




FISH, FISHING AND FISHERIES 

 

 

 

 

 

 

 

 

 

SEXUAL PLASTICITY AND 

GAMETOGENESIS IN FISHES 
 

 

No part of this digital document may be reproduced, stored in a retrieval system or transmitted in any form or
by any means. The publisher has taken reasonable care in the preparation of this digital document, but makes no
expressed or implied warranty of any kind and assumes no responsibility for any errors or omissions. No
liability is assumed for incidental or consequential damages in connection with or arising out of information
contained herein. This digital document is sold with the clear understanding that the publisher is not engaged in
rendering legal, medical or any other professional services. 



FISH, FISHING AND FISHERIES 
 

 

Additional books in this series can be found on Nova’s website  

under the Series tab. 

 

 

Additional e-books in this series can be found on Nova’s website  

under the e-book tab. 

 

 

MARINE BIOLOGY 

 

 

Additional books in this series can be found on Nova’s website  

under the Series tab. 

 

 

Additional e-books in this series can be found on Nova’s website  

under the e-book tab. 

 



FISH, FISHING AND FISHERIES 

 

 

 

 

 

 

 

 

SEXUAL PLASTICITY AND 

GAMETOGENESIS IN FISHES 
 

 

 

 

 

 

 

BALASUBRAMANIAN SENTHILKUMARAN 

EDITOR 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
New York 

 



Copyright © 2013 by Nova Science Publishers, Inc. 

 

All rights reserved. No part of this book may be reproduced, stored in a retrieval system or 

transmitted in any form or by any means: electronic, electrostatic, magnetic, tape, mechanical 

photocopying, recording or otherwise without the written permission of the Publisher. 

 

For permission to use material from this book please contact us: 

Telephone 631-231-7269; Fax 631-231-8175 

Web Site: http://www.novapublishers.com 

 

NOTICE TO THE READER 

 

The Publisher has taken reasonable care in the preparation of this book, but makes no expressed or 

implied warranty of any kind and assumes no responsibility for any errors or omissions. No 

liability is assumed for incidental or consequential damages in connection with or arising out of 

information contained in this book. The Publisher shall not be liable for any special, 

consequential, or exemplary damages resulting, in whole or in part, from the readers’ use of, or 

reliance upon, this material. Any parts of this book based on government reports are so indicated 

and copyright is claimed for those parts to the extent applicable to compilations of such works. 

 

Independent verification should be sought for any data, advice or recommendations contained in 

this book. In addition, no responsibility is assumed by the publisher for any injury and/or damage 

to persons or property arising from any methods, products, instructions, ideas or otherwise 

contained in this publication. 

 

This publication is designed to provide accurate and authoritative information with regard to the 

subject matter covered herein. It is sold with the clear understanding that the Publisher is not 

engaged in rendering legal or any other professional services. If legal or any other expert 

assistance is required, the services of a competent person should be sought. FROM A 

DECLARATION OF PARTICIPANTS JOINTLY ADOPTED BY A COMMITTEE OF THE 

AMERICAN BAR ASSOCIATION AND A COMMITTEE OF PUBLISHERS. 

 

Additional color graphics may be available in the e-book version of this book. 

 

Library of Congress Cataloging-in-Publication Data 

 

 

 

 

 

 

Published by Nova Science Publishers, Inc. † New York 

 

ISBN: 978-1-62618-879-2 (eBook)



 

 

 

 

 

 

 

 

 

Dedicated to my beloved father late Shri. P. N. Balasubramaniam 

& 

my father-in-law late Shri. M. C. S. Nambiar 

 

 





 

 

 

 

 

 

 

 

 

Contents 
 

 

Preface  xi 

Chapter I Involvement of Neuropeptides in Gonadotropin 

Secretion in Teleost Fish 1 

Masafumi Amano 

Chapter II Neuroendocrine Control of Lunar-Synchronized 

Spawning Rhythm in Grass Puffer 17 

Hironori Ando, Taro Ikegami, Yusuke Maruyama, 

Md. Shahjahan and Atsuhiko Hattori 

Chapter III Cytokines as Intraovarian Mediators of Luteinizing 

Hormone-Induced Ovulation in Fish 31 

Diego Crespo, Kousik Pramanick 

and Josep V. Planas 

Chapter IV Teleosts as Models for Environmental  

Risk Assessment 49 

Aparna Dutta-Gupta 

Chapter V Atherinopsid Fishes as Models for the Study 

of Temperature-Dependent Sex Determination:  

Physiology of Gonadal Sex Differentiationin Pejerrey  

Odontesthes Bonariensis 57 

Juan I. Fernandino, Ricardo S. Hattori, 

Carlos A. Strüssmann and Gustavo M. Somoza 

Chapter VI Developmental Aspects of Reproductive 

Hormones in Fish 73 

Jon Hildahl 

Chapter VII Dimorphisms in the Brain and Involvement of Various 

Neurosubstances in Fish Reproduction: 

An Overview 91 

Arun G. Jadhao 



Contents viii 

Chapter VIII Ovarian Catecholestrogens: Role in Final 

Oocyte Maturation 115 

K. P. Joy and R. Chaube 

Chapter IX Understanding the Mechanism of Oocyte Maturation 

and Ovulation to Induce Spawning for Seed-Production 

in the Japanese Eel: Tough and Challenging Task 131 

H. Kagawa 

Chapter X Transgenic Medaka Lines with a Visible Marker 

for Phenotypic Sex: Genetic Analyses of an XY Sex-reversal 143 

Akira Kanamori, Naoya Ichikawa 

and Michiko Ishikawa 

Chapter XI Hypothalamic Regulation of Pituitary Gonadotropins 153 

Takashi Kitahashi, Md. Shahjahan 

and Ishwar S. Parhar 

Chapter XII Sexual Plasticity of Behavior in Goldfish 183 

Makito Kobayashi,
 
Seiji Saoshiro, 

Yutaro Kawaguchi, Youichi Hayakawa 

and Arimune Munakata 

Chapter XIII Molecular Mechanisms of Gonadal Sex Differentiation 

and Sex-Reversal in Fish: Tilapia and Medaka 203 

Tohru Kobayashi 

Chapter XIV Physiological and Endocrinological Mechanisms 

of Sex Change in the Grouper 221 

Yasuhisa Kobayashi, Ryosuke Murata 

and Masaru Nakamura 

Chapter XV Some Non-Classical Intragonadal Regulators 

of Fish Reproduction 235 

Bechan Lal 

Chapter XVI Involvement of Brain-Pituitary-Gonadal Axis on Regulation 

of the Reproductive Cycle in Female Chub Mackerel 251 

Michiya Matsuyama, Sethu Selvaraj, 

Mitsuo Nyuji and Hirofumi Ohga 

Chapter XVII Teleosts Are Classical Models for the Study of Oogenesis 

and Shift in Steroidogenesis 275 

Raju Murugananthkumar 

and Balasubramanian Senthilkumaran 

Chapter XVIII Function of Germ Cells in Sex Differentiation 291 

Toshiya Nishimura and Minoru Tanaka 

Chapter XIX Fish Gonadotropin Receptors 305 

Yuichi Oba 



Contents ix 

Chapter XX Regulation of Teleost Reproduction 

by Brain-Pituitary Axis 319 

P. D. Prasada Rao 

Chapter XXI Perspectives on the Gonadotropin-Releasing Hormone 

Gonadotropins-Monoamines: Relevance to Gonadal  

Differentiation and Maturation in Teleosts 341 

Yarikipati Prathibha, Chawngte Laldinsangi 

and Balasubramanian Senthilkumaran 

Chapter XXII Zebrafish as a Vertebrate Model System for Developmental 

Biology and Biomedical Research 363 

K. Raghuveer 

Chapter XXIII Sperm Maturation in Teleosts: Role of Androgens 

and Progestins in Our Present Understanding 

to Emerging New Concepts 377 

Anbazhagan Rajakumar 

and Balasubramanian Senthilkumaran 

Chapter XXIV Expression Profiling of Various Marker Genes Involved 

in Gonadal Differentiation of Teleosts:  

Molecular Understanding of Sexual Plasticity 401 

Chenichery Sudhakumari 

and Balasubramanian Senthilkumaran 

Chapter XXV Membrane Progestin Receptor, a Key Mediator 

of Final Oocyte Maturation in Fish 423 

Toshinobu Tokumoto 

Index  441 

 

 

 





 

 

 

 

 

 

 

 

 

 

Preface 
 

 

Fishes are extremely diverse which mainly includes osteichthyes, the bony fishes, and 

chondrichthyes, the cartilaginous fishes. Osteichthyes (mainly includes teleosts), represent the 

largest and most diverse class of vertebrates in existence today, with about 32,400 species, 

which is more than the combined total of mammals, birds, amphibians and reptiles. Teleosts 

are sexually labile which can display an astonishing variety of reproductive modes such as 

gonochorism, protandry, protogyny, true hermaphroditism, gynogenesis and androgenesis. 

Successful reproduction of a species mainly depends on organized reproductive strategies 

including gonadal differentiation/development and gametogenesis. Gonadal 

development/differentiation is governed by a delicate balance of genetic, hormonal and 

environmental factors. On the other hand, efficient and regulated gametogenesis is critical for 

the quality seed production, which is a key area of aquaculture research and development. 

This book represents collective version of review chapters contributed by eminent 

scientists all over the world including India. The demand for the fishes is in rise every day, 

with the improved aquaculture research on controlling gametogenesis and spawning has 

provided possible options to increase the production, yet, the equilibrium never met. The 

application of modern molecular biology techniques and tools facilitate scientists to delineate 

several fundamental questions of endocrinology and reproductive biology, and thus assist in 

sustainable aquaculture management. Amazing expansion in the number of quality 

publication and scientific congregation concerning fish reproduction is a witness for the 

growing importance for the aquaculture research. Our knowledge of sexual plasticity and 

gamete maturation has been expanded rapidly since the recent advances in sexual 

development research using model organisms ranging from fishes to mammals. Sexual 

development research is on the top priority because of its great potential in finding sex 

determining genes. The recent surge of interest in identifying the mechanisms pertaining to 

endocrine disruption makes fisheries research to progress in sexual development and gamete 

maturation studies, which are the two emerging multidisciplinary research fields with wide 

range of future prospects. 

This book is a tribute to those investigators who work on sex determination, 

differentiation, gamete maturation and fish reproductive physiology, who inspired a whole 

generation of researchers in these fields. The subject matter of the book is on the research 

areas of endocrinology, reproductive biology, aquaculture and sexual development, which 

form a basic study material for young and aspiring fish biologists. 
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Chapter I 
 

 

Involvement of Neuropeptides in 

Gonadotropin Secretion in Teleost Fish 
 

 

Masafumi Amano
1
 

School of Marine Biosciences, Kitasato University, 

Sagamihara, Kanagawa, Japan 

 

 

Abstract 
 

The gonadotropin-releasing hormone (GnRH) is a key neuropeptide hormone that 

regulates gonadotropin (GTH) secretion in fish. Phylogenetic analyses have classified the 

GnRH precursors of vertebrates into 4 groups. Among them, the GnRH1 group is 

localized to the hypothalamus and acts on the pituitary to stimulate GTH secretion. In 

addition to GnRH, neuropeptide Y (NPY), which was originally found to be one of the 

most potent orexigenic neuropeptides in mammals, has been reported to be involved in 

GTH secretion. In some teleost fish, NPY not only stimulates food intake but also 

enhances luteinizing hormone (LH) secretion both in vivo and in vitro. In these fish, 

NPY-immunoreactive (ir) fibers innervate LH cells in the pituitary. NPY also stimulates 

GnRH release in vitro, and NPY-ir fibers are located in many brain regions, including the 

preoptic-anterior hypothalamus where GnRH-ir cell bodies are abundant. Neuronal 

interaction of GnRH and NPY in the brain has been shown in some teleost fish. 

Therefore, it is considered that NPY stimulates LH secretion by direct action on the 

gonadotroph and also by enhancing GnRH release; reproduction of teleost fish is 

considered to be regulated by several neuropeptides in the brain, such as GnRH and NPY. 

 

 

Introduction 
 

Neuropeptides are peptide hormones synthesized in the brain. Thyrotropin-releasing 

hormone (TRH) is a neuropeptide that was first identified from pig hypothalamus (Boler et 
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al., 1969) and ovine hypothalamus (Burgus et al., 1969). Thereafter, various types of 

neuropeptides have been found in the brain of teleost fish. 

Reproduction is one of the most important physiological events in animals. 

Understanding the reproductive mechanism of teleost fish is necessary for the establishment 

and development of fish aquaculture. Gonadal maturation of teleost fish is mainly regulated 

by the gonadotropin-releasing hormone (GnRH). GnRH is a neuropeptide comprising 10 

amino acids and was originally isolated from pig and sheep hypothalami as a physiological 

regulator of luteinizing hormone (LH) release from the pituitary (Matsuo et al., 1971; Burgus 

et al., 1972). At present, it is generally accepted that GnRH regulates the synthesis and release 

of pituitary gonadotropins (GTHs), i.e., follicle-stimulating hormone (FSH) and LH (see 

Okubo & Nagahama, 2008). GTHs then stimulate the secretion of steroid hormones from the 

gonads. Steroid hormones feed back to the brain and pituitary. In mammalian, avian, reptilian, 

and amphibian species, GnRH is conveyed to the pituitary via the hypothalamo-hypophyseal 

portal vessels. In mammals, pulsatile release of mammalian GnRH (mGnRH) by 

hypothalamic neurons stimulates GTH secretion from the pituitary. However, teleost fish lack 

the median eminence. Instead, GnRH neurons directly innervate the pituitary. It is therefore 

interesting to examine GnRH systems in teleost fish in view of comparative endocrinology. 

Recently, the Kiss1/ G-coupled protein receptor 54(GPR54) system was discovered in 

mammals (Ohtaki et al., 2001; de Roux et al., 2003; Seminara et al., 2003). It is now 

considered that kiss1/GPR54 signaling plays a key role in the regulation of GnRH and, 

consequently, GTH secretion in mammals (see Zohar et al., 2010). In teleost fish, the 

identification and characterization of a Kiss1 gene has been reported in zebrafish Danio rerio 

(van Aerle et al., 2008), medaka Orizias latipes (Kanda et al., 2008), and goldfish Carassius 

auratus (Yang et al., 2010). In addition to kiss1, a paralogue of kiss1 called kiss2 has been 

found in teleost fish such as zebrafish and medaka (Kitahashi et al., 2009), goldfish (Li et al., 

2009), and chub mackerel Scomber japonicus (Selvaraj et al., 2010). In some fish such as 

grass puffer Takifugu niphobles (Shahjahan et al., 2010) and Senegalese sole Solea 

senegalensis (Mechaly et al., 2011), only kiss2 has been found. Species differences have been 

reported in the distribution of Kiss1 and Kiss2 neurons in the brain of medaka and zebrafish 

(Kanda et al., 2008; Kitahashi et al., 2009; Mitani et al., 2010; Servili et al., 2011). 

Furthermore, species differences have been reported in the effects of kisspeptin 

administration on GTH secretion: Kiss2 was significantly more potent than Kiss1 in 

stimulating FSH and LH secretion in sea bass Dicentrarchus labrax (Felip et al., 2009) and 

Kiss2 but not Kiss1 administration significantly increased FSHβ and LHβ mRNA levels in 

the pituitary of sexually mature female zebrafish (Kitahashi et al., 2009). Thus, molecular 

species, central distribution, and the physiological significance of kisspeptins in teleost fish 

are not fully understood. Clarification of the relationship between the GnRH system and the 

Kiss1/GPR54 system in teleost fish is necessary to understand the reproductive biology of 

these species. 

Neuropeptide Y (NPY) comprises 36 amino acids in both teleost fish and mammals. NPY 

was originally found to be one of the most potent orexigenic neuropeptides in mammals 

(Halford et al., 2004; Kalra et al., 1999). NPY mRNA or peptide sequences have been 

determined in a large number of fish species such as sea bass (Cerdá-Reverter et al., 2000a, b, 

c), rainbow trout Oncorhynchus mykiss (Doyon et al., 2003), and channel catfish Ictalurus 

punctatus (Leonard et al., 2001). Several studies have demonstrated that NPY also stimulates 

food intake in teleost fish (see Volkoff et al., 2005). 
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In this chapter, the involvement of neuropeptides in reproduction and/or GTH secretion 

in teleost fish is discussed by mainly focusing on GnRH and NPY. It has also been reported 

that NPY is pivotal for GTH secretion in some teleosts. 

 

 

GnRH and GTH secretion 
 

Thus far, 15 forms of GnRH molecules have been identified in vertebrates on the basis of 

data obtained from the comparison of their primary structures or complementary DNA 

(cDNA) sequences (Kavanaugh et al., 2008; see Okubo & Nagahama, 2008). It has been 

shown that 2 or 3 molecular forms of GnRH are present in a single species (see Amano et al., 

1997; see Okubo & Nagahama, 2008). GnRH forms are traditionally named after the species 

from which they were first identified. For example, masu salmon Oncorhynchus masou and 

goldfish have salmon GnRH (sGnRH) and chicken GnRH-II (cGnRH-II), and red seabream 

Pagrus major and barfin flounder Verasper moseri have sGnRH, cGnRH-II, and seabream 

GnRH (sbGnRH). It is considered that only one form of GnRH is involved in GTH secretion, 

as described below. 

In teleost fish, 2 forms of GTHs, namely GTH-I and GTH-II, were first isolated from 

chum salmon Oncorhynchus keta pituitary (Suzuki et al., 1988a, b, c; Kawauchi et al., 1989). 

These GTHs have also been isolated from several other fish species such as coho salmon 

Oncorhynchus kisutch (Swanson et al., 1989), bonito Katsuwonus plelamis (Koide et al., 

1993), tuna Thunnus obesus (Okada et al., 1994), and yellowtail Seriola dumerilii (Garcia-

Hernandez et al., 1997), and their cDNAs have been cloned from several teleost fish species 

such as masu salmon (Gen et al., 1993; Kato et al., 1993), goldfish (Kobayashi et al., 1997; 

Yoshiura et al., 1997), Siberian sturgeon Acipenser baeri (Quérat et al., 2000), Australian 

lungfish Neoceratodus forsteri (Quérat et al., 2004), and the elasmobranch Scyliorhinus 

canicula (Quérat et al., 2001). GTH-I and GTH-II are now commonly referred to as FSH and 

LH, respectively, as in mammals (see Kawauchi and Sower, 2006). 

To clarify the function of each GnRH-immunoreactive (ir) neuronal group, it is necessary 

to examine its projection area in the brain and pituitary. Immunohistochemistry has been used 

for this purpose. We first demonstrated the distribution of sGnRH-ir and cGnRH-II-ir cell 

bodies and fibers in the brain and pituitary of the teleost fish masu salmon, using specific 

antisera raised against sGnRH and cGnRH-II (Amano et al., 1991). sGnRH-ir cell bodies 

were found to be distributed from the olfactory nerve through the preoptic area. sGnRH-ir 

fibers were distributed in various brain regions and directly innervated the pituitary. cGnRH-

II-ir cell bodies were detected only in the midbrain tegmentum, and the distribution of 

cGnRH-II-ir fibers was similar to that of sGnRH-ir fibers, except for the absence of cGnRH-

II-ir fibers in the pituitary. These results suggest that sGnRH not only regulates GTH 

secretion in the pituitary but also functions as a neuromodulator in the brain, whereas 

cGnRH-II functions only as a neuromodulator in masu salmon (Amano et al., 1991). 

Thereafter, a considerable number of immunohistochemical studies on GnRH have been 

eagerly conducted in various fish species. Distribution of GnRH-ir cell bodies and fibers in 

the brain and pituitary of teleost fish has been recently reviewed by Okubo and Nagahama 

(2008). 
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At present, phylogenetic analyses have classified the GnRH precursors of vertebrates into 

4 groups (see Okubo & Nagahama, 2008). The GnRH1 group is localized to the 

hypothalamus and acts on the pituitary gland to stimulate GTH secretion. The GnRH2 group, 

found in the midbrain, includes cGnRH-II, which is thought to function as a neuromodulator 

in the brain. The GnRH3 group has only been found in the terminal nerves of teleost fish, 

includes sGnRH, and is thought to influence sex-associated behaviors (Fernald & White, 

1999). Most cyprinid and salmonid species, including such as masu salmon, rainbow trout, 

goldfish and zebrafish, perhaps do not possess GnRH1. In these species, GnRH3 is likely to 

have taken on the role of GnRH1. The GnRH4 group comprises only the lamprey GnRHs 

(lGnRH-I and III), which are hypothalamic neuropeptides of diencephalic/ventricular origin 

(Silver et al., 2004). Again, it is considered that GnRH not only regulates GTH secretion but 

also functions as a neuromodulator in the brain of teleost fish. GnRH has also been implicated 

in reproductive behavior in many species, including teleost fish such as dwarf gourami Colisa 

lalia (Yamamoto et al., 1997) and goldfish (Volkoff & Peter, 1999). 

The central involvement of GnRH in in vivo stimulation of LH release from the pituitary 

gland has been functionally established in all orders of teleost fish (see Zohar et al., 2010). 

However, in vivo stimulatory effects of GnRH on FSH release have been reported only limited 

fish species such as rainbow trout (Breton et al., 1998; Mananos et al., 1999; Weil et al., 1999), 

coho salmon (Dickey & Swanson, 1998), white sturgeon Acipenser transmontanus (Moberg et 

al., 1995), and Nile tilapia Oreochromis niloticus (Levavi-Sivan et al., 2006; Aizen et al., 2007a, 

b). Immunoassays for FSH of other teleost fish should be established in order to confirm the 

involvement of GnRH in in vivo FSH release in teleost fish. 

It has been clarified that pituitary responsiveness to in vivo GnRH treatment, in terms of 

GTH subunit synthesis, changes during gonadal maturation. For example, when GnRH was 

administered in vivo to juvenile common carp Cyprinus carpio, no changes were observed in 

GTH subunit genes, while both FSHβ and LHβ subunit mRNAs increased in first-year maturing 

males (Kandel-Kfir et al., 2002). In contrast, long-term administration of GnRH analog 

(GnRHa) in male striped bass Morone saxatilis resulted in a significant increase in all 3 GTH 

subunit mRNAs in juveniles, but had no effect in maturing fish (Hassin et al., 2000). These 

results are supported by many in vitro studies using cultured pituitary cells or fragments: the 

effects of GnRH on GTH synthetic activity vary according to the particular reproductive 

physiology of fish. The involvement of GnRH in GTH secretion has been recently reviewed by 

Zohar et al. (2010). 

 

 

NPY and GTH secretion 
 

NPY is one of the most potent orexigenic neuropeptides expressed in mammals (Kalra et 

al., 1999; Halford et al., 2004). It has been reported that NPY also stimulates food intake in 

teleost fish, as in mammals (see Volkoff et al., 2005). For example, central injections of NPY 

cause a dose-dependent increase in food intake in goldfish (Lopez-Patino et al., 1999;De 

Pedro et al., 2000;Narnaware et al., 2000), coho salmon and channel catfish (Silverstain & 

Plisetskaya, 2000). 

To understand the function of NPY in the brain of teleost fish, the distribution of NPY-ir 

cell bodies and fibers should be clarified, as in the case of GnRH. The distribution of NPY-ir 
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cell bodies and fibers has been examined by immunohistochemistry in various fish species, 

including elasmobranchs, the cloudy dogfish Scyliorhinus torazame (Chiba, 2000), dipnoans, 

the African lungfish Protopterus annectens (Trabucchi et al., 2000), and actinopterygian fish 

such as sea bass (Cerdá-Reverter et al., 2000b), rainbow trout (Danger et al., 1991), brown 

trout Salmo trutta fario (Castro et al., 1999), catfish (Gaikwad et al., 2003, 2005), goldfish 

(Kah et al., 1989), common carp (Marchetti et al., 2000; Pirone et al., 2004), pejerrey 

Odontesthes bonariensis (Traverso et al., 2003), spotted gar Lepisosteus oculatus (Chiba, 

2005), ayu Plecoglossus altivelis (Chiba et al., 1996), gilthead seabream Sparus aurata L. 

(Pirone et al., 2008), masu salmon (Amano et al., 2009), and the Siberian sturgeon Acipenser 

baeri (Amiya et al., 2011). In these fish species, NPY-ir cell bodies are generally located not 

only in the preoptic-anterior hypothalamic region but also in other brain regions such as the 

nervus terminalis and dorsolateral midbrain tegmentum. NPY-ir fibers are widely distributed 

in the central nervous system including the pituitary. 

Distribution of neurons expressing NPY mRNA has also been examined by in situ 

hybridization in some teleost fish such as goldfish (Peng et al., 1994), chinook salmon 

Oncorhynchus tshawytscha and coho salmon (Silverstein et al., 1998). For example, in 

goldfish, neurons expressing NPY mRNA were detected mainly in the forebrain regions 

(particularly in the nucleus entopeduncularis of the ventral telencephalon, the preoptic area, 

the olfactory bulbs, and various thalamic regions) and also in the optic-tectum and locus 

coeruleus (Peng et al., 1994). These results are consistent with those obtained by 

immunohistochemistry (Kah et al., 1989). 

Although the pivotal function of NPY in the fish brain is considered to be stimulation of 

food intake, it has been reported that both in vivo and in vitro treatment with NPY stimulates 

LH release in teleost fish. In rainbow trout and common carp, in vivo administration of NPY 

alone induced a 2-fold increase in LH release. In addition, stimulation with LH-releasing 

hormone (LHRH) analogue induced greater LH release from fish that were first treated with 

NPY (Breton et al., 1991). In rainbow trout, in vitro treatment with NPY induced dose-

dependent stimulation of LH release and treatment with a GnRH antagonist blocked NPY-

induced LH release, as revealed by a perifusion experiment, suggesting that NPY acts 

presynaptically on GnRH fibers to modulate LH release (Danger et al., 1991). In goldfish, 

intraperitoneal injection of NPY induced time- and dose-dependent increases in plasma LH 

and growth hormone (GH) levels (Peng et al., 1993a). Moreover, in vitro treatment with NPY 

induced a dose-dependent stimulation of LH and GH release, as revealed by a perifusion 

experiment, suggesting that NPY acts at the pituitary level to stimulate LH and GH release 

(Kah et al., 1989; Peng et al., 1990; Peng et al., 1993a, b). Furthermore, it has been reported 

that NPY stimulates LH synthesis in the pituitary in tilapia; exposure to NPY was followed 

by increased mRNA levels of glycoprotein α and LHβ, but NPY had no effect on FSHβ 

mRNA levels, as revealed by in vitro culture of pituitary cells (Gur et al., 2002). 

To confirm that NPY physiologically stimulates LH secretion, connection of NPY-ir 

fibers with LH cells in the pituitary should be clarified by dual-label immunohistochemistry. 

In catfish, it has been reported that NPY-ir fibers directly innervate LH cells (Gaikwad et al., 

2003). In contrast to mammals, FSH and LH are synthesized in 2 different cell-types in 

teleost fish; in salmon pituitary, FSH cells are located in the periphery of the glandular cord 

of the proximal pars distalis (PPD) and LH cells are located in the central parts of the 

glandular cord of the PPD (see Kawauchi and Sower, 2006). Antisera raised against synthetic 

fragment peptides of GTH subunits have been obtained from the mummichog Fundulus 
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heteroclitus (Shimizu and Yamashita, 2002), by using cDNA sequencing data (Lin et al. 

1992). Using these antisera, researchers have successfully detected FSH cells and LH cells in 

various fish species, suggesting the wide applicability of these antibodies in different orders 

of fish (Shimizu et al. 2003a, b, c). Therefore, it is necessary to examine whether NPY-ir 

fibers innervate FSH cells and/or LH cells in the pituitary by dual-label 

immunohistochemistry in teleost fish. 

Involvement of steroid hormones has been reported in the NPY mRNA profiles of the 

brain. In the goldfish, pretreatment with testosterone or estradiol-17β (E2) induced a 2- to 3-

fold increase in NPY mRNA levels in the telencephalon/preoptic area, as revealed by a 

ribonuclease protection assay. Moreover, a study using in situ hybridization has shown that 

pretreatment with testosterone activates NPY synthetic activity in the preoptic region (Peng et 

al., 1994). However, whether increased NPY mRNA with steroids stimulates food intake or 

not has not been demonstrated. 

 

 

Interaction between GnRH and NPY 
 

NPY also stimulates GnRH release from preoptic-anterior hypothalamic slices and 

pituitary fragments with similar potency (Peng et al., 1993b). In goldfish implanted with 

testosterone and E2 in vivo, NPY significantly stimulated the release of GnRH from 

hypothalamic slices and thus was considered to be one of the mechanisms mediating the 

feedback of these steroids (Peng et al., 1993c). Therefore, it is considered that NPY stimulates 

LH release by a direct action on the gonadotroph and also by enhancing GnRH release in 

goldfish (see Trudeau, 1997). Furthermore, given that NPY stimulates LH and GH release 

and that central injections of NPY cause a dose-dependent increase in food intake in goldfish 

(Lopez-Patino et al., 1999;De Pedro et al., 2000; Narnaware et al., 2000), NPY should be 

regarded as an element of the multifactorial systems regulating reproduction and somatic 

growth. 

In vitro release of GnRH by NPY has also been reported in red seabream: NPY 

stimulates in vitro release of sbGnRH from slices of the preoptic-anterior hypothalamus 

during immaturity, recrudescence and spawning (Senthilkumaran et al., 2001). This action of 

NPY is suggested to be direct, because the stimulatory influence of NPY on release of 

sbGnRH was not altered by the addition of antagonists of serotonin (5-HT), gamma-

aminobutyric acid (GABA), and noradrenaline. 

Considering that GTH secretion is mainly controlled by GnRH, that NPY stimulates 

GnRH release in vitro, and that NPY-ir fibers are located in wide brain regions including the 

preoptic-anterior hypothalamus where GnRH-ir cell bodies are abundant, it is interesting to 

examine the neuronal interaction between NPY-ir neurons and GnRH-ir neurons in the brain 

by dual-label immunohistochemistry. Close apposition of NPY-ir fibers to GnRH-ir cell 

bodies in the preoptic area was revealed in ayu. In addition, NPY labeling in the nucleus 

tuberis lateralis became intense concomitantly with an increase in the labeled varicosities in 

the middle region of the neurohypophysis during gonadal maturation. These results suggest 

that there is a correlative involvement of NPY and GnRH in gonadal maturation possibly 

through the control of GTH secretion (Chiba et al., 1996). In the spotted gar, dual-label 

immunohistochemistry suggests that NPY directly regulates the function of GnRH in the 
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hypothalamus, although no data is available for pituitary GTH (Chiba, 2005). Moreover, it 

has been reported that NPY is involved in the up-regulation of the sGnRH system in the 

forebrain of catfish Clarias batrachus; intracranial injection of NPY increased sGnRH-like 

peptide content in the telencephalon plus preoptic area, pituitary, olfactory organ and 

olfactory bulb, as revealed by high performance liquid chromatography – electrospray 

ionization – mass spectrometric analysis (Gaikwad et al., 2005). The Siberian sturgeon has 

mGnRH and cGnRH-II in the brain. It has been reported that mGnRH-ir cell bodies are 

located in the olfactory nerves and bulbs, telencephalon, preoptic area, and mediobasal 

hypothalamus, that mGnRH-ir fibers are detected in the pituitary, and that cGnRH-II-ir cell 

bodies are located in the midbrain tegmentum (Leprêtre et al., 1993). Recently, we found that, 

in the brain of the Siberian sturgeon, some NPY-ir fibers were in close contact with GnRH 

(possibly mGnRH)-ir cell bodies in the preoptic area, and some GnRH-ir fibers were in close 

contact with NPY-ir cell bodies in the ventral part of the ventral telencephalon. This suggests 

that reciprocal connections exist between the GnRH and NPY neurons in the brain of the 

Siberian sturgeon. Considering that NPY-ir fibers were not detected in the pituitary in the 

Siberian sturgeon, it is possible that NPY indirectly regulates GTH secretion via GnRH 

neurons, although innervations of GnRH to GTH cells in the pituitary has yet to be clarified 

in this species (Amiya et al., 2011). FSH and LH are considered to exist also in the Siberian 

sturgeon, since two forms of GTH were identified in the white sturgeon and in vivo treatment 

of GnRH analog stimulated the release of both GTHs in mature males and preovulatory 

females (Moberg et al., 1995). 

 

 

Conclusion 
 

 
 

Figure 1. A schematic drawing of the relation between GnRH and NPY pathway in the brain of teleost fish 

on GTH secretion, including food intake regulation. Steroid hormones are considered to feedback to brain 

(hypothalamus) and pituitary. 
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It has been demonstrated that GnRH and NPY play an important role in GTH secretion in 

teleost fish. Neuronal interaction between GnRH and NPY has been clarified in some teleost 

fish. In vivo and in vitro experiments have shown that NPY stimulates LH secretion by direct 

action on the gonadotroph and also by enhancing GnRH release. A schematic drawing of the 

relation between GnRH and NPY pathway in the brain of teleost fish on GTH secretion, 

including food intake regulation, is shown in Fig. 1. Other neuropeptides, for example, 

pituitary adenylate cyclase-activating polypeptide (PACAP), which was originally isolated 

from ovine hypothalami that could activate adenylate cyclase in cultured rat pituitary cells 

(Miyata et al., 1989, 1990), has also been reported to be involved in GTH secretion in teleost 

fish such as goldfish (Chang et al., 2010). Clarification of the relationship between GnRH and 

such neuropeptides is necessary to completely understand the reproductive biology of fish. 
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Abstract 
 

Grass puffer (Takifugu niphobles) exhibits a unique spawning rhythm: it spawns on 

the beach in semilunar cycles during spring tide in early summer. To explore the 

molecular and neuroendocrine mechanisms underlying the regulation of the semilunar-

synchronized spawning rhythm, cyclic variations in melatonin secretion from the pineal 

gland and in the expression of four subtypes of melatonin receptor genes in the 

diencephalon were examined. The hypothalamic expression of genes for neuropeptides 

related to reproduction and their receptors were also examined during the reproductive 

cycle. The secretion of melatonin from the pineal gland showed diurnal and circadian 

variations with a significant peak in the nighttime. The nocturnal secretion of melatonin 
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and the synchronous rise in the expression of four subtypes of melatonin receptor genes 

during the nighttime indicate that the action of melatonin on the hypothalamus is highly 

dependent on time and light. In the hypothalamus, the expression of genes for 

gonadotropin-releasing hormone, kisspeptin, LPXRFamide peptide and PQRFamide 

peptide and their receptors showed seasonal variations with increased expression in the 

spawning period. In particular, the expression of LPXRFa and LPXRFa-R genes showed 

diurnal and circadian variations in association with the expression of the four subtypes of 

melatonin receptor genes, indicating that the action of LPXRFa is most probably cyclic 

due to the regulation by melatonin. Although the link between the lunar cycle and the 

melatonin signal is missing at present, melatonin may play an important role in 

transmitting the photoperiodic information of moonlight to the reproductive 

neuroendocrine center in the hypothalamus of grass puffer. 

 

 

Introduction 
 

Synchronous reproduction is crucial to reproductive success in most vertebrate species. 

This enables the partners of different sexes in full maturation to meet at a specific phase that 

is set by periodic environmental and internal conditions such as time, season and age. Thus, 

the reproductive function of most animals is tightly dependent on environmental condition. In 

teleosts, photoperiod and water temperature are the important environmental factors that 

regulate reproductive function. These factors have an influence on the brain–pituitary–gonad 

(BPG) axis, the central regulatory system in vertebrates, although the molecular and 

neuroendocrine mechanisms underlying the regulation of the BPG axis by these factors are 

largely unknown. Our recent studies on the molecular neuroendocrine regulation of grass 

puffer (Takifugu niphobles), a semilunar spawner, provide valuable information on the 

photoperiodic regulation of the BPG axis. We propose a possible role of melatonin, the pineal 

neurohormone, as a signal molecule that links between the BPG axis and lunar cycle. The aim 

of this chapter is an overview of molecular aspects of lunar-synchronized reproduction in 

grass puffer with special reference to cyclic expression of genes for neuropeptides related to 

reproduction and melatonin receptors in the diencephalon. 

 

 

GnRH-GTH Axis and Hypothalamic Neuropeptides Related to Reproduction  
 

Among various kinds of hormones involved in the BPG axis, gonadotropin-releasing 

hormone (GnRH), a hypothalamic decapeptide, and gonadotrpropin (GTH), a pituitary 

glycoprotein hormone, form a principal pair of chemical mediators of the BPG axis. GnRH 

acts on the pituitary to regulate the synthesis and release of two types of gonadotropins 

(GTHs), follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (Ando et al., 

2001; Yaron et al., 2003; Ando & Urano, 2005; Kah et al., 2007; Zohar et al., 2009). FSH and 

LH are heterodimeric glycoproteins that share a common α subunit (GP ) and possess a 

hormone–specific β subunit (FSHβ & LHβ). Although their roles during the reproductive 

cycle in fish have not yet been sufficiently established, there may be two different trends in 

expression pattern in association to their functions. First, single spawners, like salmonids, 

have shown a predominance of FSH during early gonadal recrudescence and gametogenesis 

and a clear prevalence of LH expression at the final stage of gonadal maturation (Prat et al., 
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1996; Gomez et al., 1999; Swanson et al., 2003; Ando & Urano, 2005). Secondly, multiple 

spawners seem to express a progressive and simultaneous increase in both FSH and LH 

expression during the gonadal maturation (Elizur et al., 1996; Sohn et al., 1999; Kajimura et 

al., 2001; Weltzien et al., 2003; Meiri et al., 2004). 

There are two or three GnRH forms in a single vertebrate species. One form of GnRH is 

hypophysiotropic GnRH, GnRH1, which regulates GTH secretion from the pituitary. The 

second form of GnRH is GnRH2 (formerly known as chicken GnRH-II), which is highly 

conserved from fish through mammals. GnRH2 neurons are localized in the midbrain 

tegmentum and project their axons widely throughout the brain. GnRH2 regulates sexual and 

feeding behavior (Millar, 2003; Matsuda et al., 2008). In some groups of teleosts such as 

perciformes, pleuronoctiformes and tetraodontiformes, GnRH3 (formerly known as salmon 

GnRH) is produced as the third form in the neuronal groups that are localized in the ventral 

forebrain along the terminal nerve. These neurons project their axons throughout the various 

brain loci, and GnRH3 plays a neuromodulatory role in relation to sexual behavior (Oka, 

2009). The external and internal signals involved in the regulation of reproductive function 

are integrated in the central nervous system and primarily alter the activity of GnRH neurons. 

Recent studies on the RFamide peptides containing a C terminal -Arg-Phe-NH2 sequence 

have revealed that there are five groups of RFamide peptide family and several members of 

the family play an important role in the control of GnRH secretion in vertebrates (Tsutsui, 

2009). Kisspeptin and its receptor, G-protein coupled receptor 54 (GPR54), activate GnRH 

neurons to stimulate GnRH release in mammals (Oakley et al., 2009). The ortholog genes for 

kisspetin and GPR54 have been identified in teleosts, and studies on their neuroanatomical 

structure, expression profiles and gene regulation showed that the kisspeptin/GPR54 system 

is also important in the control of reproduction in teleosts, possibly through the control of 

GnRH secretion (Elizur, 2009; Zohar et al., 2009; Tena-Sempere et al., 2012). The second 

group of the RFamide peptide family involved in the control of reproduction is LPXRFamide 

peptide (LPXRFa) group (Tsutsui, 2009), including gonadotropin-inhibitory hormone (GnIH) 

and RFamide-related peptide (RFRP). LPXRFa regulates GTH secretion directly and 

indirectly via GnRH neurons. However, the effect of LPXRFa on GTH secretion varies 

distinctly among animal classes. LPXRFa inhibits LH secretion in goldfish (Zhang et al., 

2010), quail (Tsutsui et al., 2000) and rats (Hinuma et al., 2000; Johnson et al., 2007), 

whereas it stimulates the release of LH and FSH in sockeye salmon (Amano et al., 2006) and 

the expression of FSHβ and LHβ genes in grass puffer (Shahjahan et al., 2011). The third 

group is PQRFa peptide group, including neuropeptide FF (NPFF), neuropeptide AF (NPAF) 

and neuropeptide SF (NPSF). PQRFa has recently been shown to be involved in the 

regulation of reproduction in lower vertebrates (Saito et al. 2010; Osugi et al. 2011). These 

hypothalamic neuropeptides are considered to be involved in the photoperiodic control of 

GnRH neurons. 

 

 

Lunar-Synchronized Spawning and Timing Mechanisms 
 

Lunar- or semilunar-synchronized reproduction has been seen in a wide variety of 

organisms, particularly those living in shallow waters and reef areas. These include corals 

(Harrison et al., 1984), marine insects (Kaiser et al., 2011) and many marine teleost species, 

such as the California grunion (Leuresthes tenuis) (Clark, 1925), damselfish (Pomacentrus 
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nagasakiensis) (Moyer, 1975), mummichog (Fundulus heteroclitus) (Tayler et al., 1979), 

groupers (Collin et al. 1987), rabbitfishes (Rahman et al., 2000; Takemura et al., 2004b), 

mudskipper (Bolephthalamus perctinirostris) (Wang et al., 2008) and grass puffer (Motohashi 

et al., 2010). In these organisms, changes in moonlight and tide are main environmental cues 

(often called a Zeitgeber or environmental synchronizer) that entrain a biological rhythm for 

the synchronization of reproductive functions (Leatherland et al., 1992; Takemura et al., 

2004b).  

Several studies demonstrated an endogenous biological rhythm for the lunar-

synchronized spawning experimentally under constant environmental conditions (Hsiao & 

Meier, 1986, 1989; Rahman et al., 2000). There is a paucity of information on the molecular 

mechanism of the lunar-related biological rhythm, although that of circadian rhythm has been 

the focus of considerable attention with a particular emphasis on the molecular regulation of 

circadian clock genes. The lunar-related biological rhythm may be driven by circa(semi)lunar 

and/or circatidal clocks. Several studies have tried to identify signal molecules that are 

connected to these clocks. In corals, which spawn on full moon nights, moonlight regulates 

this spawning and a blue light-sensing photoreceptor, cryptochrome, exhibits lunar-dependent 

expression with higher expression levels on the full moon nights compared to new moon 

nights (Levy et al., 2007). Similar involvement of the moonlight-cryptochrome interaction 

was suggested in the lunar-synchronized spawning of the golden rabbitfish (Siganus 

canaliculatus) that occurs around the first quarter moon (Fukushiro et al., 2011). 

Cryptochrome has also a role in the oscillation and resetting of circadian clock by light in 

insects and mammals (Liu et al., 2007). Based upon these results, it is proposed that 

cryptochrome plays an important role in lunar phase-recognition machinery in a wide range 

of organisms. 

On the other hand, in the golden rabbitfish, the changes in the intensity of moonlight are 

important for the lunar-synchronized spawning, possibly through lunar phase-dependent 

variations in the plasma melatonin concentrations (Takemura et al., 2004a). The plasma 

melatonin levels at midnight of new moon were higher than those of full moon. Melatonin is 

the pineal neurohormone and its secretion shows an apparent diurnal variation, being high in 

the nighttime and low during the daytime (Reiter, 1993). Therefore, melatonin, “the nocturnal 

hormone” transmits the photoperiodic information to the central and peripheral organs 

(Falcón et al., 2007). Importantly, melatonin has been shown to regulate GnIH and RERP 

expression and thus participates in the neuroendocrine control of seasonal reproduction in 

birds and mammals (Ubuka et al., 2005; Revel et al., 2008). It is therefore conceivable that, in 

the golden rabbitfish, the information of moonlight intensity may be transmitted to the BPG 

axis by the lunar-cycle dependent plasma melatonin concentrations and then melatonin 

controls the reproductive activity via the hypothalamic reproductive neuropeptides. 

 

 

Grass Puffer as a Model Animal for Studying the Neuroendocrine Control 

of Lunar-Synchronized Spawning 
 

The grass puffer is a common intertidal puffer species in Japan, and spawning occurs at 

certain seashore locations over several days of spring tide in early summer. Before spawning, 

these fish aggregate at the spawning ground 2–3.5 hours before high tide, and several tens of 

males actively pursue one female and finally spawning takes place in groups of 10–60 
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individuals, of which one is female. Spawning usually continues for 1–2 hours during the 

rising tidal phase (Uno, 1955; Nozaki et al., 1976; Honma & Kitami, 1980; Honma et al., 

1980; Yamahira, 1994; Motohashi et al., 2010). Since the spawning occurs at the same timing 

and location every year, every two weeks and every day of spring tide during the spawning 

season (Nozaki et al., 1976; Motohashi et al., 2010), we are aware of time and place of the 

spawning and thus can obtain spawning fish as well as non-spawning fish that usually subsist 

in the coastal area. 

Also noted is that grass puffer is closely related to tiger puffer (Takifugu rublipes). The 

whole genome sequence of tiger puffer is available on the websites. Takifugu species share 

very high similarity in their genome sequences (Yamanoue et al., 2009). Indeed, we have 

shown that the nucleotide sequence similarity between grass and tiger puffers for 

neuropeptide genes is higher than 90% even in their non-coding regions (Motohashi et al., 

2008; Shahjahan et al., 2010a,b; Shahjahan et al., 2011). Taken together, these facts indicate 

that grass puffer provides an excellent animal model for studying the molecular and 

neuroendocrine mechanisms of the semilunar-synchronized spawning rhythm. 

 

 

Melatonin Secretion and its Receptor Gene Expression 
 

To examine a possible role of melatonin in the control of the semilunar spawning rhythm 

in grass puffer, melatonin secretion from the pineal gland was examined in vitro using a 

primary culture system. Under natural light/dark (LD) condition, the levels of melatonin 

secretion were high in the nighttime and almost no secretion was observed during the daytime 

(Fig. 1). Under constant darkness (DD), the secretion pattern showed an apparent circadian 

variation with one peak at the end of subjective nighttime. In addition, the expression levels 

of gene encoding arylalkylamine-N-acetyltransferase (AANAT), a rate-limiting enzyme in 

melatonin synthesis, showed similar diurnal and circadian variations in the pineal gland. 

Therefore, nocturnal secretion of melatonin and its circadian regulation is apparent in grass 

puffer like other vertebrate species. 

 

 

Figure 1. Changes in the melatonin concentrations secreted from the pineal gland in vitro under LD (a) 

and DD (b) conditions. 
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The action of melatonin is mediated via melatonin receptors that belong to the G protein-

coupled receptor superfamily (Reppert et al., 1996). In vertebrates, there are three melatonin 

receptor types, Mel1a (also known as MT1), Mel1b (also known as MT2) and Mel1c. 

Furthermore, two different subtypes of Mel1a, Mel1a 1.4 and Mel1a 1.7, have been identified 

in fish (Reppert et al., 1995; Mazurais et al., 1999; Ikegami et al., 2009a, b). Accordingly, 

there are four subtypes of melatonin receptors in teleost fish including grass puffer. In the 

diencephalon of grass puffer, the four subtype genes are synchronously expressed with 

diurnal and circadian variations under LD and DD conditions, respectively (Ikegami et al., 

2009b). Under DD conditions, Mel genes showed one peak at circadian time (CT) 18 during 

the subjective nighttime (Fig. 2a). Taking together with the nocturnal rise in the plasma 

melatonin concentrations, the action of melatonin on the diencephalon is certainly dependent 

on time and light, being high in the nighttime and dark condition.  

 

 

Figure 2. Circadian variations in the expression levels of genes for a melatonin receptor subtype 

(Mel1a1.4) (a), LPXRFa (b) and LPXRFa receptor (c) in the diencephalon of grass puffer. Values 

accompanied by different letters are statistically significantly different among circadian time (p < 0.05). 
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Cyclic Expression of Genes for Reproductive Neuropeptides an Their 
Receptors  

 

To investigate the neuroendocrine mechanism of the semilunar spawning rhythm, we 

examined cyclic changes in the expression levels of genes for the above mentioned 

neuropeptides related to reproduction and their receptors. We first determined magnitudes of 

changes in the brain amounts of mRNAs for GnRH1, GnRH2, GnRH3, kisspeptin, GPR54, 

LPXRFa, LPXRFa receptor (LPXRFa-R) over several months during the reproductive cycle. 

The expression levels of these genes significantly varied depending on reproductive stage and 

gender. In both sexes, kisspeptin gene (kiss2) was predominantly expressed during the course 

of sexual maturation with a significant elevation from the pre-spawning to post-spawning 

stages (Shahjahan et al., 2010b). Kisspeptin most probably plays a central role in the control 

of gonadal maturation from the early stage of gametogenesis to the post-spawning stage. It 

should also be noted that kisspeptin and GPR54 genes showed similar expression patterns 

during the gonadal maturation, suggesting a common regulatory mechanism of gene 

transcription for the ligand and receptor. On the other hand, the expression pattern of the three 

GnRH genes was quite different from each other. The levels of GnRH1 gene expression were 

extensively increased from the pre-spawning to spawning stages and decreased to almost no 

expression in the post-spawning stage in both sexes, in association with the substantial 

increases in FSH  and LH  subunit gene expression and the plasma sex steroids in the 

spawning stage (Shahjahan et al., 2010a). GnRH1 plays a crucial role in the regulation of 

final sexual maturation through activation of GTH secretion. In contrast, GnRH2 showed no 

noticeable changes during the gonadal maturation, and GnRH3 showed an apparent sexually 

dimorphic expression: in the males the expression of GnRH3 gene was significantly increased 

in the spawning stage like GnRH1, whereas in the females it increased along with the gonadal 

maturation and reached a maximum in the post-spawning stage (Shahjahan et al., 2010a). 

LPXRFa and LPXRFa-R genes were synchronously expressed with a gradual increase during 

the gonadal maturation and a decrease in the post-spawning stage in both sexes, suggesting 

their roles in gonadal maturation (Shahjahan et al., 2011). Actually, we showed that LPXRFa 

stimulated the expression of FSH  and LH  subunit genes in the pituitary of grass puffer.  

The augmented expression of these neuropeptide and its receptor genes in the spawning 

stage is indicative of their essentiality in the semilunar spawning rhythm. It is of considerable 

importance to examine whether they show cyclic expression in relation to diurnal and lunar 

changes. LPXRFa and LPXRFa-R genes showed diurnal and circadian variations under LD 

and DD conditions, respectively (Shahjahan et al., 2011). Under DD conditions, both 

LPXRFa and LPXRFa-R genes showed one peak at CT15 during the subjective nighttime 

(Figs. 2b and c). The synchronous and diurnal variations of LPXRFa, LPXRFa-R and 

melatonin receptor genes suggest that the expression of LPXRFa and LPXRFa-R genes is 

regulated by melatonin. The photoperiodic regulation of LPXRFa gene through melatonin has 

been reported in quail (Ubuka et al., 2005) and Syrian hamster (Revel et al., 2008). 

Considering that melatonin could be a signal molecule that transmits the information of 

moonlight intensity, melatonin may have a pivotal role in the control of the semilunar-

synchronized spawning in grass puffer. The lunar-phase dependent variations of the plasma 

melatonin levels are currently under investigation. 
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Perspectives 
 

We currently hypothesize that melatonin most probably transmits photoperiodic 

information of moonlight to the hypothalamus and regulates the activity of the hypothalamic 

neuroendocrine center for reproduction (Fig. 3). In the hypothalamus, LPXRFa neurons may 

have complex interaction with neurons that secrete GnRH, kisspeptin and PQRFa. In 

particular, GnRH, kisspeptin and PQRFa neurons are potentially target of melatonin through 

direct action or indirect action via LPXRFa neurons, and may exert cyclic oscillation of their 

activities. As for the melatonin secretion, the involvement of moonlight needs to be 

investigated. It should be of considerable interest and importance to determine the functional 

and molecular interplay between melatonin and possible circa(semi)lunar and circatidal 

clocks in the pineal gland. We have shown that the semilunar reproductive rhythm is 

endogenously maintained with surprising precision during the spawning period in grass puffer 

by careful observation of their spawning behavior in aquarium under laboratory conditions 

without tidal stimuli (Motohashi et al., 2010). The endogenous semilunar rhythm and 

moonlight are therefore most probably important for making the semilunar variations of the 

melatonin signal in the brain of grass puffer. 

 

 

Figure 3. Schematic representation of the proposed mechanisms underlying the neuroendocrine control 

of semilunar-synchronized spawning rhythm in grass puffer. See the text for explanation. 

 

Conclusion 
 

In grass puffer, a semilunar spawner, melatonin secretion from the pineal gland showed 

diurnal and circadian variations with a significant peak in the nighttime. The nocturnal 

secretion in melatonin and the synchronous rise in the expression levels of four subtypes of 

melatonin receptor genes in the diencephalon during the nighttime indicate that the action of 
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melatonin on the hypothalamus is highly dependent on time and light, being high in the 

nighttime and dark condition. In the hypothalamus, the expression of neuropeptides related to 

reproduction such as GnRH, kisspeptin and LPXRFa and of their receptors showed seasonal 

variations during the reproductive cycle with increased expression in the spawning period. In 

particular, the expression of LPXRFa and LPXRFa-R genes showed diurnal and circadian 

variations in association with the expression of the four melatonin receptor subtype genes, 

indicating that the action of LPXRFa is most probably cyclic due to the regulation by 

melatonin. Although the link between the lunar cycle and the melatonin signal is missing at 

present, these coincident molecular events may be important at least for the regulation of the 

lunar-related spawning in grass puffer. 
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Abstract 
 

Ovulation is the process by which the mature oocyte is expelled from the 

surrounding layers in the ovarian follicle. This process involves the proteolytic 

degradation of a specific site in the follicle wall and its contraction to allow the release of 

the oocyte through the rupture site. The hormone that orchestrates all the events leading 

to ovulation is luteinizing hormone (LH). In fish, the specific actions of LH in its 

induction of ovulation are not well understood, despite evidence for the involvement of 

prostaglandins in ovulation. In mammals, ovulation is considered an inflammatory-like 

response due to the involvement of prostaglandins and many other immune mediators 

(e.g. cytokines and chemokines) in this process. The main objective of this chapter is to 

review available data on the processes that take place in the follicle wall during ovulation 

in fish and to present recent data showing that the stimulatory effects of LH on ovulation 

are accomplished through the stimulation of ovarian cytokines and prostaglandins. 

 

 

Introduction 
 

In fish, as in the rest of vertebrates, ovulation is the culmination of oogenesis and 

involves the release of the mature oocyte from its surrounding follicular layers. For ovulation 
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to occur successfully, several events must take place in the fish ovarian follicle. First, the 

follicular layers must undergo specific and localized degradation through proteolysis and 

possibly through cell death without damaging the enclosed oocyte while ensuring that the 

rupture of the follicle occurs only in one particular site of the follicular wall through which 

the oocyte will be expelled. Second, the ruptured follicular wall must retract to assist in the 

expulsion of the oocyte. Retraction of the follicular wall is also referred to as follicle 

contraction and is accomplished due to the presence of contractile smooth muscle cells as 

well as collagen fibres in the theca layer. Finally, although it has not clearly been established 

if this is a general mechanism among fish species, oocyte hydration could also contribute to 

the release of the oocyte through the ruptured follicular envelope by allowing the oocyte to 

increase its pressure onto the surrounding follicular layers (Milla et al., 2006). 

It is believed that the hormone that orchestrates all the events leading from oocyte 

maturation to the expulsion of the oocyte in the fish ovary is the pituitary gonadotropin 

luteinizing hormone (LH). To date, native or recombinant LH has been shown to regulate 

ovarian steroid production (Swanson et al., 1991; Okada et al., 1994;Govoroun et al., 1997; 

Zmora et al., 2007; Kazeto et al., 2008), the expression of steroidogenic enzymes (Kobayashi 

et al., 2006; Kazeto et al., 2008) and gonadotropin receptor activity (Kazeto et al., 2008; 

Molés et al., 2011). However, reports on the effects of LH on ovulation in fish are rather 

limited. For example, an induction of ovulation in bitterling (Rhodeusocellatus ocellatus) 

females using recombinant goldfish (Carassius auratus) LH has been reported, albeit with 

lower potency than with goldfish pituitary extracts (Kobayashi et al., 2006). Furthermore, 

despite fragmented information on the involvement of specific ovarian factors (e.g. 

prostaglandins, cytokines; see below) on follicular contraction and ovulation, there is a 

remarkable lack of knowledge on the precise actions and targets of LH in its induction of 

ovulation in fish. In this review, we will attempt to expose available data on the factors that 

are produced in the ovary and that regulate ovulation in fish and we will also provide 

unpublished information from our laboratory on the specific effects of LH on the preparatory 

events leading to ovulation in salmonid fish with emphasis on the involvement of cytokines 

and prostaglandins. 

 

 

Ovulation as an Inflammatory-Like 
Reaction in Fish 

 

For almost three decades, ovulation in mammals has been considered an inflammatory-

like response because ovulatory follicles have numerous features characteristic of 

inflammation, including production of high levels of prostaglandins, synthesis of a 

hyaluronan (HA)-rich matrix and increased vascularization (Espey, 1980; Richards et al., 

2008). This hypothesis is supported by extensive literature describing the expression of innate 

immune cell-related surveillance proteins (Toll-like receptors, TLRs (Takeda et al., 

2003;Richards et al., 2008) and cytokines (such as interleukin 1β, IL-1β (Brännström et al., 

1993a; Peterson et al., 1993), interleukin 6, IL-6 (Machelon et al., 1994; Van der Hoek et al., 

1998), and tumor necrosis factor α, TNFα (Brännström et al., 1995; Murdoch et al., 1997)) 

during ovulation. Granulosa and cumulus cells express receptors of the TLR family, known to 

be important for the stimulatory action of lipopolysaccharide (LPS) on cytokine production 
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from immune cells (Jiang et al., 2006). There is evidence indicating that TLR2 and TLR4 are 

functional in granulosa and cumulus cells because LPS can induce the expression of known 

TLR2 and TLR4 target genes such as IL-6 and TNFα (Shimada et al., 2006). Specifically, IL-

1β has been suggested to be an important regulator of ovulation since this cytokine 

potentiates the LH-induced ovulatory rate in the perfused rat ovary preparation (Brännstrom 

et al., 1993a). In addition, the natural IL-1β receptor antagonist (IRAP) inhibits ovulation 

(Peterson et al., 1993). 

In fish, there is also evidence, mostly derived from gene expression analyses, for the 

appearance of inflammatory-like features during ovulation. Specifically, several classes of 

proteases with an important proteolytic action during ovulation (including serine proteases, 

MMPs, members of the ADAMTS family and plasminogen activators/plasmin system) have 

been found to be up-regulated in the fish preovulatory ovary (Bobe et al., 2006; Crespo et al., 

2010a). In addition to proteases, pro-inflammatory immune factors, such as cytokines and 

chemokines are also known to be expressed in the fish ovary during the periovulatory period. 

One of the first cytokines to be identified in the fish ovary was TNFα (Bobe and Goetz, 

2001a), a pro-inflammatory cytokine that in mammals is known to be involved in the control 

of ovulation (Murdoch et al., 1997). Recent data demonstrated that TNFα at the mRNA level 

is expressed in the theca layer but not in the granulosa layer of trout preovulatory follicles and 

that the TNFα protein is produced by preovulatory ovarian follicles (Crespo et al., 2012). 

Also, members of the TNF receptor families were found to be expressed in the fish 

periovulatory ovary (Bobe and Goetz, 2000; Bobe and Goetz, 2001a; Crespo et al., 2010a). 

Other pro-inflammatory cytokines that are expressed in the fish ovary include IL-6 (Iliev et 

al., 2007; Pramanick and Planas, unpublished data). In addition, chemokines, coagulation 

factors and vasoconstrictor agents have also been found to be expressed during the 

preovulatory period in salmonids (Bobe et al., 2006; Crespo et al., 2010a). This set of genes 

includes CC (CCL4 and cc chemokine SCYA110-2) (Crespo et al., 2010a) and CXC 

chemokines (CXCL14) (Bobe et al., 2006), known to have an important chemotactic activity 

in mammals (Yoshimura et al., 1987; Ren et al., 2010). Furthermore, the expression of 

coagulation factor V (F5) and coagulation factor X (F10) precursor has been shown to be 

enhanced in the rainbow trout (Bobe et al., 2006) and brown trout (Crespo et al., 2010a) 

preovulatory ovaries, respectively. In zebrafish (Danio rerio), coagulation factor V has been 

previously characterized (Hanumanthaiah et al., 2002), suggesting that modern coagulation 

pathways found in mammals could also be functional in fish and that their secretion prior to 

ovulation could prevent bleeding from ruptured ovarian follicles (Bobe et al., 2006). 

Furthermore, a strong up-regulation of angiotensin I-converting enzyme 2 (ACE2) was 

observed in the rainbow trout ovary throughout the preovulatory period (Bobe et al., 2006). In 

fact, salmon angiotensin I and human angiotensin II are both able to increase the level of in 

vitro spontaneous ovulation in brook trout (Hsu and Goetz, 1992). It can therefore be 

hypothesized that the observed increase of ACE2 gene expression in the trout preovulatory 

ovary could be involved in the changes in vascular dynamics that could occur during the 

ovulatory process. Despite the above-mentioned changes in the expression of genes involved 

in inflammation, these data only indirectly suggest the involvement of immune-like mediators 

in the control of ovulation in fish. Among the various inflammatory mediators, prostaglandins 

have been the best studied to date in fish. 
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The Role of Prostaglandins in Ovulation 
 

Arachidonic acid and its metabolites, including prostaglandins, have been demonstrated 

to be involved in ovulation in different fish species (Cetta and Goetz, 1982; Goetz et al., 

1982; Goetz and Cetta, 1983; Goetz et al., 1989; Bradley and Goetz, 1994; Lister and Van 

Der Kraak, 2008). Initial in vitro studies have shown that in the yellow perch (Perca 

flavescens), 17,20β-P-induced ovulation is inhibited by indomethacin (INDO), a 

prostaglandin synthesis inhibitor (Goetz and Garczynski, 1997). In addition, prostaglandin 

levels increase in yellow perch ovarian follicles that have been stimulated to ovulate with 

17,20β-P and ovulation can be restored in INDO-blocked incubates by addition of primary 

prostaglandins (Goetz and Garczynski, 1997). Thus, it appears that in the yellow perch, 

17,20β-P stimulates ovulation through the production of an eicosanoid that is most likely a 

primary prostaglandin. In other fish species in which 17,20β-P does not stimulate ovulation in 

vitro, such as the brook trout (Goetz and Bergman, 1978), prostaglandins also play a key role 

in ovulation. In a number of teleost fish species examined to date, there is a significant 

increase in the production of prostaglandin F2α (PGF2α) during ovulation (Goetz and 

Garczynski, 1997; Goetz and Cetta, 1983) and several studies have shown that PGF2α is the 

most effective inducer of in vitro ovulation (Goetz et al., 1982; Goetz et al., 1989; Kagawa et 

al., 2003; Patiño et al., 2003a). However, the large increase in the plasma levels of F-series 

prostaglandins (PGFs) during ovulation in fish may not be exclusively responsible for oocyte 

expulsion due to fluctuations in the levels of other important prostaglandins during ovulation. 

For example, prostaglandin E2 (PGE2) is effective in inducing in vitro ovulation in the 

Japanese eel (Kagawa et al., 2003) and the inhibitory effect of INDO on in vitro ovulation is 

completely blocked in the presence of PGE2 in medaka (Fujimori et al., 2011). However, in 

other species, such as brook trout, PGE2 levels decrease significantly just prior to and during 

ovulation as compared with gravid control females (Cetta and Goetz, 1982). The decrease in 

ovarian PGE2 levels may enhance ovulation since E prostaglandins inhibit in vitro ovulation 

of brook trout oocytes (Goetz et al., 1982). Interestingly, mature follicles can produce 

prostaglandins E and F; however, it is apparent that several other tissues within the fish ovary 

also produce primary prostaglandins, including the stroma and connective tissue (Goetz, 

1991). Furthermore, it has been reported that PGE2 and PGF2α production in brook trout 

follicles is stimulated by orthovanadate, phorbol-12 myristate 13-acetate ester and the calcium 

ionophore A23187, suggesting that signal transduction pathways, including G-proteins, 

inositol phosphate turnover, PKC and transmembrane calcium movement, are involved in 

mediating follicular prostaglandin production in fish ovarian follicles (Hsu and Goetz, 1991; 

Kellner and Van Der Kraak, 1992). Regarding the specific expression of enzymes involved in 

prostaglandin synthesis (cyclooxygenases), recent studies revealed the enhanced expression 

of cox-2 (also named ptgs2) at the time of ovulation in zebrafish (Lister and Van Der Kraak, 

2009) and medaka (Fujimori et al., 2011). Evidence for the inducible nature of cox-2 has been 

reported in fish (Lister and Van Der Kraak, 2009), like in mammals (Espey, 2006). However, 

the higher expression of cox-2 compared with cox-1 in the ovary of zebrafish and medaka is 

rather distinct from the findings in other teleosts, including brook trout (Roberts et al., 2000). 

In zebrafish, in vivo treatment with human chorionic gonadotropin (hCG) resulted in 

increased ovarian expression of ptgs2 and increased ovarian levels of PGF2α and 17,20β-P 

(Lister and Van Der Kraak, 2009). Although indirectly, these results suggest that 
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prostaglandin production by the zebrafish ovary could be under the control of pituitary 

gonadotropins. 

Surprisingly little is known regarding the biological effects of prostaglandins in the fish 

ovary. Like in mammals, there is solid evidence indicating that prostaglandins regulate 

follicle contraction in fish. In the brook trout model, PGF2α can directly stimulate follicular 

contraction in ovarian follicles in vitro (Hsu and Goetz, 1992). On the other hand, PGE2 has 

inhibitory effects on follicular contraction in brook trout ovarian follicles (Hsu and Goetz, 

1992). Therefore, a nice correlation between the effects of prostaglandins on follicle 

contraction and ovulation can be observed, indicating that the role of prostaglandins 

regulating ovulation in fish can be explained, at least in part, through their effects on follicle 

contraction. Although the precise target of prostaglandins is not known, it is suspected that 

prostaglandins could affect the contractibility of smooth muscle cell fibres present in the 

follicle wall. Taken together, the evidence to date suggests that prostaglandins are probably 

one of the final hormonal inducers of ovulation in fish and that there appears to be a 

differential balance in the production and biosynthesis of prostaglandins and their actions on 

this complex process depending on the fish species studied. 

Besides regulating follicle contraction and oocyte expulsion, prostaglandins may have 

other functions at the time of ovulation, including the control of steroidogenesis (Van Der 

Kraak and Chang, 1990) and spawning behaviour (Sorensen et al., 1988). In fact, it is known 

that female sexual behaviour can be induced by prostaglandin injection in several fish species 

(Munakata and Kobayashi, 2010) and that PGF2α is released into the water as a 

“postovulatory prostaglandin pheromone” (Sorensen and Goetz, 1993). 

 

 

Proteolytic Events Taking Place during Ovulation 
 

As stated above, the degradation of the follicle wall, which involves primarily the 

degradation of the extracellular cell matrix (ECM), plays a crucial role in the ovulatory 

process, facilitating the rupture of the follicle and the subsequent expulsion of the mature 

oocyte through the rupture site. Prior to ovulation, the microvillous connections between the 

oocyte and granulosa cells are broken, proteolytic enzymes digest the follicular layers and 

cause follicle rupture, allowing the oocyte to be released. The mechanism of follicle wall 

rupture has been the subject of intensive investigation in vertebrates (Curry and Osteen, 2003; 

Curry and Smith, 2006; Murdoch and McDonnel, 2002; Robker et al., 2000). It is well known 

since the late 80’s that there is an increase in proteolytic activity in the follicular wall during 

ovulation in fish (Berndtson and Goetz, 1988; Berndtson and Goetz, 1990). A number of 

proteases have been characterized from the vertebrate ovarian follicle and these may be 

involved in the separation between the oocyte and the follicular wall and in the subsequent 

rupture of the ovarian follicle. Several studies have shown that a wide variety of proteases and 

anti-proteases are expressed in the fish ovary around the time of ovulation (Garczynski and 

Goetz, 1997; Hajnik et al., 1998; Bobe and Goetz, 2001b; Ogiwara et al., 2005; Bobe et al., 

2006; Crespo et al., 2010a). Among the identified proteases, serine proteases seem to play an 

important role in the ovulatory process. In particular, a serine protease with high homology to 

kallikrein identified in the brook trout ovary (named KT-14) has been hypothesized to 

participate in the contraction of the ovarian follicle (Hajnik et al., 1998). Furthermore, 
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plasmin has been recently shown in the medaka ovary to degrade laminin and fibronectin, 

suggesting that the plasminogen activator/plasmin system may also be involved in the 

degradation of the follicular wall in the teleost ovary (Ogiwara et al., 2012). In rainbow trout, 

profiling studies have revealed up-regulation of serine protease 23 (SP23) during the natural 

preovulatory period (Bobe et al., 2006) and in brown trout preovulatory follicles treated in 

vitro with salmon LH (Crespo and Planas, unpublished data). In addition, other members of 

this family of proteases, such as serine protease-like proteins 1 and 3, have been found to be 

differentially expressed in the brown trout ovarian follicle wall just prior to ovulation (Crespo 

et al., 2010a). Among the anti-proteases, the best characterized are the trout ovulatory 

proteins (TOPs) that have been shown to be produced by brook trout granulosa cells during 

and after ovulation (Garczynsky and Goetz, 1997; Coffman et al., 2000). Their anti-protease 

and anti-bacterial activities may serve to protect ovulated eggs in the coelomic fluid from the 

action of proteases released during ovulation (Coffman and Goetz, 1998; Coffman et al., 

2000). 

In medaka, matrix metalloproteinase 2 (MMP-2; also called gelatinase A) and membrane-

type matrix metalloproteinases 1 (MT1-MMP) and 2 (MT2-MMP) have been identified as the 

hydrolytic enzymes responsible for the rupture of the ovarian follicle during ovulation 

(Ogiwara et al., 2005). Matrix metalloproteinases (e.g. gelatinases, collagenases and 

stromelysins), which digest collagen, gelatin (denatured collagen) and other components of 

the ECM (such as fibronectin, laminin and elastin), are well-known to be critical in the 

control of reproductive function in mammals (Curry and Osteen, 2003). Assuming that 

collagen types I and IV are the major ECM proteins in the follicle wall layers, and 

particularly in the basement membrane separating the granulosa and theca layers, a 

mechanistic model of ovulation has been proposed in medaka, in which MMP-2 and MT2-

MMP differentially and critically contribute to the degradation of the follicle wall (Ogiwara et 

al., 2005). This model of degradation of the follicle wall in the medaka ovary is based on the 

findings that MT2-MMP preferentially degrades collagen type I, while MMP-2 hydrolyzes 

collagen type IV. 

 

 

Gonadotropin Regulation 
of the Ovulation Process in Fish 

 

In fish, like in other vertebrates, hormones secreted from the anterior pituitary gland are 

involved in the control of different reproductive events, including ovulation (Nagahama and 

Yamashita, 2008; Levavi-Sivan et al., 2010). The main reproductive hormones are FSH and 

LH and they directly control many aspects of gonadal development, oocyte maturation and 

ovulation and are structurally and functionally homologous to their counterparts in other 

vertebrates (Planas et al., 2000; Planas and Swanson, 2007). Like tetrapod gonadotropins 

(GTHs), fish FSH and LH are heterodimeric glycoproteins formed by the non-covalent 

association of a common α subunit (CGα) with distinct β subunits (FSHβ and LHβ) that 

confer hormone specificity (Boime and Ben-Menahem, 1999). Initial studies on fish GTHs 

suggested the existence of a single LH-like gonadotropin regulating gametogenesis (Burzawa-

Gerard, 1982). The duality of the gonadotropic hormones was later demonstrated from chum 

salmon (Oncorhynchusketa) pituitary extracts (Kawauchi et al., 1989). The two bioactive 
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GTHs, initially termed GTH I (FSH) and GTH II (LH), were subsequently purified in 

different fish species including coho salmon (Oncorhynchus kisutch; (Swanson et al., 1991)), 

tuna (Thunnus obesus; (Okada et al., 1994)), trout (Oncorhynchus mykiss; (Govoroun et al., 

1997)) and seabass (Dicentrarchus labrax; (Mañanos et al., 1997; Molés et al., 2008)). In the 

case of Japanese eel (Anguilla japonica; (Kamei et al., 2005)), only FSH has been purified. 

Biochemical purification of the native hormones from pituitary glands is a highly demanding 

process with regard to time and cost, requiring large amounts of biological material and in 

many cases it has not been successful (Kamei et al., 2003; Vischer et al., 2003). During the 

last decade, the isolation and characterization of cDNAs coding for fish GTH subunits has 

increased considerably, providing the possibility to produce recombinant fish GTHs 

(Kobayashi et al., 2003; Zmora et al., 2007; Kazeto et al., 2008; Kobayashi et al., 2010; 

Molés et al., 2011). 

The role of pituitary GTHs regulating gonadal function and gamete production has been 

best described in salmonid fish, due mostly to the availability of purified FSH and LH for in 

vitro and in vivo studies (Planas and Swanson, 2007). In female salmonid fish, it is generally 

well established that LH is primarily responsible for the induction of oocyte maturation and 

ovulation of mature oocytes (Nagahama and Yamashita, 2008). It is believed that these two 

processes are not temporally separated but occurring almost simultaneously (Patiño et al., 

2003b). As indicated earlier, although the actions of LH inducing oocyte maturation are 

relatively well understood, much less is known regarding the specific effects of LH in 

inducing ovulation. In fact, the effects of LH on ovulation in vitro in fish have only been 

recently reported in the literature for two species: medaka (Ogiwara et al., 2013) and brown 

trout (Crespo et al., 2013). Furthermore, the possible regulation by LH of events responsible 

for the rupture of the follicular wall and the resulting release of the mature oocyte from the 

follicle enclosure in teleost fish has not been documented. Our laboratory has recently 

investigated the direct effects of purified salmon LH (sLH) on trout preovulatory follicles. 

Results obtained to date strongly support the notion that LH is directly involved in inducing 

several events that lead to the preparation of the trout ovarian follicle for ovulation (Crespo 

and Planas, unpublished data). First, exposure of brown trout preovulatory follicles to sLH in 

vitro significantly results in an induction of follicle contraction. Second, sLH stimulates 

proteolytic (gelatinase/collagenase) activity in brown trout ovarian tissue in vitro. The 

proteolytic action of sLH on the brown trout follicle is likely the result of the stimulatory 

effects of sLH on the expression of genes known to be involved in the regulation of 

proteolysis in the teleost ovary, such as MMP-2, KT-14, TOP-2, as measured by qPCR. In 

line with these findings, gene expression profiling by microarray of brown trout ovarian 

follicles exposed in vitro to physiological concentrations of sLH (25 ng/ml) evidenced 

important changes in the expression of additional genes involved in proteolysis and 

remodelling of the ECM. In addition to confirming the up-regulation of MMP-2 by sLH, our 

microarray data evidenced the up-regulation by sLH of additional genes involved in 

proteolysis, such as cathepsin L1, plasminogen activator inhibitor-1, MMP-19, serine 

protease 23 and ADAM metallopeptidase with thrombospondin type 1 (ADAMTS-1). 

Interestingly, cathepsin L1 and ADAMTS-1 are induced after LH stimulation in mice 

preovulatory follicles and their abnormal expression in anovulatory progesterone receptor 

knockout mice suggests a critical role for these factors in follicular rupture (Robker et al., 

2000). Therefore, sLH acts on trout preovulatory follicles by regulating the expression of the 

different proteolytic systems known to be involved in the controlled degradation of the 
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follicle wall in the mammalian ovary: MMPs, plasminogen activators/plasmin, cathepsins and 

ADAMTs (Ohnishi et al., 2005). These observations suggest that the mechanisms involved in 

the controlled degradation of the ovarian follicle during ovulation may have been established 

early during vertebrate evolution. 

 

 

Figure 1. Factors involved in the regulation of in vitro ovulation in brook trout (Salvelinus fontinalis). 

A)Effects of salmon luteinizing hormone (sLH), prostaglandin F2α (PGF2α) and recombinant trout 

tumor necrosis factor α (rtTNFα) on in vitro ovulation in brook trout preovulatory ovarian follicles. 

TAPI-1 and indomethacin (INDO), inhibitors of TNFα secretion and prostaglandin synthesis, 

respectively, were used to block the effects of sLH. * indicates significantly (p < 0.05) different from 

the control group. # indicates significantly (p < 0.05) different from ovarian follicles incubated in the 

presence of sLH alone. B) Picture of a brook trout ovarian follicle undergoing ovulation. C) Picture of 

an ovulated brook trout oocyte already expelled from the surrounding follicle wall, which is shown 

contracted in the upper right hand side of the image. 

Concomitant with the increased mRNA levels of proteolytic enzymes and of the 

proteolytic activity in preovulatory brown trout ovarian follicles exposed to sLH, microarray 

analyses evidenced the up-regulation by sLH of a number of genes encoding ECM 

components, including several types of collagens, fibronectin and laminin. Specifically, sLH 

increased the mRNA levels of collagen type IV, the major constituent of basement 

membranes and the substrate of MMP-2, as well as collagens type I, VI, VII, VIII, XI, XII 

and XVIII. In the medaka ovary, type IV collagen was localized in the basement membrane 

and was shown to be synthesized by theca cells (Kato et al., 2010). The comprehensive 
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effects of LH regulating the expression of proteases and ECM substrates in trout preovulatory 

follicles strongly suggest that LH dramatically impacts the biomechanics of follicle 

weakening just prior to ovulation in fish. 

An important demonstration of the key role of LH in regulating the ovulatory process in 

fish comes from data from our laboratory showing that sLH is able to stimulate in vitro 

ovulation of preovulatory brook trout follicles (Crespo et al., 2013) (Figure 1). Therefore, 

these and previous data confirm the importance of LH as an essential hormone for the 

completion of the ovulatory process in fish. 

 

 

Cytokine Mediators of the Effects of LH on the 
Preparatory Events Leading to Ovulation in Trout 

 

As indicated above, there is clear evidence for the involvement of cytokines, such as 

TNFα and members of the interleukin family, in ovulation in mammals. One of the most 

studied cytokines in the mammalian ovulatory process is TNFα. This cytokine is a pleiotropic 

pro-inflammatory cytokine produced by numerous immune cells during acute inflammation 

(Wang et al., 2003) but is also known to affect the growth, differentiation, survival and 

physiological function of a variety of different cell types. In fact, TNFα induces ovulation in 

the perfused rat ovary (Brännström et al., 1995) and intrafollicular injection of TNFα 

antiserum blocks ovulation in the sheep ovary (Gottsch et al., 2000). Furthermore, TNFα has 

been shown to be secreted by preovulatory follicles in vertebrates (Zolti et al., 1990; 

Brännström et al., 1994). Interestingly, this pro-inflammatory cytokine stimulates the 

biosynthesis of prostaglandins in rat preovulatory follicles (Brännström et al., 1993b) and the 

activity of MMP-2 in follicular explants (Gottsch et al., 2000). TNFα has also been suggested 

as a critical mediator in the organization and structure of the preovulatory follicle and ovarian 

degradation and subsequent rupture due to its action inducing proteolysis and cellular 

apoptosis in mammals (Murdoch and McDonnel, 2002). 

In fish, there is little published data on the effects of TNFα prior to or during ovulation. 

One of the first indications on the possible involvement of TNFα in the ovulatory process in 

fish arose from experiments in which preovulatory brook trout females were treated in vivo 

with LPS, used to mimic a bacterial infection in fish. LPS administration in vivo results in the 

induction of apoptosis in ovarian follicle cells and in the potentiation of LH-stimulated 

testosterone production by brook trout preovulatory follicles (MacKenzie et al., 2006). 

Furthermore, brook trout preovulatory trout follicles incubated with conditioned medium 

from LPS-stimulated trout macrophages show an increase in follicle contraction, suggesting 

that factors produced by trout macrophages in response to LPS may have stimulated follicle 

contraction (MacKenzie et al., 2006). It was later demonstrated that trout macrophage LPS-

conditioned medium is enriched in biologically active TNFα (Roher et al., 2011; Vraskou et 

al., 2011). In addition, LPS administration in vivo stimulates TNFα mRNA levels in the trout 

ovary and, importantly, causes an advancement in the time of ovulation and, consequently, a 

decrease in egg quality as shown by a lower survival at the eyed and yolk sac resorption 

stages (Crespo et al., 2010a; Crespo et al., 2010b). Taken together, these observations suggest 

that LPS administration during the preovulatory period in trout could result, among in other 

factors, in the production of TNFα that, in turn, could induce the ovarian follicle to ovulate. 
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In view of the evidence in trout linking LPS-induced production of TNFα and advanced 

ovulation and also in view of the known physiological role of TNFα in ovulation in mammals 

(Murdoch et al., 1997), we hypothesized that TNFα may also play a normal, physiological 

role in the trout ovary during the periovulatory period. An important finding supporting the 

notion that TNFα may constitute a physiological regulator of ovarian function is the 

demonstration of the stimulation of TNFα expression by sLH at the mRNA and protein levels 

in brown trout follicles prior to and after oocyte maturation (Crespo et al., 2012; Crespo and 

Planas, unpublished data). Analyses of TNFα mRNA expression in isolated brown trout theca 

and granulosa layers show that TNFα is expressed in theca layers and not in granulosa layers, 

suggesting that the site of TNFα production in the brown trout follicles is the theca layer. 

Furthermore, incubation of brown trout preovulatory follicles with sLH in the presence of 

TAPI-1, an inhibitor of TNFα converting enzyme (TACE) also known as a disintegrin and 

metalloproteinase (ADAM17), results in the abrogation of the stimulatory effects of sLH on 

follicular contraction, proteolysis of the follicular wall, expression of genes involved in the 

regulation of proteolysis (e.g. KT-14, TOP-2 and MMP-2) and, importantly, on in vitro 

ovulation (Crespo and Planas, unpublished data; Figure 1). Although it is well recognized that 

TAPI-1 can shed other transmembrane proteins (e.g. EGF-like growth factors), TAPI-1 is 

able to completely inhibit sLH-induced secretion of TNFα by brown trout preovulatory 

follicles (Crespo et al., 2012). Furthermore, sLH stimulates the mRNA expression of 

TACE/ADAM17 in brown trout follicles before and after oocyte maturation (Crespo et al., 

2012; Crespo and Planas, unpublished data). Therefore, we can conclude that LH may control 

ovulation in trout through the production of TNFα. 

Direct evidence for the actions of TNFα in the trout ovary is derived from studies 

evaluating the in vitro effects of recombinant trout TNFα (rtTNFα) on trout ovarian follicles. 

As in mammals (Murdoch et al., 1997), one of the actions of rtTNFα is the stimulation of 

apoptosis in trout granulosa cells and the modulation of the expression of pro- and anti-

apoptotic genes in trout preovulatory follicles, suggesting a tight control of apoptosis by 

TNFα in the trout ovary during the periovulatory period (Crespo et al., 2010a). We 

hypothesize that TNFα-induced apoptosis of granulosa cells could contribute to the 

debilitation of the follicular wall and its subsequent rupture, allowing the release of the 

mature oocyte. The pro-ovulatory action of TNFα is supported by our observations that 

rtTNFα stimulates follicle contraction and proteolysis of the follicle wall (Crespo et al., 

2010a; Crespo and Planas, unpublished data). Furthermore, rtTNFα induces the expression of 

genes involved in the control of proteolysis in trout ovarian follicles in vitro, including 

several genes whose expression is also up-regulated by LH such as MMP-2, TOP-2, KT-14. 

Microarray analyses of sLH- and rtTNFα-stimulated brown trout preovulatory follicles show 

a remarkable similarity in the transcriptional events stimulated by both factors. Most 

importantly, rtTNFα is able to stimulate in vitro ovulation in preovulatory brook trout 

follicles (Figure 1). With all these data combined, we can conclude that the ovulatory effects 

of LH on the trout ovary may be mediated by the intraovarian production of TNFα. 

Given the well-known stimulation of ovulation by prostaglandins in fish (see above), one 

important question that needs to be addressed is whether the ovulatory effects of LH, and of 

TNFα, are mediated by prostaglandins in the fish ovary. Recent data from our laboratory 

clearly shows that the stimulatory effects of sLH on follicle contraction and ovulation of trout 

preovulatory follicles are completely abolished by INDO (Crespo and Planas, unpublished 

data; Figure 1). Furthermore, the stimulatory effects of rtTNFα on follicle contraction are also 
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completely blocked by INDO (Crespo and Planas, unpublished data). These observations, 

coupled with the stimulation by sLH and rtTNFα of the in vitro production of PGF2α, as well 

as the mRNA levels of COX-1 and COX-2, and by the stimulation of follicle contraction and 

in vitro ovulation by PGF2α (Crespo and Planas, unpublished data; Figure 1), suggest that LH 

and TNFα may stimulate ovulation in trout through the production of PGF2α. Therefore, this 

suggests that most, but not all, actions of LH and TNFα on ovulation are mediated by PGF2α. 

In mammals, cytokines other than TNFα have also been reported to play a role in the 

regulation of ovulation (see above). In particular, IL-6 has received considerable attention as 

a factor important for ovarian cumulus cell function and the expansion of cumulus cell-oocyte 

complex and, consequently, for ovulation in mammals (Liu et al., 2009). In fish, the relatively 

high expression of IL-6 in the trout ovary (Iliev et al., 2007) represented the first evidence for 

a possible role of IL-6 in the regulation of ovarian function in fish. In order to investigate the 

possible role of IL-6 in ovulation in trout, our laboratory has evaluated the in vitro effects of 

recombinant trout IL-6 (rtIL-6) on follicle contraction, steroid production, PGF2α production, 

proteolytic activity and expression of genes involved in proteolysis in trout preovulatory 

follicles. To date, our results indicate that rtIL-6 can stimulate follicle contraction in vitro and 

that its effects are blocked by prostaglandin synthesis inhibitors, suggesting the involvement 

of prostaglandins in its stimulation of follicle contraction (Pramanick and Planas, unpublished 

data). 

 

 

Figure 2. Working model highlighting the involvement of cytokines in luteinizing hormone (LH)-

induced ovulation in the trout ovary. According the proposed model, LH may stimulate proteolytic 

activity and apoptosis in the follicle wall through the intraovarian production of TNFα. In addition, LH 

may stimulate follicle contraction (FC) again by engaging TNFα, which may stimulate the production 

of interleukin-6 (IL-6), which, in turn, stimulates the expression of enzymes responsible for the 

production of PGF2α, the likely final effector on FC. 

The mediatory role of prostaglandins in IL-6 action is supported by our demonstration of 

the stimulation of PGF2α production by rtIL-6 in trout preovulatory follicles. Interestingly, 

rtIL-6 does not stimulate proteolytic activity nor the expression of various genes involved in 

proteolysis (e.g. MMP2, TIMP-2, KT-14, NOP and TOP-2). In this regard, rtIL-6 differs in 

relation to TNFα in its inability to affect proteolysis of the follicle wall in trout preovulatory 

follicles but has a similar stimulatory effect on follicle contraction. Furthermore, the mRNA 

expression levels of IL-6 in trout preovulatory follicles are increased in response to sLH and 

rtTNFα, suggesting that IL-6 could represent an intraovarian mediator of the effects of TNFα 

on PGF2α production. It is interesting that rtIL-6 is unable to stimulate proteolytic activity. 

Clearly, further studies are needed in order to understand the apparently complex interplay 

between intraovarian cytokines and prostaglandin production and action in the fish ovary. 
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Conclusion 
 

The impact of immune-relevant mediators in the regulation of the ovulatory process in 

fish is currently being unraveled. Recent studies have shown that TNFα can mediate the 

stimulatory effects of LH on various processes involved in the preparation of the trout follicle 

for ovulation, including the contraction and proteolysis of the follicle wall, granulosa cell 

apoptosis and, importantly, in vitro ovulation (Figure 2). In addition, TNFα can exert its 

effects on follicle contraction and ovulation through the stimulation of the local production of 

PGF2α. In addition to TNFα, IL-6, another pro-inflammatory cytokine produced by the fish 

ovary, appears also to be involved in the regulation of events leading to ovulation. 

Specifically, IL-6 stimulates follicle contraction and PGF2α production but not proteolytic 

activity in the trout ovarian follicle wall. Furthermore, IL-6 expression is induced by LH and 

TNFα, leading to the suggestion that the effects of LH on follicle contraction could be 

mediated by TNFα that, in turn, would stimulate IL-6 that, in turn, would stimulate the 

production of PGF2α, the final effector (Figure 2). Interestingly, the effects of LH inducing 

proteolysis of the ovarian follicle wall are mediated by TNFα but apparently not by IL-6. 

These observations suggest that LH triggers ovulation through the stimulation of the 

production of various cytokines (i.e. TNFα and IL-6, possibly among others) with specific 

actions within the ovary. 

Obviously, a number of important questions regarding the mechanisms by which LH 

triggers ovulation in the fish ovary still remain unanswered. For example, the effects of LH, 

IL-6 and PGF2α on apoptosis in the ovarian follicle wall have not been investigated, nor the 

importance of apoptotic cell death in the weakening of the follicular wall allowing its rupture 

in a single, localized spot. It will be interesting to determine in future studies whether if 

apoptosis of follicular cells is localized to the point of follicle rupture during ovulation. By 

the same token, it will be worth investigating the proteolytic mechanisms operating in the 

follicular wall that result in the focal degradation of the follicle in one particular spot. It will 

be important to study the spatial and temporal distribution of the mediators of LH on follicle 

rupture during the ovulatory process by in situ hybridization and immunocytochemistry. 
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Abstract 
 

Over the past four decades aquatic organisms have emerged as promising models for 

the evaluation of possible toxic effects of a variety of compounds including pesticides, 

herbicides, xenobiotics, hormones and their analogs, agonists, antagonists etc. In this 

chapter, we discuss and provide an understanding of the biological system of bony fishes 

(teleosts) inhabiting aquatic environment and their interaction with environmental 

contaminants with possibilities of using them as potential models as well as tools for 

toxicity testing and environmental risk assessment. Further viewed from an overall 

perspective, the threat posed from environmental contaminants with hormonal activity 

either agonists or antagonists is of serious concern with the intensity of effect depending 

on the concentration, duration and timing of exposure. 

 

 

Introduction 
 

It has been well documented that anthropogenic compounds including pesticides, 

herbicides, their metabolites and hormones including their analogs, agonists and antagonists 

from agricultural, industrial, pharmaceutical and house hold sources find their way into the 

environment including water bodies, and pose potential threats to aquatic organisms as well 

as humans. Further, a large number of these compounds exhibit endocrine disrupting 

behavior. Endocrine disrupting chemicals (EDCs) interfere with the endocrine/physiological 

system and disrupt either hormonal balance or action of hormones. EDCs are diverse in their 
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classification based on their chemical structure as well as mode of action (Ankley et al., 

2009). These chemicals either have the ability to mimic or block the action of natural 

hormones or may directly or indirectly cause disruption in living systems. Their toxicological 

effects are exerted on various tissues/organs including brain, endocrine glands, liver, gonads 

etc. of non-target species as well. EDCs also have deleterious effects on reproductive 

behavior of mammals including humans. Chinese hamster ovary cell in vitro assays with 200 

different pesticides including few of their isomers and metabolites demonstrated (Kojima et 

al., 2004) that a large number of these possesses estrogenic activity, although their potency 

differs from one another. Prospective ecological risk assessment for various xenobiotics and 

environmental contaminants is routinely carried out using various methods including analysis 

of biomolecular signals, biological kinetics, transportation and toxicity at both cell and 

organism level (Ankley et al., 2009). Development of gonad intersex and alteration in 

secondary sex characteristics have been observed in bony fishes (teleosts) after exposure to 

estrogenic and anti-androgenic compounds including pesticides and herbicides at fairly low 

and ecologically relevant doses, clearly suggesting that bony fishes are extremely sensitive to 

physiological and endocrine disruption (Kiparissis et al., 2003; Balch et al., 2004, 2006; 

Raghuveer and Senthilkumaran, 2009; Tetreault et al., 2011; Wu et al., 2012; Kruger et al., 

2013; Zhang et al., 2013). In this context, consumer products and pesticides pose greater 

threats. 

Bisphenol A (BPA) is a widely used constituent in a variety of consumer products 

including polycarbonate plastics, epoxy resins, flame retardants, sealants etc. that is present in 

surface waters as well as in waste water effluents (Furhacker et al., 2000; Staples et al., 2000; 

Koplin et al., 2002). BPA exposure interferes with reproductive function of male fishes. The 

adverse effect ranges from severe alteration in testicular morphology at reported 

environmental concentration (1-10 µg BPA/L) to reduction in number of spermatogenic cysts 

and gonado-somatic index (GSI) as well as lowered serum testosterone levels (Sohoni et al., 

2001; Kinnberg and Toft, 2003, Mandich et al., 2007). In addition, environmental anti-

androgens have now been recognized as factors that largely contribute in chemical-induced 

feminization of wild fish producing phenotypic effects similar to environmental estrogens 

primarily by blocking androgen action (Filby et al., 2006). The reproductive toxicity of 

various EDCs in the fathead minnow was shown to be associated with their effect on 

hypothalamic-pituitary-gonadal axis (Ankley et al., 2008) and exert their effects indirectly on 

the gonads via gonadotropins (Da Cuna et al., 2012). In female teleosts, the ovary undergoes 

a seasonal reproductive cycle divided into various stages during which immature oocytes 

develop into functional follicles (Kime, 1995). The exposure of fish to EDCs at any stage of 

the cycle inhibits gonadal growth and function. BPA treatment inhibited egg production and 

reduced egg hatchability in F1 generation in fathead minnow (Sohini et al., 2001). In the blue 

gill fish, females exposed to endosulfan showed empty ovarian follicles, thinning of the 

ovarian wall and elevated atresia. The extent of damage was proportional to the concentration 

of the pesticide (Dutta and Dulal, 2008). Similar disruptive effects were seen in female 

zebrafish with endosulfan (Han et al., 2011). Interestingly, pesticides such as endosulfan 

affect both sexes. Studies from our laboratory revealed precocious ovarian development and 

impaired testicular development in catfish after exposure to endosulfan (Chakrabarty et al., 

2012; Rajakumar et al., 2011). 

The mode of action of EDCs is often routed through endocrine or hormonal systems. 

Extensive studies using teleosts clearly suggest that the relative concentration and the ratio of 
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sex steroids provide a male versus female hormonal milieu, while androgens facilitate the 

development of males, estrogens favor female development. The EDCs present in aquatic 

environments have great potential in disrupting this hormonal balance and in turn affect 

sexual differentiation (Filby et al., 2007). Sexual plasticity seen during the gonadal 

development and differentiation is known to be controlled by various sex determining genes 

such as cyp19a1, dmrt1, foxl 2 and sox9 (Nagahama et al., 2004; Guo et al., 2005, Filby et al., 

2007; Liu et al., 2007; Ijiri et al., 2008; Raghuveer and Senthilkumaran, 2009; Wang et al., 

2010; Leet et al., 2011; Rasheeda et al., 2010; Raghuveer et al., 2011; Sridevi and 

Senthilkumaran, 2011). In addition to these transcription factor genes, several other genes that 

primarily regulate steroidogenesis were differentially expressed during sex differentiation 

such as cyp17α, cyp11α, 3β-hsd, and star (Baron and Guiguen, 2003; Baron et al., 2005; 

Nakamura et al., 2008; Raghuveer et al., 2012). The analysis and profiling of the genes 

associated with gonadal differentiation revealed the role of insulin-like growth factor 

(Schlueter et al., 2007) in embryonic germ line development in zebrafish, and follistatin, 

sox23, sox24, bmp7, bcl21b, fancl, gcl and inha in ovarian differentiation of rainbow trout 

(Baron et al., 2005; Vizziano et al., 2007). Although these genes belong to various families, 

their precise temporal dimorphic expression governs the sex differentiation. Estrogenic EDCs 

were shown to promote feminization of Japanese flounder larvae reared at masculinizing 

temperature (Nagahama et al., 2004). This is most likely manifested by the involvement of 

genes belonging to several families including transcription factors, germ cell proteins, 

steroidogenic enzymes, hormones, growth factors and their receptors (Leet et al., 2011). 

Among various fish species used presently, zebrafish (Danio rerio), with its complete 

genome sequence known, has emerged as an ideal choice for a large number of investigators. 

Further, it has a great potential to facilitate research into endocrine disruption at the level of 

gene expression and this approach would provide an open platform for understanding the 

mode as well as a mechanism of action of different EDCs. Earlier studies using zebrafish 

showed that each EDC group with similar mode of action exhibits specific gene expression 

profile that could be used as a “signature/finger print” for environmental risk evaluation 

(Watanabe et al., 2003; Moggs et al., 2004). Further, the zebrafish model is already being 

used in various toxicological programs worldwide in assessing human risk and preclinical 

drug discovery and screening (Zhang et al., 2003; Sipes et al., 2011; Molina et al., 2013). In 

addition, a zerbrafish embryo is also emerging as a low cost high-throughput model with an 

impressive range of possible applications in environmental risk assessment beyond simple 

acute toxicity testing (Scholz et al., 2008; Ali et al., 2011). A recent trend in biological, 

biomedical, pharmacological and agricultural areas is the utilization of nanoparticle-based 

formulations for targeted delivery. Few ecotoxicological studies reveal that under 

environmental conditions, engineered nanoparticles (ENP) of pesticides have toxic effects on 

various organisms (Nowack and Bucheli, 2007) including plants (Ma et al., 2010). In addition 

to their organismal effects, this could also be propagated through population (Thomas et al., 

2011), which would subsequently alter communities comprising of many organisms (e.g., 

bacteria, plant, fish etc.) and have a serious deleterious effect on the food web and ecosystem. 

To a certain extent, the physicochemical properties of these nano-sized complexes influencing 

the biological functions have been elucidated. However, many questions regarding the in vivo 

behavior of nanoparticle-based formulation and their interactions with each other in the 

environment as well as during exposure still need to be addressed (Holden et al., 2012). 

Further, the horizontal as well as generational transfer of ENPs in the environment makes it 
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necessary to evaluate ENP based formulations through extensive biophysical, biochemical 

and biological studies (Ke and Lamm, 2011). Bony fish models would not only facilitate 

systematic analysis of organism-level effects of nanoparticle based formulations on 

metabolism and reproduction, but would also enable researcher to assess the pharmokinetics 

and tissue distribution under diverse aquatic environments. This would help to further 

streamline the engineering of complex nanostructures that ensure higher efficacy in a cost 

effective manner, as well as predict the engineered nanomaterial characteristic to be avoided 

(Alpanese et al., 2012). Although a range of teleost species are used for toxicity assays as 

well as tested for detection of environmental contaminants it is impossible to identify a 

particular species as a standard model. However, one could select various fish models based 

on several criteria ranging from size to life cycle pattern, spawning season, breeding pattern, 

larval growth pattern etc. 

 

 

Conclusion 
 

Teleost fishes provide a good example to demonstrate consistent physiological, 

biochemical, and molecular changes upon exposure to various chemicals and formulations. 

Further these molecular interactions not only alter the physiology but also have a direct 

bearing on the development as well as reproduction of bony fish. Taken together, our research 

findings as well as reported work of others in this article suggest that fishes could be used as 

powerful model for toxicity assessment at organism level as well as a sensitive tool for 

analyzing the contamination of a variety of environmental toxicants including EDCs. 
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Abstract 
 

The development of a functional gonad implies consequences not only for the 

phenotypic sex but also for the reproductive capacity during adulthood. In recent years, 

atherinopsid fish have been extensively studied because they present a variety of and 

sometimes contrasting mechanisms of sex determination/differentiation. 

In the present work we review the sex determining mechanisms in different species 

belonging to this family. As an example, Odontesthes bonariensis, commonly known as 

pejerrey, was singled out in order to discuss morphological aspects of the gonadal 

differentiation process in males and females and its relation to water temperature, the 

expression profile of some selected genes involved in this process, and the involvement 

of cortisol in the masculinizing process induced by warm temperature. 

                                                        

 Contact Information and Reprint Request: Gustavo Manuel Somoza. Av. Intendente Marino Km. 8.2 

(B7130IWA). Chascomús. Provincia de Buenos Aires. Argentina. E-mail: somoza@intech.gov.ar. 



J. I. Fernandino, R. S. Hattori, C. A. Strüssmann
 
et al. 58 

The well described process of sex determination/differentiation in O. bonariensis and 

other atherinopsid species makes this family an emerging model to study the interactions 

between the environment and genotypic factors that ultimately lead to determination of 

the gonadal fate. 

 

Keywords: Atherinopsidae, GSD, TSD, apoptosis, steroids, stress, cortisol 

 

 

1. Mechanisms of Sex Determination 

in Atherinopsid Fish 
 

Atherinopsid fish are native from continental and marine waters of the Americas and they 

are usually referred to as “New World silversides” (Dyer, 2006; Bloom et al., 2012). In the 

last three decades several species belonging to this group have been intensively investigated 

with the focus on the sex determination and gonadal differentiation processes. 

Sex in vertebrates is generally determined by two mechanisms: genetic (GSD) and 

environmental (ESD) sex determination. In species with GSD, sex is genetically programmed 

at fertilization and follows the actions of specific gene(s) usually located in the sex 

chromosomes, whereas in ESD sex is determined by environmental factors (Valenzuela et al., 

2003; Ospina-Álvarez and Piferrer, 2008; Mank and Avise, 2009; Angelopoulou et al., 2012). 

The best known environmental factor involved in ESD is temperature, defined as 

temperature-dependent sex determination (TSD). In this mechanism the phenotypic sex is 

driven by temperature during a sensitive period early in development (Devlin and Nagahama, 

2002; Grossen et al., 2011; Matsumoto and Crews, 2012). 

TSD was first discovered in reptiles (see Bull and Vogt, 1979) and later found for the 

first time in fish by Conover and Kynard (1981) in the Atlantic Silverside Menidia menidia 

(L.), an atherinopsid fish. Since then it has been demonstrated that temperature can affect in 

different degrees the sex determination in other Atherinposid species such as Menidia 

peninsulae (Middaugh and Hemmer, 1987), Odontesthes bonariensis (Strüssmann et al., 

1996a), Odontesthes argentinensis and Odontesthes hatcheri (Strüssmann et al., 1996b). TSD 

has also been demonstrated in many other fish species (Stüssmann and Patiño, 1999; Ospina-

Álvarez and Piferrer, 2008; Baroiller et al., 2009a,b; Luckenbach et al., 2009; Siegfried, 

2010) and it has been reported as the most important, or at least, the best studied 

environmental factor influencing sex differentiation in teleosts including tilapia (Devlin and 

Nagahama, 2002; Baroiller et al., 2009a,b). Although TSD has been described in different 

fish orders, no relationship has been found with the phylogenetic position, suggesting that 

such a mechanism has emerged more than once during teleost evolution (Devlin and 

Nagahama, 2002; Mank et al., 2006).  

It is now also clear that there are some teleost species in which GSD can be influenced by 

environmental factors and thus the phenotypic sex is determined as a result of a combination 

of the two mechanisms (Goto-Kazeto et al., 2006; Baroiller et al., 2009a, b; 2009b; 

Luckenbach et al., 2009). This is also true for those species in which a sex determining gene 

was identified as in medaka Oryzias latipes (Matsuda et al., 2002) and rainbow trout 

Onchorynchus mykiss (Yano et al., 2012), where high temperature has been demonstrated to 

produce skewed sex ratios (Sato et al., 2005; Hattori et al., 2007; Magerhans et al., 2009; 

Magerhans and Hörstgen-Schwark, 2010). 
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However, atherinopsids provide an excellent material to study the interactions of 

GSD/TSD because members of this family span from a “pure” TSD to a classical GSD 

model. For example, the brackish water species pejerrey O. bonariensis presents a very strong 

TSD whereby all-female and all-male populations can be obtained when larvae are raised at 

low (17º C) and high (29º C) temperatures, respectively (Strüssmann et al., 1996a, 1997). The 

marine pejerrey O. argentinensis, also shows a clear correlation between sex ratios and 

temperature: more females are produced at lower (18 and 21º C) than at higher (25º C) 

temperatures (Strüssmann et al., 1996b). The situation in the Patagonian pejerrey O. hatcheri, 

in which a clear GSD was described (Hattori et al., 2010; 2012; Koshimizu et al., 2010) is 

different. In this species, the larvae reared at intermediate temperatures (17-23º C) show sex 

ratios around 1:1 but low (13-15º C) and high (25º C) temperatures produce female- and 

male-skewed sex ratios, respectively (Strüssmann et al., 1996b, 1997). This is important 

because Hattori et al. (2012) described the sex determining gene (amhy) in this species. This 

indicates, as already said, that the temperature during the period of sex determination can 

affect sex ratios, even in cases where a clear and defined genetic component exists (Hattori et 

al., 2010; 2012; Koshimizu et al., 2010). It is important to note that amhy has been found also 

in O. bonariensis (unpublished results). Although its role in this species is still unknown, it 

supports the notion that TSD and GSD are the extremes of a continuum (Strüssmann and 

Patiño, 1999). 

The objective of the present chapter is to review the physiology of the sex differentiation 

process in the best studied of these species, the pejerrey O. bonariensis. The pejerrey is a 

neotropical silverside species which inhabits brackish waters in the southern region of the 

South American continent. The strong sexual thermolability makes of pejerrey a unique and 

ideal model to study how temperature can influence the feminization and masculinization 

processes. 

 

 

2. Histological Features of Gonadal 
Sex Differentiation 

 

In differentiated gonochoristic species, i.e., those species in which the gonads 

differentiate directly into either an ovary or a testis, sex is determined during a critical period 

of embryonic and/or larval stages that precedes the appearance of sex-specific histological or 

cellular differences. In pejerrey, this time frame was estimated to be between 1 and 3 weeks 

after hatching (wah) at 27º C, 2 and 4 wah at 24º C, and 3 and 5 wah at 17 ºC (Strüssmann et 

al., 1997), which in a size scale ranges from 11 to 18 mm of body length. Thus, the 

temperature experienced during these early developmental stages determines whether the 

primordial gonad will follow the male or female pathway. 

The first signals of morphological sex differentiation start to be detected shortly after this 

period and appear first in females and then in males (at intermediate temperatures). The 

primordial ovary is characterized by stromal cell outgrowths, which then will lead to the 

formation of the ovarian cavity, by the onset of meiosis in the primordial germ cells, and by 

the formation of blood vessels. 
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Figure 1. Schematic representation of the gradient of histological sex differentiation in pejerrey gonads. 

The dotted arrows indicate the wave of differentiation. L: left; R: right. 

On the other hand, the testis differentiation is characterized by the formation of rudiments of 

the main sperm duct in the medullary region of the gonad and formation of characteristic 

germ cell cysts in its periphery. The germ cells in the male gonad enter meiosis a few weeks 

later (Ito et al., 2005). 

An intriguing aspect of the gonadal differentiation in this species is the presence of a 

cephalo-caudal, left-to-right gradient of differentiation (Strüssmann and Ito, 2005). 

Regardless of sex, the left-anterior area is the region from where the onset of gonad 

differentiation begins toward the posterior part of the gonad. On the opposite side, the right 

gonad begins to differentiate only when 10-30% of the left side is already differentiated 

(Figure 1). 

It is also important to stress that blood vessels are formed prior to sex differentiation (Ito 

et al., 2005), suggesting that extra-gonadal factors may be carried by the bloodstream into the 

left-anterior region of the gonad to trigger the sex differentiation process. This mechanism is 

not well understood but one explanation is based on the rarity of intersex gonads not only in 

wild animals but especially in laboratory-reared larvae that were subjected to shifts between 

low-feminizing and high-masculinizing temperatures, which would be expected given the 

high thermal plasticity of sex in this species. According to this idea, this gradient might be 

important to prevent the occurrence of gonadal sex ambiguity and therefore the appearance of 

intersex animals with ovarian and testicular tissue in the same lobe or with a testis in one lobe 

and an ovary in the other (Strüssmann and Ito, 2005). 

Another feature of sex differentiation in pejerrey gonads is the occurrence of 

programmed cell death (apoptosis) linked to testicular differentiation. Thus, a preliminary 

analysis of apoptosis by the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP 

nick-end labeling) assay revealed that larvae reared at female-producing temperatures (FPT) 

had none to very few apoptotic cells whereas those from the male-producing temperatures 

(MPT) had widespread apoptosis in the anterior region of the right lobe between 4 or 5 and 10 
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wah. In larvae from mixed-sex-producing temperatures (MixPT), both patterns were observed 

and the proportion of animals with intense apoptosis correlated well with that of animals 

which differentiated as males (Strüssmann et al., 2008). Nevertheless the role of apoptosis 

during testis differentiation in pejerrey is still not clear. In the undifferentiated gonochorist 

zebrafish, Danio rerio, programmed cell death seems to have a clear role in the removal of 

oocyte-like cells in genotypic males and therefore in testis formation (Uchida et al., 2002; 

2004). On the other hand, in medaka, increased apoptosis during differentiation has been 

shown to produce gonadal sex inversion from female to male (Kurokawa et al., 2007) and is 

associated with the regulation of the number of germ cells necessary for testicular 

development (Tanaka et al., 2008).The detection of apoptosis in the lobe with delayed 

differentiation (right side) and its occurrence mainly in somatic cells point out to a different 

mechanism or role in pejerrey testis differentiation. For example, as with the histological 

gradient of sex differentiation, the incidence of apoptosis in the anterior part of the right lobe 

could be also part of a mechanism to avoid gonadal ambiguity in larvae experiencing 

temperature changes during and immediately after the critical period of sex determination. 

 

 

3. Genes Involved in Gonadal Differentiation 
 

Since the ´90s and with the identification of the major sex determining gene SRY in 

mammals (Sinclair et al., 1990) the interest in the study of the molecular processes involved 

in gonadogenesis increased rapidly not only in mammals but also in other vertebrates. 

Interestingly, although the sex determining mechanisms or genes might differ in different 

species, the downstream molecular pathways involved in the gonadal fate seem to be highly 

conserved across vertebrates (Barske and Capel, 2008). These genes include for example 

cyp19a1a or gonadal aromatase, dmrt1 and amh. This section presents an overview of the 

knowledge gathered so far on these genes in relation to the gonadal sex differentiation in 

pejerrey. 

 

 

3.1. Gonadal Aromatase (cyp19a1a) 
 

One of the most studied genes on the gonadal network is the cytochrome P450 aromatase 

enzyme, involved in the conversion of androgens into estrogens. This enzyme determines the 

balance between these two groups of steroids and it is essential for gonadal function in 

vertebrates (Carreau et al., 2002). Aromatase is also important at early stages of development; 

its expression and/or high activity have been associated with the process of ovarian 

differentiation in birds (Yoshida et al., 1996; Yang et al., 2008), reptiles (Gabriel et al., 2001; 

Pieau and Dorizzi, 2004) and also in teleost fish species (Guiguen et al., 2010). It is also 

important to highlight that there are two different genes that express aromatase enzymes in 

teleosts, the gonadal form or cyp19a1a, and the referred to as brain aromatase or cyp19a1b 

(Kishida and Callard, 2001; Jeng et al., 2012). The inhibition of the aromatase enzyme 

activity during the period of sex differentiation results in genotypic females developing as 

phenotypic males (Piferrer and Blázquez, 2005; Piferrer and Guiguen, 2008). These results 
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emphasize the importance of the aromatase enzyme and estrogens as a pivotal role to the 

ovarian fate. 

In pejerrey, the expression of cyp19a1a was studied in relation to the gonadal sex 

differentiation process as well as to the rearing temperature. Gonadal aromatase showed to be 

over-expressed at FPT compared to MPT-reared larvae (Karube et al., 2007), whereas at 

MixPT some fish showed a female- and other a male-like expression pattern. The 

pharmacological inhibition of aromatase activity induced a male skewed sex ratio in this 

species (Fernandino et al., 2008a), confirming the importance of this gene on ovarian 

development. 

 

 

3.2. Dmrt1 
 

One of the genes initially characterized in the process of sex determination and gonadal 

differentiation was the transcription factor DMRT1 (Doublesex Male abnormal-3 Related 

Transcription Factor-1). This transcription factor contains a DNA binding motif of zinc finger 

(DM domain) and it was first identified in nematodes and fruit flies (Shen and Hodgkin, 

1988; Burtis and Baker, 1989). This gene is considered a key factor in male gonadal 

development from invertebrates to humans (Ferguson-Smith, 2007; Herpin and Schartl, 

2011). In humans, for example, deletion of a copy of DMRT1 is associated with male sex 

reversal in XY phenotypic females (Raymond et al., 1999a). Moreover, male DMRT1 null 

mice exhibit severe defects in postnatal growth of the testis, while females are normal and 

fertile (Raymond et al., 2000). In chickens, dmrt1 expression is higher in ZZ embryos (males) 

than in ZW (female) from the early stages of development of the genital ridge (Raymond et 

al., 1999b). A higher expression in testicles during gonadal development has been also 

described in reptiles (Sreenivasulu et al., 2002; Murdock and Wibbels, 2003; Valenzuela, 

2010), amphibians (Shibata et al., 2002) and several teleost fish species (Marchand et al., 

2000; He et al., 2003; Kobayashi et al., 2004; Guo et al., 2005; Raghuveer and 

Senthilkumaran, 2009; Cao et al., 2012; Masuyama et al., 2012). 

In pejerrey, dmrt1 showed a dimorphic expression pattern during early larval 

development displaying high expression at MPT, low at FPT and a bimodal expression at 

MixPT (Fernandino et al. 2008a). At this temperature regime, individuals with high dmrt1 

expression and conversely low cyp19a1a expression are considered to be those differentiating 

males whereas the opposite pattern is taken as an indication of female differentiation 

(Fernandino et al., 2008a). 

 

 

3.3. Amh 
 

Another gene that has generated great interest is the AMH (anti-Müllerian hormone, also 

known as Müllerian inhibiting Substance or Mis). AMH is a glycoprotein which belongs to 

the TGF-β family of growth and differentiation factors (Josso et al., 2001). In amniotes AMH 

is responsible of the regression of the Müllerian duct in male embryos, the control and 

evolution of the genital tract, and the regulation of follicular development (Josso et al., 2006). 

Although teleost fish do not have Müllerian ducts (Wrobel, 2003), the expression of amh 

and its receptor (amhrII) have been detected in both sexes early in development during the 
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gonadal differentiation period (Rodríguez-Marí et al., 2005; Nakamura et al., 2006; Klüver et 

al., 2007; Vizziano et al., 2007). The function of the amh/amhrII system was then established 

using a mutant for the receptor amhrII in medaka (hotei mutant), in which it was 

demonstrated that this system inhibits the proliferation of germ cells (Morinaga et al., 2007). 

Therefore, the male pathway regulates the germ cell proliferation in early stages of the 

developing gonad. 

In pejerrey the amh expression profile, together with its regulation by gonadal steroids 

and glucocorticoids, was analyzed during the gonadal sex differentiation period. Amh is first 

expressed at low levels in the undifferentiated gonads of both sexes but becomes dimorphic, 

with higher expression in putative male gonads compared to females, during the process of 

gonadal differentiation (Fernandino et al., 2008b; Hattori et al., 2008; Hattori et al., 2009). 

Thus, amh shows the opposite expression pattern compared to cyp19a1a. These studies also 

demonstrated that the onset of cyp19a1a expression at the MixPT preceded that of amh. 

Moreover, larvae treated with estradiol during the critical time of sex differentiation 

consistently show low amh expression levels similar to those found at the FPT (Fernandino et 

al., 2008b). On the other hand, cortisol administration caused masculinization of pejerrey 

larvae (see subsequent section) and it was associated with amh and cyp19a1a profiles 

resembling those at the MPT (Hattori et al., 2009). 

 

 

4. The role of Cortisol and Androgens 
in Gonadal Masculinization 

 

In teleost fish the production of glucocorticoids (GCs) by the interrenal gland, located in 

the anterior kidney, is primarily regulated by the adrenocorticotropic hormone (ACTH), 

considered to be its main secretagogue (Mommsen et al., 1999). ACTH release in turn is 

regulated by the hypothalamic peptide corticotrophin releasing hormone (CRH). 

The mechanism of action of GCs involves their passage through the plasma membrane 

and subsequent binding to cytoplasmic receptors (GRs). The hormone-receptor complex is 

transported into the nucleus where it binds to a specific DNA segment, the glucocorticoid 

response site (GRE), resulting in additional production of mRNA and subsequent synthesis of 

specific proteins in the cell (Bury and Sturm, 2007). The main GC in teleost fish is cortisol, 

which plays an important role in the modulation of the adaptive intermediary metabolism 

(Vijayan et al., 1994), ionic regulation (Sakamoto and McCormick, 2006), and immune 

function (Salas-Leiton et al., 2012). 

Pejerrey reared at high temperatures eventually display signs of thermal stress. These 

include alterations in body shape, reduced swimming and feeding activity, changes in their 

pigmentation pattern, loss of weight and progressive germ cell degeneration (Ito et al., 2008). 

The thermal profile of the natural habitat of pejerrey (Gómez et al., 2007) also suggests that 

this species prefers cold to temperate waters and then high temperatures could act as a stress 

factor. 

 

 

 

 



J. I. Fernandino, R. S. Hattori, C. A. Strüssmann
 
et al. 64 

 

Figure 2. Proposed mechanism of the sex differentiation process in pejerrey Odontesthes bonariensis. 

Within this context, studies were conducted to critically asses the association between 

high temperature and stress (cortisol levels) during gonadal differentiation and 

masculinization in pejerrey. These studies showed that body cortisol levels during the critical 

period of sex determination were positively correlated with rearing temperature (Hattori et al., 

2009). Also, pejerrey larvae reared at MixPT and treated with cortisol and dexamethasone, a 

cortisol agonist, showed significantly male-biased sex-ratios in relation to the control. It is 

important to note that similar results were observed in the Japanese flounder Paralichthys 

olivaceus (Yamaguchi et al., 2010) and in medaka (Hayashi et al., 2010), evidencing that GCs 

also play key role(s) in gonadal fate in other species. 

The exact mode of action of cortisol during pejerrey masculinization still needs to be 

scrutinized. It is well known that GCs are responsible for triggering the apoptotic cascade in 

mammals (Schmidt et al., 2004). In fact, treatment of pejerrey larvae with cortisol induced a 

significant increase in the incidence of apoptosis (Hattori et al., 2009), as observed in animals 

reared at the MPT (Strüssmann et al., 2008; Fernandino et al., 2011). Another possible 

pathway is the modulation of steroidogenesis. For instance, cortisol levels in pejerrey larvae 

were correlated with those of the main bioactive androgen in fish, 11-ketotestosterone (11-

KT), and testosterone (T) and, cortisol administration caused inhibition of the expression of 

cyp19a1a (Hattori et al., 2009). Interestingly, relatively high levels of T and 11-KT were 

observed at MixPT even before the appearance of a sexually dimorphic (high/low) pattern of 

cyp19a1a expression. These results may have a bearing on the controversial issue of the 

involvement of 11-oxygenated androgens in fish gonadal sex determination/differentiation. 

Thus, it is currently believed that estrogens are essential for female sex differentiation 

whereas androgens are products or the consequence of testicular differentiation (Ijiri et al., 

2008; Vizziano et al., 2008; Guiguen et al., 2010). However, high levels of 11-oxygenated 

androgens or the expression of enzymes involved in their synthesis have been detected during 

the critical period of sex determination/differentiation in some teleosts (Miura et al., 2008) 

and exposure to androgens during the early stages of fish development usually produces 

male-biased progeny (Devlin and Nagahama, 2002). The high 11-KT levels during the sex 

determination period of pejerrey, even before the first evidences of molecular and 

morphological evidences of gonadal differentiation (Ito et al., 2005; Fernandino et al., 

2008a,b; Fernandino et al., 2011), suggests that testicular formation is the result of a proactive 

process and not merely the alternative outcome for ovarian differentiation (Figure 2). Taken 
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together, these results are indications that GCs can act at earlier stages of gonadal 

differentiation and point to their strong effects on steroidogenesis at this critical period in life. 

 

 

Conclusion 
 

The fact that pejerrey sex determination shows a marked sensitiveness to temperature, 

such that all-female and all-male populations can be reliably produced at environmentally 

relevant temperatures, and the wealth of information on the morphological, endocrine, and 

molecular mechanisms involved in the determination/differentiation process make this 

species an excellent model to study the physiology of gonadal fate determination in fish. 

Looking ahead, the recent discovery of the amhy gene in the pejerrey genome (unpublished 

results) may provide even further avenues to explore the interactions between the 

environment and genotypic factors on the canalization of gonadal development. Further 

studies on those processes can undoubtedly contribute to the clarification of the complex 

gonadal fate framework in fish and possibly in other vertebrates. 
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Abstract 
 

Sexual maturation and reproduction are critical life history processes largely 

controlled by endocrine factors organized along the brain-pituitary-gonad axis. This is a 

highly conserved system across vertebrate phyla. Kisspeptin and gonadotropin releasing 

hormones are key neuroendocrine hormones produced by distinct neurons in the ventral 

hypothalamus, which stimulate pituitary gonadotrope cells in the anterior pituitary. These 

cells synthesize and secrete gonadotropic hormone, luteinizing hormone and follicle 

stimulating hormone, which are transported to the gonad in the circulation and stimulate 

steroidogenesis and gametogenesis responsible for the control of puberty and 

reproduction. This is a complex pathway regulated at each level by stimulatory and 

inhibitory factors. The main reproductive functions of this axis are well studied, but much 

less is known concerning the non-reproductive functions of these hormones. In particular, 

recent data demonstrates the involvement of Kiss, GnRH and LH in embryological and 

larval development. This chapter will discuss these finding and their implications for fish 

reproduction. 

 

 

Introduction 
 

Reproductive function in vertebrates is controlled by a pathway of neuroendocrine and 

endocrine factors organized along the brain-pituitary-gonad (b-p-g) axis. This is a complex 

endocrine system involving multiple ligands and receptors, positive and negative feedback 

loops by hormones and gonadal steroids as well as paracrine and autocrine signaling. 

Gonadotropin releasing hormone (GnRH) expressed in the brain is central to this axis, 

controlling multiple functions in reproduction, most importantly the stimulation of pituitary 



Jon Hildahl 74 

gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH). 

Hypophysiotrophic GnRH neurons (usually GnRH1 neurons) are primarily localized to the 

ventral preoptic area and extend to either the portal blood system in tetrapods or into the 

pituitary of fish. Upon secretion, LH and FSH are transported to the gonad in the circulation 

where they stimulate steroidogenesis and gametogenesis. Since the discovery of GnRH in 

1971 (Burgus et al., 1971; Matsuo et al., 1971), it has been widely established that this 

hormone, produced by cells in the basal forebrain, serves as a key molecular signal linking 

the brain to gonadotropin secretion involved in sexual development and reproduction. Early 

studies showed that hypothalamic factors stimulatepituitary gonadotropic hormones in carp 

(Breton et al., 1971) and subsequent identification of a specific GnRH form in fish, 

sGnRH/GnRH3 (Sherwood et al., 1983), laid the foundation for studies concerning the central 

role of GnRH in fish reproduction. Until the identification of a second gonadotropin in 

salmon in the late 1980s, the reproductive effects of pituitary gonadotropic hormones were 

considered to be from a single hormone, gonadotropin (GtH). This was later identified to be 

two distinct heterodimeric hormones, FSH/GtHI and LH/GtHII (Suzuki et al., 1988; Swanson 

et al., 1991). Today, with the power of molecular genetics and advanced physiological 

methods, we have witnessed an equally important shift in focus to Kisspeptin (Kiss) neurons, 

which represent an integrated target for inputs from sex steroids and environmental signals. 

This neuroendocrine system, at least in part, governs GnRH neuron activity. The critical role 

of Kiss in reproduction is emphasized by the fact that loss of function mutations in either 

kiss1 (the gene encoding kisspeptin), or the gene encoding the Kiss receptor (kiss1r, 

originally named gpr54), results in failure of puberty and infertility in both humans and mice. 

By 1997, the Kiss1r and its ligand had been discovered with early studies focusing on its role 

in cancer. Subsequently in 2003, three papers described key reproductive function for Kiss1r 

(de Roux et al., 2003, Funes et al., 2003, Seminara et al., 2003). It has now become clear that 

Kiss provides an important, perhaps essential, signal to GnRH neurons in mammals.  

There is a considerable variation in the control of GnRH neurons, providing a fragmented 

understanding of the neuroendocrine regulation of reproduction in fish. Multiple inhibitory 

and stimulatory factors control GnRH neurons, including dopamine (Dufour et al., 2010), 

gonadotropin-inhibiting hormone (Zhang et al., 2010), neuropeptide Y (Breton et al., 1991; 

Gaikwad et al., 2003; Senthilkumaran et al., 2001) and Kiss (Akazome et al., 2010), the latter 

of which has received the most attention. The Kiss system has been characterized in fish with 

the identification of kiss1r gene in multiple fish species in 2007 (Mohamed et al., 2005; 

Nocillado et al., 2007; Martinez-Chavez et al., 2008;). The kiss1 gene was then identified in 

fish (Biran et al., 2008; Kanda et al., 2008; van et al., 2008) in 2008, and an additional ligand, 

kiss2 (Felip et al., 2009; Kitahashi et al., 2009; Lee et al., 2009; Mitani et al., 2010), and a 

second receptor, kiss2r (Lee et al., 2009; Mechaly et al., 2010), genes were identified in fish a 

year later. Kiss has been implicated in the control of the onset of puberty and reproduction, 

similar to mammals, as both kiss ligands’ gene expression (Biran et al., 2008; Kanda et al., 

2008; Kitahashi et al., 2009; Mitani et al., 2010; Selvaraj et al., 2010; Shahjahan et al., 2010) 

and receptors’ gene expression (Filby et al., 2008; Martinez-Chavez et al., 2008; Mechaly et 

al., 2009; Mechaly et al., 2010; Mohamed et al., 2007; Nocillado et al., 2007; Shahjahan et 

al., 2010) have been shown to be up-regulated during puberty and/or spawning. More recently 

studies in mammals have identified two key neuronal populations, closely associated with 

Kiss neurons in the basal hypothalamus, expressing neurokinin or dynorphin. All three of 

these neurons are co-localized in the hypothalamus and are implicated in the regulation 
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GnRH neuronal activity (Lehman et al., 2010). Multiple neurokinin genes have also recently 

been identified in fish, and they are suggested to be involved in the control of GnRH secretion 

and the onset of puberty based on their gene expression and neuroanatomy (Levavi-Sivan et 

al., 2011). 

 

 

Functional Organization of The BPG Axis  
in Teleosts 

 

Teleost fish are believed to have undergone an additional round of whole genome 

duplication (WGD), following the two vertebrate specific rounds of WGD (Meyer and Van de 

Peer, 2005; Kah et al., 2007). These WGD events are expected to be followed by substantial 

gene diversification and/or gene loss due to genetic redundancy. This means that non-teleost 

vertebrates have potentially four parologues of a gene, while fish have up to eight. Molecular 

gene evolution in fish is further complicated by partial or complete tetraploidization in some 

groups of fish (Bailey et al., 1978). Indeed fish are often found to have additional functional 

forms of endocrine genes relative to non-teleost vertebrates. This is the case for GnRH which 

has 1-2 forms in mammals and 2-3 forms in fish (Hildahl et al., 2011b). Similarly, fish have 

up to five GnRH-Rs (Ikemoto and Park, 2005; Moncaut et al., 2005) in contrast to two 

variants in non-teleost vertebrates. Additionally some fish possess an additional Kiss ligand 

and/or receptor gene (Akazome et al., 2010). In most fish species there is only one LH and 

FSH variant, although multiple isoforms of LH have been reported in zebrafish (So et al., 

2005). The diversity of hormone ligand and receptors in fish complicates their functional 

understanding, such that there is often incomplete knowledge of the differential function of 

ligand and receptor variants. 

 

 

Kiss 
 

The function of Kiss is still poorly understood in fish. Species for which only one ligand 

and receptor have been identified include Atlantic cod (unpublished results), orange spotted 

grouper (Shi et al., 2010) and grass pufferfish (Shahjahan et al., 2010). All of these species 

have lost kiss1and kiss-r2, although the distinct function of the Kiss ligands and as an 

extension their functional conservation remains to be elucidated. Studies suggest that there is 

some degree of functional redundancy of the two independent Kiss systems. Kiss2 gene 

expression is more closely linked to spawning in multiple fish species (Kitahashi et al., 2009; 

Selvaraj et al., 2010; Shahjahan et al., 2010;Servili et al., 2011;), however in medaka, Kiss1 is 

the likely functional ligand based on ovx and estrogen treatment studies (Kanda et al., 2008; 

Mitani et al., 2010). The Kiss ligands appear to be differentially regulated in different fish 

species such that the kiss1 but not kiss2 gene is up-regulated in breeding and E2 treated 

medaka (Kanda et al., 2008; Mitani et al., 2010). In zebrafish kiss1, kiss2 and kiss2r mRNA 

expression increases in response to E2 treatment (Servili et al., 2011), while Kiss2 but not 

Kiss1 treatment stimulated lhb and fshb gene expression in adult zebrafish (Kitahashi et al., 

2009) and sea bass (Felip et al., 2009). However, Kiss1 and Kiss2 had a two-phase effect in 

hybrid bass such that Kiss2 was more effective in stimulating LH and influencing gnrh1 and 
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kiss-r2 gene expression in pre-pubertal fish and Kiss1 was more effective in recrudescent fish 

(Zmora et al., 2012).  

The Kiss ligand genes also show sex specific regulation between male and female chub 

mackerel (Selvaraj et al., 2010). Kiss likely has a direct action on the pituitary as Kiss 

receptors are expressed in the pituitary of multiple fish species (Martinez-Chavez et al., 2008; 

Shahjahan et al., 2010; Yang et al., 2010; Pasquier et al., 2011) and Kiss-10 treatment 

changes in vitro pituitary gene expression in primary cell culture, albeit differently between 

species (Yang et al., 2010; Pasquier et al., 2011). Thus, the diverse make-up and regulation of 

the Kiss system in fish reinforces the fact that much of the basic function of the Kiss system 

in fish remains to be revealed. For example, the means of action of the endogenous Kiss 

ligands during fish puberty and reproductive remains to be clarified, and virtually nothing is 

known about the upstream regulation of Kiss1 or Kiss 2 neurons in fish. 

 

 

GnRH 
 

The functions of the multiple GnRH ligands in fish have been extensively studied, 

although a comprehensive understanding of their diverse functions is limited.Most fish have 

the primarily hypophysiotrophic GnRH1 (Senthilkumaran et al., 1999) which show the 

greatest species diversity, the completely conserved midbrain GnRH2 and the fish-specific 

GnRH3. The later shows partially overlapping distribution with GnRH1 in the forebrain and 

it appears that these can functionally compensate for the loss of the other in species that 

possess only two of the hormones (Okuboand Nagahama, 2008; Hildahl et al., 2011b; Hildah 

et al., 2012b). The differential function of GnRH peptides is not yet fully understood. GnRH2 

and GnRH3 are widely held to act as neuromodulatory factors due to the widespread 

distribution of neural projections and electrophysiological characteristics in the brain (Oka, 

2010). In addition, GnRH2 has been implicated in the regulation of reproductive behavior 

(Volkoff and Peter, 1999; Temple et al., 2003; Kauffman and Rissman, 2004a; Barnett et al., 

2006), food intake (Kauffman and Rissman, 2004b) and energy balance (Temple et al., 2003; 

Kauffman and Rissman, 2004a). GnRH3 is also believed to be involved in the control of 

reproductive behavior (Yamamoto et al., 1997; Ogawa et al., 2006). In vitro binding studies, 

show that all three GnRH bind to all the investigated GnRH-R. In general, GnRH2 binds with 

the highest affinity, but the relative affinities differ for different receptors (Illing et al., 1999; 

Okubo et al., 2001; Robison et al., 2001; Bogerd et al., 2002; Flanagan et al., 2007; Servili et 

al., 2010). This emphasizes the need to consider both ligand and receptor tissue distribution to 

distinguish physiologically relevant GnRH function. Further comparative studies in fish are 

therefore needed to elucidate the function of GnRH variants in different species. There is 

considerable diversity in the number and distribution of GnRH-R in fish, leaving their 

differential functionality largely unknown. Multiple variants are expressed in the brain and 

pituitary of diverse fish species (Illing et al., 1999; Bogerd et al., 2002; Ikemoto et al., 2004; 

Moncaut et al., 2005; Flanagan et al., 2007; Guilgur et al., 2009; Lin et al., 2010; Servili et 

al., 2010; Hildahl et al., 2011a), indicating their involvement in both neuroendocrine and 

hypophysiotriophic regulation. GnRH-R2a appears to be the most prominent variant involved 

in the regulation of sexual development and reproduction (Flanagan et al., 2007; Guilgur et 

al., 2009; Lin et al., 2010; Hildahl et al., 2011a; Hildah et al., 2012b), however, a detailed 

understanding of the physiology of these diverse receptor variants remains to be developed. 
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LH/FSH 
 

The majority of vertebrates possess two pituitary gonadotropic hormones, which are 

secreted from specialized cells, gonadotropes, in the proximal pars distalis of the anterior 

pituitary. In fish, as opposed to mammals, LH and FSH are synthesized and secreted from 

distinct cells in the pituitary (Weltzien et al., 2003). LH and FSH are part of a larger family of 

cysteine knot-forming polypeptide glycoproteins which form non-covalently linked 

heterodimers between a common α, glycoprotein alpha (GPA), and a hormone-specific β 

subunit. Other members of the family include thyroid stimulating hormone (TSH) and the 

placenta specific chorionic gonadotropin.  

LH and FSH have distinct receptors which are primarily localized to the gonad. In 

contrast to mammals, fish receptors show some cross-reactivity (Yan et al., 1992; Miwa et al., 

1994; Oba et al., 1999a; Oba et al., 1999b) such that LH-R is more selective and the FSH-R is 

more promiscuous. The main site of action for FSH is in the granulosa cells of the ovary and 

Sertoli cells in the testis reflect its role in gametogenesis as well as steroidogenesis. LH on the 

other hand primarily targets ovarian  

Theca cells and Leydig cells in the testis, reflecting its major role in fish steroidogenesis. 

Additionally, gonadotropin receptors are expressed in multiple tissues outside the b-p-g axis 

(Kumar et al., 2001; Vischer and Bogerd, 2003; Wong and Van Eenennaam, 2004; So et al., 

2005; Rocha et al., 2007; Mittelholzer et al., 2009), suggesting LH and FSH could be 

involved in many physiological processes, although non-reproductive functions are largely 

unexplored. 

 

 

Development of the B-P-G Axis 
 

Proper development of the b-p-g axis is essential for the reproduction and propagation of 

a species. Developmental aspects of reproductive endocrinology, however, have received less 

attention compared to its control of puberty and spawning. Multiple hormone and receptor 

genes are expressed early during embryonic and larval development, suggesting a potential 

role for these factors during early life history. Interestingly, recent finding have identified 

developmental functions for multiple hormones in this axis. Neuroendocrine and endocrine 

hormones appear to be involved not only in establishing the b-p-g axis through autocrine and 

paracrine regulation, but are also implicated in embryonic and larval development. 

 

 

Kiss 
 

Both kiss ligands and receptors are expressed early in multiple fish species (Mohamed et 

al., 2007; Kitahashi et al., 2009; Hodne et al., 2011), providing the first indication that these 

systems could be important for early development. Antibodies have been established for both 

Kiss ligands in zebrafish (Servili et al., 2011), which were used to characterize the 

distribution of Kiss neurons in the adult fish brain, but corresponding analysis of the ontogeny 

of Kiss neuron and receptors during early development is currently lacking. Experiments in 

medaka reveal that both kiss ligand genes are expressed maternally and show expression 
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peaks during key stages of early brain development (Hodne et al., 2011). This suggests that 

both Kiss ligands could be involved in embryonic development. 

 

 

GnRH 
 

The ontogeny of GnRH genes and neurons has been well studied using in situ 

hybridization (Parhar et al., 1998; Gonzalez-Martinez et al., 2002b; Gopinath et al., 

2004;Wong et al., 2004; Kuo et al., 2005), antibodies targeted to both the GAP (Gonzalez-

Martinez et al., 2002a) and decapeptide (Kuo et al., 2005; Pandolfi et al., 2002; Parhar et al., 

1998; Swapna et al., 2008), as well as by lineage tracing studies linked to 

immunohistochemistry (Whitlock et al., 2003). This led to the initial identification of GnRH1 

and GnRH3 in the olfactory placode of anterior neural plate origin and the latter with 

additional cranial neural crest origin (Whitlock et al., 2003). In adults, these two neuron 

populations have partially overlapping distribution in the terminal nerve region. GnRH2 

neurons have also been found to be derived from the neural crest based on gene knockdown 

studies (Whitlock et al., 2005). 

These cells are initially detected in the hindbrain and midbrain from which they extend 

projections throughout the brain (Van and Wong Eenennaam, 2004). More recently 

transgenic lines of zebrafish and medaka have been made linking GnRH to green fluorescent 

protein (GFP). Zebrafish and medaka provide intriguing comparative models as medaka 

possess distinct hypophysiotrophic GnRH1 neurons and terminal nerve GnRH3 neurons 

whereas zebrafish have only GnRH3. Tracing studies using these lines in medaka clearly 

identified four independent populations of GnRH1 neurons with different origins. One 

population originates in the olfactory region and then migrates along the terminal nerve tract 

to their final location in the ventralpreoptic area from which they extend processes to the 

anterior pituitary similar to previous reports. 

In addition, three populations of GnRH1 neurons that do not extend projections into the 

pituitary were identified. These include one population originating in the dorsal 

telencephalon, which migrates to the dorsal preopticarea, another which migrates from the 

anterior telencephalon to the medial ventral telencephalon, and a thirdnon-migratory 

population is found in the ventral hypothalamus (Okubo et al., 2006).On the other hand, 

GnRH3 neurons migrate from the olfactory region to their final position at the terminal nerve 

extending to the mesencephalon, in addition to a trigeminal ganglion population (Okubo et 

al., 2006). 

In contrast, zebrafish GnRH3 neurons originate in the olfactory placode and extend axon 

projections to the preoptic area and pituitary, establishing an extensive neuronal network 

throughout the brain including the telencephalon, hypothalamus, midbrain tegmentum 

hindbrain as well as into the eye (Palevitch et al., 2007;Abraham et al., 2008). The more 

widespread distribution of GnRH3 in zebrafish supports the notion that GnRH3 functional 

compensates for the loss of GnRH1. This is further supported by the finding that in Atlantic 

cod GnRH1 is a pseudogene and GnRH3 gene expression increases during spawning 

suggesting that it is the hypophysiotrophic variant in this species (Hildah et al., 2012b; 

Hildahl et al., 2011b). 
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Pituitary Development  
 

The pituitary is a central endocrine gland producing and secreting six to eight hormones 

from specific cell types, driving a wide range of essential physiological processes including 

growth, metabolism and reproduction. The pituitary is composed of an anterior lobe, the 

adenohypophysis, and a posterior lobe called the neurohypophysis. These structures have 

different embryological origins. In tetrapods the anterior pituitaryis derived from an 

invagination of the oral ectoderm called Rathke’s pouch. In fish, however, the 

adenohypophysis arises by anterior – posterior patterning of pre-placodal ectoderm, which 

maintains a linear sub-epithelial organization (Pogoda and Hammerschmidt, 2009). The 

adenohypophysis is composed mostly of different hormone producing cells, critical for the 

maintenance of homeostasis. The neurohypophysis, on the other hand, is derived from a 

ventral outgrowth of the brain originating from neuroectoderm and is comprised mainly of the 

nerve terminals of neuroendocrine cells.  

Pituitary cell types are differentiated by the differential expression of transcription factors 

during early embryonic development (Pogoda and Hammerschmidt, 2009). Cell 

differentiation of many fish adenohypophysis cell types have been clearly defined in zebrafish 

by forward mutagenesis screens and gene knockdown experiments (Herzog et al., 2004; Nica 

et al., 2004; Nica et al., 2006; Pogoda et al., 2006). These authors identified a temporal and 

spatial gradient of regulatory factors, leading to the majority of anterior pituitary cell types. 

 

 

Gonadotrope Development 
 

Information concerning the early development of pituitary gonadotropes producing LH 

and FSH is limited relative to other pituitary cell typesdue to the lack of early indicators of 

lhb and fshb gene expression. Gonadotropes and thyrotropes are present in the 

adenohypophysis anlage of zebrafish by 32 hpf as determined by gpagene expression (Nica et 

al., 2006), however, fshb is first detected later at 4 days post-fertilization (dpf) and lhb is not 

detected until around 25 dpf by in situ hybridization (Chen andGe, 2011).  

The development of pituitary cell types has also been described in tilapia (Sakai et al., 

2005), rainbow trout (Saga et al., 1993), American shad (Laiz-Carrion et al., 2003) and Ayu 

(Saga et al., 1999) by immunohistochemistry, which reveal the general trend toward later 

onset of pituitary gonadotrope expression at or following hatching. lhb transcripts, however, 

have been detected maternally and throughout embryonic development in medaka (Hildah et 

al., 2012a) and by 72 hpf in whole zebrafish larvae (Nica et al., 2006)using the more sensitive 

PCR method, so the ontogeny of fsh and lh  during fish larval development remains to be 

fully elucidated. 

A transgenic line of medaka expressing GFP under the control of the lh promotor (lhb-

Gfp) has recently been established (Hildah et al., 2012a). In vivo and in situ fluorescent 

imaging of GFP in these fish reveal novel regulation of the lh  gene during early larval 

development, indicating a possible developmental function for LH.These data show that 

lh is first expressed in the pituitary of medaka by approximately 14 dpf, following first 

feeding and the complete absorption of the yolk. Developmental tracing in transgenic GnRH-

Gfp medaka reveals that GnRH neurons extend ventrally into the pituitary between 10 - 20 
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dpf (Okubo et al., 2006), at approximately the same time aslh -Gfp is detected in the 

pituitary. LH gonadotropes could, therefore, require hypothalamic inputs for final 

gonadotrope activation similar to in sheep (Brooks et al., 1992; Szarek et al., 2008) and rat 

(Aubert et al., 1985) gonadotrope maturation. This is in line with the observation that 

gonadotropin expression starts later than other anterior pituitary hormones in multiple fish 

and mammal species (Asa et al., 1988; Saga et al., 1993; Japon et al., 1994; Saga et al., 1999; 

Laiz-Carrion et al., 2003;).  

Zebrafish, however, provides partially conflicting results. GnRH3 neurons reach the 

pituitary in zebrafish already by 5 dpf, compared to the later migration of GnRH1 neurons in 

medaka. Interestingly, this corresponds to the start of fsh pituitary expression but not lh  

pituitary expression in zebrafish (Chen and Ge, 2011). Thus the b-p-g axis is established 

earlier in zebrafish, although details of early gonadotrope development remain to be clarified 

in this species.  

The expression of gp  in the absence of tsh is an indication of early gonadotropes, but 

final maturation when synthesis and production of functional LH occurs may come later 

similar to mammals where gp expression precedes lh  and fsh expression in mouse (Japon 

et al., 1994) and human gonadotropes (Pope et al., 2006). Downregulation of lhb in eya1 

mutant zebrafish suggests that lh is being produced in gonadotropes by 72 hpf, although 

since lh tissue specific expression could not be determined (Nica et al., 2006), this could 

represent extra-pituitary expression of LH. In addition, the presence of two lh genes in 

zebrafish (So et al., 2005) could lead to partially divergent function or tissue distribution, 

possibly explaining the proposed earlier onset of lh  gene expression relative to medaka.  

 

 

Developmental Function of the B-P-G Axis: 

Effect of Experimental Attenuation 
 

The transparent embryos and advanced molecular techniques available in multiple fish 

models provide ideal systems to investigate early gene functions in vivo. Developmental 

tracing studies coupled with methods to attenuate hormone and receptor genes and neurons 

have begun to reveal novel functions of the b-p-g axis. These establish a basis for 

comparative studies into the consequence of perturbation of endocrine systems during 

development on later life history. 

 

 

Embryogenesis 
 

The putative developmental function of the Kiss system has been identified by a series of 

eloquent knockdown experiments in medaka targeting maternal and zygotic kiss ligand and 

receptor transcripts (Hodne et al., 2011). These studies found a two-step effect of kiss1 

knockdown, indicating early larval survival effects and later brain patterning function. 

Receptor expression and knockdown experiments further provided insight into different 

putative functions of kiss-r1 and kiss-r2 in fish.  
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Neurogenesis 
 

Mechanisms controlling the development of GnRH neurons have been elucidated using 

transgenic and knockdown techniques in two powerful fish models, zebrafish and medaka. 

The importance of proper GnRH neuron development can be seen in humans with x-linked 

Kallmann syndrome which results in the absence of gonadal function due to the lack of 

gonadotropin secretion. This is due to a defect in the KAL1 gene which encodes an 

extracellular matrix protein (Franco et al., 1991; Legouis et al., 1991). A model for this 

disease has been established in medaka and zebrafish, both of which, in contrast to rodents, 

possess two endogenous paralogues to the human gene, kal1.1 and kal1.2. Knockdown 

experiments show that Kal 1.1 is involved in the migration of GnRH neurons such that 

attenuation of this protein inhibits their migration into the forebrain (Whitlock et al., 2005; 

Okubo et al., 2006). One factor, called nasal embryonic LHRH factor (NELF), involved in the 

migration of GnRH neurons in mice (Kramer and Wray, 2000) has been found to be mutated 

in two cases of hypogonadotropichypogonadism in humans (Miura et al., 2004; Pitteloud et 

al., 2007).  

A paralogue of this gene has been identified in zebrafish and knockdown of this gene 

inhibits the migration of GnRH3 neurons similar to the phenotype of kal1.1 knockdown 

(Palevitch et al., 2009). In addition, attenuation of GnRH during early larval development has 

established that it plays an autocrine function in neuron migration. Knockdown of the gnrh3 

gene in zebrafish disrupts normal GnRH3 neuron migration, showing defects in fiber 

pathfinding and localization (Abraham et al., 2008). Taken together these studies emphasize 

the value of fish for characterizing developmental processes and novel developmental 

endocrine function. 

 

 

Late Phenotypic Effects 
 

The failure of GnRH1 and GnRH3 neurons to migrate to their final position in the 

preoptic area and ventral hypothalamus leads to late phenotypic effects on reproductive 

development and spawning. This has been nicely shown in zebrafish using GnRH3 neuron 

ablation (Abraham et al., 2010).  

Ablation of olfactory region derived GnRH3 neurons after 4 dpf lead to adult zebrafish 

lacking GnRH3 neurons up to 12 week after ablation. These fish did not spawn and had 

arrested oocyte development and reduced oocyte diameter, whereas fish with partial ablation 

had significantly reduced fecundity and normal oocyte development. This emphasizes the 

importance of hypothalamic GnRH for fish reproduction. Interestingly, the timing of GnRH 

neuron ablation is important such that the percent of larvae that regenerated GnRH neurons 

following ablation was more than 2 fold higher when ablation was performed after 2 days 

compared to 4 days.  

This provides an interesting model for neuron plasticity and regenerative capacity. These 

studies are unable to distinguish GnRH hypophysiotrophic and behavioral effects since there 

is only a single hypothalamic ligand in zebrafish and kal knockdown attenuates both GnRH1 

and GnRH3 neurons (Okubo et al., 2006). Comparative studies in medaka, selectively 

targeting the independent GnRH1 and GnRH3 neuron populations could, therefore, provide 

valuable insight into their distinct functions in the future.  
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Putative Peripheral Developmental 
Function of LH 

 

There is limited data concerning the expression of lh  outside the pituitary, especially 

during early development. In medaka, lh -Gfp is not co-localized with pituitary marker genes 

during early embryonic stages. Although, the reporter construct is not detected in the pituitary 

of medaka until after hatching, it is identified in the developing gut tube by 32 hpf (Hildah et 

al., 2012a). The digestive tract is derived from endoderm similar to the pituitary. 

Interestingly, an increase in lh  transcript content and GFP initial detected corresponds to 

initiation of gut tube formation at stage 22. The developing gut tube starts by migration of 

endodermal cells to the midline. These cells then extends caudally, reaching the cloaca by 

stage 26 (54 – 58 hpf) (Kobayashi et al., 2006). lh -GFP development closely mirrors this 

early gut development, strongly suggesting that LH could be involved in gut development in 

this species. The significant decrease in lh expression at 120 hpf when gut tube formation is 

complete further suggests that LH could be important for early development of the 

gastrointestinal tract. 

 

 

Conclusion 
 

Sexual maturation and reproduction are controlled by complex endocrine regulation at 

the level of the brain, pituitary and gonad of fish. The increased diversity and species 

variation in terms of multiple ligands and receptors responsible for mediating these pathways 

likely provides increased adaptive capacity for fish. This, however, presents a significant 

challenge to the scientific community to elucidate the basic mechanisms of fish reproduction. 

The development of neuroendocrine and pituitary cells provide the foundation for later life 

history stages, although the role of reproductive hormones in fish development is only now 

starting to come to light. The dawn of molecular genetic techniques has provided powerful 

tools to detect early indicators of endocrine function. This is reflected in the early expression 

of GnRH, Kiss and pituitary gonadotropin genes. Gene expression and attenuation 

experiments have revealed interesting finding concerning the function of these systems in 

embryonic and larval development as well as neurogenesis. This should lay the foundation for 

future studies into the specific cellular functions of reproductive hormones in fish 

development and their significance for fish reproductive capacity. This is of particular 

significance to the challenges of environmental change on wild fish populations as well as the 

aquaculture industry. 
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Abstract 
 

Structural variations among the brains of different species are commonly seen. Most 

prominently anatomical changes are seen in the neuronal populations of the preoptic area 

(POA) and nucleus lateralis tuberis (NLT) of the hypothalamus of the brain. The POA 

and the hypothalamus regulate both endocrine and behavioural components of 

reproduction i.e., the hypophyseal secretion of gonadotrophins. Role of the preoptic 

nucleus (NPO) in neurosecretion and hormonal regulations is well known. Many studies 

in mammals and other vertebrates have focused on the problem of sexual dimorphism in 

brain morphology. Within the POA, sex differences have been identified in neuronal 

connectivity, cell nucleus size, volume of groups of cells and differences in the 

distribution of various peptides/neurotransmitters. Inter-sexual dimorphic changes have 

been reported in various groups of vertebrate animals, but there are no studies which 

show the anatomical alterations in the POA within the same gender (intra-sexual) of the 

species, except in fish. Hence, to understand the functional correlations of intra-sexual 

dimorphism further studies are required in other vertebrate animals. 

In last few decades several neuropeptides/ neurotransmitters, proteins and free 

radical NO have been identified in the hypothalamic nuclei and particularly in the NPO 

which regulates the hypothalamo-pituitary-gonadal axis in teleosts. Earlier the concept 

was that only the main neuropeptide gonadotropin-releasing hormone (GnRH) is 

governing the hypophyseal secretion, but with new findings of several other peptides and 

other factors, it seems that the hormonal regulation of pituitary is under the control of 

several neurohormones, peptides and other chemicals. Hence, the fish reproduction is 

governed by multiple factors together and is more complex.  
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Abbreviations 
 

AC: anterior commissure 

HB: habenula 

HC: horizontal commissure 

LFB: lateral forebrain bundle 

NH: neurohypophysis 

NLT: nucleus lateralis tuberis 

NLTl: nucleus lateralis tuberis, pars lateralis 

NLTp: nucleus lateralis tuberis, pars posterioris 

NLTv: nucleus lateralis tuberis, pars ventralis 

NPO: preoptic nucleus 

NPOp: parvocellular division of the preoptic nucleus 

NPOm: magnocellular division of the preoptic nucleus 

ON: optic nerve 

OT: optic tract 

OTec: optic tectum 

PC: posterior commissure 

PI: pars intermedia 

PPD: proximal pars distalis 

PR: preoptic recess 

RL: recessus lateralis 

RPD: rostral pars distalis 

TC: toral commissure 

TecV: tectal ventricle 

TEL: telencephalon 

TLo: torus longitudinalis 

V: third ventricle 

VC: valvula cerebelli 

 

 

Introduction 
 

Variations in the brain have always aroused interest and the comparative anatomy has 

revealed many specializations of the central nervous system (CNS). Structural variations 

among the brains of different species are commonly seen (Ariëns Kappers et al., 1936). 

Sexual differentiation of the vertebrate nervous system is well studied (Morris et al., 2004). In 

many cases, these differences can be correlated with behavioral adaptations of the particular 

species. In the CNS regions, during the past few decades, many studies have demonstrated 

sexual dimorphism of brain structures in a rapidly increasing number of vertebrates. Some of 

the morphological differences between males and females appear to be related to the control 

of gender-specific behavior. However, in addition to the sexual differences in the brain areas, 

some studies have also reported the intra-sexual dimorphism in the CNS. The functional 

correlation of such dimorphism is unknown. The hypothalamus contributes greatly to 

reproductive function and behaviour in vertebrates as part of the hypothalamic-gonadal-
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pituitary axis. In higher vertebrate classes, the hypothalamus has been found to be the most 

sexually dimorphic region of the brain. However, to date, not much work has been focused on 

gender differences in hypothalamic neuronal structure in fishes. Sexual dimorphism of the 

CNS has been well described in all vertebrate classes and the mammalian brain is the most 

extensively studied. During development, steroid hormones from the differentiated gonads 

organize the brain into a masculine or feminine form. Sex differentiation is manifested partly 

through morphological sex differences in the ultrastructure of organelles, dendritic 

organization and the volume of distinct cell groups within the brain (Arnold and Gorski, 

1984; De Vries, 2004; MacLusky and Naftolin, 1981). A variety of neuroanatomical, 

morphometric sex differences have been described which include differences in the size of 

entire brain regions, volume of distinct sub-nuclei or projections, sex differences in soma size, 

dendritic length, branch number, spine synapses and total dendrite surface area.  

Many studies have shown sexual dimorphism in the preoptic area (POA) of mammals 

including humans, birds, amphibians and fishes. The morphometric sex differences of the 

largest magnitude mostly occur in the hypothalamic nuclei of mammals (Ayoub et al., 1983; 

Gorski et al., 1980) and bird (Balthazart and Adkins-Regan, 2002) or in the song control 

nuclei of birds (Schlinger and Brenowitz, 2002; Wade and Arnold, 2004). Sexual dimorphism 

of avian species are found in the nuclei related to song control and are significantly larger in 

the male than in the female, with an increase in number and size of neurons (Arnold and 

Gorski, 1984). Gender specific differences in the volume of preoptic nuclei of amphibians 

and reptiles have also been reported. In toads (Bufo japonicus), the regions of the brain 

involved in mate calling, the anterior portion of the preoptic nucleus and the amygdala pars 

medialis, are significantly larger in males than in females (Takami and Urano, 1984). In 

contrast to these studies on sexual dimorphism, very little is known on the morphometric 

variation in the brain showing intra-sexual dimorphism in the fishes. In the last few decades, 

several peptides, lectins and certain proteins have been identified in several hypothalamic 

nuclei of vertebrate and invertebrate CNS and many of them are involved in the 

neuroendocrine control of reproductive processes. The distribution of neuropeptides/ 

neurotransmitters like gonadotropin-releasing hormone (GnRH), molluscan cardioexcitatory 

peptide (FMRF-amide), neuropeptide-Y, neuronal nitric oxide synthase (nNOS), galanin, 

some calcium binding proteins and many more playing an important role in hormonal 

regulation via neuroendocrine mechanisms. These are located in the hypothalamic and extra-

hypothalamic areas of the brain and also in the pituitary have been well demonstrated in many 

vertebrate species (D´Aniello et al., 1999; Jadhao, 2001; Jadhao and Malz, 2007; Jadhao and 

Pinelli, 2001; Jadhao et al., 1999; Meyer et al., 1997; Palande et al., 2011). Few workers have 

also reported the sexually dimorphic distributions of some of these neuropeptides in the 

teleosts brain and their involvement in the hormonal control.  

 

 

Dimorphisms in the Fish Brain 
 

Like that of other vetebrate animals, in fish the neuroanatomical variations are noted in 

the brain, which are of both inter-sexual and intra-sexual types. The differences in the brain 

structure of male versus female are commonly referred as sexual differences (i.e., inter-sexual 

dimorphism). However, the changes in the brain within the same gender i.e., male versus 
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male or female versus female are known as intra-sexual differences (i.e., intra-sexual 

dimorphism). In both inter-sexual as well as intra-sexual dimorphisms, the nucleus preopticus 

(NPO) is a prime target for studies on the variability of CNS structures (Charlton, 1932). It 

contains neurosecretory cells (Scharrer, 1941) and is involved in the control of hormonal 

regulation by the pituitary, and it influences gonadal maturation in all vertebrates, including 

teleosts (Peter and Fryer, 1983). The NPO is known to innervate directly in to the pituitary 

gland (Prasada Rao et al., 1993). The inter-sexual and intra-sexual differences in the POA of 

the hypothalamus have been mainly seen i) in the gross volume of defined cell groups of the 

POA, ii) in the shape of hypothalamic nuclei, iii) in the dendritic organization, iv) 

ultrastructural differences in synaptic organization in the preoptic region and v) in the 

distribution of various peptidergic or neurotransmitter systems. In cichlid, Haplochromis 

burtoni, the dominant male shows significantly larger gonadotropin releasing hormone 

(GnRH) positive perikarya than that of subdominant males (Davis and Fernald, 1990). In 

another species, grass goby (Zosterisessor ophiocephalus), GnRH intra-sexual dimorphism in 

GnRH expression is related to the occurrence of alternative male mating tactics has been 

reported (Scaggiante et al., 2006).  

 

 

Inter-Sexual Dimorphism 
 

In vertebrate animals, sexual dimorphism is maintained by the counteracting pressures of 

natural selection and sexual selection. Inter-sexual variations in the preoptic nucleus are 

commonly reported in different groups of fish. During last few decades, studies have shown 

such morphometric sex differences in the brain of many fishes (Cornbrooks and Parsons, 

1991; Davis and Fernald, 1990; Elofsson et al., 1997; Foran and Bass, 1998; Grober et al., 

1991; Grober et al., 1994; Jadhao et al., 2001; Jadhao and Meyer, 2000; Kotrschal et al., 

2012; Lauer et al., 2006; Prasada Rao et al., 1996; Raghuveer et al., 2011; Sudhakumari et al., 

2010; Vizzianao-Cantonnet et al., 2011). Although, in fish brain, morphometric sex 

differences have been reported, but sometimes it is complicated to interpret because of 

multiple reproductive morphs of one sex or the ability to change sexes over the lifespan 

(Grober and Bass, 2002). However, a variety of sex differences in fish brains have been 

reported, including differences in the GnRH/LHRH neurons of goldfish (Parhar et al., 2001), 

GABA and glutamic acid decarboxylase (Bosma et al., 2001). Other differences between the 

male and female fish brain include the distribution of galanin neurons (Cornbrooks and 

Parsons, 1991; Jadhao and Meyer, 2000; Prasada Rao et al., 1996), preprotachykinin (Peyon 

et al., 2000) and aromatase (Melo and Ramsdell, 2001). There have also been reports of sex 

differences in the position of the preoptic area and other brain regions of the red salmon 

(Jadhao et al., 2001). Moreover, in the killifish brain, analysis of dendrite characteristics 

demonstrated that sex differences in hypothalamic neuronal morphology exist in teleosts 

(Lauer et al., 2006). Recent studies have reported the gender differences in tryptophan 

hydroxylase-2 mRNA, serotonin, and 5-hydroxytryptophan levels in the brain of catfish, 

Clarias gariepinus, during sex differentiation (Raghuveer et al., 2011; Sudhakumari et al., 

2010). 

Although, several studies have been carried out on the presence of GnRH isoforms in the 

teleosts brain by using immunohistochemistry (more details are given under the section 
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neurohormonal control of reproduction), but not much has been reported on its sexually 

dimorphic localization in the hypothalamic nuclei. However, few workers have reported 

sexual-dimorphic distribution of the GnRH in the preoptic region of the fish brain. An 

interesting finding has been made in the cichlid, which shows that the neuronal size of the 

GnRH labeled soma was larger in sexually mature males than females. On the other hand in 

goldfish (Parhar et al., 2001) the numbers of GnRH positive cells were noted fewer in males 

than females and similar results have been reported for black goby (Scaggiante et al., 2006). 

Another important neuropeptide, galanin (GAL) has been well reported in mammals and also 

teleosts, which is well distributed in the preoptic region of the brain and involved in the 

hormonal regulation of the pituitary. Many studies have demonstrated GAL-immunoreactive 

neuronal organization in the brain of the teleost (Anglade et al., 1994; Batten et al., 1990; 

Cornbrooks and Parsons, 1991; Jadhao and Pinelli, 2001; Olivereau and Olivereau, 1991a; 

Olivereau and Olivereau, 1991b; Prasada Rao et al., 1996; Yamamoto et al., 1992). Although, 

localization of GAL in the brain has been described in the variety of teleosts species, sexually 

dimorphic distribution of GAL-like immunoreactivity been reported only in three species that 

is in molly (Cornbrooks and Parsons, 1991), goldfish (Prasada Rao et al., 1996) and red 

salmon (Jadhao and Meyer, 2000). It has been reported that in molly (Cornbrooks and 

Parsons, 1991) and goldfish (Prasada Rao et al., 1996) absence of GAL positive cells in the 

NPO of female, but present in male. On the contrary, it has been found that GAL is absent in 

male and present in female NPO of salmon (Jadhao and Meyer, 2000). 

In mammals and other vertebrates, it is now well established that the adult brains can 

synthesize steroids from cholesterol (Do Rego et al., 2009). There are evidences indicating 

that neurosteroids might modulate neurogenesis in the developing or adult CNS. This can 

notably lead to permanent sexual differentiation of certain structures involved in sexual 

behavior and the neuroendocrine control of reproduction (Morris et al., 2004). However, 

according to the hypothesis of aromatization (MacLusky and Naftolin, 1981) many of the 

androgen effects on the differentiation of male-specific brain circuits and functions are 

mediated by their conversion to estrogens in localized areas of the CNS (Forlano et al., 2001; 

Lauber et al., 1997). Thus, the enzyme cytochrome p450 (cyp19) aromatase, which converts 

androgens into estrogens, is considered as a key element for the brain sexual differentiation of 

vertebrates (MacLusky and Naftolin, 1981; Vizziano-Cantonnet et al., 2011). In some species, 

the sex differences in aromatase activity in some brain regions have been reported (Gonzalez 

and Piferrer, 2003). Recently, potential sexual differences in the expression and activity of the 

brain aromatase, estrogen receptors (Nagler et al., 2007) in the brain of developing fish were 

made by using genetic monosex male and female rainbow trout populations (Guiguen et al., 

1999). Sex-specific behavior may originate from differences in brain structure or function. 

 

 

Intra-Sexual Dimorphism 
 

In fish NPO, three types of magnocellular neuroendocrine cells have been distinguished 

(Hayward, 1974). Since the diameter of these cells can vary with the annual season (Gregory 

and Tweedle, 1983), a study of intra-sexual dimorphism requires the selection of an animal 

model in which all specimens are in identical reproductive stages.  
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Figure 1. Scheme of the rostrocaudal extension of NPO, NLT, HB, TecV, PR, RL, HC, PC, and TC in 

an “r” (rostral)- and in a “c” (caudal)-pattern red salmon (for both sexes). The sketch is based on data 

from “r”-pattern (66cm) and from “c”-pattern (63cm) fish. For both patterns, the variability of the shape 

of the ventricular wall is illustrated at several rostrocaudal levels. The outline of the TecV wall is 

shown from its first contacting level with V to the end of RL, although, TecV first appears further 

rostral in both “r”- and “c”-morphs (modified from Jadhao et al., 2001). 

Adult Pacific salmon are a suitable model for investigations of the (structural) variability 

of the preoptic region since i) many individuals simultaneously arrive at the spawning sites, 

ii) they spawn only once in their lives, and iii) the sexual maturation of the fish is in 

synchrony. Hence, comparison of brain structure between specimens is possible without 

interference from ontogenetic or seasonal factors. A novel finding has been made by showing 

two anatomically different brain patterns in the brain (Jadhao et al., 2001) same gender of red 

salmon (which breeds once in life time). This has shown for the first time of any vertebrate, 

the variations in the number of different structures in the forebrain varies within males and 

within females (intra-sexual dimorphic changes). This intra-sexual dimorphism are seen with 

the position of the preoptic nucleus, the nucleus lateralis tuberis, the habenula, the third 

ventricle, the tectal ventricles, the preoptic recess, the recessus lateralis, the horizontal 

commissure, the posterior commissure, and the toral commissure (Figure 1).  

Further, it has been noted that these intra-sexual difference also show significant changes 

amongst the different sexes (inter-sexual dimorphism) in the teleost fish (Jadhao et al., 2001). 

In some cases, intra-sexual dimorphisms are related to different strategies of reproductive 

behavior (for example two mating strategies). This relationship is well demonstrated in fishes 

(Henson and Warner, 1997; Moore, 1991) and dependent on such behavior, two alternative 

reproductive types have been found in many teleosts (Bass, 1992; Bass and Baker, 1990). 

Besides the presence of alternative reproductive phenotypes, some fishes are known to 

change their sex (Aldenhoven, 1986). Of the many fish species that are capable of socially 

mediated sex reversal, the marine goby (Trimma okinawae) is known to change sex more than 

once and in either direction (Sunobe and Nakazono, 1993), whereas the bluehead wrasse 

(Caribbean reef fish) exhibits only unidirectional sex change, either induced naturally or 
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experimentally (Grober et al., 1991). Although alternative sexual morphs are present in a 

number of species, the neuroendocrine mechanism of such sexual variability is not clearly 

understood. 

 

 

Neuropeptides/ Neurotransmitters and Other 
Factors in Fish Reproduction 

 

Of all the vertebrate classes, teleosts are the most numerous and large number of species 

exists in nature. They occupy a variety of aquatic environments and show an incredible 

diversity in reproductive strategies. Many of them go for seasonal reproduction to ensure that 

breeding coincides with optimal water temperatures and food supplies for developing 

offspring. The annual cycle in gonadal growth and function is controlled by circulating 

concentrations of the gonadotrophic hormones (GTH) released from the pituitary. On several 

occasions, the morphology and the localizations of peptides and hormones of the teleost 

hypothalamo-pituitary axis has been reviewed (Gorbman, 1995; Peter et al., 1990; Trudeau, 

1997; Zohar et al., 2010). The teleost pituitary consists of glandular part, adenohypophysis 

and non-glandular portion, neurohypophysis. The adenohypophysis has three distinct lobes, i) 

the rostral pars distalis, ii) the proximal pars distalis and iii) the neurointermediate lobe, 

which is composed of the pars intermedia. There are two major GTH molecules secreted from 

different cells in the proximal pars distalis in fish, GTH-I and GTH-II, which are structurally 

similar to tetrapode FSH and LH, respectively (Zohar et al., 2010).  

The neuroendocrinology of reproduction in vertebrate animals has been well studied, 

particularly it is well established in mammals compared to other groups of animals and it is 

still young for teleosts. Although, it is well known that the secretion and regulation of 

pituitary hormones are under the hypothalamic control of brain, the physiological significance 

of this multifactorial control of the gonadotropic activity is poorly understood. In fish, many 

studies have been carried out from last few decades and several workers have shown different 

neuropeptides, neurotransmitters and other factors in the brain particularly in the NPO and 

other hypothalamic nuclei such as tyrosine-hydroxylase, gamma-aminobutyric acid, 

neurophysin, serotonin, arginine vasotocin, enkephalin, angiotensin II, somatostatin, 

corticotropin-releasing hormone, gonadotropin-releasing hormone, gonadotropin-inhibiting 

hormone, substance-P, FMRF-amide, neuropeptide Y, galanin, cocaine- and amphetamine-

regulated transcript, kisspeptins, aromatase, nitric oxide synthase and calcium binding 

proteins that stimulate gonadotropin release but only some are playing a very crucial role in 

controlling gonadotropic activity. Some of these factors having a clearly identified functional 

significance are discussed below. 

 

 

Gonadotropin Releasing Hormone (GnRH) 
 

During last few decades, a total number of 24 GnRH variants found in protochordates, 

vertebrates and invertebrates (Kah et al., 2007; Okubo and Nagahama, 2008; Zohar et al., 

2010). The phylogenetic analysis shows the existence of three main GnRH forms. One mainly 

expressed in the hypothalamus, named as GnRH-I, second present in the synencephalon/ 
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mesencephalon, referred as GnRH-II and third mainly seen in the rostral forebrain, named as 

GnRH-III. It is interesting to note that GnRH-I and II contain sequences from fish through 

terrestrial vertebrates, indicating that these forms are ancient and emerged before the 

divergence of these groups, but GnRH III includes only salmon GnRH (fish) sequences. 

Among vertebrates, teleost fish represent the group with the highest number of different 

GnRH isoforms. After the identification of salmon GnRH (Sherwood et al., 1983), seven 

other GnRH forms have been purified and sequenced in teleosts (Guilgur et al., 2006). GnRH 

variants were named after the species in which they were first found, despite the fact that they 

can be present in other species. A considerable amount of work has been done for the 

identification and localization of GnRH-expressing neurons in the brain of fish using 

immunohistochemistry, in situ hybridization and transgenesis (Abraham et al., 2008; Guilgur 

et al., 2006; Kah et al., 2007; Okubo and Nagahama, 2008). Most studies performed earlier 

suggested the existence of two segregated GnRH systems in fish brain: an anterior system 

extending from the olfactory bulbs to the pituitary through the ventral telencephalon, preoptic 

area and ventromedial hypothalamus, and a posterior system restricted to the 

synencephalon/midbrain tegmentum. The anterior system expressed one variable GnRH form, 

whereas the posterior system consistently expressed GnRH-II (Kah et al., 1986; Lepretre et 

al., 1993; Montero et al., 1995; Okuzawa et al., 1990; Okuzawa et al., 2003). The existence of 

three GnRH forms was confirmed, either by cDNA sequencing or biochemical 

characterization, in other perciform species (Senthilkumaran et al., 1999; Zmora et al., 2002) 

and now there is evidence on the existence of three different GnRH forms in most teleost 

orders (Adams et al., 2002; Amano et al., 2002). The distribution of the cells expressing the 

different GnRHs was reported in seabream (Gothilf et al., 1996) and European sea bass 

(Gonzalez-Martinez et al., 2004). The GnRH-II cells appeared restricted to the dorsal 

synencephalon but GnRH-I and GnRH-III cell distribution overlapped in the olfactory bulbs, 

ventral telencephalon and preoptic area (Gonzalez-Martinez et al., 2004). Similar results were 

later obtained in other fish species (Okubo et al., 2006; Vickers et al., 2004; Zohar et al., 

2010). In zebrafish, GnRH-III neurons are found in the olfactory bulbs, ventral telencephalon, 

preoptic area and ventromedial hypothalamus (Abraham et al., 2008; Palevitch et al., 2009).  

 

 

Gonadotropin-Inhibitory Hormone (GnIH) 
 

Recently, a new hormone has been identified in the brain of birds known as 

gonadotropin-inhibitory hormone (Tsutsui et al., 2007). This peptide is mainly expressed in 

hypothalamic and septal neurons and inhibits the synthesis and release of gonadotropins 

acting directly at the pituitary level (Tsutsui and Ukena, 2006; Tsutsui et al., 2007; Yin et al., 

2005). Furthermore, GnIH seems to exert neuromodulatory actions on GnRH cells because 

preoptic GnRH neurons and GnRH fibers from the median eminence receive a conspicuous 

GnIH innervation and GnRH cells exhibit GnIH-binding sites (Bentley et al., 2006; Bentley et 

al., 2008), GnIH inhibits steroidogenesis and development in avian gonad indicating that this 

neuropeptide could act at different levels in the reproductive axis (Tsutsui et al., 2007). The 

synthesis and secretion of hypothalamic GnIH is modulated by melatonin, suggesting that 

GnIH could be implicated in the transduction of photoperiod information to other endocrine 

centers involved in the control of reproduction (Tsutsui et al., 2007). 
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Figure 2. Photomicrograph shows gonadotropin-releasing hormone (GnRH) (A) and gonadotropin-

inhibiting hormone (GnIH) (B) immunoreactivity in the pituitary gland of 15-35mm stage larvae of 

Labeo rohita. Scale bars 40 µm (A, B). 

There are no studies which show GnIH expression in the fish brain, except in goldfish 

showing putative GnIH in the cells, fibers in the brain and pituitary (Sawada et al., 2002). 

However, we have seen GnIH expression in the olfactory epithelium and bulb, optic nerve, 

optic tectum and pituitary in the early developmental stages of carp Labeo rohita (Jadhao A. 

G., unpublished results, Figure 2). However, further studies are needed in order to understand 

the role of GnIH in fish reproduction. 

 

 

Dopamine (DA) 
 

An important neurotransmitter has been identified in the brain of teleosts, which is known 

to inhibit the gonadotropin release in some but not in all teleosts species (Zohar et al., 2010). 

DA is a small neurotransmitter that is synthesized from tyrosine. DA is known for exerting a 

wide range of effects in the brain and on several pituitary functions of vertebrates. The 

distribution of DA in the brain of fish has been extensively studied and shown well developed 

dopaminergic system (Nieuwenhuys et al., 1998). There are two main classes of DA receptors 

that differ in their ability to activate (D1) or to inhibit (D2) the enzyme adenylyl cyclase, with 

each class containing various subtypes (Kebabian and Calne, 1979). The rainbow trout is the 

only species in which DA is known to inhibit both LH and FSH release acting through D2 

receptors (Vacher et al., 2002; Vacher et al., 2000). DA also acts to inhibit GnRH release 

from GnRH neurons as shown in goldfish. This effect would involve D2 receptors on GnRH 

pituitary terminals and D1 receptors onto GnRH cell bodies (Yu et al., 1991). Thus, DA in 
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goldfish has a double effect, inhibiting gonadotropin release by direct action on the 

gonadotrophs and reducing GnRH secretion in the vicinity of the gonadotrophs (Trudeau, 

1997). In contrast, DA inhibition of gonadotropin release was not observed in many other 

teleost fish, particularly in marine species (Copeland and Thomas, 1989). 

 

 

Gamma-Aminobutyric Acid (GABA) 
 

An inhibitory neurotransmitter GABA is widely distributed and abundantly seen in the 

brain of all vertebrates. Heavy localization of GABA in the goldfish has been reported 

(Popesku et al., 2008) and to a lesser extent in trout. Initially, GABA was shown to stimulate 

LH secretion in goldfish through effects that include stimulation of GnRH release (Kah et al., 

1992; Sloley et al., 1992) and inhibition of DA (Trudeau, 1997). In the goldfish and rainbow 

trout effects on GTH secretion were well studied. It has been seen that after injecting GABA, 

there is an increase of serum GTH levels in regressed or early maturing fish, but not in late 

maturing animals (Kah et al., 1992). Moreover, injection of a GABA transaminase inhibitor 

caused a significant increase of GABA within the hypothalamus and pituitary, and a dose-

dependent increase in serum GTH levels (Sloley et al., 1992). The gonadal steroids also affect 

GABA synthesis in both brain and pituitary (Trudeau, 1997). It has been found that GABA 

neurons in goldfish are very sensitive to changes in circulating sex steroid levels. However, it 

is still unknown if GABA neurons express estrogen receptor in the goldfish. However, GABA 

has an overall stimulatory action on FSH and LH secretion in rainbow trout, which depends 

on the sex and the reproductive phase of the fish. The stimulatory action of GABA may be 

exerted directly onto the gonadotrophs and also by GnRH release through GABA A receptors 

(Kah et al., 1992; Sloley et al., 1992; Mananos et al., 1999; Senthilkumaran et al., 2001).  

 

 

Neuropeptide Y (NPY) 
 

NPY is another potential molecule has been reported in the regulation of growth, feeding 

and reproduction in fishes. NPY is a 36 amino acid peptide of the pancreatic peptide family. 

Though, NPY is stimulating growth hormone (GH) in the goldfish (Peng et al., 1993), it also 

involved in the regulation of GTH release (Breton et al., 1991; Kah et al., 1989). It is 

considered that NPY is most important factor linking the growth, feeding and reproductive 

axes. Many fish species reduce food consumption during the reproductive period. Therefore, 

the increased expression of NPY in the preoptic area during fasting has been reported in fish 

(Silverstein et al., 1998). Not only that the stimulatory effects of NPY on LH secretion are 

also greater in fasted animals (Cerda-Reverter et al., 1999).  

NPY in goldfish was shown to be directly involved in the release of LH at the level of the 

pituitary. However NPY is also able to release GnRH from GnRH nerve terminals in the 

pituitary or preoptic hypothalamus region slices through NPY Y1 and Y2 Receptor subtypes 

(Peng et al., 1993; Trudeau, 1997; Senthilkumaran et al., 2001). Immunohistochemical study 

has shown the presence of NPY in the olfactory bulbs, the nucleus entopeduncularis of the 

ventral telencephalon, the preoptic area, and various thalamic regions of the goldfish (Kah et 

al., 1989). 



Dimorphisms in the Brain and Involvement of Various Neurosubstances … 101 

Galanin 
 

Galanin is a 29 amino acid sequence peptide, widely expressed throughout brain and 

predominantly seen in the preoptic area of the fish. In the preoptic region of the fish, it shows 

sexually dimorphic distribution (more details are given in the earlier section on inter-sexual 

dimorphism in fish). 

 

 

Nitric Oxide (NO) 
 

NO, a free radical gas producing neurons has been localized in the fish brain by using 

immunohistochemistry. Although, three forms of nitric oxide synthase (NOS) are existing but 

only neuronal NOS (nNOS) is very much specific to CNS. In mammals, role of NO in the 

reproduction is clearly understood. The presence of nNOS in the brain and its functional 

significance in other vertebrates like fish is unclear. However, nNOS has been well 

demonstrated in the preoptic area and other regions of the brain in fish (Jadhao and Malz, 

2003; Jadhao et al., 1999). Based on its immunohistochemical localization it has been argued 

that NO may play an important role hormonal regulation of pituitary gland in fish (Jadhao and 

Malz, 2003; Jadhao et al., 1999), like that of mammals. However, more studies are required in 

fish to clearly understand its functional significance in reproduction of fishes. 

 

 

Kisspeptins 
 

A new molecule, kisspeptins has been identified in brain which is playing an important 

role in neuroendocrinology. The kisspeptins are the products of the KiSS1 gene, which 

encodes for a 145 amino acid precursor protein (Kotani et al., 2001). Recent discovery of the 

KiSS1/GPR54 system has revolutionized our understanding of the regulation of reproduction 

and puberty in vertebrate animals. Pioneering studies revealed that inactivating mutations in 

the G-coupled protein receptor 54 (GPR54, KiSS1r) resulted in idiopathic hypogonadotrophic 

hypogonadism, where the affected individuals did not undergo puberty (de Roux et al., 2003; 

Seminara et al., 2003). This phenotype is associated with reduced circulating LH levels, yet 

maintains the ability to respond to GnRH administration. Recently, a number of studies have 

reported the identification and characterization of a KiSS1 gene from zebrafish, (van Aerle et 

al., 2008) and medaka, (Kanda et al., 2008). In fish, the anatomical distribution of KiSS1 

mRNA-expressing neurons was examined in the medaka (Kanda et al., 2008), where two 

populations of cells expressing KiSS1 were identified in the hypothalamic nuclei. In the 

zebrafish, there is preliminary evidence for the presence of a KiSS-immunoreactive system 

with perikarya in many hypothalamic nuclei including preoptic area and pituitary. 
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Cocaine - and Amphetamine-Regulated 
Transcript (CART) 

 

A recently discovered neuropeptide, CART has been reported to be involved in the neural 

regulation of reproduction. CART is expressed in the hypothalamus, the key area involved in 

the central regulation of reproductive processes (Valera et al., 2006; Vrang, 2006). In 

mammals, role of CART has been suggested as a neuroendocrine-releasing factor (Larsen et 

al., 2003), which regulates FSH and LH secretion from the pituitary (Baranowska et al., 

2003). There is little direct information about the role of CART in the central regulation of 

reproduction in fish. However, CART-containing neurons and fibers were observed in various 

areas in the forebrain and pituitary of teleosts (Singru et al., 2007). Moreover, NPY, a 

neuromodulator of GnRH-LH cells axis in the brain and pituitary, has been found closely 

associated with the CART in the brain and pituitary (Singru et al., 2008). Recently, in female 

catfish, it has been shown that the reproductive phase-related variations of CART in the CNS 

and pituitary (Barsagade et al., 2010). As there are only few studies available on CART in 

fish, further investigations are required to understand the role of CART in neuroendocrine 

control of fish reproduction. 

 

 

Calcium-Binding Proteins (CaBPs)  
 

In the CNS of vertebrates, the intracellular messengers mediate the effects of 

neurotransmitters on intracellular events and the targets of these messengers include certain 

intracellular CaBPs (Cheung, 1980). In CNS, CaBPs like calretinin (CR), calbindin (CB), and 

parvalbumin (PV) are more specifically seen in the nervous tissue (Andressen et al., 1993) 

and indirectly related to neurotransmission. 

 

 

Figure 3. A-B. Schematic representaion of transverse section of the brain showing calretinin (CR) 

immunostained cells (black circles) in the various subdivisions of nucleus preopticus of the fish Labeo 

rohita. C. A high magnification photomicrograph shows CR-immunoreactivity in NPOp. D. Several 

CR-ir cells are present in NPOp and NPOm. Scale bars 40 µm (C), 80 µm (D). 



Dimorphisms in the Brain and Involvement of Various Neurosubstances … 103 

 

Figure 4. A Schematic representation of saggital section of pituitary gland showing different 

subdivisions of pituitary and localization of CR (black circles). B A low magnification 

photomicrograph shows CR-immunoreactivity in the pituitary gland. All subdivisions of the pituitary 

gland are clearly visible. C Several CR-ir cells are present in PPD of the adenohypophysis. D High 

magnification photomicrograph showing CR stained cells in PPD. Scale bars 40 µm (B), 80 µm (D), 

150 µm (C) (modified from Jadhao and Malz, 2007). 

However, CR is less widely distributed and principally present in the nerve cells 

compared to other CaBPs. It has a 29-kDa molecular weight and was identified by analysis of 

cDNA from chick retina (Rogers, 1987).  

CR has been reported by many workers in CNS and pituitary gland (PIT) mammals and 

varies significantly between species (Andressen et al., 1993). Recent data in amphioxus 

support the view that CR developed early in vertebrate evolution and represents a 

phylogenetically old, conserved protein (Castro et al., 2004). Although, it is more rare in non-

mammalian vertebrates and amphioxus, its presence has been reported in few teleosts species 

like grey mullet (Díaz-Regueira and Anadón, 2000), zebra fish (Castro et al., 2006a; Castro et 

al., 2006b) and catfish Jadhao and Malz, 2007). The presence of CR in the NPO of fish has 

not been reported before, however, we have seen its presence in the NPO of cypriniformis 

fish, Labeo rohita by using SDS page, western blot and immunohistochemistry (Jadhao A. 

G., unpublished results, Figure 3). For the first time in catfish localization of CR has been 

demonstrated in the hypophysis (Figure 4) and suggested that CR is involved in the hormonal 

regulation by the pituitary in teleost (Jadhao and Malz, 2007). Therefore, on the basis of CR-

expressing cells in the pituitary gland (Jadhao and Malz, 2007) and in the NPO, CaBP may be 

involved in the neurohormonal regulation and hence, intracellular CR might play a significant 

role in governing hypophyseal functions in fishes, which might resemble its function in the 

adult rat (Cimini et al., 1997; Miyata et al., 2000). Hence, in fishes more studies are essential 

to know the exact role of CaBPs in the neuroendocrine regulation. 
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Conclusion 
 

It is apparent from the existing studies on the several species of teleosts, the POA and 

other hypothalamic nuclei in the brain are sexually dimorphic and some species also show 

dimorphism within the same gender i.e., intra-sexual dimorphism. Mainly in the POA, sex 

differences have been identified in neuronal connectivity, cell nucleus size, volume of groups 

of cells and differences in the distribution of various peptides/neurotransmitters. Although 

there are several studies focused on inter-sexual variations in the POA but so far anatomical 

alterations in the entire forebrain within the same gender (intra-sexual) of the fish has been 

reported only in salmon brain. Therefore, functional correlations of such intra-sexual 

dimorphism are unclear and many more investigations are needed to resolve this issue. It is 

very clear from the available studies that many neuropeptides/ neurotransmitters, proteins and 

free radical NO have been identified in the hypothalamic nuclei and particularly in the NPO 

which regulates the hypothalamo-pituitary-gonadal axis in teleosts. Many studies have greatly 

contributed to understand the neuroendocrine function of the brain and have shown that the 

hormonal regulation of pituitary is under the control of several neurohormones, peptides and 

other chemicals. In fish, reproduction is governed by multiple factors singly or together and it 

seems to be more complex as it is regulated by many factors.  
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Abstract 
 

Catecholestrogens are naturally–occurring estrogen metabolites meant for excretion. 

The wide- spread distribution in tissues other than liver, the site of estrogen catabolism, 

has rekindled interests in these molecules. Even then research in catecholestrogens, 

primarily in mammals and humans has a chequered history, perhaps due to their very 

labile and short half-life, and equivocal physiological response in experimental studies. 

Over the last one decade we focused our research work on ovarian catecholestrogens in 

catfish and the results are reviewed to stimulate further interests in lower vertebrates. 

Ovarian follicular layer (theca and granulose) is responsible for the production of 

catecholestrogens. Estrogen hydroxylase, and 2-hydroxylated and methlylated estradiol-

17β elicited significant seasonality and periovulatory changes. Hydroxyestrogens (2- and 

4-hydroxylatedE2 and estrone) stimulated final oocyte maturation. 2-hydroxy E2 (2HE2) 

acts as the local signal for induction of steroidogenic shift, inhibiting C19 - C18 pathway 

and concurrently stimulating C21 progestin pathway resulting in the secretion of the 

maturation-inducing steroid (MIS). 2HE2 is a potent inhibitor of P450 aromatase resulting 

in suppression of E2 synthesis. These effects are mediated through both E2 and adrenergic 

receptors. The post-receptor signaling mechanisms involve suppression of cAMP-protein 

kinase A, and up regulation of MAP kinase and protein kinase C pathways. 2HE2 

stimulates prostaglandin (PGF2α and PGE2) secretion. Our results show that ovarian 

follicles are good model systems for catecholestrogen research. 
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Introduction 
 

In vertebrates, the brain-pituitary-gonad (BPG) - endocrine axis is the key regulator of 

reproductive activity. Gonadotropin-releasing hormone (GnRH), gonadotropins (FSH and 

LH) and gonadal steroids are thought to be the key players in the BPG axis, acting in a 

cascade manner in the regulation of gametogenesis, final oocyte maturation (FOM) and 

ovulation. A number of recent studies implicate other endocrine and paracrine/autocrine 

factors in the regulation of gonadal functions (Tyler and Sumpter, 1996). Involvement of 

growth hormone (GH), insulin, insulin-like growth factor I and II (IGF-I and IGF-II) has been 

demonstrated in follicular development, acquisition of maturational competence and 

maturation directly or synergistically by influencing steroidogenic activity (Van der Kraak et 

al., 1990; Kagawa et al., 1994; Srivastava and Van der Kraak, 1994; Maestro et al., 1997; 

Negatu et al., 1998; Weber et al., 2007). Our recent research has shown that ovarian 

catecholestrogens (CEs) and arginine vasotocin act as paracrine/autocrine factors 

participating in this hormonal cascade. The involvement of paracrine/autocrine factors 

strongly indicate that control of FOM and ovulation involves more complex co-lateral 

cascades than previously thought to be. In this chapter, we review the progress made on the 

role of CEs, as potential modulators of steroidogenic shift during FOM and ovulation as well 

as the molecular mechanisms underlying the process. 

 

 

Catecholestrogens: An Overview 
 

The major estrogens estradiol and estrone are removed from circulation through stepwise 

enzymatic transformations involving hydroxylation, methylation and conjugation to form 

water-soluble compounds for excretion, collectively called as catecholestrogens (Fishman, 

1983; Merriam and Lipsett Eds. 1983; Ball and Knuppen, 1990; Martucci and Fishman, 

1993). The hydroxylations involve estrogen-2/4-hydroxylases (CYP450 1A1 and CYP4501B1), 

a superfamily of heme-containing monooxygenases (Figure 1). The hydroxylated estrogens at 

2- or 4-carbon positions are subsequently degraded by catechol-o-methyltransferase (COMT) 

to form the respective methoxyestrogens. O-methylation is a common biochemical link in 

estrogen and catecholamine metabolism so that each one can influence the activity of the 

other. The extensive tissue distribution of CEs particularly in estrogen-synthesizing and target 

organs indicates that they are not necessarily inactive intermediates of the detoxification 

pathway but implicates them in a variety of tissue-specific functions (Merriam and Lipsett 

Eds. 1983). CEs influence catecholamine metabolism and activity by inhibiting tyrosine 

hydroxylase, the rate-limiting enzyme in the biosynthesis of catecholamines (Saligaut et al., 

1993; Chaube and Joy, 2003) or as a high affinity substrate of COMT (Timmers and Lambert, 

1989). CEs participate in embryo implantation, gonadotropin release, parturition, uterine 

weight, egg transport in cycling rats, ovarian steroidogenesis, angiogenesis in ovarian follicles 

and prostaglandin production (Spicer and Hammond, 1989; Tekpetey and Armstrong, 1991, 

1994; Philips et al., 2004; Parada-Bustamante et al., 2007; Basini et al., 2008). CEs may also 

elicit non-hormonal effects: 2-hydroxyE2 (2HE2) and 2-methoxyE2 (2ME2) have a higher 

antioxidant activity than E2 and protective in neuronal and cardiovascular tissue (Picazo et al., 

2003). 
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Figure 1. A Schematic diagram showing catecholestrogen formation from estradiol-17β (E2). E-2-H, 

Estrogen-2-hydroxylase; E-4-H, Estrogen-4-hydroxylase; COMT, Catechol-o-methyl transferase. 

In contrast, hydroxyestrogens generate free radicals from reductive-oxidative cycling 

(oxidization to ortho-quinone derivatives with concomitant formation of reactive oxygen 

species, ROS), which cause DNA damage (Nutter et al., 1991). Methylation by COMT is, 

therefore, physiologically significant. 2HE2 is methylated by COMT at a faster rate than 4HE2 

and free radicals are not so easily generated compared with 4HE2 (Tsuchiya et al., 2005). For 

these reasons, in mammals, E2 hydroxylation has been investigated for its role in local 

homeostasis of estrogens, and CEs have been implicated for their involvement in breast and 

endometrial cancers (Pasqualini, 2004; Salama et al., 2008). 2ME2 has been shown to have 

antitumor and anti-angiogenic effects (Pribluda et al., 2000; Lakhani et al., 2003; Mooberry, 

2003; Muek and Seeger, 2010). Therefore, the naturally- occurring CEs have a critical role in 

both physiological and pathophysiological processes. 

 

 

Ovarian Catecholestrogen: 
Distribution, Dynamics and Regulation 

 

In mammalian ovary, follicular layer (theca and granulose) is the major source of CEs 

with the granulose cells as the main contributor (Spicer and Hammond, 1989). Ovarian 
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activity of the CE synthesizing (EH) and degrading (COMT) enzymes was reported for the 

first time in a lower vertebrate (Clarias batrachus) by us (Senthilkumaran and Joy, 2001). 

The enzymes showed periovulatory changes with highest EH activity around the time when 

the eggs were readily strippable and COMT activity increased towards post stripping period. 

This study gave the first indication of the occurrence of CEs in fish ovary and provided the 

impetus to take up extensive research in another catfish (Heteropneustes fossilis). EH activity 

is the highest in the liver, followed by brain and ovary (Chourasia and Joy, 2010). Subcellular 

fraction studies have shown that the enzyme is distributed largely in the microsomal fraction 

of the tissues. The follicular layer is the main site of EH activity, as in mammals and the 

denuded oocytes (after hyalouronidase digestion) exhibit very low enzyme activity. Ovarian 

EH activity showed significant seasonal variation with peak activity in spawning phase as 

well as periovulatory changes with high activity when the eggs are readily strippable, as in C. 

batrachus. A direct measurement of CEs was achieved with the help of high performance 

liquid chromatography with electrochemical detector (Mishra and Joy, 2006a). In this study, 

both 2HE2 and 2ME2 were characterized and the steroids showed differential and significant 

seasonal variation. The steroids were not detected in resting phase ovaries but appeared with 

the start of recrudescence. During recrudescence, both E2 and CEs showed inverse 

relationship. Ovarian E2 level peaked up in preparatory phase fish with peak vitellogenic 

activity. In the prespawning phase with postvitellogenic follicles, E2 level declined and 2HE2 

appeared, which peaked in the spawning phase. 2ME2 was not detected in the seasonal 

samples but after gonadotropin (hCG) challenge, it was measured after egg stripping. These 

observations indicate that E2 is hydroxylated and methylated in the ovary and CE formation is 

a means of removal of the parent steroid. The temporal relationship of the steroids is adapted 

to their physiological roles. E2 is well known for its role in the induction of hepatic 

vitellogenin during follicular growth (vitellogenesis). It maintains postvitellogenic follicles in 

meiotic arrest by up regulating cAMP- protein kinase A (PKA) signaling mechanism (Jalabert 

et al., 1991). Hydroxyestrogens, on the other hand, elicit antiestrogenic activity just as 

synthetic antiestrogens like tamoxifen and clomiphene citrate that compete with estrogens for 

the receptors, induce FOM and ovulation in fishes (Mishra and Joy, 2006b). 

The seasonality in EH activity and CE levels indicate tight regulation of CE metabolism 

by factors originating from external (photoperiod and temperature) and internal (BPG- 

endocrine axis) environments. The intrinsic factors controlling EH activity were investigated 

under both in vivo and in vitro conditions. Human CG, GH, insulin and IGF-1, which are 

known to induce FOM in teleosts, including the catfish, stimulate EH activity. IGF-1 and 

hCG appear to be highly effective in this regard (Chourasia and Joy, 2008a). These hormones 

are implicated in steroid shift during the FOM (Kagawa et al., 1994; Maestro et al., 1997; 

Weber and Sullivan, 2000; Mishra and Joy, 2006c). This positive relationship implies that 

CEs are important links in the regulatory cascade of FOM and ovulation. On the other hand, 

steroids such as progestins, estrogens, androgens and corticosteroids are known to suppress 

EH activity (Chourasia and Joy, 2010). These steroids are functionally active hormones, 

precursors or metabolites and many are detected or identified in fish ovary. The suppressing 

activity of the steroids varied greatly depending on their chemical nature. Progesterone (P4) 

was found to be the strongest inhibitor of EH activity, as was reported in mammalian tissues 

like liver and ovarian follicles (Brueggemeier, 1983; Mondschein et al., 1987). 2HE2 is a 

strong inhibitor of EH activity, next to P4. The suppressing effect may be explained by 
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feedback inhibition of the product. P4 can be used as an effective inhibitor to intervene CE 

metabolism and function. 

 

 

Catecholestrogens and Final Oocyte Maturation 
 

Estrogens are generally ineffective or inhibit FOM in vitro or in vivo in several teleosts, 

including catfish (Nagahama, 1987; Jalabert et al., 1991; Mishra and Joy, 2006b;). On the 

other hand, antiestrogens such as tamoxifen and clomiphene citrate that compete with 

estrogens for the receptors induce FOM and ovulation in fishes (Donaldson and Hunter, 1983; 

Mishra and Joy, 2006b). CEs are naturally–occurring antiestrogens (Merriam and Lipsett Eds. 

1983), and this property varies with the nature of the CEs. 2-hydroxyestrogens are more 

abundant with low receptor affinity and dissociate rapidly. 4-hydroxyestrogens, on the other 

hand, have higher affinity and longer receptor association. Hence 2-hydroxyestrogens are 

more antiestrogenic than 4-hydroxyestrogens. Involvement of CEs on FOM was reported for 

the first time from our laboratory (Senthilkumaran and Joy, 2001). The hydroxyestrogens 

tested in the in vitro study stimulated germinal vesicle breakdown (GVBD) in both C. 

batrachus and H. fossilis but the response varied with the nature of the steroid and the 

species. In the GVBD assay, 2-hydroxyestrogens (2HE2 and 2HE1) were more effective than 

the 4-hydroxyestrogens (4HE2 and 4HE1). 2HE2 was the most effective and 4HE1 the least 

effective. The GVBD response was higher in C. batrachus than H. fossilis. The GVBD 

response was routinely studied in H. fossilis in various experiments with CEs (Mishra and Joy 

2006b, c; Chourasia and Joy, 2012a). Hydroxyestrogen are strong inducers of GVBD but 

methoxyestrogens are poor inducers, most of the follicles were dead during the incubation 

(Mishra and Joy, 2006b). This suggests that methoxyestrogens may be apoptotic in nature. 

The hydroxyestrogen-induced GVBD response was inhibited to varying degrees by 

actinomycin D, a transcriptional inhibitor and cycloheximide, a translational inhibitor 

(Senthilkumaran and Joy, 2001). The inhibition by actinomycin D was higher than that of 

cycloheximide. It is suggested that both transcriptional activity (gene expression) and protein 

synthesis related to the synthesis of MIS, maturation-promoting factor (MPF) and other 

upstream or downstream regulators, are involved during the CE-induced GVBD. This 

inhibition pattern is similar to that elicited by gonadotropin-induced GVBD (Kagawa et al., 

1994; Nagahama, 1994). Like gonadotropin, the CE-induced GVBD involves the synthesis of 

MIS (see below). A direct involvement of CE in ovulation process is not evident in our 

studies. Only a small proportion of the follicles (about 20%) elicited ovulation just as with 

other maturation –inducing steroid i.e., MIS (Mishra and Joy, 2006c). 

 

 

Catecholestrogen Induces MIS Secretion 

and Steroidogenic Shift 
 

In several species like salmonids and catfishes, estrogen level decreases with the 

completion of vitellogenesis and at the onset of FOM and ovulation, it further diminishes 

coincident with an increase in the secretion of MIS, which is generally the progesterone 

derivative 17, 20β-dihydroxy-4-pregnen-3-one (17, 20β-DP). The presence of E2 maintains 
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meiotic arrest by up regulating cAMP-PKA pathway (Jalabert et al., 1991; Nagahama, 1994). 

E2 lowers MIS secretion through the inhibition of 20β-hydroxysteroid dehydrogenase, the 

enzyme that converts 17-hydroxyprogesterone (17P) into 17, 20β-DP (Fostier and Baek, 

1994). The switch over from estrogenic to progestational phase in steroidogenesis (shift) is 

crucial for the resumption of meiosis but the mechanisms triggering the shift are not clearly 

understood (Lubzens et al., 2010). The suggested mechanisms include an increase in E2 

clearance (Baroiller et al., 1987; Young et al., 1997), decreased aromatase activity and 

expression (Nagahama et al., 1994; Senthilkumaran et al., 2004; Bobe et al., 2006), or low 

lyase activity of cytochrome P450 17α-hydroxylase/c17–20 lyase (Sreenivasulu and 

Senthilkumaran, 2009). In our initial study, cyanoketone and epostane (inhibitors of 3β-

hydroxysteroid dehydrogenase) and aminoglutethimide (a broad inhibitor of steroidogenesis), 

did not show clearly any change in the CE-induced GVBD, which led us to believe that CEs 

may act directly without involving steroidogenesis (Senthilkumaran and Joy, 2001). To verify 

it, in our subsequent studies, follicular steroid profile was measured during the CE-induced 

GVBD (Mishra and Joy, 2006b, c; Chourasia and Joy, 2012a). These in vitro investigations 

have shown clearly, i) a down regulation C19- C18 pathway, ii) concurrently an up-regulation 

of progestin pathway, leading to the synthesis of 17, 20β-DP, and iii) stimulation of 

corticosteroids such as cortisol that has maturational activity. These changes are similar to 

those produced by hCG in vivo or in vitro, suggesting a similarity or continuity in the mode of 

action of these two hormonal agents. Furthermore, 2HE2 failed to induce GVBD in denuded 

oocytes (without follicular layer) at the same time stimulated steroidogenesis in follicular 

preparations (both theca and granulose), similar to intact follicles (Mishra and Joy, 2006c). 

Investigating further on the mode of action, the suppression of estrogen pathway was shown 

to be due to inhibition of aromatase activity (Chourasia and Joy, 2008b). 2HE2 is more potent 

than fadrozole (a known aromatase inhibitor) to inhibit follicular aromatase activity. The AI50 

(50% inhibition of aromatase activity) for fadrozole is 4.4 nM and for 2HE2 is 0.864 nM in 

vitellogenic phase. Our unpublished data show that 2HE2 stimulates 20β-hydroxysteroid 

dehydrogenase (20β-HSD), which catalyzes the synthesis of 17,20β-DP.Thus, at the 

biochemical level, 2HE2 inhibits aromatase and stimulates 20β-HSD activities. Figure 2 

summarizes the potential sites of 2HE2 action on C19 - C18 and C21 pathways. Under the 

influence of LH surge, E2 is catabolised by EH to form 2HE2, which inhibits aromatase 

activity (product inhibition). In this manner, the readily available pool of E2 is removed and 

its further synthesis is blocked. The hydroxyestrogen concurrently stimulates 20β-HSD to 

convert 17P to 17, 20β-DP. The hydroxyestrogen may act at other enzyme-controlled steps in 

steroidogenesis, which needs to be investigated. It is summed up that the surgic secretion of 

LH stimulates CE synthesis which, in turn, causes the steroidogenic shift to induce MIS 

secretion. The CE-triggered events- E2 removal and MIS production- downregulate cAMP-

PKA activity, lifting meiotic arrest (Mishra and Joy, 2006d). In this model, CE is considered 

the proximate link in the LH cascade of regulation of FOM and ovulation, and the local signal 

that triggers downregulation of aromatase synthesis and function. This model is not different 

from the earlier ones proposed around P450 aromatase but pinpoints the trigger of 

steroidogenic shift (Nagahama, 1994; Senthilkumaran et al., 2004). It will be interesting to 

know the role and regulation of CE in species having dual gonadotropins (FSH and LH). 
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Catecholestrogens and Prostaglandin Secretion 
 

Prostaglandins (PGs) are known to act as local regulators in various reproductive 

processes such as ovulation, fertilization, implantation and parturition (Goetz et al., 1991; 

Patino and Sullivan, 2002). Both PGF2α and PGE have been described in teleost ovary, which 

show differential distribution. PGE level declined prior to, and during ovulation but PGF2α 

level remained high through the completion of ovulation or even after ovulation up to 24 hr 

(Cetta and Goetz, 1982). In catfish, both the PGs showed significant seasonal variation with 

peak levels in spawning phase and periovulatory changes after hCG treatment (Chourasia and 

Joy, 2012b). PGF2α is more potent to stimulate GVBD than PGE2. 

 

 

Figure 2. A schematic diagram showing potential sites of action of 2-hydroxyestradiol-17β (2HE2) 

during final oocyte maturation in catfish. A- aromatase, AR- adrenoceptor, cAMP- cyclic adenosine 

monophosphate, E2- estradiol-17β, ER- estrogen receptor, EH- estrogen-2-hydroxylase, GVBD- 

germinal vesicle breakdown, , LR- LH receptor, ma- meiotic arrest, 2ME2- 2-Methoxyestradiol-17β, 

MAPK- mitogen-activated protein kinase kinase, MPF- maturation-promoting factor, PG-

prostaglandins, PR- progestin receptor, PKC-protein kinase C, T- testosterone, Vg- vitellogenin, 17α- 

17α-hydroxylase, 20β- 20β-hydroxysteroid dehydrogenase, 17P- 17-hydroxyprogesterone, 17, 20P- 17, 

20β-dihydroxy-4-pregnen-3-one. 



K. P. Joy and R. Chaube 122 

A functional relation between CEs and prostaglandins has been demonstrated in 

mammals. In uterine homogenates of rat and human, 2HE2 stimulated PGF production more 

than E2 (Kelly et al., 1983). The authors showed that 2HE2 stimulated PGF production 23 

times more than E2 (5 times) from the basal (control) level in rat uterine homogenates 

incubated with 
14

C labeled arachidonic acid. The enhanced activity has been attributed to the 

presence of a catechol structure, which confers increased chemical reactivity. The 

catecholamines, epinephrine and norepinepherine also elicit stimulatory effects on PGF2α 

(Kelly et al., 1983; Skarzynski et al., 1999). In view of the significance of PGs in FOM and 

ovulation, we investigated the role of CEs on PG secretion in vitro (Chourasia and Joy, 

2012b). The results show that 2HE2 is more effective, followed by 2ME2 and E2. The 

stimulatory effect of E2 may be mediated through its conversion into CEs. 2HE2 stimulates 

PGs differentially: PGE2 level has increased about 2-3 times higher than PGF2α, though the 

latter is more effective in inducing ovulation than the former. The functional significance of 

2HE2–induced stimulation of both PGE2 and PGF2α can be correlated with their stimulatory 

role in FOM and ovulation. It is believed that CEs may act through PGs to stimulate these 

processes. The functional significance of 2ME2 stimulation of PGs in the catfish ovary may 

be related to a different function. 2ME2 was detected in spawning phase fish ovaries filled 

with postovulatory follicles. Since 2ME2 is an apoptotic and antiangiogenic agent and its 

analogues have been used in cancer treatment (Lakhani et al., 2003; Mooberry, 2003), it is 

very likely that the methoxyestrogen-stimulated PGs may be involved in follicular regression 

and atresia, a process active in ovaries soon after spawning. PGs are known luteolysins in 

mammals (Silvia et al., 1991). 2ME2 may act through PGs to induce luteolysis of the transient 

‘corpus luteum’ or postovulatory follicle mass. 

 

 

Mechanism of Action of Catechoestrogens 
 

Receptors involved: The hydroxyl group at C-2 or C-4 of the Ring A structure of CEs 

alters its properties as an estrogen and makes it superficially resembling catecholamine 

neurotransmitters (MacLusky et al., 1983). This property of both a steroid and catechol 

renders the molecules interaction with both estrogen and catecholamine binding sites 

(receptors). However, binding and receptor studies in mammalian models have shown that the 

interaction is varied and complex depending on the tissues and species, chemical nature of the 

CEs, parameters of the study and a number of other variables. The interactions may involve 

only classical estrogen receptors (ERα and ERβ) or both estrogen and adrenergic (α-

adrenoceptor and β-adrenoceptor) receptors, or even novel putative catecholestrogen binding 

sites located in cytosol or membrane, which may function as intracellular transcription factors 

potentially related to ERs (Merriam and Lipsett Eds. 1983; Etchegoyen et al., 1986; 

Vandewalle et al., 1988; Spicer and Hammond, 1989; van Aswegen et al., 1989; Tekpetey 

and Armstrong, 1994; Das et al., 1997; Philips et al., 2004; Chiesa et al., 2008). The receptors 

mediating CE effects have been shown to vary with the nature of hydroxylation. In human 

breast cell lines, 4HE2 was similar to E2 in its ability to bind to, and activate the classical 

ERα, but did not show any interaction with α2- adrenoceptor (Chiesa et al., 2008). On the 

other hand, 2HE2, E1 and 4HE1 competed with both the α2-adernoceptor and estrogen 
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receptor. In earlier studies, 2HE2 has been shown to interact with β-adrenoceptor but not with 

α-adrenoceptor (Etchegoyen et al., 1986; Spicer and Hammond, 1988). 

Estrogens per se do not support final maturational activity (Jalabert et al., 1991) and 

inhibit the stimulatory effect of gonadotropin, pituitary extract, hydrocortisone and 2HE2 

(Mishra and Joy, 2006b). The study by Mishra and Joy (2006b) indicates an apparent 

competition between E2 and 2HE2 for the same sites during FOM. These workers have shown 

that clomiphene citrate stimulated GVBD though moderately in a concentration-dependent 

manner. In co-incubation and pre-incubation studies with catfish ovarian follicles, tamoxifen 

inhibited the stimulatory effect of 2-OHE2 on C21 steroids (P4, 17P, 17, 20α-DP and 17, 20β-

DP) but restored the E2 level (Chourasia and Joy, 2012a). Similarly, tamoxifen inhibited the 

stimulatory effect of 2HE2 on PG levels (Chourasia and Joy, 2012b). These results suggest 

direct antagonism between E2 and 2HE2 on the receptors. It has been demonstrated that 

antiestrogens such as tamoxifen and clomiphene citrate that compete with estrogens for the 

receptors induce ovulation in fishes (Donaldson and Hunter, 1983). 

To ascertain the intervention of adrenergic receptors in the mediation of 2HE2 effects on 

steroid profile and PGs, we used phentolamine and propranolol (α- and β- adrenoceptor 

blockers, respectively) in incubation studies (Chourasia and Joy, 2012a,b). The adrenoceptor 

blockers produced differential effects on the steroids: the stimulatory effect of 2HE2 on C21 

steroids was suppressed and the inhibitory effect on E2 was reversed. The α-blocker was 

found more effective to alter steroid production than the β-blocker. A similar effect was found 

with PG secretion but PGF2α was inhibited more than PGE2. Previously, using GVBD as the 

end point assay, we found that the β-adrenoceptor blocker inhibited only mildly the 2HE2 

effect but not the α–adrenoceptor blocker (Senthilkumaran and Joy, 2001). It is to be noted 

that only partial reversal effect is seen with each of the receptor type blockade, the other 

receptors are open for interaction. Blocking both receptor types simultaneously may give a 

complete inhibition of the CE effects. 

Cell signaling pathways: Multiple cell signaling mechanisms are involved in teleost 

gonadotropin-induced steroidogenesis. These can be divided into the cAMP-PKA-dependent 

pathway, and independent pathways such as PKC/Ca
2+

, arachidonic or mitogen-activated 

protein kinase kinase-MAP kinase (Tan et al., 1986; Van der Kraak and Wade, 1994; Planas 

et al., 1997; Rosenfeld et al., 2007; Mazon et al., 2011). On the other hand, activation of PKC 

pathway and elevation of Ca
++

 level stimulate, and activation of the cAMP pathway inhibits 

PG secretion in fish (Kellner and Van der Kraak, 1992). Synthesis of PGs by frog ovarian 

follicles or components is suppressed by exogenous cAMP (Kong et al., 1999). It has been 

reported that phorbolesters (analogues of diacylglycerol) and calcium ionophore stimulate 

both PKC activity and PG synthesis in mammalian granulosa cells and fish ovarian follicles 

(Veldhuis and Demers, 1989; Wang and Leung, 1989; Goetz, 1991; Kellner and Van der 

Kraak, 1992). Effects of CEs on cAMP are at variance with different studies. CEs 

significantly induce β-adrenoceptor activity, which is a known stimulator of cAMP (Spicer 

and Hammond, 1988). 2HE2 was shown to enhance cAMP production stimulated by 

gonadotropin or epinephrine, and enhanced progesterone secretion (Spicer and Hammond, 

1989). Steegborn et al. (2005) reported that CEs inhibit adenylyl cyclase through a novel 

mechanism by forming a complex with the enzyme active center Mg
++

 ions. In agreement 

with this, Mishra and Joy (2006d) demonstrated that total follicular cAMP was inhibited by 

2HE2. The functional relationship between CEs and other signaling mechanisms is less 

known. Therefore, we used specific blockers of cell signaling pathways to demonstrate their 
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involvement in CE-induced GVBD (Mishra and Joy, 2006d, e, f). There is an inverse relation 

between follicular cAMP level and MIS secretion. Cyclic AMP or cAMP-elevating drugs (3-

isobutyl-1-methylxanthine-IBMX, theophylline and caffeine) inhibited the 2HE2-induced 

GVBD response. The PKC inhibitor calphostin C at higher concentrations inhibited GVBD. 

MAP kinase inhibitor (PD098059) inhibited the steroid-induced MAP kinase expression and 

GVBD. These findings were further correlated with steroid changes during the 2HE2- induced 

GVBD (Chourasia and Joy, 2012a). Incubations of follicles with IBMX, chelerythrine (a PKC 

inhibitor) or PD098059 reversed the effect of 2HE2 differentially to varying degrees: C21 

steroids (P4, 17P, 17, 20α-DP and 17, 20β-DP) were inhibited and E2 was stimulated. In other 

words, the blockade of the signaling pathways tends to reverse the 2HE2-induced 

steroidogenic pattern to the meiotic arrest conditions. During the 2HE2-GVBD, the parallel 

increase in MAP kinase expression was suppressed by the MAP kinase inhibitor (Mishra and 

Joy, 2006e). Considering this fact and the relatively low inhibitions produced by the blockers 

of other cell signaling pathways, the MAP kinase pathway is prominently involved in the 

2HE2- stimulation of FOM. An interaction of protein phosphatases and the cell signaling 

mechanisms was also evident during the 2HE2-induced GVBD. Inhibition of protein 

phosphatases by okadaic acid stimulated 2HE2-induced GVBD, and reversed the inhibitory 

effects of IBMX, calphostin C and PD098059 (Mishra and Joy, 2006d,e,f). The stimulatory 

effect of 2HE2 on PGs was inhibited by the specific blockers of the cell signaling pathways 

(Chourasia and Joy, 2012b). The PKC inhibitor chelerythrine is the most potent, followed by 

PD098059 and IBMX, implying that CE acts through multiple cell signaling pathways to 

modulate PG secretion. The results of the inhibition studies on steroid profile and PG 

secretion suggest cross-talks at different levels of the cell signaling pathways. 

 

 

Conclusion 
 

In this chapter, we reviewed our work on ovarian catecholestrogens in catfish in relation 

to their distribution, seasonal and periovulatory dynamics and functional involvement in 

steroidogenic shift and FOM. Hydroxyestrogen is an important local paracrine/autocrine link 

in the LH-mediated regulatory cascade of FOM and ovulation. Catecholestrogens act through 

both estrogen and adrenergic receptors in this intervention. The post-receptor mechanisms 

include down regulation of cAMP-PKA pathway, and up regulation of prostaglandin, protein 

kinase C and MAP kinase pathways. Dynamics of MPF at molecular level is to be correlated 

in future studies. Extension of research in other fishes and studies on intervention of 

catecholestrogens in vitellogenesis and follicular atresia are other areas of potential research 

interests. 
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Abstract 
 

Reduction in eel resources and the catches of glass eels as seedlings for aquaculture 

have been a serious concern in recent years in both Europe and East Asia. Thus, technical 

advancement to produce eel seeds for artificial cultivation is strongly desired. 

Fundamental information on oocyte maturation and ovulation, and its application to 

artificial induction of sexual maturation are needed to produce good quality seeds of the 

Japanese eel. This review introduces hormonal mechanisms of cytoplasmic maturation 

(such as hydration, lipid coalescence, and clearing of the ooplasm) and the maturational 

competence (the ability to respond to maturation-inducing steroid) and nuclear 

maturation (germinal vesicle breakdown, GVBD). In addition, ordinary and newly 

developed methods for induction of spawning have been described. 

 

Keywords: Eel, Oocyte maturation, Artificial hormonal treatment, Spawning, Seed 

production 
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Introduction 
 

The Japanese eel, Anguilla japonica, is an economically important fish for Japanese food 

culture and for Japanese freshwater fish aquaculturists and scientists. The grilled eel dish 

called “kabayaki” is one of the representative dishes of traditional Japanese food. However, 

reduction in eel resources and the catches of glass eels as seedlings for aquaculture have been 

a serious concern in recent years in both Europe, North America and East Asia. The stock of 

the European eel is obviously in decline (Dekker, 2003). Recruitment has declined since 

1980, to 10% of former levels. Landings of the yellow/silver eel fisheries have been in 

decline since the mid-1960s. Similar pattern of decrease in eel commercial caches have been 

found in North America (Casselman, 2003) and Japan (Tatsukawa, 2003). To counteract the 

decrease in eel resources, technical advancement to produce eel seeds for cultivation and 

recover of eel resources is very much desired. 

However, male and female eels are sexually immature under normal cultivate conditions 

(Yamamoto et al., 1974; Dufour et al. 1988). Cultivated female eels are sexually immature, 

and their gonadosomatic index (GSI) values slightly increase to about 1-2% in fall but never 

grow up. Moreover, silver female eels that migrate down rivers in fall also have GSI values of 

about 1-4% and their ovaries contain oocytes at the oil droplet stage or the primary yolk 

globule stage (Uto et al., 2004). Sexually mature male and females have never been obtained 

from the wild until recently (Tsukamoto et al., 2010). Therefore, artificial induction of sexual 

maturation in both male and female eels has been examined since the 1930s in some 

European countries and since 1960s in Japan. Repeated injection of mammalian 

gonadotropins (Yamamoto et al., 1972; Miura et al. 1991) induced spermatogenesis and 

spermiogenesis in male eels (Ohta and Unuma, 2003). Repeated injections of carp (Fontaine 

et al., 1964) and salmon pituitary homogenates or extracts induce oocyte growth 

(vitellogenesis) and full-grown female eels were obtained (Yamamoto et al., 1974). Using 

these methods, Yamamoto and his colleagues for the first time succeeded to obtain fertilized 

eggs and eel larvae (Yamamoto and Yamauchi 1974; Yamauchi et al., 1976). Since then, 

repeated injections of piscine pituitary extracts are now routinely used for induction of 

vitellogenesis in female eels (Kagawa, 2003). However, the percentages of ovulated females 

are low, and even if ovulated eggs are obtained, these eggs show low fertility and 

hatchability. We developed the method for induced maturation and ovulation in the Japanese 

eel by using the maturation-inducing steroid (17, 20 -dihydroxy-4-pregnene-3-one, DHP) 

(Kagawa, 2003). Although 100% of female eels are matured and ovulated in response to DHP 

injection, egg quality are still low (both fertility and hatching rates are 30 and 20 %, 

respectively) and vary depending to female used. Therefore, fundamental information on 

oocyte maturation and ovulation, and its application to artificial induction of sexual 

maturation are needed to produce good quality seeds of the Japanese eel. In the present 

review, we illustrate basic knowledge of mechanism of oocyte maturation and ovulation, and 

its application to artificial induction of sexual maturation of female eels. 
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Induction of Sexual Maturation in Male 
and Female Eels by Newly Developed Methods 
 

Cultivated male and female eels are sexually immature in general and are never mature 

under commercial rearing conditions (Yamamoto et al., 1972). One exceptional report 

describes spermatogenesis and spermiation of two cultivated male eels which were 

maintained under natural environmental conditions in freshwater or seawater (Matsubara et 

al., 2008). Ordinary methods for induction of sexual maturation have been proposed mainly 

from Japanese scientists. Yamamoto and Yamauchi (1974) first succeeded to obtain fertilized 

eggs and larvae from sexually mature female and male Japanese eel by injection of salmon 

pituitary extracts (SPE) for female and of human chorionic gonadotropin (HCG) for male. 

Afterwards, weekly repeated injections of SPE or HCG have been used as ordinary methods 

for induction of vitellogenesis and of spermatogenesis in female and male eels respectively 

(Kagawa, 2003; Kagawa et al., 2005; Ohta et al., 1996b; Yamamoto and Yamauchi, 1974; 

Yamamoto et al., 1974). In male eels, repeated injections of HCG at 1 IU/g body weight once 

a week over 10 weeks efficiently induced spermatogenesis and spermiation, and 1–2 g of 

approximately 70% motile spermatozoa was obtained (Ohta et al., 1996b). However, weekly 

injection of HCG requires repetitive handling of the broodstock and substantial labor, time, 

and monitoring, resulting in stress to and increased mortality of the fish. An osmotic pump is 

a delivery device for long-term administration of drugs and hormones. Implantation of a 

single osmotic pump loaded with a gonadotropic hormone (e.g., pregnant mare serum 

gonadotropin or HCG) has been carried out experimentally in mammals (Gibson et al., 1994; 

Patton et al., 1990). We applied the osmotic pump first time on sexual maturation in both 

male and female eels (Figure 1). A newly introduced osmotic pump (Osmotic PumpType 

2002; Alzet Osmotic Pumps Co., Cupertino, CA; diameter=7 mm, length=30 mm, reservoir 

volume=approximately 200 μl) that can release constant amounts of hormones for a long 

period was loaded with various amounts of GnRHa, HCG, or SPE. According to the 

manufacturer's instruction manual, this osmotic pump can release 5 μl of a solution per day 

for approximately 45–50 days when the fish are maintained at a water temperature of 20 °C. 

Implantation of an HCG-loaded osmotic pump significantly increased the mean GSI 

value in a dose-dependent manner (1-50 IU/day)(Kagawa et al., 2009a). Spermiation was 

observed in all the HCG-administered experimental groups; the highest amount (1.32±0.30 g) 

was obtained from the fish administered with the 50 IU/day. Percent of sperm motilities are 

relatively low from 25-50% in the groups administered 5, 10, 25, and 50 IU/ day of HCG. 

Spermatocrit values were high in all the treatment groups, and no significant differences were 

observed among them. This is the first study demonstrating that implantation of a single 

osmotic pump loaded with HCG stimulates spermatogenesis and spermiation in sexually 

immature male Japanese eels. These data are comparable with those of the previous study 

showing that repeated weekly injection of HCG (~1 IU/g body weight) in immature male 

Japanese eels induces spermiation after the sixth injection (Ohta et al., 1996b). 

Implantation of a SPE-loaded osmotic pump (0.5-2.2 mg/day) also stimulated 

spermatogenesis, although the GSI values were lower than those of the fish implanted with 

the HCG loaded osmotic pump. Implantation of a single osmotic pump loaded with various 

doses of GnRHa (0.94, 1.86, or 3.75 μg/day) did not stimulate spermatogenesis. 
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Figure 1. Photographs of different type of osmotic pumps (A) and after cutting the abdomen with a 

scalpel approximately 8mm (B) osmotic pump are implanted (C). 

In the previous study, the samples were obtained after more than 10 weeks of injection, 

indicating that the milt weight and sperm motility gradually increase from 6 weeks onward 

and reach the maximal levels after 10 weeks, following which they remain constant. 

Therefore, if HCG is administered via an osmotic pump for more than 10 weeks, a useful 

quantity and good quality milt might be obtained. Recent studies in our laboratory have 

demonstrated that approximately 1 g of spermatozoa with relatively high sperm motility (40–

80%) can be obtained from male Japanese eels receiving prolonged HCG treatment (10 

weeks) via an osmotic pump (Kagawa et al., in preparation). 

Full-grown cultivated female eels were obtained by intraperitoneal weekly injections of 

SPE (Kagawa, 2003) or by implantation of a single SPE-loaded osmotic pump with a long-

term sustained hormone-release system. Sexually immature female eels for experiments are 

obtained by feminization using oral administration of estradiol-17  at a concentration of 10 

mg/kg diet for 4 months during the juvenile stage, since high percentage of eels (more than 

90%) become males under cultivate condition (Chiba et al., 1993). Initially, they have ovaries 

containing oocytes at the oil droplet stage. After 8 to 13 injections of SPE (20 mg/fish/week), 

almost all female eels became to posse ovaries containing full-grown oocytes (Kagawa, 2003; 

Ohta et al., 1996a). Implantation of a single SPE-loaded (1.5-4 mg/day/fish) osmotic pump 

also significantly stimulated vitellogenesis and subsequent implantation of the same osmotic 

pump yielded the full-grown female eels (Figure 2) (Kagawa et al., 2013a). Implantation of a 

HCG-loaded osmotic pump (75 IU/day/fish) also stimulated vitellogenesis, although the GSI 

values were lower than those of the fish implanted with the SPE-loaded osmotic pump. 

However, implantation of a single osmotic pump loaded with GnRHa (5.25 g/day/fish) did 
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not stimulate vitellogenesis in the eels. The periods until oocytes of osmotic pump implanted 

female eels attain at migratory nucleus stage take longer than those of SPE injected female 

eels and the number of fish attained full-grown are less than those of SPE injected female 

eels. These results indicate also in female eels that osmotic pump is useful for induction of 

sexual maturation and for obtaining full-gown experiment fish. 

 

 

Hydration of Oocyte 
 

After a relatively long period of growth (the vitellogenic phase), oocytes undergo 

maturation, accompanied by several maturational processes in the cytoplasm (such as 

hydration, lipid coalescence and clearing of the ooplasm) and in the nucleus (such as germinal 

vesicle breakdown, GVBD) followed by ovulation (Figure 3). 

 

 
Modified from Kagawa et al. 2013a 

Figure 2. Photographs of the ovary of a female Japanese eel before (A) and after (B) implantation with 

a single osmotic pump loaded with salmon pituitary extract (SPE, 3 mg /day/fish). The arrowheads 

indicate the immature ovary and the arrow indicates the osmotic pump. Developed ovary possessing 

full-grown oocytes occupies the abdomen (B). 

In particular, in marine teleosts spawning buoyant eggs in seawater, oocytes undergo a 

significant increase in size because of rapid water uptake during meiosis resumption (Adachi 

et al., 1988, Fabra et al., 2006, Kagawa et al., 2009). During these processes, the oocytes 

become buoyant, which is essential for their oceanic survival and dispersal as well as for the 

initiation of early embryogenesis (Matsubara et al., 1999). In the Japanese eel, we found that 

the full-grown oocytes underwent more than threefold increase in volume during maturation 

and ovulation, which was artificially induced by injecting SPE and 17, 20 -dihydroxy-4-

pregnen-3-one (DHP) (Kagawa et al. 2009b). Wet and dry weight measurements (Figure 3) 

indicated that water accumulation during oocyte maturation is the major factor contributing to 

the follicular diameter increase and oocyte volume. In vitro experiments revealed that 

gonadotropins (HCG, SPE, recombinant eel LH) and DHP stimulated an increase in the 

diameter of follicle-enclosed oocytes at the migratory nucleus stage. 

 

 

 

 

A	 B	

Kagawa	et	al.		Fig.	1.	
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Modified from Kagawa et al. 2009a. 

Figure 3. Changes in the wet and dry weights of the follicle-enclosed oocytes during oocyte maturation 

and hydration induced by salmon pituitary extract (SPE) and 17,20 -dihydroxy-4-pregnene- 3-one 

(DHP) injections. Arrow: mature oocyte. Arrowhead :ovulated egg. Upper photographs: morphological 

changes during oocyte maturation and ovulation. 

During oocyte maturation, the yolk globules fuse and, concomitantly, pronounced 

proteolysis of the yolk proteins occurs, generating an increase in free amino acids; the 

resulting increase in small peptides in the oocytes provides the driving force for the water 

influx into the oocytes (Fabra et al., 2006; Matsubara et al., 1999; Selman et al., 2001). We 

found that bafilomycin A1, a specific inhibitor of vacuolar proton-ATPase and acidification 

of yolk inclusion (Raldu’a et al., 2006), prevented the HCG- and DHP-induced oocyte 

hydration in a dose-dependent manner. Previous studies indicate that bafilomycin A1 prevents 

yolk protein hydrolysis and the generation of free amino acids (Selman et al., 2001). 

Therefore, in the Japanese eel, acidification of the yolk compartments is necessary for 

appropriate protein hydrolysis, increasing small peptides (such as free amino acids) in the 

oocytes and providing the driving force for the water influx into the oocytes, as suggested 

previously (Fabra et al., 2006; Matsubara et al., 1999; Selman et al., 2001). Addition of 

inhibitors of aquaporin (Aqp) water permeability (HgCl2) to the incubation media inhibited 

the gonadotropin- and DHP-induced increase in the follicular diameter in a dose-dependent 

manner, suggesting that aquaporin facilitates water uptake by acting as a water channel, is 

essential for water influx into oocytes via osmotic mechanisms. However, as per previous 

report Cerda et al. (2007), it might be possible that HgCl2 also affects other important factors 

for oocyte hydration, such as K
+
 channels. Further studies are necessary to confirm the 

involvement of Aqp1ab in oocyte hydration of the eel. Recent study by Zapater et al. (2011) 
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pointed out the fist direct experimental evidence of involvement of Aqp1ab in oocyte 

hydration of the Atlantic halibut (Hippoglossus hippoglossus) by microinjection of an 

antiserum specific to Aqp1ab. 

To elucidate the molecular mechanisms underlying hydration during oocyte maturation, 

we have cloned novel-water selective aquaporin 1 (aqp1b) of the eel (Kagawa et al. 2011). 

Aquaporin, an open molecular channel transporting water and other solutes along an osmotic 

gradient (Arge et al., 2002), was found to contribute to the rapid water influx into the oocyte 

during oocyte maturation in the gilthead seabream (Sparus auratus) (Ferbra et al., 2005, 

2006). We have isolated and characterized a Japanese eel aqp1b cDNA derived from ovary. 

The predicted amino acid sequences of the cloned Japanese eel ovary-derived aqp1b shared 

99% overall sequence identity with that of the AQP1 previously reported in the European eel, 

Anguilla anguilla (Martinez et al., 2005) termed AQP1dup. The Japanease eel APQ1b 

contains three functional domains; an N-terminal extracellular domain, a large 

transmembrane domain, and a C-terminal cytoplasmic domain. In particular, six potential 

transmembrane domains and two NPA motifs are conserved. Moreover, amino acids known 

to be essential for the pore-forming region in human AQP1 (i.e., Phe56 , His180 , and Arg195 

Sui et al., 2001) were present in an analogous position in Japanese eel AQP1b. Therefore, 

these amino acids in Japanese eel AQP1b may be involved in water selective pore formation. 

Also, a Cys residue located N terminal to the second NPA motif, which may be involved with 

inhibition of water permeability by mercurial compounds, was identical in Japanese eel 

AQP1b. 

In situ hybridization studies with the eel aqp1b cRNA probe revealed intense signals in 

the oocytes at the perinucleolus stage which became faint during the process of oocyte 

development. Light microscopic immunocytochemical analysis of ovary using antibody 

against Japanese eel AQP1b revealed that the reactions was first expressed in the cytoplasm 

around the yolk globules of oocyte at the primary yolk globule stage and became localized 

around the large membrane-limited yolk masses which were formed by the fusion of yolk 

globules during the oocyte maturation phase. These results indicate that during the 

previtellogenic stage (at the perinucleolus stage), mRNA of eel aqp1b are synthesized in the 

oocytes, perhaps by maternal gene expression and/or from ovarian follicle. Synthesis of 

Aqp1b protein is stimulated when oocytes begin vitellogenesis. During oocyte maturation of 

the Japanese eel (meiosis resumption), the yolk granules fused and increased in size to 

become large yolk masses but did not form a single yolk mass. These morphological changes 

observed during oocyte maturation is different from those observed in the gilthead seabream 

(Fabra et al. 2006) in which the yolk granules fuse into a single yolk mass. In the gilthead 

seabream, during oocyte maturation, Aqp1b translocated towards oocyte periphery and 

become concentrated within a thin layer just below the oocyte. Further studies are necessary 

to obtain more conclusive evidence of Aqp1b localization on plasma membrane of the 

Japanese eel oocytes. In addition, studies on other evolutionally primitive species, such as 

conger eel Conger myriaster and Pike eel Muraenesox cinereus, may substantiate this 

contention. 
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Maturational Competence and Oocyte Maturation 
and Ovulation (See Figure 4) 

 

During oocyte maturation phase, full-grown oocytes acquire ability to respond the 

maturation-inducing steroid (maturational competence). SPE (or DHP) did not induce in vitro 

germinal vesicle breakdown (GVBD) and ovulation in full-grown oocytes at the tertiary yolk 

globule stage below 700 m in diameter (Kagawa et al., 2013b). One day after SPE injection, 

oocytes at the migratory nucleus stage approximately 800 m in diameter underwent GVBD 

and ovulation, in vitro, in response to SPE and DHP. Oocytes became increasingly sensitive 

to SPE in association with the increase of oocyte diameter due to everyday SPE-injection, but 

oocytes obtained from female eels treated with single SPE-injection became less sensitive to 

SPE and DHP later on. Moreover, pre-incubation with SPE (or recombinant eel LH, but not 

FSH, which were produced using a HEK 293 cells) and subsequent incubation with DHP 

induced GVBD. These results indicate that oocytes acquire the ability to respond to DHP at 

the migratory nucleus stage over 800 m in diameter and furthermore SPE (maybe LH) has 

an essential role for initiation and maintenance of the ability of oocytes to respond to 

gonadotropin and DHP. 

After acquisition of maturational competence, oocytes become sensitive to SPE or DHP 

in association with the continuous increase of oocyte diameter by hydration. Recently, we 

found that SPE did not stimulate in vitro DHP production of ovarian follicles at the tertiary 

yolk globule stage between 600-700 m in diameter. However, in vitro DHP production was 

stimulated by SPE in ovarian follicles over 800 m in diameter and even the production 

became higher in ovarian follicles with 900 m in diameter. These results indicate that 

ovarian follicles acquire the potency to produce maturation-inducing steroid (DHP) at 

migratory nucleus stage over 800 m, more specifically at 900 m in diameter (Kagawa et 

al., in preparation). 

 

 

Artificial Induction of Spawning 
 

Ordinary Methods 
 

Ordinary methods for artificial induction of spawning were reviewed earlier (Kagawa 

2003; 2005). Briefly, female eels were intraperitoneally injected with SPE (20-30 mg/kg body 

weight) once a week. After 10-13 injections, females that possessed oocytes over 850 μm in 

diameter at the migratory nucleus stage were injected with SPE (30 mg/kg body weight) as a 

priming dose, followed by an intraperitoneal injection of DHP (2 μg/g body weight) 24 h 

later. Ovulated eggs were obtained 12-18 hr after DHP injection. 

 

 

Newly Developed Methods (Figure 4) 
 

New methods for artificial induction of spawning have been developed from the basic 

information obtained by in vitro and in vivo experiments described above. Eels having ovaries 
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containing full-grown oocytes (approximately 700-750 m in diameter) were injected with 

SPE to induce oocyte hydration and maturational competence. Eels possessing competent 

oocytes (850-900 m) were injected again (a priming dose) with SPE to induce and maintain 

maturational competence and ability to respond to gonadotropin. Final treatments of 

gonadotropin-releasing hormone analog (GnRHa) in combination with SPE given 24 hr after 

SPE-priming dose to female eels (900-950 m in diameter) succeeded in induction of 

spawning in a rearing tank with spermiated male eels injected with hCG. Average fertility and 

hatchability are approximately 60 and 40%, respectively. 

 

 
Modified from Kagawa et al. 2013b 

Figure 4. Hormonal regulation of oocyte maturation (cytoplasmic and nuclear maturation) and 

ovulation, and artificial hormone treatments for induction of spawning of the female Japanese eel. 

DHP: 17,20 -dihydroxy-4-pregnene-3-one, GVBD: germinal vesicle breakdown, PG: prostaglandin, 

SPE: salmon pituitary extract. 

 

Conclusion 
 

We have developed new methods for induction of spawning in the Japanese eel by 

improving the ordinary hormonal treatments. The percentage of fertility and hatchability were 

improved after adopting these methods. However, egg quality obtained from the female eels 

induced by our hormonal treatment procedures varies among the female eels used. Further 

studies are necessary to elucidate factors associated with egg quality and improve technical 

procedures. 

Development for artificial induction of maturation and seed production in the Japanese 

eel started almost half a century ago. Finally, leptocephalus larvae and glass eels have been 

produced first in the world from artificially induced mature male and female eels by elaborate 

and reasonable hormonal treatments (Kagawa et al. 2005; Tanaka 2003). In 2010, “complete 
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culture” system for the Japanese eel (production of the next generation from bloodstocks 

which are reared from artificially reproduced eggs) has been developed. 
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Abstract 
 

Transgenic medaka lines expressing strong ovarian GFP can be potentially utilized in 

various studies on sex differentiation, of which we present an example here. An XY sex-

reversed medaka line found in Sendai, Japan, was genetically analyzed by crossing with 

the transgenic lines. As a result, presence of the Y chromosome from the original sex-

reversal was necessary, but not sufficient, for XY sex-reversal of the progenies. 

Therefore, cause of this sex-reversal is hypomorphic Y chromosome and likely to be loss 

of function, including altered expression, of the male-determining gene of the medaka, 

dmy. The transgenic lines enabled us to determine sexual phenotypes of the medaka at 

one week after hatching, which is substantially earlier than by conventional method with 

secondary sex characteristics. 

 

 

Introduction 
 

With the advance of GFP (green fluorescent protein) technologies in recent years (see 

Miyawaki, 2011a and b; Remington, 2011), transgenic fish with fluorescent proteins has 

become popular in many aspects of basic and applied biological studies primarily because of 

easy live imaging without sacrificing fishes (see Driesh III, 2008; Higashijima, 2008; 

Nakamura et al., 2008; Iwai et al., 2009). Among them, visible sex markers can be potentially 

useful in the following studies: finding sexual differences in transcriptomes or proteomes, 
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screening and characterization of sex differentiation mutants, drug tests on sex differentiation, 

and effects of temperature or other environmental factors. Here we present an example of 

mutant characterization using transgenic medaka lines expressing ovary-specific GFP. 

Sexually undifferentiated gonads of vertebrates differentiate into ovaries or testes 

according to their sex. In this fascinating process, many questions still remain to be answered. 

The sex-determining system of medaka is XX/XY type (Aida, 1921) and their sex-

determining gene was identified, second in the vertebrates after mammalian sry, as 

dmy/dmrt1bY (Matsuda et al., 2002; Nanda et al., 2002). The gene was originated about one 

million years ago by duplication of autosomal dmrt1 gene (Nanda et al., 2002; Kondo et al., 

2006). One of the promising approaches to understand sex differentiation network triggered 

by dmy is to analyze sex differentiation mutants (cf. Morinaga et al., 2007). On the basis of 

presence or absence of dmy in the genome, the sex differentiation mutants have been 

collected from wild medaka populations (Matsuda et al., 2002; Shinomiya et al., 2004; Otake 

et al., 2006, 2008). In the present study, we analyzed an XY sex-reversal line found in Sendai, 

Japan, in 2007 (Sugawara et al., unpublished). The phenotype of medaka sex becomes 

apparent from outside at about 2 months after hatching (see chapter 5 in Kinoshita et al., 

2009). Therefore, we utilized transgenic medaka lines with a GFP driven by 42Sp50 

(Kinoshita et al., 2009b), which is highly expressed in the developing young oocytes 

(Kanamori, 2000). With this transgene, we could determine sex phenotypes from one week 

after hatching. 

 

 

Figure 1. Pedigree of X
○
Y

S
 females used in this study. One F2 and one F3 female (circled) were used in 

the following experiments. 
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Materials and Methods 
 

Two XY sex-reversed females were used in this study: one F2 and one F3 progenies from 

a cross between original XY female (Matsuda et al., 2002) found in Miyagino district of 

Sendai city, Japan, in 2007, and a Hd-rR・Y
HNI 

male (Figure 1). We analyzed F1 progenies 

between these XY sex-reversed females and males of two transgenic lines with 

42Sp50:EGFP. Because X chromosomes from either original XY sex-reversed female or Hd-

rR・Y
HNI

 showed identical pattern in the following genetic analysis, they are represented here 

collectively as X
○
. Y

S
 denotes Y chromosome of the original XY female. 

 

 

1st Experiment 
 

F1 progenies from a cross between X
○
Y

S 
females (see above) and males (X

*
Y

*
) 

homozygous for an oocyte-specific GFP transgene (Tg (42Sp50:EGFP), Kinoshita et al., 

2009, Figure 3) were examined. Their genotypes were analyzed by genomic PCR followed by 

RFLP (restriction fragment length polymorphism) based SNP (single nucleotide 

polymorphism) detection and phenotypes by ovarian GFP detection. First, we examined 

fluorescence in the gonads at one week to ten days after hatching under stereo fluorescence 

microscope (Leica microsystems) and then froze whole body at -70°C. 

 

 

Figure 2. Structure of dmy and dmrt1genes (rectanfgles are exons) with primer locations. 

 

Table 1. Primer sequences 
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Their genomic DNA was extracted later with Extract-N-Amp
TM

 Tissue PCR Kit (Sigma 

Aldrich). PCR were done with a primer pair 17.z1 and 17.z3, which amplifies both dmy and 

dmrt1 (Table 1 and Figure 2). The fragments from dmy and dmrt1 were 0.8 and 1.1 kb, 

respectively (Figure 5). Next, Y
S 

and Y
* 

were distinguished by a SNP found in their dmy 

genomic sequences between primers, 17.19 and 17.20 (Matsuda et al., 2002). The PCR 

fragments amplified from DdeR and 17.20 (Table 1 and Figure 2) were digested with DdeI. A 

350bp fragment were obtained from Y
* 

and about 315bp and 30bp fragments were obtained 

from Y
S
 (Figure 5). 

 

 

Figure 3. Tg(42Sp50:GFP) fish at one week after hatching. upper: with transmitted light (bar=1mm), 

lower: with excitation light, inset (ovary, bar=0.1mm). The line was based on the mc line described in 

Kanamori et al., 2008. The wild type allele of lf is on the Y and the mutant allele is on the X. Only XY 

medaka has leucophores (shown in yellow in the lower panel). The XX (without leucophores) shows 

ovarian GFP. 
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Figure 4. Tg(dmy/crystalline:DsRed,42Sp50:GFP) fish at one week after hatching. left: with incident 

light (bar=1mm), right: with excitation light. The lower fish with a red lens has dmy transgene and no 

fluorescence in the gonad. The upper fish has a black lens (no dmy transgene) and strong ovarian 

fluorescence in the gonad. 

 

 

Figure 5. PCR genotyping with a dmy fragment (upper) and PCR/RFLP of another dmy fragment 

(lower). 

 

2nd Experiment 
 

We introduced a dmy transgene (11 copies, Otake et al., 2010) into Tg (42Sp50:EGFP) 

by crossing (Tg(dmy/crystalline:DsRed,42Sp50:GFP, Figure 4). This transgene contains 

crystalline:DsRed that confers red lens penotype. F1 genotypes were analyzed by lens color 

and genomic PCR, and their phenotypes by ovarian GFP fluorescence as experiment 1. PCR 

were done with a primer pair 2S and 1U in the PG7 gene nearby dmy locus (Matsuda et al., 

2002, Table 1). A 800bp fragment were obtained from X
*
and Y

S
 and about 500bp from X

○ 

(Figure 7). 
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Results 
 

1st Experiment 
 

The genotypes of sex chromosomes were determined by PCR of the dmy fragment and 

SNP detection by DdeI digestion (Figure 5, upper and lower, respectively). The phenotypes of 

the F1s were determined by presence or absence of ovarian GFP as shown in Figure 3. All 

X
*
X

○
 were females. All X

*
Y

*
 and Y

*
 Y

S
 were males. 25 males and 10 females were found 

from X
*
Y

S
. 

 

 

2nd Experiment 
 

The presence of X
○ 

was detected by PCR of the PG7 fragment (lower band in Figure 7). 

The F1 fish with red lenses (with dmy transgene) were all males regardless of their genotypes 

(X
*
X

○
 or X

*
Y

S
). The X

*
X

○ 
fish with black lenses were all females. 26 males and 29 females 

were found from the X
*
Y

S 
fish with black lenses (Figure 8). 

 

 

Figure 6. Sex genotypes and phenotypes of F1 (experiment 1). 

 

 

Figure 7. Genotyping by PCR of a PG7 fragment. 
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Figure 8. Sex genotypes and phenotypes of F1 (experiment 2). 

In both experiments, presence of Y
S 

was necessary for XY sex-reversal but was not 

sufficient; presence of Y
*
 or the dmy transgene overrode presence of Y

S
.  

 

 

Discussion 
 

With experiments 1 and 2, we examined sex genotypes and phenotypes of about 300 F1 

progenies. As expected, ratio of X
*
X

○
: X

*
Y

*
: Y

*
 Y

S
: X

*
Y

S 
was 1:1:1:1 in the experiment 1 

and ratio of X
*
X

○
: X

*
Y

S
 was 1:1 in the experiment 2. About 30% and 50% of X

*
Y

S 
F1 

offspring from experiment 1 and 2, respectively, developed as sex-reversed females. 

However, those with Y
S
 developed as males when Y

*
 or the dmy transgene was present. 

Taken together, these data strongly suggest that the mutations in this strain do not dominantly 

convert male to female but relative strength of the mutations determine whether they develop 

as females or males. The results can be most easily explained by presence of a hypomorphic 

Y choromosome.  

The XY sex-reversals from wild-derived medaka populations reported to date are all 

attributed to the Y chromosomes (Shinomiya et al., 2004; Otake et al., 2006). Their dmy 

alleles showed loss-of-function mutations (Otake et al., 2006). About half contained 

premature termination of the dmy coding sequence and the remaining half showed decreased 

expression. In an exceptional case, a medaka population in Obu, Aichi, Japan, contained a 

nonfunctional Y chromosome that behaved as an X chromosome in multiple generations 

(Otake et al., 2008). Those cases differ from the present mutation in that the dmy allele on the 

Y
S 

shows no nucleotide mutations in the protein coding region and there is no detectable 

decrease of the expression level of the dmy (Sugawara et al., unpublished). 

As the cause of sex reversal in the present case is most likely a hypomorphic Y
*
 

chromosome, we speculate that 1) expression of the dmy on the Y
S
 may be tissue-specifically 

or developmentally altered or 2) a mutation exists in the Y-specific region of the Y
S
 outside 

the dmy. The Y-specific region is known to be about 260 kb and does not contain protein 

coding gene except dmy (Nanda et al., 2002; Kondo et al., 2006). We also cannot exclude 

presence of an autosomal mutation additional to the Y
S
, which is responsible for the sex-

reversal. 
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We need about 2 months after hatching to distinguish males and females from their 

external morphology (see chapter 6 in Kinoshita et al., 2009a). The transgenic medaka used in 

the study (Kinoshita et al., 2009b) can shorten this period to one week with the strong 

fluorescence driven by the 42Sp50 promoter and thereby proved to be a useful animal model 

involved in gonadal sex differentiation. 

 

 

Conclusion 
 

In the present study, we demonstrated our 42Sp50:GFP transgenic medaka can be 

utilized in genetic analyses of a sex-reversal mutant. Noninvasive phenotyping as early as one 

week after hatching can simplify various assays based on sex differentiation of the medaka.  
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Abstract 
 

Fish reproduction is regulated by the hypothalamus-pituitary-gonadal (HPG) axis. 

Within the HPG axis, gonadotropin-releasing hormone (GnRH) has been well recognized 

as the master molecule of reproduction, which regulates the synthesis and release of 

gonadotropins, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), from 

the pituitary. In recent years, new molecules such as kisspeptins and gonadotropin-

inhibitory hormone (GnIH) in the HPG axis have become the focus of research in 

reproductive neuroendocrinology. Each of them is considered to play an important role in 

the control of the HPG axis, in particular in the positive and negative feedback actions. In 

this chapter, we summarize the old and new molecules in the HPG axis from anatomical 

and physiological points of view. 

 

 

Introduction 
 

As in other vertebrates, the hypothalamus-pituitary-gonadal (HPG) axis predominantly 

regulates teleost reproduction. The hypothalamus receives a variety of internal and external 

environmental information and integrates it to regulate the pituitary (hypophysis). The 

hypothalamus contains many neuropeptides and neurotransmitters that stimulate pituitary 

gonadotropes (Table 1). Among them, gonadotropin-releasing hormone (GnRH) synthesized 

in a specific neuronal population of the hypothalamus has been known as the master molecule 

of reproduction to stimulate the synthesis and release of gonadotropins (GtHs; follicle-

stimulating hormone, FSH, and luteinizing hormone, LH) in the pituitary. 
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Table 1. Hypothalamic hormones and neurotransmitters that regulate gonadotropes 

 

  
Hormone/ 

neurotransmitter 
Fish species Function  Reference 

S
ti

m
u

la
to

ry
 

GnRH1 Blue gourami 
Stimulation of FSH  mRNA 

expression 
(Levy and Degani, 2012) 

GnRH2 Goldfish Stimulation of LH release  (Chang et al., 1990) 

GnRH3 

Coho salmon Stimulation of FSH and LH release 
(Dickey and Swanson, 

2000) 

Tilapia 
Stimulation of all GtH subunit 

mRNA expression 
(Yaron et al., 2001) 

GnIH (LPXRFa) 

Masu salmon 
Stimulation of LH, FSH and GH 

release 
(Amano et al., 2006) 

Grass puffer 
Stimulation of LH and FSH mRNA 

expression 
(Shahjahan et al., 2011) 

Goldfish 
Stimulation of LH  mRNA 

expression 
(Moussavi et al., 2012) 

PQRFa Hagfish 
Stimulation of GtH  mRNA 

expression 
(Osugi et al., 2011) 

26RFa Goldfish Increase of plasma LH levels (Liu et al., 2009) 

Kiss1 Sea bass Increase of plasma LH levels (Felip et al., 2009) 

 Goldfish Stimulation of LH release (Yang et al., 2010) 

Kiss2 Zebrafish 
Stimulation of FSH and LH mRNA 

expression 
(Kitahashi et al., 2009) 

  Sea bass 
Increase of plasma FSH and LH 

levels 
(Felip et al., 2009) 

Tachykinin 

(NKBa, NKF) 
Zebrafish Increase of plasma LH levels (Biran et al., 2012) 

Serotonin (5-HT) 
Goldfish Increase of plasma LH levels (Somoza et al., 1988) 

Atlantic croaker Stimulation of LH release (Khan and Thomas, 1992) 

NPY Goldfish Stimulation of LH release (Peng et al., 1990) 

 

Common carp Stimulation of LH release (Breton et al., 1991) 

Rainbow trout Stimulation of LH release 
(Cerda-Reverter et al., 

1999) 

Sea bass  Stimulation of LH release 
(Cerda-Reverter et al., 

1999) 

Tilapia 
Stimulation of LH and GtH  

mRNA expression 
(Yaron et al., 2001) 

PACAP 

Goldfish Stimulation of LH release 

(Wong et al., 1998; 

Sawisky and Chang, 

2005) 

Tilapia 
Stimulation of all GtH subunit 

mRNA expression 
(Yaron et al., 2001) 

Blue gourami 
Stimulation of FSH  mRNA 

expression 
(Levy and Degani, 2012) 

In
h

ib
it

o
ry

 

GnIH (LPXRFa) Goldfish 

Decrease of serum LH levels 
(Moussavi et al., 2012; 

Zhang et al., 2010) 
Inhibition of FSH  and LH  mRNA 

expression 

Dopamine 
Goldfish Decrease of plasma LH levels (Chang et al., 1983) 

Chinese loach Decrease of plasma LH levels (Lin et al., 1989) 
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The release of GnRH and the sensitivity of gonadotropes (FSH and LH cells) to GnRH 

primarily determine the activity of the HPG axis. GtHs travel throughout the body with the 

bloodstream and stimulate maturation of the gonads (ovaries and testes) by binding to their 

respective receptors on them. Matured gonads secrete sex steroid hormones (estrogens and 

androgens), which negatively regulate the hypothalamus and the pituitary (long- and short-

negative feedback loops). This closed-loop system maintains the homeostasis of the 

reproductive system. On the other hand, in certain situations such as the LH surge in females 

and the onset of puberty, sex steroids exert stimulatory effects on the hypothalamus and the 

pituitary (long- and short-positive feedback loops) to initiate the activation of the HPG axis. 

Although these mechanisms are very similar in teleosts and tetrapods, there are still 

significant differences in the roles of individual hypothalamic hormones and the way they are 

delivered to the pituitary as discussed in later sections. Since GnRH was identified as a 

neuropeptide that stimulates GtH secretion to play a pivotal role in regulating reproduction, 

this hypophysiotropic hormone has been recognized as the master molecule of reproduction in 

all vertebrates. 

However, some aspects of the regulatory mechanism of reproduction, especially the sites 

of negative and positive feedback actions of sex steroids on GnRH secretion, remain unclear. 

In the last decade, several novel hypothalamic neuropeptides including kisspeptins and 

gonadotropin-inhibitory hormone (GnIH) have been identified as new players in the control 

of reproduction. Importantly, these novel neuropeptides fill the “missing link” of the negative 

and positive feedback actions of sex steroids in mammals. Therefore, the whole picture of the 

regulatory mechanism of reproduction is more evident now. 

In this chapter, we summarize recent knowledge of the hypothalamic neuroendocrine 

mechanisms in the regulation of pituitary GtHs with specific emphasis on the comparison 

between teleosts and tetrapods. 

 

 

Anatomical Characteristics of the Teleost 
Hypothalamus-Pituitary Connection 

 

The pituitary gland, which consists of the adenohypophysis and the neurohypophysis, is 

attached to the hypothalamus by a short stalk that contains neurosecretory fibers projecting 

from the brain to the pituitary in all vertebrates including fishes (Figure 1). The 

neurohypophysis is a posterior part of the pituitary, with a rich supply of neurosecretory 

fibers that release vasotocin and isotocin (vasopressin and oxytocin in mammals). On the 

other hand, the adenohypophysis, an anterior part of the pituitary, contains various pituitary 

endocrine cells secreting pituitary hormones, which include FSH, LH, thyroid-stimulating 

hormone (TSH), growth hormone (GH), prolactin (PRL), adrenocorticotropic hormone 

(ACTH), and somatolactin (SL). The adenohypophysis is further divided into the pars distalis 

(rostral and proximal pars distalis) and the pars intermedia (Olivereau and Ball, 1964). The 

dorsal and ventral parts of the proximal pars distalis contain FSH and LH cells (Figure 1b), 

respectively (Zohar et al., 2010). The relatively segregated cell localization of hormone types 

to given pituitary regions compared to mammals is one of structural features of the fish 

pituitary. 
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a      b 

ME, median eminence; NeH, neurohypophysis; PI, pars intermedia; PPD, proximal pars distalis; RPD, 

rostral pars distalis. 

Figure 1. Innervations of hypophysiotropic hypothalamic neurons in mammals (A) and teleosts (B). 

Innervations of GnRH neurons are shown as an example. Within the adenohypophysis (anterior 

pituitary), the pars distalis and the pars intermedia are shaded with light and dark gray, respectively. In 

mammals, the axons of hypophysiotropic neurons terminate at the ME, and released hormones reach 

target cells via the blood circulation in the hypophyseal portal system. In teleosts, hypophysiotropic 

neurons directly innervate into the adenohypophysis (the rostral pars distalis and the proximal pars 

distalis) and terminate near to their target cells, which are located in a cluster manner. 

Fish hypothalamus-pituitary connection also has a characteristic anatomical structure 

when compared to that of mammals. In fish, hypothalamic hormones that control pituitary 

functions are directly transported to the respective pituitary endocrine cells via neuronal fiber 

projections to the adenohypophysis (Figure 1b). Indeed, neuronal processes immunoreactive 

to various hypothalamic hormones project into the pituitary. These hypothalamic hormones 

are released from the nerve terminals to act directly on nearby target cells. On the other hand, 

in the mammalian HPG axis, neuronal fibers of the hypophysiotropic hormone cells terminate 

at the median eminence (ME), which is anatomically located just above the adenohypophysis, 

and release hormones into the hypophyseal portal system. Released hypothalamic hormones 

travel with the bloodstream to their target pituitary endocrine cells, which are scattered 

throughout the adenohypophysis (Figure 1a). Because hypothalamic hormones are delivered 

throughout the adenohypophysis via the blood circulation, the responsiveness of each 

pituitary endocrine cell to the hypophysiotropic hormones is determined by the expression of 

respective receptors in the target pituitary endocrine cells. Direct innervations from the 

hypothalamus to the adenohypophysis and the segregation of endocrine cells in the pituitary 

makes teleost a useful model to understand hypothalamic control of the pituitary endocrine 

cells (Parhar and Iwata, 1994). 
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In fact, there is good association between the distribution of hypothalamic neuronal fibers 

and the endocrine target cells in the adenohypophysis of teleosts. For example, fiber terminals 

of GnRH neurons are distributed in the proximal pars distalis, where LH and FSH cells are 

located, which justifies the role of GnRH in GtH secretion. Neurons synthesizing several 

neuropeptides and neurotransmitters, particularly GnRH (Parhar, 1997), GABA (Kah et al., 

1987a), neuropeptide Y (Batten et al., 1990), dopamine (Kah et al., 1984), and PACAP 

(Wong et al., 1998) have been identified to project their fibers to the pars distalis to modulate 

the release of GtH and other pituitary hormones (Table 1). 

Among brain regions, two hypophysiotropic nuclei, namely the nucleus preopticus (NPO) 

and the nucleus lateralis tuberis (NLT), have been known to control teleostean 

adenohypophyseal functions. In most teleosts, the NPO and the NLT comprise the major 

neuronal systems that innervate the pituitary to regulate different endocrine cells (Fryer and 

Maler, 1981; Peter, 1986). However, some extra hypothalamic areas, especially from the 

olfactory system and the telencephalon, have also been identified to send neuronal projections 

to the pituitary (Anglade et al., 1993; Chiba et al., 1996; Rama Krishna et al., 1992). In the 

POA-hypothalamus, the anterior and posterior subdivisions of the nucleus preopticus 

periventricularis (NPP) have been identified as the regions that contain a variety of peptide 

hormones and neurotransmitters, including GnRH (Parhar, 1997) and dopamine (Kah et al., 

1984), which are involved in the control of GtH secretion in the pituitary. 

 

 

Hypothalamic Hormones Regulating  
GTH Secretion 

 

Gonadotropin-Releasing Hormones (GnRHs) 
 

GnRH was first identified from the ovine and porcine hypothalamus as a peptide 

hormone that stimulates the release of LH from the adenohypophysis (Amoss et al., 1971; 

Matsuo et al., 1971), and was called luteinizing hormone-releasing hormone (LHRH). It was 

identified as a decapeptide with the primary structure of pEHWSYGLRPG-NH2. Findings 

that this hypophysiotropic hormone also stimulates the secretion of FSH changed its name to 

gonadotropin-releasing hormone, GnRH. The first fish GnRH was identified from the salmon 

by Sherwood and coworkers (Sherwood et al., 1983). To date, 15 forms of GnRH with 

different amino acid sequences have been identified in vertebrates, including ten teleost-

specific forms like salmon, seabream, whitefish, medaka, catfish, herring, dogfish, lamprey I, 

II and III (Adams et al., 2002; Carolsfeld et al., 2000; Jimenez-Linan et al., 1997; Kavanaugh 

et al., 2008; Lovejoy et al., 1992; Matsuo et al., 1971; Miyamoto et al., 1982; Miyamoto et 

al., 1984; Ngamvongchon et al., 1992a; Okubo et al., 2000; Powell et al., 1994; Sherwood et 

al., 1983; Sower et al., 1993; Yoo et al., 2000). It now appears that most vertebrate species 

possess two, and some teleost species have three, GnRH forms (Parhar, 1997; Sherwood et 

al., 1997), although rodents, bovine, and sheep are known to possess only one functional 

GnRH (Millar, 2003; Morgan et al., 2006). Fish species possess not only the most diverged 

primary GnRH structure, with 12 in total (10 fish forms, mammalian GnRH, and chicken 

GnRH-II), but also possess up to 5 GnRH receptor (GnRH-R) variants in some species (Jodo 
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et al., 2003; Kah et al., 2007). Fish GnRH is therefore of interest from an evolutionary point 

of view. 

It has been reported that GnRH and GnRH-R are also expressed in peripheral tissues 

including the gonads (Lin et al., 2010; Madigou et al., 2002; Pati and Habibi, 1998; Uzbekova 

et al., 2002; Yu et al., 1998). This gonadal GnRH/GnRH-R system is considered to act in an 

autocrine or paracrine manner to regulate gonadal steroidogenesis and oocyte maturation 

(Andreu-Vieyra et al., 2005; Pati and Habibi, 2000). However, in this chapter, we focus only 

on the central roles of GnRH in the brain. 

While GnRH was traditionally named after the species in which it was identified, the 

same form also exists in other species; salmon GnRH also exists in the herring, goldfish, 

medaka, seabream, and the tilapia. 

Therefore, the current nomenclature uses GnRH1, GnRH2 and GnRH3 based on the 

phylogenetic sequence analysis and respective location of expression. GnRH1 is the most 

variable form among the three, and is generally expressed in the ventral forebrain-preoptic 

area (POA)-basal hypothalamus. GnRH2 is the most evolutionarily conserved GnRH form 

among vertebrates and expressed in the midbrain. The third type GnRH3 is present in the 

caudal-most olfactory bulb (Figure 2) along the terminal nerve in certain fish species (Okubo 

and Nagahama, 2008). GnRH1, of which neurons are located in the POA-basal hypothalamus 

and send neuronal fibers directly into the adenohypophysis (teleosts) or to the ME (other 

vertebrates), is considered to be a hypophysiotropic form. In most fish species, GnRH1 

neurons are the major source of GnRH fiber projections into the pituitary. 

 

 
C, cerebellum; Hd, dorsal zone of periventricular hypothalamus; Hv, ventral zone of periventricular 

hypothalamus; MB, midbrain; MO, medulla oblongata; NPOav, Nucleus preopticus anteroventralis; 

NPPv, nucleus posterioris periventricularis; nPT, posterior tuberal nucleus; OB, olfactory bulb; ON, 

olfactory nerve; OpN, optic nerve; OT, optic tectum; P, pituitary; POA, preoptic area; Tel, 

telencephalon; TN, terminal nerve; vHb, ventral habenula. 

Figure 2. A schematic drawing of representative localization of GnRH (black circle), kisspeptin (white 

circle), GnIH (triangle), and dopamine (asterisk) neurons in a sagittal section of the teleost brain. GnRH 

neurons in the POA, GnIH neurons in the NPPv, and dopaminergic neurons in the NPOav are shown to 

innervate the pituitary, while the kisspeptin neuronal population(s) projecting into the pituitary need to 

be identified. 
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As in mammals, the LH-releasing role of GnRH has been established in fish species 

(Trudeau, 1997; Yaron et al., 2003). On the other hand, the lack of quantification method of 

FSH peptide in most fish species limits information about GnRH effects on FSH release. 

Some studies in salmonids, however, show that, as in mammals, GnRH also stimulates FSH 

release from the fish pituitary (Ando et al., 2004; Breton et al., 1998; Dickey and Swanson, 

2000; Kawauchi et al., 1989). From these studies, it appears that GnRH1 stimulates the 

release of FSH and LH during early and late maturational stages, respectively. 

Quantitative gene expression analyses of GtH subunits showed the role of GnRH in the 

regulation of GtH synthesis is dependent on the maturational stage and the fish species 

(Yaron et al., 2003). For example, in maturing sockeye salmon GnRH analog (GnRHa) 

significantly increases the amounts of LH  and GtH  subunit mRNAs in both sexes, while 

there is no effect on FSH  subunit mRNA (Kitahashi et al., 1998a). 

Similar stimulatory effect on LH subunit genes is observed in reproductively quiescent 

sea bass Dicentrarchus labrax (Mateos et al., 2002). On the other hand, in maturing striped 

bass and common carp the stimulatory effect of GnRH on gene expression is seen in both 

FSH and LH subunits in males whereas only LH synthesis is stimulated by GnRH in females 

(Hassin i, 1998; Kandel-Kfir et al., 2002). In vitro studies using a primary culture of pituitary 

cells from different maturational stages of fish further confirmed that GnRH has direct effects 

on the synthesis and release of FSH and LH in a maturational stage-dependent manner in 

different species (Ando and Urano, 2005). 

GnRH1 neurons also project into other brain areas including the olfactory bulbs, 

olfactory nerve, optic tectum, and the spinal cord (Parhar, 1997). The extra-hypothalamic 

fiber projections of GnRH1 suggest its role in other reproductive functions such as sexual 

behavior or non-reproductive behavior. 

The functions of GnRH2 and GnRH3 are debatable due to limited evidence. Generally, 

GnRH2 and GnRH3 fibers are observed throughout the brain, but not in the pituitary. Thus, 

they are thought to have neuromodulatory functions rather than hypophysiotropic functions 

(Sherwood et al., 1997). This is supported by the spontaneous regular pacemaker activities of 

GnRH2 and GnRH3 neurons compared to the episodic firing of GnRH1 neurons observed in 

teleosts (Oka, 2009). In fact, administration of GnRH2 markedly reduced food intake in the 

goldfish (Matsuda et al., 2008) through an inhibitory effect on orexin neurons (Hoskins et al., 

2008). The involvement of GnRH2 in feeding has also been reported in a mammalian species, 

the musk shrew Suncus murinus (Kauffman and Rissman, 2004; Kauffman and Rissman, 

2006), suggesting its role in the control of feeding is evolutionally conserved. In addition, a 

recent study in the sea bass suggested GnRH2 stimulates melatonin secretion from the pineal 

gland (Servili et al., 2010). 

GnRH3 has been suggested to be involved in the control of reproductive behaviors. 

Immunoneutralization of GnRH3 using a specific antibody significantly decreases aggressive 

behavior and nest-building ability in the male Nile tilapia (Ogawa et al., 2006). Lesions of 

GnRH3 neurons cause impairment of nest-building in male dwarf gourami (Yamamoto et al., 

1997). Administration of GnRHa shortens the duration of homing migration of the pre-

spawning lacustrine sockeye salmon, Oncorhynchus nerka, which further provides evidence 

of its role in stimulating reproductive behavior (Kitahashi et al., 1998b; Sato et al., 1997). 

In spite of the similar neuronal localization pattern and function of each GnRH form in 

different fish species, there are slight variations in the GnRH peptides detected in the pituitary 



Takashi Kitahashi, Md. Shahjahan and Ishwar S. Parhar 160 

among fish species. For example, GnRH2 is detected in the pituitary of cyprinids (Steven et 

al., 2003; Yu et al., 1988) and catfish (Ngamvongchon et al., 1992b; Schulz et al., 1993). 

GnRH3 neurons are also shown to project into the pituitary of the sea bass, but significantly 

less than GnRH1 neurons (Gonzalez-Martinez et al., 2002a). However the significance of the 

species differences in pituitary innervation of GnRH neurons is still not clear. 

In some fish species including most salmonids and zebrafish, the GnRH1 gene has been 

lost during evolution. In such species, GnRH3 seems to double as GnRH1 in terms of its 

function and neuronal localization (Abraham et al., 2009; Amano et al., 1997): i.e. GnRH3 

neurons are located in the olfactory bulb, ventral telencephalon, POA, and the ventromedial 

hypothalamus, and send fibers into the pituitary. 

 

 

Kisspeptins 
 

Kisspeptin is a member of the RFamide family of peptides, encoded by the KISS1 gene 

in humans (Kotani et al., 2001). The core 10-amino acid sequence (Kiss1-10) is common 

among endogenous mature peptides derived from a common precursor peptide. This core 

sequence is highly conserved during evolution and shows potent biological activity (Bilban et 

al., 2004). Its important role in reproductive control emerged in 2003 when two independent 

groups reported inactivating mutations in kisspeptin receptor (kiss1r, G-protein coupled 

receptor 54, GPR54) result in idiopathic hypogonadotropic hypogonadism in humans and 

mice (de Roux et al., 2003; Seminara et al., 2003). Kiss1r knockout mice also exhibit the 

failure of pubertal onset (Lapatto et al., 2007; Seminara et al., 2003). Furthermore, similar 

phenotypes were demonstrated by Kiss1 knockout in mice, confirming the role of kisspeptin/ 

kiss1r in the onset of mammalian puberty (d'Anglemont de Tassigny et al., 2007; Lapatto et 

al., 2007). Kisspeptin administration induces FSH and LH release solely through the 

activation of GnRH1 release, because treatment with a GnRH antagonist completely blocks 

the effects of kisspeptin in rodents (Navarro et al., 2005a; Navarro et al., 2005b). Extensive 

studies revealed that kisspeptin fibers project to GnRH1 neuronal bodies and fiber terminals 

to regulate GnRH1 secretion at the POA and ME levels, respectively (Parhar et al., 2012). 

In rodents, kisspeptin neurons are localized in the arcuate nucleus (Arc) and the 

anteroventral periventricular nucleus (AVPV) (Clarkson and Herbison, 2006). The two 

kisspeptin neuronal populations are differently regulated by sex steroids. In the Arc, 

kisspeptin synthesis is inhibited by sex steroids, while it is stimulated in the AVPV (Smith et 

al., 2005a; Smith et al., 2005b). Thus, in mammals, kisspeptin neurons in the Arc and the 

AVPV are considered to mediate the negative and positive feedback actions of sex steroids, 

respectively. 

In teleosts, similar to GnRH, kisspeptins present in multiple forms and multi-functional in 

one species. The first identification of the cDNAs for two kisspeptin genes, kiss1 and kiss2, 

was reported in the medaka and the zebrafish (Kitahashi et al., 2009). cDNAs for the two 

kisspeptin genes have also been cloned in the chub mackerel (Selvaraj et al., 2010), sea bass 

(Felip et al., 2009), and the goldfish (Li et al., 2009). 

Genome comparison suggests that kiss1 and kiss2 are paralogs resultant from a whole 

genome duplication event during vertebrate evolution. Indeed, most vertebrates possess two 

forms of kisspeptin whereas kiss2-homologous sequences are absent in placental mammals. 
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The absence of kiss2 could be due to the loss of the kiss2 gene in this lineage during 

evolution, because the genomic regions syntenic to where the kiss2 gene is located in teleost 

still exist in the mammalian genomes (Kitahashi et al., 2009). In parallel to the multiple 

kisspeptin forms, there are multiple kisspeptin receptors in teleosts. In the zebrafish, the core 

sequences of two kisspeptins (Kiss1-10 and Kiss2-10) showed the highest potency for kiss1 

receptor (Kiss1R, also called GPR54-1) and kiss2 receptor (Kiss2R, also called GPR54-2), 

respectively (Lee et al., 2009). 

Systemic kisspeptin administrations (Kiss1-10 and Kiss2-10) stimulate the synthesis and 

release of FSH and LH and gonadal maturation in fish as in mammals. However, the effect of 

Kiss1-10 and Kiss2-10 in the gonadotrope control varies among species. In sexually mature 

female zebrafish, intraperitoneal injections of Kiss2-10 but not Kiss1-10 significantly 

increased the amount of FSH  and LH mRNAs (Kitahashi et al., 2009). The stronger effect 

of Kiss2-10 compared to Kiss1-10 was also observed in the release of FSH and LH in 

prepubertal sea bass (Felip et al., 2009). A similar trend of the effects of kisspeptins was 

observed in the stimulatory effect on gonadal maturation in female sea bass and striped bass 

(Beck et al., 2012). 

On the contrary, in female spotted grouper, an intraperitoneal Kiss2-10 injection 

stimulated the mRNA expression of FSH rather than LH (Shi et al., 2010). Furthermore, in 

the goldfish, an intraperitoneal Kiss1-10 injection, but not Kiss2-10, stimulated LH release in 

sexually mature female (Li et al., 2009). These results indicate the role of kiss1 and kiss2 in 

the regulation of GtH is species specific. However, it should be noted that longer kisspeptins, 

Kiss1-15 and Kiss2-12, are proposed as the endogenous kisspeptin forms in teleost species 

(Lee et al., 2009). 

The anatomical localizations of kisspeptin neurons in the fish brain have been examined 

by in situ hybridization studies. These studies show kiss1-expressing neurons in the ventral 

habenula (vHb) and kiss2-expressing neurons in the dorsal zone of the periventricular 

hypothalamus (Hd; also designated as the nucleus recessus lateralis, nRL) in the zebrafish, 

medaka, goldfish, and the sea bass (Figure 2; Escobar et al., 2012; Kanda et al., 2012; 

Kitahashi et al., 2009). Kiss1-expressing neuronal populations have also been localized in the 

nucleus ventral tuberis (nVT) and the nucleus posterior is periventricularis (NPPv) in the 

medaka (Figure 2; Kanda et al., 2008; Kitahashi et al., 2009). 

Interestingly, in the zebrafish and goldfish brains, the kiss1 gene is not expressed in these 

hypothalamic neuronal populations. Instead, the kiss2 gene is expressed in the nVT and NPPv 

kisspeptin neurons in the goldfish and the zebrafish, respectively (Kanda et al., 2012; 

Kitahashi et al., 2009; Servili et al., 2011). In addition, there is another kiss2-expressing 

neuronal population in the POA of the zebrafish and goldfish (Kanda et al., 2012; Servili et 

al., 2011). The variation in the kisspeptin form expressed in hypothalamic nuclei and the 

different effects of systemic administrations of Kiss1-10 and Kiss2-10 in different fish species 

raise the possibility that kisspeptin functions diverged during teleost evolution. Similar to the 

GnRH/ GnRH-R system, kisspeptins and kisspeptin receptors are also expressed in several 

peripheral tissues including the gonads, suggesting additional local actions of kisspeptins 

(Biran et al., 2008; Kitahashi et al., 2009; Shahjahan et al., 2010b; Yang et al., 2010). 

Fiber projections of kisspeptin neurons in the brain provide important information to 

understand the endogenous roles of the two kisspeptins in neuroendocrine function. However, 

information on kisspeptin fiber projections in fish species had been limited by the lack of 
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specific antibodies for fish kisspeptin forms. Recent efforts to develop specific fish kisspeptin 

antisera and the application of a neuronal tracer revealed that the habenula kiss1 neurons send 

fibers only to the ventral part of the interpeduncular nucleus, IPN (Ogawa et al., 2012; Servili 

et al., 2011). 

In addition, the expression of Kiss1 receptor is observed only in the habenula and the 

ventral IPN in the zebrafish (Ogawa et al., 2012). The habenula kiss1 system is thus 

implicated in the modulation of serotonergic system rather than HPG axis regulation in the 

zebrafish (Ogawa et al., 2012). On the other hand, Kiss2 fibers are widely distributed in the 

zebrafish forebrain and midbrain (Servili et al., 2011). 

The fact that all three GnRH neuron types express kisspeptin receptors in the Nile tilapia 

(Parhar et al., 2004) suggests that the role of Kiss2 neurons in the regulation of the HPG axis 

is via the activation of the GnRH systems. 

 

 

Gonadotropin-Inhibitory Hormone (GnIH) 
 

Gonadotropin-inhibitory hormone (GnIH) was found in the Japanese quail in 2000 as a 

hypothalamic neuropeptide that inhibits GtH release from the pituitary (Tsutsui et al., 2000). 

GnIH was identified as a dodecapeptide SIKPSAYLPLRF-NH2, and classified as a member 

of the RFamide family of peptides due to its C-terminal RF-NH2 motif. GnIH is the first 

hypothalamic neuropeptide identified as an inhibitor of GtH release in vertebrates. In avian 

species, GnIH expressed in the paraventricular nucleus (PVN) inhibits the HPG axis at the 

level of GnRH1 neuronal somata and fiber terminals as well as its direct action on the 

pituitary gonadotropes (Tsutsui et al., 2012). In the last decade, GnIH and its orthologs have 

been identified in many vertebrates including birds, fishes, and mammals. As in avian 

species, mammalian GnIH (RFamide-related peptide-3, RFRP-3) suppresses GtH secretion 

via the inhibition of GnRH1 neurons, while its direct action on the pituitary is controversial in 

mammals (Tsutsui et al., 2012). 

GnIH has been identified in fish species including the goldfish, zebrafish, medaka, 

Takifugu, grass puffer, and the sea lamprey (Osugi et al., 2006; Sawada et al., 2002; Zhang et 

al., 2010). Fish GnIH is also referred to as LPXRFa after the sequence of C-terminal motif of 

its mature peptide. The neurons expressing fish GnIH are localized in the NPPv of the 

goldfish and the sockeye salmon (Figure 2; Amano et al., 2006; Sawada et al., 2002). As in 

birds and mammals, fish GnIH neuronal fiber projections are observed in a wide range of 

brain regions, which include the area where GnRH1 neurons are located. In addition, some 

GnIH fibers also project to the pituitary in both species (Amano et al., 2006; Sawada et al., 

2002), suggesting evolutionally conserved GnIH functions in teleosts. 

The physiological function of GnIH in teleosts is complex. As in birds and mammals, 

intraperitoneal injections of the goldfish and zebrafish GnIH peptides reduce plasma LH 

levels in adult goldfish (Moussavi et al., 2012; Zhang et al., 2010). However, the inhibitory 

effect of GnIH injections is not observed in the late recrudescent stage (Moussavi et al., 

2012). 

In addition, a stimulatory effect of goldfish GnIH peptide on LH release is observed in 

cultured goldfish and salmon pituitaries (Amano et al., 2006; Moussavi et al., 2012). 

Furthermore, injections of GnIH drastically increase the levels of FSH and LH mRNAs in the 
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goldfish pituitary in a reproductive stage-dependent manner (Moussavi et al., 2012). In vitro 

studies also show that the goldfish GnIH peptide stimulates GtH subunit gene expression in 

the goldfish and the grass puffer with clear seasonal differences (Moussavi et al., 2012; 

Shahjahan et al., 2011). These findings indicate that, in teleosts, the physiological effect of 

GnIH on the HPG axis differs between GtH synthesis and release and depends on the 

reproductive stage. To our knowledge, interaction between GnIH and GnRH neurons in 

teleosts has yet to be reported, while close appositions between GnIH fibers and GnRH1 

neuronal somata are evident in birds and mammals (Soga et al., 2010; Tobari et al., 2010; 

Ubuka et al., 2012; Ubuka et al., 2009). Further studies, especially using other seasonal/non-

seasonal breeders are needed, which will provide clearer answers regarding the roles of GnIH 

in the control of the HPG axis. 

 

 

Dopamine 
 

Dopamine is a monoamine neurotransmitter that plays a variety of functions in 

vertebrates. Dopaminergic neuronal distribution in the fish brain has been extensively studied. 

There are many dopaminergic neuronal populations and wide-spread fiber projections in the 

brain (Panula et al., 2010). Receptors for dopamine are classified into two major classes that 

activate (D1-like) or inhibit (D2-like) an enzyme adenylate cyclase (Cardinaud et al., 1998). 

Dopamine has an inhibitory role in GtH release in many teleosts (Peter et al., 1986). This 

inhibitory action has been suggested to be a direct action because dopamine receptors are 

expressed in gonadotropes (Chang and Peter, 1983). A group of dopaminergic neurons 

localized in the nucleus preopticus anteroventralis (NPOav) of the ventral preoptic area 

directly innervate pituitary gonadotropes in the goldfish (Kah I, 1987b) and the European eel 

(Figure 2; Sébert et al., 2008). Using specific agonists and antagonists in vivo and in vitro, it 

was shown that dopamine inhibits GtH release directly through the D2-like receptors 

expressed in gonadotropes. Studies showed that dopamine inhibits spontaneous and GnRH-

stimulated GtH release in the goldfish (Chang and Peter, 1983; Chang et al., 1990), catfish 

(de Leeuw et al., 1986), Chinese loach (Lin et al., 1989), tilapia (Levavi-Sivan et al., 1995) 

and the gray mullet (Aizen et al., 2005). In the goldfish, dopamine also acts on GnRH neurons 

to inhibit GnRH release (Trudeau, 1997). These results indicate that dopaminergic inhibition 

plays an important role in the control of teleost reproduction. However, the inhibitory role of 

dopamine in GtH release is not dominant in some fish species (Copeland and Thomas, 1989), 

suggesting that physiological importance and roles of the dopaminergic inhibition is species-

specific in teleosts. 

 

 

Ontogeny of the GnRH and Kisspeptin Systems 
 

GnRH neurons are known for their migration during embryonic development. In fish, 

GnRH1 neurons originate in the olfactory placode as in mammals and migrate to their final 

destination in the POA (Parhar, 2002). In the European sea bass, GnRH1 immunoreactivities 

start to appear at the olfactory placode on 26 days after hatching (dah). These neurons migrate 

along the olfactory tract, and are positioned at the POA and the hypothalamus at 45 and 60 
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dah, respectively (Gonzalez-Martinez et al., 2004; Gonzalez-Martinez et al., 2002b). The 

migration of GnRH1 neurons during early development, from the olfactory region to the 

POA, is crucial for the development of the reproductive system in all vertebrates. In patients 

with Kallmann’s syndrome (KS), GnRH1 neurons fail to migrate due to mutations in a gene 

for anosmin-1, which is responsible for migration of certain nerve cell precursors during 

embryogenesis, and are trapped at the place where they are originated (Schwanzel-Fukuda et 

al., 1989; Wray et al., 1989). As a result, patients with KS exhibit hypogonadotropic 

hypogonadism together with anosmia (partial or complete loss of olfaction) (Naftolin et al., 

1971). GnRH3 neurons also originate in the olfactory placode, but at a relatively early stage, 

around 7 dah, and migrate to the olfactory bulb on 10 dah in the European sea bass, appearing 

in the ventral telencephalon and the POA from days 15 and 45, respectively (Gonzalez-

Martinez et al., 2004; Gonzalez-Martinez et al., 2002b). 

In salmonids, immunoreactive GnRH neurons are first detected at 19 day after 

fertilization (daf) in the olfactory placode, appear in the olfactory nerve by 30 daf, in the 

olfactory bulb by 51 daf, and appear in the ventral telencephalon and the POA by 462 daf 

(Parhar et al., 1995). In a fast-developing zebrafish embryo, GnRH3 neurons start appearing 

in the olfactory placode around 26 hours after fertilization and migrate to the olfactory bulb, 

POA, and caudal hypothalamus by 4-5 daf (Abraham et al., 2008). Laser ablation of GFP-

labeled GnRH3 neurons in the olfactory placode at an early stage of embryonic development 

completely diminished the number of GnRH3 neurons in the adult stage, indicating all 

populations of zebrafish GnRH3 neurons originate from the olfactory region (Abraham et al., 

2010). On the other hand, GnRH2 neurons originate in the germinal zone of the third 

ventricle, at a diencephalic/mesencephalic transitional area (Parhar et al., 1996; White and 

Fernald, 1998). GnRH2 neurons start to be observed on 4 dah in the European sea bass during 

development (Gonzalez-Martinez et al., 2004; Gonzalez-Martinez et al., 2002b). The earliest 

expression of the midbrain GnRH2 among the three GnRH forms is also observed in other 

vertebrate species (Muske and Moore, 1990; White and Fernald, 1998), suggesting an 

important role of this evolutionally-conserved GnRH form in ontogenesis. 

In terms of the roles of each GnRH form during development, the involvement of the 

GnRH neuronal system(s) in the onset of puberty is well documented in teleosts. Among the 

three GnRH forms, only hypothalamic GnRH (GnRH1) mRNA and peptide levels show 

coincident increase with gonadal development (Holland et al., 2001; Okuzawa et al., 2003; 

Parhar et al., 1996; Senthilkumaran et al., 1999; Shahjahan et al., 2010a), indicating its role in 

the onset of puberty in fish. On the other hand, during the pubertal stage, three forms of 

GnRH mRNA expression are significantly high, whereas only GnRH1 shows an increase at 

the latter stage during the reproduction in grey mullet (Nocillado et al., 2007). These results 

indicate that, in the species expressing three GnRH forms, GnRH1 has the gonadotropic role, 

while GnRH2 and GnRH3 have important roles in modulating reproductive behavior (Parhar 

et al., 2003a; Uchida et al., 2005). 

In the last few years, considerable developments have been made in the study of puberty 

in mammals. It has been demonstrated that kisspeptin and kisspeptin receptor (kissR) play a 

crucial role in reproduction, mainly by stimulating GnRH release (Messager, 2005), therefore 

acting as a gatekeeper for puberty. 

In the zebrafish, the mRNA levels of kisspeptins (Kiss1 and Kiss2) are increased 

significantly at the start of the pubertal phase together with hypothalamic GnRH (GnRH3) 

mRNAs (Kitahashi et al., 2009). The levels of kissR mRNAs in the brain, which are 



Hypothalamic Regulation of Pituitary Gonadotropins 165 

expressed in GnRH neurons (Parhar et al., 2004), are also higher at the start of puberty 

compared to the pre- or post-pubertal stages in the cobia (Mohamed et al., 2007), grey mullet 

(Nocillado et al., 2007), fathead minnow (Filby et al., 2008), and the tilapia (Martinez-Chavez 

et al., 2008). These results indicate that fish kisspeptins most likely control the onset of 

puberty by stimulating GnRH release, as in mammals (Dungan et al., 2006; Seminara, 2005). 

 

 

Ontogeny of the Pituitary Gonadotropes 
 

Pituitary GtHs, FSH and LH, directly control gonadal development and reproduction in 

fish (Lubzens et al., 2010; Yaron et al., 2003). In multiple-spawning fish species, differential 

roles of FSH and LH in the control of reproductive cycles have been established. In general, 

FSH is predominant during early gonadal recrudescence and gametogenesis, whereas LH 

plays a major role in the regulation of final gonadal maturation, ovulation, and spermiation 

(Swanson et al., 1991; Yaron et al., 2003). 

On the other hand, ontogeny studies of FSH and LH cells in the pituitary have suggested 

additional GtH roles in sex differentiation and pubertal onset. Immunoreactivities of both 

FSH and LH appear simultaneously in the pituitary; on 14 daf in the Nile tilapia and 51 daf in 

the sockeye salmon (Parhar et al., 2003b). The pituitary contents of FSH protein and mRNA 

are much higher than those of LH during early puberty in the masu salmon (Amano et al., 

1993) and rainbow trout (Gomez et al., 1999). The earlier appearance of FSH cells compared 

to LH cells in the pituitary during development commonly occurs in teleost species (Gomez et 

al., 1999; Guzman et al., 2009; Hassin et al., 1999; Hassin et al., 2000; Moles et al., 2007; 

Parhar et al., 2003b; Wong et al., 2004). This suggests a role for FSH in sex differentiation 

and the early stages of gonadal development, whereas LH may play a role mainly in the 

pubertal stage. However, in some fish species such as the African catfish, pejerrey, and the 

ricefield eel, LH cells appear earlier than FSH cells (Miranda et al., 2001; Schulz et al., 1997; 

Wu et al., 2012), suggesting species-specificity in the respective roles of FSH and LH in early 

gonadal differentiation and development. Immunoreactivities against GnRH receptors 

(GnRH-R type IA and IB) are first observed in the pituitary on 15 daf in the Nile tilapia 

(Parhar et al., 2003b). In this species, which undergo sexual differentiation and gonadal 

steroidogenesis at around 25 daf, immunoreactivity for GnRH-R type IB in the pituitary is 

decreased at the time of sexual differentiation, while the expression of GnRH-R type IA is 

significantly increased (Parhar et al., 2002). The presence of GnRH-Rs type IA and IB in 

gonadotropes suggests that they mediate the different effects of GnRH on the 

synthesis/release of GtHs from the pituitary. Interestingly, the time of sexual differentiation in 

the tilapia, salmonids, and the eel coincides with the development of GnRH fibers in the 

pituitary (Parhar et al., 1995; Swanson et al., 1991). The chronological appearance of 

gonadotropes (FSH/LH cells), GnRH-Rs, GnRH cells, and GnRH fiber projections into the 

pituitary provides important insights into the understanding of the complete developmental 

process of the hypothalamus-pituitary relationship in teleosts (Parhar, 1997). 
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Feedback Regulations of the HPG Axis  
by Sex Steroids 

 

The HPG axis forms a closed loop to maintain homeostasis. Alterations in gonadal 

activity give feedback to the hypothalamus and pituitary through the changes in the 

circulating plasma levels of sex steroids. The mechanism of the positive and negative actions 

of sex steroids over the HPG axis, and the GnRH system in particular, has been a long 

standing question. Despite substantial efforts in the past decades, no concrete evidence of sex 

steroid receptors in GnRH1 neurons has been shown, although the positive/negative effects of 

sex steroids on GnRH1 neurons are obvious (Herbison, 2008; Richardson et al., 2004). 

However, after the findings of kisspeptins and GnIH as new players in the HPG axis, 

accumulated information suggests that these two hypothalamic neuropeptides mediate the 

effects of various internal/external environmental signals, including sex steroids, in the HPG 

axis of vertebrates (Parhar et al., 2012). 

Particularly, involvement of kisspeptins and their receptors in the sex steroid feedback 

mechanism is now evident in fish (Parhar et al., 2012). Ovariectomy diminishes kiss1 gene 

expression in the Hv neuronal population in the medaka, and E2 replacement rescues it 

(Kanda et al., 2008; Mitani et al., 2010). Interestingly, in the zebrafish and goldfish, similar 

positive effects of estrogen are seen in the kiss2 neurons in the ventral hypothalamus and 

POA populations, respectively (Kanda et al., 2012; Servili et al., 2011). The sex steroid-

sensitive kisspeptin neuronal populations express estrogen receptors (ER  in the medaka and 

ER , 1 and 2 in the goldfish), and are thus directly regulated by sex steroids. 

These data indicate that kisspeptin neurons mediating the positive feedback differ in 

different species regardless of the kisspeptin form they express. Therefore, information on the 

anatomy of the kisspeptin systems (Ogawa and Parhar, 2013) and the regulation of each 

kisspeptin gene (Kitahashi and Parhar, 2013) is important to understand the roles of 

kisspeptin in a species. Notably, a negative feedback by sex steroids on teleost kisspeptin 

neurons has not been shown. This is different from the case in mammals, where kisspeptin 

neurons in the AVPV and Arc mediate the positive and negative feedbacks, respectively 

(Smith et al., 2006). Therefore, the fish kisspeptin system might receive only positive but not 

negative feedback by sex steroids (Figure 3). 

Although there are no fish studies that report the effects of sex steroids on the GnIH 

system, mammalian studies have shown possible involvement of the GnIH system in the 

negative feedback regulation of the HPG axis (Parhar et al., 2012). However the information 

is still controversial. A subset of GnIH neurons expresses ER  in the Syrian hamster and 

mice, suggesting a role of E2 in the regulation of GnIH neurons (Kriegsfeld et al., 2006; 

Molnar et al., 2011). Indeed, treatment with E2 increases c-fos expression in GnIH neurons, 

indicating the involvement of GnIH in the negative feedback action of sex steroids 

(Kriegsfeld et al., 2006). Conversely, GnIH mRNA levels in ovariectomized mice are reduced 

by E2 treatment, suggesting the role of GnIH in positive feedback in mice (Molnar et al., 

2011). Furthermore, no effects of E2 treatment on GnIH mRNA levels were observed in 

ovariectomized rats and ewe (Quennell et al., 2010; Smith, 2008). Therefore, the effects of 

sex steroids on GnIH neurons might be species-, treatment-, or physiological condition-

dependent. 
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Figure 3. A diagram showing summary of the HPG axis in teleosts. GnRH1 plays a major stimulatory 

role in GtH secretion, while kisspeptin stimulates GnRH1 release. On the other hand, dopamine plays 

an important role as an inhibitor of GtH secretion at least in some species. GnIH inhibits GtH release 

but stimulates GtH synthesis. In terms of sex steroid feedback, the positive feedback seems to be 

mediated by the stimulatory effects of sex steroids on kisspeptin neurons and the synthesis of GnRH-R 

in the pituitary. Sex steroids also directly stimulate GtH synthesis at the pituitary level. The negative 

feedback is mediated by the stimulatory effects of sex steroids on the synthesis of dopamine in the brain 

and dopamine D2 receptor in the pituitary. Whether GnIH neurons are regulated by sex steroids is 

unknown. Notably, the strength of each component in the whole system seems to vary depend on 

species, maturational stage, season, and environmental conditions. 

On the other hand, T administrations stimulate the hypophysiotropic population (NPOav) 

of dopaminergic neurons in the female European eel (Weltzien et al., 2006), suggesting that 

dopaminergic neurons are involved in the negative feedback regulation of the HPG axis 

(Figure 3). Further studies in teleosts are required to demonstrate if teleost GnIH neurons also 

mediate the negative feedback action of sex steroids in the HPG axis. 

The pituitary gonadotropes themselves are also the sites of sex steroid feedback. Single-

cell real-time PCR combined with laser-capture microdissection showed that individual FSH 

and LH cells of the male tilapia express multiple types of sex steroid receptors, including 

ER , ER , ARα, and ARβ (Kitahashi et al., 2007). Interestingly, the combinations of sex 

steroid receptors detected in individual gonadotropes and the expression levels of each 

receptor are significantly different between sexually immature and mature fish (Kitahashi et 
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al., 2007). Indeed, the effects of E2 on GtH transcription differ among maturational stages in 

the masu salmon (Ando et al., 2004), suggesting that changes in the combination of sex 

steroid receptors decide the response of gonadotropes to circulating sex steroids. Increased 

levels of GnRH-R and dopamine D2 receptor mRNAs in estradiol-treated pituitary suggest 

that sex steroids are involved in both positive and negative feedback mechanisms by altering 

the sensitivity of gonadotropes to GnRH and dopamine (Levavi-Sivan et al., 2006). 

 

 

Conclusion 
 

A variety of neuropeptides and neurotransmitters, including GnRHs, kisspeptins, and 

GnIH are secreted from the hypothalamus to regulate the synthesis and release of GtHs in a 

cooperative manner. Kisspeptins are involved in the positive feedback of sex steroids, and 

play an important role in the onset of puberty in fish species, as in mammals. The inhibitory 

role of GnIH on GtH release seems to not be consistent across teleosts and mammals. In fact, 

in vivo administrations of GnIH rather stimulate GtH synthesis in certain maturational stages 

at least in some species. However, GnIH has an important role in the control of the HPG axis 

as a member of the inhibitory factors of gonadotropin release. Dopaminergic inhibition of 

gonadotropes is also largely species-specific, but seems to work as a mediator of the negative 

feedback action of sex steroids. Therefore, the inhibition of GtH by GnIH and dopamine 

varies among teleost species. The variation in GtH regulatory mechanism among species is 

probably the basis of the large variations in reproductive strategies in teleost species. To 

understand the hypothalamic regulation of pituitary gonadotropes in teleosts, a comparative 

aspect of studies in different species is very important. Understanding the interactions among 

hypothalamic neurons is also one of the primary goals of future studies. 
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Abstract 
 

It is known that the sexual differentiation of the brain is induced by organizational 

effects of sex steroids during neonatal development in mammals, and sex steroids exert 

activational effects on the brain of sexually mature individuals for the sexual behavior to 

occur. Once brain sex is determined, it is irreversible in mammals in the lifetime, and the 

brain regulates the sexual behavior of respective sexes. However, laboratory and field 

observations suggest that brain function of some fish species does not conform to the 

mammalian paradigm. Goldfish, a non-sex changing fish, normally exhibits only gender-

typical sexual behavior, but heterotypical (opposite gender) patterns can be induced by 

hormonal treatments both in males and females even after their sexual maturation. 

Interestingly, induction of the heterotypical behavior does not inhibit performance of 

gender-typical behavior. Sex changing fishes in nature are known to perform sexual 

behavior of both sexes during their lifetime. From this perspective, it is suggested that 

unlike mammals which have brain sex differentiation, most fish have a sexually 

bipotential brain that can regulate sexual behavior of both sexes. 
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Introduction 
 

It is well known that sexual differentiation of the brain in birds and mammals is induced 

by organizational effects of sex steroids during the critical periods of early development. In 

turn, sex steroids exert activational effects on the brain of sexually mature individuals for 

certain acts of sexual behavior to occur. Once brain sex is determined, it is irreversible in 

birds and mammals throughout the remainder of their lifetime and the brain regulates the 

sexual behavior of the respective sexes (Balthazart et al., 2009; Sakuma 2009; Bao and 

Swaab, 2011; Adkins-Regan, 2012). However, field and laboratory observations suggest that 

brain function of some teleost fish species does not conform to the paradigm observed in 

birds and mammals (Kobayashi et al; 2002; Munakata and Kobayashi, 2010; Goncalves and 

Oliveira, 2011). Sex change is observed in fish species in nature (Helfman et al., 1997; Moyle 

and Cech, 2000; Godwin, 2010a,b; Larson, 2011). These species change their gonadal sex and 

also behavioral sex. 

Individuals of these species perform sexual behavior of either sex at some point during 

their lifetime. Non-sex changing fishes normally do not exhibit heterotypical (opposite 

gender) reproductive functions, but heterotypical sexual behavior can be induced in some 

species of fishes by hormonal treatments (Munakata and Kobayashi, 2010). The endocrine 

control of sexual behavior and the induction of heterotypical behavior in goldfish Carassius 

auratus, a non-sex changing fish, are probably most intensively studied among fish species. 

From this perspective, it is suggested that unlike mammals which have discrete brain sex 

differentiation, fish have a sexually bipotential brain that can regulate sexual behavior of both 

sexes. This chapter is intended to describe sexual behavior of fish in the following aspects: (1) 

patterns of sex change observed in nature in hermaphroditic fishes, (2) hormonal and 

pheromonal control of sexual behavior in goldfish, (3) sexual plasticity of behavior in 

goldfish, (4) sexual bipotentiality of the brain in fish. 

 

 

Sex Change in Fishes 
 

Among vertebrates, one of the unique characters in fish is that some species experience 

being both a functional male and a functional female during their lifetime i.e., 

hermaphroditism (Helfman et al., 1997; Moyle and Cech, 2000). 

Therefore, in these species, one individual fish regularly performs both male-typical and 

female-typical sexual behavior which is rarely observed in other non-sex changing vertebrates 

(i.e., gonochorism). Hermaphroditism in fish is classified into two categories: sequential 

hermaphroditism (sex change) and simultaneous hermaphorditism. In sequential 

hermaphroditism, the ovary and the testis develop at different times resulting in a male phase 

and female phase in each individual. These sequential hermaphrodites are known to change 

their gonadal sex and also their behavioral sex at some age or at some social status. 

Sequential hermaphordites are further classified into three types (Nakashima et al., 1995; 

Munday et al., 2010) according to the direction of sex change: (1) protandrous 

hermaphroditism (i.e. male to female sex change); (2) protogynous hermaphroditism (i.e. 

female to male sex change); (3) bi-directional sex change (serial sex change, both-way sex 

change, i.e. sex change in either direction). 
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In these sex-changing fishes, behavioral sex change proceeds to gonadal sex change and 

some species show rapid sex change in response to social cues (1-2 h in the cleaner wrasse 

Labroides dimidiatus, Nakashima et al., 2000; 1-2 days, in the bluehead wrasse, Thalassoma 

bifasciatum, Godwin et al., 1996). In simultaneous hermaphroditism, both the ovary and the 

testis develop at the same time in a single individual fish. Two ways of fertilization have been 

observed in simultaneous hermaphroditism: (1) mating (egg trading) and (2) self-fertilization. 

In fish which exhibit mating for fertilization, two partners perform the appropriate sexual 

behavior switching between male and female roles and taking turns fertilizing each other’s 

egg. These species exhibit quick behavioral sex change repeatedly during each spawning 

bout, releasing eggs and sperm alternately. It is known that two sexually mature belted 

sandfish Serranus subligarius, trades eggs, switching between male and female roles within 

seconds (Cheek, 1998; Cheek et al., 2000). In the self-fertilizing type, the fish releases 

fertilized eggs without performing any sexual behavior (Minamimoto et al., 2006). 

In these hermaphroditic fishes, except for the self-fertilizing one, individuals will perform 

both male-typical and female-typical sexual behavior during their lifetime. Although the 

neuroanatomical basis of behavioral sex change in these fishes is not clearly elucidated, it is 

suggested that the brain of these fishes can regulate sexual behavior of both sexes unlike 

mammals and birds. 

 

 

Regulation of Sexual Behavior in Goldfish 
 

1. Sexual Behavior of Goldfish 
 

Physiological and environmental regulation of sexual behavior has been intensively 

studied in goldfish. Here we describe sexual behavior (spawning behavior) of goldfish 

(Kobayashi et al., 2002; Stacey, 2003; Munakata and Kobayashi, 2010). In temperate regions, 

goldfish spawns several times during their spawning season which occurs during the spring 

months and when kept under natural environmental conditions. Ovulation of sexually mature 

post-vitellogenic females is stimulated by environmental cues and spawning behavior of 

goldfish starts several hours prior to ovulation (Figure 1) in the females (Kobayashi et al., 

2002). Females that are in the process of ovulation release a “preovulatory steroid 

pheromone” (Dulka et al., 1987). Stimulated by this steroid pheromone, males start to chase 

and sometimes nudges the females (i.e., courtship behavior) normally during the early period 

of scotophase. Synchronized to photoperiod, ovulation in females occurs in the middle or 

latter period of scotophase (Kezuka et al., 1989). After ovulation, females produce 

prostaglandin F2  (PGF) in the ovary which triggers the spawning act in the females (Stacey 

and Sorensen, 2006; Stacey, 2011). PGF and its metabolites are released into the water as a 

“postovulatory prostaglandin (PG) pheromone”. In turn, the PG pheromone stimulates the 

males where chasing becomes persistent, increases in intensity and is interspersed with the 

spawning acts of the female. Spawning acts are initiated by the entry of an ovulated female 

into the floating aquatic vegetation near the surface of the water and where the male follows 

the female. The female and the male turn on their sides and swim quickly through the 

vegetation, releasing eggs (oviposition) and sperm (ejaculation). The male always positions 

itself underneath and in contact with the female during this act. Then they flip their tails to 
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mix spawned eggs and sperm. Fertilized eggs adhere to the vegetation. Female spawning 

behavior will continue until most ovulated oocytes are released, and this may involve a 

hundred or more spawning acts over several hours. In this chapter, the female spawning act is 

referred to as female sexual behavior, and chasing and the male spawning act is referred to as 

male sexual behavior in goldfish. 

 

 

2. Hormonal and Pheromonal Control of Sexual Behavior  
in Female Goldfish 

 

When sexually mature post-vitellogenic females are exposed to certain external cues, 

such as a change in water temperature and encountering spawning substrate, they will exhibit 

release of a large amount of lutenizing hormone (LH) from the pituitary gland (an ovulatory 

LH surge) that lasts about 15 hours, terminating with ovulation and spawning (Figure 2; 

Kobayashi et al., 1987a; Kobayashi et al., 2002, Munakata and Kobayashi, 2010). The LH 

surge in turn stimulates the production of the maturation-inducing steroid, 17 , 20 -

dihydroxy-4-pregnen-3-one (17,20-P) in the ovarian follicles, and this ovarian progestin 

induces oocyte maturation (Kobayashi et al., 1987). 17, 20-P and its conjugates, 17, 20-P 

sulfate (17, 20-PS) are released into the water as “preovulatory steroid pheromones” (Dulka et 

al., 1987; Stacey and Sorensen, 2006; Stacey, 2011). 

These steroid pheromones induce LH release in male goldfish, i.e., male LH surge. 

(Kobayashi et al., 1986a, b) and weak chasing by males (Sorensen et al., 1989; Poling et al., 

2001). 

Increased release of LH further induces milt production in sexually mature males that are 

ready for spawning. This female to male pheromone interaction is thought to function as a 

signal to males announcing that ovulation is imminent and stimulates the preparatory steps 

required for ejaculation. 

Ovulation in goldfish occurs at the peak of the LH surge (Kobayashi et al., 1987), and the 

presence of ovulated oocytes in the oviduct induces the synthesis of PGF (Figure 3; Stacey 

and Liley, 1974; Stacey, 1976; Sorensen et al., 1995). 

 

 

Figure 1. Diagrammatic representation of the spawning behavior of male and female goldfish 

(Kobayashi et al., 2002). See text for details. 
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AD, androstenedione; KT, 11-ketotesotosterone; LH, luteinizing hormone; 17,20-P, 17 ,20 -

dihydroxy-4-pregnen-3-one; 17,20-PS, 17 ,20 -dihydroxy-4-pregnen-3-one sulphate; T, testosterone; 

PGF, prostaglandin F2 ; 15K-PGF, 15-keto-prostaglandin F2  

Figure 2. Diagrammatic representation of the hormonal and pheromonal actions during spawning in 

goldfish. Thick arrows indicate the action of hormones and pheromones inducing sexual behavior 

(Munakata and Kobayashi, 2010). See text for details. 

PGF is transported to the brain via blood circulation and triggers the female spawning act 

(Stacey and Peter, 1979). Spawning behavior is terminated when the ovulated oocytes are 

mostly shed by the spawning act or when manually stripped by researchers (Stacey and Liley, 

1974). 

It is thought that PGF conveys the information of the presence of ovulated oocytes in the 

ovarian cavity and that they are ready to be oviposited to the brain of female goldfish. 

PGF and its metabolite, 15-keto-prostaglandin F2  (15K-PGF) are released into the 

water as “postovulatory prostaglandin pheromones” (Stacey and Sorensen, 2006; Stacey, 

2011). These pheromones have a strong effect in inducing male sexual behavior in goldfish. 

When exposed to these PG pheromones, male goldfish exhibit persistent chasing of the 

ovulated female and perform their spawning act with an ovulated female. The effect of these 

PG pheromones on LH release in males is very weak compared to that of the preovulatory 

steroid pheromones (Sorensen et al., 1989). This would indicate that the postovulatory PG 

pheromone’s main function is a signal from female to male announcing that the female has 

ovulated oocytes and is ready to spawn. Interestingly, when PGF is intramuscularly injected 

to a non-ovulated female, this female starts to perform the female sexual behavior (i.e., 

oviposition act) within several minutes although no egg release is accompanied under these 

conditions (Figure 3; Stacey, 1976; Kobayashi et al., 2002). The injected PGF is released into 

the water as a pheromone just as PGF is released in ovulated females and stimulates males to 

perform their sexual behavior (i.e., chasing and ejaculation act with sperm release). The males 
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do not discriminate between ovulated females and PG-injected non-ovulated females in 

performing male specific sexual behavior, and thus, sexual behaviors of male and female 

goldfish can be artificially induced all through the year regardless of maturity of females by 

using the PG-injection method and if the sexual maturity of males can be maintained in the 

laboratory. It is by the use of this method that study of sexual behavior in goldfish has been 

greatly advanced. 

Estrogens are required for sexual behavior in many female vertebrates (Sakuma, 1997), 

but ovarian sex steroids are not essential for the occurrence of sexual behavior in female 

goldfish. Ovariectomized female goldfish exhibited female sexual behavior (i.e., spawning 

act) after injection of PGF, while treatment with sex steroids (i.e., estradiol-17 , testosterone 

(T), or 17,20-P) did not trigger any signs of sexual behavior or potentiate the effect of PGF 

(Kobayashi and Stacey, 1993). 

Sexually mature female goldfish exhibit high blood levels of T produced in the ovary. 

This T is important for the occurrence of the ovulatory LH surge (Kobayashi et al., 1989a,b; 

2002) but is not involved in female sexual behavior as shown by the experiments mentioned 

above. While progesterone is known to complement the expression of proceptive behavior in 

female rats (Sakuma, 1997), administration of 17,20-P did not enhance the activity of PG-

induced spawning behavior in female goldfish (Kobayashi and Stacey, 1993). 

 

 

Figure 3. Induction of gender-typical and heterotypical sexual behavior in male and female goldfish by 

hormonal treatments. See text for details. PGF, prostaglandin F2 ; KT, 11-ketotestosterone. 
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Gonadotropin-releasing hormone (GnRH) shows potentiating effects on female sexual 

behavior in the goldfish. Intracerebroventricular injection of salmon-type GnRH and chicken-

II-type GnRH enhanced PG-induced spawning activity, and GnRH antagonist suppressed the 

activity (Peter and Volkoff, 1999). 

Although goldfish have been reported to have three GnRH neuronal populations in the 

brain, terminal nerve (TN) GnRH, preoptic GnRH, and midbrain GnRH (Kim et al., 1995a), it 

is unclear which of the three neuronal GnRH populations is physiologically involved in 

behavioral facilitation. Since the female goldfish ovulate and spawn even after the axonal 

transport of GnRH from TN to the other brain areas is blocked by using an olfactory tract 

section, GnRH of TN origin apparently is not essential for the occurrence of the female sexual 

behavior (Stacey and Kyle, 1983; Kobayashi et al., 1992, 1994; Kim et al., 1995b, 2001). 

 

 

3. Hormonal and Pheromonal Control of Male Sexual Behavior in Goldfish 
 

Sexually mature male goldfish follow or chase ovulatory females stimulated by the 

preovulatory steroid pheromone (Kobayashi et al., 2002; Stacey and Sorensen, 2006; 

Munakata and Kobayashi, 2010; Stacey, 2011). Preovulatory steroid pheromones (17,20-P 

and 17,20-PS) stimulate LH release in males and induce weak chasing (Sorensen et al., 1989). 

The spawning act, however, is performed only after ovulation of females which is the source 

of the postovulatory PG pheromone that are released into the water column. Androgen(s) is 

considered to be a requirement for the occurrence of male behavioral responses (Kobayashi 

and Munakata, 2010). Although complete castration of male goldfish is impractical because 

of testicular regeneration, involvement of androgen(s) is supported by the fact that male-

typical sexual behavior is performed by sexually mature males with secondary sex 

characteristics and also androgen-treated females (Kobayashi and Stacey, 1996). 11-

Ketotestosterone (KT) and T are found in the plasma of male goldfish (Kobayashi et al., 

1986a), and KT is the more potent androgen than T (Kobayashi and Stacey, 1996). Based on 

the studies with KT-implanted female goldfish, KT is considered to be essential for LH 

release in response to the preovulatory steroid pheromone and male sexual behavior in 

response to the postovulatory PG pheromones (Kobayashi et al., 1997). In addition to 

preovulatory pheromones, LH release in males is stimulated by behavioral interactions with 

ovulated females (Sorensen et al., 1989; Zheng and Stacey, 1997). Increased blood levels of 

LH stimulate synthesis of 17,20-P, T, and androstendione (AD), and among these steroids, a 

large amount of AD is released into the water column as male pheromone (Sorensen et al., 

2005). Sorensen et al. (2005) provided the following interpretation of the function of AD: 

This male pheromone acts on other males by the induction of agonistic behavior. This male to 

male pheromone seems to be an indicator of male sexuality providing a warning to other 

males and preventing being chased by other males during the pursuit of suitable females. In 

turn, females release preovulatory and postovulatory pheromones to stimulate physiological 

readiness for spawning in males. 

Since goldfish spawn during late scotophase and sexual dimorphism is not distinct, these 

pheromones also seem to function as a means to discriminate both the sex and maturational 

status of individuals amongst the population of fishes maximizing the encounters of 

appropriate mates. 
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Although GnRH exhibited a potentiatory effect on sexual behavior in female goldfish, 

this peptide does not show any clear effect on the sexual behavior in male goldfish (Volkoff 

and Peter, 1999). 

 

 

4. Involvement of Olfaction in Sexual Behavior in Goldfish 
 

In male goldfish, olfaction is essential for the occurrence of sexual behavior since PG 

pheromone from ovulatory females is a trigger of the male sexual behavior. Involvement of 

olfaction in the male sexual behavior was confirmed by two methods: nasal occlusion and 

olfactory tract section (Figure 4; Kawaguchi et al., 2011; Partridge et al., 1976; Stacey and 

Kyle, 1983). 

 

 

Figure 4. Involvement of olfaction in sexual behavior in male and female goldfish. In males, 

pheromone from females induces male-typical sexual behavior. a. Pheromone is received in the 

olfactory epithelium (OE) and the signal is transmitted to the telencephalon (TEL) for the regulation of 

sexual behavior via the olfactory nerve (ON), the olfactory bulb (OB), and the olfactory tract (OT). 

Since the olfactory bulb of goldfish is of the pedunculated type with elongated olfactory tracts, we can 

easily section the olfactory tract surgically. b. By nasal cavity occlusion with glue, reception of 

pheromone is blocked. c. By olfactory tract section (OTX), olfactory information is not transmitted 

from OB to TEL although pheromone is received in the OE. d. In females, prostaglandin F2  (PGF) 

triggers female sexual behavior. e. When olfaction is blocked by nasal cavity occlusion with glue, 

strong inhibition exerts on sexual behavior from OB to TEL even under the stimulation of PGF. f and g. 

No inhibition occurred from OB by OTX and females resume sexual behavior by the stimulation of 

PGF although these fish receive no olfactory information. Since unilateral nasal occlusion did not 

suppress the behavior both in male and female, a possibility that toxicity of glue suppressed the 

behavior is eliminated (data not shown). 
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Nasal occlusion was conducted by giving glue into the nasal cavity and this method 

blocks the reception of pheromones by the olfactory epithelium. The olfactory tract is a nerve 

bundle connecting the olfactory bulb and the telencephalon. Since the olfactory bulbs of 

goldfish are of the pedunculated type with elongated olfactory tracts, we can easily sever the 

tracts surgically (Figure 4). Olfactory tract section (OTX) blocks the transmission of olfactory 

information from the olfactory bulbs to the telencephalon by which sexual behavior is 

regulated (Kyle and Peter, 1982; Kyle et al., 1982; Koyama et al., 1984; Koyama et al., 1985). 

Blockage of olfaction by both of the methods suppressed the occurrence of sexual behavior in 

males even if the males were mated with PG-injected females.While involvement of olfaction 

in sexual behavior in male goldfish has been studied, the involvement of olfaction in females 

has not been studied for a long time. Recently, we have found that olfaction is essential in 

female goldfish to perform sexual behavior (Kawaguchi et al., 2011). Nasal occlusion 

suppressed sexual behavior of PG-injected females (Figure 4). However, it is not clarified 

whether there is any special olfactant which is essential for the occurrence of female sexual 

behavior or whether whole blockage of olfaction simply causes suppression of female sexual 

behavior. Surprisingly, when olfactory tract was sectioned in PG-injected females, unlike 

males these females performed female sexual behavior normally although these females 

receive no olfactory information (Stacey and Kyle, 1983; Kawaguchi et al., 2011). The effects 

of nasal occlusion and olfactory tract section seem to be contradictory but we have following 

interpretation: There is an inhibitory system of female sexual behavior from the olfactory 

bulb to the telencephalon. When olfaction is blocked, this system exerts suppression on the 

behavior even under the condition that PGF stimulates the brain. 

By OTX, the inhibition is removed and females resume sexual behavior by the simulation 

of PGF although these fish receive no olfactory information. Male goldfish has a stimulatory 

system of sexual behavior from the olfactory epithelium to the telencephalon via the olfactory 

nerve, the olfactory bulb, and the olfactory tract, and this stimulatory system starts to function 

when olfactory epithelium receives the PG pheromone.  

The olfactory tract is subdivided into the medial and the lateral tracts. It is known that 

stimulatory information is transmitted by the medial olfactory tract, not by lateral olfactory 

tract (Stacey and Kyle, 1983). As mentioned above, female goldfish has an inhibitory system 

from the olfactory epithelium to the telencephalon via the olfactory bulb and the olfactory 

tract. This inhibitory system functions when olfaction is blocked even if the brain is 

stimulated by PGF. We have recently identified that inhibition of female-typical behavior is 

mediated not by the lateral olfactory tract but by the medial olfactory tract (Kawaguchi, in 

preparation). These stimulatory and inhibitory systems of sexual behavior in goldfish are 

considered to function gender-typically. 

 

 

Sexual Plasticity of Behavior in Goldfish 
 

Sex change is observed in some hermaphroditic teleosts in nature and these fishes change 

their gonadal sex, behavioral sex and sex of secondary sexual characteristics (Helfman et al., 

1997; Moyle and Cech, 2000). Although gonochoristic (i.e., non-sex changing) teleosts 

normally do not exhibit heterotypical reproductive functions, heterotypical patterns of 

behavior can be induced in adult goldfish by hormonal treatments (Kobayashi et al., 2002; 
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Munakata and Kobayashi, 2010). In males, PGF injection induces female-typical sexual 

behavior at a rate similar to that seen in females (Figure 3) within several minutes after PG-

injection (Kyle and Stacey, 1983). Similarly, androgen capsule implant induces male-typical 

sexual behaviors in mature females. The shortest latency of induction of male-typical sexual 

behavior was one day after androgen capsule implantation based on our preliminary 

experiments (Kobayashi, unpublished data). Interestingly, these hormonal treatments and the 

performance of heterotypical sexual behavior do not suppress the occurrence of gender-

typical sexual behavior. Our recent study showed that male goldfish were shown to retain 

their ability to perform male-typical sexual behavior within a week after being induced to 

perform female-typical sexual behavior by PG injection. Likewise, females showed female-

typical sexual behavior after being induced to perform male-typical sexual behavior by KT or 

methyltestosterone (MT) capsule implantation (Stacey and Kobayashi, 1996; Saoshiro et al., 

2013). 

It would appear that some adult fishes have retain relatively more bisexual potential than 

in mammals, where the normal processes of male development typically involve inhibition of 

female-typical potential (Yamanouchi, 1997; Sakuma 2009; Bao and Swaab, 2011). Also, this 

behavioral plasticity observed in goldfish is comparable to that of bi-directional sex changing 

fish which change its sex serially.  

Furthermore, our recent study (Saoshiro et al., 2013) demonstrated that both male and 

female goldfish performed male-typical and female-typical sexual behavior alternately and in 

rapid succession within minutes, and within seconds in some individuals (See Figure 5 for 

details). It is surprising that non-sex changing goldfish have an ability to switch roles in 

sexual behavior rapidly similar to what has been observed in egg trading simultaneous 

hermaphrodite (Cheek, 1998; Cheek et al., 2000). Switch of sexual roles observed in our 

experiments indicate that the underlying mechanism is context-dependent. That is, 

experimental fish are ready to perform both male- and female-typical behavior by PG 

pheromone and PG-injection, respectively and seem to perform appropriate sexual behavior 

depending on the interaction to the partner fish. It seems unlikely that each behavioral switch 

is regulated by hormone release, gene expression and/or proliferation of neurons in the brain 

since sex change occurs in short periods of time (Godwin, 2010a, b; Larson, 2011). 

Gonochoristic teleosts other than goldfish also exhibit sexual plasticity of behavior as adults. 

Induction of male-typical sexual behavior was observed in females (See review by Munakata 

and Kobayashi, 2010): stickleback Gasterosteus aculeatus guppy Poecilia reticulata, medaka 

Oryzias latipes, mosquitofish Gambusia affinis holbrooki, and tilapia Oreochromis 

mossambicus (Kuramochi et al., 2011). Male-typical sexual behavior is also induced in 

gynogenetic crucian carp Carassius auratus langsdorfii (Kobayashi and Nakanishi, 1999). 

This would mean that a species that has evolved as an all genetically females population can 

exhibit male-typical behavior. Compared to the induction of male-typical sexual behavior, 

female-typical sexual behavior in males has been demonstrated only in goldfish by PG 

injection (Munakata and Kobayashi, 2010). 
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Sexual Bipotentiality of the Brain in Fish 
 

In mammals and birds, sexual differentiation of the brain occurs during early 

development and once brain sex is determined, it is irreversible. Androgen can induce male-

typical sexual behavior in adult males but not in adult females, and estrogen can induce 

female-typical behavior in females but not in males (Bao and Swaab, 2011; Sakuma, 2009; 

Yamanouchi, 1997). This clear sex difference of responsiveness to hormones indicates that 

male and female have different types of brain in these animals. 

 

 

Figure 5. Induction of alternate sexual behavior in male and female goldfish. Upper panel, an 

experimental male injected with prostaglandin F2  (PGF) was placed with a “PGF-injected” partner 

female (PG-female) and a “stud” partner male (stud male) in an observation aquarium and behavior was 

observed for 90 min. The experimental male performed male-typical sex behavior with a PG-female 

stimulated by pheromone released from the PG-female and female-typical sex behavior with a stud 

male by the effect of injected PGF. A typical pattern of alternate sex behavior performed by one of 

experimental males is shown with circles. Solid and open circles indicate performance of male-typical 

and female-typical behavior, respectively during 90 min observation period. Lower panel, an 

experimental female implanted with methyltestosterone (MT) capsule and injected with PGF was 

placed with a PG-female and a stud male in an observation aquarium and behavior was observed for 90 

min. The experimental female responded to pheromone released by PG-female by the effect of MT and 

performed male-typical sex behavior with a PG-female. The experimental female also performed 

female-typical sex behavior with a stud male by the effect of injected PGF. A typical pattern of 

alternate sex behavior performed by one of experimental females is shown with circles. Solid and open 

circles indicate performance of male-typical and female-typical behavior, respectively during 90 min 

observation period. The sex of the spawning act of the experimental fish can be distinguished by the 

behavioral pattern and position at spawning. When the fish entered into the aquatic plant ahead of the 

other fish and took position above the other fish, the spawning act of this fish was judged as a “female-

typical spawning act”. When the fish followed the fish which went ahead into the aquatic plants and 

took position underneath the other fish, the spawning act of this fish was judged as a “male-typical 

spawning act” (Saoshiro et al., 2013). 
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On the other hand, in some species of fish, male hormone can induce male-typical sexual 

behavior both in males and females, and female hormone can induce female-typical sexual 

behavior both in males and females. These results suggest that in some fishes, both males and 

females possess a sexually bipotential brain which can regulate sexual behavior of both types 

in response to respective hormones. Existence of sex-changing fishes in nature which perform 

male-typical and female-typical sexual behavior during their life also supports this idea. 

Information of neuroendocrine regulation of gonadal sex change is accumulating 

(Godwin, 2010a, b; Larson, 2011), but neural control of behavioral sex change remains 

poorly understood. 

It is considered that short latencies of performing heterotypical behavior in response to 

social cues in sex-changing fish or hormone treatments in non-sex changing fish reflect 

activation of pre-existing hormone responsive mechanisms in the brain rather than occurrence 

of neural change for sexual behavior of each sex. In goldfish, injection of PGF induces 

female-typical sex behavior in males within several minutes, and MT treatment can induce 

male-typical sex behavior in females in one day (Kobayashi, unpublished data). 

Also, both male and female goldfish switch sexual roles within minutes (Figure 5). These 

results also support the idea of that goldfish have a brain of dual sexual systems. 

In addition to the rapid sex change in behavior in goldfish, our recent study on sexual 

behavior in relation to olfaction demonstrated the sexual bipotentiality of the brain of 

goldfish. As we described in this chapter, male and female goldfish seem to have sex-typical 

systems in response to olfaction (Figure 4). Olfactory blockage suppressed male-typical 

sexual behavior in male goldfish (Kawaguchi et al., 2011), and similarly occurrence of male-

typical sexual behavior in MT-treated females was suppressed by nasal occlusion or OTX 

(Kobayashi, unpublished data). Female-typical sexual behavior was suppressed in PG-

injected females by nasal occlusion and resumed by OTX (Kawaguchi et al., 2011). Similarly, 

female-typical sexual behavior was suppressed in PG-injected males by nasal occlusion and 

resumed by OTX. These results clearly indicate that male and female goldfish have common 

bisexual brain systems for the regulation of sexual behavior in response to olfaction. 

Neuroanatomical basis for the control of gender-typical and heterotypical sexual behavior is 

not clearly known. 

Lesion of the sex steroid-binding area of ventral telencephalon in male goldfish reduced 

occurrence of male-typical behavior, and interestingly, these males failed to perform female-

typical sexual behavior by PG-injection (Kyle et al., 1982). It is of great interest to elucidate 

whether this area has a single neural unit which regulates both male-typical and female-

typical behavior or two discrete neural units which regulate respective sexual behavior. 

Unlike goldfish, some teleost species seem to have a sexually differentiated brain. Sexually 

mature males of plainfin midshipman Porychthys notatus, generate calls that advertise their 

presence to attract females, and this vocal activity is induced by KT not by T, whereas 

agonistic calls of females are induced not by KT but T (Remage-Healy and Bass, 2004, 

2007). 

In masu salmon Oncorhynchus masou, T is a requirement of both males and females for 

the occurrence of sexual behaviors but T elicits gender-typical behavior in each sex and not 

heterotypical sexual behavior (Munakata et al., 2001a, b). The different responsiveness to 

hormones in behavior suggests that the brain of these fishes is sexually differentiated. 
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Figure 6. A hypothesis of sexual bipotentiality of the brain in fishes. In the rat, the undifferentiated 

brain sex is believed to normally be female but in the presence of androgen or estrogen during the 

perinatal period, the brain develops neural systems which regulate male functions and inhibit female 

functions (crossed out area). Teleost fish on the other hand, appear to possess a sexually bipotential 

brain. Among hermaphroditic fishes, when a protogynous sex-changing fish is in the female phase, the 

female portion of the brain is active and the male portion is quiescent (shaded area). At the time the 

individual starts to behave like a male, the male portion of the brain is activated and the female portion 

becomes quiescent (shaded area): Factors (age, social status, etc.) that regulate the sex change vary 

among species. Protandrous and bi-directional sex-changing fish also use either male portion or female 

portion of the brain depending on their age or social situation. It seems that egg traders can activate 

male and female portion of the brain at the same time and can regulate sexual behavior switching 

between male and female roles rapidly. Although gonochoristic fishes normally use only brain areas 

controlling gender-typical behaviors during their lifetime, brain areas controlling heterotypical 

behaviors can be activated by hormonal treatments in the way of sex-changing fish and egg trading fish. 
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Although examples of adult sexual bipotentiality in teleost behavior admittedly are 

limited, we suggest that brain bisexuality is typical of most teleosts regardless of their sexual 

system i.e., hermaphroditic, gonochoristic, gynogenetic (Kobayashi et al., 2002). From this 

perspective, fish hermaphroditism could be viewed not as the result of specializations that 

depart dramatically from normal reproductive function, but rather as the opportunistic 

expression of latent behavioral, endocrine and gonadal bisexuality in ecological situations 

where hermaphroditism is more adaptive than gonochorism. One of the evolutionary 

questions that arise during the examination of sexual behavior in fishes is whether only fish 

obtained the brain bipotentiality in vertebrates during their evolution or have other vertebrates 

simply lost this bipotentiality during their evolution. 

 

 

Figure 7. A hypothesis of evolution of sexual bipotentiality of neural system. Appearance of sexual 

reproduction in primitive animal is considered to be hermaphroditic. If the hermaphroditic animal has 

neuroendocrine system for the regulation of female function (ovarian development and release of 

oocytes) and male function (testicular development and release of sperm), this neural system is 

considered as the prototype of a bisexual neural system. Sex-changing fish can regulate both female and 

male function by bisexual neural system. Non-sex changing goldfish retains bisexual neural system 

which enables to perform heterotypical sex behavior. Some species of fish and mammals lost neural 

bisexuality by brain sex differentiation. 
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There may be several explanations on these two possibilities, but we propose an 

explanation for the latter possibility. Considering the fact that the extant animals, including 

invertebrates, which conduct both asexual and sexual reproduction are mostly 

hermaphrodites, it is possible that the first animal which reproduced sexually appeared during 

evolution as hermaphroditic (Brusca and Brusca, 2002). If the primitive hermaphroditic 

animal has the ovary and the testis and neural systems each for regulation of ovarian 

development and testicular development, this neuronal system is considered as the prototype 

of a bisexual neural system (Figure 7). It is not surprising that many invertebrates and some 

fishes retain this neural bisexuality, and other vertebrates including some fishes, such as 

plainfin midshipman and masu salmon, have lost this system or have developed an inhibitory 

system of expression of heterotypical sexual behavior for the gonochoristic reproductive 

strategy (Yamanouchi, 1997). 

 

 

Conclusion 
 

Unlike mammals and birds which have sexual differentiation of the brain, field and 

laboratory observation suggest that some teleost fishes have sexually bipotential brain which 

can regulate sexual behavior of both sexes. Performance of heterotypical behavior does not 

suppress the occurrence of gender-typical behavior. Egg trading simultaneous hermaphrodites 

and hormone treated goldfish can switch sexual behavior between male and female rapidly. 

Rapid behavioral sex change seems to be regulated context-dependently rather than by 

hormone release, gene expression and/or proliferation of neurons which need longer time to 

occur. Neuroanatomical basis of bisexual brain of teleosts which enables gender-typical and 

heterotypeical sexual behavior remains to be elucidated. 
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Abstract 
 

No clear evolutionary conservation exists between phyla for the mechanisms 

underlying sex determination. In contrast, many studies indicate that various downstream 

gene products of sex determination genes are functionally similar in different species. In 

the teleost fish–Nile tilapia, Oreochromis niloticus, and medaka, Oryzias latipes–

numerous conserved genes involving gonadal sex differentiation have been examined. In 

the latter species, the sex-determining gene, dmy/dmrt1bY, has been identified as the 
second sex-determining gene in vertebrates. Morphogenesis during gonadal 

differentiation is also conserved, as is evident from the differentiation and development 

of the parenchyma/germinal epithelium (GE) cells (testis cord) and follicles. 

Therefore, it is crucial to understand the molecular mechanisms of gonadal sex 

differentiation from the perspective of the relationship between conserved gene 

expression cascades and morphogenesis during gonadal sex differentiation. This article 

reviews the histogenesis and expression profiles of male and female differentiation-

related genes involved in sex differentiation in tilapia and medaka. In both species, the 

process of gonadal differentiation, comprising histogenesis and gene expression, is 

almost similar. First, we describe the components of gonadal sex differentiation in each 

species, including the processes of histogenesis and gene expression. Subsequently, we 

discuss the functions of the genes during gonadal sex differentiation and propose a 

concept of a gonadal sex differentiation pathway. 
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Introduction 
 

In most mammals, the male-inducing master gene, SRY (Sex-determining Region Y), is 

located on the Y chromosome, and is, therefore, absent in XX females. SRY seems to be 

specific to mammals (Capel, 2000). Recently, the sex-determining gene, dmy/dmrt1bY (DM-

domain gene on Y chromosome)–a dmrt1 homolog–has been identified in the teleost fish, 

medaka (Oryzias latipes), as the second sex-determining gene in vertebrates (Matsuda et al., 

2002; Nanda et al., 2002). 

In addition, dmy is only found in 2 subspecies of medaka, within the genus, Oryzias 

(Matsuda et al., 2003). Recent reports suggest that the downstream products of sex 

determination genes are functionally similar in different species (Capel, 2000; Kobayashi and 

Nagahama, 2009). Over the past several years, sex-determining genes have been identified 

from several lower vertebrates, e.g., the amphibian, Xenopus laevis: DM-W (Yoshimoto et al., 

2006); the teleostei, medaka, Olyzias luzonensis: GsdfY (Myosho et al., 2012); and 

Patagonian pejerrey, Odontesthes bonariensis: amh-Y (Hattori et al., 2012). Thus, in contrast 

to many developmental processes, there is no clear evolutionary conservation for sex-

determining genes among phyla. 

The undifferentiated gonads of teleosts differentiate into testes or ovaries in a similar way 

to other vertebrates. Sex differentiation progresses under genetic control together with the 

effects of various environmental factors. To date, much research has been carried out on 

gonadal sex differentiation in teleosts. Sexual characteristics and differentiation/development 

of gonads vary in teleosts, e.g., in the case of gonochorism and hermaphroditism which 

includes protandry, protogyny, and synchronous hermaphroditism (Atz, 1964; Yamamoto, 

1969; Renboth, 1970). In gonochoristic teleost species, gonadal sex differentiation has been 

examined extensively using medaka and tilapia as model species (Devlin and Nagahama, 

2002; Scartl, 2004; Saito and Tanaka, 2009; Kobayashi and Nagahama, 2009). 

This review describes a concept in which the developmental sequences of gonadal sex 

differentiation in both species are comprehensively analyzed. 

 

 

Formation of Gonadal Primordia 
 

Gonadal primordia have important roles in gonadal sex differentiation. The gonads 

consist of germinal epithelium and stromal tissue. Historically, undifferentiated gonads 

consist of 2 somatic components: the cortex and the medulla. It has been suggested that the 

former originates from the peritoneal wall, or coelomic epithelium, and the latter derives from 

the mesonephric blastema. A classical concept is that the medulla and cortex participate in the 

formation of the structure of the gonads during gonadal differentiation in vertebrates 

(Witschi, 1957). 

In this concept, the primordial gonads were thought to consist of the cortex: the coelomic 

epithelium including germ cells and the medulla: an aggregation of mesonephric blastemal 

cells. However, during gonadal development in teleosts, the participation of mesonephros-

derived cells has been rejected (Lepori, 1980). In mammals and birds, testis cord as medulla 

is formed by proliferation of coelomic epithelial cells together with cells derived from the 

mesonephros as interstitial cells (Capel, 2000). 
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Even in amphibians, it has been reported that the medulla originates from the coelomic 

epithelium but not from the mesonephros, suggesting that the development is similar to 

teleost testis differentiation (Merchant-Larios and Villalpando, 1981; Iwasawa and 

Yamaguchi, 1984; Tanimura and Iwasawa, 1988; 1989; Kumakura and Iwasawa, 1992). 

Thus, the gonads in vertebrates, including the teleosts, consist of the parenchyma/ 

germinal epithelium (GE) and interstitium. This indicates that the medulla and cortex in 

vertebrate gonads are formed by the parenchyma/GE, consisting of germ cells and somatic 

cells surrounded by a basement membrane, and are named according to their localization in 

the gonads. In this paper, therefore, we focus on the parenchyma/GE during gonadal sex 

differentiation (Figure 1). 

 

 

Overview of Gonadal Sex Differentiation in Tilapia 
 

Sex Differences in Germ Cell Number during Gonadal Differentiation 
 

During gonadal differentiation, morphological sexual dimorphism consists of changes in 

the germ cell number and histogenesis (Figure 1; Kobayashi et al., 2008). In Nile tilapia, on 

the day of hatching (4 days post fertilization: 4 dpf at 26°C) primordial germ cells (PGCs), 

which are morphologically distinguishable from somatic cells, are located in the outer layer of 

the lateral plate mesoderm around the hindgut. At 3 days post hatching (dph), i.e., 7 dpf, the 

PGCs are located in the gonadal anlagen after formation of the coelomic cavity in the lateral 

plate mesoderm, rather than migrating actively (Kobayashi et al., 2000; 2002). 

Thereafter, germ cell numbers do not change significantly in either sex from 5 to 8 dph. 

After 8 dph, in contrast, the XX female germ cells continue to proliferate, whereas the germ 

cell numbers do not change from 9 to 14 dph in XY male gonads. 

As described in previous reports, the number of germ cells in XY male gonads increases 

again after 14 dph, but spermatogenesis is not observed until 70 dph (Kobayashi et al., 2008; 

Kobayashi and Nagahama, 2009). 

 

 

Sex Differences in Histogenesis during Gonadal Differentiation 
 

The morphological sign for a sex difference in gonadal histogenesis is the formation of an 

intratesticular efferent duct or ovarian cavity (Nakamura, 1998). The formation of the ovarian 

cavity or intratesticular efferent duct occurs between 20 and 25 dph in the XX and XY 

gonads, respectively (Kobayashi et al., 2008). 

Figure 2 shows the sex differences in histogenesis during gonadal differentiation in 

tilapia. In XY tilapia gonads, the parenchyma/GE cells including germ cell-surrounding cells 

developed into the precursor of seminiferous tubule structure and intratesticular efferent duct 

(Figures 1, 2), which is similar to a cord-like structure. Although no parenchyma cells 

developed in the XX gonads, an ovarian cavity was formed by the extension of both tips of 

the gonads (Kobayashi et al., 2008). The development of the parenchyma/GE cells, derived 

from the GE (coelomic epithelium) during testicular differentiation in tilapia, is similar to 

testicular differentiation in amphibians (cf. Merchant-Larios and Villalpando, 1981). 
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Figure 1. Schematic representation of gonadal sex differentiation in teleost fish. The gonads are 

consisted of parenchyma/germinal epithelium (GE) and interstitum (stromal tissue). First indication of 

sex difference is seen in parenchyma/GE, such as sex determining gene expression. Then, 

morphological sex difference is seen as sex difference in germ cell number in both sexes. Sex 

differences in histogenesis are seen, such as development for parenchyma/GE (acinus structure or 

precursor of ED) and ovarian cavity. In XY gonads, parenchyma/GE develops into seminiferous tubule 

and ED. In XX gonads, ovarian cavity is formed at dorsal or ventral side in medaka and tilapia, 

respectively. The timing of steroid producing cell differentiation and meiotic transition during gonadal 

differentiation is different in each species. Ggc, gonial germ cell. CGgc, cystic gonial germ cell. CE, 

coelomic epithelium. BV, blood vessel. P/GE, parenchyma/germinal epithelium. Int, interstitum. 

preED, precursor of intratesticular efferent duct. ED, intratesticular efferent duct. OC, ovarian cavity. 

ESPC, estrogen-synthesizing steroid producing cell. 

In addition, gonadal sex differentiation in teleost fish is dependent on the development of 

the parenchyma cells (parenchyma/GE cells) derived from the GE (cf. Nakamura et al., 1998; 

Figure 1). 

 

 

Molecular Events during Gonadal Sex Differentiation in Tilapia 
 

In tilapia, Ad4BP/SF-1 (nr5a1) was first detected at 3 dpf (1 day before hatching) as 

clusters in the primordium of interrenal glands. At 3 dph, when the gonadal anlagen formed, 

nr5a1 mRNA was expressed in the epithelial cells of the gonadal anlagen but not in the 

epithelium of the lateral plate mesoderm, which was the origin of the gonadal anlagen. 

After 5 dph, nr5a1 mRNA became localized to the stromal cells in the vicinity of blood 

vessels and disappeared from the outermost epithelium in the gonads of both sexes. 
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Figure 2. Schematic representation of sex differences in histogenesis in medaka and tilapia. Sex 

differences in histogenesis become apparent as development of parenchyma/GE and ovarian cavity in 

XY and XX gonads, respectively. The former is seen as the acinus structure and precursor of 

intratesticular efferent duct in medaka and tilapia, respectively. The later is seen at dorsal and ventral 

side in medaka and tilapia, respectively. In medaka, ovarian cavity is formed after the appearance of 

oocytes, whereas in tilapia, before the appearance of oocytes. 

In contrast, the expression of steroidogenic enzymes, including aromatase (cyp19a1), 

occurred in stromal cells near the blood vessels at 5 dph in XX fry but not in XY fry (Wang et 

al., 2007). 

Therefore, these cyp19a1-positive cells were also immunoreactive for P450scc 

(cyp11a1), P450c17 (cyp17a1), and 3β-HSD (3b-hsd) (Kobayashi et al., 2003; Wang et al., 

2007). This suggests that the expression of nr5a1 does not induce the expression of 

steroidogenic enzymes in early gonads by itself. Prior to 25 dph, no difference was observed 

in the expression pattern of nr5a1 between XX and XY gonads. After 25 dph, the distribution 

of nr5a1 mRNA differed between the sexes following the progression of gonadal histogenesis 

at the formation of an ovarian cavity in females and the intratesticular efferent duct in males, 

suggesting that sexual dimorphism of nr5a1 expression is consistent with the sexual 

dimorphism of gonadal histogenesis (Wang et al., 2007). 

In the female pathway, foxl2 expression was higher in XX than XY gonads from 5 dph 

onward, indicating a female-dominant expression of foxl2 in gonads. The expression profiles 

also indicated co-localization of the expression of foxl2, nr5a1, and cyp19a1 in stromal cells 

near the blood vessels in XX gonads, suggesting an important role for foxl2 in the 

transcriptional regulation of cyp19a1 (Wang et al., 2007). 
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Similarly, this relationship for foxl2, nr5a1, and cyp19a1 was also observed during sex 

reversal induced by estrogens in the ovaries of XY fry (Kobayashi et al., 2003; Wang et al., 

2007). 

Since foxl2 was localized in both the steroid-producing cells in the interstitium of XX 

gonads and in the germ cell-surrounding cell lineage, including oogonia and oocytes (Wang et 

al., 2004; 2007), it was also suggested that foxl2 had another function other than 

steroidogenesis involving ovarian differentiation, including estrogen production. 

In the male pathway, dmrt1 had a male-specific expression pattern in XY gonads from 6 

dph onward. dmrt1 was detected in the gonial germ cell-surrounding cells in XY gonads, 

specifically before the appearance of any signs of morphological sex differentiation, i.e., sex 

differences in the germ cell number and histogenesis such as differentiation into the 

intratesticular efferent duct or ovarian cavity. 

The signals became localized in the Sertoli and epithelial cells of the efferent duct during 

testicular differentiation (Kobayashi et al., 2008). 

In contrast to dmrt1, sox9a did not reveal sexual dimorphism before the appearance of 

sex differences in histogenesis and was not expressed in the efferent duct in the testis 

(Kobayashi et al., 2008). Molecular events during gonadal sex differentiation in tilapia are 

summarized in Figure 3. 

 

 

Figure 3. Gene expression during gonadal sex differentiation in medaka and tilapia. dph, days post 

hatching. ‘germ cell number’ and ‘histogenesis’ indicate the developmental stage that the sex difference 

becomes apparent in each species. * gene expressed in parenchyma/GE and some interstitial cells. ** 

gene expressed in some interstitial cells. 
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Overview of Gonadal Sex Differentiation  
in Medaka 

 

Sex Differences in Germ Cell Number during Gonadal Differentiation 
 

PGCs first appear at the early blastula stage and then migrate to the posterior end of the 

lateral plate mesoderm. The bilateral clusters of PGCs migrate from both sides up the dorsal 

surface of the hindgut and are located in the gonadal primodium, which is situated between 

the hindgut and the coelomic epithelium (Hamaguchi, 1982; Shinomiya et al., 2000). Initially, 

there are around 10 PGCs, which then undergo 2 or 3 rounds of mitotic division during 

migration. Finally, the gonadal primordium contains 30–40 PGCs (Hamaguchi, 1982; 

Kurokawa et al., 2006). 

In medaka, previous reports revealed that sex differences in germ cell number were 

detected at the hatching time (stage 39), with the result that the germ cell number in XX 

embryos is higher than in XY embryos (Satoh and Egami, 1972; Quirk and Hamilton, 1973; 

Hamagauchi, 1982). A recent finding using genetic sex markers (dmy/dmrt1) clearly indicates 

that sex differences in germ cell numbers are detected at embryonic stage 38, after the 

expression of dmy (Kobayashi et al., 2004). In early oogenesis, gonial germ cells are divided 

into type I and type II cells (Saito et al., 2007). The former comprises relatively large germ 

cells separated by surrounded somatic cells, i.e., isolated gonial germ cells (single cysts). The 

latter comprises clusters of small and densely-packed germ cells delineated by somatic cells, 

i.e., cystic gonial germ cells (Shibata and Hamaguchi, 1989). During oogenesis, cystic gonial 

germ cells had similar morphology to early type B spermatogonia in teleost fish. During early 

gonadal sex differentiation in medaka, the germ cells in XY gonads are gonium germ cells 

within a single cyst (Hamaguchi, 1982; Kanamori et al., 1985). Therefore, it is suggested that 

sex differences in germ cell numbers during early gonadal sex differentiation depend mainly 

on the proliferation of cystic gonial germ cells in XX gonads (type II division). In XY gonads, 

in contrast, germ cells undergo several mitotic divisions in a stochastic manner during early 

gonadal differentiation and then become mitotically quiescent in the post hatching stage 

(Satoh and Egami, 1972; Hamaguchi, 1982). Gonial germ cells resume mitotic division when 

spermatogenesis begins around 30 to 50 dph (Kanamori et al., 1985). 

 

 

Sex Differences in Histogenesis during Gonadal Differentiation 
 

In medaka, sex differences in histogenesis during gonadal differentiation are noticed in 

the ovarian cavity and acinus in XX and XY gonads, respectively (Kanamori et al., 1985; 

Shimomiya et al., 2001). In XY gonads, the cluster of gonial germ cells surrounded by 

somatic cells constitutes the acinus around 5–10 dph, which is the precursor of seminiferous 

tubules (or seminiferous lobules) and efferent duct in the mature testis. Concerning the 

parenchyma/GE cells, as mentioned previously, it has been suggested that the acinus is made 

up of a kind of parenchyma/GE cell structure. In XX gonads, in contrast, the ovarian cavity 

becomes apparent in the dorsal area of the ovary. It begins as an extension of the cell mass 

from the medial and lateral regions, which then fuse to cover the dorsal area of the ovary. 
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As above-mentioned, in contrast, the ovarian cavity is formed on the ventral side in 

tilapia (Figure 2; Nakamura et al., 1998; Shinomiya et al., 2001). 

 

 

Molecular Events during Gonadal Sex Differentiation in Medaka 
 

Molecular events during gonadal sex differentiation in medaka are summarized in Figure 

3. Sex differentiation in somatic cells becomes apparent during the embryonic period in both 

sexes, in addition to the expression of the sex-determining gene dmy (Kobayashi et al., 2004). 

A recent finding indicates that the gonadal soma-derived factor (gsdf) becomes expressed in 

germ cell-surrounding cells around stage 38 before hatching and is expressed at a higher level 

in XY gonads than in XX gonads. 

Furthermore, the evidence that gsdf is co-expressed in germ cell-surrounding cells with 

dmy in XY gonads suggests that gsdf is a downstream gene of dmy (Shibata et al., 2010). The 

expression of dmrt1 as a gene expressed specifically in males became apparent in the Sertoli 

cell lineage cells (parenchyma/GE cells) at 10–20 dph, e.g., in the acinus, which include the 

Sertoli cells and the precursors of the intratesticular efferent duct (Kobayashi et al., 2004; 

Suzuki et al., 2004). The expression of AMH/MIS, a member of the transforming growth 

factor-β (TGF-β) superfamily protein, is seen in Sertoli cells during gonadal sex 

differentiation in mammals. In mammals, amh is expressed specifically in Sertoli cells, 

suggesting that amh expression shows male differentiation in mammals. In medaka, it was 

reported that amh was expressed in the developing gonads in both sexes in a similar way to 

non-mammalian vertebrates, whereas amh demonstrated a male-dominant expression profile 

in developing gonads (Oreal et al., 1998; von Hofsten et al., 2005; Shiraishi et al., 2008; Ijiri 

et al., 2008). 

Sox9 is up-regulated in the male gonads in a number of species in which it is the essential 

regulator of testis determination. In medaka, sox9a is expressed in the brain but not in the 

gonads and sox9b is expressed specifically in the gonads (Yokoi et al., 2002; Nakamura et al., 

2012). However, sox9b is one of the orthologues of mammalian sox9 at syntenic and 

expression levels. Medaka sox9b is also expressed in the Sertoli cell lineage cells and in the 

supporting cells of early oogenesis, consisting of the ovarian cradle (Nakamura et al., 2011; 

2012). 

Although the dynamics of germ cells in XX individuals showed defined sex differences 

during early oogenesis, sex differentiation in somatic cells was seen to be obscure. foxl2, 

known as a key gene for ovarian differentiation and development (Pailhoux et al., 2000; 2001; 

Nakamoto et al., 2006; Wang et al., 2007), is expressed in somatic cells in XX gonads from 

the day of hatching, suggesting that foxl2 expression precede the differentiation of the ovarian 

cavity as the first morphological difference in histogenesis but not sex difference in germ cell 

numbers (Nakamoto et al., 2006). cyp19a1 also had a female-specific expression pattern 

around 5–10 dph in some somatic cells located on the ventral side (Suzuki et al., 2004; 

Nakamoto et al., 2006). Together with the evidence that foxl2 and cyp19a1 are co-expressed 

in those cells, it is suggested that foxl2 is involved in the initiation of cyp19a1 expression 

during early ovarian differentiation (Nakamoto et al., 2006; Nakamura et al., 2008). As it had 

been pointed out that not all foxl2-positive cells eventually expressed cyp19a1 in all cases, it 

was suggested that foxl2 alone is insufficient for cyp19a1 expression, indicating that another 

specific factor(s) might be required (Nakamoto et al., 2006). 
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Along with the production of steroid hormones, nr5a1 was expressed in somatic cells 

surrounding the germ cells in both sexes at stage 36, in which the gonadal primordia were 

completed. Following this, nr5a1was expressed in interstitial cells, which co-expressed 3b-

hsd in XY gonads at 20 dph. 

In XX gonads, in contrast, nr5a1-expressing cells were also located in interstitial cells, 

which co-expressed 3b-hsd at 10 to 20 dph, in addition to the somatic cells surrounding the 

germ cells, including the pregranulosa cells (Nakamoto et al., 2012). 

Recent findings in medaka have demonstrated that star, hsd3b, and cyp11a1 were all co-

expressed in the identical interstitial cells. The onset of star mRNA expression, however, 

occurred after the expression of hsd3b and cyp11a1 had been initiated (Nakamoto et al., 2010; 

2012). In XY medaka, in contrast, star is located in interstitial cells around 25 dph, when the 

appearance of Leydig cells is seen in XY gonads (Kanamori et al., 1985). 

 

 

Sex Reversal of Tilapia and Medaka 
 

In teleost fishes, sex reversal is well known to occur artificially and naturally. Even in 

gonochoristic fish species, sex reversal is induced artificially. The 2 species–tilapia and 

medaka showed gonochoristic sex differentiation as above-mentioned. 

In both species, many investigators have reported that sex reversal can be induced easily 

under artificial conditions, e.g., with sex steroid hormones, temperature, etc (Nakamura et al., 

1998; Baroiller et al., 2009). In medaka, the sex-determining gene, dmy, determines the sex. 

Alternatively, the sex of medaka is easily distinguished genetically by the presence or absence 

of dmy (Matsuda et al., 2002; Nanda et al., 2002; Kobayashi et al., 2004). 

However, in tilapia, the sex-determining gene has not yet been identified and instead, YY 

supermales and XX sex-reversed males are able to produce an all-male or all-female 

population, respectively (Kobayashi et al., 2000; 2008; Kobayashi and Nagahama, 2009). 

Therefore, medaka and tilapia are good experimental models for the investigation of 

mechanisms underlying sex differentiation and sex reversal. 

 

 

Sex Reversal by Steroid Hormones and Inhibitors 
 

In tilapia, administration of androgens such as 17α-methyltestosterone induced easily 

masculinization in XX fry (Nakamura et al., 1998; Kobayashi et al., 2008). The treatments of 

XX fry with the non-steroidal and steroidal aromatase inhibitors (AIs), fadrozole and 

exemestane, caused complete sex reversal in functional males, avoiding simultaneous 

estrogen treatment (Nakamura et al., 1999; Afonso et al., 2001; Kwon et al., 2002; Rukusana 

et al., 2010). Although XY sex reversal by estrogen was not induced as easily as XX sex 

reversal by androgens and AIs, the treatment with 17α-ethynylestradiol from 4 to 6 dph 

caused complete XY sex reversal with germ cell proliferation in similar to XX gonads 

(Kobayashi et al. 2003; 2008). 

In medaka, Yamamoto (1953) first reported that sex reversal was induced artificially in 

genotypic medaka; estrogen treatment in XY males resulted in ovarian development and XX 

females treated with androgen developed into testes. 
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Recently, a new method was reported where the immersion of fertilized XY eggs into 

water containing estrogen, from fertilization to hatching, caused sex reversal (Iwamatsu et al., 

2005). 

Although this treatment induced XY sex reversal, neither dmy expression nor the number 

of germ cells was affected during early development (Sholz et al., 2003; Suzuki et al., 2005). 

This suggests that in medaka, early gonadal sex differentiation is not affected by exogenous 

estrogen. 

 

 

Sex Reversal by Temperature 
 

In medaka, exposure of embryos to high temperature resulted in female-to-male sex 

reversal (Sato et al., 2005; Hattori et al., 2007). In the Hd-rR strain, when fertilized eggs were 

exposed to temperature between 17 and 34°C up until hatching, complete XX sex reversal 

occurred in accordance with the increasing temperature at 34°C (Hattori et al., 2007). 

Interestingly, the effects of temperature were not observed when embryos were exposed 

to high temperature after stage 36, suggesting that the process of gonadal sex differentiation 

affected by high temperature is limited to the period before the morphological sex 

differentiation stage. 

In addition, high temperature treatment induced dmrt1 expression in XX fry after stage 

36 (Hattori et al., 2007), whereas in normal XY fry, dmrt1 became expressed in the XY 

gonads after 10 to 20 dph (Kobayashi et al., 2004). 

In tilapia, elevated temperatures (32–34°C) caused an increase in the number of males in 

XX progenies and a decrease in the number of females in YY and XY progenies (Baroiller et 

al., 1995; Abucay et al., 1999; Kwon et al., 2002). It was suggested that the period of 

thermosensitivity ranged from 10 to 20 or 40 dpf (Baroiller et al., 2009). When XX fry were 

exposed to high masculinizing temperatures, the expression of cyp19a1 and foxl2 mRNA was 

suppressed (d’Cotta et al., 2001; 2008; Baroiller et al., 2008). 

Furthermore, treatment with high masculinizing temperatures caused a rapid upregulation 

of dmrt1 in XX fry (d’Cotta et al., 2008). Together with the evidence in medaka, high 

masculinizing temperatures may cause female-to-male sex reversal through the induction of 

dmrt1. 

 

 

The Mechanisms of Sex Differentiation: 
Comparison between Tilapia and Medaka 

 

As mentioned above, it appears that gonadal sex differentiation occurs in a similar 

manner in both species, though the time scale for gonadal sex differentiation is different 

(Figure 3). First, a sex-determining gene switches on the male differentiation pathway. In XX 

embryos, then, gonial germ cells within a single cyst differentiate into cystic gonial germ cells 

and proliferate, resulting in the gender differences in germ cell numbers in both sexes, which 

are seen as the first morphological sex differences. 

Following this step, sex differences in histogenesis occur, e.g., development of the 

parenchyma/GE and the ovarian cavity in XY and XX gonads, respectively. Although the 
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molecules involved in the morphogenesis during sex differentiation are similar in both 

species, it appears that the details differ. Therefore, we will compare the evidence from tilapia 

and medaka and discuss the similarities and differences. 

 

 

Estrogen and Gonadal Sex Differentiation 
 

As mentioned previously, in XX fry of tilapia, the expression of steroidogenic enzymes 

required for estrogen production precedes any morphological gonadal sex differentiation. 

Furthermore, treatment of AI in XX fry during the gonial germ cells proliferative period 

caused complete sex reversal, resulting functional males (Nakamura et al., 1999; Afonso et 

al., 2001; Kwon et al., 2002; Rukusana et al., 2010). 

It was also reported that fadrozole treatment for 3 days was sufficient to induce XX sex 

reversal (Kobayashi et al., 2008). As mentioned previously, it is suggested that estradiol-17β 

plays a critical role in ovarian differentiation in tilapia. It is also suggested that the 

concentration of estrogens versus androgens is important in the differentiating gonads 

(Baroiller and d’Cotta, 2001; d’Cotta et al., 2001). Our recent studies suggest an important 

role of foxl2 in the transcriptional regulation of cyp19a1 but not of cyp19a2. 

Indeed, our in vitro transcription assay indicates that foxl2 up-regulated the aromatase 

expression via specific binding sites for foxl2 in cooperation with nr5a1. When a dominant 

negative mutant construct of foxl2 for aromatase transcription was overexpressed in XX 

fertilized eggs, functional XX males were obtained (Wang et al., 2007). Therefore, it is 

concluded that foxl2 regulates ovarian differentiation and development via aromatase 

(cyp19a1) expression and estrogen production in tilapia. Taken together, these results suggest 

that endogenous estrogens are required for early ovarian differentiation in tilapia. 

In addition, foxl2 is expressed not only in cyp19a1-expressing cells, but also in germ cell-

surrounding cells during gonadal differentiation (Wang et al., 2007). The localization of foxl2 

mRNA in germ cell-surrounding cells was also noted in medaka (Nakamoto et al., 2006). 

Since cyp19a1 is not expressed in oogonia-surrounding cells during gonadal differentiation in 

these fish species, the possibility remains that foxl2 is also involved in ovarian differentiation 

via another pathway, in addition to the regulation of estrogen synthesis. 

In other teleosts, it remains unclear whether estrogens are required for early ovarian 

differentiation. In several teleosts, treatment with an AI caused sex reversal from female to 

male (Pifferer et al., 1994; Kitano et al., 2000). In medaka, the expression of star and all 

steroidogenic enzymes involved in the estrogenic pathway (cyp11a1, cyp17, hsd3b, 

hsd17b,and cyp19a1) are essential for the production of estrogen (Suzuki et al., 2004; 

Nakamura et al., 2009; Nakamoto et al., 2010). 

Previous reports suggested that these enzymes become expressed in the interstitial cells 

located on the ventral side of the ovary during ovarian development between 5 and 10 dph. In 

medaka, however, it was reported that expression of star became apparent in the interstitial 

cells in the XX gonads around 20 to 25 dph, suggesting that the onset of star expression is 

delayed compared to the steroidogenic enzymes. As estrogen production depends on star 

expression, it may be impossible to synthesize estrogen in XX medaka until 25 dph 

(Nakamoto et al., 2012). 

Furthermore, XX fry of the scl mutant, which lack cyp17a1, resulting in no production of 

estrogen, showed early ovarian differentiation until vitellogenesis. In a similar way to tilapia, 
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it was also reported that cyp17a2 was cloned and localized in the head kidney, and gonads in 

medaka (Zhou et al., 2007a, b). XY fry of the scl mutant medaka also did not show any male 

sexual characters depending on androgens. This suggests that, at least in the case of early 

ovarian differentiation, newly synthesized estrogen is not required in contrast to tilapia (Sato 

et al., 2008). 

Since fertilized medaka eggs contained only a small amount of estrogens (Iwamatsu et 

al., 2005), however, there is a possibility that a small amount of endogenous estrogen is 

sufficient for early ovarian differentiation in the absence of the sex-determining gene dmy. 

In tilapia and medaka, as mentioned above, it seems that the requirements of estrogens 

for early ovarian differentiation are different. For late ovarian differentiation, however, it 

appears that estrogens are required in both species. To be precise, the scl mutant medaka 

(XX) shows female-to-male sex reversal after the formation of oocytes (Sato et al., 2008). 

In addition, in germ cell-deficient XX medaka, female-specific somatic differentiation 

marker genes, including cyp19a1, are expressed until 20 dph, followed by the expression of 

male differentiation genes, including dmrt1, after down regulation of the female-specific 

genes (Kurokawa et al., 2006). 

 

 

The Male Pathway 
 

In medaka, sex differentiation in somatic cells becomes apparent during the embryonic 

period in both sexes, in addition to the expression of the sex-determining gene, dmy 

(Kobayashi et al., 2004). A recent finding indicates that gsdf becomes expressed in germ cell-

surrounding cells around stage 38 before hatching, and shows the dominant expression in XY 

gonads. Furthermore, co-localization of gsdf and dmy in germ cell-surrounding cells in XY 

gonads suggests that gsdf is a downstream gene of dmy (Shibata et al., 2010). Recently, in a 

subspecies of medaka, O. luzonensis, it was reported that gsdf was located on the sex 

chromosome and that GsdfY acts as the sex-determining gene. Furthermore, the over 

expression of GsdfY in the XX fry of O. luzonensis and O. latipes caused XX male 

differentiation (Myosho et al., 2012). 

This suggests that gsdf acts as a testis differentiation factor in dmy male differentiation 

cascade in O. latipes. The expression of dmrt1 as a gene expressed specifically in males 

became apparent in the Sertoli cell lineage cells (such as in the acinus, which include Sertoli 

cells and the precursors of the intratesticular efferent duct) after the appearance of acinus 

(Kobayashi et al., 2004; Suzuki et al., 2004). 

A recent report indicated that dmrt1 is required for testis differentiation by the analysis of 

the dmrt1 mutant medaka (Masuyama et al., 2011). Thus, sequential evidence strongly 

suggests that the dmy/gsdf/dmrt1 cascade plays important roles in testis differentiation in the 

medaka, O. latipes, whereas it remains unclear whether dmrt1 is part of the gsdf downstream 

cascade. In tilapia, much information has been reported on the expression profiles of genes 

involved in sex differentiation (Kobayashi and Nagahama, 2009). 

Unfortunately, functional analyses of these genes have not been carried out, except for 

foxl2. A recent finding suggested that gsdf was involved in testis differentiation as an 

upstream gene to dmrt1 (Kaneko et al., unpublished). This suggests that gsdf/dmrt1 plays 

important roles in testis differentiation in medaka and tilapia. 
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Although gsdf and dmrt1 are specifically expressed in Sertoli cell-lineage cells 

(parenchyma/GE cells) and are key players in testis differentiation, to date, the functions of 

both genes during testis differentiation remain unclear. 

 

 

Conclusion 
 

The genetic mechanisms triggering sex determination appear to be diverse in non-

mammalian vertebrates. In teleosts, the sex-determining gene, dmy (discovered in the 

medaka, Oryzias latipes) exists in only 2 species (Matsuda et al., 2002; 2003). Nonetheless, 

morphological differentiation and development of the gonads in all vertebrates appear to have 

been conserved throughout evolution. Many genes involved in gonadal sex differentiation in 

mammals, e.g., dmrt1 and foxl2, are conserved in other vertebrates. Recently, several reports 

suggest that in other medaka, e.g., Oryzias dancena, Oryzias luzonensis, and Oryzias 

minutillus, a gene other than dmy is a candidate for the sex-determining gene (Takehana et al., 

2007, Nagai et al., 2008; Myosho et al., 2012). In O. luzonensis, GsdfY has been identified as 

the sex-determining gene. Interestingly, in O. latipes, it has been suggested that gsdf is part of 

a downstream cascade of dmy and that the increase in GsdfY in O. latipes XX embryos 

resulted in male differentiation (Shibata et al., 2010; Myosho et al., 2012). In O. latipes, 

dmrt1 is also required for testis differentiation. Together with the evidence for gsdf and dmrt1 

in tilapia, it may be suggested that, at least in teleost fish, testis differentiation progresses via 

the gsdf/dmrt1 cascade. 

In morphogenesis during gonadal sex differentiation in all vertebrates, original 

parenchyma/GE cells derived from the germinal epithelium develop into testicular structures, 

e.g., the testis cord in mammals and the pre-seminiferous tubule structure in amphibians and 

teleost fish; however, they fail to develop in the ovary. Since dmrt1 and foxl2 are expressed in 

the germ cell-surrounding cell lineages in males and females, respectively, the clarification of 

the relationship between morphogenesis and these genes products during gonadal sex 

differentiation is essential for understanding the mechanisms of gonadal sex differentiation. In 

medaka, dmrt1, as a downstream element of the dmy/gsdf male differentiation cascade, can 

induce a bipotential gonad for testis. Since dmy/gsdf/dmrt1 is expressed in the Sertoli cell 

lineage (Kobayashi et al., 2004; Shibata et al., 2010), it appears that the function is the proper 

differentiation and development of the Sertoli cells. As mentioned previously, in tilapia, foxl2 

plays important roles in ovarian differentiation. Together, these facts may suggest that the 

balance of sexual dimorphism, i.e., sex differentiation, in the parenchyma/GE cells is 

essential for gonadal sex differentiation, as determined by the expression of dmrt1 and foxl2 

in the testis and ovary, respectively (male pathway genes vs. female pathway genes). To 

understand the mechanisms of gonadal sex differentiation in vertebrates, including the 

teleosts, further study will be necessary to clarify the molecular mechanisms underlying the 

parenchyma/GE cell differentiation and development together with analyses of the gene 

cascade from the upstream genes, dmrt1 and foxl2, expressed in germ cell-surrounding cell 

lineages. 
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Abstract 
 

Groupers of the genus Epinephelus are one of the most important aquaculture species 

in the world. The sexuality of groupers is almost protogynous hermaphrodite. Since the 

gonadal re-constriction occurred in adult, grouper provide a good experiment model to 

investigate the sexual differentiation in vertebrate. Due to the economical and biological 

importance of groupers, physiological and endocrinological data are eagerly needed for 

improvement aquaculture. However, the endocrinological mechanism of sex change is 

not clearly understood. This review addresses the physiological and endocrinological 

mechanisms and also explains the process of sex differentiation in groupers. Key 

regulatory factors underlying sex change has been identified to date include sex steroids 

and follicle stimulating hormone (FSH).  
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Introduction 
 

Sex determination leads to a binary fate choice of the sexual characteristics in an 

organism. In almost all vertebrates, sexual reproduction requires two sexes (males and 

females) to maintain variation and survival. Hence, sex determination and differentiation, 

which develop either into ovary or testis, is one of the most important processes for species 

survival. However, sex-determination mechanisms vary greatly among taxa (Desjardins and 

Fernald, 2009; Devlin and Nagahama, 2002; Sandra and Norma, 2010).  

With over 30,000 species, teleost fishes are the largest group of vertebrates (Nelson, 

2006). Fishes exhibit a remarkable variety of sexuality (Devlin and Nagahama, 2002). The 

sexuality can be described either gonochorism or hermaphroditism; and the details are given 

below (de Mitcheson and Liu, 2008). The only known exception to this is unisexual species, 

such as Poecillia formosa (Dries, 2003). Many teleosts are belonging to gonochoristic, 

wherein individuals develop as males or females only, and retain the same sex throughout 

their life span. In many gonochoristic fishes, sex determination is genetic, i.e., males and 

females have different alleles, or even different genes, that specify their sexual morphology 

(Devlin and Nagahama, 2002). In other cases, sex is determined by environmental variables, 

such as temperature, pH, social condition and salinity (Baroiller et al., 2009). Alternatively, 

many teleosts exhibit natural hermaphroditism, whereby an individual changes from one sex 

to the other during adulthood. This unique feature of sexuality is limited only to fish among 

the vertebrates. Several different types of hermaphrodites have been described (de Mitcheson 

and Liu, 2008; Devlin and Nagahama, 2002; Frisch, 2004). Some teleost have gonads 

containing both mature ovaries and testes (synchronous hermaphroditism). In sequential 

hermaphroditism, some fishes change sex from male-to-female (protandrous sex change), 

others change from female-to-male (protogynous sex change), and a few change sex in both 

directions multiple times (bi-directional sex change). Thus, the mechanisms of sex 

determination and differentiation in fishes are highly diverse and plastic, differing from those 

of other higher vertebrates (Desjardins and Fernald, 2009). Hence, fishes are a very 

interesting group among the vertebrates for the study of sex determination and differentiation. 

Hermaphroditism has been documented in about 2% of all extant fish species (Avise and 

Mank, 2009). Sequential hermaphrodite (sex change) species have been recorded in 27 of 448 

families across 7 orders of fishes, of which the niche of many species is coral reefs, however, 

most research has been focused only on 5 families (de Mitcheson and Liu, 2008). In these 

fishes, gonadal sex re-differentiation was observed during sex change in adulthood. Thus, 

sex-changing fishes are ideal models to investigate gonadal differentiation in vertebrates.  

Groupers of the genus Epinephelus are naturally distributed in tropical and subtropical 

regions (Kitajima et al., 1991; Kohno et al., 1997). It is one of the important aquaculture 

species and cultured in many countries including Japan (Sakakura et al., 2007). Groupers are 

also known as the protogynous hermaphrodites (Sadovy and Colin, 1995). They can change 

sex from female-to-male depending on their size and/or age, or on the basis of their complex 

social structure (Munday et al., 2006). This kind of sexuality raises several problems for 

brood stock management. The deflection of sex ratio was observed in the brood stock (Yeh et 

al., 2003). Mass production of grouper fly from hatcheries under controlled reproduction, will 

certain be the key to success of industry growth, which is also dependent on simultaneous 

availability of mature broodstock of both sexes. Thus, artificial sex reversal induced by sex 
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steroids and aromatase inhibitor (AI) have been successfully used in several grouper species 

(Bhandari et al., 2004a,b. 2006; Yeh et al., 2003; Zhou and Gui, 2010). However, endocrine 

mechanisms of sex change are not clearly understood. 

Our major interest is to investigate the mechanisms that regulate the sex change processes 

in hermaphrodite groupers from endocrinological viewpoint using morphological, 

physiological, and molecular techniques. In this chapter, we restrict our discussion to two 

protogynous grouper species, Malabar grouper (E. malabaricus) and Honeycomb grouper (E. 

merra). We first summarize the process of gonadal sex differentiation in malabar grouper. 

Then, we use honeycomb grouper as an example to describe our recent work on mechanism 

of sex change. This review intends to highlight sexual plasticity and sex change mechanism in 

grouper related to sex steroids. For detailed information on other aspects of sex change in 

grouper, particularly genetics, please refer to the recent review by Zhou and Gui, (2010). 

 

 

Gonadal Differentiation Process in Grouper 
 

The gonad in groupers is unique because of its bipotential nature. However, there is little 

information on morphological, sexual and gonadal differentiation in groupers. 

Malabar grouper, E. malabaricus, is widely distributed and considered as an important 

species in commercial aquaculture in tropical and subtropical regions including Okinawa, 

Japan (Yoseda et al., 2006). To obtain basic information on sexual differentiation in grouper, 

the process of gonadal sex differentiation in this fish was followed by using histology for one 

year from hatching (Murata et al., 2009). In fish at 11 days post-hatching (dph) large 

primordial germ cells (PGCs) were evident in the primordial gonad tissue located below the 

mesonephric ducts at the dorsal side of the intestine (Figure 1.A). Until 47 dph, neither germ 

cells nor somatic tissue showed any of the morphological characteristics of sexual 

differentiation. 

 

 

Figure 1. Process of gonadal differentiation in Malabar grouper (E. malabaricus). A; The gonad of 11 

day-post hatching (dph) larvae. Some primordial germ cells are seen in the area on the dorsal side of the 

intestine. B; At the 47 dph, two elongations of somatic tissues (arrowheads), indicating ovarian cavity 

formation, can be seen. C; Completion of ovarian cavity formation are seen at the 75 dph. D; At the 360 

dph, some oocyte had already entered into meiosis. Star indicates ovarian cavity. PGC, primordial germ 

cell; Me, melanophore; BV, blood vessel; Og, oogonium; Oo, oocyte. 
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By 47 dph, gonads had changed substantially with an increase in the number of somatic 

cells (Figure 1.B). By 74 dph, the elongations had developed further and were evident in the 

ovaries of all fish (Figure 1.C). However, ovarian germ cells had not yet begun active division 

(Figure 1.C). By 360 dph, oocytes were distributed within somatic tissue along the inner 

periphery of the ovarian cavity (Figure 1.D). These observations suggested that 

morphological changes associated with ovarian differentiation in the Malabar grouper begin 

at approximately 75 dph and that in all individuals the gonads differentiate directly into 

ovaries (Murata, et al., 2009). Additionally, we confirmed this phenomenon by using 

immunohistochemical observations that estrogen is involved in ovarian differentiation in this 

fish (Murata et al., 2011). 

 

 

Gonadal Sex Change in Honeycomb Grouper 
 

Experimentation in the aquaculture groupers may encounter limitations due to the large 

size of fish. Therefore, a smaller size species (honeycomb grouper, E. merra), available in the 

wild, was chosen as an experimental model. To obtain the basic information about sexuality 

of this fish, we collected wild honeycomb grouper every month for one year (Bhandari et al., 

2003). On the basis of histological observations, gonadal transformation was divided into four 

phases as described below (Figure 2). Female: mature or immature oocytes were present in 

the gonad (Figure 2.A). 

 

 

Figure 2. Histological observation of the gonads during natural sex change in honeycomb grouper (E. 

merra). A) Female; B) Early transitional phase (ET); C) Late transitional phase (LT); D) Male. Bars 

indicate 200 µm. 
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Early transitional (ET): mixture of male germ cells and primary oocytes were present in 

the gonad (Figure 2.B). Late transitional (LT): numerous male germ cells with a few primary 

oocytes were present in the gonad (Figure 2.C). Male: mainly spermatids and some 

spermatogonia were present in the gonad (Figure 2.D). Female and male fish were 

respectively found mostly in smaller and larger size weight range, whereas, fish with 

transitional were observed in intermediate range (Bhandari et al., 2003). In the breeding 

season, no individuals possessing transitional stage were observed. An overlapping in the sex 

distribution of transitional individuals in non-breeding season indicates that a sex change 

occurs during this period. Taken together, in E. merra, sex change usually occurs in non-

breeding larger female (over 20 cm of total length).  

 

 

Profiles of Sex Steroids during Natural  
Sex Change 

 

To investigate the physiological mechanism, especially steroidogenesis, of sex change, 

we measured sex steroid profiles in grouper during sex change (Figure 3). Plasma estradiol-

17ß (E2) and 11keto-testosterone (11KT) profiles in females were significantly different from 

males.  

 

 

Figure 3. Changes in serum levels of estradiol-17ß (E2) and 11keto-testosterone (11KT) during natural 

sex change in honeycomb grouper. Data are shown as means ± SEM. Data points not sharing a letter (a, 

b, c) are significantly different by Tukey-Kramer multiple comparison test. ET, early transitional; LT, 

late transitional. 
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Serum levels of E2 were high in females in the breeding season, but low in the non-

breeding females, transitional and male phase. 11KT was low in females, but not non-

detectable, and gradually increased in the transitional and male phase. These results suggest 

that low serum E2 levels and degeneration of oocytes accompanied by concomitant increase 

in the 11KT levels and proliferation of spermatogenic germ cells are probably the events 

mediating protogynous sex change in this species. In other protogynous fishes, a similar 

dramatic shift in steroidogenesis from estrogen production to androgen production was 

occurred at the beginning of sex change (Nakamura et al., 2005). 

 

 

Effect of Sex Change by Aromatase Inhibitor  
and Exogenous Hormones 

 

Many attempts have been undertaken on different species to develop standardized 

methods for sex reversal in captivity by treatment with exogenous sex steroid hormone or 

aromatase inhibitor (Nakamura et al., 2005; Zhou and Gui, 2010). 

Based on the steroid profile during sex change in the honycomb grouper, artificial sex 

reversal was successesfull in our laboratory. Treatment with androgen (11KT) or aromatase 

inhibitor (Fadorozole, AI) caused complete masculinization of adult female (Alam et al., 

2006; Bhandari et al., 2004a, b). Histological observations revealed that ovaries of the control 

fish had oocytes at various stages of oogenesis, while in the treated groups, gonads were 

transformed into testis.  

In the sex-reversed fish, plasma E2 level was significantly low, while androgen increased 

significantly. These results suggest a balance of estrogens and androgens, which is the most 

downstream factor in steroidogenesis, is important in sex change. 

 

 

Androgen Production Cells in Ovary  
of Honeycomb Grouper 

 

As described before, a constant production of androgen (11KT), albeit at a lower level 

than in the sexual transitional phase fish and male, was observed in female grouper (Bhandari 

et al., 2003). To investigate the site of androgen production in ovary, we observed 

immunopositive cells for cytochrome P450 11ß-hydroxylase (P450 11ß), downstream to 

11KT production, throughout the process of sex change in honeycomb grouper (Alam et al., 

2006). In female, strong P450 11ß immunopositive cells were observed in the tunica near 

blood vessel but not in theca layer (Figure 4). In ET and LT phase gonads, P450 11ß localized 

in remaining follicle layer of degeneration oocyte and tunica near blood vessel. On the other 

hand, in male, both interstices and tunica showed strong signals against P450 11ß (Alam et 

al., 2006). Moreover, 11-KT level related with the changes in the nuclei diameter of P450 

11ß-positive cells in tunica during sex change. These observations suggest that this special 

androgen production site in tunica may provide the stimulus for female to undergo oocyte 

degeneration and initiate gonadal sex change. Additionally, we confirmed that this androgen 
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production site in tunica ovary could be observed in other Epinephelus species (Manuscript in 

preparation). 

 

 

Figure 4. Localization of androgen production cells in the ovary of E. merra. P45011ß 

immunoreactivity (arrowhead) is located in tunica ovary. BV, blood vessel. 

 

Involvement of the Gonadotropin  

in Gonadal Sex Change 
 

The signals for gonadal sex change probably come from the brain. Therefore, the Brain 

(hypothalamo) - pituitary- gonad (HPG) axis is involved in the sex change. In this chapter, we 

focused on the pituitary in the grouper. 

In teleosts, like in other vertebrates, gonadal steroidogenesis is largely controlled by 

pituitary gonadotropins (GTH), FSH and luteinizing hormone (LH). These GTHs contain a 

common glycoprotein hormone α subunit that forms a heterodimer with unique ß-subunits 

(Fshß and Lhß). (reviewed in Swanson et al., 2003). GtH actions are mediated by the GtH 

receptor on the surface of the target cells in the gonads (Oba et al., 2001). Two GtH receptors, 

which specifically bind FSH and LH, have been cloned from various vertebrates including 

fishes (Kobayashi et al., 2009; Oba et al., 2001; Swanson et al., 2003). In well-studied 

salmonids, FSH plays a significant role in puberty and gametogenesis, whereas LH is 

primarily involved in final maturation of the gametes in both sexes (Swanson, et al., 2003). 

However, variations in the expression profiles and potential roles of GTHs were reported in 

other teleost species (Gen et al., 2000; Hellqvist et al., 2006; Kajimura et al., 2001; Mateos et 

al., 2003). In protogynous wrasse, sexual dimorphic expression patterns of Fshß and Lhß 

transcripts were observed during the spawning season (Ohta et al., 2008). In protandrous 

black porgy, plasma LH levels were higher in male than sex-changing fish (Lee et al., 2000). 

In addition, treatment with exogenous human chorionic gonadotropin (hCG) or LH induced 

sex change in the protogynous bluehead wrasse and rice-field eel (Koulish and Kramer, 

1989). These studies indicate that GTHs participate in regulating sex-changing processes. 

However, information of GTH expression pattern during sex-changing process is negligible. 

Therefore, detailed biological functions of GTH during sex change are not clear. Therefore, 

we quantified the transcripts of GTH subunits in the pituitary at different sexual phases 

(Figure 5) (Kobayashi et al., 2010). The relative level of Lhß mRNA were higher in the 

breeding season than in the non-breeding season. However, there were no significant 

differences in these levels among different sexual phases during non-breeding season. In 



Yasuhisa Kobayashi, Ryosuke Murata and Masaru Nakamura 228 

contrast, the expression pattern of Fshß transcripts showed a marked sexual dimorphism. 

Although Fshß subunit transcripts were low in the breeding and non-breeding female phases, 

significantly increasing Fshß transcript were observed during the female-to-male sex change, 

especially in ET stage. 

 

 

Figure 5. Changes of GTH subunit transcripts in pituitaries of the different sexual phase in honeycomb 

grouper. The quantification of the transcript abundance of Lhß and Fshß genes in pituitaries were 

determined by real-time quantitative RT-PCR analysis and normalized to the abundance of GAPDH 

transcript. The values are expressed as a fold change in abundance relative to the means in the breeding 
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female. Data are shown as means ± SEM. Data points not sharing a letter (a, b, c) are significantly 

different by Tukey-Kramer multiple comparison test. ET, early transitional; LT, late transitional. 

 

Figure 6. Representative sagittal sections of pituitary gland from non-breeding female (A and B) and 

male (C and D). Immunostained with anti-Fshß (A and C) and –Lhß (B and D) antibodies. Arrowheads 

indicate potitive signals. Bars indicate 200 µm. Hyp, hypothalamus; NH, neurohypophysis; PI, pars 

intemedia; RPD, rostral pars distalis. 

To determine if there was sexually dimorphic expression of Fshß protein in the grouper 

pituitary gland, we examined Fshß and Lhß immunoreactive (ir) cells in pituitary using 

antisera against conserved epitopes of fish Fshß and Lhß subunits (Figure 6). The Fshß cells 

could not detect in the female pituitary (Figure 6A). In contrast, appreciable Fshß ir signals 

were seen around neurohypophysis (NH) of male pituitary (Figure 6C). In female, Lhß ir 

signals were seen in the proximal par distalis (PPD) and par distalis (PI), not in rostral par 

distalis (RPD) (Figure 6B). These signals were also seen at same area of male pituitary 

(Figure 6D). These observations support the result of mRNA expression of GTH subunit in 

the different sexual phases (Figure 5). Similarly, the up-regulation of FSH receptor in the 

gonad is associated with sex change (Alam et al., 2010). Interestingly, we confirmed FSH 

receptor transcripts localized in the androgen production site in tunica ovary (Paper in 

preparation). In order to identify the role of GTH in gonadal sex change in this fish, we 

treated female with bovine FSH (50 or 500 ng/fish) or LH (500 ng/fish) in vivo (Kobayashi et 

al., 2010). After 3 weeks, FSH treatment induced female to male sex change and up-regulated 

endogenous androgen levels and Fshß transcripts, whereas LH treatment had no effect on sex 

change. Taken together, these results strongly suggest that FSH may trigger the female-to-

male sex change in honeycomb grouper.  
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Conclusion and Future Research 
 

In this chapter, we primarily focus on studies related gonadal sex change. The bisexual 

gonad in grouper provides a unique model for studying the mechanism of sex change. 

Although it is not possible to define a hierarchy of regulation during sex change in groupers, a 

hypothetical model has been proposed, based on our current results (Figure 7). 

 

 

Figure 7. The possible endocrine mechanism of sex change in the honeycomb grouper. FSH produced 

by pituitary and sex steroid hormones (androgen and estrogen) involved in grouper sex change. Refer to 

the text for detailed description. 

Our data suggest that the endocrine factors (estrogen, androgen, and FSH receptor in 

gonad; pituitary FSH) may play important roles in the sex change. Future research into the 

endocrine mechanism of sex change in fishes offers many possibilities. As we mentioned that 

sex change is a very complex physiological phenomenon, sex changes also occur in organs 

other than the gonads, such as brain. Thus, there are many unanswered questions about 

neuroendocrine mechanism of sex change in fishes. 

Several neuroendocrine factors (monoamines, gonadotropin-releasing hormone, arginine 

vasotocin) were involved in brain sex change (reviewed in Godwin, 2010; Sudhakumari et al., 

2010; Raghuveer et al., 2011). However the function of these factors has not been analyzed in 

groupers. Recently, access to detailed genomic information of animals by using next 

generation sequencer has become easier (Zhang et al., 2011). Therefore, the isolation of 

additional genes and/or downstream genes related to sex-changing pathway in fishes is 

expected in the near future. 
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Abstract 
 

It is well established that gonadal activities are essentially regulated by hormonal 

dialogues between gonad and hyphothalamo-hypophysial axis. However, regulation of 

gonadal activities is far more complex than the envisaged.Numerous studies on mammals 

during past decades indicate that the coordination and integration of gonad, which 

exhibits compartmentalized structural-physiological organization and display spacio-

temporal functional heterogenecity, involve local factors too. Gonadal cells not only 

receive ex-gonad borne chemical inputs via blood but also from different cell types 

within the gonad 

Local regulatory system empowers the individual gonadal cells to respond with 

greater efficiency than would be possible through hypothalamo-hypophysial regulation 

alone. The functional state of different type of gonadal cells is, thus, determined by their 

associations with adjacent cells, which exert local control through paracrine interactions. 

Present review will highlight these aspects to understand the importance of non-classical 

intragonadal regulators of reproduction in teleosts. 

 

 

Introduction 
 

Hypotahlamo-hypophyseal system is the central regulator of reproduction in vertebrates 

including teleosts. However, recent knowledge provides valid evidences of paracrine 

interactions among different cell types in the gonad which greatly influence the development 

and maturation of viable gametes. Such interactions exist between germ cells-Sertoli cells, 

Sertoli cells-Leydig cells, Leydig cells-macrophages, granulosa cells-oocyte, thecal cells-
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granulosa cells, etc. The Leydig cells fail to develop normally in the absence of macrophages 

(Hales, 2002). Likewise, morphological and physiological status of macrophages also 

changes with structure and functions of the Leydig cells (Huston, 2006).  

Similarly, germ cells do not proliferate and differentiate normally in the absence of 

Sertoli cells and granulosa cells (Schulz, et al., 2005; Tesone et al., 2009). An elaborate 

network of local paracrine interactions between gametogenic and somatic elements is 

reported to be essential for the generation of normal and viable germ cells. 

The bidirectional communication during their interactions takes place through variety of 

substances produced by somatic cells such as Leydig cells, thecal cells, granulosa cells, 

macrophages, peritubular cells, fibroblast cells, mast cells, etc., as well as developing germ 

cells like oocytes and spermatozoa. Many of such substances have been isolated and 

characterized in past. These substances include growth factors and cytokines [epidermal 

growth factor- EGFs, fibroblast growth factor- FGFs, transforming growth factors-TGFs, 

insulin like growth factors- IGFs, platelet derived growth factor- PDGF and tumor necrosis 

factor-TNF, interleukins], regulatory peptides [endorphin, angiotensin II, arginine-

vasopressin, inhibin, activin, endothelin, FSH, LH, GH, GnRH, atrial natriuretic factor-ANF, 

brain natriuretic peptide- BNP and C-type natriuretic peptide-CNP] etc., and reactive oxygen 

and nitrogen species [sulphurdioxide-SO2, hydrogen peroxide- H2O2, nitric oxide-NO]. 

However, most of these studies are limited to mammals.  

Despite that fishes exhibit highly diverse modes and mechanisms of reproduction, such 

studies in fishes are highly scanty. This chapter discusses the current state of art on some 

intra-gonadal growth factors (EGF, TGF, FGF, IGF) and reactive nitrogen species (NO), 

which are reported to play very crucial role in regulation of gametogenesis and 

steroidogenesis in fishes. 

 

 

The Existence of the NOS/NO System and  
Its Role in Reproductive Activities 

 

NO, a highly versatile and ubiquitous important gaseous molecule, is produced from L-

arginine by catalytic action of one of the three isoforms of NOS: neuronal (nNOS), 

endothelial (eNOS), and inducible (iNOS). NO is recognized as an important inter- and intra-

cellular signaling molecule that regulates diverse reproductive functions such as 

steroidogenesis, spermatogenesis, penile erection, folliculogenesis and fertilization in 

mammals (Roselli et al., 1998). In mammals, all forms of NOS are demonstrated in gonadal 

cells like thecal cells, granulossa cells, oocytes, Leydig cells, endothelial cells, peritubular 

cells, macrophage, Sertoli cells, spermatogonia, spermatocytes, and spermatids in human, 

rodents and pig, though the predominant form differs from cell to cell and species to species 

(Lee and Cheng, 2004; Kim et al., 2006). Expression of NOS stimulates germ cell 

differentiation (Zini et al., 1996) and activates programmed cell death in mammals by 

generating NO (Zini et al., 1998; Lee and Cheng, 2004). Involvement of NOS/NO system in 

oogenesis, ovulation and fertilization are clearly established in mammalian species. Weisman 

et al. (2005) have reported potent inhibition of basal testosterone production by the rat Leydig 

cells after treatment with S-itrosoglutathione (GSNO), a NO donor; but have opined that 

testosterone production by the Leydig cells is sensitive to only exogenous NO (paracrine in 
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nature), not of the Leydig cells (endogenous in nature). Valenti et al. (1999) have, however, 

established biphasic effects of NO on steroid secretion depending on the chemical nature and 

concentrations of NO donors such as S-nitroso-N-acetylpenicilamide (SNAP), diethylamine 

(DEA), and diethylenetriamine (DETA); low doses (10
-8

–10
-5

M) stimulate testosterone 

production, while higher doses (above 10
-5

M) inhibit testosterone secretion.  

In fishes, however, such studies are meager. Lines of evidence from the author’s 

laboratory demonstrate the existence of nNOS and iNOS in germ cells as well as interstitial 

cells in the recrudescing and fully mature testis of the catfish, Clarias batrachus, which 

differs in intensity and varies with changing reproductive status (Dubey nee Pathak and Lal, 

2010). The isolated Leydig cells of the catfish also exhibit distinct NAPDH-diaphorase-

positive staining as well as iNOS and nNOS expression (Dubey nee Pathak and Lal, 2008). 

Thus, fish testis is capable of generating substantial amount of NO. Evidence has also been 

provided that testicular NO production is under the control of extra-gonadal hormones such as 

gonadotropin, growth hormone, and insulin. Recently, Wilson-Leedy and Ingermann (2011) 

have demonstrated the presence of NO in sperms of Oncorhynchus mykiss, indirectly through 

DAF-FM technique. Although Creech et al. (1998) could not detect NOS activity in sperms 

but have suggested the presence of trace amount of NO in the sperms with seminal plasma of 

fathead minnows through ESR signaling (electron spin resonator signals). Like testis, fish 

ovary is also capable of producing NO. Reproductive stage- and cell-specific expressions of 

all forms of NOS have been demonstrated in oocyte follicles of the ovary of another catfish, 

Heteropeustes fossilis (Krishna and Tripathi, 2008). NOSs were predominantly localized in 

pre-vitellogenic follicles; nNOS in oocytes while iNOS and eNOS in granulosa and thecal 

cells. 

NO is shown to have role in regulation of steroidogenesis and spermatogenesis in catfish. 

Leydig cell- and macrophage- generated NO is reported to inhibit the testosterone production 

in autocrine and paracrine manner in fish (Dubey nee Pathak and Lal, 2008, 2009). The 

moderate to intense expressions of nNOS and iNOS in germ cells within the seminiferous 

tubules of the catfish during the mid- and late-recrudescence phases suggest their role in 

spermatogenesis too in fishes. Creech et al. (1998) have shown that addition of low dose of 

exogenous chemical NO (10
-6

M SNP derived-NO) enhances the sperm motility of fathead 

minnows, Pimephelas promelas as well as velocity parameters such as VCL, VSL and VAP. 

However, higher dose of SNP (10
-2

M) decreased the sperm motility and the velocity 

parameters. Creech et al. (1998) have also demonstrated NOS in the chorion around the 

micropyle of fathead minnows oocytes. They have suggested that extremely local and 

concentration-dependent stimulatory effect of NO on sperm motility facilitates chemostatic 

aggregation of sperms towards micropyle, thus ultimately help fertilization of eggs. Wilson-

Leedy and Ingermann (2011) have reported no effect of NO on percent motility using a NO 

donor, SNAP (10
-9

 as well as 10
-6

M); but they have observed significant increase and 

decrease in different sperm velocity parameters such as path straightness (STR), lateral head 

movement (Wobble-Wob) and curvilinear velocity (VCL) depending upon the concentrations 

of SNAP and a NO scavenger, PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-

oxide). Tripathi and Krishna (2008) have demonstrated the involvement of NO in follicular 

development and oocyte maturation in H. fossilis.  
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Epidermal Growth Factor Family 
 

The epidermal growth factor (EGF) is a polypeptide of 53 amino acids with three 

disulfide bonds. This family of growth factors consists of EGF, transforming growth factor-α 

(TGF-α), epiregulin, amphiregulin, heparin binding EGF (HB-EGF), crypto-1, betacellulin 

(BTC), Schwannoma-derived growth factor (SDGF), glial-derived growth factor (GGF-II). 

These proteins are derived from membrane bound precursor molecules. The EGF receptor is a 

monomeric glycoprotein that binds EGF with high affinity and specificity. Its binding to 

receptors activates tyrosine kinases, causing both autophosphorylation and phosphorylation of 

other cellular substrates on their tyrosine residues. It stimulates the proliferation of different 

cell types in culture for example epidermal cells, fibroblasts, crystalline cells, glial cells, and 

vascular endothelial cells. Transforming growth factor- α (TGF-α) resembles EGF 

structurally and functionally. It is composed of 50 amino acids, and binds to a common 

receptor for both TGF-α and EGF. These growth factors are strong mitogenic as well as 

angiogenic factors.  

EGFs are expressed in the mammalian ovary. The immunoreactive EGF is detected in 

follicular fluid of human and in other mammalian ovaries, however, the results from different 

studies in different species are somehow confusing about their cellular origins (Tse and Ge, 

2009). But EGF receptor is distinctly shown in thecal cells, granulosa cells and corpus luteum 

(Maruo et al., 1993). Both EGF and its receptors are also demonstrated in mammalian testis, 

and their roles in reproductive functions have been thoroughly discussed (see review- Conti et 

al., 2006; He Junping et al., 2009). The paracrine effects of the EGF/TGF-α secreted by 

interstitial thecal cells prevent apoptosis of granulosa cells from follicles selected to ovulate 

(Tilly et al., 1992). In mammals, EGF is shown to stimulate DNA synthesis and granulosa 

cell proliferation in the ovarian follicles. It also modulates ovarian steroidogenesis and 

granulosa cell differentiation by increasing progesterone production and inhibiting FSH-

induced biosynthesis of estradiol and receptors of FSH and LH in cultured granulosa cells 

(Tilly et al., 1992). In addition, EGF enhances oocyte maturation in several mammalian 

species. 

In fishes, studies on existence of EGF and its roles in gonadal activities are meager and 

limited to zebrafish and goldfish only. In contrast to mammals, where EGF is abundantly 

expressed in the submaxillary gland, the ovary and testis are the predominant sites of EGF 

expression in the zebrafish, which indicate its potential role in regulation of fish reproduction. 

Wang and Ge (2004) for the first time cloned full-length cDNA of EGF and its receptors 

(EGFR) from zebrafish ovary. Subsequently, this group also cloned the other members of 

EGF family such TGF-α, BTC and HB-EGF (Tse and Ge, 2009, 2010). Although the 

zebrafish EGF precursor peptide is slightly shorter than its mammalian counterpart, the 

arrangement of seven EGF-like motifs and mature EGF peptide is similar to the mammals. 

EGF expresses highly in the immature ovary of zebrafish fish and expression declines with 

the ovarian development. Previtellogenic and early vitellogenic follicles express relatively 

high levels of EGF than the more advanced ovarian follicles. EGFR expresses, however, very 

low in immature ovary, but increases with initiation of vitellogenesis till late stages of ovarian 

development. In ovarian follicles, EGF expresses in both follicular cells as well as oocytes; 

more in oocytes than follicular cells. But, EGFR expresses exclusively in the follicular cells 

and only in traces in oocytes. This spatial expression pattern of EGF and EGFR indicates that 
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the oocytes transmit some signal to follicle cells through EGF. The temporal expressions of 

TGF- α, BTC and HB-EGF in zebrafish follow the same patterns as that of EGF.  

In fish ovary, EGF is reported to play role in regulating follicle survival and 

prostaglandin synthesis (Srivastava and Van-der Kraak, 1995;Janz and Van-der Kraak, 1997). 

Pati et al. (1996) have shown that EGF stimulates final oocyte maturation in goldfish. 

Similarly, TGF-α is reported equally potent in increasing the rate of oocyte maturation in 

zebrafish. The effects of EGF and TGF-α are found to be mediated by activin (Pang and Ge, 

2002). Activin is a member of the transforming growth factor-β (TGFβ) superfamily. Tse and 

Ge (2009) have provided evidence that EGF signaling network in ovarian follicle of the 

zebrafish is self-regulated by its own members.  

 

 

Fibroblast Growth Factor Family 
 

Fibroblast growth factors (FGFs) constitute a family of important regulators of growth 

and differentiation of various cell types in vertebrates. This family includes acidic and basic 

FGFs, keratinocyte growth factors, and some other peptides; till date FGF-1 to 22 from 

mammals and FGF-24 from fish. Out of 23 FGFs, FGF-2 and FGF-9 are implicated in 

mammalian reproduction. Basic FGF (bFGF) is 146-amino acid polypeptides with mitogenic 

effects on variety of cells derived from the mesoderm and the neuroectoderm. bFGF also exist 

in an amino-terminal truncated homolog that lacks the first 15 N-terminal residues and has 

been detected in the corpus luteum of mammalian ovary. Acidic FGF (aFGF) is a 140-amino 

acids peptide that can also exist in amino-terminal truncated form, lacking the first six amino 

acids. The mRNA of both, FGF and its receptor, have been identified in human granulosa 

cells. It has been suggested that bFGF modulates angiogenesis, cell proliferation, 

progesterone synthesis, and apoptosis in the ovary (Berisha and Schams, 2005). Like EGF 

and TGF- α, FGF acts through a tyrosine kinase receptor. Studies conducted on rat granulosa 

cell culture and pre-ovulatory follicles have shown that bFGF inhibit DNA apoptotic 

fragmentation (Tilly et al., 1992), which suggest its importance in the modulation of 

programmed cell death in ovarian follicles. bFGF is also localized in spermatogonia and 

pachytene spermatocyte during active spermatogenesis, indicating about its role in germ cell 

proliferation and spermatogenetic progression. There is evidence that bFGF modulates 

spermatogenesis by acting on Leydig cells through 17β-HSD and aromatase activation 

(Sordoillet et al., 1992). It also activates Sertoli cells in mammals (Han et al., 1993). 

Although, all the mammalian orthologs of FGFs have been identified in zebrafish, FGF-9 

is missing from the zebrafish genome. Interestingly, some FGF paralogs, specific to zebrafish, 

are also detected. But none of them is reported from the gonad (Itoh and Konishi, 2007). In 

fishes, information on the existence of FGFs in fish gonad and its role in fish reproduction is 

very limited. The immunoreactive FGF has been demonstrated in the cytoplasm of oocytes in 

immature ovary of medaka, which disappears before the initiation of vitelllogenesis. But 

again reappears around the oocytes in the adult ovary at vitellogenic stage. It is reported to act 

on follicular cells and regulates the initiation of vitellogenesis as well as proliferation and 

differentiation of granulosa cells in medaka (Watanabe et al., 1998). The tissue distribution 

analysis of FGFs by RT-PCR in Nile tilapia also reveals complete absence of the FGF-9 

expression, but FGF-16 and FGF-20b express in the ovary (Sun et al., 2012).  
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Russo et al. (2000) have detected the existence of bFGF and FGF receptor-1(FGFR) in 

Sertoli cells and spermatogonia A and B in Antartic teleosts Chionodraco hamatus, 

immunocytochemically. In medaka also, bFGF is reported in Sertoli cells and spermagonia A, 

however, its receptors in located only in Sertoli cells (Watbabe et al., 1997). They have 

suggested its role in Sertoli cell proliferation, which ultimately help spermatogenic 

progression. FGF is also indentified in immature testis of Salvelinus Leucomaenis before 

spermatogonial proliferation (Watnabe and Onitake , 2005). A week immunostaining against 

bFGF is also reported in the spermatogonia of Trematomus bernacchii (Russo et al., 2000).  

 

 

Transforming Growth Factor-β Family 
 

TGF-β superfamily is large group of structurally related growth factors which regulate a 

variety of cellular processes, including cell-cycle progression, development, cell 

differentiation of somatic and germ cells in gonads, adhesion of cells and immune 

surveillance. Based on structural and functional characteristics, this superfamily has been 

classified into transforming growth factor-β (TGF-β), bone morphogenetic protein (BMP), 

growth and differentiation factors (GDF), inhibins and activins, neurotrophic factors (GDNF) 

derived from glial cells, and anti-Mullerian hormone (AMH) subfamilies. 

TGF-β is synthesized as an inactive latent form, which is converted to its active form 

enzymatically. In mammals, three biologically active isoforms of TGF-β are known; TGFβ1, 

TGF-β2 and TGF-β3, while TGFβ4 and TGFβ5 are expressed in bird and Xenopus laevis, 

respectively. TGF-βs are 25 kDa homodimers linked by disulfide bonds, sharing a high level 

of sequence homology and almost identical tertiary structure. Generally, all isoforms elicit 

similar biological responses, which are mediated by two different types of receptor; type І and 

type ІІ. Both receptors have ligand-binding extracellular region and a cytoplasmic 

serine/threonine kinase domain. A third TGF-β receptor type (ІІІ), a proteoglycan, is thought 

to function as storage and delivery system for TGF-β.  

All three isoforms of TGF-β are detected in the theca and granulosa cells of the 

mammalian ovary, and their intensity varies over the course of gonadotropin-induced follicle 

maturation (Drummond, 2005). TGF-β is involved in the bidirectional communication 

between granulosa and thecal cells and also between granulosa cells and the oocyte. TGF-β1 

and TGF-β2 act synergistically in the ovary, and is reported to modulate the proliferation and 

differentiation of granulosa cells in rats (Knight and Glister , 2006). TGF-β is believed to 

augment several action of FSH including the induction of aromatase activity in murine 

granulosa cells. Ovarian TGF-β helps folliculogenesis and production of mature oocytes, at 

least partially by amplifying the effects of FSH and also by stimulating production of 

estradiol. 

In mammalian testis, TGF-β1 is expressed in both somatic cells (Sertoli cells, peritubular 

myoid cells and macrophages) as well as germ cells, while TGF-β2 and TGF-β3 are 

expressed only by the somatic cells. There is differential production of TGF-β receptors in 

testis during development, type-I and -II are highly expressed in the immature testis 

suggesting that TGF-βs play a crucial role during early testicular development. Differential 

TGF-β expression also occurs during postnatal development of the testis and onset of 

spermatogenesis. The actions of TGF-β on testicular target cells are influenced by endocrine 
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hormones and sex steroids. Production of TGF-β1 by rat Sertoli cells are up-regulated by 

estradiol. TGF-β inhibits Leydig cell steroidogenesis in primary culture. It also influences 

testicular steroidogenesis depending on the dose; low doses of TGF-β stimulate the 

testosterone secretion by increasing 3β-hydroxysteroid dehydrogenase activity, while its high 

doses decrease the secretion of testosterone by inhibiting pregnenolone production.  

Activin, the other important member of TGF-β superfamily, is a homo- or heterodimer 

composed of two β-subunits: βA and βB (βAβB, βAβA, or βBβB, and referred as activin AB, 

actvin A and activin B, respectively). In humans, activins remain bound to a specific serum 

binding glycoprotein, follistatin. The activities of activins are modulated by follistatin. High 

levels of activins have been observed in the mid-cycle and at the end of the luteal phase. 

Activins are also high during pregnancy. Activins synthesized by the granulosa cells exert 

autocrine and paracrine effects on the follicle, stimulate the expression of LH receptors in the 

granulosa cells and inhibit LH-induced synthesis of androgens in thecal cells. In mammals, 

treatment with activins in vitro not only stimulate follicular growth and granulosa cell 

proliferation, but also increase the production of FSH receptors and FSH-induced luteinizing 

hormone (LH) receptors in cultured granulosa cells. Activins first bind to a specific receptor 

type-II, then it recruits a type-I receptor for signaling. Activins play important role in the 

development of the oocyte and cumulus cells, which express the activin subunits, βA, βB, and 

follistatin (Silva et al., 2003).  

Inhibins, another member of TGF-β superfamily, are glycoproteins consisting of two 

subunits; α (18 kDa) and β (12 kDa). Inhibin subunits form heterodimers, constituted by a 

common α-subunit, but with different β-subunits, known as inhibin A (α and βA) and inhibin 

B (α and βB). These are produced mainly in the gonad. Ovarian inhibins, synthesized in 

granulosa cells inhibit synthesis of FSH in the pituitary gland. Inhibin B is secreted during the 

early follicular phase and decreases thereafter. The levels of inhibin A remains low in the 

follicular phase but high during the luteal phase. It is generally accepted now that inhibins 

function as a classical endocrine hormone from the gonad to regulate FSH secretion at the 

pituitary. Contrary to activins, inhibin does not have its own signaling receptor but it largely 

works as an antagonist to compete with activin for type II activin receptors (Wiater and Vale 

2008). The high potency of inhibin in competing for activin receptors is due to the 

involvement of an inhibin co-receptor, betaglycan (also termed TGF-β type III receptor), 

which helps to deliver inhibin to activin type II receptors. 

Although molecular evidences establish the presence of all three isoforms of TGF-β in 

many fish tissues, studies on existence of TGFβ in fish gonads and its role in fish 

reproduction, however, are rare. Presence of TGF-β1 are reported in the kidney of rainbow 

trout, goldfish, carp and hybrid striped bass, while TGF-β2 is reported from the heart cell of 

carp. TGF-β3 is demonstrated in blood cell of rainbow trout, European eel and grass carp. 

Expression of TGF-β1 mRNA has also been demonstrated in thymus, head kidney and spleen 

of grass carp. Recently, a novel form of transforming growth factor i.e. TGF-β6 is detected in 

muscle of Sparus aurata.  

However, there are only two reports on the existence of TGF-β in fish gonad. Calp et al. 

(2003) have observed expression of TGF-β in the early vitellogenic and pre-maturational full-

grown follicles in goldfish ovary through RT-PCR. Parallel to it, Kohli et al. (2003) cloned 

the TGFβ1 and its receptor type II from the ovary of zebrafish. They have also investigated 

the down-stream signaling molecules of TGF-β, i.e. Smad 2, 3, and 4 in the ovarian follicles 

of all developmental stages. They have shown that TGF-β1 inhibits gonadotropin and 17α, 
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20β-dihydroxyprogesterone (DHP)-induced oocyte maturation in zebrafish (Kohli et al., 

2003, 2005). TGF-β has also been reported to enhance the prostaglandin synthesis in the 

goldfish and rainbow trout ovary. It also suppresses the steroidogenesis in goldfish (Calp et 

al., 2003). There is no report on the existence of TGF-β and its role in fish testis. 

The existence of activin A, activin B, follistatin and inhibins are also demonstrated in fish 

gonad. Activin βA and βB subunits have been cloned from the goldfish. The evidence is 

provided that goldfish ovary expresses activins mRNA (Pang and Ge, 2002a). The activin 

receptors have also been cloned from the ovary of goldfish and zebrafish. Mousa and Mousa 

(2003) have detected strong immunoreactive activin-β in the cytoplasm of oogonia and 

primary oocytes of L. ramada. They have also observed immunoreactivities for subunits of 

inhibin and activin (α, βAand βB) in the vitellogenic oocytes. Vitellogenic oocytes exhibit, 

however, low immunoreactivity as compared to previtellogenic oocytes. Immunoactivities 

completely disappears when the oocytes become fully mature. Ge et al. (1993) have detected 

activin A, activin B and follistatin in the granulosa cells of previtellogenic oocytes of the 

goldfish. Wang and Ge (2003a) have reported the expression of activin βA and βB 

predominantly in the follicular cells of the full-grown follicles of zebrafish. Similar 

immunocytochemical staining for activin βA and βB are also demonstrated in rainbow trout 

ovary. Interestingly, the expression pattern of the activin-binding protein, follistatin, is 

opposite to that of activin subunits. Its expression level remains significantly high in the 

oocytes than that in the follicle layers (Wang and Ge , 2004). Expression of activin and 

follistatin in cultured zebrafish follicle cells is regulated by gonadotropins. Gonadotropin(s) 

stimulates activin βA and follistatin expression, but suppresses βB expression employing 

different signaling pathways. The stimulation of activin βA and follistatin is mediated by the 

cAMP-PKA pathway in cultured zebrafish follicular cells, while inhibition of activin βB 

expression is achieved through cAMP-dependent but PKA independent pathway (Peng and 

Ge, 2002b; Wang and Ge, 2003b,c). The temporal expression patterns of these peptides in 

vivo during the development of the ovary and ovarian follicles offer important clues to the 

differential role of these proteins during the ovarian and follicular development. The presence 

of activins A and B in the testicular interstitial and Sertoli cells of goldfish has been also 

established immunocytochemically.  

Ovarian activin-follistatin system is reported to play an important role in mediating the 

effects of gonadotropin(s) on zebrafish oocyte maturation and maturational competence (Pang 

and Ge, 2002a; Wang and Ge, 2003b). Activin has been shown to stimulate final oocyte 

maturation (FOM) in zebrafish. Follistatin, however, suppresses gonadotropin-induced oocyte 

maturation (Kwok et al., 2005). In testis, activin is suggested to augment early 

spermatogonial proliferation (Miura and Miura, 2003).  

Information on gonadal inhibin in fishes is limited to only zebrafish. Dominant 

expression of inhibin-specific subunit α (inhibin α, known as inha) has been demonstrated in 

the zebrafish ovary and testis (Poon et al., 2009). Function of inhibin is more restricted to the 

regulation of reproduction in the zebrafish. Inside the zebrafish ovary, the expression of inha 

is predominantly localized in the somatic follicular cells, without any expression in the 

oocyte. In the rainbow trout, inha expression is detected in the granulosa cells through in situ 

hybridization. A remarkable variation in inha expression is reported during folliculogenesis in 

zebrafish. It is expressed maximally in fully grown follicles, but expression drops 

significantly in the oocytes follicles undergoing GVBD (Poon et al., 2009). Its expression is 
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regulated though negative feed-back by FSH. In the goldfish, mammalian inhibin stimulates 

LH secretion in vitro. Kwok et al. (2005) have also reported inhibin-induced LH secretion. 

Taking together the finding of Kwok et al. (2005), Poon et al. (2009) have suggested that the 

increased production of inhibin by fully grown follicles may serve as an important signal 

from the ovary to the pituitary for the readiness of the follicles to mature and ovulate. Poon et 

al. (2009) have shown that recombinant human inhibin A has significant inhibitory effect on 

the final oocyte maturation induced by DHP. The inhibitory effect of inhibin on DHP 

induced- final oocyte maturation is also reported in Fundulus heteroclitus.  

Bone morphogenetic proteins (BMPs) are another member of TGF-β family. Active 

BMPs are composed of 50-100 amino acids with seven cysteine residues; six of them form 

three intramolecular disulfide bonds, known as cysteine knots. The seventh cysteine is used 

for dimerization of monomers through covalent disulfide bond, thus forming the biologically 

active signaling molecule. There are almost 30 BMPs. Though named initially for their role in 

bone formation, BMPs play important role in orchestrating tissue architecture throughout the 

body, and also in many physiological functions, including reproduction. In reproduction, 

BMP8A is essential for maintenance of spermatogenesis in mammals. BMP-15 is involved in 

oocyte maturation. BMP-15, also known as growth and differentiation factor (GDF)-9B, 

which is closely related to another important peptide, GDF-9. The presence of the conserved 

cysteine knot places GDF-9 and BMP-15 into the TGF-β superfamily, but GDF-9 and BMP-

15 lack the seventh cysteine, and GDF-9 and BMP-15 are biologically active as monomer. 

Considerable progress has been made regarding the function of BMP-15 and GDF-9 in 

mammalian folliculogenesis and ovulation.  

However, very little is known about the structure and function of BMP-15 and GDF-9 in 

fishes. Recently, BMP-15 and GDF-9 cDNAs have been cloned from the zebrafish (Clelland 

et al., 2006, 2007; Liu and Ge, 2007) and European sea bass. The fish BMP-15 shares only 45 

to 56% of sequence identities in the mature peptide region with their mammalian counterparts 

(Clelland et al., 2006). Through real-time PCR, BMP-15 is shown to express in ovarian 

follicles at all the stages of development without any apparent change during folliculogenesis. 

Using immunocytochemistry and in situ hybridization, Clelland et al. (2006) have 

demonstrated its presence in oocytes as well as follicular cells in ovarian follicles of 

zebrafish. They have also reported that BMP-15 inhibits oocyte maturation in fish. Tan et al. 

(2009) have worked out the signaling pathway of BMP-15 action and suggested that activin, 

TGF-β1 and BMP-15 target common gene(s) to regulate oocyte maturation and amongst 

them, Smad2 plays crucial role.  

Though structure and functions of GDF-9 is known in mammals, its existence and role in 

fish gonadal activities are largely unknown. GDF-9 cDNAs has been cloned from the 

zebrafish (Liu and Ge, 2007) and characterized. A 2.1kb cDNA of the zebrafish GDF-9 

homolog shares 60% homology with that of mammals in the mature region. It is exclusively 

expressed in the gonads. In the ovary, GDF-9 is predominantly expressed in the oocytes as 

demonstrated by both real-time RT-PCR and in situ hybridization. Zebrafish GDF-9 

expresses maximally in the primary follicles, but expression gradually declines as the 

follicular development advances (Liu and Ge, 2007). The expression of GDF-9 is down 

regulated by gonadotropin in both ovarian fragments as well as isolated follicles in dose- and 

time-dependent manners, and inhibition is stage-dependent; the strongest inhibition in fully 

grown follicles and no effect on the primary follicles. The information on function of GDF-9 

in fishes is still unknown. 
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Insulin-Like Growth Factor Family 
 

This family has two members; insulin-like growth factor-I (IGF-I) and II (IGF-II). IGF-I 

is a ubiquitous 70-amino acid polypeptide and regulates variety of functions in different 

tissues. In the rat ovary, IGF-I mRNA is localized in granulosa cells of developing follicles. 

IGF-I binds to its specific receptors on the target cells with higher affinity than IGF-II. IGF-I 

stimulates the production of estradiol and progesterone and expression of LH/hCG receptors. 

IGF-I is reported to play a crucial role in the selection of preovulatory follicles. Insulin-like 

growth factor-II (IGF-II) is a 67-amino acid peptide, with 62% homology with IGF-I. IGF-II 

is expressed in theca cells of antral follicles and granulosa cells of dominant follicles. The 

switch in the expression of the IGF-II from thecal to granulosa cells during follicle selection 

is considered as distinct characteristics of the dominant follicle. IGFs are one of the important 

molecules that play important role in inter-compartmental communications during ovarian 

follicular development.  

Activities of IGFs are modulated by IGF binding proteins (IGF-BPs) which are low 

molecular weight proteins that bind specifically to IGFs. There are six IGF-BPs that regulate 

IGF activities in the ovary, either by binding IGFs or by exerting a direct effect on 

steroidogenesis. FSH regulates the expression of IGF-BPs. Expressions of IGFBP-4 and 

IGFBP-5 decline in rat granulosa following FSH treatment. In situ analysis reveals the 

presence of IGF-BPs in atretic follicles but not in healthy follicles. IGF-I is reported as 

survival factor in ovarian follicular cells. Treatment with IGF-I alone or in combination with 

FSH or hCG suppresses spontaneous apoptosis in rat preovulatory follicles.  

Gonadal IGFs system is distinctly established in fish ovary and testis and their role in 

regulation of different reproductive events are thoroughly studied. Numerous studies suggest 

that IGF-I and IGF-II are substantially involved in the regulation of growth, differentiation 

and reproduction by selectively promoting mitogenesis and differentiation and inhibiting 

apoptosis (Bobe et al., 2003; Wood et al., 2005). Recently, the presence of a third form of 

IGF encoded by a separate gene has been detected in tilapia and zebrafish (Wang et al., 

2008). The presence of this novel form IGF-III appears to be limited to fish. The expression 

of IGF-III mRNA is gonad specific and restricted to somatic and granulosa cells in the ovary 

and to interstitial cells in the testis. 

IGF-I peptide and/or mRNA have been indentified in granulosa and thecal cells from the 

onset of their development in red seabream, gilthead seabream and tilapia. In gilthead 

seabream and tilapia, IGF-I mRNA is detected in young and previtellogenic oocytes of tilapia 

(Berishvilli et al., 2006; Vinas and Piferrer , 2008). IGF-II mRNA and peptide has also been 

detected in granulosa cells of the late follicle stages of tilapia (Vinas and Piferrer, 2008). Both 

the IGFs (IGF-I and IGF-II) have been reported to influence the folliculogenesis, and oocyte 

maturation in fishes (Bobe et al., 2003; Sarang and Lal, 2005; Lokman et al., 2007). High 

amount of IGF-I and IGF-IR mRNA is present in previtellogenic follicles of starlet in 

recrudescing females than in non- recrudescing females, and females entering vitellogenesis 

exhibit an increase in ovarian IGF-I and IGF-IR mRNA (Wuertz et al., 2007).  

The IGF-IR is also reported from the granulosa and thecal cells of coho salmon and in 

gilthead seabream and sterlet (Wuertz et al., 2007) previtellogenic oocytes, suggesting the 

importance of local IGF-I in ovary. Reinecke (2010) has recently suggested that IGFs 

promotes proliferation of follicular cells and oocyte maturation. Ovarian IGF-I increases the 
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production of gap junctions proteins between granulosa cells and oocytes in red seabream 

(Petino and Kagawa, 1999). IGFs modulate steroidogenesis in fishes. IGF-I inhibits 

testosterone and 17α-hydroxyprogesterone production by thecal cells and stimulates secretion 

of 17β-estradiol and 17α, 20β-dihydroxyprogesterone by the granulosa cells in the 

preovulatory ovary in coho Salmon and stripped bass by inducing both the P450 aromatase 

gene expression and aromatase activity (Sullivan and Weber, 2000).  

In fish testis also, IGFs and their receptors system have been very well demonstrated. 

IGF-I mRNA and/or peptide have been detected in the spermatogonia, spermatocytes, Sertoli, 

and Leydig cells of rainbow trout, tilapia, and sea bass (Le Gac et al., 1996; Berishvili et al., 

2006; Vinas and Piferrer , 2008) and are reported to influence the testicular activities through 

autocrine/paracrine mechanism. IGF receptor (IGF-IR) is also demonstrated in spermatogonia 

and primary spermatocytes of rainbow trout (Le Gac et al., 1996) and gilthead seabream. No 

study has yet been reported on the cellular sources of IGF-II in fish testis, though its presence 

has been shown by PCR in carp (Tse et al., 2002) and tilapia (Caelers et al., 2004). Moreover, 

IGF-I is reported to stimulate spermatogenesis by inducing production of 11-ketotestosterone 

(Tokalov and Gutzeit, 2005). It also promotes the incorporation of thymidine into 

spermatogonia and primary spermatocytes from cultured spermatogenic rainbow trout testis. 

Reinecke (2010) has suggested that IGFs regulate spermatogenesis in fishes in conjunction 

with 11-ketotestosterone.  

 

 

Conclusion and Future Perspectives 
 

It can lastly be concluded that intra-gonadal factors effectively regulate follicular growth, 

gemetogenesis, final maturation of gametes and steroidogenesis in fishes. The existing reports 

on presence of intra-gonadal growth factors, their receptors and reactive nitrogen species 

(NO), though meager and fragmentary, undoubtedly lay foundation of a hypothesis that fish 

gonad is equipped with local network of regulatory paracrine factors, which not only directly 

regulate different reproductive events but also mediate and/ or modulate the actions of 

endocrine hormones.  

However, many more studies are warranted to strengthen this hypothesis. Because, 

majority of such evidence are preliminary in nature and rely mostly on the availability of 

mRNA transcripts of growth factors and their receptors in the ovary of zebrafish and goldfish. 

Related study in fish testis is highly scanty. Studies focusing on demonstration of related 

peptides in fish gonad are very few and largely based on the antibodies against mammalian 

growth factors.  

Therefore, the current evidence on paracrine regulation of gonadal activities is only the 

tip of the iceberg. Continued efforts are undoubtedly needed to characterize such peptides in 

more and more fish species and also to develop specific analytical tools, as the fishes employ 

wide variety of mode and regulatory mechanism of reproduction. Spacio-temporal 

expressions of paracrine factors in somatic and germ cells in fish gonad open new dimensions 

of future studies on dynamism and regulation of their secretion, site(s) of their action, 

interactions among themselves as well as with endocrine hormones delivered to gonad to 

accomplish an intricate regulation of fish reproduction. 
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Abstract 
 

The chub mackerel (Scomber japonicus) is one of the commercially important marine 

pelagic fishery resources of the world, and aquaculture of this species commenced 

recently in Japan. Captive maintained male fish undergo normal spermatogenesis but 

female fish after the completion of vitellogenesis fails to undergo final oocyte maturation 

and ovulation. The Brain-Pituitary-Gonadal (BPG) axis is an indispensable 

neuroendocrine pathway shown to be involved in the regulation of reproductive cycle of 

teleosts and understanding their involvement is important for aquaculture and stock 

management of chub mackerel. This chapter introduces the importance of chub mackerel 

as an experimental animal and the experimental system, followed by the characterization 

and analyses of hormonal players of BPG axis namely, kisspeptins, gonadotropin-

releasing hormones (GnRHs), gonadotropins (GtHs) and sex steroids during the 

reproductive cycle.  

 

 

1. Introduction 
 

In teleosts, like other vertebrates, reproductive processes are regulated by the precise 

coordination of neuroendocrine hormones acting through the brain–pituitary–gonad (BPG) 

axis. The neuropeptide gonadotropin-releasing hormone (GnRH) plays a central role by 
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stimulating the synthesis and release of the pituitary gonadotropins (GtHs). These pituitary 

GtHs, follicle-stimulating hormone (FSH) and luteinizing hormone (LH), act on the gonads to 

stimulate steroidogenesis, which in turn regulates the ovarian growth and maturation 

(Nagahama and Yamashita, 2008). Further, gonadal sex steroids exert positive and negative 

feedback at different levels of the BPG axis. In recent years, kisspeptins (Kiss), a member of 

the RF-amide family have been shown to act as a critical endogenous regulator of GnRH 

neurons expressing kisspeptin receptors (Tena-Sempere et al., 2012). In addition, other neural 

and non-neural factors have been shown to be directly or indirectly involved in the regulation 

of fish reproduction (Zohar et al., 2010). In this chapter, we will limit ourselves to Kiss–

GnRHs–GtHs–sex steroids that have been characterized and analyzed in adult female chub 

mackerel.  

 

 

1.1. Experimental System 
 

The chub mackerel, belonging to the order Perciformes and family Scombridae, is a 

commercial pelagic fish distributed throughout the tropical and temperate waters of the world. 

In Japan, this fish species is one of the most important commercially exploited fish. Due to 

unreliable and unpredictable wild catches, high consumer demand, and high early growth 

potential; this species has been targeted for aquaculture in recent years. The adult chub 

mackerel reared in outdoor tanks undergo normal spermatogenesis and vitellogenesis 

(Matsuyama et al., 2005). However, like the hatchery-reared female broodstock of many 

commercial marine fish species (Zohar and Mylonas, 2001), captive maintained female chub 

mackerel fails to undergo final oocyte maturation (FOM) and ovulation spontaneously 

(Shiraishi et al., 2005). These characteristic features make chub mackerel a suitable 

experimental model for basic research contributing to understand reproductive 

neuroendocrinology of scombroid fish. The experimental system of chub mackerel comprises 

of sea pens and outdoor tanks. In the sea pens, wild caught mackerels are reared for one year 

after capture and sampling are performed at different times of the year corresponding to 

seasonal reproductive cycle stages (Shiraishi et al., 2009; Figure 1A).  

The ovarian developmental stages in the chub mackerel were classified by the most 

advanced group of oocytes (Shiraishi et al., 2005). Accordingly, the ovarian stages for 

seasonal reproductive cycle were divided into four stages as follows: IM (immature), EV 

(early vitellogenesis), LV (late vitellogenesis), and PS (post-spawning). As female chub 

mackerel fails to undergo FOM and ovulation in captive conditions, our group developed an 

induced spawning protocol based on sustained release GnRH analogue delivery system. 

During the spawning season (April-June), fish are transferred to 3-ton outdoor concrete tanks 

and reared under natural photoperiod and temperature. After acclimatization for a week, fish 

are anaesthetized with 2-phenoxyethanol (100 mg/l) and screening of females with fully-

grown vitellogenic oocytes (600-650 μm in diameter) are performed through ovarian biopsy 

using a plastic catheter tube. In addition, males oozing milt under gentle abdominal pressure 

are selected. After selection of required number of females and males, intramuscular injection 

with the GnRH analogue [des-Gly
10

-(D-Ala
6
) LHRH ethylamide, 400 μg/kg BW] mixed with 

molten cocoa butter was performed. The first ovulation occurs 34-36 h post-injection 

(Shiraishi et al., 2008), and subsequent daily spawning is observed over a month when the 
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water temperature range between 18-23°C. The fish are fed twice per week during the 

experiments. 

A previous study by Scott et al. (1999) demonstrated significant decline in the plasma 

concentration of GnRH agonist on day 5 after intramuscular injection with the GnRH agonist 

suspended in coconut oil in the plaice (Pleuronectes platessa). Considering the above, fish 

sampling are performed after one week of GnRHa injection in chub mackerel based on the 

presumption that endogenous hormonal pathway of BPG-axis regulates multiple spawning. 

Based on the information on time course of FOM and ovulation in captive chub mackerel 

(Shiraishi et al., 2008), sampling are performed at different times of the day, corresponding to 

spawning cycle stages (Figure 1B). Spawning cycle stages are classified as follows: LV (late 

vitellogenesis), GVM (germinal vesicle migration), HY (hydration), OV (ovulation), and 

POV (post-ovulation). In the spawning stock, ovulation occurs synchronously among fish 

prior to midnight, and spawning is performed immediately following ovulation between 

21.00-01.00 h, with peaking around 23.00 h. This experimental system facilitate fish 

sampling at different ovarian stages to elucidate the role of key endocrine hormones 

regulating seasonal and spawning cycles in female chub mackerel.  

 

 

Figure 1. Classification of chub mackerel ovarian stages during the seasonal reproductive and spawning 

cycles. (A) Ovarian stages during the seasonal cycle were classified based on developmental stages of 

the most advanced oocytes. IM (immature), oocytes at peri-nucleolus (PN) stage and yolk vesicle (YV) 

stages; EV (early vitellogenesis), oocytes at primary yolk (PY) and secondary yolk (SY) stages; LV 

(late vitellogenesis), oocytes at tertiary yolk (TY) stage; SP (spawning); PS (post-spawning), period 

with atretic oocytes (AT); RS (resting), stage with oocytes at PN stage. (B) Ovarian stages during the 

spawning cycle were classified based on developmental stages of the most advanced oocytes (first 

clutch) and the presence of postovulatory follicles (POFs) (Shiraishi et al., 2008; 2009). LV (late 

vitellogenesis), oocytes at TY stage; GVM (germinal vesicle migration), oocyte at EGVM (early GVM) 

and LGVM (late GVM) stages; GVBD/HY (germinal vesicle breakdown or hydration), oocytes at 

germinal vesicle breakdown or hydrated and transparent oocytes after GVBD; OV (ovulated), ovaries 

just after ovulation; POV (post-ovulation), oocytes at tertiary yolk stage with new POFs (spawning 

<6h). 
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2. Kisspeptins and Their Receptors 
 

2.1. Kisspeptins 
 

Kisspeptins are peptide products of the Kiss1 gene, belonging to the RFamide family, 

which share a common Arg-Phe-amide motif at their C-termini and are ligands for the G 

protein–coupled receptor 54 (GPR54 or Kiss1r) (Roseweir and Millar, 2009). In contrast to 

the placental mammals expressing a single kisspeptin gene, few teleosts express kiss1 and 

kiss2 (reviewed in Tena-Sempere et al., 2012). However, teleost species such as the puffer 

fish (Tetraodon nigroviridis), stickleback (Gasterosteus aculeatus), including some perciform 

fish express only kiss2 (reviewed in Kanda and Oka, 2012). In mammals, the Kiss1 precursor 

protein is cleaved into several mature peptides, including kisspeptin-54, -14, -13 and -10 

(Kiss-10) and are reported to activate kisspeptin receptor (Kiss1r) with equal biopotency 

(Kotani et al., 2001). However, recent studies indicate that teleosts kiss1 and kiss2 would 

produce mature peptides of Kiss1-15 and Kiss2-12, based on the conservation of dibasic 

amino residues in the N-terminal of Kiss-10 region and ligand selectivity analysis indicating 

zebrafish (zf) Kiss1-15 and Kiss2-12 exhibiting higher potency for zfKiss1r (GPR54-1) and 

zfKiss2r (GPR54-2), respectively (Lee et al., 2009; Tena-Sempere et al., 2012). 

 

 

Figure 2. Expression changes of kiss1 and kiss2 mRNAs in the brain during the seasonal (A) and 

spawning (B) cycles. Different letters above and below the circles represent significant differences 

between ovarian stages. Refer Figure 1 for description of ovarian stages.  
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The chub mackerel brain found to express both kiss1 and kiss2. Expression analysis 

indicated increased levels of kiss2 in the brain during immature and early vitellogenesis and 

reduced levels during late vitellogenesis and post-spawning periods (Figure 2A). Levels of 

kiss1 did not show any significant changes. Interestingly, both kiss1 and kiss2 levels 

fluctuated during the spawning cycle (Selvaraj et al., 2012a). Both kiss1 and kiss2 levels in 

the brain were low at late vitellogenic stage and increased significantly during the germinal 

vesicle migration (GVM) period. However, kiss1 levels decreased during hydration before 

increasing again at ovulatory and post-ovulatory periods. In contrast, kiss2 levels decreased at 

ovulatory and post-ovulatory periods (Figure 2B). In Senegalese sole (Solea senegalensis), 

both kiss2 and kiss2r expression was found to be highest either before or during the spawning 

season (Mechaly et al., 2012). Similarly, in the brain of mature female striped bass (Morone 

saxatilis), both kiss1 and kiss2, including levels of their receptors gpr54-1 and gpr54-2, were 

found to be significantly higher in comparison to juvenile and prepubertal fish (Zmora et al., 

2012). These results suggest an ovarian stage dependent expression of kiss1 and kiss2 in 

teleosts.  

In mammals, sex steroids have been demonstrated as key regulator of hypothalamic Kiss1 

expression through negative and positive feedback (Roa and Tena-Sempere, 2007). In 

medaka (Oryzias latipes), kiss1 neurons of the hypothalamic area co-expressing estrogen 

receptor-α (ERα) shown to be involved in the positive-feedback effect of ovarian estrogens 

(Kanda et al., 2008; Mitani et al., 2010). Similarly, in the goldfish (Carassius auratus), kiss2 

but not kiss1 neurons of the preoptic area (POA) co-expressing estrogen receptors shown to 

be up regulated by ovarian estrogens (Kanda et al., 2012). These studies indicate that ovarian 

sex steroids are prime regulator of kiss expression in the brain.  

Neuroanatomical studies have revealed that kiss1 expressing neurons are mainly localized 

in the habenula of zebrafish (Kitahashi et al., 2009; Servilli et al., 2011), medaka (Kanda et 

al., 2008; Mitani et al., 2010), and goldfish (Kanda et al., 2012). However, kiss2 neurons are 

distributed in the hypothalamic regions of zebrafish, medaka, and goldfish (Kitahashi et al., 

2009; Mitani et al., 2010; Kanda et al., 2012), including the POA of goldfish (Kanda et al., 

2012). In red seabream (Pagrus major), kiss2 neurons were localized mainly in the 

hypothalamic regions with sporadic distribution in the POA (Shimizu et al., 2012). For the 

first time in a teleost fish, Servili et al. (2011) demonstrated immunocytochemical distribution 

of kisspeptin peptides in the zebrafish. The authors revealed that habenula Kiss1 neurons only 

project to the interpeduncular nucleus (IPN) and the raphe regions. Interestingly, Kiss2 

neurons of hypothalamic regions project to the POA, where GnRH3 neurons reside in this 

species. In connection to the above, we recently produced antibodies against chub mackerel 

Kiss-10 regions of chub mackerel Kiss1 and Kiss2. Future studies on the localization of Kiss 

neurons will help to clarify its functional role in the reproduction and interaction with GnRH 

system. 

More importantly, recent functional studies indicate that the kisspeptin peptides have the 

potential to induce gonadal development in teleost fish. In light of the above, our group found 

that chronic subcutaneous implantation of Kiss1-15 but not Kiss2-12 peptides induced 

spermiation and vitellogenesis onset in adult immature chub mackerel (Selvaraj et al., 2013). 

Likewise, peripheral administration of Kiss1-10 and Kiss2-10 peptides found to stimulate 

testicular development in prepubertal yellowtail kingfish (Seriola lalandi) (Elizur et al., 

2011). More recently, Beck et al. (2012) found accelerated gonadal development in both 
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males and females of the white bass (Morone chrysops), striped bass and their hybrids, when 

administered with Kiss1-10 and Kiss2-10 peptides. 

 

 

2.2. Kisspeptin Receptors 
 

Kisspeptins binds to its cognate receptor, G-protein-coupled receptor (GPR54 or Kiss1r) 

to affect other downstream signalling molecules. Unlike mammals expressing a single GPR54 

gene, teleosts express multiple GPR54 receptor genes (Akazome et al., 2010; Onuma and 

Duan, 2012). A single form of GPR54 i.e. gpr54-2 has been isolated from around twenty 

different fish species (Tena-Sempere et al., 2012). However, two distinct subtypes, gpr54-1 

and gpr54-2 have been reported in zebrafish (Biran et al., 2008), medaka (Lee et al., 2009), 

goldfish (Li et al., 2009), European sea bass (Tena-Sempere et al., 2012) and striped bass 

(Zmora et al., 2012). Our group recently found the presence of gpr54-1 and gpr54-2 in the 

brain of chub mackerel (Ohga et al., 2012a). 

 

 

Figure 3. Expression changes of gpr54-1 and gpr54-2 mRNAs in the brain during the seasonal (A) and 

spawning (B) cycles. Different letters above and below the circles represent significant differences 

between ovarian stages. Refer Figure 1 for description of ovarian stages.  

Expression analyses of gpr54-1 and gpr54-2 in the brain during seasonal reproductive 

cycle of female chub mackerel (Figure 3A) indicated that their levels were higher during early 

vitellogenic period and decreased during late vitellogenic and post-spawning period, in 
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agreement with the expression levels of kiss2. Interestingly, gpr54-1 and gpr54-2 expression 

levels were lower during GVM and hydration period and increased during ovulatory and post-

ovulatory periods, respectively (Figure 3B; Ohga et al., 2012a). A recent report in zebrafish 

indicated that the duplicated gpr54 genes have evolved a distinct gene expression pattern and 

different Kiss ligand selectivity (Onuma and Duan, 2012). Future studies on Kiss ligands and 

GPR54 receptors binding assay will help to clarify the physiological significance of Kiss-

GPR54 expression profiles in the brain of chub mackerel.  

Following the observation of Parhar et al. (2004) demonstrating GPR54 expression by 

GnRH1, GnRH2, and GnRH3 neurons in the brain of tilapia (Oreochromis niloticus), 

subsequent studies have clearly indicated GPR54 expression by GnRH neurons, in addition to 

other brain regions. Similarly, Grone et al. (2010) in another cichlid fish (Astatotilapia 

burtoni) revealed GPR54 expression in GnRH1 and GnRH3 neurons, including distribution in 

the olfactory bulb, telencephalon, diencephalon, mesencephalon, and rhombencephalon. In 

zebrafish, expressing kiss1r and kiss2r, Servilli et al. (2011) shown that kiss1r is distributed in 

the regions where Kiss1 neurons project i.e. IPN and raphe regions. Similarly, kiss2r 

distribution was found in the regions where Kiss2 neurons project i.e. POA and hypothalamic 

regions. Recently, we have developed antibodies against chub mackerel GPR54-1 and 

GPR54-2 and future studies on their distribution and colocalization by GnRH neurons will 

shed new lights on the interaction of Kisspeptin and GnRH systems.  

 

 

3. Gonadotropin Releasing Hormone  
 

The gonadotropin releasing hormone (GnRH) forms in different vertebrate species are 

classified as GnRH1, GnRH2, or GnRH3, based on phylogenetic analysis and 

neuroanatomical distribution (Fernald and White, 1999). GnRH1 is the hypophysiotropic 

form, with a distribution in the neuronal population of the preoptic area (POA) and 

hypothalamus. In fish, the GnRH1 forms include the mammalian form (mGnRH) and various 

fish-specific peptides such as seabream, medaka, whitefish, catfish, and herring GnRH 

(sbGnRH, mdGnRH, wfGnRH, cfGnRH, and hrGnRH, respectively) (Okubo and Nagahama, 

2008). The GnRH2 form exists in the midbrain tegmentum region, and it is represented in all 

vertebrates examined to date by chicken GnRH-II (cGnRH-II). On the contrary, GnRH3 is a 

teleost-specific form (salmon GnRH, sGnRH) that is expressed in neuronal populations in the 

olfactory bulb, terminal nerve ganglion region, and POA (Lethimonier et al., 2004). For 

convenience, we refer to the various forms as ‘GnRH forms’ in the present chapter. The 

presence of three GnRH forms in the brain of the chub mackerel, namely, sbGnRH (GnRH1), 

cGnRH-II (GnRH2) and sGnRH (GnRH3), was confirmed by combined high performance 

liquid chromatography (HPLC) and time-resolved fluoroimmunoassay (TR-FIA) (Selvaraj et 

al., 2009). Immunocytochemical localization of the three GnRH forms in the brain was 

investigated by using specific antisera and double immunolabeling was used to localize 

GnRH-ir (immunoreactive) fibers innervating the pituitary.  

sbGnRH-ir cell bodies were localized in the nucleus preopticus of the POA, with fibers in 

the olfactory bulb, POA, and hypothalamus (Figure 4A). cGnRH-II-ir cell bodies were 

observed only in the midbrain tegmentum region, with a wide distribution of fibers, which 

were dense in the midbrain tegmentum and spinal cord (Figure 4B). sGnRH-ir neurons were 
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localized in the ventral olfactory bulb and terminal nerve ganglion regions (Figure 4C). 

Further, sGnRH-ir fibers were found in different regions of the brain, with prominent fibers 

running in parallel in the preoptic area (POA) without entering the pituitary. Among the three 

GnRH forms, only sbGnRH-ir fibers innervated the pituitary gland from the preoptic-

hypothalamic region, targeting follicle stimulating hormone (FSH) and luteinizing hormone 

(LH)-producing cells in the proximal pars distalis region.  

 

 

Figure 4. Immunocytochemical distribution of GnRH cell bodies (closed circles) and fibers (dots and 

lines) in sagittal sections incubated with (A) sbGnRH (GnRH1) antiserum, (B) cGnRH-ll (GnRH2) 

antiserum, and (C) sGnRH (GnRH3) antiserum. CB, cerebellum; HYP, hypothalamus; MO, medulla 

oblongata; MT, midbrain tegmentum; NPO, nucleus preopticus; OB, olfactory bulb; OE, olfactory 

epithelium; OT, optic tectum; PIT, pituitary; POA, preoptic area; SC, spinal cord; TEL, telencephalon; 

TNG, terminal nerve ganglion; VOB, ventral olfactory bulb. Modified from Selvaraj et al. (2009). 
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Figure 5. Expression changes of brain GnRH mRNAs and corresponding GnRH peptides in the brain 

and pituitary during the seasonal reproductive cycle. Different letters above the circles represent 

significant differences between ovarian stages. Refer Figure 1 for description of ovarian stages. 

Modified from Selvaraj et al. (2012b). 

Recently, we isolated full-length cDNAs encoding three GnRH forms and analyzed 

seasonal changes in the concentrations of mRNA in the brain and corresponding peptides in 

the brain and pituitary (Selvaraj et al., 2012b). The results indicated that only sbGnRH 

mRNA and peptide concentrations in the brain showed close relations to the seasonal ovarian 

development (Figure 5). During the spawning cycle, brain mRNA and peptide levels of all 

three GnRH forms showed variations with sbGnRH peptide levels many-fold higher than the 

cGnRH-II and sGnRH forms (Figure 6). Likewise, pituitary sbGnRH peptide levels were 

many-fold higher than the other two GnRH forms, with no significant change in their levels. 

Thus, it was demonstrated that multiple GnRH forms exist in the brain of the chub mackerel 

and suggest that they serve different functions, with sbGnRH having a significant role in 

regulating ovarian development via stimulating FSH- and LH-producing cells, and sGnRH 

and cGnRH-II serving as neurotransmitters or neuromodulators. 
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Figure 6. Expression changes of brain GnRH mRNAs and corresponding GnRH peptides in the brain 

and pituitary during the spawning cycle. Different letters above the circles represent significant 

differences between ovarian stages. Refer Figure 1 for description of ovarian stages. Modified from 

Selvaraj et al. (2012a). 

GnRH acts via GnRH receptors (GnRHR) present on the pituitary gonadotrophs to 

activate the synthesis and release of pituitary GtHs (Alok et al., 2000). Teleost fish expresses 

four or five subtypes of GnRHRs (Moncaut et al., 2005). Even though, there is a difference in 

the distribution of receptor subtype in the pituitary, only one GnRH receptor subtype in each 

species shown to regulate pituitary gonadotropin release (reviewed in Chen and Fernald, 

2008). Accordingly, few studies indicated expression changes of pituitary GnRHR at different 

stages of ovarian development. Alok et al. (2000) found a higher expression level of pituitary 

GnRHR mRNA in female striped bass showing advanced stages of ovarian development. 

Similarly, in European sea bass, increased expression was noted during late vitellogenesis in 

comparison with maturation, spawning, and post-spawning periods (González-Martínez et al., 

2004). In light of the above, we recently isolated one subtype of GnRH receptor from the 

pituitary of chub mackerel and future studies on expression analyses and ligand-binding assay 

will help to further clarify the role of GnRH-GnRH receptor system in the reproductive cycle 

of chub mackerel.  
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4. Gonadotropins and Their Receptors 
 

4.1. Gonadotropins 
 

The pituitary of chub mackerel could be separated into four regions as in other teleosts: 

the rostral pars distalis (RPD), the proximal pars distalis (PPD), the pars intermedia (PI), and 

the neurohypophysis (NH) (Figure 7A). Immunohistochemical study using anti-FSHβ and 

LHβ clearly showed that FSH and LH cells were separately localized, indicating that chub 

mackerel FSH and LH are produced in different cell types (Figure 7B and 7C). Both FSH and 

LH cells occupied the entire PPD in the pituitaries of chub mackerel; however, FSH cells 

were localized mainly in the central area of the PPD, whereas LH cells were observed along 

the border of the PI. Furthermore, LH cells were also observed in a few small clusters of cells 

in the PI along the external border of the PPD (Nyuji et al., 2011). 

In multiple spawning fish, the function of GtHs remains largely unknown, despite 

numerous studies in different species. Currently, there are few methods available for 

analyzing the function of GtHs in non-salmonids and little understanding of how they 

regulate gametogenesis in multiple spawning fish. ELISAs for measuring both FSH and LH 

have not been developed in multiple spawning fish, except for Nile tilapia using recombinant 

FSH and LH (Aizen et al., 2007a, b). Thus, the gene expression analyses of GtH subunit 

mRNAs have predominantly been used to characterize the GtH function in non-salmonids. 

We cloned GPα, FSHβ and LHβ from chub mackerel and analyzed their pituitary mRNA 

expression during the reproductive cycle in female chub mackerel. 

 

 

Figure 7. (A) Sagittal section of female chub mackerel pituitary at the early vitellogenic stage stained 

with Masson’s trichrome. Anterior is on the left. (B) and (C) Two adjacent sections through the central 

part of the proximal pars distalis (PPD) stained with anti-FSH  (B), and anti-LH  (C). RPD, rostral 

pars distalis; PPD, proximal pars distalis; PI, pars intermedia; NH, neurohypophysis; TV, third 

ventricle. Modified from Nyuji et al. (2011). 

During the seasonal reproductive cycle, FSHβ mRNA levels increased during ovarian 

development and peaked at the end of vitellogenesis (stage LV), whereas LHβ mRNA levels 

significantly increased during LV compared to immature and early vitellogenesis (Figure 8A). 

Both FSHβ and LHβ mRNA levels significantly decreased during post-spawning period 

(Nyuji et al., 2012a). Since pituitary FSHβ mRNA expression was high during vitellogenesis, 

chub mackerel FSH could be involved in vitellogenesis, similar to salmonids. High LHβ 

mRNA expression during late vitellogenesis may be important in preparation for FOM in 

chub mackerel, as has been shown in salmonids (Gomez et al. 1999). During the spawning 
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cycle, FSHβ and LHβ had different mRNA expression patterns. FSHβ mRNA levels were 

high from FOM to ovulation and constant at the end of vitellogenesis (Figure 8B). Constant 

high expression levels of FSHβ mRNA may indicate continuous FSH synthesis during the 

spawning cycle, allowing vitellogenesis to occur in parallel with FOM and spawning. 

Interestingly, FSHβ mRNA levels increased further just after ovulation and spawning. 

 

 

Figure 8. Changes in GtH subunit (fshβ and lhβ) mRNA levels in female chub mackerel pituitary during 

the seasonal (A) and spawning (B) cycles. Different letters above and below the circles represent 

significant differences between ovarian stages. Refer Figure 1 for description of ovarian stages. 

Modified from Nyuji et al. (2012a). 

There are two possible explanations for this transient increase in FSHβ mRNA. First, 

there may be a diurnal GtH rhythm. Diurnal expression profiles of FSHβ mRNA have been 

proposed in two daily spawning species: bambooleaf wrasse (Pseudolabrus sieboldi), where 

FSHβ mRNA increased from the end of ovulation to the next initiation of FOM (Ohta et al. 

2008), and in gilthead seabream (Sparus aurata), FSHβ mRNA levels increased 4 and 8 h 

prior to spawning during GVBD and were maintained until 8 h after spawning when FOM 

was initiated (Gothilf et al. 1997). In chub mackerel, it may not be possible to clarify whether 

the diurnal regulation of GtH subunit transcription plays a role since they do not necessarily 

undergo daily spawning cycles in the wild (Shiraishi et al. 2009). The second possible reason 

for transient increase in FSHβ mRNA expression is that ovulation and spawning may be a 

signal to accelerate vitellogenesis. In female Nile tilapia, plasma FSH increases prior to 

ovulation, possibly stimulating new generation of follicle for the next cycle (Aizen et al. 

2007b). 

Recently, we successfully purified native FSH and LH from the pituitaries of adult chub 

mackerel by anion-exchange chromatography and immunoblotting using specific antisera 
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(Ohga et al., 2012b). The steroidogenic potency of the intact chub mackerel FSH (cmFSH) 

and LH (cmLH) were evaluated in vitellogenic follicles by measuring the level of gonadal 

steroids. In addition, we evaluated the maturation-inducing potency of the GtHs on ovarian 

fragments containing late vitellogenic follicles. Both cmFSH and cmLH significantly 

stimulated E2 production in mid-vitellogenic follicles. In contrast, only LH significantly 

stimulated the production of 17,20β-P in late vitellogenic follicles. Similarly, cmLH induced 

FOM in ovarian fragments containing late vitellogenic follicles. Results from mRNA 

expression and bioassay using intact GtHs indicated that both FSH and LH may regulate 

vitellogenic processes, whereas only LH initiates FOM in chub mackerel (Ohga et al., 

2012b). Currently, using the biologically active cmFSH and cmLH purified from pituitaries, 

we are developing homologous ELISAs to measure plasma FSH and LH concentrations in 

chub mackerel. The available information regarding FSH and LH plasma profiles in the chub 

mackerel will confirm the link between GtH synthesis and release during the spawning cycle. 

 

 

4.2. Gonadotropin Receptors (GtHR) 
 

Multiple spawners like chub mackerel possess numerous developmental stages of oocytes 

in the ovary simultaneously for achieving multiple spawning episodes in one reproductive 

season. As vitellogenesis and oocyte maturation occur simultaneously in one ovary, ovarian 

follicles are likely exposed to both FSH and LH regardless of their developmental status. It is 

thus of great interest to elucidate how both vitellogenesis and oocyte maturation occur 

simultaneously and explain their precise control in a single ovary. FSH and LH are generally 

accepted to act in gametogenesis through their receptors (FSHR and LHR), both being 

members of the seven transmembrane domain G protein-coupled receptor (GPCR) 

superfamily (Moyle et al., 1994). To clarify the mode of action of FSH and LH in 

asynchronous ovarian follicle development in chub mackerel, different developmental stages 

of ovarian follicles were isolated during the spawning cycle, and mRNA expression levels of 

FSHR and LHR were measured (Nyuji et al., 2012b). In situ hybridization of GtH receptor 

mRNA in chub mackerel ovarian follicle cells showed FSHR mRNA has already been 

identified in the follicular layer of the pre-vitellogenic follicles in which LH mRNA has not 

been observed (Figure 9A). FSHR and LHR mRNAs were found in granulosa cells 

throughout the vitellogenesis, while both of them were hardly detectable in theca cells (Figure 

9A and 9B). FSHR mRNA levels were high during vitellogenesis, while they drastically 

decreased during FOM. In contrast, LHR mRNA expression showed low levels during early 

and mid vitellogenesis, then increased and remained high during late vitellogenesis and 

germinal vesicle migration, but decreased in the hydrated oocyte just after germinal vesicle 

breakdown (Figure 10). Thus, actions of respective FSH and LH on vitellogenesis and FOM 

are likely regulated by differential expressions of their receptors which are found to be 

expressed by granulosa cells of the chub mackerel oocyte. Some in vitro studies have reported 

that both FSH and LH stimulate E2 production in salmonids (Suzuki et al., 1988; Planas et 

al., 2000), common carp (Cyprinus carpio) (Van Der Kraak et al., 1992) and bigeye tuna 

(Thunnus obesus) (Okada et al., 1994). However, the bioactivity of pituitary GtHs is still 

unclear in teleost fish as a result of promiscuous hormone-receptor (FSHR and LHR) 

interactions. Several studies have indicated that both FSH and LH bind to the FSHR with 

similar affinities in salmonids (Yan et al., 1992; Miwa et al., 1994) and African catfish 
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(Clarias gariepinus) (Bogerd et al., 2001; Vischer et al., 2003). Thus, it is possible that the E2 

produced by cmLH might be due to cross-activation between cmLH and FSHR. Future 

studies on the circulating levels of FSH and LH during the spawning cycle and reporter-gene 

assays of cognate ligand-receptor interactions will help to clarify this possibility.  

 

 

Figure 9. In situ hybridization of GtH receptor mRNA in chub mackerel ovarian follicles. (A) Section 

of peri-nucleolus stage oocyte hybridized with FSHR antisense-strand RNA probe, showing that FSHR 

mRNA has already been identified in the follicular layer (arrowheads). (B) Section of early vitellogenic 

stage ovarian follicles hybridized with FSHR antisense-strand probe. (C) Section of early vitellogenic 

stage ovarian follicles stained with Periodic-acid Schiff (PAS)/Haematoxylin Eosin (HE)/Metanil 

Yellow (MY). (D) and (E) Sections of late vitellogenic ovarian follicles hybridized with FSHR and 

LHR antisense-strand RNA probes, respectively. (F) Section of late vitellogenic stage ovarian follicles 

stained with PAS/HE/MY. Bars indicate 10 μm. G, granulosa cell; OC, oocyte cytoplasm; T, thecal 

cell; ZRE, zona radiata externa; ZRI, zona radiate interna. Modified from Nyuji et al. (2012b). 

 

Figure 10. Changes in expression levels of fshr and lhr mRNAs in the different stage of chub mackerel 

ovarian follicles. PY, primary yolk stage; SY, secondary yolk stage; TY, tertiary yolk stage; EGVM, 

early germinal vesicle migration; LGVM, late germinal vesicle migration; HY, hydration. Modified 

from Nyuji et al. (2012b). 
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5. Sex Steroid Hormones 
 

Intact chub mackerel ovarian follicles were incubated with different radiolabeled steroid 

precursors to clarify the synthetic pathways of steroid hormones during vitellogenesis and 

following FOM. During vitellogenesis, E2 was synthesized from pregnenolone (P5) via 17-

hydroxypregnenolone (17-P5), 17-hydroxyprogesterone (17-P), androstenedione (AD), and 

testosterone (T) (Matsuyama et al., 2005) (Figure 11). After vitellogenesis, the steroidogenic 

pathway shifts from E2 to maturation-inducing hormone (MIH) production owing to the 

inactivation of 17,20-lyase and the activation of 20β-hydroxysteroid dehydrogenase (20β-

HSD). Of the new steroids produced during FOM, 17,20β-dihydroxy-4-pregnen-3-one 

(17,20β-P) was most effective at inducing germinal vesicle breakdown in vitro (Table 1). 

Circulating levels of 17,20β-P increased specifically around the time of germinal vesicle 

migration, while another FOM-specific 20β-hydroxylated progestin, 17,20β,21-trihydroxy-4-

pregnen-3-one (20β-S), was present at consistently low levels during FOM (Figure 12). These 

results indicate that 17,20β-P is the MIH of chub mackerel. During the FOM, the production 

of 17,20β-P-5β (which is the 5β-reduced form of 17,20β-P) increased with 17,20β-P 

production. The 17,20β-P-5β was much less effective than 17,20β-P for FOM induction in 

chub mackerel. The quick conversion of 17,20β-P observed in the chub mackerel probably 

represents the inactivation process of MIH. Similar 5β-reduction of 17,20β-P has been 

observed in maturing follicles of medaka (Fukada et al., 1994), Japanese yellowtail (Seriola 

quinqueradiata, Rahman et al., 2001), bambooleaf wrasse (Ohta and Matsuyama, 2002), and 

red seabream (Ohta et al., 2002a). 

 

 

Figure 11. Steroidogenic pathways in the chub mackerel ovarian follicles during vitellogenesis and final 

oocyte maturation. See Table 1 for steroid abbreviations.  
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Figure 12. Changes in oocyte composition and serum levels of testosterone (T), estradiol-17β (E2), 

17,20β-dihydroxy-4-pregnen-3-one (17,20β-P) and 17,20β,21-tihydroxy-4-pregnen-3-one (20β-S) 

during the spawning cycle. Different letters above and below the circles represent significant 

differences between ovarian stages. TY, tertiary yolk stage; GVM, germinal vesicle migration; HY, 

hydration; OV, ovulated. Refer Figure 1 for description of ovarian stages. Modified from Matsuyama et 

al. (2005). 

Table 1. Nomenclature of steroids 

 
 

Table 2. In vitro effectiveness of various steroid hormones on the percentage of the 

 chub mackerel ovarian follicles to complete GVBD  
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Although there are a number of studies on follicular steroidogenesis in various teleost 

species, the complete steroidogenic pathway from P5 to E2 has been determined in only a few 

species: medaka (Kobayashi et al., 1996), bambooleaf wrasse (Ohta et al., 2001), red 

seabream (Ohta et al., 2002b), and yellowtail (Rahman et al., 2002). Chub mackerel, medaka, 

and yellowtail are gonochoric, while bambooleaf wrasse and red seabream have a bisexual 

phase in their life history. Interestingly, T is the substrate precursor of E2 in vitellogenic 

ovarian follicles of gonochoristic species. In contrast, E2 is synthesized via estrone (E1) 

rather than T in bambooleaf wrasse and red seabream (Ohta et al., 2001; 2002b). We 

hypothesize that low levels or lack of production of T in ovarian follicles of red seabream and 

bambooleaf wrasse may be related to sex reversals in their life cycles.  

The basic concept of follicular steroidogenesis in teleosts is common between species, 

where E2 is synthesized during vitellogenesis while MIH is produced during FOM 

(Nagahama and Yamashita, 2008). In teleosts, two 20 -hydroxylated progestins are known to 

be MIHs, although a naturally occurring MIH has been conclusively identified in a limited 

number of species. 17,20 -P has been identified as an MIH in amago salmon (Oncorhynchus 

rhodurus), the first MIH identified in teleosts, and in Indian catfish (Clarias batrachus), 

mummichog (Fundulus heteroclitus), medaka, and yellowtail. 20 -S has also been identified 

as an MIH in Atlantic croaker (Micropogonias undulatus), spotted seatrout (Cynoscion 

nebulosus), striped bass, and a puffer fish (reviewed in Matsuyama, 2007). Regardless of the 

difference in E2 synthetic pathways and whether the MIH is 17,20 -P or 20 -S, there is a 

common enzymatic kinetics in MIH production; the decrease in C17,20-lyase activity 

involved in the cessation of E2 production and increase in 20 -HSD activity leads to a 

dramatic elevation in MIH. In the ovarian follicles of teleost, the steroidogenic enzyme which 

serves as a branch point for E2 and MIH is cytochrome P-450 17 -hydroxylase/C17,20-lyase 

(P-450c17). P-450c17 is a single cytochrome P-450 enzyme mediating both 17 -hydroxylase 

and C17,20-lyase activities (Chung et al., 1987; Hanukoglu, 1992) in which only C17,20-

lyase activity is required for the synthesis of C19 steroids such as AD. Therefore, depression 

of one of two functions of P450c17 is involved in the steroidogenic shift from the pathway 

leading to E2 to MIH synthesis. Recently, a novel P450c17, named P450c17-II, was cloned 

and characterized in tilapia, medaka and zebrafish (Zhou et al., 2007a). Unlike the original 

P450c17, P450c17-II forms of tilapia and medaka possess only 17α-hydroxylase activity, and 

it has been demonstrated that P450c17-II is predominantly expressed in the ovary at the 

maturational phase and produces 17,20β-P (Zhou et al., 2007a; 2007b). It should be 

elucidated whether the P450c17-II gene exists and plays important roles in ovarian 17,20β-P 

production in the chub mackerel. 

 

 

Conclusion and Future Perspective 
 

Considerable progress on basic understanding of BPG axis in fish reproduction has been 

made over the past decade. However, problems that need to be examined are still many. In the 

classical picture of reproductive BPG axis, GnRH was occupying the central role. However, 

following the demonstration of kisspeptins role in reproductive function, lately 

Kisspeptin/GPR54 system has emerged as a critical upstream regulator of GnRH secretion. 

Presently, several research groups are dedicating efforts to clarify the role of 
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Kisspeptin/GPR54 system in teleost reproduction. Additionally, functions of GtHs, 

particularly FSH in multiple spawning fish, are still unclear. Our group has examined the role 

of BPG axis in chub mackerel reproduction as a model for not only multiple spawning marine 

species, but also for commercially important fish. Deciphering the endocrinological 

mechanism of puberty and dysfunction of gametogenic processes in captivity has a strong 

potential impact on fish farming, as well as enhancing our basic understanding on fish 

reproduction. More recently, the draft sequence of Pacific bluefin tuna (Thunnus orientalis) 

genome has been determined (Nakamura et al., 2011). Since chub mackerel belong to the 

family Scombridae, same as that of tunas, analyzing large amounts of data on gene expression 

dynamics by using tuna genome information will help to screen and analyze specific 

molecular markers regulating key reproductive processes such as puberty, which takes several 

years to initiate in tunas. Our chub mackerel experimental system led to major advances in 

our basic understanding of BPG axis in fish reproduction. 
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Abstract 
 

Information on the molecular mechanisms of oocyte growth and maturation provides 

novel inputs to our understanding of teleostian oogenesis. Oogenesis is a complex 

process primarily coordinated by two steroid hormones, estradiol-17β (E2) and 17α,20β-

dihydroxy-4-pregnen-3-one (17α,20β-DP), under the influence of pituitary 

gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH). 

Oocytes originated from primordial germ cells get arrested in the diplotene stage of 

prophase I of first meiotic division until they mature. Vitellogenesis is a key event where 

E2 stimulates the production of vitellogenin in liver, transport into the developing oocytes 

where it is selectively taken up into the oocyte by a receptor-mediated process involving 

specific cell-surface receptors. The events of oogenesis were tightly modulated by several 

genes which are involved at the level of gonadal steroidogenesis under the influence of 

FSH. Ovarian aromatase (cyp19a1a) is considered to be one of the rate limiting enzymes 

for oogenesis. It is well established that production of E2 and 17α,20β-DP by ovarian 

follicles occurs via the coordination of two cell layers, the theca and granulosa. A shift in 

the steroidogenesis pathway from E2 to 17α,20β-DP occurs in the ovarian follicle layer 

immediately prior to oocyte maturation. During maturation, gonadotropins primarily 

regulate the shift, E2 to 17α,20β-DP in the cholesterol biosynthesis pathway by enhancing 

the transcription of 20β-hydroxysteroid dehydrogenase (20β-HSD) in granulosa cells. LH 
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enhances the production of 17α,20β-DP by decreasing E2 levels through the reduction of 

cyp19a1a and/or P450c17-I in ovarian follicle. Conversely, the levels of 20β-HSD and/or 

P450c17-II mRNA were elevated upon the stimulation of LH. Transcript level changes 

were also seen at the level of enzyme activity to bring about shift in steroidogenesis. 

Thus, 17α,20β-DP is regarded as maturation inducing hormone in several teleosts. 

Transcription factors such as Ad4BP/SF-1, Foxl2 and CREB are potentially contributes 

for the expression of these steroidogenic enzyme genes during final oocyte maturation.  

 

 

Introduction 
 

Teleosts comprise more than 21000 species, including marine and freshwater habitats, 

considered to be one of the largest groups of vertebrates. Most of the teleosts show oviparity, 

although it follows a diverse array of reproductive strategy including viviparity (Coward et 

al., 2002; Lubzens et al., 2010). Oogenesis is one of the chief events in female gametogenesis 

where gonadotropins (GTHs) and maturation inducing hormone (17α,20β-dihydroxy-4-

pregnen-3-one, 17α,20β-DP in most fishes) play crucial roles. Steroid hormones regulate the 

steps involved in oogenesis. However, GTHs regulate these events in a coordinated manner 

(Nagahama, 1994; 1997; Arukwe and Goksøyr, 2003; Yaron and Levavi-Sivan, 2010). The 

basic structure of ovary is made up of many ovarian follicles, each of which is composed of 

an oocyte and a follicular envelop consists of an outer thecal and an inner granulosa cell 

layer, which remain unchanged all through follicular growth (Patino and Sullivan, 2002). 

Oocyte growth includes primary growth, formation of cortical alveoli and vitellogenesis. 

Following vitellogenesis, oocytes undergo final oocyte maturation (FOM) and ovulation 

(Wallace and Selman, 1981; Tyler and Sumpter, 1996; Breton et al., 2012). Vitellogenesis is a 

major event in oocyte growth which is induced by estradiol-17β (E2) while FOM is a major 

event in maturation which is induced by 17α,20β-DP (Nagahama et al., 1995). This chapter 

reviews about oocyte growth, regulation, shift in steroidogenesis and FOM.  

 

 

Oogenesis 
 

Oogenesis has been extensively studied in numerous species. It includes the formation of 

primordial cells followed by oocyte growth and final steps of maturation, which have been 

hormonally controlled and regulated by genes/factors involved in gonadal steroidogenesis 

(Condeça and Canario, 2001). Oogenesis begins with meiotic arrest at diplotene stage of 

prophase I and the ovarian follicles were formed with perinucleolar oocytes surrounded by 

granulosa and thecal cells (Devlin and Nagahama, 2002; Lubzens et al., 2010). A major 

cytoplasmic event like intense RNA synthesis and increase in oocyte size were contributed 

for the development of ovarian follicle (Patino and Sullivan, 2002).  

 

 

Vitellogenesis 
 

Vitellogenesis is mediated by two major regulators, are the pituitary GTHs, luteinzing 

hormone (LH) and follicle-stimulating hormone (FSH) and sex steroids (Lubzens et al., 
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2010). The accumulation of yolk proteins in the oocytes for its enormous growth is termed as 

vitellogenesis. It involves the synthesis of vitellogenin (Vtg) in the liver with the stimulation 

of E2, which transverse into the oocyte through a receptor mediated endocytosis process 

(Patino and Sullivan, 2002). To enable this, Vtg genes encode female specific 

glycolipophosphoprotein varies from 300–640 kDa in several teleosts, but the functions are 

known to be similar (Babin et al., 2007). Vtg and its receptor mRNAs increased during this 

period selectively in liver and ovary, respectively (Perazzolo et al., 1999). The follicle 

undergoes a secondary growth phase with the sequential accumulation of endogenously 

synthesized glycoprotiens (the cortical alveolus stage) and lipid bodies (the lipid inclusion 

stage) in the ooplasm and the formation of zona radiata between the ooplasm and granulosa 

cell layer (Campbell et al., 2006). Lipid deposition in oocyte is normally occurring during 

previtellogenic growth (Selman and Wallace, 1989). It has been suggested that lipids derived 

from circulating very low density lipoprotein, which binds to lipoprotein receptors present in 

the ovary (Prat et al., 1998). The presence of multiple Vtg genes has been demonstrated in 

few teleosts (Buisine et al., 2002; Wang et al., 2005; Babin et al., 2007; Le Menn et al., 

2007). The arrangement of Vtgs in genome shows divergence among fish species. In 

Salmonidae, ancestral Vtg duplications afford two paralogous gene clutster, VtgA and VtgB 

(Buisine et al., 2002). The two forms of Vtg A and B in rainbow trout differ from each other 

due to the insertion, deletion and rearrangement during evolution (Trichet et al., 2000). 

Intriguingly, zebrafish genome contains at least seven Vtgs (Wang et al., 2005). The final size 

of the egg becomes larger size (Wallace, 1985; Tyler, 1991) and the GSI increases between 

50 to 100 fold at the time of vitellogenesis (Tyler and Sumpter, 1996). FSH regulates the 

process through E2 secreted by the ovary. Testosterone produced in thecal cell layer is 

mobilized to granulosa cell layer for the production of E2 by ovarian aromatase (cyp19a1a) 

for oocyte growth. In certain species like catfish and seabream LH seems to play a role in 

oocyte growth as well (Kirubagaran et al., 2005; Gen et al., 2000). It has been suggested that 

Vtg can also be regulated by several other factors such as temperature, androgens, growth 

hormone, prolactin, thyroid hormone and cortisol other than estrogens (Jones et al., 2000).  

 

 

Hormonal Control of Oocyte Growth 
 

In teleosts, oocyte growth is not a preprogrammed process. Conversely, it is synergistic 

and flexible to the existing conditions. In early stages of vitellogenesis there is dissimilarity in 

the oocyte size but gradually it develops uniformity at the ovulation stage (Tyler et al., 1990). 

Several hormones play important role in regulating the oocyte growth in fish, which include 

GTHs, thyroxine, triiodothyronine and growth hormone (GH) yet direct role for hormones 

other that GTHs have not yet determined (Nagahama, 1994). GH synergistically acts with 

GTH in regulating steroidogenesis, alters the rate of body growth by acting indirectly and 

consequently modulates the female egg production and size. In fish there are two GTHs, 

GTH-I and GTH-II which are homologus to FSH and LH, respectively. Hence, the 

terminology of GTH-I and GTH-II is also considered as FSH and LH, respectively (Suzuki et 

al., 1988; Kawauchi et al., 1989; Swanson et al., 1989, 1991; Swanson, 1991; Slater et al., 

1994; Prat et al., 1996). The data linked with the role of LH are apparent as it plays a central 

role in the steps involved in FOM (Scott and Sumpter, 1983; Swanson, 1991). The tasks 
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associated with FSH in oocyte growth are less clear, however, it has been designated that 

FSH favors for vitellogenesis (Tyler et al., 1991; Prat et al., 1996).  

Studies on rainbow trout indicated that LH is negligible in the plasma until very close to 

ovulation, whereas the levels of FSH in plasma are high during vitellogenesis (Slater et al., 

1994; Prat et al., 1996), it is understood that FSH controls the secretion of E2 thereby 

stimulating the Vtg synthesis in liver, estrogen receptors and egg shell proteins (Hyllner et al., 

1991; Flouriot et al., 1995). In vitro studies in salmonids have shown that physiological 

concentrations of FSH may increase the uptake of Vtg into developing oocytes (Tyler et al., 

1991). LH seems to have very high expression than FSH during ovarian growth and therefore, 

LH might regulate vitellogenesis as well in red seabream (Tanaka et al., 1995; Kagawa et al., 

1998; Gen et al., 2000; Kagawa et al., 2003). Thus, the regulation of E2 production by either 

FSH or LH is considered important during vitellogenesis. In catfish, annual profile of LH, 

equivalent to GTH-II showing multiple peaks indicating possible role of LH in vitellogenesis 

(Kirubagaran et al., 2005) as well as maturation. Further, cyp19a1a is also targeted by 

FSH/LH, which is one of the rate-limiting enzymes for E2 biosynthesis (Tanaka et al., 1992; 

Gen et al., 2001; Kagawa et al., 2003). It proves that the availability of precursor steroids also 

controls the steroidogenesis pathway for the requirement of ovarian follicular steroidogenesis 

(Senthilkumaran et al., 2004; Zhou et al., 2007a).  

The synthesis of certain growth factors, such as Insulin like growth factor-I (IGF-I) and 

transforming growth factor at specific stages suggests that they have specific roles in 

regulating the oocyte growth and development (Duan, 1997; Maestro et al., 1997; Kohli et al., 

2003; Campbell et al., 2006; Reinecke, 2010). In rainbow trout follicles, insulin stimulates the 

uptake of Vtg (Tyler et al., 1987; Shibata et al., 1993), an effect that may well be mediated 

through the IGF receptor, rather than the receptor for insulin itself. Indeed, there is 

considerable structural homology between the insulin receptor and IGF-I receptor (Scavo et 

al., 1991). Like that of mammals, growth factors also play an integral role in oocyte growth 

along with GTH and steroids.  

 

 

Two Cell Type Model and Steroidogenic Shift 
 

Teleosts ovarian follicles comprised of an outer thecal and an inner granulosa cell layer. 

Based on the two cell type model proposed by Nagahama (1997), it has been emphasized that 

17α-hydroxyprogesterone produced from progesterone by thecal cell 17α-hydroxylase 

(P450c17) pass through the basal lamina to granulosa cells where it is being converted into 

17α,20β-DP by 20β-hydroxysteroid dehydrogenase (20β-HSD), a key enzyme for FOM. The 

entire process is regulated by LH mediated activation of adenylate cyclase (Nagahama, 1997; 

Sherwood et al., 2000; Gur et al., 2002). During vitellogenesis, GTH stimulates thecal cells to 

synthesis testosterone through a serial cascade pathway from cholesterol which transverse 

into granulosa cells for the conversion of E2 by the enzyme cyp19a1a. Thus, E2 is produced 

during oocyte growth whereas 17α,20β-DP is formed during FOM.  

After follicular growth, there is an immediate shift in the steroidogenic pathway from E2 

to 17α,20β-DP before the initiation of FOM. This steroidogenic shift occurs in two stages 

resulting in FOM. As explained earlier in two-cell type model and studies on some teleosts 

showed that mRNAs of enzymes regulating cholesterol biosynthesis (Kusakabe et al., 2002; 
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Sreenivasulu et al., 2005; 2009; Raghuveer and Senthilkumaran, 2012) were elevated during 

full grown immature oocyte stage to synthesize 17α-hydroxyprogesterone for the production 

of 17α,20β-DP (Nagahama, 1997). However, steroidogenic acute regulatory protein (StAR) 

and steroidogenic enzymes are essential and required immensely for the production of E2 

during ovarian growth. Then, there is a shift from E2 to 17α,20β-DP in granulosa cells 

through the elevation of 20β-HSD for implementing FOM (Tanaka et al., 2002; 

Senthilkumaran et al., 2002; Sreenivasulu and Senthilkumaran, 2009). On the other hand, the 

level of cyp19a1a decreased considerably after the stimulation of 20β-HSD with transcription 

factor shift that involve in the regulation of these enzymes. To explain further, the 

steroidogenic shift by GTHs is marked through two molecular mechanisms, the first being the 

suppression of Ad4BP/SF-1 expression in turn aromatase, and the second, the induction of 

over-expression of 20β-HSD perhaps through CREB (Senthilkumaran et al., 2004). Recent 

study on the promoter motif of 20β-HSD gene supports this concept effectively (Sreenivasulu 

et al., 2012b).  

 

 

FOM 
 

After the completion of follicle growth, oocyte enters into the next stage of oogenesis 

through a stepwise mechanism called FOM. Oocyte maturation is extensively studied in 

teleosts than any other organisms as the endocrine regulation is well known. This process is 

regulated by three major mediators such as GTHs, 17α,20β-DP and maturation-promoting 

factor (MPF).  

 

 

17α,20β-DP 
 

LH stimulates the production of 17α-hydroxyprogesterone in thecal cell layer of ovary 

reaches the basal lamina and converted to 17α,20β-DP in granulosa cell layer by the action of 

20β-HSD. The meiotic oogenesis is arrested at diplotene stage of prophase I all through 

development and growth of the ovarian follicle. The LH surge triggers its activity in advance 

during metaphase II. The involvement of 17α,20β-DP serves as the principal mediator for the 

secretion of LH during maturation was already discussed for several decades in fish in vitro 

(Masui and Clarke, 1979; Nagahama et al., 1985; Nagahama, 1987). Similarly in vivo studies 

on vertebrates have also proved that the preovulatory surge of LH associate with increased 

production of 17α,20β-DP and the onset of oocyte meiotic resumption (Kahn and Thomas, 

1999). Thus, the role of 17α,20β-DP synthesis in follicles for oocyte meiotic resumption is 

now well-documented in lower vertebrates (Masui and Clarke, 1979; Nagahama, 1987; 1997; 

Senthilkumaran, 2011). Although LH is regarded for its direct involvement in meiotic 

maturation, it triggers the ovarian follicular cells to synthesize 17α,20β-DP through the 

stimulation of pre-ovulatory surge to implement the event (Nagahama, 1994; 1997). The 

17α,20β-DP was first isolated from amago salmon by Nagahama and Adachi, (1985). 

17α,20β-DP levels were very low in vitellogenic phase and increases sharply in mature and 

ovulated females. In vitro studies showed that 17α,20β-DP effectively induce the FOM in 

several fish species including amago salmon. Therefore in teleosts, 17α,20β-DP, a 
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progesterone derived steroid have been identified as more potent hormone for FOM 

(Nagahama and Adachi, 1985; Tokumoto et al., 2011). In the atlantic croaker 17α,20β,21-

trihydroxy-4-pregnen-3-one is considered as 17α,20β-DP (Trant and Thomas, 1989).  

 

 

20β-HSD 
 

During FOM, a steroidogenic shift from E2 to 17α,20β-DP is demonstrated in several 

teleost species with the increased expression of 20β-HSD (Haider, 1997; Nakamura et al., 

2005; Ohta and Matsuyama, 2002; Sreenivasulu et al., 2005; 2012a). Studies in some fish 

species confirmed FSH/LH promotes the 20β-HSD enzyme activity that is mimicked by 

forskolin and dbcAMP (Nagahama, 1997; Kazeto et al., 2001). 20β-HSD expression was 

shown to be up-regulated by pre-ovulatory LH surge or by induction through human 

chorionic gonadotropin during FOM (Senthilkumaran et al., 2002; 2004; Tanaka et al., 2002; 

Sreenivasulu and Senthilkumaran, 2009b). A quick increase of 20β-HSD transcripts is more 

than sufficient to initiate the FOM in ayu and catfish (Tanaka et al., 2002; Sreenivasulu and 

Senthilkumaran, 2009b). Contrastingly, a sharp elevation is needed during FOM in the Nile 

tilapia (Senthilkumaran et al., 2002). Conversely, in zebrafish, 17α,20β-DP production and 

FOM may not involve significant change of 20β-HSD like carbonyl reductase/20β-HSD 

expression as evidenced in the salmonids, or that there might be other isoforms of 20β-HSD 

whose expression is tightly controlled by endocrine and paracrine factors (Wang and Ge, 

2002). Hence, it is important to investigate the role of other steroidogenic enzymes which 

play important role in substrate availability during FOM as there is a divergent in expression 

patterns of 20β-HSD in teleosts.  

 

 

P450c17 
 

The enzyme P450c17 also known as CYP17A1, that catalysis both 17α-hydroxylation of 

C21 steroids as well as 17,20-lyase activity to produce C19 steroids. During maturation, 

postvitellogenic follicles have to synthesize enormous amount of 17α,20β-DP from the 

immediate precursor 17α-hydroxyprogesterone. However, it is considerable that P450c17 

might involve in regulating the availability of precursor steroids during the shift in 

steroidogenesis. Recently two forms of P450c17s (P450c17-I and P450c17-II) were identified 

from tilapia, medaka, fugu and tetraodon (Zhou et al., 2007a, b). Intriguingly, P450c17-I have 

both hydroxylase and lyase activity while P450c17-II has only hydroxylase activity. The 

elevated expression of P450c17-I were found during pre- and mid-vitellogenesis, which 

eventually declines rapidly before FOM. However, P450c17-II expression reaches peak 

during late to post vitellogenesis corresponds with the initiation of 17α,20β-DP production 

(Zhou et al., 2007a,b). The decrease of lyase activity accumulates 17α-hydroxyprogesterone 

in follicles favors the production of E2 to 17α,20β- DP during the shift. Thus, P450c17-I is 

needed for the vitellogenesis while P450c17-II is necessary for oocyte maturation in the Nile 

tilapia (Nagahama and Yamashita, 2008) and in gilthead seabream (Zapater et al., 2012). The 

differential expression of these two forms was regulated at transcriptional level by 

Ad4BP/SF-1 and Foxl2. Two forms of P450c17 have not been found in other teleosts. For 
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example, only one form has been identified in catfish, where in minor elevation of P450c17 is 

sufficient to increase the availability of precursor substrate, 17α-hydroxyprogesterone for the 

production of 17α,20β-DP. Earlier reports in tilapia and medaka relay on P450c17 expression 

data rather than enzyme activity and regulation of lyase activity in detail. (Zhou et al., 

2007a,b). Our study in catfish seized this fact and demonstrated that increase in P450c17 need 

not follow elevated protein level or enzyme level during FOM. So the increase in P450c17 

transcript levels might contribute for study state turnover of protein and enzyme activity. 

Thus comprehensive attempt to study expression and enzyme activity might provide more 

clues to understand precursor substrate in shift in steroidogenesis.  

 

 

Cholesterol Side Chain Cleavage Enzyme 

(P450scc), StAR and 3β-Hydroxysteroid 

Dehydrogenase (3β-HSD) 
 

High or moderate levels of either progesterone or 17α-hydroxyprogesterone in ovarian 

follicles might also be contributed by StAR, P450scc and 3β-HSD during oocyte maturation 

(Kusakabe et al., 2002; Sreenivasulu and Senthilkumaran, 2009a; Sreenivasulu et al., 2005; 

Raghuveer and Senthilkumaran, 2012). In thecal cell layers of amago salmon, LH triggers the 

formation of 17α-hydroxyprogesterone which was mimicked by forskolin, an adenylate 

cyclase activator and dibutyrul cAMP, a membrane-permeable cAMP analogue (Kanamori 

and Nagahama, 1988). Further, LH and forskolin stimulates cAMP production in thecal cell 

layers indicating the action of LH acts through a receptor mediated activation of adenylate 

cyclase for the production of cAMP (Balamurugan and Haider, 1995; Chaube and Haider, 

1997; Haider, 2004). StAR a regulatory protein which transports cholesterol within the 

mitochondria for the production of steroid hormones where as P450scc helps in the 

conversion of cholesterol to pregnenalone in thecal cells (Stocco, 2001; Hauet et al., 2002; 

Payne and Hales, 2004; Haider, 2004). Both enzymes were elevated during FOM (Belin et al., 

2000; Ings et al., 2006).  

Contrastingly, 3β-HSD and P450c17-I levels were lowered during all stages of oocyte 

maturation (Nagahama and Yamashita, 2008). However, moderate elevation of 3β-HSD 

expression was evident in tilapia and catfish (Senthilkumaran et al., 2009; Raghuveer and 

Senthilkumaran, 2012). Thus in the expression of steroidogenic enzymes during FOM 

species-specific difference is always evident, through shift in steroidogenesis is seen in 

several teleosts (Kumar et al., 2000; Senthilkumaran et al., 2004; Mittelholzer et al., 2007).  

 

 

Future Perspectives 
 

Basic and ultrastructural studies on oocyte growth and development have afforded 

several insights into the complex molecular pathways and factors regulating during early 

stages of oogenesis, folliculogenesis and FOM. The clarification of the relationship between 

the early stages of oogenesis to maturation and the factors regulating these processes is still 

not yet completely understood.  
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For example, through promoter motif analysis and functional analysis of cyp19a1a was 

explained explicitly (Huang et al., 2009; Sridevi et al., 2011), only limited information was 

available for 20β-HSD promoter (Sreenivasulu et al., 2012b). It is important to understand the 

role of transcription factors involved in the gene regulation of cyp19a1a and 20β-HSD. In this 

context, role of Ad4BP/SF-1 and Foxl2 on cyp19a1a is very well known. Conversely, the 

regulatory role of CREB on 20β-HSD needs to be established (Senthilkumaran et al., 2004; 

Sreenivasulu et al., 2012b).  

Over the last two decades several studies have contributed to rule out the role of 

endogenous and exogenous factors necessary to produce a viable oocyte, the interplay 

between the somatic environment and oocyte development. Recent studies were aimed to 

identify the environmental factors which influence the quality of egg and elucidating the 

endocrine pathways regulating egg formation and functional aspects that contribute the proper 

development of the embryo.  

Another important aspect which has to be focused is the transductional pathways that are 

generated in the oocyte just after the activation of mullerian inhibiting substance receptor and 

that ultimately force the activation of the MPF and the reinitiating of meiosis.  

 

 

Figure 1. Schematic diagram to illustrate hormonal regulation of oocyte growth and maturation. 

 

Conclusion 
 

This review concludes about the concepts of oogenesis and maturation with a special note 

on shift in steroidogenesis among various teleosts. E2 regulates oocyte growth which is under 

the regulation of FSH and LH. During this process, oocyte accumulates Vtg to reach full 

grown immature post vitellogenic follicle from primary oocyte. Then there is immediate shift 
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in steroidogenic pathway leading to the production of 17α,20β-DP which ultimately leads to 

FOM. 

This entire process has been explained using a schematic diagram (Figure 1). The process 

or oocyte growth involves modulation of Ad4BP/SF1, Foxl2 and cyp19a1a while FOM 

requires over expression of CREB and 20β-HSD. 
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Abstract 
 

Gonads consist of both germ cells and gonadal somatic cells. In the gonadal 

development, primordial germ cells (PGC) are segregated from other somatic cell 

lineages and migrate into genital ridges, forming sexually undifferentiated gonads. 

Affected by genetic factors or environmental factors, gonadal primordia develop either 

testes or ovaries.  

It is believed that sexual differentiation of germ cells is dependent on the sex of their 

surrounding somatic cells, and thus germ cells have been considered as passive cells in 

terms of the gonadal sex differentiation. However, recent cellular analysis of germ cell-

deficient gonads and gonads with hyperproliferated germ cells shows that an improper 

number of germ cells can lead sex reversal, suggesting germ cells have an essential role 

in sex differentiation.  

In this chapter, we will review recent studies about involvement of germ cells in the 

sex differentiation using medaka. From the studies, we have proposed that sex 

differentiation is a process of balancing between feminization of somatic cells by germ 

cells and cell-autonomous masculinization of somatic cells. To validate the model to 

gonadal sex differentiation in other teleost fish, germ cells deficient gonads of zebrafish 

and loach are also discussed. The comparison of gonadal sex differentiation indicates 

commonality and diversification of the germ cells function in sex differentiation among 

teleost fishes.  
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Introduction 
 

Sexual reproductive animals develop either a testis or an ovary. The decision to make an 

either tissue is called as sex determination. In animal kingdom, there is variation in sex 

determination system. In mammals and birds, their sexes are determined genetically, but they 

use different genetic system: XX-XY in mammals and ZZ-ZW in birds. The sex 

determination gene is also different: Sry in mammals (Koopman et al., 1990, Sinclair et al., 

1990, Koopman et al., 1991) and Dmrt1 in birds (Smith et al., 2009). In reptiles, on the other 

hand, their sex is determined by environmental factors such as temperature at which eggs 

grow up. In most animals, once the sex is determined, they follow its sex differentiation 

program and rarely show sex reversal in normal development. However, in some groups of 

teleost fishes, such as black porgy (Lee et al., 2001), anemone fish (Fricke and Fricke, 1977) 

and bluehead wrasse (Warner and Swearer, 1991), they do show sex reversal controlled by 

genetic or social system.  

Thus, sex differentiation process is also varied among animals. Although there is 

variation in the sex determination system and sex differentiation process, these animals share 

common characteristics: they all form either a testis or an ovary. One important goal of 

research in sex differentiation is to understand the molecular machinery which ensures the 

dimorphism of gonadal development.  

Gonadal development begins with the formation of gonadal primordia consisting of germ 

cells and somatic cells. Germ cells are segregated from other somatic cells lineages at a very 

early stage of development and migrate toward a gonadal region, followed by sex-specific 

gametogenesis. It has been believed that sexual different gametogenesis, an oogenesis and a 

spermatogenesis, depends on the sex of surrounding somatic cells, and thus germ cells have 

been considered as passive cells in term of the sexual differentiation of gonads. In XY mice, 

the presence of germ cells is not required for testis cord formation (McLaren, 1991). 

However, in XX mice, when very few germ cells enter a female genital ridge, granulosa cells 

fail to differentiate and result in a streak ovary containing only stromal cells (Mclaren, 1991, 

McLaren, 2000).  

In most teleost fishes, germ cells proliferation and differentiation precede ovarian 

differentiation and are restricted during testicular development (Nakamura et al., 1998). In 

natural sex reversal process, as is observed in protogynous fishes, oocytes loss precedes the 

appearance of testicular structure. These studies suggest a role of germ cells in ovarian 

differentiation and/or maintenance of ovarian structure in some fishes. 

We have recently obtained several pieces of evidence that suggest the importance of 

close interaction between germ cells and somatic cells in establishing the dimorphism of 

gonads using germ cell-ablated and mutant medaka (Kurokawa et al., 2007, Morinaga et al., 

2007, Tanaka et al., 2008). We have proposed that the sex differentiation is a process of 

balancing between feminization of somatic cells by germ cells and male predisposition of 

somatic cells. In this chapter, we will review our recent studies about sex reversal in germ 

cell-ablated medaka and hotei mutants. To compare the sex differentiation model acquired 

from medaka with that of other teleost fishes, germ cell ablation studies using zebrafish and 

loach will be also discussed.  
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Gonadal Sex Differentiation in Medaka 
 

The sex of medaka is genetically determined by an XX-XY system, and on the Y 

chromosome, a sex determination gene, DMY/dmrt1Y, has been already identified (Matsuda et 

al., 2002, Nanda et al., 2002). The gonadal development begins with the formation of sexually 

indifferent gonadal primordia at 3-4 day post fertilization (dpf) (Nakamura et al., 2006). Just 

after the formation, the gonadal somatic cells surrounding germ cells start to express 

DMY/dmrt1Y in XY gonads, and its expression continues throughout the entire period of 

gonadal development (Kobayashi et al., 2004). Germ cells in both XX and XY gonads 

proliferate by slow intermittent division (typeI), and XX and XY gonads are morphologically 

similar by 5-6dpf. Just after the stage, a subset of germ cells in XX gonads initiates two to 

four rounds of continuous division (typeII), forming cysts of four, eight, or sixteen cells, 

which subsequently enter meiosis (Saito et al., 2007). By hatching stage (7-8dpf), while germ 

cells in XX gonads increase the number rapidly and become differentiated, those in XY 

gonads persist typeI division and slightly increase the number. Therefore, one possible role of 

DMY/dmrt1Y in somatic cells is to suppress the transition from typeI to typeII division of 

germ cells and to keep the germ cell number low.  

After hatching, female germ cells enter meiosis and start oogenesis. A female somatic 

cell marker, foxl2 is expressed in supporting cells from 5-10 day after hatching (dph), which 

subsequently found in granulosa cells surrounding diplotene oocytes (Nakamura et al., 2008). 

At the same stage, another female marker, aromatase, which is necessary for the production 

of estradiol, is also expressed in the ventral epithelial cells, which is subsequently recruited as 

theca cells surrounding follicles (Nakamura et al., 2009).  

In XY gonads, germ cells keep quiescence state by 20-30dph. A male somatic marker, 

dmrt1, is expressed from 5-10dph, but only a few or no steroidogenic enzymes such as 

p450c17 and p450c11, which are necessary for the production of 11-keto testosterone (11-

KT), are expressed at this stage. Around 20-30dph, a lobule structure is formed with the 

increased number of steroidogenic cells, and germ cells resume proliferation and start 

spermatogenesis. Thus, the production of 11-KT may be accompanied by initiation of 

spermatogenesis and formation of testicular structure.  

 

 

Female to Male Sex Reversal  

in Germ Cell-Deficient Medaka  
 

Although the sex of medaka is determined genetically, reduction of germ cells number 

during gonadal sex differentiation can induce sex reversal, suggesting germ cells have an 

essential role in sex differentiation in medaka (Kurokawa et al., 2007). When germ cells are 

ablated by disruption of PGC migration using cxcr4 morpholino, the germ cell-deficient 

gonads form a tubule-like structure in both XX and XY adults. The tubule-like structure 

consists of empty lumen surrounded by a single layer of cells, which is further separated by 

basement membrane and surrounded by outer stromal cells. Interestingly, gene expression of 

the tubule-like gonads in even XX fish shows the similar pattern to testes. They fail to express 

female markers such as foxl2 and aromatase but express a male marker, dmrt1, in an inner 

layer of cells lining the tubule, suggesting they acquire characteristics of Sertoli cells. 
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Steroidogenic enzymes necessary for the production of 11-KT, such as p450c17 and p450b11 

are also expressed in outer stromal region. Furthermore, the germ cell-deficient medaka 

displays male secondary characteristics, accompanied by an increase level of 11-KT. 

Therefore, these results suggest that medaka with germ cell-deficient medaka cytologically 

and endocrinologically develops as a male irrespective of the genetic sex.  

During the early development of germ cell-deficient gonads in XX medaka, aromatase is 

expressed in ventral epithelia as is observed in normal XX gonads. foxl2 is weakly detected in 

the interstitial region. At later stage, however, dmrt1 begins to express, and aromatase and 

foxl2 are diminished in germ cell-deficient gonads. These developmental changes in sex 

specific markers suggest that female gonadal somatic cell lineages have been 

transdifferentiated into male cell lineages. Gonadal somatic cells in XX might have a 

potential to initiate a female pathway cell-autonomously, but they are not maintained without 

germ cells. Therefore, a possible role of germ cells during sex differentiation is to maintain 

feminization of gonads, and thus, germ cells are necessary for female development.  

 

 

Male to Female Sex Reversal in Hotei Mutant  
 

Previously, hotei mutants have been isolated by mutant screening in the medaka with 

defects of gonadal development (Morinaga et al., 2007). The hotei mutants develop 

hypertrophic gonads in both XX and XY and show large, swollen abdomens. This phenotype 

results from overproliferation of germ cells that initiate at around the hatching stage through 

adult in both XX and XY. As a result of positional cloning, the responsible gene for hotei 

mutants was identified as type II receptor of anti-Müllerian hormone (amhrII). The ligand of 

amhrII is anti-Müllerian hormone, also known as Müllerian-inhibiting substance. In medaka, 

both amh and amhrII are expressed in supporting cells surrounding germ cells, suggesting the 

amh signal indirectly control germ cells proliferation. This is further confirmed by chimeric 

analysis (Nakamura et al., 2012). When germ cells from XY wild-type are transplanted to XY 

hotei embryos, XY germ cells surrounded by hotei somatic cells proliferate rapidly and 

undergo cystic division. Conversely, XY hotei germ cells show slow intermittent division 

when surrounded by XY wild-type somatic cells. Therefore, the amh signal is required in 

somatic cells to control germ cell proliferation. One interesting aspect of hotei mutants is that 

a half of XY mutants display female secondary sex characteristics with a hypertrophic 

ovarian structure in gonads (Morinaga et al., 2007). During the early sex differentiation at the 

embryonic stage, DMY/dmrt1Y as well as a male marker, gonadal soma derived growth facter 

(gsdf), are expressed in gonadal somatic cells in hotei mutants, suggesting the early male 

pathway is unaffected. After hatching, uncontrolled germ cell proliferation leads to 

appearance of cystic and meiotic germ cells in XY hotei mutants, followed by oocyte 

formation, with expression of female markers, foxl2 and aromatase, in supporting cells and 

stromal cells, respectively. It is important to note that gonadal somatic cells in XY mutants 

also express a male marker, dmrt1. These results suggest that gonadal somatic cells seem to 

undergo the male pathway, but hyperproliferation of germ cells caused by the impairment of 

amh/amhrII system leads to the feminization of gonads manifested by expression of foxl2 and 

aromatase. Importantly, when germ cells are ablated before sex differentiation by cxcr4 

morpholino, this sex reversal is suppressed, and instead both XX and XY hotei mutants show 
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the male phenotype. This result indicates that sex reversal of XY hotei mutants is not caused 

by impairment of amh/amhrII system itself in somatic cells but is mediated by 

hyperproliferated germ cells (Nakamura et al., 2012). Therefore, the studies of hotei mutants 

suggest that germ cells are sufficient for the feminization of gonads in medaka and produce 

secretion factors that can canalize the feminization of gonads.  

 

 

A Model of Balancing Sex Mediated by Germ Cells 
 

Until recently, studies on germ cells have been mainly focused on the process of 

gametogenesis and unique feature of multipotency, and less attention has been paid to the 

contribution of germ cells to sexual differentiation of gonads. The series of studies using 

medaka have suggested close association of germ cells with feminization of gonadal somatic 

cells. Figure 1 shows a model of balancing of sex mediated by germ cells. Germ cells-

deficient gonads show testis-like characteristics, indicating gonadal somatic cells are 

predisposed to male without germ cell interaction. One possible role of DMY/dmrt1Y is to 

reinforce the masculinization of somatic cells. Another possible role of DMY/dmrt1Y is to 

suppress the germ cells proliferation and/or differentiation (transition from typeI to typeII 

division). On the other hand, the sex reversal from male to female in hotei mutants suggests 

that amh/amhrII system controls sex via regulating proliferation of germ cells which then 

canalize the feminization of gonadal somatic cells. In this model, the sex differentiation can 

be considered as a process of balancing between feminization of somatic cells by germ cells 

and cell-autonomous masculinization of somatic cells.  

In XY gonads, the number of germ cells is restricted by DMY/dmrt1Y, so masculinization 

effect of somatic cells is dominant over the feminization effect by germ cells. In XX gonads, 

on the other hand, the increased number of germ cells reinforces the feminization of somatic 

cells, which overrides the cell-autonomous masculinization of somatic cells.  
 

 

Figure 1. A model of balancing of sex mediated by germ cells. The gonadal sex differentiation can be 

considered as a process of balancing between canalization of somatic cells by germ cells and male 

predisposition of somatic cells. AMH signal functions in somatic cells and controls sex differentiation 

via regulating proliferation of germ cells.  
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Function of Germ Cells in Sex Differentiation  
in Other Teleost Fishes 

 

It is intriguing whether or not the model acquired from the lines of researches using 

medaka is also adaptive to sex differentiation in other teleost fishes. Here, germ cell- deficient 

gonads in two species of teleost fishes, zebrafish and loach will be discussed.  

 

 

Germ Cell-Deficient Gonads in Zebrafish 
 

Zebrafish (Danio rerio) is a juvenile hermaphrodite, with all individuals having ovary 

like gonads during the juvenile period and the bisexual differentiation taking place at later 

stage (Takahashi, 1977, Maack and Segner 2003). The initial phase of gonadal development 

in zebrafish is similar to that of female medaka. Germ cells enter meiosis and begin oogenesis 

in all individuals, regardless of later gonadal sex. Meiotic germ cells are first observed around 

11-14dpf (Takahashi, 1977), which is similar to that observed in medaka. Expression of 

aromatase genes is observed in somatic cells at around two weeks post fertilization (wpf) 

(Wang and Orban, 2007), which is also comparable with the chronological timing of 

aromatase expression in female medaka. By 4wpf, the majority of the fish possessed gonads 

with meiotic germ cells and diplotene oocytes, representing presumptive ovaries. Starting 

with 5wpf, a putative male fish shows alternation of gonadal structure from the initial ovarian 

structure. The alternation process first includes a decrease in the number and size of oocytes 

(Maack and Segner 2003). After loss of oocytes, putative spermatogonial cells are present and 

form a cyst-like structure, followed by spermatogenesis by 7wph. In presumptive female, 

developing oocytes are maintained from 4wpf and ovarian development continues. The 

sexually dimorphic gene expression is also observed at the period of which individual 

undergoes gonadal transformation. Whereas ovarian aromatase is downregulated and amh 

and 11β-hydroxylase (cyp11b) is upregulated in male gonads, aromatase is maintained and 

amh and cyp11b are not upregulated in female gonads (Wang and Orban, 2007).  

In zebrafish, two reports have suggested that germ cells are necessary for female 

development as is observed in medaka (Slanchev et al., 2005, Siegfried and Nüsslein-

Volhard, 2008). When germ cells are ablated by the biscistornic protein killer bacterial 

system parD or dnd-morpholino, zebrafish develops as a male as judged by morphological 

and behavioral criteria. The germ cell-deficient gonads organize tubules resembling testes, in 

which putative Sertoli cells lined the tubules and putative Leydig cells are observed in the 

interstitial space. This structure is similar to germ cell-deficient gonads in medaka. 

Furthermore, gene expression analysis shows that amh, sox9a and cyp11b are expressed at the 

comparable level to testes, suggesting Sertoli cells and Leydig cells are present in germ cell-

deficient gonads.  

One notable characteristic is that the development of gonadal somatic cells in the germ 

cell-deficient fish progresses with the similar timing to wild-type gonadal development. 

Ovarian aromatase is expressed during the period of the juvenile ovary stage in wild-type. 

Similar to a putative male of wild-type, the expression of aromatse is downregulated and amh 

and cyp11b are upregulated in germ cell-deficient gonads at later stage. This indicates that 

germ cells not required for initial expression of aromatase but is required for its maintenance, 
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which is similar to germ cell-deficient gonads in female medaka. Therefore, a common role of 

germ cells during sex differentiation in medaka and zebrafish is to maintain feminization of 

gonadal somatic cells by keeping the expression of female-specific genes such as fox2 and 

aromatase. 

 

 

Germ Cell-Deficient Gonads in Loach,  
Misgurnus Anguillicaudatus 

 

Loach, Misrunus anguillicaudatus (Crypriniformes: Cobitidae) is a gonochoristic species 

distributing across a wide area of the temperate zone of East Asia and living in rivers, lakes, 

ponds and paddy fields (Fujimoto et al., 2010). The sex determination of loach is concluded 

as male heterozygous XX-XY system because all female loaches are produced after induction 

of gynogenesis in which a paternal contribution to the zygotes is absence (Suzuki et al., 

1985). However, it is also reported that the sex differentiation of loach is influenced by 

temperature, and high temperature induces female to male sex reversal (Nomura et al., 1998).  

A male loach takes about 6 months to achieve sexual maturity under artificial rearing 

conditions whereas a female loach takes one year (Fujimoto et al., 2010). The time taken to 

reach maturity in loach is longer than that in medaka and zebrafish. It takes about two months 

from the formation of gonadal primordia to the first sign of sexual differentiation in loach, 

which is also much longer compared with that in medaka and zebrafish. The first sign of 

sexual differentiation of gonads is proliferation of germ cells, which is observed in two 

months after hatching. Like medaka and other teleost fish, one type of gonads begins cystic 

division and increases the number of germ cells, while the other type undergoes slow 

intermittent division and thus keeps the number of germ cells low. At later stage, dimorphic 

structural changes of gonadal somatic cells are observed in wild-type loach. Putative female 

gonads elongate to attach to a coelomic wall, which consequently form the ovarian cavity 

between a gonad and a coelomic wall. In putative male, a seminal lobule structure and a 

sperm duct begin to form. Loach with germ cell-deficient gonads is induced by dnd-

morpholino (Fujimoto et al., 2010). Interestingly, sex-specific structural changes of somatic 

cells described above are also observed in germ cell-deficient gonads of loach at the similar 

timing. In sexually mature wild-type loach, male and female can be distinguished 

phenotypically by the presence or absence, respectively, of bony plates in the pectoral fins. 

These secondary characteristics are also observed in two-year-old dnd-morphant loach. The 

gonads from phenotypic male show a tubule-like structure. Similar to germ cell-deficient 

gonads of medaka and zebrafish, the tubule-like structure in loach consists of an inner layer of 

Sertoli-like cells lining the tubule and stromal cells surrounding outside the tubule. dmrt1 is 

expressed in the tubule-like gonads at the similar level to wild-type testes, thus indicating that 

sexual differentiation to male normally takes place. On the other hand, the gonads from 

phenotypic female show a ribbon-like structure that consists of stromal cells at a ventral side 

and epithelia cells lining coelomic wall. One notable characteristic of ribbon-like gonads is 

presence of hypertrophied and ciliated epithelial cells lining coelomic wall. It is reported that 

hypertrophied epithelial cells lining the ovarian lumen were present in advance of ovarian 

maturation in medaka (Yamamoto, 1963). A study in goldfish also shows that the estrogen is 

capable of inducing precocious hypertrophy and ciliation of the epithelial cells lining the 
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ovarian lumen (Takahashi and Takano, 1971). Therefore the presence of hypertrophied and 

ciliated epithelia suggests that the ribbon-like gonads are formed by endogenous estrogen. In 

support of this, aromatase is expressed in the gonads from phenotypic female. In addition, 

foxl2 is also expressed in the ribbon-like gonads, indicating germ cell-deficient gonads in 

loach are normally feminized. Therefore, germ cell-deficient gonads in loach can develop into 

either a testicular or an ovarian structure, and thus sexual dimorphism of gonads is evident. In 

loach, germ cells seem not to be required for the feminization of gonads.  

 

 

Comparison between Medaka, 

Zebrafish and Loach  
 

What makes the difference between medaka and zebrafish, and loach in terms of gonadal 

sex differentiation without germ cells? It is unlikely that the pattern of gonadal sex 

differentiation without germ cells is correlated with close phylogenetic relationship. Whereas 

medaka is included in a group of Beloniformes, both zebrafish and loach are included in 

Cypriniformes. Therefore, the phylogenetic relationship between medaka and zebrafish is not 

as close as that between zebrafish and loach, but both medaka and zebrafish show all male 

phenotype when germ cells are ablated. In Figure 2, gonadal sex differentiations of medaka, 

zebrafish and loach are summarized. The female gonadal development in medaka is 

comparable to that in zebrafish as described previously (Saito and Tanaka, 2009). By 

comparing the gonadal sex differentiation of three species, two major differences are found in 

loach compared to medaka and zebrafish. First, the timing of ovarian morphogenesis, 

especially for the formation of ovarian cavity, relative to development of germ cells is 

different. Second, the initiation of meiosis and oogenesis is much later in loach than that in 

medaka and zebrafish. In teleost fishes, the timing of the formation of ovarian cavity relative 

to germ cell development is different from species to species (Nakamura et al., 1998). In 

medaka and zebrafish, germ cells enter meiosis and start oogenesis (oocyte formation) before 

the formation of ovarian cavity (Takahashi, 1977, Suzuki et al., 2004). In loach, on the other 

hand, stromal elongation of gonads for the formation of the ovarian cavity occurs 

coincidentally with the appearance of meiotic germ cells (Fujimoto et al., 2010). The similar 

pattern of ovarian formation is also observed in goldfish, Carassius auratus (Nakamura, 

1978, Nakamura et al., 1998). Although the mechanism of the ovarian cavity formation is not 

fully understood, it is reported that endogenous estradiol is one of the factors required for the 

formation of the ovarian cavity in medaka (Suzuki et al., 2004). Therefore, it is possible that a 

sufficient amount of estradiol for ovarian cavity formation is already produced before meiotic 

entry of germ cells in loach. In Nile tilapia, Oreochromis niloticus, the ovarian cavity forms 

before the appearance of meiotic germ cells (Nakamura and Nagahama, 1985, Nakamura et 

al., 1998). Furthermore, although the expression levels are low, foxl2 and aromatase are 

expressed higher in putative female than those in putative male before oogonial proliferation 

in tilapia (Kobayashi et al., 2000, Ijiri et al., 2008). The timing of foxl2 and aromatase 

expression has not been reported in loach, but considering the studies in tilapia and the 

presence of the long period before germ cell proliferation in loach, it might be possible that 

aromatase and foxl2 begin to be expressed and estradiol is accumulated by the time at which 
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germ cells enter meiosis in loach. Therefore, in this case, gonadal somatic cells in loach are 

first feminized endocrinologically, and feminizing effects by germ cells are not required. 

 

 

Figure 2. Comparative analysis of gonadal development in medaka, zebrafish and loach. Two major 

differences are found in loach compared to medaka and zebrafish. First, the timing of the formation of 

ovarian cavity relative to development of germ cells is different. Second, the initiation of meiosis and 

oogenesis is much later in loach than that in medaka and zebrafish. The type of gonadal development in 

goldfish and tilapia is similar to that in loach. Arrowheads indicate hatching.  

However, this does not mean that feminizing effects of somatic cells by germ cells are 

absent in loach, but changing the timing of ovarian morphogenesis might modify the 

dependency of germ cells on feminization of somatic cells. From these speculations, the 

timing of ovarian morphogenesis relative to germ cell development might be one indicator of 

the dependency of germ cells on the feminization of somatic cells. The more germ cells 

differentiate during the ovarian morphogenesis, as is observed in medaka and zebrafish, the 

more the dependency of germ cells on feminization of gonadal somatic cells increases. If this 

model is true, germ cell-deficient goldfish and tilapia might also show dimorphic gonadal 

structures as is observed in loach. In the evolutionary point of view, it is interesting issues 

how teleost fishes modify the contribution of germ cells for the establishment of gonadal 

feminization depending on their diversity of life cycles and reproductive modes.  
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Unsolved Problems about the Feminization  
of Gonads by Germ Cells  

 

There are two unsolved questions about the feminization of gonads by germ cells: 1) 

which stage of germ cells are critical for the feminization of somatic cells? 2) What are the 

secreted factors which can canalize the feminization of gonads? 

For the first question, meiotic germ cells and/or oocytes may be candidate germ cells for 

the feminization of gonads. In teleost fishes, cystic germ cells enter meiosis and subsequently 

break up into separated oocytes during which supporting cells surround each oocyte and 

differentiate to granulose cells. In medaka, it is reported a female marker, foxl2, is 

predominantly expressed in granulose cells surrounding oocytes (Nakamoto et al., 2006, 

Nakamura et al., 2008), and aromatase expressing cells, which appear in the ventral side of 

epithelia, are recruited to surrounding of diplotene oocytes (Nakamura et al., 2009). The loss 

of foxl2 and aromatase expression in germ cell- deficient gonads may result from failure of 

the recruitment of pre-granulose cells and aromatase expressing cells by meiotic germ cells 

and/or oocytes. In adult mammal, loss of oocytes does not induce transdifferentiation of 

granulose cells to Sertoli-like cells as analyzed by male markers such as Sox9 and Hsd17b1 

(Uhlenhaut et al., 2009). However, during a fetal stage, loss of germ cells leads to failure of 

granulose cell differentiation and results in a streak gonad containing only stromal tissue 

(McLaren, 1991, McLaren, 2000). Considering that pre-granulosa cells invade inbetween the 

clusters of meiotic germ cells and each separated oocyte becomes surrounded by granulose 

cells in mammals, meiotic germ cells and/or oocytes may be required for the granulose cell 

differentiation during a fetal stage and thus, formation of primordial follicles. These two 

studies in mammals suggest that meiotic germ cells and/or oocytes are required for the 

establishment of feminization of gonad during a fetal stage. But once the feminization of 

gonads is established, oocytes may not be any longer required for the maintenance of 

feminized gonads. Therefore, it is possible to speculate that the requirement of meiotic germ 

cells and/or oocytes for the differentiation of granulose cells is conserved in both teleosts and 

mammals. To further elucidate this issue, a stage-specific ablation of germ cells should be 

necessary using, for example, a cell specific expression of Nitroreductase (Curado et al., 

2008).  

For the second question, candidate genes for factors for feminizing gonads originating 

from germ cells have not been reported so far, but their functions or roles of the genes could 

be addressed: upregulation of foxl2 in supporting cell lineage and recruitment of aromatase 

expressing cells. The latter process might not be a direct effect of the feminizing factors, but 

might be the secondary effect of feminization of supporting cells. It is also possible that 

feminization factors suppress dmrt1 in supporting cells, which is antagonized by foxl2 in mice 

(Uhlenhaut et al., 2009, Matson et al., 2011). The antagonizing and overriding effects are 

possibly present in medaka. Loss-of-function mutants of dmrt1 form follicles during sex 

differentiation and show male-to-female sex reversal in adults, suggesting induction of foxl2 

expression without dmrt1 (Masuyama et al., 2012). In XY hotei mutants, the overproliferation 

of germ cells induces foxl2 expression, overriding dmrt1 function in the supporting cells and 

leading to complete sex reversal (Nakamura et al., 2012).  
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Conclusion 
 

The gonadal sex differentiation is achieved by the close interaction between germ cells 

and somatic cells. Generally, a unidirectional signal is not sufficient especially for ovarian 

development, but a reciprocal crosstalk is required for dimorphic gonadal formation. In 

medaka, somatic cells control the proliferation and differentiation of germ cells using 

amh/amhrII system. On the other hand, germ cells have the ability to canalize the 

feminization of somatic cells. These two interactions make proper balance between 

feminization of somatic cells by germ cells and male predisposition of somatic cells. The 

impairment of the balance results in the sex reversal as observed in germ cells-deficient 

medaka and hotei mutants. Comparative analysis of germ cell-deficient gonads in medaka, 

zebrafish and loach reveals that germ cells are not always necessary for feminization of 

gonadal somatic cells among teleost fishes.  

However, this result does not conclude that feminization effect of somatic cells by germ 

cells is absent in a group of teleost fishes, but we propose that the timing of ovarian 

morphogenesis modifies the dependency of germ cells on the feminization of gonadal somatic 

cells. To further understand the role of germ cells in sex differentiation, it is necessary to 

identify the feminizing factors secreted by germ cells, which provides us with more clear 

views on commonality and diversity in the balancing of sex differentiation.  
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Abstract 
 

Gonadotropin hormones (GTHs) are kinds of heterodimeric glycoproteins released 

from pituitary, target gonadal tissues and control gonadogenesis, gametogenesis, and sex 

change via cognate receptor in vertebrates. Since 1999, the genes of GTH receptor 

(GTHR) have been isolated and characterized from over 20 fishes. These findings 

provide insights into the mechanism of GTH actions for applications in fish 

endocrinology, reproductive biology, and fishery science. This chapter summarize the 

last 13 year of literature regarding the fish follicle-stimulating hormone receptor (FSHR) 

and luteinizing hormone receptor (LHR) genes, particularly by focusing on the molecular 

cloning and evolution, ligand preference, tissue specificity, temporal and spatial 

distribution in gonads, which also involve in recent challenges to understand the origin of 

glycoprotein hormone (GpH)–receptor system during the evolution of chordates and 

natural/artificial sex change in fishes. 

 

 

Abbreviations 
 

LHR, luteinizing hormone receptor; 

FSHR, follicle-stimulation hormone receptor; 

TSHR, thyrotropin receptor; 

GTHR, gonadotropin receptor; 

GpHR, glycoprotein hormone receptor. 
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Introduction 
 

In mammals, it has been well studied that two different gonadotropins (FSH and LH) 

play pivotal roles to control various reproductive aspects, especially gonadal development. 

FSH and LH are the heterodimeric glycoprotein hormones, consisting of common  subunit 

and variable (type-specific)  subunit, secreted from pituitary to the bloodstream. In the testis 

and ovary, there are two gonadotropin receptors FSH and LH receptor, which selectively bind 

to FSH and LH respectively, and transduce the pituitary signal temporarily and spatially to 

the gonads. In teleosts, since the duality of fish gonadotropin, FSH and LH (formerly GTH I 

and GTH II), was elucidated, the secretory profiles during the reproductive cycle and the 

responsiveness to the follicular cells, especially sex steroid production, has been studied 

extensively in various fish species (Nagahama, 1994). However, little was known about the 

characteristics of fish GTH receptors because of lacking its molecular evidences. This chapter 

summarizes the isolation and characterization of fish FSHR and LHR genes since two 

GTHRs were isolated for the first time from amago salmon (Oba et al., 1999a, b). 

 

 

Molecular Cloning 
 

The duality of GTH receptor in teleosts has long been discussed (Breton et al., 1986; 

Kanamori and Nagahama, 1988; Le Gac et al., 1988; Yan et al., 1992; Miwa et al., 1994) and 

finally identified by molecular cloning of two different receptor genes from amago salmon, 

Oncorhynchus rhodurus (Oba et al., 1999a, b), followed by channel catfish, Ictalurus 

punctatus (Kumar et al., 2001a, b), Nile tilapia, Oreochromis niloticus (Oba et al., 2001), 

African catfish, Clarias gariepinus (Bogerd et al., 2001; Schulz et al., 2001; Vischer and 

Bogerd, 2003), gilthead seabream Sparus aurata (Wong et al., 2004), and zebrafish Danio 

rerio (Laan et al., 2002; Kwok et al., 2005). To date, a pair of GTHR genes has been isolated 

from 5 major super orders of Neopterygii viz. (Elopomorpha, Ostariophysi, Eutelostei, 

Paracanthopterygii, and Acanthopterygii) containing 12 orders (Anguilliformes, 

Cypriniformes, Siluriformes, Salmoniformes, Gadiformes, Atheriniformes, Beloniformes, 

Cyprinodontiformes, Gasterosteiformes, Perciformes, Pleuronectiformes, and 

Tetraodontiformes) and over 20 species, which strongly suggests that the duality of GTH 

receptor are universal in fishes. 

The deduced amino acid sequences showed that the fish GTHRs consist of putative signal 

peptides at N-terminus, long extracellular domain containing N-glycosylation sites, seven 

transmembrane domain, and intracellular C-terminal domain, as tetrapod GTHRs (Levavi-

Sivan et al., 2010). Overall amino acid identities of FSHRs between teleosts and tetrapods are 

approximately 50%, and similar identity values are found with those of LHRs. The identities 

are relatively high in seven transmembrane domains. 

 

 

Molecular Evolution 
 

It had been unclear whether two different types of GTRHs in teleosts are evolutionary 

homologous to FSHR and LHR in tetrapod lineages when sequence information of fish 
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GTHR was very liminted (Oba et al., 1999a, b). After accumulating cloning reports from 

wide range of teleosts species, it became clear that two GTHRs are the orthologue of FSHR 

and LHR (see the comprehensive maximum likelihood tree in Chauvigné et al., 2010). This 

finding is also supported by the presence of extra-intron unique to tetrapod and fish LHRs 

(Kumar et al., 2001a, b; Kumar and Trant, 2001; Oba et al., 2001; Vischer et al., 2003) and by 

the syntenic analysis (Chauvigné et al., 2010). Therefore, two types of GTHRs in teleosts are 

now appropriate to be named as the FSHR and LHR, as those in tetrapods, and we can easily 

judge whether the cloned fish GTHR is FSHR or LHR only by sequence analysis. 

It is of interest that fish LHRs comprise two distinct clades, and those of channel catfish 

and African catfish are in each clade, as well as those of tongue sole/ Senegalese sole, and 

gilthead seabream/ goldlined seabream. To address this enigma, Chauvigné et al. (2010) 

speculated by their extensive phylogenetic and syntenic analyses that interallelic gene 

conversion or tandem gene duplication might have occurred during the evolution of LHR in 

teleosts lineage. 

Whole genome shotgun sequence of the elephant shark, Callorhinchus milii 

(Elasmoblanchii), revealed that the two putative GTHR genes are tandemly aligned on the 

chromosome, as the case with higher tetrapods FSHR and LHR (Chauvigné et al., 2010). This 

suggests that the origin of FSHR and LHR might trace back even before the divergence of 

elasmobranches. Two GTH  subunits, corresponding to FSH  and LH , were isolated from 

the dogfish shark, Scyliorhinus canicula (Quérat et al., 2001), suggesting that the date of 

origin for FSH and LH might also be before the divergence of elasmobranches. 

Two putative genes of GpHRs were cloned from the testis and thyroid of sea lamprey, 

Petromyzon marinus (Freamat et al., 2006, Freamat and Sower, 2008a). Molecular 

phylogenetic analyses showed that these two putative genes are placed outside of the clade 

containing FSHR, LHR and TSHR in teleosts and tetrapods (Chauvigné et al., 2010). Sower 

et al. (2006) suggested that sea lamprey possesses single GpH, and Freamat and Sower 

(2008b, 2010) hypothesized that the two GpHR share single GpH ligand. In brown hagfish, 

Paramyxine atami, single GpH  subunit was isolated, and purified native GpH induced the 

release of gonadal sex steroids in vitro (Uchida et al., 2010), which implicates the presence of 

GpHR. In amphioxus, Branchiostoma belcheri, glycoprotein subunit genes similar to the 

thyrostimulin were isolated (Tando and Kubokawa, 2009a, b; Kubokawa et al., 2010), but no 

evidence for the presence of a GpHR in amphioxus (Freamat and Sower, 2010). These recent 

findings suggest that GpHR might have originated prior to the evolutionary split between 

agnathans and gnathostomes. 

 

 

Functional Characterization 
 

In order to characterize GTH receptor, it is necessary to determine the properties of 

ligand binding and/or ligand response for the gene product. The gene products of fish GTH 

receptors have been expressed in mammalian COS (Oba et al., 1999a, b; Kumar et al., 2001a, 

b; Laan et al., 2002; Ko et al., 2007; Sambroni et al., 2007), HEK (Bogerd et al., 2001; 

Vischer et al., 2003; Rocha et al., 2007; Andersson et al., 2009), and CHO (So et al., 2005) 

cells or Xenopus oocyte (Chauvigné et al., 2010), and the functional responses have been 

determined by measuring cAMP accumulation (Oba et al., 1999a, b; Laan et al., 2002; Ko et 
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al., 2007; Chauvigné et al., 2010) or reporter gene assay, such as firefly luciferase, driven by 

cAMP responsive promoter (Kumar et al., 2001a, b; Bogerd et al., 2001; Vischer et al., 2003; 

So et al., 2005; Rocha et al., 2007; Ko et al., 2007; Sambroni et al., 2007; Andersson et al., 

2009). Ko et al. (2007) performed both cAMP measurement and reporter gene assay, showing 

that these independent results were in good agreement. Although they did not provide EC50 

concentrations, as pointed out by Andersson et al., 2009, the facts may ensure compatibility 

of these two assay methods. 

The results for the ligand selectivity of fish GTHR are varied, but mostly FSHR and LHR 

exhibit binding preference to FSH and LH respectively, regardless of its 

homologous/heterologous or purified/ recombinant origins. These findings are consistent with 

the facts that heterologous (including mammalian origins’) or recombinant GTHs can induce 

the gametogenesis, sex change and steroidogenesis of fish in vivo (Devlin and Nagahama, 

2002). Furthermore, the results suggest that the binding preference of FSHR and LH to the 

corresponding hormones (FSH and LH, respectively) were established prior to the split 

between teleost and tetrapod lineages. In this viewpoint, studying the ligand specificity for 

elasmobranch GTHRs will be of particular interest. However, more detailed interpretation of 

ligand selectivity should also be analyzed carefully because of the following reasons: (i) most 

of the reports used heterologous ligands; (ii) it is uncertain that recombinant GTH possess 

same property as that of naturally purified GTH from fish pituitary; (iii) it is also uncertain 

whether fish GTHR expressed in mammalian cells is functionally equivalent to those in fish 

gonad (Levavi-Sivan et al., 2010). 

Studies on the ligand specificity of FSHR and LHR using homologous FSH and LH are 

limited. Vischer et al. (2003) studied ligand specificities of African catfish FSHR and LHR 

expressed in HEK cell using recombinant African catfish FSH and LH, showing that FSHR 

was activated by homologous FSH and LH and LHR was activated selectively by LH at 

ng/ml order. García-López et al. (2009) studied African catfish FSHR and LHR using 

recombinant channel catfish FSH and LH, which showed similar responsiveness as those of 

homologous FSH and LH. Sambroni et al. (2007) showed analyzed ligand specificities of 

rainbow trout FSHR and LHR expressed in COS cells using purified FSH and LH from 

rainbow trout pituitary, which had revealed that FSHR and LHR were activated selectively by 

homologous FSH and LH at ng/ml order, respectively. They also showed ligand specificity of 

rainbow trout FSHR and LHR for heterologous FSH and LH purified from Chinook salmon 

pituitary, and the results were similar to those of using homologous FSH and LH. 

 

 

Tissue Distribution 
 

Most of fish GTHR genes have been cloned from either testis or ovary. Tissue 

distribution has been studied by RT-PCR, showing that fish FSHR and LHR are commonly 

expressed in testis and ovary. 

Extragonadal expression was also observed, for example: in kidney (channel catfish LHR, 

Kumar et al., 2001a; zebrafish FSHR, Kwok et al., 2005; Atlantic halibut FSHR and LHR, 

Kobayashi et al., 2008), in liver (zebrafish LHR, Kwok et al., 2005), in brain (amago salmon 

LHR, Oba et al., 1999a; African catfish LHR, Vischer and Bogerd, 2003; Atlantic salmon 

LHR, Maugars and Schmitz, 2006; Atlantic halibut LHR, Kobayashi et al., 2008; Atlantic 
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salmon FSHR, Andersson et al., 2009; Atlantic cod FSHR and LHR, Mittelholzer et al., 2009; 

orange-spotted grouper FSHR and LHR, Hu et al., 2011; Japanese eel FSHR, Kazeto et al., 

2012), in gill (channel catfish LHR; Kumar et al., 2001a; Atlantic salmon LHR, Maugars and 

Schmitz, 2006; Atlantic halibut LHR, Kobayashi et al., 2008; Senegalese sole FSHR, 

Chauvigné et al., 2010; eel FSHR and LHR, Kazeto et al., 2012), in muscle (channel catfish 

LHR, Kumar et al., 2001a; African catfish LHR, Vischer and Bogerd, 2003; Atlantic salmon 

LHR, Andersson et al., 2009), in spleen (channel catfish FSHR, Kumar et al., 2001b; 

Okinawan rubble goby LHR, Kobayashi et al., 2009), heart (Atlantic halibut LHR, Kobayashi 

et al., 2008), in head-kidney (African catfish LHR, Vischer and Bogerd, 2003), in gut 

(zebrafish LHR, Wong and van Eenennaam, 2004), and in pituitary (zebrafish LHR, Wong 

and van Eenennaam, 2004; Atlantic halibut FSHR and LHR, Kobayashi et al., 2008; Atlantic 

salmon FSHR, Andersson et al., 2009). However, some of these extragonadal expression 

profiles are not congruent. For example, expression of LHR in zebrafish pituitary (Wong and 

van Eenennaam, 2004) was not detected in other report (Kwok et al., 2005). The expression 

of LHR in kidney was not detected in amago salmon (Oba et al., 1999a), pejerrey (Shinoda et 

al., 2010), and Senegalese sole (Chauvigné et al., 2010). Further studies are necessary to 

explain these discrepancies with careful consideration of other possible factors such as the 

sensitivity and selectivity of RT-PCR and condition of the specimen including sex and life 

stage. 

 

 

Cellular Localization in Gonad 
 

In testis, the cell type specificity of the fish GTHR gene expression has been studied by 

immunohistochemistry, in situ hybridization or quantitative PCR (qPCR). In general, fish 

FSHR gene was expressed in Sertoli and/or Leydig cells, fish LHR was in Leydig but not in 

Sertoli cells (amago salmon and tilapia, Figures 1 and 2, Oba et al., 2001; Japanese eel, Ohta 

et al., 2007; African catfish, García-López et al., 2009; honeycomb grouper, Alam et al., 

2010). These results are in agreement with the previous report by in vitro ligand 

autoradiographies using coho salmon testis (Miwa et al., 1994). In zebrafish testis, by in situ 

hybridization, FSHR transcript was detected in Leydig, but not in Sertoli and germ cells. 

On the other hand, the expression of LHR was not detected in any testicular cells. However, 

significant expression of FSHR and LHR in both Leydig and Sertoli cells of zebrafish testis 

was shown by qPCR (García-López et al., 2010). The authors suggested that the observation 

of LHR in Sertoli cells is unusual and this might be related to the undifferentiated 

gonochoristic mode of gonadal sex differentiation. 

In ovary, the studies on the cellular localization of fish GTHRs were very limited. In situ 

hybridization studies showed that the expression of FSHR gene was detected in granulosa 

cells of vitellogenic follicles in tilapia, and LHR was in granulosa cells of full-grown follicles 

in amago salmon (Figures 1 and 2, Oba et al., 2001). In Atlantic salmon, the expression of 

LHR gene was detected in the granulosa and weakly in the theca cells of full-grown follicles, 

but the expression of FSHR was not detected by in situ hybridization (Andersson et al., 

2009). In Atlantic halibut, the expression of FSHR was detected in the granulosa cells of late 

vitellogenic follicles (Kobayashi et al., 2008). These results are largely congruent with those 

by ligand binding analyses in coho salmon, which suggested that FSHR is present in both 
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theca and granulosa cells whereas LHR is only in granulosa (Yan et al., 1992; Miwa et al., 

1994). 

 

 

Figure 1. In situ hybridization of amago salmon full-grown ovary (A, B) and matured testis (C, D), 

using DIG-labeled antisense LHR (A, D), sense LHR (B), and antisense FSHR (C). Arrows in panel A 

represent the expression of LHR in granulosa cells. Arrows in panel C represent the expression of 

FSHR in Sertoli cells. Arrow in panel D represents the expression of LHR in Leydig cell. Bar shows 50 

m. 

 

Figure 2. In situ hybridization of Nile tilapia ovary (A) and matured testis (B, C), using DIG-labeled 

antisense FSHR (A, B) and antisense LHR (C). In panel A, P and V represent pre-vitellogenic and 

vitellogenic oocytes, respectively. FSHR is expression in granulosa cells in vitellogenic stage but not in 

pre-vitellogenic stage. Arrows in panels B represent the expression of FSHR in Sertoli cells. Arrows in 

panel C represent the expression of LHR in Leydig cells. Bars show 100 m. 
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Stage Specificity in Gonad 
 

The temporal profiles of the gene expression for fish FSHR and LHR in ovary and testis 

have been analysed for studying gonadogenesis, gametogenesis, sex differentiation, and sex 

change. Most of these studies have performed using qPCR, but care must be taken for 

interpreting these data, because alternative splicing forms have found in some fish FSHRs 

(Laan et al., 2002; Rocha et al., 2007; Kobayashi and Andersen, 2008) though their roles are 

uncertain. 

In female ovary, fish FSHR and LHR transcripts are generally expressed in vitellogenic 

and full-grown follicles, respectively (Figures 3 and 4) in amago salmin and tilapia as well as 

other teleosts (Oba et al., 2001; Levavi-Sivan et al., 2010; Kwok et al., 2006; Kitano et al., 

2011). Eel ovarian growth and gametogenesis can be induced by gonadotropic treatments 

using fish pituitary extracts, and Jeng et al. (2007) showed that Japanese eel ovary injected by 

salmon pituitary extract exhibit the elevation of both FSHR and LHR transcripts. These 

results support the involvement of FSHR in the recruitment of new oocyte clutches and 

vitellogenesis, and LHR in the shift of the stages from oocyte growth to maturation. In 

addition, increase in the expression of salmon FSHR (Figure 3) was observed at oocyte 

maturation and ovulation stages (Oba et al., 2001; Sambroni et al., 2007) though the 

physiological significance of this increase in salmonids remains unclear. Bobe et al. (2003) 

demonstrated that rainbow trout follicles possessing maturational competence for pituitary 

GTHs express significantly higher FSHR than those of less competent follicles. 

 

 

Figure 3. Northern blot hybridization of FSHR and LHR in amago salmon. Panel A: ovarian follicles. 

lane 1, yolk vesicle stage (GSI= 0.56); lanes 2-5, yolk globule stages (GSI= 0.84, 2.67, 6.67, 18.72, 

respectively); lane 6, full-grown but not ovulated stage (GSI= 22.95); lane 7, after ovulation (GSI= 

1.28). Panel B: testis. lanes 1-4, spermatogenesis (GSI= 0.12, 0.23, 1.65, 5.40, respectively); lane 5, 

spermiation (GSI= 5.17). EtBr represents the ethidium bromide staining of the gel. 

In male, both fish FSHR and LHR transcripts significantly increase during 

spermatogenesis, suggesting the functions of FSHR and LH in the male gametogenesis and 

spermiation in fish (Figures 3 and 4), but the temporal profiles vary in certain fish species 

(Oba et al., 2001; Rahman et al., 2003; Kusakabe et al., 2006; Sambroni et al., 2007; Maugars 

and Schmitz, 2008; García-López et al., 2009; Rocha et al., 2009; Chauvigné et al., 2010; de 

Almeida et al., 2011; Mechaly et al., 2012). When injecting recombinant zebrafish LH, the 

expression of FSHR gene is increased in zebrafish testis (García-López et al., 2010). 
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Figure 4. Northern blot hybridization of FSHR and LHR in the first clutch intact follicles of Nile tilapia 

during the ovarian development. lanes 1-2, mid-vitellogenic stages; lanes 3-4, late-vitellogenic stages; 

lane 5, full-grown stage; lane 6, after germinal vesicle braked down. EtBr represents the ethidium 

bromide staining of the gel. 

The transcript levels of GTHRs in gilthead seabream were measured during the first 36 

days after fertilization by qPCR, showing the continuous expression of both FSHR and LHR 

with concomitant fluctuation (Wong et al., 2004). This result suggests that FSHR and LHR 

may be involved in the gonadal development and germ cell proliferation. The expression 

profiles of fish FSHR and LHR during gonadogenesis was studied by qPCR using juvenile of 

pejerrey, a species of temperature-dependent sex determination (Shinoda et al., 2010). The 

results showed that the expression level of LHR is significantly higher at female producing 

temperature than those in male producing temperature during sex differentiation period. On 

the other hand, the relationships between the expression of FSHR and sex differentiation was 

not clear (Shinoda et al., 2010). 

The involvement of fish FSHR and LHR during sex change have recently studied by 

qPCR. An et al. (2009, 2010) showed in protandrous hermaphrodite fishes, black porgy 

Acanthopagrus schlegeli and cinnamon clownfish Amphiprion melanopus, that FSHR and 

LHR are significantly expressed during sex change in gonads, but the transcript levels are 

lower than those in mature female. Kobayashi et al. (2009) studied the expression manners of 

FSHR and LHR transcripts during sex change using Trimma okinawae, a gobiid fish 

changing their sex in both directions successively. This fish possesses both ovarian and 

testicular tissues, and the result by qPCR showed that both FSHR and LHR increased in 

ovary and decreased in testis when the fish changes from male to female. When the fish 

changes from female to male, both FSHR and LHR increased in testis and decreased in ovary 

(Kobayashi et al., 2009). In honeycomb grouper, FSHR transcript in the gonadal tissue 

significantly elevated at early stages of sex change from male to female (Alam et al., 2010). 

Hu et al. (2011) demonstrated by qPCR that sex change in the orange-spotted grouper from 

female to male by injecting 17 -methyltestosterone induces elevation of LHR and reduction 

of FSHR. The authors discussed that the contradictory results between two groupers imply 

the different regulatory mechanisms of FSHR signaling in natural and artificial sex change. 

Involvements of GTHRs in sex differentiation and sex change are ongoing topics of interest. 
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Conclusion 
 

The last 13 years of research into the fish FSHR and LHR genes has revealed the crucial 

actions of GTHs in fish reproduction. Basic characteristics of fish FSHR and LHR, such as 

protein structure, tissue distribution, and cell locality, are similar to those in mammals and 

avians. On the other hand, ligand affinities of fish FSHR and LHR to the respective ligands 

(fish FSH and LH) seem to be less selective than those in mammalian FSHR and LHR. 

However, it should be pointed out that this fact does not mean primitive or unsophisticated 

characteristics of GTH/GTHR systems in fish. Fish exhibits a wide variety of reproduction 

strategies, iteroparous/ semelparous, environmental/ genetic sex determination, protogynous/ 

protandrous sex change, and GTH/GTHR systems are largely involved in these mechanisms 

(Devlin and Nagahama, 2002). Knowledge from the molecular analyses of GTHR in fish has 

also provided new insights into the evolution of hormonal reproductive systems on 

hypothalamic-pituitary-gonadal axis. Recent studies in amphioxus, hagfish, lamprey, and 

elasmobranch assisted by whole genome sequence projects are exploring its deep origins. 
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Abstract 
 

The brain-pituitary (BP) complex regulates the teleost reproduction through various 

hormones/factors that act at different levels of the BP-gonadal axis, in conjunction with 

intrinsic physiological processes, environmental cues and social interactions. 

Hypophysial gonadotropins (GtHs), FSH and LH are directly regulated by 

hypophysiotropic neurons, especially by gonadotropin-releasing hormone (GnRH) 

neurons which in turn are modulated by brain factors and sensory inputs. GnRH neurons 

exist in 3 different locations. The preoptic area GnRH-I neurons are involved in direct 

GtH stimulation, but dopamine inhibits GtH release; blockage of dopamine actions by 

domperidone has been crucial in formulation of the fish-spawning agent, Ovaprim. 

Midbrain tegmental GnRH-II and rostral forebrain GnRH-III perikarya partake in 

neuromodulatory and auxiliary reproductive functions. Recent knowledge on Kiss1 and 

Kiss2 neurons, including their receptors, association with GnRH neurons and functional 

significance has been summarized; Kiss2 neurons may stimulate or inhibit GtH 

depending upon the reproductive state. Kisspeptins serve as gate-keepers allowing steroid 

feedback, photoperiod, temperature and energy balance signals. The information about 

the role of many other GtH regulators such as GnIH, serotonin, melatonin, vasotocin, 

monoamines, GABA, nitric oxide, noradrenalin, Neuropeptide Y and Ghrelin has also 

been included. Participation of other factors such as cholecystokinin, pituitary adenylate 

cyclase-activating polypeptide, inhibin, activin, insulin-like growth factor-1, 

glucocorticoids, leptin, gonadal steroids in teleost reproduction has also been indicated. 

Having traced the significance of environmental factors in tropical fish breeding, the 

usefulness of these factors in evolving novel, non-invasive fish breeding techniques has 

been proposed. 
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1. Introduction 
 

Teleost reproduction encompasses processes such as gonad differentiation, puberty, male 

and female gametogenesis, cyclic histocytological, hormonal and neurotrasmitter changes in 

the brain-pituitary-gonadal (BPG) axis, social and behavioral interaction, status change, and 

the timing of actual spawning These physiological processes are regulated by several 

neuroendocrine, endocrine, paracrine and autocrine factors synthesized and secreted by 

different components of the BPG axis (Reviews: Trudeau, 1997; Yaron et al., 2003; Abe and 

Oka, 2010; Zohar et al., 2010; Kanda and Oka, 2012; Tena-Sempere et al., 2012). 

Furthermore, the reproductive functions also interact with other important intrinsic 

physiological processes such as feeding, growth, nutrition, osmoregulation, and response to 

stress factors, pheromones and extrinsic factors including photoperiod, biological and 

physicochemical properties of water (see Suresh et al., 2008; Zohar et al., 2010) etc. at 

different stages depending on the species. Added to this complexity of reproduction is the 

occurrence of about 30,000 extant teleosts that occupy a wide variety of environments with a 

staggering diversity in reproductive strategies for successful breeding, survival of the eggs, 

young ones and frequency of spawning. The rainbow trout breeds only once in lifetime, a few 

others once in a few years, most tropical carps and catfishes breed once in a year, some breed 

once in a month or even every few weeks; interestingly, the black bream, and greenback 

flounder are multiple-repeat spawners probably on a daily basis (see Suresh et al., 2008). 

However, most tropical cyprinids do not breed in ordinary perennial tanks, but breed only in 

rivers, inundated fields and tanks that become flooded during monsoon period (Bhattacharya 

et al., 2007; Moniruzzaman and Maitra, 2012).  

Primarily, the reproductive activity is controlled by the pituitary gonadotropins (GtHs) 

which in turn are regulated by specific hormones manifested through the brain-pituitary (BP) 

axis. Although early studies ascribed the primarily role in GtH regulation to the hypothalamic 

nuclei, subsequent research unfolded the role played by the forebrain and other areas of the 

brain. There is also a growing body of evidence demonstrating the influence of various 

environmental cues and social interactions in modulation of brain hormones and regulation of 

reproduction. 

 

 

2. Brain-Pituitary Complex 
 

The pituitary gland (PG), the source of GtHs is composed of a glandular part, the 

adenohypophysis and a neural part, the neurohypophysis. The adenohypophysis has two 

distinct lobes: the pars distalis (PD) and pars intermedia (PI). The PD consists of an anterior 

rostral pars distalis (RPD), a middle proximal pars distalis (PPD) and caudal pars intermedia 

(PI). Immunocytochemical studies revealed that the RPD contains prolactin-, 

adrenocorticotropin (ACTH)-, occasionally thyrotropin (TSH)-secreting cells, while the PPD 

has GtH, TSH and growth hormone (GH)-secreting cells. Earlier attempts to delineate two 

types of GtH cells based upon tinctorial properties required indisputable confirmation. 

However, experimental and imunocychemical approaches have helped in unequivocal 

functional identification of FSH and LH cells. The close proximity of the pituitary with 

hypothalamus, and their intricate association both in developmental and adult stages lend a 
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clue to the brain regulation of the PG and this aspect has been reviewed (Trudeau, 1997; 

Yaron et al., 2003; Zohar et al., 2010). 

 

 

2.1. Functional Link between the Brain and Adenohypophysis 
 

In tetrapods, the median eminence (ME) acts as a functional link between the brain and 

hypophysis; different brain hormones are released into the capillary plexus of the ME, reach 

their target hormone-secreting cells of the adenohypophysis via the portal system and regulate 

the hypophysial cell activity. However, teleosts do not have an ME with established 

homology to that of teleosts. Different peptidergic nerve terminals originating in the brain 

may establish direct contacts - sometimes like synaptic contacts - with various hormone-

secreting cells or may terminate on basement membrane and regulate the adenohypophysial 

cell functions (Zohar et al., 2010). In view of the unique features exhibited by the pituitary 

cells and their relationship with different neurohormone-releasing nerve terminals, 

localization of hypophysiotropic neurons has become important. 

 

 

2.2. Hypophysiotropic Neurons 
 

Brain neurons that project to the PG have been identified in the hypothalamic and 

extrahypothalamic areas in several teleosts, and different aspects of the hypopysiotropic 

neurons have been been reviewed by different investigators (Prasada Rao, 1999; Zohar et al., 

2010). Retrogradely labeled perikarya were demonstrated in the olfactory bulb (OB), medial 

olfactory tract (MOT), the nucleus entopeduncularis (NE) and ventral telencephalon (VT). In 

the hypothalamus, they were identified in the preoptic area (POA), suprachiasmatic nucleus 

(SCN), nucleus preopticus periventricularis (NPP), nucleus recessus lateralis (NRL) and 

nucleus recessus posterioris (NRP) using different neuronal tract tracing techniques in 

goldfish (Anglade et al., 1993), electric fish (Johnston and Maler, 1992) and catfish (Prasada 

Rao et al., 1993). 

 

 

2.3. Gonadotropins and Co-Gonadotropins  
 

The first isolation of two types of GtHs, that showed predominant vitellogenic or 

maturational activities, was achieved in the plaice (Ng and Idler, 1978). Later, two distinct 

salmonid GtHs viz., GtH-I and GtH-II were isolated and characterized by their respective 

steroidogenic potency in vitro (Swanson et al., 1989). Subsequent studies have identified two 

distinct GtHs in many teleost species, using classical purification methods and through 

sequencing and homology cDNA cloning (Yaron et al., 2003). GTH-I stimulates gonadal 

steroidogenesis, whereas GTH-II stimulates steroidogenesis, gametogenesis and ovulation (or 

sperm release) and is thus an important regulator of fertility (see Trudeau, 1997). In goldfish, 

growth hormone (GH) secreted by some PPD cells, plays a role in reproduction, and has 

therefore been termed co-gonadotropin (Hull and Harvey, 2000). Serum GH concentrations 

were also high when gonadal size underwent an increase in the winter indicating that GH may 

participate in seasonal reproduction in goldfish (Trudeau, 1997). 
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3. Brain Factors Regulating Gonadotropins 
 

Several brain factors affect GtH and reproduction in fish, but GnRH plays a pivotal role 

in this important phenomenon through its action on pituitary GnRH receptors (GnRH-Rs) to 

stimulate the synthesis and release of GtHs, which in turn regulate the gonadal activity 

(review: Trudeau, 1997; Zohar et al., 2010). However, certain factors such as dopamine 

inhibit the release of GtHs in some species (Dufour Peter et al., 1988; 2010), while others 

stimulate and/or inhibit depending upon the reproductive state of the fish. Other brain factors 

including many neuropeptides, neurotransmitters, amines and even a gaseous molecule, nitric 

oxide seem to regulate fish reproduction. 

 

 

3.1. Gonadotropin-Releasing Hormone (GnRH) 
 

Fish GnRH was first isolated from chum salmon (Sherwood et al., 1983). Following the 

first discovery of sGnRH structure, three different forms of GnRH viz., sGnRH, cGnRH-II 

and sbGnRH were reported in the brains of gilthead seabream, the pacu (Powell et al., 1994) 

and other teleosts. cDNAs for the three forms were found in the brains of some fish species 

(White et al., 1995); HPLC and/or RIA studies also revealed the presence of the three forms 

in several fishes (Senthilkumaran et al., 1999; Chen and Fernald, 2008; Zohar et al., 2010; 

Kim et al., 2012). The sea bass exhibits five GnRHs with high affinity for ligand GnRH-2 

(Lethimonier et al., 2004; Servili et al., 2012). 

 

3.1.1. Categorization of GnRH Isoforms and Functional Significance 
Earlier investigators have named each molecular form of GnRH variants after the specific 

name of the animal species in which it was first discovered, e.g., mammalian GnRH 

(mGnRH), chicken GnRH-I (cGnRH-I), chicken GnRH-II (cGnRH-II), seabream GnRH 

(sbGnRH), catfish GnRH (cfGnRH) and so on (see Okuzawa and Kobayashi, 1999). These 

names were assigned despite the occurrence of a specified isoform in other species. In order 

to prevent misunderstanding, a novel classification of the GnRH variants on the basis of 

phylogenetic analysis of known sequences and their respective sites of expression was 

proposed (Chen and Fernald, 2008). Basically, three main GnRH branches were delineated: 

the first, termed GnRH-1, contains hypophysiotropic variants, expressed mainly in the 

hypothalamus in a number of fish; the second, GnRH-2 consists of GnRH forms expressed in 

the mesencephalic tegmentum (MT), and the third, termed GnRH-3 comprises GnRH 

isoforms, mainly expressed in the OB, OT, olfactory nerve (OLN) and VT.  

The neuronal assemblage in each of the 3 groups expresses different molecular forms of 

GnRH peptide and each group is produced by one of the three paralogous GnRH genes viz., 

gnrh1, gnrh2 and gnrh3; these are considered to have originated from gene duplications (see 

Oka, 2010). In most teleosts, the neurons located in the POA-GnRH1 project to the PG 

(Anglade et al., 1993; Prasada Rao et al., 1993; Yamamoto et al., 1998) and facilitate the 

release of GtHs from the pituitary. GnRH-II is expressed by midbrain tegmentum (MT) 

neurons (Baby et al., 1993) and GnRH-III by neurons located at the terminal nerve ganglion 

(TNG) and adjacent areas (Okuzawa and Kobayashi, 1999; Oka, 2010). The GnRH-II and 

GnRH-III systems operate as modulators of excitability of other neurons over wide brain 
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areas (Abe and Oka, 2007; Oka, 2010), and GnRH-II modulates the pineal functions (Servili 

et al., 2010). 

 

3.1.2. GnRH Receptors in the Brain 
Subsequent to the first description of molecular characterization of a full-length fish 

GnRH receptor (GnRHR) in African catfish (Tensen et al., 1997), cDNA encoding GnRHR 

has been obtained in several teleosts; the number of receptors in the brain ranged from two to 

four (Lethimonier et al. 2004; Guilgur et al., 2009) in many fishes. As many as five GnRHR 

genes and four GnRHRs were identified in the brain of Atlantic cod (Hildahl et al., 2011). In 

the brain of masu salmon expression of five different types of putative GnRH receptor genes 

was identified (Jodo et al., 2003). In goldfish, there exist two GnRHRs widely distributed in 

several brain areas including thalamus, epithalamus, optic tectum, motor zone of the vagal 

lobes and motor neurons of the fifth, seventh and tenth cranial nerves, besides forebrain areas 

(Peter et al., 2003). It was hypothesized that GnRH receptors have evolved separately and are 

independent from their ligands; they have possible GnRH effects on sensory, motor, 

cognitive, energy control and other physiological roles across vertebrates (Chen and Fernald, 

2008). 

 

3.1.3. GnRH Receptors in the Pituitary 
In European sea bass, GnRH receptors were reported only in LH-secreting cells 

(González-Martínez et al., 2004). In goldfish, GnRHR-1A and -1B showed an overlapping 

expression and present mainly in GtH cells and to a lesser extent in GH cells (Illing et al., 

1999). Using heterologous antisera in Nile tilapia, immunoreactive GnRHR-1A was discerned 

in the FSH and LH cells, GnRH-1B in FSH, LH cells and in a cell cluster in the PI of the 

pituitary, and GnRHR-2A and -2C receptors in GH cells (Parhar et al., 2002). In pejerrey 

pituitary two forms of GnRH receptors (pjGnRH-RI and pjGnRH-RII) were found (Guilgur et 

al., 2009).  

 

3.1.4. GnRH effects on GtH  
Correlative changes occur in the GnRH neuronal system, FSH and LH levels, gonadal 

state or levels of gonadal steroids in different fishes (Parhar et al., 1998; Senthilkumaran et 

al., 1999). Similar correlation was also found in mRNA expression of GnRH variants and 

receptors in the brain, pituitary and in pejerrey (Guilgur et al., 2009). Stimulatory effect of 

different forms of GnRH on release of LH and FSH was observed after in vivo and in vitro 

studies using dispersed pituitary cells or pituitary fragments (Murthy et al., 1994; Levavi-

Sivan et al., 2010). Some GnRH forms are more effective than others and co-administration 

with testosterone (T) potentiates GnRH-induced GtH release (see Trudeau, 1997). Such 

varying effects on FSH and LH release might be caused by multiple factors operating in the 

teleostean BP compex. GtH release is a valuable tool to induce the fish to breed. Primarily, it 

is the failure of GtH release that prevents fish from breeding; this key factor has prompted 

investigators to accomplish fish breeding, as desired, through augmenting GtH release by 

adopting different approaches.  
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3.2. Dopamine 
 

In goldfish, GtH inhibition is caused by dopamine, and blocking dopaminergic inhibition 

plays a crucial role to confront the problem of induced breeding. Dopamine was shown to act 

through D2 receptors to inhibit LH and FSH release and on GnRH pituitary terminals, and 

through D1 receptors on the GnRH neurons (Yu and Peter, 1990; Yu et al., 1991; Dufour et 

al., 2010). Thus, dopamine in goldfish has a dual effect, inhibiting GtH release by direct 

action on the GtH cells and by reducing GnRH secretion (Trudeau, 1997). However, 

dopamine inhibition of GtH release was not observed in some teleosts, particularly in marine 

species (see for details: Zohar et al., 2010). Domperidone and pimozide are most effective 

dopamine blockers and blocking dopaminergic inhibition on hypophysial GtH is crucial for 

fish spawning (Chang and Peter, 1983; Dufour et al., 2010). A combined treatment with a 

GnRH agonist and DA-D2 receptor antagonist (pimozide/domperidone) proved to be highly 

effective in inducing spawning in several species of mature female fishes (Lin et al., 1993). 

This finding by Professor H.R. Lin and Professor R.E. Peter was termed the “Linpe” method 

after the names of these two investigators. This formulation, “Ovaprim” has become 

established globally as an excellent fish-spawning agent, also for tropical carps (Yu and Peter, 

1990). 

 

 

3.3. Kisspeptins 
 

Kisspeptins have been intensely studied in fishes during the past decade and more than a 

dozen elegant reviews appeared on vertebrate Kisspeptins during the past two years. 

Kisspeptins are the peptide products of the Kiss1 gene, which were initially identified in 

mammals as ligands of the G protein-coupled receptor 54 (GPR54; also termed Kiss1R) with 

ability to suppress tumor metastasis. Kisspeptins play a pivotal role in sexual differentiation 

of the brain, maturation and function of the reproductive axis, including timing of puberty, 

adult regulation of GtHs by gonadal hormones, and the control of fertility by metabolic and 

environmental cues such as photoperiod (Servili et al., 2011; Tena-Sempere et al., 2012; 

Zmora et al., 2012). 

 

3.3.1. Localization of Kisspeptin Neurons  
Until recently, visualization of kisspeptins was hampered by non-availability of 

appropriate antibodies or the cross-reactivity produced by the available ones. Consequently, 

most information derived on the kisspeptins in fish brain has been based on studies conducted 

only at the mRNA level (see Servili et al., 2011). Having developed specific antibodies, these 

authors successfully distinguished two independent systems of Kisspeptin neurons in 

zebrafish. The Kiss1 neurons occur in the ventromedial habenula and Kiss2 somata occur in 

the mediobasal hypothalamus, POA, ventral hypothalamus and in the posterior tuberal 

nucleus. Another Kiss2 neuronal assemblage was found at the level of the periventricular 

nucleus of the posterior tuberculum. In zebrafish, the prokiss1 neuronal processes of the 

ventromedial habenula extend caudally into the interpeduncular nucleus (IPN) and into the 

raphe nuclei, permitting the speculation that Kiss1 neurons regulate serotonin (Ogawa et al., 

2012). In red seabream neurons that express Kiss2 mRNA were distributed in the 

hypothalamic NRL, POA and NVT. Some prokiss2 fibres also revealed contacts with preoptic 
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GnRH neurons (Servili et al., 2011). However, in puffer fish, Senegalese sole and three-

spined stickleback, only Kiss2 neurons were present. In striped bass, Kiss1 and Kiss2 neurons 

were co-expressed in the NRL and both GRP54-1 and GRP54-2 neurons are associated with 

GnRH1 neurons (Zmora et al., 2012). The PG of zebrafish does not receive any proKiss1 or 

proKiss2 fibers, but showed GnRH3 fibers and positive cells in the PI (Servili et al., 2011).  

 

3.3.2. Kisspeptin Receptors 
In tilapia, potential anatomical association of KiSS1R with the GnRH system was found. 

Using laser capture technology and RT-PCR in single cells, co-expression of GnRH and 

KiSS1R was demonstrated (Parhar et al., 2004). KiSS1R expression undergoes correlative 

changes with the gonadal cycle in several fish species. KiSS1R, GnRH2 and GnRH3 activity 

was highest during early stages of gonadal development in female gray mullet, (Nocillado et 

al., 2007), cobia (Mohamed et al., 2007) and fathead minnow (Filby et al., 2008), indicating 

that KiSS1R and GnRH play a role in the puberty and reproduction in many teleosts, although 

there exists some gender-related pattern. 

 

3.3.3. Kisspeptin in Relation to Age and Gender 
In female zebrafish, kiss1 mRNA levels gradually increased during the first few weeks of 

life and attained maximum levels in fish with mature oocytes in ovaries, while in males kiss1 

mRNA levels peaked as the testes exhibited initial stages of spermatogenesis and decreased 

after puberty (Biran et al., 2008). A significant increase in Kiss1, Kiss2, GnRH2, and GnRH3 

mRNA levels was evident at the onset of pubertal phase, which remained high in adult stage 

(Kitahashi et al., 2009). In medaka, the Kiss1 neurons in the NVT show sexual dimorphism, 

males having significantly more neurons than in females (Kanda et al., 2008).  

 

3.3.4. Functional Significance of Kisspeptin 
Both kisspeptins, Kiss1 and Kiss2, and/or their receptors have been shown to participate 

in a variety of reproductive functions of sea bass (Felip et al., 2008), zebrafish (Biran et al., 

2008), goldfish (Li et al., 2009; Kanda et al., 2012), red sea bream (Shimizu et al., 2012), 

fathead minnow (Tena-Sempre et al., 2012), striped- and hybrid-bass (Zmora et al., 2012) and 

white- and striped-bass (Beck et al., 2012). 

 

3.3.4.1. Kisspeptin in Relation to Reproductive State 
Generally the teleostean Kiss1 and Kiss2 neuronal populations function differently 

depending upon the gonadal state. In medaka, NVT Kiss1 expression was strongly correlated 

with breeding condition. In goldfish of both sexes, the number of kiss2 expressing neurons in 

the hypothalamic dorsal NRL was higher during the spawning season than in the post-

spawning period. The number of GnRH1 neurons in the POA also increased in the dorsal 

NRL in both sexes (Kanda et al., 2012). In male red seabream, the number of kiss2 neurons in 

the dorsal and ventral NRL was higher in maturing fish than in the post-spawned ones; 

however, significant changes were not detected in females (Shimizu et al., 2012).  

 

3.3.4.2. Kisspeptin Effects on BP Axis and Gonads 
In many fishes, primary regulator of reproductive BPG axis is Kisspeptin2, whereas 

Kisspeptin1 acts as a weak modulator. Kisspeptin also influences extrahypothalamic GnRH 

neuronal assemblages (Kitahashi et al., 2009; Li et al., 2009; Zhao and Wayne, 2012). In 
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teleosts, Kisspeptin acts directly on GnRH neurons through activation of Kiss1R and Kiss2R 

or indirectly by regulating synaptic inputs via kiss1R on interneurons (Ten-Sempere, 2010; 

Zhao and Wayne, 2012). However, the actions of Kiss1 and Kiss2 vary with the reproductive 

status of the fish (Zmora et al., 2012). Kiss2 administration to sexually mature female 

zebrafish caused a significant increase in FSHβ, and LHβ mRNA levels in the pituitary, but 

not after Kiss1 administration (Kitahashi et al., 2009). In European sea bass, Kiss1 peptide 

was less potent than Kiss2 in elevating plasma LH levels, and in up-regulating GnRH1 and 

GPR54-2 expression in prepubertal hybrid bass in vivo (Felip et al., 2009). In contrast, during 

recrudescence, Kiss1 was more potent than Kiss2 in inducing LH release, and Kiss2 down-

regulated GnRH1 and GPR54-2 expression, indicating two different modes of GnRH1 

regulation. In early-mid pubertal fathead minnow, Kisspeptin injection resulted in an increase 

in GPR54-2b and GnRH3 expression in the brain, but not of GnRH2 (Tena-Sempre et al., 

2012). These data indicate that kiss2 neurons are involved in pubertal processes via regulatory 

influences on GnRH1 in goldfish (Li et al., 2009), zebrafish (Kitahashi et al., 2009) and red 

seabream (Shimizu et al., 2012). In sexually mature female zebrafish, Kiss2 peptide 

administration stimulated LHβ-subunit and FSHβ-subunit mRNA levels in the pituitary 

(Kitahashi et al., 2009). In vivo study in prepubertal hybrid bass revealed that Kiss1 peptide 

was less potent than Kiss2 in elevating plasma LH levels, and in up-regulating GnRH1 and 

GRP54-2 expression. In contrast, during recrudescence, Kiss1 was more potent than Kiss2 in 

inducing LH release, and Kiss2 down-regulated GnRH1 and GPR54-2 expression. 

Intraperitoneal administration of gfKiss1–10 to sexually mature female goldfish increased 

serum LH levels, but there was no significant influence on LH release from goldfish pituitary 

cells in primary culture, indicating that the peptide does not exert its actions at the pituitary 

level. On the other hand in vitro and in vivo studies revealed that gfKiss2–10 was much less 

potent (Li et al., 2009). Intramuscular injections of Kisspeptin in sexually mature white- and 

striped-bass increased the gonad weight and gonadosomatic index, and treatment of mature 

white bass with Kisspeptins resulted in a potential improvement of fecundity (Beck et al., 

2012). 

 

3.3.5. Steroid Sensitivity of Kisspeptins  
Kisspeptin plays a crucial role in stimulating GnRH through acting as a gatekeeper to the 

onset of puberty through providing steroid hormone feedback signals to GnRH neurons. In 

medaka, ovariectomy reduces significantly the Kiss1 expression in neurons of the nucleus 

ventralis tuberis, which was restored after estrogen replacement (Kanda et al., 2012). In this 

fish, Kiss1 neurons express estrogen receptor-alpha, respond to estrogen and mediate 

feedback actions of this steroid (Mitani et al., 2010). Thus, the feedback actions of estrogen 

and regulation of reproduction in medaka are mediated by Kiss1 neurons that in turn stimulate 

the GnRH neurons (Mitani et al., 2010; Servili et al., 2011), suggesting that these neurons are 

involved in a positive feedback control of the BPG axis. Treatment of juvenile zebrafish with 

E2 also increases the activity and number of kiss2 neurons in the hypothalamus (Servili et al., 

2011). Unlike the results in zebrafish, Kanda et al. (2012) found in goldfish that the POA 

kiss2 neurons show clear steroid sensitivity. In the adult goldfish during the breeding 

condition, the kiss1 neurons are localized in the habenula, whereas the kiss2 neurons are 

located in the NLT, NRL, and POA. Among these neurons, the POA Kiss2 neurons decreased 

in number after ovariectomy, and the reduction was recovered by estrogen implant. These 
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differences in responses among different species may be due to species specificity or other 

physiological conditions that need to be investigated further in teleosts. 

 

 

3.4. Gonadotropin-Inhibitory Hormone (GnIH) 
 

Just over a decade ago, another hypothalamic neuropeptide, gonadotropin-inhibitory 

hormone (GnIH) that belongs to the LPXRF-amide family of peptides was discovered in quail 

and found to inhibit the gonadotropin release (Tsutsi et al., 2000). Existence of GnIH in fishes 

was also demonstrated recently (Sawada et al., 2002; Tsutsui et al., 2007). The zebrafish 

GnIH precursor contains three putative LPXRFamide peptides (Zhang et al., 2010). These 

authors have shown that intraperitoneal administration of mature zebrafish GnIH peptide 

(LPXRFa peptide-3) caused a significant reduction of the basal serum LH level in goldfish. 

However, the knowledge on fish GnIH remains fragmentary todate. Three orthologous GnIH 

genes were identified in zebrafish, stickleback, medaka and Takifugu (Zhang et al., 2010). In 

goldfish, GnIH neurons occur in the posterior periventricular nucleus and in the TN area, and 

fibers reach several BP areas (Sawada et al., 2002). In goldfish, GnIH orthologs (gfLPXRFa-

1, -2 and -3) stimulated the release of GtHs in vitro (Amano et al., 2006). Intraperitoneal 

injections of goldfish GnIH (gfGnIH) resulted in an increase in pituitary LHβ and FSHβ 

mRNA levels at early to late gonadal recrudescence, but a reduction in serum LH and 

hypophysial gfGnIH-R mRNA levels occurred at other reproductive phases (Moussavi et al. 

2012). These authors further showed that static incubation with gfGnIH augmented LH 

secretion from dispersed pituitary cell cultures from prespawning fish, but not from 

hypophysial cells at other reproductive stages. This treatment has suppressed LHβ mRNA 

levels at early recrudescence and prespawning, but elevated LHβ at mid-recrudescence and 

consistently attenuated FSHβ mRNA in a dose-specific manner. Moussavi et al. (2012) 

therefore suggested that in goldfish, regulation of LH secretion and GtH subunit mRNA 

levels depend on maturational status and administration route. For a better understanding of 

the role of GnIH in fish reproduction, further studies on more teleosts are warranted.  

 

 

3.5. 5-Hydroxytryptamine (5-HT) 
 

As reported in Senegalese sole, 5-HT neurons occur among the cerebrospinal fluid-

contacting 5-HT neurons in the NRL, paraventriculat organ (PVO), and NRP and in the 

rhombencephalic reticular formation and inferior olivary region. In the brainstem, 5-HT 

somata were found in the superior and inferior raphe, the nucleus reticularis superioris, NE 

and the inferior olive. Although positive fibers were not found in the neurohypophysis, a few 

5-HT-ir cells were identified in the adenohypophysis ( -Gómez et al., 2000). In 

catfish, tryptophan hydroxylase (TH) is the key regulator in serotonin (5-HT) and stimulates 

the release of GnRH and GtHs by acting at the level of BP axis (Raghuveer et al., 2011). 

Administration of 5HT has been shown to facilitate GnRH and/or GTH II release in catfish 

(Senthilkumaran and Joy, 1996). 5-HT stimulates GTH-II release via a 5HT2-like receptor in 

goldfish (Somoza and Peter, 1991) and in Atlantic croaker (Khan and Thomas, 1994).  
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3.6. Melatonin (MLT) 
 

MLT receptors are widely expressed in the brain, PG, and gonads of carp (Moniruzzaman 

and Maitra, 2012). These authors have shown that the content of both MLT receptor proteins 

varied significantly in relation to time of the day (peak at midnight and fall at midday), and 

reproductive phase in the annual cycle (highest in the spawning phase and lowest in the post-

spawning phase). The available data on the role of pineal hormone, MLT in fish reproduction 

are rather conflicting, being either pro- or anti-gonadal. A pro-gonadal effect of MLT was 

found in turbot (Alvariño et al., 2002) and in catfish (Ghosh and Nath, 2005). MLT acts on 

GnRH, dopaminergic system, hypophysial LH/FSH and on gonads (Falcόn et al., 2010). In 

croaker, sea bass, and in cultured carp pituitary, MLT induced an increase in LHβ, secretion, 

while in eel, implant of MLT induced a decrease in LHβ and FSHβ; in zebrafish, MLT 

induces a significant increase in fecundity (Carnevali et al. 2011).  

Some investigators reported antigonadal effects. A previous study on catfish revealed an 

inhibitory influence of MLT on the ovarian functions (Senthilkumaran and Joy, 1995). In 

murrel, MLT exhibits pro- or anti-GtH effects depending upon the photoperiodicity/gonadal 

state of the fish (Renuka and Joshi, 2010). Having observed a direct link between the MT 

GnRH-2 cells and the pineal, Servile et al. (2010) suggested that GnRH-2 a has functional 

role in modulating the activity of the pineal organ in sea bass. 

 

 

3.7. Arginine Vasotocin (AVT) 
 

AVT is the basic neurohypophysial nonapeptide in teleosts synthesized in the nucleus 

preopticus (NPO) of the hypothalamus, transported and stored in the neurohypophysis for 

further release. In catfish and other teleosts, AVT neurons in the POA show gender-related 

differences. AVT mediates the physiology of reproduction besides regulating other functions 

(Singh and Joy, 2008). They have demonstrated changes in AVT in the catfish brain and 

ovary by immunocytochemical, HPLC, and EIA through different phases of the reproductive 

cycle. Administration of AVT affects reproductive and behavioral activities such as 

spawning, courtship, egg laying, clasping and song production in different lower vertebrates. 

Changes in GnRH and AVT expression in the brain influence the sexual status or the 

expression of morph specific display behaviors which are important in reproduction (Bass and 

Grober, 2001; Forlano and Bass, 2011). 

 

 

3.8. Gamma-Aminobutyric Acid (GABA) 
 

In teleosts GABA perikarya occur in the telencephalon and hypothalamus, and innervate 

the PD (Kah et al., 1987; Kim et al., 2004). GtH and GH occur colocalized in the goldfish 

pituitary, and both are innervated by GABA neurons; involvement of GABA in release of 

GtH-II and LH was shown in goldfish (see Trudeau, 1997). Stimulation of LH release by 

GABA appears to result from combined effects involving GnRH release, potentiation of 

GnRH action, decreased dopaminergic activity and in some cases directly at the LH cell. 

Further, these actions appear to depend upon such factors as sex or sex steroid levels, besides 

species differences. Muscimol (a GABAA receptor agonist) stimulates GTH-II release, and 
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bicuculline (a GABAA receptor antagonist) blocks GABA-stimulated GTH-II release in vivo 

in goldfish, indicating the involvement of a GABAA-like receptor (Trudeau et al., 1997).  

 

 

3.9. Noradrenalin (NA) 
 

Noradrenalin (NA) has a stimulatory effect on GnRH in goldfish (Peter et al., 191) and 

on GtH in catfish (Senthilkumaran and Joy, 1996). Stimulatory effect of NA on GTH-II 

release is mediated by a-1 receptor mechanism and sexually regressed goldfish was more 

responsive than mature fish (Peter et al., 1991). In European eel, NA fibers connect the POA 

and the PD (Fremberg et al., 1977). Peripherally released NA probably acts on GnRH nerve 

terminals and directly on the GtH cells to stimulate GTH-II release, while centrally released 

NA may activate the GnRH neurons (Yu et al., 1991). 

 

 

3.10. Nitric Oxide (NO) 
 

NO, a gaseous molecule has been known to stimulate the release of GnRH in mammals 

and play a role in reproduction (Brann et al., 1997). However, the information on the role of 

NO in fish reproduction is fragementary. Several nicotinamide adenine dinucleotide 

phosphate-diaphorase (NADPHd)-positive granules that represent the fiber terminals or 

receptors were found on the GnRH3 neurons of the OB, olfactory nerve (OLN), MOT and VT 

in bitterling (Baby et al., 2000). A close association exists between GNRH2 neurons and NO 

neurons in the midbrain tegmentum (MT). The presence of fiber terminals may represent 

potential contacts between the nitrinergic and GnRH neurons in the olfactory system. In 

bitterling, the MT GnRH neurons showed soma-soma, soma-process or process-process 

contacts with NADPHd somata (Baby et al., 2000), indicating that there exists some 

functional influence of NADPHd neurons on the GnRH neurons through NO. The presence of 

nitrinergic neurons in proximity of GnRH neurons led to the proposition of a direct action of 

NOS on GnRH neurons (Bhat et al., 1995). Previous reports suggest that these contacts 

between the MT GnRH neurons and NO somata might be responsible for the 

neuromodulatory function, biosynthesis, and/or secretion of GnRH. MT GnRH neurons seem 

to belong to the nucleus of the medial longitudinal fasciculus (NMLF) that projects to the 

spinal cord in salmon (Oka et al., 1986) and goldfish (Prasada Rao et al., 1987), and might 

play a role in control of gonadal duct motility, and gamete release (Carolsfeld et al., 1997; 

Forlano and Bass, 2011). 

 

 

4. Metabolic Modulators 
 

Metabolic hormones such as leptin, ghrelin, neuropeptide Y and melanin-concentrating 

hormone affect the reproductive physiology. The metabolic state and body energy reserves 

play an important role in the regulation of puberty onset and fertility. Further, reproductive 

disorders may also result from metabolic stress caused by energy insufficiency or obesity 

(Castellano et al., 2010). However, the information available on the targets of leptin, 
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glucocorticoids, IGF-1 and other growth factors in the BP complex is fragmentary, and how 

these factors modulate the neuroendocrine systems in fishes is inadequate (Zohar et al., 2010). 

 

 

4.1. Leptin 
 

The knowledge about the adipose-hormone, leptin, and its implication in reproduction 

stems mainly from the mammalian system. Leptin provides a crucial signal for transmitting 

metabolic information to the brain neuronal groups governing puberty and reproduction. The 

mode of action of leptin on GnRH neurons in mammals has remained controversial for 

several years. More recently, Kiss neurons have been shown to express leptin receptors and 

provide a link between metabolic and reproductive processes through actions on GnRH 

neurons (Castellano et al., 2010). Our knowledge about its role in fish is still in its infancy. 

 

 

4.2. Neuropeptide Y (NPY) 
 

NPY plays an important role the regulation of feeding in fish and mammals. 

Immunocytochemical and in situ hybridization studies revealed the presence of NPY in 

forebrain regions, particularly in the NE of the telencephalon, POA, OB and also in various 

thalamic regions in goldfish; this peptide was shown to stimulate GTH release (Kah et al., 

1989). It was further shown that in goldfish NPY stimulates the release of LH at the level of 

the pituitary, besides promoting GnRH release from GnRH terminals in the pituitary or 

preoptic region slices (Peng et al., 1993a).  

The effect of NPY in stimulating GTH-II release from the pituitary is high in sexually 

mature female goldfish as compared to fish at other stages of gonadal state.  

The stimulatory effect of NPY on GtH-II release was enhanced when combined with 

testosterone (T) and estradiol (E2) treatment, particularly in sexually regressed fish when 

endogenous steroid concentrations are low. Similarly, NPY-induced GnRH release from the 

POA-anterior hypothalamic slices in vitro is also potentiated by implantation of T and E2 in 

vivo (Peng et al., 1993b). 

 

 

4.3. Ghrelin (GRLN) 
 

GRLN is a multifunctional hormone, expressed in a wide array of tissues including the 

brain and pituitary having a main role in regulation of GH secretion, but it is also implicated 

in stimulation of LH release in goldfish (Unniyappan and Peter, 2004; Grey and Chang, 

2011).  

The structure of the cDNA encoding GRLN was reported in goldfish (Unniyappan et al., 

2002), and GRLN has also been identified from other fishes, such as eel, tilapia, and rainbow 

trout (see Peter and Unniyappan, 2004). GRLN and its receptor was identified and 

characterized in goldfish brain and the pituitary (Chang and Grey, 2011). Similarly, 

challenging male or female pituitary cell incubations of common carp, either with 

combination of GRLN and sGnRH-A or with sGnRH alone, revealed that GRLN functions as 
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LH-stimulating hormone and that it acts directly on GtH cells, potentiating the action of 

sGnRH (Sokołowska-Mikołajczyk et al., 2009).  

 

 

5. Other Factors 
 

Besides the above, there are other brain factors that play a role in teleost reproduction; 

these include cholecystokinin, pituitary adenylate cyclase-activating polypeptide (PACAP), 

insulin-like growth factor-1(IGF-1), other growth factors in the brain, glucocorticoids, 

gonadal steroids, activin and inhibin.  

Interestingly various brain factors affect GtH release/inhibition through interaction with 

several neuroendocrine circuits within the brain interacting with environmental signals 

received through different sensory systems. 

 

 

6. Environmental Regulation of BPG Axis 
 

Kisspeptin has been shown to stimulate GnRH through functioning as a relay for 

environmental cues such as photoperiodicity and odorant information aided by visual and 

olfactory organs respectivley.  

In teleosts, the terminal nerve (TN)-GnRH neuronal processes project to both the mitral 

and granule cell layers in the olfactory bulb and widely in the brain (Abe and Oka, 2000; 

Kawai et al., 2010). GnRH neurons in the olfactory bulb show nitric oxide (NO) fiber 

terminals on their surface (Baby et al., 2000) and NO have been known to stimulate the 

release of GnRH in mammals (Bran et al., 1997).  

The OB efferents extend into the forebrain and show terminal fields in the telencephalon 

and in the posterior tuberal region in winter flounder (Prasada Rao and Finger, 1984). It has 

been known that the tropical carps breed only when exposed to flooded water caused by 

monsoon rains with altered physicochemical properties that trigger spawning activity, 

whereas the same species in perennial tanks do not breed. OT manipulations have been 

reported to affect the gonadal function with reduced levels of GtHs in goldfish (Dulka et al., 

1987); in tilapia, the olfactory rosette was shown to be crucial for modulating nest-building 

behavior through second order olfactory pathways interacting with GnRH1 and GnRH2 

neuronal systems (Uchida et al., 2005). While the role of photoperiod and temperature has 

been investigated to some extent, there is a paucity of information on the effect of different 

altered physicochemical properties such as pH, water flow, vegetation etc. on Kisspeptin and 

GnRH neurons. So is also the case with information pertaining to the effect of inputs from 

electroreceptors, mechanoreceptors, thermoreceptors, olfactory, gustatory, pheromonal, 

auditory systems and social cues on the BP axis. Attempts to unravel the significance of 

signals from the above-mentioned systems might yield fruitful information on the role of 

environmental cues in fish reproduction. 

 

 

 



P. D. Prasada Rao 332 

6.1. Photoperiod 
 

Photic cues affect the BPG axis primarily via the retina and pineal organ in fishes (Grens 

et al., 2005: Moniruzzaman and Maitra, 2012). The type-I and type-II GnRH receptors occur 

in the retinal amacrine and ganglion cells respectively. Amacrine cells are involved in 

processing visual information and ganglion cells relay the processed information to the brain 

in order to influence of GnRH in this process (Grens et al., 2005). In catfishes, retinal 

efferents project to the suprachiasmatic nucleus (SCN) besides other brain areas (Prasada Rao 

and Sharma, 1982) and the SCN neurons project to the pituitary (Prasada Rao et al., 1993b). 

Exposure of fish to prolonged photoperiod results in rapid gonadal maturation (Bhattacharya 

et al., 2007). In European sea bass, the pineal organ receives GnRH2 fibers from the MT 

GnRH neurons and the pinealofugal fibers terminate in the tegmental GnRH neuronal area 

suggesting bidirectional connectivity.  

The pineal cells also express GnRH receptors (Servili et al., 2010). The pineal hormone, 

melatonin, affects GnRH, dopamineric system, FSH, LH and gonads (Falcόn et al., 2010).  

 

 

6.2. Temperature 
 

In blue gourami maintained at 27°C, GnRH3, PACAP, insulin-like growth factor-1(IGF-

1), βLH, and prolactin were significantly higher than in fish at 23°C or 31°C. βFSH mRNA 

levels were significantly lower when maintained at 31°C than at the other temperatures tested 

(David and Degani, 2011). These authors have suggested that temperature has a more marked 

effect on transcription of genes associated with reproduction, than on those pertaining to 

growth. 

 

 

Conclusion 
 

Laudable advances have been made in fish reproductive physiology through 

investigations on GnRH, followed by exhaustive work on Kisspeptin by several investigators 

within the past decade. However, wide adaptive radiation and manifold reproductive 

strategies exhibited by teleosts signify the need for extended research. GnIH and melatonin 

have attracted limited attention and the intricacy of melatonin needs to be deciphered. 

Tropical carps do not breed unless they receive stimulus generated by flooded monsoon 

water.  

For induced spawning of carps, required for improved aquaculture practices, no 

noteworthy method has been evolved after the discovery of injectible “Ovaprim”. It would be 

magnificent if a non-invasive method could be evolved through suitable alteration of 

physicochemical properties of water in order to facilitate triggering spawning as it happens in 

nature; it is known that many neuropeptides including GnRH exist in the olfactory 

epithelium, pineal organ and visual system. These sensory systems might help in transmission 

of environmental stimuli and stimulate the release of GtH to induce profuse breeding after 

interaction with neuroendocrine circuits within the brain. A thorough understanding of the 

involved environmental parameters and mechanisms that influence the neuropeptides to 
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induce GtH release might help in developing an easy and non-invasive procedure for induced 

fish breeding. 
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Abstract 
 

Reproduction in fish is essentially regulated by factors originating from 

hypothalamo-hypophyseal axis. The neuropeptide, gonadotropin-releasing hormone 

regulates the synthesis and release of the gonadotropins (GTHs) from the pituitary 

through monoaminergic systems, which in turn regulate gonadal development. There is 

an extensive documentation on the evolution and functional roles of GnRH family 

members and their variants. Monoamines influence the GnRH–GTH release through 

feedback regulation by steroids. The release and modulation of GnRH and GTH levels 

play an essential role in puberty and spawning. The role of GnRH-GTH and monoamines 

with reference to sexual development is an emerging topic with a lot of interesting 

findings in the past decade. In this review, we have discussed several reports explaining 

the possibility of the interplay of GnRH-GTH and monoamine axis with reference to sex 

differentiation.  
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Introduction 
 

Gonadotropin-releasing hormone (GnRH), previously known as luteinizing-hormone-

releasing hormone or luliberin, is a trophic decaneuropeptide that plays a vital role in 

entraining hypothalamo–hypophyseal–gonadal (H-H-G) axis to regulate reproduction and 

development (Vadakkadath and Atwood, 2005; Somoza et al., 2006; Maruska and Fernald, 

2011). It also mediates several other processes in the central nervous system (CNS) such as 

reproductive behaviour and neuromodulation through its receptors (Hildahl et al., 2011b). 

Impaired GnRH affects gonadal development and reproductive cycle as it is a key regulator of 

gonadotropins (GTHs). It provides a more balanced integration of the events of reproduction 

with its pulsatile secretion differing in females when compared to males, wherein a 

preovulatory surge could be observed just before ovulation (Brodie and Crowley, 1985; 

Navarro et al., 2012). The pulsatile secretion of GnRH is responsible for synthesis and release 

of follicle stimulating hormone (FSH) and luteinizing hormone (LH) from the anterior 

pituitary, and is known to be synthesized and released from neurons within the hypothalamus 

(Brodie and Crowley, 1985; Wierman et al., 1995). The pituitary gonadotropins, LH and FSH 

are known to orchestrate gonadal function during reproductive cycle. It is well known that 

GTHs influence puberty, recrudescence and gamete maturation. However, their role in 

initiating gonadal sex development is at large, vague. It is also conceivable to expect that 

GnRH per se can dictate GTHs to entrain sexual development as they together control 

gonadal steroidogenesis. In spite of these notions, neither GnRH nor GTH have been 

considered as pivotal molecules for sex determination/differentiation. However, the feedback 

regulation from gonads is required as an over power to initiate the GnRH-GTH axis. In this 

context, monoamines mediate steroidal feedback to execute action on the GnRH-GTH axis. It 

is also plausible to imply that the initiation of monoaminergic system might be a pre-requisite 

for the origin of GnRH-GTH system vis-à-vis gonadal development. Among monoamines 

(MAs), serotonin (5-HT), dopamine (DA), norepinephrine (NE) and GABA ( -aminobutyric 

acid) play important roles in GnRH-GTH release in teleosts. In this review, we highlighted 

certain important findings that propose the relevance of GnRH to gonadal differentiation and 

maturation by creating sub-headings on GnRH, GTH and MAs. We also emphasized the 

influence of GnRH and GTH on puberty, maturation and other related factors that have a 

control over reproduction. 

 

 

GnRH 
 

GnRH was first isolated from porcine and ovine hypothalamic extracts and has long been 

considered to be a unique molecular form, but subsequent studies have reported the 

occurrence of variants of GnRH in numerous species and currently include 25 isoforms 

representing 14 and 11 in vertebrate and invertebrate species, respectively (Kavanaugh et al., 

2008). The identity of GnRH was clarified in 1977 by Nobel Laureates, Roger Guillemin and 

Andrew V. Schally as -pyroGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2 (Tan and 

Rousseau, 1982). When this peptide was first identified in a porcine species, it was named as 

LHRH (Matsuo et al., 1971). The naming of LHRH was replaced by GnRH that became more 

appropriate as it regulates FSH as well. However, later discoveries using several fish species 
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emphasized the presence of multiple forms of GnRH and are distributed throughout brain 

including hypothalamus (Sherwood et al., 1986; Bogerd et al., 1992; Powell et al., 1994; 

Somoza et al., 2002; Parhar, 2002). Gilthead seabream, Sparus aurata was first reported 

(Powell et al., 1994) to have three forms of GnRH, in which the first form was named as 

Seabream GnRH (sbGnRH), the second was identical to chicken GnRH-II (cGnRH-II) and 

the third was found to be salmon GnRH (sGnRH). Interestingly, the studies so far in relation 

to the evolution of GnRH genes using various teleost models have demonstrated that there are 

three paralogous forms of these genes viz. sGnRH, sbGnRH and cGnRH and are considered 

to have originated due to genome duplication (Levy and Degani, 2012). Later reports 

indicated that most vertebrate species possess two GnRH genes, GnRH-1 and GnRH-2 with 

the exception of modern mammals (Servili et al., 2010). Presence of three GnRH systems is 

not always seen in all teleosts as some of them seem to have lost the GnRH1 or GnRH3 gene 

(Okubo and Nagahama, 2008). These authors further suggested that GnRH 1, GnRH2 and 

GnRH3 genes might have resulted from two rounds of tetraploidization in early vertebrate 

evolution. In this viewpoint, in mammals also, the GnRH2 gene has been deleted or silenced 

in certain species. They further indicated that the GnRH3 gene which is currently known only 

in teleosts has most likely been lost in the tetrapod lineage which resulted in the identification 

of fourth GnRH gene, named GnRH4 (Tostivint, 2011). Thus, teleosts serve as fundamental 

models in various aspects of GnRH research. Furthermore, teleosts possess many similar 

vertebrate functions as well as diverse features of growth and reproduction. The divergence of 

GnRH variants came into limelight from the studies using different teleost species, which 

revealed that more than half of the total 16 variants identified till date were from teleosts, 

which are mostly species-specific (Parhar et al., 1996; Somoza et al., 2002). Various teleost 

models have been used to elucidate the functions of GnRH during developmental and 

reproductive stages. Salmon was the first model in which a variant of GnRH, named as 

sGnRH, was isolated (Sherwood et al., 1983) which comprised of a two amino acid residue 

difference from mammalian GnRH (mGnRH). Two distinct forms of GnRH were isolated in 

lamprey, an ancient class of jawless vertebrates called Agnatha, and the first peptide named 

lGnRH-I have amino acid substitutions at positions 3 and 6 as compared to mGnRH. The 

second form, lamprey II GnRH showed variation at 3 amino acid residues with respect to type 

I (Sherwood et al., 1986) and a third molecular form, lGnRH-III was also identified (Sower et 

al., 1993). 

Different species of catfish have also served in the identification of new GnRH variants. 

Two forms have been characterized from the African catfish, Clarias gariepinus, (Bogerd et 

al., 1992) and the Thai catfish, Clarias macrocephalus (Ngamvongchon et al., 1992). The 

first form of catfish GnRH (cfGnRH) was found to be identical in both catfish species, and 

the second form of cfGnRH was identical to cGnRH-II. A novel form of GnRH was identified 

from the teleost herring, subsequently named as hGnRH, along with two other forms which 

were identified as cGnRH-II and sGnRH (Carolsfeld et al., 2000). The teleost, pejerry is 

another candidate in which a novel form of the peptide named as pjGnRH has been isolated, 

and is found to be distinct from the sequences of other vertebrate GnRHs (Somoza et al., 

2002). Adams et al., (2002) examined a basal salmonid, the lake whitefish, in which they 

identified another novel form of GnRH, the wfGnRH, and another recent variant has been 

isolated from medaka named mdGnRH, which has been characterized as a homolog of 

sbGnRH and mGnRH types according to phylogenetic study. Interestingly, exceptional to 

these teleosts, eel has a single form of GnRH, comparable to mGnRH (Dufour et al., 1982). 
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All these discoveries indicate that the species-specific form of GnRH is relevant to 

reproduction based on its distribution in hypothalamus, preoptic area-hypothalamus (POA-H) 

and innervations to pituitary. Species-specific form of GnRH showed correlative changes to 

gonado-somatic index and annual reproductive cycle (Senthilkumaran et al., 1999). 

Interestingly, after having identified multiple forms of GnRH, multiple receptor subtypes 

have also been identified in several fish species (Illing et al., 1999; Okubo et al., 2000; 

Bogerd et al., 2002; Jodo et al., 2003; Moncaut et al., 2005; Parhar et al., 2005; Flanagan et 

al., 2007; Joseph et al., 2012). These reports together indicated that GnRH, especially extra-

hypothalamal GnRH, for e.g. the GnRH localized in telencephalon, thalamus and other brain 

regions play essential roles in spawning, migration and neuromodulation (Kim et al., 1995; 

Kitani et al., 2003; Kawai et al., 2010; Onuma et al., 2010). 

 

 

FSH and LH 
 

The pituitary GTHs, FSH and LH, are heterodimeric glycoprotein-hormones consisting of 

a non-covalently linked common glycoprotein-hormone α-subunit (GSUα; also shared with 

thyroid-stimulating hormone) and a specific β-subunit (FSHβ or LHβ) for conferring their 

biological activity through G-protein coupled receptors (Pierce and Parsons, 1981; Aizen et 

al., 2012). In recent years, the availability of molecular cloning techniques allowed the 

isolation of the genes coding for the GTH subunits in 56 fish species representing at least 14 

teleost orders (Levavi-Sivan et al., 2010). Two types of GTHs, different for structure and 

chemical roles, were identified in the teleosts: GTH-I (or FSH), involved in the initial stages 

of gametogenesis (vitellogenesis), and GTH-II (or LH), which implement final oocyte 

maturation, ovulation, spermiogenesis and spermiation (Mylonas et al., 2010). Interestingly, 

in catfish only one form of GTH could be purified homologous to LH (Schulz et al., 1995) 

and which shows multiple peaks corresponding to both GTH I and II (Kirubagaran et al., 

2005). However, later reports could identify two GTH genes in catfish, yet purification of 

FSH was not feasible by large. Nevertheless, siluriformes tend to evolutionarily diverge by 

having a single gonadotropin molecule, LH to entrain complete gonadal function. Many 

studies are still underway to debate on the presence of FSH in this species. When GTH 

expression was examined in goldfish, both GTH I ß and II ß mRNA levels in the pituitary 

gland increased in accordance with gonadal development, unlike the sequential expression of 

GTH subunits in salmonids. FSH mRNA levels increased in association with gonadal 

development in males, whereas the levels remain low throughout sexual maturation in 

females. On the contrary, LH mRNA levels of both sexes were maintained at high levels from 

the beginning of gametogenesis to spawning phase, more specifically in females (Gen et al., 

2000). Thus, the role of FSH and LH showed distinct differences across species but at times 

LH is capable of initiation and maintenance of gonadal function. 

 

 

Role of Monoamines in Entraining GnRH and GTH 
 

In teleosts, pulsatile release of GnRH vis-à-vis secretion of GTHs from pituitary is under 

the control of stimulatory and inhibitory central monoaminergic systems at the level of POA-
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H and pituitary (Goos et al., 1999). Among the central MAs, DA is inhibitory while 5-HT, 

NE and GABA are stimulatory to LH secretion (Peter et al., 1991; Senthilkumaran and Joy, 

1996; Joy et al., 1998; Goos et al., 1999; Senthilkumaran et al., 2001). A number of studies 

indicated the involvement of MA-related enzymes such as tryptophan hydroxylase (tph), 

monoamine oxidase (MAO) and catecholamine-o-methyl transferase (COMT) in the steroid-

mediated negative feedback regulation of gonadal steroids on GnRH-GTH axis (Saligaut et 

al., 1992a; Larson et al., 2003). More reports on this line demonstrated the existence of 

differential negative feedback exerted by estradiol-17ß (E2) on GnRH-GTH axis and 

hypothalamic MA metabolism (Saligaut et al., 1992b; Levavi-Sivan et al., 2006). In light of 

this, it is conceivable that MAs play a prominent role to orchestrate GnRH-GTH axis. Let us 

now review different MAs in the perspective of GnRH-GTH regulation. 

5-HT is well known for modulating the release of GnRH and GTH in teleosts and appears 

to be an integral part of the pathway mediating neuroendocrine events (Peter et al., 1991; 

Hery et al., 1997; Goos et al., 1999; Senthilkumaran et al., 2001; Wong et al., 2004; 

Nakamura and Hasegawa, 2007). Hypothalamic 5-HT is well known to induce GnRH release 

through 5-HT receptor subtype-2 and GTH release from pituitary (Somoza and Peter, 1991; 

Khan and Thomas 1994; Trudeau, 1997). Number of studies in teleosts indicates the 

involvement of 5-HT and MAO in the exertion of negative feedback by E2 to modulate GTH 

release (Khan and Joy, 1988; Senthilkumaran and Joy, 1995b; Yaron et al., 2003). 5-HT is 

also considered as an important MA as it transduces environmental cues such as photoperiod 

and temperature to modulate GnRH-GTH axis in response to reproductive cycle (Khan and 

Thomas, 1994; Tsai et al., 2002). Another stimulatory MA, NE is known for its involvement 

in GnRH-GTH release through specific NE receptors (Chang et al., 1984; Chang et al., 1991; 

Peter et al., 1991; Yu and Peter, 1992). Hypothalamic NE and DA also shows changes like 

that of 5-HT during negative feedback effects by E2 and also after artificial modulation of 

photothermal conditions (Senthilkumaran and Joy, 1995a). Thus, both 5-HT and NE play 

significant roles in the regulation of GnRH-GTH axis. Intriguingly, COMT also showed 

changes correlative to NE like that of MAO (Saligaut et al., 1992a; Sebert et al., 2008). 

Likewise 5-HT, NE is also capable to initiate and complete gonadal sex reversal as well as 

color change perhaps through H-H-G axis. Unlike 5-HT or NE, GABA showed both 

stimulatory and inhibitory tone on GTH release in the Atlantic croaker (Khan and Thomas 

1999). Interestingly, no inhibitory DA tone influence on GnRH-GTH release is evident in this 

species (Copeland and Thomas, 1989). On the other hand, GABA was stimulatory via 

receptors in inducing sbGnRH release in vitro in the POA-H slices and pituitary fragments of 

red seabream (Senthilkumaran et al., 2001). In goldfish also, GABA is known for its 

stimulatory influence on GnRH-GTH axis (Kah et al., 1992; Trudeau et al., 1993; Trudeau, 

1997). Despite these studies, no attempt was made to stimulate GnRH release using 

stimulatory MAs, NE or GABA, yet successful spawning trials were seen using 5-HT in 

combination with GnRH analogue (GnRHa) in teleosts (Goos et al., 1987; Joy et al., 1998; 

Hassin et al., 2000). While GnRH is considered as the major hypothalamic factor controlling 

pituitary GTHs through excitatory MAs in teleosts and most other vertebrates, its stimulatory 

actions may be opposed by the potent inhibitory actions of DA in teleosts (Peter et al., 1991; 

Goos et al., 1999; Dufour et al., 2010). Dufour et al. (2010) also explained that this dual 

neuroendocrine control of reproduction by GnRH and DA has been demonstrated in various, 

but not all, adult teleosts, where DA exerts an inhibitory tone in the neuroendocrine regulation 

of gametogenesis especially during final oocyte maturation and ovulation in females, and 
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spermiation in males. In addition, DA may also play an inhibitory role during the early stages 

of gametogenesis in some teleost species, and thus interact with GnRH in the control of 

puberty (Dufour et al., 2010). This concept has major implications for inducing spawning in 

aquaculture. In this context, the important discovery was made by understanding the 

neuroendocrine role of GnRH and inhibitory tone of DA on GnRH-GTH release from several 

teleosts (De Leeuw et al., 1986; Peter et al., 1991; Yu and Peter, 1992; Goos et al., 1999; 

Vacher et al., 2000). Exploiting this phenomenon, a new technique known as ‘LinPe’ has 

been developed for several teleosts to induce spawning in aquaculture wherein GnRHa and 

DA receptor subtype-2 blocker, domperidone or pimozide were essentially used and 

formulated as ovaprim (Billard et al., 1984; Peter et al., 1988; Halder et al., 1991; Peter et al., 

1991; Alok et al., 1993; Sharaf, 2012). Further studies on this line clearly indicated that 

changes in preovulatory GTH surge in response to GnRH or ovaprim implantation is brought 

about by the modulation of MAs and MA related enzymes during pre/periovulation (Peter et 

al., 1991; Joy et al., 1998; Goos et al., 1999; Sharaf, 2012). Thus, both GnRH-GTH and MA 

coordination is essential to implement maturation and spawning in teleosts (Peter et al., 1991; 

Goos et al., 1999). Surprisingly, though DA inhibitory tone is evident in eel (Dufour et al., 

1988), favourable spawning response could be induced by implantation of a single osmotic 

pump loaded with human chorionic gonadotropin (Kagawa et al., 2009). 

 

 

Induction of Puberty: 
Pivotal Role of GnRH-GTH Axis 

 

The process of gonadal maturation and reproductive competence involve a number of 

internal as well as external factors which provide crucial cues for reproductive success for the 

organism, and in most vertebrates, GnRH seems to play a prominent role in puberty through 

differential expression of gonadotropin receptors (Kumakura et al., 2004; Hildahl et al., 

2011b). Development of GnRH cells followed by increased GnRH levels consequently 

elevates GTHs, thereby setting up gonadal physiology for puberty and reproduction (Dubois 

et al., 2000; Whitlock et al., 2006). In teleosts as well as other vertebrates, sexual maturation 

is marked by the transition of an inactive H-H-G axis to a functional state, and studies have 

indicated variation in the regulation profiles of GTHs which may also be species-specific 

(Goos et al., 1999; Chang et al., 2000). Such a phenomenon could also be evident during 

gonadal recrudescence of annual breeders (Peter et al., 1991; Goos et al., 1999; Kumar and 

Trant, 2004). Studies on sexually immature female red seabream to identify the pubertal 

development of the brain pituitary gonadal axis showed increased levels of LH-  subunit in 

pituitary and serum, in response to implanted cholesterol pellets containing GnRHa 

(Kumakura et al., 2004). Levels of both brain and pituitary sbGnRH increased from immature 

phase and reached a peak in spawning phase in red seabream, revealing the rise in gonado 

somatic index and vitellogenesis (Senthilkumaran et al., 1999). In black porgy, 

Acanthopagrus schlegeli, the role of GnRH was investigated in immature fish treated with 

GnRHa by examining the mRNA levels of GTH subunits (GTH- , FSH- , and LH- ) in the 

pituitary as well as plasma E2 level, which showed an increase in of both correlates (An et al., 

2008). The comparison of GnRH and GTH levels in the pituitary at various developmental 

stages also implied their role in gonadal development and maturation. Three forms of GnRH 
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expressed in the pituitary of male European sea bass, Dicentrarchus labrax showed 

significant changes during the stages of sex differentiation and also in early puberty, i.e. the 

first seasonal spawning (Rodriguez et al., 2000). Gonadal development leading to puberty in 

male catfish, Clarias gariepinus involves the increase in basal plasma levels of 11-

ketotestosterone, testosteone and pituitary GnRH sensitivity (Schulz et al., 1995) which 

suggested the presence of a positive signal that enhances pituitary function during puberty, 

and might be linked to the action of steroids in GTH-II production (Blazquez et al., 1998). 

The development of GnRH neuronal systems in the brain of pubertal catfish was found to be 

more advanced than the pre-pubertal or juvenile stages (Dubois et al., 1998). The GnRH 

levels of Atlantic cod, Gadus morhua, (gmGnRH) in the brain showed a significant increase 

during spawning, and was found to be expressed in the pituitary at pubertal stages (Hildahl et 

al., 2011a). Similarly, in red seabream, rise in sbGnRH is considered an important 

physiological event for the onset of puberty (Kumakura et al., 2003). In a step further to these 

research reports, a superior strategy for successful breeding of sexually immature marine 

teleost during non-breeding phase by modulating environmental variables with GnRH 

implantation by osmotic pump has been demonstrated (Kanemaru et al., 2012). 

The importance on the gonadotropins FSH and LH varies with respect to species, and 

several studies have shown their different roles during sexual maturation. Several studies 

have shown the more prominent role of FSH in pubertal stages of some salmonids, where the 

plasma levels of FSH in blood and FSH mRNA were found to be much higher than LH 

during puberty in coho salmon, masu salmon and rainbow trout (Dickey and Swanson, 2000; 

Furukuma et al., 2008; Sambroni et al., 2012; Okuzawa et al., 2002). In female striped bass, 

the FSH  mRNA level in pituitary was significantly higher at the pre-pubertal stages, 

followed by an increase of LH  expression only at late puberty (Hassin et al., 1999). 

However, ontogenic studies of FSH and LH expression in female zebrafish brain and pituitary 

showed the abundant expression of FSH  before puberty while LH was found to be much 

higher at the onset, and expression of both was found to increase during pubertal stages which 

suggests a potential role of LH in the onset of puberty in this species (Chen and Ge, 2012). 

Plasma levels of LH also showed an increase during early puberty in the European seabass 

which also suggests its significant role in the onset of puberty (Rodriguez et al., 2000). These 

findings concur that both FSH and LH under the regulation of GnRH, have relative and 

different roles during the onset of puberty, but may vary within species, and may even show 

sexual dimorphisms in their expression profiles within the same species (Tanaka et al., 1993; 

Gen et al., 2000). Recent evidences indicate that Kisspeptin through GPR54 expression play a 

prominent role by regulating GnRH in neurons vis-à-vis gonadotropin release, thereby 

Kisspeptin is also known as gatekeeper of puberty and reproduction (Filby et al., 2008; Zohar 

et al., 2010). 

 

 

Relevance of GnRH-GTH Axis  

during Sexual Development/Sex Differentiation 
 

In the previous section, we had explained lot of interesting findings that describe the 

precise role of GnRH and GTH in relation to puberty and gamete maturation. In this section, 

we are highlighting some important findings indicating changes in GnRH and GTH in 
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response to gonadal sex differentiation. In this perspective, it is important to analyze the 

events of gonadal differentiation with the onset of GnRH-GTH axis. Occurrence of GnRH 

neurons in POA-H coincides with gonadal sex differentiation (Soga et al., 2005). Miranda et 

al. (2003) also showed changes in POA-H in response to temperature during the sensitive 

period of temperature sex determination in the pejerrey, Odontesthes bonariensis, suggesting 

a plausible role of the CNS and GnRH in the process of sex determination. Corroborating to 

these studies, there are reports in sex changing fish and hermophrodites quoting changes in 

the levels of POA-H GnRH during crucial stages of sex reversal (Lee et al., 2001; Du et al., 

2005). Further, minor variations in GnRH levels and localization may also influence 

differences in sexual behaviour. In this perspective, Swapna et al. (2008) showed changes in 

GnRH immunolocalization in the XX and XY Nile tilapia. This study revealed the presence 

of sbGnRH immunoreactive neurons as early as 5 and 15 days post hatch (dph) in the brains 

of XY and XX tilapia, respectively. Higher immunoreactivity was detected in the brain and 

pituitary of XY tilapia, however, qualitative drop was evident between 20 and 30 dph. On the 

other hand in XX fish, authors observed a steady localization of sbGnRH in the brain and 

pituitary from 15 dph onwards. The apparent reason for the differential localisation of GnRH 

between males and females might have been due to factors that regulate GnRH, for e.g., MAs 

or it is a response to gonadal differentiation, as explained by the authors and also from our 

viewpoint. This needs to be analyzed extensively with additional experiments with different 

animal models. Earlier, Pandolfi et al., (2002) showed differential distribution and ontogeny 

of three distinct GnRH during the period of sex differentiation in the South American cichlid 

fish. The authors could even identify GnRH neurons three days after fertilization, yet, they 

could not perform the analysis sex-wise. Corroborative to these reports, expression of FSH  

and LH  could be observed from 5 dph in the Nile tilapia (Fan et al., 2003). In addition, 

immunolocalization of both FSH and LH was analyzed in tilapia using heterologous antisera 

(Sakai et al., 2005). This report revealed that LH immunoreactivity was found to be lower in 

the pituitary of XX fish when compared to XY tilapia. GTH I and II in pejerry also showed 

differential localization and the cells appeared even before histological gonadal differentiation 

where temperature sex differentiation is operative (Miranda et al., 2001). Thus, GnRH and 

GTH have some association to gonadal ontogeny, but the significance of these correlates in 

gonadal sex differentiation is yet to be established. In addition to GnRH and GTH, certain 

molecular level changes are also seen in MA systems. This information will be reviewed in 

the subsequent sections to establish their relative networks. 

 

 

Monoamines Involvement in Sexual Development 
 

MAs play an important role in reproduction and sexual behaviour in most vertebrates by 

being the first endogenous chemical signals in the regulation of the H-H-G axis (Larson et al., 

2003). Although MAs were considered to be key molecules in sex reversal of teleosts as they 

play an important role in the regulation of the H-H-G axis, their direct involvement in sexual 

development is still not understood. Studies on this line revealed a certain role for 

tryphtophan hydroxylase (Tph) vis-à-vis 5-HT in relation to male and female brain 

development (Tsai et al., 2000; Sudhakumari et al., 2010; Raghuveer et al., 2011). In tilapia, 

the blockade of Tph by para-chlorophenylalanine (p-CPA) during critical periods of sexual 
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differentiation resulted in the reduction of brain 5-HT levels that caused an increased female 

sex population similar to that of ethinyl estradiol (EE2) treatment (Tsai et al., 2000). This 

implied a significant role of Tph in the process of male brain sex differentiation which was 

established by Sudhakumari et al. (2010) using semi-quantitative RT-PCR and in situ 

hybridisation for Tph in brain. Studies on air-breathing catfish, Clarias gariepinus Tph 

mRNA level in male and female brains during early developmental stages also showed 

gender specific differences where male brains showed a significantly higher level of Tph 

expression as compared to the females (Raghuveer et al., 2011). Ontogenic brain studies also 

showed higher transcript level in male brains at 50 and 75 dph which are critical periods for 

gonadal differentiation and development for catfish (Raghuveer et al., 2011). Treatment of the 

juvenile catfish with methyltestosterone (MT) and p-CPA gave rise to skewed female:male 

population in which MT produced a higher number of males, and p-CPA gave rise to more 

females which was verified by real time PCR analysis of Tph transcripts (Raghuveer et al., 

2011). These findings might implicate that the process of gonadal sex differentiation acts in 

concert with brain sex differentiation, with a possible involvement of MA systems. Earlier 

studies on this line revealed changes in 5-HT and brain aromatase activity up on 

administration of sex steroids during the critical period of sexual differentiation in tilapia, 

Oreochromis mossambicus (Tsai et al., 2000). Further, the effects of E2 on the secretion and 

turnover of serotonin in the hypothalamic fragments of male tilapia demonstrate that the 

moderate dose of E2 increases the serotonin activity by increasing the serotonin concentration, 

whereas the high dose of E2 increases the serotonin activity by increasing the ratio of 5-

hydroxyindoleacetic acid and 5-HT (Tsai and Wang, 1997).  

 

 

Involvement of Aromatase 
 

The relevance of brain aromatase and estrogens as possible cues for gonadal development 

is raised in several fish species having thermo-labile sex determination (Blázquez and 

Somoza, 2010). Although the variations in the levels of sex steroids, especially aromatases 

(cyp19a1b, brain form), during developmental stages of both sexes in teleosts have not been 

fully established, studies have shown a correlation between their levels and the process of 

sexual differentiation and development (Rasheeda et al., 2010). This can even be correlated 

with differential localization patterns of GnRH in XX and XY tilapia (Swapna et al., 2008). In 

tilapia, the role of aromatase along with estrogen receptors was studied in the ontogenic 

expression influenced by temperature factors, which implicated the role of aromatase in the 

process of brain sex differentiation (Tsai et al., 2003). Studies on the critical timeline of the 

expression of brain aromatase in zebrafish, under the influence of pharmacological steroids 

like EE2 and 17α-methyltestosterone, have shown a significant up regulation of aromatase 

gene expression which may be associated with sexual differentiation during developmental 

stages (Trant et al., 2001). These findings correlate with that of the studies done on the roach, 

Rutilus rutilus in which the expression levels of brain aromatase in response to their exposure 

to EE2 during early life showed marked effects which also suggests their association with sex 

differentiation in the roach (Lange et al., 2008). In rainbow trout, a distinct and significant 

dimorphic pattern of brain aromatase expression was shown, with higher levels found in male 

brain during the period of gonadal morphology development (Vizziano-Cantonnet et al., 
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2011). Expression analysis of brain aromatase in Nile tilapia at the time of gonadal 

differentiation showed a steady level of expression in testis, in contrast to females where it 

reappeared only at later stages of ovarian differentiation (Chang et al., 2005; Sudhakumari et 

al., 2005). It was reported that, in teleosts cyp19a1b is regulated by FTZ-F1 and FOXL2 

based on their synchronous expression pattern in the brain (Rasheeda et al., 2010; Sridevi et 

al., 2012). Interestingly, FTZ-F1 expression is also found to be higher in females. This 

indicates that brain aromatase and its transcriptional regulator FTZ-F1 may play a certain role 

in ovarian differentiation (Sridevi et al., 2011). Nevertheless, cyp19a1a and its transcriptional 

regulator Ad4BP/SF1 (Yoshiura et al., 2003) and co-regulator Foxl2 (Wang et al., 2007) 

might play decisive roles for ovarian differentiation considering their sexual dimorphism. 

From these findings, it might be a plausible assumption that brain aromatase expression might 

either be a cause or participant in the process of sex differentiation, perhaps through MAergic 

system as well, and changes in brain aromatase and FTZ-F1 may indicate a cause or 

consequence of gonadal differentiation which remains to be elucidated. 

 

 

Conclusion 
 

The role of GnRH, GTH and MA are very well established to entrain reproductive axis 

by regulating the events of gametogenesis (Peter et al., 1991; Goos et al., 1999; Yaron et al., 

2003, Zohar et al., 2010). Regardless of this, the role of GnRH and GTH in initiating gonadal 

development is always debatable mainly due to late occurrence of GnRH-GTH systems 

(Sakai et al., 2005; Swapna et al., 2008). Further, the appearance gonadal specific marker 

genes usually precede GnRH and GTH (Nagahama, 2005). This profoundly raises a question 

whether gonadal or brain sex differentiation is the beginning of sexual development. 

Nevertheless, in serial sex changing species, the sexual behavioural changes precede gonadal 

sex differentiation (Grober and Sunobe, 1996; Kobayashi et al., 2009). Similarly, in species 

that follow temperature dependent sex determination, GnRH and GTH have been shown to 

play very prominent roles. In addition, MAs also play very important roles during the early 

differentiation and even blockade of 5-HT mimic estradiol and causes sex reversal (Tsai et al., 

2000; Raghuveer et al., 2011). To explain this further, based on our studies, we provided sex-

wise schematic representation of GnRH, GTHs, 5-HT and Tph occurrence during the early 

development of Tilapia and catfish (figure 1) in figures (Sakai et al., 2005; Swapna et al., 

2008; Sudhakumari et al., 2010; Raghuveer et al., 2011). Taken together, this area of 

neuroendocrine research is definitely an emerging and prominent area. Studies on this line 

warrant better understanding towards gonadal and brain sex differentiation. The knowledge 

gained in these studies can be correlated to higher mammals as the concept of MA and 

GnRH-GTH regulation prevails in those systems as well. Future research can be focussed on 

the utilization of specific blockers or modern molecular biology strategies that target GnRH, 

GTH or MA or even MA related enzymes. Since MAs are also neurotransmitters, careful 

planning of experiments is essential considering their neuromodulatory role. Our review may 

seed new thoughts to understand gonadal sex differentiation by looking at factors which are 

non-gonadal such as brain or pituitary. Such an approach might solve the discrepancies that 

still exist on this contentious matter, and will contribute to our ever growing knowledge on  
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gonadal factors that comprehend the complex events during gonadal sex 

determination/differentiation and maturation including puberty.  

 

 

Figure 1: Schematic representation of sex-wise abundance of gonadotropin –releasing hormone, 

gonadotropins, tryptophan hydroxylase and serotonin during early sexual development in Tilapia and 

Catfish (Note: Sex-wise ontogeny studies were not performed till 50dph in catfish).  
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Abstract 
 

Over the past two decades zebrafish has been extensively used in biomedical 

research for studying vertebrate development and molecular pathogenesis of human 

diseases. Zebrafish has potential as a genetic model due to its external development, 

transparency of the embryos, relatively short generation time and with the application of 

transgenic reporter lines which allows direct visualization of tissue morphogenesis. Large 

scale forward genetic screens have been used to identify novel genes in the pathways 

affected by cancers. Several zebrafish mutant phenotypes have been characterized 

carrying mutations in genes essential for numerous processes including morphogenesis, 

pattern formation, organogenesis, and differentiation. Major advances in reverse genetic 

methods allowed rapid development of gene-based zebrafish disease models. The 

transgenic zebrafish models can be monitored frequently to study the behavior of cell 

populations carrying the reporter gene of interest in vivo and in real time. Recent 

improvements in molecular imaging techniques and development of transparent zebrafish 

strains offer the unique opportunity to follow normal and aberrant developmental and 

physiological processes at subcellular level. In addition, zebrafish is an effective in vivo 

model system to perform large-scale high throughput screening of chemicals/drugs that 

suppress genetic diseases.  
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Introduction 
 

Zebrafish (Danio rerio), is a tropical freshwater teleost fish originally found in slow 

streams and rice paddies in several parts of the world including the Ganges river in East India 

and Burma. The females are often able to spawn on daily basis and sometimes at intervals of 

two to three days, laying hundreds of eggs. The breeding is easy and the embryos grow 

quickly. Zebrafish reach sexual maturity by three months of age. In early 1930’s zebrafish 

was initially used as a classical model to study vertebrate embryonic development. Later on 

the development of genetic techniques such as mutagenesis, transgenesis and positional 

cloning approaches has made zebrafish an ideal model to quickly assess gene function in vivo 

(see review Udvadia & Linney, 2003). Unlike mouse, zebrafish embryos are transparent and 

develop externally therefore it is easy to visualize cells under microscope during development 

and in later stages it also enables to monitor organ development. Furthermore, it is possible to 

perform a variety of technical manipulations such as microinjections, cell transplantations, 

microsurgery, and cell ablations. These benefits allow rapid phenotypic analysis of early 

embryonic defects. Generating transgenic lines is a popular approach to study the in vivo 

function of genes (functional genomics) in zebrafish wherein the gene of interest is tag with a 

fluorescent protein which is driven by a tissue-specific promoter. It allows us direct 

visualization of tissue morphogenesis in developing embryo. The genome of zebrafish is 

completely sequenced and almost all human genes can also be found in the zebrafish. Both 

shotgun and minimum tiling path sequencing are being combined to generate a high-quality 

genome resource for zebrafish research which has immensely led to the identification disease 

causing mutations. It was found that approximately 20% of the human genes have two 

orthologs in zebrafish (Postlethwait et al., 1998). In this chapter, I focused on how zebrafish 

has emerged as a wonderful in vivo model system to study vertebrate development, genetics 

of human diseases and cancer research. I also reviewed the advances in the transgenic 

techniques that are essential for generating gene based disease models in zebrafish.  

 

 

Zebrafish Model for Developmental 
Biology Research 

 

Zebrafish is a fast escalating and an ideal model for studying various developmental 

processes in vertebrates. As an experimental model organism several new molecular 

techniques have been developed for imaging and manipulating early developmental processes 

in zebrafish which led to many significant discoveries in vertebrate development. There is a 

high genomic and molecular similarity between zebrafish and other vertebrates including 

higher mammals. Zebrafish models have been well established to study heart, kidney, liver, 

muscle and eye development and now it is being extensively used to understand human 

physiological processes like hematopoiesis, angiogenesis and neurogenesis. 
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Heart Development 
 

In recent years, the zebrafish model has emerged as a powerful genetic system to study 

cardiac development and function. Transcription factors hand, nkx2.5, t-box, and gata 

essential for cardiac specification and differentiation in zebrafish are also observed during 

mammalian cardiac development (Tu & Chi, 2012). Zebrafish homologues of genes like 

myosin light chain, titin, cardiac troponin T and  myosin heavy chain can be corroborated to 

their counterparts in human cardiac development. Any of these genes defective in zebrafish 

mutants showed reduced contractility, myofibril disarray and dysmorphic cardiac chambers 

(Tu & Chi, 2012). For example, zebrafish silent heart mutant exhibit non-contractile heart 

and disorganized sarcomeres due to the defect in cardiac troponin T. Zebrafish ilk mutant 

heart has severe myocardial dysfunction resembling human dilated cardiomyopathy and 

knockdown of laminin α4 using morpholinos also results in cardiac dysfunction similar to that 

observed in ilk mutants (Nguyen et al., 2008). Nexilin is a highly enriched protein in cardiac 

muscles and knock down of this gene in zebrafish causes severely reduced cardiac contractile 

function which later on led to the identification of NEXILIN mutations in human dilated 

cardiomyopathy patients (Tu & Chi, 2012). 

 

 

Kidney Development 
 

During development zebrafish forms a simple pronephros comprised of a pair of 

nephrons and will last for over several weeks of larval life. The zebrafish juvenile eventually 

develops a mesonephros, which contains several hundred nephrons. The renal progenitor cells 

that reside throughout the stroma of the mesonephros can produce entirely new nephrons after 

injury. Transcription factors like pax2a and cdx4/1 are essential for axial positioning and 

early patterning of pronephros field. The renal progenitor cells express several transcription 

factors, including pax2a, pax8, wt1b, and lhx1a which drives the formation of new nephrons 

(Gerlach & Wingert, 2012). Defects in cilia formation or function lead to kidney cyst 

formation. Mutations in polycystins, PC1 and PC2 which localize to the cilium, lead to 

polycystic kidney disease (PKD) in humans. In zebrafish also mutation in these two genes 

results in renal cysts and pathogenesis of the disease is similar to PKD (Sun et al., 2004). 

 

 

Liver Development  
 

In zebrafish at early gastrula stage the endoderm cells located in the ventral part give rise 

to hepatoblast which differentiate to liver bud. Based on studies using the zebrafish transgenic 

Tg(gutGFP)S584 it has been revealed that liver morphogenesis occurs in two phases: budding 

and growth. Signaling molecules wnt2bb, bmp2b, fgf and RA play key roles in specification of 

hepatoblasts. Hhex controls the initiation and budding of the liver and prox1 function to 

promote outgrowth of liver bud and migration of hepatoblasts. Genes like foxA1-A3, gata4-6, 

sox17, hhex, prox1 and hnf4 are found to be expressed in liver primodium during the budding 

stage. Loss-of-function of gata5 in the ‘faust’ mutant leads to a liverless or small liver 

phenotype and the double knockdown of gata4 and gata6 in zebrafish completely abolish 

liver development and leads to a liverless phenotype. The γ-hexachlorocyclohexane, 
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thioacetamide and alcohol can induce hepatic steatosis also know as fatty liver disease in 

zebrafish similar to that observed in humans which makes it as good model to study liver 

diseases (Tao & Peng, 2009). 

 

 

Eye Development 
 

Zebrafish cornea and lens show similar kind of morphology as other vertebrates including 

humans. The cornea develops very rapidly in embryogenesis making it handy to loss-of-

function genetic analysis. Further several corneal proteins initially characterized in higher 

vertebrates are conserved in the zebrafish. For these reasons, zebrafish is a suitable model for 

examining corneal development and function. The corneal protein, BIGH3, keratin 3, K3, and 

corneal keratan sulfate proteoglycan, CKS in zebrafish showed conserved expression patterns 

as that in higher vertebrates. BIGH3 gene is responsible for several types of human corneal 

dystrophies. K3 is an excellent marker of corneal epithelium while CKS is expressed 

specifically in the stroma. Zebrafish cornea contains the Bowman’s layer which plays a 

crucial role in corneal wound healing and it is affected by several human disorders, including 

Reis-Bücklers’ corneal dystrophy and keratoconus (Zhoa et al., 2006). 

 

 

Hematopoiesis  
 

Hematopoiesis in the vertebrate is characterized by the initiation of ventral mesoderm to 

form hematopoietic stem cells (HSC) and the differentiation of these progenitors finally gives 

rise to peripheral blood lineages. Several genes are involved in the differentiation and 

development of hematopoietic progenitor cells. In the last decade, zebrafish has become a 

useful genetic model to study hematopoietic development as it enables direct visualization of 

embryonic process of HSCs development in mesoderm and migration of blood cells. Most of 

the critical hematopoietic transcription factors (scl, gata1/2, lmo2, fli1a and runx) identified 

in mammals has orthologues in zebrafish. The genetic programming governing the process of 

hematopoiesis was found to be highly conserved. Stem cell leukemia (scl) gene which is 

crucial for HSC formation has been extensively characterized in both mammals and zebrafish. 

Mutation in this gene leads to acute lymphoblastic leukemia. Several mutant phenotypes 

lacking hematopoetic cells and other vasculature defects in zebrafish have been identified as 

result of mutations in these hematopoietic transcription factors (Davidson & Zon et al., 2004). 

 

 

Angiogenesis 
 

Angiogenesis is the process of formation of new blood vessels and its controlled 

propagation is very important for wound healing and tissue growth. Several methods have 

been developed to visualize blood vessels in zebrafish like in situ hybridization, 

microangiography and transgenics. Researchers have developed transgenic fish lines with 

fluorescent blood vessels wherein GFP expression is driven by a promoter for the vascular 

endothelial growth factor receptor-2 gene which is specifically expressed in blood vessels. 

Several studies in zebrafish have identified new mechanism involved in angiogenesis. 
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Characterization of zebrafish mutant phenotypes with defects in artery development showed 

mutations in Vegf receptor, kdr-like (kdrl), and phospholipase c  1 which are essential for 

vascular morphogenesis (Covassin et al., 2009). 

 

 

Neurogenesis 
 

The zebrafish is an excellent model organism for understanding the process of neural 

development because it has simple brain architecture homologous to those of other 

vertebrates. It provides the opportunity to visualize the initial development and coalescence of 

neurons, as well as the functional organization of complete neural networks. Several genes 

have been identified that play an important role during early neural development using the 

mutant screening and transgenic methods in zebrafish. One specific gene hmx4 in zebrafish 

which is strongly expressed in early brain development and its knock down resulted in 

phenotypes with failure of the neural tube to close, small ears, and loss of the pectoral fins. In 

humans, mutations in HMX genes have been linked to neural mis-patterning and neural tube 

closure defects (Gongal et al., 2011). In mammals, neural crest gives rise to the pigment cells 

of skin and neurons and glia of the peripheral nervous system and dorsal root ganglia (DRG). 

This process is regulated through the activity of two neurogenin genes, neurog1 and neurog2. 

However, in zebrafish the differentiation of neurons in the DRG is dependent on the activity 

of neurog1 which is very crucial for primary neurogenesis and there is no neurog2. Mutation 

in neurog1 resulted in embryos showing severe reduction in spinal sensory neurons and failed 

to form DRG neurons. This study clearly indicates that neurog1 acts as key factor in this 

lineage to direct the formation of sensory neurons (McGraw et al., 2008). Several zebrafish 

disease models have been generated to understand the genetics of neurological diseases 

commonly noticed in humans. 

 

Table 1. 

 

Disease  Gene 

Muscular dystrophy Dystrophin, dystroglycan and Dp71 

Diabetes Insulin, IA-2 autoantigen and IA-2b autoantigen 

Alzheimer's disease presenilin-1, presenilin-2, Presenilin Enhancer 2, 

acetylcholinesterase, amyloid precursor protein and apoE 

Cardiomyopathy cardiac troponin T and titin 

Huntington's disease Huntingtin 

Leukemia runx1, cbfb 

Amyotrophic lateral sclerosis sod-1 

Thrombosis Factor VII, cox-1 and cox-2 

Parkinson’s disease parkin, pink1, dj-1 

Joubert syndrome CEP290 (NPHP6) 

Congenital sideroblastic anemia ALAS 2 

Nephrotic syndrome plce1 

Erythropoietic protoporphyria Ferrochelatase 

Spinal muscular atrophy SMN 
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Zebrafish Model of Human Genetic Diseases 
 

In the last decade, zebrafish has been successfully employed as an organism to elucidate 

the etiology of human disease. Zebrafish models of human disease are widely used in many 

different areas of biomedical research to understand the genetic mechanisms of pathogenesis. 

During 1990s, two large-scale genetic screens were conducted parallelely by two independent 

groups in Boston and in Tubingen (Driever et al., 1996; Mullins et al., 1996). It resulted in the 

identification of several embryonic mutant phenotypes that exhibit various developmental and 

physiological disorders and many of which resembled human genetic diseases. The 

combination of easy mutagenesis and phenotypic screens of the earliest developmental stages 

of zebrafish resulted in the undertaking of large-scale screens. Further recent advances in 

transgenic techniques has made easier for the scientist to develop human disease models in 

zebrafish that are specific to a particular gene. Several human disease genes as orthologs have 

been identified in zebrafish (Table 1; see review Rubinstein, 2003; Kari et al., 2007). Some of 

these genes are already cloned from zebrafish and diseases model have been developed. The 

Table 1 below summarizes examples of human disease related genes found in zebrafish. 

 

 

Zebrafish Models of Genetic Disease Can Be 
Developed by Two Different Approaches, Forward 

and Reverse Genetics Approaches 
 

Forward Genetics Approach 
 

Zebrafish is well known for its effectiveness as a forward genetic tool. Scientists have 

extensively used this model for large-scale forward genetic screens in which phenotypic 

defects are identified before the identification of the gene causing these defects. In this 

approach, the mutations are introduced into the genome of adult fish either through chemical 

mutagenesis or irradiation. The offsprings from the mutagenized fish are screened for 

abnormal phenotypes. Genes that are carrying the genetic mutations are identified through 

genetic mapping, sequencing analysis, and phenotype validation. N-ethyl-N-nitrosourea 

(ENU) is the most common and effective chemical mutagen used to generate large number of 

screens (Haffter et al., 1996; Driever et al., 1996; Amsterdam & Hopkins, 2006). Male adult 

fish are exposed to ENU which induces point mutations throughout the genome in germ cells. 

Mutagenized fish are crossed with wildtype females. F1 progeny which are heterozygous for 

individual mutations are selected and crossed again with wildtype females to get F2 progeny. 

The F2 generation is intercrossed randomly to produce F3 families in which homozygous 

mutations occur. Most ENU induced mutations are recessive. Finally, the F3 embryos are 

selected based on the abnormalities during development using microscopic examination. 

Positional cloning can then be used to identify the affected gene in these mutant phenotypes. 

Large numbers of mutations that disrupt embryonic development have now been isolated in 

the zebrafish, many of which may serve as models for human congenital diseases and result in 

phenotypic similarities (Haffter et al., 1996; Driever et al., 1996). For example, a zebrafish 

mutant sapje has a defect that impairs the muscle protein dystrophin which is similar to the 

human gene that causes Duchenne muscular dystrophy (Bassett et al., 2003). Cardiac 
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contractile defects identified in zebrafish using forward genetic screen mutants, such as ilk 

and titin, have also now been detected in human cardiomyopathies. Zebrafish anaemic 

mutants yquem and dracula are models of hepatoerythropoietic porphyria and erythropoietic 

protoporphyria, respectively (Wang et al., 1998). Phenotypic similarities between Tbx1 

mutant mice and the zebrafish van gogh mutant also implicated TBX1 in the human DiGeorge 

syndrome (Childs et al., 2000). Major drawback of forward genetics approach is that it is slow 

and laborious due to positional cloning methods. 

Another approach to induce mutations disrupting developmental processes in zebrafish is 

radiation, mainly -rays. Mutagenesis using  produces a very high locus mutation rate in 

contrast to chemical mutagenesis. -rays induce translocations and large deletions at high 

frequency in the zebrafish genome (Fritz et al., 1996). 

 

 

Reverse Genetics Approach 
 

Reverse genetics involves studying the phenotypic consequences by disturbing the 

function of a gene of interest. There are several different methods which are currently 

employed in reverse genetic approach to develop zebrafish mutants. These include TILLING, 

morpholinos, retroviral mediated mutagenesis and transgenesis. 

 

 

Tilling 
 

TILLING (Targeting Induced Local Lesions IN Genomes) was the first reverse genetic 

approach used in zebrafish to induce germline mutations in a desired target gene. It allows 

rare mutagenic events to be recovered for subsequent phenotypic analysis. This method 

involves random induced mutations by ENU and subsequent screening for mutations in target 

genes. Lesions within the library are identified through the analysis of PCR amplicons 

spanning genomic regions of interest. This screen is an enzyme-mediated (CELI 

endonuclease) mismatch recognition procedure to detect heterozygous germ line mutations in 

the F1 generation. This method leads to generation of more number of Null mutants in 

zebrafish (Wienholds et al., 2003; Sood et al., 2006). The first zebrafish mutant to be 

generated using this method has mutation in gene rag1 (recombination activating gene 1) 

associated with human severe combined immunodeficiency (Wienholds et al., 2002). 

Zebrafish mutants containing mutation in the tumor suppressor gene tp53 were identified 

using target-selected mutagenesis which developed malignant peripheral nerve sheath tumors 

(Berghmans et al., 2005). 

 

 

Morpholinos 
 

Morpholinos have proven to be a valuable tool for assessing gene function in 

developmental biology. Morpholinos (MOs) are synthetic oligonucleotides of 25 bases, which 

hybridize specifically to complementary sequences of mRNA, disrupting translation initiation 

or pre-mRNA splicing. The backbone of MOs is similar to the backbone of DNA or RNA, 
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with minor changes (Summerton & Weller, 1997). Ekker and colleagues were the first to 

demonstrate the use of MOs in zebrafish by targeting the translation start site for a number of 

development related genes. This technology is effectively used to confirm new mutant gene 

identification to explore the functions of genes where no mutant exists (Nasevicius & Ekker, 

2000). Pipetail (wnt5) and silberblick (wnt11) zebrafish mutants developed using 

morpholinos undergo abnormal gastrulation with an undulated notochord and cyclopic 

embryos, respectively (Rauch et al., 1997; Heisenberg et al., 2000). Zebrafish diseases models 

similar to human diseases were created to evaluate the function of specific genes more 

precisely. Hypertrophic cardiomyopathy model was developed using morpholino targeting 

zebrafish cardiac troponin T (tnnt2) gene which is characterized by myocardial hypertrophy, 

myocyte and myofibrillar disarray (Becker, 2011). Mutation of the human TBX5 gene causes 

a disorder known as Holt-Oram syndrome, characterized by deformities in the heart and upper 

limbs (Li et al., 1997). Zebrafish with this mutation have analogous defects both in the heart 

and pectoral fins. Npc1 morphants display numerous abnormalities, including cholesterol 

mislocalisation, cell-movement defects that is seen in Niemann-Pick disease, type C1. 

Zebrafish vegf-A morphant embryos develop with an enlarged pericardium and with major 

blood vessel deficiencies. Zebrafish pdx1 morphant displays defects in pancreas development 

and digestive organ chirality, and potentially identifies a multipotent pancreas progenitor cell 

(Yee et al., 2001). Knockdown of the Zebrafish ortholog of the Retinitis Pigmentosa 2 (RP2) 

gene results in retinal degeneration (Shu et al., 2011). 

 

 

Retroviral  
 

Retroviral based mutagenesis systems can also be employed for reverse genetic strategies 

to identify modified alleles of a target gene. It has the potential to provide collections of 

disrupted alleles for the majority of genes within the zebrafish genome. The inserted DNA 

can be tailored to interfere with gene expression, while also providing readout of the 

expression pattern of the gene through the incorporation of an expressed tag such as GFP. A 

pseudo-typed retrovirus derived from MLV with its envelope protein can able to infect 

zebrafish embryos and transmit efficiently through germline following insertion into the 

genome (Amsterdam & Becker, 2005). It gets integrated into the genomic regions close to 

transcription start sites. By utilizing the retroviral sequence as a molecular tag for mapping, 

the genomic sequence flanking the insertion site can be easily identified through inverse PCR 

or linker-mediated PCR. Using this approach, 315 genes essential for zebrafish development 

has been successfully identified (Amsterdam & Varshney, 2011). 

 

 

Transgenic Approach 
 

Transgenic techniques in zebrafish are widely used to characterize the function of many 

newly identified genes. The first transgenic zebrafish was generated by injecting the plasmid 

DNA or bacterial artificial chromosomes into the cytoplasm of fertilized eggs which 

integrated into the genome and stably transmitted to subsequent generations (Stuart et al., 

1988). DNA integration is best achieved when foreign DNA molecules are injected at one-

cell or two-cell stages. In this approach, a large number of eggs need to be injected and 
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screened to compensate for the low germ-line transmission efficiency to the F1 generation. In 

addition, the inserted foreign DNA tends to integrate as concatemers with multiple tandem 

copies. Later on other several techniques have been developed to improve germ-line 

transmission efficiency which includes transposon, Gal4-UAS, tetracycline (Tet-On), and the 

Cre/loxP based systems.  

Transposon Tol2-based transgenesis has emerged as a reliable and effective system for 

transient and stable expression of transgenes in zebrafish. The Tol2 elements usually inserted 

into the genome as a single copy and therefore do not dramatically rearrange the genomic 

sequences flanking the insertion site, for this reason, they are less susceptible to methylation. 

Transposon mediated transgenesis by simple injection of constructs into fertilized eggs can 

result in a 50–80% efficiency of germ line trangenesis (Suster et al., 2009).  

The Gal4-UAS, tetracycline (Tet-On) and the Cre/loxP systems have been used to 

achieve tissue-specific expression of transgenes in zebrafish transgenic models. Each of these 

methods can be used to activate gene expression in a regulated manner. It allows regulation of 

the transgene expression either temporally or spatially. This kind of tight regulation of 

transgene is essential because many of the cancer genes involved in tumorigenesis play 

crucial roles during development (see review Skromne & Prince, 2008). The gal4-UAS 

system uses the yeast transcriptional activator GAL4 to drive expression of a gene of interest 

via its specific cis-binding sites known as upstream activating sequences (UAS). When driver 

lines expressing GAL4 are crossed to UAS regulated reporter lines, the activation of the 

reporter genes can be tightly controlled by the presence of Gal4 in a promoter-specific 

manner. The transgenesis efficiency has improved by using the more potent GAL4-VP16 

fusion as an activator (Koster & Fraser, 2001). The Tet-On system again depends on a driver 

and an effector gene where in temporal control is also dependent upon drug treatment. This 

system is activated when the stable Tet derivative doxycycline is added to the medium. 

Transient GFP expression was achieved either by using a single plasmid carrying both rtTA 

driver and GFP responder (Huang et al., 2005). 

Another well-established genetic method to regulate transgene expression is the 

Cre/LoxP system. The Cre/loxP system is widely used in mouse, in particular to allow 

conditional knockouts. First time this system was used in zebrafish to demonstrate that Cre 

recombinase was introduced into fish embryos through microinjection has successfully 

excised the dsRED gene from a CMV-loxP-dsRED2-loxP-EGFP transgene and green 

fluorescent protein was expressed in the transgenic fish (Langenau et al., 2005). Using this 

system lymphoblastic leukemia model has been developed in zebrafish. The rag2-loxP-

dsRED2-loxP-EGFP-mMyc transgene which is introduced in to the embryos induces Myc 

activity in T cells causing leukemia (Langenau et al., 2005).  

 

 

Targeted Gene Inactivation Using Zinc-Finger Nucleases 
 

More recently engineered Zinc-Finger Nucleases (ZFNs) are efficiently used for targeted 

gene inactivation in zebrafish (Meng et al., 2008). ZFNs are artificial restriction enzymes 

generated by fusing a zinc finger DNA-binding domain to a DNA-cleavage domain which is a 

restriction endonuclease Fok I derived from bacteria. Zinc finger domains can be engineered 

to target unique DNA sequences within the genome. The helix domain of each zinc finger 

recognizes and binds to a specific 3 bp DNA sequence. Each ZFN typically contains three to 
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six individual zinc finger motifs, which can recognize a total of 9–18 bp target DNA 

sequence. Since Fok I has to dimerize to become fully functional, ZFNs usually function in 

pairs, where they bind to DNA with appropriate orientation and spacing to induce double 

strand breaks (DSBs) at its target locus. The DSB could be repaired through error-prone non-

homologous end joining or homology-directed repair, leading to either indel mutations or 

DNA replacement. Multiple pairs of ZFNs can also be used to completely remove entire large 

segments of genomic sequence (Lee et al., 2009). To monitor the editing activity, a PCR of 

the target area will amplify both alleles and if one contains an insertion, deletion, or mutation, 

it will result in a heteroduplex single stranded bubble which cleavage assays can easily detect. 

ZFN technology has been successfully applied in in vitro cultured cells as well as many 

model organisms including zebrafish. Recently, researchers have successfully used the ZFN 

technology to generate transgenic fish embryos with no tail (ntl) that lack notochord and tail 

and kdrl mutant fishes have specific vasculature defects (Amacher, 2008). The ZFN encoding 

mRNA was injected into one-cell embryos and a high percentage of animals carried the 

desired mutations and phenotypes. ZFNs can specifically and efficiently create heritable 

mutant alleles at loci of interest in the germ line, and ZFN-induced alleles can be propagated 

in subsequent generations. 

Transgenesis also enables the over expression of dominantly acting disease gene within a 

specific tissue using tissue specific promoters and this trangenesis approach has extensively 

been used to generate several cancer based models in zebrafish. Most of the cancer related 

genes that are identified in humans were introduced into zebrafish embryos which are driven 

by different promoters to induce cancers in specific tissues (Table 2; Bourque & Houvras, 

2011). 

The Table 2 below summarizes transgenic zebrafish models for cancer and other 

genetically based human diseases: 

 

Table 2.  

 

Cancer model Oncogene or tumor suppressor  

T-cell acute lymphoblastic leukemia c-Myc , Notch1 

B-cell acute lymphoblastic leukemia elfa 

Acute myeloid leukemia (AML) AML-ETO, MOZ-TIF2 

Melanoma BRAF, HRAS, NRAS 

Pancreatic carcinoma KRAS 

Neuroendocrine carcinoma MYCN 

Embryonal rhabdomyosarcoma KRASG12 

Malignant Peripheral Nerve Sheath 

Tumor or Neurofibrosarcoma 

tp53, rp, emi, msh2, msh6 

Neuroblastoma fbxw4 

Ocular tumor ptenb 

Intestinal, pancreatic, 

and hepatic adenomas 

apc 

Testicular germ cell tumor Lamc1 
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Conclusion 
 

Zebrafish is an emerging and effective vertebrate animal model not only for 

developmental biology but also for biomedical research. Morphology based approach of gene 

knockdown deciphered the role of several genes that play crucial role in the early 

embryogenesis. The power of forward genetics and improvements in reverse genetics 

techniques have greatly assisted in the development of zebrafish disease models for a variety 

of human genetic diseases and cancers which exhibit comparable features both 

histopathologically and genetically. One of the important technical challenges in zebrafish 

transgenics is developing conditional knockouts of specific genes. This has been achieved 

using conditional Cre/lox system and Zinc finger nuclease technology. With ongoing 

development in zebrafish research, zebrafish models of disease offer valuable insights into 

disease pathogenesis and provide a tool to develop new and effective therapies for a various 

human diseases. Scientists are working on zebrafish disease models for large-scale screening 

of chemicals/drugs that can suppress genetically caused diseases and in near future it will aid 

in the development of new therapeutic drugs. 
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Abstract 
 

Reproductive success is vital for the sustainability of a species and it is tightly 

regulated by sex steroids which exert variable effects based on the sex and stage of 

gonadal development in addition to gametogenesis to time reproduction. Teleosts are 

good model for understanding spermatogenesis as it is synchronous and this process is 

conserved among many vertebrate species and is strongly regulated by gonadotropins and 

sex steroids. The role of sex steroids in the regulation of spermatogenesis and sperm 

maturation has been hypothesized and proved in many instances. In teleosts, 11-

ketotestosterone is a potent androgen, which along with progestin, 17,20β-

dihydroxypregn-4-en-3-one, mediates the progression of meiosis during spermatogenesis 

vis-à-vis sperm maturation. In this chapter, we comprehend the role of androgens and 

progestins in teleostean sperm maturation by emphasizing the hormone production, 

action and how gonadotropins or other related factors regulate this process. In addition, 

we also discussed about the regulation of hypothalamo-hypophyseal-gonadal axis and 

clarified how modulation of any of these processes assists sperm maturation and 

spermiation, which are critical for better seed production in pisciculture. 
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Introduction 
 

For any animal, reproductive function is very critical to sustain its own generation in 

environment and for better reproductive function, tightly regulated gametogenesis and 

fertilization is essential. Gametogenesis i.e. formation of gametes, sperm and oocyte, is under 

the control of gonadotropins and sex steroids like progestins, androgens and estrogens. 

Hypothalamo-hypophyseal-gonadal axis (H-H-G) maintains hormonal homoeostasis vis-à-vis 

gametogenesis and these regulations are well conserved among the class of vertebrates. 

Androgens, the C19 class of steroids regulate gonadal development/function and 

spermatogenesis and thereby promoting fertility of males. In teleosts, 11-ketotestosterone (11-

KT) and testosterone (T) are the principle androgens (Borg, 1994), and in addition, they are 

the important stimulators for secondary sexual characters. The levels of 11-KT is higher than 

T in all stages of testicular development (Borg, 1994) and in vivo/in vitro studies showed that 

11-KT is a direct stimulator of spermatogenesis (Miura et al., 1991a; Borg, 1994; Cavaco et 

al., 1998; Amer et al., 2001; Miura and Miura, 2003), while T is a stimulator of H-H-G 

regulation of gonadal function (Goos et al., 1986; Amano et al., 1994; Montero et al., 1995). 

Progestins are C21-class of steroids with wider role which can serve as a neuro- and 

reproductive steroids. In teleosts, progestins include pregnenalone, progesterone (P), 17,20β-

dihydroxypregn-4-en-3-one (17 ,20β-DP) and 17,20β,21-trihydroxy-4-pregnen-3-one (20β-

S). All these progestins can exert rapid non-genomic action through membrane progestin 

receptors (mPRs) which are well characterized in lower vertebrates like fishes (Thomas et al., 

2006; 2009) and in turn observed in higher vertebrates including primates.  

Spermatogenesis is the process by which diploid spermatogonia undergo meiosis to 

become primary and secondary spermatocytes, and in turn haploid spermatids. These 

spermatids elongate and differentiate into flagellated sperm to undergo sperm maturation and 

acquire motility. Many studies are available on the importance of androgens and progestins in 

fish gamete maturation. However, species specific differences exist along with seasonal 

variation in several fishes like the Japanese eel, catfish and goldfish (Ueda et al., 1985; Miura 

et al., 1991a; Cavaco et al., 2001). 

In this chapter, we have comprehended and highlighted the importance of sex steroids, 

androgens and progestins, and gonadotropins in the regulation of sperm maturation of 

teleosts. The in-depth analysis and understanding of this process will revolutionize the 

fisheries industry immensely. 

 

 

Spermatogenesis and Sperm Maturation  

in Teleosts 
 

Spermatogenesis is conserved among many species with very few minor changes. It can 

be cystic (fishes and amphibians) or non-cystic type of spermatogenesis (reptiles, birds and 

mammals). In cystic type (fishes), spermatogenesis occurs in seminiferous tubules within 

cysts, which are formed of cytoplasmic extensions of Sertoli cells (Matta et al., 2002; Schulz 

and Miura, 2002; Schulz et al., 2005). In non-cystic type, spermatogenesis occurs in 

seminiferous tubules as a whole. In cystic type, the cyst forming Sertoli cells can proliferate 

even in adult animals, unlike non-cystic type, wherein their proliferation stops at puberty. In 
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addition, the cysts contain synchronously developing germ cell clones and hence cystic 

Sertoli cells can support spermatogenesis better by supplying specific growth factors than 

non-cystic, where, they support different germ cell clones, which are in different stages of 

development (Schulz et al., 2010). In general, spermatogenesis of teleosts comprises of five 

processes:  

 

1. Spermatogonial renewal  

2. Spermatogonial proliferation  

3. Meiosis  

4. Spermiogenesis  

5. Sperm maturation  

 

During spermatogonial phases, spermatogonia undergo mitosis and form spermatogonial 

stem cells, and differentiating spermatogonia. The differentiated spermatogonia undergo 

meiosis and produce short lived primary and secondary spermatocytes, which further undergo 

spermiogenic phase to produce haploid spermatids. These sperrmatids undergoes 

spermiogenesis, wherein, a series of morphological changes like nuclear condensation, 

elimination of organelles and cytoplasm, flagellum formation, and the rearrangement of 

cellular organelles occur, which lead to the differentiation of spermatids into sperm 

(Jamieson, 1991; Shimizu et al., 2000). The final stage of spermatogenesis or sperm 

maturation, involves activation of non-functional gamete into mature/motile sperm. This 

process involves physiological rather than morphological changes. The role of sex steroid 

hormones is critical for entire spermatogenesis. Spermatogonial renewal is regulated by 

estradiol-17β (E2), while spermatogonial proliferation, meiosis and spermiogenesis are 

regulated by 11-KT (Miura et al., 1991a; Borg, 1994; Amer et al., 2001). Progestin (17,20β-

DP) regulates the sperm maturation and acquisition of motility (Miura et al., 1991b; Miura et 

al., 1992; Miura and Miura, 2003).  

 

 

Role of Steroidogenic Enzymes in Sperm 
Maturation: Does, Shift in Steroidogenesis 

Occur in Male Teleosts? 
 

Steroid hormones, 17 ,20β-DP, 11-KT and E2 can induce DNA synthesis, 

spermatogonial renewal, and/or spermatogonial proliferation in vitro, which impart crucial 

role in spermatogenesis (Amer et al., 2001). In general, androgens and progestins control 

mutual biosynthesis (Chen et al., 2010), further, the production of progestins and androgens 

are critically depends on substrate availability which in turn depends on the action of 

steroidogenic enzymes at different levels of steroidogenesis. The main substrate for the 

synthesis of T, 11-KT and 17 ,20β-DP is 17 (OH)P4 or 17-P. The enzymes, 20 -

hydroxysteroid dehydrogenase (17 ,20β-DP production) and P450c17 (T and 11-KT 

production) are critical for the maintenance of androgen and progestin levels. During sperm 

maturation and spermiation, a clear increase in the production of 17 ,20β-DP was observed 

in many fish species than that of T and 11-KT (Ueda et al., 1983; Sakai et al., 1989; Asturiano 

et al., 2002; Onuma et al., 2003; Scott et al., 2010), which is under the critical control of 



Anbazhagan Rajakumar and Balasubramanian Senthilkumaran 380 

gonadotropins (Chen et al., 2010). In salmonids and eel, it is suggested that gonadotropins 

stimulate the testicular somatic cells to produce 17-P, which is then converted to 17 ,20β-DP 

by 20 -HSD activity of spermatozoa (Miura et al., 1992; Nagahama, 1994). However, few 

other studies using immature testis (devoid of sperm) also showed 20 -HSD activity and thus 

the production of 17 ,20β-DP can occur at different locations in different classes of fishes, 

which remain to be elucidated in detail (Vizziano and LeGac, 1998). The enzyme 20 -HSD 

was localized in Leydig cells and spermatogonia /spermatocytes for the first time using 

different stages of catfish testis and further demonstrated the stage-dependent expression of 

20 -HSD during testicular cycle and ontogeny (Sreenivasulu et al., 2012). In zebrafish, 

17 ,20β-DP contributes to the regulation of Leydig cell steroidogenesis while in the Japanese 

eel, it specifically enhances 11-KT production to indirectly regulate spermatogenesis (Ozaki 

et al., 2006; Chen et al., 2010). Potential gonadotropic stimulation results in progestin 

(17 ,20β-DP) production, whereas moderate gonadotropic stimulation would mainly result in 

androgen (T and11-KT) production (Chen et al., 2010). Whether such potential gonadotropic 

stimulation alone can activate steroidogenic enzyme genes critical for 17-P and 17 ,20β-DP 

production needs to be elucidated. In the present scenario, further studies are necessary to 

clearly delineate the shift in steroidogenesis in male teleosts. 

 

 

Role of T and 11-KT in Sperm Maturation  
and Regulation of Spermatogenesis 

 

The androgens are critical for various cell processes including spermatogenesis. In 

teleosts, the potent androgens, T and 11-KT can bind to androgen receptors (ARs) and play 

vital role during testis formation and differentiation, (Borg, 1994; Sperry and Thomas, 1999). 

The ARs are shown to be predominantly expressed in Sertoli and interstitial cells but not in 

germ cells. The plasma levels of T and 11-KT increase gradually during initial stages of 

spermatogenesis and declined at sperm maturation. This leads to the speculation that these 

can play important roles during spermatogenesis, which was subsequently proven using in 

vitro studies (Miura et al., 1991a; Ozaki et al., 2006). Further, increased plasma levels of T 

and 11-KT were associated with increasing testicular mass throughout the reproductive cycle. 

During the spermatogenesis, plasma levels of 11-KT was higher than T (around four-fold) 

during all stages of spermatogenesis and thus 11-KT might have an important role in 

spermatogenic processes (Borg, 1994; Weltzien et al., 2002). During initial phases of 

spermatogenesis, 11-KT can induce the switch from stem cell renewal to proliferation 

towards meiosis. In many teleosts, 11-KT is proved to be an initiator of spermatogenesis, and 

sperm production while T is most effective as a stimulator of H-H-G and thereby regulates 

levels of gonadotropins through feedback (Goos et al., 1986; Miura et al., 1991a; Kobayashi 

et al., 1991; Borg, 1994). In catfish, at the testicular level, 11-KT stimulated spermatogenesis, 

while T inhibited 11-KT-induced spermatogenesis (Cavaco et al., 2001). Further, 11-KT is 

essential for regulation of spermiation and expression of secondary sexual characters (Borg, 

1994; Amer et al., 2001). Based on these, we can propose that both androgens regulate 

spermatogenesis and sperm maturation however, they are less effective than progestins (Ueda 

et al., 1985). 
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In juvenile eel testis, 17 ,20β-DP increases enzyme activity of 11 -hsd, an enzyme 

involved in final step of 11-KT production (Ozaki et al., 2006). Thus, 17 ,20β-DP can 

regulate initial stages of spermatogenesis and sperm maturation indirectly through 11-KT. On 

the other hand, androgens can stimulate 17 ,20β-DP production by down regulating P450c17 

activity in the Japanese eel and catfish (Cavaco et al., 1999; Miura et al., 2006). Taken 

together, both androgens and progestins (17 ,20β-DP) interact to control the process of 

spermatogenesis and spermiation. 

 

 

Role of Progestins in Sperm Maturation  
and Spermiation 

 

In teleosts, progestins mainly includes 17 ,20β-DP, and 20β-S. In several fishes, 

17 ,20β-DP increase drastically during reproductive cycle and sperm maturation. The 

importance of progestins (17 ,20β-DP and 20β-S) in the induction of final gamete maturation 

has been proved in many fish species, yet, molecular mechanisms underlying these processes 

are not understood clearly (Ueda et al., 1985; Miura et al., 1992; Nagahama, 1994; Asturiano 

et al., 2002; Miura and Miura, 2003). 

The plasma levels of 17 ,20β-DP increased during the final stages of sperm maturation, 

and was shown to play critical role in increasing sperm volume, stimulating sperm hydration 

and acquisition of sperm motility (Ueda et al., 1985; Miura et al., 1991b; 1992; Scott et al., 

2010; Tubbs et al., 2011). In sea bass, successive elevations of plasma T and 11-KT levels 

were observed prior to 17 ,20β-DP elevations resulted from the shift in gonadal 

steroidogenesis which coincided with the increase in sperm production (Asturiano et al., 

2002). Further, the plasma levels of 17 ,20β-DP in male fishes correlated well with sperm 

maturation (Scott et al., 2010). In salmonids 17 ,20β-DP is predominantly produced by the 

testis, which is under the control of luteinizing hormone (LH). In testis, Leydig cells and 

sperm are involved in its synthesis and the factors involved in the regulation of the switch 

from androgen to 17 ,20β-DP production, seems to occur in many species just at the time of 

sperm maturation and spermiation (Asturiano et al., 2002; Scott et al., 2010). We now, shift 

our focus to elaborate the role of 17 ,20β-DP in sperm maturation and spermiation to 

compare with the influence of androgens on these events. 

The levels of 17 ,20β-DP were mainly regulated by androgens and critical steroidogenic 

enzymes like P450c17. However, there is a clear evidence for females wherein, the enzyme 

P450c17-II directs the pathway towards 17 ,20β-DP at the time of final oocyte maturation 

(Zhou et al., 2007), yet, existence of similar scenario during sperm maturation is not clear at 

present. Hence, a better understanding of regulation of the enzymatic activity of P450c17 is 

important to delineate the mechanisms of testicular 17 ,20β-DP production in teleosts. 

Recent studies showed that 17 ,20β-DP induces male germ cells to enter meiosis I (Miura, 

2006; Scott et al., 2010). In salmoniods and few other class of fishes, plasma levels of 

17 ,20β-DP correlated well with milt production. Spermiation can be induced early ahead of 

normal breeding season using 17 ,20β-DP injection and implants (Ueda et al., 1985; Milla et 

al., 2008).  
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Role of Androgens and Progestins  
in the Regulation of Sperm Motility in Teleosts 
 

In fishes, motility of the sperm is very critical for fertilization which is dependent on the 

composition of seminal fluid like ion, sialic acid, protein and lactate concentrations 

(Senthilkumaran and Joy, 1993; Lahnsteiner et al., 1996; 1999; Alavi and Cosson, 2005; 

2006; Chowdhury and Joy, 2007; Morita et al., 2010).  

In salmonids, rainbow trout, Japanese eel, and many other species the sperm do not 

acquire motility until they are activated by the elevated pH of the sperm duct which results in 

the increase of cAMP levels (Morisawa and Morisawa, 1988; Miura et al., 1992; Ohta et al., 

1997a; Schulz and Miura, 2002; Alavi and Cosson, 2005). The process is also regulated by 

various factors, from seminal ion concentration to steroid hormones (Morisawa and 

Morisawa, 1988; Ohta et al., 1997a; Alavi and Cosson, 2006). The progestin, 17 ,20β-DP 

increase seminal plasma pH and thus plays main role in acquisition of sperm motility (Miura 

and Miura, 2001) but the mechanism involved in this process is not clearly understood. In 

vitro treatment of milt with 20 -S improved sperm motility in the Atlantic croaker (Thomas 

et al., 2004). Miura and Miura (2003) showed that 17 ,20β-DP binds to mPRs present on the 

sperm and stimulate eSRS22, a homologue of a carbonic anhydrase (CA) which results in the 

increase of seminal plasma pH and thus sperm acquire motility. Recently, 11-KT was shown 

to play an important role along with 20 -S in sperm motility and density (Hajirezaee et al., 

2011; Jafaryan et al., 2012). 

 

 

Other Factors/Regulators Involved  
in Spermatogenesis and Sperm Maturation  

 

Sertoli Cell - A Master Regulator 
 

Sertoli cells are the master regulators of spermatogenesis which produces various factors 

in response to sex steroids which are necessary to support the entire process of 

spermatogenesis (Ikeuchi et al., 2001; Yaron and Levavi-Sivan, 2011).  

The main factors produced by Sertoli cells includes insulin-like growth factor-I (IGF-I), 

activins, c-kit ligand (stem cell factor), inhibin and glial cell line-derived neurotrophic factor 

(Yaron and Levavi-Sivan, 2011). Out of these, IGF-I and activins play critical role in 

spermatogenesis either directly or indirectly. IGF-I stimulates DNA synthesis in 

spermatogonia and support the action of 11-KT in eel spermatogenesis and hence it is critical 

for continuation of the process (Loir, 1994). Activins play an important role in the differential 

regulation of gonadotropins, follicle stimulating hormone (FSH) and LH biosynthesis (Ge, 

2000; Yuen and Ge, 2004). Activins are composed of two  subunits that can form either 

homo-dimers (activin A ( a + a), activin B (  + ) and/or hetero dimmers activin BA 

(b a + ). Activin  and 17 ,20β-DP indirectly regulate 11-KT mediated spermatogonial 

proliferation towards meiosis (Miura and Miura, 2003). Follistatin, an activin-binding protein, 

is anatogonistic to activin function (Yuen and Ge, 2004). Owing to the importance of Sertoli 
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cells, number of functional Sertoli cells is directly proportional to the quantity and quality of 

spermatogenesis/milt production (Matta et al., 2002). 

 

 

Aquaporins  
 

Aquaporins are integral membrane protein water channels, which facilitate the rapid and 

highly selective flux of water and other small solutes across biological membranes (Cerda and 

Finn, 2010; Chauvigne et al., 2011). There are several aquaporins, which are found in 

testicular germ and somatic cells in mammals (Yeung, 2010). Interestingly in fishes, many 

aquaporin types have been cloned and were even shown to contribute to the rapid water influx 

during oocyte maturation (Fabra et al., 2006; Cerda 2009; Kagawa et al., 2009; 2011). A 

detailed nomenclature of aquaporins in fishes, permeability properties and expression 

profiles, are provided by Cerda and Finn (2010) and Finn and Cerda (2011). Aquaporins may 

also be involved in critical processes like the hydration of the seminal fluid as well as sperm 

motility. The aquaporins, Aqp1aa and Aqp10b are present in the head and flagellum of gilt 

head seabream (Sparus aurata) spermatozoa and are involved in sperm activation (Zilli et al., 

2009).  

The acquisition of sperm motility can be triggered by the sequence of events in marine 

fishes, the change in intracellular concentration of ions triggers cAMP production by adenylyl 

cyclase, further, cAMP mediated signaling pathway triggers the phosphorylation of the 

flagellar proteins which causes the initiation of sperm motility (Cosson et al., 2008; Zilli et 

al., 2009). Whether the expression of aquaporins during teleost gametogenesis is hormonally 

controlled needs to be clarified (Chauvigne et al., 2011) which may address several molecular 

regulatory mechanisms in sperm maturation. Further, it is very much essential to understand 

the role of aquaporin in gamete maturation, activation, and viability, which will be critical for 

successful cryopreservation techniques. 

 

 

Trypsin 
 

A low dose of trypsin induces DNA synthesis and the expression of Spo11 (a molecular 

marker of meiosis), in the testicular germ cells of Japanese eel. Higher dose of trypsin 

partially induced spermiogenesis and thus trypsin and/or a trypsin-like protease can play an 

essential role and to be regarded as a multifunctional factor in spermatogenesis (Miura et al., 

2009). 

 

 

Zinc (Zn) 
 

Zn is essential for the maintenance of germ cells, progression spermatogenesis, and 

regulation of sperm motility (Yamaguchi et al., 2009). In the Japanese eel, germ cell 

proliferation, induced by 11-KT and sperm motility, regulated by 17 ,20β-DP is maintained 

by Zn. Once Zn is chelated, the germ cells undergo apoptosis and motility rate of sperm 

decreased considerably. 
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Double sex and Mab-3 Related Transcription Factor 1 (Dmrt1) 
 

Dmrt1 was shown to play an important role in testicular differentiation, development and 

maintenance of testicular architecture in wide variety of species including mammals 

(Raymond et al. 1998; Guan et al., 2000; Raghuveer and Senthilkumaran, 2009).  

The sex determining gene, DMY is a duplicated form of dmrt1 present in Y chromosome 

of the Japanese medaka, Oryzias latipes (Matsuda et al. 2002). Recently dmrt1 has been 

proved to be a gate keeper for meiosis entry during spermatogenesis in mammals (Jorgensen 

et al., 2012; Matson et al., 2010) and loss/mutation in/of dmrt1 leads to the transdiffrentiation 

of testis into ovary in both mammals and pisces (Matson et al., 2011; Masuyama, 2012). 

 

 

Regulation of Gonadotropin Synthesis  
and Action at the Level of H-H-G  

 

Hypothalamus regulates synthesis and release of gonadotropins through multiple 

neurohormones. Gonadotropin-releasing hormone (GnRH) is a main member of 

hypothalamus regulation which along with several other regulators like serotonin (Somoza 

and Peter, 1991; Senthilkumaran et al., 2001), dopamine (Dufour et al., 2010), 

norepinephrine, -aminobutyric acid (Senthilkumaran et al., 2001), neuropeptide Y 

(Senthilkumaran et al., 2001), kisspeptins/GPR54 system (Biran et al., 2008; Li et al., 2009), 

pituitary adenylate cyclase-activating peptide, IGF-I (Wood et al., 2005; Reinecke, 2010), 

ghrelin (Unniappan and Peter, 2005) and leptin (Peyon et al., 2001; Trombley and Schmitz, 

2012) is critical for the regulation of H-H-G (Yaron and Levavi-Sivan, 2011).  

 

 

Regulation and Action of Gonadotropins at the Level of Gonads  
 

Gonadotropins, FSH and LH regulate gametogenesis, synthesis and release of sex 

steroids (Chen et al., 2010) by acting via specific receptors (FSHr and LHr) in Leydig and 

Sertoli cells (Yoshiura et al., 1999; Schulz et al., 2010).  

The control of LH and FSH synthesis is complex which involves interplay between the 

hypothalamus, pituitary and gonads. In teleosts, FSH and LH show different expression 

patterns based on sex and at different phases of reproductive cycle and gametogenesis (Planas 

and Swanson, 1995; Mylonas et al., 1997; Gen et al., 2000). In salmonids, plasma levels of 

FSH levels are elevated during the mid and late stages of spermatogenesis and it is decreased 

during spermiation stage. Whereas plasma levels of LH are low through most stages of 

spermatogenesis and it is increased during spermiation (Swanson, 1991; Mylonas et al., 1997; 

Gomez et al., 1999). In general, FSH and LH are equipotent in stimulating 11-KT and T 

production in males (Planas and Swanson, 1995). FSH and LH together stimulate 11-KT 

production during early spermatogenesis, while LH alone can better stimulate 17 ,20β-DP 

production at sperm maturation and spawning in males (Planas et al., 1993; Planas and 

Swanson, 1995).  

In teleosts, the process is delineated in many species but, the full molecular mechanisms 

underlying in it and the support of hormones/factors needs to be explored, which will be 
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critical for controlled spawning. Sertoli cells are critical for regulation of spermatogenesis in 

all classes of animals including fishes. In mammals, FSH is an important stimulator of Sertoli 

cell proliferation, but in fishes, there are no specific studies available to support the notion. 

However, in few fishes, FSH levels increased (with low LH levels) during testicular growth 

and Sertoli cell proliferation stages (Gomez et al., 1999).  

LH and FSH receptors are rhodopsin-like G protein-coupled receptors. In teleosts, LH 

receptors (LHrs) are found in both Leydig and Sertoli cells, whereas, FSH receptors (FSHrs) 

are expressed in Leydig cells, Sertoli cells, and possibly in early germ cells (Garcia-Lopez et 

al., 2009; Levavi-Sivan et al., 2010). Both LH and FSH can equally stimulate T, 11-KT and 

17 ,20β-DP during early and mid-stages of spermatogenesis by binding to its specific 

receptors (more specifically FSHr). In fish, there is some degree of cross-activation of the 

FSHr by LH which results in the potent steroidogenic activity at early stages of 

spermatogenesis (Levavi-Sivan et al., 2010). But during sperm maturation and spermiation, 

levels of FSH decreased and Leydig cells start expressing LHr. Hence steroidogenic potency 

of LH is increased drastically, which results in more 17 ,20β-DP production and thus LH can 

likely regulate sperm maturation and motility (Swanson, 1991; Planas et al., 1993; Planas and 

Swanson, 1995).  

 

 

Regulation of Gonadal Maturation and Reproduction  

by Sex Steroid Receptors  
 

Gonadal development and gametogenesis can be controlled by steroid hormones, whose 

action/sensitivity is directly related to expression level of its steroid receptors. T and 11-KT 

acts through ARs with different specificities, while E2 acts through estrogen receptors (ERs). 

In anguilliformes and perciformes, two AR were found (Ikeuchi et al., 1999; 2001), in other 

fishes like cypriniformes, including zebrafish only one AR is found (Ogino et al., 2009). 

While, in most fishes, one ERα and two ERβ forms were identified (Hawkins et al., 2000; 

Bardet et al., 2002; Menuet et al., 2004). Besides the genomic action, sex steroids exhibits 

rapid, non-genomic signaling, which is initiated at the cell-membrane. Receptors involved in 

estrogen signaling includes G-protein-coupled receptor 30 (GPR30) along with membrane-

localized forms of ERα and ERβ (Thomas et al., 2005). Along with estrogens, androgens do 

exhibit non-genomic action (Braun and Thomas, 2004; Thomas et al., 2006). Progestins acts 

through both G-protein-coupled gestagen receptors like mPRα, mPRβ, and mPRγ along with 

nuclear progestin receptor (nPR; Thomas et al., 2009; Hanna et al., 2010). Progestin receptors 

are also found in plasma membrane of sperm (Thomas et al., 1997; 2009; Tubbs and Thomas, 

2008).  

In teleosts, only one isoform of nPR has been identified. In zebrafish, nuclear 

progesterone receptor (nPGR) regulates germ cell differentiation and steroidogenesis, whose 

expression is stimulated by high levels of gonadotropins. It is expressed by Leydig and Sertoli 

cells and is best activated by its natural ligand 17 ,20β-DP (Chen et al., 2010; 2011). The 

levels of testicular nPGR mRNA and plasma 17 ,20β-DP increased initially during the late 

stages of type B spermatogonia, which further increased during the entry of meiosis (Chen et 

al., 2012), indicating that the actions of progestins (17 ,20β-DP) are also mediated through 

nPGRs. 
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Spawning in Male Fish: Challenges and Disturbances in  
Natural and Artificial Environment 

 

In teleosts, spawning in natural environment is influenced by photoperiod, temperature 

and food availability and thus brood stock maintenance and natural spawning in 

laboratory/reared fish is very challenging. Any drastic changes in any of these factors create 

stress, which is a major limiting factor in the reproductive success of fish. Stress can 

significantly decrease the plasma levels of progestins (P and 17 -P) and androgens (T and 

11-KT; Pickering et al., 1987; Campbell et al., 1994; Castranova, 2005) and the stressed fish 

produce gametes in lower number and poor quality, further, the progeny of the stressed fish 

had significantly lower survival rate (Campbell et al., 1992; 1994).  

The other challenging factor is the manner of spermiation, in teleosts few fishes like 

tilapia can be made to spermiate by gentle pressure of the abdomen whereas, others like 

catfish, male fish needs to be sacrificed for breeding purpose in laboratory conditions 

(Viveiros et al., 2002; Mylonas et al., 2010), further the sperm in milt should be viable. As the 

sperm has increased levels of unsaturated fatty acid, it makes them extremely susceptible to 

damage by reactive oxygen species and thus diet rich in antioxidants along with proteins are 

critical for increased reproductive performance of the fishes (Izquierdo et al., 2001). Food 

should be free of endocrine disruptors like phyto-estrogens to avoid any possible disruption in 

native hormonal homeostatis.  

In natural environments, fertilizer and pesticidal runoff along with sewage contamination 

increases biological oxidation demand and thus hypoxia, which can skew the sex of the fish 

population towards male along with induction of inter-sex fishes (Wu et al., 2003; Thomas 

and Rahman, 2011). Similarly in laboratory conditions, treatment of hormone analogues 

and/or pesticides caused differential distribution of spermatogenic cells (Rajakumar et al., 

2012) and in few cases it lead to the development of inter-sex fish (Figure 1) wherein both 

spermatogenic and ovarian cell types were present (Raghuveer and Senthilkumaran, 2009). 

 

 

Figure 1. Representative photographs showing morphology and histology of ova-testis and ovary of 

catfish after methyltestosterone treatment. Detailed results regarding these has been published in 

Journal of Molecular Endocrinology (2009) 42, 437-448. 

 



Sperm Maturation in Teleosts 387 

Common Strategies Used from Research Bench  
to Field Studies  

 

Various strategies, natural methods to hormonal manipulations are employed to enhance 

the gamete maturation and fecundity. Hormonal manipulations are considered important in 

controlling puberty, as it may target H-H-G both directly and indirectly. Exogenous pituitary 

extracts, synthetic gonadotropins, LH preparations, synthetic agonists of GnRH (GnRHa) and 

human chorionic gonadotropin (hCG) are used regularly by fish farmers to increase seed 

production. The LH preparations, pituitary extracts and hCG can act at the level of gonads 

directly and even exert potent and prompt response, when the native LH stores are low. 

GnRHa have longer half life than native GnRH, as it is resistant to endopeptidases 

degradations and hence it is 30-100 times more potent than the native GnRHs in inducing LH 

release (Peter et al., 1988; Zohar et al., 1989; Zohar et al., 1990). Resistance to 

endopeptidases degradation is due to the substitutions at position 6 and 10 of GnRH 

decapeptide with a dextrorotatory amino acid and ethylamide group, respectively (Goren et 

al., 1990; Ulloa-Aguirre and Timossi, 2000). Because of this change, it remains in circulation 

for much longer time than the native GnRH and also exhibits increased binding affinity to the 

pituitary GnRH receptors (Pagelson and Zohar, 1992).  

In salmonoids, catfishes and little other class of fishes, dopamine acts as a GnRH 

antagonist and thus it prevents the release of FSH and LH from the pituitary gonadotrophs by 

acting through D1 and D2 receptor (Yu and Peter, 1990; 1992; Peter et al., 1991; Silverstein 

et al., 1999; Yaron et al., 2003; Yaron and Levavi-Sivan, 2011). Hence, GnRHa in 

combination with D2 blocker like domperidone, pimozide is effective in inducing spawning 

(Tharakan and Joy, 1996; Joy and Tharakan, 1999) which has been officially approved for use 

in hormonal therapies in aquaculture fish and thus it provides immense help to fish farmers 

and aquaculture industry.  

GnRHa acts at the level of the pituitary and can induce release of the endogenous 

LH/FSH, which in turn acts at the level of gonad to induce steroidogenesis, sperm/oocyte 

maturation and spermiation/ovulation. The main advantage of GnRHa is that it is synthesized 

in pure form so there are no chances for disease transmission. Further, it acts at higher levels 

in H-H-G and hence there is a more integrated response than hCG or gonadotropin 

preparations, where regulation of GH, IGFs and thyroid hormone are also maintained (Le Gac 

et al., 1993; Negatu et al., 1998). Synthetic GnRH/gonadotrophins were shown to be effective 

in inducing sexual maturation/spawning of several commercially important fishes 

(Matsuyama et al., 1995; Joy et al., 1998; Kumakura et al., 2003).  

Recent progress in the understanding of mechanisms of gamete maturation helped the 

aquaculture sector to produce economically important fishes by hormonal induction and 

maturation. One of the best examples is maturation of glass eel in the controlled/laboratory 

conditions (Tanaka, 2003; Kagawa et al., 2005). The commercial hCG, can easily induce 

maturation and spermiation (Khan et al., 1987; Miura et al., 1991c; Ohta et al., 1996; Ohta et 

al., 1997b; Ohta and Tanaka, 1997; Schiavone et al., 2006) in fishes. Usually hCG is given in 

a single dose (vary from 100-4000 international units (IU)/Kg) which has longer half-life in 

circulation, but the efficacy depends on its rate of clearance, which vary among different fish 

species (Ohta and Tanaka, 1997). Hence, modulation/supplementation of other factors are 

needed that can best suit hCG treatments to induce spermiation.  
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Off Season Spawning in Seasonal Breeders and Spermiation Enhancement 
 

Injection of 17 ,20β-DP or delivery through silastic implants to rainbow trout also 

induced spermiation in males ahead of the normal season (Marshall et al., 1989; Milla et al., 

2008; Scott et al., 2010). Further, artificial induction of sexual maturation and spawning of 

immature fishes using GnRHa in non-spawning season were also carried out using various 

modes of delivery systems including osmotic pump (Kumakura et al., 2003; Kanemaru et al., 

2012). In addition, 17 ,20β-DP and 20 -S injection in already spermiating males increased 

the milt volume several folds within a short time (Pankhurst, 1994 ; Yueh and Chang, 1997). 

The injections of 17-P (precursor for 17 ,20β-DP) and hCG are also effective in inducing 

spermiation. But, studies regarding the role of 17 ,20β-DP in increasing milt volume are 

quite contradictory. In, rainbow trout, 17 ,20β-DP helps to spermiate the fish early but there 

was no increase in milt volume (Milla et al., 2008). Further, few studies showed that the main 

role of 17 ,20β-DP is to increase the percentage of motile sperm by increasing seminal 

plasma pH and cAMP levels (Morisawa and Morisawa, 1988; Miura et al., 1992; Ohta et al., 

1997a; Schulz and Miura, 2002; Alavi and Cosson, 2005). Based on these, we can conclude 

that 17 ,20β-DP advances the onset of spermiation in non-spermiating males and increases 

milt production in already spermiating fishes. 

 

 

Future Perspectives  
 

Improved aquaculture practices had revolutionized the brood stock management and seed 

production, however, further understanding of molecular mechanisms underlying hormone 

synthesis and action at native physiological conditions, will assist to develop better 

reproductive strategies. 

 

 

Effective New Analogue Preparations with Combination  
 

Most methodologies and strategies are used commonly for most of the fishes in general, 

but each and every class of fishes has slightly varied regulatory responses at H-H-G during 

gametogenesis and gamete maturation. Hence, a targeted approach for a given class of fishes 

will be more appropriate. Further, a combination of more than one analogue can evoke a more 

effective and specific response, which will enable fish farmers to attain better fertilization rate 

and seed production.  

 

 

Osmotic Pump Mediated Hormone or Hormone Supplement Delivery 
 

Mature fishes are supplemented with hormones/hormone supplements in order to provoke 

gamete maturation and spawning responses. Most of the time these administration has been 

done via injections, which leads to repeated animal handling and increase in stress to the 

animal. Hence sustained release of hormones in the form of implants and mini-osmotic pumps 

will be effective. Cholesterol and polymer pellets were commonly used for hormone/hormone 
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analogue release however, osmotic pump mediated delivery is a better option for long term 

delivery (Kagawa et al., 2009). Osmotic pump is a simple delivery device with no electronic 

parts, which releases loaded hormones or drugs constantly into the targeted tissue just merely 

through osmotic process. Osmotic pump mediated hormone delivery in fishes was shown to 

be very effective in inducing spawning response with less stress to the animal. Sustained 

release of hCG, salmon pituitary extract and GnRHa using osmotic pump was shown to 

induce sexual maturation and spermatogenesis in the Japanese eel (Kagawa et al., 2009). 

Further this report is the first of its kind to show, sustained release of hCG using single 

osmotic pump stimulating spermatogenesis and spermiation in sexually immature Japanese 

eels. This will be the best option for sustained hormone delivery in bigger fishes, where 

handling and monitoring the animals is a cumbersome job. Further, details regarding osmotic 

pump mediated hormone delivery and sexual maturation are discussed in detail in the chapter 

written by Prof. Hirohiko Kagawa in this book. 

 

 

Improving Sperm and Sperm Motility Parameters 
 

Active motile sperm is vital for successfull fertilization. Sperm motility varies with 

composition of seminal plasma which itself is regulated by nutritional diet of the animal. 

Seminal plasma provide optimal environment for sperm and can increase its viability/ 

motility, which are critical for the success of fertilization (Alavi and Cosson, 2006; Bozkurt et 

al., 2009). Composition of the seminal plasma is species-specific and hence artificial seminal 

plasma (ASP) solutions can be prepared, specifically for a given species and used for milt 

dilution, short-term storage and cryopreservation. 

Modifying the composition of seminal plasma can improve sperm motility and other 

parameters significantly and the importance of ASP in regulating the acquisition of motility in 

sperm is long known (Morisawa and Morisawa, 1988; Ohta and Unuma, 2003). Further, the 

rate of motility of the spermatozoa can be controlled by adjusting the ion and sugar 

concentrations of ASP. This can produce “Super sperm” with higher motility, which can 

increase fertilization rates with less quantity of milt and can minimize the number of males 

required for the in vitro fertilization. 

A targeted approach with efficient novel hormone analogues and improved delivery 

systems will pave way for successful controlled fish reproduction which will revolutionize the 

brood stock management and aquaculture practices. 

 

 

Conclusion 
 

This review presents the current understanding of the regulation of sperm maturation by 

androgens and progestins with a special emphasis on gonadotropins and identified non-

endocrinal regulators, involved in this process.  

Further, identification of novel factors and molecular mechanisms underlying this, assist 

to, “turn on” and “turn off” the expression of these specific factors at specific times during 

various stages of spermatogenesis which may provide control over the timing of annual 

reproductive cycle and sperm maturation. Combined strategies targeting different controls at 
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the level of brain can produce a cohesive response similar to native hormonal conditions, 

which will enable fish farmers to maintain quality brood stocks to increase seed production 

profoundly for sustainable aquaculture.  
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Abstract 
 

Undifferentiated gonads transforming into either testis or ovary is an important event 

in the developmental processes of vertebrate sex determination and differentiation. 

Molecular mechanisms underlying this phenomenon revealed involvement of several 

transcription factors, signaling molecules or receptors and steroidogenic enzymes, which 

are eventually designated as marker genes/factors. Expression profiling of these marker 

genes using various teleosts models indicated sexually dimorphic or differential 

expression during gonadal differentiation. In this review, we highlight the functional 

relevance of certain eventful biomarkers to our molecular understanding of sexual 

plasticity in teleosts. Among the marker genes, dmrt1 and sox9a showed exclusive 

expression in differentiating testis while expression of ovarian aromatase, cyp19a1a and 

foxl2 was prolific in developing ovary. Interestingly, in certain species like tilapia 

expression of cyp19a1a was evident even in undifferentiated gonads of XX females. 

Similarly, exclusive expression of sox9b in ovary was evident in few teleosts including 

catfish. Pioneering studies in several teleosts demonstrated the expression of vasa prior to 

sexual development which eventually regarded vasa as potential germ cell marker. 

Transcription factor such as Wt-1, signaling molecule such as Wnt-4 and orphan nuclear 

receptors such as Ad4BP/SF-1, Dax-1 and SHP showed certain degree of differential 

expression, if not absolute sexual dimorphism during early development. Reports on the 

fate of these genes after sexual differentiation revealed significant association of some of 

these correlates during recrudescence and reproductive cycle. One of the necessities in 
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the present arena is just not depending on the correlative response of marker genes 

instead focusing on designing novel experiments to signify specific roles like those 

determined for DMY/dmrt1 or cyp19a1a. To enable this, innovative studies in several 

teleosts using morpholino or siRNA or knock-out/exploitation of normal mutants will 

further contribute on our molecular understanding of sexual development cascade. In this 

context, natural or artificial sex reversal experiments might also provide new research 

prospects. Nonetheless, in the present scenario, identification of marker genes provided 

tremendous application potential to examine impacts of endocrine disruptors at molecular 

level.  

 

 

Introduction 
 

Teleosts are classical models to study sex determination and differentiation due to their 

efficiency to exhibit sexual plasticity during various stages of development or at times even 

during adulthood (Nakamura et al., 2003; Nagahama et al., 2004; Nagahama, 2005; 

Angelopoulou et al., 2012; Kobayashi et al., 2013). Earlier times application of wide variety 

of techniques to analyze sex determination/differentiation, which includes gynogenesis, sex 

reversal and progeny testing were successful up to a point without using any genetic markers 

for sex (Penman and Piferrer, 2008). Through these studies, complemented with karyotype 

analysis, morphological and biochemical analysis of markers for sex have been found in 

certain species (Penman and Piferrer, 2008). Later the advent of techniques for genome 

analysis paved way to discover master switch genes of sex determination first in mammals.  

From the discovery of Sry as male sex determining gene in mammals (Sinclair, 1990), it 

took a decade to identify the sex determining gene, DMY in a lower vertebrate, which 

happened to be a fish species, the Japanese medaka, Oryzias latipes (Matsuda et al., 2002; 

Nanda et al., 2002). From then on various marker genes were identified to signify their 

specific role to gonadal differentiation in teleosts. More recently, AMH was also localized on 

Y chromosome of Patagonian pejerrey, Odontesthes hatchery (Hattori et al., 2012). Most of 

the approach exploited gene expression pattern analysis coupled with few other approaches 

using morpholino or knock-out strategy or normal sex reversed mutants to demonstrate the 

roles of several genes with reference to sexual development.  

The contribution from lower vertebrates such as fish to understand vertebrate sex 

determination and differentiation was almost on par with mammalian animal models. In spite 

of the knowledge gained on this line over the years, it is still debatable that the appearance of 

certain genes might have been an effect rather than a cause. However, sex change/reversal 

experiments certainly provided valuable information to propose significant role for several 

genes which are termed as sexual or gamete development markers. In this review, we 

highlighted the importance of various marker genes using the reports that demonstrate their 

localization and expression pattern during normal and altered physiology. We had divided 

various sections based on the marker genes with an attempt to explain their changes based on 

gonadal development (ontogeny) and recrudescence. In addition, we had provided a brief 

account of vasa gene, a marker for germ cell differentiation. In teleosts, gonadal maturation is 

cyclic in annual breeders after initial gonadal development leading to puberty in both sexes 

while in fortnight breeders female fish but not males undergo cyclicity after initial maturation. 

In daily breeders cyclicity is not evident to a major extent in both sexes. Thus annual breeders 

provide us a chance to analyze expression level changes in certain genes related to sex 
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differentiation during gonadal recrudescence. Our review emphasized these aspects explicitly 

in order to provide more significant information to validate marker genes. In addition, future 

research directions stress the need for novel experiments to relate the correlative response of 

marker genes to specific function.  

 

 

Vasa 
 

Primordial germ cells (PGC) are precursors of gonadal primordia (presumptive gonad), 

which migrate from the mesonephros to eventually produce gametes (spermatozoa and egg) 

in sexually reproducing organisms (Saffman and Lasko, 1999; Wylie, 1999). The vasa gene 

was first identified in Drosophila sp. as one of the components of germ plasm vital for PGCs 

commitment (Schüpbach and Wieschaus, 1986; Hay et al., 1988). The vasa gene encodes 

DEAD box family protein of ATP-dependent RNA helicase (Hay et al., 1988; Liang et al., 

1994). Expression of different homologs of vasa or its isoforms (Hay et al., 1988; Liang et al., 

1994) had been identified in the germ cell lineage of several metazoans starting from Hydra 

to mammals (Mochizuki et al., 2000; Raz, 2000). In teleosts, the migration of progenital or 

PGC from mesonephors to genetial ridge leads further differentiation into germ cells, which 

can be characterized by the localization of vasa (Knaut et al., 2000). During embryonic 

development stable expression of vasa was evident in zebrafish, catfish and other teleosts till 

24 hours post hatch (Braat et al., 2000; Knaut et al., 2000; Raghuveer and Senthilkumaran, 

2010a). However, at later time steady increase in vasa gene expression was evident which can 

be equated to prominent increase in the number of germ cells (Raghuveer and 

Senthilkumaran, 2010a). Interestingly in catfish, differential expression of vasa gene was 

evident between male and female gonads, wherein the levels of vasa transcripts were 

marginally high in females (Raghuveer and Senthilkumaran, 2010a). Considering early 

meiotic arrest in females, increased expression of vasa might have also been contributed by 

elevated number of primary oocytes in ovary as the differentiation of female sex is slightly 

ahead of male sex in catfish (Raghuveer et al., 2011). Differential expression was further 

evident in adult male and female gonads during seasonal reproductive cycle of catfish 

(Raghuveer and Senthilkumaran, 2010a). In males, vasa expression was significantly high 

during spermatogenesis but it subdued considerably around spermiation (Raghuveer and 

Senthilkumaran, 2010a). This kind of expression pattern in testis during recrudescence can be 

best explained based on the localization studies done earlier in tilapia testis wherein vasa 

signal was found to be high in spermatogonia (germ cells), moderate in primary 

spermatocytes while no signal could be detected in secondary spermatocytes, spermatid and 

spermatozoa (Kobayashi et al., 2000). In females, expression of vasa was predominant during 

early preparatory phase of recrudescence due to the outnumbering of primary oocytes at that 

stage in catfish (Raghuveer and Senthilkumaran, 2010a). Barring differences in these periods, 

vasa expression also increased substantially in catfish gonads after inducing with human 

chorionic gonadotropin (hCG), in vitro and in vivo (Raghuveer and Senthilkumaran, 2010a). 

Similar expression level changes were also recorded in other teleosts such as tilapia and gibel 

carp during reproductive cycle (Kobayashi et al., 2000; Xu et al., 2005). These results warrant 

vasa as a marker gene not only for germ cell lineage but also for early gametogenesis and/or 

recrudescence, which may be partially dependent on gonadotropin. 
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DMY/dmrt1 
 

Molecular resemblance in sexual development across different phyla observed hitherto is 

among Drosophila doublesex, Caenorhabditis mab-3 and vertebrate dmrt1 (Raymond et al., 

1998). Dsx and mab-3 related transcription factor 1 (dmrt1) is one of the gene family of 

putative transcription factors that has a highly conserved novel zinc finger DNA binding 

domain (DM domain) in different vertebrates (Raymond et al., 1998; 2000). Cloning and 

expression analysis of dmrt1 in several teleosts (Nanda et al., 1999, Guan et al., 2000, 

Nagahama, 2005; Raghuveer and Senthilkumaran, 2009) unveiled pivotal role in testicular 

differentiation. Interestingly, DMY, a Y-linked male sex-determination gene, discovered in 

few species of medaka was shown to be a duplicate of autosomal gene dmrt1 (Matsuda et al., 

2002; 2003; Nanda et al., 2002; Zhang, 2004). After this discovery few reports demonstrated 

the presence of multiple forms of dmrt1 in zebrafish and catfish (Guo et al., 2005; Raghuveer 

and Senthilkumaran, 2009). Nevertheless, none of these forms was localized in Y 

chromosome like that of medaka. Though autosomal, expression of dmrt1 is restricted to male 

gonads during development in several fish species (Fernandino et al., 2006; Xia et al., 2007; 

Ijiri et al., 2008; Kobayashi et al., 2008; Raghuveer and Senthilkumaran, 2009). In our animal 

model, catfish, dmrt1 expression was first evident in undifferentiated gonads and continued 

throughout the development of testis till adulthood, suggesting an essential role for this 

correlate in testicular development and recrudescence (Raghuveer and Senthilkumaran, 2009; 

Raghuveer et al., 2011). Such male-specific expression of dmrt1 during sex 

determination/differentiation was also observed in tilapia, orange-spotted grouper, rainbow 

trout and minnow (Nanda et al., 2002; Fernandino et al., 2006; Xia et al., 2007; Kobayashi et 

al., 2008; Cao et al., 2012). On the other hand, there are few reports where dmrt1 expression 

was also shown in female gonads (Guo et al., 2005; Huang et al., 2005). Interestingly, these 

reports also confirmed the presence of alternatively spliced forms of dmrt1. Evidences are 

also available from several other teleost species where dmrt1 exist in multiple forms and 

shows profound changes during sex reversal and after treatment with sex steroid mimics or 

analogues (Nagahama, 2005; Raghuveer and Senthilkumaran, 2009). It is imperative to 

examine functionality of such alternative spliced forms or isoforms as mere expression did 

not implicate functional significance. In catfish, methyl testosterone-induced appearance and 

reproductive cycle related changes in the expression of multiple forms of dmrt1 authenticate 

their testis specificity (Raghuveer et al., 2005; Raghuveer and Senthilkumaran, 2009). Hence, 

such an experimental approach clarifies the importance of dmrt1 gene in testicular 

development. Earlier, Matsuda et al. (2007) demonstrated male development in genetic 

female fish after inducing with DMY in medaka. On this line, in another study, dmrt1 

mutation causes a male-to-female sex reversal after the sex determination by DMY 

(Masuyama et al., 2012), which signifies the impact of dmrt1/DMY in testicular development. 

Thus, dmrt1 is an ancient sex determining gene, found first in invertebrates, and is one of 

several genes expressed in higher levels in the teleostean embryonic testis than in the 

embryonic ovary (Ferguson-Smith, 2007; Cao et al., 2012). Thus this gene stands out in this 

review due to its likely key role in male sex development. Further it is one of the few sex 

genes that have been mapped in representative species of other vertebrates for a similar 

function. 
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SOX9 
 

SOX (SRY-related high mobility group [HMG] box) gene family encodes more than a 

few transcription factors that have a DNA-binding motif recognized as the HMG domain 

(Sinclair et al., 1990). The HMG domain of all SOX proteins includes 79 amino acid residues, 

which is highly conserved across vertebrates. Among different forms of SOX proteins, 

potential role of SOX9 in testicular development is well established in vertebrates including 

teleosts. Duplicates of sox9 genes were identified in zebrafish, rice field eel, fugu, medaka 

and catfish (Chiang et al. 2001, Zhou et al., 2003, Koopman et al., 2004, Klüver et al., 2005; 

Raghuveer and Senthilkumaran, 2010b). These two forms of sox9 gene were considered as 

orthologs of the tetrapod sox9 gene that arose during whole-genome duplication (Amores et 

al., 1998, Postlethwait et al., 2004). In rainbow trout, sox9 was detected in testis (Takamatsu 

et al., 1997), whereas in medaka, sox9 was expressed in ovary (Yokoi et al., 2002). Further 

reports using medaka model revealed the presence of sox9a2 at the highest level in adult testis 

(Nakamoto et al., 2005). In zebrafish and catfish, sox9a was found to be expressed in testis 

while sox9b expression was evident in ovary (Chiang et al., 2001; Raghuveer and 

Senthilkumaran, 2010b). However, in common carp, sox9b was expressed in testis (Du et al., 

2007). In rice field eel, sox9a1 and sox9a2 were expressed in testis, ovary and ova-testis 

(Zhou et al., 2003). Differential expression of isoforms of sox9 might have been primarily 

contributed by species variations or developmental difference (Cresko et al., 2003). In catfish, 

dimorphic expression of sox9 orthologs was fairly evident (Raghuveer and Senthilkumaran, 

2010b). SOX9 protein was detectable in germ and supporting cells of undifferentiated gonad 

at 40 days post hatch (dph) in catfish (Raghuveer and Senthilkumaran, 2010b). This kind of 

expression profiling illustrates flexible gene regulation in siluriforms and few other species. 

Differential expression was also found in zebrafish and tilapia, which authenticates 

categorical evolution of isoforms of sox9 genes to impart testicular and ovarian differentiation 

through gene duplication (Chiang et al., 2001; Kobayashi et al., 2008). In contrast, sox9 

duplicates failed to show dimorphic expression in the gonads of medaka and eel (Zhou et al., 

2003; Kluver et al., 2005). Though sox9 have been well studied during sexual development, 

its significance is least determined during reproductive cycle. To understand the fate of sox9 

after sexual differentiation, studies from our laboratory revealed high levels of sox9a 

transcripts during preparatory and prespawning phases of male catfish testis which decreased 

gradually during spermiation and post-spawning phases (Raghuveer and Senthilkumaran, 

2010b). As per the authors, high expression is likely to be contributed by higher number of 

germ cells expressing sox9a (Raghuveer and Senthilkumaran, 2010b). In contrast, during the 

ovarian cycle, sox9b transcripts were copious in the preparatory phase when compared with 

the prespawning, spawning and post-spawning phases in catfish ovary (Raghuveer and 

Senthilkumaran, 2010b). Studies from our laboratory further demonstrated up-regulation of 

sox9 in response to the treatments of hCG and 11-ketotestosterone, in vitro suggesting that 

gonadotropins might stimulate sox9 expression either directly or indirectly through androgens 

(Raghuveer and Senthilkumaran, 2010b). The action of androgens to promote sox9 expression 

might have been signaled through androgen receptor. This contention requires additional 

experimental validation using androgen receptor blockers. Usually sox9 expression was seen 

in supporting rather than germ cells (Kobayashi et al., 2008). In catfish, SOX9 was localized 

in Sertoli cells and different stages of germ cells, but not in spermatid/spermatozoa 



Chenichery Sudhakumari and Balasubramanian Senthilkumaran 406 

(Raghuveer and Senthilkumaran, 2010b). Localization of SOX9 was not uncommon as Dmrt1 

which is usually seen in supporting cells was also localized both in supporting and germ cells 

in catfish (Raghuveer and Senthilkumaran, 2009; 2010b). Similarly, sox9 was evident in 

oogonia, indicating the nature of this correlate to express in different cell types (Raghuveer 

and Senthilkumaran, 2010b). Taken together, it seems sox9 duplication leading to two 

different forms seems to categorize gonadal differentiation with reference to sex by specific 

interplay with other marker genes that happens to co-localize or express during sexual 

development. Further studies aiming at the specific regulatory mechanism of sox9 expression 

might provide important lead to understand its interplaying partners. Despite this fact, 

potential role of sox9 orthologs in gonadal differentiation is well documented to consider 

those as marker genes for testicular and ovarian differentiation (Raghuveer and 

Senthilkumaran, 2010b). 

 

 

Wt 1 
 

The Wilms' tumor suppressor gene, wt1 encodes a transcription factor decisive for 

development of the urogenital system of zebrafish and medaka likewise in mammals (Bollig 

et al., 2006; Perner et al., 2007; Klüver et al., 2009). It is one of the genes known to be 

necessary for the formation of the bipotential, undifferentiated gonad and further testicular 

differentiation along with Ad4BP/SF-1, GATA4 and FOG2 (Barrionuevo et al., 2012). 

Expression of wt1 in variety of cells and tissues during development ultimately leading to an 

epithelial to mesenchymal transition or the opposite, mesenchymal to epithelial transition 

(Essafi et al., 2011). However, in teleosts, two wt1 genes were identified (Klüver et al., 2009). 

Studies in medaka by Klüver et al. (2009) found that wt1a was expressed in the lateral plate 

mesoderm during early embryogenesis and in the somatic cells of the gonadal primordium 

later in the development, while wt1b expressed soon after embryogenesis but not in the 

gonadal primordium. The same report in medaka also revealed that through classical 

morpholino knockdown experiments, neither wt1a nor wt1b affected gonad development, 

whereas the double knockdown of wt1a and wt1b decreased number of PGC during gonad 

development. These interesting observations led them to indicate that medaka wt1 co-

orthologs show genetic redundancy in PGC maintenance or survival via responsive backup 

circuits. Another report using microarray revealed specific up-regulation of wt1 in male 

rainbow trout (Hale et al., 2011). It is also known that wt1 regulates wnt-4 activation and 

repression (Essafi et al., 2011). Further studies using different teleost models might provide 

more inputs to understand the importance of this gene in sexual plasticity as it shows 

dimorphic expression before the completion of gonadogenesis due to its key function in the 

organization of urogenital system. 

 

 

Orphan Nuclear Receptors 
 

Orphan receptors comprise a diverse component of the nuclear receptor superfamily and 

possess all the functional domains that characterize classic nuclear receptors (Giguere, 1999). 

There are 19 families of orphan receptors with unknown physiological ligands or activators 
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than receptors with known ligands (10 families) though they are structurally related to them 

(Blumberg and Evans, 1998). Some orphan receptors are divergent having only one of the 

two characteristic domains of the NR superfamily like DAX-1 and short heterodimer partner 

(SHP), which contain only an ligand-binding domain and lack a classic DNA-binding domain 

with conserved cysteines as do the other receptors (Benoit et al., 2006). 

 

 

Dax-1 and SHP 
 

Dax-1 is expressed in the steroidogenic tissues such as adrenal cortex, gonads and its 

expression overlaps with that of Ad4BP/SF-1 (Kawabe et al., 1999). Dax1 (NRoB1) is known 

for its importance in female sex determination in mammals and birds while it plays an 

important role in testicular development in amphibians (Swain et al., 1996; Smith et al., 2000; 

Sugita et al., 2001). SHP, also known as NRoB2 is an unusual orphan nuclear receptor that 

possesses a ligand binding domain but not DNA binding domain (Seol et al., 1996; 1998; 

Johansson et al., 1999). Interestingly SHP has been cloned in humans and rodents (Seol et al., 

1996; Matsuda et al., 1997). For the first time, Wang et al. (2002) cloned Dax1 and SHP 

cDNAs from the Nile tilapia and found that the expressions of both Dax1 and SHP were fairly 

detectable in both sexes from 5-90 dph. The expression of Dax1 was significantly up 

regulated between 10 and 15 dph while the expression of SHP was moderate and consistent 

throughout the sexual development. DAX1 is known to be up regulated by Wnt4 via the 

WNT/β-catenin pathway (Mizusaki et al., 2003). Later, no studies were done in other teleost 

species to categorize the role of Dax-1 and SHP in sexual development. 

 

 

Ad4BP/SF-1 
 

The steroidogenic factor 1, also known as Ad4BP/NR5A1 (Ad4BP/SF-1), encodes an 

orphan nuclear receptor that plays an important role in early gonadal development and is 

expressed in the developing urogenital ridge, hypothalamus, anterior pituitary gland and 

adrenal glands (Combes et al., 2010). It regulates the expression of a number of genes that are 

involved in sexual development, including cytochrome P-450 steroid hydroxylase enzymes, 

cyp19a1a and the 3β-hydroxysteroid dehydrogenase (Yoshiura et al., 2003; Kousta et al., 

2010). In tilapia, temporal expression pattern of Ad4BP/SF-1 by semi-quantitative PCR 

revealed its presence from 5 dph in female gonads but not in male gonads suggesting the 

concept that developing females has the potency to produce estrogen to induce ovarian 

differentiation (Sudhakumari et al., 2005). Later study using same species with real time PCR 

revealed no sexual dimorphism in between XX and XY gonads with transcript presence from 

5-7 dph onwards (Ijiri et al., 2008). The different pattern observed in both the experiments as 

explained by Sudhakumari et al. (2005) indicated usage of high stringency PCR with whole 

body template or technical differences. In spite of the differences in the expression pattern of 

orphan nuclear receptors mentioned above, no categorical dimorphism could be observed. 

Hence, it is conceivable that orphan nuclear receptors might play an important role in gonadal 

differentiation rather than imparting sexual differences. Considering the importance of 

Ad4BP/SF-1 in the transcriptional regulation of cyp19a1a (Wang et al., 2010; Yoshiura et al., 
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2003), it is surprising that the former do not exhibit sexually dimorphic expression while the 

later does. Since cyp19a1a is co-regulated by FOXL2 (Wang et al., 2007), over expression of 

the latter in female gonads might have contributed for sexually dimorphic expression of the 

former.  

 

 

Ovarian Aromatase, cyp19a1a 
 

In teleosts, sex steroids influence the development of germ and other cell types during the 

process of gonadal sex determination/differentiation (Yamamoto, 1969; Devlin and 

Nagahama, 2002). Estradiol-17β plays a significant role in inducing and maintaining ovarian 

development, and its levels are found to be higher in females than in males. Ovarian 

aromatase encoded by cyp19a1a gene, is a key enzyme responsible for the aromatization of 

androgens to estrogens and it is predominantly expressed in the ovary. It has been suggested 

that the up-regulation of cyp19a1a triggers and maintains ovarian differentiation while its 

down-regulation induces a testicular differentiation pathway (Wang et al., 2007; Guiguen et 

al., 2010; Wang et al., 2010).  

The regulation of fish cyp19a1a during ovarian differentiation led to the characterization 

of the transcription factor FOXL2 as its ovarian specific upstream regulator that would co-

activate cyp19a1a expression, along with Ad4BP/SF-1 (Yoshiura et al., 2003; Nagahama, 

2005; Ijiri et al., 2008: Wang et al., 2010; Raghuveer et al., 2011). Teleosts exhibit two 

separate forms of aromatase, i.e. the ovarian specific (cyp19a1a) and brain specific 

(cyp19a1b) cyp19 genes, which mainly catalyze the aromatization of androgens into 

estrogens (Nagahama, 2005; Kwon et al., 2001; Sudhakumari et al., 2005; Rasheeda et al., 

2010). In teleosts former is found to be expressed very early in primordial/indifferent gonads 

prior to morphological differentiation of the gonads (Nagahama, 2005; Raghuveer et al., 

2011). Later on, the levels were found to be high in ovary throughout development (Rasheeda 

et al., 2010; Raghuveer et al., 2011). In contrast, its expression was very low in male gonads 

throughout development (Sudhakumari et al., 2005; Raghuveer et al., 2011). Interestingly, in 

tilapia both forms of aromatases could be detectable in ovary and even both showed changes 

during sex reversal (Sudhakumari et al., 2003; 2005; Chang et al., 2005). Based on several 

reports in teleosts, it is possible to attribute that cyp19a1a play an important role in sex 

determination and differentiation (Nagahama, 2005; Sudhakumari et al., 2005; Ijiri et al., 

2008: Wang et al., 2010; Raghuveer et al., 2011; Cao et al., 2012). Our immunocytochemical 

localization analysis revealed that Cyp19a1a protein was detectable in the ooplasm of primary 

oocytes in addition to the follicular layer during ovarian development in catfish (Raghuveer et 

al., 2011). Similar observations were also evident in killifish using in situ hybridization 

(Dong and Willett, 2008).  

However, there are reports showing that Cyp19a1a protein was localized only in the 

follicular layer of vitellogenic oocytes in the Nile tilapia (Wang et al., 2007). Interestingly, 

other steroidogenic enzyme genes such as 3β-hsd, cyp17 and 17 -hsd1 and the sterol transfer 

coding gene star, necessary for the synthesis of estrogens, were expressed at barely detectable 

levels in undifferentiated gonads and thereafter elevated gradually in both sexes of 

differentiated gonads as development progressed (Raghuveer et al., 2011). Similarly in the 

Nile tilapia, these steroidogenic enzyme genes were also found to be expressed in 
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undifferentiated XX gonads (around 5-10 dph) and later gradually augmented in both sexes 

(Ijiri et al., 2008). In fact, earlier reports on the manipulation/skewing of sex in catfish larva 

during early development (before sex differentiation) and complete sex reversal of XY tilapia 

to phenotypic females by following ethynylestradiol treatment established that estrogen is 

produced in female gonads during the critical period of ovarian differentiation, which decides 

ovarian development (Nagahama, 2005; Raghuveer et al., 2005).  

In the European sea bass, cyp19a1a was significantly higher in future females and hence 

it is revealed as a robust molecular marker to predict future ovarian differentiation (Blázquez 

et al., 2009).Taken together, cypa19a1a plays a very prominent role in female sex 

development in teleosts, though it was not localized in the sex chromosome (Harvey et al., 

2003; Nagahama, 2005). This characteristic feature specially categorizes teleosts as excellent 

animal models to study female sex development. 

 

 

FOXL2 
 

FOXL2 belongs to the forkhead/HNF-3-related family of transcription factors that is 

involved in several developmental processes including ovarian differentiation. FOXL2 

interacts with the ligand-binding domain of Ad4BP/SF-1 through its fork head domain by 

forming a hetero-dimer that eventually enhances cyp19a1a transcription vis-à-vis elevating 

estradiol production leading to ovarian development and growth in teleosts. Sexually 

dimorphic expression of foxl2 was demonstrated in the Nile tilapia (Wang et al., 2004), 

rainbow trout (Baron et al., 2004) and medaka (Nakamoto et al., 2006). Further, Ijiri et al. 

(2008) suggested a close relationship between gonadal FOXL2 and cyp19a1a during early sex 

differentiation of XX tilapia.  

The existing data denoted ovary specific expression of foxl2 not only in fish species but 

also in other vertebrates around the time of female sex differentiation, indicating 

evolutionarily conserved role of FOXL2 in vertebrate ovarian development. High levels of 

foxl2 mRNA and/or protein were found in ovarian tissues of catfish (Sridevi and 

Senthilkumaran, 2011), trout (Baron et al., 2004), protogynous wrasse (Kobayashi et al., 

2010) and southern catfish (Liu et al., 2007) although the expression was negligible in testis 

(Baron et al., 2004; Wang et al., 2004; Liu et al., 2007) in these species except wrasse 

(Kobayashi et al., 2010) wherein the expression was abundant comparable to ovary. This 

dissimilarity may be attributed to the sex changing nature of wrasse. FOXL2 could be 

localized in stroma and interstitial cells of the gonads of normal XX and sex-reversed XY 

Nile tilapia wherein localization of both cyp19a1a and Ad4BP/SF-1 were observed before the 

occurrence of morphological sex differentiation (Wang et al., 2007). Interestingly, foxl2 

showed high expression in adult catfish signifying its requirement in ovarian recrudescence 

like that of cyp19a1a (Sridevi and Senthilkumaran, 2011). FOXL2 being a co-regulator for 

cyp19a1a along with the principal regulator Ad4BP/SF-1, its importance in implementing 

ovarian growth and vitellogenesis is not questionable (Wang et al., 2004; 2007). In catfish, 

the expression of foxl2 in testis was barely detectable in real time PCR (Raghuveer et al., 

2011; Sridevi and Senthilkumaran, 2011). Based on this result and those of others, it is less 

likely that FOXL2 plays any role in testicular development of teleosts. Further study from our 
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laboratory also identified no role for FOXL2 even in testicular recrudescence (Sridevi and 

Senthilkumaran, 2011). 

 

 

Anti-Müllerian Hormone 
 

During embryonic development in mammals, anti-müllerian hormone (amh), a 

glycoprotein, plays a major role in inducing the caudal to cranial regression of the müllerian 

ducts during testicular development which necessitates considering amh as an important 

marker for male sex differentiation (Beau et al., 2001). Though most teleosts lack ductal 

system including wolffian or müllerian ducts (Skaar et al., 2011), amh homologue was found 

to be expressed during gonadal sex differentiation and/or in adult stage (Hattori et al., 2012). 

The amh ortholog was first identified as a spermatogenesis preventing substance, eSRS21 and 

it is expressed in sertoli cells of immature testis earlier than the initiation of spermatogenesis 

in the Japanese eel (Miura et al., 2002). Testis-specific expression was also evident in tilapia 

(Ijiri et al., 2008).  

In teleosts, amh down-regulates aromatase gene expression in developing gonads and 

also modulates the leydig cells differentiation by down-regulating the expression of certain 

genes involved in steroidogenesis (Wang and Orban, 2007). Intriguingly, amh is found to be 

co-expressed with Ad4BP/SF-1 and sox9a in the follicular layer of ovary in zebrafish that 

implies to suggest important role for amh during “juvenile ovary-to-testis” transformation 

(Wang and Orban, 2007). Recently, Hattori et al. (2012) showed amhy, a duplicated copy of 

the amh in the single metacentric/submetacentric chromosome of XY individuals of pejerrey 

and implicated in testicular development. Results on amhy knockdown in XY embryos 

revealed up-regulation of foxl2 and cyp19a1a mRNAs to initiate ovarian development in this 

species.  

These results suggest that there is functional amh duplication in vertebrates and hence, 

amhy may consider being sex-determining hormone in teleosts and other vertebrates (Hattori 

et al., 2012). Further studies on amh or its isoforms using other teleosts with an aim to 

characterize its receptors might provide valuable inputs to link this hormone to teleostean 

sexual development. 

 

 

Wnt-4 
 

It is a member of the structurally related WNT (Wingless type MMTV integration site) 

family of genes that encode the secreted signaling proteins which play an important role in 

several developmental processes, including regulation of cell fate and patterning during 

embryogenesis (Schubert et al., 2000; Yu et al., 2009). Wnt4 is known to be the first signaling 

molecule influencing the sex-determination cascade where it antagonizes the testis-

determining factor resulting in female development (Jordan et al., 2001). It was revealed that 

the male fate is adopted by the active repression of wnt4 along with the high expression of the 

male determining genes like sox9 (Jameson et al., 2012). It is also known that the 

nephrogenesis and associated tubulogenesis fail in its absence as its signaling induces 

mesenchyme to epithelium transition revealing its critical role for kidney development 
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(Murugan et al., 2012). In mammals, wnt4 is predominantly expressed in the ovary but has no 

sexually dimorphic expression during female differentiation of non-mammalian vertebrates, 

including chick, turtles and frogs (Wu and Chang, 2009).  

The profile and possible roles of wnt4 in gonadal differentiation are not well 

characterized relatively in teleosts as that of mammals except in black porgy, where it is 

implicated in ovarian growth and sex change (Wu and Chang, 2009). It was demonstrated 

through phylogenetic and synteny analyses that the teleost fish possess two wnt4 genes, 

wnt4a and wnt4b, resulted as a consequence of the teleost-specific whole-genome duplication 

(Nicol et al., 2012). The study conducted in rainbow trout by Nicol et al. (2012) identified an 

additional wnt4 gene (a wnt4a paralog) that is likely to be resulted from the salmonid-specific 

whole-genome duplication and these two Wnt4a proteins (Wnt4a1 and Wnt4a2) seem to share 

high identity (>80%) with other vertebrates where Wnt4a proteins differ from Wnt4b which is 

more divergent (60% identity) with its restricted expression in the nervous system, suggesting 

its sub- or a neo-functionalization.  

The same report also demonstrated that the wnt4 expression profile was not ovary-

predominant during early gonadal differentiation in rainbow trout, unlike mammals. Further 

analysis using various teleost models may clarify the importance of Wnt family of genes in 

sex differentiation. 

 

 

11 -Hydroxylase (cyp11b) 
 

In certain species like European sea bass, tilapia cyp11b expression was evident during 

testicular differentiation and at times even earlier than histological differentiation (Blázquez 

et al., 2009; Pfennig et al., 2012). However, in catfish steroiodogenic enzymes related to 

androgen biosynthesis appear late and coincide with histological differentiation (Raghuveer et 

al., 2011).  

Hence, further analysis using several other teleost models may provide more input to 

denote cyp11b as a potential marker for testicular differentiation, though considered as a 

robust marker in teleosts that lacks sex chromosomes and for which temperature influences 

sex ratios (Blázquez et al., 2009). 

 

 

Testicular or Ovarian Differentiation  
and Sexual plasticity: Validating Marker Genes 
 

Unlike mammals, molecular mechanisms of sex determination are not understood in 

teleosts yet role of several genes/factors often pivotal for sex differentiation has been 

documented. Interestingly in certain teleosts ovarian differentiation precede testicular 

differentiation due to late onset of androgen biosynthesis in males.  

Further, early occurrence and elevation of cyp19a1a vis-à-vis estradiol are prerequisite to 

ovarian development (Wu et al., 2008; Tang et al., 2010). Though testicular differentiation is 

marked by several genes, initiation of androgen biosynthesis seems to be slower in several 

teleosts. It is important to analyze sexual development cascade to reason out slow onset of 

steroidogenic enzyme genes in males. 
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Figure 1. Schematic diagram explaining the ontogeny of marker genes of catfish: A model for teleosts.  

Based on the available literature we had provided a schematic diagram (Figure 1) using 

our model organism, catfish, to depict sexual development with a chronology of marker genes 

ontogeny.  

Further studies on the gene regulation of steroidogenic enzymes and transcription factors 

regulating urogenital system may provide some interesting observations to explain the core 

mechanism of sexual development in teleosts. In the present perspective, identification of 

marker genes definitely yielded reliable tools to understand molecular level changes during 

natural or artificial sex reversal.  

In fact in teleosts, differences in the progression of gonadal differentiation between sexes 

impart sexual plasticity, which provide significant characteristic feature to adapt to natural or 

artificial physiological demands. Even so, at times prolong or untimely exposure of endocrine 

disruptors may cease sexual plasticity leading to intersexuality or developmental or 

reproduction failure. For example, early exposure of sex steroid analogues at moderate doses 

skew sexual population, yet high doses leads to intersex (Nagahama, 2005; Raghuveer and 

Senthilkumaran, 2009). On the other hand exposure of pollutants or pesticides or other 

compounds exert differential response and most of the time sex based (Chakrabarty et al., 

2012; Rajakumar et al., 2012).  

 

 

Future Research Directions 
 

Most of the studies using various teleost models identified marker genes depending on 

the correlative response to a physiological event in sexual development. This poses an 

important question whether these genes have any specified functional role or expressing 
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consequent response. Hence, one of the immediate requirements in this area of research is to 

design novel experiments like those used in the identification of DMY/Dmrt1 or amhy to 

signify specific functional roles for marker genes (Matsuda et al., 2002; Nanda et al., 2002; 

Hattori et al., 2012) instead of merely describing correlative response. To enable this, 

innovative strategies using genomics techniques, morpholino or siRNA or knock 

out/exploitation of normal mutants will lead to greater molecular understanding of sexual 

development. In this context, designing natural or artificial sex reversal experiments might 

provide new research perspectives to determine the plasticity of gonadal differentiation and 

implication of marker genes. Identification of marker genes yields immense application in 

endocrine disruptor research. It will also facilitate application in aquaculture for brood stock 

selection or for early sex selection of a species where a particular sex has a specific 

commercial interest. 

 

 

Conclusion 
 

Expression profiling of molecular marker genes using various teleost models revealed 

sexually dimorphic or differential expression pattern during gonadal differentiation. In this 

review, we had provided schematic representation (Figure 1) of ontogeny of marker genes in 

catfish model. Extensive studies implicate application of these genes in endocrine disruptor 

research to understand the severity of the exposure. Furthermore, identification of marker 

genes through ontogeny or sex reversal experiments facilitates application in aquaculture for 

brood stock selection to select specific gender for profit-based marketability by fish farmers.  
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Abstract 
 

In fish, fully grown oocytes are arrested at prophase of the first meiotic division prior 

to oocyte maturation. The oocytes resume meiosis in response to maturation-inducing 

hormone (MIH) secreted from ovarian follicle cells by stimulating the de novo synthesis 

of cyclin B, a regulatory subunit of maturation promoting factor (MPF), the final 

mediator of oocyte maturation. MIHs have been identified as a class of steroids called 

progestins. Steroid hormones can act as chemical messengers mediating not only slow 
genomic actions but also rapid non-genomic actions in a wide range of target tissues. Fish 

oocyte maturation is the most well-characterized system mediated through non-genomic 

actions of steroids. A strong candidate for an MIH receptor, membrane progestin receptor 

(mPR), has been identified for the first time in fish. Furthermore, three subtypes of mPRs 

have been identified in other vertebrates and its wide tissue distribution was revealed. 

Thus, the molecule found as a mediator for fish oocyte maturation has become a target 

for studying the general mechanism of steroidal non-genomic actions in various tissues of 

vertebrates. 

Almost ten years have passed since the groundbreaking identification of mPR. 

Although the identification of genes in various organisms and expression patterns have 

been described since then, the precise physiological roles of mPRs are still unclear. This 

review summarizes the story of the identification and recent advances in the study of 

mPR as a receptor mediating non-genomic steroid actions. 
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Introduction 
 

In teleost fishes, like in most other vertebrates, full-grown post vitellogenic oocytes are 

physiologically arrested at the G2/M boundary in the first meiotic prophase and cannot be 

fertilized. To become fertilizable oocytes, they must complete the first meiotic division and 

ovulation. The oocytes resume meiosis in response to maturation-inducing hormone (MIH), 

which is produced by follicle cells under the control of gonadotropins released from the 

pituitary gland. MIH acts on receptors on the oocyte plasma membrane and induces the de 

novo synthesis of cyclin B, a regulatory subunit of maturation promoting factor (MPF), the 

final mediator of oocyte maturation (Nagahama, 1987; Yamashita et al., 1995). Although it 

has not yet been proved, it is thought that MIH also induces ovulation through genomic 

actions by binding to nuclear progesterone receptor in oocytes and follicle cells. Two steroids 

have been identified as MIHs, the progestins 17 ,20 -dihydroxy-4-pregnen-3-one (17,20 -

DHP) and 17 ,20 ,21-trihydroxy-4-pregnen-3-one (20 -S), in several fish species 

(Nagahama and Adachi, 1985; Patino and Thomas, 1990; Trant et al., 1986). It was predicted 

and demonstrated in a series of studies that these progestins do not act via classical nuclear 

steroid receptors, but instead initiate their actions by binding to specific membrane receptors 

on the external surface of oocytes (Nagahama et al., 1995). The first evidence that showed 

receptors for MIH exists on the cell surface had been described in frog oocytes (Ishikawa et 

al., 1977; Godeau et al., 1978). A membrane impermeable steroid was effective at inducing 

oocyte maturation when suspended in the medium. Microinjection of progesterone was also 

ineffective at inducing oocyte maturation (Masui and Clarke, 1979). In addition, a few 

minutes exposure to MIH was sufficient to initiate oocyte maturation (Thomas and Das, 

1997). From these data, it was predicted that the MIH receptor is on the cell membrane. 

Direct evidence of MIH binding activity on the cell membrane was first characterized in 

starfish (Yoshikuni et al., 1988). Subsequently, MIH receptors have been reported on the 

oocyte membranes of several teleost species (Patino and Thomas, 1990; Yoshikuni et al., 

1993; King et al., 1997; Rahman et al., 2002;). However, the precise molecular structure and 

mechanisms of action of these membrane progestin receptors remained unclear until 2003. 

Several decades after the initial suggestion of a membrane receptor for steroids, a novel 

cDNA was cloned and sequenced from a spotted seatrout ovarian cDNA library that encoded 

a protein (mPR ) with the characteristics of the membrane progestin receptor mediating the 

MIH-induced initiation of oocyte maturation (Zhu et al., 2003b). The finding that 

microinjection of zebrafish (Danio rerio) oocytes with antisense oligonucleotides to the 

homologous zebrafish mPR  cDNA blocked the development of maturation competence in 

response to gonadotropin provided preliminary evidence that mPR  is also involved in the 

induction of oocyte maturation in this species (Thomas et al., 2004). The physiological 

functions of mPR in oocyte maturation have been shown in goldfish (Carassius auratus), a 

well-established model of the hormonal control of oocyte maturation, and representative of a 

major family of freshwater teleosts, the Cyprinidae (Tokumoto et al., 2006; Tokumoto et al., 

2012). The mPR  protein was detected on the plasma membranes of oocytes of goldfish. 

Upregulation of mPR  protein levels during gonadotropin-induction of oocyte maturation 

was investigated as well as the effects of oocyte microinjection with mPR  antisense 

oligonucleotides.  
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The results suggested the mPR  protein is also an intermediary in the MIH induction of 

oocyte maturation in goldfish. Recently mPR has been recognized as a new target for 

endocrine disrupting chemicals. Data from binding assays has demonstrated that some 

chemicals show binding affinity for mPR. Treatment of oocytes with an endocrine disrupting 

chemical (EDC), diethylstilbestrol (DES), induced maturation in goldfish and zebrafish 

(Tokumoto et al., 2004). This effect demonstrated that maturation is mediated by mPR 

(Tokumoto et al., 2007). 

Thus, it should be emphasized that the screening of chemical substances for their 

reactivity with mPRs is very valuable because it is possible that such chemicals are candidates 

EDCs. Off course, mPRs are attractive pharmaceutical targets, and very recently high 

expression levels of mRNA for mPRs have been reported in ovarian cancer cells and breast 

cancer cells (Charles et al., 2010; Dressing et al., 2012). Homologues in yeast have been 

identified as an antifungal protein, osmotin, receptor (Narasimhan et al., 2005). Thus mPR 

homologues in fungus are possible targets for anti-fungal drugs (Villa et al., 2011). Therefore, 

screening systems for mPR-interacting chemicals should be established to aid in the search 

novel pharmaceuticals. 

This review summarizes the story of the identification of mPR, the molecular features of 

genes and proteins for mPRs, and the possibilities for these proteins as an attractive new 

target for pharmaceuticals. 

 

 

Steroid Non-Genomic and Genomic Actions  
in the Induction of Oocyte Maturation 

 

Steroid hormones can act as chemical messengers mediating not only slow genomic 

actions but also rapid non-genomic actions in a wide range of target tissues (Figure 1). 

Numerous actions of steroid hormones cannot be explained by classical genomic actions of 

steroids through nuclear receptor activated by binding with steroids that penetrate into the 

cell. Genomic actions of steroids involving new mRNA and protein synthesis are relatively 

slow, typically occurring over a time scale of hours to days (Losel et al., 2003). Conversely, 

non-genomic actions through membrane receptors are relatively rapid and cause changes in 

intracellular protein interactions and post-translational modifications. Oocyte maturation is a 

well-characterized phenomenon that is induced by steroidal non-genomic actions through a 

decrease of intracellular cyclic AMP (cAMP) levels within a few minutes (Figure 2). A 

decrease in cAMP levels has been reported in response to MIH in frog oocytes (Cicirelli and 

Smith, 1985), and the same results reported in teleost oocytes (Finet et al., 1988). It has been 

demonstrated in spotted seatrout that MIH activates a pertussis toxin (PTX)-sensitive 

inhibitory G protein, and that activation of this pathway is necessary for the completion of 

oocyte maturation (Pace and Thomas, 2005a). Similarly, a decrease in [
3
H]-17,20 -DHP 

binding to rainbow trout oocyte membranes was observed after treatment with PTX 

(Yoshikuni and Nagahama, 1994). These studies suggested that the membrane progestin 

receptor in seatrout and also probably in rainbow trout is directly coupled to inhibitory G-

proteins. 

The first evidence that a receptor for MIH is on the surface of oocytes was shown in frog 

oocytes, in which a non-cell permeable steroid induced oocyte maturation.  
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Figure 1. Schematic diagram of non-genomic and genomic actions induced by steroids. 

 

 
Abbreviations: MIH, maturation-inducing hormone; Gi , inhibitory GTP-binding protein ; AC, 

adenylate cyclase; cAMP, cyclic AMP; GVBD, germinal vesicle breakdown. 

Figure 2. Induction of decreases in intracellular cAMP concentration through mPR. 

Although the chemical structure of progesterone itself does not permit conjugation, it was 

shown that deoxycorticosterone, which has a structure similar to progesterone, exhibited 

maturation-inducing activity and could be conjugated to agarose beads. When 

deoxycorticosterone-conjugated agarose (DOC-agarose) was suspended in the medium with 

immature Xenopus oocytes, maturation was induced ( Ishikawa et al., 1977; Godeau et al., 

1978). Microinjection of MIH was not effective at inducing oocyte maturation (Masui and 

Clarke, 1979). These results strongly suggested that the receptor for MIH is on the cell 

surface. Characterization of this membrane receptor was subsequently reported in starfish 

(Yoshikuni et al., 1988), and evidence has accumulated for the presence of membrane 

receptors for MIH in other organisms. However, these studies had been conducted using 
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membrane preparations because attempts to obtain highly purified preparations of steroid 

membrane receptors for amino acid sequencing using classical protein purification 

approaches had been unsuccessful. 

On the contrary, many of the intracellular signaling molecules, such as maturation-

promoting factor or metaphase-promoting factor (MPF), involved in the later stages of oocyte 

maturation in teleosts have been well characterized (Nagahama et al., 1995). MPF activity in 

fish oocytes was first demonstrated by the induction of germinal-vesicle-breakdown (GVBD) 

in starfish oocytes by the microinjection of cytoplasm from mature unfertilized goldfish 

oocytes (Kishimoto et al., 1982). MPF activity was extracted from goldfish oocytes matured 

by human chorionic gonadotropin (hCG) treatment in vivo, and was injected into immature 

Xenopus oocytes (Yamashita et al., 1992a). MPF activity extracted from goldfish oocytes was 

also effective when injected into immature goldfish oocytes under conditions where protein 

synthesis was inhibited. Oocytes injected with MPF undergo meiotic maturation much more 

rapidly than in vitro 17, 20 -DHP-induced maturation. MPF activity increases before GVBD 

and peaks at metaphase I. The activity then decreases during anaphase and telophase I, but 

was found to be at maximal levels again in metaphase II oocytes (Yamashita et al., 1992b). 

MPF activity decreases immediately after egg activation (fertilization). In immature goldfish 

oocytes, there is no detectable cyclin B and cdc2 kinase is monomeric. This is different from 

Xenopus and starfish oocytes. Cyclin B appears during oocyte maturation by de novo 

synthesis (Hirai et al., 1992; Katsu et al., 1993). Cyclin B mRNA is already present in 

immature goldfish oocytes, and its level is not markedly changed during oocyte maturation. 

Therefore, regulation of the synthesis of cyclin B protein is under translational control. A 

cDNA clone of germ cell-specific Y box protein, which is a potential masking protein of 

cyclin B mRNA in goldfish oocytes, has been cloned (Katsu et al., 1997). It has been 

suggested that in goldfish oocytes, the synthesis of cyclin B protein is also under translational 

control and that cytoplasmic 3' poly(A) elongation is involved in 17, 20 -DHP-induced 

translation of cyclin B mRNA (Katsu et al., 1999). Recent developments in technology have 

revealed that the translation of cyclin B mRNA takes place in a restricted area at the animal 

pole where GVBD occurs (Yasuda et al., 2010). In addition, it has been demonstrated that the 

5’UTR and coding region of the cyclin B mRNA are required for the temporal initiation of 

translation. 

As described above there had been considerable progress in understanding of the 

intracellular cascade triggered by MIH. 

Despite considerable effort in many laboratories over the past 25 years, however, the 

identities of steroid membrane receptors for MIH remain unresolved. Recent research in fish 

ovaries has led to the discovery of novel progestin membrane receptors that are suspected to 

be of widespread physiological importance in vertebrate reproduction. 

 

 

Identification of Membrane Progestin Receptor 
 

The purification of membrane progestin receptors for amino acid sequencing using 

classical protein purification approaches had been unsuccessful. Therefore, a combination of 

partial receptor purification, antibody generation and expression library screening was used to 

identify likely cDNA candidates for the membrane progestin receptor (Thomas et al., 2002). 
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Monoclonal antibodies raised against a partially purified receptor fraction from spotted 

seatrout ovaries, which were selected by a steroid binding assay, were used for expression 

library screening (Thomas et al., 2002). By screening cDNA candidates, the membrane 

progestin receptor was finally isolated. The protein encoded by the cDNA has the major 

characteristics of a membrane progestin receptor mediating meiotic maturation (Zhu et al., 

2003b). The protein had an apparent molecular weight of 40 kDa, and the structure of the 

protein was predicted to include seven trans-membrane domains by computational analysis, 

which is characteristic of G protein-coupled receptors. The expression level of the mRNA for 

the isolated cDNA was relatively high in reproductive tissues, which was consistent with the 

known regulatory roles of progestins in reproductive and endocrine functions. By 

immunohistochemical analysis, the protein was detected in the oocyte plasma membrane, and 

the recombinant protein could bind progestins with the characteristics of a hormone receptor. 

High affinity, limited capacity, displaceable, and specific binding for progestins typical of 

steroid membrane receptors was demonstrated in membranes prepared from human breast 

cancer cells transfected with the cDNA. Rapid activation of the MAP kinase cascade in 

transfected human cells was observed after treatment with physiological concentrations of 

progestins. Direct evidence showing that the protein was a receptor for MIH was obtained by 

knock-down experiments using morpholino-antisense oligonucleotides. Injection of antisense 

oligonucleotides, but not sense or mis-sense ones, during gonadotropin induction blocked the 

subsequent response of zebrafish oocytes to MIH (Zhu et al., 2003b). From a series of studies 

it was concluded that a cDNA cloned from seatrout encoded the MIH receptor and it was 

named membrane progestin receptor (mPR). Studies in silico identified 11 closely related 

genes in other vertebrates that could be separated into three subtypes on the basis of sequence 

identity and phylogenetic analysis, and these were designated as ,  and et 

al., 2003a). Genome-wide phylogenetic analyses have shown that mPRs are a new protein 

family, the progestin and adipoQ receptor (PAQR) family (Tang et al., 2005). In this family, 

mPR ,  and  subtypes correspond to PAQR7, 8, and 5, respectively (Thomas et al., 2007). 

It is generally thought that these progestins do not act via the classical intracellular 

mechanism of steroid action involving the activation of nuclear steroid receptors, but instead 

initiate their actions at the external surface of oocytes by binding to specific membrane 

receptors (Nagahama et al., 1995; Thomas et al., 2002). 

The mPR  subtype has also been cloned from a goldfish, Carassius auratus, ovarian 

cDNA library (Tokumoto et al., 2006). Western blotting using a specific goldfish mPR  

antibody demonstrated the presence of an immunoreactive band of the appropriate predicted 

molecular weight (~40 kDa) in oocyte plasma membranes. Similar to the previous results in 

spotted seatrout, mPR  protein expression in fully grown goldfish oocytes was upregulated 

by treatment with gonadotropin and was associated with the development of oocyte 

maturational competence.  

Moreover, microinjection of mPR  antisense morpholino-oligonucleotides into goldfish 

oocytes blocked both the induction of oocyte maturation in response to MIH and the 

upregulation of mPR  protein levels (Tokumoto et al., 2006). Thus the results obtained with 

representatives of two distantly related teleosts families, the Scaenidae and Cypriniformes, 

support the suggestion that mPR  acts as an intermediary in MIH induction of oocyte 

maturation in teleosts (Figure 2). The finding that microinjection with antisense 

oligonucleotides to zebrafish mPR  also partially blocked oocyte maturation in this species 
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suggested that this mPR subtype is also involved in MIH signaling (Thomas et al., 2004). 

Involvement of mPR  in oocyte maturation was also demonstrated in goldfish (Tokumoto et 

al., 2012). The three mPR subtypes have also been cloned from channel catfish (Ictalurus 

punctatus) and goldfish ovarian cDNA libraries (Kazeto et al., 2005; Tokumoto et al., 2012). 

The pattern of changes observed in gene expression of the mPR subtypes ( ) in fish 

ovaries during the final stages of gametogenesis and in response to hormonal treatment 

suggests that gonadotropin induction of oocyte maturation does not involve upregulation of 

the mPR message in oocytes (Kazeto et al., 2005; Tokumoto et al., 2006; Tokumoto et al., 

2012). Differential upregulation by gonadotropin of mPR  protein levels in the absence of 

changes in mRNA expression has already been described during the maturation of both 

goldfish and croaker oocytes (Thomas et al., 2004; Pace and Thomas, 2005b; Tokumoto et 

al., 2006). 

 

 

Genomic Structure of the mPR Gene 
 

The gene structures of mPRs were characterized in channel catfish (Kazeto et al., 2005).  

The mPR  and  genes have similar structures with intronless coding regions, whereas 

the mPR  gene is composed of 8 exons and 7 introns. These features are conserved among 

fish genomes. In the genome of medaka fish, single coding regions for mPR  (PAQR7) and 

mPR  (PAQR8) were annotated. Numerous candidate enhancer sequences have been 

identified in proximity to mPR genes.  

Although the mRNAs for goldfish mPRs are constantly expressed through oogenesis over 

several months, their tissue specific expression patterns differs among the subtypes; therefore, 

their enhancer sequences should differ as well. 

 

 

The Structures of mPR Proteins 
 

As described above, a typical seven transmembrane structure was predicted for mPR 

proteins by computer analysis of the mPR genes from spotted seatrout (Zhu et al., 2003a).  

In this model, the N-terminus of the mPR protein extended into the extracellular 

environment and the C-terminus into the intracellular compartment, which was consistent 

with a typical G-protein coupled receptor.  

However, the opposite model was predicted for one of the same PAQR family members, 

with a reversed structural model predicted for adipoQ receptors (PAQR1 and PAQR2) based 

on the results of immunocytochemical observations using a specific antibody against the N-

terminal region of the receptor (Yamauchi et al., 2003). Thus, the N-terminal loop was inside 

the cell and the C-terminal region was outside of the cell. Using sequence similarity analysis, 

it was suggested that the structures of mPRs are same as adipoQ receptors (Smith et al., 2008; 

Villa et al., 2011). As a result, two conflicting models have been proposed for the structure of 

mPR proteins.  

However, the same immunocytochemical analysis was conducted for human mPR  

expressed in cultured cells and the results supported the original model (Thomas et al., 2007).  
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Figure 3. Predicted topology of membrane progestin receptor (mPR) and adipoQ receptor. 

Furthermore, analysis using cell sorting suggested that the N-terminal extension was 

exposed to the outside of the cell (Hanna et al., 2006). A typical seven transmembrane 

structure was consistently predicted for mPR  subtypes from goldfish by several computer 

programs (SOSUI, TMpred, TMHMM). Very recently, we established cell lines that can be 

used for monitoring intracellular cAMP levels, and a study using these cell lines indicated 

that cAMP concentration was decreased by mPR ligands (Tokumoto et al., unpublished). It 

was demonstrated that mPR is coupled to Gi protein, as suggested by a range of evidence.  

Thus, the typical seven transmembrane structure depicted in Figure 3 is regarded as the 

likely structure for mPRs. It is also noteworthy that there are differences in structure among 

the mPR subtypes. The overall structures of goldfish mPR -1 and -2 are predicted as notably 

different from those of goldfish mPR  and . A larger extracellular loop is composed of the 

third loop in mPR  and  but the fourth loop in the case of  subtypes (Tokumoto, 2012). The 

difference in structure might account for the difference in characteristics between mPR , 

-1, -2. 

 

 

More Subtypes of mPRs 
 

Recent analysis by genome-wide screening for homologous genes to mPR revealed that 

mPRs are classified in a novel family of G protein-coupled receptor.  

The PAQR family is composed of 11 genes, including the originally identified three 

subtypes of mPR ,  and . From experiments involving heterologous expression of human 

mPRs in yeast, it was suggested that PAQR6 and PAQR9 exhibited progestin receptor 

activity (Smith et al., 2008). Thus, it was proposed to classify these genes as new subtypes of 

mPRs as mPR  and mPR t been 

performed in fish as yet. Nucleotide sequence analysis was also conducted for ancestor genes 

of mPRs in fungi.  

Very interestingly, disruption of the genes of mPR homologues resulted in resistance to 

antibiotics (Villa et al., 2011). These results suggested that mPR-related genes responsible as 

a mediator for chemicals might be through the cell surface. 
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Steroidal Genomic Actions and Non-Genomic 
Actions in the Induction of Ovulation 

 

As described in above, fish oocyte maturation can be induced by non-genomic actions of 

steroids. In other words, the essential pathway to induce the activation of MPF could be 

induced by non-genomic actions. In general, oocyte maturation is assessed by examination of 

GVBD.  

Thus, only the reactions necessary to induce GVBD were assessed by morphological 

methods. However, the process of oocyte maturation and ovulation in fish to produce 

fertilizable eggs should be induced coincidently. Immature oocytes in ovary are induced to 

form mature oocytes by progestins. Matured oocytes ovulate by rupturing from follicle cells 

along with surrounding oocytes. After ovulation, oocytes are spawned and fertilize for 

development. There are several reports on the pathway leading to the induction of oocyte 

maturation and ovulation in fish. MIH secreted from follicular cells acts on mPR on the 

plasma membrane of oocytes and induces oocyte maturation through non-genomic actions. 

Moreover, the induction of oocyte maturation by MIH requires protein synthesis but is not 

blocked by transcription inhibitors, indicating a non-genomic mechanism of action ( Jalabert 

et al., 1976; Goetz and Theofan, 1979; Patino and Thomas, 1990). The main pathway for the 

induction of oocyte maturation, meiotic cell division, can be induced by non-genomic actions. 

Conversely, the ovulation-inducing pathway is thought to be activated by genomic actions 

because actynomycin D, which inhibit the production of mRNA, prevented ovulation in fish 

(Pinter and Thomas, 1999).  

The possible functions of mPRs in the follicle cells surrounding oocytes and their 

potential interactions with the nuclear progestin receptor are interesting research questions to 

address in the future.  

 

 

Figure 4. Induction of oocyte maturation by non-genomic actions and ovulation by genomic actions. 

MIH secreted from follicular cells acts on mPR in the plasma membrane of oocytes and induces oocyte 

maturation through non-genomic actions. At least the main pathway to induce oocyte maturation, 

meiotic cell division, can be induced by non-genomic actions. Conversely, the ovulation-inducing 

pathway is thought to be activated by genomic actions, which induce the production of mRNAs in 

oocytes and follicular cells. 
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Recently it was demonstrated in vitro study using oocytes from Medaka that MIH can 

induce ovulation, and very recently a novel method to induce oocyte maturation and ovulation 

in vivo was established in zebrafish (Tokumoto et al., 2011).  

In this method, the addition of MIH only into the water induced oocyte maturation and 

ovulation. This result suggested that MIH induce genomic actions leading to ovulation. At 

this time, there is a possibility that MIH can activate genomic actions both in oocytes and 

follicle cells, which is necessary for ovulation. In this in vivo system, diethylstilbestrol (DES) 

induced oocyte maturation only by binding to mPR .  

Thus, non-genomic actions to induce oocyte maturation could be separated from MIH-

dependent maturation- and ovulation-inducing actions (Figure 4). Using the in vivo system, 

both samples could be prepared, one of which activated the non-genomic pathway for oocyte 

maturation and the genomic pathway for ovulation by MIH and the other only activated the 

non-genomic pathway by DES. By comparing the gene expression profiles between these 

samples, genes up- or down-regulated to induce ovulation can be found. Gene expression 

analysis using microarrays is underway and is expected to identify genes for the key 

regulators in the induction of ovulation. 

 

 

Induction and Inhibition of Fish Oocyte 
Maturation by Endocrine-Disrupting Chemicals 

Through mPR 
 

Several EDCs, such as Kepon and o,p-DDD, have been reported to antagonize MIH-

induced meiotic maturation of fish oocytes in vitro (Das and Thomas, 1999). EDCs such as 

methoxychlor and ethynyl estradiol also antagonize frog oocyte maturation. DES is an EDC 

with a non-steroidal structure, which was prescribed during the late 1940s to early 1970s to 

pregnant women to prevent abortion, preeclampsia, and other complications of pregnancy. 

Male and female offspring exposed in utero to DES developed multiple dysplastic and 

neoplastic lesions of the reproductive tract, along with other changes, during development 

(Bern, 1992). 

Previously, it was reported that treatment of oocytes with DES induced maturation in 

goldfish and zebrafish (Tokumoto et al., 2004). Subsequently, the same agonistic activity of 

tamoxifen and its metabolite 4-hydroxytamoxifen (both chemicals are EDCs) was also 

demonstrated in zebrafish.  

Furthermore, a potent inhibitory effect of pentachlorophenol (PCP) was demonstrated on 

oocyte maturation induced by 17,20 -DHP, DES and tamoxifen (Tokumoto et al., 2005). 

PCP is a widely used biocide that has been employed as a wood preservative, herbicide, and 

defoliant. Its extensive use and persistence have resulted in significant environmental 

contamination and potential exposure of the general population. Owing to its highly persistent 

nature, PCP is still one of the dominant phenolic compounds in blood (Sandau et al., 2002).  

These results suggested that EDCs might interact with the MIH receptor to induce 

maturation. The identification of the structure of the putative MIH receptor as mPR permits 

investigations of the molecular mechanisms by which EDCs induce or inhibit oocyte 

maturation. Binding of these EDCs to mPR  was examined using membrane fractions 

prepared from cultured cells transfected with the cDNA for goldfish mPR . Specific 
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progestin binding was measured in plasma membranes prepared from goldfish mPR -

transfected cells (Tokumoto et al., 2007). Steroid competition studies showed
 
that binding is 

highly specific for natural MIH, 17, 20 -DHP, in membranes prepared from both ovaries and 

mPR -transfected cells. DES was a relatively effective competitor of isotope-labeled 17, 

20 -DHP binding to mPR .  

There was a correlation between the relative binding affinities of DES and the DES 

analogues for mPR  and their potencies in mimicking the actions of 17,20 -DHP on meiotic 

maturation in the in vitro bioassay. These results demonstrate that DES can mimic the non-

genomic actions of progestin by binding to mPR . Binding affinity of DES to three subtypes 

of mPRs in goldfish has been assessed.  

The results demonstrated that of the mPR subtypes, mPR  possess relatively higher 

affinities for DES than the mPR  types. Combined with the results from knockdown studies 

using morpholino-antisense oligonucleotides, it was suggested that the mPR  and 

are the target of DES. By steroid competition studies using cell membranes that were stably 

transfected with cDNAs of mPR subtypes, the binding affinity of about 60 candidate EDCs 

listed by Japanese Environmental Agency to mPR was examined. Among these candidate 

EDCs, 13 compounds were found to react with mPR. This finding emphasizes the need for 

studies to examine more widely the various non-genomic effects of EDCs in the future. 

 

 

Other Functions of mPRs 
 

mPRs are likely to be involved in other functions induced by progestins because they are 

expressed in a wide variety of tissues ( Zhu et al., 2003a ; Kazeto et al., 2005; Tokumoto et 

al., 2006), including sperm and the hypothalamus, where progestins have been shown to exert 

rapid, non-genomic actions (Thomas et al., 2004; Thomas et al., 2005). Recently, a novel 

function of mPR was suggested in quail (Ito et al., 2011). Because of the presence of 

specialized simple tubular invaginations in the oviduct, the ejaculated sperm after entering 

into the female reproductive tract can survive for a prolonged time in domestic birds (Bakst, 

1994). This specialized structure is generally referred to as sperm storage tubules (SSTs).  

The intravenous injection of progesterone into the birds stimulated sperm release from 

the SSTs. This observation clearly demonstrated that progesterone is the factor that triggers 

the release of the resident sperm from SSTs.  

Moreover, as a result of the progesterone injection, a change in SST morphology that 

closely resembled contraction had been observed. These results demonstrated that 

progesterone stimulates the release of the resident sperm from the SSTs in bird with a 

contraction-like morphological change of the SSTs, which is probably initiated via mPR -

mediated signal transduction. 
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Conclusion 
 

This chapter introduces the story of the identification and characterization of mPRs. 

Although the molecular basis, gene structure and evolutionary process have now been 

established, proof of the physiological roles and protein structure of mPRs are still lacking. 

 

 

Figure 5. Strategy for establishing mutant strains in medaka by tilling. Initially, random mutations are 

induced in male fish by N-ethyl-N-nitrosourea (ENU). An F1 generation of mutant fish is produced by 

mating with wild-type females. A library of frozen stocks of sperm and genome DNA is prepared from 

F1 males. Mutations in genes of interest are screened for by DNA sequencing and HRM analysis. 

Sperm from the F1 fish identified in the screening was used for in vitro fertilization with wild-type 

females. Progenies are developed to adulthood and are genotyped. Then heterozygous fish carrying the 

mutation of interest are sequentially outcrossed with wild-type females. Finally heterozygous fish are 

incrossed to obtain homozygous fish for phenotypic analysis. 

Thus, the biological significance of non-genomic actions induced by steroids is also still 

unclear. In medaka fish, a systematic strategy for screening for deficiencies in genes of 

interest has been established (Figure 5; Taniguchi et al., 2006). From this screening system, 

we have selected three and five strains in which a point mutation was induced into the coding 

sequence of mPR  and mPR , respectively. We are currently continuing with back-crossing 

with wild-type fish to establish strains to analyze the phenotype of these mutants. We also 

plan to establish mutant strains for mPR subtypes. These reverse genetic analyses should 

elucidate the central roles of mPRs in the near future. 
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