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|. INTRODUCTION GENERALE

1. PrZsentation du modele : IOanguille europZenne

1.1. Cycle biologique de IOanguille

LOanguille appartient au super-ordre des Elopomorphes, lui-memeditgnts dans le
taxon des TZIZostZens (Figue 1). Les Elopomorphes prZsentent un dZ\eioppeinect
avec un stade larvaire particulier : la larve leptocZphale.

Chez I0anguille europZenne, les larves leptocZphales nZes rdaisnl de la mer des
Sargasses (Schmidt, 1922 ; Wang and Tzeng, 2000) traversent IOAtlgitdes par les
courants. Au cours de cette traversZe, dont la durZe varie setridars de 6 ~ 9 mois pour
les estimations les plus courtes (Lecomte-Finiger, 1992 ;eirai, 2000) jusquO"~ plusieurs
annZes pour les plus longues (2-3 ans pour Schmidt, 1922 ; 2-7 ans poutr&r et
Holleboom, 1985), les larves vont cro’tre et accumuler des rZs@mvages au niveau du
plateau continental, les larves leptocZphales reconnaispabliesir aspect caractZristique en
C feuille de saule E se transforment et deviennent des civelest, la mZtamorphose larvaire
(Schmidt, 1909) (Figure 2). En plus des spectaculaires changemerghologiques, cette
mZtamorphose sOaccompagne Zgalement dOimportants changements physietogiques
comportementaux (pour revue : Otake, 2003). Les civelles qui ont maihterea apparence
proche de celle de IOadulte vont petit ~ petit se pigmensaront alors appelZes anguillettes
(Elie et al, 1982). Elles vont Zgalement acquZrir un rZel comportede migration et

coloniser les eaux continentales o va dZbuter une longue phase de croissance



Figure 1: PhylogZnie des tZlZostZens. tZIZostZens; Sous-Ordres: 2: OstZoglossomorphdsppocZphales; -
Elopomorphes; 5: Clupeocephales; 6: Clupeomorphigs; EutZIZostZens; 8: Ostariophysi; 9: Neognathe;
Acanthomorphes; 11: Euacanthomorphes; 12: Holaogtehigiens; 13: ParacanthoptZrygiens; 14: Acargrggiens; 15
Euacanthopterigiens; 16: Percomorphes; 17: Athatarphes; 18: TZtraodontiformes; Familles: A: Oslesgjdae; B
Mormyridae; C: Elopidae; D: Anguillidae; E: Saccaphyngidae; F: Engraulidae; G: Clupidae; H: Esoejd&
Cypriniformes; J: Siluriformes; K: Salmoniformes; Lampridiformes; M: Polymyxiiformes; N: Lophiifores; O:
Gadiformes; P: Stephanoberyciformes; Q: ZZiform&s; Beryciformes; S: Atherinidae; T: BZloniformes;:
GastZrostZiformes; V: Perciformes; W: ScorpenifarBalistidae; Y: Diodontidae; Z: Molidae; ~: Pleanectiformes



A ce stade, les anguilles appelZs C anguilles jaunes E vontetlssesiit cro’tre et
accumuler les rZserves ZnergZtiques nZcessaires " la imatsetuelle future et ~ la
migration de reproduction (Van Ginneken and Van den Thillart, 2000 ; Vamrdiaut et al,
2004 ; Van Ginneken et al, 2005). COest Zgalement au cours de cgu€tiadervient la
diffZrenciation sexuelle (Colombo et al, 1984 ; Beullens et al, 199® le dZveloppement
des gonades ne se produira que bien plus tard, au moment de lagomideateproduction.
Apres une pZriode plus ou moins longue (de quelques annZes ~ plus de 2@ &msction
des latitudes, des Zcosystemes et du sexe des individus (B88ih; Vollestad, 1992 ; Melia
et al, 2006), les anguilles jaunes vont rZaliser une C seconde omufizse E appelZe
argenture (Figure 2). LOargenture consiste en un ensemble derratishs morphologiques
(par exemple, la liviZe prenant une coloration argentZe aistgtié des poissons
pZlagiques), physiologiques (par exemple, le dZveloppement des cetiblesure dans les
branchies prZparant les animaux au passage en eau de nmmpettementaux (passage
dOun mode de vie sZdentaire ~ un comportement de migration et dZhutglede de jeZne)
(Lecomte-Finiger, 1990 ; Fontaine, 1994 ; Durif et al, 2005). Ces ratiiins, qui
prZadaptent les anguilles ~ une vie ocZanique, marquent le dZbut migréion de
reproduction (Figure 2).

Figure 2: Cycle biologique de IOanguille.



Les anguilles argentZes quittent alors les cours dOeau et retoerseleur lieu de
ponte ocZanique. Cette partie du cycle est aujourdOhui encore indenmuigration se
faisant probablement ~ grande profondeur, aucun individu argentZ n@agapttirZ ou suivi
au-del” du talus continental. Or, cOest au cours de la migea#@mique et en prZsence de
facteurs environnementaux particuliers (pression : SZbekt 20G¥ ; activitZ motrice : Van

Ginneken et al, 2007, E) que va se produire la maturation sexuelle.

1.2. Maturation expZrimentale

Actuellement, toutes les informations concernant cette pZriodke e de 10anguille
proviennent dOexpZrimentations. En effet, les anguilles argentZda dagtation a ZtZ
empechZe restent bloquZes ~ un stade prZpubere (Dufour et al, 2@833xpZrimentateurs
ont donc tres t™t essayZ dOaccZder aux stades ultZrieurs de dArelaipe@induire la
maturation sexuelle ~ IQaide de traitements hormonaux.

Les premiers travaux rendant compte dOune stimulation de la gaws&ogkez
IOanguille se sont dZroulZs dans notre laboratoire au MusZum NatitistairdONaturelle :
apres des injections dOextrait dOurine de femme enceinteahgigies m%oles, Fontaine
(1936) observe une stimulation de la spermatogensse complstengis$®rA des gametes.
Chez la femelle, la premisre maturation gonadique a ZtZ obtearuke pneme groupe et
induite par des injections dOextraits hypophysaires de carpar{E@ital, 1964).

Ces travaux prZcurseurs vont stre la base de toutes les egpiiions visant ~ induire
le dZveloppement gonadique chez les diffZrentes espsces dOanduillasggilla, A.
japonica, A. rostrata, A. australis, A. dieffenbggfmour revue : Dufour et al, 2003). Depuis,
ces techniques ont ZtZ utilisZes et ont permis IOobtention rdesegréarves chez 10anguille
japonaise (Yamamoto et Yamauchi, 1974 ; Yamauchi et al, 1976) ;latess qui,
aujourdOhui, peuvent stre maintenues jusquO~ 200 jours en aquariunZetisgmtrleur
mZtamorphose (Pour revue : Tanaka, 2003). Cependant, les taux de déulssieproduction
sont tres faibles et IOensemble des Ztapes est encaraitra’.

Les expZriences de maturation ont Zgalement permis de dZmontrédaguse du
dZveloppement gonadique au stade argentZ chez les anguilles dont on a Emmpigtafion,
nOZtait pas le rZsultat dOun manque de sensibilitZ des goestiesaDx ultZrieurs rZalisZs
par IOZquipe ont montrZ par des techniques de dosage RIA quade lslocstade argentZ
Ztait dZ "~ un dZficit en hormones gonadotropes endogenes (Dufour et al, 1983b).



2. Les hormones gonadotropes

La reproduction, phZnomene universel qui assure la pZrennitZ desesesem
transmettant IQinformation gZnZtique dOune gZnZration ~ IQautre;Zssttat chez les
vertZbrZs dOune cascade dOZvenements contr™IZe par un axe neunea#Ani®axe
gonadotrope. LOaxe gonadotrope des vertZbrZs met en jeu trois orgapesprifecerveau
qui joue le r™le de C chef dOorchestre E en compilant les inf@nmbvenant de
IOenvironnement (tempZrature, luminositZE) et celles provenant IQlganisme
(accumulation suffisante des rZservesE); les gonades qui sonédedi fabrication des
gametes, et IOhypophyse qui a un r™le de charnisre entre les dederpsZoganes.

Au niveau hypophysaire, deux hormones vont avoir la charge de transmettre
IOinformation cZrZbrale et contr™ler le dZveloppement gonadiggent des hormones

gonadotropes hypophysaires ou gonadotropines.

2.1. Structures

Les hormones gonadotropes hypophysaires, IOhormone IutZinisante (LH= bgteinizi
Hormone) et IOhormone folliculo-stimulante (FSH= Follicle Stitimga Hormone)
appartiennent ~ la famille des hormones glycoprotZiques dans laquetéranve Zgalement
les gonadotropines chorioniques (CG) et la thyrotropine (TSH= Thyroid &tinwil
Hormone). Chez les vertZbrZs, les gonadotropines sont des prdiZidesdimZriques
(Papkoff et Samy, 1967) richement glycosylZes, constituZes de deux s@ss-uni

- La sous-unitZ : elle est commune aux diffZrentes hormones glycoprotZiques pour

une meme espece.

- La sous-unitZ : elle est spZcifique de chacune des hormones glycoprotZiques et

cOest elle qui confere aux hormones leur spZcificitZ dOaction.

Les deux sous-unitZs, dont les repliements sont maintenus par degigahises, sont
associZes 10une "~ I0autre par des liaisons non covalentes, Recpistallographie de la CG
humaine a permis de mettre en Zvidence une sorte de C ceintdeide € formZe par la
partie C terminale de la sous-unitZjui enserre la sous-unitZ (Lapthorn et al, 1994). La



molZcule ainsi formZe va stre capable dOinteragir spZcimqueavec son rZcepteur
(Combarnous et al, 1997).

Chez les poissons, la mise en Zvidence des gonadotropinesietstauleture a ZtZ plus
tardive. Apres quelques tentatives de purification chez le saumisnkK& 1956) et le gardon
(Breton, 1968), la premisre hormone gonadotrope purifiZe a ZtZ oltkemda carpe par
Burzawa-Gerard (1971). Cette hormone est capable de stimuler lehem%.le, la
spermatogenese et la spermiation et chez la femelle, IOosegemniOovulation (pour revue :
Fontaine, 1980).

Des travaux sQintZressant " la structure biochimique dehoett®ne gonadotrope de
carpe (cGTH) ont ZtZ rZalisZs et ont permis de metZgidance deux sous-unitZs, SU | et
SU Il (Burzawa-Gerard, 1974) dont les sZquences partielles idasaaminZs ont ZtZ
dZterminZes (Jolles et al, 1977). La comparaison de ces sossaveitZelles obtenues pour
les gonadotropines mammaliennes montre de fortes identitZs de s/goiada sous-unitZ
SU | de la cGTH et les sous-unitZsnammaliennes dOune part et entre la sous-unitZ SU Il de
la cGTH et les LM mammaliennes dOautre part (Jolles et al, 1977). Par ladesit&tudes
immunologiques rZalisZes ~ 10aide dOimmunosZrums dirigZs contrenébatimme (cGTH)
ou ses sous-unitZs (SU I=cGTHbu SU II=cGTH) ont permis la mise en Zvidence de
ressemblances antigZniques entre la cGTéd les sous-unitZ& bovine et ovine ainsi
quOentre la cGTHet la LH' bovine (Burzawa-Gerard et al, 1980) ; de plus, davantage de
ressemblances antigZniques Ztaient trouvZes entre la"c&Tl LH' quOavec la FSH
suggZrant que la cGTH Ztait une hormone de type LH. Enfin, laatifalisie protZine
hybride active associant une sous-unitZznammalienne ~ une GTHde carpe a confortZ
IOidZe de parentZ entre les sous-unitZs des hormones gonadotropesscmes poide
mammiferes (Marchelidon et al, 1979). La GTH de tZIZostZant £apable dOinduire
IOensemble du dZveloppement gonadique, il a alors ZtZ supposZ qsetéhisastZens, seule

une hormone gonadotrope existait (pour revue : Fontaine, 1980).

LOidZe dOune hormone gonadotrope unique chez les poissons a ZtZ boustalZe avec
mise en Zvidence dOune seconde gonadotropine chez le saumon (Suzli@88&plPar la
suite, la prZsence de deux gonadotropines a ZtZ dZmontrZe chez un aroisdmet
dOespeces et, comme suggZrZs par les travaux de QuZracat-gess, la dualitZ des
gonadotropines semble stre un caractere Ztabli chez les gnathestQmérat et al, 2001). Le



clonage et la comparaison des sZquences confirment |la pareatiéshtd mammaliennes et
de tZIZostZens ainsi qu Oentre les FSH mammalienneglgod&Zens (Figure 3). Cependant,
chez les tZlZostZens, les donnZes concernant la FSH sont datioeenent peu nombreuses.

Figure 3 : Arbre phylogZnZtique des sous-unitZ$ des glycoprotZinesArbre rZalisZ " partir des
sZquences nuclZotidiques selon les mZthodes Neidbining (Neighbor) et de parcimonie maximale (FJWQuZrat et al,
2000).

Chez IQanguille europZenne, les ADNc codant pour les souslui@@rat et al,
1990a), LH (QuZrat et al, 1990b) et TSH(Salmon et al, 1993) des hormones
glycoprotZiques avaient dZj~ ZtZ clonZes. Dans cette these, nousonuuss attachZs " la

caractZrisation de la sous-unitZ FSHrticle 1).



2.2. Mode dOaction des hormones gonadotropes

Les hormones gonadotropes vont agir au niveau de tissus cibles via ejg®uiic
transmembranaires appartenant " la famille des rZcepteupdZs aux protZines G. Les
rZcepteurs sont constituZs de 3 partie distinctes (pour réfassart et al, 2004):

- Une rZgion N-terminale riche en leucine constituant le domainacelulaire. Celui-
ci est responsable de la spZcificitZ et de la haute Zftieitiaison ~ IOhormone.

- Une rZgion responsable de IOancrage de la protZine dans la membisadgalement
impliquZe dans la liaison du ligand et dans les mZcanismes duissina du signal.
Cette rZgion comprend 7 domaines transmembranaires, 3 boucles|kitiaes et 3
boucles intracellulaires.

- Une rZgion C-terminale intracellulaire couplZe " la protZinet @npliquZe dans la

transduction du signal.

Chez les mammiferes, de nombreux travaux se sont intZres&spZcificitZ du
complexe hormone D rZcepteur. En effet, chacune des hormones glygopsoti agir au
niveau de C ses cellules cibles E via un rZcepteur spZciigu&cepteurs ~ FSH (FSH- R),
TSH (TSH-R) et ~ LH/CG (LH-R). Lors de la formation du cdeye hormone D rZcepteur,
les deux sous unitZs des gonadotropines vont avoir un r™le " jouer: la sfus dmit
IOhZtZrodimere interagit le plus largement avec le rZceptais,cOest la sous-unltAyui
C autorise E ou non la liaison au rZcepteur (Pour revue : Combarnaljs1607). La
modification de conformation entra’nZe par la liaison de |IOhornsomerZcepteur permettra
alors |0activation dOune des sous-unitZs de la protZine G agsnsiZeommence la
transduction intracellulaire du signal qui se termine par IQeikpreds genes spZcifiques
(enzymes de la stZroedogZnese, facteurs de croissanceE).

Chez les tZIZostZens, les premiers travaux sOintZregsamodes dOaction de
C IGhormone gonadotrope E au niveau gonadique ont ZtZ rZalisZs dans R etnmitesis
en Zvidence des sites de liaison spZcifique ~ IOhormone suiZgaesafions membranaires
(saumon : Salmon et al, 1984 ; Schultz et al, 1985 ; truitetoBret al, 1986 ; anguille :
Salmon et al, 1987). Par la suite, la mise en Zvidence des dewlotyopmes et leur
purification ont permis avec des techniques similaires de dZmalaimerlOovaire du saumon
coho, I0existence de deux rZcepteurs (Yan et al, 1992) montrant ungraradesspZcificitZ



de liaison que chez les mammiferes : le rZcepteur de tygs¢ tapable dOinteragir avec la
GTH | (FSH) mais aussi, avec une moindre affinitZ, la GIT@H) ; le rZcepteur de type Il
est, lui, tres spZcifique et nOinteragit quOavec la QTH)II

Le dZveloppement des techniques de biologie molZculaire ont ensuite lpectonage
des rZcepteurs, dOabord chez le saumon amago (Oba et al, 19p@ésatiez de nombreux
autres tZlZostZens : poisson-chat (Bogerd et al, 2001 ; Kurahr 2001a, b ; Vischer et
Bogerd, 2003), poisson zebre (Laan et al, 2002 ; Kwok et al, 2005), sawtaugdrs et
Schmitz, 2006), anguille (Jeng et al, 2007), bar (Rocha et al, 200if¢, (Sambroni et al,
2007), flZtan (Kobayashi et Andersen, 2008). LOanalyse et la compalesssZquences des
rZcepteurs aux gonadotropines chez les poissons et les mammitnéent quOils sont
homologues (Oba et al, 2001) (Figure 4).

Figure 4 : Arbre phylogZnZtique des rZcepteurs des glyprotZines.Arbre rZalisZ ~ partir des
sZquences en acides aminZs (Sambroni et al, 2007).



La spZcificitZ des rZcepteurs a ZtZ testZe chez miié& especes en Ztudiant la liaison
des gonadotropines recombinantes (LH et FSH) avec les rZcepismbinants homologues
(LH-R et FSH-R) exprimZs dans des lignZes cellulaires. [@heaisson-chat (Vischer et al,
2003) et le poisson zsbre (So et al, 2005), les rZsultats momwenFSH-R est capable
dOinteragir avec la FSH mais Zgalement avec la LH, alotdHgReest tres spZcifique et ne
rZpond qud” une stimulation par la LH. Chez la truite (Sambrahi 2007), les rZcepteurs
montrent une plus grande spZcificitZ, FSH-R ne rZpondant qud” & ESHR quO” la LH.

En ce qui concerne IOanguille, les deux rZcepteurs aux hormones gonadotrfés
clonZs partiellement chez |Oanguille japonaise (Jeng et al, P80A.sZquences ont ZtZ
comparZes "~ celles obtenues chez diffZrents tZIZostZenstifimes ; les rZsultats montrent
que IOun appartient au groupe des FSH-R et IQautre au groupe deehéidR 41, 2007). Le
clonage complet des rZcepteurs et |Oobtention de rZcepteursinaots permettrait
dOZtudier leurs spZcificitZs de liaison.

3. Fonctions des gonadotropines

Les hormones gonadotropes hypophysaires ont pour site dOaction les gogades. Or
situZs dans la cavitZ abdominale, les gonades ont deux r™les nt@jeyrghese et la
maturation des gametes (spermatogZnese ou ovogZnese) et la sydéne$acteurs de
croissance et de stZroedes sexuels (stZroedogZnese). LOergenoble Zvenements est
regroupZ sous le nom de maturation gonadique et est sous le contredesjdeux
hormones gonadotropes hypophysaires, LH et FSH.

3.1. Chez le m%ole

a. Mammiferes

Chez le m%le, il existe une compartimentation de la gonade av@aiten E de
fabrication des gamstes, les tubes sZminiferes et un € siisponsable de la sZcrZtion des
hormones m%oles, la glande interstitielle.

Dans les tubes sZminiferes, les cellules germinales sooiteftent associZes aux
cellules de Sertoli, grande cellule pyramidale qui sOZtend sufattateteur de 10ZpithZlium

sZminifere. Celles-ci vont avoir plusieurs r™les : un r™lectpwoteenvers les cellules
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germinales et un r'™le de C nettoyage E en phagocytant les cellmgsedZegites. Elles vont
Zgalement intervenir dans la maturation et la migration des gams@ensemble de ces
actions de la cellule de Sertoli sont sous le contr™le dOune desrdenes gonadotropes,
la FSH. En effet, la cellule de Sertoli exprime "~ sa swgfales rZcepteurs ~ la FSH et
diffZrentes Ztudes ont permis de mettre en Zvidence le r™ie otfte hormone dans le
C dZmarrage E de la spermatogZnese " la pubertZ (pour revue hinl.2000) et dans le
maintien de la qualitZ de celle-ci au cours de la vie adulte (esue : McLachlan, 2000 ;
Dadoune et Demoulin, 2001). De plus, la cellule de Sertoli estotmmle synthZtiser un
ensemble de facteurs entrant en jeu dans la communication Biicaltere tels que
IGinhibine ou I0activine (pour revue : de Kretser et al, 2004), Zgialement un r™le
stZroedogene Ztant capable de transformer la testostZroneradiokgt%.ce ~ une aromatase.

Dans la glande interstitielle, cOest-"-dire les tissudi$ds entre les tubes sZminiferes,
on trouve les cellules stZroedogenes nommZes cellules de Leydites-Celsont
principalement sous le contr™|e de la LH et sont capablgsthgtser la testostZrone ~ partir
de cholestZrol. Elles vont Zgalement synthZtiser un ensembles@Gatturs ayant des r™les
aussi bien autocrine, comme IOIGF-I (Insulin-like growth fattpique paracrine comme
IOocytocine ou la vasopressine.

La maturation gonadique est donc le rZsultat dOun contr™le hypophysaée par |
hormones gonadotropes et dOune communication Ztroite entre cellule debLegliige de
Sertoli B cellules germinales dans le testicule.

b. TZIZostZens

Chez les tZIZostZens, le testicule peut avoir deux struditfiéentes. Une structure
dite lobulaire est la plus rZpandue : les cellules germirsales disposZes tout le long des
tubes sZminiferes (Legendre et Jalabert, 1988). Une structuee tuliulaire peut etre
rencontrZe chez certaines especes : les cellules germsoalesxclusivement retrouvZes dans
IOextrZmitZ aveugle des tubes sZminiferes.

Comme chez les mammiferes, le testicule des tZIZostAem®mpartimentZ avec un
C site E de fabrication des gametes (tubes sZminiferes) ef site E responsable de la
sZcrZtion des hormones m%oles (glande interstitielle). DanbdsssZminiferes, on retrouve
des cellules de Sertoli et des cellules germinales qui, eseiZlZostZens, se dZveloppent
IOintZrieur de cystes (Weltzien et al, 2004). Dans cesscyss cellules germinales vont
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prolifZrer et se dZvelopper de manisre synchrone sous le contrdiZdents facteurs
jusqud®” I1Oobtention des spermatozoesdes. Comme chez les mamiesfeebules de Sertoli
sont Ztroitement liZes aux cellules germinales et sont soundsssrZgulations par la FSH.
En effet, les cellules de Sertoli possedent ~ leur surfaseF&H-R (Miwa et al, 1994, Oba et
al, 2001). La FSH est impliquZe dans la prolifZration maisigait dans |Qactivation des
cellules de Sertoli et induit la synthese dOun ensemble de fa@tagahama, 2000).

Entre les tubes sZminiferes se trouvent les cellules de Leydigsanti le lieu de
production des androgenes. Cette production, impliquZe " la fois dagan@togensse et
dans le dZveloppement des caracteres sexuels secondaires (BorgsetBBi), comme chez
les mammiferes, stre sous le contr™le de la LH (Miwé, 41984, Oba et al, 2001). En plus de
la testostZrone (T), la cellule de Leydig va synthZtiser uoeg&ZspZcifique des tZlZostZens,
la 11-kZtotestostZrone (11-KT).

Les travaux prZcurseurs de Miura et ses collaborateurs (1991 Qcregille japonaise
ont permis de mettre en Zvidence le r™le jouZ par la 11-Klrsuwe la spermatogenese. En
effet, les seules cellules germinales prZsentes darstiilie dOanguille m%.le maintenue en
captivitZ sont les spermatogonies. Une seule injection de hCGceBem%oles est capable
dOinduire une spermatogensse complete, cOest-"-dire comprenariesostsmdes de la
spermatogonie au spermatozoede (Miura et al, 1991a) et de manno®mitante une
ZIZvation des taux plasmatiques de 11-KT. Pour tester IOhypothesaai®nmmossible de la
11-KT dans la spermatogenese, les auteurs ont mis au point unejtexiae culture in vitro
de fragments testiculaires, et ils observent, lorsque les ératgrsont cultivZs dans un milieu
contenant de la 11-KT, une spermatogenese complste (Miura @éalb). Ces effets de la
11-KT sur la spermatogensse ne sont nZanmoins pas retrouvZeushéss poissons. Chez la
truite arc-en-ciel, la 11-KT semble nOinduire aucun effdes spermatogonies de fragments
testiculaires en culture (Loir, 1999).

Chez les tZIZostZens, comme chez les mammiferes, Imaipgenese rZsulte dOun
C dialogue E Ztroit entre les diffZrents compartiments du testiondr™IZ par les hormones

gonadotropes hypophysaires.
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3.2.

Chez la femelle

a. Mammiferes

Chez la femelle, la gonade est constituZe dOune mZdulla ecéntraivZe et

vascularisZe et dOun cortex pZriphZrique oe sont stockZs et oe vornvekspmf les

follicules. Le fonctionnement de IQovaire sOorganise autour deslé®licomprenant une

cellule germinale entourZe de cellules folliculaires. Chezmasmiferes, un stock de

follicules est rZalisZ pendant la vie fitale, ceux-ci vorgtee quiescents jusquQ” IOentrZe en

pubertZ oe le dZveloppement folliculaire, aussi appelZ folliculogenesmmanencer (pour

revue : Driancourt et al, 2001). Cette folliculogenese se dZraul@lesieurs Ztapes qui

connaissent diffZrents contr™les.

La folliculogenese peut se dZcomposer en 2 phases (pour revue : Drigiaiu2001 ;

Mermillod, 2001):

La premisre phase correspond ~ la sortie dOun certain nombrellidelds de la
rZserve et " leur dZveloppement prZcoce. Durant cette prsagalideles vont cro’tre

par augmentation du diamstre ovocytaire et par multiplication eldgles folliculaires
formant la granulosa. Puis, le follicule va atteindre un ZtatrisupZiOorganisation
avec la mise en place en pZriphZrie de deux couches cefliudaitstituant les theques
interne et externe. Cette phase semble se rZaliser $ingervention des
gonadotropines. En effethez la ratte ou la brebis hypophysectomisZe, on observe
dans les gonades, des follicules Zvoluant jusquOau stade prZantral.

La seconde phase correspond au dZveloppement folliculaire termamhdide chez
la femme avec la phase folliculaire du cycle et est fom¢én@Zpendant des
gonadotropines. Au cours de cette phase, deux Zvenements ont lieu :

1) Le recrutement : Les follicules ayant atteint une tailleisarfite et Ztant

capable de rZpondre ~ la FSH vont poursuivre leur dZveloppement et Zvoluer
de fason synchrone, les autres vont rZgresser et entrer ep.atrZsi
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2) La sZlection : Cette Ztape intervient au milieu de la plodsrilaire au
moment oe les taux circulant de FSH commencent ~ baisser. Leesu |
follicules dominants sont sZlectionnZs et vont poursuivre leurs dZveloppement

jusqu®” I0ovulation.

Au cours du dZveloppement folliculaire terminal, les gonadotropineviariaent ~
diffZrents niveaux. La FSH va exercer son action au niveau desesetle la
granulosa via son rZcepteur et induire la synthese de peptidemngcinhibine et
follistatine, protZines de liaison aux IGFs) et |Qactivithatase. Apres la sZlection,
la FSH stimule en plus IOexpression des rZcepteurs dedarisHes cellules de la
granulosa (Figure 5).

La LH, elle, exerce son action sur les cellules de la thegteeyorisant la synthese des
androgenes. En fin de phase folliculaire, lors de la rZponse tleadge ovulante, elle
intervient sur les cellules de la granulosa et permet la atetarovocytaire (Figure
5).

Les gonadotropines ont donc un r™le clZ dans le contr™Ie de la matufatiicaldu
chez les mammiferes. NZanmoins, des facteurs locaux vont Zgalereevenir au cours de
la folliculogenese et agir en collaboration avec les gonadotropines (8awe : Driancourt et
al, 2001 ; Mermillod, 2001 ;Webb et al, 2004).

b. TZIZostZens

Chez les tZIZostZens, les ovaires sont compartimentZs paplieses tissus ovariens
formant les lamelles ovigeres. Dans les lamelles se trowesitovogonies, des ovocytes et
des follicules en cours de dZveloppement. Contrairement ~ ce quibsstvZ chez les
mammiferes, dans IQovaire des tZIZostZens, le nombre dédslti®est pas fini ; en effet, les
ovogonies sont capables de renouveler le stock par division cell{gauie revue : Jalabert,
2005).

Chez les femelles ovipares, IQovocyte a la particularitdrdenir une grande quantitZ
de rZserves qui serviront par la suite au dZveloppement de 10egthdena larve. Ces
rZserves sont accumulZes au cours du processus de vitellogenssei €2 compose de
deux phases:
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- La vitellogenese endogene ou prZvitellogenese : Elle se caraetgais|Oincorporation

de gouttelettes lipidiques " 10intZrieur du cytoplasme ovocytaire.

- La vitellogensse exogene: Elle se caractZrise par |QincaguoratiOune
lipoglycophosphoprotZine, la vitellogZnine (Vtg) par IOovocyte. La Vig it
par le foie sous le contr™le de E2 et libZrZe dans latocsianguine. Apres liaison
" son rZcepteur, la Vtg est endocytZe par IOovocyte.

Apres cette pZriode de croissance et avant IQovulation, IQovstyee lieu dOun
ensemble de modifications (fin de la premiere division de mZebsatrZe mZtaphase de la

deuxieme division) regroupZe sous le nom de maturation ovocytaire.

LOensemble du processus de folliculogenese est sous le contrBbeadiesropines,
mais le r™le de chacune des hormones reste encore controver$s €ilemnidZs, I0Ztude
des profils dOexpression des gonadotropines et de leurs rZcepteorsdoittles auteurs *
suggZrer une action de la FSH au cours de la croissance folicalars que la LH
interviendrait au moment de la maturation finale et de |Qovulatiom (Bvue : Nagahama,
2000 ; Jalabert, 2005). En ce qui concerne la stZroedogZnese, les deardsosant capables
de stimulerin vitro la production de E2 et T dans des follicules intacts de saumon gRana
al, 2000). Les gonadotropines agiraient pour cela via leurs rZceptspectifs localisZs pour
les FSH-R dans les cellules de la theque et de la granulgzauetes LH-R dans les cellules

de la granulosa (coho salmon :Yan et al,1992 ; Miwa et al, 199Yré5).
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Figure 5 : Comparaison des follicules ovariens et d®kxpression par les cellules folliculaires des

rZcepteurs aux gonadotropines (LH-R et FSH-R)Chez les mammiferes, les fonctions de LH et FSHIlsar
cellules folliculaires sont assez bien connuesrdmanche, chez les tZIZostZens, les r'Mles desmopiags reste encore
dZterminer.

4. Contr™|e de la production des gonadotropines

Capables de contr™ler I0Ztat de dZveloppement des gonades, les honadotespes
vont stre soumises ~ de strictes rZgulations. Leurs synthesgceZtion sont contr™I|Zes par
deux voies diffZrentes: le contr™le cZrZbral qui exerce son aciirndent au niveau des
cellules gonadotropes hypophysaires, et le contr™le pZriphZrique (exeipZlgment par
les gonades mais Zgalement par dOautres organes) qui peut intediféfients niveaux,
directement au niveau des cellules gonadotropes hypophysaires ou indirectéamént
contr™le cZrZbral.
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4.1. Contr™le cZrZbral

4.1.1. La gonadolibZrine

La gonadolibZrine ou gonadotropin-releasing hormone (GnRH) est une neurohormone
isolZe dans les annZes 70 " partir dOhypothalamus de porc et de Matgoo €t al, 1971,
Amos et al, 1971). Cette neurohormone, composZe de 10 acides amiapeqtide), a ZtZ
dZcrite par Schally et ses collaborateurs comme un stimuaissir bierin vivo quein vitro
de la sZcrZtion des hormones gonadotropes, LH et FSH, chez lesifrmesn(Schally et al,
1971). Suite " ces travaux, un hombre important dOZtudes sOintZ@ssaniropeptide ont
ZtZ rZalisZes chez les mammaliens comme chez les nonafiEamanpermettant la mise en
Zvidence des diffZrentes caractZristiques du systeme GnRH.

4.1.1.1. Structure

Depuis la purification de la GhRH mammalienne (mGnRH) en 1971, un goanbre
de variants ont ZtZ caractZrisZs et, " ce jour, 24 form&setifes de GnRH ont ZtZ dZcrites
dont quatorze sont prZsents chez les vertZbrZs (pour revue :aka067).

Chez les vertZbrZs, toutes les formes sont synthZtisZesasdosné dOun long
prZcurseur, le prZproGnRH, qui se compose dOun peptide sigmalepidle biologiquement
actif (GnRH), dOun tripeptide de clivage et dOun peptide nommRZ@RH-associated
peptide).

La comparaison des sZquences des diffZrents variants connus mohéraste@itypes
de GnRH, chacun codZ par un gene diffZrent mais avec une strumiser\Ze (4 exons et 3

introns) indiquant une origine Zvolutive commune (pour revue : Kah et al,. 2007)

- Le type 1 comprend les prZcurseurs de diffZrents variantslipeps (mammalian
GnRH, guinean pig GnRH, frog GnRH, sea bream GnRH, medaka GnRH,
herringGnRH, whitefish GnRH, catfish GnRH, chicken GnRH ) se&mdspeces.
Cette forme, exprimZe dans le cerveau antZrieur, joue un rji¢lie daas le systeme
hypophysiotrope. COest " cette forme que nous nous rZfZrons dans nditre trava
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- Le type 2 comprend les prZcurseurs de la chicken GnRH Il. ChetetousrtZbrZs
ZtudiZs, elle est exprimZe dans la rZgion du mZsencZphale rostral

- Le type 3 comprend les prZcurseurs de la salmon GnRH. Cette, fexprimZe dans
le cerveau antZrieur de certains tZlZostZens, particigerdr™le hypophysiotrope.
(pour revue : Oka, 2002).

Chez IQanguille, deux formes de GnRH ont ZtZ retrouvZes danvee cenGnRH et
cGnRH Il (King et al, 1990). DOabord mise en Zvidence chez IQamgudp&enne par des
techniques biochimiques (HPLC) et immunologiques (RIA) (King etl@90), les ADNc
codant pour les prZcurseurs des deux formes mGnRH et cGnRH Hrdatsuite ZtZ clonZs
chez IOanguille japonaise (Okuba et al, 1999).

4.1.1.2. Lieu de synthese et action de la GNnRH hypophysiotrope
a. Chez les mammiferes

La GnRH est synthZtisZe par des neurones localisZs dans |OhypstimaZdio-basal
(pour les primates) et dans |Oaire prZoptique (pour les nones)irfdur revue : Caldani et
Caraty, 1997). Ces neurones, isolZs ou en petits groupes, projetientaxones vers
IOZminence mZdiane o« le dZcapeptide est libZrZ. La neuroh@andgeat ~ ses cibles se
trouvant dans IOhypophyse antZrieure ou adZnohypophyse par la voie du systeme porte
hypothalamo-hypophysaire. |l consiste en un premier rZseau de oapillaaversant
IOZminence mZdiane, un vaisseau porte descendant la tige pétitaireecond rZseau de
capillaires irriguant IOadZnohypophyse (pour revue : Taragnat, 2001).

Au niveau de la cellule gonadotrope, qui chez les mammiferes pableade synthZtiser
" la fois LH et FSH, la GnRH exerce son action via un rZcepteinsmembranaire
appartenant " la famille des rZcepteurs couplZs aux protZifesu@ revue : Millar et al,
2004). Comme les autres rZcepteurs de cette famille, ilqeo3ssZgions hydrophobes qui
correspondent aux domaines transmembranaires. Ceux-ci contribueiotrmédion de trois
boucles extracellulaires entrant en jeu lors de la reconnaisdarigand et de trois boucles
intracellulaires nZcessaires " la transduction du signal (pour restagilkovic et al, 1994 :
Millar et al, 2004).
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Chez les mammiferes, deux types de rZcepteurs ont ZtZ clonZseypoeir Kah et al,
2007) :

- Le rZcepteur "~ GnRH de type | : Il ne possede pas de C queusasytique ~ son
extrZmitZ C-terminale. Cette particularitZ du rZcept&mRH mammalien a conduit
certains auteurs ~ suggZrer un r™le de I0extrZmitZ C-tetamirsl®internalisation et
la dZsensibilisation (Pawson et al, 1998 ; McArdle et al, 200&e Gorme a ZtZ

clonZe chez IOhomme et certains mammiferes.

- Le rZcepteur de type Il : Cette forme qui possZde une queumiB@aier a ZtZ clonZe
chez certains mammiferes et les vertZbrZs non-mammakidiesserait absente chez

IOhomme et les rongeurs et non fonctionnelle chez les ovins et bovins.

Chez les mammiferes, la GnRH est dZliviZe par les nesirbypothalamiques sous
forme de pulses dont la frZquence va varier en fonction du moment der ¢y
gonadotropines, synthZtisZes par la meme cellule hypophysaire, vont ascertbilitZs
diffZrentes " la frZquence des pulses de GnRH : la FSH rZpdad frZquences lentes de
GnRH alors que la LH est synthZtisZe pour des frZquences rdpégsus, on observe
Zgalement pour la LH une vraie sZcrZtion pulsatile completerne@ie ~ celle de la GnRH,
ce qui nOest pas le cas pour la FSH (pour revue : CounigGanl,

b. Chez les tZlZostZens

Chez les tZIZostZens, IOaxe hypothalamo-hypophysaire differe ddeseta@ammiferes
sur plusieurs points (Figure 6).

Des Ztudes rZalisZes par immunohistochimie ou hybridation in siudiffiérentes
especes ont permis de localiser les neurones ~ GnRH hypophysiotitspssnt dZtectZs au
niveau du tZlencZphale ventral et de IQaire prZoptique (Pour retiienohier et al, 2004).
Contrairement ~ ce qui a ZtZ observZ chez les mammifereSyila pas de systeme vasculaire
porte hypothalamo-hypophysaire chez les tZIZostZens. Les neurohormoneibZsdas |
directement au contact des cellules cibles. Des travaux newoagaes rZalisZs chez le
poisson rouge (immunocytochimie, traceur rZtrograde) ont permis tte @etZvidence une

innervation directe de IOadZnohypophyse par les neurones ~ GnRH (Anglad®@8). Des
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observations similaires ont ZtZ faites chez le poisson-chat Deibai, 2000) et le gourami
(Yamamoto, 2003).

La GnRH agit au niveau des diffZrents types de cellules gonadotrdpes ls
tZIZostZens, LH et FSH sont exprimZes dans des cellulesrd#&] via un rZcepteur ~ GnRH
de type Il (avec une queue C-terminale) (pour revue : Kah 20@i).

Chez IOanguille europZenne, une Ztude par immunocytochimie avaitdeelocialiser
les neurones " mGnRH et~ cGnRH I (les deux seules formesuZes chez I0anguille). Les
corps cellulaires des neurones ~ mGnRH ont ZtZ observZs dans Hes blihctifs, le
tZlencZphale, 1Qaire prZoptique et IOhypothalamus mediobasalrdess ~ cGnRH Il ont
ZtZ localisZs dans le mZsencZphale (Montero et al, 1994)di€eibeition diffZrentielle des
corps cellulaires ~ mGnRH et cGnRH a ZtZ confirmZe paddésages des ARNm de leurs
prZcurseurs respectifs par PCR quantitative en tempg$3Zeeért et al, sous presse). Chez
IOanguille, les dosages radioimmunologiques et les Ztudes immunocytochionigomentrZ
qgue la GnRH hypophysiotrope majeure est la forme mGnRH, mais qlouesdibres ~
cGnRH Il innervent aussi IOhypophyse (Dufour et al, 1989 ; Monterol®94l,, Montero et
al, 1995).

4.1.2. La dopamine

En plus du contr™le cZrZbral positif exercZ sur les hormones gonagiatrdpé&snRH,
des Ztudes rZalisZes chez les tZIZostZens montrent |@e@tencontr™le cZrZbral inhibiteur
(Figure 6). Les premiers travaux mettant en Zvidence ce con#@aki ont ZtZ rZalisZs chez
le poisson rouge par Peter et Paulencu (1980). Apres des expZdenZssons cZrZbrales, les
auteurs ont pu observer une augmentation des taux plasmatiques enhaigedwulante) et
des ovulations. Ces rZsultats ont conduit les auteurs ~ proposestd@mxidOun contr™le
inhibiteur des gonadotropines appelZ, dans un premier temps, C GRHa#otropin-release
inhibiting factor) (Peter et Paulencu, 1980). Par la suiteZtietes " la foisn vivo etin vitro
ont permis dOidentifier le GRIF comme Ztant la dopaminegiaih1987).

La dopamine (DA) est un neuromZdiateur synthZtisZ ~ partir cidd@aninZ tyrosine.
Elle fait partie de la famille des catZcholamines. ClezvertZbrZs, oe IQorganisation des
systemes catZcholaminergiques au niveau central est assezobiserwZe, les neurones

dopaminergiques sont distribuZs dans IOensemble du cerveau (S@Geetsietz, 2000).
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Les neurones dopaminergiques impliquZs dans le contr™le des gonadotropiless che
tZlZostZens sont localisZs dans IQaire prZoptique antZruegtent des projections jusque
dans IOhypophyse (poisson rouge : Kah et al, 1987 ; Anglade et al, 1993e aividall et
al, 2004 ; Weltzien et al, 2006). La dopamine va agir sur ldsle®lhypophysaires
gonadotropes via un rZcepteur de type D2 (pour revue : Peter et al, R&Gualini et al,
2004).

Figure 6: Comparaison du contr™le cZrZbral des gonadotropinest de la jonction
hypothalamo-hypophysaire chez les mammiferes et chdes tZIZostZenghez certains tZIZostZens
plus du contr™|e stimulateur par la GnRH, les guirggines sont soumises ~ un contr™|e inhibitearc@xpar la DA. Che
les mammiferes, la GnRH est libZrZe dans le systeorée hypothalambypophysaire et va agir au niveau de la ce
gonadotrope synthZtisant " la fois LH et FSH. Awntcaire, chez les tZIZostZens, les neurohormoneRHGet DA
agissent directement au niveau des deux typedaiedlsi gonadotropes.

Le contr™le nZgatif des gonadotropines par la DA, dOabord mis en Zlideniee
poisson rouge a, par la suite, ZtZ caractZrisZ chez de nonftZesxZens (poisson-chat : De
Leeuw et al, 1986 ; carpe et loche chinoise : Lin et al, 198&e t&rc-en-ciel : Saligaut et al,
1999 ; tilapia : Yaron et al, 2003) et semble avoir un r™le impertafin de gamZtogenese
pour le contr™le de la maturation ovocytaire et IOovulation chezlk fenia spermiation
chez le m%ole. Ces observations ont permis, en aquacultifegleppement de la mZthode
dOinduction de IQovulation C Linpe E qui consiste en une injection dOun antmytmiste
dopamine associZ ~ un agoniste de la GnRH (Peter et al, 1988). dlZsnoertaines especes
de tZIZostZens semblent dZpourvues de ce contr™le inhibiteuraXarddgamine (tambour
brZsilien : Copeland et Thomas, 1989 ; daurade royale : Zohiarl695).

JusquO” aujourdOhui, le r'™le de la dopamine dans le contr™Ie de tpLbettZtudiZ

que chez quelques especes (pour revue: Dufour et Rousseau, 2007). &iwslldd
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europZenne (bloquZe "~ un stade prZpubere lorsque la migration esthge)p diffZrents
travaux ont montrZ IQimportance du systeme dopaminergique dans le conta™imthese

et de la libZration de la LH (Dufour et al, 1988 ; Vidal et 2004). Le systeme
dopaminergique jouerait Zgalement un r™le dans IQinitiation de la phberig platax
atlantique Chaetodipterus fabgroe une baisse des taux de monoamines hypothalamiques a
ZtZ observZe en dZbut de pubertZ (Marcano et al, 1995). Enfirgame ZZude rZalisZe chez

le mulet Mugil cephalu} suggere Zgalement un r™le du systeme dopaminergique dans le
contr™le de la pubertZ ; les auteurs ayant observZ une diminuticexpies#ibn des
rZcepteurs dopaminergiques de type D2 dans le cerveau et IOhypophysedwprosessus
pubertaire (Nocillado et al, 2007). En revanche, il a ZtZ monteZletar amZricain que la
DA nQintervenait pas dans le contr™le des gonadotropines au morfEnitidéoh de la
pubertZ (Holland et al, 1998).

Chez un grand nombre de tZIZostZens, la synthese et la sZcrZtgomalstropines
sont donc sous un double contr™le cZrZbral exercZ par deux neurohonmerstsnidatrice
(GnRH) et IOautre inhibitrice (dopamine) (pour revue : Dufaalf 2005).

4.1.3. La kisspeptine

Produit du gene kiss-1, la kisspeptine (aussi nommZ mZtastina} aidgremier temps
ZtZ caractZrisZe comme un suppresseur de mZtastases demesZ(aee et al, 1996). Les
diffZrents produits du gene provenant dOun Zpissage alternatif gkissgm=! : Ohtaki et al,
2001 ; kisspeptine-14, kisspeptine-13 et kisspeptine-10 : Kotanj 20Gl) et le rZcepteur
(GPR54 : Kotani et al, 2001 ; Muir et al, 2001 ; Ohtaki et28(Q1) ont par la suite ZtZ
identifiZs.

COest en 2003 que sont reportZes les premisres donnZes concernardweysi¥ige
Kiss-1/GPR54 dans le contr™le de la reproduction. Trois groupesioltéis?ment dZcrit les
effets de knock-out (chez la souris : Seminara et al, 2003 ; Fuags2603) et de mutation
(chez IOhumain : de Roux et al, 2003) du gene GPR54, rZcepteur dspleptine. lls ont
observZ que lorsque le gene GPR54 Ztait absent ou mutZ, les indsgdtis u humains)
nOZtaient pas capables de faire leur pubertZ, leurs appemitslucteurs Ztaient
hypoplasiques, les concentrations en stZrosdes sexuels et en gonadottdpieesFSH)
Ztaient faibles et les individus stZriles.
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Ces rZsultats rZvZlaient IQimplication du systeme Kiss-B&GB&s le dZclenchement
de la pubertZ et donc le contr™le de IQaxe reproducteur. A triideestes Ztudes, les

auteurs ont donc cherchZ ~ comprendre os et comment le systemesimagt

Seminara et ses collaborateurs ont montrZ, chez la souris KOepgeme GPR54
(GPR54 -/-), que le contenu cZrZbral en GnRH reste normal é&sjoellules gonadotropes
sont capables de rZpondre "~ une stimulation par de la GnRH ex@pmen@ra et al, 2003).
De plus, il a ZtZ montrZ chez ces memes souris GPR54 {Ognatomie, la localisation et les
projections des neurones GnRH vers IOZminence mZdiane Ztaiehesn(ivteasager et al,
2005). Ces rZsultats permettaient de suggZrer que les peonslmiservZes chez ces souris
nOZtaient le fait ni dOun dZfaut de migration des neurones "~ @nE8un dZfaut de
fonctionnement de 10axe hypothalamo-hypophysaire mais plus probablenfigintd@®un
dZfaut de libZration de GnRH.

Par ailleurs, des travaux rZalisZs chez diffZrents modelesaaxiont montrZ que des
injections de kisspeptine Ztaient capables dOinduire latiiZrdes gonadotropines
hypophysaires (Gottsch et al, 2004 ; Matsui et al, 2004 ; Thomps4r2€04 ; Dhillo et al,
2005 ; Messager et al, 2005) ; un effet aboli lorsque les animaux KftriZs avec un
antagoniste de la GnRH (Matsui et al, 2004 ; Gottsch et al, 2004)ranggie action de la
kisspeptine via les neurones ~ GnRH. Cette hypothese a ZtZ cafjyar la mise en Zvidence
de rZcepteurs GPR54 au niveau des neurones ~ GnRH chez les nrtasiifessager et al,
2005) (Figure 6).

Au niveau hypophysaire, de rZcents travaux ont montrZ que la kisspeptoae et
rZcepteur GPR54 Ztaient exprimZ par les cellules de IOhypophyiseré®Pascual et al,
2007). De plus, des traitements par la kisspeptine sont eag@ihduire vitro IQactivation
des cellules gonadotropes et la libZration de LH (rat : Guti®ascual et al, 2007 ; bovin et
porc : Suzuki et al, 2008). Ces rZsultats indiquent que la kisspegtin&galement exercer

un r™le directement au niveau des cellules hypophysaires.

Chez les poissons tZIZostZens, les donnZes concernant le $§iseriSPR54 sont
encore peu nombreuses. A ce jour, le rZcepteur GPR54 a Zt&twanglielques especes: le
tilapia (Oreochromis niloticus Parhar et al, 2004), le mulét¢gil cephalus Nocillado et al,
2007), le cobiaRachycentron canadumMohamed et al, 2007), le poisson zebi@agio
rerio : Van Aerle et al, 2008) et chéimephales promelaFilby et al, 2008) suggZrant
IOexistence du systeme kiss-1/GPR54. De plus, quelques donnZes condexpression du
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rZcepteur GPR54 au cours du processus pubertaire et de la matgoatdique indiquent un
possible r™le du systeme kiss-1/GPR54 dans le contr™le de IQaxeogenguolet :
Nocillado et al, 2007 ; cobia : Mohamed et al, 2007). Enfin, la kigsgea rZcemment ZtZ
clonZe chez le poisson zsbre (Van Aerle et al, 2008).

DOautres facteurs cZrZbraux sont capables de partiipetgulation de la production
et/ou de la libZration des hormones gonadotropes. On peut mentionneratiZnaline
(poisson rouge : Yu et Peter, 1992 ; truite arc-en-ciel : Saligawl, 1992 ; tambour
brZsilien : Khan et Thomas, 1992 ; poisson-chat : Senthilkumaday,et996), le C pituitary
adenylate cyclase-activating polypeptide E (pour revue Yaron et al, 200&jhcove le
neuropeptide Y (poisson rouge : Kah et al, 1989 ; truite arc-eeicegrpe: Breton et al,
1989, 1991).

4.2. Contr™le pZriphZrique

4.2.1. RZtrocontr™Iles stZroediens

Les gonadotropines, responsables de la synthese et la libZratiorstderdes
gonadiques, vont "~ leur tour stre soumises " des rZtrocontr ™leglisizsos

Chez les mammiferedes premisres donnZes obtenues par des expZriences dearastrati
/ supplZmentation ont permis de rZvZler les rZtrocontr™lessngxgtifZs par les stZroedes
sexuels. On peut en effet observer de fortes ZIZvations dgsidamatiques et des contenus
hypophysaires en gonadotropines apres castration. Cette rZaction dstajupBtement
supprimZe lorsque les animaux castrZs sont traitZs par déismngjee stZroedes (pour revue :
Gharib et al, 1990).

En revanche, ~ certains moments du cycle, les stZroesdes serugknp exercer des
rZtrocontr™les positifs. Par exemple, chez la femme, osHard&covulante (pic de LH) est

induite par I0augmentation nette de IQoestradiol (E2) plasmatiquiécee.

Ces rZtrocontr™les, qui peuvent sOexercer directement au niveau aiypophys
indirectement via IOhypothalamus (Figure 7), ont ZtZ le sujet tplesufravaux qui ont
permis de mettre en Zvidence des effets diffZrentiels tdesedes sur IQexpression des
messagers, la synthese et la libZration de LH et FSH (Reuer. Gharib et al, 1990 ; Counis,
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1990 ; Burger et al, 2004). Par exemple, chez le rat, des madificalans la transcription
des sous-unitZs des gonadotropines sont induites par les oestrogenes pamies
androgenes. Concernant les sous-unitZ®t LH', les effets des stZroedes in vivo sont
majoritairement inhibiteurs. En ce qui concerne la sous-unitZ ASKysteme semble un peu
plus complexe, la testostZrone (T) nOayant pas dOeffet canstFSiH§ et E2 ayant plut™t un
effet inhibiteur (pour revue : Gharib et al, 1990 ; Counis etz]ut891 ; Burger et al, 2004).
De plus, chez les mammiferes, les sites et les modesiatDdes stZroedes sexuels dans le
contr™le de IQexpression des gonadotropines different en fonction des @spsceevue :
Burger et al, 2004).

Figure 7 : Comparaison de |Oaxe gonadotrope chez teammiferes et les tZlZostZens.

Chez les tZIZostZens, les stZrosdes sexuels exercent Agaesnactions positives et
nZgatives sur IQexpression des gonadotropines (Figure 7). Cellesveirigrén fonction des
especes et du moment du cycle. ftant donnZ que la LH a longtezhper&idZrZe comme
Ztant la seule gonadotropine existant chez les poissons, la mdiesitifavaux rZalisZs
concernent les effets des stZroedes sexuels sur |OexpressiorsZerZtion de la LH.
NZanmoins, la dZcouverte de la FSH et la mise en place de nowtg#s»molZculaires
permettent aujourdOhui dOZtudier la FSH.
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Les premiers travaux rZalisZs par Billard et ses colédaans (1977) chez la truite arc-
en-ciel mettaient en Zvidence les effets inhibiteurs desrd&ér sexuels. Apres castration, les
auteurs ont pu observer une ZIZvation des taux plasmatiques aelle;i pouvant stre
corrigZe par IOadministration de stZroedes. Par la suitZsdéats similaires ont ZtZ obtenus
chez dOautres especes (carpe : Billard et al, 1977 ; paisabn De Leeuw et al, 1986 ;
poisson rouge : Kobayashi et Stacey, 1990). Des rZtrocontr™les whgatigalement ZtZ
observZs concernant FSH chez le saumon coho apres traitemedée p@E2 (Dickey et
Swanson, 1998).

Parallslement

A

cela, des effets stimulateurs des st&oskxuels, retrouvZs
majoritairement chez les juvZniles, sur la LH comme surS&l Bnt ZtZ dZcrits chez
diffZrentes especes (truite arc-en-ciel : Crim and Eva839 ; saumon coho : Dickey and
Swanson, 1998; poisson rouge : Huggard-Nelson et al, 2002).

Chez IQanguille europZenne, les premiers travaux rZalisZs en 1983nis1tle mettre
en Zvidence un effet stimulateur des stZroedes sexuels sur lauctyophysaire en
hormone LH (Dufour et al, 1983b). Puis, apres clonage des sous LrétZsH§, des travaux
focalisant sur le contr™Ie de leurs expressions mettaient en &videsfet stimulateur de E2
et T dans IOexpression des ARNm des sous Un@ZkH§ (Counis et al, 1987 ; QuZrat et al,
1991). Enfin des travaux rZalisZs in vitro sur culture primairestigles hypophysaires ont
permis de rZvZler les effets indirects et directs hypophysdéestZroedes (Huang et al,
1997).

JusquO” prZsent, les travaux rZalisZs chez IOanguille selssivieexent intZressZs au
contr™|e de la LH.

LOobtention de nouveaux outils molZculaires et I0Ztude des rZtrocsizirévdiesns

exercZs sur la FSH sont un des suijets traitZs au cours deaw@iinde these (articles 1, 2, 3).

4.2.2. Les peptides gonadiques

Dans un premier temps, isolZs " partir des fluides gonadiques leh@orc, les
C peptides gonadiques E ont ZtZ dZcrits comme des facteurs noressZuapibles de
moduler la sZcrZtion de la FSH.

Il existe trois types de peptides gonadiques : activines, inhileinésllistatines. Les
activines sont capables de stimuler la synthese et la &#cide la FSH par IOhypophyse
(Vale et al, 1986; Ling et al, 1986; Carroll et al, 1989) ; alors fgliestatines (FS) et
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inhibines inhibent la synthese et la sZcrZtion de la FSH (infsibiddiyamoto et al, 1985 ;
Rivier et al, 1985; Robertson et al, 1985 Carroll et al, 1989 ;thillies : Esch et al, 1987 ;
Robertson et al, 1987 ; Ueno et al, 1987).

Activines et inhibines sont des protZines dimZriques formZestif ga trois genes
distincts :! , "a et "g. Elles appartiennent ~ la famille des TGRtransforming growth
factors?). Les inhibines rZsultent de IQOassociation dOune sous-ehitOune sous-unitZ
(" A ou! "), et les activines de IQassociation de deux sous-Urfit{$ A ou "g"s0U" A" B).

Comme les autres membres de la famille des"T@¥S activines exercent leur action
via des rZcepteurs de type sZrine/thrZonine kinase (pour revueewslal 994 ; MassaguZ,
1996). LOactivine se lie ~ un rZcepteur de IQactivine de type llepaisnplexe recrute un
rZcepteur de IQactivine de type I. Le rZcepteur de typasphi@sphoryle le rZcepteur de type
| qui une fois activZe stimule une famille de protZines appelZas Gour revue : Attisano et
Wrana, 1998 ; Peng et Mukai, 2000) (Figure 8).

En ce qui concerne le mode dOaction des inhibines, diffZrents nsoitigsoposZs : 1)
elles seraient capables de se lier au rZcepteur dait@ade type Il et empecheraient le
recrutement du rZcepteur de type | et la transduction du sighes agiraient donc comme
des antagonistes des activines (Xu et al, 1995). 2) Certains trawggxent une action
spZcifique des inhibines exercZe via des rZcepteurs aux inhibiagse(@l, 2001).

Le troisisme type de peptide gonadique, la follistatine (FS)umstprotZine glycosylZe
capable de lier spZcifiguement les activines et de nesetrdbur action en empechant la
liaison des activines " leurs rZcepteurs (De Winter et al, 1996) (Figure 8).

activine

("al"ao0u"g"g0OU"A"B)
/j [ — Follistatine

RZcepteur de RZcepteur de
type Il type |

Cascade
intracellulaire

Figure 8 : ReprZsentation schZmatique du systeme activiri follistatine.
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Chez les mammiferes, diffZrents travaux ont montrZ que, erdpllsur expression au
niveau des gonades, les trois types de peptides sont Zgalement &xgaimsZun grand
nombre de tissus incluant IOhypophyse (Michel et al, 1990 ; Haéeziéf al, 1993). Ceci
suggere des actions au niveau local de ces hormones, qui exercetagerdontr™les

autocrines/paracrines sur les gondatropines.

Chez les tZIZostZens, les peptides gonadiques et leuss effetait IOobjet de peu
dOZtudes. Les premiers travaux suggZrant I0existence dOun sygneimkibine dans le
contr™|e des gonadotropines ont ZtZ obtenus dans les annZes 90 chez teygessandes
Ztudes de |Qeffet de fluide folliculaire ainsi que dOactivid®iahibine de porc sur la
sZcrZtion de GTH (Ge et al, 1992). Par la suite, les sZqueatiesles ou completes des
ADNc codant pour les sous-unitZsle IQactivine ont ZtZ clonZes chez diffZrentes espsces de
tZIZostZens : le poisson rouge (Ge et al, 1997, 1999), le poisser(\#4ittbrodt and Rosa,
1994; Rodaway et al, 1999), IOanguille japonaise (Miura et al, 199@)jtéaarc-en-ciel
(Tada et al, 1998), la carpe (Tada et al, 2000), le medaka €Tada2000). La sous-unitZ
de 1Qinhibine a rZcemment ZtZ clonZe chez le medaka (Zhamgetssion Nj EU159465).
Enfin, les clonages des rZcepteurs de type | et Il de I0acitidéZ rZalisZs chez le poisson
rouge (pour revue : Ge, 2000) et le poisson zebre (Yelick et al, 1G88g et al, 1999).

Jusqu®” aujourdOhui, les fonctions physiologiques du systeme activineireirhib
follistatine dans le contr™Ie des gonadotropines chez les tZIZostZ&dspeu ZtudiZes et les
donnZes disponibles ont ZtZ en majoritZ obtenues chez une seule legpeisson rouge.

Les Ztudes rZalisZes sur culture de cellules hypophysaires mopieemiomme chez
les mammiferes, IQactivine est capable de stimuler K3siqr de la sous-unitZ FSHnais
contrairement ~ ce qui a ZtZ observZ chez les mammil@estivine apparait Zgalement
capable de moduler IOexpression de la sous-unit{Matn et al, 1999).

Concernant la follistatine (FS), les premiers rZsultatsnabtesur des cultures de
cellules hypophysaires de poisson rouge ont montrZ que la follistatorabimante de porc
Ztait capable de contr™ler de fason diffZrentielle 10expreds®nsous-unitZs des
gonadotropines (Yuen and Ge, 2004).

Comme chez les mammiferes, les C peptides gonadiques E somhZsxmhez le
poisson rouge dans un grand nombre de tissus incluant le cerveau, [Ohygelsygenades
(Lau and Ge, 2005 ; Cheng et al, 2007) suggZrant des actions autocrcesigsau niveau

des gonadotropines.
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DOautres facteurs pZriphZriques sont Zgalement susceptifdasrden r™le dans le
contr™le des gonadotropines, particulisrement au moment de la puleddurd de cette
pZriode pubertaire, toute une somme dQOinformations concernant lesiom®ndit
environnementales mais Zgalement concernant les conditions intern&org@nisme
(croissance et accumulation de rZserves suffisantes) vont cofd@ieetivation de [Oaxe
gonadotrope. Il a ZtZ montrZ que des facteurs intervenants dansdtiax g la croissance
ou du mZtabolisme comme IOIGF | (pour revue : mammiferesarPadt Gore, 2005 ;
poissons, Okuzawa, 2002), la leptine (pour revue : mammiferes, B&Ydantzoros, 2007 ;
poissons, Okuzawa, 2002) ou le cortisol (pour revue : Brann et Mahesh,pbe@a)ent stre
impliquZs dans IQactivation de I0axe gonadotrope.

Chez IOanguille, les Ztudes sur le r™le des facteurs mZtablalicpukes contr™le de la
fonction gonadotrope nOont portZ jusqud” prZsent que sur la LH (Halahg§38, 1999).

5. Objectifs de la these

Le stade argentZ est le dernier stade accessible dans démeemditurelles. En effet,
la maturation sexuelle dans des conditions naturelles nOa jusgu®dGhui jamais ZtZ
observZe, les anguilles restant C bloquZes E ~ un stade prZplebmegsation ocZanique de
reproduction est empschZe.

Or, ce blocage ~ un stade juvZnile est dZ ~ un dZficit de produdésnhormones
gonadotropes (pour revue : Dufour et al, 2003). Cette particularitdatelille en fait un
modsle particulierement intZressant dOun point de vue biologique, metpert I0Ztude des
mZcanismes de dZclenchement ou dQinhibition de la pubertZ.

De plus, IOanguille prZsente un intZret Zvolutif ; en effet,rti@ppat ~ un groupe
phylogZnZtiquement ancien de tZlZostZens, les Elopomorphes, ell¢ |Qsaoves ~ des
rZgulations ancestrales.

Enfin, cette recherche sOinscrit dans un contexte particuliess dertes diminutions
des stocks dOanguilles qui atteignent actuellement un stade @dtigua survie des especes
(Stone, 2003). Comprendre les mZcanismes de rZgulations de IQaxe aumadouionc un

des enjeux majeurs si IOon veut pouvoir un jour ma’triser la repoodieiOanguille.
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Au cours de ce travail de these, nous avons cherchZ " caraclgsdacteurs internes
capables de jouer un r™le dans le contr™le de IQexpression des hormadotopes, LH et
FSH. Pour cela, nous avons travaillZ en diffZrentes Ztapes :

- Nous avons dZveloppZ les outils molZculaires nZcessaires “UeerdedOexpression
des sous-unitZs des gonadotropines.

- A IQaide de ces outils, nous avons suivi IQexpression des gonadotropmes de
deux phases critiques du cycle biologique :

¥ La phase dOargenture : QualifiZe de mZtamorphose secondatmyesdigond au
passage du stade sZdentaire jaune au stade migrateur argemwhcite c
Zgalement avec le dZbut du dZveloppement gonadique. Cette Ztude l&sZ¢Z rZa

sur des Zchantillons de terrain en collaboration avec le Cemagref

¥ La phase de maturation gonadique : Elle a ZtZ induite expZrimestiafel@aide
de traitements gonadotropes et rZalisZe en collaboration avenagiée

- Nous avons cherchZ parmi les facteurs pZriphZriques (stZrexiess s peptides
gonadiques, hormones mZtaboliques) lesquels Ztaient capables idipepaatix
rZgulations diffZrentielles de |Oexpression des gonadotropines obseredess alu

cycle. Pour cela, nous avons ZtudiZ chez des anguilles femelieZ asge

¥ LOeffet des stZrosdes sexirmlgivo (par injections) ein vitro (par traitements de
cultures primaires de cellules hypophysaires) sur IOexpression déstgipiaes.
LOeffet des peptides gonadiques (activine et follistatingyo
LOeffet de facteurs mZtaboliques (IGF-I, leptine et coritisoitro

Cette Ztude nous permet dOapporter des rZsultats nouveaux swatésrmz de la

rZgulation diffZrentielle des deux gonadotropines chez I0anguille ésh&ZostZens, ainsi
que sur la conservation et IOZvolution de ces rZgulations chetAbsAger
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Il. MATERIEL ET METHODES

Dans cette partie, nous allonsebement prZsenter les diffZrentes mZthodes utilisZes au cours
de ce travail de these. Les protocoles sont plus largemenli&&@ans les articles prZsentZs

dans la partie C RZsultats E.

1. Animaux et expZrimentationsn vivo (Articles 1, 2, 3)

1.1. Provenance des animaux

Les anguilles ZtudiZes dans ce travail appartiennent ~ |IOespepZennénguilla
anguilla. Elles ont ZtZ pechZes soit au cours de leur phase sZdesttadee jaune) dans la
Somme ou le Rhin, soit au moment de leur migration dOavalaison gsjad&’) dans la

Somme, le Rhin ou la Loire.
1.2. Etude de terrain

Les anguilles ont ZtZ capturZes par peche Zlectrique (CBngéitieur de la Psche) ou
par filet (pscheurs professionnels) dans la Somme et le ®hitrois pZriodes de peche entre
1994 et 2002. Toutes les anguilles ont ZtZ dissZquZes sur plack (Arét donnZes
complZmentaires).

1.3. Traitements hormonaux

1.3.1._Traitements par les hormones stZroediennes et thyrosdjaniess 1, 2, 3)

Apres avoir ZtZ transportZes au laboratoire (MNHN, Patis3, anguilles en
provenance de la Loire sont conservZes dans des bacs de redlaliinentZs en eau de ville
filtrZe, continuellement renouvelZe et aZrZe. La tempZmtyenne de I0eau sur IOannZe est
de 13,5 jC avec une variation de plus ou moins deux degrZs. Les anguiitesnsuite
transfZrZes par petits lots (4 anguilles / aquarium) dansjdeswans de cent litres alimentZs

en eau de ville filtrZe, continuellement renouvelZe et aZrZe.
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Les anguilles reeoivent une injection hebdomadaire, pendant 2 ~ 3 dawis,la cavitZ
pZriviscZrale soit dOune suspension dans une solution saling d®&rmone (oestradiol :
E,, testostZrone : T, dihydrotestostZrone : DHT, Thyroxine : T4) (Sigrar g de poids
corporel (anguilles traitZes), soit de solution saline seule (&wudmoins). Le meme
protocole a ZtZ utilisZ lors dOexpZrimentations prZcZdenteshauhles effets des stZroedes
sexuels (MontZro et al, 1995 ; Huang et al, 1999) ou des hormones thyresdiRousseau et

al, 2002) sur diffZrentes cibles cZrZbrales ou hypophysaires.

1.3.2. Traitements gonadotrop@sticle 1)

Les expZriences de traitements gonadotropes pour IOinduction expkrimernia
maturation sexuelle ont ZtZ rZalisZes au Cemagref de Bordesuaxguglles pschZes dans la
Loire sont transportZes " la station du Cemagref, os elles shmgnt trois semaines,
progressivement acclimatZes ~ une salinitZ de 344. Les baZsams placZs sous un abri en
plastique (type serre), la tempZrature de |Oeau et la plmdepZarient avec les conditions
naturelles (Tj: 8iGnvier26iCuin)-

Les anguilles femelles argentZes resoivent une injection hebdomad@extrait
dOhypophyse de carpe (8@ poids corporel) dans la cavitZ pZriviscZrale selon le pretocol
mis au point par Fontaine et ses collaborateurs (1964) et ce judjgénaines (Article 1).
Les anguilles m%o.les reeoivent une injection hebdomadaire de gonadotiomilmmique
(hCG, 1Ul/g poids corporel) dans la cavitZ pZriviscZrale selpnoktocole mis au point par
Fontaine (1936) pendant 8 semaines (donnZes complZmentaires). D&atwsilles tZmoins
et traitZes sont sacrifiZs "~ diffZrents temps au cou@egZrimentation.

Ces expZrimentations ont ZtZ rZalisZes dans le cadre dueprofen EELREP (njQ5RS-
2001-01836).

2. PrZlevements

E la fin des expZrimentations, les anguilles sont pesZes avamet skosifiZes par
dZcapitation et diffZrents tissus sont prZlevZs.
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2.1. Sang

Apres sacrifice de 10anguille, le sang est prZlevZsorée de |Qaorte ventrale, dans
des tubes hZparinZs. Apres centrifugation, le plasma est rZcafiguotZ et stockZ ~ B20;C
(Article 2).

2.2. Hypophyse

2.2.1. Pour dosages radioimmunologiques des hormones (RIA)

Apres dZcapitation de I0anguille, IOhypophyse est prZlevZe dalasDe5ml de NaCl
(0.15M) et conservZ "~ -20;C. LOextraction est rZalisZe paasoni¢Bioblock Scientific,
llikirch, France); apres centrifugation, le surnageant esupZrZ et conservZ "~ -20iC
jusquOau dosage (Article 2).

2.2.2. Pour dosages des ARNm (dot blot et PCR quantitative)

Apres dZcapitation de IQanguille, IOhypophyse est prZlevZe, catmyeZEazote
liquide et stockZe "~ -80iC (Article 1). Dans les expZrimentatsaigantes, les hypophyses
sont rapidement prZlevZes et dZposZes dans une solution assumasereation des ARNS,
la RNA later (Ambion) ; les hypophyses sont ensuite stockZes ~ {20tiCles 2 et 3).

2.2.3._Pour marquage par hybridatiorsitu des cellules gonadotropgsrticle 1)

Les anguilles sont anesthZsiZes par immersion dans une solutienaoortes esters
dOacide benzoeque et perfusZes " travers le bulbe aortique awstutina saline puis un
fixateur (paraformaldZhyde 4% diluZ dans du tampon phosphate).

LOensemble cerveau B hypophyse est dissZquZ et placZ dans uneedixtition ~
4iC. Il est ensuite rincZ dans du tampon phosphate (PBS) et plongZa pogwprotection,
dans une solution de sucrose " 4{C. Les tissus sont ensuite congelds taiswpentane froid
et stockZs " -80;C.
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2.3. Gonades et tractus digestif

2.3.1. Pour le calcul des rapports gonado-somatique et tractus digestificaoana

Aprss incision de IOabdomen, les gonades et le tractus digestjfr&tetZs et pesZs
pour le calcul des rapports gonado-somatique (RGS = % poids des ggwdsdbtal du
corps) et tractus digestif-somatique (RTDS = % poids duwsatigestif/poids total du corps).

2.3.2. Pour Ztude histologiqu@rticle 2)

Apres incision de I0abdomen, un Zchantillon dOenviron 2 cm de gonade} ésvair
prZlevZ en amont de IOanus et fixZ dans une solution de Bouin agigeugiaque, acide

acZtique et formaldZhyde).

3. ExpZrimentationsin vitro (Articles 3, 4 et donnZes complZmentaires)

3.1. Provenance des animaux

Les anguilles utilisZes pour les expZrimentationgitro sont des anguilles femelles
capturZes au moment de leur migration dOavalaison par des pgrbéssionnels dans la
Loire. Apres avoir ZtZ transportZes au laboratoire (MNHNisRales anguilles sont
conservZes dans des bacs de mille litres alimentZs en ealle ddtrZe, continuellement

renouvelZe et aZrZe.

3.2. Culture primaire de cellules hypophysaires et traitementsonaum

Apres dZcapitation, les hypophyses sont prZlevZes et soumises mithede de
dispersion enzymatique et mZcanique mise au point par Monterg1&€98l). Pour rZsumZ,
les hypophyses sont dZcoupZes et incubZes ~ 25;C dans une solution de trgitisame
dissociation. Apres arret de la rZaction enzymatique, une digpersZcanique des cellules
est rZalisZe par passages rZpZtZs " travers une gipeplestique. Apres estimation du
nombre de cellules et de leur viabilitZ par un test dOexclusBlew de Trypan, les cellules
sont dZposZes " des densitZs variables (de 20000 ~ 80000 cellulesimstsjes boites de
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cultures de 96 puits prZtraitZes ~ la poly-L-lysine permettentaciliter IOadhZsion des
cellules. Les cellules sont incubZes dans un milieu de culture Ma8@&ant sels de Earle et
bicarbonate de sodium) auquel sont ajoutZs penicilline, streptomgtinkingizone
(Gibco/Invitrogen). La culture est maintenue ~ 18;C sous une atmasphturZe en humiditZ
et~ 3% de CO2. (articles 3, 4 et donnZes complZmentaires).

3.3. Traitements des cellules

3.3.1. Traitements stZroedig@#sticles 3 et donnZes complZmentaires)

Des solutions stock dOoestradio) (Be testostZrone (T), de dihydrotestostZrone (DHT)
ou de cortisol (F) (Sigma) sont prZparZes ~ des concentratioh€°dd dans 10Zthanol et
stockZes " 4iC. Toutes les 72h, des solutions intermZdiaires Zparpes par dilution des
solutions stocks dans le milieu de culture. Les solutions inteain&slisont ensuite ajoutZes
aux puits de culture de maniere ~ obtenir une concentration finaleyts de 1M ou 10’

M. Les puits tZmoins sont traitZs par le solvant (Zthanaljri*ine dilution. La concentration
finale en Zthanol dans les puits nOexcede jamais 0.01%. Lasxrdiéieculture et traitements

sont renouvelZs tous les 3 jours. Apres 9 jours, les cultures seidies.

3.3.2._Traitements par les peptides gonadigAetscle 4)

Des solutions stock dOactivine B recombinante humaine et datiokisecombinante
humaine (R&D Systems, Lille, France) " des concentrationzeatives de 5xI0M et 5x10°
M sont prZparZes dans du tampon phosphate (PBS) et stockZes DesjGolutions
intermZdiaires sont prZparZes avant chaque traitement pandiles solutions stock dans le
milieu de culture. Les concentrations finales testZes dapsitssde culture vont de 1M *
10°M. Les puits tZmoins sont traitZs par le solvant (PBS). miigux de culture et
traitements sont renouvelZs tous les 3 jours. Les cultures setidesr™ diffZrents temps

jusqu®” 9 jours.

3.3.3._Traitements par les hormones mZtaboli(imsnZes complZmentaires)

Une solution stock dOinsulin-like growth factor 1 (IGF-I) recombinanaimu(8igma)

est prZparZe " une concentration dé Wdans de IOeau pure, aliquotZe et conservZe " -20;C.
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Les concentrations finales testZes dans les puits de culture vdetté ~ 10'M. Une
solution stock de leptine recombinante humaine (Sigma) est peZpané concentration de
10* M dans une solution de HCI (15mM), aliquotZe et conservZe " -20gdreentrations
finales testZes dans les puits de culture sont && B 10°M. Les puits tZmoins sont traitZs
par le solvant. Les milieux de culture et traitements sont retéaiveus les 3 jours. Les

cultures sont arrstZes apres 9 jours.
3.3.4. Lyse cellulair¢Articles 3, 4 et donnZes complZmentaires)

Les ARN totaux des cellules hypophysaires sont extraits directetaestle puits de
culture " 10aide du kit Cell-to-cDNA Il (Ambion). Les cellules de chaque puits sont rincZes
~ 1Gaide dOun tampon phosphate (PBS) froid, puis lysZes " IQaideldfomee lyse, le Cell

N

Lysis Il buffer. Le lysat obtenu va ensuite etre soumis un téraent par la

dZoxyribonuclZase | (Ambion) puis conservZ " -80;C.

4. Clonage de la sous-unitZ FSH§ chez IOanguille europZegpmtcle 1)

4.1. SZquence partielle de IOADN complZmentaire codant poausairstZ
FSHS

La sZquence partielle de IDADN complZmentaire (ADNc) cpdantla sous-unitZ
FSH§ a ZtZ amplifiZe ~ partir dOune banque dOADNc dOhypophyse el@angpiienne
construite dans des vecteurgt 10 (QuZrat et al, 1990a et b). Le choix des amorces
spZcifiques a ZtZ rZalisZ "~ partir de la sZquence dOzidhiat pour la FSHE de IQanguille
japonaise Anguilla japonica(GenBank accession Nj. AB016169, Yoshiura et al, 1999). Les
paramstres dOamplification sont dZtaillZs dans les r&gittitle 1).

4.2. SZquence complste de IDADNc codant pour la sous-unitZ FSH§

La sZquence complete de IOADNc codant pour la sous-unitZ FSH®teftide
partir des ARN totaux hypophysaires par la mZthode RACE (Rapidliffeation of the
cDNA Ends).
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30-RACE : Les ADNc sont synthZtisZs "~ I0aide dOamorces oligoftiiifes (30-
RACE CDS Primer A) fournies dans le kit SMARTRACE cDNA amplification (Clontech
Laboratories Inc.), puis utilisZs comme substrat pour [OamitificPCR se faisant en
prZsence dOune amorce spZcifique (GSP2) et dOune amorcearuaiptZie la sZquence de
IOamorce oligo(dT) contenue dans IOUniversal Primer A mix.

50-RACE : Les ADNc sont synthZtisZs "~ I0aide dOamorces oligoftiiifes (50-
RACE CDS Primer) et IOoligo SMART Il A reliZ ~ la témaison 50 (Clontech Smart
technology). Les ADNc sont utilisZs comme substrat pour IQamiific®CR se faisant en
prZsence dOune amorce spZcifique (GSP3) et dOune amorceauaiptZde la sZquence de
IOoligo SMART Il contenue dans IOUniversal Primer A mix.

Les rZactions dOamplification sont rZalisZes dans un volutienr#adinal de 501 °
|Oaide dOun appareil MWG thermocycler (MWG Biotech).

5. Histologie et hybridationin situ

5.1. Coupes de gonades (Article 2)

Les Zchantillons fixZs dans le Bouin aqueux sont dZshydratZs, inclusleddes
paraffine, coupZs au microtomegu(8), rZhydratZs et colorZs selon la mZthode de Cleveland B
Wolf dZcrite par Gabe (1968). Les coupes sont observZes au micrd3btRB et
photographiZes avec une camZra DM 300 Logiciel IM version 4.0 (Leica)

5.2. Localisation par hybridatian situ des cellules gonadotropes (Article 1)

Les hybridations sont faites sur des coupes transversalegnf26dOhypophyses
rZalisZes au cryostat (Leica). La localisation par hyboidatisitu des cellules gonadotropes
est rZalisZe en utilisant des sondes dOARN anti-sens de feadesesbus unitZs FSH426
bp) et LH' (404 bp) dOanguille. Les sondes sont synthZttiisZetso et marquZes via le
rZsidu UTP " la digoxigZnine (Roche Diagnostics). Les coupes tZsminsZalisZes gr¥oce
IOutilisation de sondes dOARN sens.

Les coupes sont rincZes dans une solution saline (2x SSC), dZshysaatiesbains
successifs dans des solutions ~ concentration croissante en Zitsfaii£es. Les sondes sont

diluZes " la concentration depy/ml. Les coupes sont, en alternance, hybridZes soit par la
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sonde LH, soit par la sonde FSH LOhybridation est rZalisZe dans une chambre humide
durant environ 12 heures "~ 60;iC et arretZe par des bains suscessit une solution
contenant formamide, SSC et Tween-20 ~ 60;C. Les coupes sont erisafes dans du
MABT (acide malZique, NaCl, Tween-20, pH 7.4).

LOimmunodZtection des sondes marquZes " la digoxigZnine se faiirapges des
coupes dans une solution de MABT contenant du sZrum de chevre (20%) setlutien de
blocage (2%) (Roche). Les coupes sont ensuite incubZes avec deparatnti-digoxigZnine
conjuguZs "~ une phosphatase alcaline. Apres rineage dans du MABTtvIEZ de la
phosphatase alcaline est visualisZe ~ [Qaide dOun substraBT{BCNP (nitroblue
tetrazolium-chromogene et bromochorindolyl phosphate) selon le protocok®urnisseur
(Boehringer Mannheim).

Les coupes sont observZes et photographiZes ~ [Oaide dOun microszdpdRBiet
dOun appareil photo Leica.

6. Dosages

6.1. Dosages des ARN messagers des hormones hypophysaires

6.1.1. Extraction des ARNSs totaux

Les hypophyses individuelles sont homogZnZisZes par sonication dans dredgeot
(Invitrogen SARL) (Articles 1 et 2) ou " IQaide du Fast-RNA®meen kit (Article 3). Apres
ajout de chloroforme afin de sZparer les phases et centrifugktiphase aqueuse contenant
les ARNSs est rZcupZrZe. Les ARNs sont prZcipitZsapautl@Oisopropanol et le stockage 12h
" -20 iC. les ARNs sont ensuite rincZs par de I0Zthanoiné em suspension dans une
solution de stockage, la RNA storage solution (Ambion) et stockd;C.

6.1.2. Dosages de I0expression des hormones hypophysaires par (dotities 1 et

2)

LOexpression de genes de IOhormone de croissance (GH), et des Zsudesnit
hormones glycoprotZiques (8PLH", FSH' et TSH) a ZtZ mesurZe par dot blot. Cette
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mZthode permet une quantification relative des ARNm dOun genedaiideun Zchantillon
tissulaire.

Les ARNSs totaux extraits " IOaide de Trizol reagent (InvitrogdRL$sont dZnaturZs
dans une solution contenant du formamide, du formaldZhyde et du SSC " 6%Zsetur
une membrane de nylon (Hybond-N+, Amersham Biosciences). Apres irisatibn des
ARNSs ~ 80;C, les membranes sont prZparZes pour IOhybridatiom Ipain dans une solution
dOhybridation (ULTRAhyb, Ambion Inc.) " 65;C.

Les sondes ARN synthZtisZes par transcriptiositro sont marquZes pa#-£2PJUTP
et diluZes dans la solution dOhybridation (1 % d@n/ml de solution dOhybridation).
LOhybridation se fait par mise en contact de la membrandaas@ede marquZe en solution
durant une nuit ~ 65jC. Les membranes sont rincZes plusieurs foss aks solutions
astringentes (SSC et SDS), scannZes et |QintensitZ du masjupgetifiZe par un phosphor
imager (Bio-Rad Laboratories).

Les sondes sont dZcrochZes des membranes " 10aide du kit StrRNZZ (Ambion)
et hybridZes avec une sonde diffZrente suivant le meme protocole.

LOexpression du gene cible est rapportZe ~ celle dOun gene dece/{ARNr 18s
dOanguille) dont IOexpression ne varie pas au cours de IOexpZrience.

6.1.3._ Dosage de |Oexpression de genes par PCR quantitative emAelfiicles 3,

4, donnZes complZmentaires)

LOexpression de genes @GPLH", FSH' et activine B) a ZtZ mesurZe par PCR
quantitative en temps rZel (qrt RT-PCR). Cette mZthode pdemésualiser tout le long de la
rZaction dOamplification la quantitZ dOacides nuclZiques piassrZchantillon et donc de
quantifier le niveau dOexpression (quantitZ dOARNm) dOun gene cible damsntillon

tissulaire.

Les ARNm sont dOabord extraits puis rZtro-transcrits (synthesNdGshmple brin).
Ensuite, " partir de cet Zchantillon dOADNCc et gr¥ocelisiioti dDamorces spZcifiques, le
gene cible est amplifiZ par PCR. A chaque cycle de latikadOamplification, la quantitZ
dOacides nuclZiques prZsents dans IOZchantillon est mesurZada Ponragent intercalant
fluorescent (SYBR green) est utilisZ ; apres liaison avelOddN double brin, il va Zmettre
une lumiere fluorescente. Celle-ci est dZtectZe par untrefleorimetre inclus dans le
thermocycleur (LightCycler, produits et machine Roche Diagnostics).
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La concentration en ARNm du gene cible dOun Zchantillon est inversement
proportionnelle au nombre de cycles dOamplification nZcessaire tigndra le seuil de
dZtection de fluorescence. LOexpression du gene cible est rappoeie dOun gene de
rZfZrence (ARP - phosphoprotZine ribosomiale) dont IOexpression npasasie cours de
|GexpZrience.

6.2. Dosages immunologiques

6.2.1. Dosages radioimmunologiques des hormones hypophysaires et des hormones

thyroediennegArticle 2)

Les contenus hypophysaires et concentrations plasmatiques de IOhormoneogenadot
(LH) ont ZtZ mesurZs par un dosage radioimmunologique (RIA) seutaunitZ LHM de
carpe validZ pour son utilisation chez IOanguille (Dufour et al, 1983a)

Les contenus hypophysaires et concentrations plasmatiques de IOhormoissatece
(GH) ont ZtZ mesurZs par un RIA homologue mis au point au labo(Mairghelidon et al,
1996).

Les concentrations plasmatiques en tri-iodothyronine (T3) et thyrgidg ont ZtZ
dosZes par RIA selon le protocole de Leloup et De Luze (1980).

6.2.2. Dosages immunoenzymatiques des hormones stZrosdes et delogZwited

(ELISA, EIA) (Article 2)

La concentration plasmatique des stZroedes sexuels (oestradiokteimne, 11-
kZtotestostZrone) est mesurZe par dosage immunoenzymatiqde dei&its (Cayman) qui
ont ZtZ validZs pour leur application chez IOanguille.

Les taux plasmatiques de vitellogZnine sont mesurZs par dosage impyomatéjue
homologue spZcifique mis au point au laboratoire (Burzawa-GZrardl€91).
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lIl. RESULTATS

Les principaux Zsultats o btenus au cours de ce travail de these sero nt/srZeerst la
forme dQarticles et de donnZes co mplZmentaires. Apnt® o lger clo nage de la sZquence
de la sous-unitZ de la FSH (article 1), nous avons pu analyser |Oexpresstorisiss us-
unitZs des go nadotro pines"(GPH§ et FSHS) au cours du cycle (argenture : article 2 et
maturation expZrimentale : article 1). Nous avons ZgalerokatchZ les facteurs capables
de contr™ler IOexpressio n des so us-unitZs des go nado wrivpifatcles 1 et 3) dh vitro
(articles 3 et 4).

1. Article 1: C¢ Differential regulation of luteinizing hormone and follicle-
stimulating hormo ne expression during ovarian development and under sexua
steroids feedback in the Euro pean eel E. Schmitz M, Aro ah (3G05)

1.1. RZsumZ des rZsultats

1.1.1. Clonage de la FSH

Afin dOZtudier la rZgulation de IOexpression des ho rmo nesogquesadiestrsZquences
nuclZotidiques des trois sous unitZs des gonadotropihesLi{EPet FSH) Ztaient
nZcessaires. Les sZquences des ADNc codant pour les &tsuRnet LH de IOanguille
euro pZenne Ztant co nnues, no us avo ns clonZ la so us-LinitZ FSH

Une sZquence partielle de IDADNc de la!F&#I0Oanguille euro pZenne a ZtZ o btenue ~
|Oaide dOamo rces spZcifiques choisies ~ partir de la sZguebBdNc co dant po ur la FSté
IOanguille japo naise (GenBank accession Nj. AB016169, Yo shiurz989h La sZquence
co mplete a par la suite ZtZ o btenue par les rZactamglifi€atio n 30- et 50-RACE.

La sZquence co mplste codant pour IDADNc de la sous unitd E&Hso umise ~ GenBank
(accession No. AY169722). Elle compo rte 1069 nuclZotides etrcb umergohase o uverte
de lecture de 381 bases (figure sZquence). Celle-ci code infe pptl27 acides aminZs

comprenant un peptide signal de 19 acides aminZs et un peptide aeat08 acides aminZs.
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De plus, IQanalyse par alignement et co mparaison de sZgu@adds du programme
Clustal W mo ntre un po urcentage dOidentitZ de 97% entre les sZ/f6éhade |Qanguille

euro pZenne et de IOanguille japo naise.

1.1.2. Localisation hypo physaire des cellules " LH et " FSH

Une sonde ARN spZcifique po ur la FSi¢ I0anguille euro pZenne de 426 nuclZotides a
ZtZ obtenue " partir de la sZquence clonZe. De la memedaeso nde ARN spZcifique po ur
la LH! dOanguille euro pZenne de 404 nuclZotides a ZtZ synthZtisZé, Critsies de se
complexer avec les ARNm complZmentaires co ntenus daissues @ nt ZtZ utilisZes po ur
lo caliser les lieux dOexpressio n des deux ho rmo nes au niveau hypo physaire

LOZtude par hybridatian situ sur des coupes adjacentes met en Zvidence une
expression des hormones gonadotropes exclusivement lo calisZecdamgpio ximale de
IGadZno hypo physe. LOo bservation des co upes adjacentes peremetdégalemirer que la
lo calisation du marquage o btenu avec la so nde difdfe de celle o btenue avec la sonde
LH! . Ces rZsultats indiquent que les hormo nes go nado tro pes, HHsetrE®xprimZes par

des cellules hypo physaires diffZrentes chez IOanguille euro pZenne.

1.1.3. Variatio ns de IQexpressio n des so us-unitZs des go nado tro pires@laco

maturatio n expZrimentale

a. Chez la femelle

La maturation expZrimentale obtenue par des traitements gopeso(extraits
hypo physaires de carpe) induit chez les animaux une augmentatio isgve gie rappo rt
go nado -so matique (RGS ou Go nado so matic Index, GSI). Les angsilide argentZ ont
un RGS moyen de 1180.1%. Chez les anguilles traitZes pendant 16 semaines, latRGS
33+ 3 %.

Les profils dOexpression des trois so us-unitZs des ho rmaduesaues o nt ZtZ suivis
au cours de la maturatio n expZrimentale par dot blo tusessiZs LM et GP co nnaissent
des profils similaires, avec une forte augmentatio n desagees au co urs de la maturatio n.
Les variations les plus importantes sont observZes mowstanitZ LH avec des taux
hypo physaires en ARNm chez les animaux traitZs pendant 16 serh2ihésis supZrieur
ceux observZs chez les anguilles tZmdix6.001). En ce qui concerne la so us-unitZ, GP
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IOexpression des messagers est 8 fois plus impo rtantescieimbux traitZs pendant 16
semaines que chez les tZmos(.001).

La sous-unitZ FSHrZagit diffZremment aux traitements gonadotropes: apres 16
semaines de traitement, les taux dOARNm ont significativedimaimuZ comparZs aux
tZmo ins®<0.001).

b. Chez le m%ole (do nnZes co mplZmentaires)

Une expZrience de maturation expZrimentale a Zgalemerdli&iZerZhez le m%ole par
des traitements = la hCG. Chez les m%oles, comme chdenielles, les traitements
gonadotro pes induisent un dZvelo ppement des gonades : le RGS mdgsracheiles
m%oles argentZes est de 8.0802 %. Apres 8 semaines de traitement, le RGS moyen atteint
5.3+ 0.4 % (Figure 9A).

Les profils dOexpression des trois so us-unitZs des go nasl@inb fidesuivis au co urs
de la maturatio n expZrimentale par dot blot. Les trai®g@nado tro pes induisent de fo rtes
augmentations, significatives des 4 semaines de traitemex0l), des taux dOARNmM
co dant po ur la so us-unitZl LIDes taux qui atteignent des niveaux 37 fois supZrieurs chez les
animaux traitZs pendant 8 semaines co mparZs aux tZRwoiré0() (Figure 9B)

Concernant la so us-unitZ"GRine augmentatio n significative des taux hypo physaires
en ARNm est Zgalement observZe au cours de la maturatio mexlei Cette
augmentatio n, significative des 4 semaines de traitemBri8.@5), atteint des taux 13 fois
plus impo rtants chez les m%les traitZs pendant 8 semaboeapaEraison avec les tZmoins
(P<0.001) (Figure 9C).

En revanche, les taux dOARNmM co dant po ur la so us-unitinBBktent des tendances
" la baisse. Cette baisse est significative apres Sagwes de traitements (x 0.4 co mparZ aux
tZmo insP<0.05) (Figure 9D).

1.1.4. Effets de traitements in vivo par les stZro «des sexud@@estaressio n des

go nadotro pines

LOexpression des so us-unitZd FEH! et GP des gonadotro pines a ZtZ mesurZe par
dot blot chez des anguilles argentZes ayant resu des traitgrardent 7 semaines par
IGo estradiol et la testo stZro ne.
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Chez les anguilles traitZes ~ 100 estradio |, une augmesigificative de IQexpression
des so us-unitZs ILHx 6.5 par rappo rt aux tZmoiRs; 0.01) et GP (x 2.4 par rappo rt aux
tZmoinsP< 0.001) est o bservZe. En ce qui concerne la so us-unitZae8th changement
significatif nOa ZtZ mo ntrZ suite aux traitements parddio &s

Contrairement ~ ce qui a ZtZ observZ suite aux traitemen®aqustradiol, chez les
anguilles traitZes par la testostZrone, il nOy a pasati® nasignificative des so us-unitZs
LH! et GP par rapport aux tZmoins. En revanche, une diminution signifidagviaux
dOARNM co dant pour la sous-unitZl BSBtZ o bservZe apres traitement par la testo stZro ne
(x 0.3 par rappo rt aux tZmo iRs, 0.001).

Ces rZsultats mo ntrent que les stZro «des sexuels so mscaabiercer un co ntr™le sur
IOexpression des gonadotropines et permettent de mettre ece Awige rZgulation

diffZrentielle des diffZrentes so us-unitZs des go nado tro pines.

1.2. Texte de IQarticle 1: C Differential regulatio mteihizing hormo ne and
fo llicle-stimulating ho rmo ne expression during o varian develogmceunnder
sexual steroids feedback in the Euro pean eel E. Schmitz M, 3\gi @& (2005)
Neuroendocrinologyl : 107-119.
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Figure 9 : Effets des traitements gonadotropes sur le dZvelmement gonadique et |Oexpression
des sous-unitZs des gonadotropines chez IQanguille en%)l Rapprt gonadosomatique; niveaux
hypophysaires en ARNm pour B) LHC) GP' , D) FSH . LOexpression des ARNiZ& mesurZe par dot blot et les rZsultats
normalisZs " IQaide de IDARN 18s. Les moyenned@omfes + SEM. P< 0.05, ** P< 0.01, *** P< 0.001 comparZ aux

tZmoins, ANOVA.
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2. Atrticle 2 : C Ehdocrine evidence that silvering a secondary metamorphosis

in the eel is a pubertal rather than a metamorphic event E. Sreual (2005)

2.1. RZsumZ des rZsultats

LOargenture, aussi appelZe mZtamorphose secondaire, est un l@sguprae
dOimportants changements se produisent chez IQanguille. Afin deedZesyptZcanismes
hormonaux permettant de contr™ler ces modifications, nous avons stitAGies deux
axes principalement connus pour stre impliquZ IOun dans la mZtanepifleo® thyrZotrope,
et |Qautre dans la pubertZ, |IOaxe gonadoBdpérents parametres anatomiques, dZcrits
comme caractZristiques de IQargenture, ont Zgalement ¥¥4 aalecours du processus
(Marchelidon et al, 1999Durif et al, 2005).

L&tude a portZ sur trois sZries dOZchantillonnages dOanguilles.

2.1.1. Echantillonnage 1

Dans I@chantillonnage 1, les anguilles ont ZtZ regroupZes en fonction de BueiRG
trois stades en accord avec la classification proposZ2upiret al (2005) : stade jaune, RGS
0.4%, stade interddiaire, 0.4% RGS < 1.2%, stade argentZ 1.P9RGS. Les parametres

anatomiques (poids, taille, index oculaire, index digesto-somatiqueYtdnmesurZs. Les
contenus hypophysaires en hormones lutZinisante (LH) et de croissancet(@d taux
plasmatiques en hormones thyroediennes (T3 et T4) ont ZtZ dosZ# @arcBinparZs entre
les diffZrents stades.

Des variatdns significatives des paratres anatomi s ontZtZ observZs entre les
stades jaunes et argentZs avec une augmentation de 10index odylére,(P< 0.001) et
une rZduction de IOindex digesto-somatidD8I)( (x 0.34, P< 0.001). Des variatns
significatives ontZgalement ZtZ observZes entre les stades jaune et argentZaawesve
contenus hypophysaires en hormones. Une forte augmentation des contenus hypoghysaires
hormone LH (x 51 comparZ au stade jauPe,0.001) a ZtZ mesurZe au stade argentZ ; en
revanche, les contenus hypophysaires en hormone GH sont significativemearg moi
importants chez les anguilles argentZes que chez les anguilles faufies, P< 0.001).
Concernant les taux plasmatiques en hormones thyroediennes, aucunenvsigaificative

nOa ZtZ observZe au cours du processus dOargenture.
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2.1.2. Echantillonnage 2

Pour nous permettre dOavoir une vision plus fine des modifications hasnonal
intervenant au cours de IOargenture, les stades intermZdiaizehaletiions 2 et 3 ont ZtZ

subdivisZs en 3 groupes conduisant " la classification suivante :

Stade jaune: groupe A = RGS < 0.4%
Stade intermZdiaire : groupe B = 0.4% RGS < 0.6%

groupe C = 0.6% RGS < 0.8%
groupeD = 0.8! RGS 1.2%
Stade argentZ roupe E 1.2%! R S.

Les paramtres anatomi s ontZtZ mesurZs, et les contenus hypophysaires et les taux
plasmatiques en hormones LH et GH ont ZtZ dosZs par RIA.

Comme pour IOZchantillonnage 1, des variations progressives et iregogantin
dOargenture des paramstres anatomiques (IDSét ont ZtZ observZes au cours de la
transition jaune B argentZ ; |0 augmentant de maniere signifi¢at&,P< 0.001) et |eDSI
marquant unedfte baisse (x 0.48< 0.001) au stade argéhtomparZ au stade jaune.

Concernant les contenus hypophysaires en hormones, la LH ne montesvpagions
significatives entre les stades jaune et intermZdiaires,upeigorte augmentation de la LH
est observZe en fin dOargenture (groupe E : x 51 comparZ au stadegape AP< 0.001).

En revanche, aucune variation des contenus hypophysaires en GH nOest absenwizede
IOargenture. Aucune variation significative nOa ZtZ observZe alugrocessus dOargenture
pour les taux plasmatiques en GH ou LH.

2.1.3. Echantillonnage 3

Les parametres anatomiques ont ZtZ mesurZs. LOexpres$iomuwses hypophysaires
(LH", FSH', GP#, GH et TSH) a ZtZ mesurZe par dot blot et les concentrations
plasmatiques en stZrosdes sexueis TE11-KT) et en vitellogZnine ont ZtZ mesurZes par des

dosages immunoenzymatiques.
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Comme dans les autres Zchantillonnages, 1010 a augmentZ (x 2.9EgcoupearZ au
groupe A,P< 0.001) alors que I®SI a baisg (x 0.05 groupe E comparZ au groupePA,
0.01) au cours de IQargenture.

Concernant les hormones hypophysaires, seules les sous-unitZs des gonadotropi
(LH", FSH' et GR#) montrent des variations significatives de leur expression au daurs
processus dOargenture ; avec une augmentation progressive des talm d®sRsous-unitZ
FSH' entre les groupes A @, alors que IOexpression des autres hormanetZes (GH,
TSH', LH" et GR#) reste basse. LOexpression des sous-unitZset iR augmente de
maniere importante en fin dOargenture (LB 9 groupe E comparZ au groupePX; 0.05 ;

GP# : x 2.2 groupe E comparZ au groupe®A,0.001).

Les concentrations plasmatiques en hormones stZroidgs T(E11-KT) et en
vitellogenine (Vg) montrent Zgalement des variations au cours dent@ergeOEconna’t
une premiere ZlZvation des taux plasmatiques entre le stadegalestade intermZdiaire (x
5.1 groupe C comparZ au groupeP%, 0.05), puis une seconde en fin dOargenture au stade
argentZ (x 9.2 groupe E comparZ au groupB<A0.001). Concernant les autres hormones
dosZes (T, 11-KT et Vg), les augmentations significatives des l€oncentrations
plasmatiques sont observZes seulement en fin dOargenture (groupe E).

LOensemble de ces rZsultats montrent que IQaxe gonadotropeZestuactiurs du
processus dOargenture avec des variations observZes au niveau hypoginysargation de
IOexpression des sous-unitZs des gonadotropines) et au niveau gonadique (mngydeelzta
production des stZroedes sexuels) alors que les autres axes (spmagitthyrZotrope)

montrent peu ou pas de variations.

2.1.4. ExpZrimentatidn vivo

Pour vZrifier IOimplication de IOaxe gonadotrope ou de IOaxe thyotsdpecontr™le
des changements C mZtamorphiques E de IQargenture, des anguillestjdifdsaitZes par
des stZroedes sexuels (E2 et T) ou des hormones thyroediennes (€4)perametres
biomZtriques caractZristiques de [Oargenture mesurZs.

La testostZrone a ZtZ capable dOinduire une augmentation de |QiadexI@) et une
rZgression du tractus digestii§l), ce qui nOa pa¥ le cas avec les traitements par la T4.
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Ces rZsultats confortent IOhypothese de IQimplication de 10axe gpeadatrs le

contr™|e de la mZtamorphose secondaire chez IQanguille

2.2. Texte de |Qarticle 2 : C Endocrine evidence that silvering a sgconda
metamorphosis in the eel is a pubertal rather than a metamenshit E. Aroua
S et al (2005) Neuroendocrinology 82 : 221-232.
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3. Arti e 3: CDevatpment of real time RT-PCR assays for eel
gonadotropins and their application to the comparisom afivo and in vitro

effects of sex steroids E. Aroua S et al (2007)

3.1. RZsumZ des rZsultats

Afin dOamZliorer les techniques de dosages et dOaugmenteibilitAetes dZtection
des ARNm, nous avons dZveloppZ les outils nZcessaires au dosages desis-unitZs des
gonadotropines, LH FSH et GP par PCR quantitative en temps rZel.

Ces outils ont ZtZ utilisZs pour analyser les effets induitdgsatraitements stZroediens
(E,, T, DHT)in vivo chez des anguilles femelles argentZes. lls ont ZgalemeniligZA ldrs
dOexpZrimentatioria vitro sur des cultures primaires de cellules hypophysaires, pour
caractZriser les effets directs hypophysaires des stZroxdetsse

3.1.1. Effets des stZroedesvivo sur IQexpression des sous-unitZs des gonadotropines

Dans les expZrimentatioria vivo, comme dans nos travaux prZcZdents, un effet
stimulateur de IOexpression de L4ZtZ observZ suite aux traitements pgx E.6 comparZ
aux tZmoins,P< 0.05). En revanche, ,EnOa pas induit de variations significatives de
IOexpression des sous-unitZ§ @PFSH . Les traitement# vivo par les androgenes (T ou
DHT) nOont pas eu dOeffets significatifs sur les taux dOadrisnt pour les sous-unitZs des

gonadotropines.

3.1.2. Effets des stZroedesvitro sur IOexpression des sous-unitZs des gonadotropines

Les expZrimentatioria vitro montrent des rZsultats diffZrents de ceux obtenuiso:
les traitements des cellules par ont aucun effet sur I0expression de UsinOinduisent
pas non plus de variations des ARNm de' GRen revanchen vitro, E, stimule IOexpression
de la sous-unitZ FSH(x 2.7 comparZ aux tZmoir< 0.01). Concernant les androgenes (T
ou DHT), alors quOils nOinduisent aucune variation significativeodsaunitZs GP et
FSH ; de fortes stimulations de IOexpression de $dht observZes apres des traitements par
T (x 9.2 comparZ aux tZmoirds 0.001) et par DHT (x 9.3 comparZ aux tZmdiss0.001).
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Les rZsultats diffZrents obtenus par les expZrimentatiogo etin vitro montrent que
les stZroedes sexuels exercent leurs rZtrocontr™les sur lOexgeesgonadotropines via des
actions " diffZrents niveaux de |Qaxe gonadotrope : directementeau mypophysaire ou

indirectement par des actions sur le contr™le cZrZbral.

3.2. Texte de |Oarticle 3 : C Development of real time RT-PCR/sagsr eel
gonadotropins and their application to the comparisom afivo and in vitro
effects of sex steroids E. Aroua S et al (2007) General andp&ative
Endocrinology 153 : 333-343.
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Abstract

Gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH), are key factors in the brain-pituitary-gonad axis
and understanding their regulation remains essential for future management of eel reproduction. In this regard, we developed quantita-
tive real-time RT-PCR (grtRT-PCR) assays for the expression of European eel Lb, FSHb and GPa subunits, using the Light Cycler
system. The grtRT-PCR was adapted to permit detection of the three gonadotropin subunit mRNAs in individual pituitaries and in dis-
persed pituitary cells. The validated assays were applied to investigate the e€ects of sex steroids (estrogens and androgens) on gonado-
tropin subunit expression,in vivo in steroid-injected eels, andn vitro by steroid treatments of primary cultures of eel pituitary cells.

In vivo, a stimulation of LH b mRNA was observed after estradiol (E2) treatments, while testosterone (T) or the non-aromatizable
androgen dihydrotestosterone (DHT) had no e€ect. Concerning FSH expression, slight but non-signi®cant decreases were observed
after both E2 and androgen treatments. Di€erent results were obtaineth vitro: E2 induced an increase in FSH mRNA levels but
had no e€ect on LHb expression. In contrast, androgens (T and DHT) stimulated LH expression while no signi®cant variation was
observed on FSHh mRNA levels following androgen treatment. Concerning the GR. mRNA, no signi®cant e€ect of sexual steroids
was observedn vivoor in vitro. This demonstrated speci®c direct actions of steroids on gonadotropin subunit expression. The di€erences
observed betweernn vivo and in vitro experiments may be explained by the involvement of cerebral control, including GnRH and dopa-
mine neurons, and their speci®c regulation by sex steroids. The data indicate that sex steroid feedbacks on gonadotropins are exerted via
multiple pathways, indirectly at the brain level and directly on pituitary gonadotrope cells.

O 2007 Elsevier Inc. All rights reserved.

Keywords: Androgens; Estradiol; FSH; LH; Pituitary cell; Steroid feedback; Teleost

1. Introduction glycoprotein hormones constituting of two subunits, a
(GPa) which is common for both hormones, andb (FSHb
In mammals, control of reproduction by the brain-pitu- or LH b) which is hormone-speci®c and thus conferring
itary-gonad (BPG) axis is well established. A hypothalamic  biological activity to each hormone. In mammals, FSH
decapeptide, the gonadotropin-releasing hormone (GnRH) and LH are secreted by the same pituitary cells, and
acts on the pituitary by inducing synthesis and release respond to a di€erential frequency of the pulsatile secretion
of two gonadotropins: luteinizing hormone (LH) and of GnNRH (for review: Gharib et al., 1990. The gonadotro-
follicle-stimulating hormone (FSH). LH and FSH are pins act on the gonads by inducing development and mat-
uration of gametes and production of sexual steroids. The
" Corresponding author. Fax: +33 1 40 79 36 18. sexual steroids regulate cerebral and pituitary factors
E-mail address:dufour@mnhn.fr (S. Dufour). through di€erential feedback mechanisms.
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In teleosts, the system remains similar although some
di€erences are apparent. First, various studies have shown,
using immunohistochemistry andin situ hybridization, that
LHb and FSHb are expressed by separate pituitary cells
(salmonids: Nozaki et al., 1990 platy®sh:Magliulo-Cepri-
ano et al., 1994 tuna: Kagawa et al., 1998 tilapia: Mela-
med et al., 1998 gilthead sea breamGarcia Ayala et al.,
2003 Atlantic halibut: Weltzien et al., 2004 European
eel:Schmitz et al., 200%. Second, in addition to the GnRH
stimulatory action at the pituitary level, dopamine (DA)
may exert an inhibitory e€ect on the pituitary gonado-
tropes. The e€ect of these two neurohormones, GnRH
and DA, together regulate the synthesis and release of
the two gonadotropins and thus participates in the control
of ovulation in sexually mature teleosts from various spe-
cies (for review:Peter et al., 198%. Studies from our group
have also shown that such a dual control, stimulatory by
GnRH and inhibitory by DA, would also be involved in
the regulation of gonadotropins at an earlier stage of game-
togenesis, in the prepubertal eel (for reviewDufour et al.,
2003, 2005; Vidal et al., 2004; Weltzien et al., 20D6

Similar to the situation in mammals, gonadotropins
induce gonadal maturation and sex steroid synthesis also
in teleosts. In addition to their local e€ects in the develop-
ing gonads, the sex steroids will, like in mammals exert
feedback regulations at the brain and pituitary level. For
instance, various studies have demonstrated negative feed-
back of sex steroids on LH synthesis and release in teleosts,
either following gonadectomy and/or steroid treatments
(salmonids: Billard et al., 1977; Larsen and Swanson,
1997 African cat®sh: De Leeuw et al., 1986 gold®sh:
Kobayashi and Stacey, 1990 However, there also exist
data indicating stimulatory e€ects of sex steroids on LH,
mostly in juveniles but also in adult ®sh (rainbow trout:
Crim and Evans, 1979 European eel:Dufour et al., 1983;
Quéat et al., 1991 coho salmon: Dickey and Swanson,
1998.

Concerning steroid feedback on FSH, the situation in
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function occurs, and eels remain at a prepubertal stage.
This blockade is due to a de®cient production of pituitary
gonadotropins (for review: Dufour et al., 2003, 2005. Until
now, investigations on arti®cial eel reproduction are still
not conclusive. Sensitive molecular tools are strongly
required to further improve our knowledge concerning
eel gonadotropin regulation.

In the present study, we developed quantitative real-time
RT-PCR (grtRT-PCR) assays for European eel LHb,
FSHb and GPa, in order to evaluate gonadotropin subunit
expression in eel individual pituitaries as well as in primary
cultures of eel pituitary cells. We applied the developed
assays to the comparison ofn vivo and in vitro e€ects of
sex steroids on the mRNA expression of gonadotropin
subunits in the prepubertal female European eel.

2. Materials and methods
2.1. Animals

Female European eel Anguilla anguilla) were netted by professional
®shermen during their downstream migration in the Loire river at their
prepubertal silver stage. The eels were transferred to the laboratory
(MNHN, Paris, France) and kept in running aerated freshwater tanks
under natural photoperiod and temperature (15<2°C). Because
eels undergo a natural starvation at the silver stage, they were not fed.
Animal manipulations were performed according to French regulations
and the European convention on animal experimentation for scienti®c
research.

2.2. Hormones

For the in vivo and in vitro experiments, estradiol (E2), testosterone
(T), or the non-aromatizable androgen dihydrotestosterone (DHT) were
used (SigmazAldrich Corp., Saint Louis, MO).

2.3. In vivo steroid treatments and sampling procedure

Thirty two female silver eels (body weight (BW): 344 <57g) were
divided into four experimental groups = 8 eels/group; 4 eels per 100 |
tank). Eels received one injection per week of Rg steroid/g BW sus-
pended in 0.15 M NacCl or vehicle alone (control). Weekly injections for

teleosts is less clear as available data are scarce. An 8 weeks resulted in stable and physiologically relevant plasma concentra-

in vivo negative feedback was described in female and male
maturing coho salmon after estradiol (E2) treatment Dic-
key and Swanson, 1998and in juvenile mixed sex gold®sh
after testosterone (T) treatment Kobayashi et al., 2000Q. In
contrast, in vivo E2 treatment induced an increase in FSH
mMRNA levels in maturing and mature gold®sh Huggard-
Nelson et al., 20032.

Considering the large variability of responses depending

tions of the injected steroid (from 10 to 80 ng/ml) as previously shown in
eel studies Weltzien et al., 2008.

Sample collections were performed one week after the last injection.
Eels were killed by decapitation. The pituitary glands were quickly
removed and stored in 0.5 ml RNA later (Ambion Inc, Huntingdon,
UK) at £20 °C until extraction. Ovaries were dissected and weighed for
gonadosomatic index determination (GSI = (gonad weight/BW)" 100).

2.4. Primary culture of eel pituitary cells and in vitro steroid

on the developmental stage and on ®sh species, the regula-treatments

tory mechanisms of gonadotropin expression may not be
generalized to all teleosts. However, how pituitary gonado-
tropins are regulated is a key point to control ®sh repro-
duction. This is particularly important in the case of eel,

bearing in mind the dramatic decline of eel populations
(Stone, 2003. Until now, some aspects of the eel life cycle,
such as sexual maturation and spawning, are still unknown
under natural conditions. Indeed, if the reproductive

migration is prevented, a blockade of reproductive

Dispersion and primary culture of pituitary cells were performed using
an enzymatic and mechanical method as described hylontero et al.
(1996) Brie'y, pituitaries were cut into 1-mm slices and incubated at
25°C in a solution of porcine type Il trypsin (Sigma). After 1 h, the trypsin
solution was replaced by a solution of DNAse (Sigma) and soya bean trypsin
inhibitor (Sigma) for 10 min. Pituitary slices were then washed with calcium
free phosphate bu€er (Gibco, Invitrogen SARL, Cergy Pontoise, France)
and mechanically dispersed by repeated passages through a platic transfer
pipette (Falcon, Dutscher, Brumath, France). After estimating the number
of viable cells by Trypan Blue coloration (Sigma), cells were plated on
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96-well plates pre-coated with poly-lysine (Sigma). Cultures were performed
in serum-free culture medium (CM: Medium 199 with Earle's salt, sodium
bicarbonate, 100 U/ml penicillin, 100l g/ml streptomycin, 250 ng/ml fungi-
zone (Gibco)) at 18°C under 3% CG; and saturated humidity.

A preliminary experiment was performed to test and optimize the cell
density for qrtRT-PCR detection of the three gonadotropin subunits.

335

SYBR Green assayThe quantitative assays of eel gonadotropin sub-
unit expression were set up using the Light Cycler system with SYBR
Green | sequence-unspeci®c detection (Roche, Meylan, France). The
PCRs were prepared with 41 of diluted cDNA template, forward
and reverse primers (7.5 pmol each), and SYBR Green Master Mix
(311) at a ®nal volume of 15 1. To optimize the reaction, di€erent

Cells were plated at di€erent densities: 20,000, 40,000, 60,000 and 80,000 annealing temperatures were tested according to thg,, of each primer

cells/well. After this preliminary experiment, we chose to work at a density
of 50,000 cells per well with six replicates for each treatment. To allow cell
attachment, the start of treatment began 24 h after the start of cultures
(Day 0). Steroid stock solutions (182 M) were prepared in ethanol and
stored at 4°C. The culture medium was changed and steroids added to
the cells on Day 1, Day 4, and Day 7. Steroid stock solutions were diluted
in culture medium just before their addition to culture wells. Final steroid
concentration was 187 M corresponding to 27 ng/ml for E2 and 29 ng/ml
for T and DHT. Ethanol ®nal concentration in the culture wells never
exceeded 0.01%. Control wells were treated with the similar ®nal concen-
tration of ethanol. Cultures were stopped on Day 9.

2.5. RNA extraction and cDNA synthesis for the in vivo experiment

Total RNA was extracted from individual pituitaries using the Fast-
RNA Pro Green kit (Qbiogene, llikirch, France) after homogenisation
using a FastPrep instrument (Qbiogene). All samples were submitted to
a deoxyribonuclease | treatment following extraction (DNA-free, Ambi-
on, Inc.). First strand cDNA was synthesized using 2 g of total RNA
as template in 50 | reactions. The RNA was preincubated with 0.5 g ran-
dom hexamer primers (Promega Corp., Charbonnieres, France), before
the RT reaction was set up using 100 nmol deoxyribonucleotide triphos-
phate, 56 U ribonuclease inhibitor, and 400 U Moloney murine leukemia
virus reverse transcriptase (all from Promega Corp.). cDNAs were stored
at y 20°C until analyses.

2.6. Cell lysis and cDNA synthesis for the in vitro experiment

Total RNA was directly extracted in each culture well using the Cell-
to-cDNA &1l kit (Ambion Inc.) according to the manufacturer's recom-
mendations. Cells were washed with sterile PBS (Gibco) and lysed with
Cell Lysis Il bu€er (801 I/well). Then, the lysates were submitted to a
deoxyribonuclease | treatment (Ambion Inc.).

cDNA synthesis was performed in a 20 | ®nal reaction volume. Five
microliters of the cell lysate was preincubated with 100 ng of random
primers and 10 mmol deoxynucleotide triphosphate (Invitrogen, llIkirch,
France). Then the RT reaction was set up using 0.1 M DTT, 40 U ribonu-
clease inhibitor, and 200U Superscript 1ll reverse transcriptase
(Invitrogen).

2.7. Quantitative real-time RT-PCR (qrtRT-PCR)

Primers and reference gene#/e used acidic ribosomal phosphoprotein
PO (ARP), b-actin and cytochrome b (cytb) as reference genes in the
grtRT-PCR analyses. Gene speci®c primers were designed (for
primer sequence, se@able 1) using the Primer3 Software (Whitehead
Institute/Massachusetts Institute of Technology, Boston, MA), and was
based on the nucleotide sequences of the European eel HSEDNA (Gen-
Bank Accession No. AY169722, Schmitz et al., 200% LHb
cDNA (GenBank Accession No. X61039, Quéat et al., 19901, GP a
cDNA (GenBank Accession No. X61038, Qué&at et al., 19903,
ARP cDNA (GenBank Accession No. AY763793, Weltzien et al., 2003,
b-actin cDNA (GenBank Accession No. DQ493907, Pierron et al., unpub-
lished) and cytb cDNA (GenBank Accession No. AF006714Lin et al.,
2001). For comparison of expression levels, we chose growth hormone
(GH, GenBank Accession No. AY616666,Gong et al., 2003 which is
known to be largely expressed in the eel pituitary. One primer of each pair
was designed in a cDNA exonzexon border to avoid genomic DNA
ampli®cation. The primers were purchased from MWG-Biotech AG
(Edersburg, Germany).

pair. After careful testing, we chose to work at the following conditions
for all assays: an initial activation of Taq polymerase at 95°C for
10 min, followed by 41 cycles of PCR: 95C for 15s, 60°C for 5s
and 72°C for 10s.

For the in vivo experimentsSerial dilutions of a pituitary cDNA pool
made from several samples were run in duplicate for the target (bl FSHb
and GPa) and the reference (ARP) genes, to assess PCR esciency and to be
used as the standard curve for each gene. Then, PCRs for target and refer-
ence genes expression in unknown samples were run in duplicate from the
same cDNA dilution taken from the same RT reaction. The pituitary
cDNA pool used for the standard curve was also included in each run as
a calibrator.

For the in vitro experiments Serial dilutions of a cDNA pool made
from several culture wells were run in duplicate for the target (LHb, FSHb
and GPa) and the reference (ARPb-actin, cytb) genes to assess PCR ee-
ciency and to be used as the standard curve for each gene. Then, PCRs for
target and reference genes expression in unknown samples were run in
duplicate from the same cDNA dilution taken from the same RT reaction.
The cell culture cDNA pool used for the standard curve was also included
in each run as a calibrator.

Each PCR run contained a non-template control (cDNA was substi-
tuted by water) for each primer pair to con®rm that reagents were not con-
taminated, and a calibrator to permit the adjustment from assay to assay
variations. Intra assay variation was 1+2% and inter assay about 12%.

The speci®city of each reaction was assessed by melting curve analysis to
ensure the presence of only one product, by gel electrophoresis to verify the
molecular weight of the product, and by sequencing. Relative expression
levels were calculated by: relative expression EqgeCP (C2ibratorbsample) «
Ereference P (s3mplebealibraton yhare Cp is the crossing point (cycle number at
which "uorescence increases above a background threshold level) aBds
the esciency of the PCR ampli®cation. For further details, seeWeltzien
etal., 2005

2.8. Statistical analysis

In vivo and in vitro experiments have been replicated twice. Results are
from a representative experiment. Data are presented as means < SEM.
Statistical analyses were performed using Instat 3.0b (GraphPad, Inc.,
San Diego, CA). Comparison of means was performed with a one-way
ANOVA followed by the Dunnett comparison post-test. Data were log-
transformed to meet homogeneity of variances, when necessary. The level
of signi®cance was set to 0.05.

3. Results

3.1. Development of real-time RT-PCR assays for eel
gonadotropin subunits

In the present work, we developed and validated qrtRT-
PCR assays for relative quanti®cation of European eel gon-
adotropin subunits: LHb, FSHb and GPa. As reference
genes, we tested ARPbh-actin and cytb.

Analysis of serial dilutions of a pituitary cDNA pool
assayed using di€erent annealing temperatures for each pri-
mer pair permitted the optimization of the qrtRT-PCR
conditions in relation to speci®city and esciency. For each
gene, an optimal eeciency (about 100%) was reached. We
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Table 1
Primer sequences for each primer pair
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Primer sequence

Amplicon size

LHb fw TCA CCT CCT TGT TTC TGC TG 149 bp
rv TAG CTT GGG TCC TTG GTG ATG

FSHb fw TCT CGC CAA CAT CTC CAT C 100 bp
rv AGA ATC CTG GGT GAA GCA CA

GPa fw TGC CGA CTC CAG GAG AAT AA 184 bp
rv TGT TAT CCA GCC TTG TCA CC

GH fw AAA TCG GAT GGG TAC TTG CTG 183 bp
rv ACC GTC ACC TAC ATC CTT CAT

ARP fw GTG CCA GCT CAG AAC ACT G 107 bp
rv ACA TCG CTC AAG ACT TCA ATG G

b-Actin fw CAG CCT TCC TTC CTG GGT 226 bp
rv AGT ATT TGC GCT CGG GTG

cytb fw CAC AAA TCC TTA CAG GAC TAT TCC TAG 200 bp

rv GTA AAG GTA TGA GCC GTA GTA AAG

Gene-speci®c primers were designed for ampli®cation and quanti®cation of messenger RNA of various European eel pituitary hormones by qrtRT-PCR
using ARP, b-actin or cytb as reference genes. Lbj luteinizing hormone b subunit; FSHb, follicle-stimulating hormone b subunit; GPa, glycoprotein
alpha subunit; GH, growth hormone; ARP, acidic ribosomal phosphoprotein; cyth, cytochrome b.

could perform the annealing at 60°C for all genes, a tem-
perature giving high eeciency in each reaction and permit-
ting to work under similar conditions for each gene.
Eeciencies were similar in in vivo experiments as in
in vitro experiments and values were comprised between
90.5 and 104%.

In each experiment, the melting curve analyses indicated
only one peak. For each primer pair, the gel electrophoresis
performed revealed one band at the expected molecular
size, and sequencing of the ampli®ed product ®nally
assessed the speci®city of each assay.

The developed qrtRT-PCR assays permit the detection
of the three gonadotropin subunits in individual pituitar-
ies. As cDNA samples were the same and PCR escien-
cies were optimal for all genes, average Cp values
provide some indications on the comparative gene
expression levels. In thein vivo experiment, average Cp
values for LHb and FSHb were, in control samples, in
the same range (mean of LH Cp = 28.8; mean of FSHb
Cp =25.3) as compared to mean of GH Cp (17.9). The
mean Cp for GPa appeared earlier (21.7) compared to
LHb and FSHb. The mean Cp value for the reference
gene ARP was 24.6.

The preliminary in vitro experiment allowed us to
select a cell density compatible with the grtRT-PCR.
At a cell density of 20,000 cells/well, gonadotropin sub-
unit mRNAs were at the limit of detection, while at
40,000, 60,000 and 80,000 cells/well, subunit expression
was clearly detected with a low inter-well variability.
The density of 50,000 cells/well was chosen for further
experiments. In vitro, the mean Cp for LHb and FSHb
in control wells were in a similar range (29.4 for LHb,
and 32.7 for FSHb), and appeared lower for GRa
(22.2) or GH (20.7). The mean Cp value for the refer-

ence genes ARP,b-actin and cytb were, respectively,
23.4, 26.4 and 25.6.

3.2. Selection of a reference gene

In the in vivo experiments, ARP was measured in each
sample and the means of estimated concentration for each
group compared. No signi®cant variations in ARP were
observed between groups. In thein vitro experiments,
ARP was ®rstly used as reference gene. After analysis, a
slight increase in ARP expression (from x1.ANS to x2.2
P < 0.001, as compared to controls, according to the exper-
iments) was observed after steroid treatments. These results
let us to look for other reference genes, thé-actin and
cytb. In these two cases, stimulating e€ect of steroids were
also observed with increases varying from x1.8IS to x5.4
P < 0.001 for b-actin and from x2.1 NS to x6.7 P < 0.001
for cytb. We chose to keep ARP as a reference gene for
the following experiments.

3.3. In vivo e€ects of sex steroids on gonadotropin subunit
MRNA expression

In vivo steroid treatment for 8 weeks did not induce any
signi®cant gonadal development, as assessed by GSI. No
signi®cant variation of the GSI was observed between
groups: Control 1.41<0.09%, E2 treated group
1.54 <0.22%, T treated group 1.46 < 0.24%, DHT treated
group 1.66 < 0.18%. Chronic in vivotreatment with sex ste-
roids resulted in di€erential e€ects on the expression of the
three gonadotropin subunits in female silver eel.

The relative expression of LHb mRNA was strongly
stimulated by E2 treatment ( 7.6 as compared to controls,
P < 0.05). In contrast, no signi®cant e€ects on L mMRNA
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Fig. 1. In vivo e€ects of sex steroid treatments on the expression of
gonadotropin subunits. Female silver eels were treated weekly for 8 weeks
with estradiol (E2), testosterone (T), dihydrotestosterone (DHT) or vehicle
(control). Pituitary mRNA levels for LH b (a), GPa (b) and FSHb (c)
subunits were quanti®ed by grtRT-PCR. Data are normalized to eel ARP.
Means are given < SEM (n=8 eels/group). “P <0.05 as compared to
controls, ANOVA.

levels were observed after T or DHT treatmentsKig. 1a).
Concerning GPa mRNA, a slight but not signi®cant
increase of MRNA levels was observed after E2 treatment
(" 1.4 as compared to controlsNS), and no e€ect was seen
after androgen treatments Fig. 1b).

In contrast to LHb, no stimulatory e€ect of E2
treatment was shown on FSHh mRNA levels. In fact,
we observed a decreasing tendency on F®HMRNA
levels following E2 treatment (0.6 as compared to
controls, NS) as well as after T (0.4 as compared
to controls, NS) or DHT treatment (~ 0.6 as compared
to controls, NS) (Fig. 1c).
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3.4. In vitro e€ects of steroids on gonadotropin subunit
MRNA expression

The mRNA expression of the three gonadotropin sub-
units was di€erentially a€ected by then vitro sex steroid
treatments in dispersed pituitary cell cultures.

In contrast to the in vivo experiment, the relative expres-
sion of LH b mRNA was strongly increased following treat-
ment with T (" 9.2 as compared to control,P < 0.001). A
similar increase in LHb mRNA levels was observed after
treatment with the non-aromatizable androgen DHT
(" 9.3 as compared to contro] P < 0.001). However, and

T

-

Fig. 2. In vitro e€ects of sex steroid treatments on the expression of
gonadotropin subunits. Primary culture of eel pituitary cells were treated
for 9 days with estradiol (E2), testosterone (T), dihydrotestosterone
(DHT) or vehicle (control) at a ®nal concentration of 1 * M. Cell mMRNA
levels for LHb (a), GPa (b) and FSHb (c) subunits were quanti®ed by
grtRT-PCR. Data are normalized to eel ARP. Means are given < SEM
(n=6-well/group ; 50,000 cells/well). *P <0.01; **P <0.001 as
compared to controls, ANOVA.
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contrary to the in vivoresults,in vitro E2 treatment had no
e€ect on LHb mRNA levels (Fig. 2a).

Concerning the GPa subunit, no signi®cant variation
was observed after any treatmentsHig. 2b).For FSHD,
no signi®cant variations were observed after T or DHT
treatments. However, and contrary to thein vivo results,
a signi®cant stimulatory e€ect on FSH mRNA levels
was observed after E2 treatment’(2.7 as compared to con-
trol, P < 0.01) (Fig. 2c).

4. Discussion

4.1. Development of qrtRT-PCR assays for eel gonadotropin
subunits

In the present study, we developed and validated three
di€erent qrtRT-PCR assays for the relative quanti®cation
of European eel gonadotropin subunits. Messenger RNAs
for both LH b and FSHb subunits were detectable in every
individual pituitary from control or treated female silver
eels. This con®rms our previous observations that both
gonadotropins are expressed at an early stage of vitellogen-
esis in the European eelAroua et al., 2005; Schmitz et al.,
2005.

In these experiments, all mMRNA measurements for the
di€erent target and reference genes were performed using
exactly the same conditions: same cDNA dilution coming
from the same cDNA sample synthesized by a single
reverse transcription, and similar and optimal (about
100%) PCR eeciency. All these precautions taken, com-
parison of average Cp values provides some indications
on the comparative gene expression levels. Data from the
grtRT-PCR analyses indicate similar average Cp values
for both subunits, suggesting that the two hormones are
expressed at similar levels. This assumption is further sup-
ported by the comparison with another pituitary hormone
(growth hormone, GH) known to be expressed at higher
levels during silver stageNlarchelidon et al., 1999. Anal-
yses of GH mRNA levels in the control samples showed
that this hormone exhibited lower average Cp values com-
pared to FSHb or LH b, indicating higher expression levels
of GH. Concerning GPa, its average Cp was also lower
than that of LH b and FSHb, suggesting a higher expres-
sion in agreement with the fact that GR is expressed in
LH-, FSH- and also thyrotropin (TSH)-producing cells.
Even though we should be cautious since these compari-
sons remain qualitative, they provide relevant indications
on the relative expression of these pituitary hormones. A
recent study in the Japanese eel, measuring F&Hand
LH b transcripts by absolute quanti®cation (using known
concentrations of plasmid RNAs as standards) indicated
similar pituitary expression levels for both subunits Jeng
et al., submitted for publication) in agreement with our
present data.

We also adjusted the qrtRT-PCR assays for use in pitu-
itary primary cell cultures. First, di€erent cell concentra-
tions were tested to optimize the conditions for the
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grtRT-PCR assays. The high sensitivity of qrtRT-PCR
allowed us to considerably reduce the density of cells per
well as compared to previous work from our group using
dot blot assays Huang et al., 1997. Following careful test-
ing, we chose to work at a concentration of 50,000 cells/
well compared to 500,000 cells/well in our previous works
(Huang et al., 1997. At this concentration, the mRNAs of
the three gonadotropin subunits were detectable by qrtRT-
PCR with good reproducibility. The same order of average
Cp values was observed as in thén vivo experiments
(GH>GPa>LH b and FSHb).

The developed assays were used to investigate steroid
feedback regulation of gonadotropin expression. To test
if the feedbacks were exerted directly or indirectly on pitu-
itary gonadotropin expression, we comparedn vivo and
in vitro e€ects of di€erent steroid treatments. We investi-
gated the e€ects of E2 and androgens (T and a non-aroma-
tizable androgen, DHT), as both estrogens and androgens
are secreted by the eel ovary during vitellogenesiQ(é&at
et al., 1985; Qukat et al., 1987; Sbaihi et al., 200

4.2. Sex steroid treatments and cell activity

To normalize the expression of the genes of interest, we
need to select a reference gene. Firstly, in accordance with
our previous studies Weltzien et al., 2005, 2005 we chose
to use the ribosomal ARP. Indeed, in the presentn vivo
experiments, the ARP expression did not vary signi®cantly
between groups. In contrast, in thein vitro experiments,
slight but signi®cant variations of the ARP transcript could
be observed after steroid treatments as compared to con-
trol cells. This observation let us to look for other genes
traditionally used as reference genes, such as a mitochon-
drial protein involved in the electron transport in the respi-
ratory chain, the cytb and a protein of the cytoskeleton, the
b-actin. Analysis of their expression showed, as for ARP,
signi®cant increases of cytb andb-actin expression after
sex steroid treatments, cytb having the most marked
response. The induction of increasing expression of these
three genes, each involved in a di€erent cell function (ribo-
somal for ARP, mitochondrial for cytb and in cell architec-
ture for b-actin) and the fact that these e€ects were
reproduced in independent experiments, indicate that sex
steroids are able to induce a general activation of pituitary
cell activity. These general e€ects are in agreement with
previous studies on gonadotropic cell ultrastructure show-
ing a development of the cellular machinery (endoplasmic
reticulum, ribosomes) in pituitary gonadotropic cells from
steroid treated eelsQlivereau and Chambolle, 1978 How-
ever, beside this “background" e€ect of sex steroids, fur-
ther and highly signi®cant positive e€ects could still be
demonstrated for gonadotropin b-subunits (see below),
indicating a speci®c activation of these genes. These stimu-
latory e€ects were signi®cant whatever the reference gene
used (ARP, b-actin or cytb). In contrast, the expression
of some other pituitary genes, such as gonadotropia-sub-
unit, showed only a slight increase in mMRNA expression,
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similar to that of the reference genes, which was therefore
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salmonids, sex steroid e€ects on FSH were shown to

interpreted as a non speci®c response to sex steroid depend on the reproductive stage of the ®sHBérg et al.,

treatments.

4.3. In vivo di€erential regulation of gonadotropin subunit
expression by sex steroids

Our grtRT-PCR analyses revealed a signi®cant increase
in LH b expression afterin vivo E2 treatment. This result
con®rms our previous work on LHb expression using dot
blot assay Schmitz et al., 200% or Northern blot assay
(Quéat et al., 1991). In addition, it is also in accordance
with early histological results showing a strong stimulatory
action of E2 on eel gonadotrope cells Qlivereau and
Chambolle, 1978; Olivereau and Olivereau, 1979and also
with previous results using radioimmunoassay (RIA) on eel
pituitary LH content ( Dufour et al., 1983; Montero et al.,
1995.

The stimulatory e€ect on LHb is E2-speci®c. Indeed,
androgen treatments (T or the non-aromatizable androgen
DHT) were not able to induce any signi®cant variation in
eel LHb mRNA levels. In contrast, studies in other teleosts
indicated similar e€ects of the two steroids E2 and T on
LH b expression. In immature rainbow trout (Oncorhyn-
chus mykis§ E2 as well as T treatment induced an increase
in pituitary LH hormone as measured by RIA (Breton
et al., 1997. This e€ect was also observed in mature male
Atlantic salmon (Salmo sala) after T treatment (Borg
et al., 1998. In maturing coho salmon (Oncorhynchus kis-
utch), LHb mRNA levels in both sex as well as pituitary
levels of LH hormone in females increased following both
E2 and T treatment Dickey and Swanson, 1998 Similar
results on LHb mRNA levels were found in juvenile female
gold®sh Carassius auratus(Kobayashi et al., 2000 and in
mixed sex sea basdfcentrarchus labray during their sex-
ual resting period (Mateos et al.,, 2002. These similar
e€ects of E2 and T on LHb expression observed in various
teleosts, likely result from local aromatization of T into E2,
due to the high brain aromatase activity demonstrated in
many teleost speciesallard et al., 1981; Pasmanik and
Callard, 1985; Pellegrini et al., 200p In contrast, a recent
study has shown an unusually low brain aromatase activity
in the eel compared to other teleost specieéguilla japon-
ica: Jeng et al., 200h This fact may explain thein vivo
speci®c e€ects of E2 on eel gonadotropin subunits.

Less data are available concerning the regulation of
FSH in teleosts. In the present study,n vivo sex steroid
treatments did not induce any stimulatory e€ect on FSH
MRNA levels, contrary to the e€ect on LHb. In contrast,
we observed a decreasing tendency in FSHmMRNA
expression following steroid treatments. This is in agree-
ment with our previous results using dot blot assay show-
ing an inhibitory e€ect of T (Schmitz et al., 200%. Such a
T inhibitory e€ect on FSHb mRNA was also reported in
mixed sex juvenile gold®shKobayashi et al., 2000 and
in maturing male and female sea bassMateos et al.,

1998; Dickey and Swanson, 1998

In the present study, a slight but not signi®cant increase
in GPa subunit expression was observed following E2
treatment, in agreement with previous works in the eel
showing an increase of GR mRNA ( Counis et al., 1987;
Quéat et al., 1991; Schmitz et al., 2005 The limited posi-
tive e€ect of E2 may result from the selective activation of
the expression of GRy in LH-producing cells, while not in
FSH- or TSH-producing cells.

Taken together, the presentin vivo results indicate a
di€erential steroid feedback on gonadotropin mMRNA
expression in the European eel.

Di€erential variations in eel gonadotropin mMRNA
expression are observed throughout the gonadal develop-
ment. During the late stage of silvering, an up-regulation
of LHb and a down-regulation of FSHb were observed
concomitantly with an increased production of steroids
(Aroua et al., 2005. This opposite regulation of LHb
and FSHb was ampli®ed during experimental maturation
(Schmitz et al., 200%, where exogenous gonadotropic treat-
ments induced gonadal developmentHontaine et al., 1964
and increased the secretion of E2 and T by the eel ovary
(Leloup-Hatey et al., 1986; Peyon et al., 1997 In experi-
mentally matured eels, a previous work has also described
an elevation of pituitary LH content as compared to con-
trols, an e€ect prevented by ovariectomy ufour et al.,
1989. More recently, di€erential variations in mRNA were
observed after experimental maturation: an increase of
LHb and GPa and a decrease of FSH (European eel:
Schmitz et al., 2005 Japanese eelSaito et al., 2003.

All these data suggest that steroid feedbacks play an
important role in the di€erential gonadotropin regulation
and that they act not only during vitellogenesis and
towards maturation, but also at the early stage of BPG-axis
activation.

4.4. In vitro di€erential regulation of gonadotropin subunit
expression by sex steroids

To investigate if sex steroids have direct actions on gon-
adotropin subunit expression, we performedn vitro exper-
iments on primary cultures of eel pituitary cells. Our
previous investigations indicated that cell culture can be
maintained in good conditions (cell attachment and good
integrity) for a duration of 2 weeks. Due to low inter-well
variations, signi®cant responses of LH expression and syn-
thesis to steroids could be observed after 24 hHpang
et al., 1997 with a time- and dose-dependent manner up
to 14 days Huang et al., 1997 1998, 1999). In the present
experiment, we chose an intermediate duration of treat-
ment (9 days).

Our results demonstrated that there exists a strong
direct stimulatory action of T on LH b expression. A simi-
lar stimulatory e€ect was produced after treatment with the

2002 and, in these two cases, E2 had the same e€ect. In non-aromatizable androgen, DHT. In contrast, no LHb
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MRNA variation was observed after E2 treatments. These
results are in agreement with previous work of our group
(Huang et al., 1997 showing a speci®c e€ect of androgens
on LH b mRNA levels using dot blot assay, as well as at the
hormone level using RIA. The present data con®rm that
steroids can directly act on eel LH regulation and that this
e€ect is androgen-speci®c.

In other teleosts, some studies also investigated the
direct pituitary action of sex steroids. In pituitary cells
from juvenile rainbow trout, a stimulatory e€ect of T on
LH b subunit was also demonstrated Xiong et al., 1994,
but in that case, a similar e€ect was observed after E2 treat-
ment. In cell culture from mature male African cat®sh
(Clarias gariepinu$, Rebers et al. (2000pbserved an eleva-
tion of LH b transcript and LH de novosynthesis after T or
E2 treatments. This e€ect was prevented when T treatment
was combined with an aromatase inhibitor. Similar obser-
vations were done in pituitary fragments from early and
late recrudescent gold®shHuggard-Nelson et al., 2002
and in pituitary cells from regressed tilapia Melamed
et al.,, 1999. At last, it was demonstrated by qrtRT-PCR
in pituitary cells from masu salmon (©Oncorhynchus masqu
of both sex, that E2 and T but not the non aromatizable
androgen 11-ketotestosterone (11-KT), were very e€ective
in stimulating LH b expression during the early stages of
maturation (Ando et al., 2003.

These similar e€ects of E2 and T let many authors to
suggest that the e€ect of T may be mediated by local aro-
matization into E2. In salmonids, this explanation is
enforced by the characterization of an estrogen response
element (ERE) but no androgen response element (ARE)
in the promoter region of the LHb gene Kiong et al.,
1999).

In contrast, in the eel, the androgen-speci®c e€ect
in vitro and the lack of e€ect of E2 suggest that the pro-
moter of LHb would include an ARE rather than an
ERE. Cloning and sequencing of the eel LHb promoter
region would provide new information on the evolution
of LH regulatory mechanisms among teleost groups.

Concerning GPa mRNA levels, we did not observe any
further e€ect of sex steroidsn vitro than that observed on
reference genes, indicating no speci®c activation in agree-
ment with the previous work of Huang et al. (1997)using
dot blot assay. A negative e€ect of androgens and also
E2 on GPa expression has been reported in mammals
(for review: Gharib et al., 1990; Burger et al., 200% In con-
trast, GPa subunit mMRNA expression was stimulated fol-
lowing in vitro E2 treatment in early and late
recrudescent gold®shHuggard-Nelson et al., 2002, and
sexually mature male African cat®shRebers et al., 2000
In African cat®sh (Rebers et al., 200pthe same e€ect on
GPa expression was observed after T treatment.

Concerning the direct action of sex steroids on FSH
regulation, the present results are the ®rst obtained in eels.
In contrast to the LH b subunit, the expression of FSHb
was not a€ected by androgen treatments. However, a stim-
ulatory e€ect of E2 was observed. This indicates that there
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exists,in vitro, an estrogen-speci®c e€ect on F3Hexpres-
sion. Similar results were observed in gold®sh pituitary
cells Huggard-Nelson et al., 2002. In tilapia pituitary
cells, the e€ects of steroids on FSbl expression were
shown to depend on the developmental stage: androgens
(T or 11-KT) induced an increase in immature ®sh, had
no e€ect in maturing, and decreased the expression in cells
from mature ®sh {raron et al., 2003.

4.5, Comparison between in vivo and in vitro experiments:
direct and indirect e€ects of sex steroids

The comparison betweenin vivo and in vitro studies
reveals direct and indirect pathways used by the sex
steroids to exert their feedback actions.

In the present study, we observed striking discrepancies
betweenin vitro and in vivo sex steroid e€ects on regulation
of gonadotropin subunits. The di€erences concerned gona-
dotropin subunit regulations, as well as the sex steroid
speci®city of action.

Variations betweenin vivo and in vitro regulations are
not unusual and have been observed for instance in mam-
mals regarding LH regulation. It has been demonstrated
that there exists an ERE in the promoter region of the
LHb gene suggesting a direct positive regulation by E2.
Accordingly, in vitro treatments with E2 of rat or cow pitu-
itary cells induced an increase in LHh mRNA levels (for
review: Gharib et al., 1990. Nevertheless, in mammals,
in vivo steroid feedbacks on gonadotropins are mostly neg-
ative during the reproductive cycle. Positive feedback is
observed only during a short period to induce the preovu-
latory LH surge. All these data indicate that the direct posi-
tive e€ect of steroids on the LHb promoter is, in vivo,
overridden by the indirect pathway, via their e€ect on
GnRH control ( Gharib et al., 1990.

In the eel, in vivo, E2 is able to induce a strong stim-
ulation of LH b mRNA, while E2 has no e€ectin vitro.
This demonstrates an indirect e€ect of E2 on LH
expression, which may be exerted at di€erent levels. At
the cerebral level, the positive feedback may be exerted
via GnRH. Indeed, a previous study of our group has
shown a concomitant increase in mammalian GnRH
peptide (MGnRH) and in LH hormone in E2 treated eels
(Montero et al., 1995. On the other hand, a recent study
from our group showed that E2 treatment had no e€ect
on the activity of the dopaminergic neurons involved in
the inhibitory regulation of LH in the eel (Weltzien
et al., 2009. E2 would therefore modulate the balance
between the stimulatory and inhibitory neuroendocrine
control of LH, in favor of the stimulatory action of
GnRH. Another site of E2 action could still be the
gonadotrope cells themselves, not directly on the gonado-
tropin genes but on the expression of GnRH and/or DA
receptors. In female Nile tilapia ©reochromis niloticuy
it has recently been demonstrated thain vivo E2 treat-
ment modulates both GnRH receptors (gnrhrl and
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gnrhr3) and DA receptor (drd2) mRNAs (Levavi-Sivan
et al., 2008.

In contrast to the regulation of eel LHb, E2 had a
stimulatory in vitro e€ect on FSHb, and in vivo had no
signi®cant e€ect on the expression of FS#H These di€er-
ent responses of gonadotropin mRNAs toin vivo E2
treatment suggest a striking di€erential cerebral control
of the two hormones FSH and LH, with a lower impor-
tance of GnRH regarding FSH regulation, as indicated
in mammals Burger et al., 2004. This di€erential regu-
lation may be further favored by the fact that LH and
FSH are synthesized by di€erent pituitary cell types, in
the eel Schmitz et al., 200% as in the other teleosts
(Weltzien et al., 2004.

Concerning the e€ects of androgens in eel, a strong
and speci®c stimulatory action on LHb mRNA levels
was observedin vitro, while in vivo no signi®cant e€ects
were observed. This discrepancy could be explained by
recent data of our group indicating a strong stimulatory
action of androgens on dopaminergic neuron activity,
speci®cally in the rostral preoptic area region where are
located the hypophysiotropic neurons directly controlling
the gonadotrope cells YWeltzien et al., 200§. Moreover,
in the eel, androgen treatments alone have no e€ects
on mGnRH peptide (Montero et al., 1995. In this
case, the cerebral control of LH expression, which con-
sists of a balance of GnRH and DA, would tend
towards an inhibition. Thus, indirect e€ects of androgens
at the cerebral level may counteract their direct stimula-
tory actions on pituitary LH expression. The regulation
may even be more complex with additional potential
e€ects of androgens on GnRH receptors. Indeed, our
group demonstrated in a previous work that only T
pre-treated eels responded to GnRH treatment \{idal
et al., 2009.

In contrast, for FSHb mRNA levels, androgen e€ects
were weaker bothin vivo and in vitro compared to those
observed on LHb expression. It is well known in mammals
that FSH regulation is not only depending on steroid and
cerebral hormones, but also on multiple other factors.
Gonadal peptides (activin, inhibin and follistatin) have an
important role in the mammalian FSH regulation, and

activin have also been detected in di€erent ®sh species

(gold®sh: Ge and Peter, 1994; Ge et al., 1997%ainbow
trout: Tada et al., 1998 zebra®sh (Danio rerio): Wu
et al., 200Q Japanese eelMiura et al., 1999). Our further
studies in the eel will speci®cally focus on the regulation
of FSH and investigate the potential role of gonadal
peptides.

In conclusion, in the present study, we developed grtRT-
PCR assays speci®c for eel gonadotropin subunits, which
were applicable in bothin vivo and in vitro systems. This
powerful method has permitted to detect and quantify
the three subunits LHb, FSHb and GPa in small samples.
It also allowed us to test and compare the direct and
indirect e€ects of sexual steroids on the regulation of
gonadotropin subunits expression.
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Arti e : CActivin differentially regulates luteinizinghormone and

follicle-stimulating hormone expression by eel pituitary cellsE. A®es al
4.1. RZsumZ des rZsultats

Les peptides gonadiques jouent un r™le majeur dans la rZgulatioRSk ¢hez les
mammiferes mais leurs r™les chez les tZIZostZend@ofgiet de peu de travaux. Nous avons

abordZ cette Ztude chez I0anguille.

4.1.1. Distribution de la sous-unitB de 1Oactivine chez 1Oanguille

Nous avons dZveloppZ le dosage pas PCR quantitative en tempstf2ERjde la
sous-unit2 B de I0activine de I0anguille. Les amorces ont ZtZ choisies BOsifquence
clonZe chez IOanguille japonaise "~ partir de testicules. L@&tadgistribution tissulaire chez
IOanguille femelle argentZe montre que IQacti@nest exprimZe non seulement dans les
ovaires mais aussi dans diffZrentes parties du cervermngiOhypophyse. En revanche, elle
est tres peu exprimZe (limite de dZtection) dans le foie miuiscle.

4.1.2. Effets de IQactivine B sur IOexpression des sous-unii@eatkstropines

Afin dOaborder 10Ztude du r™le possible des peptides gonadiques Zianatitn r
diffZrentielle des gonadotropines chez IOanguille, nous avons recheffehAdé¢dOactivine B
recombinante humairia vitro (cultures primaires de cellules hypophysaires) sur IOexpression
des sous-unitZs des gonadotropines dosZes par qrt-PCR.

LOactivine B a un effet stimulateur sur IOexpression de la di$tdugmente avec le
temps et avec la dose de traitement’f1@ ~ 107 M). A la concentration maximale ZtudiZe
(107M), 1Oexpression de FSHest multipliZe par 16 par rapport aux cellules tZmdis (
0.001).

LOexpression de LLHhOest pas stimulZe par IQactivine, contrairement f pOsitié sur
FSH . On peut meme observer une baisse significative des taux dOAB#aMt pour la
sous-unitZ LM en prZsence de fortes doses dOactivine (activifté :10 0.5 comparZ aux
tZmoinsP< 0.01).
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4.1.3. Interactions de la follistatine et de |Qactivine sxpri€3sion de la FSH

La follistatine recombinante humaine seule @M ~ 107 M) nOa pas dOeffets
significatifs sur IOexpression des sous-unitZsa&tHFSH . En revanche, en combinaison avec
IQactivine, elle est capable dOinhiber de fason dose dZpédesietestimulateur de 10activine

sur IOexpression de la ASH

4.1.4. Interactions de la testostZrone et de |Qactivinexarefd®n de la LH

Pour nous assurer de IQeffet inhibiteur de 10activine sur |Gmxpiess! , nous avons
dZcidZ de travailler sur des cellules dont IOexpression!dedtidtimulZe par des traitements
par la testostZrone (T) en accord avec nos prZcZdents travaeffet)inhibiteur et dose-
dZpendant de IQactivine sur I0expression de la IA¥ observZ dans les cellules ayant resu

un traitement combinZ T+activine par rapport aux cellulesésajidr T seulR< 0.001).

LOensemble de ces rZsultats indique que les peptides gonadiqeepaines de jouer
un r™le dans la rZgulation diffZrentielle des gonadotropines et cifdecpeut otre exercZ
directement au niveau hypophysaire.

4.2. Texte de IQarticle 4 : CActivin and follistatin diffeadigti regulate
luteinizing hormone and follicle-stimulating hormone expression byiegigoy

cells E. Aroua S et al (" soumettre)
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Gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormoid, (are
glycoprotein hormones constituted of two suburdit§GP ) and". While GP is common for
both hormones; is hormone specific and confers the biological activity to each dmoemLH
and FSH are members of the brain-pituitary-gonad axis, whigtvadved in the control of the
reproductive function in vertebrates. LH and FSH play their actmmsgonads inducing
gametogenesis and sexual steroid production. In turn, the sexual stegpitige cerebral and
pituitary factors through differential feedback mechanisms (Ghetridd, 1990). In vertebrates,
gonadotropin production and release are under the stimulatory controkiof ®BnRH. In
addition, in some teleosts, a cerebral inhibitory control is eddsy dopamine (DAffor review:
Dufour et al., 2005).Besides these controls, gonadal peptides, play an important role in
gonadotropin contro(for review: Ying, 1988). These peptides, inhibin and activin,ewfest
purified from porcine follicular fluid for their ability to inbit and stimulate FSH release from
cultured pituitary cells, respectively (inhibin: Miyamoto et, d@985; Rivier et al., 1985;
Robertson et al., 1985; activin: Ling et al., 1986; Vale et al., 188&)tly after, they were also
implicated in the control of FSH synthesis (Carroll et al., 198&)ing the purification of
activins and inhibins, another unrelated protein was purified and té@zad (Esch et al., 1987;
Robertson et al., 1987; Ueno et al., 1987). This protein, nameddiitijsivas shown to decrease
the basal release of FSH (Ueno et al., 1987), as welllds FRNA levels (Carroll et al., 1989)
in rat anterior pituitary culture system. The effects of thbsee gonadal peptides on FSH in
mammals were found to be specific, as no changes in LH weeevelds(for review: Gregory
and Kaiser, 2004).

Activins and inhibins are members of the transforming growth fact¢fGF-")
superfamily, and result from the dimerization of three distinct genéducts:! , "o and"g.
Inhibins result from the association of onesubunit and one df subunits {* A and!" g) and
activins from the association of twosubunits (4" a or"g"g or" A" g) (for reviews: Vale et al,
1988; Ying 1988). In mammals, the inhibin/activin subunits are expressedonly in the

gonads, but also in various tissues including the pituitary (Meuniédr, @988; Bilezikjian et al,
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1993). Moreover, some works on rats have shown that these subunits arssegkpire
gonadotrope cells (Roberts et al, 1989). Follistatin is an actimohifly protein (Nakamura et al.,
1990), which was found to neutralize activin bioactivities on diffecefitsystems: embryonic
mesoderm (Asashima et al., 1991), pituitary cells (Carral.et1989; Kogawa et al., 1991) and
ovarian granulosa cells (Xiao and Findlay, 1991; Shukovski et al., 1991, aho ¥992a,b)As
for inhibin/activin genes, follistatin is detected, not only in gonadsalsat in a wide range of
tissues including pituitary (Michel et al, 1990), where its exgioesis localized in gonadotrope
cells (Kaiser et al, 1992). These observations suggest tmaanmmals, the actions of activin,

inhibin and follistatin could be exerted locally as autocrine/paraeffects on gonadotropins.

In teleosts, gonadal peptides and their effects have been hitherlp gtadred. The first
data, which suggested the existence of activin/inhibin-like system tanpofential role on
gonadotropins, were reported in goldfish by Ge and collaborators. They sHwtvdceatments
of goldfish pituitary cells with porcine inhibin A"( ,) or activin A (' ," ,) induced an increase in
gonadotropin release (Ge et al, 1993)is group later demonstrated, still using goldfish pituitary
cells, that activin could differentially control gonadotropins, by iasieg FSH expression and
reducing LH expression (Yam et al., 1999). However, preliminary studies andtiver teleost
species did not report such an opposite action of activin on FSH anBaddmbinant human
activin A added to tilapia cultured pituitary cells induced an inergasll gonadotropin subunit
MRNAs (FSH, LH" and GP: Yaron et al., 2001). In contrast, pituitary cells of cohonsal
responded to recombinant human activin A by an increase in mRNA of bdtha@PFSH,
with no effect on LM (Davies et al, 2000)Concerning follistatin, first works performed on
cultured pituitary cells of goldfish have shown that recombinant pofallistatin is able to
control gonadotropin expression by inducing differential effects on FSH angfuéh and Ge,
2004).

Immunocytochemical and RT-PCR studies in teleosts have shown teaqeex activin
protein and mRNA in a variety of tissues including brain, pityitard gonads (goldfish: Ge et al,
1993, 1997; grey mullet: Mousa and Mousa, 2003). Follistatin was also tolr@lexpressed in
a wide range of tissues including pituitary (zebrafish: Bauat.e1998; catfish: Gregory et al.,
2004; goldfish: Cheng et al., 2007). These distributions suggested pgsasibtgine/autocrine

control of gonadotropins by activin and follistatin in teleosts.
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Eels have a particular life cycle with a long sedentary stiagieg which animals are
considered as juveniles. They remain blocked at a prepubertal(silage stage) as long as the
reproductive migration is prevented. This blockade is due to aietgfigroduction of pituitary
gonadotropins (for review: Dufour et al, 2003, 2005). In our previous stusleeshowed an
increase in FSH expression early during silvering. This was later followed by a dseren
MRNA levels coding for FSHand a concomitant increase in LHhRNA levels (Aroua et al,
2005). A differential regulation of gonadotropin subunits was also olibedueing the
experimental maturation (Schmitz et al, 2005). This particulardkes eel a good model for the
study of gonadotropin differential regulations.

The comprehension of mechanisms controlling reproduction in the eélparticular
interest considering the dramatic decline of wild populations (Stone,) 20@B the present
impossibility to reproduce European eels in captivity. Moreovezehis a representative species
of a phylogenetically ancient group of teleosts (elopomorphes) (De Pinna, ufééjstanding
the gonadotropin regulation in this species will provide informations oastaat regulatory
mechanisms. The aim of this present study is to investigate tlsgblposirect role of the
activin/follistatin on gonadotropin regulation in the eel, by using printaiyure of pituitary

cells.

ateria and et

Animals

Female European eeRrguilla anguilld were netted during their downstream migration by
professional fishermen in the Loire river. Animals were tramstl to the laboratory (MNHN,
Paris, France) and kept in running aerated freshwater tanks undeal natotoperiod and
temperature (2iC). Because eels undergo a natural starvation at the silger gtay were not
fed. Animal manipulations were performed according to French régnudaand the European

convention on animal experimentation for scientific research.

93



Hormones
Recombinant human activin B and recombinant human follistatin werdgsed from R

system Lille, rance. estosterone  as purcasedrom Si a Lyon, rance.

Sample collectionor tissue distribution

issues ere collectedromt ee emale sil reelstoi sti tet distribution o actin”
subunit expression. Eelsere sacriced by decapitation. ollo in or ns ere c vy
rem d and pt roen at C in RNA later (Ambion Inc., Austin, Tex., USA) until
extraction: brain, pituitary and ovary, liver, muscle samplesfof® being frozen, braiwas
dissected in two parts: part A comprised olfactory bulbsntelghalon and diencephalon, and

part B corpus cerebellum and medulla oblongata.

Tissue RNA extraction and cDNA synthesis

Total RNA from samples was extracted using Trizol reagentt(bgen SARL, Cergy Pontoise,
France) according to the manufacturerOs recommendations. Forseaeh fibols from three
animals were performed. Pools were homogenised ipl200rizol reagent by sonication a few
seconds for brain and pituitaries, or grinding with ultraturax for esariver and muscle.
Following extraction, samples were submitted to treatmerit avideoxyribonuclease |1 (DNA-
free, Ambion Inc.), and first strand cDNA was synthesized using ip@f total RNA as
template. The RNA was preincubated with 100 ng of random primeds 1® mmol
deoxynucleotide triphosphate (Invitrogen), then the RT reaction was seingpg0.1M DTT, 40
U ribonuclease inhibitor, and 200 U Superscript Il reverse trgntase (Invitrogen) in a 20

final reaction volume.

Primary culture of eel pituitary cells

Dispersion and primary culture of pituitary cells were perftnusing an enzymatic and
mechanical method as described by Montero et al. (1996). Brigfilytapes were collected,
washed and cut into 1-mm slices. Slices were incubated at 25 Gatution of porcine type Il
trypsin (Sigma) during 1 h. The reaction was stopped by replacemira wypsin solution by a
solution of DNAse (Sigma) and soya bean trypsin inhibitor (Sigmal@amin. Pituitary slices

were then washed with calcium free phosphate buffer (Gibcordgemn SARL, Cergy-Pontoise,
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France) and mechanically dispersed by repeated passages throlagtia tpansfer pipette
(Falcon, Dutscher, Brumath, France). After estimating the nunfbgable cells by Trypan Blue
coloration (Sigma), cells (50,000 cells/well) were plated on 8b-plates pre-coated with poly-
L-Lysine (Sigma). Cultures were performed in serum-freeuseiimedium (CM: Medium 199
with EarleOs salt, sodium bicarbonate, 100U/ml penicillinpl&@D streptomycin, 250ng/ml
fungizone (Gibco) at 18;C und886 GO, and saturated humidity.

In vitro treatments

The start of treatments began 24h after the start of cultae @pto albw cell attachment. Stock
solutions of recombinant human activin B (581M), recombinant human follistatine (5x1®)

were prepared in sterile PBS (Gibco) and testosterone svhufios (10° M) was prepared in
ethanol. All stock solutions were stored at 4jC. culture mediune weanged and hormonal
treatments were added to wells on Day 1, Day 4, Day 7. Stock solweyesdiluted in culture
medium just before their addition to culture wells. Control wekse treated with ethanol or
PBS. Cultures were stopped on Day 4 or Day 9. Media and treatmerdgsrenewed every 3

days.

Cell RNA extraction and cDNA synthesis

RNa extraction and cDNA synthesis from culture cells weropeaed according to the method
previously described in Aroua et al (2007). Total RNA was direpttyacted in each culture well
using the Cell-to-cDNAYII kit (Ambion Inc.). After washing with sterile PBS (Gibcaells

were lysed with the Cell Lysis Il buffer (BOwell) and the lysates submitted to a

deoxyribonuclease | treatment (Ambion Inc.). Then, cDNA syntheassperformed in a 20l

final reaction volume. Fivel of the cell lysate was preincubated with 100 ng of random primers

and 10 mmol deoxynucleotide triphosphate (Invitrogen). The RT reaction wasdhap using
0.1 M DTT, 40 U ribonuclease inhibitor, and 200 U Superscript NMermge transcriptase

(Invitrogen).
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Quantitative Real Time RT-PCR (grt RT-PCR) assays

Real time RT-PCR analyses for eel'Lldnd FSH subunits were performed according to the

method described in Aroua et al (2007). In addition, real time BR-&says were developed for
the activin § subunit.

Gene specific primers were designed based on the nucleotide seqiéme European eel FSH
cDNA (Schmitz et al, 2005), LHcDNA (QuZrat et al, 1990) and ARP cDNA (Weltzien et al,
2005) which will be used as reference gene (for details of theegs, see Aroua et al., 2007).
For activin, primers were designed based on nucleotide sequenceJajptrese eel activin
cDNA (GenBank accession Nj. AB023556, Miura et al, 1999): rev&e5€ GAC GTG AGT
TCA TCT GAT T, and forward CAG GGA AAG TTC GGG AAG AC.

PCR reactions were prepared with 4 pl of diluted cDNA teweplforward and reverse primers
(7.5 pmol each), and SYBR Green Master Mix (3 pl) at a fio&ime of 15 pl, and assays were
set up using the Light Cycler system (Roche, Meylan, Francégedotiowing conditions: an
initial activation of the Tag polymerase at 95;C for 10 min, folldwg 41 cycles of PCR: 95;C
for 15 s, 60;C for 5 s and 72jC for 10 s.

To assess the PCR efficiency and to be used as the standarfauthe target genes (FSH
LH", actg and ARP), serial dilutions of cDNA pool made from several svéfibr in vitro
experiment) or from several samples (tissue distribution expet) were run in duplicate.

Relative expression levels were calculated by: relative expressifggef<P (caibrater & sampley

#

EreferenciCP (Sample ® calibratonyyhare Cp s the crossing point (cycle number at which fluorescenc

increases above a background threshold level) and E is the efficettte PCR amplification.

PCR conditions were designed in order to get E near 100%.

Data analysis
Data are presented as meaAnSEM. Statistical analyses were performed using Instat 3.0b

(GraphPad, Inc., San Diego, CA). Comparison of means was pedaxith a one-way ANOVA

followed by the Dunnett comparison post-test. The level of significanaseset to 0.05.
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Tissue distribution of activin B subunit expression in Europea(Feglre 1)

Tissue expression of activin B in European eel was examined by P@HRiaation using
specific primers for activin B, which were designed based on@NA sequence of Japanese eel
activin B. mRNA coding for activin B was detected in the differtsgues of the gonadotropic
axis: brain, pituitary and ovaries. Part A of the brain, whimltresponds to the neuroendocrine
part of the brain, expressed more activin than part B. Acti®N# levels were at the limit of

detection in the muscle and the liver.

Kinetics of the effects of activin B on FSHnd LH' expressior{(Figure 2)

The effect of activin B on gonadotropin expression was analyzed atediffeme to determine
the better time culture for experiments. Dispersed pituitefls treated by recombinant human
activin B (10°M) or vehicle were cultured during 4 (Day 4) and 9 (Day 9) days.

Activin treatments induced strong increase of the relative expree§iFSH mRNA. At day 4

of culture, a significant increase in FSKHhRNA level was observed (x 4 as compared to Day 4
control, P< 0.001). At Day 9, FSH expression in activin treated cells reached a level 13 fold
higher than in Day 9 control cellB€ 0.001) (Figure 2A).

Concerning LM expression in pituitary cells after activin B treatmentsretheas no or only
weak variations. At Day 4, no significant change on' LHRNA levels was observed between
activin B treated and control cells. At Day 9, a significaniateon on LH' expression was
observed in activin B treated cells. In contrast to the effecE®H' expression, activin B
induced a decrease in LH mRNA levels (x 0.6 as compared t®Raytrol,P< 0.05) (Figure
2B).

As activin effect on gonadotropins was higher after 9 days of cultusegdration of treatment

was chosen for the following experiments.

Dose-dependent effect of activin B on FSahd LH' expressiorf{Figure 3)

The effects of various doses of recombinant human activin B vestedt over 9 days of
treatment. Activin B has a dose-dependent stimulating effecSefi Expression. The increase

in FSH' mRNA levels induced by activin B was significant at*4® (P< 0.01). The highest
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stimulatory effect on FSHMRNA level was observed at the concentration df MCof activin B

(x 16 as compared to contrélg 0.001) (Figure 3).

In contrast, LM expression decreased after activin B treatment with a signifaecrease at £0

M (x 0.4, P< 0.01) and 18 M (x 0.5, P< 0.01). However, this effect seems poorly sensitive to
the different doses of activin B tested (20 to 10’ M) as no dose dependent relation was

observed (Figure 3).

Effects of follistatin and activin B effects on FSldnd LH' expressior{Figure 4)

To test the specificity of action of activin B, we performiesatments with follistatin, a protein
that binds specifically to activin and neutralizes its bioldgctvities.

Culture cells treated with follistatin alone, at doses coragrisetween I&M to 10°M, did not
induce any significant variations in FSHxpression, and this, whatever the dose used (data not
shown). The same observation was done oh ekpression.

When cells were treated with activin B and follistatin, thienglatory effect of activin B on
FSH' mRNA level was reduced. This inhibitory effect of follistatin the activin stimulation of
FSH' expression was dose dependant, high doses of follistatin being ricisne{treatment
with 10%M activin B and 18M follistatin: x 0.4,P< 0.01 as compared to activin B treatment
alone (Figure 4). The effect of the combined treatments by activimd fallistatin on LH
expression was also investigated. After treatments and whateveoses, no significant changes

on LH" mRNA levels were observed as compared to control or actitnieaBed cells (Figure 4).

Effects of testosterone and activin B combined treatments 8nelxpiressior{Figure 5)

In the above experiments activin B had a low inhibitory effect (Sagmf or not according to the
experiment) on basal L'Hexpression by eel pituitary cells. We supposed that this lacKeaft ef
was due to the low basal levels of LIFnRNA in control cells. To test this hypothesis and reveal
activin inhibitory effect, we choose to work with pituitary céilsving a stronger expression of
LH". Pituitary cells were treated with testosterone, which asmeé LH expression (X 6 as
compared to control, P<0.001) in agreement with our previous study (At@la2007). When
cells received combined treatments by testosterone and activire B,H' mRNA stimulation
induced by testosterone was reduced with a dose-dependent respasisent@ aoncentration.

In these cells, LH mRNA levels significantly differed from testosterone treatsalls
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(testosterone + activin B T8\ treated cells: x 0.4P< 0.001; testosterone + activin B\
treated cells: x 0.3, P< 0.001). When cells were treated wiikira B alone, a significant

decrease in LHmMRNA levels was observed as compared to control (@3 4).05) (Figure 5).

In the present study, we investigated the potential role of theractithe direct regulation of

eel gonadotropin subunits, using primary culture of pituitary cells.

1. Distribution of activin and potential paracrine role

In the eel, we showed, using quantitative real time RT-PCRyrédsence of activin mRNA in
the organs/tissues of the gonadotropic axis : brain, pituitary and gdireddetection of activin
MRNA in the pituitary suggests a possible paracrine/autoaleef this peptide

In goldfish, using immunocytochemical staining (Ge et al., 1993), Nortlwtraialysis and
RT-PCR assay (Ge and Peter, 1994 ; Ge et al., 1997 ; Yain @099), expression of activin
subunits was shown in a variety of tissues, including gonads, braintandrp. Another study
in the grey mullet showed activin expression in these tissues (Mowus&ausa, 2003)In
addition, activin receptors were found to be also expressed in thsgagpituitary (Yuen and
Ge, 2004)These data suggested paracrine/autocrine roles for activin insigéuitary.

In mammals, activin was also shown to be produced in the pituhaman : Alexander et
al.,, 1995; rat: Meunier et al, 1988; Roberts et al., 1989), stiggea potential
autocrine/paracrininction. In addition, the use of an activin B-specific monoclonal antibody i
cultured pituitary cells significantly suppressed the basal sscret FSH (rat: Corrigan et al.,
1991; ovine: Baratta et al., 2001), demonstrating that the endogenouwsp#giivin could serve
as critical local factor for the control of gonadotropin expresai@hsecretion.

In  amphibians, immunocytochemical studies showed that activin/inhibi
immunoreactivity was detected in gonadotropes (Xenopus : Uchiyama 4986 ; bullfrog :
Uchiyama et al., 2000).

In contrast to other vertebrates, avian anterior pituitary |#okscapacity for endogenous

production of activins, as Lowell et al. (2005) reported absencetraipituitary expression of
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activin subunits in the domestic fowl using real-time quantitativ®.PI@ contrast, the avian
ovary, like its mammalian counterpart, expresses activin (adslohnson, 1998).

The paracrine/autocrine role of activin in the pituitary mayalmnserved function during
vertebrate (mammals, amphibians and teleosts) evolution, but sitltkes in birds are really

needed to know whether or not activin is absent in the bird pituitary

2. Activin stimulates the expression of FSKHubunit

Our results indicated that human recombinant activin B was alsiedangly stimulate FSH
MRNA levels. This positive effect on FSHxpression was time-dependent, as longer duration of
cell treatment (9 days) induced a higher increase in mMRNA |éxel8) than in short term cell
treatment (4 days, x 4 as compared to control). In addition, actisimmBlation of FSH mRNA
was dose-dependent, with significant effects observed at a coticenof10'® M and with a
maximal effect at the concentration1®1. These observations are in agreement with recent
results obtained in another teleost, the goldfish. Goldfish pituitghy tteated with homologous
recombinant activin B, exhibited an increase in FSARRNA levels, and as in our works, the
FSH' response to activin B was dose-dependent (Yam et al., 1999; Yu&eal004). Authors
have also shown that goldfish pituitary cells have almost the saspense after treatment with
human recombinant activin A (Yuen and Ge, 2004), indicating that various tfpactivin
(human vs goldfish, A or B) are all potent on fish pituitary cétishe present study, we used the
human recombinant activin B, which exhibited a high potency on edigojtuwiells. Recombinant
human activin A added to cultured pituitary cells also induced amase in FSH subunit
MRNAs in tilapia (Yaron et al., 2001) and coho salmon (Davie§ €000).

Another study investigating the effect of activin on gonadotropins in a non-mléanm
species showed a positive effect of activin B on FSH relégspituitary cells in the bullfrog
(Uchiyama et al., 2000).

In mammals, the effects of activin on FSH secretion are atestliby rapid and substantial
changes in steady state levels of FSHRNAS, as shown botim vitro (Carroll et al., 1989;
Attardi and Miklos 1990; Weiss et al., 1992) andvivo (Carroll et al., 1991a). Activin was
found to activate transcription of the FSigene (Weiss et al., 1995). Studies on the stability of

FSH mRNAs gave contradictory data, with stabilization (Careoblial., 1991b) or alteration

10C



(Attardi and Winters, 1993) of FSHranscripts. Mutant mice lacking activins or activin type |l
receptor were generated and characterized (Matzuk et al., Td85)majority of ACRII null
mice demonstrated reduced pituitary, serum and mRNA FSH I@Matzuk et al., 1995; Kumar
et al., 2003).

The use of mouse"[T-2 cell line allowed to show that like rat and ovine promotBesi¢y et
al., 2004; Huang et al.,, 2001; Pernasetti et al., 2001; Suszko €0@B), goldfish FSH

promoter was stimulated by activin (Lau and Ge, 2005).
Our results in an ancient teleost, the eel, indicate that th@vposegulation exerted by
activin directly on FSH would be an ancient regulation largely coaden vertebrates, as it is

encountered in fish, amphibian and mammals.

3. Specificity of activin effects on FSHsubunit: Interaction with follistatin

To assess the specificity of the stimulatory effect of att®ion FSH expression, we
performed experiments where cells were co-treated by activiitsahohding protein, follistatin.
In mammals, it was shown that follistatin is able to ass®aidth the" subunits of activin to
form the activin-follistatin complex made of one activin and twbistatin molecules. The
formation of this complex inhibits the association of activintsaréceptors (for review: Philips
and de Kretser, 1998). Matzuk and colleagues (Guo et al., 1998) gerteaatsgEnic mouse
lines overexpressing follistatin, which showed reproductive defaatsrisingly, only one of the
five mouse lines was FSH concentrations depressed. Follistaginbéen demonstrated to
decrease FSH synthesis (Besecke et al., 1997; Carroll €98B; Dalkin et al., 1996) and
secretion (Robertson et al., 1990; Wang et al., 1990a, b; DePaalo £092; Besecke et al.,
1997; monkey: Merrigida et al., 1994; ram: Tilbrook et al., 1995) througtkdaliecof activin.
Follistatin is able to decrease the stability of FSHRNA (Attardi and Winters, 1993). Early
studies had documented that follistatin could suppress the effe@sRH in stimulating FSH
secretion (Robertson et al., 1990; Wang et al., 1990a, b), ibyptré blockade of transcriptional
activation of the GnRH receptor gene by activin (Fernandez-Vazqaéz £996).

In our experiment, we observed that recombinant human follistatirallago significantly

and dose-dependently reduce the stimulatory effect of activin off RENA levels. Our results
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in the eel are in agreement with those obtained in the goldfish irhwbleombinant human
follistatin inhibited the stimulatory effect of recombinant gdtfactivin on FSH expression by
pituitary cells (Yuen and Ge, 2004). Recombinant goldfish follistatis shown to have the
same effect as human follistatin in this species (Chenig 20@v).

Follistatin was also cloned in the zebrafish (Bauer efl@B8), catfish (Gregory et al., 2004),
goldfish (Cheng et al., 2007) and sea bream (Funkenstein et al., 2888§e high sequence
identity observed among species suggests conserved functions obthis pr vertebrates. As in
mammals (Kaiser et al., 1992; Lee et al., 1993), follistatipression was reported in the
pituitary of goldfish (Yuen and Ge, 2004).

These and our studies indicate the existence of a activin-folistgstem involved in the
regulation of FSH in teleosts as in mammals, which may be m@useluring vertebrate

evolution.

4. Activin inhibits the expression of L'Hsubunit

We observed that activin B tended to induce a decrease in baSakxpiession in eel
pituitary cells but this effect was not always significant dmel dose-response was not clearly
established. To confirm the inhibitory effect of activin B on"Lékpression in eel, we choose to
work on pituitary cells expressing high LHevels. We demonstrated in our previous work that
LH" expression could be stimulated by androgen treatment (Aroua et al, 2B6id).we choose
to perform combined treatment with an androgen, testosteronen@ gcéivin B. The result of
this experiment has permitted to confirm the inhibitory action tfiadB on eel LH expression
and show a dose-dependent response.

An inhibitory effect of activin on LM expression was also indicated in goldfish after
treatments of pituitary cells by goldfish recombinant activiorBiuman recombinant activin A
(Yam et al, 1999; Yuen and Ge, 2004). In contrast, preliminary studidapia and coho salmon
did not report such an inhibitory regulation of LH by actidRiecombinant human activin A
added to tilapia cultured pituitary cells induced an increasélindubunit mRNAs (Yaron et al.,
2001), whereas in coho salmon, recombinant human activin A had noaffeet’ mRNAsiIn
vitro (Davies et al, 2000). In the study of Davies and collaborators, ¢hefusimature salmon

males, in which LH mRNA did not increase even in response to GnRH (Dickey and Swanson,
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2000), may explain the lack of effect of activin on LH. These distreips may also be
explained by teleost species-differences. Further investigatiorsther teleost species are

therefore needed in order to better understand activin regulatish gionadotropins.

These observations contrast with the classical functions of actesoribed in mammals
where the main effects concerned FSH expression, synthesis aetiosecwith no direct
modulation of LH (for review: Peng and Mukai, 2000). In mammals, tesepce of activins and
their receptor subtypes in the hypothalamic regions containing GnRHhusgcmeeurons
(Cameron et al., 1994; Roberts et al., 1996) suggested that aatiansegulate reproductive
function by modulating, not only pituitary FSH, but also hypothalamic GnRitedd, various
vitro studies in mammals have documented the roles of activins and igretiregy through
activin receptor Il in GnRH release and biosynthesis in hypothalarplants (Calogero et al.,
1998; MacConell et al., 1999) or neuronal cell lines (GT1-7 celtsiz&8lez-Manchon et al.,
1991; MacConell et al., 1999). Activin can also modulate GnRH recsyphthesis/expression on
the pituitary gonadotropes (Braden and Conn, 1992) and activate the pimsocof GnRH
receptor gene ih T3-1 cells (Fernandez-Vasquez et al., 1996). Accordingly, themresof an
activin response element was evidenced in the promoter of murine @Gaeptor (Norwitz et
al., 2002). Castrated knockout mice lacking activin receptor llepted no changes in
hypothalamic synthesis of GnRH peptide, nor in expression of GnRHtoexep the anterior
pituitary (Kumar et al., 2003)n vitro reports in rat demonstrated that activin could affect LH
secretion indirectly by enhancing GnRH-stimulated release of Leigd\éet al., 1993). A study
on sheep pituitary cells reported that activin-A induced a dosendept suppression of GnRH-
induced LH release (Muttukrishna and Knight, 1991).

The opposite effect exerted by activin on eel and goldfish gonadotropirsgxpreontrasts
also with observations in amphibians, in which treatment with hun@mignant activin B of
bullfrog pituitary cells induced an increase of both FSH and LHe8ear(Uchiyama et al, 2000).

Our resuls in the eel, together with those in the goldfish, suggesththairect inhibitory
effect of activin on LH expression may be a teleost-specific regulation, which has eat be
conserved in other vertebrates. Studies in other teleost sp@ieseeded to confirm this

hypothesis of a differential gonadotropin regulation by activin.
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In conclusion, in the present study, we demonstrate the directseffeactivin on eel
gonadotropin expression : stimulatory on FSkhd inhibitory on LH. The distribution study by
gPCR reveals that activing 8subunit is expressed in many tissues including organs of the
reproductive axis (brain-pituitary-gonads). The fact that actisiexpressed in pituitary cells
permits to suggest that activin could act locally as an autocaraefine factor in the differential
regulation of gonadotropin subunits. In addition, follistatin is ableuppiess activin effect on
FSH'. This finding in the eel, a representative of a phylogeneticaltyeat group of teleost,
indicates that the role of the activin/follistatin system in goma@ot regulation may be

conserved among vertebrates.
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Fig re egend

Figure 1. Tissue distribution of activin in eel. Activin mMRNAs &vassayed by quantitative real-
time RT-PCR on pools of various tissues: brain, pituitary, gonads¢lenand liver. Brain was
dissected in two parts: part A comprised olfactory bulbsndelghalon and diencephalon, and

part B corpus cerebellum and medulla oblongata. Data are npechati eel ARP.

Figure 2. Kinetics of FSHand LH' expression in the absence (control) or presence of human
recombinant activin B. Pituitary cell cultures were treatéth k0®M of human recombinant
activin B. Cultures were stopped at day 4 (D4) and day 9 (D9) to neeBSif (A) and LH'

(B) by grtRT-PCR. Data are normalized to eel ARP. Meaaggaren+ SEM (n= 4-well/group;
50,000 cells/well)***P < 0.001 versus control, ANOVA.

Figure 3. Dose-dependent effects of human recombinant activin Bh &®1 LH' expression
by eel pituitary cells. Cells were treated 9 days and mmRNAIs for FSH and LH' subunits
guantified by grtRT-PCR. Data are normalized to eel ARP. Meaasgivent SEM (n= 4-
well/group ; 50,000 cells/well}*P < 0.01,***P < 0.001 versus control, ANOVA.

Figure 4. Dose-dependent effects of combined treatments with hee@nbinant activin B and
follistatin on FSH and LH' expression by eel pituitay cells. Cells were treated 9 dagls an
MRNA levels for FSH (A) and LH' (B) subunits quantified by qrtRT-PCR. Data are normalized
to eel ARP. Means are givenSEM (n= 4-well/group ; 50,000 cells/weltP < 0.05,**P < 0.01

versus control, ANOVA.

Figure 5. Dose-dependent effects of combined treatment with T arghhn@mombinant activin
B on LH' expression by eel pituitary cells. Cells were treated 9 daysrdrNA levels for LH
subunits quantified by qrtRT-PCR. Data are normalized to eel MRBns are givetst SEM (n=
4-well/group; 50,000 cells/well¥P < 0.05,***P < 0.001 versus control, ANOVA.
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t de plZmentaires : Effets dOhormones mZtaboliques sur

|Oexpression des gonadotropines

Afin d@tudier le r'™™le possible de diffZrentes hormones mZtaboliques démddtion
diffZrentielle de IOexpression des gonadotropines, nous avons rechescefetsudirects sur
les cellules hypophysaires dOanguilles en culture primaireadtesrs ZtudiZs sont un facteur
de croissance (Insulin-like growth factor 1, IGF-1), une hormone dabmisme lipidique
(leptine) et un corticostZroed&drtisol). DesdonnZes sur leurs effets sur la LH chez
IOanguille europZenne ont dZj~ ZtZ obtenues dans notre laboratoireet-iiah§98 ; 1999),
mais aucune information nOZtait disponible en ce qui concernid.la FS

Dans les gpZriences qui suivent, nous avons en parallele testZ |0effet/desles
sexuels pour vZrifier le bon fonctionnement des cellules et leacitamle rZponse (E2 pour
la stimulation de FSHet T pour la stimulation de LIH; cf article 3). LOexpression des sous-

unitZs LH et FSH a ZtZ mesurZe paCR quantitative en tempZel.
5.1. Effets de IOIGF-1 sur IOexpression des sous-unitZs des gomagotropi

Nous avons recherchZ 10effet de IOIGF-1 recombinant humain. Tesisd@d&F-1
recombinant humain ont ZtZ utilisZes' M, 10°M et 10'M).

Les traitements par IOIGF-1 " faibles concentration$'{1@t 10°M) nOinduisent pas
de modifications de IOexpression de la sous-unitZ BA revanche, une augmentation
significative des taux dOARNmM codant pour Lé$t observZe dans les cellules traitZes par
IOIGF-1 ~ la concentration 10 (x 2.3 comparZ aux tZmoin®< 0.05). Dans cette
expZrience, T (18M) est capable de fortement stimuler |Oexpression de la stfid-Hhi(x
8 comparZ aux tZmoinB< 0.001), par contre H10°M) nda pas dOeffet significatif (Figure
10A).

Concernant la sous-uiitFSH , aucune variation significative nOest observZe apres les
traitements par IOIGF-1 et ce quelle que soit la dose de-10Eh revanche, une forte
stimulation de IOexpression de FS#st observZe apres des traitements pafxE5 comparZ
aux tZmoinsP< 0.001). Les traitements par T nOinduisent pas de variatithexgeession de
FSH (Figure 10B).

Ces Zsultats indiquent que IOIGF-1 peut intervenir dans la rZgulaticentigfle des
deux gonadotropines. En effet, IOIGF-1 qui ne montre pas dOeéfets ljpophysaires sur
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IOexpression de la sous-unitZ FSést par contre capable de stimuler directement au niveau
hypophysaire IOexpression de la sous-unitZ LBeffet positif de IOIGF-1 sur IQexpression de
LH! est en accord avec les travaux antZrieurs montrant une stimuahatiitro de la synthese

de LH mesurZe par RIA (Huang et al, 1998).

5.2. Effets de la leptine sur IOexpression des sous-unitZs des gpiraemotr

Nous avons recherchZ IQeffet de la leptine recombinante hubeiredoses de leptine
(10® M et 10° M) ont ZtZ testZes pour leurs effets directs sur IOexpression derittsises
gonadotropines.

Les traitements par la leptine nOont pas produit dOefféfisatifs sur IOexpression des
deux sous-unitZs LIHet FSH et cela quelle que soit la dose testZe (Figure 11).

Ces PZsultats suggerent que la leptine nOa pas dQOeffets diretffexqunession des

gonadotropines.

5.3. Effets du cortisol et des combinaisons cortisol D stZresderls sur

|Oexpression des sous-unitZs des gonadotropines

Afin dOZvaluer les effets directs hypophysaires du cortisol (Besetnteractions
potentielles avec les stZroides sexuels sur IOexpression des &fsugddniet FSH des
gonadotropines, des cellules hypophysaires en culture primaire ont settadements par
les stZroedes seuls (ET, DHT, F) ou par des combinaisons (RB+E+T, F+DHT). Les
hormones onZtZ utilisZes " la concentration finale’M

Comme dans lesxpZriences prZcZdentes (Article 3 et & 5.1), le traitemenEpa
nOinduit pas de variation significative de IOexpression He EH revanche, de fortes
stimulations de IOexpression de la sous-unitZ kéht observZes aprss les traitements par les
androgenes (T : x 8.6 éDHT : x 7.2 compafs aux tZmoin?< 0.01). Le cortisol induit
Zgalement une forte stimulation de IOexpression de(kHO comparZ aux tZmoinBg
0.01). Lorsque les cellules sont traitZes par les combinaisehso& FDHT, les taux
dOARNmM codant pour la sous-dnitH sont tres fortement augmentZs par rapport aux
tZmoins (F+T : x 28.7°< 0.001 ; FPHT : x 27.6,P< 0.001; comparZ aux tZmoins) mais
Zgalement par rapport aux effets des stZroedes Beut01) (Figure 12A).
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Concernant FSH seuls les traitements pas & par la combinaison FxEontrent des
effets positifs significatifs sur les taux en ARNm de csties-uni (& : x 3.3 comparZ aux
tZmoins,P< 0.001 ; F+E: x 2 comparZ aux tZmoinB< 0.01). Les autres traitements (T,
DHT, F, F+T, F+DHT) ne montrent pas dOeffets significatif IOexpression de la sousAinit
FSH (Figure 12B).

Ces PZsultats indiquent que le cortisol est capable de jouer un r™l dgslation
diffZrentielle des gonadotropines, Ztant capable de stimuleré@sizn de la LH alors quOil
ne montre pas dQeffet direct sur le contr™le de |OexpressiBBide De plus, cesZsultats

montrent que F et les androgenes sont capables dOagir en syneg@mdint au niveau
hypophysaire pour stimuler [Oexpression de.LH
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gonadotropines sur des cultures primaires de cellulesypophysaires dC“)anguiIIe_C)expressionv des
ARNmM a ZtZ mesurZe par grtRT-PCR et les rZsubtatsatisZs ~ |I0aide de |Oactine. Les moyennes@uries
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Zveloppement de nouveaux outils pour I0Ztude des gonadotropine

chez I0anguille europZenne
1.1.Clonage de la sous-udiFSH et dualitZ des gonadotropines.

La prZsence de deux gonadotropines a ZtZ mise en Zvidence chanrfgBnesmavec
la sZparation de deux fractions " partir de lobes antZrieurs dOhygopdgyseles pour IOune
de stimuler la phase folliculaire, pour IQautre de stimulatdaisation apres injection chez
des rats (Fevold et al, 1931). Elles ont, par la suite, &iZess et leur structure
hZtZrodimZrique a ZtZ caractZrisZe chez le mouton par ReipRaiiny (1967). Enfin, les
diffZrentes sous-unitZs ont ZtZ clonZes chez diffZrentegsspammaliennes (pour revue :
Counis, 1990).

Chez les tZIZostZens, des tentatives de purification dOhormonesrgpesduit Zt7Z

entreprises chez quelques especes ~ partir des annZes iiGareton, 1968 ; Saumon :
amazaki eDonaldson, 1968) et la preme dotropine aire aZtZ obtenue par

Burzawa-Gerard (1971) chez la car@gprinus carpio LOextrait hypophysaire obtenu ayant
une forte activitZ gonadotrope et Ztant capable dOinduire "~ I& fgEmZtogenese et la
stZrosdogenese chez diffZrentes especes de tZIZostZensienissvivo quein vitro (poisson
rouge, Carassius auratus poisson-chatHeteropneustes fossiljissaumon,Oncorhynchus
tsawytschg pour revue : Fontaine et Burzawa-Gerard, 1978), IOhypothese deel@exist
dOune seule gonadotropine hypophysaire (GTH) chez les tZIZostZéfiseZiZa sZquence
peptidique partielle puis le clonage de cette hormone chez winceambre de tZlZostZen,
|Oapparentait davantage au type LH quOau type FSH des mammiferes.

La mise en Zvidence de la dualitZ des gonadotropines est donvenaati rZcente chez
les tZIZostZens. Elle est dZmontrZe par Suzuki et sdsoraibars (1988a,b) qui, chez le
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saumon keta@ncorhynchus keja ont rZussi ~ isoler et caractZriser deux gonadotropines
distinctes nommZes GTH | et GTH Il en rZfZrence " letarstibns dOZlution. Par la suite,
IOanalyse des sZquences nuclZotidiques des genes codant pour les gonadokespine
tZIZostZens a permis dOZtablir leur homologie avec cellesimesiferes et dOen adopter la
nomenclature (GTH-I : FSH et GTH-II : LH ; Li et Ford, 1998)

De nombreux travaux ont ainsi rZvZIZ la prZsence de IOhormone ESfiffénentes
especes de tZlZostZens (tambour brZsiNgaropogonias undulatusCopeland et al, 1993;
bonite, Katsuwonus pelamiKoide et al, 1993; daurade japonaiBagrus major Tanaka et
al, 1993; thonThunnus obesu®kada et al, 1994; bar amZricailprone saxatilis Hassin et
al, 1995; daurade royal8parus aurataElizur et al, 1996; poisson rougeéarassius auratus

oshiura et al, 1997;Zsiole, Seriola dumerili Garcia Hernandez et al, 1997). NZanmoins,
cette idZe de dualitZ des gonadotropines nOa pas ZtZ de suits£Znd@énsemble des
tZIZostZens. En effet, les nombreuses tentatives de puwifidatia FSH chez des especes de
tZ1ZostZens dOorigine plus ancienne, comme le poisson-chat €ilotdDanguille, sont
longtemps restZes infructueuses, ce qui a amenZ certainss dut@ettre en doute son
existence chez les espsces dOorigine ancienne (Schult¥3a5!,

Le clonage, par oshiura et ses collaborateurs (1999), de la soug-WFfiH chez
IOanguille japonaise, appartenant au groupe des Elopomorphes, a pechaiifiele cette
question de la dualitZ des gonadotropines chez les tZIZostZengudrsce e la sous-unitZ
FSH a Zgalement ZtZ obtenue chez IOanguille europZenne dont nous avoles sidaksgié
(article 1 de cette these) et chez dOautres tZIZostZenterampaau groupe des siluridZs
(Ictalurus punctatusLiu et al, 2001 Clarias gariepinusVischer et al, 2003).

Ces donnZes permettent de conclure lguerZsence de deux hormones gonadotropes,
LH et FSH, est un caractere commun et conservZ au seinZtisstZens; en effet, il est
observZ " la fois chez des tZIZostZens dOorigine rZcentegitePlos ancienne. Une Ztude
comparative des sZquences nuclZotidiques des sous-uriitZsHBPet FSH chez diffZrents
tZIZostZens montre quOil existe une Zvolution rapide de la souShhighFcomparaison de
la sous-unitZ LH qui, elle, montre une plus grande conservation au cours de IOZvolution
(QuZrat et al, 2000), ce qui permet de comprendre pourquoi laZeiaitbn de la FSH a ZtZ
si compliquZe.

Les sous-unitZs FSHet LH! ont aussi ZtZ clonZes chez |IQesturgempenser baeri

(QuZrat et al, 2000), reprZsentant du groupe des chondrostZens, celiqueé ique



|Qapparition des deux hormones gonadotropes est un caractere ancienmetn canx

chondrostZens et aux nZoptZrygiens reprZsentZs ici par lesed$ZostZ

Chez les tZtrapodes, en plus des mammiferes, la dualitZ desrdes gonadotropes a
ZtZ dZmontrZe chez dDautres groupes : oiseaux, avec par exgmpficdton des deux
hormones chez le poulet (Stockell-Hartree et Cunnigham, 1969) ou |®aykowe et al,
1996), le clonage des sous-unitZs des gonadotropines chez la cadke ¢Alshii, 1994 :
Kikuchi et al, 1998) ; C reptiles et amphibiens E avec la mtiificdes deux hormones chez

diffZrents reprZsentants (batraciens, crocodiliens, chZlorpens revue : Licht, 1979).

Le rZcent clonage des trois sous-unitZs des gonadotropines chez le @jpneust
Neoceratodus forsteri(QuZrat et al, 2004) permet de conclure que la dualitZ des
gonadotropines, observZe chez diffZrents reprZsentants des tZteapbdede dipneuste, est

un caractere commun aux sarcoptZrygiens.

LOensemble des rZsultats dZcrits prZcZdemment montre quiselacg des deux
hormones gonadotropes est un trait commun aux sarcoptZrygiens (ayant pureqai@pre
des membres monobasaux) (dipneuste, tZtrapodes) et aux actinoptZrygaris pour
caractere propre des nageoires rayonnZes) (tZlZostZens, chongdrostZgns a permis de
faire remonter 1Qorigine de la dualitZ des gonadotropines au moingé€ lears ancstres
communs appartenant aux ostZichthyens.

Enfin, la mise en Zvidence par QuZrat et ses collaboragdf$)(des trois sous-unitZs
GP', LH8 et FSH§ des gonadotropines par clonage chez la rou&eatterhinus canicula
reprZsentant du groupe des chondrichthyens a permis de faire re®apiearition des deux
lignZes molZculaires LH et FSH aux gnathostomes.

En revanche, les travaux rZalisZs chez la lampRe&dqmyzon marinushOont, ~ ce
jour, permis de mettre en Zvidence quOune seule gonadotropine (pourKimwaechi et
Sower, 2006), ce qui permet dOappuyer IOhypothese dOune apparition denEsix |

molZculaires gonadotropes chez les gnathostomes.

Durant cette these, nous avons ZtudiZ IQexpression et la rZgulaiodeue
gonadotropines LH et FSH chez IQanguille europZenne. La sZquence d¢ IOAD

complZmentaire de la sous-unitZ!Lte IOanguille europZenne ayant dZj” ZtZ obtenue (QuZrat
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et al, 1990) et un dosage radioimmunologique ayant ZtZ mis au point (Duigur&3a), un

certain nombre de donnZes concernant la rZgulation de IQexpresgiuthe$® et la sZcrZtion
de IOhormone LH Ztaient dZj" disponibles (Dufour et al, 1983b ; Coahid @87 ; Dufour et

al, 1989 ; QuZrat et al, 1991 ; Huang et al, 1997).

En revanche, les outils molZculaires permettant I0Ztude dedEh&i8H faisaient
dZfaut ; nous avons donc travaillZ ~ IQobtention de la sZquence ded@iRmentaire de
la sous-unitZ de la FSH (article 1). E partir des sZquences des difé&aaius-unitZs des
gonadotropines (GR LH! et FSH), nous avons pu mettre en place les outils

molZculaires permettant I0Ztude de leur expression hypophysaire.
1.2. Sites dOexpression hypophysaires des hormones gonadotropes.

Nous nous sommes intZressZs au(x) site(s) dOexpression des s®us-ulgt’
gonadotropines. En effet, ce sont elles qui vont donner aux hormones glycoproiques
spZcificitZ dOaction et donc elles qui vont etre sujet ~ uneatiégufine au cours du cycle.

La synthese de sondes spZcifiques pour les sous-unit/£LASH nous a permis de
localiser, par hybridatiom situ sur des coupes adjacentes dOhypophyse, les sites dOexpression
des genes (Article 1). Nous avons observZ que les deux sous-unit&xgomZes dans la
pars distalis proximale de IOadenohypophyse mais dans des zones diffZrentes suggZrant
fortement 10existence de deux types de cellules gonadotropeslluEs ¢ FSH et les
cellules ~ LH. NZanmoins, cette hypothsse nZcessite confirmatiarilisant par exemple des
techniques de double marquage sur une meme coupe, OU encore apres nactioisst
isolation de cellules gonadotropes, par dosage de IOexpression dans eneelidal
(technique de C single cell PCR E).

Ce mode dOexpression des gonadotropines dans deux cellules diffZZgatesant ZtZ
retrouvZ chez dOautres tZIZostZens (salmo@dZerhynchus mykisSalmo salar. Nozaki
et al, 1990a, 1990bQncorhynchus ketaNaito et al, 1993 ; thod;hunnus thunnusKagawa
et al, 1998 ; tilapiaDQreochromis niloticusc O. aureus Melamed et al, 1998 ; aron et al,
2003 ; ahZrine dOArgentin@dontesthes bonariensisiranda et al, 2001 ; dauradgparus
aurata: Garcia-Ayala et al, 2003 JFundulus heteroclitus Shimizu et al, 2003;

flZtan,Hippoglossus hippoglossud/eltzien et al, 2004).
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LOensemble de ces travaux conduit ~ penser que |Oexpression des afdaixopimes
dans des cellules diffZrentes est un caractere partagleparlZostZens. NZanmoins, une
rZcente Ztude rZalisZe chez la sZ(®iola dumeril ~ IOaide dOantisZrums homologues
indique la prZsence de cellules bihormonales, cOest-"-ditdecapa fois de produire la LH
et la FSH, et de cellules monohormonales (Garcia Hernandéz 2608). La prZsence de
deux types cellulaires gonadotropes (sZcrZtant soit la LH $8tHx semble donc tre le cas
majoritaire rencontrZ chez les tZlZostZens, mais dOasifpesivent aussi exister.

Une rZcente Ztude rZalisZe chez le polypt®elypterus endliche)yj poisson
appartenant ~ un groupe dOorigine ancienne parmi les actinoptZrigyersadistiens),
montre |Qexistence de deux types de cellules morphologiquement diffZdanies
IOhypophyse marquZes par des anticorps anti-LH, anti-FSH eSahtiZEZrologues (Miki et
al, 2005). Malheureusement, les auteurs nOont pas rZussi "~ disksgsiées dOexpression

des diffZrentes hormones

Chez les tZtrapodes, la situation varie en fonction des grouges especes :

- Chez les mammiferes, il est classiguement admis que ledesegonadotropes
sont capables de synthZtiser " la fois la LH et la FSHinensi des travaux rZalisZs
chez diffZrentes especes ont permis de mettre en Zvidenxisid@ce " la fois de
cellules monohormonales (synthZtisant soit la LH, soit la FSH)eetellules
bihormonales (ayant la capacitZ de synthZtiser les deux hormoessjalaux
chez le rat ont, de plus, montrZ que la proportion des diffZsgreis de cellules
pouvait varier au cours du cycle, le nombre de cellules gonadotropes titades
passant de 45% au moment du diestrus, ~ plus de 70% au momentsteisOoe
(Childs et al, 1994). DOautres travaux rZalisZs chez IOhBeileiget et al, 1976)
ou chez le porc (Dacheux, 1978) indiquent que chez ces espsces, lazagsr
cellules gonadotropes sont bihormonales. Chez le cheval, une Ztude nZostne
Zgalement que la majoritZ des cellules gonadotropes est bihornEmgikes(et al,
2000).

- Chez les oiseaux, "~ notre connaissance, peu de donnZes sont disponibles
concernant les cellules gonadotropes. NZanmoins, une rZcente Zisde chalz
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le poulet (Proudman et al, 1999) par immunodZtection montre que les hormones

gonadotropes sont synthZtisZes par des cellules diffZrentes.

- Chez les amphibiens, des travaux rZalisZs chez diffZrentessedp grenouilles
(Rana catesbeianalranaka et al, 1990Rana esculentaPinelli et al, 1996) par
immunocytochimie ont amenZ les diffZrents auteurs ~ supposer une Express
double des cellules gonadotropes, celles-ci seraient donc capatperdé@e’ la
fois la LH et la FSH.

Ainsi, chez les tZtrapodes, diffZrents cas sont rencontrZdeigimupes: un seul type
cellulaire bihormonal (amphibiens et mammiferes) ou deux typdglaeés monohormonaux

(oiseaux).

Des Ztudes complZmentaires chez les especes dont les ABNsods-unitZs des
gonadotropines sont disponibles (QuZrat et al, 2001) et qui appartiennesitgrougpes
phylogZnZtiguement anciens chez les actinoptZrigyens (esturgeon), destZsggiens
(dipneuste) et les chondrichtyens (roussette), permettraient d@agpsrZlZments essentiels

pour conclure quant ~ IQorigine de la dualitZ des cellules gonadotropes.

LOexistence dOune cellule unique ou de deux cellules gonadotropes selapdsslgs
especes ou la situation physiologique suggere des diffZrences darmaZleanismes de
rZgulation des gonadotropines et montre IOintZrst de leur Ztude comipeaZgiffZrents
reprZsentants des vertZbrZs. En effet, les gonadotropines safesAtgifason diffZrentielle
en relation avec les r™les distincts quOelles ont au cours du dZwsioppmradique.
LorsquQelles sont exprimZes par des cellules diffZrenteZgldations de production des
gonadotropines vont pouvoir sOexercer indZpendamment au niveau des deux cetiyles
les deux gonadotropines sont exprimZes par une meme cellule, lestiaAgutieviennent
alors plus complexes, nZcessitant la mise en place de voisgragisation diffZrentes
lorsquOun meme facteur est capable de rZguler de faeon di#ifeehta fois la LH et la
FSH.
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1.3. Mesure des taux dOexpression des hormones gonadotropes.

Le clonage des trois sous-unitZs des gonadotropings IGF§ et FSH§ nous a permis
de suivre leurs expressions, au cours dOZtapes clZs de l&Daaid®l ou encore suite ~ des
traitements hormonaux. Nos premiers travaux ont mis en luvre démiges de dot blot
pour 10Ztude des messagers des trois sous-unitZs des gonadotropittasaBesnt Zt7Z
rZalisZs au cours de deux stades critiques du cycle de vie de I&ariguié processus
dOargenture (article 2 et discussion & 2) qui est une Ztagsilslecdans des conditions
naturelles mais qui reste mZconnue du point de vue du contr™le horeh@)dd ;maturation
sexuelle (article 1 et discussion @ 3) qui est un stade non ddeedans des conditions
naturelles et nOest abordable aujourdOhui que par I0expZrimentation.

Puis, dans le but dOaugmenter la prZcision de nos rZsult@s2iatér les seuils de
dZtection des messagers codant pout ,GEH§ et FSHS, nous avons dZveloppZ des
techniques de PCR quantitative en temps rZel (qrt RT-PCB3 avbns appliquZes ~ 10Ztude
des effets des hormones stZroedes (articles 1 et 3, discus3jpulas peptides gonadiques
(article 4, discussion @ 4) et dOhormones mZtaboliques (Ztudesntem@ii2s et discussion
o 5). Ces techniques de dosage par qrt RT-PCR ont IQavantage dfimesegrsibilitZ
permettant de dZtecter de tres faible quantitZ dOARNm, ceagsia permis de travailler sur
des hypophyses individuelles ~ des stades oe les hormones gonadotropes sontpeuacore
exprimZes. Nous avons Zgalement pu miniaturiser le systematdeeacellulaire jusquO” 50
000 cellules par puits (correspondant ~ environ 1/4 de 1Ohypophyse dOune daqobg)
(article 3) alors quOauparavant IOapproche par dot blot nZ @&3ie0 ~ 500 000 cellules
par puits (Huang et al, 1997).

Ces techniques centrZes sur IOexpression des ARNm nous ont gemmistrd en
Zvidence un certain nombre de facteurs entrant en jeu dammlatich de IOexpression des
gonadotropines. NZanmoins, des Ztudes complZmentaires sOintdregwanZiaes ~ 10aide
de techniques immunologiques telles que les dosages RIA ou ELISAZmdsaires pour
complZter les informations et sOassurer que les variations ed§lerprdes messagers
observZes sont bien le reflet dOune variation de production désewot

Chez IOanguille europZenne, IOhormone IutZinisante a pu stre gitaiZé la mise au
point dOun dosage radioimmunologique " I0aide dOanticorps!adé-kcHrpe reconnaissant
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Zgalement la LH dOanguille (Dufour et al, 1983a). Nos rZsultats obtenus au cours de
IOargenture et de la maturation expZrimentale (articles 1 neonRent des variations
paralleles des messagers et des contenus hypophysaires en hormgegalZéisme a ZtZ
Zgalement observZ lors des expZrieirceiro o les cellules sont soumises ~ des traitements
stZroediens (Huang et al, 1997, 1999). Ces observations nous permesigopaker que les
rZgulations trouvZes (discussion @ 3) au niveau des messagers soamdinecZpercutZes
sur la synthese de la protZine et sont donc le reflet de la pioduté IOhormone. En
revanche, les donnZes obtenues par les dosages plasmatiquesHddret al, 1997, 1999)
montrent quOil existe une dissociation entre les contr™les de ldigmogiynthese des
messagers et de IOhormone) et les contr™Ies de la sZcrZHorPde dxemple, des Ztudes
prZcZdentes ont montrZ chez des anguilles traitZes ~ IQogstradigtimulation de la
production de LH qui sOaccumule dans les cellules de IOhypophyse sanationslitles
taux plasmatiques en LH (Dufour et al, 1983b ; Dufour et al, 1988}e dissociation dans
les mZcanismes de contr™les de la production et de la sZcrdtlérpeet, par exemple,
permettre IOaccumulation au niveau hypophysaire de la LH en pravigianovulatoire.

Concernant IOhormone folliculo-stimulante, des travaux, en collabore¢ionCANRA
(Nouzilly et Rennes), sont actuellement rZalisZs dans le butratkine de la FSH
recombinante dOanguille et de dZvelopper des anticorps anti-F8ettaer dOZtudier la
production de IOhormone et sa libZration.

Des Ztudes chez deux salmonidZs, o« les expressions des messegsnsrotZines ont
ZtZ suivies de maniere parallele, montrent des diffZrences ldarcontr™Ies de la production
et de la sZcrZtion des gonadotropines. Chez le saumon coho, lesnsairatiites sur les
ARNm et les contenus hypophysaires en LH et FSH par des teaiterstZrosdiens sont
similaires ; en revanche, elles different des variations obsserp@ur les taux plasmatiques en
LH et FSH (Dickey et Swanson, 1998). Chez la truite arc-elndeis deux hormones ainsi
que leurs messagers ont ZtZ suivis au cours du cycle (Goale2399). Dans ce cas, les
auteurs observent un relatif parallZlisme entre les ARNsncdatenus hypophysaires et les
taux plasmatiques en FSH; en revanche, pour la LH, les tasmatiques Zvoluent
sZparZment par rapport aux ARNm et aux contenus hypophysairesirAl@ans travaux,
mettant en Zvidence des systemes de contr™le diffZrents paduetipn et la sZcrZtion des
gonadotropines, on remarque Zgalement la variabilitZ des system#égutiiion mis en place
chez les diffZrentes especes.
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2. Activation de |0Oaxe gonadotrope et expression diffZrentielldes
hormones gonadotropes au cours de IQargenture : arguments eveur

dOun Zvenement pubertaire plut™t que mZtamorphique (até de revue 5)

2.1. RZsumZ de IQarticle

Dans le cycle biologique de IQanguille, IOargenture (transformatiguitl®jaune en
anguille argentZe) a toujours ZtZ considZrZe comme une seconde phdsenpar rapport ~
la mZtamorphose larvaire (transformation de la larve leptocZgmaleivelle). En effet,
comme les C vraies E mZtamorphoses, |Oargenture consiste en @exnchdigements
morphologiques, physiologiques et comportementaux incluant des modificationsretles
et fonctionnelles de diffZrents organes (peau, lil, branchiesieesatatoire et intestin),
IOinduction dOun comportement migratoire ou encore I0arret dOalimeratchangements

N

sont nZcessaires ~ la migration de reproduction et prZadapianguille ~ sa future vie
ocZanique en profondeur. NZanmoins, certains des changements doseni@d$Oargenture
sont directement en relation avec la fonction de reproduction, cor@aeginentation
significative du poids des gonades et des concentrations plasmatiystgrosdes sexuels,
suggZrant que IOargenture pourrait aussi stre considZrZe comme ureivZmeentaire.

Chez les vertZbrZs, la mZtamorphose est principalement ingaite |Oaxe
neuroendocrine thyrZotrope, en effet, de fortes augmentations de la rtpingot(TSH)
hypophysaire et des niveaux circulants des hormones thyroediennes (thyrofinet T
triiodothyronine, T3) sont observZes chez les amphibiens lors daliditamorphique. La
pubertZ, elle, est induite par IQaxe gonadotrope, avec des augmedéstignsadotropines
hypophysaires (hormone lutZinisante, LH et hormone folliculo-stimuldF&]) et des
stZroedes sexuels. Afin de dZterminer |Qaxe neuroendocrine ingaiggZOinduction de
IOargenture, nous avons analysZ les profils de diffZrentes hormones hymspletsa
pZriphZriques pendant la transition anguille jaune - anguille argéhtiele 2). Une
comparaison avec la smoltification, qui est une C vraie E apmphose secondaire E
observZe chez les salmonidZs, est Zgalement donnZe.

Pas ou peu de variations des hormones thyroediennes plasmatiquesnetedas
hypophysaires dOARNm de la TSsbnt observZes au cours de |Oargenture. De meme, IQaxe
somatotrope, qui contr™le la croissance et le dZveloppement sleiZle’s, ne semble pas
activZ, puisque aucune augmentation des niveaux hypophysaires dOARNmM &irue oot
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la GH, ni des concentrations plasmatiques en GH, nOest ob&rvigwanche, une forte
activation de IOaxe gonadotrope est montrZe pendant la transitiofe gagog - anguille
argentZe. Une augmentation significative des concentrations plasesagin stZrosdes sexuels
(estradiol, testostZrone et 11 keto-testostZrone) et en vitetlegZeu. De plus, |IOexpression
hypophysaire des deux gonadotropines est augmentZe : les ARNm codant pStt la F
augmentent des les premieres Ztapes du processus de IQargdotsigue les ARNm codant
pour la LH, ainsi que le contenu hypophysaire en LH, augmentent fortement, musuta
cours de IQargenture.

Des donnZes expZrimentales, utilisant des stZroedes sexuels exsgphes accord
avec [Oimplication de IOaxe gonadotrope dans IQinduction de IQargengdiet, Bes
injections dOandrogenes sont capables dOinduire les changements morpbalbgewés
pendant IQargenture, comme IOaugmentation du diamstre de t@li0stpaisseur de la peau
et la rZgression du tractus digestif. Ceci suggere que lesdsZreexuels pourraient stre
responsables des changements morpho-physiologiques de IQargenturaghiée, |@amme
le sont les hormones thyroediennes dans le cas dOune C vraie E mZtan®ephaest
supportZ par des donnZes antZrieures de maturation expZrimentatepniygnt une
amplification des changements morphologiques de IOargenture, probablimeerit
|IGaugmentation des stZroedes sexuels endogenes.

Toutes ces donnZes permettent de conclure que IQargenture ded@&rappkrente
davantage ~ un dZbut de pubertZ quO” une C vraie E mZtamorphose.

2.2. Texte de |Qarticle de revue 5: C Silvering: metamorphosis ortyguber
Rousseau K, Aroua S et al (sous presse) in OMigration anodRetn of the
European eel® (G. van den Thillart, S. Dufour, C. Rankin, 8gshger
Publisher.
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1 INTRODUCTION

Eels have a complex migratory life cysléth the occurrence of two metamorphoses (for
reviews: Sinha andones 1975; Tesch 1977; Haro 2003). They present aalylarval
(first) metamorphosis, the leptocephalus larva beingstoamed into the glass eel. After
this drastic transformation, the growth phase startsdrcontinental waters and glass eels
become ellow eels. After many years in freshwater, the yellow eelsstoam into
ilver eels which stop growing and start their downstremaigration towards the ocean
and the area of reproduction. To allow this transitrom sedentary life in freshwater to
migrant life in seawater, eels undergo their second mm{zhosis, known as silvering.
Silvering not only preadapts the eel to deep-sea itiond (SZbert 2003), but also
prepares for sexual maturation, which will only be pteted during the oceanic
migration towards the Sargasso Sea (Tesch 1982, 1D8f@ur and Fontaine 1985;
Fontaine 1985; Dufour 1994). At the silver stage, eetsblocked at a prepubertal stage
(Dufour et al. 2003) but chronic administration of carp salmon pituitary extract
(gonadotropic treatment) is able to induce sexual m@bura(Fontaine et al. 1964;
Fontaine 1975). The lack of sexual maturation at fhersstage is due to a deficient
production of pituitary gonadotropins (GtHs) (Dufour et &B83). Stimulation of
synthesis and release of pituitary gonadotropin insiheer eel could be induced by
combined treatment with a GnRH-agonist and a dopeavairiagonist, indicating that a
double neuroendocrine blockade was responsible foreheight pituitary gonadotropic
function: a lack of endogenous stimulation by GnRH do a deficient production of
GnRH and a strong dopaminergic inhibition of GhnRH @tt{Dufour et al. 1988, 1991,
Vidal et al. 2004). At the yellow stage, in contragbnadotropic treatment has no
significant effect on both gonad weight (Leloup-Hagyal. 1989) and body color (Lopez
and Fontaine 1990).
Eel silvering has always been considered as a mepdnosis. This is probably due to the
great similarities which exist between the morphatayichanges observed during
silvering and the ones occurring during smoltificationsalmonids. However, unlike
smoltification, silvering also includes some changekted to an onset of sexual
maturation such as gonad development. These obgsrsded to the hypothesis that
silvering could correspond to a pubertal event. Indgedberty encompasses various
morpho-physiological and behavioral changes, whictlike metamorphic changes, are
induced by sexual steroids (for review, see Romeo 2008jle\hetamorphosis is mostly
triggered in vertebrates by the activation of the thgmtr neuroendocrine axis, puberty
is triggered by the activation of the gonadotropic .a®iar work aimed at investigating
whether eel silvering should be considered as a GEtrmetamorphosis or as an onset of
puberty, by comparing the profiles of pituitary and pegijgh hormones during the
transition from yellow to silver eels. This chapter rexdehe morphological changes and
describes the hormonal patterns occurring during ealrgilg.

2. Definitions and neuroendocrine control of
metamorphosis and puberty in vertebrates

Metamorphosis and puberty are two major events of tstembryonic development in
vertebrates. While they present common features regardmogphological and
behavioural modifications, they are controlled by défgrneuroendocrine axes.

2.1 Metamorphosis

Metamorphosis allows the transition from one develeptal stage in a specific

environment (ecophase 1) to the next stage in a diffemvitonment (ecophase 2), and

includes a migration between the two habitats. Metpmosis corresponds to drastic
13¢



changes in body shape, physiology and behaviour, amlike puberty, is encountered
only in a few phyla/species.

In vertebrates, the most described metamorphosis igahsformation in amphibians of
the aquatic larva (tadpole) into the terrestrial jusenllarval metamorphosis is also
encountered in some other vertebrates, such as lampaegs some teleosts
(elopomorphes and pleuronectiformes). In teleosts, diffeyges of metamorphoses can
be observed (Figure 1). Youson (1988) proposed thregvpgshof ontogeny between the
embryo and the adult: -direct development from the empeyriod leading to the juvenile
and adult period (many examples such as goldfish)ypéal indirect development
involving a larval metamorphosis (first or OtrueO metaimosis) leading to the juvenile
period (example: flatfishes and eels); and a non-clalssietamorphosis occuring during
the juvenile period (example: the secondary metama@ighemoltification, in salmons).
Compared to larval metamorphosis, less drastic morgiuah physiological and
behavioural changes occur in juveniles of some migraelgosts and are referred to as
Osecondary metamorphosesO. This is the case iifisatiih of salmons and silvering of
eels.

2.1.1. Larval metamorphosis

Gudernatsch, in 1912, demonstrated for the first timestimeulatory role of the thyroid
gland in the control of metamorphosis in amphibidndeed, when feeding tadpoles with
thyroid gland extracts, he observed that their transfoomab frogs was accelerated.
Conversely, Allen (1916) was able to completely prevenetamorphosis by
thyroidectomy. Since these experiments, the positdle of thyrotropic axis in the
control of larval metamorphosis has been further stuthedmphibians. The pair of
thyroid glands is first detectable after embryogenesismwime tadpole begins to feed.
Under the control of pituitary thyrotropin (TSH), thesengla produce thyroid hormones
(THs: thyroxine, T4 and triidothyronine, T3), which amb target organs via specific
receptors It was shown that as the thyrotropic axis was actéjadeseries of sequential
morphological transformations occurred. An early chaisgine growth and differential
of the limbs which in the absence of hormone still folut will not progress beyond the
bud stage. The final morphological change, tail ngison, occurs when the level of THs
is highest at the climax of metamorphosis (for revieianamori and Brown 1996; Tata
2006).

Thyrotropin (TSH), a pituitary glycoprotein hormone, bgjng to the same family as
gonadotropins, controls the production of THs in Amfdris (Manzon and Denver,
2004), as classically shown in mammals (for review: Mighl 1992). Early studies of
hypophysectomy and immunization demonstrated thatl pfayed a central role in
amphibian metamorphosis (Dodd and Dodd, 1976; EdfalyLipner, 1976). Indeed, Dodd
and Dodd (1976) showed that the negative effect of Hyypsgrtomy prior to
metamorphosis could be reversed by treatment with nedimm TSH. Furthermore,
passive immunization of tadpoles with an antiserum bmvine TSH prevented
spontaneous metamorphosis (Eddy and Lipner, 1976)pihébogical and biochemical
changes observed during metamorphosis, such as demetgession of tail and gillde
novo formation of bone, visual pigment transformation or fioral differentiation of
liver, can be induced by THs (for review: Tata, 1998i, 3899). In contrast to the
situation in mammals, in which the brain peptidecdigered for its stimulatory control on
TSH is TRH (for Thyrotropin Releasing Hormone) (Morley, 1p81he brain
neurohormone responsible for the activation of TSH prodicduring amphibian
metamorphosis is corticotropin-releasing hormone (CRH) aot TRH (for review:
Denver, 1999). In fact, in amphibians, the productiad release of TSH by the pituitary
appears to be regulated by different neuropeptides aogptdithe life stage. Indeed, in
premetamorphic amphibians, stimulation of the pityithyroid axis is only responsive
to CRH-like peptides and unresponsive to all otherastgarmones tested, including TRH
(Denver and Licht, 1989; Denver, 1993). Thus, CRH &sttiyrotropin-releasing factor
during the induction of metamorphosis in tadpolesl, the stimulatory action of TRH on

14C



TSH secretion develops after metamorphic climax (foremgviDenver, 1999; Tata,

2006).

Although THs are the only obligatory signal for thetimtion and completion of

amphibian metamorphosis, other hormones can modthat®nset and progression of
metamorphosis (Tata 2006). These include glucoamdscand prolactin (PRL), which

can accelerate and prevents TH-induced metamorphesgctively (for reviews: White

and Nicoll 1981; Kikuyama et al. 1993).

In fish, the involvement of the thyroid axis in larvaletamorphosis (primary
metamorphosis) was reported by Murr and Sklower (1928) showed an increase in
thyroid gland development of European eel leptocephidwvae; this observation was
further confirmed in another Anguilliform specie€pnger myriaster(Kubota 1961,
Yamano et al. 1991). This activation of the thyroidngl was also observed during larval
flounder metamorphosisPéaralichtys olivaceus Miwa and Inui 1987b). In addition,
measurement of thyroid hormone body content indicatsijnificant increase of T3 and
T4 in early stage of larval metamorphosis in flounderwiet al. 1988; Tagawa et al.
1990) as well as in conger eel (Yamano et al. 199H).tfBatment induces flounder
metamorphosis at both the whole body level (Inuiinda 1985; Miwa et al. 1988), and
at the tissue level: erythrocytes (Miwa and Inui 19%kgletal muscle (Yamano et al.
1991), gastric glands (Miwa et al. 1992; Huang et18B8; Soffientino and Specker
2001), chloride cells in the gill (Schreiber and Spe@@00) and bone remodelling for
eye relocation (Solbakken et al. 1999; Okada et @D3p Experiments with TH
deficiency led to the inhibition of pigmentation onetleft side of the body and the
inhibition of bone remodelling and right eye relocati®nui and Miwa 1985; Miwa and
Inui 1987a; Schreiber and Specker 1998; Okada et 8B)20H deficiency also inhibits
the development of the anal fin pterygiophore and tbdybheight reduction, the
absorption of the dorsal fin ray, the formation of actireosl distal radials of the pectoral
fin, and the pectoral fin shrinkage (Inui and Miwa 19B8Bywa and Inui 1987a; Okada et
al. 2003). Both T4 and T3 directly stimulatdd, vitro, the shortening of the cultured
flounder fin rays isolated from prometamorphic larvae, aodisol synergized with
thyroid hormones (de Jesus et al. 1990). In contraryhy lestradiol and testosterone
attenuate the response of the fin rays tanrditro (de Jesus et al. 1992). Similarly, when
prometamorphic flounder larvae are immersed in solutamgaining steroids, fin ray
shortening is delayed, as well as eye migration hadlevelopment of benthic preference
(de Jesus et al. 1992). Prolactin also antagonizeactidnin vitro andin vivo on fin ray
shortening (de Jesus et al. 1993). Exogenous thyraiehdie has also been shown to
stimulate metamorphoses in leptocephalCaihger myriaste(Kitajima et al. 1967) and
of Anguilla anguilla(Vilter 1946), confirming the major role of THs in the udion of
elopomorph larval metamorphosis. The role of THs wdaddcrucial up to the final steps
of glass eel metamorphosis. A central role for THshie tegulation of mechanisms
leading to the colonization of continental habitaysAnguilla anguillaglass eels was first
hypothesized by Fontaine and Callamand (1941) and wisinaded later by Edeline et al
(2004, 2005). Indeed, in European glass eels, rivema®os exhibit an increased thyroid
status compared to estuarine migrants (Edeline etO@i4)2and locomotor activity of
glass eels was significantly increased by treatmetit WA, while decreased by thiourea
(Edeline et al. 20054 correlation between decreasing T4 levels and thesitian from
pelagic toward benthic behaviour was shown in glatsfe anguillaheld in an aquarium
(Jegstrup and Rosenkilde 2003). These data demonstmatentolvement of thyroid
hormones as a major determinant of metamorphosis iioduat eels, as in flatfish.
Further studies are clearly needed to investigate dbenpal synergistic or antagonistic
roles of other hormones as well as to determine the -piaiitary control of thyroid
function in teleosts.
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2.1.2 Secondary metamorphosis (smoltification)

A hyperactivity of the thyroid gland was also demortstteby histological studies during
the parr-smolt transition (secondary metamorphosis) wénfic salmonSalmo salar
(Hoar 1939). The involvement of the thyroid axis in doatrol of smoltification was later
confirmed by Fontaine and Leloup (1960) by physico-dhahstudies and more recently
reviewed by Boeuf (1993). The administration of exogenrbdsto juvenile parr-status
salmonids results in morphological and physiologiahnges consistent with the parr-
smolt transformation (for reviews: Boeuf 1993). For exampkgtments with THs or
with TSH have been able to induce the charactertstior change (silvering) of the skin,
via an effect on purine and pteridine deposition (ChubEales 1971; Premdas and Eales
1976; Miwa and Inui 1985; Coughlin et al. 2001). THe also able to induce the
metabolic and muscular changes necessary for the cceagration. For instance,
treatment of coho salmon with T3 in the diet acceéeldhe increase in concentration of
adult forms of blood haemoglobin, while dietary PTU ueed this increase during
smoltification (for review: Hoar 1988). Thyroid hormonesund a shift towards slower
isoforms of the muscle protein myosin heavy chain (Cbugd al. 2001), and increase
muscle contraction and maximum force (Katzman and @86i). Moreover, when anti-
thyroid drugs such as PTU have been administerechdtisying coho salmon, there was
impairment to the body colour and retinal pigmentargnges (Sullivan et al. 1987;
Alexander et al. 1998). Concerning olfaction, an eatlydy showed that artificially
increased TH levels induced parr to imprint to artific@morants, while parr with
unaltered hormone levels did not (Scholz 1980). Morenty, using intraperitoneal
implants of T3 for 16-20 days to mimic smolting, Learad Nevitt (2004) demonstrated
that T3 could induce olfactory cellular proliferationjirvenile coho salmon. Finally, the
involvement of THs in stimulation of migratory behawidloss of positive rheotaxis and
territoriality, and start of schooling) has been weltdmented (Baggerman 1963; Godin
et al. 1974; Fontaine 1975; Youngson et al. 198%tdvwet al. 1989; Boeuf and Le Bail
1990).

In conclusion, thyroid hormones are clearly involvednmoltification. However, they are
probably not sufficient to induce all the smoltificaticelated changes. Other hormones
such as GH and cortisol may be required for their synieggiaction with THs in the
control of osmoregulation and metabolism during the -parolt transformation. For
example, administration of GH clearly improves hypo-osgulatory ability and
seawater survival of parr (for review: Donaldson et al91Boeuf 1993), and induces
other smoltification-related changes, such as comdid@tor and skin pigmentation (for
review: Donaldson et al. 1979).

A study in adult salmon suggests a role for CRH and/df TiRthe control of TSH, with
variations possibly depending on species or physicébgtatus (Larsen et al., 1998).
Further studies are clearly needed to investigate wiiiaim neuromediator is specifically
implicated in the triggering of smoltification.

2.2 Puberty

The term of puberty, first defined in humans, has bedsequently extended to the first
acquisition of the capacity to reproduce in all mamamaland non-mammalian
vertebrates as well as in invertebrates. By definitiahepty occurs in all species but
only once in the life cycle.

In all vertebrates, puberty is triggered by the actoratof the gonadotropic axis,
constituted of a brain neuropeptide (gonadotropin-reigakibrmone, GnRH), pituitary
glycoprotein hormones (gonadotropins: luteinizing harmyd_H and follicle stimulating

hormone, FSH) and gonadal steroids. Sex steroids intthecenorpho-physiological and
behavioural transformations characteristic of puberty.

The scheme (GnRH/LH-FSH/sex steroids) is largely eorexi among vertebrates
(Okuzawa 2002), even though additional controls maguosuch as the dopaminergic
inhibition of gonadotropin production in some teleadts reviews: Dufour et al. 2005;
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Pasqualini et al. 2004). Indeed, pioneer works fronePatd collaborators on goldfish,
using hypothalamic lesions, demonstrated the existena GRIF (gonadotropin release-
inhibiting factor) (Peter and Crim 1978; Peter et al. 1978ter and Paulencu 1980).
Subsequent studies using agonists or antaganistgo (Chang and Peter 1983; Chang et
al. 1984), primary culture of pituitary cellsn vitro (Chang et al. 1990) and
immunocytochemistry (Kah et al. 1984, 1986, 1987) jed evidence that GRIF was
dopamine (DA). An inhibitory role of DA on the contrai LH has been demonstrated in
many adult teleosts at the time of ovulation andrepion (catfish: De Leeuw et al.
1986; Van Asselt et al. 1988; coho salmon: Van dexaK et al. 1986; rainbow trout:
Linard et al. 1995; Saligaut et al. 1999; commorpcam et al. 1998; tilapia: Yaron et al.
2003). However, DA does not play an inhibitory role ah adult teleosts (Atlantic
croaker: Copeland and Thomas 1989; gilthead seabrealnar 2t al. 1995). Concerning
the early stages of gametogenesis and the controlbarfyy the possible involvement of
DA has only been studied, up to now, in bass, adl mullet. In juvenile striped bass
(Holland et al. 1998) and red seabream (Kumakura 208B), data refuted a role for DA
in the prepubertal control of gonadotropins, as GnRIiHelwas able to trigger precocious
puberty. In contrast in European eel only a triple treatmwith testosterone, GnRH
agonist and pimozide (DA D2-type receptor antagorast)ld induce increases in LH
synthesis and release, indicating that removal of DAibition is required in the
prepubertal eel for triggering GnRH-stimulated LH synihesd release (Dufour et al.
1988; Vidal et al. 2004). A recent study in the gneyllet has demonstrated that D2 type
receptor expressions in the brain and in the pituitagre high at the early and
intermediate stages of puberty (Nocillado et al. 20@#gn inhibition of the reproductive
function by DA is particularly pronounced (Aizen et 2005).

3. OMetamorphicO and OpubertalO physiological
changes during eel silvering

During the silvering process, in addition to importdoghavioural changes such as
transition from a sedentary to a migrating behavior dreddtart of starvation, drastic
morphological changes are observed. An extensiveigédea of silvering morphometric
changes is given in ChapterRownstream migration is a common behavioural feature of
silvering and smoltification and is discussed in otBhapters of this book. The capacity
to adapt to seawater is also observed during theseOmetamorphosesO, but is less
drastic during silvering compared to smoltification, yatlow eels are already able to
survive in salt water (Chapter 6). Modifications of swiatdltler, which enable fish to live

in deep water are reported and described in Chapter Ee, ke briefly describe
modifications, which concern organs (skin, eyes, gonag$abolism and digestive tract)
on which hormonal control has been studied.

3.1 Skin and eyes

During the sedentary growth phase, the back of thesegkenish-brown and the ventral
surface is yellow, while at the time of the oceanignation of reproduction, they are

respectively blackish-brown and silvery-white. Theveiing of the skin is thought to be
the result of an increase of dorsal melanin and/or Viepirénes (Bertin 1951; Pankhurst
and Lythgoe 1982). This phenomenon is also obsdrvether migratory teleosts such as
salmonids, where an increase in purine depositioskim was observed during the parr-
smolt transformation (Staley and Ewing 1992) and wawidespond to an adaptation to
the oceanic pelagic migration, limiting the visibjliof the fish for their predators. In

addition to this change in colour, the skin becorttdasker (Bertin 1951; Pankhurst

1982a).

The eye is probably one of the most modified sensorgrsgluring silvering, as in the
open ocean, conditions for vision are better, eversidenng that at great depths light
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intensity is low (Lythgoe 1979). During the transitisom yellow to silver eel, increase
in eye diameter and in retina surface area can be\a@zs@ankhurst 1982b). Moreover,
structural modifications of the retina were reported, vathincrease in the number of
rods and a decrease in the number of cones (Pankhurdtysingoe 1983; Braekevelt
1985, 1988a). Finally, there is also change in Vigigment at the chromophore level
with a predominance of rhodopsin in silver eels comp&wgabrphyropsin in yellow eels
(Carlisle and Denton 1959), which increases the blug Bgnsitivity of rods (Wood and
Partridge 1993; Archer et al. 1995). All of these modifass of the visual system seem
to be involved in vision in the deep sea and preplaeefish to its future reproductive
migration. A similar shift in visual pigment dominanitem porphyropsin to rhodopsin is
observed during salmon smoltification and has beengsexp as an indicator of smolt
status (Alexander et al. 1994).

These data show that similar morphological modifmadi of skin and eyes occur during
both eel silvering and salmon smoltification. Thebsayvations have traditionally made
scientists consider silvering as a metamorphosis.

3.2 Gonads

The gonadosomatic index (GSI) increases from 0.3 iraleyellow eels td 1.5 in silver
eels with an increase of follicular diameter, thickgniof the follicular wall and the
appearance of many lipidic vesicles in the ooplasmi@dine et al. 1976; Lopez and
Fontaine 1990). This increase in gonad size was showwe a good criterion to estimate
the state of advancement of the silvering processeiffierent eels (Marchelidon et al.
1999; Durif et al. 2005). Durif et al (2005) described fstages with physiological and
morphological validation. In this study, a growth pagstages | and II), a pre-migrating
stage (stage Ill) and a migrating phase (stages IV andevg defined. Stages | and Il
correspond to the classical denomination Oyellong® stih a GSI<0.4%; the gonads
show small primary, non-vitellogenic oocytes, witdense ooplasm and a dense nucleus
with a large nucleolus (Aroua et al. 2005). Stage Il esponds to the classical
denomination OintermediateO or Oyellow/silverO siihge. 484 GSI<1.2%; oocytes are
larger and a few lipidic vesicles are observed in thplasmn, which indicates the
initiation of the incorporation of lipid stores in tbecytes, also referred as Oendogenous
vitellogenesisO (Aroua et al. 2005). Stages IV andovtespond to the classical
denomination OsilverO stage with alG$%; oocytes are further enlarged with a large
nucleus and small nucleoli at a peripheral positind aumerous lipid vesicles in the
ooplasm, which is the oil-droplet stage of early Vitgénesis (Aroua et al. 2005). In the
most advanced stage of silvering, vitellogenin cawliserved in the ooplasm, as well as
in the plasma, which corresponds to the start of exage vitellogenesis.

Considering the start of gonadal maturation, silveringugh be considered as an
initiation of puberty. As the development of gonads aexual maturity are blocked at
this stage and until the occurrence of oceanic reproduntigration, our group defined
eel silvering as a prepuberty. These data concernimgdzb maturation show that eel
silvering is quite different from salmon smoltificationhieh occurs before a growth
phase and is not associated with changes relategbtoduction.

3.3 Metabolism and digestive tract

At the silver stage, eels starve (Fontaine and @ae 1962) and this starvation is
accompanied by a regression of the digestive trach @iaal. 2003; Aroua et al. 2005;
Durif et al. 2005). Eels need important metabolicnges to be able to accomplish their
long oceanic migration, which is comprised betweed0@,km for Japanese eel8.(
japonica Tsukamoto, 1992) and American efl fostrata Tucker 1959; Mc Cleave et
al. 1987) and 6,000 km for European ekl énguilla Schmidt 1923). To permit this long
oceanic migration, animals have to accumulate enstges at the yellow stage and then
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optimize the use of these stores, for both swimming godadal maturation. Van
Ginneken and van den Thillart (2000) demonstrated,gusirge swim-tunnels, that for
their swim effort of 6,000 km, 40% of the European eeisfdyy reserves are needed
while the remaining 60% of their energy stores can el ier gonad development.
During silvering, changes in intermediary metabolismrevebserved (BostrSm and
Johansson 1972; Lewander et al. 1974; Dave et @4;1Barni et al. 1985; Eggington
1986; Van Ginneken et al. 2007a). Dave et al (1974)rte@ a slightly higher amount of
unsaturated and longer fatty acids in muscle and rafisigntly lower level of 18:0 and
20:4n-6 in the liver of silver compared to yellow Eueap eels. Comparable trends were
more recently observed in the shortfin Aelguilla australis(De Silva et al. 2002). An
increase in lipid (phospholipids, free fatty acids @hdlesterol) content has also been
reported recently at silvering in the blood of Europeafs (van Ginneken et al. 2007a).
According to Lewander et al (1974), a redistribution bblesterol occurs from other
tissues to the gonads in silver eel. These metabaliations would be amplified by
environmental conditions encountered during the migmatsuch as depth and water
temperature (Theron et al. 2000), as well as by lo¢comactivity (van Ginneken et al.
2007b).

It is interesting to note that the switch to fastihgttoccurs during eel silvering appears
rather definitive in comparison to other phases of fastinogserved at larval
metamorphosis (in amphibians and glass eels), teatransitory and that correspond to a
change of feeding behavior.

4 Neuroendocrine axes involved in the control of
silvering

As indicated previously, silvering consists of variousrphological, physiological and
behavioural changes. Among the modified organs, sameaedated to sensory organs,
others to hydrostatic pressure or seawater adaptationlady to changes observed
during smoltification, which traditionally led to edilvering being defined as a
metamorphosis. However, unlike smoltification, silmgrialso includes some changes
related to an onset of sexual maturation such as gdeeelopment, which led to the
hypothesis that silvering corresponds to a pubertahtevieuberty, the major post-
embryonic developmental event in the life cycle ofvaitebrates, encompasses various
morpho-physiological and behavioural changes, whiglike metamorphic changes are
induced by sexual steroids (for review, see Romeo 20UBjle metamorphosis is mostly
triggered in vertebrates by the activation of the thymtr@xis, puberty is triggered by
the activation of the gonadotropic axis. In order te@assvhich neuroendocrine axis may
be involved in the induction of silvering, we analgizthe profiles of pituitary and
peripheral hormones during the transition from yellowiteer eels.

4.1 Thyrotropic axis

Concerning eel silvering, Callamand and Fontaine (1862rved a hyperactivity of the
thyroid gland before and during the downstream migratibwas then thought that the
thyroid activation was responsible for the important phofogical modifications
observed during silvering. Especially, concerning eyeanges, some cases of
exophthalmy can be observed in humans having hypeithan pathology (for reviews:
Bradley 2001; Wiersinga and Bartalena 2002), supportiegdrmer hypothesis of a role
of thyroid hormones in eel eye changes. Moreover, hoatdl953) suggested that the
thyroid activation during eel silvering at the momehthe downstream migration could
be responsible for the increased locomotor actieftythe animals, as is observed during
smoltification. In subadult American eels, elevatedpldsma levels are correlated with
increased locomotor activity under natural conditions{@zguay et al. 1990).
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Recently, our group and others have focused on thetgrituhormone controlling the
synthesis of thyroid hormones, TSH (Figure 2). In contnait the previous hypothesis,
the study of the expression profiles of TSH showed rasignificant or a weak increase
in TSH mRNA between yellow and silver eeln@uilla anguilla Aroua et al. 2005;
Anguilla japonica Han et al. 2004). Moreover, measurement of plasmeldesf thyroid
hormones in yellow and silver eels showed a modenatease in thyroxine (T4) and no
significant variations in triiodothyronine (T3) during \&@ling Anguilla anguilla
Marchelidon et al. 1999; Aroua et al. 200%guilla japonica Han et al. 2004). These
recent results suggest that the thyrotropic axis islpamplicated in the neuroendocrine
control of the silvering process. The weak variationseoled on TSH mRNA and T4
plasma level could be involved in the increasedvagtof eels related to their migratory
behavior. This role in motility may not be specificthe silver stage as thyroid hormones
can also induce an increase in locomotor activityellow (Castonguay et al. 1998nhd
glass eels (Edeline et al. 2005).

Future studies should aim at investigating the braontrol of pituitary TSH.
Interestingly, preliminary daten eel pituitary cellsuggest a role for CRH in the control
of TSH, in addition to TRH (Pradet-Balade, 1998).

4.2 Somatotropic axis

Due to the implication of growth hormone (GH) in mastyysiological functions such as
growth, metabolism, reproduction and immunity in vasicvertebrates, it is of interest to
investigate the expression and synthesis of this doenduring silvering.

In a recent study, we focused on mRNA levels and tpityiGH content throughout the
silvering process (Figure 2). We showed no significafiteidinces in mRNA levels
between yellow and silver stage, and a significardrefesse of GH pituitary content
(Aroua et al. 2005). These data lead us to concluate whlike in salmonid smoltification
where GH has a strong role as a factor controlling osmtaggn and seawater
adaptability (BjSrnsson 1997), in eel silvering the Giteris less critical, probably due to
the fact that even at the yellow stage eels aretalgass into seawater.

Studies focusing on GH cell regulation have shown lthaal release and synthesis of GH
persistin vitro, in the absence of secretagogues or serum, using ouvdfamed pituitaries
(European eel: Baker and Ingleton 1975; JapaneseSaelki et al. 1990) or primary
cultures of primary cells (European eel: Rousseau eB8B,11999; rainbow trout: Yada
et al. 1991; turbot: Rousseau et al. 2001). All thelsgervations lead to the suggestion
that the major control of these celtsvivois an inhibitory control (Rousseau and Dufour
2004). Ourin vitro study in the European eel demonstrates that the lm&ibitory
control of GH is exerted by somatostatin (SRIH) and thatlin-like growth factor 1
(IGF-1) exerts a negative feedback on GH. Thus, duiimgreng, the major regulation of
the somatotroph cells, which are responsible of GHh&gis, would be an increase of
their inhibitory control.

It is important to note that seasonal data suggestahpeak in GH and body growth
during summer may occur (Durif et al. 2005). This sutgésat while GH may not be
involved in the control of the silvering process itsdlie somatotropic axis may
participate earlier in the initiation of the silveringy.similar growth surge is observed at
puberty in mammals.

4.3 Corticotropic axis

Only a few studies have focused on the corticotropis axring the transition from
yellow to silver stage. It is probably because of tliicdlty of sampling blood in order
to measure plasma cortisol levels without stressimgala. Recently, Van Ginneken et al
(2007a) demonstrated elevated cortisol levels in sies prior to migration. This is in
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agreement with the fact that during the downstream mnigraeels are fasting and it is
well know that the production of cortisol is inducedresponse to starvation. A role of
cortisol may be to permit the mobilization of energgras needed by the fish at this
critical period.

Moreover, it was shown in salmonids that cortisol prteaseawater adaptability, acting
in synergy with other pituitary hormones as TSH and @Hstimulate gill (N&K™)
ATPase activity and increase chloride cell number (foiere: Boeuf 1993).

In addition to the effect of cortisol on energy mobiliegatand seawater adaptation, we
previously demonstrated in the European eel that obtiessd also a strong positive effect
on LH productionin vivo as well asin vitro (Huang et al. 1999). This stimulation is
stronger when eels are treated by a combination ofscbréind androgens, indicating
synergistic action of these hormones on LH (Huang 19®&ihi2001). It is interesting
to note that while in amphibians, cortisol has aesgistic effect with thyroid hormones
on metamorphosis, a synergy between cortisol andteeaids is observed in the control
of eel silvering.

The various effects of cortisol demonstrated in the reditate that the corticotropic axis
may play an important role throughout silvering by péiing energy mobilization and
probably acting at the onset of puberty. Cortisol magreffore control the metabolic
challenge occurring during both metamorphosis and ny/beproduction in teleosts. It
may also act in synergy with different other hormones induce the various
morphological changes observed: with sex steroidsngdusilvering, with THs during
larval metamorphosis and with GH and TH during srfioétion (Figure 4).

4.4 Gonadotropic axis

As highlighted by several authors, the silvering predssalso characterized by gonadal
modifications (Lopez and Fontaine 1990; Fontaine &ndour 1991). Recent field
studies clearly demonstrated an increase in gonachwvaigl modifications of the oocyte
structure throughout the silvering process (Marchelidoal.e1999; Aroua et al. 2005;
Durif et al. 2005). In addition, measurement of sexuaetosds, estrogens (E2) and
androgens (T and 11-KT), in the plasma showed an iserbatween yellow and silver
stage A australis and A dieffenbachiiokman et al. 19984 anguilla Sbaihi et al. 2001;
Aroua et al. 2005A rostrata Cottrill et al. 2001 A japonica Han et al. 2003) (Figure 3).
All these results suggest that the gonadotropic @xgsipies an important position during
the silvering process.

To complete the analysis of this axis, our recentistudave focused on the two pituitary
hormones involved in the control of reproduction, thenagimtropins (luteinizing
hormone, LH and follicle-stimulating hormone, FSH) Aijaponica(Han et al. 2003), as
well as inA anguilla(Aroua et al. 2005), variation on mRNA levels of theha and the
beta subunits of the gonadotropins were observed ghaut silvering. InA japonica,
authors observed a concomitant increase in mRNA oflifferent subunits, L, FSH¢
and the glycoprotein alpha (&P (Han et al. 2003). IrA anguilla LH and FSH were
shown to be differentially expressed during the silvgmrocess, with an early increase
in FSH¢ expression and a late increase offLékpression (Aroua et al. 2005) (Figure 2).
These data suggest that FSH could play an earlyimollee activation of gonads, while
LH may have an important role later in the silveringgess. Indeed, a concomitance
exists between the increase in FSH expression amdstdrt of lipid incorporation in
oocytes (also called Oendogenous vitellogenesis@)) whggests that FSH could be
responsible for the initiation of lipidic vitellogenssiThe early increase in FSH may also
be responsible for the first increase in steroid produd®), observed in intermediate
eels. In contrast, the late increase in vitellogenig) (Masma levels, concomitant with the
late increase in LH expression, and the slight deeréad$-SH, suggests that LH may
participate in the induction of Vg production and iamtibn of the Oexogenous
vitellogenesisO. Similarly, LH may also participatettie second increase in sex steroid
levels, in silver eels.
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In summary, among the different pituitary hormones trexevetudied, the gonadotropins,
LH and FSH, showed the biggest variations durings#éetring.

4.5 Experimental induction of silvering changes

All these results clearly indicate that the gonadatr@xis is activated during silvering.
The interesting question is to understand if thisvation of the gonadotropic axis is
related to the OmetamorphicO changes observed ditrgrisition from yellow to silver
eel.

Previous studies on the induction of eel sexual m#tm showed an amplification of
anatomic changes observed during silvering (Pankhu@2&lb,c). Thus, morphological
changes observed during silvering such as increaseeofliayneter (Bo'tius and Larsen
1991), enhancement of silver-colour-body and decredsgut weight (Pankhurst and
Sorensen 1984) could be further induced by gonadotropatments (with human
chorionic gonadotropin or carp pituitary extracts).

Experimental data using exogenous sex steroids aagrgement with this involvement
of gonadotropic axis in the induction of silvering.riastudy showed that injections of
male silver European eels withf-methyltestosterone resulted in enlarged eye diameter,
increased skin thickness and darkened head and fimge(@u and Olivereau 1985).
Similarly, implants of testosterone induced an increafseye size in male silver eels
(Bo'tius and Larsen 1991). Moreover, a recent studymguilla australisshowed that
the external morphological changes such as the isered eye diameter or the
thicknening of the skin observed during silvering caoddinduced by 11KT (Rohr et al.
2001). Finally, in our recent studies, we showed ttresttment with testosterone induced
a decrease in the digestive tract-somatic indexgMad al. 2004; Aroua et al. 2005) and
an increase in ocular index (Aroua et al. 2005), wkif has no effect (Aroua et al.
2005). All these data suggest thia¢ silvering changes observed during our experiments
are androgen-dependerih contrast,we recently showed that 3-month-treatment of
yellow eels with thyroid hormone (T3) did not induagyahanges in ocular index and
digestive tract-somatic index (Aroua et al. 2005). deer, cortisol may have a
synergistic action with steroids in this complex psxeof eel silvering, as we
demonstrated that concomitant administration of EAnd cortisol was most efficient in
inducing the silvering of the skin in eels (Sbaih02D

All these data demonstrate the involvement of andregencrucial actors in the morpho-
physiological changes of eel silvering. This is imtrast to smoltification, in which a

precocious sexual maturation and sex steroid admitigirare able to inhibit/prevent
smoltification and downstream migration (masu salnlkata et al. 1987; Munakata et
al. 2001; amago salmon: Miwa and Inui 1986; Baltitnem: Lundqvist et al. 1988;

Atlantic salmon: Madsen et al. 2004).

5 Conclusions

All the external as well as internal modifications weing during eel silvering
have traditionally made scientists consider thisnexss a metamorphosis. However, as
reviewed here, eel silvering may be primarily inducedh®sygonadotropic axis. There is
an overall activation of this axis, with increases gohadotropins and sex steroids.
Moreover, exogenous sex steroids are able to inducpheeal morphological changes
observed during this secondary metamorphosis. Thigsleegard silvering as a pubertal
rather than a metamorphic event. The term Oprepubeay®rst used by our group, as,
during eel silvering, puberty is blocked and sexuatumaion only occurs during the
reproductive migration.

It is of great interest to note that while smoltificatiand silvering share many
similarities in term of morphological changes, the amthology of these two
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OsecondaryO metamorphoses drastically differs, witmajar involvement of different
neuroendocrine axes, the thyrotropic/somatotropic one sfooltification and the
gonadotropic one for silvering (Figure 4). This suggdsis ©secondaryO metamorphoses
may have been acquired independently, via differento@inte mechanisms, during
teleost evolution. The convergence between some mtogical (skin silvering, eye size
and pigments), metabolic and behavioural changes tefteat the control of the same
peripheral target organs (skin, eye, muscleE) and targeteg is exerted by different
hormonal receptors (thyroid hormone receptors in salneyaug androgen receptors in
the eel). This discovery suggests an independent tewmui of different endocrine axes
for the induction of secondary metamorphoses durirgpgtlevolution.

Other endocrine axes may participate in the contr@mitamorphosesO. This is
the case of the somatotropic and corticotropic axésaact synergy with the thyrotropic
axis (larval metamorphosis and smoltification) or wiile gonadotropic axis (silvering).
Further studies should aim mivestigating the neuroendocrine interactions contrglli
silvering, as well as the role of environmental anerimal factors in the mechanisms
leading to the activation of the gonadotropic axis.
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Figure legends

Figure 1 Types of development in fish (adapted from Youd@88).

Figure 2 Changes in pituitary hormone expression duringséeéring (after Aroua et al. 2005).
FSH=follicle-stimulating hormone; LH=luteinizing hmone; Alpha=glycoprotein alpha subunit;
GH=growth hormone; TSH= thyroid stimulating hormone

Figure 3 Changes in peripheral hormone plasma levels dugglgsilvering (after Aroua et al.
2005). E2=estradiol; T=testosterone; 11 KT=11 I|edtuisterone; T4=thyroxine;
T3=triidothyronine.

Figure 4 Hormonal control of metamorphoses in teleost fi§lmnadotropic axis controls eel
silvering, which should be considered as a OpuBeraent. Thyrotropic axis controls larval
metamorphosis in fish, as in amphibians. It alsotrds salmon smoltification in synergy with
somatotropic and corticotropic axes. Corticotrogiés acts in synergy with gonadotropic axis to
control eel silvering, with thyrotropic axis to dool larval metamorphosis and with both
thyrotropic and somatotropic axes to control salma@moltification. DA=dopamine;
GnRH=gonadotropin-releasing hormone; FSH=follidieaslating hormone; LH=luteinizing
hormone; = TSH=thyroid  stimulating hormone; SRIH=stwstatin;  T4=thyroxine;
T3=triiodothyronine; GH=growth hormone; IGFs=insulike growth factors; E2=estradiol;
T=testosterone; 11 KT=11 ketotestosterone; T4=tkipie T3=triidothyronine;
CRH=corticotropin releasing hormone; ACTH=cortiagtin. Target tissues include skin, eyes,
digestive tract, muscles, cardiovascular system etc
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3. Expression diffZrentielle des hormones gonadotropes au cours de la
maturation sexuelle expZrimentale et r'™Mles des stZresdexuels (article de

revue 6)

3.1. RZsumZ de IDarticle

Chez les anguilles europZennes m%oles et femelles, deshmitgonadotropes sont
capables de stimuler le dZveloppement gonadique et la productionrokelestZsexuels
endogenes. Nos Ztudes prZcZdentes, utilisant des dosages radioimmunologigiresent
que la maturation expZrimentale induisait une rZgulation positive desesrcZrZbraux et
hypophysaires en GnRH et du contenu hypophysaire en LH, chez les deux séxes. Gr
IOutilisation de dosages radioimmunologiques spZcifiques, qui discrifgaeftrmes de
GnRH prZsentes chez IOanguille (NGnRH et cGnRH-II), nous avooatdZ prZcZdemment
une rZgulation opposZe des deux peptides durant la maturation expZrinsemealene
rZgulation positive de la forme majoritaire, le mGnRH, mais nfiggilation nZgative de
cGNRH-II. Le clonage des sous-unitZs des gonadotropines, (EBH et la sous-unitZ
commune GP) chez IQanguille europZenne a permis la mesure spZcifiqueveiasx ni
dOARNmM. Une rZgulation diffZrentielle de IQexpression des sousiemigidmadotropines est
observZe pendant la maturation expZrimentale (Article 1), avefoieeaugmentation des
ARNm de LH, une plus faible augmentation des ARNm de" G& une diminution
significative des ARNm de FSH chez les femelles traitZes " IQextrait hypophysaire ge car
comme chez les m%les traitZs " la gonadotropine chorionique humaine.

Nos premieres Ztudes montraient que la castration supprimaignm®atation en
mMGNRH et LH chez les anguilles traitZes ~ |Qextrait hypophydmicarpe, indiquant quOun
rZtro-contr™le positif par les stZroedes gonadiques Ztait respateséblrZgulation positive
de mGnRH et de LH. Des expZriences utilisant des stZrosdesssexogenes ont confirmZ
ces rZsultats et ont dZmontrZ une rZgulation diffZrentielle des gopaust (Articles 1 et 3)
et des GnRHs par les oestrogenes et les androgenes. Destidng intrapZritonZales
dOoestradiol (E2), mais pas de testostZrone (T), sont caj@ridaire une augmentation de
la synthese de LH, un effet mZdiZ par une augmentation des niveaRNoiOde ses sous-
unitZs GP et LH! . Au contraire, aucun effet dOE2 nOest observZ sur les niveauxnd@ARN
FSH , alors quOun traitement avec T a un effet nZgatif signifiCatifcernant GnRH, un

rZtro-contr™|e positif Istrogene-dZpendant est exercZ sur mGn&Hr&tro-contr™le nZgatif

165



androgene-dZpendant sur cGnRH-II. Un effet potentialisateur de Tt stimulation par E2
des niveaux de LH et mGnRH est observZ, suggZrant un r™le synergigaehdemones.
Des Ztude# vitro sur des cultures primaires de cellules hypophysaires dOangitie (3)
dZmontrent que E2 nOa pas dOeffet stimulateur direct sur e m@ARNm de LHet
GP', ni sur la protZine LH, et suggerent que cette action passedsate par le contr™le
stimulateur de IOexpression de LH par GnRH. La rZgulation pasifeifigue de mGnRH et
LH durant la maturation expZrimentale est probablement relieur r™le possible dans
IOinduction des dernisres Ztapes de la gamZtogZnese (maturatiomioe@tybvulation chez
la femelle, et spermiation chez le m%.le). Des Ztudessfutavraient tenir compte de ces
donnZes et avoir pour but de trouver les stimuli internes et environtemecapables
dOinduire la ponte en faisant libZrer mGnRH et LH.

3.2. Texte de |Qarticle de revue 6: C Positive and negativatioegu of
endogenous brain gonadoliberins and pituitary gonadotropins during eel
artificial maturation. E Aroua S et al (sous presse) in @titigr and
Reproduction of the European eelO (G. van den Thillart, S. DufoRarRin,

eds), Springer Publisher.
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1. Introduction

At the start of the reproductive migrationmiards the Sargasso sea, silver eels are
still immature and remain blocked at this prepubestalge as long as migration is
prevented. To date, adult mature eels have never baeght and only experimental
treatments of silver eels with gonadotropic hormonesHad to the observation of
sexually mature animals (Fontaine 1936; Fontaineletl®4). The lack of sexual
maturation at the silver stage is due to a deficieatiyction of pituitary gonadotropins
(GtHs) @ufour et al. 1983 a and b). Stimulation of synthesid eelease of pituitary
gonadotropin in the silver eel could be induced bylgimed treatmentwith a GnRH-
agonist and a dopamine-antagonist, indicatingdhdauble neuroendocrine blockade was
responsible for the deficient pituitary gonadotropic fiorct a lack of endogenous
stimulation by GnRH due to a deficient production ofRE and a strong dopaminergic
inhibition of GNRH actionDufour et al. 1988, 1991 idal et al. 2004).

In vertebrates, it is well known that the gonadotrogloteinizing hormone, LH
and follicle stimulating hormone, FSH) are secretedh®ygonadotrophs in the anterior
pituitary under the control of the gonadoliberin (GnRH)dwuwed by the brain. The
gonadotropins act on the ovaries and testes to progateetogenesis and reproductive
function, and to stimulate the production of sex steyoin turn, gonadotropin secretion
and subunit gene expression are regulated by sexdseaoting either directly on the
gonadotrophs or indirectly by alterations of GnRH from llypothalamus (Gharib et al.
1990). This review will mainly focus on the differentieedbacks exerted by sex steroids
on the gonadoliberingonadotropins system in teleost fish (especiallyBtmpean eel).

2. GNRH system

To date, a total of 24 forms of GnRH have been iso)dtédn vertebrates (12 in
gnathostomes and 2 in lampreys) and 10 in invertebr@em tunicates and 1 in
molluscs) (for review: Gorbman and Sower 2003; Tsai 20@Bhough GnRH peptides
have not been isolated and sequenced from invertebeat@l structures, their presence
has been suggested in cnidarians (for review: Rastogl @002; Gorbman and Sower
2003; Tsai 2006; Twan et al. 2006). In common witeo neuropeptides GnRH peptides
are first synthesized as a large precursor (pre-proGnRiighvincludes a signal peptide
(around 20-25 residues), the biologically active depige GnRH, a cleavage tripeptide
(Glys-Lys-Arg) and the GnRH-Associated Peptide (GARuad 40-50 residues) (for
review: Somoza et al. 2002; Lethimonier et al. 2004).

The majority of gnathostomes possess two forms of GntREl:form in the
preoptic-hypothalamic system is species-specific laigtily variable, while the form in
the hindbrain is consistently the chicken Il form (cGnRK€onsidered as an ancestral
peptide (Muske 1993). The highest diversity has bessemwed in teleosts (8 GnRHs
isolated) (Table 1; Figure 1). In early teleosts suclhaseel (Elopomorphes), chicken
GnRH-Il coexists with mammalian GnRH (mGnRHpganese eeAnguilla japonica
Nozaki et al. 1985; European eghguilla anguilla: ing et al. 1990), a situation similar
to that found in other primitive Actinopterygii (for imstce inChondrostei such as
sturgeon). In most other teleost&GnRH-II coexists with salmon GnRH (sGnRH) (for
instance: Salmoniformegypriniformes and Osteoglossiformes)ith the exception of
Siluriformes where catfish GnRH (cfGnRH) is present. Irené¢eleosts, a third GhnRH
form (perciformes and rockfish: sbGnRH; medaka: mdGnRHeferrey: pjGnRH)
coexists with cGnRH-1l and sGnRH. Interestingly, in mpriamitive species, the herring
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(clupeiforme) and the whitefish (salmoniforme), a third forns &bkso identified (herring:
hrGnRH; whitefish: wfGnRH), which also coexists wtGnRH-1l and sGnRH.

In the European eel, a first immunocytochemical studh® brain distribution of
GnRH neurons has been performed using antibodies reaogall forms of GnRH (ah
et al. 1989). Two GnRH molecular forms, similar to mardemaGnRH (mMGnRH) and to
chicken GnRH-II (cGnRH-II), were then demonstrated by HRgrformance Liquid
Chromatography (HPLC) and specific radioimmunoassay (RIAhg et al. 1990). A
differential distribution of these two forms was shownthe brain and the pituitary of
silver eels (RIA using specific antiser®ufour et al. 1993 immunocytochemistry:
Montero et al. 1994). By RIA, we first showed that mGnkRMels were higher than
cGnRH-II levels in the pituitary, olfactory lobes aradt di- and mes-encephalon, while
the opposite was found in the posterior part of thenb(miet- and myel-encephalon)
(Dufour et al. 1993). These distributiomere confirmed by our immunocytochemistry
study in which mGnRH and cGnRH-Il appeared to be peed by distinct neurons:
mGnRH by neurons from olfactory bulbs, the nucleus aif&tinalis, the ventral
telencephalon, the preoptic area and the hypothalamhike cGnRH-1l was produced in
a few neurons in the midbrain tegmentum (Montero €t394) (Figure 2). All these data
suggest differential physiological roles for the two GnRéims in the eel. The
occurrence of two GnRH forms in the eel brain was confirimgdhe isolation of their
cDNAs and genes in theapanese eel kubo et al. 1999a,b). In addition, this study
demonstrated the occurrence of three splicing varidrntseomessenger RNA coding for
mGnRH, revealing further diversity of mGnRH potential so#d regulation ( kubo et
al. 1999a,b). e are currently investigating the distribution and ragah of mGnRH
and cGnRH-II precursors in the European eekltzien, Dufour and cworkers, in the
frame of the Norway-France international cooperation).

The mGnRH molecular form, as found in the eel, is ¢imuo have first appeared
in evolution in early-emerged bony fish gteichthyes) based on evidence from two
species ofChondrostei (reedfish and sturgeon), one species ofyrnugli (gar) and one
species of HalecomorphAgia)(for review: ONeill et al. 1998), as well as two species
of primitive Teleostei (eels and butterfly fish). Theegtion of the existence of an
undiscovered third GnRH form in the eel, in additiomtGnRH and cGnRH-II, has been
addressed using phylogenetic approaches. Some aufhérsho and Aida 2001)
postulate that if only two GnRH forms occur in priméiteleosts such as eel and arowana
(osteoglossiforme), then the eel prepro-mGnRH and theaara prepro-sGnRH should
share high homologpecause they would be orthologues. In contrast, asghare low
homology meaning they would rather be paralogues,atitbors suggest that a gene
duplication giving rise to mGnRH and sGnRH occurretbbe the emergence of teleosts
and that a third form of GnRH may still be found in & ( kubo and Aida 2001).

ther authors (ONeill et al. 1998) postulate that there was a isufiist replacement in
the mGnRH gene after the eels evolved resulting instBaRH gene, based on the
presence of sGnNRH in four members of osteoglossifor@stefglossum bicirrosum,
Xenomystus nigri, Gnathonemus petersii, Chitalaathjt

GnRH peptides bind to protein G-coupled receptors (&} composed of an
extracellular N-terminal region (30-40 amino acids), a@gda seven amino acid
transmembrane domain (280-290 amino acids), and a sytmplasmicC-terminal tail
(30-50 amino acids). ithin the teleost lineage, two main types of GnRH-@&r{ted type
| and type Il) could exist, each of which may includerZ subtypes (Lethimonier et al.
2004). hile the two types of GnRH-R in mammals have distiselectivity, all the
teleost types of GhnRH-R have a higher affinity for cGnRRHellowed by sGnRH and a
third endogenous GnRH form (Lethimonier et al. 2004)e Ttwo types of GnRH
receptors have been identified in thepanese eel ( kubo et al. 2000), and also in
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goldfish (llling et al. 1999; Peter et al. 2003), Africzatfish (Tensen et al. 1997; Bogerd
et al. 2002) and pufferfish dmoto et al. 2001). The situation may be still marmplex,
asrecently, five different subtypes of GnRH-R were deteateshasu salmon ( odo et al.
2003), in the spotted green pufferfiletraodon nigroviridis(lkemoto and Park 2005)
and in European sea bass (Moncaut et al. 2005), whiiée forms have been reported in
medaka (kubo et al. 2001; kubo et al. 2003) and tilapia (Soga et al. 2005).theo
species, up to now, only one type of GnRH-R was repoftainbow trout: type II:
Madigou et al. 2000; striped bass: type I: Alok et2000). Further studies aiming at
cloning and characterizing GnRH-R types and eventuiatlypes in the European eel are
clearly needed.

3. Gonadotropins

As in other vertebrates, the teleost pituitary secretesgonadotropins (GTHSs),
follicle-stimulating hormone (FSH, formerly designated@TH I in fish) and luteinizing
hormone (LH, formerly GTH Il in fish). GTHs are heterodimagigcoproteins composed
of a common! subunit and a hormone-specificsubunit. ur recent study in the eel
using in situ hybridization demonstrated that LH and FSH were esgmg@ by separate
cells in the proximal pars distalis of the pituitary li8ttz et al. 2005). In other teleost
species, they are also produced in different cellsenpituitary (salmonids: Nozaki et al.
1990a; Naito et al. 1993; tunaagawa et al. 1998; tilapia: Melamed et al. 1998hgad
sea bream: Garcia Ayala et al. 2003; halibutltzien et al. 2004; zebrafish: So et al.
2005). This distinct cellular source for the two GTHgdleosts may facilitate the distinct
regulation of gonadotropin synthesis and secretioncdntrast, in mammals, it was
demonstrated that FSH and LH were expressed by the ganadotropic cell&Childs et
al., 1986 Liu et al., 1988). LH and FSH subunits as well as the common glycoprotein
subunit (Gp ) have been cloned in the European eelZrat et al. 1990a,b; Schmitz et al.
2005) as well as in the Japanese eel (Nagae e9@bal. Measurement of their mMRNA
indicated that FSH increased at the early steps of the silvering procskge LH"
increased strongly later in the silvering process (Ewopeel: Aroua et al. 2005;
Rousseau et al. this book).

Fish gonadotropins act via binding to two gonadahagimtropin receptors,
homologous to mammalian LH receptor (LH-R) and FSH rexef-SH-R). In contrast
to the situation in mammals, the interactions atehighly specific (for review: Bogerd et
al. 2005). Indeed, the catfish FSH-R is highly respansov both catfish LH and FSH
(Bogerd et al. 2001; Vischer et al. 2003), while the Rht rather specific to LH (Vischer
and Bogerd 2003). The same situation is observed io salmon (Miwa et al. 1994; Yan
et al. 1992). However, studies in zebrafish (Kwolale2005), amago salmon (Oba et al.
1999 a,b) and sea bass (Rocha et al. 2007) showedShaR was specific to FSH, while
LH-R was activated by both LH and FSH. Two types ohadotropin receptors,
respectively homologous to other teleost LH-R and FRShiave been recently cloned in
the Japanese eel (Jeng et al. 2007). Measurement iofotle@ian mRNA levels by
absolutequantitative real time RPCR indicated that FSH-R expressisras much
higher (50-fold) than that of LH-R in the previtellogeréel ( eng et al. 2007). In
immature male Atlantic salmon, FSH-R transcripts ase ahore abundant (8-fold) than
LH-R ones (Maugars and Schmitz 2007). Maturation erpents in the eel indicated that
human chorionic gonadotropin, a LH-like hormone, wamhle to induce ovarian
development, which can be triggered by fish pituiextract. This suggests that eel FSH-
R may have a strong specificity and does not recognaemalian gonadotropin.ur
future investigations will aim at cloning European gehadotropin receptors and further
characterizing gonadotropin receptor selectivity ingbkeQufour, Chang and egorkers
in the frame of the Taiwan-France international coafen).
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4. Sex steroids

As in other vertebrates, the androgen, testosterone (fhanestrogen, estradiol
(E2) are present in teleost fish. In addition, 11-oxygeth androgens, especially 11-
ketotestosterone (117) are also detected (Borg 1994). In mature male parr atdren
anadromous males, 11-ketotestosterone was even founel the predominant androgen
in the plasma (Mayer et al. 199@omparedwith adult mammals, the brain of most
teleost fish is characterized by an extremely highaceéyp to aromatize androgens into
estrogens, because of exceptionally high levels of atase and of high aromatase
activity (Callard et al. 1978Pasmanik andCallard 1985 for review: Pellegrini et al.
2005). nique among vertebrates, teleost fish possess iihiss estrogen receptor (ER)
subtypes (ERalpha, ER betal, ER bet@&)antic croaker,Micropogonias undulatus
Hawkins et al. 2000; zebrafish: Bardet et al. 200®b@w trout: Menuet et al. 2002;
goldfish: Choi and Habibi 2003European sea bass: Halm et al. 2004; fathead minnow
Pimephales promelagilby and Tyler 2005; sea bream: Pinto et al. 200@/0 androgen
receptors (AR alpha and AR beta) have been identifigte eel (Ikeuchi et al. 1999) as
in many teleosts (for reviewDouard et al. 2004)Different studies shwoed the
interdependence between androgen or estrogen receptbi@@natase in the brain of
teleosts (for review: Pellegrini et al. 2005), with daniemporal patterns.

Low levels of androgens (mainly testosterone and T)-are detected in the
plasma of male silver eel&uropean eel: han et al. 1987;apanese eel: Miura et al.
1991). Androgen production by eel testis is greatlynstated during experimental
maturation induced by @G (European eel: Khan et al. 1987; Japanese eel aid
Tanaka 1997; Japanese eel: Miura et al. 1981the female eel, plasma levels of T, 11-
KT and E2 significantly increase between the preloigenic (yellow) and early
vitellogenic (silver) stages as shownAnguilla anguilla (Sbaihi et al. 2001; Aroua et al.
2005) as well as in other eel spedfés australisanddieffenbachi Lokman et al. 1998;
A. rostrata Cottrill et al. 2001;A. japonica Han et al. 2003). Further increase in
androgens and in E2 levels are observed during expdameraturation induced by
gonadotropic (fish pituitary extract) treatmeifteloup-Hatey et al. 1988; Peyon et al.
1997). The similarity in plasma levels of androgens estdadiol is a remarkable feature
in the female eel, likely related to androgen-speciigulations, as discussed . Our
recent study in Japanese eel showed that eel iaimadase has a low activity compared
to enzymatic activity in other teleosts (Jeng eR@05). This allows, in the eel, androgen-
specific actions to be exerted, not only by non-arawahte androgens such as 11-KT but
also by aromatizable androgens, such as testostehooerdingly, testosterone-specific
and estradiol-specific actions were found in the ead Edow).For the moment, no data
is available concerning which androgen and/or estrogegptor(s) is involved in the sex
steroid feedbacks observed in the eel, on brain GnRids pétuitary gonadotropins.
However, concerning androgen receptors, in the Japaeésmly AR alpha is expressed
in the hypothalamus (brain) (Ikeuchi et al. 1999).

5. Effects of sexual maturation on eel endogenous
brain-pituitary gonadotropic axis

5.1 Effects on gonadoliberins

As we mentioned before, silver eels remain blockedpaepubertal stage as long
as migration towards the Sargasso sea is preventedtoamdate, only experimental
treatments of silver eels have led to the observatiosexually mature animals (male
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European eel: Fontaine 1936; female European eelaf@nét al. 1964). Based on these
pioneer experiments in the European eel, similar treasnéhCG in males and fish
pituitary extract in females) have been since currenthpleyed to induce sexual
maturation (gametogenesis and steroidogenesis) in gagispeciefAnguilla japonica
Yamauchi et al. 1976; Ohta et al. 19@nguilla rostrata Edel 1975; Sorensen and Winn
1984;Anguilla dieffenbachiiTodd 1979; Lokman and Young 2000).the female, long-
term treatment with carp pituitary extract stimulate@r@an vitellogenesis, leading to a
gradual increase in gonado-somatic index, which msdalp to 30-40% after several
months, an index much higher than in control eels-2%8 (Fontaine et al. 1964; Dufour
et al. 1989, 1993; Schmitz et al. 2005; Durif e28l05).

Our firststudies, employing antibodies recognizing all form&aRH, indicated
a positive effect of experimental sexual maturationtaal GnRH level in the brain of
female or male silver eels (males treated with hC@ famales with estradiol: Dufour et
al. 1985; females treated with pituitary extract: Dufeural. 1989). This effect was even
more marked in the pituitary, reflecting the accumaolatnf GnRH in the axonal endings,
which are directly innervating the adenohypophysithm eel as in other teleosts. These
data were confirmed by immunocytochemical obserwaifah et al. 1989), which
indicated a strong accumulation of GnRH peptide enghuitary and, in particular, in the
axonal endings of the hypophysiotropic neurons. More@astration was able to abolish
the increase in brain and pituitary GnRH content, Whiclicates that gonadal hormones
are responsible for this positive effect (Dufour et aB9)9 Later on, using specific RIAs
for each native form of GnRH in the eel, we could perfonore specific analyses of the
effect of experimental maturation on mGnRH and cGnRHWe were able to
demonstrate an opposite regulation of the two formk aitincrease in mGnRH levels in
the brain and pituitary, whereas a decrease in cGnReéiAls in the brain was found,
cGnRH-II levels being not detectable by RIA in the péty (Dufour et al. 1993). This
opposite regulation suggests that mGnRH and cGnRH&il grastically different roles
during eel sexual maturation, and that mGnRH wouldy pa major role in the
neuroendocrine control of pituitary gonadotropins.

A differential regulation of the two GnRH forms was algbserved in the
goldfish and the salmon, with an increase in sGnRiHMot cGnRH-II in the anterior
brain and in the pituitary during natural sexual matarat(Amano et al. 1992;
Rosenblum et al. 1994). In (masu) salmon brain, sGnRtégare activated long before
sexual maturation (Ando et al. 2001). In the stripedsh the levels of the two most
abundant forms in the pituitary, sbGnRH and cGnRHaldréased during the autumn and
peaked prior to (for cGnRH-II) and during (for sbGnRH) theuradtbreeding season in
March to May (Holland et al. 2001).

In sea and striped bass, pituitary GnRH-R gene expreggicgases according to
maturation (Alok et al. 2000). Similarly, in masu saimehe different GhnRH-R genes
were shown to vary with the season and after a GnRiagmaatment (Jodo et al. 2005).
Even though we may also expect an increase in @ituGnRH-R during eel induced
maturation, direct data on the regulation of eel GAR&re missing.

5.2 Effects on gonadotropins

In the European eel, our early studies, using heterabbgadioimmunoassay for
carp LH" subunit, showed a large increase in pituitary LH eonin artificially matured
eels, namely in females treated with carp pituitatyaet or in males treated with human
chorionic gonadotropin (Dufour 1985). The effect of canuitary extract on pituitary
LH content was prevented by ovariectomy (Dufour efl@89), and the production of sex
steroids was stimulated after GtH treatment in maléha(K et al. 1987) and
experimentally matured female eels (Leloup-Hateyl.et288). These data suggested the
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