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Table 4. FEILE~22EDODBECBIBL 771224

R 0 R E R

FHE RS . BN %
RE 453 69.6
®KEE 103 15.8
BR5ERE 48 7.4
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HHE 1 0.2
e 1 0.2
204 24 3.7
g : 8 1.2

Gl 651 100.0
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WG48 (7.4%) #Bhr oz, KREETIZ 7 Z7OHY HFwn
BRSR ABIT A TRVWREECERSHRIC LA
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TREOIEFHY LT v F Vv 74 L BERT
HY, WERLHEE L UCAMBE TREShZAICL S
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RCHEIN -V F7hB0ELREREITOWTELS
EERELEABRSOBEICLI DL, EEEEEdro
DRI v Ty I7254(828%), TART TN
(20.8%), /¥ 1% (14.3%), NFT7LF 4 (11.9%) TH
h, EREQEMNE oA LELEEREVENIEIZ
—BLTW3Z ERans®.

FHRBRIIRENTI% % 5, R THENE, KEE
B% o7z (Table6).
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Table 6. EHTE~2F0bREICBIZVHFFIICLS

BEPEEFHOERMER

R B %
RE 61 78.2
BRFCHE 6 7.7
$ENE 5 6.4
BREGERT 1 1.3
BIERT 1 1.3
0t 1 1.3
R 3 3.8

#REt 78 100.0

PRALZVEIEEIAT VLY, EESBHEOBE
(BALEM: BHIBECH LHEERS20E) TR
WERECEER L 2 A NSEAEE L TRENZIESAT
VEDIRFZHTADSTH S, HEE TR THE
ERERCRENSAY P RO CRAER2EET 22
L, —ROBEFRCIIHMEICRESZToTwEY, &R
BEEE6LE 2B NESW AN —ERENRD D D
HERATEEARET GRAA THOKEWES A%

£ (http/fwww fukushihoken.metro.tokyo.jp/itiba/suisanbutu/
dokugyo/index.html)
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EXRDHo7zZLBEELTWEY, FIEOIIERLY D
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12, 1A CEPESFOENSR S Nn-
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DHIBIZHRCHEMNE > (Fig. 10). FF53I %
EHRENBEOELERL 23S RRERICERT LD,
ERFEORAE D IBEERFUH T HE 2o 2228, FERE
BOFME L RLHIBILKD 7D I EFEORER DKL
PRESNTWAE™Y, Fig 10ICRLELDIC, S

RILHEES X ORI TH  AMBF TREEH RV

25, BRESBSFCRERIIOEF CRESBESAT
Wiz, FFISIVEFEORERE ZoERSRIE, YV
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AEPHEFNORREMER
FEHERE REMH %
RE : 54 90.0
RETE 3 5.0
B 3 5.0
et 60 100.0

RIEFF, CAZVEIBIUVF VIV RT Lo
IYNARIVESETHo7 (Table 7). Ediz, 7
YHABRDTY RS (FR194; EFE) Brorzy s
ABRZYNABRODANH L (FRR104E: BRE) 0F
BT oRmEIhL.

TEFII VX BETEEFORRERZIRENSED
90% % 57z (Table 8). 7 FIF3I YiRBEOERERIZS
INDZOTUHBESZ2REL TP OBRETAIEEDSI0E
BoREVA, —ROMEEIERROBEIBEL L %
HOTRETOREHGTWEL ol LIS hiz,

KU MY UBRBICLDBHRE.

2EAEPEEHGS CHRETE Y PRI UESICE
AEFPHEEMNIZ, BEREMCIOEIREIALTV
(Table 1). BAIORBAEMGEIZ 19405 544108, 4
BRARDORETH -7 (Fig. 11). BB ORBEEKIT
BIFR 8, REENRHT, BILERSEE,SOHE
ThHolz (Fig. 12). AL, Table9IIFELAL S22
EEPEEMRE RIS Z19B0I b7+ T ¥4 3
LHETRIEL, FYIvTryLoRbAROREICS
WTDRGEPRWDTF T ¥4 OMEBELBETE 2 W
EENTW ROTEDPSImDRNI T FThHot. &
WoDFHEICLD L, Na7 7 BERESLEBEO RS
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BELTRAPOESRTELDOOERECHETIHR YV EVURBRBLLIETEENORRMBEER T, K
BhholZ dd, BENITFICLZEFA/TRRELT EFrEHE13F, RWTHRESETIHEREL TW
WA EEZFTSHOBEOEMIBEEATNSY, (Table 10).

EREIEELTWALERIIOWTRE, KB LERELRE TRIMEEREEESICLIBYE
DOBEREOEIL, T a7 iRAROE~OBEER BEREBIIHRESNLETHRBLIOREERE
R INT 5 Ostreopsis BIRMBEBROSHNINET Table 11iCR L7z, THERZZF, MEERZISH
BASNTWEREEEP OFRMBENEAL TS L PHE NS BPCEBECLZEFHEL LTIHHER

P—HTHEZVHAEEDR TS DY, LTz, CORY 1EOEAETPR2F6AICTREE
6 . Table 9. PRILE~22FEDOFENCBIFZ) PR VE
FL I 2 ETEEAORE
5
. FREASE EEVEFZED) B2 RENH
ﬁ ' TETTA4 12
&3 NnNazy 3
4 T3 AAR 1
& 2 FrIBIT Y4 s 1
. N7 FRLE 1
‘ Ny R 1
° 18 2R 38 4R 58 68 78 88 98 108 118 128 A 19
Fig. 11. FRTE~2EOLPEICBITB ) YV 1 AEATEEASEORERBIIERAN AR LD
FI L2 ATEEFOANORERR ii’%ﬁi Lf. R G

H2 BEFFLELEEL ‘

#3 FARC2WTORGNwD, 71754 OWEeED
BETERVWEER TS,

E4 BILS [(ERFEKFRE 59(8), 45-51 2009] 2 X 5 &,
TIALA (HEE) LHESNLTWAS.

Table 10. FRILE~2EOOIEIICEIFHY b EV ¥
HEC L 28PEENORE R MR

EHE R B %
RE 13 68.4
RATE 3 15.8
BEUEHT 1 5.3
BRFEIE 1 5.3
B 1 5.3
Fig. 12. FRITE~2EOLPECBITZ Y by Vi -
BT L B AREEFOHIRT OB : s 19 100.0

Table 11. FRIT~22FCHFECREL - THAES L CREEREOETEEH

R& T (&) HRERFRS BER FREAAME REMER BEEY BER TER

TR 2 FRE® 6 REFHA RS 21 1 0
5 KA 8 AFHELH4 FE 3 0

6 FHE® 7 RYFHA s 8 5 0

BRI 1 BEFR 4 KEFHA REH 19 5 0
1 FHE 7 ASHF AL HA RE 14 6 1

1 BEFE 4 LFHFA4 T4 RS 5 1 0

3 JeHE 5 Ry FHA RE 18 1 0

8 BERE 4 AGH L T4 EEUSET 4 2 0

9 RIFE 3 A& FKE ER 26 0

20 KRR 4 ATHFLHA RE 8 3 0

22 318 6 NEIFTA BRI 4 1 0

1 £EEFEEARUBVCTLRETELHE L REFR.
2 KTEOREZMITER
#3 EHEOREETIRER.
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Table 12. FRE~22812B8 2 LI EOBWEERBC L 5 ThLhHEHN

PR (€) HERFEE RAER REAMNE FRZE FEREMER #EeEH BEN mEH
2 TRA® 6 775vIAY Ty A WEF 36 11 0
2 wREE ¢ Ay ¥yivA WEs 4 4 0 -
19 HILE 2 1vF¥ ¥r3IvA KEE N 14 0
15 MR 6 TIHNA (HEE) RE§ KE 2 1 0
15 El: 3 3 FHIA VITRY v RE 14 4 0
19 iR 7 VR4 (%E) FrEFMNEYY ERE 2 1 0
20 REFE 7 FUI84 (BR) Valt = L RE . 4 1 0

1 2ERERERFGIBVTUBETELHE L Bare,

#2 BhEORERFIEIHALE,

OUEFEHRBHFOR I FHLI2 L B58ED/D, Table 800

ISR LAFARHORAL AR TRARRZC L 2 # 600

EENY, BRERCTLRBOEEIHETE b o i

728 Table 11124 A Z2dro 72, g‘m

ERRERRE, HEARANTOHELHALHBEY £ w0

FF - HEAOBRTH o7 “ o o

E%KIéﬁ*%ﬁ%ﬁi&vhf’%&ﬁﬁ%ﬁiﬁé&%;{6 ° 2 8 4 5 68 7 8 9 1011 12

Ne0E, bPETORMNNENORBCLLIETEOR ‘B

ELBBRETHS DRETCEKEREREL THRASO Fig. 13. FRAE~2F0bAERBIEX/ 2 0LsE

FEEFOANOREEY

2EREHRMARE L, ABEL LTy RE/RRLE
WwWTwa, L2LEBRNZBLA»THhE BERESIEN
&, BROFLOENKEVIEBLUEDEE (B
EOME) »eRBEEI, BESNCIIRERBREIZ
WTORMSED LN TWS, EUTHMEEIZEALT
C 011EIRENESE A TBE N7 PRV UE
ALy Y MY VR THEAVRERE) 2HETA-O0
AEEZ Y RARBEN LY AR EE LW REEAL
BELTEH* EEMNLZEECES L, bRETLHESE
AROBBEAN~OBITVSBRLEII L EELOND.

ZOHDEEBRBIC LIRS

BUEERBIC L 2ATED T AR EN % Table 1212
ALl T7I9VaLYEBRPOBELLTETLLE
HILEOT »y 2 227V (BT Vva— N E BB
AFN), A VFFRFRICEThABREY Y I VA, F
AIHAGREPCEINEY I 730 Y, BAAREEDS
YIUNLBHRPHRICEERATF IR F MY A
BOBREETHo-Y. wIHFX R OHELER
KDWTIERBE SR TW.

EETIR VA, ErREREDODDE LTERSE
AT/ VEERERETHIEDENRET TS (B
Hosk, BEEIG) MESKTHE FT/ V3BT
BELLETORZ 75 I VERBERThALEEESRT
W, ThiddH{ ECHENEETHL L LTREDE

** COMMISSION REGULATION (EU) No 15/2011 of 10

January 2011 amending Regulation (EC) No 2074/2005 as

- regards recognised testing methods for detecting marine

biotoxins in live bivalve molluscs (http:/eur-lex.europa.

ew/LexUriServ/LexUriServ.do?uri=0J:1:2011:006:0003:00
06:EN:PDF)
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HARBHE ShTni2d,

3. EYEBERE

F/0CKDEHE _

F/aRXAETHEENZ, BERFERICRIATE
ZTd LIt (BEH42018) FRESRATWA
(Table 1). FRIGECHKHABRLHBRTAFLS ¥ 7t
FRLEZENZQERENRSHZ L, ZOHEFMIEE
FPRESNTEFEL LTRIHDA T 20RO
TOEFIZIREATH RN,

ARADRERBERE TS L, £BEAND62%I2 10
RCBEL, ORORAGELEETHE, ZO20AH
TR6% D HEL Tz (Fig. 13).

BB OBREGR OB TE D - - ORHBRED 1431
ThY), ROTRERDSH, WEBERLLCEFEDI
f, LB EOSTHTH o7z (Fig 14). 20104 X HI4E X
N3F ) 2L BEFEORENE (HESNI-, 20O
FTEBRI 194 L 2E TR BEMGRISh o,

BERMEED88% IERETH Y (Table 13), B 5 AFRAEL
FRRMAPSEY B F ) 2 X BBANKES
O, BEE2ERERLTHERNS31GDY, EFRFT
ETOEH - BEFDELEZ LN .

*/ a0BEFIOETEREGYB LUBERO RS
Table 14IZ/R L7z, BERE ZoF/ o0BEHEIIRES
BlbER FFETEECL-ERTORREFLLS
RRLZ BERERCETEREGEIEL S o
DRIYFIZFT, KATIF IRy sy, VY
Thol. BEARBIUVBERRYFaS LYY S
R TRBOERERL, ZOIBEOETEORE
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Table 13. FHTE~2FODPEIIBITAF ) 2k 3
BhESEAORERKE
ERE R RELH %
KE 1,036 88.4
HEE 31 2.6
BFEE 31 2.6
HhERE 15 1.3
HREE 9 0.8
BEUETT 7 0.6
21 2 0.2
Lot 39 3.3
A 2 0.2
Hi - 1,172 100.0
Fig. 14. FRTE~2ENLIFEICBITAF/ 2tk sA
hEEF OB ORELR
Table 14. FRITE~2FENDFEIBY 5%/ a0BENOBTEREF RS L FRER
RE#EY EEOEAZET) ng REW#Y (ESoBEfzET) -——-—————-——ﬁ
REMGH BEE REGH BEH
FA YRy ¥r 1 2 AXy rEO—E 1 1
TRy 1 2 yeITYrERE 1 1
LyBIIAY 19 69 yIdF VIV 1 4
ARV AY, 2F9SR=F 2 10 yRIFVITI, RIONE T 1 2
LRIV ATH 7 26 yedFry ¥ rE g 1 1
AVEI VAV I I IR=Y 2 3 FFTIET 1 2
A BFYTTy 3 4 vEI T 393 1,719
GRAXFUT Y 1 1 VFRFY 8 14
YALTHFEIRAY 1 1 FYTEr 39 60
FAERINT XIS 6 16 FYTyrE 4 8
FAERZINTIIXY Ty, FEINTEIT 1 5 RoASHhGIT 6 23
Y&
FTAIEL I 3 5 ¥z 3z ) 50 109
FEFvaBGAhAYIY 14 27 Forongsr 16 52
FFIuASHYTy, FoASHHIy 1 2 FezonsrRidyuyr<eIsy sy 1 2
FFISL Iy 6 9. Fr¥y=<FU%sr, FrY<FY 20 72
FiaLvAY 1 3 FHZUEY I Y 1 3
ATV E I 4 11 r55 5 1 1
AFTIYV BT T 2 14 >S5 5EFF 1 2
AFIRAY 86 347 =HrUFr 10 19
HEVRAY, NFRUFFy 1 2 SHTYE Sy, AFTAY 1 3
ATGT RS 1 1 =krany 3 ]
AXITR 12 23 —k¥yayn 2 3
FVFAES 1 1 RRXIVAY 4 14
IHISR=F 258 1,041 NL4aYAY 8 18
FTHIIR=S Y, AXRVAY 2 9 NFFROXRT T 1 2
YISy, BRE 1 13 eHFYELE S 20 60
IHFIIRZF Iy, NFRIFS T 1 2 vX7Vublty 1 2
Z2UNYERE 1 6 eATVaFYERS 1 10
ayyr 1 3 ExHAFTavn 1 2
=5 T 2 5 zravivyr 1 4
DATLRVRAY 1 1 ReFrTIr 4 8
YIS R=F 2 5 FFALVRAY 1 1
AFV T TEFE 1 3 FYIHAVLINITR 1 4
avsyy 2 5 US54 ¥r 1 3
YLy 2 8 BEAR/ERLR 98 330
VELVS SR 4 7. #Er 1,172 4,201
vuywIFu Yy 7 20 ' -
YuyRAFV Iy, INFryTy -1 2
vayFryryy 2 3
Yarwysyr 1 2
PR A 1 1
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Table 15. FRAE~2EODAEHICEIFL2 %/ 22k 3
HEHEOETES

FEAR FECER
1

¥ aEE REOEMNLEL)
Foonysr
vay<sxIysIyy

Sy uany

AEVET

bES-E &

yRIFSEFF .
yedFy vy, Foonsysr
=HrYFr

R

W DWW
W B N W

[
-y

Bt 30

ZERST BT THIREL LT END b Bk

CEDBUERS 5.

FETHEPNE 244, 30BVHE S 7z (Table 15). KE
DF)AZFIINS IR E ol FIINVIID
BERSIBEROTI= S MRV VL AN, EhOY
QERIFITEr, IRIIFERE, FLFVIS
TFHRBROBRAEFATEY, BEEFAORRFIZZO
BERSRELF /LB EELLND,

BEFEREAESELIOF ) aizonT, AMBE
CHBHOERFEOREGRE LB L2 (Fig. 15). B
BT, Y3357, AFVAVBIUFZY9ai
10RDBEFEIEEL, 2V ISy sy, 77
YrBIUCAFYELY rizo, 105020 ARICh:
DEBELTW:, #BRITE, Y33 55BLU0F29Y
TRFBR, IFIIRIIBITIFY A VIIERR
BIUERBR 775 ri3tBECHROREFELY D
EFEHRECEISVERSRO N, 2L, Frrs
TOEFRECOWTITILEBETIEIEICS, 9B ICEELELTS
D, ZHYIREF T ICOVTIRBERRYS b o 2R
D bit#EE, FREBIUCKBECIEEICIH, BE
B, UBEBIUHBETIXI, 0AD20 A0, SmE
BIURFE2ECERLIVEF AR CEIIC10BICE
REOBEFEPF LTV,

F/aREBEPEOELRRR, ANLAL LEEL
LTEELF /a2 HORMTHILTHE. 200,
BERE[MOBHBEMCOWT, RHBEHMFRRL LS
EL72% ) abBEFENRES/ % Table 16IR L 7=,
F)IOEHRBEEORBRCETARELEL T8
ZDE) RHABEROAPELBLILTVLLBEENT
B, SBOF) I LHPEOTHEIE, TEUE
B8, BIEdMB L UHERMOBBRITNI T, BBRYZE
BEROANLZEFE T2 EELHOT ) aRFROBHE
BRI LFRERELEHINTAEY,

BEOF ) 2L 2EPFEFAORICE, BROZWE
WEZ GRE) 2ELALDICEREL Lo HEANHE
ENTWE, 07D, F)2ZT0WTED LS LREN
HHONLEBRBEENRCT Y r— FRAEREKRL .

86

F XDV TIEEI208PI0EE (BEEET) 2385
h, [HRZ2E0F ) 2l3EOMS], [HETICTH
(FE*/3) THENLGNE], [FRE—FIEET LI
BN, [HEVHOHEF//aR3ELNE] &
Vo o RBEBTLBRENEICSE D o 72 (Table 17).
BBEORIZE T CIIREII oV T EESBER LTV
EIBBBEN, S8BT, FELS/ aOBREPED LR
TWF ) aDBERICMAT, chbEEICoOVTHRER
TRBOEBSTFIR W L 2WPRE~NELBD T &8
Zihs. ‘

BEIEYICLDERHE

BEEDICLZ2AFHR, BR2FEMICWBTHEORE
B2, 1,546 BDBEVHE SN TV (Table1). &H
BEERORNORBESFFKEEE T, BEREREEL
TRONDH, BICHFEIHTL B4, 58I LwIEN
BR BN (Fig. 16). HRHIOKETIX, 2874304
3eiEE, 23MXILBRD L OH|ETH - 7+ (Fig. 17).
FEBERE, 2608 74% 388, #T%3ZHTho
7: (Fig. 18). RECTRATAREE, WERY L2 LK
ToTEOGRELY, RML-EDZEAISEY ST
DT EEAFE ol —F, ERTRELL-BEHROK
Ba (82%) ¥ ¥ F 4 B LBEHT, EHICAL LY,
FRAFTV, TUA VICXBERASHESRLT V.
FECEE, MIATE, AXFT7S5vBIUO S0y gy
12k B BBIHEHE SR Tz (Table 18). B 224EMIc
BESN-BEEDIC L322 PEOKEEY % Table 19
RRLZ. BEGBTRAISAVIE M40y,
ANRAFAVD, FFNLTA4VY) BRISL, kAT
FavkyT7THHIE (Faver7HyEt, $55F3
TV THAE), PIAT I Chor
ENREAOREGES EEOSSEEYICOWT114E
TLICHBTRE, ALy, VrHLE, L X¥T5
BEDIIERICHETEDLIERTEENAE SR, b
VAT PBIUNYY FouTtiRBdrmRshiz,
BEBF 155282 2ERMEhHE0EH T, £KT
OBRETCIHEB LI URBENT ¥ H 4 B2 L 2HHDE
bEhok. Py H4ECLHEPERFITRTE~
FICEMEN2L, FRI0ELBIZER 148 X U204
RREBEREINTW 2%y, Uy F{E0HEkE
BiZowTiIBE P 55Tl ZRTOV Y4
EIL L2 EFEEMIHLBNTEIC B o Th OHERI Y
MLTWE, Vo4 EBicid, SRICENTLLhERE
ZFEZVaTAIL FOVS=VE (V9= e
Frazy) PEIN, BIOEES oK, FoRs T
TRRBBALDDIIE . BECNHEL -V r 74 Eix+
FIEBLRWERBTHENLIDL—FICIUHELY
DNEEOREREPEBCEESL D 5. WBEFEREHO
MELIE, REDVY 4 BILL2E8PBORE S ST
T, 8% - AFHUBOHARE~OEBTREEELT
[EROBELAEEELRLER] BSBLES L
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HLTWDW,

BERBEAOREGENS L OBESEYIZOWT, B
BLUBBRNOREGEE L B L7 (Fig. 19). 1S4 474
VY, MIATIBLURL EVICE ZRGEEMIEE
W4~ AIC, Fa vy 7H A48 Lo AhEHEM L
FHEZBLTHE SR TV BRITIE, SI54 vy
FIRALR AR S8k, A7 b iddbiEsr s
RAERS CEPFFEOREMELEL, Favkr7HHF
BBIUAM L7 IC X2 APBRILEEREILB S CHE
HEWdOOEEHIIREL TV, SBOESBIELD
had, REBETE NI T ML DARERT, ALK
BEECREICIREL, XM VIt 2B8PEORE T
SRICEHRLTWE —F, A4 Vickd11H~280
BEZERL VAR TH - 7. ‘

FREL &9 & L7-#E% % Table 201CR L7 (3REX
LIS ELBYFHERETEDIR 144 30). BrhEss
EBRBEBEVRL T4 VIBITINL 74 VT IEFREY
VEBBIUFayVx=vzrk, Favevry st
BASTEY, 2IAPE2 T, BFRTB LUENED
NI, PIATIREESEZY VY BIUES

88

BLAEEAFRESh TV BSEYICL 2 8hEiis
HIOS CCRERTREEDOBELBASER Y, EER
BTN LEHEICEIE IR L DR E
LABELELZLNG,

4. F & o

BEREHIREIN-EARBCLI28TSHM O
T=FIREat, BRBECIZETNFRMAELTREL,
2FERZBLTCREGRICBSOERIEO LW, 2
DD, $HELERBRLIATFORELERT -0
EFHEOW TR 2 AL ETH L LEL O
5 BREEATEREGBBIUEERICES L, BEW
EHRPLERDOR 7783 ) a%FRETI2EFETH
5. SLICHEECHBME LT, Y 798I UESEYIC
LDEPHEOREGEIL LT OWMLTEY, 4%
BICERLTW(BERS 2. Lid, wFhoaRET
SETRORARROARSE [REI T 20538
CHEDZVRBERL-bDOEEIC L 2RETH 2.
[RE] TORRBICL2ATERELZFHT 20124,
HARFIZLZEEY X7 PFBO I Lo+ o2 Mme B+
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ITI-1. Pharmacokinetics of tetrodotoxin in
tiger puffer fish Takifugu rubripes
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Tokyo University of Marine Science and Technology, Mina-
to, Tokyo 108-8477, Japan
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77 OEBEERE, BEWEBORERELTLEY

BHE > AYEBEIC LA 2 EZLNTWS, REFET
KRICEWT, 77ETFEFRFVY (TTX) %3
T WEBENS 777077 TIX 6B &E
T5k, TTX HFEZ S CER L, Thbb, 77
RREOMICERLAZ TTX #BECREL, MEICE5
EREET, HR2EHEOERICEE TS VWS> —F
DEABELRIIL TWA T &ilkb, #OT, Nk
BRES 570, REBETOBRBEFS 77 I TIX BREE
E#E LT, BE—@EE» ORRRNICERIL S 5 in vivo E
BRETNVEHEEL, TTX OENERE T RYEIRFHIIC
SR L 7z,

1.1TX$@&%&@b77buaH51Txﬁmﬁ%

BB

F 577 oS IT TTX %K (0.25 mg TTX/ke {5
B) ¥ BEHET 5L, &5 3SRCIMFH 5 TTX
BEEIh, BEH5BECOFTIXEERREK
(0.46+£0.10ng TTX/uL) &7 Y, FOBER L7 (E
D, TTXHEE 0.50 B LU 1.0mg TTX/kg FETDH
AHEORIMEEZTR L, FAOFEERIRE 150
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Marine puffer fish accumulate a high level of tetrodotoxin (TTX) in the liver and ovary, but
the underlying mechanism of this toxification is unclear. To elucidate the genes related to
toxification of the marine puffer fish, we examined the hepatic gene expression profile of
the marine puffer fish Takifugu rubripes by suppression subtractive hybridization in
response to the intramuscular administration of 0.50 mg TTX/kg body weight into the
caudal muscle. The accumulation of TTX in the liver reached 68 + 4% that of the admin-
istered dose within 12 h of administration. A total of 1048 clones from the subtracted cDNA
libraries were successfully sequenced. The nucleotide sequence of 92 of the 1048 clones
was identified as a hepcidin precursor. Reverse transcription-polymerase chain reaction
experiments revealed that hepcidin precursors were highly expressed in the TTX-admin-
istered group. In addition, complement C3 (31 clones), serotransferrin (30 clones), apoli-
poprotein A-1 (14 clones), high temperature adaptation protein Wap65-2 (14 clones),
complement C7 (12 clones), fibrinogen beta chain (12 clones), and 70 kDa heat-shock
protein 4 (11 clones) were obtained. This study confirmed that the intramuscular
administration of TTX increases the gene expression of the acute-phase response proteins

in the liver of puffer fish T. rubripes.

© 2010 Published by Elsevier Ltd.

1. Introduction

Marine puffer fish of the family Tetraodontidae gener-
ally accumulate tetrodotoxin (TTX), which binds with very
high affinity to the a-subunit of voltage-gated sodium
channels (Nay), at high levels in specific tissues, such as
liver, ovary, and skin (Halstead, 1988; Lee and Ruben, 2008).
Puffer fish likely do not actually produce TTX, but instead
acquire the toxin through the food chain (Yasumoto and
Yotsu-Yamashita, 1996; Noguchi and Arakawa, 2008),
because cultured puffer fish are non-toxic and non-toxic
cultured puffer fish become toxic when fed artificial
TTX-containing diets (Matsui et al., 1981; Yamamori et al.,
2004; Honda et al.,, 2005a; Kono et al., 2008).

* Corresponding author. Tel./fax: +81 3 5463 0604.
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Marine puffer fish must therefore have special mecha-
nisms to protect their bodies against a large accumulation
of TTX and to resist the toxin. Saito et al. (1985) examined
the minimum lethal dose (MLD) of TTX in some fish species
by injecting fish intraperitoneally with TTX and demon-
strated that Takifugu rubripes, Takifugu pardalis, and Taki-
fugu niphobles have the highest resistance to TTX with MLD
scores ranging from 3.0 to 7.5 mg TTX/kg body weight,
while non-toxic fish, such as largescale blackfish Girella
punctata, parrot bass Oplegnathus fasciatus, and spiny goby
Acanthogobius flavimanus, are sensitive to TTX with MLD
scores ranging from 3 to 42 pg TTX/kg body weight. The
TTX resistance of puffer fish is partly attributable to the
insensitivity of Nay to the toxin. Yotsu-Yamashita et al.
(2000) reported a substitution of a non-aromatic amino
acid (Asn) for an aromatic amino acid (Tyr or Phe) at amino
acid 401 in the domain I pore loop regions of skeletal
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muscle Nay (fMNay1.4a) of T. pardalis. A similar mutation of
Asn or Cys also occurs in the Nayl.4a of T rubripes, Tet-
raodon nigroviridis, and Arothron nigroviridis (Jost et al.,
2008). Venkatesh et al. (2005) used patch clamp experi-
ments to determine that these mutant channels are
approximately 2000-fold less sensitive to TTX than the
wild-type channels. .

Binding of TTX to biologic components might be asso-
ciated with the accumulation of TTX in puffer fish, which
might also alleviate its toxicity. Kodama et al. (1983) found
TTX in a non-toxic high-molecular fraction obtained from
the toxic liver of Takifugu poecilonotus by RNase T diges-
tion. Nagashima et al. (1993) reported that high molecular-
weight substances prepared from the toxic liver of Takifugu
snyderi release the TTX-related compound when treated
with protease or acid hydrolysis. On the other hand, the
blood plasma of T. niphobles and T. pardalis has a unique
protein that binds to both TTX and saxitoxin, a paralytic
shellfish-poisoning toxin, suggesting the involvement of
the protein in toxin-transportation in the circulating blood
of puffer fish (Matsui et al., 2000; Yotsu-Yamashita et al.,
2001). It is unlikely, however, that the puffer fish saxi-
toxin- and tetrodotoxin-binding protein (PSTBP) has an
important role in the TTX disposition of puffer fish, because
our recent study using the equilibrium dialysis method
demonstrated that TTX binds non-specifically. to plasma
proteins, including bovine serum albumin and bovine a-1
acid glycoprotein, with low affinity and TTX exists
predominantly in its unbound form in the circulating blood
of T. rubripes (Mastumoto et al., 2010).

Honda et al. (2005b) examined the immunopotentiating
effect of TTX administration on the cultured puffer fish
T. rubripes. Feeding experiments with TTX-containing diets
were performed for 60 days. The blood serum of puffer fish
in the toxic diet group exhibited higher hemagglutination
activity than that in the non-toxic diet group. Furthermore,
the splenocytes from the toxic diet group had significantly
higher proliferation rates than those from the non-toxic
diet group when stimulated with mitogens such as poke-
weed mitogen, concanavalin A, or lipopolysaccharide.

Lee et al. (2007) investigated the genes related to hepatic
toxicity by comparing the mRNA expression patterns in the
wild marine puffer fish Takifugu chrysops and T. niphobles,
which have different concentrations of TTX in the liver.
mRNA arbitrarily-primed RT-PCR. provided a cDNA
comprising at least three fibrinogen-like protein (fIp) genes,
flp-1, flp-2, and flp-3, from the liver of T. chrysops and
T. niphobles containing high concentrations of TTX, and the
relative mRNA levels of these genes showed a linear corre-
lation with the TTX levels in the liver of the two species. In
addition, flp-1 in the liver of T. niphobles located in scaffold
628 of the Fugu Genome database, and the amino acid
sequence in a C-terminal region of flp-3 in T. chrysops liver
had homology with those of proteins homologous to hep-
cidin precursors of the spotted green puffer fish Tetraodon
nigroviridis, European sea bass Dicentrachus labrax, mouse,
and human. It is unclear, however, whether the transcripts
of these genes are involved in the TTX disposition and how
they function in the puffer fish body.

- Inthis article, we used genetic engineering procedures to
evaluate the biochemical significance of the accumulation of
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TTX in the body of puffer fish, and examined the hepatic
gene expression profile of the marine puffer fish T. rubripes
using suppression subtractive hybridization (SSH) in
response to intramuscular administration of TTX into the
caudal muscle.

2. MateriaIS and methods
2.1. Materials

Marine puffer fish T. rubripes (approximately 1 kg body
weight) were obtained live from the Tokyo central whole-~
sale fish market and transported to our laboratory. TTX for
the administration was purified from the ovaries of T. par-
dalis by a combination of ultrafiltration and a series of
column chromatographic separations, as reported previ-
ously (Matsumoto et al., 2007). Crystalline TTX (Wako Pure
Chemicals Industries, Osaka, Japan) was used as a standard
for the liquid chromatography/electrospray ionization
mass spectrometry (LC/ESI-MS) analysis. All other chem-
icals were reagent grade. ‘

2.2. Time-course of the blood concentration of TIX after
intramuscular administration

We examined the effect of intramuscular administration
of TTX into the caudal muscle of puffer fish. Prior to a single
injection of TTX, the puffer fish T. rubripes specimen was
anesthetized with the artificial seawater containing 0.03%
2-phenoxyethanol and placed on the experimental work-
bench. Breathing of the fish was maintained by gill venti-
lation using ~the perfusion technique with artificial
seawater at 20 °C. After the fish was laparotomized, the
hepatic vein was cannulated with a PE50 polyethylene tube
(Clay Adams, Parsippany, NJ) for blood collection. TTX
solution (0.50 mg TTX/500 pL/kg body weight) was
prepared with modified Hank’s balanced salt solution (pH
7.4), and administered in a single injection into the caudal

" muscle using a 1-mL disposable syringe (Terumo, Tokyo,
Japan). Blood samples were obtained from the hepatic vein

cannula at various time points after the injection. TTX was
extracted from the blood sample with methanol/acetic acid

. and purified by ultrafiltration (MWCO 5000). TTX in the
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liver tissue sample was extracted with 0.1% acetic acid by
heating in a boiling water bath for 10 min after ultra-
sonication for 1 min following the standard assay proce-
dures for TTX (Kodama and Sato, 2005). TTX quantitation
was performed by LC/ESI-MS analysis according to the
previously reported method (Matsumoto et al., 2008).

2.3. Treatment of puffer fish and RNA preparation

Three puffer fish (1.04 + 0.04 kg body weight) of the
TTX-administration group were given an intramuscular
injection of 0.50 mg TTX/500 uL/kg body weight into the
caudal muscle and maintained in a tank of 100 L artificial
seawater for 12 h at 20 °C. At 12 h after the administration,
the fish were anesthetized in. ice-chilled seawater and
dissected. The liver was cut into 5-mm pieces, immediately
frozen in liquid nitrogen, and stored at —80 °C until use. For
the control group, three puffer fish (1.04 £+ 0.07 kg body
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weight) were given an intramuscular injection of buffer
(500 pL/kg body weight) that did not contain TTX, and the
liver samples were prepared as described above. Total RNA
was extracted from the puffer fish liver of each group.
Briefly, 1 g of liver was homogenized with 20 mL of ISOGEN
reagent (Nippon Gene, Tokyo, Japan) and the total RNA was
extracted following the manufacturer’s instructions. mRNA
was purified from the total RNA using an Oligotex™-
dT30 < Super > mRNA Purification kit (TaKaRa Bio, Shiga,

Japan).

24. Construction of subtracted cDNA library and cDNA
cloning

Aliquots (1 ug) of the mRNAs from the TTX-administered
group (tester) and the non-TTX-administered group (driver)
were applied to a Clontech PCR-Select™ cDNA subtraction kit
(Clontech Laboratories, Mountain View, CA). The subtracted
¢DNAs, enriched in over-expressed genes from the TTX-
administered group, were amplified by PCR using
Advantage® cDNA PCR kit (Clontech Laboratories), and the
amplified products were checked by agarose gel electro-
phoresis. The nested PCR products of the subtracted cDNA
library were purified using ChargeSwitch®-Pro PCR Clean-up
kit (Invitrogen, Carlsbad, CA) and subcloned into pT7Blue
T-Vector (Novagen, Madison, WI) using Escherichia coli strain
JM109 as the competent cell. Plasmid DNAs were prepared
using the illustra plasmidPrep Mini Spin kit (GE Healthcare,
Buckinghamshire, UK). Sequencing was performed using
a BigDye® Terminator v3.1 Cycle Sequencing kit (Applied
Biosystems, Carlsbad, CA) with the forward primer R-20mer
primer (5'-ATGACCATGATTACGCCAAG-3') and the reverse
primer U-19mer primer (5-GTTTTCCCAGTCACGACGT-3),
ABIVeriti® 200 thermal cycler (Applied Biosystems), and ABI
PRISM® 3130 Genetic Analyzer (Applied Biosystems). The
nucleotide sequences were analyzed for similarity with the
fourth Fugu genome assembly (http://www.fugu-sg.org/),
Ensemble Fugu genome browser (http://www.ensembl.org/
Takifugu_rubripes/Info/Index), and the other animals by
nucleotide BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.

cgi).
2.5. Reverse transcription (RT)-PCR

Differences in the expression of hepcidin precursors
between the livers of the TTX-administered group and non-
TTX-administered group were evaluated by RT-PCR. First-
strand cDNAs were synthesized with oligo-dT primers from
6 ug of total RNA using a PrimeScript® II High Fidelity
RT-PCR kit (TaKaRa Bio) following the manufacturer’s
protocol. The first-strand cDNAs were combined from three

Table 1
Oligonucleotide primers used for RT-PCR analysis.
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TTX-administered fish as testers and three non-TTX-
administered fish as drivers. The sequences of specific
primers for the hepcidin precursor (hepcidin A) located in
scaffolds 145, 456, 511, 3526, 5143, and 8479, hepcidin
precursor (hepcidin B) located in scaffold 35, and B-actin
(GenBank No. U37499) are listed in Table 1. PCR was per-
formed in a 20-pL reaction mixture containing 1 ulL of the
cDNA template, 0.2 uM forward and- reverse specific
primers, 1x Ex Taq buffer (TaKaRa Bio), 200 pM dNTP
mixture, and 0.5 U TaKara Ex Taq DNA polymerase (TaKaRa
Bio). The reaction was performed for 20 cycles at 98 °C for
10 s, 58 °C for 15 s, and 72 °C for 1 min. RT-PCR products
were separated by electrophoresis on a 2.0% agarose gel
and stained with SYBR Safe (Invitrogen).

2.6, Statistics

Data are expressed as mean =+ standard error (SE), and
Students’ t-test was used to analyze the significance of

-differences among the means at the 5% significance level.

3. Resulfs

The puffer fish T. rubripes used in this study initially
contained no detectable amounts of TTX (<0.01 ng TTX/uL
blood and <10 ng TTX/g liver). ‘

3.1. Time-course of the TIX blood concentration after
intramuscular administration

Prior to the SSH study, we investigated the time-course
of the blood concentration of TTX after an intramuscular
administration of 0.50 mg TTX/500 pL/kg body weight into
the caudal muscle of a puffer fish (Fig. 1). The blood levels of
TTX were detectable (0.07 ng TTX/uL) at 10 min after the
administration, and sharply increased to 1.52 ng TTX/uL at
90 min and thereafter gradually decreased to 0.27 ng
TTX/uL at 600 min after the administration. The amount of
TTX in the liver accounted for 44% of the administered dose
within 600 min of administration. The result demonstrated '
that caudal intramuscular administration produces rela-
tively high blood levels of TTX for at least 10 h. Based on
these data, we set the dosing condition of TTX for the SSH
study as described in the Materials and methods section.

3.2. Cloning of the subtracted cDNA library

The hematocrit level of the TTX-administered group
(28 + 2%) was not significantly different from that of the
control group (27 + 1%; p > 0.05). The accumulation of TTX

Gene Location

Oligonucleotide sequence Amplicon (bp)

Hepcidin precursor A
Hepcidin precursor B Scaffold 35

B-Actin GenBank No. U37499

Scaffolds 145, 456, 511, 3526,.5143 and 8479

5'-GGAACCAGTTGGAGCAGTTC-3' 300
5'-ATCAGAACCTGCAGCAGACAC-3'
5'-CTGGTCTGACACCCATGAGA-3' 373
5'-GCGACAGGACTCCTCAGAAC-3'
5'-AGAGCTACGAGCTGCCIGAC-3 348

5'-GCTGGAAGGTGGACAGAGAG-3’

96
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Fig. 1. Time-course of the blood concentration of TTX in Takifugu rubripes after
the intramuscular administration of TTX solution (0.50 mg TTX/500 pL/kg
body weight) into the caudal muscle. Each point represents the value of an
experiment performed in triplicate measurement.

in the liver reached 68 + 4% that of the administered dose
within 12 h of administration.

To identify the differentially expressed genes in the liver
of the marine puffer fish T. rubripes in response to intra-
muscularly administered TTX, a subtracted cDNA library
was constructed. The amount of total RNA extracted from
the liver of the TTX-administered group was 1159 + 48 ug/g
liver, while that of the control group was 1534 & 169 ug/g
liver. The amount of total RNA was not significantly different
between the two groups (p > 0.05). An SSH study was per-
formed with mRNAs from the livers of the TTX-administered
group as the tester sample, and those of the control group as
the driver sample. There was a clear difference in the
expression pattern between subtracted and unsubtracted
¢DNAs based on nested suppression PCR (Fig. 2).”

In this study, 1136 bacterial clones were isolated, 1048 of
which were successfully sequenced and each contained
insert ¢DNA located in the fourth Fugu genome database.
The major clones are summarized in Table 2. The greatest
number of clones were hepcidin precursors (92 clones),
and 75 of these 92 clones were located in scaffolds 145, 4586,
511, 3526, 5143, and 8479, and the other clones were
located in scaffold 35 in the Fugu genome database. These
clones had strong homology with hepcidin precursors of
marine puffer fish Takifugu obscurus (Accession No.
EU178862) and large yellow croaker Pseudosciaena crocea
(Accession No. AM748024), and with the hepcidin-like
precursor of red seabream Pagrus major (Accession No.
AY557619). Analysis of hepcidin precursor expression by
RT-PCR indicated that the levels of hepcidin precursor
amplification products were relatively higher in the tester
samples (Fig. 3). The second greatest number of clones
corresponded to complement C3 (31 clones) located in
scaffolds 26, 189, 194, 206, 364, 2218, 3729, and 3840 in the
Fugu genome database. Other complement components, 4
clones of C1r (Scaffold 205), 6 clones of C4 (Scaffold 48), 4
clones of C5 (Scaffold 114), 1 clone of C6 (Scaffold 128), 12
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Fig. 2. Confirmation of the subtraction efficiency by suppression PCR of the
subtracted and unsubtracted cDNA pools. Nested PCR was performed on the
subtracted or unsubtracted primary PCR products with the nested PCR
primers included in the kit. PCR products were separated by electrophoresis
on a 2.0% agarose gel and stained with SYBR Safe. Lane M: marker; lane 1:
nested PCR products of the unsubtracted cDNAs; lane 2: nested PCR prod-
ucts of subtracted cDNAs.

clones of C7 (Scaffold 128),1 clone of C8 (Scaffold 367), and
4 clones of C9 (Scaffolds 49 and 65) were also observed. The
third highest number of clones related to serotransferrin
(30 clones) and located in scaffolds 334 and 417.

The clones obtained from the subtracted cDNA library
were assigned to seven major biologic functions of the
putative translated proteins based on their sequence iden-
tities with the gene ontology database (http://www.
geneontology.org/) and the fourth Fugu genome database
(Fig. 4). All of the clones were located in the Fugu genome
database, except 33.9% of the clones had no gene ontology
information in the database (Fig. 4). This classification of
gene function shows that 15.7% of the clones were associ-
ated with the immune response, including the hepcidin
precursors and complement components. Genes involved in
metabolism constituted 13.7% of the clones, in which the
breakdown was as follows: single clone (80 sets), pair of
clones (34 sets), trio clones (21 sets), and quartet clones (2
sets). The third most common category comprised genes
involved in transcription and translation, such as ribosomal
proteins and transcription factors, and constituted 11.0% of
the clones. Genes involved in transport and binding, such as
serotransferrin and apolipoprotein A-], constituted 10.7% of
the clones. Only two clones located in scaffolds 533 and
3348 had a strong homology with the T. pardalis PSTBP1
mRNA (Accession No. AB055707). Genes involved in signal
transduction, including hormones, regulator. proteins, and
signaling cascade proteins, constituted 10.4% of the clones.



