demonstrated that hydrins as well as A｀ぼ stimulate water

perlneability across the ventral pel宙 c skiL加 ソJッθ and j″ νJrra,by translocatio■ of

AQPtth2 and AQP‐ h3hm the cytoplasmic pooltO the a.picJ plasma membmne of

principal cells in the FRC later.This pro∝ 部 ofwttr pe..11“ bility is induced by two

AQPs口 AQP‐h2and AQP‐ h3‐ which translocate tom the cytoplasmic Pool tO the

apicJ plasma membrane ofthe「 nCipal cells in the FRC layer(Tanii ar arJ.,2002:

Hasegawa gノ αJ.,2003),AVT binds to V2 receptorslnd stimulates the fomatiOn of

cyclic AMP and protein kinase A,thereby moving fFOm the cytoplasmic Poollo the

apicJ plasma lnembrane through the phosphorylation ofAQP口 h2and/or AQP‐ h3

protein(HaSegawa gr J.,2005)。 ConCeming hydrin,Acher`rα ′。(Acher gr αJ.,1997)

propose that the primary erect ofAVT atits physlolo學 cal ooncenmtion is antidiuresis

whereas hydrins have a higher arlnity fOr V2 receptors in the skin and bladderin order

to ttimulate rehydrttio■ and the utilization ofbladder water.Our results provide

expeHmentt eviden“ suppo‖ng pa■ ofthis hypothesis by sho宙ng that hydrins havle a

stimulatory crect on water pemeability across the pelvic skin.This is the irst report of

a Stuむ ShOWing a good oorrelttion betwelen hydrin and AQP protein in the ventral

pelvic skin ofthe tree nЮ g,HOweverフ hrther investi騨 Jon is necessaly to elucidate

whether hydrins affect the translocatio■ ofAVT‐飩imulated AQP,AQP‐ h2K in the

kidney(OguShi gノ 訂 .,2007).We alSO fOund that IP,aβ 口reCeptor agonist and AVr have

equal eFects on water permeabiltty,加 ッJrr●.This inding is consistent u咸 th加 ッルθ

studies on the hydrated toads,」 1ル rθ♂Jr2JJ,dehydrated toads,3aル

“

ル,and hydrated
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spadefoot toad,SctthJΨ 2JF rθ 3JrlJ(Hillyard,197乳 Yokota and Hillman,198t Viborg

and RosdHlde,2004).

IP stimulates the increase in the synthesis ofcyclic AMPッ liF β_reCeptor(De

Sollsa and Orosso,1982).ThiS prOcess is identicalto the actiOn ofAVr in terms Of

stimulation ofthe fomation ofcyclic M.we were able to shOw here thtIP induces

the憮η雌slocation ofAQPtth2 and AQP‐ h3proteins hm the cytoplasmic pooltO the

apicd plasma membrane,thereby increasing water pemeability.This observation

conf1111ls earlier ttndings using freeze fracture techiques that showed IP stimulating the

movement ofthe intrmembrane particle aggregates ttrOWn frα ′.,1983).HoweVer,our

experiments provide new insl山 t tO thiS ield in ttlms ofelucidating the molecular

mechanisms underlying the water■ ow across the pelvic skin ofthe tree ibg by

identittingthe AQP moleCules as AQPrh2 and AQP‐ h3.The combined application of

IP+AVT increased water peme働 1lity tO levels not signiicantly direrent from AVT

alone.Hillyard(Hillyard,1979)did lnd an ddidve crect ofIP and AVT as did De

Sousa and GrossO(De Sousa and Grosso,1982)輌 th iS01ated skin,It is possible that

there is a maximllln level ofwater pemelability Jven that the produc」 on ofcyclic AMP

is considered to“ ach a platelau.In comp証son,water pel1lleabiliサ did■Ot increase in

thc PIP(β‐reCeptor antagonist)‐treated pelvic skins or in the control skin to nearly the

same deg"e,■ Hch is consistent with there being no evidence oftnttslocation ofAQP‐

h2and AQP‐ h3proteins to the apical plasma membr櫛 .This rlnding Sugl姿sts that

AQP protein plays an impomnt role in facilitatingthe pe....eation ofwater across te

ventral pelvic skl■ by mediationソliathe ppreceptoro We observed JItt the erect ofAⅦ

was inhibiれd when the pel宙 c skins were treated with PP tt AVT combined.This

inhibi■ om may be depen“ nt upon the physioloJcal Status Ofthe p」 ncipal cells in the

FRC layer as ourilnmlmo■llrorescence studies indicated the presence oftwo cel1 7peS:

the apical plasma membrane of30me Cells in the FRC layer is labelcd while others are
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■ot,suglttsting two cellular oompartments that could be"t市 ated independently.In this

context,De Sousa and Orosso demonstrated thatthe β‐adrenergic resptonse appears to

be independent ofAVT cDe Sousa and Orosso,1982).■ is impomnttO note that one of

several β"adrenergic actions is the induction of■ ot only transloca五 oll ofAQP inthe

apical membrane ofthe p五 ncipal cells but also vascular pera■ 3ion in the connective

tissuc ullderlying the epidemis(VibOrg and IEllyard,20051 Willllmsen gr J.,2007).

Both acuons stimulate the absorttOn OfWater from the pelvic skin,

h conclusion,ollr data demonstrate that AVT,hydrins and β‐adrenergic agents

stimulate雨ヽ r permeめ ilttyソlia a common mechanism ofAQP inse■ iOn into the apical

membrane Ofthe p■ ncipal cells in the FRC llvers.The issuo ofwhether V2 receptor

and β“adrenergic receptor may act independently or in direrent principal cells in the

FRC layers remains allimportant question.
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Fig' 3-1. Time course of water permeability across the ventral pelvic
skin rn vivo following challenge with arginine vasotocin (AVT),
hydrin I and hydrin 2. The body mass of these frogs challenged with
each the hormone increases significantly with the time. At sixty
minutes there are significant difference between control group and
hormone-treated groups (p<0.01) but not among the hormone-freated
groups.
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Fig. 3.2. Fluorescence images ofthe pelvic skin rn vrvo experiment. The labels for Aep-M (red)
and AQP-h3 (green) are observed in the basolateral plasma membrane in the principal cells in the
contol group (A-c). In the arginine vasotocin (AVT) (D-F)-, hydrin 1 (cJ)-, and hydrin 2 (J-L)-
heated groups, labels for AQP-h2 (red) and Aep-h3 (green) are visibre in the apicai plasma
membrane in the principle cells in the first reacting cell layers ofthe pelvic skin. c, F, I and L are
the corresponding Nomarski differential interference irnages. Arrows and white arrowheads
indicate basolateral and apical plasma membrane, respectively. Asterisk: non-specific label. open
arrowheads: comified layer. Nucleus: blue color. Scale bar. | 0 um.
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Fig. 3-3. Time course of water permeability across the isolated ventral
pelvic skin in vitro after challenged with arginine vasotocin (AVT), hydrin
I, hydrin 2 and isoprpterenol (IP). The amount of water in the chamber on
the serosal side increased significantly with time following the addition of
the hormones. rp<0.01 vs control.
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Fig. 3-4. Comparison ofwater permeabili$' rn vira experiment at the final incubation
time (thirty minutes) among the arginine vasotocin (AVT)-. hydrin t-, hydrin 2_.
isoprotemol (IP)-, propranolol (pp)-, Ip+pp-, IP+AVT-, tp+AVT+pp_ and pp+4y1-
groups. AVT, hydrin l, hydrin 2 and Ip significantly increased water permeability
when compared with the control (p<0.01). By oontrast, there is no significant difference
among the PP-, IP+Pp-6"u1"6 skins and the control skins. The Ip+AVT and the
IP+Ay11pp o"",ments resulted in a strong increase of water permeability, similar to
AvT-treatment. However, the PP+AVT treatment significantly decreasesed
significantly water permeability when compared with the AVT group but water
permeability was high than that ofthe control skins. The number ofindividuals used in
each group is indicated in parentheses. +p<0.01 ver. control.
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Fig.3-5. !luorescence images ofthe pelvic skin in the in vrlro cxperiment. In the control
skins, the labels lor AQP-h2 (red) (A) and Aep-h3 (green) (ts) are obserbed in the
basolateral plasma membrane in the principal cells. In the arginine vasotocin (AVT)-,
hydrin l-, and hydrin2+reated skins, labels for Aep-h2 (D, G and J) and Aep_h3 (E, H
and K) are visible in the apical plasma membrane (white arrows) in the principal cells in
the first-reacting cell (t'RC) layers ofthe pelvic skin. Aep-h3BL is conititutively
expressed in the basolateral membrane in all the groups (C, F. I and L). Insets in A, B, D,
Il, G, H. J and K show higher magnificantion ofcach ofthe figure. Open anow_heads:
cornified layer. Nucleus: blue color. Scale bars. l0um.
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Fig. 3-6' Fluorcscence images of the pelvic skin ,x vllro experiment. In the isoproterenol (ll))-
treatcd skins, labels ibr AQP-h2 (red) (A) and Aep-h3 (grcen) (B) are visiblc in the apical
plasma membranc. ln the propranolol (PP)- and lp+pp 1."u1.6 rO'ns, the labels for Aep-h2 )
and G) and AQP-h3 (E and H) are observcd in the basolateral plasma membranc in the
principal cells. ln the lP rarginine vasotocin (AVT)-trcated skins, labels for Aep-h2 (J) and
AQP-h3 (K) are visible in the apical plasma membrane in the principal cells in thc firs!
reacting cell (FRC) layers ofthe pelvic skin. In the pp+Ay 1-q..or"O skins, labels for AOp-h2
(M) and AQP-h3 (N) are obscrbed differentially among the principal cells; one label is in the
apical plasma membranc in all ofthe groups (c, F, I- L and e). Anows and white arrorvheads
indicate the bas.lateral and apical plasma membranc, respectivell,.. Insets in A, B, D, E. G. H. J,
K, M and N shows highcr magnification ofcach ofthe ligurcs. Open arowheads: comified
layer. Nucleus: blue color. Scalc bars. l0um.
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Chaptor 4

Water Adaptation Strategy in Anuran Amphibians:Molecular Diversity of

Aquaporin

Abstract

Most adult anwm amphibims except forthe aquatic species absorb water across

the ventral pe市 ic skin md reabsorb it from urine in the lrlnaw bladder.Many

terrestrial乏 耐 奮boreal species use a region in the poste五 or or pelvic reぎ on ofthe

ventral skin that is specialized for rapid rehydration hm shallow water sources or

moist substrates.Pe五 ods ofterresttial activity can be prolonged by reabsorption of

dilute urine■ om the urinary bladder.Aqua2po五 n(AQP),a Water cttel prOtein,plays

a fundamental role in these water absorption/reabsorption processes,which雄

regulated by antidiuretic hollllone.Characte五zation ofAQPs frOm vanous anuttms

revealed that the unique water homeostasis is basically IIlediated by two types of

mw田 ‐speciflc AQPs,J.θ.Ventral pel宙 c skin田J urinary bladderl明 ド ,reSpect市ely.

The bldderntype AQP is hrther expressed in the pel宙 csH■ ofterrestrial and arboreal

species,together宙ththe pelvic skinetype AQP.In COntrast,the pel宙 c skin‐type AQP

(AQP"x3)ofthe aquaticル″ψtt has lostthe ttiltt oferlcient prottin production,

The extra C‐tenninaltdlin AQP‐ x3oonsisting of33 nucleotides within the coding

reJOn appears to pmicipate h the posttransc五ptiond regulatio■ ofAQP‐x3gene

expression by attenualng protein expresslo■ .The posidve transcriptional regulation of

bladder‐ type AQP in the pelvic skin and negative posttranscriptional regulttion of

pelvic skintpe AQP proVide ne対 biliw in the water rettlation mechanisms,which

might hⅣe con面buted to the evolutionary ad叩 ねtion ofmuransto a宙 de variety of

water envirorunents.
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Introduction

Anllran arlphibians are widely distributed throughout the world and have

successmw adttted to a wide mnge ofhabitats(Hillman gr αJ.,200乳 Pou,2007).

These include totally aqudc species such as χし
“
り鮒 Jacνむ,semiaqⅢIc species such

as Rαttα catesbθjα″α,R認
`『

θmaCZJJara,and R Jigpa“ j“ that are ttnerally found near

perlnanent wattr sources,and more terrestrial species such as」 ヴ♭Jψθ″lirtt andむla

ゴ甲仰J“ that have expanded their habitats to vawing degree to include〔herland.Both

semlaquatic and terest五 al species are sttectedtO evarporative water loss“ mss their

thin skin when foragitt away from the water(Lyllywhite,2006)and圏 ヽ山Veloped

osmoregulatory systems for maintai五 ng wttr balance,One ofthese is that most aduh

anwms tt not drink waterthrough their mOuthi rather,they absorb water“ ross their

skin,primanly on the ventral pel宙 c sulttEe because the dbrsal skin is relatively

impermeable to water ttentley`′ αJ,,197乳 Bentley gr J.,1979).Th0 0SmOtic

pelllleι ttili7 ofthe pelvic skin can be greatly stimulated by the amphibittl antidiureuc

honnone arginine vasotocin(AVT:the nonm― alian vertebrate counterpalt of

vasopressin)(Bentley cr αJ.,1972:Bentley`ご J.,1979:Bentley,2002)and a110WS for

re町む試lon ihm sha1low puddles or moist substrates,As wnth absorption across the

skin,reabsorption from the blttber and renal tubules is stimulattd by AVr.These

responses have collectively been termed the water bal… e response Or antidiuretic

response(Bentley″ J.,2002;Heller θ′αJり 1979).More recently,water pellllcabiliサ

ofcell membranes has been shown to be mediated by aquapo」 ns(AQPs)cPreston gr J.,

1992).AQPs are a class ofintegral membrane proteins that f011.l seLctive water

chamels(pores)in the plaslna membmne ofvarlous cel13 0fOrganisms(ZardOya,2005).

In mallmals,the AQP family consists of 13 direrent members(AQPO― AQP12)

(IShibashi gr αJ.,2000:Takata gr J.,2004)。 WehaVe recently identiied three dstinct
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types ofAVT‐stimulated AQPs in the tree ttЮ g,〃:ノqρθ″J“:AQP‐h2in both the

urinary bladder and ventral pelvic skin,AQP“ h3in the pel宙 c skin,and AQPtth2K in the

kidney(Hasegawa gr αム,2003;Tami′r αJ,2003:Ogushi gr α′.,2007).TranSepithelial

water transpo■ in the tree■og seemsto be regulatedthroutt the acdons ofthese

apically expressed AQPs inCOncert witha founh AQP,AQP‐ h3BL,which is expressed

in the basolateral plasma membrane ofthe epithelid cells(Akabane θ′J.,2007).

Phylogenetic analyses ofAQP proteins hm mwans andimmmls have deined 12

olusters ofmuran AQP:10 00nventional types corresponding to mamlnalian

AQPO―AQP5肛d AQP7-AQP10 and加「O anuran‐speciflc types desi『lattd as al and

a2(the letteF a represents anuran)(Ogush`′ αJ.,2007:Sllzuki`ご αJ。 ,2009).The clutter

oftype a2 includes AQP‐ h2and AQP‐ h3fromニ メψθ認加 (Hasegawa grこ ,2003:

Ttti cr αJり 2002)andAQP‐t2(AF02622)and AQP■3(AF020622)fromユ HarJ"郎 .

In contrast,AQPtth2K and AQP HC‐ 2,which have been isolated from the kidney of」 ほ

ノ甲側 f“ and l cカリァoJ“Jお,and mammalian AQP2 belong to the句 幣 2●luster,

suggestingthat both AQP口 h2K tt AQPHC‐2 are anuran o■ hologs of

vasopressin‐stimulated maFnmalian AQP2(Ogushi gr αl,2007:Zimlnellllan θJ αJ.,

2007).WecOnducted ths study to elucidate whether and,ifso,howAQPs haVe

contributed to anuran adaptation to vanolls water envirOllments.

Materials and Methods

五畑レ

“
お

Sexually mame ttJψθttliC4ユ J`ψθ認た剛,■
`α

JgJみθjα

“
α
"R ttlligFa‖

αCtrJara,■

■亭りrゴ

“
,andXル gνおofboth sexes were pllrchased from a comIIlercial dealer(OuChi,

Sdtama,Japan)`The ventral pel宙c skins werc removed undcr anesthesia(MS222;

N“alai ttsquc,Kyoto,Japan)and then processed for cDNA cloning ofthe pelvic

skin‐type AQP,We desittated the AQPs as AQP可 3)AQP‐耐 ,AQP‐rc3,AQP‐町3,
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and AQP‐x3,respectively.Similarly,va五〇us tissues(the Ventral pelvic skin,dorsal skin,

lrlnary bladder,kidney,stomach,small and large intestines,lung,heart,skeletal l■ uscle,

and brain)were removed for ttalysis by RT‐PCR,All animal experiments were camed

outin compliance wlth ie Guide for Care and Use ofLaboratory Animals ofShizl10ka

University,

働 鵬 ″‖
`力“

J確 ′VFrrrraJFFblilF Jル れ d即劇 騰 ra響

Total RNA was prepared from O.5 3 0fthe pe市 ic skin from Rゴ 4Pθガ
“

andχ

接 ッお,with THzol RNA enactiOn reagent(hvitrOgen,Tokyo,Japanl,and ptolyf■ o+

RNA wasisolated from the total RNA using oligo‐ deoxythttidine(dT)‐CO誠ed latex

beads(01igOtex_dT30 Superi Takara,Kyoto,Japa■ l accoFdingto the lnanufacturer's

instructions.矩IAP DNAlbraries were consmcted as previously described by Tanii gr

αl(Tan五 gr J.,2002).

01む。
““

rrFa″ルノ"wrsル
r“

`PCI 
α
“
蒔曲

Degenerate primers forthe oHJnal ampliication ofanunll AQP hJnents were

designed based on the amino acid sequences around the h〃 o cOnserved NPA

(aSparagine‐prolinealmine)boxeS Ofthe mttor intrinsic protein(MIP)family AQPs

(Agre Fr αJ.,1995).All primers were commercially synthesized(OperOn

Biotechnologies,Tokyo,Ja・pall)aS ShOwn in supplemental Table Sl(publiShed as

supplementlttLtt On The EndocHne Soci中 's JOlrnals Online web sit at

http://endo.endttournals.org).

RrePcR 4硼 raJb″ α
“
ご∫

`響“

rFarg α「E“JyJJJ

The skin l"lycA)+RNA(0.5μ 』was reverse transcゴbed using Molo肛γ murine

leukemia宙rLIS CM―MLV)reverse ttmsc五 ptase(hvitrOgen)according to the
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manufacturer's instmctions,and partial sq鵬 nces ofeach ttnwm cDNA were

ampliied by PCR宙 th the primers(supplemental Table Sl),aS desc」bed by Tanii gr d

(Tanii`ご ノ.,2002),Amplifled fragttents were subcloned into p10EM"3Z vectors

eromega,Mattson,Ⅷ )and Sequenced using an Aloka DNA sequencitt system

lmodel Lic‐ 4200L(S):Aloka,Japanl.

JrrgF4Jagげ働′凛
“““

″s彙:nd卵

“

凛braッ

ト             A DNA probe,obtalned ttЮ m the irst PCR product,was synthesized using a

)        digo対
鮮面n High Prime kit(■Oche MOlecular BiochemLals,Meylan,France)and uSed

r          to screen the pelvic skin cDNA library,as pre宙 ously desc五bed(Tanii θ″α′.,2002),

Oligonucleotide designfor rapid ampffication of cDNA ends (RACE) technique

The sense primer and antisense primer used for sloning AQP-ffi3, AQP-rc3, and

AQP-bj3 are given in supplemental Table 51.

‐|ト

1

ト}

CJa″力ばo/講gPαttar‐ル叩 1酬

The ventral pel宙 c skills were used for totalRNApreparation.PCR was perfolllled

using p亘 mers l and 4(supplemental Table Sl),as deSCribed pre宙 ously(OguShi gr αJ.,

2007).The PCR products were punied attr ttl electrophoresis and sequenced llsing

the Aloka DNA sequencer.

JLα4JJ Ⅷ CF

The RACE technique was used to obtain the full‐ length AQPm3,AQParc3,and

AQP‐可3 sequences.For 39‐RACE,isolatcd Polズ Aメ Ⅲ A was primed with oll紳 ‐dT

19 daptor pHmer(supplemental Table Sl)and reverse transcHbed using M‐ M‐LV

reverse廿鑢scdpttte(InVitrOgen).Al‐ μl aliquot ofthe RT product was then PCR
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ampliied with p五 mer2 andthe mptor pnmer(supplemental Table Sl);subSequent

錮Ψliicttion was perfolllled using pnmer 3 md ie adaptor pnmer(supplemental

Table Sl),AI■ er dewttradon滋 95 C for5 min,PCR 32mpliflcation prottm consisted

offlve cyoles of60 sec at 94 C,60 sec at60 C,and 90 sec at 72 Ci flve cycles of60 sec

at94 C,60 sec威 58C,and 90 sec at 72 Ci flve cycles of60 sec at 94 C,60 sec at56 C,

and 90 sec at 72 Ci and 15 cycles of60 sec at 94 C,60 sec at 55 C,and 90 sec at 72 C.

The olttned clone was sequenced tt described in the峰 離,For 5'‐RACE,polズAメ

RNAwas primed with primer 4(supplemental Table Sl)and reVerse transc五 bed using

the M‐ MLVreverse ttansc五pta碑 (hVitroge→ ,ThiS flrst s廿盤だofcDNA was purlfled       l

宙th the QIA Quick PCR puriication kit(QIAGEN,Hilden,Gellllany),and a poly(A)

面 l was synthesized tt thc 3'termhus oftecDNAwi■ lmMdATP ttd O.8U/20口      |

韓rlninal dooxynucleotittl transferase(ToyobO,OSaka,Japanl.Attr the resultant

cDNA was puriied once again using the same kれ ,thesecondcDNAwassynthesized     l

with Ex ttf polymerase(1.25U/50 μl)and 01igo‐dT(19)adaptor primer

(Supplemental Table sl)sequentially for 5 min at 93 C,90 sec威 42C,and 3 min at72

C.Al‐口 aliquOt ofsecond‐strand cDNA wtt then ttnplifled by PCR宙 th primeF S and

the adaptor prllner(supplemental Table Sl).ThiS product was then amplifled by PCR

with the primer 6 and the adaptor pnmer(supplemental Table Sl).These PCR

a.mpliications were camed out llnder conditions identical to those desoribed for the

3'‐RACE口PCR.The obtained sequences are described in the text.                      |

■ raFCR J/“ Ⅲ ‖

“

備 躙 FF

The tissuc expression ofventral‐ type AQP mRNA in each anuran was analyzed

by RT‐ PCR.Trizol reagent was used to prepare total RNA量 om variolls tissues of

anmm species,Total RNA(20 μg)waS irst treated with dooxyribonuclease l c4 U:

Takaral,ater which a 10‐μg aliquot ofthe total RNA product us reverse transcribed

卜　　　一７　　　叫　　　，　　　　７　　　】ヽ
　　　マ

76



with M‐MLV reverse■■nsc五ptase(Invitrogen)誠 37 C for l h andthen説 70 C for30

min.The RTICR analysis was peribl...ed basically by the same method desc」 bed

由ove,using the homologous prlmers P3(sense)and P4(antiSense)(supplemental

Table Sl)lJ4ル油″
`め

.The R■lCR products were amlyzed on a 2%agarose gel

containing ethidium bromide(0.5 μl算nl).

J″曲oJJFJ

An oligopettde corresponding to the amino acids 241‐ 255

(ST中 186:NYDPEYEGEREEHRK)ofthe鷺 認甲 ZJJ AQP‐x3protein,with an

alnino口 temlinal cysteine,was synthesized as described pre宙 ously(Ogushi`ごα′.,2007).

The mubOdy Was raised in a rabbit with the ST岬 186 peptide coupLd to keyhole limpet

hemocyanin.Similarly,the C■erminal(研 )regiOns OfAQP‐ rc3(ST‐ 188,mino acids

260‐273:LNSLNNYSKNMEKA)and AQP可 3(ST‐ 157,alnino“ids 260‐ 273:

LNSLNNYSKNMDKA)were Synthesized as antigen peptides.The rabbit anti‐ryJJ

AQP‐h2serum(ST‐ 140)had been generattd and characteHzed pre宙 ollsly(HSegawa gr

α′.,2003).To由れCt AQP‐可3 protein,we were able tO use rabbit anti=Jシ ね AQP‐h3

(ST口 141:Tanii gr″ 。,2002)becauSe 13 in 17 amino acid residues in the CT sequence of

ryJJ AQP‐ h3protein used as the antigen are identical to that ofユ ゴ甲0″た需,For a

similar retton,we used rabbi卜 anti口AQP‐rc3 to detect AQP‐ m3protein.

rr歳 ″′

To obtain mutated」 ル4oPtt AQP‐x3,we consmcted twO kind3 0freVerse primers

contai面ng mumted sれ s(supplemental Table Sl)and a fOward primer bearing tt」

(Takaral and Koztt sequences.We then perforlned the PCR andysis perfomed using

the AQP‐x3cDNA as the tmplate,described above.The alnplifed AQP‐ x3frattents

were dittsted with SαrI,purifled fmherfbm the agarose gel using the Ultra Clean
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DNA purirlcation kittMOBIO LaboratoHes,3olana Bcach,CA),and inserted into a

pGEM‐ 5Z vector with 3'日terminus ofAQP“ x3,which was produced by digetting the

pGEM‐ 5Z vector(PrOmegal bearing the Lll‐ length AQP‐x3oDNA with ttcland

∬j″dⅡ.In the chime五c constmct encoditt AQP‐ h2K‐AQP囃3CT,the AQP‐x3CT tail

sequence was d“ d to the C te.lllinus ofAQP‐ h2K.To generate this chimera,we

digetted AQP‐ x3cDNA/pGEM中 5Z with盟)d mdttθI,puntted the pGEM‐5Z vector

be轟ng the C te.11linus ofAQP‐x3with the gel,and stored the latter at‐ 23 C until use.

To obtain the insert DNA(AQPttK),we perf01.1led a PCR劉 劇ysis using a forward

primer witha Kozak sequence and5ル I reCOgnition sequence in the start codon and a

reverse primer withthe stop oodon ofAQP"h2K replaced宙 thttαl recognition

sequencc(supplemental TttL Sl).The PcR product was digested宙 ■X,d andttFI

by the same method described above and ligated to the pOEM‐ 5Z vector bearing the C

teminus ofAQP‐ x3with a Mighty Mix ligation kit(Taktta),

伽 脚 rた warFrPr月留 αルJ″ッ J/00ryrgF

The hlllength ofetth ventral pelvic skin‐ type AQP was prOduced by RT‐PCR

using a pelvic skin‐ type AQPttspeciic p五mer with the Kozak sequence(supplemental

Table Sl)and the pelvic skin‐type AQP‐ speCi■C pHmer宙th polズA)25(supplemental

Table Sl),The prOduct ofthe PCR amplittation was cloned into the pGEM‐ 5Z vector.

dttNAs were prepared from linearized pGE卜 1‐5Z vectors cOnttning the entire open

reading frame ofthe pelvicatype AQP by transc五ption and capping mth SP6RNA

polymerasc(mCAP RNA ca.pping kiti Stttgene,La Jolla,CA)。 Stage v and Ⅵ

ル4ΨzJJ oooytes were defolliculated by oollagenase(lmゴ ml:Roche Molocular

Biochemicds),miCrOtteCted with eithercRNAs(50 ntt or Water,and incubated for 3 d

in B額■'s burer威 18C,証ter■hch they were transfe■ 1.d from 200 to

70mOsmBI■ 's bufLri The osmOtically elicittd increasc in volume was monitored at
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24 C underan 01脚pus BX50 microscOpe with a x4 magnitting O可 ectiVe lens and a

CCD camera conllected to a colnputer,The coefrlcient ofosmotic water pemeabiliサ

的 I WaS Calculated from the in■ ial slope ofololcyte SWelling according to accepLd

methodology(Ftthimi et al.,1993:Zhang et al.,1990).In SOme experiments,AQP

cRNA‐itteCted Oocytes were incubated with 50 mM forskolin(FSK)(Sittna_Aldrich,

Tokyo,Japana)or O.3 mM HgC12fOr10 min.To oonirm whetherthe pelvic skin‐ type

AQP protein wtt expressed inχ し″Ψ岬 ooCytes a■er the itteCtiOn ofthe cRNA,we

evaluated AQP cNA‐ itteCted Or water itteCted Oooytes by Westem blot analysis and

iIIIntlnohistochemistry as described below,

FaJrFra lJJ″ αttα懸曲

The pelvic skin including the thiまs and urinaFy bldder frOm Iノ ψθガCα ,3.

ノ彎
'04fθ

ttS,R.ノ響,θ

“

j6α,R″Jgra‖αβノα″,■ 6α訥らθttα,andりri鰤ぉwere

homogenized in celllysis bFer[50 mM Tris‐ Hcl(pH 8.0),0.15 M NaCI,1%THton

X‐ 100,0,l mg/ml phenylmethylsulfonyl■ uo五de,and l μ37/mla/protininl and

centrifurd at 16,000xg in a microcentringe for lo min to remove insoluble mate五 ds.

hR認 Iぎo‖αθ3JJaFJ,we treated the cxtract from the cRNA"inJected oocytes at 37 C

with peptide‐ ⅣLgly00sidase F(Ddichi Pure Chemicals,Tokyo,Japan)before

SDS‐PAGE and Westem blotto remove the sugar chain.The protein(10μ tt Was

denatured at 70C for 10 1nin in denaturation burer。 。mprising 3%sodium dodecyl

sulfate,70mM T五 s(pH 6.3),11.2%glycerol,5%2‐ mercaptoethanol,and O.01%

bromophenol bluc,sltteded to electropho■ sis on a 120/O polyacrylalnide gel,鋤 d tten

廿岨 sferred to an lmmobilon口 P membrm (Millipore,Tokyo,Ja.pan).The proteins on

the membralle were reacted sequentially with rabbit anti_AQP‐ h2(ST‐ 140),rabbit

allti‐ AQP‐h3(ST“ 141),rabbit anti“ AQP‐rc3(ST‐ 188),rabbtt antinAQP暉 ゴ3(ST‐ 157),or

rabbtt anti■QP‐x3(ST‐ 186)selum,biOtinylated goat肛 ld轟bbit lgG(JackSOn
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血 unoRescarch,West Orove,PA),and Strett■ din‐cottugated horseradish

peroxidase rDako Ja/paL CO.,Ltd.,Kyoto,Japan).The re“ IOn products on the

membrane were宙 sualized using an ECL Westem blot detection k■ (Amersham

Phttmacia Biotech,BuckinまamShire,UK).To check the s「 ciflcity ofthe

immunOreaction,we perfomed an absorption test by preincubating anti‐ AQP antib山

宙 th the antigen peptide(10 μttml),Similarly,the anuran cRNA‐ 珂ected OrAQP‐x3

and its mutant ttNA‐珂 ected 000ytes were analyzed by the sttne method desc五 bed

above.

J― ■●/1θrFFCFarg JttJ‖ :,暉

恥 oooytes were ixed ove血 ght at 4 C in periottblysine parafomaldehyde

ixative,dehydrated,and embedded in Paraplast.Thin(4 μm)seC■Ons were cut and

mounted on gelatincoated slides,deparaffinized,and rinsed wlth distilled water and

PBS.For single labeling ofthe respective pelvic ski■ ‐
t班Ю AQP proteins,

immunO■ uorescence stalning was perfomed essentially as described previously

(0騨Sh`′ αJ.,2007),The Sections were sequentially incubated with l%BSA‐ PBS,

primary antisenlm[rabbtt ant卜 AQP‐h3serlun,rabbit anti‐AQP―可3(1:2000),rabbit

anti“AQPィc3(1:3000),Or rabbit anti‐ AQP‐x3serum(1:2000)],and cy3‐ labeled

attnity‐ purtid dOnkey antirabbtt lgG(1:400:Jackson IIⅢ ntmoresearchl.For nuclear

oounterstaining,4',6‐ diamidino‐ 2‐phenylindole was included in the secondaw

antibody solution,The secuons were ittlly washed with PBS and then mounted in

PemalFluor(Immunon,Pittsburgh,PA).The Speciflcity ofthe imlllmosLining was

checked using an absorptiOn test by preincub轟 ng the anti"AQP‐ x3or anti‐ AQP"rc3

antisertun with the oorresponding antigen peptide(101増 価1).SpeCimens wtte

examined with an 01ympus BX61 microscope equippted宙 tha BX‐ epittuorescence

amchment(olppus optical,TO時 o,Japan),

80



JFaJむ Jヒ■′α
“
αbsts

smtistical analyses for the P/valueS Were perfomed by using Ekuseru‐ TOukei

2008 sottare(SoCial sllrvey Research lnfo.11.威 iOn Coり TOkyo,Japan).The ttta were

compared by the Steeltest anerthe Kmskal"Wallis test.

Results and lDiscussion

ln a set ofmolecultt cloning expenments,we successfully identitted primary

snctwe OfAQP‐ h3homologs in the ventral pelvic skin ofall the species examined:

AQP"可 3 fromユ J`ψ鋼 Jε3JS,AQP‐rc3 from R“たJレ Jα″α,AQP‐m3量)m■

″堪
「

り開 θ
“

Jα滋,AQP“J3from■ ゴ甲 0″J“,and AQP‐x3from Xル
`ッ

お(Fig.4‐ l A and

supplemental Figs,Sl― S5).The putat市 e preclrsors ofthe AQP口 h3homologs were

identifled as 29,1‐ to 29.4‐ kDa proteins composed of271 or 273 amino acids,except

for AQP‐x3ofXね
`ソ

lis(30.8 Da with 233 residues),The cOmmon feames Ofthe

AVT‐ stimulated AQPs a.ppeared to be conserved in a1l ofthese AQP‐ h3homologs in

that all h耐 1)a single protein kinasc A phosphorylation site at Ser-255 or‐ 257,2)six

transmembrane regions with both the N and C tellllinus located in the cytoplasm,

oonsistent with other members ofthe m可 or intrinsic prOtein(MIP)family,3)one or

two」碑glycosylation sites,and 4)two cOnseⅣed PA motifs as well as 5)a

mercttsensitivecysteineresiduejustupstreamofthesecondⅢ PAmotif hddition,

RT‐PCR revealed that AQP"h3homologous ttA was predominantly expressed in

the ventral pelvic skin in dl ofthe mwm species exaIIlined(Fig.4-lB).Based on these

results,we designated the AQP‐ h3homo10g as the pelvic shn‐ type AQP.h the

Westem blot analyses using extracts ofnat市 e ventral pel宙cskin lЮm iゴ甲0″j“,ユ

メ年
'θ

たた ZJS,R caFesbθ iαna,R″ Jgra″αεttlata,額 」 Rメιψ θ″たα,We detected a maJor

band at appro対 mately 29 kDa,which oorresponds to the molecultt masses estimated
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from the predicted aminO acid sequences ofthe pelvic shn― mle AQPs,In the westem

blot analysis llsing anti‐ AQP‐x3antibody:howevet■ o bands were detected in the

extract ofnative ventral pelvic skin inXね θソlis(Fig,4-2).Using Westem blot analysis

with antin「yJa AQP‐h2antibody(ST‐ 140),we next detemined whetherthe AQP‐ h2

homolog is expressed in anuran species occupying direrent habitats.An examination

ofthe imlnlmos面 ning ofextracts ofthe urintt bladder ofIル Pθttj“,ユ ゴ暉
'θ

″JC雷,■

“
た∫みθttηα,■ ″

`grθ

ttαθ2JJaた,劉dχ ルgνおrevealed si3■als on a band at

approxilnately 30 kDa and on smea口 /bands between 35 and 90 kDa in each species

(Fig.3-3A,lane l).The AQP‐ h2‐immllnoreacuve 30‐ kDa protein was also detected in

the pelvic skin ofthe terrestdal a■ψθ″た鮒 and arboreal鳳 ノιψθttJCa but■ot in the

semia.quatic勲 ‖α Or the aquatic Xね θッお(Fig.3‐3A,lane 2).No posittt band was

detectable in the dorsd skin ofany ofthe species andyzed(Fig.3‐3A,lane 3).All of

the immllnoreactive si〔 興■s except for the nOnspeciflc ones disappeared when the

anti‐AQP‐h2was p‖ incubtted with the correspondng andgen pepti“

『

ig,4-3B,lane

l).The smea.ry bands with a hま er mOlecular weittt a・ ppeared to corespond to the

glyoosylated fornl ofthese AQPs,the presence ofwhich has been reported in several

tissues ofIゴ甲04J`α (HaSegawa gr α′.,2003:T肛」ig′ J.,2002:Ogushi θノα′.,2007:

Akttme θ′α′.,2007).No positive band was detectable in the protein enact Ofthe

urinarry bladder ofRメιPθ″J6α Wlth anti‐ AQP口h2(Fig.4‐3A,lane l).ThiS may be

attributed to a direrence in amino acid sequence ofthe CT portion ofthe u五 naly

bladder‐ type AQP betWeenflノΨ θ″iCaand fエ ゴリ θ認ゴεα,because anti‐AQP"h2帥 ubody

was ralsed烈婆instthe 14 CT amino acids ofAQP‐ h2(Hasegawa gF J.,2003).Based On

these results,we postulatedthatthe AQP口 h2homolog is the urina77 bladde卜type AQP,

which is alsO expressed in the pelvic skin ofterreslnal and arbOreal anurans but notin

that ofaquatic and semiaquntic ones,The acquisi■ on ofa gene regulatory system th誼

directs the expression ofbo血 bladder― type AQP and pel宙c skin‐type AQP in the
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ventral pelvic skin is likely to provide terrestrial allllrans wlth the molecular mecmsm

for eFlcient water absorption,loding to rapid rehydration k)m limited water sources

and allows greater exploimtiOn Ofterrestnal habitats.h oontrast,the skin ofthe aquatic

clawed frog,Xル θッお,has a much lower water pe..1lo由 ility that reduces excessive

entry ofwttrinto the body and is■ ot stimulated by AⅦ (Bentley et al.,1972:

Bentley,1966).How Can aquttic mwtts,duce the watr pemeability oftheir ventral

skin whle expressing the ventral skin― tpe AQP‐ x3?This was investigated with

fmctional expression analysis ofthe pel宙 c skin‐ type AQP proteins by itteCting their

cRNAs into“池″aPzJJ ooOyteS.The membrme pelllleability印 ,∴
`.V01Wrle increase

rate,ofthe AQP4ゴ 3中,AQP口rc3‐,AQP‐m3‐,and AQPロゴ3‐童可ected 00cytes was

approximately 2.7ち 3.6‐ ,3.2‐,and 3.9‐ fold hiまer than that ofthe water‐珂ected

oooytes,respect市ely(SupplementJ Figs,S← S9,C and D).ThiS ttiicidly ttimulated

water pelllleaЫ lity was signiflcantly inhibtted by O.3mM H∫ 12ぜ)<0,0101P<0.001)。

These results show thatthe pelvic ttin‐ type AQPs in the terrestrial and semiaquatic

species were fb田嘔tionally expressed in the oocytes and also indicate the respeclve

potency ofthese AQPs in Stimulating water pe.11leation.Fltthe.11lore,Westem blot

狙 lysis detected a single maJor 29‐kDa band and smealy bandslargerthan 31 kDa in

the oooytes ittected with the direrent Jふ 「As(supplemental Figs.S(卜S9,A).This

inding was coni...led by immunO■ llorescence studies,in which an intense

immwlopositive reaction was observed in the plasma membrane ofthe oocytes

(Supplemental Figs,S(卜S9,B).On the Other hand,native AQP‐ x3cRNA,when

itteCted intoル″oPIJJ oOCytes,failed to induce eimer detectable AQPttx3 protein

expression(Fig,4‐ 4A)or a change in the P/(Fig.4‐ 4C).lmmllnO■ uorescence stai面ng

oorroborated that■o irⅢnlmopositivc subsinces are visible in the AQP口 x3

cRNA‐lnJected oooytes,because there a‖ no direrences in the stai」 ng when the

sections were compared with thOse ldbeled wlth the preabsorbed antiserum(Fig。 4‐4B).
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Bccallse AQP‐x3hasthe unusual CTセ五l butlikely a full set ofhctioml features

commontothe AVT‐ stimulated AQP family as mentioned above,we next examined

the erects ofmanipulatingthe CT tail ofAQP‐ x3in the oocyte system.ThecRNA of

an AQP,x3deletion mutant thatlacks the CT tail(C273Stop)Was ittected intO the

ル″cP鮒 oooyteso Surprisingly,the deletlon Ofthe CT tail resulted in AQP‐ x3protein

being expressed h the respecdve ttA‐ itteCted Oocyte as two intense bands of

approximately 31 kDa and weak smeary bands of37-97 kDa when examined by

immllnosL五 ning wlth anti.χし″り 3JJ AQP‐x3(ST‐ 186)(Fig,4‐ 4Aa).

hmunonuorescence staining ofthe cRNA‐ itteCted Oocytes showed AQP‐ x3C273Stop

mutant.These signals we“ oompletely abolished by preabsorption ofthe antiserllm

with the immllnogen peptide(Fig.44 Ab).ImmunO■ llorescence staining ofthe

cRNA口itteCted Oooytes showed thatilnmlmopositive AQP中 x3C273Stop substances are

宙sible predominately in the cytoplasm near the plasma membrane,The corresponding

Nomarski di■ brential interference image and the immШ lo■uorescence ima.ges of

oocytes atter the addition ofFSK showed the presence ofimIIlu皿 OpOsttive substances in

the plasma membrane,The immunolabelL嘔 s were also intensiied in the cytoplasm

nearthe plasma membrane.In the absoTtion ttt With the antigen,the iIIwlllnopositive

subsねnces nearly disa2ppeared to mckgrollnd levels in the oooytes itteCted with

AQP‐x3C273Stop mutant cRNA.Wittut FSK stimulation,there was no chttein

water permeationばり in the 000ytes ittected With宙 ld口type md AQP―x3C273Stop

cRNA(Fig,4-4B).HoWever,water pemeation did increase a■ er thle addition ofFSK

in those oocytes ittected With AQP‐x3C273Stop cRNA but notin the case with the

宙 ld‐type AQP¨ x3oRNA(Figi 4‐ 4C).TheSe results are consistent with those obtained

by thc Westem blot tt imlnlmo■ uorescence analyses(Fig`4-4,A and B).The

FSIttimulated osmouc watr pemeabiltt ofAQP‐x3muntuittected 00oytes ms

reduced with O.3 mM HgC12(Fig。 4‐4C).TheSe results indicate thtt thc mutant
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AQP“ x3protein without its CT tail was ttmctiomlly expressed and translocated to the

plasma membrane in response to FSK/intr“ ellulaF CAMP in the」 権
“̀フ

翻 000yte.The

efLct ofadding the CT面 lofAQP…x3to the AQP"h2K protein was also exaIIlined h

the oooyte expressioll system.Nat市 e AQP口h2K is hlly■胴 ctional as an

AVr‐respOnsive AQP加 ッルθ andf″ ッJrra(oguShi gr αJ.,2007).Nevertheless,as shown

in Fig.4‐5,the cRNA forchimedc AQP‐ h2K with the CT面 l failed tO induce either the

expression ofdetectable AQP protein Or an increase in the membrane pelllleabiltty,

thereby delnonstratingthatthe CT tail ofAQP口覆〕iS necessary田 ld sufflcient for

posttmscriptional attenuation ofAQP gene expК ssion,A substitution mutant of

AQP‐x3with the se五 ne residue replacing cysteine‐ 273(C273S)was hlly inctional as

an AVT/FSK‐ responsive AQP when expressed in the oocyte(Fig。 44),suggesting the

sinl聾lar importance ofthis Cys‐273 residue and/orthe Cys‐ 273‐ooding region of

AQP‐x3mRNA in the unique negat市 e regulation ofAQP口x3protein production,Thus,

in aquaticル ″Ψ 2Js,the extra CT sequence ofpel宙 c skin type AQP and/Or its coding

reJOn in AQP ttA negatively regulate protein expression,Whch m増 「cOnttibute to

the impell..eability ofthe skin and to the prevention± om excessive water entry in the

low osmotic freshwater en宙rOnments.The moFe detailed molecular mechШ isms for

attenuating AQP‐ x3protein expression remain an lllls01Ved mystery.There are several

posttranslational steps knOwn to regulate the amounts ofspeciflc proteins,which

include the translational initiation ttep regultted脚 威lyby RNAも inding prOteins that

keep speciic mRNA awayJhm the五 bosomal machinery(Keene,2007),廿 msiatiOnal

elongation step that can be attenuated by some unique snctuR〕 OfttALOr naScent

polypeptide(Be五SiO gノ α′。,2003),and POSttrmsl誠 iond steps,i,e,sorting and tumOver

ofnascent protein(Bonifacino g′ J.,2003).Additional expe五 ments are requred to

discem which steps劉 聘responsible for regulation ofAQP‐ x3gene.Loss ofhnctional

pelvic skin‐me AQP protein appears rcason〔 山le for aqwldc lif0 0fXルθνお.The data
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presented here showthat AQP‐ x3酬 A is considerably expressed in the ventral

pel宙c skin(Fig.4‐ lB)and thtt AQP"x3protein withOut the CT桜五l hlly ttwtioned as

a hol..lone‐ sensitive pel宙 c skin‐type AQP(Fig.4‐ 4)imply physi010JCalimpomnce Of

this gene inXル gソお。X Jαβッおis not a completely aquatic anllrarl but is able to adapt to

d市erse natural condi■ons in its tropical habitat(25-27).ThuS,it is possible that in the

dry season,this species may absorb water from the wet soilthrough the skin,in which

AQP‐x3protein,liberating from the negadve posttranscriptiott regulation through a

yet to be descrlbed lnechanisnl,oould be produced in the pelvic skin.F面er studies

le necessary to ind cond量 lons that may resuh inthe expression ofmature AQP‐ x3

protein.In conclusion,we have desc五bed ttsunique tttЮ S Ofanurall_speciflc AQPs,

the bladder md pe市 ic skinサド,reSpeclvely,in terrns Oftheir mOlecular diversity and

possible importance in osmoregulation.During evolutionary adaptation to various

wlter environments,anurans ma.y have acquired molecular配 呻tive mechamsms that

regulate the positive transc五ptiOn ofbladder― type AQP in the ventral pelvic skin and

negative posttransc五 ption ofpelvic skin‐ 7pe AQP.Our results pro宙 de evittnce for

potential mOlecular mechanisms thtt may llndeJie the diversitted physi010gical

processes ofanuran‐ speciflc water economy,which has been studied since the

discovery ofRobert Townson in the 1790s(JOrgensen,1997:M“ hight θJ α′̀,1980).
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match those ofthe AQP-h3 homologs are indicated 6y asterisks. B, Tissue expression ofAep-
h3, AQP-bj3, AQP-rc3, AQP-m3, AeP-rj3, and Aep-x3 mRNA by RT-pCIr. RT_PCR
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FIG.2, Westem blot analysis ofextracts from the native ventral pelvic skin of
several anuran species. In the extract of H. jqonica. B. japonicus, R nigromaculata,
R. catesbeina and R. iqonica, immunoreactive bands are detected in major bands at
approximately 29 kDa (lane l). The positive bands disappear at background lwels
when the membranes are incubated with the prcabsorbed antibody with the respective
antigen (lane 2). However, no band is visible in the extract ofX laevis. Asterisks
indicate nonspecific bands. The antisera used in the westem blot are described in
Materials and Methods.
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and dorsal skin using rabbit anti-ilyla Aep-h2. A, Lane 1, urinary bladder, with positive
bands seen at 29 or 31 kDa and smeary bands at 35-90 kDa in ali species examined
except for R. japonica;lane 2, pelvic skin, with the Aep-h2-positive band detected in the
pelvic skin ofB Tapo nicus and. H. japonica but not in that ofthe other species; Iane 3,
dorsal skin, with no positive bands visible in the dorsal skin ofall the species examined.
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Tahle Sl Primers used for cloning and PCR analysis of anuran AQP sequences

Primer sequence (5'-3') bp

Oligo-dT(19) adaptor
RACE Adaptor

AQP master primer
Master (M) primer 1

M primer 2
M primer 3

AQP-h3 specific primer
h3-orimer 1

h3-primer 2

AAP-bj3 specific primer
bi3-primer 1

bj3-primer 2
bj3-primer 3
bi3-primer4
bj3-primer 5
bj3-primer 6

Kozak-bj3-primer
bj3-Aestail-primer

AQP-rcS specific primer
rc3-orimer 1

rc3primer 2
rc3-primer 3
rcS-orimer 4
rc3-primer 5
rc3-primer 6

Kozak-rc3-primer
rc3-Azstail-primer

AQP-rn3 specific primer
rn3-primer 1

m3-primer 2
m3-primer 3
m3-primer4
m3-primer 5
m3-primer 6

Kozak-m3-primer
m3-fustail-primer

AOP-{3 specific primer
ri3-orimer 1

rj3-orimer 2

AQP-x3 specific primer
x3 orimer 1

x3 primer 2

rc p-actin primer
rc p-primerl
rc p-primer2
rc p-primer3

x p-actin primer
x p-primer 1

x p-primer 2

X3 mutant
$ac1-Kozak-x3 primer
C273Stop
c273S

(T)19 GACTCGAGTCCACATCGA丁
CACTCGAGTCGACATCGAT

ACCGGGG(CG)(CT)CAC(AC)T(CT)AACCC
A(AC)(AG}GA(CG)C(GT){GT)GC(AT)GG(AG)7~「CA
GG(AT)CC(AG)A{CT)CCA(AC)AACA(T)CCA

TCGTCGCAACAT~「 FTCCAAG
TGGTCTCATGTATGGATCAC

CI~「 FTAT~FGACttGttCATCATCC
Cl~「HTACCTGAGCttGGTACC
TACGACttGTCACttGGTACTG
ACAATACAGAATAGGAl~「 rCAC
ACGAGAAGttGCTACACttTACAG
TACCACttGACAGTCCTATGG

GCCACCATCCTTAAGGAGCTATATGC
{T〉5 ACAGAATAGGttCAC

TCCAT~「ACCT~FGGCCCTCAGC
AACATTGGGCT~「 ACTGGTGG
CCATCCAATATACGAGGTACC
CttCTCCTGTCTCl~rGT~rCCG
GCTACCTCGTATATTGGATGC
ACttTCAGGACTGAGATCTGTG

TACCCACCATGCl~「AGAAACCTGTGC
(T125 CATCACATAATCATAl~「 TATT~FTC

AACAl~「GGGCl~FACTGGTGG
ATCttCAGTCCttGAAGttGTGttC
AAAAGAGGGACACCGTAACC
CTACCTTAACCllICTCCATC
CTCCTCCTGTCTG7~「 GTTCCG
CACACATCTCAGTCCTCAAGT

TACCCACCATGCl~「ACAAACCTGTGC
(T125 AAGGAACAAAAGG7~rCmG

AACA7~「GGGCl~FACTGGTGG
ACTTCAGGACTCAGATCTGTG

GttGACACTACCAl~「CCTCTT
GCACCCAGTGAAGフ リリ

「

CC

TACCttCATGAAGATCCTCACC
丁GATCCACAttCTGCttGGAAGG
TGATCCACATCttGCttGGAAGG

ACttGttGACCttGACAGACTACC
CAGTAT「GGCATAGAGGTCC

GGAGCttCGCCACCATGCTGAAATA
CCl~「GAAAAGATACTACAG7~FCAATC
CCl~「GAAAAGATACTACAGTAGAATC

763‐782
988‐1007

65-86
121… 141
576‐ 594
895-916
294‐ 315
573‥ 592

161… 181

284-305
396‐ 416
508‐ 529
396‐ 406
307‐ 327

284… 305
312‐ 332
815‐ 334
875‐ 395
508-529
307-327

141‐ 161

488… 509

224… 244
537¨ 557

4-24
462‐ 481
494… 514

579… 598
906… 598

〓
‐
‐
‐●
‐
‐

‐．，‐
」
ハ

The underlined primers are those used for the RT-PCR analyses
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A
-82                                      ]TCATCC‐ TAAAmGTACCAC   -61
-60  AACCAACAACACCLC― GGATTTT●TTTTTACTCTCCTTC● 暉TTTTATA● ACTGTEAE    ―■

1  ■躙GCTTAACACCTATATCCGGGATTTAATTTTAAGGCCTTTTTA∝ TCACCTAGTCCCA    60
l M L К E L Y A● F N F К A F L A E L V A 20

6■  ACCCTCATATTTCTTCTTGttTGCCCTCGGTTCAACCCTATCATCGTCA● ●A●CTAOGCCA   ■20

21 T L工 F V L V e L O S T L S W S C A T P 40

■21  ACTGTETTACAAATACCCTTCACTTTTCCCTTCCCと ATA●●TACAATCGTACAAACTATG   ■80

41 T V L Q工 A F T F C L G工 G T M V Q T M 60

181  ●●CCACATCACC― CCCCACATTAACCCTCCTCTAAGTETA● CACTTCTCGTTCCCCCE   240
61 G H I S G A H I N P A V S V A L L V e A 80

24 1  CmATATCTETCGTCCAGACCTTTTACTATCTCATCeCTcA∝ TACT― ACCTGTCATA   300
01 R I S L V Q T F V Y V=A Q L L C A V工  100

301  GGGCCTCCTTTACTCTATCACTTTCCACCaCCTAACTCLTTGGACGATTCGAC‐ AAT   360
10 1 G A A L L Y E F A P P E V工 G G F O L N ■20

361  CACCmACTAACAATACATCACCCGGACAACCACTGCCTATVAAATCnTTcTTACAATG   420
12■  9 P T N N T S P G Q A L A工 Eエ エ L T M 140

▲ ▲

421  CA●C“GT∝TC― ATCTTT∝ TEAA∝ ●Am∝ CG∝ 嘔 CG颯CAACATTCttTCT  480
141 9 L V L C I F A T T D S R R T D N工 C S 160

48 1  CCACOCATTTCCATACCACTGTCACttGGTACTCCGACAttTACTTCCCATTTATTACA颯    540
161 P A工 S I C L S V V L G H L L● 工 Y Y T ■80

541  0GATGTTCCATCAATOCA●CACCGTCCTTTCCTCCACCTTTGATTATACCAAACTTCAAT   600
101   C  C  S M N  P A R S  F A P  A L  エ  エ  C N  F ■    200

△

60■  TACCATTGGATTTTCTECGTCGOACCCAnACA●GACCAATCTTGGCATCCTTCATTTAT   660
20■  Y H W工 F W V C P I T C A工 L A C L工 Y 220

661  GACTATGTCTTCATCCCTCACTAATAA∝ CCCACreAAA● ACTCmAATCCTACGTCCC   720
221 D Y V F I P H S I S P S E R L E工 L R G 240

72■  AACATATCCACmAAATCAAAAAmACARACACGGAAふ rAATCTGTA●CCCTCAATTCT   780
24■  N I M Q E N E K E E R R K Q S V e L N S 260

■

78■  CTTTACA●∝ AAКAAATAACA●●mAAAAATGTCAAAECTATTCT● TATTTTTTTGT   841
261 L Y S O S N W R E К M■ 27■

841 CATTITTTTGCA TGAATATAITGTATTtrTACAtrAATAIT}TX13AGATATTAACAATGGIT 901
901 ATATAETTTGGTTACAGATCATATGGCTACACTG}CIACATGTCAGACCATGCAAGGtrGGC 961
961 CCGTAEGAAAAAAAAAGGCTATCC(TAG6TACAAAATGITATACTITATGACN,TGAA.*AA 1021

1 02 1 TCAACACATITACACATCATTCTGITAGAECATGTCCGAf,GTACTEACTATACATCTTEA 10 8 1

1081 TAAAGtrTTGAATAtrAAGAT - 1123

4.00≒
271〔 AA〕

Supplemental Figure 1- A: Nucleotide and deduced amino acid sequence of aquaporin (8.
japonicus AQP-bj3) cDNA. The predicted amino acid is shown below the nucleotide

sequence (DDBJ/EBBL/GenBank accession no. 48500708). The asterisk indicates the stop

codon. NPA motifs are outlined. The solid triangle indicates putative N-glycosylation sites.

The square and open triangle indicate a phosphorylation site for protein kinase A and the

mercurial-inhibition site, respectively. B: Kyte-Doolittle hydropathy profile (window 1l) of
the deduced AQP-bj3 amino acid sequence.
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-68 GGTCATTG
‥6:路

きE暑離蠍五き器き樅:1駅鮒l:路ヨ器:き器籠EE路鴇詩離E暮器署l路鷺圧
l M L R N L C S C A F S R A V L A E F L G

6■  ACATTETTATTT●TATCTTTCGTCTT00CAC“ mTT‖ CTCG∝ CTCA∝AttCCC

21 T L L F V F F G L C S A L P W P S A V P

12■  ACTAつ CCTCCACATCCCACTAACATTTCGTCTACGTATA● CAACA口酬 CCACACAATA

4■ T=L Q=A L T F e L C=A T L V Q Tエ

18 1  GmCATGTC=GTCGTCCTCACATCAATCCTCCA● TAACATTCGCCCTACTGGTCGGATCA
61 G H V S C A H工 N P A V T L G L L V e S

241  CACAETCAGTCCTCAACWttCTTCTACATCCTCeCTCA喩 TCCTCCACCTGTCCCT

81 Q工 S V L К C V F Y工 L A Q M L C A V A

30 1 GGACCTCGttTAttCTTTGAC口 CACCCCATCCAATATACCACGTACC口 C“ACTAAT

10 1 C A C L L F E F T P S N工 R C S F G V N

36■  G●●GTTA●颯 TACCACCACTTCTCGACA●CCTCTACCTOTCCACCTCTTCACTACTATG
■21 A V S N S T T S G Q A V A V E L F T T M

▲

421  CACCTTGTGttTCT● TGTTTTCmAACAACACAQCCACAACAACAmCAATACACCATTT
141 9 L V L C V F G T T D S R R T D N T G F

481  CCACCETTATCCATTCGTTTA咄 颯 TCCTTTASCACATTTACTTCCCATCTACTTCACT
16■  P A L S I G L S V A L G H L L G工 Y F T

54 1  00CTGTTCCATGAACCETCCCAGGTCTTTTCC∝ CTCCTATAATTATCCAAATTTTCAA
■81 0iSMNPARSFCPA工 I M G N F E

60■  TCACATTG颯 TCTTCTCCGTAGeC∝ CATETC∝颯 eCGAT∝ TTCCttC口 AATCTAT
20 1 S H W工 F W V C P M S G A I L A A L=Y

66■  ACTTATCTTCTTACACCACCTCCACEAAATCTCCTA● AnCACTATttCTTCCATCGT
22■  T Y L L T P P A P I L L D R L S T L H G

721 ACCTTCCATCAGACCATCAA“ TCAAGA●ACCAACACCGTLACCACTCAGTCGAACTC
241 S F D P E H E R E R E E H R K H S V E L

■

781  AATTCTCTTAACAACTATEAAA● AACATCCAQAACCTTAA●●TCCTTTCACGTTTCTG
261 N S L N W Y S К N M E К A■

▲

::l :=思龍籠器鷺難きI署暑撻離冨憲路貫:盤器T:跡:冨TE=馳EE■1:屋蹴
96■  ■OCCAAATC8TTTCCA● CAACAAAATCTTACA"AATCCATCTCCCTATACEAAGATCA

::i::菫 :響 :醐 :警 轟 :轟 蓋 :難 署 :響 悪 :菫 辮 癬 1曇憾

■20■  TTCCCACATACVAACT∝ CAACATATT… ‐ TCATTATC"ATOAAA
1261

B
4.00

4.00i 110 219      2741M〕

-6■
-1

60
20

■20
40

■80
60

240
00

300
■00

360
■20

420
■40

480
■60

540
180

600
200

660
220

720
240

780
260

040
273

900
960

1020
■080
1■ 40
■200
1260
1275

[
|

Supplemental Figure 2 - A; Nucleotide and deduced amino acid sequence of Aquaporin

(R. nigromaculataAQP-m3) cDNA. The predicted amino acid is shown below the

nucleotide sequence (DDBJ/EBBLiGenBank accession no. A8500707). The asterisk

indicates the terminal codon. NPA motifs are outlined. The solid triangle indicates a

putative N-glycosylation site. The square and open triangle indicate phosphorylation

sites for protein kinase A and the mercurial-inhibition site, respectively. B: Kyte-

Doolittle hydropathy profile (window 1l) of the deduced AQP-rn3 amino acid sequence.
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-60                                                   CeTCA口 ●   -6■
-60 CAATAAAATAnCC=TAsAGTATACAmeCACGOCTTTAい は CTTCFTA… C    ―■

l A■OCTTAneATCT● T― CGGGTCCCTTTTCTCG● CCAGTTCTACCLAATTTTTA∝ C    60
l M L R D L C S C A F S R A V L A E F L G 20

61  ACATTGTTA口 TGTATTETTT00TCTT●●AAGTeCATTACATTCCCCETCaGCAGTGECC  ■20

21   T  L  L  F  V  F  F  G  L  C  S  A  L  H  W  P  S  A V  P    40

121  ACTATCCTCC=0■ TT― CTAACATTTEGTETACCTATACAACATTCGTECAGACAATA  180
41 T工 L Q=A L T F● L A工 A T L V Q T工  60

1 81  GGACATGTCASTCGTCCTCACATCAA● CCTSCCGTAACA口GGGCTTACTOGTCGGATCA  240
61 G H V S C A H I N P A V T L C L L V e S 80

241  CACATCTCAttCCTCAAGTGTGTCTTCTACATCTTCCCTCA● ATCCT00Gユ GCT● TCECT  300
81 Q I S V L K C V F Y工 L A Q M L C A V A ■00

3 01  GGACCTCCCTTACTCTTTeAmTCAC∝ cATCOATATA∝ TCCCACTttGGttTC=AT  360
101 G A C L L F E F T P S N工 R C S F e V N ■20

3 61  CC― TACCAATMCA● CACTTCTCCACA● CCTeTACCTGTCCACCTETTCACTACTATG  420
121 A V S N S T T S C Q A V AV E L F T T M ■40

▲

4 21  GACCTTGTC口 GTCTGTTTmAAcAACA● AAACCACCACAAmeACAATCCA●●ATTT  480
141 Q L V L C V F G T T E S R R T D N A G F ■60

481  0CAGCCTTAつ CCATTCCTTTATCACTTCCTTTAGGACATTTACTTCCCATETACTTTRCT  540
1 61 P A L S=G L S V A L G H L L G工 Y F T 180

541  0GCTETECATCAACCCTCCAACGTCTTTTO― CTCCTATAATA― mAATTEAA  600
1°1  

・  ll S M「
N  P AIR S F C P A エ  エ M O N F E   200

601  躙CCCACT5GATCTTCTGGGTTGeCEccATCttCCGGTCCCATCTTTCCTCCTTTAATCTAT  660
201 S H W I F W V C P M S C A I F A A L工 Y 220

6 61  ACTTATttTCTTACACCACCTECACCAAAETCCTAGACA● ACTATCCAECTCEATGeC  720
2 21   T  Y  L  L  T  P  P  A  P  N  L  L  D  R  L  S  I  L  H  ●   240

721  A● C口CmTCCAGACCATCAACG“ AAAAACAG●ACCCETAACCACTCACTEAACT●   780

241 S F D P E H E R E К E G H R K H S V E L 2 60
■

781  AATTCTttTAACAACTATACAAAGAACATCCAmAACCTTAAGGTACCCATTTCATCOAC  840
2 61 N S L N N V T K N M E K A■        280

▲

8 41  TCT●●ATCAACAACTCTTCCCTAALATTTATTAACTCTACCTCGAATCCTCCAACTTGT  900

:::           ACTCTGttGACM電 製 聖 彎 μ CttTT。口 CCW…
 :::

Supplemental Figure 3 - A: Nucleotide and deduced amino acid sequence of Aquaporin (ft.

catesbeian AQP-rn3) cDNA. The predicted amino acid is shown below the nucleotide
sequence (DDBJ/EBBL/GenBank accession no. 48500705). The asterisk indicates the

terminal codon. NPA motifs are outlined. The solid triangle indicates a putative N-
glycosylation site. The square and open triangle indicate phosphorylation sites for protein

kinase A andthe mercurial-inhibition site, respectively. B: Kyte-Doolittle hydropathy profile
(window l1) of the deduced AQP-rc3 amino acid sequence.
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「・

A_41椰
cTACAAATttE器 :機器鍛器器 躍盤:器謡:∬器総諾 ::

l M L R N L C S C A F S R A V L A E F L●  20

61  ACATTじ TTATTTCTA口 CTTTCGTCTTCeCA●
“

CATTArCTTcG∝ CTCACCA●TC∝    120

21 T L L F V F F C L C S A L P W P S A V P 40

12 1  ACTA,CCTCCACATCGCAttAACATTTCGTTTACCTATA● CAACA颯鯉 CCA●ACAATA   ■80

4■  T工 L Q工 A L T F G L A工 A T L V Q T工  60

■ 7円電TttTTTll円
Ч「ツ:肥I∝[CIЧTCrF¶

24■  CA●ATCTCAGTCCTCAACWttCTTCTACAT∝
"eCTcACAT●

颯 岬 WTGTC岬    300

o1 9■ S V L К C V F Y工 L A Q M L C A V A 100

30 1  0GACttGGttTACTCTTTCAGTTCACCCCLTCmATATACG“ ●●A●CTTCGAGК AAT   360

10■  G A C L L F E F T P S N I R C S F G V N ■20

36■  ●●CC口ACCAATACCACTACTTCTCCACA● GCT●TACCTGTGGA口 CTTttRCTACTAT0   420

121 A L S N S T T S G Q A V A V E L F T T M ■40

▲

42■  CACCTTGTGrTGTGTGTTTCCAACAACA●ACACCAGAACALCA● ACAATACACCATTT   480

14 1 0 L V L C V F G T T D S R R T D N T G F ■60

481  CCACCCTTATCCATTCeTTTATCACTTeCTTTACCACATTTArTTGGGATCTACTTCACT   540
16■  P A L S I G L S V A L G H L L G工 Y F T ■80

54 1  GGCTttTCCATCAACCETCCAACCT● TTTTCC∝颯 GCTATAATTATttAAATTTCAA   600

18■   C  C  S  M  I  P A R  S  F  C  P  A  エ  エ  M C N  F  E    200
▲

60 1  TCACATTGGATCTTCTCCGTA“ CCCCA‐TCCGGTCCAATGTTTCCTCCCTTAANTAT   660

201 S H W工 F W V C P M S G A工 F A A L工 Y 220

661  ACTTATCTTCTCACA―CCTecACAAATCTCCTACATAGACTATCATCTTecATCGT   720
221 T Y L L T P P A P N L L D R L S工 L H●  240

72■  ■GTTTCAECA颯 軋 T― T… 鳳
・

ACCAACA∝ G… mCTAGTCCAAC"  780

241 S F D P E H E R E R E E H R К H S V E L 260
■

781  AATTCTCTTAACAACTATEAAACAACAり GGATAAACCTTAA●TTTTTTttCTGGATCCCA   B40

261 N S L N N Y S K N M D K A■        273
▲

B

IAAl

Supplemental Figure 4 A: Nucleotide and deduced amino acid sequence of Aquaporin

(R. japonica AQP-rn3) cDNA. The predicted amino acid is shown below the nucleotide

sequence (DDBJ/EBBL/GenBank accession no. ,4.8500?06). The asterisk indicates the

terminal codon. NPA motifs are outlined. The solid triangle indicates a putative N-
glycosylation site. The square and open triangle indicate phosphorylation sites for protein

kinase A and the mercurial-inhibition site, respectively. B: Kyte-Doolittle hydropathy

profile (window 1l) of the deduced AQP-rj3 amino acid sequence.
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A
TAT工TttCC-10

l  ATCCTCAAARTTTTTTCTCTGGGTCCTTTTTAACACECCTATTTCCTCAATTCTTA●CC

■  M L К Y F F S e S F L R P L F A E F L G

6■  ACTCTTTCTTCTCCTCTTTGGCCTTCGGAGTTCTCTCTCTCeCCEACACCttTTCC  120
21 T L F F V L F C L C S S L S W P T A F P 40

121  A●TTTCmeCLCARcTcCCTAACATTTCCCCTCCCCAAAAGTACTATG●TAAAGACACTG  ■80

4■  S F L Q I S L T F G L A K S T M V К T L 60

1::枇
Ч
ttTlTTl∝I   TTTC「FCrTI“F:C2::

241  CATATCК TATCTTCAAACCTECTTTGTACATATTAGTTCACeTECTcccACCTGTCGTT  300
81 H工 S工 L К A A L Y工 L V Q V L C A V V 100

301  0GA●CCCG●TTCCTCTACCAATTTACTCCATCAAACCTCCGTCmAACTTTCeTOTCLAC  360
101 G A C L L Y E F T P S N L R G N F G V N 120

36■   TTttAACCAATC8AAmAC∝ CC8GrAACGTETTCCA口 A●AACCCTTACШ AATG  420

121 L P S N e T T P C Q G V A V E A F T T M 140
▲

421  CACCTCGTTCTTTGTATATTTCCCACAACTSACATTCGTCGACACCACAATATT000TCT  480
14■  Q L V L C I F A T T D I R R E D N工 e S ■60

481  CCATTATTTCATTCttCTTCAGTTACA● TG●●TCAC口CC― GEATTACTCACT  540
1 61 P S I S I C L S V T V G H L L C工 Y F T 180

541  GCCTCCTTATCAATCCTCCCACGTCTTTTCCTCCACCATCATACACmAA口 TCACC  600

181 GiSMN PARSFAPAL工 T C W F T 200

601  GATCACTG● 颯 CTTCTCGGT― TCCCATCACTCeTcAATCGTTCCTTCTCTCATCTAC  6 60
201 H H W V F W V C P M T G G I V A S L工 Y 220

66■  AACTACCTAttTTTCCCTTCACAAATTACTCTTTGTCACACACTCCCTA口 CTCEA●●●T  720

22■  N Y L L F P S E I S V C D R L A工 L Q G 240

72■  AACTATCACCAGAGTACeACCCCAGACACACCACCACCeCAACCACTCCGTTttAACTC  780
24■  N Y D P E Y E G E R E E H R K H S V E L 2 60

■

731  AACTCTATCQAAAAATAACCACACACCTCTACATTETACTGTAGTATCTTTTCAふ βCT  840

26■  N S M Q К 工 K Q T A L D C T V V S F Q A 280

1:l lmiTttTTF工
TTmGGTCTAmC口 TTAATAAAACCnTTcAAACCMttn ill

901 9■4

204 〔AAl

Supplemental Figure 5 A: Nucleotide and deduced amino acid sequence of Aquaporin

(Xenopus leavis AQP-x3) cDNA. The predicted amino acid is shown below the

nucleotide sequence (DDBJIEBBL/GenBank accession no. A8500709). The asterisk

indicates the terminal codon. NPA motifs are outlined. The solid triangle indicates a

putative N-glycosylation site. The square and open triangle indicate phosphorylation

sites for protein kinase C and protein kinase A and the mercurial-inhibition site,

respectively. B: Kyte-Doolittle hydropathy profile (window 1l) of the deduced AQP-x3

amino acid sequence.
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Supplemental Figure 6 - F'unctional evaluation ofAQP-bj3 in Xenopus ooctes. (A) Westem

blot analysis ofthc extract from AQP-bj3-injected oocles using anti-AQP-h3 (ST-141).

Positive bands are detected a major b and at 29 kDa and a smear band between 38 9 and 102.6

(lane 1). No bands are visible except none-specific bands (asterisk) (lane 2). (B)
Immunofluorescence images ofthe AQP-bj3 protein in AQP-hj3-injected oocltes: after

complcte swelling ofthe oocytes, (a) immunoreactive AQP-bj3 substance are visible, slightly

in the cltoplasm; (b) the conesponding Nomarski diflerential interferencc image; (c) in the

oocl.tes injected with AQP-bj3 cRNA after stimulation offorskolin, positive rcaction is visible

in the plasma membrane, and (d) in the absorption test, immunopositive substances obtained

with anti-AQP-h3 are nearly abolished at back-ground levels in the AQP-bj3-injected oocyte

after addition of fbrskolin. (C) l'ime course of the osmotic swelling. Oo)'tes were

microinjected with water or CRNA encoding AQP-bj3. Some ofthe AQP-bj3-injected oocytes

were incubated with 0.3 mM HgClr. (D) Pf was calculated from the initial rate of ooclte

swelling. 'l'he representative data shown are given as the mean t SE of measurements liom

from 7 to 10 oocltes in each experimental group. a, P<0 01 vs. Waterl h, P<0.01 vs AQP-

bi3+F'sK.

‐ Water
‐ AOp_可3
‐ AOP‐bj3+FSK
‐AOP‐Ц3‡
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Chapter 5

General discussion

In this thesis,I flrst identifled and characte五 zed the anuran ortholo騨 e ofAQP2,

AQP“h2K ofthe tree■ og,IyJJルψθ認たα.Chapter 2 describes the畿荘」led strucme and

hction ofAQP‐h2K.AQP‐h2K consists of280 amino acid residues,躍 ld tts predicttd

stmcme is shown in Fig脚 に5‐ 1,AQP‐h2K oontains a pdr Ofasparagine口 proline

‐alanine cNPAl motifS,Which are considered to be located in the centre ofthe pore and

to follll a speciic Passage for water molecules(Yasui,2004:de Oroot and Grubmullo■

2005).The aminO acid residues,shown tO forln the selecd宙 ty■lterin ma―alian

AQPl,lθ.Phe‐55,His‐ 177,Cys‐ 186,andArg‐ 192(de Groot and GrubmulleL 200ュ Fu

and Lu,2007),are alSO Conserved inAQP‐ h2K(Fig.5日 1).In addition,two possible

Aみlinked glycOsylation sites at Asn‐ 120 andAsn口 128,one protein kinase C

phosphOrylation sitc at Ser‐236,and one protein kinase A phosphorylation site at

Ser‐262 are predicted(Fig,5-1).The physiological propelties ofAQP― h2K were

assessed by expressing t inル″θρzJJ 000ytes,and the coettcient Ofosmotic lMa無 〕r

pelll.eabilitL厚 OfAQP口 h2K was apprO対 mately four times greater than the control

(OguShi aF aノ .,2007).TheAQP‐ h2K ttA was strongly expressed in the ki呻 ,and

immunohistological staining localizedAQP‐ h2K protein to the colleclng duct.

AQP‐h2K vtts obSerVed abun(hntly in the cytoplttm and slightly in the apical plaslna

membrane ofthe pnncipal cells urlder hydrated oonditions(Ogushi`″ J.,2007)。 A■er

stimulation with arginine vasotocin(AVT),a lttge pOpulation ofAQP‐ h2K a7ppeared to

be trans10mttd ihm the cytoplasmic poolto the apical membrane,suggesung that this

AQP is a key player for AVT‐ dependent water reabsoヴ10n in the anuran ki山ey■

seems likely thatAQP"h2K oontrols the water ttmsport from the tubular i■ id into the
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principal cells ofcollecting duct throughAVT‐ dependent transloc威 lo■,likeAQP2 in

the mammdian kittey(Sttaki alld Noda,2007).

Althoughthe tissue distribution ofanuranAQP2 orthologues has notbeen studied

in species other thall fク ル(Zimmerman J α′.,2006:Ogushiご αノ,,2007),AQP‐蛇K

and HC‐2 AQPa.ppett to be a kidhey‐ type AQP because Oftheir expression inthe

kidney md their posi■ on in the molecular phylogenetic trees(0騨shi gr αJ.,2007).It

seems th誠,in anurans,the three pttЧ Ldependent oslnorettlatory organs,the pelvic skin,

urinary bldd釘 ,and kittey,utilize the sameAtt namelyAQP3,at the ex■ ofthe

transepithelhl water transpo■,whereas atthe en旬りthey basicJly adopt dittrentAQPs

田 translocatable wattr chamels:AQP‐ h2‐likeAQPa2 in the urinary blddet

AQP"h3‐ like AQPa2 in the pel宙 c skin,andAQP2 in the kidney(Fig.5‐ 2).In all thesc

osmoregulatory organs,howevet intracemular localization ofthe relevantAQPs haS■ Ot

been fully deternlined.hLmun001ectron microscopic ttudy would be needed to address

this iss‖ 田dtodeinethepreciser01oofeachAQPintheAVT‐ dependent

transepithelial water transport.

In adult anurans,M exerts anti(ullretic erects on the kidneェ as well as the

uHnaw bladdet to dd water economy(Bentley9 2002).The renal erect ofJtt is

considered to be wleak in the aquatic species,such as Xル
`ッ

lis(Kloas and Hanke,1992),

wHlethe Ⅱdney ofmo威 adult anwms shows signlcant antidiuretic responses to AVT

in two modes:a decreased glomerular flltration rate and an increased water

reabsoⅢion aCrOss the renal tubule(Pang,1983:Bentiり :2002).The anuran renal

tubule does not have m extended U‐ shaped medulltt portiOn like the Henle's loop in

the avitt and mammalian Hdneys,so thtt hyperosmouc urine camot be produced in

the kidney(Bentley9 1998),I alSO diScovered new flndng in the phylogenetic

relationship of〔 mumnAQPs.The nllsequences of 17AQP cDNAs have been

elucidated in anllrans,but only expressed sequence ttts(ESTs)are reJStred in urOdels.
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Aphylogenetic ttnlysis suggested that allllranAQPs can be assigned to six oluste‖
:

types l,2,3,and 5,and two anllran‐ speciic types,designated as al and a2(The letter

“a"represents anuran).The cluster OflⅥ ド‐al AQPsis COmposed ofAQPxlo frOm

ル 4oPⅢ ル
`ッ

おoocytes(Virkki gr αJ.,2002).The Cluster oftypeぃ a2AQPs oontains

AQP‐h2(Hasegawa gr αJ.,2003)andAQP‐ h3from a frog,Iノ 暉,θ″jθα(Tanii gr αJ.,

2002),andAQP‐t2(AF020621)andAQP‐ t3(AF020622)from atOd,ユ 刀ur加圏 ,

AQP口h2K belongs to the type 2,together Ⅵたth mammalianAQP2,suggesting that

AQP‐h2K is m anuran ortholog ofthe neurohypophysed homone‐ regulated

mamnalianAQP2 andthatAQP2 molecule is dready presentin anuran mesonephros.

In Chapter 3,it is ttscHbed that antidiuretic homone,Ⅳ T and β口adrenergic

nelron are involved in the water pemeability“ross the pelvic skin of the tree frog.

The water absorption/reabsorption in the ventral pelvic skin and wina71y bladder is

stimulated by AV■ and the rettlatory mechanisms for water penneabiliサ of the

tighttmctiOned epithelilm by nellrohypophyseal horrnOne seem to be basically

oommon between the anuran osmoregulatory organs and mammalian kimey Therefore,

numerous studies have been conducted usil13 anuran ventral skin and urlnaw bladder as

model systems,to elucidate the general mech劉 正sms fOr ion‐ ooupled water inovement

across the」 』t epithelillm(JOrgensen,1997:Macknight ar αJ.,1980).The Ventral

pel宙c skin of the tree frog,Iル Pθ″J“ eXpresses two Hnd5 0f AVIstimulated

aquapo五 n,AQP‐h2and AQP‐h3,and thereby stimulates the capa/ctty to absOrb wate■ I

investigated AQP dyllaIIlics and water pemeability in the pelvic skin of Iゴ 甲θガ
“

with∬ ,hydrins(intellllediate peptides of pro‐ J贔「r),and β口adrenerglc erectors.In

the tt νlivθ eXpenment,both AQP‐ h2and AQP‐ h3proteins were廿 劉lslocated to the

apical plasma membrane in the p五 ncipal cells of the irst reacting cell(FRC)layer in

the pelvic skin fol10wing challenge with hydrin l,hydrin 2,and AV■ thereby

increasing the water perlneability on the pel宙 c skin,The β口adrenergic receptor agonist
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isoproterenol(IP)and itS ttELgo五 st propranolol(PP)in cOmbimtion with AV■ or

hyd五 ns were used as challenge in the加 ッliPa experiment.IP increased water

pemeabili帆 While PP inhibitedれ ,and both events were well correlated with the

trlmslocation ofthe AQPs to the apical membrane.h the PP+AVT‐ treated skins,labels

for AQP‐ h2andAQP‐h3were dittrenthlly宙sible among the principal cell鶴 the apical

plasma inembrane of some cells was labeled while others were not indiCating that the

response of PP or AVT is dittrent fmm the cell to the cell.These results provide

morphologicd evidence that the p五 ncipal cells ofthe FRC layers may have two kinds

ofreceptorsi a V2 receptor and β‐adrenergic recepto■

Finallェ in the last chapteL I reported thtt the role ofthe ventral pelvic skin"type

AQP in the water balance in the bo(サ ofVanOus frog%terrestrial,arboreal,

semittaquttic,and aquatic species.Most adult anuran aHlphibians except for the aquatic

species ttsorb water across the ventral pelvic skin and reabsOrb tt frOm urine in the

WinaFy bladde■ Many terrestrial and arboreal species utilize a region in the posteHor or

pelvic reglo■ ofthe ventral skin that is specialized for rapld rehydration from sha1low

water sollrces or moist substrates.Period3 0fterrestrial ac」 宙ty can be prolonged by

reabsotttiOn ofdilute un■ e from the unnary bladde■ AQP playS a fundamental role in

these water absorption/rettsorption processes,which are regulated by antidillredc

hollllone.Chttrterizatio■ ofAQPs frOm v冨 louslmwms revealed tlutthe unique

water homoostttis is basically mediated by two types ofAQP‐ a2,J.`.ventral pel宙 c

skin口 and urina7ry bladttr‐ type,respectively The bladde卜typeAQPa2 is詢 副 her

expressed in the pel宙 c skin ofterrestrial and arbored species,together with the pelvic

skin‐typeAQPa2.h contrast,the pel宙 c skin‐typeAQP(AQP‐x3)ofthe aquatic

鷺 認甲 zJJ has lost the ability ofeFlcient protein production.The extra C teminaltallin

AQP口x3田d/or the 33 nuoleotides encoding this tail appear to participate in the

postetrttscriptional regulation ofAQP"x3gene expression by attenuating protein
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expression.The posれ ive transcriptioml“ 即latiOl1 0fbladderutypeAQP in the pelvic

skin劉」 negative post‐transcHptiOnal rettlatiOn ofpel宙 c skin‐椰 AQP pro宙de

■e対bility in the water regulation mechanisms,which might have cont五 buted to the

evolmonttr atttiOn Ofanllransto a wide variety ofwater environments`

F耐hellllore,I cxpectthatthe molecular mechadsm ofAQPttx3 expression w11l be

solved in the ne肛 如れre.
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Fig. 5-1. Deduced amino acid sequence and putative topology of Aep-MK with six
membrane-spanning c-helices (I-VI) connected by intra- and extracellular loops
(A E). The pink overlay highlights NPA motifs. The phenylalanine, histidine,
cysteine, and arginine residues in thick red circles are putative amino acids
important for aromatic/arginine constriction in the water-specific channels. The
arrow, diamond, star, and triangle indicate N-glycosylation sites, a mercurial
inhibition site, and phosphorylation sites for protein kinase A and protein kinase C,
respectivelv.
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AVT(ADH)

-t l
Cys-Tyr-lle-G I n-Asn -Cys-Pro-Arg-Gty-N H,

AVT

卜Ne.

Pelvic skin

Urinary bladder
type AQP

Kidney type AQP

Urinary
type

bladder
AQP

Fig. 5-2, Arginine vasotocin (AVT) and AQps in the major osmoregulatory
organs of anurans. AVT functions as an antidiuretic hormone (ADH) in
anurans. AVT is synthesized in the magnocellular neurosecretory neurons
whose cell bodies reside in the preoptic nucleus (NpO) ofthe hypothalamus.
During dehydration, AVT is secreted from their axon terminals within the pars
nervosa (PN) of the pituitary gland. The secreted AVT induces not only water
absorption through the ventral pelvic skin, but also water reabsorption through
the urinary bladder and in the kidney. Specific Aeps seem to regulate AVT-
dependent water transport in these osmoregulatory organs, i.e. kidney type
AQP for the kidney, urinary bladder type for the urinary bladder, and pelvic
skin type AQP for the pelvic skin, by translocation from intracellular vesicles
to the apical plasma membrane in the principal cells of the tight epithelium. In
the terrestrial and arboreal species, such u BuJbjaponicus and Hyla.iaponica,
urinary bladder-type AQP is likely to function in the pelvic skin, as well as in
the urinary bladder. Light blue anows indicate the water flow.
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