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Principales abrŽviations 

11-KT: 11-kŽtotestostŽrone 

CA: catŽcholamine 

DA: dopamine  

DHP: 17! ,20" -dihydroxy-4-pregen-3-one 

DHT : dihydrotestostŽrone 

E2 : oestradiol 

EIA -  ELISA: dosage immuno-enzymatique 

F : Cortisol 

FSH : hormone folliculo-stimulante (follicle-stimulating hormone) 

FSH"  : sous-unitŽ "  de la FSH 

GH : hormone de croissance (growth hormone) 

GnRH : gonadolibŽrine (gonadotropin-releasing hormone) 

GP : hormone glycoprotŽique 

GP!  : sous-unitŽ !  des hormones glycoprotŽiques 

hCG : gonadotropine chorionique humaine 

IGF : facteur de croissance de type insuline (insulin-like growth factor) 

IO : index oculaire 

LH : hormone lutŽinisante (luteinizing hormone) 

LH"  : sous-unitŽ !  de la LH 

HPLC : chromatographie liquide haute pression 

NA : noradrŽnaline  

NPOav : noyau prŽoptique antŽroventral 

POA : aire prŽoptique 

PRL : prolactine 

qrt RT-PCR: PCR quantitative en temps rŽel 

RIA: dosage radio-immunologique  

RGS - GSI : rapport gonadosomatique (Poids des gonades / Poids total du corps) 

RTDS Ð DSI : rapport tractus digestif-somatique (Poids du tractus digetif/ Poids total du corps) 

T : testostŽrone 

T3 : triiodothyronine 

T4 : thyroxine 

TSH : hormone thyrŽostimulante (thyroid-stimulating hormone) 

TH : tyrosine hydroxylase 

Vtg : vitellogŽnine 
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I. INTRODUCTION GENERALE 

 

 

 

1. PrŽsentation du mod•le : lÕanguille europŽenne 

 

1.1. Cycle biologique de lÕanguille  

 

LÕanguille appartient au super-ordre des Elopomorphes, lui-m•me Žtant compris dans le 

taxon des TŽlŽostŽens (Figue 1). Les Elopomorphes prŽsentent un dŽveloppement indirect 

avec un stade larvaire particulier : la larve leptocŽphale. 

Chez lÕanguille europŽenne, les larves leptocŽphales nŽes dans la rŽgion de la mer des 

Sargasses (Schmidt, 1922 ; Wang and Tzeng, 2000) traversent lÕAtlantique, portŽes par les 

courants. Au cours de cette traversŽe, dont la durŽe varie selon les auteurs de 6 ˆ 9 mois pour 

les estimations les plus courtes (Lecomte-Finiger, 1992 ; Arai et al, 2000) jusquÕˆ plusieurs 

annŽes pour les plus longues (2-3 ans pour Schmidt, 1922 ; 2-7 ans pour Van Utrecht et 

Holleboom, 1985), les larves vont cro”tre et accumuler des rŽserves. ArrivŽes au niveau du 

plateau continental, les larves leptocŽphales reconnaissables par leur aspect caractŽristique en 

Ç feuille de saule È se transforment et deviennent des civelles, cÕest la mŽtamorphose larvaire 

(Schmidt, 1909) (Figure 2). En plus des spectaculaires changements morphologiques, cette 

mŽtamorphose sÕaccompagne Žgalement dÕimportants changements physiologiques et 

comportementaux (pour revue : Otake, 2003). Les civelles qui ont maintenant une apparence 

proche de celle de lÕadulte vont petit ˆ petit se pigmenter et seront alors appelŽes anguillettes 

(Elie et al, 1982). Elles vont Žgalement acquŽrir un rŽel comportement de migration et 

coloniser les eaux continentales o• va dŽbuter une longue phase de croissance.  
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Figure 1: PhylogŽnie des tŽlŽostŽens. 1: tŽlŽostŽens; Sous-Ordres: 2: OstŽoglossomorphes; 3: ElopocŽphales; 4: 
Elopomorphes; 5: Clupeocephales; 6: Clupeomorphes; 7: EutŽlŽostŽens; 8: Ostariophysi; 9: Neognathes; 10: 
Acanthomorphes; 11: Euacanthomorphes; 12: Holacanthopterigiens; 13: ParacanthoptŽrygiens; 14: Acanthopterygiens; 15: 
Euacanthopterigiens; 16: Percomorphes; 17: Atherinomorphes; 18: TŽtraodontiformes; Familles: A: Osteoglossidae; B: 
Mormyridae; C: Elopidae; D: Anguillidae; E: Saccopharhyngidae; F: Engraulidae; G: Clupidae; H: Esocidae; I: 
Cypriniformes; J: Siluriformes; K: Salmoniformes; L: Lampridiformes; M: Polymyxiiformes; N: Lophiiformes; O: 
Gadiformes; P: Stephanoberyciformes; Q: ZŽiformes; R: Beryciformes; S: Atherinidae; T: BŽloniformes; U: 
GastŽrostŽiformes; V: Perciformes; W: Scorpeniformes; Balistidae; Y: Diodontidae; Z: Molidae; ¯: Pleuronectiformes 
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A ce stade, les anguilles appelŽs Ç anguilles jaunes È vont essentiellement cro”tre et 

accumuler les rŽserves ŽnergŽtiques nŽcessaires ˆ la maturation sexuelle future et ˆ la 

migration de reproduction (Van Ginneken and Van den Thillart, 2000 ; Van den Thillart et al, 

2004 ; Van Ginneken et al, 2005). CÕest Žgalement au cours de ce stade quÕintervient la 

diffŽrenciation sexuelle (Colombo et al, 1984 ; Beullens et al, 1997) mais le dŽveloppement 

des gonades ne se produira que bien plus tard, au moment de la migration de reproduction. 

Apr•s une pŽriode plus ou moins longue (de quelques annŽes ˆ plus de 20 ans) en fonction 

des latitudes, des Žcosyst•mes et du sexe des individus (Bertin, 1951 ; Vollestad, 1992 ; Melia 

et al, 2006), les anguilles jaunes vont rŽaliser une Ç seconde mŽtamorphose È appelŽe 

argenture (Figure 2). LÕargenture consiste en un ensemble de transformations morphologiques 

(par exemple, la livrŽe prenant une coloration argentŽe caractŽristique des poissons 

pŽlagiques), physiologiques (par exemple, le dŽveloppement des cellules ˆ chlorure dans les 

branchies prŽparant les animaux au passage en eau de mer) et comportementaux (passage 

dÕun mode de vie sŽdentaire ˆ un comportement de migration et dŽbut de  leur phase de ježne) 

(Lecomte-Finiger, 1990 ; Fontaine, 1994 ; Durif et al, 2005). Ces modifications, qui 

prŽadaptent les anguilles ˆ une vie ocŽanique, marquent le dŽbut de la migration de 

reproduction (Figure 2). 

 
Figure 2: Cycle biologique de lÕanguille. 
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Les anguilles argentŽes quittent alors les cours dÕeau et retournent vers leur lieu de 

ponte ocŽanique. Cette partie du cycle est aujourdÕhui encore inconnue. La migration se 

faisant probablement ˆ grande profondeur, aucun individu argentŽ nÕa pu •tre capturŽ ou suivi 

au-delˆ du talus continental. Or, cÕest au cours de la migration ocŽanique et en prŽsence de 

facteurs environnementaux particuliers (pression : SŽbert et al, 2007 ; activitŽ motrice : Van 

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

 

1.2. Maturation expŽrimentale  

 

Actuellement, toutes les informations concernant cette pŽriode de la vie de lÕanguille 

proviennent dÕexpŽrimentations. En effet, les anguilles argentŽes dont la migration a ŽtŽ 

emp•chŽe restent bloquŽes ˆ un stade prŽpub•re (Dufour et al, 2003). Les expŽrimentateurs 

ont donc tr•s t™t essayŽ dÕaccŽder aux stades ultŽrieurs de dŽveloppement et dÕinduire la 

maturation sexuelle ˆ lÕaide de traitements hormonaux.  

Les premiers travaux rendant compte dÕune stimulation de la gamŽtogen•se chez 

lÕanguille se sont dŽroulŽs dans notre laboratoire au MusŽum National dÕHistoire Naturelle : 

apr•s des injections dÕextrait dÕurine de femme enceinte ˆ des anguilles m‰les, Fontaine 

(1936) observe une stimulation de la spermatogen•se compl•te et lÕŽmission des gam•tes. 

Chez la femelle, la premi•re maturation gonadique a ŽtŽ obtenue par le m•me groupe et 

induite par des injections dÕextraits hypophysaires de carpe (Fontaine et al, 1964).  

Ces travaux prŽcurseurs vont •tre la base de toutes les expŽrimentations visant ˆ induire 

le dŽveloppement gonadique chez les diffŽrentes esp•ces dÕanguilles (A. anguilla, A. 

japonica, A. rostrata, A. australis, A. dieffenbachi) (pour revue : Dufour et al, 2003). Depuis, 

ces techniques ont ŽtŽ utilisŽes et ont permis lÕobtention des premi•res larves chez lÕanguille 

japonaise (Yamamoto et Yamauchi, 1974 ; Yamauchi et al, 1976) ; des larves qui, 

aujourdÕhui, peuvent •tre maintenues jusquÕˆ 200 jours en aquarium et qui rŽalisent leur 1•re 

mŽtamorphose (Pour revue : Tanaka, 2003). Cependant, les taux de rŽussite de la reproduction 

sont tr•s faibles et lÕensemble des Žtapes est encore mal ma”trisŽ.  

Les expŽriences de maturation ont Žgalement permis de dŽmontrer que lÕarr•t du 

dŽveloppement gonadique au stade argentŽ chez les anguilles dont on a emp•chŽ la migration, 

nÕŽtait pas le rŽsultat dÕun manque de sensibilitŽ des gonades. Des travaux ultŽrieurs rŽalisŽs 

par lÕŽquipe ont montrŽ par des techniques de dosage RIA que le blocage au stade argentŽ 

Žtait dž ˆ un dŽficit en hormones gonadotropes endog•nes (Dufour et al, 1983b). 
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2. Les hormones gonadotropes 

 

La reproduction, phŽnom•ne universel qui assure la pŽrennitŽ des esp•ces en 

transmettant lÕinformation gŽnŽtique dÕune gŽnŽration ˆ lÕautre, est le rŽsultat chez les 

vertŽbrŽs dÕune cascade dÕŽv•nements contr™lŽe par un axe neuroendocrinien appelŽ lÕaxe 

gonadotrope. LÕaxe gonadotrope des vertŽbrŽs met en jeu trois organes principaux : le cerveau 

qui joue le r™le de Ç chef dÕorchestre È en compilant les informations provenant de 

lÕenvironnement (tempŽrature, luminositŽÉ) et celles provenant de lÕorganisme 

(accumulation suffisante des rŽservesÉ); les gonades qui sont le lieu de fabrication des 

gam•tes, et lÕhypophyse qui a un r™le de charni•re entre les deux prŽcŽdents organes. 

Au niveau hypophysaire, deux hormones vont avoir la charge de transmettre 

lÕinformation cŽrŽbrale et contr™ler le dŽveloppement gonadique : ce sont les hormones 

gonadotropes hypophysaires ou gonadotropines.  

 

2.1. Structures 

 

Les hormones gonadotropes hypophysaires, lÕhormone lutŽinisante (LH= Luteinizing 

Hormone) et lÕhormone folliculo-stimulante (FSH= Follicle Stimulating Hormone) 

appartiennent ˆ la famille des hormones glycoprotŽiques dans laquelle on retrouve Žgalement 

les gonadotropines chorioniques (CG) et la thyrotropine (TSH= Thyroid Stimulating 

Hormone). Chez les vertŽbrŽs, les gonadotropines sont des protŽines hŽtŽrodimŽriques 

(Papkoff et Samy, 1967) richement glycosylŽes, constituŽes de deux sous-unitŽs : 

 

- La sous-unitŽ !  : elle est commune aux diffŽrentes hormones glycoprotŽiques pour 

une m•me esp•ce. 

 

- La sous-unitŽ "  : elle est spŽcifique de chacune des hormones glycoprotŽiques et 

cÕest elle qui conf•re aux hormones leur spŽcificitŽ dÕaction.  

 

Les deux sous-unitŽs, dont les repliements sont maintenus par des ponts disulfures, sont 

associŽes lÕune ˆ lÕautre par des liaisons non covalentes. De plus, la cristallographie de la CG 

humaine a permis de mettre en Žvidence une sorte de Ç ceinture de sŽcuritŽ È formŽe par la 

partie C terminale de la sous-unitŽ "  qui enserre la sous-unitŽ !  (Lapthorn et al, 1994). La 



 6 

molŽcule ainsi formŽe va •tre capable dÕinteragir spŽcifiquement avec son rŽcepteur 

(Combarnous et al, 1997).  

 

Chez les poissons, la mise en Žvidence des gonadotropines et de leur structure a ŽtŽ plus 

tardive. Apr•s quelques tentatives de purification chez le saumon (Otsuka, 1956) et le gardon 

(Breton, 1968), la premi•re hormone gonadotrope purifiŽe a ŽtŽ obtenue chez la carpe par 

Burzawa-Gerard (1971). Cette hormone est capable de stimuler chez le m‰le, la 

spermatogen•se et la spermiation et chez la femelle, lÕovogen•se et lÕovulation (pour revue : 

Fontaine, 1980).  

Des travaux sÕintŽressant ˆ la structure biochimique de cette hormone gonadotrope de 

carpe (cGTH) ont ŽtŽ rŽalisŽs et ont permis de mettre en Žvidence deux sous-unitŽs, SU I et 

SU II (Burzawa-Gerard, 1974) dont les sŽquences partielles en acides aminŽs ont ŽtŽ 

dŽterminŽes (Jolles et al, 1977). La comparaison de ces sous-unitŽs avec celles obtenues pour 

les gonadotropines mammaliennes montre de fortes identitŽs de sŽquence entre la sous-unitŽ 

SU I de la cGTH et les sous-unitŽs !  mammaliennes dÕune part et entre la sous-unitŽ SU II de 

la cGTH et les LH"  mammaliennes dÕautre part (Jolles et al, 1977). Par la suite, des Žtudes 

immunologiques rŽalisŽes ˆ lÕaide dÕimmunosŽrums dirigŽs contre lÕhormone enti•re (cGTH) 

ou ses sous-unitŽs (SU I=cGTH!  ou SU II=cGTH" ) ont permis la mise en Žvidence de 

ressemblances antigŽniques entre la cGTH!  et les sous-unitŽs !  bovine et ovine ainsi 

quÕentre la cGTH"  et la LH"  bovine (Burzawa-Gerard et al, 1980) ; de plus, davantage de 

ressemblances antigŽniques Žtaient trouvŽes entre la cGTH"  et la LH"  quÕavec la FSH"  

suggŽrant que la cGTH Žtait une hormone de type LH. Enfin, la rŽalisation de protŽine 

hybride active associant une sous-unitŽ !  mammalienne ˆ une GTH"  de carpe a confortŽ 

lÕidŽe de parentŽ entre les sous-unitŽs des hormones gonadotropes de poissons et de 

mammif•res (Marchelidon et al, 1979). La GTH de tŽlŽostŽen Žtant capable dÕinduire 

lÕensemble du dŽveloppement gonadique, il a alors ŽtŽ supposŽ que chez les tŽlŽostŽens, seule 

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

 

LÕidŽe dÕune hormone gonadotrope unique chez les poissons a ŽtŽ bousculŽe avec la 

mise en Žvidence dÕune seconde gonadotropine chez le saumon (Suzuki et al, 1988a). Par la 

suite, la prŽsence de deux gonadotropines a ŽtŽ dŽmontrŽe chez un nombre croissant 

dÕesp•ces et, comme suggŽrŽs par les travaux de QuŽrat et ses coll•gues, la dualitŽ des 

gonadotropines semble •tre un caract•re Žtabli chez les gnathostomes (QuŽrat et al, 2001). Le 
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clonage et la comparaison des sŽquences confirment la parentŽ entre les LH mammaliennes et 

de tŽlŽostŽens ainsi qu Ôentre les FSH mammaliennes et de tŽlŽostŽens (Figure 3). Cependant, 

chez les tŽlŽostŽens, les donnŽes concernant la FSH sont encore relativement peu nombreuses.  

 

 

 

Figure 3 : Arbre phylogŽnŽtique des sous-unitŽs "  des glycoprotŽines. Arbre rŽalisŽ ˆ partir des 
sŽquences nuclŽotidiques selon les mŽthodes Neighbor-Joining (Neighbor) et de parcimonie maximale (PAUP) (QuŽrat et al, 
2000). 
 

Chez lÕanguille europŽenne, les ADNc codant pour les sous-unitŽs !  (QuŽrat et al, 

1990a), LH"  (QuŽrat et al, 1990b) et TSH"  (Salmon et al, 1993) des hormones 

glycoprotŽiques avaient dŽjˆ ŽtŽ clonŽes. Dans cette th•se, nous nous sommes attachŽs ˆ la 

caractŽrisation de la sous-unitŽ FSH"  (article 1). 
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2.2. Mode dÕaction des hormones gonadotropes 

 

Les hormones gonadotropes vont agir au niveau de tissus cibles via des rŽcepteurs 

transmembranaires appartenant ˆ la famille des rŽcepteurs couplŽs aux protŽines G. Les 

rŽcepteurs sont constituŽs de 3 partie distinctes (pour revue : Vassart et al, 2004): 

- Une rŽgion N-terminale riche en leucine constituant le domaine extracellulaire. Celui-

ci est responsable de la spŽcificitŽ et de la haute affinitŽ de liaison ˆ lÕhormone. 

- Une rŽgion responsable de lÕancrage de la protŽine dans la membrane, mais Žgalement 

impliquŽe dans la liaison du ligand et dans les mŽcanismes de transmission du signal. 

Cette rŽgion comprend 7 domaines transmembranaires, 3 boucles extracellulaires et 3 

boucles intracellulaires. 

- Une rŽgion C-terminale  intracellulaire couplŽe ˆ la protŽine G et impliquŽe dans la 

transduction du signal. 

 

Chez les mammif•res, de nombreux travaux se sont intŽressŽs ˆ la spŽcificitŽ du 

complexe hormone Ð rŽcepteur. En effet, chacune des hormones glycoprotŽiques va agir au 

niveau de Ç ses cellules cibles È via un rŽcepteur spŽcifique : les rŽcepteurs ˆ FSH (FSH- R), ˆ 

TSH (TSH-R) et ˆ LH/CG (LH-R). Lors de la formation du complexe hormone Ð rŽcepteur, 

les deux sous unitŽs des gonadotropines vont avoir un r™le ˆ jouer : la sous unitŽ !  de 

lÕhŽtŽrodim•re interagit le plus largement avec le rŽcepteur, mais cÕest la sous-unitŽ "  qui 

Ç autorise È ou non la liaison au rŽcepteur (Pour revue : Combarnous et al, 1997). La 

modification de conformation entra”nŽe par la liaison de lÕhormone ˆ son rŽcepteur permettra 

alors lÕactivation dÕune des sous-unitŽs de la protŽine G associŽe. Ainsi commence la 

transduction intracellulaire du signal qui se termine par lÕexpression de g•nes spŽcifiques 

(enzymes de la stŽro•dogŽn•se, facteurs de croissanceÉ).  

 

Chez les tŽlŽostŽens, les premiers travaux sÕintŽressant aux modes dÕaction de 

Ç lÕhormone gonadotrope È au niveau gonadique ont ŽtŽ rŽalisŽs dans les annŽes 80 et ont mis 

en Žvidence des sites de liaison spŽcifique ˆ lÕhormone sur des prŽparations membranaires 

(saumon : Salmon et al, 1984 ; Schultz et al, 1985 ; truite : Breton et al, 1986 ; anguille : 

Salmon et al, 1987). Par la suite, la mise en Žvidence des deux gonadotropines et leur 

purification ont permis avec des techniques similaires de dŽmontrer dans lÕovaire du saumon 

coho, lÕexistence de deux rŽcepteurs (Yan et al, 1992) montrant une moins grande spŽcificitŽ 
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de liaison que chez les mammif•res : le rŽcepteur de type I est capable dÕinteragir avec la 

GTH I (FSH) mais aussi, avec une moindre affinitŽ, la GTH II (LH) ; le rŽcepteur de type II 

est, lui, tr•s spŽcifique et nÕinteragit quÕavec la GTH II (LH). 

Le dŽveloppement des techniques de biologie molŽculaire ont ensuite permis le clonage 

des rŽcepteurs, dÕabord chez le saumon amago (Oba et al, 1999a et b) puis chez de nombreux 

autres tŽlŽostŽens : poisson-chat (Bogerd et al, 2001 ; Kumar et al, 2001a, b ; Vischer et 

Bogerd, 2003), poisson z•bre (Laan et al, 2002 ; Kwok et al, 2005), saumon (Maugars et 

Schmitz, 2006), anguille (Jeng et al, 2007), bar (Rocha et al, 2007), truite (Sambroni et al, 

2007), flŽtan (Kobayashi et Andersen, 2008). LÕanalyse et la comparaison des sŽquences des 

rŽcepteurs aux gonadotropines chez les poissons et les mammif•res montrent quÕils sont 

homologues (Oba et al, 2001) (Figure 4).  

 

Figure 4 : Arbre phylogŽnŽtique des rŽcepteurs des glycoprotŽines. Arbre rŽalisŽ ˆ partir des 
sŽquences en acides aminŽs (Sambroni et al, 2007). 
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La spŽcificitŽ des rŽcepteurs a ŽtŽ testŽe chez diffŽrentes esp•ces en Žtudiant la liaison 

des gonadotropines recombinantes (LH et FSH) avec les rŽcepteurs recombinants homologues 

(LH-R et FSH-R) exprimŽs dans des lignŽes cellulaires. Chez le poisson-chat (Vischer et al, 

2003) et le poisson z•bre (So et al, 2005), les rŽsultats montrent que FSH-R est capable 

dÕinteragir avec la FSH mais Žgalement avec la LH, alors que LH-R est tr•s spŽcifique et ne 

rŽpond quÕˆ une stimulation par la LH. Chez la truite (Sambroni et al, 2007), les rŽcepteurs 

montrent une plus grande spŽcificitŽ, FSH-R ne rŽpondant quÕˆ la FSH et LH-R quÕˆ la LH.  

En ce qui concerne lÕanguille, les deux rŽcepteurs aux hormones gonadotropes ont ŽtŽ 

clonŽs partiellement chez lÕanguille japonaise (Jeng et al, 2007). Leurs sŽquences ont ŽtŽ 

comparŽes ˆ celles obtenues chez diffŽrents tŽlŽostŽens et mammif•res ; les rŽsultats montrent 

que lÕun appartient au groupe des FSH-R et lÕautre au groupe des LH-R (Jeng et al, 2007). Le 

clonage complet des rŽcepteurs et lÕobtention de rŽcepteurs recombinants permettrait 

dÕŽtudier leurs spŽcificitŽs de liaison.  

 

3. Fonctions des gonadotropines 

 

Les hormones gonadotropes hypophysaires ont pour site dÕaction les gonades. Organes 

situŽs dans la cavitŽ abdominale, les gonades ont deux r™les majeurs: la synth•se et la 

maturation des gam•tes (spermatogŽn•se ou ovogŽn•se) et la synth•se de facteurs de 

croissance et de stŽro•des sexuels (stŽro•dogŽn•se). LÕensemble de ces Žv•nements est 

regroupŽ sous le nom de maturation gonadique et est sous le contr™le majeur des deux 

hormones gonadotropes hypophysaires, LH et FSH.  

 

3.1. Chez le m‰le 

 

a. Mammif•res 

 

Chez le m‰le, il existe une compartimentation de la gonade avec un Ç site È de 

fabrication des gam•tes, les tubes sŽminif•res et un Ç site È responsable de la sŽcrŽtion des 

hormones m‰les, la glande interstitielle.  

Dans les tubes sŽminif•res, les cellules germinales sont Žtroitement associŽes aux 

cellules de Sertoli, grande cellule pyramidale qui sÕŽtend sur toute la hauteur de lÕŽpithŽlium 

sŽminif•re. Celles-ci vont avoir plusieurs r™les : un r™le protecteur envers les cellules 
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germinales et un r™le de Ç nettoyage È en phagocytant les cellules dŽgŽnŽrescentes. Elles vont 

Žgalement intervenir dans la maturation et la migration des gam•tes. LÕensemble de ces 

actions de la cellule de Sertoli sont sous le contr™le dÕune des deux hormones gonadotropes, 

la FSH. En effet, la cellule de Sertoli exprime ˆ sa surface des rŽcepteurs ˆ la FSH et 

diffŽrentes Žtudes ont permis de mettre en Žvidence le r™le clŽ de cette hormone dans le 

Ç dŽmarrage È de la spermatogŽn•se ˆ la pubertŽ (pour revue : McLachlan, 2000) et dans le 

maintien de la qualitŽ de celle-ci au cours de la vie adulte (pour revue : McLachlan, 2000 ; 

Dadoune et Demoulin, 2001). De plus, la cellule de Sertoli est capable de synthŽtiser un 

ensemble de facteurs entrant en jeu dans la communication intra-testiculaire tels que 

lÕinhibine ou lÕactivine (pour revue : de Kretser et al, 2004), et a Žgalement un r™le 

stŽro•dog•ne Žtant capable de transformer la testostŽrone en oestradiol gr‰ce ˆ une aromatase. 

Dans la glande interstitielle, cÕest-ˆ-dire les tissus localisŽs entre les tubes sŽminif•res, 

on trouve les cellules stŽro•dog•nes nommŽes cellules de Leydig. Celles-ci sont 

principalement sous le contr™le de la LH et sont capables de synthŽtiser la testostŽrone ˆ partir 

de cholestŽrol. Elles vont Žgalement synthŽtiser un ensemble dÕautres facteurs ayant des r™les 

aussi bien autocrine, comme lÕIGF-I (Insulin-like growth factor 1), que paracrine comme 

lÕocytocine ou la vasopressine. 

La maturation gonadique est donc le rŽsultat dÕun contr™le hypophysaire par les 

hormones gonadotropes et dÕune communication Žtroite entre cellule de Leydig Ð cellule de 

Sertoli Ð cellules germinales dans le testicule. 

 

b. TŽlŽostŽens 

 

Chez les tŽlŽostŽens, le testicule peut avoir deux structures diffŽrentes. Une structure 

dite lobulaire est la plus rŽpandue : les cellules germinales sont disposŽes tout le long des 

tubes sŽminif•res (Legendre et Jalabert, 1988). Une structure dite tubulaire peut etre 

rencontrŽe chez certaines esp•ces : les cellules germinales sont exclusivement retrouvŽes dans 

lÕextrŽmitŽ aveugle des tubes sŽminif•res. 

 

Comme chez les mammif•res, le testicule des tŽlŽostŽens est compartimentŽ avec un 

Ç site È de fabrication des gam•tes (tubes sŽminif•res) et un Ç site È responsable de la 

sŽcrŽtion des hormones m‰les (glande interstitielle). Dans les tubes sŽminif•res, on retrouve 

des cellules de Sertoli et des cellules germinales qui, chez les tŽlŽostŽens, se dŽveloppent ˆ 

lÕintŽrieur de cystes (Weltzien et al, 2004). Dans ces cystes, les cellules germinales vont 
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prolifŽrer et se dŽvelopper de mani•re synchrone sous le contr™le de diffŽrents facteurs 

jusquÕˆ lÕobtention des spermatozo•des. Comme chez les mammif•res, les cellules de Sertoli 

sont Žtroitement liŽes aux cellules germinales et sont soumises ˆ des rŽgulations par la FSH. 

En effet, les cellules de Sertoli poss•dent ˆ leur surface des FSH-R (Miwa et al, 1994, Oba et 

al, 2001). La FSH est impliquŽe dans la prolifŽration mais Žgalement dans lÕactivation des 

cellules de Sertoli et induit la synth•se dÕun ensemble de facteurs (Nagahama, 2000).  

Entre les tubes sŽminif•res se trouvent les cellules de Leydig qui sont le lieu de 

production des androg•nes. Cette production, impliquŽe ˆ la fois dans la gamŽtogen•se et 

dans le dŽveloppement des caract•res sexuels secondaires (Borg, 1994) semble, comme chez 

les mammif•res, •tre sous le contr™le de la LH (Miwa et al, 1994, Oba et al, 2001). En plus de 

la testostŽrone (T), la cellule de Leydig va synthŽtiser un stŽro•de spŽcifique des tŽlŽostŽens, 

la 11-kŽtotestostŽrone (11-KT). 

Les travaux prŽcurseurs de Miura et ses collaborateurs (1991) chez lÕanguille japonaise 

ont permis de mettre en Žvidence le r™le jouŽ par la 11-KT au cours de la spermatogen•se. En 

effet, les seules cellules germinales prŽsentes dans le testicule dÕanguille m‰le maintenue en 

captivitŽ sont les spermatogonies. Une seule injection de hCG chez ces m‰les est capable 

dÕinduire une spermatogen•se compl•te, cÕest-ˆ-dire comprenant tous les stades de la 

spermatogonie au spermatozo•de (Miura et al, 1991a) et de mani•re concomitante une 

ŽlŽvation des taux plasmatiques de 11-KT. Pour tester lÕhypoth•se dÕune action possible de la 

11-KT dans la spermatogen•se, les auteurs ont mis au point une technique de culture in vitro 

de fragments testiculaires, et ils observent, lorsque les fragments sont cultivŽs dans un milieu 

contenant de la 11-KT, une spermatogen•se compl•te (Miura et al, 1991b). Ces effets de la 

11-KT sur la spermatogen•se ne sont nŽanmoins pas retrouvŽs chez tous les poissons. Chez la 

truite arc-en-ciel, la 11-KT semble nÕinduire aucun effet sur les spermatogonies de fragments 

testiculaires en culture (Loir, 1999). 

Chez les tŽlŽostŽens, comme chez les mammif•res, la spermatogen•se rŽsulte dÕun 

Ç dialogue È Žtroit entre les diffŽrents compartiments du testicule contr™lŽ par les hormones 

gonadotropes hypophysaires. 
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3.2. Chez la femelle  

 

a. Mammif•res 

 

Chez la femelle, la gonade est constituŽe dÕune mŽdulla centrale innervŽe et 

vascularisŽe et dÕun cortex pŽriphŽrique o• sont stockŽs et o• vont se dŽvelopper les 

follicules. Le fonctionnement de lÕovaire sÕorganise autour des follicules comprenant une 

cellule germinale entourŽe de cellules folliculaires. Chez les mammif•res, un stock de 

follicules est rŽalisŽ pendant la vie fÏtale, ceux-ci vont rester quiescents jusquÕˆ lÕentrŽe en 

pubertŽ o• le dŽveloppement folliculaire, aussi appelŽ folliculogen•se va commencer (pour 

revue : Driancourt et al, 2001). Cette folliculogen•se se dŽroule en plusieurs Žtapes qui 

connaissent diffŽrents contr™les.  

 

La folliculogen•se peut se dŽcomposer en 2 phases (pour revue : Driancourt et al, 2001 ; 

Mermillod, 2001):  

 

- La premi•re phase correspond ˆ la sortie dÕun certain nombre de follicules de la 

rŽserve et ˆ leur dŽveloppement prŽcoce. Durant cette phase, les follicules vont cro”tre 

par augmentation du diam•tre ovocytaire et par multiplication des cellules folliculaires 

formant la granulosa. Puis, le follicule va atteindre un Žtat supŽrieur dÕorganisation 

avec la mise en place en pŽriphŽrie de deux couches cellulaires constituant les th•ques 

interne et externe. Cette phase semble se rŽaliser sans lÕintervention des 

gonadotropines. En effet, chez la ratte ou la brebis hypophysectomisŽe, on observe 

dans les gonades, des follicules Žvoluant jusquÕau stade prŽantral.  

 

- La seconde phase correspond au dŽveloppement folliculaire terminal. Il co•ncide chez 

la femme avec la phase folliculaire du cycle et est fortement dŽpendant des 

gonadotropines. Au cours de cette phase, deux Žv•nements ont lieu :  

 

1) Le recrutement : Les follicules ayant atteint une taille suffisante et Žtant 

capable de rŽpondre ˆ la FSH vont poursuivre leur dŽveloppement et Žvoluer 

de fa•on synchrone, les autres vont rŽgresser et entrer en atrŽsie.  
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2) La sŽlection : Cette Žtape intervient au milieu de la phase folliculaire au 

moment o• les taux circulant de FSH commencent ˆ baisser. Le ou les 

follicules dominants sont sŽlectionnŽs et vont poursuivre leurs dŽveloppements 

jusquÕˆ lÕovulation.  

 

Au cours du dŽveloppement folliculaire terminal, les gonadotropines interviennent ˆ 

diffŽrents niveaux. La FSH va exercer son action au niveau des cellules de la 

granulosa via son rŽcepteur et induire la synth•se de peptides (activine, inhibine et 

follistatine, protŽines de liaison aux IGFs) et lÕactivitŽ aromatase. Apr•s la sŽlection, 

la FSH stimule en plus lÕexpression des rŽcepteurs de la LH dans les cellules de la 

granulosa (Figure 5).  

La LH, elle, exerce son action sur les cellules de la th•que, y favorisant la synth•se des 

androg•nes. En fin de phase folliculaire, lors de la rŽponse ˆ la dŽcharge ovulante, elle 

intervient sur les cellules de la granulosa et permet la maturation ovocytaire (Figure 

5).  

 

Les gonadotropines ont donc un r™le clŽ dans le contr™le de la maturation du follicule 

chez les mammif•res. NŽanmoins, des facteurs locaux vont Žgalement intervenir au cours de 

la folliculogen•se et agir en collaboration avec les gonadotropines (Pour revue : Driancourt et 

al, 2001 ; Mermillod, 2001 ;Webb et al, 2004).  

 

b. TŽlŽostŽens 

 

Chez les tŽlŽostŽens, les ovaires sont compartimentŽs par des replis des tissus ovariens 

formant les lamelles ovig•res. Dans les lamelles se trouvent des ovogonies, des ovocytes et 

des follicules en cours de dŽveloppement. Contrairement ˆ ce qui est observŽ chez les 

mammif•res, dans lÕovaire des tŽlŽostŽens, le nombre de follicules nÕest pas fini ; en effet, les 

ovogonies sont capables de renouveler le stock par division cellulaire (pour revue : Jalabert, 

2005). 

Chez les femelles ovipares, lÕovocyte a la particularitŽ de contenir une grande quantitŽ 

de rŽserves qui serviront par la suite au dŽveloppement de lÕembryon et de la larve. Ces 

rŽserves sont accumulŽes au cours du processus de vitellogen•se. Celui-ci se compose de 

deux phases:  
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- La vitellogen•se endog•ne ou prŽvitellogen•se : Elle se caractŽrise par lÕincorporation 

de gouttelettes lipidiques ˆ lÕintŽrieur du cytoplasme ovocytaire. 

 

- La vitellogen•se exog•ne : Elle se caractŽrise par lÕincorporation dÕune 

lipoglycophosphoprotŽine, la vitellogŽnine (Vtg) par lÕovocyte. La Vtg est produite 

par le foie sous le contr™le de E2 et libŽrŽe dans la circulation sanguine. Apr•s liaison 

ˆ son rŽcepteur, la Vtg est endocytŽe par lÕovocyte. 

 

Apr•s cette pŽriode de croissance et avant lÕovulation, lÕovocyte est le lieu dÕun 

ensemble de modifications (fin de la premi•re division de mŽ•ose et entrŽe mŽtaphase de la 

deuxi•me division) regroupŽe sous le nom de maturation ovocytaire.  

 

LÕensemble du processus de folliculogen•se est sous le contr™le des gonadotropines, 

mais le r™le de chacune des hormones reste encore controversŽ. Chez les salmonidŽs, lÕŽtude 

des profils dÕexpression des gonadotropines et de leurs rŽcepteurs ont conduit les auteurs ˆ 

suggŽrer une action de la FSH au cours de la croissance  folliculaire alors que la LH 

interviendrait au moment de la maturation finale et de lÕovulation (Pour revue : Nagahama, 

2000 ; Jalabert, 2005). En ce qui concerne la stŽro•dogŽn•se, les deux hormones sont capables 

de stimuler in vitro la production de E2 et T dans des follicules intacts de saumon (Planas et 

al, 2000). Les gonadotropines agiraient pour cela via leurs rŽcepteurs respectifs localisŽs pour 

les FSH-R dans les cellules de la th•que et de la granulosa et pour les LH-R dans les cellules 

de la granulosa (coho salmon :Yan et al,1992 ; Miwa et al, 1994) (Figure 5).  
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Figure 5 : Comparaison des follicules ovariens et de lÕexpression par les cellules folliculaires des 
rŽcepteurs aux gonadotropines (LH-R et FSH-R). Chez les mammif•res, les fonctions de LH et FSH sur les 
cellules folliculaires sont assez bien connues. En revanche, chez les tŽlŽostŽens, les r™les des gonadotropines reste encore ˆ 
dŽterminer.  

 

 

4. Contr™le de la production des gonadotropines 

 

Capables de contr™ler lÕŽtat de dŽveloppement des gonades, les hormones gonadotropes 

vont •tre soumises ˆ de strictes rŽgulations. Leurs synth•se et sŽcrŽtion sont contr™lŽes par 

deux voies diffŽrentes: le contr™le cŽrŽbral qui exerce son action directement au niveau des 

cellules gonadotropes hypophysaires, et le contr™le pŽriphŽrique (exercŽ principalement par 

les gonades mais Žgalement par dÕautres organes) qui peut intervenir ˆ diffŽrents niveaux, 

directement au niveau des cellules gonadotropes hypophysaires ou indirectement via le 

contr™le cŽrŽbral.  
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4.1. Contr™le cŽrŽbral  

 

4.1.1. La gonadolibŽrine 

 

La gonadolibŽrine ou gonadotropin-releasing hormone (GnRH) est une neurohormone 

isolŽe dans les annŽes 70 ˆ partir dÕhypothalamus de porc et de mouton (Matsuo et al, 1971, 

Amos et al, 1971). Cette neurohormone, composŽe de 10 acides aminŽs (dŽcapeptide), a ŽtŽ 

dŽcrite par Schally et ses collaborateurs comme un stimulateur aussi bien in vivo que in vitro 

de la sŽcrŽtion des hormones gonadotropes, LH et FSH, chez les mammif•res (Schally et al, 

1971). Suite ˆ ces travaux, un nombre important dÕŽtudes sÕintŽressant ˆ ce neuropeptide ont 

ŽtŽ rŽalisŽes chez les mammaliens comme chez les non-mammaliens permettant la mise en 

Žvidence des diffŽrentes caractŽristiques du syst•me GnRH. 

 

4.1.1.1. Structure  

 

Depuis la purification de la GnRH mammalienne (mGnRH) en 1971, un grand nombre 

de variants ont ŽtŽ caractŽrisŽs et, ˆ ce jour, 24 formes diffŽrentes de GnRH ont ŽtŽ dŽcrites 

dont quatorze sont prŽsents chez les vertŽbrŽs (pour revue : Kah et al, 2007).  

Chez les vertŽbrŽs, toutes les formes sont synthŽtisŽes sous la forme dÕun long 

prŽcurseur, le prŽproGnRH, qui se compose dÕun peptide signal, dÕun peptide biologiquement 

actif (GnRH), dÕun tripeptide de clivage et dÕun peptide nommŽ GAP (GnRH-associated 

peptide). 

La comparaison des sŽquences des diffŽrents variants connus montre quÕil existe 3 types 

de GnRH, chacun codŽ par un g•ne diffŽrent mais avec une structure conservŽe (4 exons et 3 

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

 

- Le type 1 comprend les prŽcurseurs de diffŽrents variants peptidiques (mammalian 

GnRH, guinean pig GnRH, frog GnRH, sea bream GnRH, medaka GnRH, 

herringGnRH, whitefish GnRH, catfish GnRH, chicken GnRH I) selon les esp•ces. 

Cette forme, exprimŽe dans le cerveau antŽrieur, joue un r™le majeur dans le syst•me 

hypophysiotrope. CÕest ˆ cette forme que nous nous rŽfŽrons dans notre travail. 
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- Le type 2 comprend les prŽcurseurs de la chicken GnRH II. Chez tous les vertŽbrŽs 

ŽtudiŽs, elle est exprimŽe dans la rŽgion du mŽsencŽphale rostral. 

 

- Le type 3 comprend les prŽcurseurs de la salmon GnRH. Cette forme, exprimŽe dans 

le cerveau antŽrieur de certains tŽlŽostŽens, participe au contr™le hypophysiotrope. 

(pour revue : Oka, 2002). 

 

Chez lÕanguille, deux formes de GnRH ont ŽtŽ retrouvŽes dans le cerveau : mGnRH et 

cGnRH II (King et al, 1990). DÕabord mise en Žvidence chez lÕanguille europŽenne par des 

techniques biochimiques (HPLC) et immunologiques (RIA) (King et al, 1990), les ADNc 

codant pour les prŽcurseurs des deux formes mGnRH et cGnRH II ont par la suite ŽtŽ clonŽs 

chez lÕanguille japonaise (Okuba et al, 1999). 

 

4.1.1.2. Lieu de synth•se et action de la GnRH hypophysiotrope 

 

a. Chez les mammif•res 

 

La GnRH est synthŽtisŽe par des neurones localisŽs dans lÕhypothalamus mŽdio-basal 

(pour les primates) et dans lÕaire prŽoptique (pour les non primates) (pour revue : Caldani et 

Caraty, 1997). Ces neurones, isolŽs ou en petits groupes, projettent leurs axones vers 

lÕŽminence mŽdiane o• le dŽcapeptide est libŽrŽ. La neurohormone parvient ˆ ses cibles se 

trouvant dans lÕhypophyse antŽrieure ou adŽnohypophyse par la voie du syst•me porte 

hypothalamo-hypophysaire. Il consiste en un premier rŽseau de capillaires traversant 

lÕŽminence mŽdiane, un vaisseau porte descendant la tige pituitaire et un second rŽseau de 

capillaires irriguant lÕadŽnohypophyse (pour revue : Taragnat, 2001).  

Au niveau de la cellule gonadotrope, qui chez les mammif•res est capable de synthŽtiser 

ˆ la fois LH et FSH, la GnRH exerce son action via un rŽcepteur transmembranaire 

appartenant ˆ la famille des rŽcepteurs couplŽs aux protŽines G (pour revue : Millar et al, 

2004). Comme les autres rŽcepteurs de cette famille, il poss•de 7 rŽgions hydrophobes qui 

correspondent aux domaines transmembranaires. Ceux-ci contribuent ˆ la formation de trois 

boucles extracellulaires entrant en jeu lors de la reconnaissance du ligand et de trois boucles 

intracellulaires nŽcessaires ˆ la transduction du signal (pour revue : Stojilkovic et al, 1994 ; 

Millar et al, 2004).  
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Chez les mammif•res, deux types de rŽcepteurs ont ŽtŽ clonŽs (pour revue : Kah et al, 

2007) : 

 

- Le rŽcepteur ˆ GnRH de type I : Il ne poss•de pas de Ç queue È cytoplasmique ˆ son 

extrŽmitŽ C-terminale. Cette particularitŽ du rŽcepteur ˆ GnRH mammalien a conduit 

certains auteurs ˆ suggŽrer un r™le de lÕextrŽmitŽ C-terminale dans lÕinternalisation et 

la dŽsensibilisation (Pawson et al, 1998 ; McArdle et al, 2002). Cette forme a ŽtŽ 

clonŽe chez lÕhomme et certains mammif•res. 

 

- Le rŽcepteur de type II : Cette forme qui possŽde une queue C-terminale a ŽtŽ clonŽe 

chez certains mammif•res et les vertŽbrŽs non-mammaliens. Elle serait absente chez 

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

 

Chez les mammif•res, la GnRH est dŽlivrŽe par les neurones hypothalamiques sous 

forme de pulses dont la frŽquence va varier en fonction du moment du cycle. Les 

gonadotropines, synthŽtisŽes par la m•me cellule hypophysaire, vont avoir des sensibilitŽs 

diffŽrentes ˆ la frŽquence des pulses de GnRH : la FSH rŽpond ˆ des frŽquences lentes de 

GnRH alors que la LH est synthŽtisŽe pour des frŽquences rapides. De plus, on observe 

Žgalement pour la LH une vraie sŽcrŽtion pulsatile compl•tement corrŽlŽe ˆ celle de la GnRH, 

ce qui nÕest pas le cas pour la FSH (pour revue : Counis et al, 2001).  

 

b. Chez les tŽlŽostŽens 

 

Chez les tŽlŽostŽens, lÕaxe hypothalamo-hypophysaire diff•re de celui des mammif•res 

sur plusieurs points (Figure 6).  

Des Žtudes rŽalisŽes par immunohistochimie ou hybridation in situ chez diffŽrentes 

esp•ces ont permis de localiser les neurones ˆ GnRH hypophysiotropes. Ils sont dŽtectŽs au 

niveau du tŽlencŽphale ventral et de lÕaire prŽoptique (Pour revue : Lethimonier et al, 2004). 

Contrairement ˆ ce qui a ŽtŽ observŽ chez les mammif•res, il nÕy a pas de syst•me vasculaire 

porte hypothalamo-hypophysaire chez les tŽlŽostŽens. Les neurohormones sont libŽrŽes 

directement au contact des cellules cibles. Des travaux neuroanatomiques rŽalisŽs chez le 

poisson rouge (immunocytochimie, traceur rŽtrograde) ont permis de mettre en Žvidence une 

innervation directe de lÕadŽnohypophyse par les neurones ˆ GnRH (Anglade et al, 1993). Des 
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observations similaires ont ŽtŽ faites chez le poisson-chat (Dubois et al, 2000) et le gourami 

(Yamamoto, 2003).  

La GnRH agit au niveau des diffŽrents types de cellules gonadotropes (chez les 

tŽlŽostŽens, LH et FSH sont exprimŽes dans des cellules diffŽrentes) via un rŽcepteur ˆ GnRH 

de type II (avec une queue C-terminale) (pour revue : Kah et al, 2007). 

Chez lÕanguille europŽenne, une Žtude par immunocytochimie avait permis de localiser 

les neurones ˆ mGnRH et ˆ cGnRH II (les deux seules formes retrouvŽes chez lÕanguille). Les 

corps cellulaires des neurones ˆ mGnRH ont ŽtŽ observŽs dans les bulbes olfactifs, le 

tŽlencŽphale, lÕaire prŽoptique et lÕhypothalamus mediobasal ; les neurones ˆ cGnRH II ont 

ŽtŽ localisŽs dans le mŽsencŽphale (Montero et al, 1994). Cette distribution diffŽrentielle des 

corps cellulaires ˆ mGnRH et cGnRH a ŽtŽ confirmŽe par les dosages des ARNm de leurs 

prŽcurseurs respectifs par PCR quantitative en temps rŽel (SŽbert et al, sous presse). Chez 

lÕanguille, les dosages radioimmunologiques et les Žtudes immunocytochimiques ont montrŽ 

que la GnRH hypophysiotrope majeure est la forme mGnRH, mais que quelques fibres ˆ 

cGnRH II innervent aussi lÕhypophyse (Dufour et al, 1989 ; Montero et al, 1994 ; Montero et 

al, 1995). 

 

4.1.2.  La dopamine 

 

En plus du contr™le cŽrŽbral positif exercŽ sur les hormones gonadotropes par la GnRH, 

des Žtudes rŽalisŽes chez les tŽlŽostŽens montrent lÕexistence dÕun contr™le cŽrŽbral inhibiteur 

(Figure 6). Les premiers travaux mettant en Žvidence ce contr™le nŽgatif ont ŽtŽ rŽalisŽs chez 

le poisson rouge par Peter et Paulencu (1980). Apr•s des expŽriences de lŽsions cŽrŽbrales, les 

auteurs ont pu observer une augmentation des taux plasmatiques en LH (dŽcharge ovulante) et 

des ovulations. Ces rŽsultats ont conduit les auteurs ˆ proposer lÕexistence dÕun contr™le 

inhibiteur des gonadotropines appelŽ, dans un premier temps, Ç GRIF È (gonadotropin-release 

inhibiting factor) (Peter et Paulencu, 1980). Par la suite, des Žtudes ˆ la fois in vivo et in vitro 

ont permis dÕidentifier le GRIF comme Žtant la dopamine (Kah et al, 1987).  

 

La dopamine (DA) est un neuromŽdiateur synthŽtisŽ ˆ partir de lÕacide aminŽ tyrosine. 

Elle fait partie de la famille des catŽcholamines. Chez les vertŽbrŽs, o• lÕorganisation des 

syst•mes catŽcholaminergiques au niveau central est assez bien conservŽe, les neurones 

dopaminergiques sont distribuŽs dans lÕensemble du cerveau (Smeets et Gonzalez, 2000).  
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Les neurones dopaminergiques impliquŽs dans le contr™le des gonadotropines chez les 

tŽlŽostŽens sont localisŽs dans lÕaire prŽoptique antŽrieure et Žmettent des projections jusque 

dans lÕhypophyse (poisson rouge : Kah et al, 1987 ; Anglade et al, 1993 ; anguille : Vidal et 

al, 2004 ; Weltzien et al, 2006). La dopamine va agir sur les cellules hypophysaires 

gonadotropes via un rŽcepteur de type D2 (pour revue : Peter et al, 1986 ; Pasqualini et al, 

2004). 

 

 

 

 

 

Le contr™le nŽgatif des gonadotropines par la DA, dÕabord mis en Žvidence chez le 

poisson rouge a, par la suite, ŽtŽ caractŽrisŽ chez de nombreux tŽlŽostŽens (poisson-chat : De 

Leeuw et al, 1986 ; carpe et loche chinoise : Lin et al, 1988 ; truite arc-en-ciel : Saligaut et al, 

1999 ; tilapia : Yaron et al, 2003) et semble avoir un r™le important en fin de gamŽtogen•se 

pour le contr™le de la maturation ovocytaire et lÕovulation chez la femelle et la spermiation 

chez le m‰le. Ces observations ont permis, en aquaculture, le dŽveloppement de la mŽthode 

dÕinduction de lÕovulation Ç Linpe È qui consiste en une injection dÕun antagoniste de la 

dopamine associŽ ˆ un agoniste de la GnRH (Peter et al, 1988). NŽanmoins, certaines esp•ces 

de tŽlŽostŽens semblent dŽpourvues de ce contr™le inhibiteur exercŽ par la dopamine (tambour 

brŽsilien : Copeland et Thomas, 1989 ; daurade royale : Zohar et al, 1995).  

 

JusquÕˆ aujourdÕhui, le r™le de la dopamine dans le contr™le de la pubertŽ nÕa ŽtŽ ŽtudiŽ 

que chez quelques esp•ces (pour revue : Dufour et Rousseau, 2007). Chez lÕanguille 

Figure 6 : Comparaison du contr™le cŽrŽbral des gonadotropines et de la jonction 
hypothalamo-hypophysaire chez les mammif•res et chez les tŽlŽostŽens. Chez certains tŽlŽostŽens, en 
plus du contr™le stimulateur par la GnRH, les gonadotropines sont soumises ˆ un contr™le inhibiteur exercŽ par la DA. Chez 
les mammif•res, la GnRH est libŽrŽe dans le syst•me porte hypothalamo-hypophysaire et va agir au niveau de la cellule 
gonadotrope synthŽtisant ˆ la fois LH et FSH. Au contraire, chez les tŽlŽostŽens, les neurohormones (GnRH et DA) 
agissent directement au niveau des deux types cellulaires gonadotropes. 
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europŽenne (bloquŽe ˆ un stade prŽpub•re lorsque la migration est emp•chŽe), diffŽrents 

travaux ont montrŽ lÕimportance du syst•me dopaminergique dans le contr™le de la synth•se 

et de la libŽration de la LH (Dufour et al, 1988 ; Vidal et al, 2004). Le syst•me 

dopaminergique jouerait Žgalement un r™le dans lÕinitiation de la pubertŽ chez le platax 

atlantique (Chaetodipterus faber) o• une baisse des taux de monoamines hypothalamiques a 

ŽtŽ observŽe en dŽbut de pubertŽ (Marcano et al, 1995). Enfin, une rŽcente Žtude rŽalisŽe chez 

le mulet (Mugil cephalus) sugg•re Žgalement un r™le du syst•me dopaminergique dans le 

contr™le de la pubertŽ ; les auteurs ayant observŽ une diminution de lÕexpression des 

rŽcepteurs dopaminergiques de type D2 dans le cerveau et lÕhypophyse au cours du processus 

pubertaire (Nocillado et al, 2007). En revanche, il a ŽtŽ montrŽ chez le bar amŽricain que la 

DA nÕintervenait pas dans le contr™le des gonadotropines au moment de lÕinitiation de la 

pubertŽ (Holland et al, 1998). 

 

Chez un grand nombre de tŽlŽostŽens, la synth•se et la sŽcrŽtion des gonadotropines 

sont donc sous un double contr™le cŽrŽbral exercŽ par deux neurohormones, lÕune stimulatrice 

(GnRH) et lÕautre inhibitrice (dopamine) (pour revue : Dufour et al, 2005). 

 

4.1.3.  La kisspeptine  

 

Produit du g•ne kiss-1, la kisspeptine (aussi nommŽ mŽtastine) a dans un premier temps 

ŽtŽ caractŽrisŽe comme un suppresseur de mŽtastases des mŽlanomes (Lee et al, 1996). Les 

diffŽrents produits du g•ne provenant dÕun Žpissage alternatif (kisspeptine-54 : Ohtaki et al, 

2001 ; kisspeptine-14, kisspeptine-13 et kisspeptine-10 : Kotani et al, 2001) et le rŽcepteur 

(GPR54 : Kotani et al, 2001 ; Muir et al, 2001 ; Ohtaki et al, 2001) ont par la suite ŽtŽ 

identifiŽs.  

CÕest en 2003 que sont reportŽes les premi•res donnŽes concernant un r™le du syst•me 

Kiss-1/GPR54 dans le contr™le de la reproduction. Trois groupes ont simultanŽment dŽcrit les 

effets de knock-out (chez la souris : Seminara et al, 2003 ; Funes et al, 2003) et de mutation 

(chez lÕhumain : de Roux et al, 2003) du g•ne GPR54, rŽcepteur de la kisspeptine. Ils ont 

observŽ que lorsque le g•ne GPR54 Žtait absent ou mutŽ, les individus (souris ou humains) 

nÕŽtaient pas capables de faire leur pubertŽ, leurs appareils reproducteurs Žtaient 

hypoplasiques, les concentrations en stŽro•des sexuels et en gonadotropines (LH et FSH) 

Žtaient faibles et les individus stŽriles. 
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Ces rŽsultats rŽvŽlaient lÕimplication du syst•me Kiss-1/GPR54 dans le dŽclenchement 

de la pubertŽ et donc le contr™le de lÕaxe reproducteur. A travers diffŽrentes Žtudes, les 

auteurs ont donc cherchŽ ˆ comprendre o• et comment le syst•me intervenait. 

 

Seminara et ses collaborateurs ont montrŽ, chez la souris KO pour le g•ne GPR54 

(GPR54 -/-), que le contenu cŽrŽbral en GnRH reste normal et que les cellules gonadotropes 

sont capables de rŽpondre ˆ une stimulation par de la GnRH exog•ne (Seminara et al, 2003). 

De plus, il a ŽtŽ montrŽ chez ces m•mes souris GPR54 -/- que lÕanatomie, la localisation et les 

projections des neurones GnRH vers lÕŽminence mŽdiane Žtaient normales (Messager et al, 

2005). Ces rŽsultats permettaient de suggŽrer que les perturbations observŽes chez ces souris 

nÕŽtaient le fait ni dÕun dŽfaut de migration des neurones ˆ GnRH, ni dÕun dŽfaut de 

fonctionnement de lÕaxe hypothalamo-hypophysaire mais plus probablement le fait dÕun 

dŽfaut de libŽration de GnRH. 

Par ailleurs, des travaux rŽalisŽs chez diffŽrents mod•les animaux ont montrŽ que des 

injections de kisspeptine Žtaient capables dÕinduire la libŽration des gonadotropines 

hypophysaires (Gottsch et al, 2004 ; Matsui et al, 2004 ; Thompson et al, 2004 ; Dhillo et al, 

2005 ; Messager et al, 2005) ; un effet aboli lorsque les animaux sont prŽtraitŽs avec un 

antagoniste de la GnRH (Matsui et al, 2004 ; Gottsch et al, 2004) suggŽrant une action de la 

kisspeptine via les neurones ˆ GnRH. Cette hypoth•se a ŽtŽ confirmŽe par la mise en Žvidence 

de rŽcepteurs GPR54 au niveau des neurones ˆ GnRH chez les mammif•res (Messager et al, 

2005) (Figure 6). 

Au niveau hypophysaire, de rŽcents travaux ont montrŽ que la kisspeptine et son 

rŽcepteur GPR54 Žtaient exprimŽ par les cellules de lÕhypophyse (Gutierrez-Pascual et al, 

2007). De plus, des traitements par la kisspeptine sont capable dÕinduire in vitro lÕactivation 

des cellules gonadotropes et la libŽration de LH (rat : Gutierrez-Pascual et al, 2007 ; bovin et 

porc : Suzuki et al, 2008). Ces rŽsultats indiquent que la kisspeptine peut Žgalement exercer 

un r™le directement au niveau des cellules hypophysaires.  

 

Chez les poissons tŽlŽostŽens, les donnŽes concernant le syst•me Kiss-1/GPR54 sont 

encore peu nombreuses. A ce jour, le rŽcepteur GPR54 a ŽtŽ clonŽ chez quelques esp•ces: le 

tilapia (Oreochromis niloticus : Parhar et al, 2004), le mulet (Mugil cephalus : Nocillado et al, 

2007), le cobia (Rachycentron canadum : Mohamed et al, 2007), le poisson z•bre (Danio 

rerio : Van Aerle et al, 2008) et chez Pimephales promelas (Filby et al, 2008) suggŽrant 

lÕexistence du syst•me kiss-1/GPR54. De plus, quelques donnŽes concernant lÕexpression du 



 24 

rŽcepteur GPR54 au cours du processus pubertaire et de la maturation gonadique indiquent un 

possible r™le du syst•me kiss-1/GPR54 dans le contr™le de lÕaxe gonadotrope (mulet : 

Nocillado et al, 2007 ; cobia : Mohamed et al, 2007). Enfin, la kisspeptine a rŽcemment ŽtŽ 

clonŽe chez le poisson z•bre (Van Aerle et al, 2008). 

 

DÕautres facteurs cŽrŽbraux sont capables de participer ˆ la rŽgulation de la production 

et/ou de la libŽration des hormones gonadotropes. On peut mentionner la noradrŽnaline 

(poisson rouge : Yu et Peter, 1992 ; truite arc-en-ciel : Saligaut et al, 1992 ; tambour 

brŽsilien : Khan et Thomas, 1992 ; poisson-chat : Senthilkumaran et Joy, 1996), le Ç pituitary 

adenylate cyclase-activating polypeptide È (pour revue Yaron et al, 2001) ou encore le 

neuropeptide Y (poisson rouge : Kah et al, 1989 ; truite arc-en-ciel et carpe: Breton et al, 

1989, 1991). 

 

4.2. Contr™le pŽriphŽrique 

 

4.2.1.  RŽtrocontr™les stŽro•diens 

 

Les gonadotropines, responsables de la synth•se et la libŽration des stŽro•des 

gonadiques, vont ˆ leur tour •tre soumises ˆ des rŽtrocontr™les stŽro•diens.  

Chez les mammif•res, les premi•res donnŽes obtenues par des expŽriences de castration 

/ supplŽmentation ont permis de rŽvŽler les rŽtrocontr™les nŽgatifs exercŽs par les stŽro•des 

sexuels. On peut en effet observer de fortes ŽlŽvations des taux plasmatiques et des contenus 

hypophysaires en gonadotropines apr•s castration. Cette rŽaction est quasi compl•tement 

supprimŽe lorsque les animaux castrŽs sont traitŽs par des injections de stŽro•des (pour revue : 

Gharib et al, 1990). 

En revanche, ˆ certains moments du cycle, les stŽro•des sexuels peuvent exercer des 

rŽtrocontr™les positifs. Par exemple, chez la femme, o• la dŽcharge ovulante (pic de LH) est 

induite par lÕaugmentation nette de lÕoestradiol (E2) plasmatique qui prŽc•de. 

 

Ces rŽtrocontr™les, qui peuvent sÕexercer directement au niveau hypophysaire ou 

indirectement via lÕhypothalamus (Figure 7), ont ŽtŽ le sujet de multiples travaux qui ont 

permis de mettre en Žvidence des effets diffŽrentiels des stŽro•des sur lÕexpression des 

messagers, la synth•se et la libŽration de LH et FSH (Pour revue : Gharib et al, 1990 ; Counis, 
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1990 ; Burger et al, 2004). Par exemple, chez le rat, des modifications dans la transcription 

des sous-unitŽs des gonadotropines sont induites par les oestrog•nes comme par les 

androg•nes. Concernant les sous-unitŽs !  et LH" , les effets des stŽro•des in vivo sont 

majoritairement inhibiteurs. En ce qui concerne la sous-unitŽ FSH" , le syst•me semble un peu 

plus complexe, la testostŽrone (T) nÕayant pas dÕeffet ou stimulant FSH§ et E2 ayant plut™t un 

effet inhibiteur (pour revue : Gharib et al, 1990 ; Counis et Jutisz, 1991 ; Burger et al, 2004). 

De plus, chez les mammif•res, les sites et les modes dÕaction des stŽro•des sexuels dans le 

contr™le de lÕexpression des gonadotropines diff•rent en fonction des esp•ces (pour revue : 

Burger et al, 2004). 

 

 

Figure 7 : Comparaison de lÕaxe gonadotrope chez les mammif•res et les tŽlŽostŽens. 

 

Chez les tŽlŽostŽens, les stŽro•des sexuels exercent Žgalement des actions positives et 

nŽgatives sur lÕexpression des gonadotropines (Figure 7). Celles-ci vont varier en fonction des 

esp•ces et du moment du cycle. ƒtant donnŽ que la LH a longtemps ŽtŽ considŽrŽe comme 

Žtant la seule gonadotropine existant chez les poissons, la majoritŽ des travaux rŽalisŽs 

concernent les effets des stŽro•des sexuels sur lÕexpression et la sŽcrŽtion de la LH. 

NŽanmoins, la dŽcouverte de la FSH et la mise en place de nouveaux outils molŽculaires 

permettent aujourdÕhui dÕŽtudier la FSH. 
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Les premiers travaux rŽalisŽs par Billard et ses collaborateurs (1977) chez la truite arc-

en-ciel mettaient en Žvidence les effets inhibiteurs des stŽro•des sexuels. Apr•s castration, les 

auteurs ont pu observer une ŽlŽvation des taux plasmatiques de LH, celle-ci pouvant •tre 

corrigŽe par lÕadministration de stŽro•des. Par la suite, des rŽsultats similaires ont ŽtŽ obtenus 

chez dÕautres esp•ces (carpe : Billard et al, 1977 ; poisson-chat : De Leeuw et al, 1986 ; 

poisson rouge : Kobayashi et Stacey, 1990).  Des rŽtrocontr™les nŽgatifs ont Žgalement ŽtŽ 

observŽs concernant FSH chez le saumon coho apr•s traitement par de lÕE2 (Dickey et 

Swanson, 1998). 

Parall•lement ˆ cela, des effets stimulateurs des stŽro•des sexuels, retrouvŽs 

majoritairement chez les juvŽniles, sur la LH comme sur la FSH ont ŽtŽ dŽcrits chez 

diffŽrentes esp•ces (truite arc-en-ciel : Crim and Evans, 1979 ; saumon coho : Dickey and 

Swanson, 1998; poisson rouge : Huggard-Nelson et al, 2002).  

Chez lÕanguille europŽenne, les premiers travaux rŽalisŽs en 1983 ont permis de mettre 

en Žvidence un effet stimulateur des stŽro•des sexuels sur le contenu hypophysaire en 

hormone LH (Dufour et al, 1983b). Puis, apr•s clonage des sous unitŽs !  et LH§, des travaux 

focalisant sur le contr™le de leurs expressions mettaient en Žvidence un effet stimulateur de E2 

et T dans lÕexpression des ARNm des sous unitŽs !  et LH§ (Counis et al, 1987 ; QuŽrat et al, 

1991). Enfin des travaux rŽalisŽs in vitro sur culture primaire de cellules hypophysaires ont 

permis de rŽvŽler les effets indirects et directs hypophysaires des stŽro•des (Huang et al, 

1997).  

JusquÕˆ prŽsent, les travaux rŽalisŽs chez lÕanguille se sont exclusivement intŽressŽs au 

contr™le de la LH.  

LÕobtention de nouveaux outils molŽculaires et lÕŽtude des rŽtrocontr™les stŽro•diens 

exercŽs sur la FSH sont un des sujets traitŽs au cours de mon travail de th•se (articles 1, 2, 3). 

 

4.2.2.  Les peptides gonadiques 

 

Dans un premier temps, isolŽs ˆ partir des fluides gonadiques chez le porc, les 

Ç peptides gonadiques È ont ŽtŽ dŽcrits comme des facteurs non stŽro•diens capables de 

moduler la sŽcrŽtion de la FSH.  

Il existe trois types de peptides gonadiques : activines, inhibines et follistatines. Les 

activines sont capables de stimuler la synth•se et la sŽcrŽtion de la FSH par lÕhypophyse 

(Vale et al, 1986; Ling et al, 1986; Carroll et al, 1989) ; alors que follistatines (FS) et 
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inhibines inhibent la synth•se et la sŽcrŽtion de la FSH (inhibines : Miyamoto et al, 1985 ; 

Rivier et al, 1985; Robertson et al, 1985 Carroll et al, 1989 ; follistatines : Esch et al, 1987 ; 

Robertson et al, 1987 ; Ueno et al, 1987).  

Activines et inhibines sont des protŽines dimŽriques formŽes ˆ partir de trois g•nes 

distincts : ! , " A et " B. Elles appartiennent ˆ la famille des TGF-"  (transforming growth 

factors-" ). Les inhibines rŽsultent de lÕassociation dÕune sous-unitŽ !  et dÕune sous-unitŽ "  

(!" A ou ! " B), et les activines de lÕassociation de deux sous-unitŽs "  (" A " A ou  " B" B ou " A" B). 

Comme les autres membres de la famille des TGF" , les activines exercent leur action 

via des rŽcepteurs de type sŽrine/thrŽonine kinase (pour revue : Mathews, 1994 ; MassaguŽ, 

1996). LÕactivine se lie ˆ un rŽcepteur de lÕactivine de type II puis ce complexe recrute un 

rŽcepteur de lÕactivine de type I. Le rŽcepteur de type II transphosphoryle le rŽcepteur de type 

I qui une fois activŽe stimule une famille de protŽines appelŽes Smad (pour revue : Attisano et 

Wrana, 1998 ; Peng et Mukai, 2000) (Figure 8). 

En ce qui concerne le mode dÕaction des inhibines, diffŽrents mod•les sont proposŽs : 1) 

elles seraient capables de se lier au rŽcepteur de lÕactivine de type II et emp•cheraient le 

recrutement du rŽcepteur de type I et la transduction du signal ; elles agiraient donc comme 

des antagonistes des activines (Xu et al, 1995). 2) Certains travaux sugg•rent une action 

spŽcifique des inhibines exercŽe via des rŽcepteurs aux inhibines (Gray et al, 2001). 

Le troisi•me type de peptide gonadique, la follistatine (FS), est une protŽine glycosylŽe 

capable de lier spŽcifiquement les activines et de neutraliser leur action en emp•chant la 

liaison des activines ˆ leurs rŽcepteurs (De Winter et al, 1996) (Figure 8).

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 : ReprŽsentation schŽmatique du syst•me activine Ð follistatine.  
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Chez les mammif•res, diffŽrents travaux ont montrŽ que, en plus de leur expression au 

niveau des gonades, les trois types de peptides sont Žgalement exprimŽs dans un grand 

nombre de tissus incluant lÕhypophyse (Michel et al, 1990 ; Bilezikjian et al, 1993). Ceci 

sugg•re des actions au niveau local de ces hormones, qui exerceraient des contr™les 

autocrines/paracrines sur les gondatropines.  

 

Chez les tŽlŽostŽens, les peptides gonadiques et leurs effets ont fait lÕobjet de peu 

dÕŽtudes. Les premiers travaux suggŽrant lÕexistence dÕun syst•me activine/inhibine dans le 

contr™le des gonadotropines ont ŽtŽ obtenus dans les annŽes 90 chez le poisson rouge par des 

Žtudes de lÕeffet de fluide folliculaire ainsi que dÕactivine et dÕinhibine de porc sur la 

sŽcrŽtion de GTH (Ge et al, 1992). Par la suite, les sŽquences partielles ou compl•tes des 

ADNc codant pour les sous-unitŽs "  de lÕactivine ont ŽtŽ clonŽes chez diffŽrentes esp•ces de 

tŽlŽostŽens : le poisson rouge (Ge et al, 1997, 1999), le poisson z•bre (Wittbrodt and Rosa, 

1994; Rodaway et al, 1999), lÕanguille japonaise (Miura et al, 1999), la truite arc-en-ciel 

(Tada et al, 1998), la carpe (Tada et al, 2000), le medaka (Tada et al, 2000). La sous-unitŽ !  

de lÕinhibine a rŽcemment ŽtŽ clonŽe chez le medaka (Zhang et al, Accession N¡ EU159465). 

Enfin, les clonages des rŽcepteurs de type I et II de lÕactivine ont ŽtŽ rŽalisŽs chez le poisson 

rouge (pour revue : Ge, 2000) et le poisson z•bre (Yelick et al, 1998 ; Garg et al, 1999). 

JusquÕˆ aujourdÕhui, les fonctions physiologiques du syst•me activine / inhibine / 

follistatine dans le contr™le des gonadotropines chez les tŽlŽostŽens ont ŽtŽ peu ŽtudiŽes et les 

donnŽes disponibles ont ŽtŽ en majoritŽ obtenues chez une seule esp•ce : le poisson rouge.   

Les Žtudes rŽalisŽes sur culture de cellules hypophysaires montrent que, comme chez 

les mammif•res, lÕactivine est capable de stimuler lÕexpression de la sous-unitŽ FSH" , mais 

contrairement ˆ ce qui a ŽtŽ observŽ chez les mammif•res, lÕactivine apparait Žgalement 

capable de moduler lÕexpression de la sous-unitŽ LH"  (Yam et al, 1999). 

Concernant la follistatine (FS), les premiers rŽsultats obtenus sur des cultures de 

cellules hypophysaires de poisson rouge ont montrŽ que la follistatine recombinante de porc 

Žtait capable de contr™ler de fa•on diffŽrentielle lÕexpression des sous-unitŽs des 

gonadotropines (Yuen and Ge, 2004).  

Comme chez les mammif•res, les Ç peptides gonadiques È sont exprimŽs chez le 

poisson rouge dans un grand nombre de tissus incluant le cerveau, lÕhypophyse et les gonades 

(Lau and Ge, 2005 ; Cheng et al, 2007) suggŽrant des actions autocrines/paracrines au niveau 

des gonadotropines. 
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DÕautres facteurs pŽriphŽriques sont Žgalement susceptibles de jouer un r™le dans le 

contr™le des gonadotropines, particuli•rement au moment de la pubertŽ. Au cours de cette 

pŽriode pubertaire, toute une somme dÕinformations concernant les conditions 

environnementales mais Žgalement concernant les conditions internes de lÕorganisme 

(croissance et accumulation de rŽserves suffisantes) vont conduire ˆ lÕactivation de lÕaxe 

gonadotrope. Il a ŽtŽ montrŽ que des facteurs intervenants dans la rŽgulation de la croissance 

ou du mŽtabolisme comme lÕIGF I (pour revue : mammif•res, Daftary et Gore, 2005 ; 

poissons, Okuzawa, 2002), la leptine (pour revue : mammif•res, BlŸher et Mantzoros, 2007 ; 

poissons, Okuzawa, 2002) ou le cortisol (pour revue : Brann et Mahesh, 1991) pouvaient •tre 

impliquŽs dans lÕactivation de lÕaxe gonadotrope.  

Chez lÕanguille, les Žtudes sur le r™le des facteurs mŽtaboliques dans le contr™le de la 

fonction gonadotrope nÕont portŽ jusquÕˆ prŽsent que sur la LH (Huang et al, 1998, 1999). 

 

5. Objectifs de la th•se 

 

Le stade argentŽ est le dernier stade accessible dans des conditions naturelles.  En effet, 

la maturation sexuelle dans des conditions naturelles nÕa jusquÕˆ aujourdÕhui jamais ŽtŽ 

observŽe, les anguilles restant Ç bloquŽes È ˆ un stade prŽpub•re si la migration ocŽanique de 

reproduction est emp•chŽe.  

Or, ce blocage ˆ un stade juvŽnile est dž ˆ un dŽficit de production des hormones 

gonadotropes (pour revue : Dufour et al, 2003). Cette particularitŽ de lÕanguille en fait un 

mod•le particuli•rement intŽressant dÕun point de vue biologique, en permettant lÕŽtude des 

mŽcanismes de dŽclenchement ou dÕinhibition de la pubertŽ.  

De plus, lÕanguille prŽsente un intŽr•t Žvolutif ; en effet, appartenant ˆ un groupe 

phylogŽnŽtiquement ancien de tŽlŽostŽens, les Elopomorphes, elle permet lÕacc•s ˆ des 

rŽgulations ancestrales.  

Enfin, cette recherche sÕinscrit dans un contexte particulier de tr•s fortes diminutions 

des stocks dÕanguilles qui atteignent actuellement un stade critique pour la survie des esp•ces 

(Stone, 2003). Comprendre les mŽcanismes de rŽgulations de lÕaxe gonadotrope est donc un 

des enjeux majeurs si lÕon veut pouvoir un jour ma”triser la reproduction de lÕanguille.  
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Au cours de ce travail de th•se, nous avons cherchŽ ˆ caractŽriser les facteurs internes 

capables de jouer un r™le dans le contr™le de lÕexpression des hormones gonadotropes, LH et 

FSH. Pour cela, nous avons travaillŽ en diffŽrentes Žtapes : 

 

- Nous avons dŽveloppŽ les outils molŽculaires nŽcessaires ˆ la mesure de lÕexpression 

des sous-unitŽs des gonadotropines.  

 

- A lÕaide de ces outils, nous avons suivi lÕexpression des gonadotropines au cours de 

deux phases critiques du cycle biologique : 

 

¥ La phase dÕargenture : QualifiŽe de mŽtamorphose secondaire, elle correspond au 

passage du stade sŽdentaire jaune au stade migrateur argentŽ et co•ncide 

Žgalement avec le dŽbut du dŽveloppement gonadique. Cette Žtude a ŽtŽ rŽalisŽe 

sur des Žchantillons de terrain en collaboration avec le Cemagref. 

 

¥ La phase de maturation gonadique : Elle a ŽtŽ induite expŽrimentalement ˆ lÕaide 

de traitements gonadotropes et rŽalisŽe en collaboration avec le Cemagref. 

 

- Nous avons cherchŽ parmi les facteurs pŽriphŽriques (stŽro•des sexuels, peptides 

gonadiques, hormones mŽtaboliques) lesquels Žtaient capables de participer aux 

rŽgulations diffŽrentielles de lÕexpression des gonadotropines observŽes au cours du 

cycle. Pour cela, nous avons ŽtudiŽ chez des anguilles femelles argentŽes: 

 

¥ LÕeffet des stŽro•des sexuels in vivo (par injections) et in vitro (par traitements de 

cultures primaires de cellules hypophysaires) sur lÕexpression des gonadotropines.  

¥ LÕeffet des peptides gonadiques (activine et follistatine) in vitro 

¥ LÕeffet de facteurs mŽtaboliques (IGF-I, leptine et cortisol) in vitro 

 

Cette Žtude nous permet dÕapporter des rŽsultats nouveaux sur les mŽcanismes de la 

rŽgulation diffŽrentielle des deux gonadotropines chez lÕanguille et chez les tŽlŽostŽens, ainsi 

que sur la conservation et lÕŽvolution de ces rŽgulations chez les vertŽbrŽs. 
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II. MATERIEL ET METHODES 

 

Dans cette partie, nous allons bri•vement prŽsenter les diffŽrentes mŽthodes utilisŽes au cours 

de ce travail de th•se. Les protocoles sont plus largement dŽtaillŽs dans les articles prŽsentŽs 

dans la partie Ç RŽsultats È. 

 

1. Animaux et expŽrimentations in vivo (Articles 1, 2, 3)  

 

1.1. Provenance des animaux 

 

Les anguilles ŽtudiŽes dans ce travail appartiennent ˆ lÕesp•ce europŽenne Anguilla 

anguilla. Elles ont ŽtŽ p•chŽes soit au cours de leur phase sŽdentaire (stade jaune) dans la 

Somme ou le Rhin, soit au moment de leur migration dÕavalaison (stade argentŽ) dans la 

Somme, le Rhin ou la Loire.  

 

1.2 . Etude de terrain  

 

Les anguilles ont ŽtŽ capturŽes par p•che Žlectrique (Conseil SupŽrieur de la P•che) ou 

par filet (p•cheurs professionnels) dans la Somme et le Rhin sur trois pŽriodes de p•che entre 

1994 et 2002. Toutes les anguilles ont ŽtŽ dissŽquŽes sur place (Article 2 et donnŽes 

complŽmentaires). 

 

1.3 . Traitements hormonaux 

 

1.3.1. Traitements par les hormones stŽro•diennes et thyro•diennes (Articles 1, 2, 3) 

 

Apr•s avoir ŽtŽ transportŽes au laboratoire (MNHN, Paris), les anguilles en 

provenance de la Loire sont conservŽes dans des bacs de mille litres alimentŽs en eau de ville 

filtrŽe, continuellement renouvelŽe et aŽrŽe. La tempŽrature moyenne de lÕeau sur lÕannŽe est 

de 13,5 ¡C avec une variation de plus ou moins deux degrŽs. Les anguilles sont ensuite 

transfŽrŽes par petits lots (4 anguilles / aquarium) dans des aquariums de cent litres alimentŽs 

en eau de ville filtrŽe, continuellement renouvelŽe et aŽrŽe.  
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Les anguilles re•oivent une injection hebdomadaire, pendant 2 ˆ 3 mois, dans la cavitŽ 

pŽriviscŽrale soit dÕune suspension dans une solution saline de 2! g dÕhormone (oestradiol : 

E2, testostŽrone : T, dihydrotestostŽrone : DHT, Thyroxine : T4) (Sigma) par g de poids 

corporel (anguilles traitŽes), soit de solution saline seule (anguilles tŽmoins). Le m•me 

protocole a ŽtŽ utilisŽ lors dÕexpŽrimentations prŽcŽdentes recherchant les effets des stŽro•des 

sexuels (MontŽro et al, 1995 ; Huang et al, 1999) ou des hormones thyro•diennes (Rousseau et 

al, 2002) sur diffŽrentes cibles cŽrŽbrales ou hypophysaires.  

 

1.3.2. Traitements gonadotropes (Article 1) 

 

Les expŽriences de traitements gonadotropes pour lÕinduction expŽrimentale de la 

maturation sexuelle ont ŽtŽ rŽalisŽes au Cemagref de Bordeaux. Les anguilles p•chŽes dans la 

Loire sont transportŽes ˆ la station du Cemagref, o• elles sont, durant trois semaines, 

progressivement acclimatŽes ˆ une salinitŽ de 34ä. Les bassins Žtant placŽs sous un abri en 

plastique (type serre), la tempŽrature de lÕeau et la photopŽriode varient avec les conditions 

naturelles (T¡: 8¡Cjanvier-26¡Cjuin). 

 Les anguilles femelles argentŽes re•oivent une injection hebdomadaire dÕextrait 

dÕhypophyse de carpe (20! g/g poids corporel) dans la cavitŽ pŽriviscŽrale selon le protocole 

mis au point par Fontaine et ses collaborateurs (1964) et ce jusquÕˆ 16 semaines (Article 1). 

Les anguilles m‰les re•oivent une injection hebdomadaire de gonadotropine chorionique 

(hCG, 1UI/g poids corporel) dans la cavitŽ pŽriviscŽrale selon le protocole mis au point par 

Fontaine (1936) pendant 8 semaines (donnŽes complŽmentaires). Des lots dÕanguilles tŽmoins 

et traitŽes sont sacrifiŽs ˆ diffŽrents temps au cours de lÕexpŽrimentation. 

Ces expŽrimentations ont ŽtŽ rŽalisŽes dans le cadre du projet europŽen EELREP (n¡Q5RS-

2001-01836).  

 

2. PrŽl•vements 

 

Ë la fin des expŽrimentations, les anguilles sont pesŽes avant dÕ•tre sacrifiŽes par 

dŽcapitation et diffŽrents tissus sont prŽlevŽs. 
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2.1. Sang 

 

 Apr•s sacrifice de lÕanguille, le sang est prŽlevŽ, ˆ la sortie de lÕaorte ventrale, dans 

des tubes hŽparinŽs. Apr•s centrifugation, le plasma est rŽcupŽrŽ, aliquotŽ et stockŽ ˆ Ð20¡C 

(Article 2). 

 

2.2. Hypophyse 

 

2.2.1. Pour dosages radioimmunologiques des hormones (RIA) 

 

Apr•s dŽcapitation de lÕanguille, lÕhypophyse est prŽlevŽe, placŽe dans 0.5ml de NaCl 

(0.15M) et conservŽ ˆ -20¡C. LÕextraction est rŽalisŽe par sonication (Bioblock Scientific, 

Illkirch, France) ; apr•s centrifugation, le surnageant est rŽcupŽrŽ et conservŽ ˆ -20¡C 

jusquÕau dosage (Article 2). 

 

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

 

Apr•s dŽcapitation de lÕanguille, lÕhypophyse est prŽlevŽe, congelŽe dans lÕazote 

liquide et stockŽe ˆ -80¡C (Article 1). Dans les expŽrimentations suivantes, les hypophyses 

sont rapidement prŽlevŽes et dŽposŽes dans une solution assurant la conservation des ARNs, 

la RNA later (Ambion) ; les hypophyses sont ensuite stockŽes ˆ -20¡C (Articles 2 et 3). 

 

2.2.3. Pour marquage par hybridation in situ des cellules gonadotropes (Article 1) 

 

 Les anguilles sont anesthŽsiŽes par immersion dans une solution contenant des esters 

dÕacide benzo•que et perfusŽes ˆ travers le bulbe aortique avec une solution saline puis un 

fixateur (paraformaldŽhyde 4% diluŽ dans du tampon phosphate). 

 LÕensemble cerveau Ð hypophyse est dissŽquŽ et placŽ dans une solution de fixation ˆ 

4¡C. Il est ensuite rincŽ dans du tampon phosphate (PBS) et plongŽ, pour la cryoprotection, 

dans une solution de sucrose ˆ 4¡C. Les tissus sont ensuite congelŽs dans de lÕisopentane froid 

et stockŽs ˆ -80¡C. 
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2.3. Gonades et tractus digestif 

 

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

 

Apr•s incision de lÕabdomen, les gonades et le tractus digestif sont prŽlevŽs et pesŽs 

pour le calcul des rapports gonado-somatique (RGS = % poids des gonades/ poids total du 

corps) et tractus digestif-somatique (RTDS = % poids du tractus digestif/poids total du corps). 

 

2.3.2. Pour Žtude histologique (Article 2) 

 

 Apr•s incision de lÕabdomen, un Žchantillon dÕenviron 2 cm de gonades (ovaire) est 

prŽlevŽ en amont de lÕanus et fixŽ dans une solution de Bouin aqueux (acide picrique, acide 

acŽtique et formaldŽhyde). 

 

3. ExpŽrimentations in vitro (Articles 3, 4 et donnŽes complŽmentaires) 
 

3.1. Provenance des animaux 

 

Les anguilles utilisŽes pour les expŽrimentations in vitro sont des anguilles femelles 

capturŽes au moment de leur migration dÕavalaison par des p•cheurs professionnels dans la 

Loire. Apr•s avoir ŽtŽ transportŽes au laboratoire (MNHN, Paris), les anguilles sont 

conservŽes dans des bacs de mille litres alimentŽs en eau de ville filtrŽe, continuellement 

renouvelŽe et aŽrŽe.  

 

3.2. Culture primaire de cellules hypophysaires et traitements hormonaux 

 

Apr•s dŽcapitation, les hypophyses sont prŽlevŽes et soumises ˆ une mŽthode de 

dispersion enzymatique et mŽcanique mise au point par Montero et al (1996). Pour rŽsumŽ, 

les hypophyses sont dŽcoupŽes et incubŽes ˆ 25¡C dans une solution de trypsine facilitant la 

dissociation. Apr•s arr•t de la rŽaction enzymatique, une dispersion mŽcanique des cellules 

est rŽalisŽe par passages rŽpŽtŽs ˆ travers une pipette en plastique. Apr•s estimation du 

nombre de cellules et de leur viabilitŽ par un test dÕexclusion au Bleu de Trypan, les cellules 

sont dŽposŽes ˆ des densitŽs variables (de 20000 ˆ 80000 cellules/puits) dans des boites de 
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cultures de 96 puits prŽtraitŽes ˆ la poly-L-lysine permettant de faciliter lÕadhŽsion des 

cellules. Les cellules sont incubŽes dans un milieu de culture M199 (contenant sels de Earle et 

bicarbonate de sodium) auquel sont ajoutŽs penicilline, streptomycine et fungizone 

(Gibco/Invitrogen). La culture est maintenue ˆ 18¡C sous une atmosph•re saturŽe en humiditŽ 

et ˆ 3% de CO2. (articles 3, 4 et donnŽes complŽmentaires).  

 

3.3. Traitements des cellules  

 

 3.3.1. Traitements stŽro•diens (Articles 3 et donnŽes complŽmentaires) 

 

Des solutions stock dÕoestradiol (E2), de testostŽrone (T), de dihydrotestostŽrone (DHT) 

ou de cortisol (F) (Sigma) sont prŽparŽes ˆ des concentrations de 10-3 M dans lÕŽthanol et 

stockŽes ˆ 4¡C. Toutes les 72h, des solutions intermŽdiaires sont prŽparŽes par dilution des 

solutions stocks dans le milieu de culture. Les solutions intermŽdiaires sont ensuite ajoutŽes 

aux puits de culture de mani•re ˆ obtenir une concentration finale par puits de 10-8M ou 10-7 

M. Les puits tŽmoins sont traitŽs par le solvant (Žthanol) ˆ la m•me dilution. La concentration 

finale en Žthanol dans les puits nÕexc•de jamais 0.01%. Les milieux de culture et traitements 

sont renouvelŽs tous les 3 jours. Apr•s 9 jours, les cultures sont arr•tŽes.  

 

3.3.2. Traitements par les peptides gonadiques (Article 4) 

 

Des solutions stock dÕactivine B recombinante humaine et de follistatine recombinante 

humaine (R&D Systems, Lille, France) ˆ des concentrations respectives de 5x10-5 M et 5x10-6 

M sont prŽparŽes dans du tampon phosphate (PBS) et stockŽes ˆ 4¡C. Des solutions 

intermŽdiaires sont prŽparŽes avant chaque traitement par dilution des solutions stock dans le 

milieu de culture. Les concentrations finales testŽes dans les puits de culture vont de 10-12M ˆ 

10-6M. Les puits tŽmoins sont traitŽs par le solvant (PBS). Les milieux de culture et 

traitements sont renouvelŽs tous les 3 jours. Les cultures sont arr•tŽes ˆ diffŽrents temps 

jusquÕˆ 9 jours.  

 

3.3.3. Traitements par les hormones mŽtaboliques (donnŽes complŽmentaires) 

 

Une solution stock dÕinsulin-like growth factor 1 (IGF-I) recombinant humain (Sigma) 

est prŽparŽe ˆ une concentration de 10-4 M dans de lÕeau pure, aliquotŽe et conservŽe ˆ -20¡C. 
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Les concentrations finales testŽes dans les puits de culture vont de 10-11M ˆ 10-7M. Une 

solution stock de leptine recombinante humaine (Sigma) est prŽparŽe ˆ une concentration de 

10-4 M dans une solution de HCl (15mM), aliquotŽe et conservŽe ˆ -20¡C. Les concentrations 

finales testŽes dans les puits de culture sont de 10-8M et 10-6M. Les puits tŽmoins sont traitŽs 

par le solvant. Les milieux de culture et traitements sont renouvelŽs tous les 3 jours. Les 

cultures sont arr•tŽes apr•s 9 jours.  

 

3.3.4. Lyse cellulaire (Articles 3, 4 et donnŽes complŽmentaires) 

 

 Les ARN totaux des cellules hypophysaires sont extraits directement dans le puits de 

culture ˆ lÕaide du kit Cell-to-cDNATM II (Ambion). Les cellules de chaque puits sont rincŽes 

ˆ lÕaide dÕun tampon phosphate (PBS) froid, puis lysŽes ˆ lÕaide dÕune solution de lyse, le Cell 

Lysis II buffer. Le lysat obtenu va ensuite •tre soumis ˆ un traitement par la 

dŽoxyribonuclŽase I (Ambion) puis conservŽ ˆ -80¡C. 

 

4. Clonage de la sous-unitŽ FSH§ chez lÕanguille europŽenne (Article 1) 

 

4.1. SŽquence partielle de lÕADN complŽmentaire codant pour la sous-unitŽ 

FSH§ 

 

La sŽquence partielle de lÕADN complŽmentaire (ADNc) codant pour la sous-unitŽ 

FSH§ a ŽtŽ amplifiŽe ˆ partir dÕune banque dÕADNc dÕhypophyse dÕanguille EuropŽenne 

construite dans des vecteurs ! gt 10 (QuŽrat et al, 1990a et b). Le choix des amorces 

spŽcifiques a ŽtŽ rŽalisŽ ˆ partir de la sŽquence dÕADNc codant pour la FSH§ de lÕanguille 

japonaise, Anguilla japonica (GenBank accession N¡. AB016169, Yoshiura et al, 1999). Les 

param•tres dÕamplification sont dŽtaillŽs dans les rŽsultats (Article 1). 

 

4.2. SŽquence compl•te de lÕADNc codant pour la sous-unitŽ FSH§ 

 

La sŽquence compl•te de lÕADNc codant pour la sous-unitŽ FSH§ a ŽtŽ obtenue ˆ 

partir des ARN totaux hypophysaires par la mŽthode RACE (Rapid Amplification of the 

cDNA Ends).  
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3Õ-RACE : Les ADNc sont synthŽtisŽs ˆ lÕaide dÕamorces oligo(dT) modifiŽes (3Õ-

RACE CDS Primer A) fournies dans le kit SMARTTM RACE cDNA amplification (Clontech 

Laboratories Inc.), puis utilisŽs comme substrat pour lÕamplification PCR se faisant en 

prŽsence dÕune amorce spŽcifique (GSP2) et dÕune amorce complŽmentaire de la sŽquence de 

lÕamorce oligo(dT) contenue dans lÕUniversal Primer A mix. 

5Õ-RACE : Les ADNc sont synthŽtisŽs ˆ lÕaide dÕamorces oligo(dT) modifiŽes (5Õ-

RACE CDS Primer) et lÕoligo SMART II A reliŽ ˆ la terminaison 5Õ (Clontech Smart 

technology). Les ADNc sont utilisŽs comme substrat pour lÕamplification PCR se faisant en 

prŽsence dÕune amorce spŽcifique (GSP3) et dÕune amorce complŽmentaire de la sŽquence de 

lÕoligo SMART II contenue dans lÕUniversal Primer A mix. 

Les rŽactions dÕamplification sont rŽalisŽes dans un volume rŽactionnel final de 50! l ˆ 

lÕaide dÕun appareil MWG thermocycler (MWG Biotech). 

 

5. Histologie et hybridation in situ  

 

5.1. Coupes de gonades (Article 2) 

 

 Les Žchantillons fixŽs dans le Bouin aqueux sont dŽshydratŽs, inclus dans de la 

paraffine, coupŽs au microtome (8µm), rŽhydratŽs et colorŽs selon la mŽthode de Cleveland Ð 

Wolf dŽcrite par Gabe (1968). Les coupes sont observŽes au microscope DMRB et 

photographiŽes avec une camŽra DM 300 Logiciel IM version 4.0 (Leica).  

 

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

 

 Les hybridations sont faites sur des coupes transversales (26 µm) dÕhypophyses 

rŽalisŽes au cryostat (Leica). La localisation par hybridation in situ des cellules gonadotropes 

est rŽalisŽe en utilisant des sondes dÕARN anti-sens de fragments des sous unitŽs FSH"  (426 

bp) et LH"  (404 bp) dÕanguille. Les sondes sont synthŽthisŽes in vitro et marquŽes via le 

rŽsidu UTP ˆ la digoxigŽnine (Roche Diagnostics). Les coupes tŽmoins sont rŽalisŽes gr‰ce ˆ 

lÕutilisation de sondes dÕARN sens.  

Les coupes sont rincŽes dans une solution saline (2x SSC), dŽshydratŽes par des bains 

successifs dans des solutions ˆ concentration croissante en Žthanol et sŽchŽes. Les sondes sont 

diluŽes ˆ la concentration de 1 µg/ml. Les coupes sont, en alternance, hybridŽes soit par la 
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sonde LH" , soit par la sonde FSH" .  LÕhybridation est rŽalisŽe dans une chambre humide 

durant environ 12 heures ˆ 60¡C et arr•tŽe par des bains successifs dans une solution 

contenant formamide, SSC et Tween-20 ˆ 60¡C. Les coupes sont ensuite rincŽes dans du 

MABT (acide malŽique, NaCl, Tween-20, pH 7.4).  

LÕimmunodŽtection des sondes marquŽes ˆ la digoxigŽnine se fait apr•s rin•age des 

coupes dans une solution de MABT contenant du sŽrum de ch•vre (20%) et une solution de 

blocage (2%) (Roche). Les coupes sont ensuite incubŽes avec des anticorps anti-digoxigŽnine 

conjuguŽs ˆ une phosphatase alcaline. Apr•s rin•age dans du MABT, lÕactivitŽ de la 

phosphatase alcaline est visualisŽe ˆ lÕaide dÕun substrat, le NBT-BCIP (nitroblue 

tetrazolium-chromog•ne et bromochorindolyl phosphate) selon le protocole du fournisseur 

(Boehringer Mannheim). 

 Les coupes sont observŽes et photographiŽes ˆ lÕaide dÕun microscope Leica-DMRB et 

dÕun appareil photo Leica. 

  

6. Dosages 

 

6.1. Dosages des ARN messagers des hormones hypophysaires 

 

6.1.1. Extraction des ARNs totaux 

 

Les hypophyses individuelles sont homogŽnŽisŽes par sonication dans du Trizol reagent 

(Invitrogen SARL) (Articles 1 et 2) ou ˆ lÕaide du Fast-RNA Pro Green kit (Article 3). Apr•s 

ajout de chloroforme afin de sŽparer les phases et centrifugation, la phase aqueuse contenant 

les ARNs est rŽcupŽrŽe. Les ARNs sont prŽcipitŽs par lÕajout dÕisopropanol et le stockage 12h 

ˆ -20 ¡C. les ARNs sont ensuite rincŽs par de lÕŽthanol et remis en suspension dans une 

solution de stockage, la RNA storage solution (Ambion) et stockŽs ˆ -80¡C. 

 

6.1.2. Dosages de lÕexpression des hormones hypophysaires par dot blot (Articles 1 et 

2) 

 

LÕexpression de g•nes de lÕhormone de croissance (GH), et des sous-unitŽs des 

hormones glycoprotŽiques (GP#, LH" , FSH"  et TSH" ) a ŽtŽ mesurŽe par dot blot. Cette 
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mŽthode permet une quantification relative des ARNm dÕun g•ne cible dans un Žchantillon 

tissulaire. 

Les ARNs totaux extraits ˆ lÕaide de Trizol reagent (Invitrogen SARL) sont dŽnaturŽs 

dans une solution contenant du formamide, du formaldŽhyde et du SSC ˆ 65¡C et fixŽs sur 

une membrane de nylon (Hybond-N+, Amersham Biosciences). Apr•s immobilisation des 

ARNs ˆ 80¡C, les membranes sont prŽparŽes pour lÕhybridation par un bain dans une solution 

dÕhybridation (ULTRAhyb, Ambion Inc.) ˆ 65¡C.  

Les sondes ARN synthŽtisŽes par transcription in vitro sont marquŽes par [#-32P]UTP 

et diluŽes dans la solution dÕhybridation (1 x 106 cpm/ml de solution dÕhybridation). 

LÕhybridation se fait par mise en contact de la membrane avec la sonde marquŽe en solution 

durant une nuit ˆ 65¡C. Les membranes sont rincŽes plusieurs fois dans des solutions 

astringentes (SSC et SDS), scannŽes et lÕintensitŽ du marquage est quantifiŽe par un phosphor 

imager (Bio-Rad Laboratories). 

Les sondes sont dŽcrochŽes des membranes ˆ lÕaide du kit Strip-EZTM RNA (Ambion) 

et hybridŽes avec une sonde diffŽrente suivant le m•me protocole. 

LÕexpression du g•ne cible est rapportŽe ˆ celle dÕun g•ne de rŽfŽrence (ARNr 18s 

dÕanguille) dont lÕexpression ne varie pas au cours de lÕexpŽrience. 

 

6.1.3. Dosage de lÕexpression de g•nes par PCR quantitative en temps rŽel (Articles 3, 

4, donnŽes complŽmentaires) 

 

LÕexpression de g•nes (GP#, LH" , FSH"  et activine B) a ŽtŽ mesurŽe par PCR 

quantitative en temps rŽel (qrt RT-PCR). Cette mŽthode permet de visualiser tout le long de la 

rŽaction dÕamplification la quantitŽ dÕacides nuclŽiques prŽsents dans lÕŽchantillon et donc de 

quantifier le niveau dÕexpression (quantitŽ dÕARNm) dÕun g•ne cible dans un Žchantillon 

tissulaire.  

 Les ARNm sont dÕabord extraits puis rŽtro-transcrits (synth•se dÕADNc simple brin). 

Ensuite, ˆ partir de cet Žchantillon dÕADNc et gr‰ce ˆ lÕutilisation dÕamorces spŽcifiques, le 

g•ne cible est amplifiŽ par PCR. A chaque cycle de la rŽaction dÕamplification, la quantitŽ 

dÕacides nuclŽiques prŽsents dans lÕŽchantillon est mesurŽe. Pour cela, un agent intercalant 

fluorescent (SYBR green) est utilisŽ ; apr•s liaison avec de lÕADN double brin, il va Žmettre 

une lumi•re fluorescente. Celle-ci est dŽtectŽe par un spectrofluorim•tre inclus dans le 

thermocycleur (LightCycler, produits et machine Roche Diagnostics).  
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 La concentration en ARNm du g•ne cible dÕun Žchantillon est inversement 

proportionnelle au nombre de cycles dÕamplification nŽcessaire pour atteindre le seuil de 

dŽtection de fluorescence. LÕexpression du g•ne cible est rapportŽe ˆ celle dÕun g•ne de 

rŽfŽrence (ARP - phosphoprotŽine ribosomiale) dont lÕexpression ne varie pas au cours de 

lÕexpŽrience. 

 

6.2. Dosages immunologiques  

 

6.2.1. Dosages radioimmunologiques des hormones hypophysaires et des hormones 

thyro•diennes (Article 2) 

 

Les contenus hypophysaires et concentrations plasmatiques de lÕhormone gonadotrope 

(LH) ont ŽtŽ mesurŽs par un dosage radioimmunologique (RIA) de la sous-unitŽ LH"  de 

carpe validŽ pour son utilisation chez lÕanguille (Dufour et al, 1983a). 

Les contenus hypophysaires et concentrations plasmatiques de lÕhormone de croissance 

(GH) ont ŽtŽ mesurŽs par un RIA homologue mis au point au laboratoire (Marchelidon et al, 

1996). 

Les concentrations plasmatiques en tri-iodothyronine (T3) et thyroxine (T4) ont ŽtŽ 

dosŽes par RIA selon le protocole de Leloup et De Luze (1980). 

 

 6.2.2. Dosages immunoenzymatiques des hormones stŽro•des et de la vitellogŽnine 

(ELISA, EIA) (Article 2) 

 

La concentration plasmatique des stŽro•des sexuels (oestradiol, testosterone, 11-

kŽtotestostŽrone) est mesurŽe par dosage immunoenzymatique ˆ lÕaide de Kits (Cayman) qui 

ont ŽtŽ validŽs pour leur application chez lÕanguille. 

Les taux plasmatiques de vitellogŽnine sont mesurŽs par dosage immunoenzymatique 

homologue spŽcifique mis au point au laboratoire (Burzawa-GŽrard et al, 1991). 
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III. RESULTATS 

 

 

Les principaux rŽsultats o btenus au co urs de ce travail de th•se sero nt prŽsentŽs so us la 

fo rme dÕarticles et de do nnŽes co mplŽmentaires. Apr•s o btentio n par clo nage de la sŽquence 

de la so us-unitŽ !  de la FSH (article 1), no us avo ns pu analyser lÕexpressio n des tro is so us-

unitŽs des go nado tro pines (GP" , LH§ et FSH§) au co urs du cycle (argenture : article 2 et 

maturatio n expŽrimentale : article 1). No us avo ns Žgalement recherchŽ les facteurs capables 

de co ntr™ler lÕexpressio n des so us-unitŽs des go nado tro pines in vivo (articles 1 et 3) et in vitro 

(articles 3 et 4). 

 

1. Article 1 : Ç  Differential regulatio n o f luteinizing ho rmo ne and fo llicle-

stimulating ho rmo ne expressio n during o varian develo pment and under sexual 

stero ids feedback in the Euro pean eel È. Schmitz M, Aro ua S et al (2005)  

 

1.1. RŽsumŽ des rŽsultats  

 

1.1.1. Clo nage de la FSH 

 

Afin dÕŽtudier la rŽgulatio n de lÕexpressio n des ho rmo nes go nado tro pes, les sŽquences 

nuclŽo tidiques des tro is so us unitŽs des go nado tro pines (GP" , LH!  et FSH! ) Žtaient 

nŽcessaires. Les sŽquences des ADNc co dant po ur les so us-unitŽs GP"  et LH!  de lÕanguille 

euro pŽenne Žtant co nnues, no us avo ns clo nŽ la so us-unitŽ FSH! .  

Une sŽquence partielle de lÕADNc de la FSH!  de lÕanguille euro pŽenne a ŽtŽ o btenue ˆ 

lÕaide dÕamo rces spŽcifiques cho isies ˆ partir de la sŽquence dÕADNc co dant po ur la FSH!  de 

lÕanguille japo naise (GenBank accessio n N¡. AB016169, Yo shiura et al, 1999). La sŽquence 

co mpl•te a par la suite ŽtŽ o btenue par les rŽactio ns dÕamplificatio n 3Õ- et 5Õ-RACE.  

La sŽquence co mpl•te co dant po ur lÕADNc de la so us unitŽ FSH!  a ŽtŽ so umise ˆ GenBank 

(accessio n No . AY169722). Elle co mpo rte 1069 nuclŽo tides et co mprend une phase o uverte 

de lecture de 381 bases (figure sŽquence). Celle-ci co de un peptide de 127 acides aminŽs 

co mprenant un peptide signal de 19 acides aminŽs et un peptide mature de 108 acides aminŽs. 
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De plus, lÕanalyse par alignement et co mparaiso n de sŽquences ˆ lÕaide du pro gramme 

Clustal W mo ntre un po urcentage dÕidentitŽ de 97% entre les sŽquences FSH!  de lÕanguille 

euro pŽenne et de lÕanguille japo naise. 

 

1.1.2. Lo calisatio n hypo physaire des cellules ˆ LH et ˆ FSH  

 

Une so nde ARN spŽcifique po ur la FSH!  de lÕanguille euro pŽenne de 426 nuclŽo tides a 

ŽtŽ o btenue ˆ partir de la sŽquence clo nŽe. De la m•me fa•on, une so nde ARN spŽcifique po ur 

la LH!  dÕanguille euro pŽenne de 404 nuclŽo tides a ŽtŽ synthŽtisŽe. Celles-ci, capables de se 

co mplexer avec les ARNm co mplŽmentaires co ntenus dans les tissus, o nt ŽtŽ utilisŽes po ur 

lo caliser les lieux dÕexpressio n des deux ho rmo nes au niveau hypo physaire.  

LÕŽtude par hybridatio n in situ sur des co upes adjacentes met en Žvidence une 

expressio n des ho rmo nes go nado tro pes exclusivement lo calisŽe dans la zo ne pro ximale de 

lÕadŽno hypo physe. LÕo bservatio n des co upes adjacentes permet Žgalement de mo ntrer que la 

lo calisatio n du marquage o btenu avec la so nde FSH!  diff•re de celle o btenue avec la so nde 

LH! . Ces rŽsultats indiquent que les ho rmo nes go nado tro pes, LH et FSH, so nt exprimŽes par 

des cellules hypo physaires diffŽrentes chez lÕanguille euro pŽenne. 

 

1.1.3. Variatio ns de lÕexpressio n des so us-unitŽs des go nado tro pines au cours de la 

maturatio n expŽrimentale 

 

a. Chez la femelle 

La maturatio n expŽrimentale o btenue par des traitements go nado tro pes (extraits 

hypo physaires de carpe) induit chez les animaux une augmentatio n pro gressive du rappo rt 

go nado -so matique (RGS o u Go nado so matic Index, GSI). Les anguilles au stade argentŽ o nt 

un RGS mo yen de 1.8 ± 0.1%. Chez les anguilles traitŽes pendant 16 semaines, le RGS atteint 

33 ± 3 %.  

Les pro fils dÕexpressio n des tro is so us-unitŽs des ho rmo nes gonado tro pes o nt ŽtŽ suivis 

au co urs de la maturatio n expŽrimentale par do t blo t. Les sous-unitŽs LH!  et GP"  co nnaissent 

des pro fils similaires, avec une fo rte augmentatio n des messagers au co urs de la maturatio n. 

Les variatio ns les plus impo rtantes so nt o bservŽes po ur la so us-unitŽ LH! , avec des taux 

hypo physaires en ARNm chez les animaux traitŽs pendant 16 semaines, 120 fo is supŽrieur ˆ 

ceux o bservŽs chez les anguilles tŽmo ins (P<0.001). En ce qui co ncerne la so us-unitŽ GP" , 
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lÕexpressio n des messagers est 8 fo is plus impo rtante chez les animaux traitŽs pendant 16 

semaines que chez les tŽmo ins (P<0.001). 

La so us-unitŽ FSH!  rŽagit diffŽremment aux traitements go nado tro pes : apr•s 16 

semaines de traitement, les taux dÕARNm o nt significativement diminuŽ co mparŽs aux 

tŽmo ins (P<0.001). 

 

b. Chez le m‰le (do nnŽes co mplŽmentaires) 

Une expŽrience de maturatio n expŽrimentale a Žgalement ŽtŽ rŽalisŽe chez le m‰le par 

des traitements ˆ la hCG. Chez les m‰les, co mme chez les femelles, les traitements 

go nado tro pes induisent un dŽvelo ppement des go nades : le RGS mo yen chez les anguilles 

m‰les argentŽes est de 0.18 ± 0.02 %. Apr•s 8 semaines de traitement, le RGS mo yen atteint 

5.3 ± 0.4 % (Figure 9A). 

Les pro fils dÕexpressio n des tro is so us-unitŽs des go nado tro pines o nt ŽtŽ suivis au co urs 

de la maturatio n expŽrimentale par do t blo t. Les traitements go nado tro pes induisent de fo rtes 

augmentatio ns, significatives d•s 4 semaines de traitements (P<0.01), des taux dÕARNm 

co dant po ur la so us-unitŽ LH! . Des taux qui atteignent des niveaux 37 fo is supŽrieurs chez les 

animaux traitŽs pendant 8 semaines co mparŽs aux tŽmo ins (P<0.001) (Figure 9B).  

Co ncernant la so us-unitŽ GP" , une augmentatio n significative des taux hypo physaires 

en ARNm est Žgalement o bservŽe au co urs de la maturatio n expŽrimentale. Cette 

augmentatio n, significative d•s 4 semaines de traitements (P<0.05), atteint des taux 13 fo is 

plus impo rtants chez les m‰les traitŽs pendant 8 semaines en co mparaiso n avec les tŽmo ins 

(P<0.001) (Figure 9C). 

En revanche, les taux dÕARNm co dant po ur la so us-unitŽ FSH!  mo ntrent des tendances 

ˆ la baisse. Cette baisse est significative apr•s 8 semaines de traitements (x 0.4 co mparŽ aux 

tŽmo ins, P<0.05) (Figure 9D). 

 

1.1.4. Effets de traitements in vivo  par les stŽro •des sexuels sur lÕexpressio n des 

go nado tro pines 

 

LÕexpressio n des so us-unitŽs FSH! , LH!  et GP"  des go nado tro pines a ŽtŽ mesurŽe par 

do t blo t chez des anguilles argentŽes ayant re•u des traitements pendant 7 semaines par 

lÕo estradio l et la testo stŽro ne.  
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Chez les anguilles traitŽes ˆ lÕo estradio l, une augmentatio n significative de lÕexpressio n 

des so us-unitŽs LH!  (x 6.5 par rappo rt aux tŽmo ins, P< 0.01) et GP"  (x 2.4 par rappo rt aux 

tŽmo ins, P< 0.001) est o bservŽe. En ce qui co ncerne la so us-unitŽ FSH! , aucun changement 

significatif nÕa ŽtŽ mo ntrŽ suite aux traitements par lÕo estradio l.  

Co ntrairement ˆ ce qui a ŽtŽ o bservŽ suite aux traitements par lÕo estradio l, chez les 

anguilles traitŽes par la testo stŽro ne, il nÕy a pas de variatio n significative des so us-unitŽs 

LH!  et GP"  par rappo rt aux tŽmo ins. En revanche, une diminutio n significative des taux 

dÕARNm co dant po ur la so us-unitŽ FSH!  a ŽtŽ o bservŽe apr•s traitement par la testo stŽro ne 

(x 0.3 par rappo rt aux tŽmo ins, P< 0.001).   

Ces rŽsultats mo ntrent que les stŽro •des sexuels so nt capables dÕexercer un co ntr™le sur 

lÕexpressio n des go nado tro pines et permettent de mettre en Žvidence une rŽgulatio n 

diffŽrentielle des diffŽrentes so us-unitŽs des go nado tro pines.  

 

1.2. Texte de lÕarticle 1 : Ç  Differential regulatio n o f luteinizing ho rmo ne and 

fo llicle-stimulating ho rmo ne expressio n during o varian develo pment and under 

sexual stero ids feedback in the Euro pean eel È. Schmitz M, Aro ua S et al (2005) 

Neuroendocrinology 81 : 107-119. 
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Figure 9 : Effets des traitements gonadotropes sur le dŽveloppement gonadique et lÕexpression 
des sous-unitŽs des gonadotropines chez lÕanguille m‰le. A) Rapport gonadosomatique; niveaux 
hypophysaires en ARNm pour B) LH! , C) GP" , D) FSH! . LÕexpression des ARNm a ŽtŽ mesurŽe par dot blot et les rŽsultats 
normalisŽs ˆ lÕaide de lÕARN 18s. Les moyennes sont donnŽes ± SEM. * P< 0.05, ** P< 0.01, *** P< 0.001 comparŽ aux 
tŽmoins, ANOVA. 
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2. Article 2 :  Ç Endocrine evidence that silvering a secondary metamorphosis 

in the eel is a pubertal rather than a metamorphic event È. Aroua S et al (2005) 

 

2.1. RŽsumŽ des rŽsultats 

 

LÕargenture, aussi appelŽe mŽtamorphose secondaire, est un long processus o• 

dÕimportants changements se produisent chez lÕanguille. Afin de dŽcrypter les mŽcanismes 

hormonaux permettant de contr™ler ces modifications, nous avons suivi lÕactivitŽ des deux 

axes principalement connus pour •tre impliquŽ lÕun dans la mŽtamorphose, lÕaxe thyrŽotrope, 

et lÕautre dans la pubertŽ, lÕaxe gonadotrope. Diff Žrents param•tres anatomiques, dŽcrits 

comme caractŽristiques de lÕargenture, ont Žgalement ŽtŽ relevŽs au cours du processus 

(Marchelidon et al, 1999 ; Durif et al, 2005).  

LÕŽtude a portŽ sur trois sŽries dÕŽchantillonnages dÕanguilles.  

 

2.1.1. Echantillonnage 1 

 

Dans lÕŽchantillonnage 1, les anguilles ont ŽtŽ regroupŽes en fonction de leur RGS  en 

trois stades en accord avec la classification proposŽe par Durif et al (2005) : stade jaune, RGS 

<  0.4%, stade intermŽdiaire, 0.4% !  RGS < 1.2%, stade argentŽ 1.2% !  RGS. Les param•tres 

anatomiques (poids, taille, index oculaire, index digesto-somatique) ont ŽtŽ mesurŽs. Les 

contenus hypophysaires en hormones lutŽinisante (LH) et de croissance (GH) et les taux 

plasmatiques en hormones thyro•diennes (T3 et T4) ont ŽtŽ dosŽs par RIA et comparŽs entre 

les diffŽrents stades.  

Des variations significatives des param• tres anatomiq�� s ont ŽtŽ observŽs entre les 

stades jaunes et argentŽs avec une augmentation de lÕindex oculaire (OI) (x 2, P< 0.001) et 

une rŽduction de lÕindex digesto-somatique (DSI) (x 0.34, P< 0.001). Des variations 

significatives ont Žgalement ŽtŽ observŽes entre les stades jaune et argentŽ au niveau des 

contenus hypophysaires en hormones. Une forte augmentation des contenus hypophysaires en 

hormone LH (x 51 comparŽ au stade jaune, P< 0.001) a ŽtŽ mesurŽe au stade argentŽ ; en 

revanche, les contenus hypophysaires en hormone GH sont significativement moins 

importants chez les anguilles argentŽes que chez les anguilles jaunes (x 0.6, P< 0.001). 

Concernant les taux plasmatiques en hormones thyro•diennes, aucune variation significative 

nÕa ŽtŽ observŽe au cours du processus dÕargenture. 
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2.1.2. Echantillonnage 2 

 

Pour nous permettre dÕavoir une vision plus fine des modifications hormonales 

intervenant au cours de lÕargenture, les stades intermŽdiaires des Žchantillons 2 et 3 ont ŽtŽ 

subdivisŽs en 3 groupes conduisant ˆ la classification suivante : 

 

Stade jaune : groupe A = RGS < 0.4%  

Stade intermŽdiaire : groupe B = 0.4% !  RGS < 0.6% 

 groupe C = 0.6% !  RGS < 0.8% 

 groupe D = 0.8 !  RGS <  1.2%  

Stade argentŽ : g roupe E =  1.2% !  RG S.  

 

Les param• tres anatomiq�� s ont ŽtŽ mesurŽs, et les contenus hypophysaires et les taux 

plasmatiques en hormones LH et GH ont ŽtŽ dosŽs par RIA.  

Comme pour lÕŽchantillonnage 1, des variations progressives et importantes en fin 

dÕargenture des param•tres anatomiques (IO et DSI) ont ŽtŽ observŽes au cours de la 

transition jaune Ð argentŽ ; IO augmentant de mani•re significative (x 2.1, P< 0.001) et le DSI 

marquant une forte baisse (x 0.4, P< 0.001) au stade argentŽ comparŽ au stade jaune.  

Concernant les contenus hypophysaires en hormones, la LH ne montre pas de variations 

significatives entre les stades jaune et intermŽdiaires, puis une forte augmentation de la LH 

est observŽe en fin dÕargenture (groupe E : x 51 comparŽ au stade jaune groupe A, P< 0.001). 

En revanche, aucune variation des contenus hypophysaires en GH nÕest observŽe au cours de 

lÕargenture. Aucune variation significative nÕa ŽtŽ observŽe au cours du processus dÕargenture 

pour les taux plasmatiques en GH ou LH. 

 

2.1.3.    Echantillonnage 3 

 

Les param•tres anatomiques ont ŽtŽ mesurŽs. LÕexpression des hormones hypophysaires 

(LH" , FSH" , GP#, GH et TSH" ) a ŽtŽ mesurŽe par dot blot et les concentrations 

plasmatiques en stŽro•des sexuels (E2, T, 11-KT) et en vitellogŽnine ont ŽtŽ mesurŽes par des 

dosages immunoenzymatiques.  
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Comme dans les autres Žchantillonnages, lÕIO a augmentŽ (x 2.9 groupe E comparŽ au 

groupe A, P< 0.001) alors que le DSI a baissŽ (x 0.05 groupe E comparŽ au groupe A, P< 

0.01) au cours de lÕargenture.  

Concernant les hormones hypophysaires, seules les sous-unitŽs des gonadotropines 

(LH" , FSH"  et GP#) montrent des variations significatives de leur expression au cours du 

processus dÕargenture ; avec une augmentation progressive des taux dÕARNm de la sous-unitŽ 

FSH"  entre les groupes A et D, alors que lÕexpression des autres hormones ŽtudiŽes (GH, 

TSH" , LH"  et GP#) reste basse. LÕexpression des sous-unitŽs LH"  et GP# augmente de 

mani•re importante en fin dÕargenture (LH"  : x 9 groupe E comparŽ au groupe A, P< 0.05 ; 

GP# : x 2.2 groupe E comparŽ au groupe A, P< 0.001).  

Les concentrations plasmatiques en hormones stŽroides (E2, T, 11-KT) et en 

vitellogenine (Vg) montrent Žgalement des variations au cours de lÕargenture. LÕE2 conna”t 

une premi•re ŽlŽvation des taux plasmatiques entre le stade jaune et le stade intermŽdiaire (x 

5.1 groupe C comparŽ au groupe A, P< 0.05), puis une seconde en fin dÕargenture au stade 

argentŽ (x 9.2 groupe E comparŽ au groupe A, P< 0.001). Concernant les autres hormones 

dosŽes (T, 11-KT et Vg), les augmentations significatives de leurs concentrations 

plasmatiques sont observŽes seulement en fin dÕargenture (groupe E). 

 

LÕensemble de ces rŽsultats montrent que lÕaxe gonadotrope est activŽ au cours du 

processus dÕargenture avec des variations observŽes au niveau hypophysaire (augmentation de 

lÕexpression des sous-unitŽs des gonadotropines) et au niveau gonadique (augmentation de la 

production des stŽro•des sexuels) alors que les autres axes (somatotrope et thyrŽotrope) 

montrent peu ou pas de variations. 

 

2.1.4.    ExpŽrimentation in vivo 

 

Pour vŽrifier lÕimplication de lÕaxe gonadotrope ou de lÕaxe thyrŽotrope dans le contr™le 

des changements Ç mŽtamorphiques È de lÕargenture, des anguilles jaunes ont ŽtŽ traitŽes par 

des stŽro•des sexuels (E2 et T) ou des hormones thyro•diennes (T4) et les param•tres 

biomŽtriques caractŽristiques de lÕargenture mesurŽs. 

La testostŽrone a ŽtŽ capable dÕinduire une augmentation de lÕindex oculaire (IO) et une 

rŽgression du tractus digestif (DSI), ce qui nÕa pas ŽtŽ le cas avec les traitements par la T4.  
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Ces rŽsultats confortent lÕhypoth•se de lÕimplication de lÕaxe gonadotrope dans le 

contr™le de la mŽtamorphose secondaire chez lÕanguille 

 

 

2.2. Texte de lÕarticle 2 : Ç Endocrine evidence that silvering a secondary 

metamorphosis in the eel is a pubertal rather than a metamorphic event È. Aroua 

S et al (2005) Neuroendocrinology 82 : 221-232. 
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3. Arti c l e 3 : Ç Development of real time RT-PCR assays for eel 

gonadotropins and their application to the comparison of in vivo and in vitro 

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

 

3.1. RŽsumŽ des rŽsultats  

 

Afin dÕamŽliorer les techniques de dosages et dÕaugmenter la sensibilitŽ de dŽtection 

des ARNm, nous avons dŽveloppŽ les outils nŽcessaires au dosage des trois sous-unitŽs des 

gonadotropines, LH! , FSH!  et GP"  par PCR quantitative en temps rŽel. 

Ces outils ont ŽtŽ utilisŽs pour analyser les effets induits par des traitements stŽro•diens 

(E2, T, DHT) in vivo chez des anguilles femelles argentŽes. Ils ont Žgalement ŽtŽ utilisŽs lors 

dÕexpŽrimentations in vitro sur des cultures primaires de cellules hypophysaires, pour 

caractŽriser les effets directs hypophysaires des stŽro•des sexuels.  

 

3.1.1. Effets des stŽro•des in vivo sur lÕexpression des sous-unitŽs des gonadotropines 

 

Dans les expŽrimentations in vivo, comme dans nos travaux prŽcŽdents, un effet 

stimulateur  de lÕexpression de LH!  a ŽtŽ observŽ suite aux traitements par E2 (x 7.6 comparŽ 

aux tŽmoins, P< 0.05). En revanche, E2 nÕa pas induit de variations significatives de 

lÕexpression des sous-unitŽs GP"  et FSH! . Les traitements in vivo par les androg•nes (T ou 

DHT) nÕont pas eu dÕeffets significatifs sur les taux dÕARNm codant pour les sous-unitŽs des 

gonadotropines. 

 

3.1.2. Effets des stŽro•des in vitro sur lÕexpression des sous-unitŽs des gonadotropines 

 

Les expŽrimentations in vitro montrent des rŽsultats diffŽrents de ceux obtenus in vivo : 

les traitements des cellules par E2 nÕont aucun effet sur lÕexpression de LH! . Ils nÕinduisent 

pas non plus de variations des ARNm de GP"  ; en revanche, in vitro, E2 stimule lÕexpression 

de la sous-unitŽ FSH!  (x 2.7 comparŽ aux tŽmoins, P< 0.01). Concernant les androg•nes (T 

ou DHT), alors quÕils nÕinduisent aucune variation significative des sous-unitŽs GP"  et 

FSH!  ; de fortes stimulations de lÕexpression de LH!  sont observŽes apr•s des traitements par 

T (x 9.2 comparŽ aux tŽmoins, P< 0.001) et par DHT (x 9.3 comparŽ aux tŽmoins, P< 0.001). 
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Les rŽsultats diffŽrents obtenus par les expŽrimentations in vivo et in vitro montrent que 

les stŽro•des sexuels exercent leurs rŽtrocontr™les sur lÕexpression des gonadotropines via des 

actions ˆ diffŽrents niveaux de lÕaxe gonadotrope : directement au niveau hypophysaire ou 

indirectement par des actions sur le contr™le cŽrŽbral. 

 

 

3.2. Texte de lÕarticle 3 : Ç Development of real time RT-PCR assays for eel 

gonadotropins and their application to the comparison of in vivo and in vitro 

effects of sex steroids È. Aroua S et al (2007) General and Comparative 

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 (qrtRT-PCR) assays for the expression of European eel LHb, FSHb and GPa subunits, using the Light Cycler
system. The qrtRT-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, andin 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 FSHb expression, slight but non-signi®cant decreases were observed
after both E2 and androgen treatments. Di€erent results were obtainedin vitro: E2 induced an increase in FSHb mRNA levels but
had no e€ect on LHb expression. In contrast, androgens (T and DHT) stimulated LHb expression while no signi®cant variation was
observed on FSHb mRNA levels following androgen treatment. Concerning the GPa mRNA, no signi®cant e€ect of sexual steroids
was observedin vivoor in vitro. This demonstrated speci®c direct actions of steroids on gonadotropin subunit expression. The di€erences
observed betweenin 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.
Ó 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In mammals, control of reproduction by the brain-pitu-
itary-gonad (BPG) axis is well established. A hypothalamic
decapeptide, the gonadotropin-releasing hormone (GnRH)
acts on the pituitary by inducing synthesis and release
of two gonadotropins: luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). LH and FSH are

glycoprotein hormones constituting of two subunits, a
(GPa) which is common for both hormones, andb (FSHb
or LH b) which is hormone-speci®c and thus conferring
biological activity to each hormone. In mammals, FSH
and LH are secreted by the same pituitary cells, and
respond to a di€erential frequency of the pulsatile secretion
of GnRH (for review: Gharib et al., 1990). The gonadotro-
pins act on the gonads by inducing development and mat-
uration of gametes and production of sexual steroids. The
sexual steroids regulate cerebral and pituitary factors
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
LH b 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 bream:Garcia Ayala et al.,
2003; Atlantic halibut: Weltzien et al., 2004; European
eel:Schmitz et al., 2005). 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., 1986). 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 review:Dufour et al.,
2003, 2005; Vidal et al., 2004; Weltzien et al., 2006).

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;
QueÂrat et al., 1991; coho salmon: Dickey and Swanson,
1998).

Concerning steroid feedback on FSH, the situation in
teleosts is less clear as available data are scarce. An
in vivo negative feedback was described in female and male
maturing coho salmon after estradiol (E2) treatment (Dic-
key and Swanson, 1998) and in juvenile mixed sex gold®sh
after testosterone (T) treatment (Kobayashi et al., 2000). In
contrast, in vivoE2 treatment induced an increase in FSHb
mRNA levels in maturing and mature gold®sh (Huggard-
Nelson et al., 2002).

Considering the large variability of responses depending
on the developmental stage and on ®sh species, the regula-
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

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 (qrtRT-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 ofin 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 (Sigma±Aldrich 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 (n = 8 eels/group; 4 eels per 100 l
tank). Eels received one injection per week of 2l g steroid/g BW sus-
pended in 0.15 M NaCl or vehicle alone (control). Weekly injections for
8 weeks resulted in stable and physiologically relevant plasma concentra-
tions of the injected steroid (from 10 to 80 ng/ml) as previously shown in
eel studies (Weltzien et al., 2006).

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
treatments

Dispersion and primary culture of pituitary cells were performed using
an enzymatic and mechanical method as described byMontero et al.
(1996). Brie¯y, pituitaries were cut into 1-mm slices and incubated at
25°C in a solution of porcine type II 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% CO2 and saturated humidity.

A preliminary experiment was performed to test and optimize the cell
density for qrtRT-PCR detection of the three gonadotropin subunits.
Cells were plated at di€erent densities: 20,000, 40,000, 60,000 and 80,000
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 (10ÿ 3 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 10ÿ 7 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, Illkirch, France) after homogenisation
using a FastPrep instrument (Qbiogene). All samples were submitted to
a deoxyribonuclease I treatment following extraction (DNA-free, Ambi-
on, Inc.). First strand cDNA was synthesized using 2l g of total RNA
as template in 50l l reactions. The RNA was preincubated with 0.5l 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 ÿ 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 ä II kit (Ambion Inc.) according to the manufacturer's recom-
mendations. Cells were washed with sterile PBS (Gibco) and lysed with
Cell Lysis II bu€er (80 l l/well). Then, the lysates were submitted to a
deoxyribonuclease I treatment (Ambion Inc.).

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

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

Primers and reference genes: We used acidic ribosomal phosphoprotein
P0 (ARP), b-actin and cytochrome b (cytb) as reference genes in the
qrtRT-PCR analyses. Gene speci®c primers were designed (for
primer sequence, seeTable 1) using the Primer3 Software (Whitehead
Institute/Massachusetts Institute of Technology, Boston, MA), and was
based on the nucleotide sequences of the European eel FSHb cDNA (Gen-
Bank Accession No. AY169722, Schmitz et al., 2005), LH b
cDNA (GenBank Accession No. X61039, QueÂrat et al., 1990b), GP a
cDNA (GenBank Accession No. X61038, QueÂrat et al., 1990a),
ARP cDNA (GenBank Accession No. AY763793, Weltzien et al., 2005),
b-actin cDNA (GenBank Accession No. DQ493907, Pierron et al., unpub-
lished) and cytb cDNA (GenBank Accession No. AF006714,Lin et al.,
2001). For comparison of expression levels, we chose growth hormone
(GH, GenBank Accession No. AY616666,Gong et al., 2002) which is
known to be largely expressed in the eel pituitary. One primer of each pair
was designed in a cDNA exon±exon border to avoid genomic DNA
ampli®cation. The primers were purchased from MWG-Biotech AG
(Edersburg, Germany).

SYBR Green assay: The quantitative assays of eel gonadotropin sub-
unit expression were set up using the Light Cycler system with SYBR
Green I sequence-unspeci®c detection (Roche, Meylan, France). The
PCRs were prepared with 4l l of diluted cDNA template, forward
and reverse primers (7.5 pmol each), and SYBR Green Master Mix
(3 l l) at a ®nal volume of 15l l. To optimize the reaction, di€erent
annealing temperatures were tested according to theTm of each primer
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: 95°C for 15 s, 60°C for 5 s
and 72°C for 10 s.

For the in vivo experiments. Serial dilutions of a pituitary cDNA pool
made from several samples were run in duplicate for the target (LHb, FSHb
and GPa) and the reference (ARP) genes, to assess PCR e•ciency 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 (ARP,b-actin, cytb) genes to assess PCR e•-
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 =Etarget

DCp (calibratorÐsample) ´
Ereference

DCp (sampleÐcalibrator), where Cp is the crossing point (cycle number at
which ¯uorescence increases above a background threshold level) andE is
the e•ciency of the PCR ampli®cation. For further details, seeWeltzien
et al., 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: LH b, FSHb and GPa. As reference
genes, we tested ARP,b-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 e•ciency. For each
gene, an optimal e•ciency (about 100%) was reached. We
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could perform the annealing at 60°C for all genes, a tem-
perature giving high e•ciency in each reaction and permit-
ting to work under similar conditions for each gene.
E•ciencies 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 e•cien-
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 LHb 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
LH b 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 qrtRT-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 GPa
(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 x1.4NS 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, theb-actin and
cytb. In these two cases, stimulating e€ect of steroids were
also observed with increases varying from x1.5NS 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 LHb mRNA

Table 1
Primer sequences for each primer pair

Primer sequence Amplicon size

LH b 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. LHb, luteinizing hormone b subunit; FSHb, follicle-stimulating hormone b subunit; GPa, glycoprotein
alpha subunit; GH, growth hormone; ARP, acidic ribosomal phosphoprotein; cytb, cytochrome b.
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levels were observed after T or DHT treatments (Fig. 1a).
Concerning GPa mRNA, a slight but not signi®cant
increase of mRNA levels was observed after E2 treatment
(´ 1.4 as compared to controls,NS), and no e€ect was seen
after androgen treatments (Fig. 1b).

In contrast to LH b, no stimulatory e€ect of E2
treatment was shown on FSHb mRNA levels. In fact,
we observed a decreasing tendency on FSHb mRNA
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).

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 thein vitro sex steroid
treatments in dispersed pituitary cell cultures.

In contrast to the in vivoexperiment, 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 control, P < 0.001). However, andControl E2 T DHT
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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 qrtRT-PCR. Data are normalized to eel ARP.
Means are given ‹ SEM (n = 8 eels/group). *P < 0.05 as compared to
controls, ANOVA.
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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 10ÿ 7 M. Cell mRNA
levels for LHb (a), GPa (b) and FSHb (c) subunits were quanti®ed by
qrtRT-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 vivo results, 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 treatments (Fig. 2b).For FSHb,
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 FSHb 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 eel (Aroua et al., 2005; Schmitz et al.,
2005).

In these experiments, all mRNA 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 e•ciency. All these precautions taken, com-
parison of average Cp values provides some indications
on the comparative gene expression levels. Data from the
qrtRT-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 stage (Marchelidon 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 GPa 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 FSHb and
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

qrtRT-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 thein vivo experiments
(GH > GP a > 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 comparedin 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 vitellogenesis (QueÂrat
et al., 1985; QueÂrat et al., 1987; Sbaihi et al., 2001).

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, 2006), we chose
to use the ribosomal ARP. Indeed, in the presentin 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 eels (Olivereau 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 gonadotropina-sub-
unit, showed only a slight increase in mRNA expression,
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similar to that of the reference genes, which was therefore
interpreted as a non speci®c response to sex steroid
treatments.

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

Our qrtRT-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., 2005) or Northern blot assay
(QueÂrat 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 (Olivereau and
Chambolle, 1978; Olivereau and Olivereau, 1979), and 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 mykiss), 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 salar) after T treatment (Borg
et al., 1998). In maturing coho salmon (Oncorhynchus kis-
utch), LH b 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 bass (Dicentrarchus labrax) 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 species (Callard et al., 1981; Pasmanik and
Callard, 1985; Pellegrini et al., 2005). In contrast, a recent
study has shown an unusually low brain aromatase activity
in the eel compared to other teleost species (Anguilla japon-
ica: Jeng et al., 2005). This fact may explain the in 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,in vivo sex steroid
treatments did not induce any stimulatory e€ect on FSHb
mRNA levels, contrary to the e€ect on LHb. In contrast,
we observed a decreasing tendency in FSHb mRNA
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., 2005). Such a
T inhibitory e€ect on FSHb mRNA was also reported in
mixed sex juvenile gold®sh (Kobayashi et al., 2000) and
in maturing male and female sea bass (Mateos et al.,
2002) and, in these two cases, E2 had the same e€ect. In

salmonids, sex steroid e€ects on FSH were shown to
depend on the reproductive stage of the ®sh (Borg 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 GPa mRNA ( Counis et al., 1987;
QueÂrat 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 GPa 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 mRNA
expression in the European eel.

Di€erential variations in eel gonadotropin mRNA
expression are observed throughout the gonadal develop-
ment. During the late stage of silvering, an up-regulation
of LH b 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., 2005), where exogenous gonadotropic treat-
ments induced gonadal development (Fontaine 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 (Dufour et al.,
1989). More recently, di€erential variations in mRNA were
observed after experimental maturation: an increase of
LH b and GPa and a decrease of FSHb (European eel:
Schmitz et al., 2005; Japanese eel:Saito 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 performedin 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 h (Huang
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
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 gariepinus), Rebers et al. (2000)observed 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®sh (Huggard-Nelson et al., 2002)
and in pituitary cells from regressed tilapia (Melamed
et al., 1998). At last, it was demonstrated by qrtRT-PCR
in pituitary cells from masu salmon (Oncorhynchus masou)
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 (Xiong et al.,
1994).

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 LH b 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 steroidsin 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., 2004). In con-
trast, GPa subunit mRNA expression was stimulated fol-
lowing in vitro E2 treatment in early and late
recrudescent gold®sh (Huggard-Nelson et al., 2002), and
sexually mature male African cat®sh (Rebers et al., 2000).
In African cat®sh (Rebers et al., 2000) the same e€ect on
GPa expression was observed after T treatment.

Concerning the direct action of sex steroids on FSHb
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

exists,in vitro, an estrogen-speci®c e€ect on FSHb expres-
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 FSHb 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 (Yaron 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 vivosex 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
LH b 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 LHb 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€ect in vitro.
This demonstrates an indirect e€ect of E2 on LHb
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., 2006). 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 (Oreochromis niloticus),
it has recently been demonstrated thatin vivo E2 treat-
ment modulates both GnRH receptors (gnrhr1 and
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gnrhr3) and DA receptor (drd2) mRNAs (Levavi-Sivan
et al., 2006).

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 FSHb. These di€er-
ent responses of gonadotropin mRNAs to in 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., 2005) 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 (Weltzien et al., 2006). 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 (Vidal
et al., 2004).

In contrast, for FSH b 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; rainbow
trout: Tada et al., 1998; zebra®sh (Danio rerio): Wu
et al., 2000; Japanese eel:Miura 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 qrtRT-
PCR assays speci®c for eel gonadotropin subunits, which
were applicable in both in 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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4�  Arti � � e 4  : ÇActivin differentially regulates luteinizing hormone and 

follicle-stimulating hormone expression by eel pituitary cellsÈ. Aroua S et al 

 

4.1. RŽsumŽ des rŽsultats  

 

Les peptides gonadiques jouent un r™le majeur dans la rŽgulation de la FSH chez les 

mammif•res mais leurs r™les chez les tŽlŽostŽens a fait lÕobjet de peu de travaux. Nous avons 

abordŽ cette Žtude chez lÕanguille.  

 

4.1.1. Distribution de la sous-unitŽ ! B de lÕactivine chez lÕanguille 

 

Nous avons dŽveloppŽ le dosage pas PCR quantitative en temps rŽel (qrt-PCR) de la 

sous-unitŽ ! B de lÕactivine de lÕanguille. Les amorces ont ŽtŽ choisies dÕapr•s la sŽquence 

clonŽe chez lÕanguille japonaise ˆ partir de testicules. LÕŽtude de la distribution tissulaire chez 

lÕanguille femelle argentŽe montre que lÕactivine ! B est exprimŽe non seulement dans les 

ovaires mais aussi dans diffŽrentes parties du cerveau et dans lÕhypophyse. En revanche, elle 

est tr•s peu exprimŽe (limite de dŽtection) dans le foie et le muscle. 

 

4.1.2. Effets de lÕactivine B sur lÕexpression des sous-unitŽs des gonadotropines 

 

Afin dÕaborder lÕŽtude du r™le possible des peptides gonadiques dans la rŽgulation 

diffŽrentielle des gonadotropines chez lÕanguille, nous avons recherchŽ lÕeffet de lÕactivine B 

recombinante humaine in vitro (cultures primaires de cellules hypophysaires) sur lÕexpression 

des sous-unitŽs des gonadotropines dosŽes par qrt-PCR. 

LÕactivine B a un effet stimulateur sur lÕexpression de la FSH!  qui augmente avec le 

temps et avec la dose de traitement (10-10 M ˆ 10-7 M). A la concentration maximale ŽtudiŽe 

(10-7M), lÕexpression de FSH!  est multipliŽe par 16 par rapport aux cellules tŽmoins (P< 

0.001). 

LÕexpression de LH!  nÕest pas stimulŽe par lÕactivine, contrairement ˆ lÕeffet positif sur 

FSH! . On peut m•me observer une baisse significative des taux dÕARNm codant pour la 

sous-unitŽ LH!  en prŽsence de fortes doses dÕactivine (activine 10-7M : x 0.5 comparŽ aux 

tŽmoins, P< 0.01).  
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4.1.3. Interactions de la follistatine et de lÕactivine sur lÕexpression de la FSH!  

La follistatine recombinante humaine seule (10-12 M ˆ 10-7 M) nÕa pas dÕeffets 

significatifs sur lÕexpression des sous-unitŽs LH!  et FSH! . En revanche, en combinaison avec 

lÕactivine, elle est capable dÕinhiber de fa•on dose dŽpendante lÕeffet stimulateur de lÕactivine 

sur lÕexpression de la FSH! .  

 

4.1.4. Interactions de la testostŽrone et de lÕactivine sur lÕexpression de la LH!  

 

Pour nous assurer de lÕeffet inhibiteur de lÕactivine sur lÕexpression de LH! , nous avons 

dŽcidŽ de travailler sur des cellules dont lÕexpression de LH!  est stimulŽe par des traitements 

par la testostŽrone (T) en accord avec nos prŽcŽdents travaux. Un effet inhibiteur et dose-

dŽpendant de lÕactivine sur lÕexpression de la LH!  a ŽtŽ observŽ dans les cellules ayant re•u 

un traitement combinŽ T+activine par rapport aux cellules traitŽes par T seul (P< 0.001). 

 

LÕensemble de ces rŽsultats indique que les peptides gonadiques sont capables de jouer 

un r™le dans la rŽgulation diffŽrentielle des gonadotropines et que ce r™le peut •tre exercŽ 

directement au niveau hypophysaire. 

 

 

4.2. Texte de lÕarticle 4 : ÇActivin and follistatin differentially regulate 

luteinizing hormone and follicle-stimulating hormone expression by eel pituitary 

cells È. Aroua S et al (ˆ soumettre) 
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Gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), are 

glycoprotein hormones constituted of two subunits, !  (GP! ) and " . While GP!  is common for 

both hormones, "  is hormone specific and confers the biological activity to each hormone. LH 

and FSH are members of the brain-pituitary-gonad axis, which is involved in the control of the 

reproductive function in vertebrates. LH and FSH play their actions on gonads inducing 

gametogenesis and sexual steroid production. In turn, the sexual steroids regulate cerebral and 

pituitary factors through differential feedback mechanisms (Gharib et al, 1990). In vertebrates, 

gonadotropin production and release are under the stimulatory control of brain GnRH. In 

addition, in some teleosts, a cerebral inhibitory control is exerted by dopamine (DA) (for review: 

Dufour et al., 2005). Besides these controls, gonadal peptides, play an important role in 

gonadotropin control (for review: Ying, 1988). These peptides, inhibin and activin, were first 

purified from porcine follicular fluid for their ability to inhibit and stimulate FSH release from 

cultured pituitary cells, respectively (inhibin: Miyamoto et al., 1985; Rivier et al., 1985; 

Robertson et al., 1985; activin: Ling et al., 1986; Vale et al., 1986). Shortly after, they were also 

implicated in the control of FSH synthesis (Carroll et al., 1989). During the purification of 

activins and inhibins, another unrelated protein was purified and characterized (Esch et al., 1987; 

Robertson et al., 1987; Ueno et al., 1987). This protein, named follistatin, was shown to decrease 

the basal release of FSH (Ueno et al., 1987), as well as FSH"  mRNA levels (Carroll et al., 1989) 

in rat anterior pituitary culture system. The effects of these three gonadal peptides on FSH in 

mammals were found to be specific, as no changes in LH were observed (for review: Gregory 

and Kaiser, 2004). 

 

Activins and inhibins are members of the transforming growth factor-"  (TGF-" ) 

superfamily, and result from the dimerization of three distinct gene products: ! , " A and " B. 

Inhibins result from the association of one !  subunit and one of "  subunits (!" A and !" B) and 

activins from the association of two "  subunits (" A" A or " B" B or " A" B) (for reviews: Vale et al, 

1988; Ying 1988). In mammals, the inhibin/activin subunits are expressed, not only in the 

gonads, but also in various tissues including the pituitary (Meunier et al., 1988; Bilezikjian et al, 
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1993). Moreover, some works on rats have shown that these subunits are expressed in 

gonadotrope cells (Roberts et al, 1989). Follistatin is an activin-binding protein (Nakamura et al., 

1990), which was found to neutralize activin bioactivities on different cell systems: embryonic 

mesoderm (Asashima et al., 1991), pituitary cells (Carroll et al., 1989; Kogawa et al., 1991) and 

ovarian granulosa cells (Xiao and Findlay, 1991; Shukovski et al., 1991; Xiao et al., 1992a,b). As 

for inhibin/activin genes, follistatin is detected, not only in gonads, but also in a wide range of 

tissues including pituitary (Michel et al, 1990), where its expression is localized in gonadotrope 

cells (Kaiser et al, 1992). These observations suggest that in mammals, the actions of activin, 

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

 

In teleosts, gonadal peptides and their effects have been hitherto poorly studied. The first 

data, which suggested the existence of activin/inhibin-like system and its potential role on 

gonadotropins, were reported in goldfish by Ge and collaborators. They showed that treatments 

of goldfish pituitary cells with porcine inhibin A (!" A) or activin A (" A" A) induced an increase in 

gonadotropin release (Ge et al, 1992). This group later demonstrated, still using goldfish pituitary 

cells, that activin could differentially control gonadotropins, by increasing FSH"  expression and 

reducing LH"  expression (Yam et al., 1999). However, preliminary studies in two other teleost 

species did not report such an opposite action of activin on FSH and LH. Recombinant human 

activin A added to tilapia cultured pituitary cells induced an increase in all gonadotropin subunit 

mRNAs (FSH" , LH"  and GP! : Yaron et al., 2001). In contrast, pituitary cells of coho salmon 

responded to recombinant human activin A by an increase in mRNA of both GP!  and FSH" , 

with no effect on LH"  (Davies et al, 2000). Concerning follistatin, first works performed on 

cultured pituitary cells of goldfish have shown that recombinant porcine follistatin is able to 

control gonadotropin expression by inducing differential effects on FSH and LH (Yuen and Ge, 

2004). 

Immunocytochemical and RT-PCR studies in teleosts have shown the presence of activin 

protein and mRNA in a variety of tissues including brain, pituitary and gonads (goldfish: Ge et al, 

1993, 1997; grey mullet: Mousa and Mousa, 2003). Follistatin was also found to be expressed in 

a wide range of tissues including pituitary (zebrafish: Bauer et al., 1998; catfish: Gregory et al., 

2004; goldfish: Cheng et al., 2007). These distributions suggested possible paracrine/autocrine 

control of gonadotropins by activin and follistatin in teleosts. 



 93 

 

Eels have a particular life cycle with a long sedentary stage during which animals are 

considered as juveniles. They remain blocked at a prepubertal stage (silver stage) as long as the 

reproductive migration is prevented. This blockade is due to a deficient production of pituitary 

gonadotropins (for review: Dufour et al, 2003, 2005). In our previous studies, we showed an 

increase in FSH"  expression early during silvering. This was later followed by a decrease in 

mRNA levels coding for FSH"  and a concomitant increase in LH"  mRNA levels (Aroua et al, 

2005). A differential regulation of gonadotropin subunits was also observed during the 

experimental maturation (Schmitz et al, 2005). This particularity makes eel a good model for the 

study of gonadotropin differential regulations. 

 The comprehension of mechanisms controlling reproduction in the eel is of particular 

interest considering the dramatic decline of wild populations (Stone, 2003) and the present 

impossibility to reproduce European eels in captivity. Moreover, as eel is a representative species 

of a phylogenetically ancient group of teleosts (elopomorphes) (De Pinna, 1996), understanding 

the gonadotropin regulation in this species will provide informations on ancestral regulatory 

mechanisms. The aim of this present study is to investigate the possible direct role of the 

activin/follistatin on gonadotropin regulation in the eel, by using primary culture of pituitary 

cells. 

 

M ateria  and � et��
�

�  

 

Animals 

Female European eel (Anguilla anguilla) were netted during their downstream migration by 

professional fishermen in the Loire river. Animals 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 scientific research. 
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Hormones 

Recombinant human activin B and recombinant human follistatin were purchased from R& �  

system ( Lille, F rance) . T estosterone (T )  w as purc� ased � rom Si�� a ( Lyon, F rance) . 

 

Sample collection � or tissue distribution  

T issues w ere collected � rom t�
� ee � emale sil� � r eels to in� � sti�

 te t�
�  distribution o  acti� ! n "

"

 

subunit expression. Eels w ere sacri� iced by decapitation. T �
�
 � ollo in  or�

 
ns w ere 

# $ !
c

k %
y 

rem'�� d and k� pt � ro en at Ð2 * + C in RNA later (Ambion Inc., Austin, Tex., USA) until 

extraction: brain, pituitary and ovary, liver, muscle samples. Before being frozen, brain was 

dissected in two parts: part A comprised olfactory bulbs, telencephalon and diencephalon, and 

part B corpus cerebellum and medulla oblongata.   

 

Tissue RNA extraction and cDNA synthesis 

Total RNA from samples was extracted using Trizol reagent (Invitrogen SARL, Cergy Pontoise, 

France) according to the manufacturerÕs recommendations. For each tissue, pools from three 

animals were performed. Pools were homogenised in 200µl of Trizol reagent by sonication a few 

seconds for brain and pituitaries, or grinding with ultraturax for ovaries, liver and muscle. 

Following extraction, samples were submitted to treatment with a deoxyribonuclease I (DNA-

free, Ambion Inc.), and first strand cDNA was synthesized using 200 ng of total RNA as 

template. The RNA was preincubated with 100 ng of random primers and 10 mmol 

deoxynucleotide triphosphate (Invitrogen), then the RT reaction was set up using 0.1M DTT, 40 

U ribonuclease inhibitor, and 200 U Superscript III reverse transcriptase (Invitrogen) in a 20! l 

final reaction volume. 

 

Primary culture of eel pituitary cells  

Dispersion and primary culture of pituitary cells were performed using an enzymatic and 

mechanical method as described by Montero et al. (1996). Briefly, pituitaries were collected, 

washed and cut into 1-mm slices. Slices were incubated at 25¡C in a solution of porcine type II 

trypsin (Sigma) during 1 h. The reaction was stopped by replacement of the trypsin solution by a 

solution of DNAse (Sigma) and soya bean trypsin inhibitor (Sigma) for 10 min. Pituitary slices 

were then washed with calcium free phosphate buffer (Gibco, Invitrogen SARL, Cergy-Pontoise, 
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France) and mechanically dispersed by repeated passages through a plastic transfer pipette 

(Falcon, Dutscher, Brumath, France). After estimating the number of viable cells by Trypan Blue 

coloration (Sigma), cells (50,000 cells/well) were plated on 96-well plates pre-coated with poly-

L-Lysine (Sigma). Cultures were performed in serum-free culture medium (CM: Medium 199 

with EarleÕs salt, sodium bicarbonate, 100U/ml penicillin, 100µl/ml streptomycin, 250ng/ml 

fungizone (Gibco) at 18¡C under 3% CO2 and saturated humidity. 

 

In vitro treatments 

The start of treatments began 24h after the start of culture (Day 0) to allow cell attachment. Stock 

solutions of recombinant human activin B (5x10-5 M), recombinant human follistatine (5x10-6 M) 

were prepared in sterile PBS (Gibco) and testosterone stock solution (10-3 M) was prepared in 

ethanol. All stock solutions were stored at 4¡C. culture medium were changed and hormonal 

treatments were added to wells on Day 1, Day 4, Day 7. Stock solutions were diluted in culture 

medium just before their addition to culture wells. Control wells were treated with ethanol or 

PBS. Cultures were stopped on Day 4 or Day 9. Media and treatments were renewed every 3 

days. 

 

Cell RNA extraction and cDNA synthesis 

RNa extraction and cDNA synthesis from culture cells were performed according to the method 

previously described in Aroua et al (2007). Total RNA was directly extracted in each culture well 

using the Cell-to-cDNATMII kit (Ambion Inc.). After washing with sterile PBS (Gibco), cells 

were lysed with the Cell Lysis II buffer (80µl/well) and the lysates submitted to a 

deoxyribonuclease I treatment (Ambion Inc.). Then, cDNA synthesis was performed in a 20 ! l 

final reaction volume. Five ! l of the cell lysate was preincubated with 100 ng of random primers 

and 10 mmol deoxynucleotide triphosphate (Invitrogen). The RT reaction was then set up using 

0.1 M DTT, 40 U ribonuclease inhibitor, and 200 U Superscript III reverse transcriptase 

(Invitrogen). 

 



 96 

Quantitative Real Time RT-PCR (qrt RT-PCR) assays 

Real time RT-PCR analyses for eel LH"  and FSH"  subunits were performed according to the 

method described in Aroua et al (2007). In addition, real time RT-PCR assays were developed for 

the activin §B subunit.  

Gene specific primers were designed based on the nucleotide sequence of the European eel FSH"  

cDNA (Schmitz et al, 2005), LH"  cDNA (QuŽrat et al, 1990) and ARP cDNA (Weltzien et al, 

2005) which will be used as reference gene (for details of the primers, see Aroua et al., 2007). 

For activin, primers were designed based on nucleotide sequence of the Japanese eel activin " B 

cDNA (GenBank accession N¡. AB023556, Miura et al, 1999): reverse GAC GAC GTG AGT 

TCA TCT GAT T, and forward CAG GGA AAG TTC GGG AAG AC. 

PCR reactions were prepared with 4 µl of diluted cDNA template, forward and reverse primers 

(7.5 pmol each), and SYBR Green Master Mix (3 µl) at a final volume of 15 µl, and assays were 

set up using the Light Cycler system (Roche, Meylan, France) at the following conditions: an 

initial activation of the Taq polymerase at 95¡C for 10 min, followed by 41 cycles of PCR: 95¡C 

for 15 s, 60¡C for 5 s and 72¡C for 10 s.  

To assess the PCR efficiency and to be used as the standart curve for the target genes (FSH" , 

LH" , act" B and ARP), serial dilutions of cDNA pool made from several wells (for in vitro 

experiment) or from several samples (tissue distribution experiment) were run in duplicate. 

Relative expression levels were calculated by: relative expression = Etarget
#Cp (calibrator Ð sample) x 

Ereference
#Cp (sample Ð calibrator), where Cp is the crossing point (cycle number at which fluorescence 

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

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

 

Data analysis 

Data are presented as mean ± 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. The level of significance was set to 0.05. 
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Re� � t �  

 

Tissue distribution of activin B subunit expression in European eel (Figure 1) 

Tissue expression of activin B in European eel was examined by PCR amplification using 

specific primers for activin B, which were designed based on the cDNA sequence of Japanese eel 

activin B. mRNA coding for activin B was detected in the different tissues of the gonadotropic 

axis: brain, pituitary and ovaries. Part A of the brain, which corresponds to the neuroendocrine 

part of the brain, expressed more activin than part B. Activin mRNA levels were at the limit of 

detection in the muscle and the liver.  

 

Kinetics of the effects of activin B on FSH"  and LH"  expression (Figure 2) 

The effect of activin B on gonadotropin expression was analyzed at different time to determine 

the better time culture for experiments. Dispersed pituitary cells treated by recombinant human 

activin B (10-8M) or vehicle were cultured during 4 (Day 4) and 9 (Day 9) days. 

Activin treatments induced strong increase of the relative expression of FSH"  mRNA. At day 4 

of culture, a significant increase in FSH"  mRNA 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 cells (P< 0.001) (Figure 2A). 

Concerning LH"  expression in pituitary cells after activin B treatments, there was no or only 

weak variations. At Day 4, no significant change on LH"  mRNA levels was observed between 

activin B treated and control cells. At Day 9, a significant variation on LH"  expression was 

observed in activin B treated cells. In contrast to the effect on FSH"  expression, activin B 

induced a decrease in LH mRNA levels (x 0.6 as compared to Day 9 control, P< 0.05) (Figure 

2B). 

As activin effect on gonadotropins was higher after 9 days of culture, this duration of treatment 

was chosen for the following experiments. 

 

Dose-dependent effect of activin B on FSH"  and LH"  expression (Figure 3) 

The effects of various doses of recombinant human activin B were tested over 9 days of 

treatment. Activin B has a dose-dependent stimulating effect on FSH"  expression. The increase 

in FSH"  mRNA levels induced by activin B was significant at 10-10 M (P< 0.01). The highest 
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stimulatory effect on FSH"  mRNA level was observed at the concentration of 10-7 M of activin B 

(x 16 as compared to control, P< 0.001) (Figure 3). 

In contrast, LH"  expression decreased after activin B treatment with a significant decrease at 10-9 

M (x 0.4, P< 0.01) and 10-7 M (x 0.5, P< 0.01). However, this effect seems poorly sensitive to 

the different doses of activin B tested (10-10 M to 10-7 M) as no dose dependent relation was 

observed (Figure 3). 

 

Effects of follistatin and activin B effects on FSH"  and LH"  expression (Figure 4) 

To test the specificity of action of activin B, we performed treatments with follistatin, a protein 

that binds specifically to activin and neutralizes its biological activities.  

Culture cells treated with follistatin alone, at doses comprised between 10-12M to 10-7M, did not 

induce any significant variations in FSH"  expression, and this, whatever the dose used (data not 

shown). The same observation was done on LH"  expression. 

When cells were treated with activin B and follistatin, the stimulatory effect of activin B on 

FSH"  mRNA level was reduced. This inhibitory effect of follistatin on the activin stimulation of 

FSH"  expression was dose dependant, high doses of follistatin being most efficient (treatment 

with 10-8M activin B and 10-8M follistatin: x 0.4, P< 0.01 as compared to activin B treatment 

alone (Figure 4). The effect of the combined treatments by activin B and follistatin on LH"  

expression was also investigated. After treatments and whatever the doses, no significant changes 

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

 

Effects of testosterone and activin B combined treatments on LH"  expression (Figure 5) 

In the above experiments activin B had a low inhibitory effect (significant or not according to the 

experiment) on basal LH"  expression by eel pituitary cells. We supposed that this lack of effect 

was due to the low basal levels of LH"  mRNA in control cells. To test this hypothesis and reveal 

activin inhibitory effect, we choose to work with pituitary cells having a stronger expression of 

LH" . Pituitary cells were treated with testosterone, which increased LH"  expression (x 6 as 

compared to control, P<0.001) in agreement with our previous study (Aroua et al, 2007). When 

cells received combined treatments by testosterone and activin B, the LH"  mRNA stimulation 

induced by testosterone was reduced with a dose-dependent response to activin B concentration. 

In these cells, LH"  mRNA levels significantly differed from testosterone treated cells 
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(testosterone + activin B 10-10M treated cells: x 0.4, P< 0.001; testosterone + activin B 10-8M 

treated cells: x 0.3, P< 0.001). When cells were treated with activin B alone, a significant 

decrease in LH"  mRNA levels was observed as compared to control (x 0.4, P< 0.05) (Figure 5).  
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In the present study, we investigated the potential role of the activin in the 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-PCR, the presence of activin mRNA in 

the organs/tissues of the gonadotropic axis : brain, pituitary and gonads. The detection of activin 

mRNA in the pituitary suggests a possible paracrine/autocrine role of this peptide. 

In goldfish, using immunocytochemical staining (Ge et al., 1993), Northen-blot analysis  and 

RT-PCR assay (Ge and Peter, 1994 ; Ge et al., 1997 ; Yam et al., 1999), expression of activin 

subunits was shown in a variety of tissues, including gonads, brain and pituitary. Another study 

in the grey mullet showed activin expression in these tissues (Mousa and Mousa, 2003). In 

addition, activin receptors were found to be also expressed in the goldfish pituitary (Yuen and 

Ge, 2004). These data suggested paracrine/autocrine roles for activin inside the pituitary.  

In mammals, activin was also shown to be produced in the pituitary (human : Alexander et 

al., 1995 ; rat : Meunier et al., 1988 ; Roberts et al., 1989), suggesting a potential 

autocrine/paracrine function. In addition, the use of an activin B-specific monoclonal antibody in 

cultured pituitary cells significantly suppressed the basal secretion of FSH (rat: Corrigan et al., 

1991; ovine: Baratta et al., 2001), demonstrating that the endogenous pituitary activin could serve 

as critical local factor for the control of gonadotropin expression and secretion.  

In amphibians, immunocytochemical studies showed that activin/inhibin " B 

immunoreactivity was detected in gonadotropes (Xenopus : Uchiyama et al., 1996 ; bullfrog : 

Uchiyama et al., 2000).  

In contrast to other vertebrates, avian anterior pituitary lacks the capacity for endogenous 

production of activins, as Lowell et al. (2005) reported absence of intrapituitary expression of 
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activin subunits in the domestic fowl using real-time quantitative PCR. In contrast, the avian 

ovary, like its mammalian counterpart, expresses activin (Davis and Johnson, 1998).  

The paracrine/autocrine role of activin in the pituitary may be a conserved function during 

vertebrate (mammals, amphibians and teleosts) evolution, but other studies in birds are really 

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

 

2. Activin stimulates the expression of FSH"  subunit 

 

Our results indicated that human recombinant activin B was able to strongly stimulate FSH"  

mRNA levels. This positive effect on FSH"  expression was time-dependent, as longer duration of 

cell treatment (9 days) induced a higher increase in mRNA levels (x 13) than in short term cell 

treatment (4 days, x 4 as compared to control). In addition, activin B stimulation of FSH"  mRNA 

was dose-dependent, with significant effects observed at a concentration of 10-10 M and with a 

maximal effect at the concentration 10-7 M. These observations are in agreement with recent 

results obtained in another teleost, the goldfish. Goldfish pituitary cells treated with homologous 

recombinant activin B, exhibited an increase in FSH"  mRNA levels, and as in our works, the 

FSH"  response to activin B was dose-dependent (Yam et al., 1999; Yuen and Ge, 2004). Authors 

have also shown that goldfish pituitary cells have almost the same response after treatment with 

human recombinant activin A (Yuen and Ge, 2004), indicating that various types of activin 

(human vs goldfish, A or B) are all potent on fish pituitary cells. In the present study, we used the 

human recombinant activin B, which exhibited a high potency on eel pituitary cells. Recombinant 

human activin A added to cultured pituitary cells also induced an increase in FSH"  subunit 

mRNAs in tilapia (Yaron et al., 2001) and coho salmon (Davies et al, 2000).  

Another study investigating the effect of activin on gonadotropins in a non-mammalian 

species showed a positive effect of activin B on FSH release by pituitary cells in the bullfrog 

(Uchiyama et al., 2000). 

In mammals, the effects of activin on FSH secretion are mediated by rapid and substantial 

changes in steady state levels of FSH"  mRNAs, as shown both in vitro (Carroll et al., 1989; 

Attardi and Miklos 1990; Weiss et al., 1992) and in vivo (Carroll et al., 1991a). Activin was 

found to activate transcription of the FSH"  gene (Weiss et al., 1995). Studies on the stability of 

FSH mRNAs gave contradictory data, with stabilization (Carroll et al., 1991b) or alteration 
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(Attardi and Winters, 1993) of FSH"  transcripts. Mutant mice lacking activins or activin type II 

receptor were generated and characterized (Matzuk et al., 1995). The majority of ACRII null 

mice demonstrated reduced pituitary, serum and mRNA FSH levels (Matzuk et al., 1995; Kumar 

et al., 2003).  

The use of mouse L" T-2 cell line allowed to show that like rat and ovine promoters (Bailey et 

al., 2004; Huang et al., 2001; Pernasetti et al., 2001; Suszko et al., 2003), goldfish FSH"  

promoter was stimulated by activin (Lau and Ge, 2005). 

 

Our results in an ancient teleost, the eel, indicate that the positive regulation exerted by 

activin directly on FSH would be an ancient regulation largely conserved in vertebrates, as it is 

encountered in fish, amphibian and mammals. 

 

3. Specificity of activin effects on FSH"  subunit: Interaction with follistatin  

 

To assess the specificity of the stimulatory effect of activin B on FSH"  expression, we 

performed experiments where cells were co-treated by activin and its binding protein, follistatin. 

In mammals, it was shown that follistatin is able to associate with the "  subunits of activin to 

form the activin-follistatin complex made of one activin and two follistatin molecules. The 

formation of this complex inhibits the association of activin to its receptors (for review: Philips 

and de Kretser, 1998). Matzuk and colleagues (Guo et al., 1998) generated transgenic mouse 

lines overexpressing follistatin, which showed reproductive defects; surprisingly, only one of the 

five mouse lines was FSH concentrations depressed. Follistatin has been demonstrated to 

decrease FSH synthesis (Besecke et al., 1997; Carroll et al., 1989; Dalkin et al., 1996) and 

secretion (Robertson et al., 1990; Wang et al., 1990a, b; DePaolo et al., 1992; Besecke et al., 

1997; monkey: Merrigida et al., 1994; ram: Tilbrook et al., 1995) through blockade of activin. 

Follistatin is able to decrease the stability of FSH"  mRNA (Attardi and Winters, 1993). Early 

studies had documented that follistatin could suppress the effects of GnRH in stimulating FSH 

secretion (Robertson et al., 1990; Wang et al., 1990a, b), in part by the blockade of transcriptional 

activation of the GnRH receptor gene by activin (Fernandez-Vazquez et al., 1996).  

In our experiment, we observed that recombinant human follistatin was able to significantly 

and dose-dependently reduce the stimulatory effect of activin on FSH"  mRNA levels. Our results 
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in the eel are in agreement with those obtained in the goldfish in which recombinant human 

follistatin inhibited the stimulatory effect of recombinant goldfish activin on FSH"  expression by 

pituitary cells (Yuen and Ge, 2004). Recombinant goldfish follistatin was shown to have the 

same effect as human follistatin in this species (Cheng et al, 2007).  

Follistatin was also cloned in the zebrafish (Bauer et al., 1998), catfish (Gregory et al., 2004), 

goldfish (Cheng et al., 2007) and sea bream (Funkenstein et al., 2008), and the high sequence 

identity observed among species suggests conserved functions of this protein in vertebrates. As in 

mammals (Kaiser et al., 1992; Lee et al., 1993), follistatin expression was reported in the 

pituitary of goldfish (Yuen and Ge, 2004).  

These and our studies indicate the existence of a activin-follistatin system involved in the 

regulation of FSH in teleosts as in mammals, which may be conserved during vertebrate 

evolution.  

 

4. Activin inhibits the expression of LH"  subunit 

 

We observed that activin B tended to induce a decrease in basal LH"  expression in eel 

pituitary cells but this effect was not always significant and the dose-response was not clearly 

established. To confirm the inhibitory effect of activin B on LH"  expression in eel, we choose to 

work on pituitary cells expressing high LH"  levels. We demonstrated in our previous work that 

LH"  expression could be stimulated by androgen treatment (Aroua et al, 2007). Then, we choose 

to perform combined treatment with an androgen, testosterone (T), and activin B. The result of 

this experiment has permitted to confirm the inhibitory action of activin B on eel LH"  expression 

and show a dose-dependent response.  

An inhibitory effect of activin on LH"  expression was also indicated in goldfish after 

treatments of pituitary cells by goldfish recombinant activin B or human recombinant activin A 

(Yam et al, 1999; Yuen and Ge, 2004). In contrast, preliminary studies in tilapia and coho salmon 

did not report such an inhibitory regulation of LH by activin. Recombinant human activin A 

added to tilapia cultured pituitary cells induced an increase in LH"  subunit mRNAs (Yaron et al., 

2001), whereas in coho salmon, recombinant human activin A had no effect on LH"  mRNAs in 

vitro (Davies et al, 2000). In the study of Davies and collaborators, the use of immature 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 discrepancies may also be 

explained by teleost species-differences. Further investigations in other teleost species are 

therefore needed in order to better understand activin regulation of fish gonadotropins. 

 

These observations contrast with the classical functions of activin described in mammals 

where the main effects concerned FSH expression, synthesis and secretion, with no direct 

modulation of LH (for review: Peng and Mukai, 2000). In mammals, the presence of activins and 

their receptor subtypes in the hypothalamic regions containing GnRH-secreting neurons 

(Cameron et al., 1994; Roberts et al., 1996) suggested that activins may regulate reproductive 

function by modulating, not only pituitary FSH, but also hypothalamic GnRH. Indeed, various in 

vitro studies in mammals have documented the roles of activins and their signaling through 

activin receptor II in GnRH release and biosynthesis in hypothalamic explants (Calogero et al., 

1998; MacConell et al., 1999) or neuronal cell lines (GT1-7 cells: Gonzalez-Manchon et al., 

1991; MacConell et al., 1999). Activin can also modulate GnRH receptor synthesis/expression on 

the pituitary gonadotropes (Braden and Conn, 1992) and activate the transcription of GnRH 

receptor gene in ! T3-1 cells (Fernandez-Vasquez et al., 1996). Accordingly, the presence of an 

activin response element was evidenced in the promoter of murine GnRH receptor (Norwitz et 

al., 2002). Castrated knockout mice lacking activin receptor II presented no changes in 

hypothalamic synthesis of GnRH peptide, nor in expression of GnRH receptors in the anterior 

pituitary (Kumar et al., 2003). In vitro reports in rat demonstrated that activin could affect LH 

secretion indirectly by enhancing GnRH-stimulated release of LH (Weiss et al., 1993). A study 

on sheep pituitary cells reported that activin-A induced a dose-dependent suppression of GnRH-

induced LH release (Muttukrishna and Knight, 1991). 

The opposite effect exerted by activin on eel and goldfish gonadotropin expression contrasts 

also with observations in amphibians, in which treatment with human recombinant activin B of 

bullfrog pituitary cells induced an increase of both FSH and LH secretion (Uchiyama et al, 2000).  

Our resuls in the eel, together with those in the goldfish, suggest that the direct inhibitory 

effect of activin on LH"  expression may be a teleost-specific regulation, which has not been 

conserved in other vertebrates. Studies in other teleost species are needed to confirm this 

hypothesis of a differential gonadotropin regulation by activin. 
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In conclusion, in the present study, we demonstrate the direct effects of activin on eel 

gonadotropin expression : stimulatory on FSH"  and inhibitory on LH" . The distribution study by 

qPCR reveals that activin §B subunit is expressed in many tissues including organs of the 

reproductive axis (brain-pituitary-gonads). The fact that activin is expressed in pituitary cells 

permits to suggest that activin could act locally as an autocrine/paracrine factor in the differential 

regulation of gonadotropin subunits. In addition, follistatin is able to suppress activin effect on 

FSH" . This finding in the eel, a representative of a phylogenetically ancient group of teleost, 

indicates that the role of the activin/follistatin system in gonadotropin regulation may be 

conserved among vertebrates.  
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Fig re � egend�  

 

Figure 1. Tissue distribution of activin in eel. Activin mRNAs were assayed by quantitative real-

time RT-PCR on pools of various tissues: brain, pituitary, gonads, muscle and liver. Brain was 

dissected in two parts: part A comprised olfactory bulbs, telencephalon and diencephalon, and 

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

 

Figure 2. Kinetics of FSH"  and LH"  expression in the absence (control) or presence of human 

recombinant activin B. Pituitary cell cultures were treated with 10-8M of human recombinant 

activin B. Cultures were stopped at day 4 (D4) and day 9 (D9) to measure FSH"  (A) and LH"  

(B) by qrtRT-PCR. Data are normalized to eel ARP. Means are given ± SEM (n= 4-well/group; 

50,000 cells/well). ***P < 0.001 versus control, ANOVA. 

 

Figure 3. Dose-dependent effects of human recombinant activin B on FSH"  and LH"  expression 

by eel pituitary cells. Cells were treated 9 days and mRNA levels for FSH"  and LH"  subunits 

quantified by qrtRT-PCR. Data are normalized to eel ARP. Means are given ± 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 human recombinant activin B and 

follistatin on FSH"  and LH"  expression by eel pituitay cells. Cells were treated 9 days and 

mRNA levels for FSH"  (A) and LH"  (B) subunits quantified by qrtRT-PCR. Data are normalized 

to eel ARP. Means are given ± SEM (n= 4-well/group ; 50,000 cells/well). *P < 0.05, **P <  0.01 

versus control, ANOVA. 

 

Figure 5. Dose-dependent effects of combined treatment with T and human recombinant activin 

B on LH"  expression by eel pituitary cells. Cells were treated 9 days and mRNA levels for LH"  

subunits quantified by qrtRT-PCR. Data are normalized to eel ARP. Means are given ± SEM (n= 

4-well/group; 50,000 cells/well). *P < 0.05, ***P <  0.001 versus control, ANOVA. 
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67  E t 8 de9  : ;> plŽmentaires : Effets dÕhormones mŽtaboliques sur 

lÕexpression des gonadotropines 

 

Afin dÕŽtudier le r™le possible de diffŽrentes hormones mŽtaboliques dans la rŽgulation 

diffŽrentielle de lÕexpression des gonadotropines, nous avons recherchŽ leurs effets directs sur 

les cellules hypophysaires dÕanguilles en culture primaire. Les facteurs ŽtudiŽs sont un facteur 

de croissance (Insulin-like growth factor 1, IGF-1), une hormone du mŽtabolisme lipidique 

(leptine) et un corticostŽro•de (Cortisol). Des donnŽes sur leurs effets sur la LH chez 

lÕanguille europŽenne ont dŽjˆ ŽtŽ obtenues dans notre laboratoire (Huang et al, 1998 ; 1999), 

mais aucune information nÕŽtait disponible en ce qui concerne la FSH. 

Dans les expŽriences qui suivent, nous avons en parall•le testŽ lÕeffet des stŽro•des 

sexuels  pour vŽrifier le bon fonctionnement des cellules et leur capacitŽ de rŽponse (E2 pour 

la stimulation de FSH!  et T pour la stimulation de LH!  ; cf  article 3). LÕexpression des sous-

unitŽs LH!  et FSH!  a ŽtŽ mesurŽe par PCR quantitative en temps rŽel. 

 

5.1. Effets de lÕIGF-1 sur lÕexpression des sous-unitŽs des gonadotropines 

 

Nous avons recherchŽ lÕeffet de lÕIGF-1 recombinant humain. Trois doses dÕIGF-1 

recombinant humain ont ŽtŽ utilisŽes (10-11M, 10-9M et 10-7M).  

Les traitements par lÕIGF-1 ˆ faibles concentrations (10-11M et 10-9M) nÕinduisent pas 

de modifications de lÕexpression de la sous-unitŽ LH! . En revanche, une augmentation 

significative des taux dÕARNm codant pour LH!  est observŽe dans les cellules traitŽes par 

lÕIGF-1 ˆ la concentration 10-7M (x 2.3 comparŽ aux tŽmoins, P< 0.05). Dans cette 

expŽrience, T (10-8M) est capable de fortement stimuler lÕexpression de la sous-unitŽ LH!  (x 

8 comparŽ aux tŽmoins, P< 0.001), par contre E2 (10-8M) nÕa pas dÕeffet significatif (Figure 

10A).  

Concernant la sous-unitŽ FSH! , aucune variation significative nÕest observŽe apr•s les 

traitements par lÕIGF-1 et ce quelle que soit la dose de lÕIGF-1. En revanche, une forte 

stimulation de lÕexpression de FSH!  est observŽe apr•s des traitements par E2 (x 5 comparŽ 

aux tŽmoins, P< 0.001). Les traitements par T nÕinduisent pas de variations de lÕexpression de 

FSH!  (Figure 10B).  

Ces rŽsultats indiquent que lÕIGF-1 peut intervenir dans la rŽgulation diffŽrentielle des 

deux gonadotropines. En effet, lÕIGF-1 qui ne montre pas dÕeffets directs hypophysaires sur 
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lÕexpression de la sous-unitŽ FSH! , est par contre capable de stimuler directement au niveau 

hypophysaire lÕexpression de la sous-unitŽ LH! . LÕeffet positif de lÕIGF-1 sur lÕexpression de 

LH!  est en accord avec les travaux antŽrieurs montrant une stimulation in vitro de la synth•se 

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

   

5.2. Effets de la leptine sur lÕexpression des sous-unitŽs des gonadotropines 

 

Nous avons recherchŽ lÕeffet de la leptine recombinante humaine. Deux doses de leptine 

(10-8 M et 10-6 M) ont ŽtŽ testŽes pour leurs effets directs sur lÕexpression des sous-unitŽs des 

gonadotropines. 

Les traitements par la leptine nÕont pas produit dÕeffets significatifs sur lÕexpression des 

deux sous-unitŽs LH!  et FSH!  et cela quelle que soit la dose testŽe (Figure 11).  

Ces rŽsultats sugg•rent que la leptine nÕa pas dÕeffets directs sur lÕexpression des 

gonadotropines. 

 

5.3. Effets du cortisol et des combinaisons cortisol Ð stŽro•des sexuels sur 

lÕexpression des sous-unitŽs des gonadotropines 

 

Afin dÕŽvaluer les effets directs hypophysaires du cortisol (F) et ses interactions 

potentielles avec les stŽroides sexuels sur lÕexpression des sous-unitŽs LH!  et FSH!  des 

gonadotropines, des cellules hypophysaires en culture primaire ont re•u des traitements par 

les stŽro•des seuls (E2, T, DHT, F) ou par des combinaisons (F+E2, F+T, F+DHT). Les 

hormones ont ŽtŽ utilisŽes ˆ la concentration finale 10-7M. 

Comme dans les expŽriences prŽcŽdentes (Article 3 et ¤ 5.1), le traitement par E2 

nÕinduit pas de variation significative de lÕexpression de LH!  ; en revanche, de fortes 

stimulations de lÕexpression de la sous-unitŽ LH!   sont observŽes apr•s les traitements par les 

androg•nes (T : x 8.6 et DHT : x 7.2 comparŽs aux tŽmoins, P< 0.01). Le cortisol induit 

Žgalement une forte stimulation de lÕexpression de LH!  (x 10 comparŽ aux tŽmoins, P< 

0.01). Lorsque les cellules sont traitŽes par les combinaisons F+T ou F+DHT, les taux 

dÕARNm codant pour la sous-unitŽ LH!  sont tr•s fortement augmentŽs par rapport aux 

tŽmoins (F+T : x 28.7, P< 0.001 ; F+DHT : x 27.6, P< 0.001 ; comparŽ aux tŽmoins) mais 

Žgalement par rapport aux effets des stŽro•des seuls (P< 0.001) (Figure 12A).  
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Concernant FSH! , seuls les traitements par E2 et par la combinaison F+E2 montrent des 

effets positifs significatifs sur les taux en ARNm de cette sous-unitŽ (E2 : x 3.3 comparŽ aux 

tŽmoins, P< 0.001 ; F+E2 : x 2 comparŽ aux tŽmoins, P< 0.01). Les autres traitements (T, 

DHT, F, F+T, F+DHT) ne montrent pas dÕeffets significatifs sur lÕexpression de la sous-unitŽ 

FSH!  (Figure 12B). 

 

Ces rŽsultats indiquent que le cortisol est capable de jouer un r™le dans la rŽgulation 

diffŽrentielle des gonadotropines, Žtant capable de stimuler lÕexpression de la LH!  alors quÕil 

ne montre pas dÕeffet direct sur le contr™le de lÕexpression de la FSH! . De plus, ces rŽsultats 

montrent que F et les androg•nes sont capables dÕagir en synergie directement au niveau 

hypophysaire pour stimuler lÕexpression de LH! . 
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Figure 10 : Effets de lÕIGF-1 sur lÕexpression des sous-unitŽs A) LH!  et B) FSH!  des 
gonadotropines sur des cultures primaires de cellules hypophysaires dÕanguille. LÕexpression des 
ARNm a ŽtŽ mesurŽe par qrtRT-PCR et les rŽsultats normalisŽs ˆ lÕaide de lÕactine. Les moyennes sont donnŽes 
± SEM. * P< 0.05, *** P< 0.001 comparŽ aux tŽmoins, ANOVA. 
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Figure 11: Effets de la leptine sur lÕexpression des sous-unitŽs A) LH!  et B) FSH!  des 
gonadotropines sur des cultures primaires de cellules hypophysaires dÕanguille. LÕexpression des 
ARNm a ŽtŽ mesurŽe par qrtRT-PCR et les rŽsultats normalisŽs ˆ lÕaide de lÕactine. Les moyennes sont donnŽes 
± SEM, ANOVA. 
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Figure 12: Effets du cortisol et des traitements combinŽs cortisol Ð stŽroides sexuels sur 
lÕexpression des sous-unitŽs A) LH!  et B) FSH!  des gonadotropines sur des cultures primaires 
de cellules hypophysaires dÕanguille. LÕexpression des ARNm a ŽtŽ mesurŽe par qrtRT-PCR et les 
rŽsultats normalisŽs ˆ lÕaide de lÕactine. Les moyennes sont donnŽes ± SEM. ** P< 0.01, *** P< 0.001 comparŽ 
aux tŽmoins, ANOVA. 
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QW  X Žveloppement de nouveaux outils pour lÕŽtude des gonadotropines 

chez lÕanguille europŽenne 

 

1.1. Clonage de la sous-unitŽ FSH!  et dualitŽ des gonadotropines. 

 

La prŽsence de deux gonadotropines a ŽtŽ mise en Žvidence chez les mammif•res avec 

la sŽparation de deux fractions ˆ partir de lobes antŽrieurs dÕhypophyses capables pour lÕune 

de stimuler la phase folliculaire, pour lÕautre de stimuler la lutŽinisation apr•s injection chez 

des rats (Fevold et al, 1931). Elles ont, par la suite, ŽtŽ isolŽes et leur structure 

hŽtŽrodimŽrique a ŽtŽ caractŽrisŽe chez le mouton par Papkoff et Samy (1967). Enfin, les 

diffŽrentes sous-unitŽs ont ŽtŽ clonŽes chez diffŽrentes esp•ces mammaliennes (pour revue : 

Counis, 1990). 

 

Chez les tŽlŽostŽens, des tentatives de purification dÕhormones gonadotropes ont ŽtŽ 

entreprises chez quelques esp•ces ˆ partir des annŽes 60 (Gardon : Breton, 1968 ; Saumon : 

Y amazaki et Donaldson, 1968) et la premiZ re [\]^ dotropine _`a\a_`d aire a ŽtŽ obtenue par 

Burzawa-Gerard (1971) chez la carpe, Cyprinus carpio. LÕextrait hypophysaire obtenu ayant 

une forte activitŽ gonadotrope et Žtant capable dÕinduire ˆ la fois la gamŽtogen•se et la 

stŽro•dogen•se chez diffŽrentes esp•ces de tŽlŽostŽens aussi bien in vivo que in vitro (poisson 

rouge, Carassius auratus ; poisson-chat, Heteropneustes fossilis ; saumon, Oncorhynchus 

tsawytscha ; pour revue : Fontaine et Burzawa-Gerard, 1978), lÕhypoth•se de lÕexistence 

dÕune seule gonadotropine hypophysaire (GTH) chez les tŽlŽostŽens a ŽtŽ Žmise. La sŽquence 

peptidique partielle puis le clonage de cette hormone chez un certain nombre de tŽlŽostŽen, 

lÕapparentait davantage au type LH quÕau type FSH des mammif•res. 

La mise en Žvidence de la dualitŽ des gonadotropines est donc relativement rŽcente chez 

les tŽlŽostŽens. Elle est dŽmontrŽe par Suzuki et ses collaborateurs (1988a,b) qui, chez le 
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saumon keta (Oncorhynchus keta), ont rŽussi ˆ isoler et caractŽriser deux gonadotropines 

distinctes nommŽes GTH I et GTH II en rŽfŽrence ˆ leurs fractions dÕŽlution. Par la suite, 

lÕanalyse des sŽquences nuclŽotidiques des g•nes codant pour les gonadotropines des 

tŽlŽostŽens a permis dÕŽtablir leur homologie avec celles des mammif•res et dÕen adopter la 

nomenclature (GTH-I : FSH et GTH-II : LH ; Li et Ford, 1998).  

De nombreux travaux ont ainsi rŽvŽlŽ la prŽsence de lÕhormone FSH chez diffŽrentes 

esp•ces de tŽlŽostŽens (tambour brŽsilien, Micropogonias undulatus: Copeland et al, 1993; 

bonite, Katsuwonus pelamis: Koide et al, 1993; daurade japonaise, Pagrus major: Tanaka et 

al, 1993; thon, Thunnus obesus: Okada et al, 1994; bar amŽricain, Morone saxatilis: Hassin et 

al, 1995; daurade royale, Sparus aurata: Elizur et al, 1996; poisson rouge, Carassius auratus: 

Y oshiura et al, 1997; sŽriole, Seriola dumerili: Garcia Hernandez et al, 1997). NŽanmoins, 

cette idŽe de dualitŽ des gonadotropines nÕa pas ŽtŽ de suite gŽnŽralisŽe ˆ lÕensemble des 

tŽlŽostŽens. En effet, les nombreuses tentatives de purification de la FSH chez des esp•ces de 

tŽlŽostŽens dÕorigine plus ancienne, comme le poisson-chat (siluridŽs) ou lÕanguille, sont 

longtemps restŽes infructueuses, ce qui a amenŽ certains auteurs ˆ mettre en doute son 

existence chez les esp•ces dÕorigine ancienne (Schultz et al, 1995).  

Le clonage, par Y oshiura et ses collaborateurs (1999), de la sous-unitŽ FSH!  chez 

lÕanguille japonaise, appartenant au groupe des Elopomorphes, a permis de clarifier cette 

question de la dualitŽ des gonadotropines chez les tŽlŽostŽens. La sŽquence de la sous-unitŽ 

FSH!  a Žgalement ŽtŽ obtenue chez lÕanguille europŽenne dont nous avons rŽalisŽ le clonage 

(article 1 de cette th•se) et chez dÕautres tŽlŽostŽens appartenant au groupe des siluridŽs 

(Ictalurus punctatus: Liu et al, 2001; Clarias gariepinus: Vischer et al, 2003).  

Ces donnŽes permettent de conclure que la prŽsence de deux hormones gonadotropes, 

LH et FSH, est un caract•re commun et conservŽ au sein des tŽlŽostŽens; en effet, il est 

observŽ ˆ la fois chez des tŽlŽostŽens dÕorigine rŽcente et dÕorigine plus ancienne. Une Žtude 

comparative des sŽquences nuclŽotidiques des sous-unitŽs GP" , LH!  et FSH!  chez diffŽrents 

tŽlŽostŽens montre quÕil existe une Žvolution rapide de la sous-unitŽ FSH!  en comparaison de 

la sous-unitŽ LH!  qui, elle, montre une plus grande conservation au cours de lÕŽvolution 

(QuŽrat et al, 2000), ce qui permet de comprendre pourquoi la caractŽrisation de la FSH a ŽtŽ 

si compliquŽe. 

Les sous-unitŽs FSH!  et LH!  ont aussi ŽtŽ clonŽes chez lÕesturgeon, Acipenser baeri 

(QuŽrat et al, 2000), reprŽsentant du groupe des chondrostŽens, ce qui indique que 
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lÕapparition des deux hormones gonadotropes est un caract•re ancien et commun aux 

chondrostŽens et aux nŽoptŽrygiens reprŽsentŽs ici par les tŽlŽostŽens.  

 

Chez les tŽtrapodes, en plus des mammif•res, la dualitŽ des hormones gonadotropes a 

ŽtŽ dŽmontrŽe chez dÕautres groupes : oiseaux, avec par exemple la purification des deux 

hormones chez le poulet (Stockell-Hartree et Cunnigham, 1969) ou lÕautruche (Koide et al, 

1996), le clonage des sous-unitŽs des gonadotropines chez la caille (Ando et Ishii, 1994 ; 

Kikuchi et al, 1998) ; Ç reptiles et amphibiens È avec la purification des deux hormones chez 

diffŽrents reprŽsentants (batraciens, crocodiliens, chŽloniens ; pour revue : Licht, 1979). 

 

Le rŽcent clonage des trois sous-unitŽs des gonadotropines chez le dipneuste, 

Neoceratodus forsteri (QuŽrat et al, 2004) permet de conclure que la dualitŽ des 

gonadotropines, observŽe chez diffŽrents reprŽsentants des tŽtrapodes et chez le dipneuste, est 

un caract•re commun aux sarcoptŽrygiens.  

 

LÕensemble des rŽsultats dŽcrits prŽcŽdemment montre que la prŽsence des deux 

hormones gonadotropes est un trait commun aux sarcoptŽrygiens (ayant pour caract•re propre 

des membres monobasaux) (dipneuste, tŽtrapodes) et aux actinoptŽrygiens (ayant pour 

caract•re propre des nageoires rayonnŽes) (tŽlŽostŽens, chondrostŽens), ce qui a permis de 

faire remonter lÕorigine de la dualitŽ des gonadotropines au moins ˆ un de leurs anc•tres 

communs appartenant aux ostŽichthyens. 

 

Enfin, la mise en Žvidence par QuŽrat et ses collaborateurs (2001) des trois sous-unitŽs 

GP" , LH§ et FSH§ des gonadotropines par clonage chez la roussette, Scyliorhinus canicula 

reprŽsentant du groupe des chondrichthyens a permis de faire remonter lÕapparition des deux 

lignŽes molŽculaires LH et FSH aux gnathostomes.  

En revanche, les travaux rŽalisŽs chez la lamproie (Petromyzon marinus) nÕont, ˆ ce 

jour, permis de mettre en Žvidence quÕune seule gonadotropine (pour revue : Kawauchi et 

Sower, 2006), ce qui permet dÕappuyer lÕhypoth•se dÕune apparition des deux lignŽes 

molŽculaires gonadotropes chez les gnathostomes.  

 

Durant cette th•se, nous avons ŽtudiŽ lÕexpression et la rŽgulation des deux 

gonadotropines LH et FSH chez lÕanguille europŽenne. La sŽquence de lÕADN 

complŽmentaire de la sous-unitŽ LH!  de lÕanguille europŽenne ayant dŽjˆ ŽtŽ obtenue (QuŽrat 
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et al, 1990) et un dosage radioimmunologique ayant ŽtŽ mis au point (Dufour et al, 1983a), un 

certain nombre de donnŽes concernant la rŽgulation de lÕexpression, la synth•se et la sŽcrŽtion 

de lÕhormone LH Žtaient dŽjˆ disponibles (Dufour et al, 1983b ; Counis et al, 1987 ; Dufour et 

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

En revanche, les outils molŽculaires permettant lÕŽtude de lÕhormone FSH faisaient 

dŽfaut ; nous avons donc travaillŽ ˆ lÕobtention de la sŽquence de lÕADN complŽmentaire de 

la sous-unitŽ !  de la FSH (article 1). Ë partir des sŽquences des diffŽrentes sous-unitŽs des 

gonadotropines (GP" , LH!  et FSH! ), nous avons pu mettre en place les outils 

molŽculaires permettant lÕŽtude de leur expression hypophysaire. 

 

1.2. Sites dÕexpression hypophysaires des hormones gonadotropes. 

 

Nous nous sommes intŽressŽs au(x) site(s) dÕexpression des sous-unitŽs !  des 

gonadotropines. En effet, ce sont elles qui vont donner aux hormones glycoprotŽiques leur 

spŽcificitŽ dÕaction et donc elles qui vont •tre sujet ˆ une rŽgulation fine au cours du cycle.  

La synth•se de sondes spŽcifiques pour les sous-unitŽs LH!  et FSH!  nous a permis de 

localiser, par hybridation in situ sur des coupes adjacentes dÕhypophyse, les sites dÕexpression 

des g•nes (Article 1). Nous avons observŽ que les deux sous-unitŽs sont exprimŽes dans la 

pars distalis proximale de lÕadenohypophyse mais dans des zones diffŽrentes suggŽrant 

fortement lÕexistence de deux types de cellules gonadotropes : les cellules ˆ FSH et les 

cellules ˆ LH. NŽanmoins, cette hypoth•se nŽcessite confirmation en utilisant par exemple des 

techniques de double marquage sur une m•me coupe, ou encore apr•s microdissection et 

isolation de cellules gonadotropes, par dosage de lÕexpression dans une seule cellule 

(technique de Ç single cell PCR È).   

 

Ce mode dÕexpression des gonadotropines dans deux cellules diffŽrentes a Žgalement ŽtŽ 

retrouvŽ chez dÕautres tŽlŽostŽens (salmonidŽs : Oncorhynchus mykiss, Salmo salar : Nozaki 

et al, 1990a, 1990b ; Oncorhynchus keta : Naito et al, 1993 ; thon, Thunnus thunnus : Kagawa 

et al, 1998 ; tilapia, Oreochromis niloticus x O. aureus : Melamed et al, 1998 ; Y aron et al, 

2003 ; athŽrine dÕArgentine, Odontesthes bonariensis : Miranda et al, 2001 ; daurade, Sparus 

aurata : Garcia-Ayala et al, 2003 ; Fundulus heteroclitus : Shimizu et al, 2003 ; 

flŽtan, Hippoglossus hippoglossus: Weltzien et al, 2004).  
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LÕensemble de ces travaux conduit ˆ penser que lÕexpression des deux gonadotropines 

dans des cellules diffŽrentes est un caract•re partagŽ par les tŽlŽostŽens. NŽanmoins, une 

rŽcente Žtude rŽalisŽe chez la sŽriole (Seriola dumerili) ˆ lÕaide dÕantisŽrums homologues 

indique la prŽsence de cellules bihormonales, cÕest-ˆ-dire capable ˆ la fois de produire la LH 

et la FSH, et de cellules monohormonales (Garcia Hernandez et al, 2002). La prŽsence de 

deux types cellulaires gonadotropes (sŽcrŽtant soit la LH soit la FSH) semble donc •tre le cas 

majoritaire rencontrŽ chez les tŽlŽostŽens, mais dÕautres cas peuvent aussi exister.  

 

Une rŽcente Žtude rŽalisŽe chez le polypt•re (Polypterus endlicheri), poisson 

appartenant ˆ un groupe dÕorigine ancienne parmi les actinoptŽrigyens (les cladistiens), 

montre lÕexistence de deux types de cellules morphologiquement diffŽrentes dans 

lÕhypophyse marquŽes par des anticorps anti-LH, anti-FSH et anti-TSH hŽtŽrologues (Miki et 

al, 2005). Malheureusement, les auteurs nÕont pas rŽussi ˆ distinguer les sites dÕexpression 

des  diffŽrentes hormones. 

 

Chez les tŽtrapodes, la situation varie en fonction des groupes et des esp•ces : 

 

- Chez les mammif•res, il est classiquement admis que les cellules gonadotropes 

sont capables de synthŽtiser ˆ la fois la LH et la FSH, m•me si des travaux rŽalisŽs 

chez diffŽrentes esp•ces ont permis de mettre en Žvidence lÕexistence ˆ la fois de 

cellules monohormonales (synthŽtisant soit la LH, soit la FSH) et de cellules 

bihormonales (ayant la capacitŽ de synthŽtiser les deux hormones). Des travaux 

chez le rat ont, de plus, montrŽ que la proportion des diffŽrents types de cellules 

pouvait varier au cours du cycle, le nombre de cellules gonadotropes bihormonales 

passant de 45% au moment du diestrus, ˆ plus de 70% au moment de lÕoestrus 

(Childs et al, 1994). DÕautres travaux rŽalisŽs chez lÕhomme (Pelletier et al, 1976) 

ou chez le porc (Dacheux, 1978) indiquent que chez ces esp•ces, la majoritŽ des 

cellules gonadotropes sont bihormonales. Chez le cheval, une Žtude rŽcente montre 

Žgalement que la majoritŽ des cellules gonadotropes est bihormonale (Eagles et al, 

2000). 

 

- Chez les oiseaux, ˆ notre connaissance, peu de donnŽes sont disponibles 

concernant les cellules gonadotropes. NŽanmoins, une rŽcente Žtude rŽalisŽe chez 
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le poulet (Proudman et al, 1999) par immunodŽtection montre que les hormones 

gonadotropes sont synthŽtisŽes par des cellules diffŽrentes. 

 

- Chez les amphibiens, des travaux rŽalisŽs chez diffŽrentes esp•ces de grenouilles 

(Rana catesbeiana: Tanaka et al, 1990 ; Rana esculenta : Pinelli et al, 1996) par 

immunocytochimie ont amenŽ les diffŽrents auteurs ˆ supposer une expression 

double des cellules gonadotropes, celles-ci seraient donc capable dÕexprimer ˆ la 

fois la LH et la FSH. 

 

Ainsi, chez les tŽtrapodes, diffŽrents cas sont rencontrŽs selon les groupes: un seul type 

cellulaire bihormonal (amphibiens et mammif•res) ou deux types cellulaires monohormonaux 

(oiseaux). 

 

Des Žtudes complŽmentaires chez les esp•ces dont les ADNc des sous-unitŽs des 

gonadotropines sont disponibles (QuŽrat et al, 2001) et qui appartiennent ˆ des groupes 

phylogŽnŽtiquement anciens chez les actinoptŽrigyens (esturgeon), les sarcoptŽrygiens 

(dipneuste) et les chondrichtyens (roussette), permettraient dÕapporter des ŽlŽments essentiels 

pour conclure quant ˆ lÕorigine de la dualitŽ des cellules gonadotropes. 

 

LÕexistence dÕune cellule unique ou de deux cellules gonadotropes selon les groupes, les 

esp•ces ou la situation physiologique sugg•re des diffŽrences dans les mŽcanismes de 

rŽgulation des gonadotropines et montre lÕintŽr•t de leur Žtude comparŽe chez diffŽrents 

reprŽsentants des vertŽbrŽs. En effet, les gonadotropines sont rŽgulŽes de fa•on diffŽrentielle 

en relation avec les r™les distincts quÕelles ont au cours du dŽveloppement gonadique. 

LorsquÕelles sont exprimŽes par des cellules diffŽrentes, les rŽgulations de production des 

gonadotropines vont pouvoir sÕexercer indŽpendamment au niveau des deux cellules. Lorsque 

les deux gonadotropines sont exprimŽes par une m•me cellule, les rŽgulations deviennent 

alors plus complexes, nŽcessitant la mise en place de voies de signalisation diffŽrentes 

lorsquÕun m•me facteur est capable de rŽguler de fa•on diffŽrentielle ˆ la fois la LH et la 

FSH. 
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1.3. Mesure des taux dÕexpression des hormones gonadotropes. 

 

Le clonage des trois sous-unitŽs des gonadotropines GP" , LH§ et FSH§ nous a permis 

de suivre leurs expressions, au cours dÕŽtapes clŽs de la vie de lÕanimal ou encore suite ˆ des 

traitements hormonaux. Nos premiers travaux ont mis en Ïuvre des techniques de dot blot 

pour lÕŽtude des messagers des trois sous-unitŽs des gonadotropines. Ces travaux ont ŽtŽ 

rŽalisŽs au cours de deux stades critiques du cycle de vie de lÕanguille : 1) le processus 

dÕargenture (article 2 et discussion ¤ 2) qui est une Žtape accessible dans des conditions 

naturelles mais qui reste mŽconnue du point de vue du contr™le hormonal ; et 2) la maturation 

sexuelle (article 1 et discussion ¤ 3) qui est un stade non accessible dans des conditions 

naturelles et nÕest abordable aujourdÕhui que par lÕexpŽrimentation.  

Puis, dans le but dÕaugmenter la prŽcision de nos rŽsultats et dÕamŽliorer les seuils de 

dŽtection des messagers codant pour GP" , LH§ et FSH§, nous avons dŽveloppŽ des 

techniques de PCR quantitative en temps rŽel (qrt RT-PCR) et les avons appliquŽes ˆ lÕŽtude 

des effets des hormones stŽro•des (articles 1 et 3, discussion ¤ 3), des peptides gonadiques 

(article 4, discussion ¤ 4) et dÕhormones mŽtaboliques (Žtudes complŽmentaires et discussion 

¤ 5). Ces techniques de dosage par qrt RT-PCR ont lÕavantage dÕune grande sensibilitŽ 

permettant de dŽtecter de tr•s faible quantitŽ dÕARNm, ce qui nous a permis de travailler sur 

des hypophyses individuelles ˆ des stades o• les hormones gonadotropes sont encore peu 

exprimŽes. Nous avons Žgalement pu miniaturiser le syst•me de culture cellulaire jusquÕˆ 50 

000 cellules par puits (correspondant ˆ environ 1/4 de lÕhypophyse dÕune anguille de 200g) 

(article 3) alors quÕauparavant lÕapproche par dot blot nŽcessitait 200 000 ˆ 500 000 cellules 

par puits (Huang et al, 1997).  

 

Ces techniques centrŽes sur lÕexpression des ARNm nous ont permis de mettre en 

Žvidence un certain nombre de facteurs entrant en jeu dans la rŽgulation de lÕexpression des 

gonadotropines. NŽanmoins, des Žtudes complŽmentaires sÕintŽressant aux protŽines ˆ lÕaide 

de techniques immunologiques telles que les dosages RIA ou ELISA sont nŽcessaires pour 

complŽter les informations et sÕassurer que les variations dÕexpression des messagers 

observŽes sont bien le reflet dÕune variation de production des protŽines.  

 

Chez lÕanguille europŽenne, lÕhormone lutŽinisante a pu •tre ŽtudiŽe gr‰ce ˆ la mise au 

point dÕun dosage radioimmunologique ˆ lÕaide dÕanticorps anti-LH!  de carpe reconnaissant 
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Žgalement la LH!  dÕanguille (Dufour et al, 1983a). Nos rŽsultats obtenus au cours de 

lÕargenture et de la maturation expŽrimentale (articles 1 et 2) montrent des variations 

parall•les des messagers et des contenus hypophysaires en hormone. Ce parallŽlisme a ŽtŽ 

Žgalement observŽ lors des expŽriences in vitro o• les cellules sont soumises ˆ des traitements 

stŽro•diens (Huang et al, 1997, 1999). Ces observations nous permettent de supposer que les 

rŽgulations trouvŽes (discussion ¤ 3) au niveau des messagers sont directement rŽpercutŽes 

sur la synth•se de la protŽine et sont donc le reflet de la production de lÕhormone. En 

revanche, les donnŽes obtenues par les dosages plasmatiques de LH (Huang et al, 1997, 1999) 

montrent quÕil existe une dissociation entre les contr™les de la production (synth•se des 

messagers et de lÕhormone) et les contr™les de la sŽcrŽtion de LH. Par exemple, des Žtudes 

prŽcŽdentes ont montrŽ chez des anguilles traitŽes ˆ lÕoestradiol, une stimulation de la 

production de LH qui sÕaccumule dans les cellules de lÕhypophyse sans modifications des 

taux plasmatiques en LH (Dufour et al, 1983b ; Dufour et al, 1988). Cette dissociation dans 

les mŽcanismes de contr™les de la production et de la sŽcrŽtion de LH peut, par exemple, 

permettre lÕaccumulation au niveau hypophysaire de la LH en prŽvision du pic ovulatoire. 

 

Concernant lÕhormone folliculo-stimulante, des travaux, en collaboration avec lÕINRA 

(Nouzilly et Rennes), sont actuellement rŽalisŽs dans le but de produire de la FSH 

recombinante dÕanguille et de dŽvelopper des anticorps anti-FSH permettant dÕŽtudier la 

production de lÕhormone et sa libŽration.  

Des Žtudes chez deux salmonidŽs, o• les expressions des messagers et des protŽines ont 

ŽtŽ suivies de mani•re parall•le, montrent des diffŽrences dans les contr™les de la production 

et de la sŽcrŽtion des gonadotropines. Chez le saumon coho, les variations induites sur les 

ARNm et les contenus hypophysaires en LH et FSH par des traitements stŽro•diens sont 

similaires ; en revanche, elles diff•rent des variations observŽes pour les taux plasmatiques en 

LH et FSH (Dickey et Swanson, 1998). Chez la truite arc-en-ciel, les deux hormones ainsi 

que leurs messagers  ont  ŽtŽ suivis au cours du cycle (Gomez et al, 1999). Dans ce cas, les 

auteurs observent un relatif parallŽlisme entre les ARNm, les contenus hypophysaires et les 

taux plasmatiques en FSH ; en revanche, pour la LH, les taux plasmatiques Žvoluent 

sŽparŽment par rapport aux ARNm et aux contenus hypophysaires. A partir de ces travaux, 

mettant en Žvidence des syst•mes de contr™le diffŽrents pour la production et la sŽcrŽtion des 

gonadotropines, on remarque Žgalement la variabilitŽ des syst•mes de rŽgulation mis en place 

chez les diffŽrentes esp•ces. 
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2. Activation de lÕaxe gonadotrope et expression diffŽrentielle des 

hormones gonadotropes au cours de lÕargenture : arguments en faveur 

dÕun Žv•nement pubertaire plut™t que mŽtamorphique (article de revue 5) 

 

2.1. RŽsumŽ de lÕarticle  

 
Dans le cycle biologique de lÕanguille, lÕargenture (transformation dÕanguille jaune en 

anguille argentŽe) a toujours ŽtŽ considŽrŽe comme une seconde mŽtamorphose, par rapport ˆ 

la mŽtamorphose larvaire (transformation de la larve leptocŽphale en civelle). En effet, 

comme les Ç vraies È mŽtamorphoses, lÕargenture consiste en de nombreux changements 

morphologiques, physiologiques et comportementaux incluant des modifications structurelles 

et fonctionnelles de diffŽrents organes (peau, Ïil, branchie, vessie natatoire et intestin), 

lÕinduction dÕun comportement migratoire ou encore lÕarr•t dÕalimentation. Ces changements 

sont nŽcessaires ˆ la migration de reproduction et prŽadaptent lÕanguille ˆ sa future vie 

ocŽanique en profondeur. NŽanmoins, certains des changements observŽs lors de lÕargenture 

sont directement en relation avec la fonction de reproduction, comme lÕaugmentation 

significative du poids des gonades et des concentrations plasmatiques en stŽro•des sexuels, 

suggŽrant que lÕargenture pourrait aussi •tre considŽrŽe comme un ŽvŽnement pubertaire.  

Chez les vertŽbrŽs, la mŽtamorphose est principalement induite par lÕaxe 

neuroendocrine thyrŽotrope, en effet, de fortes augmentations de la thyrŽotropine (TSH) 

hypophysaire et des niveaux circulants des hormones thyro•diennes (thyroxine, T4 et 

triiodothyronine, T3) sont observŽes chez les amphibiens lors du climax mŽtamorphique. La 

pubertŽ, elle, est induite par lÕaxe gonadotrope, avec des augmentations des gonadotropines 

hypophysaires (hormone lutŽinisante, LH et hormone folliculo-stimulante, FSH) et des 

stŽro•des sexuels. Afin de dŽterminer lÕaxe neuroendocrine impliquŽ dans lÕinduction de 

lÕargenture, nous avons analysŽ les profils de diffŽrentes hormones hypophysaires et 

pŽriphŽriques pendant la transition anguille jaune - anguille argentŽe (Article 2). Une 

comparaison avec la smoltification, qui est une Ç vraie È Ç mŽtamorphose secondaire È 

observŽe chez les salmonidŽs, est Žgalement donnŽe. 

Pas ou peu de variations des hormones thyro•diennes plasmatiques et des niveaux 

hypophysaires dÕARNm de la TSH!  sont observŽes au cours de lÕargenture. De m•me, lÕaxe 

somatotrope, qui contr™le la croissance et le dŽveloppement chez les vertŽbrŽs, ne semble pas 

activŽ, puisque aucune augmentation des niveaux hypophysaires dÕARNm et de protŽine pour 
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la GH, ni des concentrations plasmatiques en GH, nÕest observŽe. En revanche, une forte 

activation de lÕaxe gonadotrope est montrŽe pendant la transition anguille jaune - anguille 

argentŽe. Une augmentation significative des concentrations plasmatiques en stŽro•des sexuels 

(estradiol, testostŽrone et 11 keto-testostŽrone) et en vitellogŽnine a lieu. De plus, lÕexpression 

hypophysaire des deux gonadotropines est augmentŽe : les ARNm codant pour la FSH!  

augmentent d•s les premi•res Žtapes du processus de lÕargenture, alors que les ARNm codant 

pour la LH! , ainsi que le contenu hypophysaire en LH, augmentent fortement, plus tard au 

cours de lÕargenture. 

Des donnŽes expŽrimentales, utilisant des stŽro•des sexuels exog•nes, sont en accord 

avec lÕimplication de lÕaxe gonadotrope dans lÕinduction de lÕargenture. En effet, des 

injections dÕandrog•nes sont capables dÕinduire les changements morphologiques observŽs 

pendant lÕargenture, comme lÕaugmentation du diam•tre de lÕÏil et de lÕŽpaisseur de la peau 

et la rŽgression du tractus digestif. Ceci sugg•re que les stŽro•des sexuels pourraient •tre 

responsables des changements morpho-physiologiques de lÕargenture chez lÕanguille, comme 

le sont les hormones thyro•diennes dans le cas dÕune Ç vraie È mŽtamorphose. Ceci est 

supportŽ par des donnŽes antŽrieures de maturation expŽrimentale, qui montrent une 

amplification des changements morphologiques de lÕargenture, probablement due ˆ 

lÕaugmentation des stŽro•des sexuels endog•nes. 

Toutes ces donnŽes permettent de conclure que lÕargenture de lÕanguille sÕapparente 

davantage ˆ un dŽbut de pubertŽ quÕˆ une Ç vraie È mŽtamorphose. 

 

2.2. Texte de lÕarticle de revue 5 : Ç Silvering: metamorphosis or puberty? 

Rousseau K, Aroua S et al (sous presse) in ÔMigration and Reproduction of the 

European eelÕ (G. van den Thillart, S. Dufour, C. Rankin, eds), Springer 

Publisher. 
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1 INTRODUCTION 
Eels have a complex migratory life cycle with the occurrence of two metamorphoses (for 
reviews: Sinha and r ones 1975; Tesch 1977; Haro 2003). They present a typical larval 
(first) metamorphosis, the leptocephalus larva being transformed into the glass eel. After 
this drastic transformation, the growth phase starts in the continental waters and glass eels 
become Òt ellowÓ eels. After many years in freshwater, the yellow eels transform into 

Ò{ ilver eels which stop growing and start their downstream migration towards the ocean 
and the area of reproduction. To allow this transition from sedentary life in freshwater to 
migrant life in seawater, eels undergo their second metamorphosis, known as silvering. 
Silvering not only preadapts the eel to deep-sea conditions (SŽbert 2003), but also 
prepares for sexual maturation, which will only be completed during the oceanic 
migration towards the Sargasso Sea (Tesch 1982, 1989; Dufour and Fontaine 1985; 
Fontaine 1985; Dufour 1994). At the silver stage, eels are blocked at a prepubertal stage 
(Dufour et al. 2003) but chronic administration of carp or salmon pituitary extract 
(gonadotropic treatment) is able to induce sexual maturation (Fontaine et al. 1964; 
Fontaine 1975). The lack of sexual maturation at the silver stage is due to a deficient 
production of pituitary gonadotropins (GtHs) (Dufour et al. 1983). Stimulation of 
synthesis and release of pituitary gonadotropin in the silver eel could be induced by 
combined treatment with a GnRH-agonist and a dopamine-antagonist, indicating that a 
double neuroendocrine blockade was responsible for the deficient pituitary gonadotropic 
function: a lack of endogenous stimulation by GnRH due to a deficient production of 
GnRH and a strong dopaminergic inhibition of GnRH action (Dufour et al. 1988, 1991; 
Vidal et al. 2004). At the yellow stage, in contrast, gonadotropic treatment has no 
significant effect on both gonad weight (Leloup-Hatey et al. 1989) and body color (Lopez 
and Fontaine 1990). 
Eel silvering has always been considered as a metamorphosis. This is probably due to the 
great similarities which exist between the morphological changes observed during 
silvering and the ones occurring during smoltification in salmonids. However, unlike 
smoltification, silvering also includes some changes related to an onset of sexual 
maturation such as gonad development. These observations led to the hypothesis that 
silvering could correspond to a pubertal event. Indeed, puberty encompasses various 
morpho-physiological and behavioral changes, which, unlike metamorphic changes, are 
induced by sexual steroids (for review, see Romeo 2003). While metamorphosis is mostly 
triggered in vertebrates by the activation of the thyrotropic neuroendocrine axis, puberty 
is triggered by the activation of the gonadotropic axis. Our work aimed at investigating 
whether eel silvering should be considered as a Ç true È metamorphosis or as an onset of 
puberty, by comparing the profiles of pituitary and peripheral hormones during the 
transition from yellow to silver eels. This chapter reviews the morphological changes and 
describes the hormonal patterns occurring during eel silvering. 
 

2. Definitions and neuroendocrine control of 
metamorphosis and puberty in vertebrates 
Metamorphosis and puberty are two major events of the postembryonic development in 
vertebrates. While they present common features regarding morphological and 
behavioural modifications, they are controlled by different neuroendocrine axes.  
 

2.1 Metamorphosis 

Metamorphosis allows the transition from one developmental stage in a specific 
environment (ecophase 1) to the next stage in a different environment (ecophase 2), and 
includes a migration between the two habitats. Metamorphosis corresponds to drastic 
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changes in body shape, physiology and behaviour, and, unlike puberty, is encountered 
only in a few phyla/species.  
In vertebrates, the most described metamorphosis is the transformation in amphibians of 
the aquatic larva (tadpole) into the terrestrial juvenile. Larval metamorphosis is also 
encountered in some other vertebrates, such as lampreys and some teleosts 
(elopomorphes and pleuronectiformes). In teleosts, different types of metamorphoses can 
be observed (Figure 1). Youson (1988) proposed three pathways of ontogeny between the 
embryo and the adult: -direct development from the embryo period leading to the juvenile 
and adult period (many examples such as goldfish); -a typical indirect development 
involving a larval metamorphosis (first or ÒtrueÓ metamorphosis) leading to the juvenile 
period (example: flatfishes and eels); and a non-classical metamorphosis occuring during 
the juvenile period (example: the secondary metamorphosis, smoltification, in salmons). 
Compared to larval metamorphosis, less drastic morphological, physiological and 
behavioural changes occur in juveniles of some migratory teleosts and are referred to as 
Òsecondary metamorphosesÓ. This is the case in smoltification of salmons and silvering of 
eels. 

2.1.1. Larval metamorphosis 

Gudernatsch, in 1912, demonstrated for the first time the stimulatory role of the thyroid 
gland in the control of metamorphosis in amphibians. Indeed, when feeding tadpoles with 
thyroid gland extracts, he observed that their transformation to frogs was accelerated. 
Conversely, Allen (1916) was able to completely prevent metamorphosis by 
thyroidectomy. Since these experiments, the positive role of thyrotropic axis in the 
control of larval metamorphosis has been further studied in amphibians. The pair of 
thyroid glands is first detectable after embryogenesis when the tadpole begins to feed. 
Under the control of pituitary thyrotropin (TSH), these glands produce thyroid hormones 
(THs: thyroxine, T4 and triidothyronine, T3), which act on target organs via specific 
receptors. It was shown that as the thyrotropic axis was activated, a series of sequential 
morphological transformations occurred. An early change is the growth and differential 
of the limbs which in the absence of hormone still form, but will not progress beyond the 
bud stage. The final morphological change, tail resorption, occurs when the level of THs 
is highest at the climax of metamorphosis (for reviews: Kanamori and Brown 1996; Tata 
2006).  
Thyrotropin (TSH), a pituitary glycoprotein hormone, belonging to the same family as 
gonadotropins, controls the production of THs in Amphibians (Manzon and Denver, 
2004), as classically shown in mammals (for review: McNabb, 1992). Early studies of 
hypophysectomy and immunization demonstrated that TSH played a central role in 
amphibian metamorphosis (Dodd and Dodd, 1976; Eddy and Lipner, 1976). Indeed, Dodd 
and Dodd (1976) showed that the negative effect of hypophysectomy prior to 
metamorphosis could be reversed by treatment with mammalian TSH. Furthermore, 
passive immunization of tadpoles with an antiserum to bovine TSH prevented 
spontaneous metamorphosis (Eddy and Lipner, 1976). Morphological and biochemical 
changes observed during metamorphosis, such as complete regression of tail and gills, de 
novo formation of bone, visual pigment transformation or functional differentiation of 
liver, can be induced by THs (for review: Tata, 1998; Shi, 1999). In contrast to the 
situation in mammals, in which the brain peptide discovered for its stimulatory control on 
TSH is TRH (for Thyrotropin Releasing Hormone) (Morley, 1981), the brain 
neurohormone responsible for the activation of TSH production during amphibian 
metamorphosis is corticotropin-releasing hormone (CRH) and not TRH (for review: 
Denver, 1999). In fact, in amphibians, the production and release of TSH by the pituitary 
appears to be regulated by different neuropeptides according to the life stage. Indeed, in 
premetamorphic amphibians, stimulation of the pituitary-thyroid axis is only responsive 
to CRH-like peptides and unresponsive to all other neurohormones tested, including TRH 
(Denver and Licht, 1989; Denver, 1993). Thus, CRH is the thyrotropin-releasing factor 
during the induction of metamorphosis in tadpoles, and the stimulatory action of TRH on 
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TSH secretion develops after metamorphic climax (for review: Denver, 1999; Tata, 
2006). 
Although THs are the only obligatory signal for the initiation and completion of 
amphibian metamorphosis, other hormones can modulate the onset and progression of 
metamorphosis (Tata 2006). These include glucocorticoids and prolactin (PRL), which 
can accelerate and prevents TH-induced metamorphosis, respectively (for reviews: White 
and Nicoll 1981; Kikuyama et al. 1993).  
 
In fish, the involvement of the thyroid axis in larval metamorphosis (primary 
metamorphosis) was reported by Murr and Sklower (1928) who showed an increase in 
thyroid gland development of European eel leptocephalus larvae; this observation was 
further confirmed in another Anguilliform species, Conger myriaster (Kubota 1961; 
Yamano et al. 1991). This activation of the thyroid gland was also observed during larval 
flounder metamorphosis (Paralichtys olivaceus: Miwa and Inui 1987b). In addition, 
measurement of thyroid hormone body content indicated a significant increase of T3 and 
T4 in early stage of larval metamorphosis in flounder (Miwa et al. 1988; Tagawa et al. 
1990) as well as in conger eel (Yamano et al. 1991). TH treatment induces flounder 
metamorphosis at both the whole body level (Inui and Miwa 1985; Miwa et al. 1988), and 
at the tissue level: erythrocytes (Miwa and Inui 1991), skeletal muscle (Yamano et al. 
1991), gastric glands (Miwa et al. 1992; Huang et al. 1998; Soffientino and Specker 
2001), chloride cells in the gill (Schreiber and Specker 2000) and bone remodelling for 
eye relocation (Solbakken et al. 1999; Okada et al. 2003). Experiments with TH 
deficiency led to the inhibition of pigmentation on the left side of the body and the 
inhibition of bone remodelling and right eye relocation (Inui and Miwa 1985; Miwa and 
Inui 1987a; Schreiber and Specker 1998; Okada et al. 2003). TH deficiency also inhibits 
the development of the anal fin pterygiophore and the body height reduction, the 
absorption of the dorsal fin ray, the formation of actinost and distal radials of the pectoral 
fin, and the pectoral fin shrinkage (Inui and Miwa 1985; Miwa and Inui 1987a; Okada et 
al. 2003). Both T4 and T3 directly stimulated, in vitro, the shortening of the cultured 
flounder fin rays isolated from prometamorphic larvae, and cortisol synergized with 
thyroid hormones (de Jesus et al. 1990). In contrary, both estradiol and testosterone 
attenuate the response of the fin rays to T3 in vitro (de Jesus et al. 1992). Similarly, when 
prometamorphic flounder larvae are immersed in solutions containing steroids, fin ray 
shortening is delayed, as well as eye migration and the development of benthic preference 
(de Jesus et al. 1992). Prolactin also antagonizes TH action in vitro and in vivo on fin ray 
shortening (de Jesus et al. 1993). Exogenous thyroid hormone has also been shown to 
stimulate metamorphoses in leptocephali of Conger myriaster (Kitajima et al. 1967) and 
of Anguilla anguilla (Vilter 1946), confirming the major role of THs in the induction of 
elopomorph larval metamorphosis. The role of THs would be crucial up to the final steps 
of glass eel metamorphosis. A central role for THs in the regulation of mechanisms 
leading to the colonization of continental habitats by Anguilla anguilla glass eels was first 
hypothesized by Fontaine and Callamand (1941) and demonstrated later by Edeline et al 
(2004, 2005). Indeed, in European glass eels, river-colonizers exhibit an increased thyroid 
status compared to estuarine migrants (Edeline et al. 2004) and locomotor activity of 
glass eels was significantly increased by treatment with T4, while decreased by thiourea 
(Edeline et al. 2005). A correlation between decreasing T4 levels and the transition from 
pelagic toward benthic behaviour was shown in glass eels A. anguilla held in an aquarium 
(Jegstrup and Rosenkilde 2003). These data demonstrate the involvement of thyroid 
hormones as a major determinant of metamorphosis induction in eels, as in flatfish. 
Further studies are clearly needed to investigate the potential synergistic or antagonistic 
roles of other hormones as well as to determine the brain-pituitary control of thyroid 
function in teleosts. 
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2.1.2 Secondary metamorphosis (smoltification) 

A hyperactivity of the thyroid gland was also demonstrated by histological studies during 
the parr-smolt transition (secondary metamorphosis) of Atlantic salmon Salmo salar 
(Hoar 1939). The involvement of the thyroid axis in the control of smoltification was later 
confirmed by Fontaine and Leloup (1960) by physico-chemical studies and more recently 
reviewed by Boeuf (1993). The administration of exogenous TH to juvenile parr-status 
salmonids results in morphological and physiological changes consistent with the parr-
smolt transformation (for reviews: Boeuf 1993). For example, treatments with THs or 
with TSH have been able to induce the characteristic color change (silvering) of the skin, 
via an effect on purine and pteridine deposition (Chua and Eales 1971; Premdas and Eales 
1976; Miwa and Inui 1985; Coughlin et al. 2001). THs are also able to induce the 
metabolic and muscular changes necessary for the oceanic migration. For instance, 
treatment of coho salmon with T3 in the diet accelerated the increase in concentration of 
adult forms of blood haemoglobin, while dietary PTU reduced this increase during 
smoltification (for review: Hoar 1988). Thyroid hormones induce a shift towards slower 
isoforms of the muscle protein myosin heavy chain (Coughlin et al. 2001), and increase 
muscle contraction and maximum force (Katzman and Cech 2001). Moreover, when anti-
thyroid drugs such as PTU have been administered to smoltifying coho salmon, there was 
impairment to the body colour and retinal pigmentary changes (Sullivan et al. 1987; 
Alexander et al. 1998). Concerning olfaction, an early study showed that artificially 
increased TH levels induced parr to imprint to artificial odorants, while parr with 
unaltered hormone levels did not (Scholz 1980). More recently, using intraperitoneal 
implants of T3 for 16-20 days to mimic smolting, Lema and Nevitt (2004) demonstrated 
that T3 could induce olfactory cellular proliferation in juvenile coho salmon. Finally, the 
involvement of THs in stimulation of migratory behaviour (loss of positive rheotaxis and 
territoriality, and start of schooling) has been well documented (Baggerman 1963; Godin 
et al. 1974; Fontaine 1975; Youngson et al. 1985; Iwata et al. 1989; Boeuf and Le Bail 
1990). 
In conclusion, thyroid hormones are clearly involved in smoltification. However, they are 
probably not sufficient to induce all the smoltification-related changes. Other hormones 
such as GH and cortisol may be required for their synergizing action with THs in the 
control of osmoregulation and metabolism during the parr-smolt transformation. For 
example, administration of GH clearly improves hypo-osmoregulatory ability and 
seawater survival of parr (for review: Donaldson et al. 1979; Boeuf 1993), and induces 
other smoltification-related changes, such as condition factor and skin pigmentation (for 
review: Donaldson et al. 1979). 
A study in adult salmon suggests a role for CRH and/or TRH in the control of TSH, with 
variations possibly depending on species or physiological status (Larsen et al., 1998). 
Further studies are clearly needed to investigate which brain neuromediator is specifically 
implicated in the triggering of smoltification. 

2.2 Puberty 

The term of puberty, first defined in humans, has been subsequently extended to the first 
acquisition of the capacity to reproduce in all mammalian and non-mammalian 
vertebrates as well as in invertebrates. By definition, puberty occurs in all species but 
only once in the life cycle. 
In all vertebrates, puberty is triggered by the activation of the gonadotropic axis, 
constituted of a brain neuropeptide (gonadotropin-releasing hormone, GnRH), pituitary 
glycoprotein hormones (gonadotropins: luteinizing hormone, LH and follicle stimulating 
hormone, FSH) and gonadal steroids. Sex steroids induce the morpho-physiological and 
behavioural transformations characteristic of puberty. 
The scheme (GnRH/LH-FSH/sex steroids) is largely conserved among vertebrates 
(Okuzawa 2002), even though additional controls may occur such as the dopaminergic 
inhibition of gonadotropin production in some teleosts (for reviews: Dufour et al. 2005; 
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Pasqualini et al. 2004). Indeed, pioneer works from Peter and collaborators on goldfish, 
using hypothalamic lesions, demonstrated the existence of a GRIF (gonadotropin release-
inhibiting factor) (Peter and Crim 1978; Peter et al. 1978; Peter and Paulencu 1980). 
Subsequent studies using agonists or antagonists in vivo (Chang and Peter 1983; Chang et 
al. 1984), primary culture of pituitary cells in vitro (Chang et al. 1990) and 
immunocytochemistry (Kah et al. 1984, 1986, 1987) provided evidence that GRIF was 
dopamine (DA). An inhibitory role of DA on the control of LH has been demonstrated in 
many adult teleosts at the time of ovulation and spermiation (catfish: De Leeuw et al. 
1986; Van Asselt et al. 1988; coho salmon: Van der Kraak et al. 1986; rainbow trout: 
Linard et al. 1995; Saligaut et al. 1999; common carp: Lin et al. 1998; tilapia: Yaron et al. 
2003). However, DA does not play an inhibitory role in all adult teleosts (Atlantic 
croaker: Copeland and Thomas 1989; gilthead seabream: Zohar et al. 1995). Concerning 
the early stages of gametogenesis and the control of puberty, the possible involvement of 
DA has only been studied, up to now, in bass, eel and mullet. In juvenile striped bass 
(Holland et al. 1998) and red seabream (Kumakura et al. 2003), data refuted a role for DA 
in the prepubertal control of gonadotropins, as GnRH alone was able to trigger precocious 
puberty. In contrast in European eel only a triple treatment with testosterone, GnRH 
agonist and pimozide (DA D2-type receptor antagonist) could induce increases in LH 
synthesis and release, indicating that removal of DA inhibition is required in the 
prepubertal eel for triggering GnRH-stimulated LH synthesis and release (Dufour et al. 
1988; Vidal et al. 2004). A recent study in the grey mullet has demonstrated that D2 type 
receptor expressions in the brain and in the pituitary were high at the early and 
intermediate stages of puberty (Nocillado et al. 2007), when inhibition of the reproductive 
function by DA is particularly pronounced (Aizen et al. 2005).  
 

3. ÒMetamorphicÓ and ÒpubertalÓ physiological 
changes during eel silvering 
During the silvering process, in addition to important behavioural changes such as 
transition from a sedentary to a migrating behavior and the start of starvation, drastic 
morphological changes are observed. An extensive description of silvering morphometric 
changes is given in Chapter 2. Downstream migration is a common behavioural feature of 
silvering and smoltification and is discussed in other Chapters of this book. The capacity 
to adapt to seawater is also observed during these two ÒmetamorphosesÓ, but is less 
drastic during silvering compared to smoltification, as yellow eels are already able to 
survive in salt water (Chapter 6). Modifications of swimbladder, which enable fish to live 
in deep water are reported and described in Chapter 5. Here, we briefly describe 
modifications, which concern organs (skin, eyes, gonads, metabolism and digestive tract) 
on which hormonal control has been studied.  
 

3.1 Skin and eyes 

During the sedentary growth phase, the back of the eel is greenish-brown and the ventral 
surface is yellow, while at the time of the oceanic migration of reproduction, they are 
respectively blackish-brown and silvery-white. The silvering of the skin is thought to be 
the result of an increase of dorsal melanin and/or ventral purines (Bertin 1951; Pankhurst 
and Lythgoe 1982). This phenomenon is also observed in other migratory teleosts such as 
salmonids, where an increase in purine deposition in skin was observed during the parr-
smolt transformation (Staley and Ewing 1992) and would correspond to an adaptation to 
the oceanic pelagic migration, limiting the visibility of the fish for their predators. In 
addition to this change in colour, the skin becomes thicker (Bertin 1951; Pankhurst 
1982a). 
The eye is probably one of the most modified sensory organs during silvering, as in the 
open ocean, conditions for vision are better, even considering that at great depths light 
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intensity is low (Lythgoe 1979). During the transition from yellow to silver eel, increase 
in eye diameter and in retina surface area can be observed (Pankhurst 1982b). Moreover, 
structural modifications of the retina were reported, with an increase in the number of 
rods and a decrease in the number of cones (Pankhurst and Lythgoe 1983; Braekevelt 
1985, 1988a). Finally, there is also change in visual pigment at the chromophore level 
with a predominance of rhodopsin in silver eels compared to porphyropsin in yellow eels 
(Carlisle and Denton 1959), which increases the blue light sensitivity of rods (Wood and 
Partridge 1993; Archer et al. 1995). All of these modifications of the visual system seem 
to be involved in vision in the deep sea and prepare the fish to its future reproductive 
migration. A similar shift in visual pigment dominance from porphyropsin to rhodopsin is 
observed during salmon smoltification and has been proposed as an indicator of smolt 
status (Alexander et al. 1994). 
These data show that similar morphological modifications of skin and eyes occur during 
both eel silvering and salmon smoltification. These observations have traditionally made 
scientists consider silvering as a metamorphosis. 
 

3.2 Gonads 

The gonadosomatic index (GSI) increases from 0.3 in female yellow eels to ! 1.5 in silver 
eels with an increase of follicular diameter, thickening of the follicular wall and the 
appearance of many lipidic vesicles in the ooplasm (Fontaine et al. 1976; Lopez and 
Fontaine 1990). This increase in gonad size was shown to be a good criterion to estimate 
the state of advancement of the silvering process in the different eels (Marchelidon et al. 
1999; Durif et al. 2005). Durif et al (2005) described five stages with physiological and 
morphological validation. In this study, a growth phase (stages I and II), a pre-migrating 
stage (stage III) and a migrating phase (stages IV and V) were defined. Stages I and II 
correspond to the classical denomination ÒyellowÓ stage with a GSI<0.4%; the gonads 
show small primary, non-vitellogenic oocytes, with a dense ooplasm and a dense nucleus 
with a large nucleolus (Aroua et al. 2005). Stage III corresponds to the classical 
denomination ÒintermediateÓ or Òyellow/silverÓ stage with 0.4%" GSI<1.2%; oocytes are 
larger and a few lipidic vesicles are observed in the ooplasm, which indicates the 
initiation of the incorporation of lipid stores in the oocytes, also referred as Òendogenous 
vitellogenesisÓ (Aroua et al. 2005). Stages IV and V correspond to the classical 
denomination ÒsilverÓ stage with a GSI! 1.2%; oocytes are further enlarged with a large 
nucleus and small nucleoli at a peripheral position and numerous lipid vesicles in the 
ooplasm, which is the oil-droplet stage of early vitellogenesis (Aroua et al. 2005). In the 
most advanced stage of silvering, vitellogenin can be observed in the ooplasm, as well as 
in the plasma, which corresponds to the start of exogenous vitellogenesis. 
Considering the start of gonadal maturation, silvering should be considered as an 
initiation of puberty. As the development of gonads and sexual maturity are blocked at 
this stage and until the occurrence of oceanic reproductive migration, our group defined 
eel silvering as a prepuberty. These data concerning gonadal maturation show that eel 
silvering is quite different from salmon smoltification, which occurs before a growth 
phase and is not associated with changes related to reproduction. 
 

3.3 Metabolism and digestive tract 

At the silver stage, eels starve (Fontaine and Olivereau 1962) and this starvation is 
accompanied by a regression of the digestive tract (Han et al. 2003; Aroua et al. 2005; 
Durif et al. 2005). Eels need important metabolic changes to be able to accomplish their 
long oceanic migration, which is comprised between 4,000 km for Japanese eels (A. 
japonica: Tsukamoto, 1992) and American eel (A. rostrata: Tucker 1959; Mc Cleave et 
al. 1987) and 6,000 km for European eel (A. anguilla: Schmidt 1923). To permit this long 
oceanic migration, animals have to accumulate energy stores at the yellow stage and then 
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optimize the use of these stores, for both swimming and gonadal maturation. Van 
Ginneken and van den Thillart (2000) demonstrated, using large swim-tunnels, that for 
their swim effort of 6,000 km, 40% of the European eelsÕ energy reserves are needed 
while the remaining 60% of their energy stores can be used for gonad development. 
During silvering, changes in intermediary metabolism were observed (Bostršm and 
Johansson 1972; Lewander et al. 1974; Dave et al. 1974; Barni et al. 1985; Eggington 
1986; Van Ginneken et al. 2007a). Dave et al (1974) reported a slightly higher amount of 
unsaturated and longer fatty acids in muscle and a significantly lower level of 18:0 and 
20:4n-6 in the liver of silver compared to yellow European eels. Comparable trends were 
more recently observed in the shortfin eel Anguilla australis (De Silva et al. 2002). An 
increase in lipid (phospholipids, free fatty acids and cholesterol) content has also been 
reported recently at silvering in the blood of European eels (van Ginneken et al. 2007a). 
According to Lewander et al (1974), a redistribution of cholesterol occurs from other 
tissues to the gonads in silver eel. These metabolic variations would be amplified by 
environmental conditions encountered during the migration, such as depth and water 
temperature (Theron et al. 2000), as well as by locomotor activity (van Ginneken et al. 
2007b).  
It is interesting to note that the switch to fasting that occurs during eel silvering appears 
rather definitive in comparison to other phases of fasting, observed at larval 
metamorphosis (in amphibians and glass eels), that are transitory and that correspond to a 
change of feeding behavior. 
 

4 Neuroendocrine axes involved in the control of 
silvering  
As indicated previously, silvering consists of various morphological, physiological and 
behavioural changes. Among the modified organs, some are related to sensory organs, 
others to hydrostatic pressure or seawater adaptation, similarly to changes observed 
during smoltification, which traditionally led to eel silvering being defined as a 
metamorphosis. However, unlike smoltification, silvering also includes some changes 
related to an onset of sexual maturation such as gonad development, which led to the 
hypothesis that silvering corresponds to a pubertal event. Puberty, the major post-
embryonic developmental event in the life cycle of all vertebrates, encompasses various 
morpho-physiological and behavioural changes, which unlike metamorphic changes are 
induced by sexual steroids (for review, see Romeo 2003). While metamorphosis is mostly 
triggered in vertebrates by the activation of the thyrotropic axis, puberty is triggered by 
the activation of the gonadotropic axis. In order to assess which neuroendocrine axis may 
be involved in the induction of silvering, we analyzed the profiles of pituitary and 
peripheral hormones during the transition from yellow to silver eels. 
 

4.1 Thyrotropic axis 

 
Concerning eel silvering, Callamand and Fontaine (1942) observed a hyperactivity of the 
thyroid gland before and during the downstream migration. It was then thought that the 
thyroid activation was responsible for the important morphological modifications 
observed during silvering. Especially, concerning eye changes, some cases of 
exophthalmy can be observed in humans having hyperthyroidian pathology (for reviews: 
Bradley 2001; Wiersinga and Bartalena 2002), supporting the former hypothesis of a role 
of thyroid hormones in eel eye changes. Moreover, Fontaine (1953) suggested that the 
thyroid activation during eel silvering at the moment of the downstream migration could 
be responsible for the increased locomotor activity of the animals, as is observed during 
smoltification. In subadult American eels, elevated T4 plasma levels are correlated with 
increased locomotor activity under natural conditions (Castonguay et al. 1990).  
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Recently, our group and others have focused on the pituitary hormone controlling the 
synthesis of thyroid hormones, TSH (Figure 2). In contrast with the previous hypothesis, 
the study of the expression profiles of TSH showed a non-significant or a weak increase 
in TSH mRNA between yellow and silver eels (Anguilla anguilla: Aroua et al. 2005; 
Anguilla japonica: Han et al. 2004). Moreover, measurement of plasma levels of thyroid 
hormones in yellow and silver eels showed a moderate increase in thyroxine (T4) and no 
significant variations in triiodothyronine (T3) during silvering (Anguilla anguilla: 
Marchelidon et al. 1999; Aroua et al. 2005; Anguilla japonica: Han et al. 2004). These 
recent results suggest that the thyrotropic axis is poorly implicated in the neuroendocrine 
control of the silvering process. The weak variations observed on TSH mRNA and T4 
plasma level could be involved in the increased activity of eels related to their migratory 
behavior. This role in motility may not be specific to the silver stage as thyroid hormones 
can also induce an increase in locomotor activity in yellow (Castonguay et al. 1990) and 
glass eels (Edeline et al. 2005).  
Future studies should aim at investigating the brain control of pituitary TSH. 
Interestingly, preliminary data on eel pituitary cells suggest 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 many physiological functions such as 
growth, metabolism, reproduction and immunity in various vertebrates, it is of interest to 
investigate the expression and synthesis of this hormone during silvering.  
In a recent study, we focused on mRNA levels and pituitary GH content throughout the 
silvering process (Figure 2). We showed no significant differences in mRNA levels 
between yellow and silver stage, and a significant decrease of GH pituitary content 
(Aroua et al. 2005). These data lead us to conclude that, unlike in salmonid smoltification 
where GH has a strong role as a factor controlling osmoregulation and seawater 
adaptability (Bjšrnsson 1997), in eel silvering the GH role is less critical, probably due to 
the fact that even at the yellow stage eels are able to pass into seawater.  
Studies focusing on GH cell regulation have shown that basal release and synthesis of GH 
persist in vitro, in the absence of secretagogues or serum, using organ-cultured pituitaries 
(European eel: Baker and Ingleton 1975; Japanese eel: Suzuki et al. 1990) or primary 
cultures of primary cells (European eel: Rousseau et al. 1998, 1999; rainbow trout: Yada 
et al. 1991; turbot: Rousseau et al. 2001). All these observations lead to the suggestion 
that the major control of these cells in vivo is an inhibitory control (Rousseau and Dufour 
2004). Our in vitro study in the European eel demonstrates that the brain inhibitory 
control of GH is exerted by somatostatin (SRIH) and that insulin-like growth factor 1 
(IGF-1) exerts a negative feedback on GH. Thus, during silvering, the major regulation of 
the somatotroph cells, which are responsible of GH synthesis, would be an increase of 
their inhibitory control.  
It is important to note that seasonal data suggest that a peak in GH and body growth 
during summer may occur (Durif et al. 2005). This suggests that while GH may not be 
involved in the control of the silvering process itself, the somatotropic axis may 
participate earlier in the initiation of the silvering. A similar growth surge is observed at 
puberty in mammals. 
 

4.3 Corticotropic axis 

Only a few studies have focused on the corticotropic axis during the transition from 
yellow to silver stage. It is probably because of the difficulty of sampling blood in order 
to measure plasma cortisol levels without stressing animals. Recently, Van Ginneken et al 
(2007a) demonstrated elevated cortisol levels in silver eels prior to migration. This is in 



 147 

agreement with the fact that during the downstream migration, eels are fasting and it is 
well know that the production of cortisol is induced in response to starvation. A role of 
cortisol may be to permit the mobilization of energy stores needed by the fish at this 
critical period.  
Moreover, it was shown in salmonids that cortisol promotes seawater adaptability, acting 
in synergy with other pituitary hormones as TSH and GH to stimulate gill (Na+-K+) 
ATPase activity and increase chloride cell number (for review: Boeuf 1993).  
In addition to the effect of cortisol on energy mobilization and seawater adaptation, we 
previously demonstrated in the European eel that cortisol had also a strong positive effect 
on LH production in vivo as well as in vitro (Huang et al. 1999). This stimulation is 
stronger when eels are treated by a combination of cortisol and androgens, indicating 
synergistic action of these hormones on LH (Huang 1998; Sbaihi 2001). It is interesting 
to note that while in amphibians, cortisol has a synergistic effect with thyroid hormones 
on metamorphosis, a synergy between cortisol and sex steroids is observed in the control 
of eel silvering. 
The various effects of cortisol demonstrated in the eel indicate that the corticotropic axis 
may play an important role throughout silvering by permitting energy mobilization and 
probably acting at the onset of puberty. Cortisol may therefore control the metabolic 
challenge occurring during both metamorphosis and puberty/reproduction in teleosts. It 
may also act in synergy with different other hormones to induce the various 
morphological changes observed: with sex steroids during silvering, with THs during 
larval metamorphosis and with GH and TH during smoltification (Figure 4). 
 

4.4 Gonadotropic axis 

As highlighted by several authors, the silvering process is also characterized by gonadal 
modifications (Lopez and Fontaine 1990; Fontaine and Dufour 1991). Recent field 
studies clearly demonstrated an increase in gonad weight and modifications of the oocyte 
structure throughout the silvering process (Marchelidon et al. 1999; Aroua et al. 2005; 
Durif et al. 2005). In addition, measurement of sexual steroids, estrogens (E2) and 
androgens (T and 11-KT), in the plasma showed an increase between yellow and silver 
stage (A australis and A dieffenbachii: Lokman et al. 1998; A anguilla: Sbaihi et al. 2001; 
Aroua et al. 2005; A rostrata: Cottrill et al. 2001; A japonica: Han et al. 2003) (Figure 3). 
All these results suggest that the gonadotropic axis occupies an important position during 
the silvering process.  
To complete the analysis of this axis, our recent studies have focused on the two pituitary 
hormones involved in the control of reproduction, the gonadotropins (luteinizing 
hormone, LH and follicle-stimulating hormone, FSH). In A japonica (Han et al. 2003), as 
well as in A anguilla (Aroua et al. 2005), variation on mRNA levels of the alpha and the 
beta subunits of the gonadotropins were observed throughout silvering. In A japonica, 
authors observed a concomitant increase in mRNA of the different subunits, LH#, FSH# 
and the glycoprotein alpha (GP$) (Han et al. 2003). In A anguilla, LH and FSH were 
shown to be differentially expressed during the silvering process, with an early increase 
in FSH# expression and a late increase of LH# expression (Aroua et al. 2005) (Figure 2). 
These data suggest that FSH could play an early role in the activation of gonads, while 
LH may have an important role later in the silvering process. Indeed, a concomitance 
exists between the increase in FSH expression and the start of lipid incorporation in 
oocytes (also called Òendogenous vitellogenesisÓ), which suggests that FSH could be 
responsible for the initiation of lipidic vitellogenesis. The early increase in FSH may also 
be responsible for the first increase in steroid production (E2), observed in intermediate 
eels. In contrast, the late increase in vitellogenin (Vg) plasma levels, concomitant with the 
late increase in LH expression, and the slight decrease in FSH, suggests that LH may 
participate in the induction of Vg production and initiation of the Òexogenous 
vitellogenesisÓ. Similarly, LH may also participate in the second increase in sex steroid 
levels, in silver eels.  
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In summary, among the different pituitary hormones that were studied, the gonadotropins, 
LH and FSH, showed the biggest variations during eel silvering. 
 

4.5 Experimental induction of silvering changes 

All these results clearly indicate that the gonadotropic axis is activated during silvering. 
The interesting question is to understand if this activation of the gonadotropic axis is 
related to the ÒmetamorphicÓ changes observed during the transition from yellow to silver 
eel. 
Previous studies on the induction of eel sexual maturation showed an amplification of 
anatomic changes observed during silvering (Pankhurst 1982a,b,c). Thus, morphological 
changes observed during silvering such as increase of eye diameter (Bo‘tius and Larsen 
1991), enhancement of silver-colour-body and decrease of gut weight (Pankhurst and 
Sorensen 1984) could be further induced by gonadotropic treatments (with human 
chorionic gonadotropin or carp pituitary extracts).  
Experimental data using exogenous sex steroids are in agreement with this involvement 
of gonadotropic axis in the induction of silvering. Early study showed that injections of 
male silver European eels with 17$-methyltestosterone resulted in enlarged eye diameter, 
increased skin thickness and darkened head and fins (Olivereau and Olivereau 1985). 
Similarly, implants of testosterone induced an increase of eye size in male silver eels 
(Bo‘tius and Larsen 1991). Moreover, a recent study in Anguilla australis showed that 
the external morphological changes such as the increase of eye diameter or the 
thicknening of the skin observed during silvering could be induced by 11KT (Rohr et al. 
2001). Finally, in our recent studies, we showed that treatment with testosterone induced 
a decrease in the digestive tract-somatic index (Vidal et al. 2004; Aroua et al. 2005) and 
an increase in ocular index (Aroua et al. 2005), while E2 has no effect (Aroua et al. 
2005). All these data suggest that the silvering changes observed during our experiments 
are androgen-dependent. In contrast, we recently showed that 3-month-treatment of 
yellow eels with thyroid hormone (T3) did not induce any changes in ocular index and 
digestive tract-somatic index (Aroua et al. 2005). However, cortisol may have a 
synergistic action with steroids in this complex process of eel silvering, as we 
demonstrated that concomitant administration of E2, T and cortisol was most efficient in 
inducing the silvering of the skin in eels (Sbaihi 2001).  
 
All these data demonstrate the involvement of androgens as crucial actors in the morpho-
physiological changes of eel silvering. This is in contrast to smoltification, in which a 
precocious sexual maturation and sex steroid administration are able to inhibit/prevent 
smoltification and downstream migration (masu salmon: Ikuta et al. 1987; Munakata et 
al. 2001; amago salmon: Miwa and Inui 1986; Baltic salmon: Lundqvist et al. 1988; 
Atlantic salmon: Madsen et al. 2004). 
 

5 Conclusions  
All the external as well as internal modifications occurring during eel silvering 

have traditionally made scientists consider this event as a metamorphosis. However, as 
reviewed here, eel silvering may be primarily induced by the gonadotropic axis. There is 
an overall activation of this axis, with increases of gonadotropins and sex steroids. 
Moreover, exogenous sex steroids are able to induce peripheral morphological changes 
observed during this secondary metamorphosis. This let us regard silvering as a pubertal 
rather than a metamorphic event. The term ÒprepubertyÓ was first used by our group, as, 
during eel silvering, puberty is blocked and sexual maturation only occurs during the 
reproductive migration. 

It is of great interest to note that while smoltification and silvering share many 
similarities in term of morphological changes, the endocrinology of these two 
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ÒsecondaryÓ metamorphoses drastically differs, with the major involvement of different 
neuroendocrine axes, the thyrotropic/somatotropic one for smoltification and the 
gonadotropic one for silvering (Figure 4). This suggests that ÒsecondaryÓ metamorphoses 
may have been acquired independently, via different endocrine mechanisms, during 
teleost evolution. The convergence between some morphological (skin silvering, eye size 
and pigments), metabolic and behavioural changes reflects that the control of the same 
peripheral target organs (skin, eye, muscleÉ) and target genes is exerted by different 
hormonal receptors (thyroid hormone receptors in salmon versus androgen receptors in 
the eel). This discovery suggests an independent recruitment of different endocrine axes 
for the induction of secondary metamorphoses during teleost evolution. 
 
 

Other endocrine axes may participate in the control of ÒmetamorphosesÓ. This is 
the case of the somatotropic and corticotropic axes acting in synergy with the thyrotropic 
axis (larval metamorphosis and smoltification) or with the gonadotropic axis (silvering). 
Further studies should aim at investigating the neuroendocrine interactions controlling 
silvering, as well as the role of environmental and internal 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 Youson, 1988). 

 

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

 

Figure 3 Changes in peripheral hormone plasma levels during eel silvering (after Aroua et al. 
2005). E2=estradiol; T=testosterone; 11 KT=11 ketotestosterone; T4=thyroxine; 
T3=triidothyronine. 

 

Figure 4 Hormonal control of metamorphoses in teleost fish. Gonadotropic axis controls eel 
silvering, which should be considered as a ÒpubertalÓ event. Thyrotropic axis controls larval 
metamorphosis in fish, as in amphibians. It also controls salmon smoltification in synergy with 
somatotropic and corticotropic axes. Corticotropic axis acts in synergy with gonadotropic axis to 
control eel silvering, with thyrotropic axis to control larval metamorphosis and with both 
thyrotropic and somatotropic axes to control salmon smoltification. DA=dopamine; 
GnRH=gonadotropin-releasing hormone; FSH=follicle-stimulating hormone; LH=luteinizing 
hormone; TSH=thyroid stimulating hormone; SRIH=somatostatin; T4=thyroxine; 
T3=triiodothyronine; GH=growth hormone; IGFs=insulin-like growth factors; E2=estradiol; 
T=testosterone; 11 KT=11 ketotestosterone; T4=thyroxine; T3=triidothyronine; 
CRH=corticotropin releasing hormone; ACTH=corticotropin. Target tissues include skin, eyes, 
digestive tract, muscles, cardiovascular system etc. 
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3. Expression diffŽrentielle des hormones gonadotropes au cours de la 

maturation sexuelle expŽrimentale et r™les des stŽro•des sexuels (article de 

revue 6) 

 

3.1. RŽsumŽ de lÕarticle 

 

Chez les anguilles europŽennes m‰les et femelles, des traitements gonadotropes sont 

capables de stimuler le dŽveloppement gonadique et la production de stŽro•des sexuels 

endog•nes. Nos Žtudes prŽcŽdentes, utilisant des dosages radioimmunologiques, montraient 

que la maturation expŽrimentale induisait une rŽgulation positive des contenus cŽrŽbraux et 

hypophysaires en GnRH et du contenu hypophysaire en LH, chez les deux sexes. Gr‰ce ˆ 

lÕutilisation de dosages radioimmunologiques spŽcifiques, qui discriminent les formes de 

GnRH prŽsentes chez lÕanguille (mGnRH et cGnRH-II), nous avons dŽmontrŽ prŽcŽdemment 

une rŽgulation opposŽe des deux peptides durant la maturation expŽrimentale, avec une 

rŽgulation positive de la forme majoritaire, le mGnRH, mais une rŽgulation nŽgative de 

cGnRH-II. Le clonage des sous-unitŽs des gonadotropines (LH! , FSH!  et la sous-unitŽ 

commune GP" ) chez lÕanguille europŽenne a permis la mesure spŽcifique des niveaux 

dÕARNm. Une rŽgulation diffŽrentielle de lÕexpression des sous-unitŽs des gonadotropines est 

observŽe pendant la maturation expŽrimentale (Article 1), avec une forte augmentation des 

ARNm de LH! , une plus faible augmentation des ARNm de GP"  et une diminution 

significative des ARNm de FSH! , chez les femelles traitŽes ˆ lÕextrait hypophysaire de carpe 

comme chez les m‰les traitŽs ˆ la gonadotropine chorionique humaine. 

Nos premi•res Žtudes montraient que la castration supprimait lÕaugmentation en 

mGnRH et LH chez les anguilles traitŽes ˆ lÕextrait hypophysaire de carpe, indiquant quÕun 

rŽtro-contr™le positif par les stŽro•des gonadiques Žtait responsable de la rŽgulation positive 

de mGnRH et de LH. Des expŽriences utilisant des stŽro•des sexuels exog•nes ont confirmŽ 

ces rŽsultats et ont dŽmontrŽ une rŽgulation diffŽrentielle des gonadotropines (Articles 1 et 3) 

et des GnRHs par les oestrog•nes et les androg•nes. Des injections intrapŽritonŽales 

dÕoestradiol (E2), mais pas de testostŽrone (T), sont capables dÕinduire une augmentation de 

la synth•se de LH, un effet mŽdiŽ par une augmentation des niveaux dÕARNm de ses sous-

unitŽs GP"  et LH! . Au contraire, aucun effet dÕE2 nÕest observŽ sur les niveaux dÕARNm de 

FSH! , alors quÕun traitement avec T a un effet nŽgatif significatif. Concernant GnRH, un 

rŽtro-contr™le positif Ïstrog•ne-dŽpendant est exercŽ sur mGnRH et un rŽtro-contr™le nŽgatif 
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androg•ne-dŽpendant sur cGnRH-II. Un effet potentialisateur de T sur la stimulation par E2 

des niveaux de LH et mGnRH est observŽ, suggŽrant un r™le synergique de ces hormones. 

Des Žtudes in vitro sur des cultures primaires de cellules hypophysaires dÕanguille (Article 3) 

dŽmontrent que E2 nÕa pas dÕeffet stimulateur direct sur les niveaux dÕARNm de LH!  et 

GP" , ni sur la protŽine LH, et sugg•rent que cette action passe sans doute par le contr™le 

stimulateur de lÕexpression de LH par GnRH. La rŽgulation positive spŽcifique de mGnRH et 

LH durant la maturation expŽrimentale est probablement ˆ relier ˆ leur r™le possible dans 

lÕinduction des derni•res Žtapes de la gamŽtogŽn•se (maturation ovocytaire et ovulation chez 

la femelle, et spermiation chez le m‰le). Des Žtudes futures devraient tenir compte de ces 

donnŽes et avoir pour but de trouver les stimuli internes et environnementaux capables 

dÕinduire la ponte en faisant libŽrer mGnRH et LH. 

 

 

3.2. Texte de lÕarticle de revue 6 : Ç  Positive and negative regulations of 

endogenous brain gonadoliberins and pituitary gonadotropins during eel 

artificial maturation. È Aroua S et al (sous presse) in ÔMigration and 

Reproduction of the European eelÕ (G. van den Thillart, S. Dufour, C. Rankin, 

eds), Springer Publisher. 
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1. Introduction 

 
At the start of the reproductive migration towards the Sargasso sea, silver eels are 

still immature and remain blocked at this prepubertal stage as long as migration is 
prevented. To date, adult mature eels have never been caught and only experimental 
treatments of silver eels with gonadotropic hormones have led to the observation of 
sexually mature animals (Fontaine 1936; Fontaine et al. 1964). The lack of sexual 
maturation at the silver stage is due to a deficient production of pituitary gonadotropins 
(GtHs) (Dufour et al. 1983 a and b). Stimulation of synthesis and release of pituitary 
gonadotropin in the silver eel could be induced by combined treatments with a GnRH-
agonist and a dopamine-antagonist, indicating that a double neuroendocrine blockade was 
responsible for the deficient pituitary gonadotropic function: a lack of endogenous 
stimulation by GnRH due to a deficient production of GnRH and a strong dopaminergic 
inhibition of GnRH action (Dufour et al. 1988, 1991; ~ idal et al. 2004). 

In vertebrates, it is well known that the gonadotropins (luteinizing hormone, LH 
and follicle stimulating hormone, FSH) are secreted by the gonadotrophs in the anterior 
pituitary under the control of the gonadoliberin (GnRH) produced by the brain. The 
gonadotropins act on the ovaries and testes to promote gametogenesis and reproductive 
function, and to stimulate the production of sex steroids. In turn, gonadotropin secretion 
and subunit gene expression are regulated by sex steroids acting either directly on the 
gonadotrophs or indirectly by alterations of GnRH from the hypothalamus (Gharib et al. 
1990). This review will mainly focus on the differential feedbacks exerted by sex steroids 
on the gonadoliberins• gonadotropins system in teleost fish (especially the European eel). 
 

2. GnRH system  

To date, a total of 24 forms of GnRH have been isolated, 14 in vertebrates (12 in 
gnathostomes and 2 in lampreys) and 10 in invertebrates (9 in tunicates and 1 in 
molluscs) (for review: Gorbman and Sower 2003; Tsai 2006). Although GnRH peptides 
have not been isolated and sequenced from invertebrate neural structures, their presence 
has been suggested in cnidarians (for review: Rastogi et al. 2002; Gorbman and Sower 
2003; Tsai 2006; Twan et al. 2006). In common with other neuropeptides GnRH peptides 
are first synthesized as a large precursor (pre-proGnRH), which includes a signal peptide 
(around 20-25 residues), the biologically active decapeptide GnRH, a cleavage tripeptide 
(Glys-Lys-Arg) and the GnRH-Associated Peptide (GAP; around 40-50 residues) (for 
review: Somoza et al. 2002; Lethimonier et al. 2004). 

 
 

The majority of gnathostomes possess two forms of GnRH: the form in the 
preoptic-hypothalamic system is species-specific and highly variable, while the form in 
the hindbrain is consistently the chicken II form (cGnRH-II), considered as an ancestral 
peptide (Muske 1993). The highest diversity has been observed in teleosts (8 GnRHs 
isolated) (Table 1; Figure 1). In early teleosts such as the eel (Elopomorphes), chicken 
GnRH-II coexists with mammalian GnRH (mGnRH) (€ apanese eel Anguilla japonica: 
Nozaki et al. 1985; European eel Anguilla anguilla : • ing et al. 1990), a situation similar 
to that found in other primitive Actinopterygii (for instance in Chondrostei such as 
sturgeon). In most other teleosts, cGnRH-II coexists with salmon GnRH (sGnRH) (for 
instance: Salmoniformes, Cypriniformes and Osteoglossiformes), with the exception of 
Siluriformes where catfish GnRH (cfGnRH) is present. In recent teleosts, a third GnRH 
form (perciformes and rockfish: sbGnRH; medaka: mdGnRH = pejerrey: pjGnRH) 
coexists with cGnRH-II and sGnRH. Interestingly, in more primitive species, the herring 
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(clupeiforme) and the whitefish (salmoniforme), a third form was also identified (herring: 
hrGnRH; whitefish: wfGnRH), which also coexists with cGnRH-II and sGnRH. 

 
In the European eel, a first immunocytochemical study of the brain distribution of 

GnRH neurons has been performed using antibodies recognizing all forms of GnRH (
•

ah 
et al. 1989). Two GnRH molecular forms, similar to mammalian GnRH (mGnRH) and to 
chicken GnRH-II (cGnRH-II), were then demonstrated by High Performance Liquid 
Chromatography (HPLC) and specific radioimmunoassay (RIA) (

•
ing et al. 1990). A 

differential distribution of these two forms was shown in the brain and the pituitary of 
silver eels (RIA using specific antisera: Dufour et al. 1993; immunocytochemistry: 
Montero et al. 1994). By RIA, we first showed that mGnRH levels were higher than 
cGnRH-II levels in the pituitary, olfactory lobes and tel-, di- and mes-encephalon, while 
the opposite was found in the posterior part of the brain (met- and myel-encephalon) 
(Dufour et al. 1993). These distributions were confirmed by our immunocytochemistry 
study in which mGnRH and cGnRH-II appeared to be produced by distinct neurons: 
mGnRH by neurons from olfactory bulbs, the nucleus olfactoretinalis, the ventral 
telencephalon, the preoptic area and the hypothalamus, while cGnRH-II was produced in 
a few neurons in the midbrain tegmentum (Montero et al. 1994) (Figure 2). All these data 
suggest differential physiological roles for the two GnRH forms in the eel. The 
occurrence of two GnRH forms in the eel brain was confirmed by the isolation of their 
cDNAs and genes in the 

€
apanese eel (‚ kubo et al. 1999a,b). In addition, this study 

demonstrated the occurrence of three splicing variants of the messenger RNA coding for 
mGnRH, revealing further diversity of mGnRH potential roles and regulation ( kubo et 
al. 1999a,b). ƒ e are currently investigating the distribution and regulation of mGnRH 
and cGnRH-II precursors in the European eel (ƒ eltzien, Dufour and coworkers, in the 
frame of the Norway-France international cooperation). 
 
 

The mGnRH molecular form, as found in the eel, is thought to have first appeared 
in evolution in early-emerged bony fish (‚ steichthyes) based on evidence from two 
species of Chondrostei (reedfish and sturgeon), one species of Finglymodi (gar) and one 
species of Halecomorphi (Amia)(for review: ‚ ÕNeill et al. 1998), as well as two species 
of primitive Teleostei (eels and butterfly fish). The question of the existence of an 
undiscovered third GnRH form in the eel, in addition to mGnRH and cGnRH-II, has been 
addressed using phylogenetic approaches. Some authors ( kubo and Aida 2001) 
postulate that if only two GnRH forms occur in primitive teleosts such as eel and arowana 
(osteoglossiforme), then the eel prepro-mGnRH and the arowana prepro-sGnRH should 
share high homology because they would be orthologues. In contrast, as they share low 
homology meaning they would rather be paralogues, the authors suggest that a gene 
duplication giving rise to mGnRH and sGnRH occurred before the emergence of teleosts 
and that a third form of GnRH may still be found in the eel (‚ kubo and Aida 2001). 

‚ ther authors (‚ ÕNeill et al. 1998) postulate that there was a substitution• replacement in 
the mGnRH gene after the eels evolved resulting in the sGnRH gene, based on the 
presence of sGnRH in four members of osteoglossiformes (Osteoglossum bicirrosum, 
Xenomystus nigri, Gnathonemus petersii, Chitala chitala).  

 
 

GnRH peptides bind to protein G-coupled receptors (GnRH-R) composed of an 
extracellular N-terminal region (30-40 amino acids), a large seven amino acid 
transmembrane domain (280-290 amino acids), and a short cytoplasmic C-terminal tail 
(30-50 amino acids). ƒ ithin the teleost lineage, two main types of GnRH-R (termed type 
I and type II) could exist, each of which may include 2 or 3 subtypes (Lethimonier et al. 
2004). ƒ hile the two types of GnRH-R in mammals have distinct selectivity, all the 
teleost types of GnRH-R have a higher affinity for cGnRH-II, followed by sGnRH and a 
third endogenous GnRH form (Lethimonier et al. 2004). The two types of GnRH 
receptors have been identified in the € apanese eel ( kubo et al. 2000), and also in 
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goldfish (Illing et al. 1999; Peter et al. 2003), African catfish (Tensen et al. 1997; Bogerd 
et al. 2002) and pufferfish („ umoto et al. 2001). The situation may be still more complex, 
as recently, five different subtypes of GnRH-R were detected in masu salmon ( odo et al. 
2003), in the spotted green pufferfish Tetraodon nigroviridis (Ikemoto and Park 2005) 
and in European sea bass (Moncaut et al. 2005), while three forms have been reported in 
medaka (‚ kubo et al. 2001; ‚ kubo et al. 2003) and tilapia (Soga et al. 2005). In other 
species, up to now, only one type of GnRH-R was reported (rainbow trout: type II: 
Madigou et al. 2000; striped bass: type I: Alok et al. 2000). Further studies aiming at 
cloning and characterizing GnRH-R types and eventual subtypes in the European eel are 
clearly needed. 
 

3. Gonadotropins  

As in other vertebrates, the teleost pituitary secretes two gonadotropins (GTHs), 
follicle-stimulating hormone (FSH, formerly designated as GTH I in fish) and luteinizing 
hormone (LH, formerly GTH II in fish). GTHs are heterodimeric glycoproteins composed 
of a common !  subunit and a hormone-specific "  subunit. ‚ ur recent study in the eel 
using in situ hybridization demonstrated that LH and FSH were expressed by separate 
cells in the proximal pars distalis of the pituitary (Schmitz et al. 2005). In other teleost 
species, they are also produced in different cells in the pituitary (salmonids: Nozaki et al. 
1990a; Naito et al. 1993; tuna: 

•
agawa et al. 1998; tilapia: Melamed et al. 1998; gilthead 

sea bream: Garcia Ayala et al. 2003; halibut: ƒ eltzien et al. 2004; zebrafish: So et al. 
2005). This distinct cellular source for the two GTHs in teleosts may facilitate the distinct 
regulation of gonadotropin synthesis and secretion. In contrast, in mammals, it was 
demonstrated that FSH and LH were expressed by the same gonadotropic cells (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 eel (… uŽrat et al. 1990a,b; Schmitz et al. 
2005) as well as in the Japanese eel (Nagae et al. 1996a). Measurement of their mRNA 
indicated that FSH"  increased at the early steps of the silvering process, while LH"  
increased strongly later in the silvering process (European eel: Aroua et al. 2005; 
Rousseau et al. this book).  
  

Fish gonadotropins act via binding to two gonadal gonadotropin receptors, 
homologous to mammalian LH receptor (LH-R) and FSH receptor (FSH-R). In contrast 
to the situation in mammals, the interactions are not highly specific (for review: Bogerd et 
al. 2005). Indeed, the catfish FSH-R is highly responsive to both catfish LH and FSH 
(Bogerd et al. 2001; Vischer et al. 2003), while the LH-R is rather specific to LH (Vischer 
and Bogerd 2003). The same situation is observed in coho salmon (Miwa et al. 1994; Yan 
et al. 1992). However, studies in zebrafish (Kwok et al. 2005), amago salmon (Oba et al. 
1999 a,b) and sea bass (Rocha et al. 2007) showed that FSH-R was specific to FSH, while 
LH-R was activated by both LH and FSH. Two types of gonadotropin receptors, 
respectively homologous to other teleost LH-R and FSH-R have been recently cloned in 
the Japanese eel (Jeng et al. 2007). Measurement of their ovarian mRNA levels by 
absolute quantitative real time RT-PCR indicated that FSH-R expression was much 
higher (50-fold) than that of LH-R in the previtellogenic eel ( eng et al. 2007). In 
immature male Atlantic salmon, FSH-R transcripts are also more abundant (8-fold) than 
LH-R ones (Maugars and Schmitz 2007). Maturation experiments in the eel indicated that 
human chorionic gonadotropin, a LH-like hormone, was unable to induce ovarian 
development, which can be triggered by fish pituitary extract. This suggests that eel FSH-
R may have a strong specificity and does not recognize mammalian gonadotropin. ‚ ur 
future investigations will aim at cloning European eel gonadotropin receptors and further 
characterizing gonadotropin receptor selectivity in the eel (Dufour, Chang and coworkers 
in the frame of the Taiwan-France international cooperation). 
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4. Sex steroids 
As in other vertebrates, the androgen, testosterone (T) and the estrogen, estradiol 

(E2) are present in teleost fish. In addition, 11-oxygenated androgens, especially 11-
ketotestosterone (11-

•
T) are also detected (Borg 1994). In mature male parr and mature 

anadromous males, 11-ketotestosterone was even found to be the predominant androgen 
in the plasma (Mayer et al. 1990). Compared with adult mammals, the brain of most 
teleost fish is characterized by an extremely high capacity to aromatize androgens into 
estrogens, because of exceptionally high levels of aromatase and of high aromatase 
activity (Callard et al. 1978; Pasmanik and Callard 1985; for review: Pellegrini et al. 
2005). † nique among vertebrates, teleost fish possess in fact three estrogen receptor (ER) 
subtypes (ERalpha, ER beta1, ER beta2) (Atlantic croaker, Micropogonias undulatus: 
Hawkins et al. 2000; zebrafish: Bardet et al. 2002; rainbow trout: Menuet et al. 2002; 
goldfish: Choi and Habibi 2003; European sea bass: Halm et al. 2004; fathead minnow, 
Pimephales promelas: Filby and Tyler 2005; sea bream: Pinto et al. 2006). Two androgen 
receptors (AR alpha and AR beta) have been identified in the eel (Ikeuchi et al. 1999) as 
in many teleosts (for review: Douard et al. 2004). Different studies showed the 
interdependence between androgen or estrogen receptors and aromatase in the brain of 
teleosts (for review: Pellegrini et al. 2005), with similar temporal patterns. 

 
Low levels of androgens (mainly testosterone and 11-

•
T) are detected in the 

plasma of male silver eels (European eel: 
•

han et al. 1987; 
€
apanese eel: Miura et al. 

1991). Androgen production by eel testis is greatly stimulated during experimental 
maturation induced by hCG (European eel: Khan et al. 1987; Japanese eel: Ohta and 
Tanaka 1997; Japanese eel: Miura et al. 1991). In the female eel, plasma levels of T, 11-
KT and E2 significantly increase between the pre-vitellogenic (yellow) and early 
vitellogenic (silver) stages as shown in Anguilla anguilla, (Sbaihi et al. 2001; Aroua et al. 
2005) as well as in other eel species (A. australis and dieffenbachi: 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 experimental maturation induced by 
gonadotropic (fish pituitary extract) treatments (Leloup-Hatey et al. 1988; Peyon et al. 
1997). The similarity in plasma levels of androgens and estradiol is a remarkable feature 
in the female eel, likely related to androgen-specific regulations, as discussed in ¤ 4. Our 
recent study in Japanese eel showed that eel brain aromatase has a low activity compared 
to enzymatic activity in other teleosts (Jeng et al. 2005). This allows, in the eel, androgen-
specific actions to be exerted, not only by non-aromatizable androgens such as 11-KT but 
also by aromatizable androgens, such as testosterone. Accordingly, testosterone-specific 
and estradiol-specific actions were found in the eel (see below). For the moment, no data 
is available concerning which androgen and/or estrogen receptor(s) is involved in the sex 
steroid feedbacks observed in the eel, on brain GnRHs and pituitary gonadotropins. 
However, concerning androgen receptors, in the Japanese eel only 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 blocked at a prepubertal stage as long 

as migration towards the Sargasso sea is prevented, and to date, only experimental 
treatments of silver eels have led to the observation of sexually mature animals (male 
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European eel: Fontaine 1936; female European eel: Fontaine et al. 1964). Based on these 
pioneer experiments in the European eel, similar treatments (hCG in males and fish 
pituitary extract in females) have been since currently employed to induce sexual 
maturation (gametogenesis and steroidogenesis) in various eel species (Anguilla japonica: 
Yamauchi et al. 1976; Ohta et al. 1997; Anguilla rostrata: Edel 1975; Sorensen and Winn 
1984; Anguilla dieffenbachii: Todd 1979; Lokman and Young 2000). In the female, long-
term treatment with carp pituitary extract stimulated ovarian vitellogenesis, leading to a 
gradual increase in gonado-somatic index, which reached up to 30-40% after several 
months, an index much higher than in control eels (1.5-2%) (Fontaine et al. 1964; Dufour 
et al. 1989, 1993; Schmitz et al. 2005; Durif et al. 2005).  

Our first studies, employing antibodies recognizing all forms of GnRH, indicated 
a positive effect of experimental sexual maturation on total GnRH level in the brain of 
female or male silver eels (males treated with hCG and females with estradiol: Dufour et 
al. 1985; females treated with pituitary extract: Dufour et al. 1989). This effect was even 
more marked in the pituitary, reflecting the accumulation of GnRH in the axonal endings, 
which are directly innervating the adenohypophysis in the eel as in other teleosts. These 
data were confirmed by immunocytochemical observation (Kah et al. 1989), which 
indicated a strong accumulation of GnRH peptide in the pituitary and, in particular, in the 
axonal endings of the hypophysiotropic neurons. Moreover, castration was able to abolish 
the increase in brain and pituitary GnRH content, which indicates that gonadal hormones 
are responsible for this positive effect (Dufour et al. 1989). Later on, using specific RIAs 
for each native form of GnRH in the eel, we could perform more specific analyses of the 
effect of experimental maturation on mGnRH and cGnRH-II. We were able to 
demonstrate an opposite regulation of the two forms with an increase in mGnRH levels in 
the brain and pituitary, whereas a decrease in cGnRH-II levels in the brain was found, 
cGnRH-II levels being not detectable by RIA in the pituitary (Dufour et al. 1993). This 
opposite regulation suggests that mGnRH and cGnRH-II play drastically different roles 
during eel sexual maturation, and that mGnRH would play a major role in the 
neuroendocrine control of pituitary gonadotropins. 
 

A differential regulation of the two GnRH forms was also observed in the 
goldfish and the salmon, with an increase in sGnRH but not cGnRH-II in the anterior 
brain and in the pituitary during natural sexual maturation (Amano et al. 1992; 
Rosenblum et al. 1994). In (masu) salmon brain, sGnRH genes are activated long before 
sexual maturation (Ando et al. 2001). In the striped bass, the levels of the two most 
abundant forms in the pituitary, sbGnRH and cGnRH-II, increased during the autumn and 
peaked prior to (for cGnRH-II) and during (for sbGnRH) the natural breeding season in 
March to May (Holland et al. 2001). 

 
In sea and striped bass, pituitary GnRH-R gene expression increases according to 

maturation (Alok et al. 2000). Similarly, in masu salmon, the different GnRH-R genes 
were shown to vary with the season and after a GnRH analog treatment (Jodo et al. 2005). 
Even though we may also expect an increase in pituitary GnRH-R during eel induced 
maturation, direct data on the regulation of eel GnRH-R are missing. 
 

5.2 Effects on gonadotropins  

 
In the European eel, our early studies, using heterologous radioimmunoassay for 

carp LH "  subunit, showed a large increase in pituitary LH content in artificially matured 
eels, namely in females treated with carp pituitary extract or in males treated with human 
chorionic gonadotropin (Dufour 1985). The effect of carp pituitary extract on pituitary 
LH content was prevented by ovariectomy (Dufour et al. 1989), and the production of sex 
steroids was stimulated after GtH treatment in male (Khan et al. 1987) and 
experimentally matured female eels (Leloup-Hatey et al. 1988). These data suggested the 


































































































































































