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ABSTRACT 
 
In all vertebrate species, reproduction is a hormonally controlled process, important for 

growth and maturation of gonads and germ cells. Production of functional germ cells is of 

outmost importance to secure the survival of a species. Fish comprises 50% of the known 

vertebrates and are found in aquatic habitats all over  the world. Even though fish have 

evolved a wide variety of morphological and physiological characteristics, due to large 

differences in the living environment, the growth an maturation of germ cells follows the 

same pattern in all species. In this thesis the focus has been directed on oocyte growth and 

development in Arctic char (Salvelinus alpinus), and if stress might inflict disturbances on the 

reproductive systems.  

 

All sexually mature female egg laying vertebrates produces yolky eggs surrounded by an 

eggshell. Production of yolk and egg shell is under estrogenic control and it is known that 

production of egg components can be induced in male and juvenile fish by estrogenic 

substances. Many manmade chemicals have been found to interfere with hormonally 

controlled processes. Therefore production of the egg yolk precursor, vitellogenin (VTG), and 

the egg shell components, vitelline envelope proteins (VEP), have been used as biomarkers 

for estrogenic effect. Exposure to endocrine disrupting substances (EDS)  does not only give 

rise to hormonal effects on the organism, but in addition it also gives rise to an increase in 

stress hormone, cortisol (F), levels.  

 

It is evident that a wide variety of substances may affect Arctic char oocyte growth and 

maturation. VTG and VEP production is found to be under dose dependent estrogenic control, 

but the production was directly affected by F. Under natural condition it has been found that F 

increases towards ovulation. Even though both VTG and VTG is under estrogenic control, 

these studies showed that stress lead to a decrease of VTG while the VEP production 

increased. These effects was only observed on protein levels indicating that a post 

transcriptional down regulation of VTG production is mediated by F in Arctic char. 

 

In order for an egg to become fertilizatible, it must undergo a maturation phase. This 

maturation phase is primarily induced by gonadotropins, which in turn induce the production 

of species specific maturation inducing substances (MIS). To investigate oocyte development 

in Arctic char a characterization of its MIS receptor was made. The MIS receptor is localized 

on the oocyte surface and displays a single class of high affinity and low capacity binding 
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sites. The binding moieties displays association and dissociation kinetics typical of steroid 

membrane receptors.  

 

Even though high specificity for Arctic char MIS was observed, it was found that some EDS 

bind to the Arctic char oocyte membrane receptor. This suggest that certain EDS might affect 

oocyte maturation and thereby might alter the reproductive success. Furthermore, it was 

found that F did not bind to the MIS receptor in Arctic char. It is therefore suggested that 

oocytes are more sensitive to stress during the growth phase than during maturation. 
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ABBREVIATIONS 

 

17,20ß-P 17α,20ß-dihydroxy-4-pregnen-3-one 

20ß-HSD 20ß- hydroxysteroid dehydrogenase  

20ß-S  17α,20ß,21-trihydroxy-4-pregnen-3-one  

ACTH  adrenocorticotropic hormone 

AP-1  activator protein 1  

ARE  androgen response element  

DDD   1,1-dichloro-2,2-bis[p-chlorophenyl]ethane 

DDT  1,1,1-trichloro-2,2-bis[p-chlorophenyl]ethane 

E2  17-ß-estradiol 

EDS  endocrine disrupting substance 

ER  estrogen receptor 

F  cortisol 

FSH  follicle-stimulating hormone 

GnRH  gonadotropin -releasing hormone 

GR  glucocort icoid receptor 

HSP   heat shock protein  

LDL-R  low-density lipoprotein receptor 

LH  luteinizing hormone 

MIS  maturation inducing steroid 

MT  metallothionein  

PCB  polychlorinated biphenyl  

SBP  steroid binding protein  

T4  tetraiodothyroxin  

VEP  vitelline envelope protein  

VTG  vitellogenin  

VTG-R  vitellogenin receptor 

ZP  zona pellucida 
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INTRODUCTION 

 

Water is a necessity for all life on earth. With 71 % of the earth surface covered by water 

there is a multitude of habitats harbouring a large number of different organisms. Fish 

comprises more than 50% of the known vertebrate species on earth, making it the largest 

vertebrate group. Due to large differences in salinity, temperature, pH, nutrition and light 

periods of the habitats, different fish species have evolved a wide variety of morphological 

and physiological characteristics. While fresh water cover only 1% of the surface, 40% of the 

fish species are found in fresh water systems while 0.5% of the species are considered 

anadromous (migrates between fresh and salt water habitats). The remaining fish species are 

found in salt water habitats.  

 

The Arctic char (Salvelinus alpinus) is a salmonid species that was classified in 1758 by the 

Swedish taxonomist Linnaeus. It has the most northerly distribution of any freshwater fish 

and has a circumpolar distribution in Arctic freshwater systems (Johnsson, 1980). The Arctic 

char displays two life strategies, anadromous Arctic char, which migrate between salt and 

fresh water during growth and spawning, and the resident form, which remain in fresh water 

throughout the lifecycle (Nordeng, 1983; Berg & Berg, 1993). The Arctic char is a fish of 

great commercial value in countries in the northern hemisphere mainly due to its ability to  

grow at low temperatures (Berg & Berg, 1989), but the species also displays high sensitivity 

to environmental change such as climate change, eutrophication, acidification, discharge of 

toxic chemicals and introduction of other species in the ecosystem. 

 

The natural spawning period for the Arctic char is in October/November and during this time, 

the female produces between 500 to 7000 large (4 -5mm) and sticky eggs (Johnsson, 1980). 

Functional reproduction is of outmost importance for species survival. Depending on habitat 

large variations in reproductive strategies are present in fish.  

 

 

TELEOST REPRODUCTION: 

 
Reproduction involves hormonally regulated processes, such as growth and maturation of 

gonads and germ cells. For the survival of a species, the production of functional germ cells 



 9

(eggs and sperm) that can participate in fertilization are an important event. Thus, the 

reproductive tissues must be produced during embryonic development, and growth and 

maturation of germ cells must function after sexual maturation of the organism. Fish have 

evolved many reproductive strategies, and there are viviparous (internal fertilization, the 

embryo develop inside the mother which provides the growing embryo with nutrition), 

ovoviviparous (internal fertilization, mothers lay yolky eggs which are retained in the oviduct 

until hatching) and oviparous (external fertilization, embryos develop outside the mother) 

species. In the oviparous and ovoviviparous species all nutrients are contained within the egg. 

This includes proteins and lipids, but also vitamins and minerals necessary for embryo to 

survival and development until the feeding stage.  

The pattern of oocyte growth and maturation is independent of the reproductive strategy of 

the teleost species (Fig 1). The development of the oocyte is halted in the fist prophase of 

mitosis and remains inactive until growth and maturation takes place.  

 

 

 

 
Fig. 1 Schematic description of the different stages in teleost oocyte growth and maturation. 

 

 
The onset of the growth of the oocytes is induced by an external signal such as light intensity 

(photoperiod), feeding, social factors and water temperature (Fahien and Sower, 1990), 

triggering the hypothalamic centre to produce and release gonadotropins (Feist and 

Schreck,1996). The hypothalamic – pituitary –gonadal – axis is outlined in Fig. 2. In fish two 

types of gonadotropins, FSH and LH, has been identified (Idler and Ng, 1979; Idler and Ng, 

1983; Planas et al., 2000). FSH function as the primary signal-transducer for the onset of 

oocyte growth, while LH is involved in the control of oocyte maturation. FSH controls the 

oocyte growth by stimulating the follicle cells enclosing the primary oocyte to increase in size 
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and number and to produce 17ß-estradiol (E2), the most potent estrogen in teleost fish. 

Estrogens are a family of female sex hormones, which controls reproduction, development, 

morphological differentiation, growth and metabolism. The production of E2 is accomplished 

by a t wo-cell type model (Fig.3) (Kagawa et al., 1982; Nagahama, 1983; Yaron, 1995).  

Thecal cells produce testosterone from cholesterol, and the produced testosterone then 

diffuses into the granulosa cells where it is converted into E2 by the enzyme aromatase 

(Kawaga et al., 1982). The produced E2 is secreted into the circulation where approximately 

95 % of the E2 binds to serum steroid binding proteins (SBP) or albumins that protects the E2 

from degradation before entering the target cell (Petra et al.,1991). While bound to SBP, E2 is 

considered inactive. The E2 is transported to the target cells where free E2 exert nongenomic 

actions by membrane receptors (Thomas, 2000) or enters the cells by facilitated diffusion and 

is retained by high affinity binding to a specific estrogen receptor (ER). Inactivated ER is 

bound to heat shock protein, HSP90, and localised to the cellular cytoplasm (Pratt and Toft, 

1997). When E2 binds to the ER, the HSP90 complex dissociates, and the E2-ER is 

translocated into the nucleus.  

 

 
 

 

Fig 2. Schematic description of endocrine control of egg growth in teleost fish. The hypothalamus (H) produces and 
releases gonadotropin releasing hormone (GnRH) which act on the pituitary (P) to induce release of 
gonadotropins (GTHs). The GTHs are tran sported to the ovary where they induce the growth and proliferation 
of the granulosa cells. The growing granulosa cells start to produce 17-ß-estradiol (E2) which is released to the 
blood. E2 has a positive feedback on both H and P but also induce the hepatic production of vitellogenin (VTG) 
and egg shell proteins (VEP). The VTG and VEPs are transported from the hepatocyte to the growing oocyte 
where the VTG are taken up and cleaved for yolk formation and the VEPs are used for egg shell assembly. 
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The E2-ER complex has been shown to bind as a dimer to estrogen responsive elements 

(EREs), lo cated upstream or within estrogen responsive genes (Pratt and Toft, 1997), 

initiating activation of previously silent genes and enhanced or decreased transcription of 

other genes.  

 

Estrogen stimulation has also been shown to induce changes in hepatic morphology, such as 

proliferation of the rough endoplasmatic reticulum and golgi apparatus. E2 has been found to 

induce the production of the egg yolk precursor vitellogenin (VTG) (Campbell and Idler, 

1980; Chen, 1983; Mommsen and Walsh, 1988)  and the vitelline envelope proteins (VEP) 

(Hyllner et al., 1991) but it also stimulate the production and release of FSH and LH (fig.2). 

Female fish livers contain high levels of ER, which allows the production of VTG and VEP 

following estrogen stimulation. 

 

 

 

 
 
Fig. 3 Description of the two cell system producing E2 in mature female Arctic char. FSH is released from the 

pituitary and induces thecal and granulose cell growth and proliferation. FSH displays different effects on the 

two cell types. In the thecal cells FSH induces the production of testosterone while in the granulosa cells FSH 

upregulates aromatase, the enzyme which converts testosterone into E2. 
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OOCYTE GROWTH 

 

During development all oocytes becomes surrounded by a follicle cell layer. In order to 

produce a functional egg the teleost oocytes enter a growth phase prior to oocyte maturation. 

The growth is due to a large accumulation of egg yolk mainly dependent upon the production 

and release of E2 from the follicular cells and defined as vitellogenesis (E2 controlled 

synthesis and uptake of VTG). During growth phase E2 also induces production of VEP 

necessary for egg shell assembly. 

 

 

Vitellogenin 

 

In 1935 a specific phosphoprotein was discovered in the plasma from egg laying hens 

(Laskowski, 1935). The plasma protein called serum vitellin, was found to be present in the 

plasma only in sexually mature females, but the production of the protein was also found to 

be inducible in roosters by exposing them to 17ß-estradiol. The protein is suggested to 

function as a casein which binds and transport calcium into the growing oocyte (Shjeide, 

1985). Further studies of the protein classified it as the major proteinacious precursor of yolk 

in hens. Due to this finding the female specific plasma protein was renamed vitello genin. The 

name vitellogenin was a term, used for all plasma egg yolk precursors in insects (Pan et al., 

1969) that became adapted as a name for all yolk precursors in all egg laying species. It was 

found that the teleost female specific plasma protein had its origin in hepatocytes (Plack and 

Frazer, 1971, Aida et al., 1973a) and in 1973 the first teleost VTG was described from the 

ayu (Plecoglossus altivelis) as a female specific plasma protein produced under 17 -ß-estradiol 

control in the liver of sexual mature individuals (Aida et al.,1973b). 

The teleost VTG is a phospholipoglycoprotein and has been characterized in a wide variety of 

teleost species such as rainbow trout (Oncorhynchus mykiss) (Chen et al., 1983; Norberg and 

Haux, 1985; Mouchel et al., 1996), brown trout (Salmo trutta ) (Norberg and Haux, 1985; 

Sherry et al., 1999), turbot (Scophtalmus maximus) (Silversand and Haux, 1989), wolfish 

(Anarchichas lupus) (Silversand et al., 1993), white sturgeon (Acipenser transmontanus) 

(Bidwell and Carlsson, 1995), gilthead seabream (Sparus aurata ) (Mosconi et al., 1998), 

fathead minnow (Pimephales promelas) (Parks et al., 1999), cod (Gadus morhua), and Arctic 

char (Salvelinus alpinus) (Johnsen et al., 1999). This yolk precursor is produced under 

estrogen control in the liver of sexually mature females and is transported from the liver as a 
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dimer via the blood to the oocytes (Copeland et al,.1986). The growing oocytes takes up VTG 

by receptor mediated endocytosis (Byrne et al., 1989; Shibata et al., 1993) and proteases in 

the cell cleave VTG into the smaller yolk units lipovitelin, phosvitin (Ng and Idler 1983; 

Carnevalli et al.,  1999) and phosvettes (Matsubara et al., 1999), which function as nutrition 

for growing embryos (Wahli et al., 1981). Vitellogenesis is crucial for normal embryo 

development and disruption of this system results in starvation of the embryos and hepatic 

damage in the adults (Folmar et al., 2001) 

VTG is also thought to function as a metal-ion transporter, since it has been found that the 

protein, as well as it metabolites, contains zinc, copper (Montorzi et al., 1994; Montorzi et 

al.,1995) and magnesium (Falchuk and Montorzi, 2001). Presence of metal-ions is crucial for 

a functional maturation of the oocyte and embryonic developement since it  is necessary in 

protein, lipid and carbohydrate metabolism (Vallee and Falchuk, 1993; Falchuk, 1998) and 

certain metal ions are necessary for correct folding and stability of metalloproteins. It has also 

been suggested that VTG possesses steroid binding capacities allowing maternal steroids 

necessary for embryonic development to be transported into the growing oocyte (Reis et al.,  

2000).  

 

A large number of VTG-genes have been isolated and characterised from several oviparous 

species. The VTG-genes belong to a small gene family, with variable gene numbers 

depending on species (Wahli et al., 1981; Wang et al., 2000; Trichet et al., 2000). VTG 

among oviparous species are highly conserved (Wahli, 1988; Chen et al., 1997; Babin et al., 

1999) and gives rise to multiple forms of the VTG protein, which have been found to have 

different roles during the oocyte maturation and the embryonic development (Carnevali et al., 

1999; Matsubara et al., 1999; Reith et al., 2001).  

 

VTG is transported across the oolemma into the growing oocyte by membrane bound VTG 

receptors (VTG-R). VTG-R has been cloned and characterised from a wide variety of 

oviparous species such as birds (Yusko et al.,1981), amphibians (Opresko et al.,1987; Stifani 

et al.,1990a), fish (Stifani et al.,1990b; Tyler and Lancaster, 1993; Nuñez Rodriges et al., 

1996) and invertebrates (Hafer and Ferenz, 1994). All VTG-R belong to the same family, the 

low-density lipoprotein receptor (LDL-R) superfamily and evolutionary studies show that the 

function of the VTG-R has evolved from a common ancestor (Davail et al., 1998).  

The encoded VTG-R protein contains: A) a ligand binding domain with an octaedric cystein 

rich repeat a the N-terminus; B) an epidermal growth factor precursor homology domain; C) a 

single transmembrane domain securing the protein to the plasma membrane; D) a short 
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cytoplasmatic domain with the consensus, Phe-Asp-Asn-Pro-Val-Tyr, which has been found 

to mediate internalisation of the receptor via coated pits (Schneider, 1996). Recent findings 

show t hat the VTG-R are multifunctional and bind a wide variety of ligands such as very low 

density lipoproteins (VLDL) (Stifani et al., 1990c; Schneider and Nimpf, 1993), riboflavin-

binding proteins (Mac Lachlan et al., 1993) and a2-macroglobulins (Schneider and Nimpf, 

1993). Uptake of VTG by the growing oocyte is up to 25 times faster than uptake of other 

plasma proteins, indicating that it occurs through receptor mediated endocytosis. It has also 

been shown that the incorporation of VTG may be altered due to interference with hormones 

such as insulin, T4 (Shibata et al., 1993) and FHS (Tyler et al., 1991). 

 

Shortly after VTG binds to the receptor, the VTG-VTG-R complex is incorporated into the 

oocyte by invagination and budding of the plasma membrane. In order for the oocytes to 

control the transmembrane traffic, invagination can only take place when the VTG-Rs are 

present on certain areas of the cell membrane, so called coated pits. These coated pits are 

areas (about 2% of the surface area) with high electron density and a high frequency of a 

“coating” protein, clathrin (Goldstein et al., 1985). When the coated vesicles enters the cells 

they are decoated and fuse with other vesicles at the endosomal storage area (Geuze et al., 

1983). A decrease of the pH leads to dissociation of VTG and VTG-R and the VTG will be 

cleaved into the smaller yolk proteins (Turkewitz et al., 1988 ) while the VTG-R is reused 

(Bu and Schwartz, 1994).  

 

Vitelline envelope proteins 

 

All vertebrate species produce an egg surrounded by an acellular envelope. The protective 

envelope enclosing the egg has different functions such as uptake of nutrients, functional 

buoyancy (Podolsky, 2002), protection of the growing oocyte, species specific sperm bindin g, 

guidance of the sperm to the micropyle (Dumont and Brummet, 1980) and does also possess 

bactericidal properties (Kudo and Inoue, 1989). It therefore is of great importance that the 

eggshell is assembled the right way. A correctly assembled eggshell is also vital for 

functional hatching of the embryo.  

 

At the onset of growth the oocyte is enclosed in a single layer of granulosa cells. The 

gonadotropins released at this stage will induce the granulosa cells to increase in size and 

numbers and form a thick  cell layer. At the same time the mesenchyme cells of the ovary 
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differentiate into thecal cells forming a thick outer cell-layer separated from the granulosa 

cells by a basal lamina. During the growth phase the oolemma will form microvillies, which 

extend between the plasma membrane and the granulosa cells. In most teleosts it has been 

shown that the E2 produced by the granulosa cells will stimulate hepatocytes to produce VEP, 

necessary for production of a functional eggshell. In some species such as carp (Cyprinus 

carpio ) (Chang et al.,1996), goldfish (Carassius auratus) (Chang et al., 1997) and zebrafish 

(Danio rerio) (Wang and Gong, 1999) the eggshell components are primarily produced in the 

ovary. VEPs that are synthesized in liver, are transported via t he circulation to the ovaries. 

The assembly of the eggshell is believed to be initiated at the base of the microvilli. This 

process start prior to vitellogenesis, and the vitelline envelope continues to assemble during 

the whole oocyte growth phase.  

 

The teleost vitelline envelope is a species-specific structure consisting of two to four 

structural proteins with masses ranging between 47 and 129 kDa (Hamazaki et al., 1985; 

Oppen-Berntsen et al., 1990; Hyllner and Haux, 1992). The vitelline envelope components all 

share a common motif called the Zona Pellucida (ZP) domain (Bork and Sander, 1992). The 

glucoproteins containing this ZP domain has been found to form the ZP envelope that 

encloses the mammalian oocyte (Greve and Wassarman, 1985) In this process ZP 2 and ZP3 

are “building blocks” and ZP1 is considered as a “crosslinker” between these (Wassarman, 

1988). In salmonids three different VEPs have been identified, VEPa, VEPß and VEP? 

(Hyllner, 1994). The VEPa and VEPß are expressed only in hepatocytes while VEP? is 

expressed in both liver and ovary of the maturing Arctic char (Westerlund et al., 2001). The 

three VEPs are more sensitive to E2 than VTG (Celius and Walther, 1998a), are expressed 

prior to vitellogenesis (Hyllner et al., 1994; Celius and Walther, 1998b) and are expressed in 

juvenile fish (Westerlund et al., 2001). 

 

 

OOCYTE MATURATION 

 

When the oocyte is fully grown it is arrested in a late G2 stage of the first meiosis until the 

maturation phase is initiated. The germinal vesicle (GV) in an immature oocyte is localized in 

the center of the oocyte. The GV contains maternal RNA, ribosomal RNA and specific 

proteins such as nucleoplasmin, a protein involved in pronucleus formation during 

fertilization. The initial sign of maturation onset is a migration of the GV towards the animal 
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pole of the oocyte. When the GV reached the animal pole the membrane surrounding the GV 

breaks down, during a process known as germinal vesicle breakdown (GVBD) and the 

content in the GV is spread into the surrounding cytoplasm. At this stage the oocyte continue 

its development through meiosis I, the chromosomes are aligned for meiosis II and are 

arrested at this stage until fertilization. Onset of the maturation phase is mediated by a plasma 

membrane mechanism that triggers a signal transduction cascade resulting in  oocyte 

maturation. This simuli may be hormonal or mechanical (fertilization) and the stimulus 

responsible for maturation onset varies among species (Young et al., 1986). 

 

 

 
 
Fig. 4 Schematic description of the two cell production of the salmonid MIS, 17,20ß-P. FSH released by the pituitary 

stimulates the thecal cells to produce testosterone from cholesterol. When the pituitary starts the release of LH 
the testosterone precursor 17α-hydroxyprogesterone is transported from the thecal cells to the granulosa cells. 
In the granulosa cells the LH induces production of the enzyme 20ß -HSD which converts 17α-
hydroxyprogesterone into the MIS 17,20ß -P which in turn induces oocyte maturation. 

 

 

In teleost fish the luteinizing hormone (LH) primarily induces oocyte maturation by an 

increase of 17α- hydroxyprogesterone production by the thecal cells and 20ß-hydroxysteroid 

dehydrogenase (20ß-HSD) synthesis in the granulosa cells (Fig.4.) (Young et al., 1982, 

Nagahama, 1994). The produced 17α-hydroxyprogesterone is transported from the thecal 

cells into the granulosa cells where the 20 ß-HSD converts it into a maturation-inducing 

steroid (MIS) (Young et al., 1986; Nagahama et al. 1993; Nagahama et al., 1987; Patiño et al. 

2001).  
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In teleost, two different forms of MIS has be en found. These are the C21 steroids 17α,20ß-

dihydroxy-4-pregnen-3-one (17,20ß-P) (Nagahama and Adachi, 1985) in salmonid species 

and 17α,20ß,21-trihydroxy-4-pregnen-3-one (20ß-S) (Trant et al., 1986; Trant and Thomas, 

1989) for sciaenids. MIS is released by the granulose cells, binds to specific G-protein 

coupled receptors localized on the oocyte membrane surface (Gallo et al., 1995; Oba et al., 

1997) and activate a cytoplasmatic signal transduction factor. This factor, which is called the 

maturation-promoting factor (MPF), was discovered in Xenopus (Lohka et al., 1988) and was 

identified as a phosphorylated CDC-2 kinase – Cyclin B complex witch induces the onset of 

GVBD (Fig. 5). Following GVBD the oocyte is fully matured and ovulation and fertilization 

may occur. 

 

 

 

 
 
 

Fig. 5  Description of the maturation induction in teleosts. In the growing oocyte the MIS binds to its membrane 
receptor initiating transcription of the cyclin B mRNA (1.). The produced Cycling B forms a complex with 
cdc2 (2.) and is phosphorylated (3 & 4) in order to form the MPF. Initiation of the oocyte maturation is 
thereafter promoted by MPF.  
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ENDOCRINE DISRUPTION 

 

As discussed above, the mechanisms controlling oocyte growth and maturation are complex 

and can easily be disturbed by exogenous factors such as endocrine disrupting substances 

(EDS). In teleost the focus on EDS has been the identification of biomarkers for reproductive 

disturbances, while less effort has been made to determine the physiological mechanisms. 

Since both VTG and VEP are under estrogenic control, only females produce these proteins 

during sexual maturation. However, both VEP and VTG can be induced in both male and 

juvenile fish by exposure to estrogen or to estrogen agonists (Thomas and Smith, 1993; White 

et al., 1994; Jobling et al., 1995; Arukwe et al., 1997). Due to this both systems have been 

used as biomarkers of estrogenic activity. It has been shown that certain substances bind to 

the ER and mediate signals leading to expression of estrogen-regulated genes. The number of 

substances with estrogenic effect present in the environment is constantly increasing. 

Substances such as DDT, dioxins, alkylphenol polyethyloxylates, some polychlorinated 

biphenyls (PCB:s), phthalate esters e.t.c. displays estrogenic/ antiestrogenic activity (Thomas 

and Smith, 1993; Jobling et al., 1995; Sumpter and Jobling, 1995; Donohoe and Curtis, 

1996). Many of these xenobiotics are lipophilic, and therefore easily bioaccumulated.  

Xenoestrogens do not bind to the serum steroid binding proteins or albumins, indicating that 

these substances may induce stronger estrogenic effect compared to E2, when present at the 

same concentration in the circulation. It has been shown that VEP regulation differs from 

VTG regulation (Celius and Walther, 1998a,;Celius and Walther, 1998b; Westerlund et al., 

2001). Thus, other factors beside E2 may influence the expression patterns of these genes. As 

substances may interact in an additive, synergistic, potentiating or antagonistic fashion it is 

important to understand the interactions of endogenous compound on reproductive processes.  

 

In 1987 it was determined that the expression of metalloproteins called metallothioneins 

(MT) were regulated during the reproductive processes (Olsson et al., 1987). MTs are a 

family of ubiquitous, highly conserved, cytosolic, heavy -metal binding proteins with a large 

number of cystein residues (Kägi, 1993). Cellular production of MT is inducible by a wide 

variety of physical and chemical stimulies such as metals, hormones, interferones and UV 

light (Milles et al., 2000) Due to the metal-binding abilities of MT, the proteins primary 

function has been indicated to be heavy-metal detoxification and regulation of trace-metal 

homeostasis. In rainbow trout it has been shown that the hep atic expression of MT increases 

towards ovulation (Olsson et al., 1990). Down regulation of VTG expression coincided with a 
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rise of hepatic MT expression during the reproductive season of rainbow trout (Olsson et al., 

1985). In rainbow trout it has been suggested that MT is regulated by the presence of free 

zinc during sexual maturation (Olsson et al., 1987). Other non-essential heavy metals such as 

cadmium (Cd) inhibit E2 induced VTG synthesis in rainbow trout (Olsson et al., 1995). It has 

been found that Cd induces stress responses in animals but more studies are needed to 

understand how stress inducers interact with the endocrine system. 
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AIMS  

 

Industrial development has lead to the release of a multitude of anthropogenic substances in 

the environment. Many of these substances have been shown to alter or impair reproductive 

processes by direct or indirect interactions with the endocrine system. Since there are 

important variations in the reproductive signalling mechanisms between fish species, it is 

important that reproduction is studied in a number of species.  

  

In this thesis the emphasis is on oocyte growth, maturation and the interactions between 

different substances on endocrine parameters in the salmonid species Arctic char ( Salvelinus 

alpinus).  

 

Specific aims 

 

•  It has been shown that estrogen can affect the heavy metal detoxification system 

involving up -regulation of MT. Is it possible that estrogen analogues affect MT in a 

similar way? 

 

• The heavy metal, Cd, has been shown to induce physiological st ress and interfere 

with reproduction in many organisms. Is it possible that other physiological stressors 

affect the E2 linked reproductive systems? 

 

• Does the major “stress” steroid, cortisol (F), have a direct effect on vitellogenesis? 

 

• Since VEP expression differs from the VTG expression in teleosts, is this reflected 

by differences in stress response?  

 

• Oocyte maturation is a complex process that may be influenced by many factors. 

How is oocyte maturation in Arctic char regulated and can exogenous factors 

influence final oocyte maturation?  
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RESULTS AND DISCUSSION 

 

It is known that many manmade chemicals, present in the environment, can affect and alter 

the functions of the reproductive systems in different organisms. Therefore it is of great 

importance to investigate and characterize the reproductive systems and also study different 

parameters that might affect these. In this thesis systems involved in the Arctic char oocyte 

growth and maturation have been characterized. While it has been shown that the yo lk and 

egg-shell proteins are under estrogen control in oviparous teleosts it is also of great 

importance to investigate if the systems can be affected by any other substance, as this would 

have implications on the usefulness of VTG and VEP as biomarkers.  

 

It has been shown that teleost VTG production is not only regulated by circulating E2 but that 

other factors also affect the vitellogenesis. In 1987 it was established that during the 

reproductive season in rainbow trout a decrease of circulating VTG coincided with an 

increase of hepatic MT (Olsson et al., 1987). The study presented in paper (I) was undertaken 

to investigate if there was correlations between MT expression and EDS in Arctic char. It was 

found that the MT inducing heavy metal Cd, induced ex pression of MT mRNA in both liver 

and kidney. Coadministration of Cd and E2 reduced the hepatic MT mRNA levels when 

compared with Cd exposed animals, indicating that E2 regulated hepatic processes are 

involved in reduction of hepatic MT mRNA expression. Reduced hepatic MT levels were 

also seen when coexposing animals with Cd and the EDSs, 2,2’,4,6,6’-pentachloro-biphenyl 

(PCB#104) and 2’,4’,6’, -trichloro-4-biphenylol (4-OH-PCB#30). This inhibition of MT 

suggest that EDS may increase Cd toxicity in wildlife.  

 

Beside upregulation by heavy metals, MT is also upregulated by free radicals through 

AP1/ARE elements (Angel et al., 1991; Kling and Olsson, 2000) and F (Hyllner et al., 1989). 

Cd is a strong inducer of physiological stress responses. Stress activates t he hypothalamus-

pituitary-interrenal axis, characterised by a release of adrenocorticotropic hormone (ACTH) 

into the bloodstream and a secretion of F from the interrenal cells in the kidney. It has been 

found that a many types of stress may affect the reproductive processes (de Montalembert et 

al., 1978; Campbell et al., 1992). The second study (II) was performed to investigate if 

vitellogenesis was under strict estrogenic control in Arctic char or if VTG was affected by 

introducing a stress factor, i.e. cortisol. The study showed that Arctic char VTG is under 

estrogenic control and that E2 induced expression of VTG in a dose dependent manner. 
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Administration of F resulted in elevated VTG protein levels while coinjections of the fish 

with E2 and F lead to a dose dependent decrease of VTG plasma protein, even though no 

effect could be seen on hepatic VTG mRNA levels (II). This indicates post -transcriptional 

regulation of VTG following F exposure. Studies of stress effects on VTG expression has 

been made earlier, but the results are somewhat ambiguous showing opposite effects. 

Pelissero et al. (1993) and Sundararaj et al. (1982) have both shown that F does not effect 

VTG synthesis at the protein level in catfish (Heteropneustes fossilis) and rainbow trout 

respect ively, while Teitsma et al. (1998) has shown that F diminish binding of E2 to ER in 

the liver in rainbow trout. It was suggested that F may influence ER transcription or may 

destabilize the ER mRNA thereby decreasing the halflife of the ER mRNA. It has also been 

suggested that ER and the glucocorticoid-receptor (GR) may interact and the expression of 

estrogen regulated genes may be suppressed by F in the rainbow trout liver (Teitsma et 

al.,1998). In contrast to this, it has been shown that F itself upregulates the VTG expression 

in vivo in Xenopus, due to crosstalk between the ER and the GR (Marilley et al., 1998). 

It has been established that each MT molecule bind 7 molecules of Zn for proper folding 

(Furey, et al., 1986). VTG has been suggested to function  as a metal transporting protein and 

metal-ions (Zn2+) are crucial for correct folding of metalloproteins. While metal-ions bind to 

cysteins in MT (Kd – 18.2), Zn binds to histidines in VTG (Kd – 12.1 )(Auld et al., 1996; 

Martell and Smith, 1974). Since F induce MT (Hyllner et al., 1989) and E2 induce VTG, the 

coexposure to F and E2 will induce both hepatic MT and VTG synthesis. Since  cysteins bind 

metal-ions with higher affinity than histidines (Glover et al., 2002), newly produced hepatic 

MT will bind Zn2+ stronger than VTG. This suggests that competition for Zn between MT and 

VTG may lead to a lack of Zn in VTG with a concomitant degradation of VTG.  

 

With the growing amounts of xenobiotics present in the environment the need for biomarkers 

of reproductive disturbances has increased. Polyclonal VTG antibodies have been produced 

for a number of teleost species (Kishida et al., 1992; Buerano et al., 1995; Lomax et al., 

1998; Parks et al., 1999; Sherry et al., 1999; Brion et al., 2002; Kordes et al., 2002; Tyler et 

al., 2002; Hennies et al., 2003). However, the intra species specificity is generally not 

adequate to allow detection of heterologeus VTGs. Due to this species specific antibodies are 

needed to in order to increase the number of species in which VTG can serve as a biomarker 

for estrogenicity. However, as Arctic char VTG is affected by F this suggests that exposure to 

xenobiotics that induce increased levels of stress hormones, may reduce the usefulness of 

VTG as a biomarker.  
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The production and assembly of a functional eggshell is an important event during oocyte 

growth.. VEP expression is more responsive to E2 than VTG (Celius and Walther,  1998a) and 

has also been suggested to be a more sensitive biomarker for estrogenicity. Since stress 

factors clearly affect VTG expression would it not be plausible to assume that the same 

effects would be seen on VEP expression?  

 

When studies were made on fish undergoing oocyte growth under natural conditions (III) an 

increase of F could be seen prior ovulation, a pattern previously reported in rainbow trout 

(Sundararaj et.al.1982) and coho salmon (Oncorhynchus kisutch) (Feist, 1990). In Arctic char 

the rise of F was preceded by an increase of E2. The VTG and VEP levels were correlated to 

elevated E2 levels during the reproductive season. While F alone had no effect on VEP levels 

a dose-dependent increase of VEP expression was observed when fish were exposed to E2. 

Coexposure to E2 and F resulted in a stronger response than E2 alone. These results are in 

contrast to the observed reduction of VTG (II, III). A possible explanation for this may be 

that VEPs do not need metal-ions to fold correctly, and should therefore not be affected by 

the sequestration of Zn by MT. It was also found that F do not affect the VTG or VEP  

production if administered more than 8 days after E2 exposure. Under natural conditions E2 

was found to increase in May and reach its maximum in September while elevated F levels 

were first observed in September. 

 

During sexual maturation the increase in F coincided with the growth of the ovaries in Arctic 

char (III). This suggested that F could be involved in upregulation of oocyte components. No 

correlation was observed between VTG or VEP and F during sexual maturation. However, 

the E2 levels were 20 fold lower in this study (III) compared to other studies were the fish 

were not exposed to elevated temperatures ( Korsgaard et al., 1986; Mackay and Lazier, 1993; 

Pawlowski et al., 2000). There may be a temperature effect that interferes with the normal 

oocyte development in the present study (III). It should be noted that Arctic char, which 

spawned at high temperature had low embryo survival (Torleif Andersson, National Board of 

Fisheries Research Station, Kälarne, Sweden, personal communication). When juvenile 

Arctic char were exposed to E2 and F, the F exposure resulted in reduced E2 induced plasma 

VTG levels, while the same coexposure lead to an increase in plasma VEP levels. It is clear 

that further research is needed to better understand the mechanisms un derlying the differences 

in effects of F on VTG and VEP production. 
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These findings (I, II, III) indicate that stress responses differ between systems and that this 

must be considered in reproductive endocrinology. If an Arctic char is exposed to estrogenic 

compounds, while experiencing a certain level of stress (physical, chemical or mental) this is 

likely to reduce the circulating VTG. A decreased amount of deposited VTG in the growing 

oocyte, could lead to a decrease in embryo survival due to starvation of the offspring. At the 

same time stress increase VEP production resulting in a thicker egg shell. This may not be 

advantageous as a thicker egg shell decrease the permeability of the vitelline envelope and 

may also alter the size of the micropyle, result ing in a decreased fecundity. All deleterious F 

effects seen on Arctic char VTG and VEP expression in this thesis has been done by exposing 

the fish to an acute stress situation and it is important to perform additional studies to 

determine the effects of natural hormone fluctuations on VTG and VEP. Furthermore it is 

important that tools that can be used to predict the outcome of a complex exposure situation 

leading to effects on the offspring or a decrease of fecundity are available. 

 

To further investigat e Arctic char oocytes, the maturation process was studied. It has been 

demonstrated that oocyte maturation and ovulation is induced in teleost fish by production of 

maturation inducing substances (MIS), identified as hydroxylated progestins (Scott and 

Canario 1987; Thomas and Trant, 1989), of the ovarian follicles (Nagahama, 1987). Two C21 

steroids, 17,20ß-P and 20ß-S, have been identified as MIS. While17,20ß-P is the major MIS 

for salmonids and cyprinids (Scott et al.,  1987), 20ß-S has been shown to be the predominant 

MIS in sciaenids and some other perciform fishes (Thomas, 2000).  

 

The MIS has been shown to induce oocyte maturation in teleosts by binding of the MIS to 

receptors located on the oocyte plasma membrane (Patiño and Thomas, 1990, Liu and Patiño , 

1993; King et al.,  1997). The first known nongenomic effect of a steroid was reported in 1964 

when it was found that the glucocorticoid aldosterone affects the erythrocytes sodium 

exchange (Spach et al., 1964; Schmidt et al., 2000). The first identificat ion of a teleost MIS 

was made in a salmonid fish (Nagahama and Adachi, 1985), but no salmonid MIS receptor 

have ever been fully characterized in this major teleost group. Upregulation of MIS receptors 

by gonadotropins during oocyte maturation have been dem onstrated in several teleost species 

(Thomas and Patiño 1991; King et al., 1997) but not much is known about the processes 

regulation maturation in fish. To investigate the salmonid oocyte maturation process a 

characterisation of the MIS receptor in Arctic char was made (IV).  

A single class of high affinity (Kd, 13.8 ± 1.1 nM), low capacity (Bmax-1.6 ± 0.6 pmol/g 

ovary) binding sites was identified by saturation and Scatchard analyses. The binding was 
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classified as a classical steroid receptor-binding moiety since it also had rapid association and 

dissociation of the steroid to its membrane binding sites as well as high ligand and tissue 

specificity. An increase in receptor quantity was found when ovary fragments were incubated 

in the presence of hCG, a substance that has been shown to initiate oocyte maturation 

(Thomas and Trant, 1989). Following hCG exposure oocytes present in the ovarian fragments 

was studied at different time points to determine the oocytes ability to undergo GVM and 

GVBD. It was found that the Arctic char oocytes proceeded into GVM and GVBD after just 

12 hours of hCG induction. This finding together with the hCG initiated increase of MIS 

receptor binding indicates that the characterized receptor has a biological function during 

oocyte maturation in Arctic char.  

 

By investigating GVBD occurrence and MIS binding to its receptor in the presence of known 

agonists and antagonist it has been suggested that EDS can bind to the steroid membrane 

receptors and thereby affect oocyte maturation and successful fertilization (Ghosh and 

Thomas, 1995; Thomas and Das, 1997; Das and Thomas, 1999; Thomas, 2000).  
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Fig. 6 Competition study of the known EDS, o -p’ -DDT (pesticide), o-p’-DDD (pesticide), flutamide (anti androgen) 
and ZK 112992 (progestins receptor agonist). This indicates that 17,20ß-P has a strong affinity to the receptor, 
but at high concentracion the tested EDS are able to displace the Arctic char MIS from its receptor.  

 

 



 26

The known EDS Kepone and o-p’-DDD were found to impair 20ß-S binding to spotted 

seatrout (Cynoscion nebulosus) ovarian membranes and also displayed a high MIS receptor 

binding thereby proving that EDS might act at membrane receptors altering rapid steroid 

actions (Das and Thomas, 1999).  

 

Investigation of steroid specificit y of the Arctic char MIS receptor revealed that receptor 

binding was specific for 17,20ß-P, but some EDS displayed a minor binding to the MIS 

receptor (Fig. 6). The relative binding-affinities of all progestogens, steroids and EDS tested 

were less than 5% of that of 17,20ß-P for the receptor. However, the results indicate that 

some EDS might bind to the Arctic char MIS receptor and thereby disturb the oocyte 

maturation process.   
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CONCLUSIONS  

 

It may be concluded from the present thesis that a wide variety of substances may impair the 

delicate processes involved in Arctic char oocyte growth and maturation thereby affecting the 

reproductive success. It was found that commonly used biomarkers such as VTG and VEP 

were directly affected by the stress hormone, co rtisol. An interesting observation was that 

even though both VTG and VEP is under estrogenic regulation, stress had opposite effect on 

the two systems leading to a decrease of VTG production while increasing VEP production. 

The low binding of EDS and high specific binding of 17ß-P to the Arctic char oocyte 

membrane receptor suggest that oocytes are more sensitive to EDS during the growth phase 

than during maturation. This does not exclude that some EDS which displays MIS receptor 

binding might affect oocyte maturation and thereby cause reproductive disturbances. It is 

important to further investigate how conserved these systems are. If these systems are not 

highly conserved, specific exposures could lead to extinction of whole populations. In order 

to conserve the biological diversity it is therefore important to further investigate and 

characterize processes involved in reproduction and how EDS and stress might effect these in 

a multitude of species.  



 28

ACKNOWLEDGEMENTS  

 

Financial support for these studies has been provided from the Swedish foundation for 

international cooperation in research and higher education (STINT) the JC Kempe Memorial 

Foundation, the Hierta-Retzius Foundation, the Gustaf and Hanna Winblad foundation and 

Knut and Alice Wallenberg Foundat ion. 

 

I would like to start by thanking my supervisor Per-Erik Olsson for believing in me and 

giving me the opportunity to learn what science is all about. (Even though it has resulted in 

countless nights in the lab). You have taught me how to believe in myself. I also greatly 

appreciate that you introduced me to PT and gave me an opportunity to go abroad and “grow” 

(in many different ways….). 

 

I would also like to thank Olle Heby  and Gunnar Selstam  for giving me the opportunity to 

work at the “old” Zoophysiology department. Thanks for always taking the time to answer 

my questions.  

 

Everybody that have worked in the MOD group, especially; Peter; Iwan; Johnny ; Kicki; 

Liselotte  and Jonas; I am so grateful that you have put up with me. I have had a lot of fun 

working together with you.  

 

A special thanks to Liselotte , my fellow “ fourhorn sculpin”. Thanks for letting me be 

gregarious and for always being patient when you try to explain molecular biology to me. I 

have truly enjoyed sharing office space, lab and mot el rooms with you. I believe it is time for 

another roadtrip soon……. 

 

To all my coworkers at the ”old” department of Zoophysiology, It has been a privilege to 

work with you. A special thanks to Jonas and Lisa. I am so glad that we had the opportunity 

to spend a Texan Christmas together and I certainly hope that we can do it again. 

 

I would like to thank Peter Thomas, for letting me work in his lab. It has been a pleasure to 

work for you, and I am really grateful that you gave me the chance to find out how beautiful 

Port Aransas is. I would also like to thank all the people working in Petes lab and at the 

Marine Science Institute, for taking care of me and making me feel right at home. 



 29

 

To all my friends in Port A - I am coming back……. 

 

All my friends at UDI – Thanks for always giving me an opportunity to get away from work. 

There is nothing better than “bye bye Johnny” if you want to forget all about work. I would 

also like to direct a special thanks to all my dance-partners, past and present, for being 

understanding and rhythmic.  

 

Lisa – thanks, I am so lucky.  

 

Mats , the best brother ever. 

 

Mum, Dad – Thanks for having patience with me and for all your love and support over the 

years. I am so grateful that I have you. Thanks for always believing in me. I pr omise, I will 

make you proud.  



 30

REFERENCES  

 

Aida, K., Ngan, P., Hibiya, T. (1973). Physiological studies on gonadal maturation of fishes – 

Sexual difference in composition of plasma protein of Ayu in relation to gonadal 

maturation. Bull. Japan Soc. Sci. Fish. 39(11):1091-1106. 

 

Aida, K., Hirose, K., Yokote, M., Hibiya, T. (1973) Physiological studies on gonadal 

maturation of fishes – II Histological changes in the liver cells of Ayu following gonadal 

maturation and estrogen administration. Bull. Japan Soc. Sci. Fish. 39(11):1107-1115. 

 

Angel, P., Karin, M. (1991).The role of Jun, Fos and the AP 1 complex in cell-proliferation 

and transformation. Biochim. Biophys. Acta 1072:129–157. 

 

Arukwe, A., Knudsen, F.R., Goksøyr, A., (1997). Fish Zona radiata (eggshell) protein: A 

sensitive biomarker for environmental estrogens. Environ. Health Perspect. 105:1 –6. 

 

Auld, D. S., Falchuk, K. H., Zhang, K., Montorzi, M., Vallee, B. L. (1996). X-ray absorption 

fine structure as a monitor of zinc coordination  sites during oogenesis of Xenopus laevis. 

Proc. Natl. Acad. Sci. USA 93:3227–3231. 

 

Babin Patrick, J., J. Bogerd, et al. (1999). Apolipophorin II/I, apolipoprotein B, vitellogenin, 

and microsomal triglyceride transfer protein genes are derived from a common ancestor. 

Journal of Molecular Evolution. 49(1):150-160. 

 

Berg, O. K. & Berg, M. (1989). Sea growth and time of migration of anadromous Arctic char 

(Salvelinus alpinus) from the Vardnes River in northern Norway. Canadian Journal of 

Fisheries and Aquatic Sciences 46:955–960. 

 

Berg, OK., Berg, M., (1993). Duration of sea and freshwater residence of Arctic charr 

(Salvelinus alpinus), from the Vardes river in northern Norway. Aquaculture 110:129 -

140. 

 

Bidwell, C. A., Carlson, D. M. (1995). Characterization of vitellogenin from white sturgeon, 

Acipenser transmontanus. J. Mol. Evol. 41(1):104 -12. 



 31

 

Brion, F., Nilsen, B.M., Eidem, J.K., Goksoyr, A., Porcher, J.M. (2002). Development and 

validation of an enzyme-linked immunosorbent assay to measure vitellogenin in the 

zebrafish (Danio rerio ). Environ Toxicol Chem. 21(8):1699-708. 

 

Bork, P., Sander, C.. (1992). A large domain common to sperm receptors (Zp2 and Zp3) and 

TGF-beta type III receptor.  FEBS Lett. 300(3):237-40. 

 

Bu, G., Schwartz, A.L. (1994) Receptor-mediated endocytosis. In: Arias, I.M., Boyer, JU.L., 

Fausto, N., Jacoby, W.B., Schachet, D.A., Charitz, D.A. (eds).The liver. Biology and 

pathobiology. Raven. New York. pp. 259-274. 

 

Buerano, C.C., Inaba, K., Natividad, F.F., Morisawa, M. (1995). Vitellogenins of 

Oreochromis niloticus: identification, isolation, and biochemical and immunochemical 

characterization. J. Exp. Zool. 273(1):59-69. 

 

Byrne, B. M., Gruber, M., Ab, G. (1989). The evolution of egg yolk proteins. Prog Biophys 

Mol Biol 53(1): 33-69. 

 

Campbell, C.M., Idler, D.  R. (1980). Characterisation of an estradiol-induced protein from 

rainbow trout serum as vitellogenin by the composition and radioimmunological cross 

reactivity to ovarian yolk fractions. Biol .Reprod. 22:605-617. 

 

Campbell, P.M., Pottinger, T.G., Sumpter, J.P. (1992). Stress reduces the quality of gametes 

produced by rainbow trout. Biol. Reprod. 47(6):1140-50.  

 

Carnevali, O., Carletta, R., Cambi, A., Vita, A., Bromage, N. (1999). Yolk formation and 

degradation during oocyte maturation in seabream Sparus aurata : involvement of two 

lysosomal proteinases.  Biol. Reprod. 60(1):140-6. 

 

Celius, T., Walther, B. T. (1998a). Differential sensitivity of zonagenesis and vitellogenesis in 

Atlantic salmon (Salmo salar L) to DDT pesticides. J. Exp. Zool. 281:346-353. 

 

Celius, T., Walther, B. T., (1998b). Oogenesis in Atlantic salmon (Salmo Salar L.) occurs by 

zonagenesis preceding vitellogenesis in vivo and in vitro. J. Endocrinol. 158:259-266. 



 32

 

Chang, Y. S., Wang, S. C., Tsao, C. C., Huang, F. L., (1996). Molecular cloning, structural 

analysis, and expression of carp ZP3 gene. Mol. Reprod. Dev. 44: 295-304. 

 

Chang, Y. S., Hsu, C. C., Wang, S. C., Tsao, C. C., Huang, F. L. (1997). Molecular cloning, 

structural analysis, and expression of carp ZP2 gene. Mol. Reprod. Dev. 46 : 258-67. 

 

Chen, J. S., Sappington T. W., Raikhel, A. S. (1997). Extensive sequence conservation among 

insect, nematode, and vertebrate vitellogenins reveals ancient common ancestry. J. Mol. 

Evol. 44(4):440-51. 

 

Chen T. (1983)Identification and characterisation of estrogen responsive gene products in the 

liver of rainbow trout. J. Biochem. Cell Biol. 61:802-810. 

 

Copeland, P. A., Sumpter, J. P., Walker, T. K. , Croft, M. (1986). Vitellogenin levels in male 

and female rainbow trout (Salmo gairdneri richardso n) at various stages of the 

reproductive cycle. Comp. Biochem. Physiol. 83(B), 487 -493. 

 

Das, S., Thomas, P. (1999) Pesticides interfere with the nongenomic action of a progestogen 

on meiotic maturation by binding to its plasma membrane receptor on fish oo cytes. 

Endocrinology 140(4):1953-6. 

 

Davail, B., Pakdel, F., Bujo, H., Perazzolo, L. M., Waclawek, M., Schneider, W. J., Le Menn, 

F. (1998). Evolution of oogenesis: the receptor for vitellogenin from the rainbow trout. J. 

Lipid Res. 39(10):1929-37. 

 

Donohoe, R. M., Curtis, L. R., (1996). Estrogenic activity of chlordecone, o,p’ -DDT and o,p’-

DDE in juvenile rainbow trout: induction of vitellogenesis and interaction with hepatic 

estrogen binding sites. Aquat. Toxicol. 36:31 –52. 

 

Dumont, J. N., Brummet, A. R. (1980). The vitelline envelope, chorion and micropyle of 

Fundulus heteroclitis eggs. Gamete Res. 3:25–44. 

 



 33

Fahien, C. M., Sower S. A., (1990). Relationship between brain gonadotropin -releasing 

hormone and final reproductive period of the adult male sea lam prey, Petromyzon 

marinus. Gen. Comp. Endocrinol. 80(3):427-37. 

 

Falchuk, K. H. (1998) The molecular basis for the role of zinc in developmental biology. Mol 

Cell Biochem. 188, 41–48 

 

Falchuk, K. H., Montorzi, M. (2001). Zinc physiology and biochemistry in oocytes and 

embryos. Biometals. 14(3-4):385-95. 

 

Feist, G., Schreck, C. B., Fitzpatrick, M. S., Redding , J.M.  (1990). Sex steroid profiles of 

coho salmon (Oncorhynchus kisutch ) during early development and sexual differentiation. 

Gen. Comp. Endocrinol. 80(2): 299-313. 

 

Feist, G., C. B. Schreck (1996). Brain-pituitary-gonadal axis during early development and 

sexual differentiation in the rainbow trout, Oncorhynchus mykiss. Gen. Comp .Endocrinol. 

102(3): 394-409. 

 

Folmar, L., Gardner, G., Schreibman, M., Magliulo-Cepriano, L., Mills, L., Zaroogian, G., 

Gutjahr-Gobell, R., Haebler, R., Horowitz, D., Denslow, N. (2001) Vitellogenin induced 

pathology in male summer flounder (Paralichthys dentatus). Aquat. Toxicol. 51:431-441. 

 

Furey, W.F., Robbins, A.H., Clancy, L.L., Winge, D.R., Wang, B.C., Stout, C.D.  (1986). 

Crystal structure of Cd, Zn metallothionein. Science. 231(4739):704-10. 

 

Gallo, C., Hand, A., Jones, T., Jaffe, L. (1995). Stimulation of Xenopus oocyte maturation by 

inhibition of the G-protein as subunit, a component of the plasma membrane and yolk 

platelet membrane. J. Cell biol. 130:275-284. 

 

Geuze, H. J., Slot, J. W., Strous, G. J., Lodish, H. F., Schwartz, A. L. (1983). Intracellular site 

of asialoglycoprotein receptor-ligand uncoupling: double-label immunoelectron 

microscopy during receptor-mediated endocytosis. Cell 32:277-287 

 

Gosh, S., Thomas, P. (1995) Antagonistic effects of xenobiotics on steroid-induced final 

maturation of Atlantic croaker oocytes in vitro, Mar. Environ. Res. 39( 1 -4): 159-163.  



 34

 

Glover, C., Hogstrand, C., (2002). Amino acid modulation of in vivo intestinal zinc 

absorption in freshwater rainbow trout. .J. Exp. Biol. 205:151-158. 

 

Goldstein, J. L., Brown, M. S. (1985). The LDL receptor and the regulation of cellular 

cholesterol metabolism. J. Cell Sci. Suppl. 3:131-7. 

 

Greve, J. M., Wassarman, P. M. (1985). Mouse egg extracellular coat is a matrix of 

interconnected filaments possessing a structural repeat. J. Mol. Biol. 181(2):253-64. 

 

Hafer, J., Ferenz, H. J. (1994). Yolk formation in Locusta migratoria and Schistocerca 

gregaria : Related ligands and oocyte receptors. Arch. Insect Biochem. Physiol. 25:107 -

120. 

 

Hamazaki, T., Iuchi, I. And Yamagami K. (1985). A spawning female –specific substance 

reactive to anti-chorion (egg- envelope) glycoprotein antibody in the teleost, Oryzias 

latipes. J. Exp. Zool. 242:325-332. 

 

Hennies, M., Wiesmann, M., Allner, B., Sauerwein, H.  (2003). Vitellogenin in carp (Cyprinus 

carpio) and perch (Perca fluviatilis): purification, characterization and development of an 

ELISA for the detection of estrogenic effects. Sci Total Environ. 309(1-3):93-103. 

 

Hyllner, S. J., Andersson, T., Haux, C., Olsson, P. E. (1989) Cortisol induction of 

metallothionein in primary culture of rainbow trout hepatocytes.  J. Cell Physiol. 

139(1):24-8. 

 

Hyllner, S. J., Oppen Berntsen, D. O., Helvik, J. V., Walther, B. T., Haux, C. (1991). 

Oestradiol-17 beta induces the major vitelline envelope proteins in both sexes in teleosts. 

J. Endocrinol. 131(2):229-36. 

 

Hyllner, S. J., Haux, C. (1992). Immunochemical detection of the major vitelline envelope 

proteins in the plasma and oocytes of the maturing female rainbow trout, Oncorhynchus 

mykiss. J. Endocrinol. 135:303-309. 

 



 35

Hyllner, S. J., Silversand, C., Haux, C. (1994). Formation of the vitelline envelope precedes 

the active uptake of vitellogenin during oocyte development in the rainbow trout, 

Oncorhynchus mykiss. Mol. Reprod. Dev. 39(2):166-75. 

 

Idler, D.R. and Ng, T.B., (1979). Studies on two types of gonadotropins from both salmon 

and carp pituitaries. Gen Comp Endocrinol. 38(4):421-40. 

 

Idler, D.R. and Ng, T.B., (1983) Teleost gonadotropins: Isolation, biochemistry and function. 

In Hoar, W.S., Randall, D.J. and Donaldsson, E. M.(eds), Fish Physiology, vol:IX, 

Reproduction: Part A: Endocrine tissues and hormones. Academic press, New York, 

USA. pp. 187-221. 

 

Jobling, S., Reynolds, T., White, R., Parker, M. G., Sumpter, J. P. (1995). A variety of 

environmentally persistent chemicals, including some phthalate plasticizers, are weakly 

estrogenic. Environ. Health Perspect. 103, 582–587. 

 

Johnsen, H. K., Tveiten, H., Willassen, N. P., Arnesen, A. M. (1999). Arctic charr (Salvelinus 

alpinus) vitellogenin: development and validation of an enzyme-linked immunosorbent 

assay. Comp Biochem Physiol B Biochem. Mol. Biol. 124(3):355-62. 

 

Johnson, L. (1980). The Arctic charr, Salvelinus alpinus. In: Balon, E.K., ed. Charrs: 

Salmonid fishes of the genus Salvelinus. The Hague: Dr. W. Junk Publishers. pp. 15-98. 

 

Kagawa, H., Young, G., Adachi, S., Nagahama, Y. (1982). Estradiol-17 beta production in 

amago salmon (Oncorhynchus rhodurus) ovarian follicles: role of the thecal and 

granulosa cells. Gen. Comp. Endocrinol. 47(4):440-8. 

 

King W, Ghosh S, Thomas P, Sullivan CV. A receptor for the oocyte maturation -inducing 

hormone 17a,20ß,21-trihydroxy-4-pregnen-3-one on ovarian membranes of striped bass. 

Biol. Reprod. 56:266-271. 

 

Kishida, M., Anderson, T.R., Specker, J.L. (1992). Induction by beta-estradiol of vitellogenin 

in striped bass (Morone saxatilis): characterization and quantification in plasma and mucus.  

Gen. Comp. Endocrinol. 88(1):29-39. 

 



 36

Kling P.G., Olsson P. (2000). Involvement of differential metallothionein expression in free 

radical sensitiv ity of RTG-2 and CHSE-214 cells.  Free Radic Biol Med. 28(11):1628-37. 

 

Kordes, C., Rieber, E.P., Gutzeit, H.O. (2002). An in vitro vitellogenin bioassay for 

oestrogenic substances in the medaka (Oryzias latipes). Aquat. Toxicol. 58(3-4):151-64. 

 

Korsgaard, B., Mommsen, T. P., and Saunders, R. L., (1986). The effect of temperature on 

the vitellogenic response in Atlantic salmon post -smolts (Salmo salar). Gen. Comp. 

Endocrinol. 62(2):193-201. 

 

Kudo, S., Inoue, M. (1989). Bacterial action of fertilization envelope extract from eggs of the 

fish Cyprinus carpio and Plecoglossus altivelis. J. Exp. Zool. 250(2):219-28. 

 

Kägi, J. H. R. (1993). Evolution,structure and chemical activity of class I metallothioneins:an 

overview. In: Suzuki KT, Imura N, Kimura M,(eds).Metallothionein III, biological roles 

and medical implications. Basel:Birkhauser. pp. 29 –55. 

 

Laskowski, M. (1935). Phosphoprotein in hen serum. Biochem. J. 279:345 

 

Liu, Z. Patino, R. (1993). High-affinity binding of progesterone to the plasma membrane of 

Xenopus oocytes: Characteristics of binding and hormonal and developmental control. 

Biol. Reprod. 49(5):980-8. 

 

Lohka, M., Hayes, M., Maller, J. (1988). Purification of maturation -promoting factor, an 

intracellular regulator of early meiotic events. Proc. Natl. Acad. Sci. USA. 85:433-439. 

 

Lomax, D. P., Roubal, W. T., Moore, J. D., Johnson, L. L. (1998). An enzyme-linked 

immunosorbent assay (ELISA) for measuring vitellogenin in English sole (Pleuronectes 

vetulus): development, validation and cross-reactivit y with other pleuronectids. Comp. 

Biochem. Physiol. B Biochem. Mol. Biol.121(4):425 -36. 

 

Mackay, M. E., Lazier, C. B. (1993). Estrogen responsiveness of vitellogenin gene expression 

in rainbow trout (Oncorhynchus mykiss) kept at different temperatures. Gen. Comp. 

Endocrinol. 89(2):255-266. 

 



 37

Marilley, D., Robyr, D., Schild-poulter, C., Wahli, W. (1998). Regulation of the vitellogenin 

gene b1 promoter after transfer into hepatocytes in primary cultures. Mol. Cell 

Endocrinol. 141:79-93. 

 

Martell, A. E. and Smith, R. M. (1974). Critical Stability Constants. Volume 1, Amino Acids. 

London: Plenum Press.  

 

Matsubara, T., Ohkubo, N., Andoh, T., Sullivan, C. V., Hara, A. (1999). Two forms of 

vitellogenin, yielding two distinct lipovitellins, play different roles durin g oocyte 

maturation and early development of barfin flounder, Verasper moseri, a marine teleost 

that spawns pelagic eggs. Dev. Biol.. 213(1):18 -32. 

 

Mac Lachlan, I., Nimpf. J., White, H. B., Schneider, W. J. (1993). Riboflavinuria in the rd 

chicken: 5’-Splice site mutation in the gene for riboflavin -binding protein. J. Biol. Chem. 

268:23222-23226. 

 

Miller, W. (1988). Molecular biology of steroid hormone synthesis. Endocr. Rev. 9:295–315. 

 

Miles, A. T., Hawksworth, G. M., Beattie J. H., and Rodilla, V. (2000 ) Induction, regulation, 

degradation, and biological significance of mammalian metallothioneins. Crit Rev. 

Biochem. Mol. Biol. 35:35–70. 

 

Mommsen, T. P. and P. J. Walsh (1988). Vitellogenesis and oocyte assembly. In Hoar, W.S., 

Randall, D.J. and Donaldsson , E. M.(eds), Fish physiology, Academic Press, Inc. XIA. 

The physiology of developing fish.: Part A: Eggs and larvae . Academic press, New York, 

USA. pp. 347-406. 

 

de Montalembert, G., Jalabert. B, Bry, C. (1978). Precocious induction of maturation and 

ovulation in northern pike (Esox lucius). Ann. Biol. Anim. Biochim. Biophys. 18:969 -975.  

 

Montorzi, M., Falchuk, K. H., Vallee, B. L.  (1994). Xenopus laevis vitellogenin is a zinc 

protein. Biochem. Biophys. Res. Commun. 200(3):1407 -13. 

 

Montorzi, M., Falchuk, K. H., Vallee, B. L.  (1995). Vitellogenin and lipovitellin: zinc 

proteins of Xenopus laevis oocytes. Biochemistry. 34(34):10851-8. 



 38

 

Mosconi, G., Carnevali, O., Carletta, R., Nabissi, M., Polzonetti-Magni, A. M. (1998). 

Gilthead seabream (Sparus aurata ) vitellogenin: Purification, partial characterization, and 

validation of an enzyme-linked immunosorbent assay (ELISA). Gen. Comp. Endocrinol.. 

110(3):252-261. 

 

Mouchel, N., Trichet, V., Betz, A., Le Pennec, J. P., Wolff, J. (1996). Characterization of 

vitello genin from rainbow trout (Oncorhynchus mykiss). Gene 174(1):59-64. 

 

Nagahama, Y. (1983). The functional morphology of teleost gonads. In Hoar, W.S., Randall, 

D.J. and Donaldsson, E. M.(eds), Fish Physiology, vol:IX, Reproduction: Part A: 

Endocrine tissues and hormones. Academic press, New York, USA. pp. 223 -275. 

 

Nagahama, Y., Adachi, S. (1985) Identification of maturation-inducing steroid in a teleost, 

the amago salmon (Oncorhynchus rhodurus). Dev Biol. 109(2):428-35. 

 

Nagahama Y. (1987). Endocrine control of oocyte maturation. In Norris D. O., Jones R. E. 

(eds). Hormone and Reproduction in Fishes Amphibians and Reptiles. New York 

:PlenumPress. pp. 171-202. 

 

Nagahama, Y., Yoshikuni, M., Yamashita, M., Sakai, N., Tanaka, M. (1993). Molecular 

endocrinology of  oocyte growth and maturation in fish. Fish Physiol. Biochem. 11(1 -6):3-

14. 

 

Nagahama, Y. (1994). Endocrine regulation of gametogenesis in fish. Int. J. Dev. Biol. 38: 

217–229. 

 

Ng, T. B., Idler, D. R. (1983). Yolk formation and differentiation in teleost fishes. In Hoar, 

W.S., Randall, D.J. and Donaldsson, E. M.(eds), Fish Physiology, vol:IX, Reproduction: 

Part A: Endocrine tissues and hormones. Academic press, New York, USA. pp. 373 -404. 

 

Norberg, B., Haux, C. (1985). Induction, isolation and a characterization of the lipid content 

of plasma vitellogenin from two Salmo species: rainbow trout ( Salmo gairdneri) and sea 

trout (Salmo trutta). Comp. Biochem. Physiol. B. 81(4):869-76. 

 



 39

Nordeng, H., 1983. Solution to the “char problem” based on the Arctic char ( Salvelinus 

alpinus) in Norway. Can. J. Fish Aqua. Sci. 40:1372-1387. 

 

Nunez Rodriguez, J., Bon, E., Le Menn, F.  (1996). Vitellogenin receptors during 

vitellogenesis in the rainbow trout Oncorhynchus mykiss. J. Exp. Zool. 274(3):163-70. 

 

Oba, Y., Yoshikuni, M., Tanaka, M., Mita, M., Nagahama, Y. (1997) Inhibitory guanine-

nucleotide-binding regulatory protein a subunit in medaka (oryzias latipes) oocytes: 

cDNA cloning and decreased expression of proteins during oocyte maturation. Eur. J. 

Biochemistry. 249:846-853. 

 

Olsson, P. E.., Haux, C., Förlin, L. (1987). Variations in hepatic metallothionen, zinc and 

copper levels during an annual reproductive cycle in rainbow trout, Salmo gairdneri. Fish 

Physiol. Biochem. 3(1):39-47. 

 

Olsson, P. E., Zafarullah, M., Foster , R., Hamor, T., Gedamu, L. (1989). A role of 

metallothionein in zinc regulation after oestradiol induction of vitellogenin synthesis in 

rainbow trout, Salmo gairdneri. Biochem. J. 257(2):555-9. 

 

Olsson, P. E., Zafarullah, M., Gedamu, L. (1990). Developmental regulation of 

metallothionein mRNA, zinc and copper levels in rainbow trout, Salmo gairdneri. Eur. J. 

Biochem. 193(1):229-35. 

 

Olsson, P. E., Kling, P., Petterson, C., Silversand, C. (1995). Interaction of cadmium and 

oestradiol-17 beta on metallothionein and vitellogenin synthesis in rainbow trout 

(Oncorhynchus mykiss).Biochem. J. 307(1):197-203. 

 

Oppen Berntsen, D. O., Helvik, J. V., Walther, B. T. (1990). The major structural proteins of 

cod (Gadus morhua) eggshells and protein crosslinking during teleost egg hardening. 

Dev. Biol. 137(2): 258-65. 

 

Opresko LK, Wiley HS. (1987). Receptor-mediated endocytosis in Xenopus oocytes. I. 

Characterization of the vitellogenin receptor system. J Biol Chem. 262(9):4109-15. 

 



 40

Pan, M.L., Bell, W.J., Telfer, W.H. (196 9). Vitellogenin blood protein synthesis by insect fat 

body. Science. 165:393-394 

 

Parks, L. G., Cheek, A. O., Denslow, N. D., Heppell, S. A., McLachlan, J. A., LeBlanc, G. 

A., Sullivan, C. V. (1999). Fathead minnow (Pimephales promelas) vitellogenin: 

Purification, characterization and quantitative immunoassay for the detection of estrogenic 

compounds. Comp. Biochem. Physiol. C. 123(2):113-125. 

 

Patiño, R., Thomas, P. (1990). Characterization of membrane receptor activity for 17,20 ß,21-

trihydroxy-4-pregnen-3-one in ovaries of spotted seatrout (Cynoscion nebulosus). Gen. 

Comp. Endocrinol. 78:204-217. 

 

Patiño, R., Yoshizaki, G., Thomas, P., Kagawa, H. (2001). Gonadotropic control of ovarian 

follicle maturation: the two stage concept and its mechanisms. Comp. P hysiol. Biochem. 

B. 129:427-439. 

 

Pawlowski, S., Islinger, M., Volkl, A. Braunbeck, T., (2000). Temperature-dependent 

vitellogenin -mRNA expression in primary cultures of rainbow trout (Oncorhynchus 

mykiss) hepatocytes at 14 and 18 degrees C. Toxicol. In Vi tro. 14(6):531-540. 

 

Pelissero, C., Flouriot, G., Foucher, J. L., Bennetau, B., Dunogues, J., Le Gac, F., Sumpter, J. 

P. (1993). Vitellogenin synthesis in cultured hepatocytes; an in vitro test for the estrogenic 

potency of chemicals. J. Steroid. Biochem. Mol. Biol. 44(3):263-72. 

 

Petra H. (1991). The plasma sex steroid binding protein (SBP or SHBG). A critical review of 

recent developments on the structure, molecular biology and function. J. Steroid Biochem. 

Mol. Biol. 40 pp. 735–753. 

 

Plack, P. A., Frazer, N. W. (1971). Incorporation of L-[14C]leucine into egg proteins by liver 

slices from cod. Biochem. J. 121:857-862 

 

Planas, J. V., Athos, J., Goetz, F. W., Swanson, P. (2000). Regulation of ovarian 

steroidogenesis in vitro by follicle-stimulating hormone and luteinizing hormone during 

sexual maturation in salmonid fish. Biol Reprod. 62(5):1262-9. 

 



 41

Podolsky, R. D. (2002). Fertilization ecology of egg coats: physical versus chemical 

contributions to fertilization success of free-spawned eggs. J Exp Biol. 205:1657-68. 

 

Pratt, W. B., Toft, D. O. (1997). Steroid receptor interactions with heat shock protein and 

immunophilin chaperones. Endocrine Rev. 18:306–360. 

 

Reis-Henriques, M. A., Ferreira, M., Silva, L., Dias, A. (2000). Evidence for an involvement 

of vitellogenin in the steroidogenic activity of rainbow trout (Oncorhynchus mykiss) 

vitellogenic oocytes. Gen. Comp. Endocrinol. 117(2):260 -267.  

 

Reith, M., Munholland, J., Kelly, J., Finn, R. N., Fyhn, H.J.  (2001). Lipovitellins derived 

from two forms of vitellogenin are differentially processed during oocyte maturation in 

haddock (Melanogrammus aeglefinus). J. Exp. Zool. 291(1):58-67. 

 

Schjeide, O. A., 1985. Calcium transport in nonmammalian vertebrates. Clin Orthop. 

200:165-73. 

 

Schmidt, B. M., Gerdes, D., Feuring, M., Falkenstein, E., Christ, M., Wehling, M. (2000). 

Rapid, nongenomic steroid actions: A new age? Front. Neuroendocrinol. 21(1):57-94 

 

Schneider, W. J., Nimpf, J. (1993). Lipoprotein receptors: Old relatives and new arrivals. 

Curr. Opin. Lipidol. 4 :205-209. 

 

Schneider, W. J. (1996). Vitellogenin receptors: oocyte-specific members of the low-density 

lipoprotein receptor supergene family. Int. Rev. Cytol. 166:103-37. 

 

Scott, A. P., Canario, A. V. M. (1987) Status of oocyte maturation-inducing steroids in 

teleosts. Proc. Third Int. Symp. Reprod. Physiol. Fish. pp. 223-234. 

 

Sherry, J., Gamble, A., Fielden, M., Hodson, P., Burnison, B., Solomon, K. (1999). An 

ELISA for brown trout (Salmo trutta) vitellogenin and its use in bioassays for 

environmental est rogens. Sci. Total Environ. 225(1-2):13-31. 

 



 42

Shibata, N., Yoshikuni, M., Nagahama, Y. (1993). Vitellogenin incorporation into Oocytes of 

Rainbow trout, Oncorhynchus mykiss, in Vitro: Effects of hormones on denuded oocytes. 

Develop. Growth Differ. 35(1):115-121. 

 

Silversand, C., Haux, C.. (1989). Isolation of turbot (Scophthalmus maximus) vitellogenin by 

high-performance anion-exchange chromatography. J. Chromatogr. 478(2):387-97. 

 

Silversand, C., Hyllner, S. J., Haux, C. (1993). Isolation, Immunological det ection, and 

Observations of the instability of vitellogenin from four teleosts. Exp. Zool. 267:587-597. 

 

Spach, C., Streeten, D .H. (1964). Retardation of sodium exchange in dog erythrocytes by 

physiologica concentrations of aldosterone, in vitro. Clin. Invest. 43:217-27. 

 

Stifani, S., Nimpf, J., Schneider, W. J. (1990a). Vitellogenesis in Xenopus laevis and chicken: 

cognate ligands and oocyte receptors. The binding site for vitellogenin is located on 

lipovitellin I. J. Biol. Chem. 265(2):882-8. 

 

Stifani, S., Le Menn, F., Rodriguez, J. N., Schneider W. J. (1990b). Regulation of oogenesis: 

the piscine receptor for vitellogenin.  Biochim. Biophys. Acta. 1045(3):271-9. 

 

Stifani, S., Barber, D. L., Nimpf, J., Schneider, W. J. (1990c). A single chicken oocyte plasma 

membrane protein mediates uptake of very low density lipoprotein and vitellogenin. Proc. 

Natl. Acad. Sci. USA. 87:1955-1959. 

 

Sumpter, J.P., Jobling, S., (1995). Vitellogenesis as a biomarker for estrogenic contamination 

of the aquatic environment. Environ. Health Perspect. 103, 173–178. 

 

Sundararaj, B. I., Goswami, S. V., Lamba, V. J.  (1982). Role of testosterone, estradiol-17 

beta, and cortisol during vitellogenin synthesis in the catfish, Heteropneustes fossilis 

(Bloch). Gen Comp Endocrinol. 48(3):390-7. 

 

Teitsma, C., Lethimonier, C., Tujague, M., Anglade, I., Saligaut, D., Bailhache, T., Pakdel, 

F., Kah, O., Ducouret, B. (1998). Identification of potential sites of cortisol actions on the 

reproductive axis in rainbow trout. Comp. Biochem. Physiol. C. 119(3):243-9. 

 



 43

Thomas, P., Trant, J. M.(1989). Evidence that 17a,20ß,21-trihydroxy-4-pregnen-3-one is a 

maturation inducing steroid in Spotted seatrout. Fish Physiol. Biochem. 7(1 -4):185-191. 

 

Thomas, P., Patiño, R. (1991) Changes in 17 a,20ß,21-trihydroxy-4-pregnen-3-one membrane 

receptor concentrations in ovaries of spotted seatrout during final oocyte maturation.: In: 

A.P. Scott, J. Sumpter, D. Kime and M.s. Rolge (eds.). Proceedings 4 th international 

Symposium on Reproductive Physiology of Fish. University of East Anglia. pp. 122-124. 

 

Thomas, P., Smith, J., (1993). Binding of xenobiotics to the estrogen receptor of spotted trout: 

a screening assay for potential estrogenic effects. Mar. Environ. Res. 35, 147-151. 

 

Thomas P, Das S. (1997). Correlations bet ween binding affinities of C21 steroids for the 

maturation-inducing steroid membrane receptor in spotted seatrout ovaries and their 

agonist and antagonist activities in an oocyte maturation bioassay. Biol. Reprod. 57:999 -

1007. 

 

Thomas, P. (2000). Chemical interfernce with genomic and nongenomic action of steroids in 

fishes: role of receptor binding. Mar. Environ. Res. 50:127-134. 

 

Trant, J. M., Thomas, P., Shackleton, C. H. L. (1986). Identification of 17 -alpha-20-beta 21 

trihydroxy-4-pregnen-3-one as the major ovarian steroid produced by the teleost 

Micropogonias-undulatus during final oocyte maturation. Steroids 47(2 -3):89-100. 

 

Trant, J. M., Thomas, P. (1989). Isolation of a novel maturation-inducing steroid produced in 

vitro by ovaries of Atlantic croaker. Gen. Comp. Endocrinol. 75(3):397-404. 

 

Trichet, V., Buisine, N., Mouchel, N., Moran, P., Pendas, A. M., Le Pennec, J. P., Wolff, J.  

(2000). Genomic analysis of the vitellogenin locus in rainbow trout (Oncorhynchus 

mykiss) reveals a complex history of gene amplification and retroposon activity. Mol. 

Gen. Genet. 263(5):828-37. 

 

Turkewitz, A. P., Schwartz, A. L., Harrison, S. C. (1988) A pH-dependent reversible 

conformational transition of the human transferring receptor leads to self association. J. 

Biol. Chem. 263:16309-16315. 

 



 44

Tyler, C. R., Sumpter, J. P., Kawauchi, H., Swanson, P . (1991). Involvement of gonadotropin 

in the uptake of vitellogenin into vitellogenic oocytes of the rainbow trout, Oncorhynchus 

mykiss. Gen. Comp. Endocrinol. 84(2):291-9. 

 

Tyler, C. R., Lancaster, P. (1993). Isolation and characterization of the receptor for 

vitellogenin from follicles of the rainbow trout., Onchorhynchus mykiss. Comp. Biochem. 

Physiol. 106(B):321-329. 

 

Tyler, C. R., van Aerle, R., Nilsen, M. V., Blackwell, R., Maddix, S., Nilsen, B. M., Berg, K., 

Hutchinson, T. H., Goksoyr, A. (2002). Monoclonal antibody enzyme-linked 

immunosorbent assay to quantify vitellogenin for studies on environmental estrogens in 

the rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. Chem. 21(1):47-54. 

 

Vallee, B. L., Falchuk, K. H. (1993). The biochemical basis of zinc physiology. Physiol. Rev. 

73:79–111. 

 

Wahli, W., Dawid, I. B., Ryffel, G. U., Weber, R. (1981). Vitellogenesis and the vitellogenin 

gene family. Science 212(4492): 298-304. 

 

Wahli, W.(1988). Evolution and expression of vitellogenin genes.  Trends Genet 4(8):227-32 

 

Wang, H., Gong, Z. (1999). Characterization of two zebrafish cDNA clones encoding egg 

envelope proteins ZP2 and ZP3. Biochim. Biophys. Acta. 1446(1-2):156-60. 

 

Wang, H., Yan, T., Tan, J. T., Gong, Z. (2000). A zebrafish vitellogenin gene (vg3) encodes a 

novel vitellogenin without a phosvitin domain and may represent a primitive vertebrate 

vitellogenin gene. Gene. 256(1-2):303-10. 

 

Wassarman, P. M. (1988). Zona pellucida glycoproteins.  Annu. Rev. Biochem. 57:415-42. 

 

Westerlund, L., Hyllner, S. J., Schopen, A. , Olsson, P. E. (2001). Expression of three 

vitelline envelope protein genes in Arctic char. Gen. Comp. Endocrinol. 122:78-87. 

 

White, R., Jobling, S., Hoare, S. A., Sumpter, J. P., Parker, M. G., (1994). Environmentally 

persistent alkylphenolic com-pounds are estrogenic. Endocrinology 135:175–182. 



 45

 

Yaron, Z. (1995) Endocrine control of gametogenesis and spawning induction in the carp. 

Aquaculture. 129:49-73. 

 

Young, G.; Kagawa, H.; Nagahama, Y. (1982). Oocyte maturation in the amago salmon 

(Oncorhynchus rhodurus): in vitro effects of salmon gonadotropin, steroids, and 

cyanoketone (an inhibitor of 3 beta-hydroxy-delta 5-steroid dehydrogenase), J. Exp. Zool. 

224(2):265-275. 

 

Young, G., Adachi, S., Nagahama, Y. (1986). Role of ovarian thecal and granulosa cell layers 

in gonadotropin -induced synthesis of a salmonid maturation -inducing substance (17a,20ß-

dihydroxy-4-pregnen-3-one). Dev. Biol. 118:1 -8. 

 

Yusko, S., Roth, T. F., Smith, T. (1981). Receptor-mediated vitellogenin binding to chicken 

oocytes. Biochem J. 200(1):43-50. 


		2003-11-18T13:05:56+0100
	Umea University Library




