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Abstract

During the long migration from river habitats to the spawning ground, the Japanese
eel undergoes sexual maturation. This spawning migration occurs concurrently with
morphological changes, such as increases in eye size; however, the mechanisms by
which sex steroids and their receptors influence these changes in peripheral tissues
remain unclear. The aim of this study was to investigate changes in the eyes of
female Japanese eels during sexual maturation, and our research focused on estrogen
receptor (ER)a. and ER[ transcripts. During ovarian development, the gonadosomatic
index increased and yolk-laden oocytes developed rapidly. These changes occurred in
conjunction with a steady increase in plasma levels of estradiol-173 (E2).
Concomitant increases in transcript levels of ERa. and ERP in eye, brain, pituitary,
and ovary were also observed. Fluorescence in situ hybridization analyses revealed
that ERo. and ER( transcripts were present in the choriocapillary layer and
photoreceptor layer of the eyes, and the analysis also revealed that their signals in
these layers became stronger in mature females compared to those observed in
immature females, suggesting that under the influence of gonadotropins, morphological
changes in the eyes are regulated by E2 through the activation of its receptors. In
conclusion, E2 plays a crucial role in physiological adaptations that occur in

peripheral tissues during the spawning migration.
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gonadotropin  releasing hormone)®] A=FOoE2  HStFA A AAHAAFTE=2E
[gonadotropins, GtHs; follicle stimulating hormone (FSH)<%} luteinizing hormone (LH)]
o @43 BulE Fa ARG Ha5A AAolA B8 BHE GHsE oo

WEEo G4 AX NEE A5dt] 4 TEE (sex steroid)e] FAdol A3

HAoZ FEe mIG, dutH o2 HFAFY 4 ETE2E F estradiol-178 (E2)
v 4o Agut M EoA aromatase®] FHv] EdS B3 testosterone L EZFE Z

2L E Th(Chaube et al. 2015; Li et al. 2007).
ol FollA E2& ¢AY WA F7|E 2Hste F83 9&& FTh(Fostier et al.
1978). E2¢l thgk A 24 Wk
BrRow A drAxZ wF 9 dg; FAo AHFAH
I Th(Fostier et al. 1987). Wd&
o oAx AlEoA E27l BHIFHIL olF oz HEEHo dITuiEe]
vitellogenin<s A§4+st7] Al Z¢CH(Ng and Idler. 1983; Nagahama et al. 1993). FA|
MEA(Salmo gairdneriys h7FOZ 3 AFolA= EF E29) vitellogenin®] 1]
Fdol U3 H tH(Bromage et al. 1982). % E2 ¥+ 98 4 7] A7}
A F7FFAA T 3 LB (germinal vesicle break down) TANAE FAF=
7d3FS X 9 Th(Fostier and Jalabert 1986). Brown bullhead (Ictalurus nebulosus)e 4+
T AE 52 FAVIEG A A Ao 5 E2 571 =% THBurke et
al. 1984). 0|83 AFEL olF Fuith Gl Do wE E29] #H°] Ao] =a
A 2A UetiA R A= dF E29 RV dERAE G| AH A IF
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Clayton. 2001). ER subtypeo] tig 71&2] dAF= ZHFY A5, F 79 ER
subtype(ERa2} ERB)®] &4 = 3 (Planey et al. 2014; Paterni et al. 2014), 3=

F+= A 79 ER subtype(ERa, ERB1 18|31 ERPB2)¢] &4 = A TH(Pakdel et al.
1991; Chen et al. 2011; Nagler et al. 2012; Mu et al. 2013; Lafont et al. 2016). &
Z o7 4 As AAHNA HetrAE 2FT ¥, I 2Eal daolA ERs A
AHAl o] F7hE T ZhollA ERs AAMA 2T Wdte dHbFo® FEo R
9] vitellogenin &4 A3 UHI #FHo] It EIHJHMu et al. 2013;
Nelson et al. 2007). F-A|/|$E0] F49 ERs mRNA THL ol el A
7] Wsto] &< mX = Hu7b At (Nagler et al. 2000). ©] A7 2= A
de AAo AF FEE dhe E2E& 2™sr] fJd dAa =H o] ER-mediated
signaling pathway’} EA]3th= AS B3 JQT(Nagler et al. 2000). L1}
A ddste] dAE AT & 2xxz 9 A xH A ER-mediated

=38 v gl (Mu et al. 2013).
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signaling pathway®] A 2|8t FadL2

=54t WA\ (Anguilla japonica)= AHEjSHA 02 Fretd o] Folm FHopA|of
A oA AFAR o E F Q3 o] Fo|tH(Tsukamoto, 1990). AA7FA o] ZF9] k2
AHASE 97 FAY AT SRS AR s JYH oy
THEAMS TS FA7IEo] ok JHEEHA Fdth dATMA dHF S5
Wgolo] el thE oFEol PlusiA duider BZeitt. 554 Aol o
A A, A 7R dE e 22 7] AZAM #F AFES Lol RIS

o (leptocephalus)7} Ao} (Glass eel)Z WHE & oy 49 2 &
A Ho 2 o]|FFthal KIS Th(Tsukamoto, 1990, 1992; Tzeng, 1990; Cheng
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and Tzeng, 1996; Arai et al, 1997). AWM AF o= G4 AHOoZ o]F& 3 T A
| Aoz wWate Fehel WA, yellow ee)S 7=tk olw] Wio]
= AR nAs3 NAZ Ao R FSHEE vlgoty s FZoE 4
& I FE AMAET] A7A A ZAdo] dojuA denh A= oF 594
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Fog IFE MAT FE4F WA E o] AZIRE WS fE AAAMEE]
WFesh7] Al ZFSEal(Tsukamoto. 1992; Aoyama. 2009; Aoyama et al. 2014), ©]¢} &
HEE]o] A Ajo] A (2u Ao silver eel) S 2 WSSt o] AA= FEHAY WA
317} YEbdth(Aoyama and Miller, 2003; Han et al, 2003a)(Figure 13} Figure 2).
SHAIRE FE54F WA E E3gE WA F(Anguillid)ol A AbE 3 fof AHET A
Ejstd wste} o]o] FHMEE AEstd A= AA7MA B vk gloh ol

WA ol f2 AA FEold 4 A5 AAE ZIYsr)t Brbssioz

HAo] AP= = 71l s H&sHA WA A F*th(Kagawa. 2013). Aol
A A zekE Aol AYdFE AT FAHCRE F4% HAaAE Hole 4
Ao 2 20140l A A B 5 A " (International Union for Conservation of Nature)
o 5 Red ListZ 7% % thhttps://www.iucnredlist.org). &3 EAE | ZA3}7]
AeA = 2 FHALEU), €8 2 iRt A AL ES 93 FHEAL
AT7F APHT ATk AHR] AFEAH A A Anguillide] B A5 5= IA
©] 7% Salmon pituitary extracts (SPE), A<l 749 hCG (human chorionic
gonadotropin) 2} Z2 9043 S=2E-S AV AEstd A Ase =8t Ao
(Kagawa. 2013). =3 FH o= S84 Ao Eo]F =3 gonadotropinse] F
A2 4F WA A BAs =0 A I3 THKobayasi et al. 2010). 3FA| T o]
=

HEe 4 4% f of wre BAF] A7H:L Yk
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F&4 W s A Aes JA Fd = 77 SVl FHIAI WHEE F
HFSHohH(Han et al. 2003a; Beullens et al. 1997; Pankhurst. 1982; Okamura et al.
2007; Okamura et al. 2008). Sudo et al. 2012F A F&4F WA Y da W &

g FY A7 zue] ABolRAN  $HI=EoE XS dhe

azlel 37 4 A% B4 Fol Bulss 4 sEEel Yyl oF gow &
Zal3 ot 9 FEA Vo] T Yk AToRe} Lol B B4 2%
8 8% B} 37h8 R0E #5383 9A% 3%

E ez 4 As A 3F dye I3 AdHon. 53 4 =28 E2e



IR BolHel AYEEEOEH ABATE 4 %o AUHoE JFS v

A, Ghaol A BHE B2} AEA olsle] BxaA Al AL ol

uebs o] ATts WA dRAA A A AA T BPG axis®] W3] w

2 B29 48714 FRHLA FASAT 4 A% BE FF Y TEEY

g A Z22(H), g2 (HekTA, b4, )4 F FFY ERs subtype mRNA
o] M AS real-time qPCRS T3 ZAEIAT. 28l A Ads 34 F9 +
o] 377] Wglo] mE wWatoA ERs subtype mRNA &S fluorescence in situ

hybridization (FISH) 'S Sl AT



Return to the fresh water : Catadromous migration to
. Growth in fresh water area : ;
move with ocean current the West Mariana Ridge

>

Egg — Larvae = Glass eel |— Yellow eel — Silver eel [~ Spawning [~ =

Figure 1. The biological life cycle of Japanese eel.
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B) Pre-silver eel

. .2..!_;1* . . / . .
N Silvering

Figure 2. Morphological change during silvering. (A) Yellow eel, (B) Pre-silver eel, (C) Silver eel.



1. 4o g 322 A7

SEA WA AR A IFE AASE 9dolA 108 Aol HAIEHA
ot AFole AFA = (33°N, 126°E)ll AT Fet st whvks A Ho|
A YE FHIEEH oRIAA 1EF TS ol&std APHAG AF¥H AMAE
e AFHIALTI £95FAAT U SGNEASALRZ o] 55t Add o
8371 A7AA ARSI ARE HAES £XE 8l ofaE AEY @

Z(1 ton/ FTEFTZF)NA AFSSATH AMS A|2HE XS YA S o] &5}
AL FEO| FLE 20 £ 1°CE FASAT. A 29 FF7] 202 LS
S o] g3t W] 12417 283 &) 12A7HS FA SR THI0W, 600 1x, PPFD=

10.0 pmol m-2 s-1, Ap= 545 nm) (LD = 12:12, light-on= 06:00 h and light-off=

18:00 h). 4o Ame= Aol F7 AZMA Fol kA FUH.



4 masg o 79 ARFE W) AR PR 0%t HES BB
A FRE SHETADTAE ol FIART AP 71T FU FLL 20 +1°C
g FARAL AR F29 377 2Ue A5 olgshel Wy 1247 e

I 7] 1R2AIZFS FAISIEHI10W, 600 1x, PPFD= 10.0 pmol m-2 s-1, Ap= 545
nm) (LD = 12:12, light-on at 06:00 h and light-off at 18:00 h). & A= 7))
AE F2& Y8 4 =3 HAF MS-222 (Sigma-Aldrich, St. Louis, MO, USA)Z
o] &3t mAHAAIZ F NAE AFES FASL ID HE AdERT A A F

E 98 AFES Ao HslFA| FEFE(SPE)S Y Ryukyus 2] Akihiro
Takemura WFZHE AFadth SPE A =37 & Ao HFFAEZ 100%
Aceton (Junsei Chemical, Tokyo, Japan)ellA 3¥3F ¥4 ¥ Homogenizer
(T10-Basic, IKAWerke GmbH & CO. KG, Staufen, Germany)ZS ©|-&3}e] 235}
ot E4E ol HIFAE 2447 BTt AL Az T AP o] & o
7FA —20°Co] B#siith SPE= A 34 159 HHSE 20
mg/BWkg-19 58 B7}o] FASIA CHEigure 3). A A4 £ 5 AEE Fls)
7] 9138 ID-chip #HE7] & ol &sto] A S FAZF WMstE w5 AL FA

ol g3tel o] HAmm)e SAHshe] o] 2

Fom, SA AR E 53 84S EE(8000 x g, 104, 4°C)3tHTh &
H gL Ago o] &3l717FA -80°CollA EH#AF T Y AFH F APo=

2e olgs) HEE Fe} FAA F ik, A, HeleA, das dEeq
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GSI = (A FA/ AF) x 100
El = {[(D; + D)) 4] x 7/ TL (mm)]} (Figure 4)

D)= ™9 horizontal orbital diameter (mm), D,= <=2 vertical orbital diameter

(mm)
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Female

Salmon pituitary

Acclimation in fresh water
(1 week)

1 Acclimation in sea water
(gradually increased during 1 week)

l Injected with SPE {20mg/kg-BW)

once a week on the same day (8 times)

Silvering eel

Figure 3. Outline of the artificial maturation process.
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D, horizontal orbital diameter
D,: vertical orbital diameter

Eye index (EI) = {[(D,, + D,) 4]* x n/ TL (mm)]}

Figure 4. Formula to calculate eye index (EI).
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dZF B2 &%+ Asahina et al. 19957} X113k enzyme-linked immunosorbent
assay (ELISA)HO.E2 ZA3tdth. 2t 4 AE(100 pL)-2> 3d] 83300 pL)<
diethyl ether 7} & Zgto]oto] oA AFFo E8d AAZRHE Al glass tube
o &7 #AE 233 WEIHAT. ¥ A5 dAdFF7I(VEC3I0,
EYELA, Tokyo, Japan)oll A4l S®A|Zl 3 50 mM borate buffer (pH 7.8, containing
0.5% bovine serum albumin) 100 pLE 73t 96-well plate®] blank well-S Al
gt ZE well 50 mM carbonate buffer (pH 9.6)°] 3]41% Affinipure goat
anti-rabbit IgG (H+L) (Jackson ImmunoResearch, West Grove, PA, USA) 100 pL (15
pg/mL)E &3 4°Col|A] 2417 HEgste] I®SIA T A7 ' E platew=
Immuno Wash 1575 microplate washer (Bio-Rad, Hercules, CA, USA)°IA 0.05%
Tween (PBS-Tween)©] X3%H 10 mM PBSE 33 A &H3SIHTh. E2 standard
(Sigma-Aldrich; 12.8-0.025 ng/mL) 18|31 @3 AlE 50 pL, steroid labeled with
horseradish  peroxidase (Cosmo-Bio, Tokyo, Japan) 50 pL, rabbit anti-E,
antibody(Cosmo-Bio) 50 pLE 2} welloll 53kl 20°ColA 241 HE-SAIF T
PBS-Tween®.Z 33] A& 3 001% o-phenylenediamine  dihydrochloride
(Sigma-Aldrich)¢} 0.04% H,0,E =% 0.2 M citrate buffer (pH 4.5) 100 uLE 2}
wellell H7FsEATh Plate= 5279 204 3023 ¥HSAIZAL 4 N H,SO4
25 pLE #H7Ist ¥8S FAFAY. B S microplate reader (PerkinElmer,

Waltham, MA, USA)°llA] 450nme] ZF o2 ¥F B2 TEE SHSIATL
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5. Total RNA % % cDNA 34

HZ3 = &, ¥, H3l5Al, 34+ RNA-iso Plus (Takara Bio, Otsu, Japan)
E AF83He] total RNAE FE3t9 . Genomic DNA contaminations 3] 3lx} 5=
=3 total RNA(1 pg)= DNase I (Promega, Madison, WI, USA)E *]&]3ls 37°C
o A4 1583t ®WHSAIFH T Total RNAS AHA = AZF E2ALS NanoDrop One
(Thermo Fisher Scientific, Madison, WI, USA)S ©| &3}l A260/A280°1 A4 ¥43}
ATk Total RNA AHAEAo|A A260/A280 ratio’} 1.8-2.0¢1 MES Uiz
cDNA A4S ZA3A T cDNA 342 Transcriptor First Strand ¢DNA Synthesis

Kit (Roche Diagnostics, Basel, Switzerland)E AF-8-35} % T

6. Real-time qRT-PCR (qPCR)

ER mRNA T&# &2 Dice real time thermal cycler (Takara Bio)$} SYBR Premix
Ex Taq™ II (Takara Bio)E ©|&3dt 413}t Taget geneo] THI RT-PCR
primeri= ERo (GenBank Accession No. HM545084.1), ERR (AB003356.1)= A3}
%3 reference gene> Efla (MH020210)S ©] 83} RT-PCRS 433} 3 TH(Table
1). SYBR Premix 5 pL®} 0.2 pM®] forward®} reverse primer, 50 ng2] cDNA
templateE E3skd 95°Coll Al 5 sec. denaturation, 60°ClA] 30 sec. annealing™}
extension O E 40 cycle T33IA T Target geneo| ™k 2l mRNA &

HFLS AAct methodE ©| £3te] 4H=3IA T

15



Table 1. Primer sets for Real-time qRT-PCR.

Gene

(Accession No.) Primer Oligo Product size (bp)
Forward 5'-TCACCCTGGGAGTAAAGCAG-3’
Efla 270
(MHO020210) ) ,
Reverse 5 -TCCATCCCTTGAACCAGGAC-3
Forward 5'-TGATCGCTTGGGCTAAGAAAGT-3’
ERa 209
(HM545084) ) )
Reverse 5 -GTCGAAAATCTCGGCCATGC-3
Forward 5'-AAGTACACCTGCTGGAGTGC-3’
ERp 220
(AB003356) , ,
Reverse 5 -AGGCACACATACTCCTCCCT-3

16



7. Fluorescence in situ hybridization (FISH)

FISH W& o] &3sto] mA<s 7fAIeL A<= 7HAle] w2 =2 W ER subtypes
mRNA HHE SRt Ao = +2 4% paraformaldehydeol] 2443t &
QF 31A3R . FISHE= Stellaris RNA FISH (Biosearch Technologies, Novato, CA,
USA)E o] &3t &43tAth. Aol AH&3 RNA probe (Table 29} Table 3)+=
CAL Flour Red 590°] label® =54 W74°]¢] ERa and ERp A LSS ©]-&3t
Ozt A T WHEt 222 4% paraformaldehyde -8l 24A17F 143 A T 14

|83t = TAEE @4 B34S AR F
sttt et ES2 7-8 um FAE HH sl ZES WHEAT. HH FELS
xylenes ©]&3td gl & JEES o] &35t wE TAEERE
ARG dd w8
2 FAEFA T 37°CY] proteinase K solution (10 ug/mL proteinase K in 1x PBS)°ll

A,
N
X
O
2
i
o
o
o

& AL 1A B¢ 70% ethanold] B ¥ 58%F 1x PBS

208-7F WkS & 1x PBSOl| 5%, wash bufferol] 5&37F A9 2 %2 dHE

100 pLe] probe (125 nM)7} &3%3H hybridization bufferE 2 HAH Z B35}
3L 37°ColA 12413 202 vbSAI AT HEg A 3 2F AHe g5z

ZAolA wash buffer AS ©]&3le] 37°ColA 30837 AlZ F 37°C2] 5 ng/mL
DAPI (Sigma-Aldrich)7} &% wash bufferol 4 d&EFH 02 3083 FAsIAT
o} Xk O 2 wash bufferol 4] 5&3F blocking 3 50 pL2] VectaMount AQ Aqueous
Mounting Medium (Vector Laboratories, Burlingame, CA, USA)E o] &3} B3}
AT

17



Table 2. ERa probe sets for fluorescence in situ hybridization.

Gene (Accession No.)

Probe Sequence (5° to 3')

ERo. (HM545084)

ATGATCGCTTGGGCTAAGAA
AGTACCCGGGTTCCAGGAGC
TGTCGCTCCACGACCAGGTG
CAGCTGCTGGAGAGCTCCTG
GCTGGAGGTGCTGATAATCG
GGCTGGTGTGGCGCTCCATC
CACAGCCCCGGAAAGCTCCT
GTTCGCCCAGGACCTGATCC
TGGACAGGAACGAGGGCAGC
TGCGTGGAGGGCATGGCCGA
GATTTTCGACATGATCCTCG
CCACCGTCGCCCGGTTCCGC
GCTCTCAAGCTGAAGTCCGA
GGAGTTCGTCTGCCTCAAGG
CCATCATACTGCTCAACTCC
GGTGCCTTCCCCTTCTGCAC
CAGCTCTGTGGAGCCCCTGA
ACGACAGCTTTACGGTGCAG
TGCATGCTGGATAAGATCAC
GGACACCCTCATATATTACA
TCAGCAAGTCGGGGCTGGCG
GTCCAGCAGCAGTCCAGGAGG
CAGGCGCAGCTGCTCCTGCTG
CTCTCGCACATACGACACATG
AGCAACAAAGGCATGGAGCA

18



Table 3. ERP probe sets for fluorescence in situ hybridization.

Gene (Accession No.)

Probe Sequence (5 to 3')

ERB (AB003356)

TGAAGCTGCAGGAGAGGTAG
TTATACATGGTGGGCAGCAA
CAGAAGAGGGAGGGGCTGAG
ACACGGCACAGAAGTGCATG
GATGCTCCTCTTGAAGAAGG
TTCTTGTCGATGGTGCACTG
ACTTCGTAGCACTTGCGGAG
TCACACCACACTTCATCATG
ATGCGGTTGATTAACTGCTC
CTTCATGAGGTAGATCTCCG
TCGGTGAAGGGCTTCTTCAG
GTTGGTGAGTGACATCATCA
CAGCTGATCATGAGGACGAG
CAAACCCAGGGATCTITTTTG
AGGTGTACTTGGTCAGACAG
AAAGATGAGTTTCCCAGGGT
CTGTTGAGCTTGAGGTCTGG
ACCATGTCGAAGATTTCCAG
TGTAGCTTCAGCTCCCGAAA
TTTGAGGCACACATACTCCT
TGGGGTTGAGGAGGATAATG
TCGCTAGACGTTGTGCACAG
GACTGCTGCTGAAAGGTCAG
TATTACTGAGGTGGCGGATG
CTCTTCATGTTGGACAGGTG
AGGAGTACGACGCCGACATG
TAGATGGTACTGCTTTCCTT

19



= FAIEYE GraphPad prism 8.0.2 SoftwareE AF&3tA T 4A =S54 ¥

=
Zojo] drAx dgTaAE dF E2 X, morphological index (GSI, EI), ERs

Lo

mRNA 'H3d W3Sl= Tukey multiple comparison test (One-way ANOVA)Z 2|4
AAE A YA BE datas box-whiskers format® 2 YUEFHN ©™ box < band
© 50% W&, boxo] & E bande A4 25, 75% W<, whiskere H LRk

I HYG 18 JL Hogs YERdTh
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GuAx G B AR dAh 2SS FES T F O dAR
3t Al (Figure 5) 84 W&ol (Buropean eel; Anguilla anguilla)o A Ril® &

M= dEddA E/E xRt ofefe} o] E/3EATHPérez et al. 2011).

GEMEZe} G337 GRME BFE (7] F33 A7), early vitellogenic stage;
Figure. 5b, n=13).

- Stage 3: GEAZO] 3 FWo dFo] A JfA|, ke A7) EFU B
H(F7] F&EEA7]; mid vitellogenic stage; Figure. 5c, n=8).

- Stage 4 FEAME AA] dFFEo] B#E(F7] FFIF 7], late vitellogenic
stage; Figure. 5d, n=6).

- Stage 5: o] FRAELY FYoA FEFOE olFsH] ANHFTAHSTEA;

final maturation stage; Figure. 5e, n=6).
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Late vitellogenic stage Final maturation stage -

i 4]

> > >
Immature Vitellogenesis Pre-spwaning

Figure 5. Histological section of oocytes at different development stages during SPE treatment. (a) Immature stage, (b) Early

vitellogenic stage, (c) Mid vitellogenic stage, (d) Late vitellogenic stage, (¢) Final maturation. Scale bar = 100um.
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2. GdRAE WA o] WE morphometric parameters

*A
5} TH(Table 4, Figure 63 Figure 7). Z7te] A A% @A™ morphometric
parameterv= GEAZ YEHAE EHE FESIAT. A WY dRAE

g AE GSI= v A S5 EAIQl stage 1 (0.18 £ 0.07)3F stage 2 (1.8 + 0.1)oA &

FEA WAoo bR g TA o] @& GSI, OD$} EI9] WslE XAb

S e 2Yg A AE AAGALY stage 3 (12.1 = 1L.D)FE FoFoz &
#e BA T Akt A stage 5 (40.7 £ 2.8)7FA] v A5 HAQ] stage 13} stage
2RT fojHo g =& 7S HATHP < 0.001). GEAE dEdA o ©E Obe=
stage 1 (78.4 = 3.6)3} stage 2 (174.6 + 3.3)ol A4 & S BRI stage 3 (357.5
£ 126)%E FoFHoZ H& e HA F stage 5 (8922 = 83.3)7HA FAH L
2 5 #FE HITP < 0.001). EI= stage 1 (3.04 £ 0.21)7} stage 2 (3.85 =
0.15)91 4 e kS RYth stage 3 (499 + 0.18)F-E Zto] FoF oz Z7KPp <
0.01)3F 2L stage 5 (6.21 £ 0.47)° 4 stage 3ETF =& #S ZHTHP < 0.05).
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Table 4. Gonadosomatic index (GSI), oocyte diameter (OD), eye index (EI)

changes in the female Japanese eel after intraperitoneal injections of SPE.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
(n=8) (n=13) (n=8) (n=6) (n=6)

GSI 0.1 - 0.6 1.4 - 3.0 64 - 17.3 163 — 452 27.6 — 46.2
(mean + SEM) (018 % 0.07) (1.8 + 0.1) (12.1 + 1.1) (24.8 + 2.0) (40.7 + 2.8)
oD 65.7 = 92,5 155.5 - 197.1 306.7 - 423.0 457.0 - 638.7 975.8 - 1078.6
(mean + SEM) (784 + 3.6) (174.6 + 3.3) (357.5 + 12.6) (522.0 + 27.4) (8922 + 83.3)
FI 2.41 - 3.98 3.16 - 4.89 429 - 587 4.02 - 5.10 6.63 - 7.15
(mean + SEM)  (3.04 £ 021) (3.85 + 0.15) (4.99 + 0.18) (4.73 + 0.16) (6.21 + 0.47)
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Figure 6. Changes in morphometric parameters, (a) GSI, (b) OD and (c¢) EI in
female eel during artificial maturation. Boxplots show min and max values
(whiskers), first and third quartiles (box limits), and median (box inner line) of
morphometric parameters. Dots represent mean values of GSI, OD and EI. The
different letters mean significant differences for parameter values and same letter
are not significantly different (a vs. b; P < 0.05, a vs. ¢; P < 0.01, a vs. d; P <
0.001).
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Figure 7. Eye index (EI) change in female eel during artificial maturation. (A)
Yellow eel, (B) Pre-silver eel, (C) Silver eel. Scale bar = 200um.
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A WA dRAE ddd m2 dF B2 FE9 WHIle 4 Y4 F7]IHEE

A3 F7Vete FAES HERAY Stage 19149 EF E2 55E 2 A9}
H s Fojd oz vre 55042 £ 0.06 ng/mL)E X ST} Stage 294+ Stage
13§ A< zpolE HolA] Ut SHAIRE G} FAo] EAHOZ A=
ANHQl stage 3914 EF E2 T+ stage 13 29} vlwdtey fodo=z =& F
S(3.49 £ 0.63 ng/mL, P < 0.01)2 EAJtt. I3 A F719 37|12 stage 4
(3.51 £ 0.62 ng/mL)$} stage 5(3.03 £ 0.76 ng/mL)°I A= stage 33 Hlw3dle] o

2l Aol HolA| kSkTH(Figure 8).
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Figure 8. Plasma levels of E2 in female eel during artificial maturation. Boxplots
show min and max values (whiskers), first and third quartiles (box limits), and
median (box inner line) of plasma levels of E2. Dots represent mean values of
plasma levels of E2. The different letters mean significant differences for plasma
levels and same letter are not significantly different (a vs. b; P < 0.05, a vs. c;

P < 0.01).
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i, A, H3teA a8la dAae] ERa®t ERB mRNA @ FFe] wsles
real-time qPCRS F3ll £413l 0t SPE E74 FAE &3 4 d5& F=38192
3 %ol Mg wet BE =

ztel zzd] wel dRAx d9uAE g2 43 FFe 2 thFigue 93
Figure 10). w4 ERo. mRNA &8 stage 15EH FHOE F713l] stage 4

NA 74 e S RYI(P < 0.001) stage 57FA HS S FASFT HiA

of =ollA ERB mRNA T3-S stage 15-F stage 57HA HA} 5713k stage 504
M =2 Td e HYTHP < 0.001). Ao ERo mRNA THL stage 25

B stage 57FA] A& A F7FSEAL stage 5ONA THE w2 T #E BHATHP <

O

0.01). A oA ERB mRNA &S dmAx A Flo] {9 F¢l 2o]S
Rolz] okqkt}, MH3l4A| oA ERa. mRNA &8-S stage 15-E stage 37FA] S7HP
< 0.01)3FAAIRE, stage 45-H Ta&ste FAE BEAT HkFA| oA ERB mRNA
of W2 stage 1FH stage 57FA F3F zko|7F gllth dAaoA ERael ERB
mRNA T BT stage 257 stage 57FA fFol3tA S718EA 2™ stage 5914 7}
T E

e BATHP < 0.001).
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Figure 9. The mRNA expression of ERo. in female eel in (a) eye, (b) brain, (c)
pituitary and (d) ovary during artificial maturation as measured by real-time
quantitative PCR. Boxplots show min and max values (whiskers), first and third
quartiles (box limits), and median (box inner line) of mRNA expression levels.
Dots represent mean values of mRNA expression levels. The different letters
mean significant differences for mRNA expression and same letter are not

significantly different (a vs. b; P < 0.05, a vs. ¢; P < 0.01, a vs. d; P < 0.001).
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Figure 10. The mRNA expression of ER( in female eel in (a) eye, (b) brain, (c)
pituitary and (d) ovary during artificial maturation as measured by real-time
quantitative PCR. Boxplots show min and max values (whiskers), first and third
quartiles (box limits), and median (box inner line) of mRNA expression levels.
Dots represent mean values of mRNA expression levels. The different letters
mean significant differences for mRNA expression and same letter are not

significantly different (a vs. b; P < 0.05, a vs. ¢; P < 0.01, a vs. d; P < 0.001).
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5. W9 U ERs subtype mRNA %2 &

wuk U ERo (Figure 11)2} ERB (Figure 12) mRNAZ}F BH == 91X E FISH W
o7 st I v AA A /A TES] ERs subtype mRNA & #F

B

o
fiz

A3tk We Ul ERa9t ERB mRNA HdE #egutn g3
(choriocapillary layer; CCL)¥ 33<-& 4| Z(photoreceptor layer; PRL)o|A] 5 &<l
= Atk CCLYIA ERo®} ERB mRNAE R %S ZlAlol vls) A5k 7)Aol
o] F7tste S BAT 3-AIRE PRLAA = v s <3 7l 3 ER
o2t ERB mRNA 2@ o] Afol= #EH A dht
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ERa mRNA DAPI MERGE

Immature

20 um 20 um 20 /m

Mature

Figure 11. Fluorescence in situ hybridization of ERo. mRNA in sexually immature
and (a) and mature (d) retina sections. Nuclei were stained with DAPI (b, e). A
merge of the two different channels (¢, f). The arrow indicate the expression of
ERo. mRNA in Japanese eel eye. Abbreviations: choriocapillary layer (CCL),
ganglion cell layer (GCL), inner nuclear layer (INL), inner plexiform layer (IPL),
outer plexiform layer (OPL), photoreceptor layer (PRL), retinal pigment epithelium

(RPE).
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ERB mRNA DAPI MERGE

a)

Immature

Mature

Figure 12. Fluorescence in situ hybridization of ERB mRNA in sexually immature
and (a) and mature (d) retina sections. Nuclei were stained with DAPI (b, e). A
merge of the two different channels (¢, f). The arrow indicate the expression of
ERB mRNA in Japanese eel eye. Abbreviations: choriocapillary layer (CCL),
ganglion cell layer (GCL), inner nuclear layer (INL), inner plexiform layer (IPL),
outer plexiform layer (OPL), photoreceptor layer (PRL), retinal pigment epithelium

(RPE).
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o] AFtollAe IA FE4 WAoo SPEE B FAbste d9jdoe=E A A
So =R 1
ED7F S7HE L S &0 & Ao oA
vitellogenin /43 GREAME dIdy FH3t] o] 43k parameter E°] 7T

3]

e BHAFIH. AdoA 23 S5 WA E ddem T dAFolAEe

orphological parameter (GSI,

k]

ne

td

W

i

Q

v

)

2

k=)

oW
=

S8 Anguillid 7+ Z2 oA

yellow eelol Al BTk silver eeloll A morphological parameters°] 2o 2 F7}
3} % IL(Han et al. 2003a; Beullens et al. 1997), f@A4F WAoo A% o]} FARE
A3Eo] B E I th(Pankhurst. 1982; van den Thillart and Dufour.2009; Mordenti
et al. 2013).

3}

SPE 54 FAZ A Aese 5T S WA oA 3 A (stage 2°7-F
3 8 el

stage 47 A& GEAM E(stage 5)E AT AHES Tl FA
AN E29] EF s dFo] £A420 2 F257] AZsh= stage 35
7¥et7] AlAeE R ol AbE A K stage S7FHAl A FAIEH AT oleld A= E2
7h & Ao dofdts A dAE FAT Han er al. 2003b9] Hilo] w2

N
HF B2 5= 777 GYEAEZE 7HA silver eelBth= FHAY] G EAE

o
_1 {4
2

o

il
E 7FZ pre-silver eelol Al fFoj&d o g2 HdT o]gd A= FA W vitellogenin
o] A& JRAIZE ol Foll oA E27F 2RI s AsdT fH4

WA T o]} FAE AE AT F JATH(Pérez et al. 2011; Mordenti et al.

o

2013). TE2¥ AHHYE SFA ¥ New Zealand longfinned eel (Anguilla
dieffendachii)®] ‘Aol A Abg 3 713 S F B2 ¥EE 7] 4¥ ¥4V
of F7] 48 FA7 dRAMAEE 7R AL FolEAl Frkete BEFES B
#AThLokman and Young. 1995). °]# g AF}ES F3s| BH, I/ vzt
7HA 2 iAo R da U d&S2 o] AFETEA dF 7t

ol® QI3 A Aol BAZXCE JPHe AoE ARHT. FHT UH WAHAE

¢S = androgen Al€e] T=2&& o835t A 4 A= =5 A=sT
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2007). 3R EF 11KT 557 E2 ¥5RT Atjzog govng prRo ¢
At A= AT 11KT7F 54 GRAE 9oy ¢ 4o d7 FoqT 3
o2 F2HAY weA GEAEZ I EA A androgen estrogene] W2 A ]St
A 713de Wele F7F A7 Zasith

Anguillid®] 4-¢, T 5ol dH Wst= Adshd 4bd 3f Tt s W

o} Fukek &8 A signaloll <3

Z1ell 11KT7F G382 v AT A8 A Th(Pankhurst. 1982), @A7FA] 4 83
7171 M3 ¢ElZ vk itk Anguillid sp.o] A A5 A3 F¢ FHE = oY
FHA ®3 F & A7) ¥ste FHA BA0dA 4 dsEE EFdte Ve
(E1<6.5) 2.2 AM-&-¥H TH(Pankhurst. 1982). 18|31 ZF4F WiAo]o] o= EI<
508 7EeR A AHe ARE PHEY £ Jdva R3S tHOkamura et al.

o

2007; Okamura et al. 2008). A A% 4 F<F Anguillid sp.olAd = =717 F7}

s gle FAgoE 2FH o7t e F AW, ¥ A7) FG 4 4L

d

19§ ol YL Ao ArdTh

&l
Estrogen &A= AXZ W 22 neuron®l|A] estrogen A& E AEst= 2

7] W&ol ER mRNA &3 estrogene] A2 7|53 A LUHSHA

TH(Mu et al. 2013). 22 oJFolA ZF E2 =9 B2 &

Aty Rad vf ok FEoj{FolA ERs YWHEH O E E2 FHIE

T GEIAG, ofFE, 2¥E, A, a8y A e A= we 924 e

Ur7]x= gt} o] A4 Z¥= SPE T E2ES A
5

A we e fASAT 5 93 35 Wgold 4 4% 59 FRat: BPG
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S5 WAoo 4 A< F<QF ERavs E29] #9H]9F BPG axisoll A ZA Ao
2 #do] A A4 As HE T ERast ERBel AZ tE IS s s
GAE F=oh vl23 ATE Jeng et al. 2012F YA FHAF WA HoAq
% E2 %7} ESR(estrogen receptor)-37} ©F'd ESR-oo mRNA &S up-regulation
o R i A FHA WAoo Jol HekAl FEE(carp
pituitary extract; CPE)S A g|sle A4 de F=3& o, o H3A2 ESR-a
mRNA TEe fFojxoz F7HetAAT ESRS mRNAE F2 <l AFol7k I
o dtA o g FIolFolAe E2 EHI9F ER ¥ e A F& A8 =
2o dtgddA o] w2t 2o, & =9 T8 (Carassius auratus)(Choi and
Habibi. 2003), orange-spotted grouper (Epinephelus coioides)(Chen et al. 2011)2}
A 7| 4-0](Nagler et al. 2000)2] FAol4 ESR1I mRNA &S A2 dighol ufe}
S 73R AL, Asian swamp eel (Monopterus albus)(Ding et al. 2016)2} orange-spotted
grouper (Chen et al. 2011)¢] FAolA= ERa Hdo] Fo3tA S7stdth g
I JAeHeE A Ase 5T G A WA H, HeprA, 3L, dael
Al ESRI mRNA Td L =it 7934 S7FeAth(Lafont et al. 2016). 9
Z F5odd E2& A3 S w] It A ER alpha®t ER beta I0] =5 Z7}3tTh
(Nelson et al. 2007). 3+ medaka®] o4 ERo] W3 Hom MAF79} dF
7o FFg wof Iy

< Htg o R FE4 Ao = E29 #4Y19 BPG axisoll Al ERoZF EA T ##H )

oty Bu® v} JtHiraki et al. 2012). &3 AAE

e AoE AgHT 7|BEAHOE ESRIS Z-HFHA WA FR3 IS 3
O &8 JAAT, T2 2 FFEo|A ESR subtype 21Zte] Hato] 3k H R =

Aot d& 0 4 HAFFENA A=EZZNL oA vitellogenin A4k
S FX3FA9F ESR subtype®] 1
vl gloh H 2o ABetg oA A2d dgs 7)o S vAA Fe
£ ESR1 Aol A7} Hud #} JTh(Lu et al. 2017). Anguillid eel> ©}¥ FH
AL Z1Eolyt A9AQ] xS Aodte 7leS ATstke dAl7] wiEel o]

S

oM AFNME oldel Hu® 43 FHN WAl 4 4% HY F BPG
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axis®| 4] ERse] T3 EAE olyg} eel® wollAl ERa. mRNA &d UGS FA
stk o] A A= A As FE F E€F E2 §5 7 A welA ER
A= G AT ERB mRNA Td2 A A5 313
Holl et dxk F7lste] 4bek 2172 stage SN FoFoz & Td e
At ole S84 WAoo Fo] E2¢F #™ste ¢43le] 4 Ao 8% o
g2 & AL AN Foh 5808 FAMEAY welAE ER A= Ed
Ha, AlBgI4 FoNA %= ESR, ESR2a®t ESRI mRNA”Z} ¥& Hth(Tchoudakova

2
4
>
(2
et
o
o3
e
o
%
ol
oL
X
Ho
ox

et al. 1999; Begay et al. 1994; Chandrasekar et al. 2010). 53] E2 =&
oA ESRI mRNAZ}F F7FstAIRE 4 Asoly & Al <
mechanism> A53FA] FUTh 18] FPA WA 9 silvering H FF woll
/] ESRI1, ESR29} G-protein coupled estrogen receptor &3S A3 A| 7+ A€
%l mechanism AF3FL UA LUtk BIZoIFY wollA ERse Jo] &3k
A= F3] AgF otk Anguillid®] WEb WHElo] #I AFE H

A silvering A F W Fxo FEHF WASet ®wWE ) FFEATY
cone-opsin @5 ®W3tol| ths] H SR T WHEH|ISHAQ] Hol B3k dFe B
1E vk itk 11KTE A3 A 54 WAojolA EF £3k7] sl
11-KT7} 27 bdRAz @3 & 3719 Z7bd 9&FS vd Zolg =539
THSudo et al. 2012). kAR d&o] FHH7] A GAY GEAEZ oil droplet
stage (A AFNA stage 2)A = =

olglE ZoE ARHT o] AFY wS Yo E 3 EHY AFEL JX2E
24 #8494 A4 Zleol "eiAd v o TFAZeE AdWsta Uth
Kobayashi et al. 20020 2]} In situ hybridization®'H S o] &3 #tut 24 &
# 9H(choroidal neovascular membrane; CNVMs)ol A Al 2~EZ7 83 mRNA<
TS A GARG ARoA A=A FAZE FiF o g wol AT
O3 St ol estrogen®] Al I =TA] wollA CNVMs A Al AL F
Ae Gt ok =3 AR FollAl ERo mRNAZE ZHAH RL
a4 Yo E mRNA Tdo] T EA Uetur ojs A 2ERANS Fol 9
Ao B2 FZ33l JTHOgueta et al. 1999). °]&j3t AFHAE=S T BH WA
ANME A A FEHA T 5 E2 #5WsIet F9 ERa 32 434

o)
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Ao HoErh meps WAoo Agos =2 WU EH

%_
< S organo2A 9 ThsAE AAE FAT old tiF Frb AFvt dast

Z52 Aol o] oA ER mRNAS] od 9x ¢} 1
1H TS 82139t ERa9t ERB mRNA =5 PRLI} CCLOlA &= CCL
AN A=t AAG wdsg AA Abelo] mRNA 2d o] AolE Bt
E3] CCL EAME# U 3] A E(capillary endothelial cell)] =712} ERs mRNA2] dF
A FEE s A A JHA He] AR ApolE BT o= E27F w9
A BAER WA ] FAos BT 549
A ER mRNAS| TdEL AFg A}Eo] mp2W ERo|] WuhA £ 43 Z(retinal

EHFE WP W

o

Ho

pigment epithelium; RPE), "etute] o EA il H 31 TH(Ogueta et al.
1999; Kobayashi et al. 1998; Munaut et al. 2001). £3] AF&¢] oA E27} Wt
o] A2 FF PFA AP T FFES WA FIollA  receptor-mediated
pathways &3l EAEH WIM=Z S =d3dt

3 X 33} TH(Kobayashi et
al. 2002). 3FATF ERs®] A A& AA Foll vxs A A 71Ad #3 A=
% =

A@AoIT B3] Anguillid sp.9F 2ol 4 A% B4 Fol TR Fe)Hel ol
£ molt A4 tal £ O TAHCE w3 WA Jde) dnde 2 o

T7F L3t AR

ok BHH, JIHo®E A4 A5E FETG S84 WA NA dRAE I
J8]3 EI, GSI W3le] Fyele] 5 B2 %71 37183 ol9F ¥Eo] BPG
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Figure 13. Scheme diagram of this study
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