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SUMMARY

The internal signals that regulate fecundity are generally not well described. Overt
developmental and/or functional changes are controlled at the molecular and cellular levels of
biological organization. Therefore, changes in gene expression profile as a result of hormonal
exposure and the subsequent molecular processes that lead to developmental, functional and
physiological changes may be used as quantitative molecular markers for cellular,
physiological, developmental and reproductive effects in an organism. Additionally, the
identification of hormonal responsive genes and their expression patterns as a result of
hormonal influence are of vital importance in order to shed light on the underlying
mechanisms of these fundamental processes of reproduction.

Despite the fact that hormonal effects on the growth of previtellogenic oocytes might
involve several cascades of physiological events, observations in fish and mammals point to a
pivotal role of androgens. The objectives of the present work implied the identification and
sequencing of a number of androgen responsive genes in the previtellogenic Atlantic cod
(Gadus morhua) ovary using the analytical power of suppressive subtractive hybridization
(SSH). Subtracted clones were arrayed, preserved and applied in gene expression profiling.

The present study demonstrates, for the first time, that androgens (particularly the non-
aromatizable androgen, 11-ketotestosterone; 11-KT) can induce ovarian development in
immature female Atlantic cod, adding further evidence to our hypothesis that androgens are
involved in the regulation of previtellogenic oocyte growth and development in this species.
In general, both 11-KT and testosterone (T) are capable of inducing oocyte growth, with the
former hormone being the strongest modulator. In addition, we also presented the
identification, sequencing and the expression patterns of a number of androgen responsive
transcripts in the previtellogenic cod ovary. A targeted cod array (CodArray) consisting of
subtracted clones with unique expression patterns that were either up or down regulated, after
in vitro androgen exposure of previtellogenic ovarian tissues was constructed. The parallel
expression patterns of candidate genes involved in steroidogenesis and oocyte growth control,
add further information on how androgenic action may produce advances in previtellogenic
oocyte growth. We believe the novel roles of androgens as promoters of ovarian growth and
development presented in this study will be beneficial for the aquaculture industry and for
breeding of new captive and endangered species. It can also form the basis for the
development of useful models in fisheries management. Differentially expressed genes may
form an integral link with quantifiable environmental variables (e.g. food availability and
growth rates). In general, our findings form the basis for generating more hypotheses for

further detailed studies and for deduction of evolutionary relatedness in androgen control of



early oocyte growth in vertebrates. Therefore, these findings may have significant economic
benefit for predictive ecological models, particularly with respect to the noticeable and

worldwide declining cod stock.
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ABBREVIATIONS

2D-PAGE two-dimensional polyacrylamide gel electrophoresis
3B-HSD 3B-hydroxysteroid dehydrogenase
113-HSD 11B-hydroxysteroid dehydrogenase
11-KT 11-ketotestosterone

17,20B8-P 17,20B-dihydroxy-4-pregnen-3-one
20B-HSD 20B-hydroxysteroid dehydrogenase
20B-S 17,208,21-trihydroxy-4-pregnen-3-one
APE alkylphenol polyethoxylate

AR androgen receptor

ARE androgen responsive element

CNS central nervous system

Ct cycle threshold

CYP17 cytochrome P450 17-hydroxylase / C,,, lyase
CYPI9 cytochrome P450 aromatase

DDT 1,1,1-trichloro-2,2 bis(p-chlorophenyl)ethane
DHEA dehydroepiandrosterone

DHT Sa-dihydrotestosterone

E2 estradiol-17(3

EE2 ethynylestradiol

EDC endocrine-disrupting chemical

EIA enzyme immunoassay

ER estrogen receptor

EST expressed sequence tag

FSH follicle-stimulating hormone

FSHR FSH receptor

GnRH gonadotropin-releasing hormone

GSI gonadosomatic index

GtH gonadotropin

GV germinal vesicle

GVBD germinal vesicle breakdown

HPGL axis hypothalamus-pituitary-gonadal-liver axis
HRE hormone responsive element
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hsp90 heat shock protein 90

IGF-1 insulin-like growth factor-1

LH lutenizing hormone

ME2 methylestradiol

MIH maturation-inducing hormone

MOA mode-of-action

MPF maturation-promoting factor

MS mass spectrometry

MT 170-methyltestosterone

NP nonylphenol

OGFr opioid growth factor receptor
P450113 cytochrome P450 11B-hydroxylase
P450arom cytochrome P450 aromatase

P450scc cytochrome P450 side chain cleavage
PCOS polycystic ovary syndrome

PR progestogen receptor

PRE progesterone response element

qgPCR quantitative real-time polymerase chain reaction
SSH suppressive subtractive hybridization
StAR steroidogenic acute regulatory protein
T testosterone

TBT tributyltin

Vtg vitellogenin

VigR vtg receptor

7P zona pellucida

ZR zona radiata
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INTRODUCTION

Teleost fish represent the most extensive group of vertebrates, comprising over 29,000 species.
Teleosts display a diverse variety of reproductive strategies, based on energy requirement,
mating behavior, gamete structures, and the specificity of recognition molecules on the
surface of sperm and eggs. Despite this, reproductive development in all species is a
continuous process throughout ontogeny that is controlled by several hormonal and
biochemical pathways and second messengers. Therefore, reproductive events are susceptible
to endogenous substances at all stages of the life-cycle, including early development,
gametogenesis, fertilization, embryonic development, sex differentiation, oogenesis or
spermatogenesis, final maturation, ovulation or spermiation, and spawning. Thus, the
sensitivity to a particular hormone or other endogenous biomolecules will vary depending on
the stage of reproductive development. In teleosts, environmental changes, such as
photoperiod and water temperature provide signals that are received by the central nervous
system. These signals lead to oocyte growth and maturation that are regulated by pituitary

gonadotropins and ovarian sex steroids.

Gametogenesis

Gametogenesis in oviparous vertebrates is a fundamental aspect of reproduction, resulting in
the development and ovulation of yolky eggs that provide necessary nutrients for embryonic
development. Oocytes in all teleost fish undergo the same basic growth pattern: oogenesis,
primary oocyte growth, cortical alveolus stage, vitellogenesis, maturation and ovulation
(Figure 1, Tyler and Sumpter 1996). Ovarian development in most teleost fish has been
classified as synchronous or asynchronous, depending on the growth pattern of the oocytes at
a particular time (Scott 1987). Thus, asynchronous batch spawners (e.g. the Atlantic cod) have
ovaries in which eggs are recruited from a heterogenous population of developing oocytes and
are subsequently ovulated in several batches during each spawning season (Scott 1987). The
fish ovary consists of numerous ovigerous folds extending from the ovarian wall towards the
centre of the ovary. The oogonia are formed by mitosis in the vicinity of the luminal
epithelium, and are recognized as small nests of diploidic, mitotic cells dispersed within the
ovary connective tissue (Grier 2000). Oogenesis commences when oogonia are transformed
into primary (previtellogenic) oocytes arrested in meiotic prophase I, and each oocyte is
generally surrounded by a covering layer comprising somatic granulosa and theca cells
separated by a basement lamina, an inner sublayer and an outer epithelium layer (Kjesbu and
Kryvi 1989). The inner acellular enveloping layer has traditionally been referred to as the

zona radiata, zona pellucida or chorion vitelline envelope (Tyler and Sumpter 1996), and the

12



term zona radiata (ZR) will be used in the present work (Arukwe and Goksgyr 2003). During
oocyte development, the zona pellucida proteins (ZPs) are deposited at this position. These
ZP proteins are synthesized by the liver under estrogenic induction at almost the same time as
vitellogenin (Vtg) (Celius and Walther 1998). However, recent data have demonstrated that
ZP proteins may originate from the oocyte itself, at least in some teleost species (Chang et al.
1997; Chang et al. 1996). The granulosa cells secrete the basement lamina and are involved
(together with thecal cells) in sexual steroidogenesis during oocyte growth and maturation
(Nagahama et al. 1995).

Previtellogenesis

During the previtellogenic phase (i.e. preceding the entry of yolk precursors into the oocyte),
the oocytes of a typical teleost fish may increase at least 10-fold in diameter (from about 10-
15 pm to over 150 um). An extensive synthesis of RNA, mRNA coding for Vtg receptor
(VtgR) and accumulation of mitochondria, polyribosomes and lipids are all characteristics of
previtellogenesis (Mommsen and Walsh 1988). In addition, an increase in nucleoli, due to a
significant amplification of nucleolar organizer genes is observed (Le Menn et al. 2007).
Distinct cytoplasmic structures, referred to as cortical alveoli, can be observed in the
advanced previtellogenic oocytes of most teleost fish. The contents of the cortical alveoli
(glycoproteins and accociated enzymes) serve to harden the zona radiata after ovulation and
prevent polyspermy (Kitajima et al. 1994). Lipid droplets often appear in oocytes during the
cortical alveolus stage. At the terminal end of the previtellogenic growth phase, the oocyte
contains all the molecules and organelles required for subsequent endocytic and exocytic

activities during vitellogenesis (Le Menn et al. 2007).

Vitellogenesis

Vitellogenesis is the synthesis and subsequent uptake of Vtg in oocytes and is the main event
responsible for the enormous growth of the oocyte in most teleost, resulting in a 50- to 100-
fold increase in the GSI (gonadosomatic index = gonad weight/(body weight — gonad weight)
x 100) (Tyler and Sumpter 1996). Oocytes generally need to reach a certain size threshold
before they enter vitellogenesis and uptake of Vtg is initiated. Vtg is a bulky (MW; 250-600
kDa) and complex calcium-binding phospholipoglycoprotein, synthesized in liver in response
to circulating estrogens (Arukwe and Goksgyr 2003 and references therein). After its hepatic
synthesis, Vtg is secreted into the bloodstream and transported to the ovary, where it is taken

up by growing oocytes through receptor-mediated endocytosis (Mommsen and Walsh 1988;
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Tyler and Sumpter 1996). These specific oocyte Vtg receptors are clustered in clathrin-coated

pits.

Figure 1. Schematic drawings and micrographs of histological characteristics in cod oogenesis. (A)

perinuclear stage oocyte with large circular nucleus and peripheral nucleoli. (B) Circumnuclear ring
stage, nucleus still with attached nucleoli. (C) Oocyte with cortical alveoli, thin chorion, nucleus with
detached nucleoli. (D)-(E) Vitellogenic oocyte with yolk granules. (F)-(G) Hydrated egg. (H)
Postovulatory follicle. Ca; cortical alveoli, ch; chorion, cnr; circumnuclear ring, ct; connective tissue,

f; follicle, n; nucleus, nu; nucleolus, yg; yolk granules. Modified from Tomkiewicz et al. (2003).
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After entering the oocyte, Vtg is transformed into lipovitellins and phosvitins by golgian
lysosomes (Carnevali et al. 1999). Together, these yolk proteins constitute the energy sources
and the building substrates for early development of the embryo (Tyler and Sumpter 1996)
and can be observed as yolk granules in the oocyte cytoplasm (Kjesbu and Kryvi 1989). Also,
the cortical alveoli become less spherical and begin to acquire their final location at the oocyte
cortex, and the ratio nucleus/oocyte volume and the total number of nucleoli are reduced
relative to previtellogenic growth phase. As for the surrounding events, the ZR becomes
further developed, and can be observed as a striated, two-layered structure (Oppen-Berntsen
1990). As the oocyte approaches the end of vitellogenesis, the outer ZR layer becomes porous,
and the follicle cells show a cuboidal morphology (Kjesbu and Kryvi 1989). The oocyte is

now prepared for the next phase of oogenesis, namely, the final maturation.

Final maturation

During the final maturation phase, which transforms the oocyte into a large yolky haploid egg
ready for ovulation and fertilization, the oocyte resumes meiosis. This event is accompanied
by a number of maturational processes in the nucleus and cytoplasm of the oocyte (Caussanel
and Breuzet 1977; Nagahama et al. 1993). These include chromosome condensation, the
migration of the oocyte nucleus (germinal vesicle, GV) to the animal pole with the subsequent
germinal vesicle breakdown (GVBD) and formation of the first polar body (Nagahama et al.
1993 and references therein). Finally, meiosis is once again arrested, this time in metaphase II.

The egg is now mature, and can undergo embryonic development if fertilized.

Endocrine regulation of oocyte growth and maturation

Generally, there is limited information available about the mechanisms that control oocyte
growth and development in teleosts and other animal species. In contrast, a vast number of
earlier studies have addressed ovarian physiology in teleost fish, using classical biochemical
and histological tools. For example, oogenesis in Atlantic cod has been thoroughly
investigated (Dahle et al. 2003; Kjesbu and Kryvi 1989; Kjesbu et al. 1996). In other words,
while the developmental events, and in particular the vitellogenic process, occurring in a
growing oocyte have been well described, essentially nothing is known about the underlying,
fundamental molecular mechanisms that promote and regulate these events, especially in
oocytes at previtellogenic growth phase. Given that female fecundity and egg size seem to be
largely determined during previtellogenesis in rainbow trout and salmon (Bromage et al. 1992;
Campbell et al. 2006; MacKenzie et al. 1998) this still represents a strong gap in our

knowledge of fish endocrine and reproductive physiology. Nevertheless, the endocrine

15



regulation of vitellogenesis and oocyte maturation has been subject to systematic

investigation, and is outlined in the following sections.

Hormonal regulation of oocyte growth

Oocyte growth and development is mainly regulated by the endocrine system (Nagahama
1994). According to established theories, environmental factors (e.g. photoperiod and water
temperature) provide necessary cues that are perceived by the central nervous system (CNS)
that initiate the oocyte developmental processes. In response, gonadotropin-releasing hormone
(GnRH) is secreted from hypothalamus, which in turn will stimulate the release of
gonadotropins (GtHs) from the pituitary (Figure 2). It has been demonstrated that fish
pituitaries, like those of other vertebrates, secrete two GtH species, that were recently
designated as follicle-stimulating hormone (FSH) and lutenizing hormone (LH). While FSH is
mainly involved in the vitellogenic process, LH plays a role in final oocyte maturation and
ovulation (Arukwe and Goksgyr 2003; Nagahama 1994). In accordance, plasma levels of FSH
show an extended increase during vitellogenesis, while plasma levels of LH remain low
throughout vitellogenesis and are elevated dramatically during spawning. It is well established
that the vitellogenic process is regulated by estradiol-178 (E2) synthesized by the ovary under
the direct control of GtHs in a process generally regarded as the hypothalamus-pituitary-
gonadal-liver (HPGL) axis (Senthilkumaran et al. 2004 and references therein). To outline the
production of different steroid hormones, a two-cell model has been proposed by Nagahama
(1997). According to this model, circulating GtHs (probably FSH) stimulate the outer thecal
cells by a receptor-mediated adenylate cyclase-cAMP cascade. The thecal cells respond by
producing and secreting androgens (testosterone; T), which diffuse into granulosa cells, where
they are converted into E2 (Figure 3). E2 will subsequently stimulate the hepatic production
of Vtg, which is incorporated in growing oocytes as outlined above. GtH secretion is
regulated through a feedback mechanism by E2 and T (Peter and Yu 1997). Several other
feedback mechanisms, long loops stimulating the CNS as well as short feedback loops within
the ovary itself, seem to operate in the entire process (Young et al. 2005 and references

therein).

Hormonal regulation of oocyte maturation
The endocrine control of oocyte maturation has also been thoroughly studied in fish, and it is
well established that oocyte maturation in fish is regulated by three main hormonal mediators,

namely GtH, maturation-inducing hormone (MIH) and maturation-promoting factor (MPF)
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neurotransmitters
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Figure 2. The coordinated action of the hypothalamus-pituitary-gonadal-liver axis during oogenic
protein synthesis in female teleosts. The HPGL axis is thought to be regulated mainly through the
negative feedback mechanism by estradiol-178. Abbreviations: GnRH; gonadotropin-releasing
hormone, FSH; follicle-stimulating hormone, LH; lutenizing hormone, Vtg; vitellogenin, Zrp; zona

radiata protein. Illustration modified from Arukwe and Goksgyr (2003).

(Nagahama 1994; Nagahama 1997). In accordance with the hormonal control of oocyte
growth, GtH (probably LH) secreted from the pituitary stimulates the production of MIH in
the granulosa cells (Figure 3). Two compounds have been identified as naturally occurring
MIHs in teleost fish, namely the C21 steroids 17,20B3-dihydroxy-4-pregnen-3-one (17,208-P)
and 17,20[3,21-trihydroxy-4-pregnen-3-one (20B-S) (Suwa and Yamashita 2007). Similarly, it
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has been demonstrated that 17,20B-P levels are very low during vitellogenesis and sharply
increase in mature and ovulated females (Young et al. 1983). The MIH in cod has not been
identified yet (Kjesbu et al. 1996). MIH produced in the granulosa cells will subsequently
initiate the formation of MPF by interacting with a membrane-bound receptor on the oocyte
membrane surface (Zhu et al. 2003a; Zhu et al. 2003b). The MIH signal received on the
oocyte surface is transduced to the cytoplasm by a G-protein-coupled reaction, finally
resulting in the formation and activation of MPF. It has been demonstrated that MPF exhibits
a unique molecular structure as a complex of cdc2 and Cyclin-B (Suwa and Yamashita 2007).
MPF will subsequently induce oocyte maturation events such as chromosome condensation

and GVBD.

Thecal cell Granulosa cell

Cholesterol

.

Pregnenolone

v

Progesterone

.

208-HSD Maturation

17a-Hydroxy inducing Oocyte .
progesterone hormone maturation
(MIH)

.

Androstenedione

.

Testosterone

P450arom
Estradiol

-178

Figure 3. Two-cell type model. Schematic representation of shift in steroidogenesis in

ovarian follicles. Modified from Senthilkumaran et al. (2004).
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Gonadal steroidogenesis

Integral aspects of fish reproduction are regulated at the molecular level by sex steroid
hormones, and teleost fish produce a number of bioactive gonadal steroids, including
androgens, estrogens and progestogens. Steroid hormones are known to be involved in a
number of physiological functions such as sexual differentiation, ion and carbohydrate
homeostasis, adaptation to stress, immune system functioning and reproduction (Dean and
Sanders 1996). The synthesis and regulation of steroid hormones involve an array of enzymes
and potential biochemical pathways (Figure 4). Nevertheless, all steroid hormones have
cholesterol as a common precursor, and they have also the same initial enzymatic step, the
cleavage of a six-carbon side chain by cytochrome P450 side chain cleavage (P450scc), an
enzyme situated in the inner mitochondrial membrane. In general, cellular cholesterol
deposited in the outer mitochondrial membrane, lipid droplets or plasma membranes of
steroidogenic cells must be delivered to the inner mitochondrial membrane before further
enzymatic conversions can take place. The delivery of cholesterol to P450scc is meditated by
the steroidogenic acute regulatory (StAR) protein, and this process serves as the rate-limiting
step in steroidogenesis (Stocco 2000; Stocco 2001; Stocco et al. 2005). This step is rate-
limiting because the hydrophobic cholesterol cannot traverse the aqueous intermembrane
space of the mitochondria and reach P450scc rapidly enough by simple diffusion to support
acute synthesis (Stocco 2001). The StAR protein is rapidly synthesized as a 37 kDa precursor
phosphoprotein in response to the tropic hormone activation of cAMP protein kinase A
intracellular signalling pathways (Artemenko et al. 2001; Clark et al. 1994; Stocco 2000).
This cytosolic precursor protein is short-lived and is cleaved to the more long-life 30 kDa

form which is the effective mediator of cholesterol transfer (Artemenko et al. 2001).

Pregnenolone, in turn, serves as a substrate for cytochrome P450 17-hydroxylase / C,, lyase
(CYP17). As stated above, E2 is produced during oocyte growth while 17,20B3-P is produced
during oocyte maturation. Thus, a distinct shift from E2 to 17,20B-P occurs in ovarian
follicles immediately prior to oocyte maturation (Senthilkumaran et al. 2004). In fish, the
regulation of CYP17 may be a key mechanism in controlling this shift in the steroidogenic
pathway from the production of androgens/estrogens to progestogens in the prematurational
phase (Senthilkumaran et al. 2004; Young et al. 2005). Other studies have suggested that 203-
hydroxysteroid dehydrogenase (20B-HSD), the enzyme responsible for the subsequent
conversion of 17a-hydroxyprogesterone to functional MIH functions as a key enzyme to

initiate maturational events (Senthilkumaran et al. 2002, Figure 4).
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The lyase activity of CYP17 gives rise to the androgens dehydroepiandrosterone (DHEA) or
androstenedione, which in turn can be metabolized into the main C-19 androgenic steroids
testosterone (T) and 11-ketotestosterone (11-KT, see Figure 4). Traditionally, androgens have
been associated with male development, stimulating spermatogenesis as well as secondary
male sexual characters. However, significant amounts of androgens such as T and 11-KT
circulate in the blood of most female teleost fish (Borg 1994; Lokman et al. 2002). More
specifically, 11-KT is generally believed to be the most potent or active male-specific
androgen in teleost fish, but has been found at elevated levels in some female teleosts
(Leatherland et al. 1982; Slater et al. 1994). It is known that aromatizable (T) and non-
aromatizable (11-KT) androgens may have strikingly different effects (Borg 1994), and this
has led to speculations whether androgens are produced solely as precursors during estrogen
synthesis or if they represent true ovarian hormones (see section on study outline and
objectives). Indeed, it has been demonstrated that androgens can induce vitellogenic responses
in teleost fish (Hori et al. 1979; Le Menn et al. 1980; Mori et al. 1998; Peyon et al. 1997).
Furthermore, recent studies have suggested the potential role of 11-KT as a promoter of
oocyte development in previtellogenic ovaries (Lokman et al. 2007; Rohr et al. 2001).
Whether these responses are mediated by androgens to the estrogen receptor rather than
through androgen receptors themselves as observed in Gobius niger (Le Menn et al. 1980)

remains to be elucidated.

The third group of sex steroids, the estrogens, are synthesized from the androgenic precursors
via an aromatization step mediated by cytochrome P450 aromatase (CYP19 or P450arom, see
Figure 4). Thus, P450arom is considered the rate-limiting enzyme responsible for regulating
local and systemic estrogen levels. Several types of estrogens are naturally present in most
teleost fish (Cheshenko et al. 2008). However, E2 is the major estrogen in female teleosts
(Arukwe and Goksgyr 2003), and has traditionally been associated with female reproductive
and developmental processes. By far, the best documented estrogen-dependent phenomenon
in fish is the hepatic synthesis of Vtg (vitellogenesis) during oocyte growth (see section on
hormonal regulation of oocyte growth). However, recent studies indicate that estrogens may
play an important role in male reproduction by simulating proliferation of gonial stem cells

(Miura et al. 1999).
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Figure 4. The steroidogenic pathway in the gonads of teleost fish.



Steroid hormone mode-of-action (MOA)

After synthesis, steroid hormones are not normally stored in the cell cytoplasm, but they
diffuse out of the cell and act by binding to specific receptors. Since steroid hormones exert
their biological effects only in the free and not in the bound form, plasma steroid-binding
proteins may serve to buffer free steroid concentrations in conditions of high steroid turnover,
thus obviating time consuming de novo synthesis (Mommsen and Walsh 1988). The gonad is
the main site of sex steroid hormone synthesis as well as a major target for sex hormones. In
general, sex hormones mediate their actions via two main mechanisms; the classic, genomic
actions involving binding to and activation of specific intracellular nuclear receptors, as well
as rapid, nongenomic actions initiated at the cell surface through membrane receptors (Figure
5, Aranda and Pascual 2001; Cheshenko et al. 2008; Falkenstein et al. 2000). The genomic
actions of steroid hormones involve the modulation of gene transcription and protein synthesis,
and are usually slow, taking hours to days to complete. In contrast, nongenomic actions of
steroid hormones are mediated via receptors on the cell surface, and cellular modulations are
generally rapid, activating intracellular signalling pathways within seconds (Thomas et al.
2007).

Classical or genomic steroid action

Nuclear receptors are grouped into a large superfamily and are thought to be evolutionarily
derived from a common ancestor (Aranda and Pascual 2001). These receptors function as
ligand-dependent transcription factors and regulate gene expression by binding to palindromic
hormone responsive elements (HREs) at the DNA, usually located in the regulatory region
upstream of receptor controlled genes (Aranda and Pascual 2001; Sabo-Attwood et al. 2004).
Sex steroids regulate the expression of a battery of genes in a network-like manner, and
initiate complex events involved in most aspects of vertebrate development (Falkenstein et al.
2000 and references therein). It is believed that the lipophilic steroid hormones enter their
target cells by simple diffusion, although an active transmembrane transport has been
suggested (Allera and Wildt 1992). In their unbound state, most sex steroid receptors are
located in the nucleus at equilibrium, and are associated with a complex of chaperone proteins
that include heat shock protein 90 (hsp90) (Defranco 2000; Pratt and Toft 1997). Upon ligand
binding, the receptor will dissociate from the chaperone complex, dimerize with another
receptor and subsequently bind to the HRE. Steroid receptors almost exclusively bind as
homodimers to the HRE, however, receptors can also bind as heterodimers or monomers
(Aranda and Pascual 2001). The recruitment of transcriptional co-factors and RNA

polymerase initiate the mRNA transcription (Matthews and Gustafsson 2003). Finally, mRNA
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Figure 5. Nuclear (1) and membrane (2) signaling by sex steroids. (1)After ligand binding, the receptor
regulates transcription by binding to hormone responsive elements usually located in the regulatory
region of target genes. (2) Alternatively, steroids can exert their effects on the cell via non-genomic

second messenger cascades initiated at the cell surface.

is translated into polypeptides and modified into active proteins. The classical example of E2-
stimulated oogenic protein synthesis described earlier is presented in figure 6. Although most
previous studies have focused on transcriptional activation by binding of sex steroid nuclear
receptors to positive HREs, nuclear receptor can also repress gene expression in a ligand-
dependent manner (Aranda and Pascual 2001). Nuclear receptors can also modulate gene

expression without binding to a HRE. This process involves positive or negative interactions
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with other transcription factors, a mechanism generally referred to as transcriptional cross-talk

(Gottlicher et al. 1998).
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Figure 6. Estrogen stimulated oogenic protein synthesis. Estradiol-17f or an
estrogen mimic bind to ER. This results in dissociation of ER from hsp-90
chaperones, receptor dimerization and activation of gene expression after binding to
ERE. Figure from Arukwe and Goksgyr (2003).

Genomic effects of E2 are mediated by estrogen receptors (ERs). ERs have been cloned and

characterized in several teleost species, and three ER isotypes have been identified; ERa,
ERPa (previously called ERy) and ERBb (Greytak and Callard 2007; Hawkins and Thomas
2004; Hawkins et al. 2000; Menuet et al. 2002; Sabo-Attwood et al. 2004). All these ERs bind

estrogens with high affinity. In several teleost species, including Atlantic croaker, largemouth

bass, fathead minnow and seabream, ERo and ERBb are primarily expressed in the liver,
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whereas ERa is highly expressed in the ovary (Filby and Tyler 2005; Hawkins et al. 2000;
Pinto et al. 2006; Sabo-Attwood et al. 2004). In accordance, ERBa seems to play an integral
role in the development and function of the teleost ovary, whereas the above mentioned
hepatic Vtg synthesis is mainly mediated via ERa (Thomas et al. 2007). Hormonal regulation
of ERs is controlled primarily by estrogens themselves (Thomas et al. 2007).

Androgens mediate their actions by binding to specific androgen receptors (ARs). In most
vertebrates, only one functional nuclear AR has been identified, whereas two AR isoforms
(ARa and ARPB) have been identified in some teleost fish (Ikeuchi et al. 1999; Takeo and
Yamashita 1999; Todo et al. 1999; Touhata et al. 1999). The two AR isotypes seem to differ
in steroid binding affinities between species, but have generally high affinity for 11-KT, T or
Sa-dihydrotestosterone (DHT). Interestingly, the identification of nuclear ARs in the ovary of
Atlantic croaker and kelp bass (Sperry and Thomas 1999a; Sperry and Thomas 1999b; Sperry
and Thomas 2000) suggests that androgens may exert direct hormonal actions in the teleost
ovary. Recently, a nuclear androgen receptor activated by 11-KT was characterized (Olsson et
al. 2005). Little is known concerning the physiological roles of steroids in regulating nuclear
AR expression. In contrast to ERs, that are auto-regulated by estrogens, ARs are not generally
up-regulated by androgens, and no androgen responsive elements (AREs) have been identified

in the promoter or 5’-flanking region of cloned ARs (Olsson et al. 2005).

As stated above, the two natural MIHs identified in teleost fish are the progestogens 17,203-P
and 20B-S. The teleost nuclear progestogen receptors (PRs) form homo- or heterodimers after
binding to progestogens, and act as transcription factors that bind to progesterone response
elements (PREs) on the promoter regions of progesterone responsive genes (Thomas et al.
2007). Although not conclusive, recent data indicates that progestogens are acting via the

nuclear PRs to initiate ovulation of maturing oocytes (Thomas et al. 2007).

Non-classical or non-genomic steroid action

In recent years, it has become generally accepted that many actions of sex steroid hormones
are not mediated via the classical, genomic mechanisms, but the identities of most steroid
membrane receptors remain unknown (Watson 2003). Nongenomic effects of sex steroids on
cellular function usually involve conventional second messenger cascades, such as
phospholipase C, phosphoinositide turnover, intracellular pH, free intracellular calcium and
protein kinase C (Falkenstein et al. 2000 and references therein). In contrast to genomic

steroid action, nongenomic steroid effects are in general insensitive to inhibitors of gene
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transcription and protein synthesis. One of the best characterized nongenomic steroid events
initiated at the cell surface is the induction of oocyte meiotic maturation by MIHs (see section
on hormonal regulation of oocyte maturation). In addition, similar cell surface-initiated
actions of both androgens and estrogens have been described recently in fish ovaries (Braun
and Thomas 2003; Braun and Thomas 2004; Loomis and Thomas 1999; L.oomis and Thomas
2000). However, most functions of these receptors remain unclear, and more comprehensive

studies will be required in order to gain insight in their physiological functions in teleosts.

Interaction with hormone mimics

A large number of anthropogenic chemicals released into the environment may interfere and
disrupt endocrine homeostasis in humans and animals (Colborn and Clement 1992).
Furthermore, it is widely recognized that certain anthropogenic chemicals may cause
hormonal imbalance with potential consequences for fecundity and reproduction (Arukwe
2001; Gale et al. 2004). For example, masculinizing effects in zebrafish (McAllister and Kime
2003) and imposex, the development of male sexual characteristics in female neogastrodpod
molluscs (Blaber 1970) have been correlated with exposure to tributyltin (TBT). In contrast,
feminized responses were observed in seabird embryos exposed to 1,1,1-trichloro-2,2 bis(p-
chlorophenyl)ethane (DDT) (Fry and Toone 1981). Elsewhere, alterations in steroid hormone
levels and abnormal morphology of male and female gonads were observed in juvenile
alligators exposed to organocloride contaminants (Guillette and Gunderson 2001). An
endocrine-disrupting chemical (EDC) is defined as ‘an exogenous substance or mixture that
alter function(s) of the endocrine system and consequently produces adverse health effects in
an intact organism, or its progeny, or (sub)populations’ (Goksgyr 2006). While the exact
mode of action for endocrine modulators is not fully understood, it is believed that EDCs can
affect endocrine processes via three general mechanisms: 1) agonistic/antagonistic effects
(hormone mimics), 2) disruption of production, transport, metabolism or secretion of natural
occurring hormones and 3) disruption of production and/or function of hormone receptors
(Goksgyr et al. 2003; Rotchell and Ostrander 2003).

The synthetic chemical nonylphenol (NP) is a degradation product of alkylphenol
polyethoxylates (APEs) that are widely used as raw materials for active surface agents
(anionic surface active agent, non-ionic surface active agents), ethyl cellulose stabilizers, oil
soluble phenyl resins and esters. It is also used as processed articles for detergents, oil
varnishes, rubber auxiliaries and vulcanization accelerators, antioxidants and corrosion

inhibitors for petroleum products and sludge generation inhibitors for petroleum (Khim et al.
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2001). The fish gonad is a known target organ for endocrine disrupters, and it is well
established that NP can act as an estrogen mimic and modulate steroid pathways and
reproductive responses like zonagenesis and vitellogenesis (Arukwe et al. 2000; Arukwe et al.
1997; Folmar et al. 2002) and ER levels (Yadetie et al. 1999). Recent studies have
demonstrated that alkylphenols can influence the reproductive system in female Atlantic cod,
with possible negative effects for the overall reproductive fitness (Meier et al. 2007). Because
of its physicochemical properties, NP has enhanced resistance towards biodegradation, thus it
has the ability to bioaccumulate in aquatic organisms. However, the mechanisms of actions of
this xenoestrogen are still largely unknown, and effects of NP on the basal internal signals that
regulate early ovarian growth prior to vitellogenesis (previtellogenesis), fecundity,

reproduction and maturation are generally not well described.

Furthermore, pharmaceuticals are ubiquitous pollutants in the aquatic environment where
their potential effects on non-target species like fish have only recently become subject of
systematic investigations. Available scientific evidence indicates that the reproductive system,
including its associated endocrine and neural controls, may be susceptible to alterations by
occupational, pharmaceutical or environmental exposures to a variety of chemical and
physical agents (DeRosa et al. 1998; Singleton and Khan 2003). The synthetic androgen, 17a-
methyltestosterone (MT) 1s widely applied in aquaculture to control sex determination and
induce sex-reversal of genetic females to phenotypic males (Hunter and Donaldson 1983;
Kitano et al. 2000; Papoulias et al. 2000). Nevertheless, the specific role or effect of MT
remains to be resolved, and factors such as dose, timing and duration of MT treatment can
influence the effects. Previous studies addressing the effects of MT treatment in female fish
have mainly focused on monitoring sex reversal and proportions of intersex in fish (Kanamori
et al. 2006; Kitano et al. 2000; Orn et al. 2003; Zhang et al. 2006). However, MT is generally
considered to be aromatizable when administered at high concentrations (Borg 1994;
Nakamura 1975; Piferrer et al. 1993). In accordance, previous in vivo studies have
demonstrated that high doses of MT can induce development of phenotypic female fish, a
phenomenon which is referred to as a ‘paradoxical feminisation’ (Fenske and Segner 2004;
Orn et al. 2003; Rinchard et al. 1999; Zerulla et al. 2002). The paradoxical feminization shift
in sex ratio suggests an increased aromatase activity with subsequent conversion of MT to
methylestradiol (ME2), but the extent and magnitude of MT effects on sex-reversal depend on
a number of biotic and abiotic factors including age, size, developmental stage, ambient

temperature, nutritional factors, exposure duration, method and season (Higgs et al. 1982).
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Genomic approaches for understanding fish reproductive endocrinology

Most developmental events are controlled at the molecular and cellular levels of biological
organization. Therefore, gene expression profiling as a result of hormonal exposure and the
subsequent molecular processes that lead to developmental and physiological changes may be
used as quantitative molecular markers for cellular, physiological, developmental and
reproductive effects in an organism. The identification of hormonal responsive genes and their
expression patterns as a result of hormonal influence are of vital importance in order to shed
light on the underlying mechanisms of these fundamental processes of fish reproduction. The
molecular mechanisms of fish reproductive biology and endocrinology have only the recent
years become an object for systematic investigation. Recently, many molecular players of fish
oogenesis have been identified through large-scale genomic studies (Govoroun et al. 2006;
Knoll-Gellida et al. 2006; Rise et al. 2004; von Schalburg et al. 2005; Zeng and Gong 2002).
Most focus has so far been on genes involved in sex differentiation and final maturation
(Baron et al. 2005; Baron et al. 2008; Baron et al. 2007; Bobe et al. 2006; Kanamori 2000;
Vizziano et al. 2007; von Schalburg et al. 2005). These comprehensive surveys have produced
a large number of expressed sequence tags (ESTs) from teleost fish, making it possible to
profile fish mRNA expression during for example, oocyte growth and determine the roles or
effects of specific genes on oocyte developmental events. As previously stated, research on
fish oogenesis has so far focused on the vitellogenic process and the events taking place
during final maturation. On the contrary, processes during previtellogenic oocyte growth
remain largely unexplored (Patino and Sullivan 2002; Tyler and Sumpter 1996). For example,
the endocrine and/or intraovarian factors that regulate previtellogenic oocyte growth have not
been described in any detail (Luckenbach et al. 2008). Given that much of the mRNA present
in full-grown oocytes seems to be produced during previtellogenic growth (Wallace and
Selman 1990), and that female fecundity and egg size seems to be largely determined during
previtellogenesis in rainbow trout and salmon (Bromage et al. 1992; Campbell et al. 2006;
MacKenzie et al. 1998) this still represents a strong gap in our knowledge of fish endocrine

and reproductive physiology.

Recently, the molecular basis of previtellogenic oocyte growth and development have
received more attention, and a number of differential expressed ovarian genes during
previtellogenic oocyte growth in teleost fish have been identified (Campbell et al. 2006;
Luckenbach et al. 2008). Useful tools for high throughput analysis of tissue- and stage-
specific expression of genes include suppressive subtractive hybridization (SSH), generation

of cDNA libraries and microarray analyses. In addition, quantitative (real-time) polymerase
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chain reaction (QPCR) analyses are widely employed to obtain molecular signatures that can
be more accurate than those of other high throughput methods, such as microarrays (Baron et
al. 2005). Taken together, the data generated from large-scale gene expression profiling may
serve as a basis for future hypothesis-driven research and provide insights regarding gene
networks and pathways involved in reproductive and endocrine events. It may also be useful

in order to identify molecular mechanisms and pathways disrupted by environmental toxicants.

The Atlantic cod as a model species

The Atlantic cod (Gadus morhua) is widely distributed across the continental shelf regions of
the North Atlantic, and several important cod stocks are of great economic and social
importance. In Norwegian waters, the Norwegian-Arctic stock, which spends most of its life
in the Barents Sea, is the most important. There are also a large number of more or less well-
defined local stocks along the coast of Norway. Other important cod stocks are found in areas
off Iceland, Greenland and Canada and in the North Sea and the Baltic. These stocks have all
suffered from extreme fishing pressure in recent years, and several of them are showing clear
signs of overexploitation. Things have gone particularly hard with the Northern cod stock on
the Grand Banks off the east coast of Canada (Hannesson 1996). Until recently, no signs of
recovery for this stock have been shown even after ten years during which fishing has been
banned, following the collapse of the stock in the early 90s. With poor catches as a result of
reduced stocks in Norwegian waters as well, total catches of Atlantic cod have displayed a
worrying downward trend during the past 10 - 15 years. The cod is well known and a popular
species which has a large economic and market value world-wide. Interest in the intensive
production of cod has increased dramatically over the past couple of years due to reduced
supply from wild fisheries, high market price and relative suitability of cod for culture (Brown
et al. 2003; Moksness et al. 2004). Commercial rearing of cod is rapidly increasing, and the
Norwegian aquaculture production of cod was 5.500 tons in 2005, while in 2006 the
production increased to about 10.000 tons (Karlsen et al. 2005). The potential for cod farming
is therefore regarded as extremely high on a global basis. Cod also enjoy a number of natural
advantages as a potentially important cultivated species; short egg and larval stages, rapid
growth, good feed utilization, suitable behaviour (‘tame’), and, as far as we know, good health.
Cod also appear to adapt well to traditional sea-cages, even to the extent that aquaculture
technology developed for salmon can easily be adapted to cod. Most of the challenges offered
by cod farming generally concern nutrition; selection and testing of optimal fish feed (start
feeding, cannibalism in the young fish phase, lipid deposition in the liver and premature

sexual maturation). We can expect to encounter challenges on the health side, related to fish
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feed and to bacteria, viruses and parasites. On this note, understanding the physiology and
genetics of cod will be of vital importance when meeting these challenges in establishing a

sustainable population both for fisheries and in aquaculture.
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STUDY OUTLINE AND OBJECTIVES

Despite the concept of life-history strategies, the internal signals that regulate fecundity are
not known. Subject to fecundity and fertility in fish and mammals, respectively, the overall
objective of this study was to study the role/effect of androgens on the growth of
previtellogenic oocytes through the characterization of androgen-responsive ovarian genes.
This will increase our understanding on the hormonal control of previtellogenic oocyte growth
in teleosts. The objective implied the sequencing of a number of ovarian previtellogenic genes
in Atlantic cod (Gadus morhua). mRNA was isolated from previtellogenic ovarian tissues
before and after in vitro exposure to androgens (11-KT and T). The mRNA was transcribed
into cDNA and libraries constructed in plasmid vectors. Subtracted clones were arrayed,
preserved and applied in gene expression profiling. Despite the fact that hormonal effects on
the growth of previtellogenic oocytes might involve several cascades of physiological events,
observations in fish and mammals point to a pivotal role of androgens and might be linked to
nutritional factors involving other growth factors (growth hormone and insulin-like growth
factor-1, IGF-1). This might also increase our understanding on the role of growth rate on
fecundity. Organ-specific steroid hormone synthesis occurs in the absence of functional
hypothalamus-pituitary-gonadal-axis. Except for the evidence that androgens increase oocyte
diameter and modify IGF-1 and IGF-1-receptor mRNA abundance, the underlying molecular
mechanism(s) involved in possible gene regulation resulting in the growth of previtellogenic
oocytes has not been investigated. The detailed understanding of these “within” ovary
processes that determine fecundity will help in the future on the potential manipulation of
fecundity in teleosts. The potential manipulation of factors that control fecundity will be
beneficial for the aquaculture industry and for breeding of new captive and endangered
species. Furthermore, studies on the early follicular growth in fish will provide an
understanding on the role of androgens in the control of fecundity through modification of
gene expression and evaluation of the evolutionary conservation of the control mechanisms of
early follicular growth in vertebrates. New molecular techniques provide valuable tools for
this kind of investigation and formed an integral aspect of these studies, and we have used the
analytical power of suppressive subtractive hybridization (SSH) to open a possible revealing
window of understanding into the functional aspects of early oocyte development in
organisms that control fecundity. The overall objective of this study was to investigate the
roles/effects of androgens (11-KT, T and MT) on the growth of previtellogenic oocytes
through quantitative histological analyses and the characterization of androgen-responsive

ovarian genes. These objectives are outlined in the following two hypotheses:
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Hypothesis #1: Previtellogenic ovarian oocytes show differential gene expression profiles and

histological modulations after in vitro and in vivo androgen exposure, indicating hormonal

control of early follicular and oocyte growth.

Hypothesis #2: Differentially expressed ovarian gene products provide evidence of at least

some of the biochemical and physiological processes occurring during previtellogenesis in
teleosts and can be used to deduce evolutionary relatedness of the control of follicular growth

in vertebrates.
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METHODOLOGICAL CONSIDERATIONS

In vitro floating agarose method

The use of in vitro systems may have several major advantages. These include the ability to
directly study mechanistic events, to control the environment for testing specific hypotheses,
and that multiple experiments can be performed to validate the initial observations (Shankland
et al. 2007). For example, possible indirect mechanisms of hormones through feedback on the
brain and/or pituitary can be omitted if employing an in vitro organ culture system. In the
field of fish reproduction, in vitro approaches have proven to be valuable model systems for
evaluating hormonal control on spermatogenesis in eels (Miura et al. 2005; Miura et al. 2002;
Miura et al. 1991). Additionally, they can be a strong tool for assessment of specific toxicity
mechanisms and/or for screening a large number of chemicals (such as agrochemicals,

pharmaceuticals or environmental contaminants) (Janosek et al. 2006).

The application of in vivo studies are complicated by the variation in genetic background
between individuals, as well as ethical questions concerning animal research since a large
number of individuals are required to perform statistically valuable experiments (Ge et al.
2003). Regardless, no in vitro technique will ever have the complexity of the whole animal
system, since in vitro systems lack the essential metabolic competence of a living organism,
and in vitro assays may miss certain chemical effects caused by metabolites or toxicological
responses caused by interference with xenobiotic metabolism. While relevance increases as
concentrations used in vitro approach those that occur in the organism when similar effects
are observed, concentration differences might occur for a number of reasons, making
extrapolation to in vivo events difficult. Therefore, it would be unwise, within certain limits,
to disregard data because they were obtained at higher concentrations than those expected in
live animals (Tiffany-Castiglioni et al. 1999). Thus, concentration- and time-response
evaluations are especially important when evaluating effects in vitro in relation to those seen

in vivo (Tiffany-Castiglioni et al. 1999).

In the present work, we have employed an in vitro organ culture technique that is based on the
floating-agarose method (Miura et al. 1991; Nader et al. 1999). We have used this method in
our laboratory to culture several organs for different toxicological, physiological and
endocrinological purposes with successful and reproducible results (Paper I, II, IV, V and
Vang et al. 2007). In the experimental setup, 1% agarose cylinders are placed in 6-well culture
dishes and soaked with culture medium. A nitrocellulose membrane is placed on top of the

agarose cylinder, and the organ of interest is excised from the animal, cut into small pieces
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and placed on the nitrocellulose membrane. In this way, the tissue pieces are not submerged,
but they are still exposed to the chemicals in the medium. Antibiotics may potentially
interfere and affect tissue gene expression patterns, and were therefore omitted. Hence,

preparation and cultivation of tissue must be performed under strict sterile conditions.

Suppressive subtractive hybridization (SSH) and microarray (CodArray) analysis

SSH is a technique that enables researchers to compare two populations of mRNA and obtain
clones of genes that are expressed in one population but not in the other (Diatchenko et al.
1996). Although there are several different methods, the basic theory behind subtraction is
simple. First, both mRNA populations are converted into cDNA: i.e. the cDNA that contains
specific (differentially expressed) transcripts as ‘tester,” and the reference cDNA as ‘driver.’
Tester and driver cDNAs are hybridized, and the hybrid sequences are then removed (Figure
7). Consequently, the remaining unhybridized cDNAs represent genes that are expressed in
the tester, but are absent from the driver mRNA. In the present study, we generated a targeted
cDNA library by performing SSH with ovary tissue from juvenile Atlantic cod exposed in
vitro separately to 11-KT and T (1, 50 and 100 uM) and used against untreated samples
(solvent control samples). Because the SSH technique favours the enrichment of high
abundance transcripts and is therefore very susceptible to a high false-positive rate (Ji et al.
2002; Larkin et al. 2003), we performed the hybridization in both forward (up-regulated) and
reverse (down-regulated) directions to maximize the detection and identification of androgen
responsive genes. All clones were PCR amplified and verified by agarose gel electrophoresis.
After sequencing and BLAST identification, genes were annotated and downloaded to EST
GenBank under the title ‘CodArray SSH cDNA library’. Secondly, a targeted gene array
(CodArray) was developed based on apparent true-positive differentially expressed genes.
Therefore, our targeted gonadal CodArray represents a unique suite of differentially expressed

genes that were either up- or down-regulated in response to 11-KT and T exposure.

The EST approach was first demonstrated in the human genome project (Adams et al. 1991),
and has proven to be powerful in massive cloning of cDNAs as well as in large scale
characterization of cDNA sequences for deciphering genome sequence (Zeng and Gong 2002).
In accordance, several research groups have employed SSH, cDNA library generation and
microarray analyses in order to identify genes involved in oocytes growth and development
(Baron et al. 2005; Luckenbach et al. 2008; von Schalburg et al. 2005).
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Figure 7. Scheme of the SSH method. The basic principle of subtractive hybridizations is to reverse
transcribe two different mRNA populations, heat denature the cDNA pools, and then hybridize
together the two samples. The cDNAs that remain un-hybridized, which represent differentially
regulated mRNAs, can be PCR amplified, cloned and subsequently sequenced. Subtractive

hybridizations can be performed in both directions in order to obtain both up and down-regulated

genes within a specific tissue of interest.

Quantitative real-time PCR

The most popular method for quantifying individual gene expression is quantitative real-time
polymerase reaction (qPCR). The method is sensitive, capable of high throughput and
relatively easy to perform. In addition, expression profiles obtained by qPCR may be more
accurate than those of other high-throughput methods, such as microarrays (Baron et al. 2005).
For the sake of accuracy and precision, it is necessary to collect quantitative data at a point in
which every sample is in the exponential phase of amplification (since it is only in this phase
that amplification is extremely reproducible). Analysis of reactions during exponential phase
at a given cycle number should theoretically provide several orders of magnitude of dynamic

range. Rare targets will probably be below the limit of detection, while abundant targets will
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be past the exponential phase. In practice, a dynamic range of 2-3 logs can be quantified.
Nevertheless, it is vital to minimize variability and maximize reproducibility by quality-
assessing every component of the qPCR assay (Nolan et al. 2006). For example, the selected
primer sequences must be specific for the gene of interest in the organism being studied. Also,
aiming for as short an amplicon as possible (60-150 bp) is important to ensure efficient

denaturation during thermal cycling (Nolan et al. 2006).

Normalization of gPCR data

In order to obtain reliable expression patterns, it is important that gPCR data are normalized
with a proper internal control. In the present study, total cDNA for the qPCR reactions were
generated from 1 pg total RNA using a combination of random hexamer and poly-T,, primers.
The expression of individual gene targets was analyzed and every DNA amplification reaction
contained controls lacking cDNA template to determine the specificity of target cDNA
amplification. Briefly, cycle threshold (Ct) values obtained were converted into mRNA copy
number using standard plots of Ct versus log copy number. Standard plots for each target
sequence were generated using known amounts of plasmid containing the amplicon of interest.
The criterion for using plasmid standards for normalization is based on equal amplification
efficiency with unknown samples, and this is checked prior to extrapolating unknown samples
to the standard curve. Data obtained from triplicate runs for individual target cDNA
amplification were averaged and expressed as ng/ug of initial total RNA used for reverse
transcriptase (cCDNA) reaction and thereafter transformed as percentage of control. This
absolute quantification method is a well-validated procedure in our laboratory, as we do not
use the so-called housekeeping genes because of their variable expression patterns both in our
laboratory (Arukwe 2006) and elsewhere (Bustin and Nolan 2004; Mittelholzer et al. 2007,
Steele et al. 2002). By employing this method for normalization of qPCR data, it is essential
to assess RNA integrity as well as quantity. In the present study, only high quality RNA with
A260/A280 ratio above 1.8 and intact ribosomal 28S and 18S RNA bands was used for cDNA

synthesis.

Histology and stereological techniques

In order to compose a histological growth staging system for oocytes in the previtellogenic
cod ovary, we generated a classification system based on previous studies of oocyte
development in tilapia (Rocha and Rocha 2006) and cod (Kjesbu and Kryvi 1989, Table 1).
The reason for doing this, although oogenesis in Atlantic cod has been thoroughly described

previously (Kjesbu and Kryvi 1989), was the requirement of strict, accurate definitions of
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oocytes stages in the previtellogenic cod ovary. Furthermore, when examining the tissues, the
specific stage of every single oocyte in the field of vision should be possible to define. Thus,
morphological details of the nucleus were unsuitable as oocyte stage markers, as far from all
oocytes were sectioned through the nucleus. Also, oocytes of the same developmental stage
can be quite different in size (Tyler and Sumpter 1996), making size-specific staging

suboptimal.

Stereology — a quantitative histological analysis

In the present study we wanted to provide a precise quantification of the fractions of oocytes
in different developmental stages in the previtellogenic cod ovary. The stereological method
of point-counting described by Freere and Weibel (1967) was employed in order to estimate
the relative area of the ovary occupied by oocytes of a certain developmental stage. In the
present study, these relative areas are expressed as proportional volume fractions (%), as
reviewed by Coward and Bromage (2002). All stereological methods are based upon a simple
principle known as ‘Delesse Principle’ (Delesse 1847), which demonstrates that a random
histological section can be quantitatively representative of the total composition of the
original unsectioned material (Coward and Bromage 2002). Stereological techniques rely
heavily upon the analysed tissue sections and fields being independent from another (Coward
and Bromage 2002). In accordance, all stereological studies require representative sampling
of the organ and generation of adequate sectioning of the structures to be analyzed
(Mandarim-de-Lacerda 2003). The sampling and arbitrary sectioning of the (naturally
roundish) oocytes granted the isotropy requirements (Mandarim-de-Lacerda 2003). In
addition, the oocyte distribution throughout the ovary must be homogenous. Previous studies
have shown that oocyte size distribution is homogenous in cod ovaries (Kjesbu and Holm
1994). Finally, is essential to obtain a total of at least 300 recorded grid points per tissue piece,
recorded from a number of independent sections, which is generally accepted in order to

establish an estimate precision of about 5% (Weibel 1979).
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Table 1. Classification of developmental stages of Atlantic cod previtellogenic oocytes.

Previtellogenic oocyte
developmental stage

Main cellular characteristics Histological images

Proliferating oogonia

Initial primary growth

Primary

previtellogenic growth

Advanced

previtellogenic growth

Small nests of mitotic cells
dispersed within the connective
tissue. Oogonia are small and
circular, with a clear cytoplasm.
Bar=10 pm.

Primary oocytes had one large,

usually peripheral nucleus. The

oocyte is still attached to the

connective tissue. The cytoplasm

is strongly basophilic due to the

high RNA concentration.

Bar=10 pm.

Primary oocytes showed one
large, centrally located nucleus
with several basophilic nucleolei
at the periphery. The cytoplasm
stains also basophilic. Follicular

cells are scarce and
undifferentiated. Bar=15 um.

The oocyte becomes a larger
cell. The cytoplasm has more
vesicles and becomes less
basophilic due to a decreased
RNA concentration. The
follicular cells are appearing and
begin differentiating.

Bar=30 pm.
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GENERAL DISCUSSION

SSH and targeted CodArray

As described in Paper I, a custom cDNA library containing clones of transcripts from
immature Atlantic cod ovarian tissue exposed to a mixture of androgens (11-KT and T) was
generated. Secondly, a targeted gene array (CodArray) was developed based on apparent true-
positive differentially expressed genes. Therefore, our targeted ovarian CodArray represents a
unique suite of differentially expressed genes that were either up- or down-regulated in
response to androgen exposure. When genomic data for an organism is not available, such as
the Atlantic cod, the SSH method can be a powerful tool for generating cDNA libraries
containing DNA sequences of interest. The use of microarrays to screen cDNA clones
generated by SSH also allows the identification of previously unknown genes -a finding that
i1s not possible using conventional arrays of previously cloned genes (Yang et al. 1999).
However, SSH usually generates a number of redundant clones in the subtracted amplicons,
and several genes suspected to be involved in the transcriptional regulation of oocyte growth
and development were not represented after performing SSH in the present study. The reason
for this is probably the low expression levels of these genes in cod ovarian tissue. In
accordance, it is well known that SSH favours the enrichment of high abundance transcripts
(Ji et al. 2002; Pan et al. 2006), which may result in over- or under-representation of certain
amplicons in the SSH cDNA library. Therefore, transcripts from some genes were amplified
by PCR using specific primers from conserved regions of the respective genes based on
sequence information in NCBI GenBank. The PCR products were cloned into Escherichia
coli plasmids and subsequently added to the array. Sequenced clones were analyzed using
Blastx against the NCBI nonredundant (nr) protein database and Blastn against the NCBI
nucleotide (nt) database. The chosen e-value cut-off was 10° for blast searches. Finally,
clones were annotated and downloaded to the GenBank EST database under the title
CodArray SSH cDNA library. 150 expressed sequences from this library were grouped into
54 UniGene entries (putative genes), and there were 23 contigs of two or greater (groups of
clones probably representing overlapping regions) and 31 singletons. Although the present
study generated few sequences compared with other surveys, the number of gene profiles
generated was already too high to make a one by one analysis suitable. Therefore, we
performed an initial microarray screening with subsequent qPCR analyses of genes suspected
to be involved in previtellogenic oocyte growth and development. After annotation of the
sequenced clones, we found that the major part of the amplicons generated by SSH were of
oocyte origin, whereas less abundant transcripts derived from ovarian follicle cells are not

likely to be identified by the SSH method employed in the present study. In compliance, this
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has been observed earlier, and it has been proposed that construction of cDNA libraries
enriched for extra-oocyte components such as the follicle wall will provide a better generation

of transcripts from these ovarian components (Goetz et al. 2006; Luckenbach et al. 2008).

In the CodArray experimental design, 36 microarrays were used for each exposure (11-KT
and T) and co-hybridizations were performed according to a loop design, in which all
biological replicates appeared in more than one array causing the arrays to not be statistically
independent (Figure 8). cDNA microarray techniques have some disadvantages compared to
more tedious techniques such as qPCR. For example, they are limited in the detection of
genes with low expression (Rondeau et al. 2005), and clones from less abundant mRNAs may
fall within the ‘noise’ of the hybridization signals (Yang et al. 1999). In addition, cDNA insert
size may be a factor in reliably identifying differentially expressed genes, and short SSH
clones from the 5[prime]-end of cDNAs are less likely to give reliable hybridization signals
than full-length cDNAs (Yang et al. 1999). In the present study, microarray screening failed
to identify some genes (e.g. StAR and P450scc) that were shown to be differentially expressed
after androgen treatment by qPCR (Paper I), and validation of array values by qPCR
demonstrated differences in expression profiles for the two methods in some instances. These
differences might be due to the mentioned limitations of microarray techniques. To conclude,
we believe the microarray approach should be considered a first screening, and qPCR

probably produced more accurate molecular signatures, at least in the in vitro study (Paper I).

Tissue culture conditions

One of the underlying aims of the present study was to develop a sensitive in vitro and
mechanistic organ culture system for studies on hormonal impacts on biological systems. In
vitro techniques have considerable appeal for endocrinological and physiological (also
toxicological) studies, and a major advantage in using in vitro organ culture systems is the
consistency and reproducibility of the results that can be obtained using a homogeneous group
of experimental and sample materials. Additionally, in vitro systems have ethical and
economic benefits. Nevertheless, in vitro systems will always imply a compromise. If the aim
is to mimic normal physiology, it is essential that the system applied represents the real in
vivo situation, at least for the endpoint(s) of interest, in order to function as a reliable model
system. In accordance, the in vitro floating agarose method used to investigate the effects of
androgens (Paper I, II and IV) and NP (Paper V) was compared with the in vivo situation,
using immature female cod (Paper III). The details of these comparative studies are outlined

below.
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A: Day 5, Control
B: Day 5, 10 yM

C: Day 5, 100 uM
D: Day 10, Control
E: Day 10, 10 uyM
F: Day 10, 100 uM
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Figure 8. Array design used for evaluating the concentration- and time-dependent effects of the
androgens, 11-ketotestosterone (11-KT) and testosterone (T) on previtellogenic cod oocytes. The
letters A-F represent the experimental conditions and the numbers 1-3 identify different biological
replicates. Each arrow in the figure indicates an array that was run co-hybridizing the sample at

the arrow’s head (labeled with Cy5 dye) and the sample at the arrow’s tail (labeled with Cy3 dye).

The nominal 11-KT and T concentrations (1-1000 uM) used in the present in vitro studies
(Paper I and II) are several orders of magnitude higher than physiological androgen levels
reported in fish. Plasma levels of 11-KT in the female fish used for the in vitro gonadal
cultivation (Paper L, I, IV and V) were 1.0 + 0.5 ng/ml. Prior to performing these studies,
there were no studies that had measured physiological androgen levels in previtellogenic
stages of Atlantic cod known to us, although a few studies had measured variable T levels in
cod during later stages of oocyte development (Dahle et al. 2003; Kjesbu et al. 1996). In a
study by Lokman and co-workers (Lokman et al. 2002), the presence of both 11-KT and T

were demonstrated in females for a number of teleost species that were generally at low
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concentrations (<1 ng/ml). The closest relative to the Atlantic cod, namely the red cod
(Pseudophysics bachus) displayed a mean female 11-KT level of 0.20 = 0.02 ng/ml (n=5). In
planning and designing the present study, we hypothesized that only a fraction of the given
androgen concentrations will be accessible to the oocytes using the in vitro floating agarose
method after considering biological factors such as bioavailability and bioconcentration. This
hypothesis was supported by enzyme immunoassay (EIA) analyses of 11-KT concentration in

tissue cultures used in the present study (Paper I and II, Figure 9).
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Figure 9. 11-ketotestosterone (11-KT) levels in previtellogenic oocyte cultures of Atlantic cod incubated
for 24 h with different 11-KT concentrations. 11-KT levels were determined using enzyme immunoassay
method. Data are given as mean value and expressed as ng/mg tissue (wet weight) of n=3 + standard

error of the mean (SEM).

Solvent control tissues displayed a mean 11-KT concentration of 0.68 ng/mg tissue (wet
weight), whereas mean 11-KT concentration increased 3, 10, 30 and 100-fold when exposed
to 11-KT at the nominal concentrations of 1, 10, 100 and 1000 uM, respectively. These
measurements were conducted 24 h post-exposure, and steroid concentrations probably
decreased rapidly during the next 4 exposure days, before fresh media with 11-KT was added
to the cultures (i.e. at day 5). A rapid decrease in plasma steroid hormone levels has been
reported previously during in vivo steroid administration to fathead minnow (Korte et al.
2000), muskellunge (Rinchard et al. 1999) and rainbow trout (Pakdel et al. 1991). These
findings were concomitant with our own in vivo observations (Paper III), showing a rapid
clearance of plasma 11-KT and T levels that paralleled control levels at 21 days after
intraperitoneal injection with 5 mg/kg at 7-days interval. In conclusion, we estimate that the

lower androgen concentrations used in our in vitro studies (1 and 10 uM) represent
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physiological relevant concentrations, whereas the higher concentrations (100 and 1000 uM)
probably represent an extreme in vivo situation. Indeed, if the highest androgen concentrations
used create extra-physiological androgen levels in the tissue, results may reflect
pharmacological and not biological relevant effects on previtellogenic oocyte development.
Extra-physiological androgen concentrations could also artificially induce effects due to
androgen metabolites. However, given the previous mentioned rapid clearance of 11-KT and
T in vivo, it seems unlikely that cultivated tissue was exposed to pharmacological doses of

androgens, at least not for a long time interval.

Morphological studies

All the ovarian tissues examined in the present study (both in vitro and in vivo) displayed a
normal histology and were generally healthy, as compared to general teleost ovarian
morphology and earlier observations in Atlantic cod (Burton et al. 1997; Kjesbu and Kryvi
1989). Nevertheless, ovarian morphology after in vitro cultivation (Paper I, II, IV and V)
had some differences in comparison with the in vivo experiment (Paper III). Firstly, the
volume densities of atretic oocytes in cultivated ovarian tissue were generally 3-5%, with no
significant differences between control and androgen exposed tissues. However, no oocyte
atresia was observed in the in vivo experiment. A significant increase in volume fractions of
atretic oocytes were observed in tissue cultivated for 5 and 10 days, as compared to tissue
cultivated for 24 h. Although it has been shown that atresia occurs in oocytes of all
developmental classes, very little is known about atresia during early stages of oocyte
development (Tyler and Sumpter 1996). The elevated levels of atresia after in vitro cultivation
could point to possible suboptimal conditions for the tissue, and should be further investigated.
In order to further elucidate this phenomenon, we compared the absolute abundance of
transcripts of some genes highly expressed in the previtellogenic cod ovary (e.g. cyclin-B and
Zona pellucida related genes) after cultivation for 1, 5, 10 and 20 days. Whereas tissues
cultivated for 20 days generally showed decreased mRNA levels compared to the earlier time
points, no specific patterns could be observed for tissue incubated for 1, 5 and 10 days. Thus,
we suggest that ovarian tissue may be kept healthy and in good condition in culture for at least
10 days using the floating agarose method described in the present study. For prolonged
incubations, one should carefully monitor RNA integrity and abundance, as well as
performing histological evaluations in order to assess the general tissue condition, prior to

overall analysis.

43



Secondly, oocyte areas with a high density of spermatozoa were observed in in vitro
cultivated ovarian tissue at both day 5 and day 10 of exposure for tissues exposed to 11-KT
and T. The appearance of spermatozoa in cultivated ovarian tissue is puzzling, and
spermatozoa were not observed in vivo for any of the androgen doses administered. The
possibility that sex reversal was occurring in cultivated ovarian tissue exposed to androgens
should not be excluded. If sex reversal was occurring within 5 days of in vitro androgen
exposure, one would think that less mature stages of male germ cells (i.e. spermatogonia and
spermatocytes) could be observed at earlier time points, at least in some sections (Almeida et
al. 2008). However, it should also be noted that not all androgen exposed ovary tissue samples
examined contained spermatozoa. Previous studies addressing the effects of 11-KT on
previtellogenic ovarian growth have demonstrated the presence of male germ cells in

androgen treated female fish in vivo (Rohr et al. 2001) but not in vitro (Lokman et al. 2007).

Fish used for in vitro cultivation (Paper I, I, IV and V) displayed mean plasma 11-KT levels
of 1 £0.5 ng/ml, whereas fish used for the in vivo experiment (Paper III) had plasma 11-KT
levels of 0.06 £0.01 ng/ml. This corresponds to fish weight (150-350 g for fish used for in
vitro cultivation and 56 11 g for fish used in the in vivo study) and oocyte developmental
stages. Ovaries used for in vitro cultivation contained oocytes of advanced previtellogenic
growth (see Table 1), whereas previtellogenic primary growth was the most advanced oocyte
stage observed in ovaries of fish used in the in vivo study. When comparing the present in
vitro and in vivo observations, one must keep in mind that the fish were in slightly different

developmental stages.

Sex steroid levels

The present study adds novel information on the topic of sex steroid plasma levels in female
fish, demonstrating for the first time that significant amounts of T, and more interestingly, 11-
KT, circulate in the blood of immature female Atlantic cod. As stated above, fish used for in
vitro cultivation (Paper I, II, IV and V) displayed mean plasma 11-KT levels of 1.0 £0.5
ng/ml, whereas fish used for the in vivo experiment (Paper III) had plasma 11-KT levels of
0.06 £0.01 ng/ml. The difference correlates directly to the size of the fish, suggesting that sex
steroid levels are elevated with increasing body size. Furthermore, plasma E2 and T levels in
fish used for the in vivo experiment (Paper III) were 0.40 +0.07 and 0.73 +0.35 ng/ml,
respectively. The observation that E2 levels seem to be lower than those of T in immature

female cod is interesting, since previous studies have shown that the opposite is true for
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mature and spawning female cod (Dahle et al. 2003; Kjesbu et al. 1996; Norberg et al. 2004).
Furthermore, previous studies showed that plasma levels of T did not differ during the
developmental stages, but E2 increased steadily with ovarian development (Dahle et al. 2003).
This is in contrast to what is generally found in salmonids, and may be a common feature in
marine batch-spawners (Norberg et al. 2004). The increased plasma levels of E2 with
increased ovarian development are usually explained by the role of E2 as the main promoter
of vitellogenesis (see section on vitellogenesis in the introduction). As previously outlined,
androgens (e.g. T) serves as precursors for E2 synthesis. The present study adds novel
information on the roles of androgens in the previtellogenic cod ovary, suggesting androgen
control of oocyte growth and development (see section on previtellogenic oocyte growth and

development).

The present study demonstrates data suggesting aromatization of MT at high concentrations
(Paper 1V), adding further evidence to the phenomenon ‘paradoxical feminization’ described
earlier (Fenske and Segner 2004; Orn et al. 2003; Rinchard et al. 1999; Zerulla et al. 2002)
and showing that this phenomenon also can take place in vitro. Furthermore, we present data
showing modulated E2 and 11-KT levels after in vitro exposure to a hormone mimic (NP;
Paper V) that may be correlated with interference of the steroidogenic pathway (see section
on modulation of steroidogenic pathway). However, it should be emphasized that the absolute
values of the sex steroid measured in these two separate studies (expressed as pg/ml) are not
comparable with the other in vitro studies (Paper I and II) or with steroid plasma levels, as
they are not related to tissue weight. Instead, they should be interpreted as semi-quantitative

analyses.

All sex steroids were measured using the EIA method. In this regard, it is vital to address the
specificity of the different EIA kits employed, as most hormone EIAs show significant cross-
reactivity to other steroids. The specificities of the EIA kits employed in the present study are
shown in Table 2. Special attention should be paid to the cross-reactivity of MT on the T
immunoassay (4.7%, personal communication with manufacturer). Accordingly, T levels
measured in ovarian tissue after in vitro MT exposure (Paper IV) may potentially be incorrect,
displaying artificial high T levels due to MT reactivity in the assay. However, T levels in
control tissue were not significantly lower than levels in tissue treated with 1 and 10 uM MT

(Paper IV). This further indicates a rapid steroid clearance in the tissue, as discussed earlier.
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Table 2. The specificities of the EIA kits employed in the present study.

EIA kit 11-KT T MT E2

11-KT 100% <0.01% n/a n/a
T 2.2% 100% ~4.7% <0.01%
E2 n/a 0.01% n/a 100%

* personal communication with manufacturer

Previtellogenic oocyte growth and development

One of the major findings of the present study was the obvious morphological changes in
previtellogenic ovarian tissue after androgen treatment. In general, this is the first study to
show that androgens (i.e. 11-KT and T) can promote the growth and development of Atlantic
cod previtellogenic oocytes. Furthermore, the phenomenon of androgen induction of oocyte
growth was demonstrated both in vitro (Paper I and II) and in vivo (Paper III). More
specifically, 11-KT treatment resulted in significantly higher volume fractions of more
developed oocytes compared to solvent control fish both in the in vitro and in vivo
experiments. Treatment with T displayed a moderate morphological alteration in gonadal
tissues, at least in vivo (Paper III), where no differences in volume fractions of more
developed oocytes between T treated and solvent control fish were registered. Nevertheless,
significantly higher fractions of initial primary oocytes and oogonia could be observed after T
exposure. Thus, we speculate that the possible promoting effects of T on oocyte growth were
suppressed or postponed as compared to treatment with 11-KT. In accordance, 11-KT was
found to exert more pronounced effects than T on the growth and development of cod

previtellogenic oocytes in vitro (Paper I and II).

These observations are in compliance with previous studies in other species that have
addressed the effects of 11-KT on previtellogenic oocyte growth in teleost fish. In these
studies, it was shown that 11-KT promoted the generation of qualitatively larger gonads with
more advanced oocytes in immature female eel, and significantly increased previtellogenic
oocyte diameters by nearly 10% in vitro (Lokman et al. 2007; Rohr et al. 2001). Taken
together, these observations suggest a general positive effect of the non-aromatizable
androgen 11-KT on the growth and development of previtellogenic oocytes, at least in the

teleost species so far studied. The present study adds novel information on the topic of
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endocrine regulation of previtellogenic oocyte growth, suggesting that androgens can exert
direct regulatory effects on oocyte growth in the previtellogenic cod ovary. As stated earlier, it
has been demonstrated that androgens can induce vitellogenic responses in teleost fish (Hori
et al. 1979; Le Menn et al. 1980; Mori et al. 1998; Peyon et al. 1997). In addition, the
identification of nuclear ARs in the ovary of Atlantic croaker and kelp bass (Sperry and
Thomas 1999a; Sperry and Thomas 1999b; Sperry and Thomas 2000) suggests that androgens
may exert direct hormonal actions in the teleost ovary. Recently, cytochrome P450118-
hydroxylase (P45011B), an enzyme involved in 11-KT production (see Figure 4), was
localized in the ovary of the honeycomb grouper (Epinephelus merra) (Alam et al. 2005),

adding further information on the role of androgens in female fish.

The possible physiological functions of androgens in the ovary have been investigated also in
mammals. In relation to small preantral follicles in mammals, which resemble fish
previtellogenic oocytes, given that growth progresses slowly occurring both before and after
puberty (Hsueh et al. 2000) and appearing to be mostly GtH-independent (Smitz and
Cortvrindt 2002), androgens have been implicated in mammalian oogenesis (McGee 2000).
For example, growing preantral and small antral follicles were significantly increased in
number, and granulosa and thecal cell proliferation increased in androgen treated rhesus
monkey (Vendola et al. 1998). Similarly, testosterone-treated women or those suffering from
androgen excess (polycystic ovary syndrome; PCOS) showed increased number of growing
follicles (Vercellini et al. 1993). A possible role for androgens in the ovary has also been
observed in the mouse, where it was shown that female AR knock-out mice had reduced
follicle number and average litter size (Shiina et al. 2006; Yeh et al. 2002). Elsewhere, using
an in vitro culture system, preantral mice follicles developed faster in the presence of the non-
aromatizable androgen DHT (Murray et al. 1998). Similarly, androgens significantly
increased the diameter of in vitro cultured follicles of immature mice (Wang et al. 2001).
Direct androgen effects on ovarian follicles are very likely since AR mRNA abundance in
rhesus monkey was highest in preantral to small antral follicles (Weil et al. 1998). Androgens
also modify the intra-ovarian gene expression in the rhesus monkey, as demonstrated by
increased mRNA abundance of insulin-like growth factor-1 (IGF-1) and IGF-1-receptor
(Vendola et al. 1999) in follicles up to early antral stage. Elsewhere, androgen treatment
significantly increased granulosa cell FSH receptor (FSHR) mRNA levels (Weil et al. 1999).
Nevertheless, the molecular mechanisms of androgen actions in the ovary remain mostly

unknown.
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In contrast, a few earlier mammalian studies have reported negative effects of androgens on
ovarian growth and development. For example, excess androgens levels have been associated
with the induction of follicular atresia during murine oocyte maturation (Anderiesz and
Trounson 1995). Elsewhere, ovarian androgens have been correlated with inhibition of
follicular development (Billig et al. 1993; Farookhi 1985; Jia et al. 1985). From these
conflicting reports, it is still largely unclear what effects androgens have on oocyte
development. However, it seems likely that androgens do have a functional role during early

ovarian development in vertebrates that needs to be further elucidated.

Modulation of the steroidogenic pathway

The rate-limiting step in steroidogenesis is the movement of cholesterol across the
mitochondrial membrane by the StAR protein and the subsequent conversion to pregnenolone
by the P450scc enzyme (see section on steroidogenesis in the introduction). In mammals,
StAR and P450scc are rapidly synthesized in response to acute tropic hormone stimulation
and cAMP. In general, agents that increase steroid biosynthesis also increase StAR mRNA
expression (Stocco 2001). However, current knowledge about StAR is mostly based on
mammalian studies, whereas the relationship between StAR gene expression and steroid
production in fish is not very well described (Hagen et al. 2006; Stocco et al. 2005). In recent
years, StAR and P450scc have been localized in most steroidogenic organs or tissues of
teleost fish, and StAR cDNA has been cloned from a number of teleosts, including Atlantic
cod (Goetz et al. 2004), Atlantic croaker (Nunez and Evans 2007), Rainbow trout (Kusakabe
et al. 2002) and eel (Li et al. 2003). Interestingly, StAR expression data suggest that the
molecular mechanisms of StAR synthesis and regulation in fish may differ from what has
been previously observed in mammals (Goetz et al. 2004). Accordingly, these are still subject

to continued investigation both in our laboratory and elsewhere.

Effects of sex steroids or their mimics through non-receptor or non-genomic mechanisms that
involve regulatory proteins are generally not well studied. Nevertheless, key enzymes
involved in steroidogenesis are increasingly being considered as important targets for EDCs
(Sanderson 2006), and have become subject for systematic investigation. For instance, it was
recently shown that NP induced transcriptional changes of StAR, P450scc and the
biotransformation enzymes CYP1A1 and CYP3A in Atlantic salmon brain (Arukwe 2005). In
another study, NP modulated Atlantic salmon brain and liver P450arom isoforms (Meucci and
Arukwe 2006). In addition, the synthetic pharmaceutical estrogen, ethynylestradiol (EE2)
altered gene transcripts of StAR, P450scc, aromatase and CYP113-hydroxylase in brain, head
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kidney and ovary of Atlanic salmon (Lyssimachou and Arukwe 2007; Lyssimachou et al.
2006; Vang et al. 2007). The present study demonstrates that that the synthetic pharmaceutical
androgen MT and the estrogen mimic NP modulated StAR and P450scc expression in
previtellogenic cod gonadal tissue (Paper IV and V, respectively). This suggests that the
experimental samples were experiencing impaired acute steroidogenesis. To further evaluate
these transcriptional modulations and investigate the possible correlation between mRNA
transcription and protein/enzyme expression, we used histological samples of MT and NP
exposed previtellogenic ovarian tissue applied with immunohistochemical detection of StAR
and P450scc protein expression. We demonstrated the localization of these proteins mainly in
developing follicular cells. However, no differences in staining intensities were registered, as
the immunohistochemical is mainly a qualitative analytic method. Newly synthesized StAR is
often present in low levels (Artemenko et al. 2001) and may not be easily detected by the
qualitative immunohistochemical approach. More interesting is the reduced levels of E2 and
11-KT after NP exposure and the observation that 11-KT levels seemed to correlate to StAR
mRNA expression (Paper V). This suggests that NP can modulate steroidogenesis by
targeting the StAR protein. Taken together, we suggest that NP and MT may exert non-
receptor mediated effects in the previtellogenic cod ovary, and these effects may have
potential consequences for the vitellogenic process and general fecundity. Given the important
role of StAR and P450scc in the steroiodogenic pathway, they may prove to be effective
molecular and cellular targets for pollutants and useful biomarkers to evaluate endocrine

system function in fish species.

The gene expressions of StAR, P450scc and 20B3-HSD after in vivo androgen exposure (Paper
III) show an increasing pattern after androgen exposure. Furthermore, expression patterns of
StAR and P450scc were fairly similar. This is in accordance with a previous study by Geslin
and Auperin (2004), where a positive correlation between the expression profiles of StAR and
P450scc was observed, suggesting a similar mechanism of transcriptional regulations for these
two genes in teleosts. In accordance with our studies, earlier studies on StAR and P450scc
gene expression (Campbell et al. 2006; Ijiri et al. 2006; Nakamura et al. 2005; Vizziano et al.
2007), indicate that transcription rates are modestly increased during oocyte growth,
indicating exposure to sex hormones (androgens and/or estrogens) or their mimics. In contrast,
other studies have shown no alterations (Nunez and Evans 2007) or even decreased levels
(Ings and Van Der Kraak 2006) of StAR transcripts after sex hormone exposure or during

ovarian development. Nevertheless, StAR and P450scc ovarian mRNA levels are low in most
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teleost species, and indicate a delicate regulation of steroidogenesis in teleost fish that needs

further attention.

In teleosts, gonadal steroids are known to modulate both the synthesis and release of
gonadotropins by the pituitary and influence several brain functions that are apparently
responsible for gender-specific differences in the regulation of hypothalamus-pituitary-
gonadal (HPG) axis. Although the StAR and P450scc are the main proteins involved in the
early steroidogenic pathway, other proteins such as P450arom, CYP17, 33- 11B- and 20[3-
hydroxysteroid dehydrogenase (HSD) (Miller 1988) are also key enzymes in gonadal
steroidogenesis. For examples, the P450arom is a crucial steroidogenic enzyme catalyzing the
final step in the conversion of androgens to estrogens (Callard et al. 2001; Kishida and Callard
2001) in vertebrates. 20B-HSD is the key steroidogenic enzyme in the production of MIH
(Tanaka et al. 2002) (see section on steroidogenesis in the introduction), and was recently
cloned from Atlantic cod ovary (Mittelholzer et al. 2007). We have demonstrated the presence
of high levels of 20B-HSD transcripts in immature cod ovary, which is composed entirely of
oogonia and previtellogenic oocytes (Paper III). However, the functional enzyme is not
thought to be required in high quantities until oocytes reach final maturation. The increased
20B-HSD mRNA levels after androgen exposure suggest an androgen-mediated increase in
the transcription of 20B-HSD mRNA, presumably in response to oocyte developmental

requirements.

The experiments described in this thesis also aimed at gaining further insight into the
processes that regulate P450arom, the rate-limiting enzyme in estrogen production. A vast
number of earlier studies have measured P450arom mRNA expression in teleosts (for a
review, see (Cheshenko et al. 2008). Most of these studies have addressed P450aromA (the
isoform being dominantly expressed in the ovary) expression profiles with regard to sex
differentiation or possible sex reversal, and it is believed that P450aromA plays an essential
role in the regulation of sexual differentiation and the female reproductive cycle in teleosts
(Cheshenko et al. 2008). However, the functional significance of P450aromA expression at
early developmental stages of teleost oocytes is not well understood, and the effects of sex
hormone or their mimics on P450aromA expression seem to differ depending on
developmental stage, cellular context and species, probably being controlled by different
promoters and second messenger pathways (Cheshenko et al. 2008). The present study

revealed that transcript levels of P450aromA were only modestly affected by 11-KT, T
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(Paper III) and MT (Paper IV). Additionally, generally low transcript levels of P450aromA

were detected in the previtellogenic cod ovary.

Modulation of genes associated with zona radiata

The egg envelope, which is of critical importance for optimal oocyte growth and sperm-egg
interaction, consists of a family of related zona pellucida glycoproteins (ZPs) with a
conserved ZP domain (Conner and Hughes 2003). Very recent studies have demonstrated that
teleost species have at least three isoforms of ZP proteins, ZP1 (ZPB), ZP3 (ZPC) and ZPX
(Modig et al. 2006; Modig et al. 2007). However, the ZP nomenclature is confusing, and this
complicates comparison between mammalian and fish ZP genes, as well as between different
teleost species (Arukwe and Goksgyr 2003). The site of ZP protein synthesis has been a
debated issue for years. Earlier studies suggested that some teleost species, such as rainbow
trout (Oppen-Berntsen et al. 1992a), Atlantic cod (Oppen-Berntsen et al. 1992b), Atlantic
salmon (Oppen-Berntsen et al. 1999), winter flounder (Lyons et al. 1993) and gilthead
seabream (Del Giacco et al. 1998) produce ZP proteins exclusively in their liver. However,
recent studies have demonstrated ZP mRNA transcripts in the ovary of a number of teleost
species, including Atlantic cod (Goetz et al. 2006; Govoroun et al. 2006; Hyllner et al. 2001;
Kanamori 2000; Luckenbach et al. 2008; Modig et al. 2006; Zeng and Gong 2002). It has also
been demonstrated that some species, such as zebrafish and carp, express ZP proteins
exclusively in the ovaries (Chang et al. 1997; Wang and Gong 1999), and the ovary is
probably the only site for ZP biosynthesis in these species. However, ZP protein synthesis can
probably take place both in liver and ovary for many teleost species. The functional

significance of producing ZP proteins in two different sites is not known (Modig et al. 2006).

In the present study, we demonstrate high levels of ZP transcripts in the previtellogenic
Atlantic cod ovary (Paper I, II and III) using qPCR and in situ hybridization. However, data
obtained after in vitro (Paper I and II) and in vivo (Paper III) androgen exposure showed
conflicting expression profiles of ZP genes, which can generally be described as increased
after androgen treatment (in vitro) or 11-KT insensitive and decreased after T administration
(in vivo). Several other studies have demonstrated abundant levels of ZP transcripts in teleost
oocytes during previtellogenic growth, displaying higher ZP mRNA levels in the more
undeveloped stages of oocyte growth (Chang et al. 1997; Luckenbach et al. 2008; Zeng and
Gong 2002). Elsewhere, while E2 regulation of ZP synthesis is a well known phenomenon,
androgens have been suggested to regulate ZPs in fish (Miura et al. 1998) and birds (Pan et al.

2001). In terms of environmental toxicology, ZP proteins have also been suggested as an
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alternative indicator for estrogenic EDC exposure (Arukwe et al. 1997; Arukwe et al. 2002;
Arukwe et al. 2001). Although not conclusive, the present study suggests that androgens can
modulate the transcriptional profile of ZP genes in the previtellogenic cod ovary, possibly in

correlation with development of the oocyte envelope.

Effects on genes involved in cell cycle and growth control

Final oocyte maturation is triggered by the MPF induced on the oocyte surface by MIHs that
are secreted from ovarian granulosa cells (see section on endocrine regulation of oocyte
growth and maturation in the introduction). MPF comprises two components; the catalytic
subunit cdc2 and the regulatory subunit cyclin-B (Kondo et al. 1997; Morgan 1995). Cyclin-B
transcripts have been demonstrated in immature oocytes of goldfish (Nagahama 1997) and
zebrafish (Kondo et al. 2001), but they are not translated until later, when the oocyte reach the
maturation phase, and earlier reports have demonstrated that MIH stimulates the translation of
cyclin-B mRNA in immature oocytes (Hirai et al. 1992; Kondo et al. 2001). Other studies
have suggested that the accumulation of cyclin-B in oocytes is involved in the regulation of
the early embryonic cell cycle (Aegerter et al. 2004), and that expression of cyclin-B in
previtellogenic oocytes indicates somatic follicle cells undergoing mitotic divisions (von
Schalburg et al. 2005). The present study demonstrates high levels of cyclin-B mRNA in the
previtellogenic cod ovary. Furthermore, we show that natural occurring androgens (Paper I
and II), as well as EDCs (MT; Paper IV and NP; Paper V) are able to affect cyclin-B
transcription levels. Thus, gene expression patterns of cyclin-B may be used as sensitive
markers for early oocyte growth and developmental competence in teleost fish (Aegerter et al.
2004).

Androgen treatment was associated with a general increase in opioid growth factor receptor
(OGFr) mRNA levels (Paper III). The OGFr is generally related to tissue development and
cellular renewal, and was recently identified in Atlantic salmon skin (Matejusova et al. 2006).
Our findings are interesting since it demonstrates the expression of OGFr mRNA in
previtellogenic Atlantic cod ovary. The increase in OGFr mRNA and the related oocyte
development after androgen exposure suggests a possible important role of OGFr in oocyte

growth in this species that needs further attention.
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CONCLUDING REMARKS

Emerging technologies that include genomics and proteomics are revolutionizing the science
of reproductive physiology and endocrinology among other scientific disciplines. As a result,
researchers have genuine possibilities to fully describe and understand the molecular basis and
interactions in organisms that form may contribute to functional and developmental processes.
In these contexts, the present study demonstrates, for the first time, that androgens may induce
early ovarian development in immature female Atlantic cod. Our findings provided further
evidence to our hypothesis that androgens are involved in the regulation of previtellogenic
oocyte growth and development in this species. In general, both 11-KT and T are capable of
inducing oocyte growth, with the former hormone being the strongest modulator. Additionally,
the present study provides the identification, sequencing and the expression patterns of a
number of androgen responsive gene transcripts in the previtellogenic cod ovary. A targeted
cod microarray (CodArray), consisting of SSH clones with unique expression patterns that
were either up or down regulated after in vitro androgen exposure of previtellogenic ovarian
tissue was developed. The consistent expression patterns of candidate genes involved in
steroidogenesis and oocyte growth control adds further information on how androgenic action
may cause advances in previtellogenic oocyte growth. Although not conclusive, the
demonstration of previtellogenic oocyte growth and development after androgen exposure and
the related differential expression of a number of androgen responsive genes reveal novel
roles of androgens on the growth and development of previtellogenic oocytes, indicating
androgen control of early follicular and oocyte growth in the Atlantic cod ovary. In general,
our findings may form the basis for generating more hypotheses for further detailed studies
and for deduction of evolutionary relatedness in androgen control of early oocyte growth in

vertebrates.

The Atlantic cod is a popular species with large economic value and the farming potential on
a global basis is therefore regarded as extremely high. Despite its high economic significance,
the Atlantic cod is not a well-studied species from an endocrinological standpoint. Thus, the
novel roles of androgens as promoters of ovarian growth and development shown in these
experiments will be beneficial for the aquaculture industry and for breeding of new captive
and endangered species. It can also form the basis for the development of useful models in
fisheries management. Differentially expressed genes may form an integral link with
quantifiable environmental variables that may affect fecundity (e.g. temperature, salinity, food

availability and growth rates). Furthermore, we believe the present study will have a
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significant economic benefit for predictive ecological models, particularly with respect to the

noticeable and worldwide declining cod stock.

Future perspectives

Although this thesis produced new information concerning the hormonal mechanisms that
may regulate early oocyte growth and development in fish, extensive research effort is needed
in order to fully understand this aspect of reproductive physiology. Whether the androgen-
induced ovarian growth demonstrated in this study is an exception, rather than a rule among
different vertebrate species remains to be elucidated. The next step to answering this question
is probably to understand the function of ARs in the ovary, including the following specific

approaches for further studies:

What receptor does 11-KT bind to?
Are ARs found in both germ cells and follicle cells?
What are the promoter regions of the ARs observed in the teleost ovary?

What are the expression patterns of ARs throughout the reproductive cycle?

Recent proteomics technologies have also given the possibilities to study the functional
outcome of expressed genes (i.e. proteins) in developing oocytes. By employing these
analytical methods, comprehensive surveys of the protein content in cells and/or organs at
particular developmental stage can be undertaken. In addition, they give the possibility to
monitor the changes in the relative amount of proteins of interest during reproductive events.
Finally, patterns of protein post-translational modifications can be followed. Proteomics
technologies include one or two-dimensional polyacrylamide gel electrophoresis (2D-PAGE)
with subsequent mass spectrometry (MS) analysis. MS analyses can be particular useful for
less studied organisms such as the Atlantic cod, as they generate accurate measurements of
protein masses and /or their peptide sequences after enzymatic digestion with trypsin. The
characterization of androgen responsive proteins in immature female teleosts will probably
offer more explanations on how androgens mediate their ovarian actions, especially when
evaluated in relation to transcriptional patterns and sex steroid levels. We have initiated this

part of the research, but it is yet to be concluded.
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ERRATA
Paper V.

Previtellogenic oocytes had a diameter of approximately 100 um. In accordance, bar in Fig. 4
and Fig. 5 equals 30 pum.

In Table 1, the correct primer pair sequences shall be:

1 *
Target Gene Primer sequence

Forward Reverse

StAR CAACGTCAAGCAGGTCAAGA  GCATCGGGCTTCAACACTAT
P450scc AACAACTACTTCCGCAGCCT CGGTAGAACAATGAGCTGGA

Cyclin-B CGGGAGATGGAGATGACTGT  TCTCGTAGTCCACCATGCAG

* sequences are given in the 5° — 3’ order
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47 stage progressed in hypophysectomized freshwater turtle, Chrysemys follicular cell envelope (Kjesbu and Kryvi, 1989). Final maturation 67
48  picta, indicating that gonadotrophins were not necessary (Ho et al., 1982). transforms small primary oocytes in meiotic prophase into large yolky 68
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haploid eggs ready for ovulation and fertilization (Caussanel and 69
Breuzet, 1977). Oogenesis in Atlantic cod has previously been 70
investigated (Dahle et al., 2003; Kjesbu and Kryvi, 1989; Kjesbu et al., 71
1996) and these studies mainly focused on the vitellogenic process. 72
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Thus, what is known today about previtellogenesis in cod (and teleosts
in general) is in sharp contrast with the knowledge regarding the
processes of vitellogenesis and final oocyte maturation (Tyler and
Sumpter, 1996). The endocrine system plays a major role in controlling
oogenesis in oviparous vertebrates. Gonadotropins secreted from the
pituitary gland finally stimulate the ovarian production of steroids
hormones (estrogens), which in turn mediate the vitellogenic process.
Final oocyte maturation is mediated by progesterone-derivatives
(Chan et al.,, 1978). During the previtellogenic phase, the oocytes of a
typical teleost fish may increase at least 10-fold in diameter (from
about 10-15 pm to over 150 uM). An extensive synthesis of RNA, mRNA
coding for vitellogenin (Vtg)-receptor, accumulation of mitochondria,
polyribosomes, lipids and cortical alveoli are all characteristics of
previtellogenesis (Mommsen and Walsh, 1988). In addition, the
formation of the zona radiata and ovarian follicle are integral aspects
of early oocyte growth (Abraham et al., 1984). Despite the fact that
these changes are integral and critical processes in oogenesis,
essentially nothing is known about their endocrine and/or physiolo-
gical control in the early stages. Given that fecundity seems to be
largely determined during previtellogenesis in response to nutritional
cues in rainbow trout (Bromage et al., 1992; MacKenzie et al., 1998),
this still represents a strong gap in our knowledge of fish endocrine and
reproductive physiology.

Like in other vertebrates, testosterone (T) is present in female teleost
fish. In addition, the non-aromatizable androgen 11-ketotestosterone
(11-KT) is usually present, and generally believed to be the most potent
androgen in teleosts (Borg 1994; Lokman et al., 2002). Despite that 11-KT
is generally believed to be the active male-specific androgen in teleosts,
it has been found at elevated levels in some female teleosts (Leatherland

et al,, 1982; Slater et al., 1994). However, aromatizable (T) and non-_

aromatizable (11-KT) androgens may have strikingly different effects
(Borg 1994). Androgens mediate their actions by binding to specific
receptors belonging to the steroid hormone receptor super-family.
Androgen receptor (AR) isoforms have been identified in several teleosts
(Ikeuchi et al., 1999; Takeo and Yamashita, 1999; Todo et al.,, 1999;
Touhata et al., 1999). ARs are usually located in the nucleus, and have
normally high binding affinities for either T or 5a-dihydrotestosterone
(DHT) (Sperry and Thomas, 1999a,b, 2000). Recently, a nuclear androgen
receptor activated by 11-KT was characterized (Olsson et al.,, 2005).
Despite the significance of these findings for fish reproductive physi-
ology, the above mentioned studies did not describe exactly the roles or
effects of androgens in the fish ovary. We believed that the identification
of androgen-responsive genes and the characterization of specific gene
_expression patterns due to androgen stimulation of fish oocytes will
provide a better understanding of the internal signals that control
fecundity in teleosts.

Therefore, we have used the analytical power of suppressive sub-
tractive hybridization (SSH) with subsequent development of a targeted
cDNA gene array (CodArray) to.open-a possible revealing window in
understanding the functional aspects of androgen effects on oocyte
growth and development, and we present the identification of a number
of androgen-responsive genes in the previtellogenic cod ovary. SSH,
sequencing of cod androgen-responsive previtellogenic ovarian genes
and expression profiling studies represent a potentially important scien-
tific and practical approach for developing an efficient hormonal control
of fecundity in the aquaculture industry (especially for new species) and
fishery stock management.

2. Materials and methods
2.1, Chemicals and reagents

Testosterone (T) was purchased from Fluka chemika-biochemika
(Buchs, Switzerland) and 11-ketotestosterone (11-KT) was kindly

provided by Dr Bente Nilsen (Biosense Laboratories AS, Norway). Trizol
reagent for RNA purification, TA cloning kit, Leibovitz L-15 medium and

Superscript I cDNA synthesis kit were purchased from Gibco-Invitrogen 136
life technologies (Carlsbad, CA, USA). Bovine serum albumin (BSA) and 137
N-[2-hydroxyethyl]piperazine-N'-[ 2-ethanesulfonic acid] (Hepes) were 138
purchased from Sigma Chemical (St. Louis, MO, USA). Iscript cDNA 139
Synthesis Kit and iTag™Sybr® Green supermix with ROX were 140
purchased from Bio-Rad laboratories (Hercules, CA, USA) and Generu- 141
ler™ 100 bp DNA ladder and dNTPs from Fermentas GmbH (Germany). 142
RNA later, sodium salt citrate (SSC) and sodium dodecyl sulfate (SDS) 143
washing solutions were purchased from Ambion (Austin, TX, USA), 144
Oligotex mRNA kit from Qiagen (Valencia, CA, USA), MultiScreen-PCR96 145
filter plates from Millipore (Billerica, MA, USA) and 3DNA array 350 146
microarray kit from Genisphere (Hatfield, PA, USA). Amicon YM30 147
columns were purchased from Millipore (Volketswil, Switzerland). 11- 148
KT enzyme immunoassay (EIA) kit (Cat. No. 582751 ) was purchased from 149
Cayman Chemical Company (Ann Arbor, MI, USA). All other chemicals 150
were of the highest commercially available grade. 151

2.2, Animals and floating agarose in vitro culture technique 152

Juvenile, previtellogenic female Atlantic cod (Gadus morhua, 153
Gadidae), 150-350 g body mass were purchased from Akvaforsk 154
_Genetic Centre (Sunndalsgra, Norway) and kept in circulating water at 155
10 °Cand 12:12 h light:dark photoperiod. The organ culture technique 156
employed was based on the in vitro agarose floating method, which 157
has successfully-been used previously in our laboratory for related 158
studies on cod and Atlantic salmon gonadal tissues (Kortner and 159
Arukwe, 2007a,b; Vang et al., in press). Briefly, juvenile female cod 160
were anesthetized, sacrificed and washed in 70% ethanol. Ovaries 161
were removed, cut into small pieces (1x1x1 mm) and grown in 6-well 162
dishes on a floating agarose substrate covered with a nitrocellulose 163
membrane in basal culture media. The basal culture medium 164
consisted of Leibovitz L-15 medium supplemented with 0.1 mM L- 165
glutamate, 0.1 mM L-aspartate, 1.7 mM L-proline, 0.5% BSA, and 10 mM 166
HEPES (pH 7.4). The gonadal tissue was cultured randomly in 167
triplicates (n=3) for 5 and 10 days with different concentrations of 168
testosterone and 11-KT (0 (control), 10 and 100 pM) in a humidified 169
incubator at 10 °C. The control group received ethanol (carrier vehicle 170
for the androgens) and the final concentration of ethanol in all 171
exposure groups was 0.3% (v/v). The medium was changed every 172
5 days after sampling at days 5 and 10 of exposure. After cultivation, 173
tissues for RNA purification were homogenized directly in Trizol 174
reagent and stored at -80 °C until further processing. Tissues for 175
histological analyses were placed in tissue cassettes with a nylon mesh 176
and fixed in 4% paraformaldehyde. 177

2.3, Production of substracted cDNA library 178

We generated a targeted cDNA library by performing suppressive 179
subtractive hybridization (SSH) with ovary tissue from juvenile 180
Atlantic cod exposed separately to 11-KT and T (1, 50 and 100 pM) 181
and used against untreated samples (solvent control samples). Tissues 182
were incubated in vitro as described above, with cultivation for 7 and 183
14 days. After 7 and 14 days of exposure, samples were collected and 184
transferred to RNA later. The total RNA was isolated using phenol: 185
chloroform, and messenger RNA (mRNA) was purified from total RNA 186
using an Oligotex mRNA kit and used for subtractive hybridization. 187
The SSH experiment was performed in the forward and reverse 188
directions to obtain up-regulated and down-regulated genes, respec- 189
tively. Subtractive hybridizations were constructed using the Clontech 190
(Palo Alto, CA, USA) SSH kit following the manufacturer’s protocol. The 191
SSH was performed by EcoArray Inc. (Alachua, FL, USA) under contract. 192
Sequenced clones were analyzed using Blastx against the NCBI 193
nonredundant (nr) protein database and Blastn against the NCBI 194
nucleotide (nt) database. The chosen e-value cut-off was IO‘f for blast 195
searches. Finally, clones were annotated and downloaded to the NCBI 196
GenBank EST database under the title CodArray SSH cDNA library. 197
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2.4, Array spotting

The cod gonadal ¢cDNA array (CodArray) was constructed using
clones with expression patterns that were either up- or down-
regulated in the subtracted library. However, SSH generated a number
of redundant clones in the subtracted amplicons, and several genes
suspected to be involved in the transcriptional regulation of oocyte
growth and development were not represented after performing
SSH in the present study. Therefore, transcripts for some genes (e.g.
steroidogenic acute regulatory protein (StAR), cytochrome P450-
mediated side-chain cleavage (P450scc) and cyclin-B) were amplified
by PCR using specific primers from conserved regions of the respec-
tive genes based on sequence information in NCBI GenBank. The PCR
products were cloned into Escherichia coli plasmids and subsequently
added to the array. All clones were PCR amplified, verified by agarose
gel electrophoresis and then purified using MultiScreen-PCR96 Filter
Plates. Clones were diluted in 50% DMSO buffer and spotted onto
Corning Ultragaps glass slides (humidity: 50%, temperature: 18 °C)
and cross-linked by UV radiation (800 mJ). The printing service was
provided by the Norwegian Microarray Consortium (NMC) at the
National Technology Platform supported by the functional genomics
programme (FUGE) of the Norwegian Research Council (NFR).

2.5, RNA purification and cDNA synthesis

Total RNA was purified from tissues homogenized in Trizol reagent
according to established procedures. Quantification, purity and RNA
integrity were evaluated by absorbance at 260 and 280 nm using a
NanoDrop® ND-1000 UV-Visible Spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA) and agarose gel electrophoresis. High
quality RNA with A260/A280 ratio above 1.8 and intact ribosomal 28S
and 185 RNA bands was used for cDNA synthesis. Total cDNA for the real-
time polymerase chain reaction (PCR) were generated from 1 pg total
RNA from all samples using a mixture of random and poly-T primers

from iScript cDNA synthesis kit as described by the manufacturer (Bio-

Rad). Prior to quantification each cDNA sample was diluted 1:6:
2.6, Probe labelling and hybridization

Hybridization of the array was performed using Cy5/Cy3-labeled
cDNA probes. cDNA probes were generated using 5 ug total RNA from the
respective exposure conditions in triplicates (n=3) using Superscript III
cDNA synthesis kit as described by the manufacturer (Invitrogen) and
1 uL Cy5 or Cy3 RT primers, 1 uL dNTPs, 2 uL of 0.1 M DTT and 1 pL of
RNAse inhibitor using 3DNA Array 350 microarray kit (Genisphere) for
each reaction. cDNA probes were generated by incubating samples for
1 hat 50 °C. After incubation, the RT reaction was terminated by adding
0.5 M NaOH/50 mM EDTA, and neutralized in Tris buffer. Probes
generated for the two different exposure conditions were mixed and
concentrated using YM30 columns. Each cDNA probe mix was diluted in
water and hybridization buffer to a total volume of 60 uL according to the
manufactures’ protocol. cDNA probe hybridization was performed
overnight at 60 °C usinga.Advalytix SlideBooster SB800 (Advalytix AG,
Brunnthal, Germany). After cDNA probe hybridization, slides were
washed in 2x SSC/0.1% SDS at 55 °C for 10 min, then washed (3x5 min)in
1x SSC at RT and finally washed (2% 5 min) in 0.1x SSC at RT. Thereafter,
hybridization of 3DNA Array 350 Capture Reagent was performed for
2.5 h before slide wash as described above and drying by compressed air.
Finally, slides were dipped in a stabilization and drying solution (Agilent
Technologies, CA, USA) for 30 s and scanned using an Agilent G2505B
MICro array scanner.

2.7, Array experimental design and statistical analysis

For both treatments in the experiment (T and 11-KT) microarrays
were used to study gene expression levels at two different time points

(5 and 10 days) and three different concentrations (0 (solvent control), 257
10 and 100 uM), six conditions in total. For each condition three 258
biological replicates were available. To compare the experimental 259
conditions, 36 arrays were used for each treatment (11-KT and T) and 260
co-hybridizations were performed according to a loop design, in which 261
all biological replicates appeared in more than one array causing the 262
arrays not to be statistically independent. The images from the scanned 263
arrays were processed using the GenePix Pro 5.1 software. The data 264
were then filtered to remove spots that had been flagged ‘Absent’, ‘Not 265
Found’ or ‘Bad’, Spots that had more than 20% saturated pixels, or had a 266
mean foreground intensity less than 1.5 times the local median 267
background intensity were also removed. No background subtraction 268
was performed. The data from each array were log-transformed and 269
normalized using the global loess method (Yang et al,, 2001). The 270
arrays were then scaled to having the same median absolute deviation. 271
The reason for using a global instead of printtip loess approach was the 272
sparse information available for each subarray. For making statistical 273
inference on differentially regulated genes the limma package (Smyth, 274
2004) was used. The limma approach is based on fitting a linear model 275
to the expression data for each probe on a microarray. To adjust for the 276
fact that the same biological replicate was used on more than one array 277
amodel was fitted with a coefficient for each replicate. From the model, 278
contrasts could then be extracted between replicates from different 279
experimental conditions. For each pair of experimental conditions 280
hypothesis tests were performed to test if the expression level of the 281
genes had changed. From the resulting p-values, g-values (Storey, 282
2002) were calculated. The g-value for a gene is the expected pr- 233
oportion of false positives one will get when calling that gene sig- 284
nificant. For a gene to be considered significantly differentially 285
expressed between two conditions its g-value was required to be 236
lower than 0.05, in effect controlling the false discovery rate (FDR) 287
(Benjamini and Hochberg, 1995) for each comparison at a 0.05 level. 288

2.8, Database submission 289

The array data were prepared according to the “minimum 290
information about microarray experiment” (MIAME) recommenda- 291
tions, and deposited in the ArrayExpress database (http://www.ebi.ac. 292
uk/arrayexpress/) with accession number (to be provided later). 293

2.9, Primer optimization, cloning and sequencing 294

PCR primers for amplification of 106246 bp gene specific PCR 295
_products were designed from conserved regions of the studied genes. 296
The primer sequences, their amplicon size and the optimal annealing 297
temperatures are shown in Table 1. Prior to PCR reactions, all primer 298
pairs were used in titration reactions in order to determine optimal 299
primer pair concentrations and their optimal annealing temperatures. 300
All chosen primer pair concentrations used at the selected annealing 301
temperatures gave a single band for the expected amplicon size in all 302
reactions. 303

2.10, Quantitative (real-time) PCR 304

The expression of individual gene targets was analyzed using the 305
Mx3000P REAL-TIME PCR SYSTEM (Stratagene, La Jolla, CA, USA). 306
Every 25-uL DNA amplification reaction contained 12.5 pL of 307
iTAQ™YBR® Green Supermix with ROX (Bio-Rad), 5 pL of diluted 308
cDNA and 200 nM of each forward and reverse primers. The 3-step 309
real-time PCR program included an enzyme activation step at 95 °C 310
(5 min) and 40 cycles of 95 °C (30 s), 52-60 °C for 30 s, depending on 311
the primers used (see Table 1) and 72 °C (30 s). Controls lacking cDNA 312
template were included to determine the specificity of target cDNA 313
amplification. Cycle threshold (Ct) values obtained were converted 314
into mRNA copy number using standard plots of Ct versus log copy 315
number. Standard plots for each target sequence were generated using 316
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Table 1

Primer pair sequences, amplicon size and annealing temperature conditions for gene transcripts analyzed by real-time PCR_

Target gene Primer sequence® Amplicon size (bp) Annealing temp. (°C) Genbank accession no.
Forward Reverse

ZPA CACATCAGCTCACCCTCAGA GACGCCCTACTAGTCCCACA 106 60 ES880740

Cyclin-B CGGGAGATGGAGATGACTGT TCTCGTAGTCCACCATGCAG 150 58 C0542315

HSP90p CAGGAACCAGGTAGGCAGAG CCAAAACCGGACCTAATCAA 144 55 ES880664

StAR CAACGTCAAGCAGGTCAAGA GCATCGGGCTTCAACACTAT 246 52 AY291434

P450scc AACAACTACTTCCGCAGCCT CGGTAGAACAATGAGCTGGA 170 55 AY706102

2 Sequences are given in the 5/-3’ orientation.

AR A

known amounts of plasmid containing the amplicon of interest. The
criterion for using the standard curve is based on equal amplification
efficiency with unknown samples, and this was checked prior to
extrapolating unknown samples to the standard curve. Data obtained
from triplicate runs for individual target cDNA amplification were
averaged and expressed as ng/ug of initial total RNA used for reverse
transcriptase (cDNA) reaction and thereafter transformed as percen-
tage of control. This absolute quantification method is a well-validated
procedure in our laboratory, as we do not use the so-called house-
keeping genes because of their parallel modulation pattern with
experimental samples both in our laboratory (Arukwe, 2006) and
elsewhere (Steele et al., 2002).

2.11_ In situ hybridization

In situ hybridization procedures were performed according to
standard protocols (Morel and Cavalier, 2001). Briefly, the orientation
of insert relative to the T7 or SP6 RNA promoter binding site was
determined, using the promoter at the 3’ end of the insert to get an
antisense probe. A PCR analysis with primers flanking/including
promotor binding sites generated 1 pg of DNA. In vitro transcription
with SP6 or T7 RNA polymerase was performed with a DIG RNA labelling
kit (Roche, Mannheim, Germany) according to the manufacturer's
protocol. The riboprobe was purified after DNasel digestion with lithium
chloride precipitation. Thereafter, the DIG-labelled riboprobe was
dissolve in DEPC-water to get a concentration of about 0.1 pg/uL. One
_microliter of riboprobe was then run in an agarose gel to check riboprobe
generation and then stored at 80 °C until used. When running slides,
controls were made both by omitting the antisense probe and usinga
sense probe, getting no signal for both conditions.

2.12, Previtellogenic oocyte histological and stereological analyses

Cultured cod previtellogenic gonadal tissues were fixed in 4% para-
formaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 24 h. After
fixation, the tissues were washed twice in 70% ethanol, dehydrated in a
graded series of ethanol baths using anautomatic tissue processor (Leica
Microsystems, Nussloch, Germany), cleared in Tissue-Clear®, embedded
in paraffin blocks, sectioned at 4 yM and stained with Mayer's
haematoxylin and eosin. Tissues were examined using a workstation
made with a microscope (Olympus BX-50, Tokyo, Japan) equipped with
a complete rage of infinity-corrected objectives and a matching
condenser, a microcator (Heidenhain MT-12, Traumrent, Germany) to
control the movements in z-axis (accuracy 0.5 pM), a motorized stage
(Prior, Fulbourm, UK) for stepwise displacement in x-y axis (accuracy
1 uM), and a CCD video camera (Sony, Tokyo, Japan) connected to a PC
monitor (Sony). The whole system was controlled by the software
Olympus CAST-Grid (version 1.5).

A classification system for previtellogenic cod oocytes was
developed based on previous studies of oocyte development in tilapia
(Rocha and Rocha, 2006) and cod (Kjesbu and Kryvi, 1989) and is
presented in Table 2. For the stereological evaluation, tissue slides
were analysed under the 20x% objective lens. Volume fractions of the
different stages of oocytes were calculated by stereological point-

counting (Freere and Weibel, 1967). According to size and frequency of 367
each oocyte stage, a particular two-lattice point grid was used; 1:4 and 368
1:6. The interpoint distances (in um) for the sets were approximately: 369
77 (horizontal), 53 (vertical), for the 1:4 grid; and 51 (horizontal), 35 370
(vertical), for the 1:6 grid. The 1:4 point set of points was used to count 371
hits over the reference space (ovary) versus oocytes of primary 372
growth, whereas the 1:6 set of points was used to count hits over the 373
reference space (ovary) versus all other oocyte classes and spermato- 374
zoa (when present). The first field of vision was selected randomly and 375
thereafter, fields were systematically sampled by stepwise move- 376
ments of the stage in x- and y-directions (stepy,=600 pM). The grid 377
points directly overlying structures were recorded. This procedure 378
was repeated on a number of systematically chosen fields within 379
tissue pieces exposed to different concentrations of 11-KTand T (n=3), 380
in order to obtain a total of at least 300 recorded grid points per tissue 381
piece, which is generally accepted in order to establish a variance of 382
about 5% (Weibel, 1979). The same individual (T.M.K.) performed all 383
the measurements and countings. The proportional volume fraction 384
(VW) (calculated as percentage) occupied by each stage of oocyte 385
development was then estimated, according to the general formula: 386
Vv (structure, reference)=Vy (s, r)=100x[P(s)][[RxP(r)], in which Vy, 387

Table 2 2.1
Classification of developmental stages of Atlantic cod previtellogenic oocytes

t2
Histological images  t2.3

. t2.4

'fz'—— ) ‘c246
!

The oocyte becomes a larger cell. The .i_ =
cytoplasm has more vesicles and y
becomes less basophilic due to a
decreased RNA concentration. The
follicular cells are appearing and
begin differentiating. Bar=30 puM, b i

Previtellogenic oocyte Main cellular characteristics

developmental stage

Proliferating oogonia ~ Small nests of mitotic cells dispersed
within the connective tissue.
Oogonia are small and circular, with a

clear cytoplasm. Bar=10 pM,

Initial primary growth Primary oocytes had one large,
usually peripheral nucleus. The
oocyte is still attached to the
connective tissue. The cytoplasm is
strongly basophilic due to the high

RNA concentration. Bar=10 pM,

Primary
previtellogenic growth

Primary oocytes showed one large,
centrally located nucleus with
several basophilic nuclej at the
periphery. The cytoplasm stains also
basophilic. Follicular cells are scarce
and undifferentiated. Bar=15 pM,

Advanced
previtellogenic growth
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Table 3

Genes whose expression patterns were either up- or down-regulated by exposure of

previtellogenic cod oocyte cultures to 11-ketotestosterone (11-KT) and testosterone (T),

using targeted cod cDNA array (CodArray) analysis

10 pM_ 11-KT exposure at day 10 compared with 10 uM 11-KT Log. ratio
exposure at day 5.

Putative gene identity

tRNA pseudouridine synthase A 0.95
H/ACA ribonucleoprotein complex subunit 2 0.69
NifU-like N-terminal domain containing protein 0.56
Cytochrome c oxidase polypeptide VIc precursor 0.52
Heat shock protein HSP 90-beta -0.46
100 uM 11-KT exposure at day 10 compared with 100 uM Log. Ratio
11-KT exposure at day 5.

Putative gene identity

H/ACA ribonucleoprotein complex subunit 2 1.26
tRNA pseudouridine synthase A 0.78
PHD finger-like domain protein 5A 0.72
Cytochrome c oxidase polypeptide VIc precursor 0.57
CDKN2A interacting protein 0.62
Zona pellucida-like protein X1 0.60

40 S ribosomal protein S27 0.43
Cyclin-B 0.40
Sentrin-related protein 0.37
_Apoptosis-inducing TAF9-like domain 1 =035
Heat shock protein HSP 90-beta =043

40 S ribosomal protein S11 -0.53
Zona pellucida protein X2 -0.78
Egg envelope glycoprotein -0.80
ZPA domain containing protein -0.74
100 uM 11-KT exposure at day 10 compared with control at day 10. Log. Ratio
Putative gene identity

H/ACA ribonucleoprotein complex subunit 2 0.70
Zona pellucida-like protein X1 0.68
Cyclin-B 0.59
PHD finger-like domain protein 5A 0.49

10 uM T exposure at day 5 compared with control at day 5. Log. Ratio
Putative gene identity

ZPA domain containing protein 035
Zona pellucida protein X2 0.32
PHD finger-like domain protein 5A -0.33
100 puM T exposure at day 5 compared with control at day 5. Log. Ratio
Putative gene identity

FK506-binding protein 3 0.29
Cytochrome c oxidase polypeptide VIc precursor 0.28
Zona pellucida protein X2 0.26
Heat shock protein HSP 90-beta -0.32
PHD finger-like domain protein 5A -0.37
100 pM T exposure at day 5 compared with 10 uM T exposure Log. Ratio
at day 5.

Putative gene identity

Heat shock protein HSP 90-beta -0.38
ZPA domain containing protein -0.48
Heat shock protein HSP 70 -0.52
Zona pellucida protein X2 -0.54

10 uM T exposure at day 10 compared with 10 uM T exposure Log. ratio
at day 5.

Putative gene identity

H/ACA ribonucleoprotein complex subunit 2 -0.32
Zona pellucida protein X2 -0.38

10 uM T exposure at day 10 compared with control at day 10. Log. ratio
Putative gene identity

ZPA domain containing protein -0.33

Table 3 (continued ) 3.65
100 pM T exposure at day 10 compared with 100 uM T exposure at day 5. Log. Ratio t3.66
Putative gene identity t3.67
Heat shock protein HSP 70 0.77 £3.68
ZPA domain containing protein 0.65 t3.69
Heat shock protein HSP 90-beta 0.54 3.70
Zinc finger CCHC domain containing protein 10 0.44 t3.71
Ribonucleoside-diphosphate reductase M2 0.26 £3.72
Cytochrome c oxidase polypeptide VIc precursor -0.26 t3.73
THAP domain containing protein 4 -0.28 £3.74

Sentrin-related protein -0.36 t3.75

Each data point is derived from three biological replicates (n=3) and log2-transformed.
Some data points are mean values of several redundant clones (see supporting
information). All values represented are significantly different (¢<0.05). t3.76

(s, r) is the percentage of the total volume of a reference space 388
occupied by one “particle” within that space, P(s) is the number of 389
points over the “particles” of interest; R is the ratio of fine to coarse 390
points (4 or 6), and P(r) is the total number of points falling over the 391
reference space. 392

2.13, Steroid hormone analysis 393

11-ketotestosterone concentrations were measured in gonad 394
tissues cultured for 24 h-using enzyme immunoassay (EIA) kits from 395
Cayman Chemical Company (Ann Arbor, MI, USA). Tissues were 396
thawed on ice, homogenized in 1:4 volume of 0.1 M Na-phosphate 397
buffer and centrifuged at 14,000 g for 15 min. The supernatants were 398
purified by extraction using organic solvent to prevent the inter- 399
ference of lipids and proteins in the analysis. Briefly, the supernatant 400
was mixed with 4 ml diethyl ether using a vortex mixer. After phase 401
separation, the aqueous portion was frozen in an ethanol/dry ice bath. 402
The lipophilic phase was decanted into a clean tube, and the ether 403
phase was evaporated by heating to 30 °C. The dry extract was 404
reconstituted in 300 uL EIA buffer by vortexing. Enzyme immunoassay 405
was run according to the manufacturer’s protocol. Data were quan- 406
tified against a standard curve that was linearized using a logit trans- 407
formation of B/BO (bound sample/maximum bound). 408

2.14, Statistical analysis 409

Statistics was performed with GraphPad Prism, version 2.1 410
(GraphPad Software Inc. 1996). Significant differences between 411
control and exposure groups were performed using one-way ANOVA 412
after testing for normality and variance homogeneity. Statistical 413
differences between exposure groups were analyzed using the Tukey's 414
Multiple Comparison Test. The level of significance was set at p<0.05. 415

3, Results 416
3.1, SSH and array gene expression pattern 417

150 expressed sequences from the subtracted cDNA library were 418
grouped into 54 UniGene entries (putative genes), and there were 23 419
contigs of two or greater (groups of clones probably representing 420
overlapping regions) and 31 singletons. Table 3 shows a summary of 421
genes whose expression patterns were significantly modulated after 422
exposure to different concentrations of 11-KT and T in the array analysis. 423
For complete lists of all genes, including unknown and redundant 424
sequences, size of queries, Blast e-values and accession numbers, see the 425
Supplemental data. The array analyses showed that exposure of 426
previtellogenic oocytes to androgens produced differential gene 427
expression patterns, showing 0.5-3.5-fold significant alterations of 428
transcript levels from genes mainly of oocyte origin, as well as a number 429
of transcripts whose function in fish are yet to be identified (see 430
Supplemental data). Treatment with androgens produced modulations 431
in mRNA levels of some zona radiata associated genes. Additionally, 11- 432
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Fig. 1. Expression of ZPA domain containing protein (ZPA) mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to 11-KTand Tat 0 (control), 10 and 100 uM, and sampled
atdays 5 and 10 of exposure. Panels A and B, represent 11-KT exposure at days 5 and 10, respectively, while Panels C and D, represent T exposure at days 5 and 10 respectively. Data are given
as mean expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05).

KT treatment was associated with an induced transcription of cyclin-B.
The array data indicated that previtellogenic oocytes exposed to the
highest 11-KT concentration (100 uM) experienced the strongest
modulations of gene transcripts on the CodArray. Significant alterations
of transcript levels for individual genes were usually observed in samples
exposed both to the low (10) and high (100 uM) androgen concentra-
tions. Furthermore, the array data demonstrate that gene expression
patterns varied within a given exposure and/or time of exposure.

3.2, Real-time PCR (qPCR) analyses of selected transcripts

On the basis of previous studies and the results obtained from the
array analysis, we selected five genes for quantitative analysis using
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real-time PCR with gene specific primer pairs; ZPA domain containing 444
protein (ZPA), cyclin-B, heat shock protein 903 (Hsp90R), StAR and 445
P450scc. The primary criterion for selecting these genes for real-time 446
PCR validation was because they belong to our targeted study objec- 447
tives, namely growth and development of previtellogenic oocytes and 448
because they showed modulated expression patterns on the array 449
analysis or in previous studies on our laboratory. 450

At day 5 of exposure, the expression of ZPA after 11-KT and T 451
exposure showed an apparent concentration-dependent increase in 452
mRNA expression (Fig. 1A and C, respectively). At day 10 of exposure, a 453
different pattern of expression was observed for tissues exposed to 11- 454
KT (Fig. 1B), showing no differences, either within the exposure groups 455
or compared with the solvent control. On the contrary, exposure to T 456
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Fig. 2. Expression of cyclin-B mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to 11-KT and T at 0 (control), 10 and 100 uM, and sampled at days 5 and 10 of
exposure. Panels A and B, represent 11-KT exposure at days 5 and 10, respectively, while Panels C and D, represent T exposure at days 5 and 10 respectively. Data are given as mean
expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05).
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Fig. 3. Modulation of heat shock protein 90 (Hsp90p) mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to.11-KTand Tat 0 (control), 10 and 100 uM, and sampled
at days 5 and 10 of exposure. Panels A and B, represent 11-KT exposure at days 5 and 10, respectively, while Panels C and D, represent T exposure at days 5 and 10 respectively. Data are
given as mean expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05).

concentrations produced a respective 2-fold increase in ZPA expression
at day 10 of exposure, compared to the solvent control (Fig. 1D).

The expression of cyclin-B in cod previtellogenic oocytes was
modulated after exposure to different concentrations of 11-KT in a
concentration-specific manner at days 5 and 10 of exposure (Fig. 2A
and B, respectively). A general pattern of increase in cyclin-B mRNA
expression was observed, reaching a 1.5- and 2-fold increase for groups
exposed to the highest 11-KT concentration (100 pM) compared to the
control at days 5 and 10, respectively. At day 5 of exposure, the
expression pattern of cyclin-B in tissues exposed to T showed a 1.5-fold
increase in the group exposed to 10 M. No differences in expression of
cyclin-B between groups exposed to T were observed at day 10 of
exposure (Fig. 2D).
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The expression of Hsp90p in cod previtellogenic oocytes was 470
modulated after exposure to different concentrations of 11-KT and T at 471
days 5 and 10 of exposure (Fig. 3). At day 5, 100 uM 11-KT produced a 472
minor, but significant increase in Hsp90p expression (Fig. 3A). On the 473
contrary, no significant differences between 11-KT exposure groups and 474
solvent control were observed at day 10 of exposure (Fig. 3B). Tissues 475
incubated with T showed no significant differences at day 5 of exposure, 476
compared to the solvent control (Fig. 3C) and an apparent T concentra- 477
tion-dependent effect was observed at day 10 of exposure (Fig. 3D). 478

Quantification of StAR mRNA showed expression profiles for tissues 479
exposed to 11-KT and T that were time- and concentration-specific 480
responses. At day 5 of exposure, a 0.5-fold significant increase in 481
StAR mRNA was observed for samples exposed to the highest 11-KT 482
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Fig. 4. Expression of StAR mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to 11-KT and T at 0 (control), 10 and 100 uM, and sampled at days 5 and 10 of
exposure. Panels A and B, represent 11-KT exposure at days 5 and 10, respectively, while Panels C and D, represent T exposure at days 5 and 10 respectively. Data are given as mean
expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05).
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Fig. 5. Modulation of P450scc mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to 11-KT and T at 0 (control), 10 and 100 uM, and sampled at days 5 and 10 of
exposure. Panels A and B, represent 11-KT exposure at days 5 and 10, respectively, while Panels C and D, represent T exposure at days 5 and 10 respectively. Data are given as mean
expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05).

concentration (100 uM, Fig. 4A) whereas 11-KT displayed a con-
centration-specific modulation of StAR mRNA levels at 10 days cultiva-
tion (Fig. 4B) with 10 pM 11-KT producing the only significant increase
compared the solvent control. No differences in StAR expression were
observed for tissues exposed to Tat day 5 (Fig. 4C). At day 10 of exposure,
treatment with T produced a concentration-specific modulation of StAR
levels, displaying a 4-fold increase for samples exposed to 100 pM,
compared to control (Fig. 4D).

For P450scc, we observed a 0.2-fold significant increase of P450scc
expression in tissues exposed to 100 uM 11-KT (Fig. 5A). A similar
expression pattern was observed at day 10 of exposure, showing
significant increase of P450scc mRNA levels for samples exposed to 10
and 100 pM 11-KT (Fig. 5B). At day 5 of exposure, an apparent con-
centration-dependent effect was observed, showing significant increase
for samples exposed to 10 pM T, compared to control (Fig. 5C). Inter-
estingly, tissues exposed to T produced a consistent decrease of P450scc
expression at day 10 of exposure, showing 3-fold decreases for samples
exposed to both T concentrations, compared to the control (Fig. 5D).

3.3, Histology and stereological analysis of cod oocyte growth and
development

All the gonadal tissues examined displayed normal histology. The
volume densities (%) of the. different previtellogenic oocyte develop-
mental stages in relation to total gonadal tissue volume in pieces exposed

Table 4
Volume densities (%) of previtellogenic oocyte developmental stages in relation to total
gonadal tissue volume (n=3) in tissues exposed to 11-ketotestosterone (11-KT)

to different concentrations of 11-KTand T are presented in Tables 4 and 5,
respectively. In addition, the volume fractions of oocytes of advanced
previtellogenic growth are presented in Fig. 6. At day 5 of exposure,
tissues exposed to 11-KT showed significantly higher volume fractions of
oocytes in advanced growth phase as compared to the solvent control
(Table 4 and Fig. 6A). A 2-fold increase in advanced oocyte volume
densities was observed for tissues exposed to 10 uM 11-KT, whereas a
1.5-fold increase was observed for the group exposed to 100 pM 11-KT at
day 5. Induced development was also observed, in a dose-dependent
manner, in tissues exposed to T at day 5, where a 2- and 3.5-fold increase
in volume fractions of oocytes in advanced previtellogenic growth phase
was observed for tissues exposed to 10 and 100 uM T, respectively
(Table 5 and Fig. 6C). Ovary areas with high density of spermatozoa were
observed at day 5 of exposure for tissues exposed to both concentrations
of 11-KT (10 and 100 uM) and the highest concentrations of T (100 uM).
The volume densities of atretic oocytes in all exposure groups (both 11-
KT and T) were generally 3-5%, showing no significant differences
between control and androgen exposed tissues. Furthermore, the
volume densities of oocytes in primary growth phase were by far the
most abundant in all tissues, showing volume fractions between 28 and
50%. No significant differences in primary oocyte volume densities were
observed between control and androgen exposed tissues.

At day 10 of exposure, tissues exposed to 11-KT (10 and 100 pM)
showed significantly higher volume fractions of oocytes in advanced
previtellogenic growth phase compared to the solvent control (Table 4

Table 5
Volume densities (%) of previtellogenic oocyte developmental stages in relation to total
gonadal tissue volume (n=3) in tissues exposed to testosterone (T)

11-ketotestosterone Day 5 Day 10 Testosterone (uM) Day 5 Day 10

(“M)— Control 10 100 Control 10 100 = Control 10 100 Control 10 100
Previtellogenic oocyte Previtellogenic oocyte

developmental stage developmental stage

1st growth 42+6 51+6 38+13  34%4 33+4 3146 1st growth 3316 3146 3316 46+2 3149 37410
_Advanced growth 1.2+13 28+12 18+09 49+18 12.8453 13.6%5.2 _Advanced growth 17+09 35+18 58+17 6315 144124 11.4%20
1st atresia 50+13 42+12 32#1 18+04 1209 1.0£03 1% atresia 3.6+0.8 4.4+15 33x09 21+06 18+06 15%05
2nd atresia = 03+04 0.6£08 3.7+21 53%3.5 57%3 2nd atresia = 02+04 1.0x06 1.2%1 24%26 4523
Spermatozoa = 04+1 13+1 = 14+15  15%17 Spermatozoa = = 0102 - 0.5+06 0.6+04

Data are expressed as mean +standard deviation.

Data are expressed as mean +standard deviation
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Fig. 6. Volume densities (%) of previtellogenic oocytes of advanced growth in cultured previtellogenic oocytes of Atlantic cod exposed to 11-ketotestosterone (11-KT) and testosterone
(T) at 0 (control), 10 and 100 uM. Oocytes were sampled at days 5 (A; 11-KT, C; T) and 10 (B; 11-KT, D; T) of exposure. Data are given as mean expressed as percentage (%) of control
(n=3)+standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05).

and Fig. 6B), displaying a 2.6- and 2.8-fold increase in advanced oocyte
volume densities for tissues exposed to 10 and 100 uM 11-KT,
respectively. The same pattern is also true for tissues exposed to T
(Table 5 and Fig. 6D) showing a 2.3- and 1.8-fold increase in volume
fractions of previtellogenic oocytes in advanced growth phase in
tissues exposed to 10 and 100 pM T, respectively. Ovary areas with
high density of spermatozoa were observed at day 10 of exposure for
tissues exposed to all concentrations of 11-KT and T, with minor, but
significantly higher volume fractions observed in tissues exposed to
11-KT as compared to tissues exposed to T. The volume densities of
atretic oocytes showed no significant differences between control and
androgen exposed tissues. However, a general shift from primary to
secondary atretic oocytes was observed at day 10 of exposure, com-
pared to day 5 of exposure.

3.4, In situ hybridization

A summary of cellular localization of mRNA levels using in situ
hybridization of ZPA and zona pellucida protein X2 (ZPX2) RNA probes
on tissues exposed to 11-KT and T are presented in Table 6 and some
representative micrographs are shown in Fig. 7. At 5 days of exposure,
a clear positive probe signal was revealed only in the control sections
for both treatments (11-KT and T). For both treatments (11-KT; Fig. 7B
and T; Fig. 8C), ZPA was highly expressed at 10 days of exposure as
compared to control (Fig. 7A). In all cases, the signal was stronger for
samples exposed toT than samples exposed to 11-KT. In positive
slides, the sections were generally characterized by smaller oocytes

Table 6
Summary of in situ RNA probe expression

11-KT T

Control 100 uM Control 100 uM

Day5 Day10 Day5 Day10 Day5 Day10 Day5 Day 10
ZPA + + +/—A ++ ++ +++ +/—A ++++
ZPX2 + + +/—A ++ ++ +++ +/—A ++++

++++ Very strong signal; +++ strong signal; ++ moderate signal; + weak signal; +/- weak
or no signal.

showing high levels of ZPA mRNA expression. Larger oocytes showed 5:
relatively lower expression levels. The expression of ZPX2 was similar 557
toZPA expression (Table 6, micrographs not shown). 5

3.5, 11-KT tissue levels 559

In order to estimate androgen uptake by gonadal tissue cultures, 560
we measured 11-KT concentrations in samples exposed to 0 (control), 561
10 and 100 pM 11-KT for 24 h (n=3). Solvent control tissues displayed 562
a mean 11-KT concentration of 0.68 ng/mg tissue (Fig. 8). When 563
compared with control samples, mean tissue 11-KT levels increased 10 564
and 30-fold after exposure to 10 and 100 pM 11-KT, respectively. 56

St

4, Discussion 566

Prior to overt morphological or developmental changes, the first 567
interaction between a hormone and tissue occurs at the molecular and 568
cellular levels of biological organization. Therefore, changes in gene 569
expression as a result of hormonal exposure and the subsequent 570
molecular processes that lead to developmental and physiological 571
changes may be used as quantitative markers for cellular, physiolo- 572
gical, developmental and reproductive effects in an organism. Herein, 573
we show that gene expression patterns and the growth of cod 574
previtellogenic gonadal tissues were modulated after exposure to 575
androgens. Both 11-KT and T were capable of inducing previtellogenic 576
oocyte growth and development, with 11-KT being the strongest 577
modulator. 578

4.1, Evaluation of SSH and CodArray data 579

When genomic data for an organism is limited, such as the Atlantic 580
cod, the SSH method can be a powerful tool for generating cDNA 581
libraries containing DNA sequences of interest. The use of microarrays 582
to screen cDNA clones generated by SSH also allows the identification 583
of previously unknown genes—a finding that is not possible using 584
conventional arrays of previously cloned genes (Yang et al., 1999). 585
However, SSH usually generates a number of redundant clones in the 5
subtracted sequences, and several genes suspected to be involved in 587
the transcriptional regulation of oocyte growth and development 5
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Fig. 7. Sections of cultured previtellogenic oocytes of Atlantic cod exposed to 11-ketotestosterone(11-KT) and testosterone (T) at O (control) and 100 uM in situ hybridized to ZPA
domain containing protein (ZPA) RNA probes. A positive signal was obtained for control sections(A), samples exposed to 100 uM 11-KT (B) showed a stronger signal as compared to
control, whereas an even stronger positive reaction was observed in samples exposed to 1004M T (C). Negative control incubated with the sense probe (D) showed no signal. Note
that Fig. 9 D has a 2x magnification compared with 9A, B and C, to visualize oocytes due to lack of signal.

were not represented after performing SSH in the present study. The
reason for this is probably the low expression levels of these genes in
cod ovarian tissue. In accordance, it is well known that SSH favours the
enrichment of high abundance transcripts (Ji et al., 2002; Pan et al.,
2006), which may result in over- or under-representation of certain
transcripts in the subtracted library. Therefore, transcripts from some
genes were amplified by PCR using specific primers from conserved
regions of the respective genes based on sequence information in
NCBI GenBank. The PCR products were cloned into E. coli plasmids,
sequenced and subsequently added to the array.

Although the present study generated few sequences compared with
other surveys, the number of gene profiles generated was already too
high for suitable one by one analysis. Therefore, we performed an initial
array screening with subsequent qPCR analyses of genes suspected to
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Fig. 8. 11-ketotestosterone (11-KT) levels in previtellogenic oocyte cultures of Atlantic
cod incubated for 24 h with different 11-KT concentrations. 11-KT levels were
determined using enzyme immunoassay method. Data are given as mean value and
expressed as ng/mg tissue (wet weight) of n=3*standard error of the mean (SEM).

be involved in previtellogenic oocyte growth and development. After 603
annotation of the sequenced clones, we found that the major part of the 604
amplicons generated by SSH were of oocyte origin, whereas less 605
abundant transcripts derived from ovarian follicle cells were likely not 606
identified by the SSH method. In compliance, this has been observed 607
earlier, and it has been proposed that construction of cDNA libraries 608
enriched for extra-pocyte components such as the follicle wall will 609
provide a better generation of transcripts from these ovarian compo- 610
nents (Goetz et al., 2006; Luckenbach et al., 2008). 611

cDNA microarray techniques have some disadvantages compared 612
to more tedious techniques such as qPCR. For example, they are 613
limited in the detection of genes with low expression (Rondeau et al., 614
2005) and clones from less abundant mRNAs may fall within the 615
‘noise’ level of the hybridization signals (Yang et al., 1999). In addition, 616
cDNA insert size may be a factor in reliably identifying differentially 617
expressed genes, and short subtracted clones from the 5[prime]-end 618
of cDNAs are less likely to give reliable hybridization signals than full- 619
length cDNAs (Yang et al., 1999). In the present study, array screening 620
failed to identify some genes (e.g. StAR and P450scc) that were shown 621
to be differentially expressed after androgen treatment by qPCR 622
analysis. Additionally, validation of array values by qPCR demon- 623
strated differences in expression profiles for the two methods in some 624
instances. These differences might be due to the mentioned limita- 625
tions of microarray techniques. To conclude, we believe the micro- 626
array approach should be considered a first screening, and qPCR 627
probably produced more accurate molecular signatures, at least in the 628
present study. 629

4.2, Modulation of genes associated with the zona radiata 630

The present study demonstrated high levels of ZP transcripts in the 631
previtellogenic Atlantic cod ovary using qPCR and in situ hybridization 632
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analyses. Although some data show conflicting patterns, a general
increased mRNA expression after androgen treatment was observed.
In vertebrates, the egg envelope, which is of great importance for the
sperm-egg interaction, consists of a family of related ZP proteins with
a conserved ZP domain. Very recent studies have demonstrated that
teleost species have at least three isoforms of ZP proteins, ZP1 (ZPB),
ZP3 (ZPC) and ZPX (Modig et al., 2006; Modig et al., 2007). However,
the ZP nomenclature is confusing, and this complicates comparison
between mammalian and fish ZP genes, as well as between different
teleost species (Arukwe and Goksoyr, 2003). Several other studies
have demonstrated abundant levels of ZP transcripts in teleost oocytes
during previtellogenic growth, displaying higher ZP mRNA levels in
the more undeveloped stages of oocyte growth (Chang et al., 1997;
Luckenbach et al., 2008; Zeng and Gong, 2002). Elsewhere, while E2
regulation of ZP synthesis is a well known phenomenon, androgens
have been suggested to regulate ZPs in fish (Miura et al., 1998) and
birds (Pan et al., 2001). Although not conclusive, the present study
suggests that androgens can modulate the transcriptional profile of ZP
genes in the previtellogenic cod ovary, possibly in correlation with
development of the oocyte envelope.

4.3, Effects on cyclin-B mRNA levels

Final oocyte maturation is triggered by the maturation-promoting
factor (MPF), and MPF comprises two components; the catalytic
subunit cdc2 and the regulatory subunit cyclin-B (Kondo et al., 1997;
Morgan, 1995). Cyclin-B transcripts have been demonstrated in
immature oocytes of goldfish (Nagahama, 1997) and zebrafish
(Kondo et al., 2001) but they are not translated until later, when the
oocyte reach the maturation phase. Other studies have suggested that
the accumulation of cyclin-B transcripts in oocytes is involved in the
regulation of the early embryonic cell cycle (Aegerter et al., 2004), and
that expression of cyclin-B in previtellogenic oocytes indicates somatic
follicle cells undergoing mitotic divisions (von Schalburg et al., 2005).
The present study demonstrates high levels of cyclin-B mRNA in the
previtellogenic cod ovary, and we show that natural occurring
androgens are able to increase cyclin-B transcription levels. Gene
expression patterns of cyclin-B have been suggested as‘markers for
early oocyte growth and developmental competence in teleost fish
(Aegerter et al., 2004), but more studies assessing the regulation of
cyclin-B transcription levels in specific oocyte developmental stages
are needed in order to support this suggestion,

4.4, Modulation of heat shock protein 9083 expression

Heat shock proteins are a family of highly conserved intracellular
proteins found in all organisms (Lindquist and Craig, 1988). Despite
the fact that heat shock proteins are primitive and act to protect the
cell against the cytotoxic consequences of protein degradation, a
number of heat shock genes are expressed at high levels during
normal cell growth (Morimoto et al., 1994). The expression of heat
shock genes in teleost embryonic development have been investigated
(Krone et al., 2003), as well as heat shock protein expression during
oogenesis, where it has been shown that growing oocytes sponta-
neously express high levels of heat shock protein 70 and 90 (Neuer
et al.,, 1999). Extensive molecular characterization and biochemical
studies have demonstrated that vertebrate members of Hsp90 family
play a post-translational regulatory role within the cell by interacting
with several important cellular signalling molecules and transcription
factors, such as steroid receptors, and modulating their activities
(Krone et al.,, 1997). A recent large-scale genomic study describing
expression profiles of zebrafish testis and ovary demonstrated that
Hsp90 was the most abundant transcript in testis, whereas Hsp90
showed a much lower expression level in the ovary (Zeng and Gong,
2002). In contrast, this study demonstrated that Hsp90p was among
the most abundant transcripts in the previtellogenic cod ovary, and

11-KT and T produced increased Hsp90> mRNA levels, albeit showing 695
time-dependent expression patterns. Thus, it seems likely that 696
Hsp90p plays an important role in oocyte development, at least in 697
Atlantic cod. 698

4.5 Modulation of StAR and P450scc mRNA levels 699

The rate-limiting step in steroidogenesis is the movement of 700
cholesterol across the mitochondrial membrane by the StAR protein 701
and the subsequent conversion to pregnenolone by the P450scc enzyme 702
(Stocco, 2001). In mammals, StAR and P450scc are rapidly synthesized in 703
response to acute tropic hormone stimulation and cAMP, and in general, 704
agents that increase steroid biosynthesis also increase StAR mRNA 705
expression (Stocco, 2001). However, current knowledge about StAR is 706
mostly based on mammalian studies, whereas the relationship between 707
StAR gene expression and steroid production in fish is not very well 708
described (Hagen et al., 2006; Stocco et al., 2005). Interestingly, StAR 709
expression data suggest that the molecular mechanisms of StAR 710
synthesis and regulation in fish may differ from what has been 711
previously observed in mammals (Goetz et al, 2004). The gene 712
expressions of StAR presented in the present study show more than a 713
4-fold increase in StAR mRNA compared to control at day 10 of exposure 714
for samples exposed to 10 uM 11-KT and 100 uM T. Additionally, we 715
observed differential expression patterns of StAR and P450scc. For 716
example, samples exposed to T showed a general increase in StAR mRNA 717
levels at day 10 of exposure, whereas a consistent decrease in P450scc 718
mRNA expression’ was observed at the same time interval. These 719
findings are in contrast with a previous study by Geslin and Auperin 720
(2004), where a positive correlation between the expression profiles of 721
StAR and P450scc was observed, suggesting a similar mechanism of 722
transcriptional regulations for these two genes in teleosts. The different 723
effects of 11-KT and T are generally explained by the possible 724
aromatization of T to E2, that will subsequently reduce cellular levels 725
of T (Lokman et al., 1998). However, a previous in vitro study by Mori 726
et al,(2000) demonstrated an almost ignorable conversion of T to E2 in 727
primary cultures of immature male rainbow trout hepatocytes. In 728
addition, HPLC studies showed that T is metabolized mainly into 729
testosterone-glucuronide and androstenedione in these cells (Cravedi 730
et al,, 1996). While our study demonstrates that 11-KT and T gave rise 731
to different expression patterns of transcripts directly involved in 732
steroidogenesis, additional studies are needed to determine the precise 733
role of aromatizable and non-aromatizable androgens in the regulation 734
of ovarian steroidogenic genes and proteins in teleosts. 735

4.6, Histology and stereological analysis of the growth and development 736
of cod oocytes 737

The volume fractions occupied by oocytes of different develop- 738
mental classes in the previtellogenic cod ovary were modulated after 739
exposure to androgens. In general, both 11-KT and T produced pre- 740
vitellogenic oocyte growth and development, with 11-KT compara- 741
tively being the strongest modulator. Relevant to small preantral 742
follicles in mammals, that resemble fish previtellogenic oocytes (given 743
that growth progresses slowly occurring both before and after puberty 744
(Hsueh et al, 2000) and appearing to be mostly gonadotrophin- 745
independent), androgens has been implicated in mammalian oogen- 746
esis (McGee, 2000). For example, growing preantral and small antral 747
follicles were significantly increased in number, and granulosa and 748
thecal cell proliferation increased in androgen treated rhesus monkey 749
(Vendola et al., 1998). Similarly, testosterone-treated women or those 750
suffering from androgen excess (polycystic ovarian syndrome, andro- 751
gen-producing tumors) showed increased number of growing follicles 752
(Vercellini et al., 1993). Some of these effects may be indirect via 753
surrounding stromal tissue (Vendola et al., 1999). Direct androgen 754
effects on ovarian follicles are very likely since androgen receptor (AR) 755
mRNA abundance in rhesus monkey was highest in preantral to small 756
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antral follicles (Weil et al., 1998). Androgens also modify the intra-
ovarian gene expression in the rhesus monkey, as demonstrated by
increased mRNA abundance of insulin-like growth factor-1 (IGF-1)
and IGF-]-receptor (Vendola et al., 1999) in follicles up to early antral
stage. Except for the evidence that androgens increase oocyte
“diameter” _and modify growth factor mRNA abundance, the under-
lying molecular mechanism(s) involved in possible gene regulation
resulting in the growth of previtellogenic oocytes has not been
investigated, and have been addressed in the present study.

The present study shows a consistent stereological validation of
oocyte growth and development after exposure to androgens. Tissues
exposed to 11-KT and T showed significantly higher volume fractions
of previtellogenic oocytes of advanced growth as compared to the
solvent control. A second stereological approach was employed in the
present study in order to investigate the mean volume of previtello-
genic oocytes of different developmental classes. This method is
referred to as the Point Sampled Intercept (PSI), and allows an
unbiased estimation of the mean volume and variability of particles of
arbitrary shape (Gundersen and Jensen, 1985). PSI analysis of cod
previtellogenic ovary tissues exposed to 11-KT and T showed similar
patterns as observed by the previous discussed method of volume
fractions, demonstrating an apparent increase in oocyte volume after
androgen exposure (data not shown). All stereological studies require
representative sampling of the organ and generation of adequate
sectioning of the structures to be analyzed (Mandarim-de-Lacerda,
2003). The sampling and arbitrary sectioning of the (naturally

roundish) oocytes granted the isotropy requirements (Mandarim-_

de-Lacerda, 2003). Also, previous studies have shown that oocyte size
distribution is homogenous in cod ovaries (Kjesbu and Holm, 1994).
Finally, all the gonadal tissues examined in the present study
displayed a normal histology. The volume densities of atretic oocytes
were generally 3-5%, showing no significant differences between
control and androgen exposed tissues. Although it has been shown
that atresia occurs in oocyte of all developmental classes, very little is
known about atresia during early stages of oocyte development (Tyler
and Sumpter, 1996). Oocyte areas with a high density of spermatozoa
were observed at both day 5 and day 10 of exposure for tissues
exposed to 11-KT and T, with higher volume fractions observed in
tissues exposed to 11-KT compared to tissues exposed to T. The
appearance of spermatozoa in cultivated ovarian tissue is puzzling,
and the possibility that sex reversal was occurring in cultivated
ovarian tissue exposed to androgens should not be excluded. If sex
reversal was occurring within 5 days of in vitro androgen exposure,
one would think that less mature stages of male germ cells (i.e.
spermatogonia and spermatocytes) could be observed at earlier time
points, at least in some sections. However, it should also be noted that
not all androgen exposed ovary tissue samples examined contained
spermatozoa. Previous studies addressing the effects of 11-KT on
previtellogenic ovarian growth -have demonstrated the presence of
male germ cells in androgen treated female fish in vivo (Rohr et al.,
2001) but not in vitro (Lokman et al., 2007).

4.7, Evaluation of in vitro floating agarose method

From an endocrine and reproductive physiology point of view,
these findings represent an interesting aspect of the role of androgens
on previtellogenic oocyte growth in teleosts. However, we do
acknowledge that the nominal 11-KT and T concentrations (10 and
100 uM) used in the present study are several orders of magnitude
higher than physiological androgen levels reported in fish. In the
present study, plasma levels of 11-KT in the female fish used for the in
vitro gonadal incubation was 1+0.5 ng/ml of n=4 individuals. To our
knowledge, there are no previous studies that have measured
physiological androgen levels in previtellogenic stages of cod, although
a few studies have measured variable T levels in cod during later stages
of oocyte development (Dahle et al.,, 2003; Kjesbu et al., 1996). In a

study by Lokman et al, (2002), it was demonstrated that the presence 821
of both 11-KT and T in females for a number of teleost species were 822
generally at low concentrations (<1 ng/ml). In planning and designing s23
this study, we hypothesized that only a fraction of the given androgen 824
concentrations will be accessible to the oocytes using the in vitro 825
floating agarose method after considering biological factors such as 826
bioavailability and bioconcentration. This hypothesis was supported 827
by EIA analyses of 11-KT concentration in tissue cultures used in the 828
present study (see Fig. 8). Solvent control tissues displayed a mean 11-_829
KT concentration of 0.68 ng/myg tissue (wet weight), whereas mean 11- 830
KT concentration increased 10 and 30-fold when exposed to 11-KT at 831
the nominal concentrations of 10 and 100 uM, respectively. These 832
measurements were conducted 24 h post-exposure, and steroid 833
concentrations probably decreased rapidly during the next 4 exposure 834
days, before fresh media with 11-KT was-added to the cultures (i.e. at 835
day 5). A rapid decrease in plasma steroid hormone levels has been 836
reported previously during in vivo steroid injection of fathead minnow 837
(Korte et al., 2000; Pakdel et al., 1991). Thus, we estimate that the low 838
androgen concentration used in the present study (10 uM) represents a 839
physiological relevant concentration, whereas the high concentration 840
(100 uM) probably represents an extreme in vivo situation. 841

Furthermore, in a separate study using 1 and 1000 uM 11-KT and T 842
(i.e. one magnitude lower and higher of the concentrations used in 843
the present study), we found very modest differences in the studied 844
variables (Kortner et al. submitted). In addition, quantitative histological 845
analyses showed a consistent stereological validation of oocyte growth 846
after exposure to androgens both when exposed to 10 and 100 uM (this 847
study) or 1 and 1000 uM (Kortner et al. submitted). The modest dif- 848
ferences between androgen concentrations observed in our studies may 849
be explained by the fact that steroid hormone effects on cellular 850
processes are regulated by auto-regulatory mechanisms and functional 851
alterations will occur when threshold levels are reached irrespective of 852
administered concentration. This assumption is further supported by 853
the fact that histological analyses of all tissues did not show any toxicity 854
related differences between control and 11-KT or T exposed samples 855
when exposed to 1, 10, 100 or 1000 uM. In accordance, previous in vitro 856
studies have used comparable androgen concentrations used in the 857
present study (Braun and Thomas, 2003; Mori et al., 1998). Nevertheless, 858
an in vitro system lacks the absolute metabolic competence of an intact 859
organism and our finding does not directly reflect an in vivo condition. 860
However, the findings in the present study represent some novel aspects 861
of the roles of androgens on the early growth of previtellogenic oocytes 862
that recently has been validated in vivo in our laboratory using 863
physiological androgen levels (Kortner et al. in preparation). 864

5. Conclusions 865

The present study provides the identification, sequencing and the 866
expression patterns of a number of androgen-responsive genes in the 867
previtellogenic cod ovary. We present the first targeted cod array 868
(CodArray), consisting of clones with unique expression patterns that 869
were either up- or down-regulated after androgen exposure using an 870
in vitro previtellogenic oocyte culture technique with subsequent SSH 871
analysis. Quantitative real-time polymerase chain reactions demon- 872
strated the changes in expression for selected genes that are believed 873
to be involved in the growth and development of previtellogenic 874
oocytes in the Atlantic cod. Furthermore, we show that androgens 875
promote oocyte growth and development in cod previtellogenic 876
gonadal tissues. We present a consistent stereological validation of 877
oocyte growth and development after exposure to androgens. In 878
general, both 11-KT and T are capable of inducing previtellogenic 879
oocyte growth and development, with the former hormone being the 880
strongest modulator. Although not conclusive, the demonstration of 881
previtellogenic oocyte growth and development after androgen 8s2
exposure and the related differential expression of a number of 883
_androgen-responsive genes reveal novel roles of androgens concerning 8s4
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the maturation and development of previtellogenic oocytes, indi-
cating androgen control of early follicular and oocyte growth in the
cod ovary.

Acknowledgements

This study was financed by the Norwegian Research Council (NFR)
contract number 165073/V40. We thank Vidar Beisvag and Hallgeir
Bergum at the Norwegian Microarray Consortium (NMC) for helpful
discussions during the array printing process. We thank Prof. Atle Bones
for letting us use the functional genomics (FUGE) Arabidopsis National
Platform facilities and Tommy S. Jerstad for microarray analysis.

Appendix A. Supplemental data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cbd.2008.04.001.

References

Abraham, M., Hilge, V., Lison, S., Tibika, H., 1984. The cellular envelope of oocytes in
teleosts. Cell Tissue Res. 235, 403-410.

Aegerter, S., Jalabert, B., Bobe, J., 2004. Messenger RNA stockpile of cyclin B, insulin-Jike
growth factor I, insulin-like growth factor II, insulin-like growth factor receptor Ib,
and p53 in the rainbow trout oocyte in relation with developmental competence.
Mol. Reprod. Dev. 67, 127-135.

Arukwe, A., 2006. Toxicological housekeeping genes: do they really keep the house?
Environ. Sci. Technol. 40, 7944-7949.

Arukwe, A., Goksoyr, A., 2003. Eggshell and egg yolk proteins in fish: hepatic proteins
for the next generation: Oogenetic, population, and evolutionary implications of
endocrine disruption. Comp. Hepatol. 2 (1), 4.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: A practical and
powerful approach to multiple testing. J. R. Stat. Soc., Ser. B 47, 289-300.

Bieniarz, K., Kime, D.E., 1986. Autoradiographic localization of gonadotrophin receptors
in ovaries of the common carp, Cyprinus carpio L. Gen. Comp. Endocrinol. 64,
151-156.

Borg, B., 1994. Androgens in teleost fishes. Comp. Biochem Physiol., C 109, 219-245.

Braun, A.M.,, Thomas, P., 2003. Androgens inhibit estradiol-17beta synthesis in Atlantic
croaker (Micropogonias undulatus) ovaries by a nongenomic mechanism initiated at
the cell surface. Biol. Reprod. 69, 1642-1650.

Bromage, N., Jones, J., Randall, C,, Thrush, M., Davies, B., Springate, J., Duston, J., Barker,
G., 1992. Broodstock management, fecundity, egg quality and the timing of egg
production in the rainbow trout (Oncorhynchus mykiss). Aquaculture 100, 141-166.

Caussanel, C.,, Breuzet, M., 1977. [Hormonal control of the ovarian cycle in Labidura
riparia (author's transl)]. Ann. Endocrinol. (Paris) 38, 403-404.

Chan, L., Means, A.R., 0'Malley, B.W., 1978. Steroid hormone regulation of specific gene
expression. Vitam. Horm. 36, 259-295.

Chang, Y.S., Hsu, C.C, Wang, S.C,, Tsao, C.C,, Huang, FL., 1997. Molecular cloning,
structural analysis, and expression of carp ZP2 gene. Mol. Reprod. Dev. 46, 258-267.

Cravedi, J.P, Paris, A., Monod, G., Devaux, A., Flouriot, G., Valotaire, Y., 1996. Maintenance of
cytochrome P450 content and phase I and phase Il enzyme activities in trout
hepatocytes cultured as spheroidal aggregates. Comp. Biochem Physiol., C 113, 241-246.

Dahle, R, Taranger, G.L, Karlsen, O., Kjesbu, ‘0.S., Norberg, B., 2003. Gonadal
development and associated changes in liver size and sexual steroids during the
reproductive cycle of captive male and female Atlantic cod (Gadus morhua L.).
Comp. Biochem Physiol., A 136, 641-653.

Freere, R.H., Weibel, E.R., 1967. Stereological techniques in microscopy. J. R. Microsc. Soc.
87,25-34.

Geslin, M., Auperin, B., 2004. Relationship between changes in mRNAs of the genes
encoding steroidogenic acute regulatory protein and P450 cholesterol side chain
cleavage in head kidney and plasma levels of cortisol in response to different kinds
of acute stress in the rainbow trout (Oncorhynchus mykiss). Gen. Comp. Endocrinol.
135, 70-80.

Goetz, EW., Norberg, B., McCauley, L.A., lliev, D.B., 2004. Characterization of the cod
(Gadus morhua) steroidogenic acute regulatory protein (StAR) sheds light on StAR
gene structure in fish. Comp. Biochem. Physiol. B. Biochem. Mol. Biol. 137, 351-362.

Goetz, EW., McCauley, LA., Goetz, G:W., Norberg, B., 2006. Using global genome
approaches to address problems in cod mariculture. ICES J. Mar. Sci. 63, 393-399.

Gundersen, HJ., Jensen, E.B., 1985. Stereological estimation of the volume-weighted
mean volume of arbitrary particles observed on random sections. J. Microsc. 138,
127-142.

Hagen, 1], Kusakabe, M., Young, G., 2006. Effects of ACTH and cAMP on steroidogenic
acute regulatory protein and P450 11beta-hydroxylase messenger RNAs in rainbow
trout interrenal cells: Relationship with in vitro cortisol production. Gen. Comp.
Endocrinol. 145, 254-262.

Ho, S.M,, Taylor, S., Callard, L.P., 1982. Effect of hypophysectomy and growth hormone on
estrogen-induced vitellogenesis in the freshwater turtle, Chrysemys picta. Gen.
Comp. Endocrinol. 48, 254-260.

Hsueh, AJ., McGee, E.A., Hayashi, M., Hsu, S.Y., 2000. Hormonal regulation of early
follicle development in the rat ovary. Mol. Cell. Endocrinol. 163, 95-100.

Ikeuchi, T, Todo, T., Kobayashi, T., Nagahama, Y., 1999. cDNA cloning of a novel androgen 959
receptor subtype. . Biol. Chem. 274, 25205-25209. 960
Ji, W, Wright, M.B., Cai, L., Flament, A., Lindpaintner, K., 2002. Efficacy of SSH PCR in 961
isolating differentially expressed genes. BMC Genomics 3 (1), 12. 962
Kjesbu, O.S., Kryvi, H., 1989. Oogenesis in cod, Gadus morhua L., studied by light and 963
electron microscopy. J. Fish. Biol. 34, 735-746. 964
Kjesbu, O.S., Holm, ].C., 1994. Oocyte recruitment in first-time spawning Atlantic cod 965
(Gadus morhua) in relation to feeding regime. Can. J. Fish Aquat. Sci. 51, 1893-1898. 966
Kjesbu, O.S., Kryvi, H., Norberg, B., 1996. Oocyte size and structure in relation to blood 967
plasma steroid hormones in individually monitored, spawning Atlantic cod. ]. Fish. 968
Biol. 49, 1197-1215. 969
Kondo, T., Yanagawa, T., Yoshida, N., Yamashita, M., 1997. Introduction of cyclin B induces 970
activation of the maturation-promoting factor and breakdown of germinal vesicle in 971
growing zebrafish oocytes unresponsive to the maturation-inducing hormone. Dev. 972
Biol. 190, 142-152. 973
Kondo, T., Kotani, T., Yamashita, M., 2001. Dispersion of cyclin B mRNA aggregation is 974
coupled with translational activation of the mRNA during zebrafish oocyte maturation. 975
Dev. Biol. 229, 421-431. 976
Korte, J.J., Kahl, M.D., Jensen, K.M., Pasha, M.S., Parks, L.G., LeBlank, G.A., Ankley, G.T., 977
2000. Fathead minnow vitellogenin: complementary DNA sequence and messenger 978
RNA and protein expression after 17B-estradiol treatment. Environ. Toxicol. Chem. 979
19, 972-981. 980
Kortner, T.M., Arukwe, A., 2007a. Effects of 17alpha-methyltestosterone exposure on 981
steroidogenesis and cyclin-B mRNA expression in previtellogenic oocytes of 982
Atlantic cod (Gadus morhua). Comp. Biochem. Physiol. C. Toxicol. Pharmacol. 146, 983
569-580. 984
Kortner, T.M., Arukwe, A., 2007b. The xenoestrogen, 4-nonylphenol, impaired 985
steroidogenesis in previtellogenic oocyte culture of Atlantic cod (Gadus morhua) 986
by targeting the StAR protein and P450scc expressions. Gen. Comp. Endocrinol. 150, 987
419-429. 988
Krone, PH., Sass, ]J.B; Lele, Z, 1997. Heat shock protein gene expression during 989
embryonic development of the zebrafish. Cell. Mol. Life Sci. 53, 122-129. 990
Krone, P.H., Evans, T.G., Blechinger, S.R., 2003. Heat shock gene expression and function 991
during zebrafish embryogenesis. Semin. Cell Dev. Biol. 14, 267-274. 992
Leatherland, ].F.,, Copeland, P., Sumpter, J.P.,, Sonstegard, R.A., 1982. Hormonal control of 993
gonadal maturation and development of secondary sexual characteristics in coho 994
salmon, Oncorhynchus kisutch, from lakes Ontario, Erie, and Michigan. Gen. Comp. 995
Endocrinol. 48, 196-204. 996
Lindquist, S., Craig, E.A., 1988. The heat-shock proteins. Annu. Rev. Genet. 22, 631-677. 997
Lokman, PM., Vermeulen, GJ., Lambert, ].G.D., Young, G., 1998. Gonad histology and 998
plasma steriod profiles in wild New Zealand freshwater eels (Anguilla dieffenbachii 999
and A. australis) before and at the onset of the natural spawning migration. I. 1000
Females. Fish Physiol. Biochem. 19, 325-338. 1001
Lokman, P.M., Harris, B., Kusakabe, M., Kime, D.E., Schulz, RW., Adachi, S., Young, G., 1002
2002.11-Oxygenated androgens in female teleosts: prevalence, abundance, and life 1003
history implications. Gen. Comp. Endocrinol. 129, 1-12. 1004
Lokman, P.M., George, K.A.,, Divers, S.L., Algie, M., Young, G., 2007. 11-Ketotestosterone 1005
and IGF-] increase the size of previtellogenic oocytes from shortfinned eel, Anguilla 1006
australis, in vitro. Reproduction 133, 955-967. 1007
Luckenbach, ].A,, Iliev, D.B., Goetz, EW., Swanson, P., 2008. Identification of differentially 1008
expressed ovarian genes during primary and early secondary oocyte growth in coho 1009

salmon, Oncorhynchus kisutch. Reprod. Biol. Endocrinol. 6 (1), 2. 1010
MacKenzie, D.S., VanPutte, C.M., Leiner, K.A., 1998. Nutrient regulation of endocrine 1011
function in fish. Aquaculture 161, 3-25. 1012
Mandarim-de-Lacerda, C.A., 2003. Stereological tools in biomedical research. An. Acad. 1013
Bras. Cienc. 75, 469-486. 1014
McGee, E.A., 2000. The regulation of apoptosis in preantral ovarian follicles. Biol. Signals 1015
Recept. 9, 81-86. 1016

Miura, T,, Kudo, N., Miura, C,, Yamauchi, K., Nagahama, Y., 1998. Two testicular cDNA 1017
clones suppressed by gonadotropin stimulation exhibit ZP2- and ZP3-like struc- 1018
tures in Japanese eel. Mol. Reprod. Dev. 51, 235-242. 1019

Modig, C., Modesto, T., Canario, A., Cerda, J., von Hofsten, J., Olsson, P.E., 2006. Molecular 1020
characterization and expression pattern of zona pellucida proteins in gilthead 1021
seabream (Sparus aurata). Biol. Reprod. 75, 717-725. 1022

Modig, C., Westerlund, L., Olsson, P.E., 2007. Oocyte Zona pellucida proteins. In: Babin, PJ., 1023
Cerda, J., Lubzens, E. (Eds.), The Fish Oocyte: From Basic Studies to Biotechnological 1024

Applications. Springer, pp. 113-139. 1025
Mommsen, T.P., Walsh, PJ., 1988. Vitellogenesis and oocyte assembly. Fish Physiol. 12A, 1026
347-406. 1027
Morel, G., Cavalier, A., 2001. In Situ Hybridization in Light Microscopy. CRC Press LLC, 1028
USA. 1029
Morgan, D.O., 1995. Principles of CDK regulation. Nature 374 (6518), 131-134. 1030

Mori, T, Matsumoto, H., Yokota, H., 1998. Androgen-induced vitellogenin gene 1031
expression in primary cultures of rainbow trout hepatocytes. J. Steroid Biochem. 1032
Mol. Biol. 67, 133-141. 1033

Mori, T., Sumiya, S., Yokota, H., 2000. Electrostatic interactions of androgens and 1034
progesterone derivatives with rainbow trout estrogen receptor. J. Steroid Biochem. 1035

Mol. Biol. 75, 129-137. 1036
Morimoto, RIL, Tissieres, A., Georgopoulos, C., 1994. The Biology of Heat Shock Proteins 1037
and Molecular Chaperones. Cold Spring Harbor Laboratory Press, New York. 1038

Nagahama, Y., 1997. 17 alpha,20 beta-dihydroxy-4-pregnen-3-one, a maturation- 1039
inducing hormone in fish oocytes: mechanisms of synthesis and action. Steroids 1040
62, 190-196. 1041
Neuer, A., Spandorfer, S.D., Giraldo, P., Jeremias, ]J., Dieterle, S., Korneeva, I, Liu, H.C., 1042
Rosenwaks, Z., Witkin, S.S., 1999. Heat shock protein expression during gametogen- 1043
esis and embryogenesis. Infect. Dis. Obstet. Gynecol. 7, 10-16. 1044

Please cite this article as: Kortner, T.M., et al., Genomic approach in evaluating the role of androgens on the growth of Atlantic cod (Gadus
morhua) previtellogenic oocytes, Comp. Biochem. Physiol., Part D (2008), doi:10.1016/j.cbd.2008.04.001



http://dx.doi.org/doi:10.1016/j.cbd.2008.04.001
Original_text: atlantic 
Original_text: atlantic 
Original_text: atlantic 
Original_text: atlantic 
http://dx.doi.org/10.1016/j.cbd.2008.04.001

14 T.M. Kortner et al. /| Comparative Biochemistry and Physiology, Part D xxx (2008) xXx-xXx

Olsson, P.E., Berg, A.H., von Hofsten, ]., Grahn, B., Hellqvist, A., Larsson, A., Karlsson, ].,
Modig, C., Borg, B., Thomas, P., 2005. Molecular cloning and characterization of a
nuclear androgen receptor activated by 11-ketotestosterone. Reprod. Biol. Endo-
crinol. 3, 37.

Pakdel, F, Feon, S., Le Gac, F, Le Menn, F,, Valotaire, Y., 1991. In vivo estrogen induction of
hepatic estrogen receptor mRNA and correlation with vitellogenin mRNA in
rainbow trout. Mol. Cell Endocrinol. 75, 205-212.

Pan, J., Sasanami, T., Kono, Y., Matsuda, T., Mori, M., 2001. Effects of testosterone on
production of perivitelline membrane glycoprotein ZPC by granulosa cells of
Japanese quail (Coturnix japonica). Biol. Reprod. 64, 310-316.

Pan, Y.S, Lee, Y.S,, Lee, Y.L, Lee, W.C,, Hsieh, S.Y., 2006. Differentially profiling the low-_

expression transcriptomes of human hepatoma using a novel SSH/microarray
approach. BMC Genomics 7, 131.

Rocha, M., Rocha, E., 2006. Morphofunctional aspects of reproduction from syn-
chronous to asynchronous fishes—an overview. In: Reinecke, M., Zaccone, G.,
Kapoor, B.G. (Eds.), Fish Endocrinol. 571-624.

Rohr, D.H,, Lokman, PM.,, Davie, PS., Young, G., 2001. 11-Ketotestosterone induces
silvering-related changes in immature female short-finned eels, Anguilla australis.
Comp. Biochem. Physiol., A 130, 701-714.

Rondeau, G., McClelland, M., Nguyen, T., Risques, R., Wang, Y., Judex, M., Cho, A.H., Welsh,
J.,2005. Enhanced microarray performance using low complexity representations of
the transcriptome. Nucleic Acids Res. 33 (11), e100.

Slater, C.H., Schreck, C.B., Swanson, P., 1994. Plasma profiles of the sex steroids and
gonadotropins in maturing female spring chinook salmon (Oncorhynchus tsha-
wytscha). Comp. Biochem. Physiol., A. 109, 167-175.

Smyth, G.K., 2004. Linear models and empirical bayes methods for assessing differential
expression in microarray experiments. Stat. Appl. Genet. Mol. Biol. 3 Article3.
Sperry, T.S., Thomas, P., 1999a. Characterization of two nuclear androgen receptors in
Atlantic croaker: Comparison of their biochemical properties and binding specificities.

Endocrinology 140, 1602-1611.

Sperry, T.S., Thomas, P., 1999b. Identification of two nuclear androgen receptors in kelp
bass (Paralabrax clathratus) and their binding affinities for xenobiotics: Comparison
with Atlantic croaker (Micropogonias undulatus) androgen receptors. Biol. Reprod.
61, 1152-1161.

Sperry, TS, Thomas, P., 2000. Androgen binding profiles of two distinct nuclear androgen
receptors in Atlantic croaker (Micropogonias undulatus). J. Steroid Biochem. Mol. Biol.
73,93-103.

Steele, B.K., Meyers, C., Ozbun, M.A., 2002. Variable expression of some "housekeeping"
genes during human keratinocyte differentiation. Anal. Biochem. 307, 341-347.
Stocco, D.M., 2001. StAR protein and the regulation of steroid hormone biosynthesis.

Annu. Rev. Physiol. 63, 193-213.

Stocco, D.M.,, Wang, X, Jo, Y., Manna, P.R,, 2005. Multiple signaling pathways regulating
steroidogenesis and steroidogenic acute regulatory protein expression: more compli-
cated than we thought. Mol. Endocrinol. 19, 2647-2659.

Storey, ].D., 2002. A direct approach to false discovery rates. J. R. Stat. Soc., Ser. B 64,
479-498.

Takeo, J., Yamashita, S., 1999. Two distinct isoforms of cDNA encoding rainbow trout
androgen receptors. J. Biol. Chem. 274, 5674-5680.

Todo, T., Ikeuchi, T.,, Kobayashi, T., Nagahama, Y., 1999. Fish androgen receptor: cDNA
cloning, steroid activation of transcription in transfected mammalian cells, and
tissue mRNA levels. Biochem. Biophys. Res. Commun. 254, 378-383.

Touhata, K., Kinoshita, M., Tokuda, Y., Toyohara, H., Sakaguchi, M., Yokoyama, Y.,
Yamashita, S., 1999. Sequence and expression of a cDNA encoding the red seabream
androgen receptor. Biochim. Biophys. Acta 1450, 481-485.

Tyler, C.R,, Sumpter, J.P.,, 1996. Oocyte growth and development in teleost. Rev. Fish Biol.
Fish 6, 287-318.

Vang, S.H., Kortner, T.M., Arukwe, A., . in press. Steroidogenic acute regulatory (StAR)
protein and cholesterol side-chain cleavage (P450scc) as molecular and cellular
targets for 17-ethynylestradiol in salmon previtellogenic oocytes. Chem Res Toxicol.

Vendola, KA., Zhou, ., Adesanya, 0.0., Weil, SJ., Bondy, C.A., 1998. Androgens stimulate
early stages of follicular growth in the primate ovary. J. Clin. Invest. 101, 2622-2629.

Vendola, K., Zhou, J., Wang, ., Famuyiwa, O.A., Bievre, M., Bondy, C.A., 1999. Androgens
promote oocyte insulin-like growth factor I expression and initiation of follicle
development in the primate ovary. Biol. Reprod. 61, 353-357.

Vercellini, P, Parazzini, F, Bolis, G., Carinelli, S., Dindelli, M., Vendola, N., Luchini, L.,
Crosignani, P.G., 1993. Endometriosis and-ovarian cancer. Am. J. Obstet. Gynecol.
169, 181-182.

von Schalburg, KR, Rise, M.L, Brown, G.D., Davidson, W.S., Koop, B.F, 2005. A
comprehensive survey of the genes involved in maturation and development of the
rainbow trout ovary. Biol. Reprod. 72, 687-699.

Weibel, E.R., 1979. Stereological Methods, Practical Methods for Biological Morpho-
metry. Academic Press, London, UK.

Weil, SJ., Vendola, K., Zhou, J; Adesanya, 0.0., Wang, ]J., Okafor, ]., Bondy, C.A., 1998.
Androgen receptor gene expression in the primate ovary: cellular localization,
regulation, and functional correlations. J. Clin. Endocrinol. Metab. 83, 2479-2485.

Weil, S., Vendola, K., Zhou, J., Bondy, CA., 1999. Androgen and follicle-stimulating
hormone interactions in primate ovarian follicle development. J. Clin. Endocrinol.
Metab. 84, 2951-2956.

Yang, G.P,, Ross, D.T., Kuang, W.W., Brown, P.0., Weigel, RJ., 1999. Combining SSH and
cDNA microarrays for rapid identification of differentially expressed genes. Nucleic
Acids Res. 27, 1517-1523.

Yang, Y.H., Dudoit, S., Luu, P., Speed, T.P., 2001. Normalization for cDNA microarray data.
In: Bittner, M.L,, Chen, Y., Dorsel, A.N., Dougherty, E.R. (Eds.), Microarrays: Optical
Technologies and Informatics, pp. 141-152.

1089

1120
1121
1122
1123
1124
1125
1126
1127
1128

Zeng, S., Gong, Z., 2002. Expressed sequence tag analysis of expression profiles of 1129

zebrafish testis.and ovary. Gene 294, 45-53.

Please cite this article as: Kortner, T.M., et al., Genomic approach in evaluating the role of androgens on the growth of Atlantic cod (Gadus
morhua) previtellogenic oocytes, Comp. Biochem. Physiol., Part D (2008), doi:10.1016/j.cbd.2008.04.001

1130
1131


Original_text: atlantic 
Original_text: atlantic 
Original_text: atlantic 
Original_text: atlantic 
http://dx.doi.org/10.1016/j.cbd.2008.04.001

9¢S S0- umowyun  TPLOSSSH

[SLT60OVY $n20vAa110 SKyIyIDIDd  (09-9C s 9%°0- ©199-06 dSH uraloxd spoys jeoy  $0L0SSSH
19% €0 umowyun  0E€LOSSSH

LI IOVY $1§2qO sSnuunyJ 90-99 S1T 750 Josinoaid o] A opndadLjod aseprxo o swoIyooik)  €L9088SH
L9T0SAVD oua.Lounq  Gg-9] (11472 950 urojoxd Sururejuod urewop [euruiia)-N MI-NJIN  TH9088SH
€0S LSO umowyun)  6VLOSSSH

V4% LSO umowyun)  869088SH

€Ty €90 umowun)  SSLOSSSH

6LE 89°0 umowun)  0LLOSSSH

7L81€S dX SLUDIUD) SUD) G- L6T 69°0 ¢ nungns xo[dwoo urejordosponuoqur vOvV/H — TH9088SH
8S¢ 6L°0 umowyun  PLLOSSSH

LTI 98°0 umowun  €LLOSSSH

T6¢ ¥6°0 umowyun  $F9088SH

€09800100 AN oua.Lomun  O1-9G 08¢ $6°0 v oseqpuds surpumopnesd YN¥)  LPLOSSSH
6LE 660 umowun)  €9L0SSSH

19¢ 70’1 umowun  T9LOSSSH

6LE or'1 umowu)  6SLOSSSH

(dq) A1onb oner
"OU UOISS900Y soradg  oanpea-g AIMuap1 ouds 2AneINd  “Ou JUBRqUAL)
) ' JO 971§ ‘307

*S Aep Je ansodxd M-I JAN 01 YIm paaedwod (1 Aep je dansodxd [M-1T JAN 0T ‘I dIqBL

'(60°0 >P) uarayyIp Apuedyyrusis
are pajuasardar sonfeA [y pouLIojsueI)-z30[ pue (¢=u) sa1edr[dar [edIS0[01q 1Y) WO PIALIdP SI jurod Biep yoeqg ‘uoneqndul skep ()] pue ¢ JIoj
AT 001 Pue (T e (L) Qu019)$01$3) IO (-] ) QUOIA)S03ISA0IY-] [ 03 drnsodxa Aq pare[n3ar-umop 1o -dn 19310 a1om surdjjed uorssardxd asoym Saudn)

VLVA TVININAIddNS



6L ST1 umouwyun) - OLLOSSSH

¥L81¢€S dX SUDIUDS STUD) G- L6T 9’1 z yungns xd[dwod ursjordosonuoql VOV/H — TH9088SH

LTl o¢'T umowyu) - €LLOSSSH

19¢ ¢’ umowyun)  T9LOSSSH

6L 6€°T umouwyun) - €9L088SH

6¢C QC'T umowyun)  $F9088SH

6L G8'1 umouwyun)  6SLOSSSH
(dq) A1onb onel

"OU UOISSAIIY soradg  onpeAa-g i AIMuap1 ouasd 2AneINg  OU YUBRqUAL)

Jo az1g 307

*S Aep Je dansodxd M-T1T JAN 00T YIM paredwod (1 Aep e dansodxd [M-1T JAM 001 °€ dqeL

6LE 90 umouwyu)  6SL0SSSH
(dq) A1onb onelr
‘OU UOISSIIY soadg  onpea-g 5 AMuapt ouas aAnRINg  "OU JueqUID)
Jo oz1§ 807

‘01 Aep je dansodxd [M-1T AN 0T YM pareduwod (1 Aep e dansodxd [M-1T JAM 00T “Z AIqe.L

bLC 99°0- umouyu)  S0L0SSSH
1cs 19°0- umowyu)  €ILOSSSH



[SE0TDVO

6LLT8AVV

VOCLCINVV

LTYIOVY
LTYIOVY

8001TAVY
LTYIOVY
LLS6£0T00 AN
LTYIOVY
TLTYIOVV
€LESLL AN

€LESLL AN
€09800100 AN

SIPLIIAOLEIU UOPODAID

01]2q18 SNIDIND SNISSDAD))

sap10109 snjaydourdy

snsaqo snuuny |

sSnsaqo snuuny J

pipAnp snivdg
SNS2qO snuuny J
sninvy sog
SNS2qO snuuny J
SNS2qQO SMuUuny |

01424 o1UD(]

oL OUD(]

01424 01D (]

LO-3L

L9391

80-9L

90-9¢
90-29

el-9L
90-91
V1-98
90-99
C0-9¢
Ly-31

LY=ol
01-°¢

Yoy
09¢
789
1214
P8¢
[44%
9%
CIc
ClIc
68¢
9LC
6¢¢
SLy
CIc
ClIc
0143
CLI
ey
eLy
08¢
Oy
€0¢
86¢

LEO
8¢0
00
0
evo
S¥0
90
LY 0
870
LSO
090
90
90
¥9°0
$9°0
€90
0,0
L0
9L°0
8L0
660
YOl
91l

urajo1d poje[aI-uLnuas

umouyun

quipAD

umouyun

LS urgjoad [ewosoqur SOf

umouyun

umouyun)

Josanoaid o A opndadAjod aseprxo 9 awoIyd01L)
Josimodaxd oA opndadAjod aseprxo 9 awoIyd01L)
umouyun

X urdjoxd ayi-epronyjad euoz

Josanoa1d o A opndadAjod aseprxo 9 awoIyd201L)
urdjord Sunorrdul YINIAD

Josanoa1d o A opndadAjod aseprxo 9 awoIyd01L)
Josimodaxd oA opndadAjod aseprxo 9 awoayd03L)
V¢ urdjoxd urewrop oYI-13uy qHA

umouyun)

umouyun

V¢ urdjoid urewop oyi[-1o3ury qHJ

V aseypuAs aurpunopnasd YN}

umouyun

umouyun)

umoudyun

1S9088SH
6v9088SH

SIECrSOD

79L088SH
L69088SH
6TL08SSH
0€L088SH
9L9088SH
€L9088SH
TELOSSSH
TSL0SSSH
€0L088SH
6TL08SSH
089088SH
069088SH
879088SH
€79088SH
S8L08SSH
079088SH
LyL0SSSH
869088SH
6vL08SSH
PLLOSSSH



98ITENVYV
917860100 dN
T6£SEET00 dX
98ITENVV
T6E£SEET00 dX
98ITENVV

O8ITENVV

£88L66 dN

Y8CCOVY

[SLT60VV

6€S180 dN

sadyv] sv12£40)
sadyv) sv12d10)
OLI24 O1UD(]
sadyv) sv12&40)
OLI24 O1UD(]

sadyv) sv12d10)

sadnyv] sv12£4()

01424 01UD(]

ADIDS OUIDS

SN22DA1]0 SKYIYODAD]

snpnosnut S\

91-9¢
CI-9L
8191
61-°C
cl-o¢
65-°9

91-9¢

eCc3y

86-9¢

09-9¢

YC-9C

Slv
CLT
61¢
123
00§
8LS
86¢
€9¢
I8¢
Ics
9¢¢
8LV
9¢¢
339
08Y
09¥
Y47
Ice
s
88
pes
€0¢

c0'I-
16°0-
98°0-
SLO-
YL 0"
0L°0-
0L°0-
0L°0-
99°0-
¥9°0-
90"
LSO~
LSO-
9¢°0-
9¢°0-
€S0
16°0-
150"
evo-
9¢°0-
ce0-
9¢0

X uoad epronjad vuoz
uraj01d Sururejuod urewop 4z
u19101d02A[3 adojoaus 339

X urdjoid epronyad vuoyz
u19101d02A[3 adojoaus 339

X urdjoid epronyad vuoyz
umouyun

umouyu)

X urjoad epronyad vuoz
umouyu)

umouyun

umouyu)

umouyun

urajo1d Sururejuod urewop 4z
umouyun

11S urjoxd [ewosoqLl SOf
umouyun

umouyun

©199-06 dSH urajoid yooys 8oy
umouyun

[ urewiop aYI-6JV.L Suronpur-sisoydode

umoudyun

8E€L0SSSH
TTLOSSSH
0€9088SH
TTLOSSSH
LT79088SH
€€L088SH
679088SH
60L088SH
STL0SSSH
€TL08SSH
TPL0SSSH
LTLOSSSH
TPLO8SSH
0vL0SSSH
OTL08SSH
0SL08SSH
€PL08SSH
8TLOSSSH
70L088SH
S0L0SSSH
LSLOSSSH
09L088SH



86¢ 6S°0- umouyup)  629088SH

8LY 65°0- umowyun)  LTLOSSSA

€LESLL AN oMaLomnd  [y-9] LY 60 V¢ urdjoid urewop oYI-193uy QHd ~ 07908SSH
6L¢E LSO umouyun)  (LLOSSSH

6LLT8AVY 01]2q13 SWDND SMISSPAD)  [9-9] 789 6S°0 quipk)  STECPSOD

vy 19°0 umouwyuny  869088SHU

19¢ 89°0 umouwyuny  T9L088SHA

800ITAVY ppanp snavdg  €1-9L 9LC 89°0 1X utoroxd ayij-epronfod vuoz  T8LOSSSH
PL8IES dX SUpIIUDf s1uv) G- L6T 0L0 7z nungns x9[dwoo urajordospnuoqul VOV/H  TH908SSH
€0S 1L°0 umouwyun)  6vLOSSSH

86¢ 1L°0 umouyun)  HLLOSSSH

LTI SL0 umouwyuny  €LL088SH

6L¢E 6L°0 umouyun)  €9L088SH

6T L8O umouwyuny  $H9088SHU

6LE SO'1 umouwyuny  6SL08SSH

"OU UOISSAIIY soroadg  onpea-g anm MMom:w MM” ANuapt ouas dAnEINg  "OU JUBQUAL)

01 Aep je [00uod YPm pareduwod (1 Aep je dansodxd [M-1T JAM 001 ¥ dqeL



LTl S0 umowyun)  €LL0SSSH
€0S vr0- umowyu) - 09L088SH
6LE 17°0- umowun)  6SLOSSSH
79¢ 170" umowyu)  pS9088SH
6LE 070 umowyun  0LLOSSSH
CLI 8€°0- umouwyuny  €p9088SHU
09¢ 8€°0- umowyuny  6¥9088SHU
19¢ Q¢°0- umouyun)  T9LOSSSH
€LESLL AN oMaLomup(  Ly-9] 0149 €€0- V¢ urdjoxd urewrop oYI[-193uy QHd  S7908SSH
€S 620" unouyun) - €€9088SH
912860100 dN sady] sp12410  GI-9L SLT 97°0 urajoxd SUUIRIU0O URWOP VA7  TCLO0SSSH
98TTENVYV saduyv] sp1zL1Q  €6-3G €96 920 ¢X urjoid epronjiod euoz  6LL0SSSH
9¢¢ 1€°0 umowyuy  THL0SSSHA
Ics €€0 umouwyuny  €TL08SSH
€9¢ ¥€0 umowyuy  60L08SSHA
98I TENVY saduv] sp1z&1Q  91-9¢ Sy vE0 tX uwoid epronyad vuoz  SELOSSSH
917860100 dN sadyv] sp1zL1Q T9-3L 6LS SE0 urajord Surureyuod urewop vdzZ - TSLOSSSH
98I TENVY Saduv] sD1z&10Q  6Y-9C 1433 LEO tX uwoxd epronyad vuoz  TZLOSSSA
912860100 dN saduyp] svizd10 799 LLS €0 urjod ururejuod urewop vdz  TEL0SSSH
(dq) A1onb onel
'OU UOISSAIOY soradg  anpeAa-g 10 071 .m.oq AMuapt ouas aAnRINg  "OU YUBqQUID)

*S ABp e [00)u0d YPIM pasedwod ¢ Aep je dansodxd I, AN (] °S dqeL



6 10" umouyu)  789088SH
€LESLL AN oMot o Lyl eLy 8¢0- V¢ urojoxd urewop oyI[-10Suly GHd  0F9088SH
€LESLL AN oMarompd  Ly-9] Ove Se0- V¢ urjoxd urewop oYI[-103uy JHd ~ 8T9088SH

6¢C $€0- umowyun)  HF9088SH

LTI 7€°0- umouyuy  €LLOSSSH
16L260VYV §N29DA1]0 SKYIYIDIDY  £G-9T c0¢s 750" ©199-06 dSH ura1oid yooys 18oH  699088SSH

9¢¢ ST 0- umouyu)  PTLOSSSH
98T TENVV saduv] sp1z&1Q  91-9¢ 186 vT0 zX uraroxd eproniad vuoz  §TZ0SSSA
9¢s 920 umouyuy  ¢pLOSSSH
80¢ L0 umouyuny  $69088SH
98I TENVV sodyp] SpI2L10 - 67-9C £33 LTO X uraond wpronfad vuoz  TZLOSSSH
TLTYIOVV snsaqo snuuny ] G(0-9C CIC 870 Josanda1d oA opndadAjod aseprxo o owoIyd0Ik)  069088SH
615700100 dN oua1omrq  [p-9] LIS 62°0 ¢ urjo1d 3uipuiq-90¢yd  89L088SA
(dq) A1onb onel
"OU UOISSAIIY soradg  onpea-g i AImMuap1 ouasd 2AneINg  OU YUBRqUAL)
Jo az1g 307
*S ABp e [003u0d YPIM paaedwod § Aep je dansodxd I, AN (0T ‘9 dqBL
c6¢ €9°0- umouyuny  pr9088SH



26 15°0- umoumUN  Z89088SH

I1SLT60VY Sn2IDANO SKYIYIDID  £G-IT 0s 9t°0- ©199-06 dSH uraio1d yooys 189 §99088SH
[SLT60VV $M2IDA10 SKYIYINIDADG  (OF-9¢ Iey 10~ ©199-(06 dSH urajoid spoys 189y 029088SH
08 cH0- umouwyuny - OTL0SSSHA

00¢ w0- umouyun)  0ZLOSSSH

912860100 dN sadup] sviz&10  €9-9F 9LS 0v°0- urojoxd Sururejuod urewop vdzZ  TTZ0SSSH
917860100 dN sadyv] sv1zd1Q  79-3¢ 8LS 6€°0- urajoid Sururejuod urewop vdz  $ELOSSSH
€96 8€°0- umouyun)  60L0SSSH

16L260VYV SN2oDA1N0 SKYIYIDADY [ H-9] 0Ly €0~ ©199-06 JSH urjoxd yooyus 189  T69088SH
806LSdVd SNAIYD20.10DUL STUtodo] — ()¢-99 I8¢ LE0- ©199-06 dSH ura1oxd yooyus 18oH  00L0SSSH
ISLT60OVYV Sn2IDA110 SKYIYINPADd  6G-99 19¢ €¢0- ©120-06 dSH ureioxd jooys JeoH  $99088SH
1SLC60VY $N2oDA1]0 SKYIYIDIDY  9H-9G SO 87°0- ©199-06 dSH uraoxd yooyus 18oH  299088SSH
4% €20 umouyuny  S8L08SSH

6LE 8Z°0 umouyuny  (LLOSSSHA

¢6¢ 1€°0 umouwyuny - $H9088SHU

86¢ 1€°0 umowyun)  HLLOSSSH

09¢ S0 unouyun)  6¥9088SH

(dq) A1onb oner
"OU UOISSAIIY soradg  anpea-g AIMuapI Quasd 2AneINg  "OU JURQUAL)

JO 971§ ‘301

*S Aep je dansodxd I, JAN (1 YIm paaedwod § Aep je dansodxd I, JAM (0T L dqBL



98ITENVY sadyp] svi2f1Q  64-9¢ 1293 $S°0- X uroad epronjod vuoz  TZL0SSSH
cle GE0- umouyu)  669088SH
9¢¢ €C0- umowun)  ZHLOSSSH
9¢¢ €€0- umouyup)  TPLOSSSH
vL8TES dX SLUDIUDY S1UD) G- L6T 7€°0- ¢ yungns x9[dwod urdjordosponuoqul VOV/H — TH9088SH
981 TENVV saduyv] sp1z810Q 93¢ 186 1€°0- ¢X urjoxd epronjed vuoz  STZ0SSSA
98I TENVV sadyv] spI2C0 - 66-29 8LS 0€°0- ¢x wejoxd eponyad w0z EELOSSSH
LTl 750 umouwyuy  €LLOSSSH
(dq) A1onb onel
"OU UOISSAIIY soradg  onpeAa-g i AImMuaprt ouasd 2AneINg  "OU YURqUAL)
Jo az1g 307
*S Aep je dansodxd I, AN (1 YIIm paredwod (1 Aep je dansodxd I, JAM 0T S dIqelL
912860100 dN saduyp] svizd10 799 LLS 19°0- urajoid urureyuod urewop vdzZ - TEL0SSSH
912860100 dN Saduyp] sviz&10Q  T9-9L 6LS ¥S°0- uroxd Sutureiuod urewop vdzZ - TSLOSSSA
981 TENVV saduyv] sp1z840 93¢ Sy ¥S0- zX urjoxd epronied vuoz  §EZ0SSSA
Iv6r1DVDO AD]DS OWDg 0 OLT1 S0 0L dSH uroxd yooys 1oH  HSTCEINV



Iv6r1DOVO
917860100 dN

917860100 dN

"OU UOISSAIOY

ADIDS Ou]Dg 0 OLII
sadyv) sv1za()  79-9L 6LS
sadyp] spizdiQ  79-9¢ LLS

(dq) Axonb

soroadg  anpea-g
Jo 971§

01

LLO
180

¥8°0
oner

‘307

0L dSH urajoxd yooys jeay
urajo1d Sururejuod urewop 4z

urojo1d 3ururejuod urewop ydz

AImuapt aua3 aAneINg

PSITEIV
1SL08SSH
1€L088SH

"ou YueqUAn

*S Aep Je dansodxd I, AN (01 YPIM paaeduwod o Aep je dansodxd I, AN 00T ‘1T 2Iqe.L

6LE 0" umouyu)  6SL0SSSH
LTl SE0- umouyu)  €LLOSSSH
dq) A1onb onelr
"OU UOISSAIIY soradg  onpea-g (da) m.a AImMuap1 ouasd 2AneINg  OU YUBRqUAL)
JO 9ZIS 807

01 Aep je dansodxad I, JAN 01 YPIM paaeduwod (1 Aep je dansodxad I, JAN 00T 0T 2Iqe.L

912860100 dN sadyp] sviz&10  79-9L 6LS €€°0- urajoid urureyuod urewop vdzZ - TSLOSSSH
6L¢ LEO umouyuny  6SLOSSSH
6¢ w0 umouyuny - pHp9088SH

(dq) A1onb onel
"OU UOISSAIIY soradg  anpeAa-g i AIMuaprt ouasd 2AneINg  "OU YURqUAL)
Jo az1g 307

01 Aep je [01u0d YIM pateduwod (] Aep je dansodxd I, JAM 0T 6 2I9eL



OvLSLHVV

¥2006AdVd
ISLT60VV

917860100 dN
vSorIy dX
615700100 dN
ISLT60OVY

1SLT60VY
985S60VV
917860100 dN
806L5AVd
1SLT60VY

I1SL260VYV
1SL260VYV
[SLT60VV
I1SL260VY

98ITENVYV

01424 01UD(]

ss1ylut Snyouly10ou()

SN22DA1]0 SKYIYIDAD]

sadyv) sv12d10)
sNnjp3 snjvo)
01424 O1UD(]

SN22DA1]0 SKYIYODADJ

$N20041]0 SKYIYINDIDJ
XDAGD] SNYIUDLJUII(]
sadnyv] sv12£4()
SNAY2040DUL SToda]

SN22DA1]0 SKYIYONDADJ

sNn2ovA1j0 SYIYIUDIDG
sNn2ovA1j0 SKYIYIUDIDG
SN20vA1]0 SKYIYIUDIDG

§M29DA1]0 SKYIYIDIDJ

sadyv] sv12£40)

61-°1

I-21
GE-o¢

€9-9F
€296
L¥-31
0v-9C

9b-9g
T8
79-¢
0€-99
Ob-og

LY=9¢
LY=ol
65-°9
€6-9¢

91-9¢

9¢s
[44i%
VLS
[43%
LOY
00¢
9LS

697
LIS
6cY

€9¢
Sov

Sov
8LS
I8¢
Iey
08y
99v
OLY
19¢
0S
6
Slv

LT

Iy
9¢0
LTO
0€0
ve0
6¢0
00
770
S¥o
870
6¥°0
IS0
€S0
¢so
9¢°0
9¢0
090
090
€90
L9°0
L0
eLo
LLO

umouyun)
ZIN @seonpal ajeydsoydip-opisos[onuoqry
umouyun

©199-06 dSH uraoid yooys 1eoyg

©199-06 dSH urajoid yooys 8oy
umouyun

uraj01d Sururejuod urewop 4z

01 uraroad 3ururejuod urewop HHDD Id3ul) oury

¢ uraoxd SuIpuIq-90G A
©199-06 dSH urajoid yooys 8oy
umouyu)

©199-06 dSH urajoid yooys 8oy
©199-06 dSH urajoid yooys jeoyg
urojo1d 3ururejuod urewop ydz
©199-06 dSH urajoid yooys jeoyg
©199-06 dSH urajoid yooys 8oy
umouyun)

©199-06 dSH urajoid yooys 8oy
©199-06 dSH urajoid yooys 1eoyg
©199-06 dSH urajoxd yooys 8oy
©199-06 dSH urajoid yooys 1eoyg
umouyun)

X uroad epronyad vuoz

vTLOSSSH
LOL0SSSH
80L088SH
8L9088SH
769088SH
0TL08SSH
TTL08SSH
SPLOSSSH
89L088SH
999088SH
60L088SH
L£99088SH
TL9088SH
PELOSSSH
00L088SH
0,9088SH
0TL0SSSH
789088SH
T69088SH
799088SH
699088SH
789088SH
8E€L0SSSH



I1S€0IDVO

61S700100 AN
61500100 dN

615700100 dN

89Z¢1OVD
LTYIOVY

615700100 AN

LTYIOVY
61SY00100 AN

98ITENVYV

SIPLITAOISTU UOPORIIQ],

oL OUD(]

01424 01UD(]

0142. 01UD(]

0142. 01UD(]

Snsaqo snuuny J

01424 O1UD(]

Snsaqo snuuny J

01424 01UD(]

sadyv] sv12£40)

LO3L

LY=ol
[e-9L

0S-%

06-9¢
90-°1
Ly=31

90-29
Sy-ol

91-9¢

09¢
Yoy
86¢
9¢s
ey
LIS
197
6LE
ees
19¢
0Sy
1239
6¢¢
(439
1£31%
ov
ClIc
LTS
9¢s
80¢
I8¢
Ics
8LV

4!

LEO"
9¢°0-
e
0
1€°0-
0€0-
0¢0-
620"
620"
8C0-
8C 0"
8C0-
LT0O-
Co-
CCo-
cCo-
v 0-
T 0-
€Cco-
00"
0C0-
0C0
10

umouyun)
urojoid paje[aI-uLnuag

umouyu)

umouyun

umouyun)

¢ urajoxd SurpuIq-90GS g

¢ urajoxd SuIpuIq-9OS ]

umouyun

¢ uraoxd SurpuIq-90G g

umouyun

umouyu)

 urajoad Sururejuod-urewop JVH.L

Josmoaxd o A opndadAjod aseprxo o9 awoayd03L)
¢ urajord SurpuIq-90S I

umouyu)

umouyun

Josmdaxd o A opndadAjod aseprxo 9 awoIyd03L)
¢ urajord SurpuIq-9QS I

umouyun

umouyun)

X uoad epronjad vuoz

umouyun)

umoudyun

6v9088SH
TS9088SH
vLLOSSSH
TPLOSSSH
S8L08SSH
89L088SH
£8L088SH
€9L088SH
8SL0SSSH
T9L088SH
vL9088SH
T8L08SSH
€0L088SH
9LL0SSSH
79L088SH
08L088SH
€L9088SH
9SL088SH
TPLOSSSH
769088SH
STL0SSSH
€1L088SH
LTLOSSSH



el

6LE
(483
6LE
c6¢
SLI

0v'0-
010"
8¢0-
8¢0-
LEO-

umouyun
umouyun)
umouyun
umouyun)

umouyun

0LLOSSSH
669088SH
6SL08SSH
¥r9088SH
€79088SH






PAPER 11



Is not included due to copyright



PAPER 111



Is not included due to copyright



PAPER 1V






Available online at www.sciencedirect.com

“+.¢ ScienceDirect

CBP

www.elsevier.com/locate/cbpc

ELSEVIER Comparative Biochemistry and Physiology, Part C 146 (2007) 569 —580

Effects of 17a-methyltestosterone exposure on steroidogenesis and cyclin-B
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Abstract

Steroid hormone (estrogens and androgens) synthesis and regulation involve a large number of enzymes and potential biochemical pathways.
In the context of these biochemical pathways, it is believed that the true rate-limiting step in acute steroid production is the movement of
cholesterol across the mitochondrial membrane by the steroidogenic acute regulatory (StAR) protein and the subsequent conversion to
pregnenolone by cytochrome P450-mediated side-chain cleavage (P450scc) enzyme. Oocyte development is a complex process that is triggered
by the maturation-promoting factor (MPF) involving cyclin-B as a regulatory factor. In the present study, we evaluated the endocrine effects of
17a-methyltestosterone (MT) on steroidogenic pathways of Atlantic cod (Gadus morhua), using an in vitro previtellogenic oocyte culture
technique that is based on an agarose floating method. Tissue was cultured in a humidified incubator at 10 °C for 1, 5, 10 and 20 days with
different concentrations of the synthetic androgen MT (0 (control), 1, 10, 100 and 1000 uM) dissolved in ethanol (0.3%). Gene expressions for
StAR, P450scc, aromatase-a (P450aromA) and cyclin-B were detected using validated real-time PCR with specific primer pairs. Cellular
localization of the StAR protein and P450scc were performed using the immunohistochemical technique with antisera prepared against synthetic
peptide for both proteins. Steroid hormones (estradiol-17p: E2 and testosterone: T) levels were estimated using enzyme immunoassay. Our data
showed significant concentration-specific increase (at day 1 and 5) and decrease (at day 10 and 20) of the StAR mRNA expression after exposure
to MT. P450scc expression showed a MT concentration-specific decrease during the exposure periods and cyclin-B mRNA expression was
decreased in MT concentration-dependent manner at days 10 and 20 (reaching almost total inhibition after exposure to 1000 pM MT). MT
exposure produced variable effects on the P450aromA mRNA expression that can be described as concentration-specific increase (day 1) and
decrease (days 5 and 10). Cellular localization of the StAR protein and P450scc demonstrated their expression mainly in ovarian follicular cells.
MT produced an apparent concentration-and time-dependent increase of E2 and T levels. Thus, the present study reveals some novel effects of
pharmaceutical endocrine disruptor on the development of previtellogenic oocytes in cod. The impaired steroidogenesis and hormonal imbalance
reported in the present study may have potential consequences for the vitellogenic process and overt fecundity in teleosts.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Steroidogenesis; Cyclin-B; Previtellogenic oocytes; Methyltestosterone; Atlantic cod

1. Introduction of chemical and physical agents (Singleton and Khan, 2003);

(DeRosa et al., 1998). The synthetic androgen, 17a-methyltes-

Pharmaceuticals are ubiquitous pollutants in the aquatic
environment where their potential effects on non-target species
like fish has only recently become subject of systematic
investigations. Available scientific evidence indicate that the
reproductive system, including its associated endocrine and
neural controls, may be susceptible to alterations by occupa-
tional, pharmaceutical or environmental exposures to a variety

* Corresponding author. Tel.: + 47 73 596265; fax: +47 73 591309.
E-mail address: arukwe@bio.ntnu.no (A. Arukwe).

1532-0456/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.cbpc.2007.07.001

tosterone (MT) is widely applied in aquaculture to control sex
determination and induce sex-reversal of genetic females to
phenotypic males (Hunter and Donaldson, 1983; Kitano et al.,
2000; Papoulias et al., 2000). Nevertheless, the specific role or
effect of MT remains to be resolved, and factors such as dose,
timing and duration of MT treatment can influence the effects. It
has been shown that high MT concentrations and/or prolonged
exposure times, may induce phenotypic female characteristics
(Rinchard et al., 1999; Orn et al., 2003). At the transcript level, a
suppression of P450aromA gene expression after MT treatment
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has been reported in several studies (Kitano et al., 1999; Fenske
and Segner, 2004). Furthermore, in several teleost species such
as common carp (Cyprinus carpio; (Nagy et al., 1981), rainbow
trout (Oncorhynchus mykiss; (Ostrowski and Garling, 1987) and
tilapia (Oreochromis mossambicus; (Kuwaye et al., 1993), the
anabolic effects of MT on growth have been demonstrated.
Previous studies addressing the effects of MT treatment in
female fish have mainly focused on monitoring sex reversal and
proportions of intersex in fish (Kitano et al., 2000; Orm et al.,
2003; Kanamori et al., 2006).

The synthesis and regulation of steroid hormones involve a
large number of enzymes and potential biochemical pathways. In
the context of these biochemical pathways, it is believed that
the true rate-limiting step in acute steroid production is the
movement of cholesterol across the mitochondrial membrane by
the steroidogenic acute regulatory (StAR) protein, and the
subsequent conversion to pregnenolone by cytochrome P450-
mediated side-chain cleavage enzyme (P450scc) (Stocco 1997;
Stocco 2001a). The StAR protein and P450scc have been
localized in most steroidogenic organs or tissues, including cod
ovary (Kortner and Arukwe, 2007), and are rapidly synthesized
in response to acute tropic hormone stimulation. Cytochrome
P450 aromatase (P450arom) is another main enzyme involved in
steroidogenesis, responsible for the conversion of a large range
of androgens into estrogens (Simpson et al., 1994). It has been
shown that teleost fish have two distinct mRNA isoforms of
P450arom. P450aromA is predominantly expressed in the ovary
and is involved in sex differentiation and oocyte growth, whereas
P450aromB is highly expressed in brain (Callard et al., 2001;
Kishida and Callard, 2001). Estrogens (17p-estradiol) and
androgens (testosterone and 11-ketotestosterone) are known to
be involved in a number of physiological functions such as
sexual differentiation, ion and carbohydrate homeostasis,
adaptation to stress, immune system functioning and reproduc-
tion (Dean and Sanders, 1996).

Oocyte maturation is a complex process that is triggered by the
maturation-promoting factor (MPF) induced on the oocyte
surface by the maturation-inducing hormone (MIH) that is
secreted from follicle cells. During this process, cell division cycle
2 (cdc2) functions as a catalytic subunit while cyclin-B functions
as a regulatory unit whose activity is controlled by inhibitory
phosphorylation of cdc2 on threonine 14/tyrosine 15 (T14/Y15)
(Morgan 1995; Kondo et al., 1997). Thus, the accumulation of
cyclin-B in oocytes controls the timing of early embryonic cell
cycle (Aegerter et al.,, 2004). It has been shown that natural
occurring steroids as well as endocrine-disrupting chemicals
(EDCs) are able to affect cyclin-B synthesis (Kudo et al., 2004;
Tokumoto et al., 2004; Tokumoto et al., 2005; Kortner and
Arukwe, 2007). Thus, gene expression patterns of cyclin-B may
be used as a marker for oocyte developmental competence.

The present study was designed to evaluate the effects of MT
on gene expression patterns, whose functional products may
regulate steroidogenesis and modulate development of pre-
vitellogenic oocytes. In addition, we investigated the effects of
MT on steroid hormone levels in previtellogenic oocytes. These
were performed using an in vitro organ culture technique that
was based on an agarose floating method and Atlantic cod

(Gadus morhua) as a model species. The Atlantic cod is a
popular species with large economic value and the farming
potential on a global basis is therefore regarded as extremely
high. Despite its high economic significance, the Atlantic cod is
not a well-studied species neither from an endocrinological or
toxicological standpoint. We hypothesize that exposure of
previtellogenic oocytes to MT will produce differential gene
expression and hormone patterns, whose functional products
may modulate steroidogenesis with significant effect on early
oocyte growth and development. After thorough validation,
these responses may be prognostic, diagnostic and indicative of
the effects of pharmaceuticals and chemical endocrine dis-
ruptors on the growth and development of previtellogenic
oocyte in teleosts with potential implication for overt fecundity.

2. Materials and methods
2.1. Chemicals and reagents

17a-Methyltestosterone was purchased from Fluka Che-
mika-Biochemika (Buchs, Switzerland). Trizol reagent for
RNA purification, TA cloning kit and Leibovitz L-15 medium
were purchased from Gibco-Invitrogen life technologies
(Carlsbad, CA, USA). Bovine serum albumin (BSA) and
N-[2-hydroxyethyl]piperazine-N’e-[2-ethanesulfonic acid]
(Hepes) were purchased from Sigma-Aldrich Chemical (St.
Louis, MO, USA). Iscript cDNA synthesis kit and iTaq™Sybr®
Green supermix with ROX were purchased from Bio-Rad
laboratories (Hercules, CA, USA). Generuler™ 100 bp DNA
ladder and dNTPs were purchased from Fermentas GmbH
(Germany). Superpicture™ polymer detection kit (Cat. No. 87-
9263) was purchased from Zymed (San Francisco, CA, USA),
and Tissue-clear® and Tissue-mount was purchased from Sakura
Finetek Europe (Zoeterwoude, The Netherlands). Testosterone
and estradiol-17p3 enzyme immuno-assay (EIA) kits (Cat. No.
582701 and 582251) were purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). All other chemicals were of
the highest commercially available grade.

2.2. Animals and floating agarose in vitro culture technique

Juvenile female Atlantic cod, 150-350 g body weight were
purchased from Akvaforsk genetic center (Sunndalsera, Norway)
and kept in circulating water at 10 °C and a 12 h light:12 h dark
photoperiod. The in vitro organ culture techniques employed were
based on the agarose floating method (Nader et al., 1999; Kortner
and Arukwe, 2007). Briefly, juvenile female cod were anesthe-
tized, sacrificed and washed in 70% ethanol. Ovaries were
removed, cut into small pieces (1 % 1x 1 mm) and grown in 6-well
dishes on a floating agarose substrate covered with a nitrocellulose
membrane in basal culture media. The basal culture medium
consisted of Leibovitz L-15 medium supplemented with 0.1 mM
L-glutamic acid, 0.1 mM L-aspartic acid, 1.7 mM L-proline, 0.5%
BSA, and 10 mM HEPES (pH 7.4). The gonadal tissue was
cultured randomly in triplicates (2=3) for 1, 5, 10 and 20 days with
different concentrations of methyltestosterone (0 (control), 1, 10,
100 and 1000 uM) in a humidified incubator at 10 °C. The control
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group received ethanol (carrier vehicle for MT) and the final
concentration of ethanol in all exposure groups never exceeded
0.3% (v/v). The medium was changed every 5 days after sampling
at day 5, 10 and 20 of exposure. After cultivation, tissues for RNA
purification were homogenized directly in Trizol reagent and
stored at —80 °C until further processing. Tissues for immunohis-
tochemical analyses were placed in tissue cassettes with a nylon
mesh and fixed in 4% paraformaldehyde, whereas the tissues for
steroid analyses were snap-frozen in liquid nitrogen and thereafter
stored at —80 °C until further processing.

2.3. RNA purification and cDNA synthesis

Total RNA was purified from tissues homogenized in Trizol
reagent according to established procedures (Chirgwin et al.,
1979; Chomczynski and Sacchi, 1987), and RNA concentrations
were determined using a NanoDrop® ND-1000 UV-Visible
Spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA). Total cDNA for the real-time polymerase chain reaction
(PCR) were generated from 1 ug total RNA from all samples
using a mixture of random and poly-T primers from iScript
cDNA synthesis kit as described by the manufacturer (Bio-Rad).

2.4. The StAR protein and P450scc antibody production and
purification

Polyclonal antibodies for the StAR protein and P450scc were
produced by immunisation of rabbits with synthetic peptides for
both proteins (Eurogentec, Searing, Belgium). The peptide
sequences were; (StAR) H2N-MPE QRG VVR AEN GPT C-
CONH2 and (P450scc) H2N-CLL KNG EDW RSN RVI L-
CONH2 with respective molecular weights of 1743.97 and
1916.2 (kiloDalton, kDa), and respective isoelectric point (pl)
of 6.45 and 9.45. Rabbits were immunized once a week with the
synthetic peptides coupled to Keyhole limpet hemocyanin
(KLH)- m-maleimidobenzoic acid N-hydroxysuccinimide ester
(MBS). Rabbits were bled after the fourth boost. The resulting
sera were purified using Hitrap rProtein A affinity column
(Amersham, Uppsala, Sweden). Briefly, serum was diluted 1:4
in binding buffer (20 mM sodium phosphate, pH 7.0) after
filtration through a 0.45 pm filter. The column was washed with
5xcolumn volume of 20% ethanol and binding buffer.
Thereafter, the diluted serum was applied with a flow rate of
1 mL/min. The column was then washed with 5Xxcolumn
volume of binding buffer, and the purified antibody was eluted
with 0.1 M sodium citrate buffer (pH 3.5) into tubes containing

Table 1

80 pl of 1 M Tris—HCI (pH 9.0). Protein concentrations were
determined using a NanoDrop® ND-1000 UV-Visible
Spectrophotometer.

2.5. Primer optimization, cloning and sequencing

PCR primers for amplification of 150—-246 bp gene-specific
PCR-products were designed from conserved regions of the
studied genes. The primer sequences, their amplicon size and
the optimal annealing temperatures are shown in Table 1. Prior
to PCR reactions, all primer pairs were used in titration
reactions in order to determine optimal primer pair concentra-
tions and their optimal annealing temperatures. All chosen
primer pair concentrations used at the selected annealing
temperatures gave a single band pattern for the expected
amplicon size in all reactions. PCR products from the genes to
be investigated were cloned into pCRII vector in INVaF’ E.
coli (Invitrogen). Each plasmid was sequenced using ABI-prism
3100 Genetic Analyzer (Applied Biosystems, Foster City, CA,
USA) at the Department of Biology, NTNU, Norway.
Sequences were confirmed using NCBI nucleotide BLAST
software (http://www.ncbi.nlm.nih.gov/BLAST).

2.6. Quantitative (real-time) PCR

Quantitative (real-time) PCR was used for evaluating gene
expression profiles. For each treatment, the expression of
individual gene targets was analyzed using the Mx3000P real-
time PCR system (Stratagene, La Jolla, CA). The following
concentrations of forward and reverse primers were used for
each 25-uL real-time PCR reaction: StAR, P450scc, cyclin-B
and P450aromA at 200 nM each. Each 25-ul DNA amplifica-
tion reaction contained 12.5 pL 2xSYBR Green mix
(Stratagene) with ROX (reference dye), and 1 pL ¢cDNA. The
real-time PCR program included an enzyme activation step at
95 °C (3 min) and 40 cycles of 95 °C (30 s), 52 °C (StAR),
55 °C (P450scc), 58 °C (cyclin-B), 60 °C (P450arom) (30 s),
and 72 °C (30 s). Controls lacking cDNA template were
included to determine the specificity of target cDNA amplifi-
cation. Cycle threshold (Cr) values obtained were converted
into copy number using standard plots of Ct versus log copy
number. Standard plots for each target sequence were generated
using known amounts of plasmid containing the amplicon of
interest and only the concentration of the amplicon was used in
this calculation. The criterion for using the standard curve is
based on equal amplification efficiency with unknown samples,

Primer pair sequence, amplicon size and annealing temperature conditions for genes used for real time PCR

Target Gene Primer sequence”

Forward Reverse Amplicon size (bp) Annealing temp. (°C) Accesion number
StAR CAACGTCAAGCAGGTCAAGA  GCATCGGGCTTCAACACTAT 246 52 AY291434
P450scc AACAACTACTTCCGCAGCCT CGGTAGAACAATGAGCTGGA 170 55 AY706102
P450aromA GAGGAGACGCTCATCCTCAG TAGCTGCGTGTCTTCTTCCA 167 60 AJ555405
Cyclin-B CGGGAGATGGAGATGACTGT TCTCGTAGTCCACCATGCAG 150 58 CO541727

Sequences are given in the 5'—3" order.
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and this is usually checked prior to extrapolating unknown
samples to the standard curve. Data obtained from triplicate
runs for individual target cDNA amplification were averaged
and expressed as ng/pl of initial total RNA used for reverse
transcriptase (cDNA) reaction and thereafter transformed as
percentage of control. This absolute quantification method is a
well-validated procedure in our laboratory, as we do not use the
so-called housekeeping genes because of their parallel modu-
lation pattern with experimental samples both in our laboratory
(Arukwe 2006) and elsewhere (Steele et al., 2002).

2.7. Previtellogenic oocyte histology and immunohistochemical
analysis

Cultured previtellogenic gonadal tissues were fixed in 4%
paraformaldehyde in 0.1 mM sodium phosphate buffer (pH 7.4)
for 24 h. After fixation, the tissues were washed twice in 70%
ethanol, dehydrated in a graded series of ethanol baths using an
automatic tissue processor (Leica Microsystems, Nussloch,
Germany), cleared in Tissue-Clear®, embedded in paraffin blocks
and sectioned at 5 um. Immunohistochemical analysis was
preformed using SuperPicTure™ polymer detection kit (Zymed,
Cat. number §87-9263) according to the manufacturer’s protocol. In
brief, sections were deparaffinized, rehydrated in graded series of
ethanol and incubated for 1 h with rabbit polyclonal antibody
against the StAR protein and P450scc diluted 1:200. After
subsequent washing in PBS, sections were incubated with a
horseradish peroxidase (HRP) polymer-conjugated anti-rabbit
secondary antibody for 10 min. Colour visualizations were
performed by incubation with 3,3’-diaminobenzidine (DAB)
chromogen for 5 min, and hematoxylin was used as a counterstain.
Control stains were performed by omission of the primary
antibody. Sections were mounted using Tissue-Mount, and relative
intensity and localization of the StAR protein and P450scc staining
were evaluated using light microscopy.

2.8. Steroid hormone analysis

Estradiol-173 and testosterone concentrations were mea-
sured in cultured gonad tissue using enzyme immunoassay
(EIA) kits from Cayman Chemical Company (Ann Arbor, MI,
USA). Tissues cultured for 1, 5, 10 and 20 days were used for
steroid hormone determinations. Tissues stored at —80 °C were
thawed on ice, homogenized in 1:4 volume of 0.1 M Na-
phosphate buffer and centrifuged at 14,000 g for 15 min. The
supernatants were purified by extraction using organic solvent
to prevent the interference of lipids and proteins in the analysis.
Briefly, the supernatant was mixed with 4 mL diethyl ether
using a vortex mixer. After phase separation, the aqueous
portion was frozen in an ethanol/dry ice bath. The lipophilic
phase was decanted into a clean tube, and the ether phase
was evaporated by heating to 30 °C. The dry extract was
reconstituted in 300 pL EIA buffer by vortexing. Enzyme
immunoassays were run as recommended by Cayman with a
development time of 75 min (estradiol-173) and 60 min
(testosterone) and the cross-reactivity of E2 and T antibodies
with other steroid hormones are negligible. Data were

quantified against a standard curve that was linearized using a
logit transformation of B/B0 (bound sample/maximum bound).

2.9. Statistical analyses

Statistical analysis was performed with GraphPad Prism,
version 2.1 (GraphPad Software Inc. 1996). Significant differences
between control and exposure groups were performed using One-
way ANOVA. Statistical differences between exposure groups
were analyzed using the Tukey’s Multiple Comparison Test. The
level of significance was set at p=0.05 unless otherwise stated.

3. Results
3.1. Modulation of StAR, P450scc and P450aromA expressions

The expression of StAR in cod previtellogenic oocytes was
modulated after exposure to different concentrations of MT in a
time-specific manner (Fig. 1). At days 1 and 5 of exposure, MT
produced an apparent concentration-dependent increase of StAR
mRNA expression (Fig. 1A and B, respectively), showing a
respective significant 3-fold and 2.5-fold increase after exposure
to 100 and 1000 pM MT at day 1, and a 4.5-fold and 2-fold
significant increase after exposure to 100 and 1000 uM MT at
day 5 compared to the solvent control. On the contrary, StAR
showed a minor, non-significant concentration-specific decrease
at 10 and 20 days of exposure, compared to control (Fig. 1C and
D, respectively). The expression of P450scc in cod previtello-
genic oocytes was modulated after exposure to different
concentrations of MT in a time-specific manner (Fig. 2). No
differences between MT exposure groups were observed at day 1
of exposure (Fig. 2A). At day 5 of exposure, MT exposure caused
significant reduction of P450scc for all MT concentrations
compared to the solvent control (Fig. 2B). At 10 d of exposure
(Fig. 2C), MT exposure produced variable effects on the P450scc
mRNA expression that can be described as concentration-
specific increases (1 and 100 uM) and an almost total inhibition
(10 and 1000 uM). A minor, but non-significant decrease after
MT exposure was observed at 20 days of exposure (Fig. 2D). The
expression of P450aromA in cod previtellogenic oocytes was
modulated after exposure to different concentrations of MT in a
time-specific manner (Fig. 3). At 1 day of exposure (Fig. 3A),
MT exposure produced a concentration-dependent induction of
P450aromA mRNA expression. On the contrary, a general
decrease was observed for high MT concentrations compared to
the solvent control at 5 and 10 days of exposure (Fig. 3B and C,
respectively). No significant differences between exposure
groups were observed at day 20 of exposure, albeit showing an
apparent increasing trend (Fig. 3D).

3.2. Modulation of cyclin-B expression

The expression of cyclin-B in cod previtellogenic oocyte was
modulated after exposure to different concentrations of MT in a
time-specific manner (Fig. 4). At day 1 of exposure, MT produced
a minor, but non-significant decrease of cyclin-B transcription
(Fig. 4A). In contrast, cyclin-B showed a small increase after
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Fig. 1. Expression of StAR mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to methyltestosterone (MT) at 0 (control), 1, 10, 100 and
1000 uM. Previtellogenic oocytes were sampled at day 1 (A), 5 (B), 10 (C) and 20 (D) of exposure. Messenger RNA (mRNA) levels were quantified using real-time
PCR with specific primer pairs. Data are given as mean expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote
exposure groups that are significantly different (»p<0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.

exposure to 1000 uM of MT at day 5, compared to control
(Fig. 4B). The expression patterns of cyclin-B at day 10 and 20 of
exposure showed an increase at 1 pM and thereafter, an MT
concentration-specific decrease was observed (Fig. 4C and D,
respectively). The MT-mediated decrease in cyclin-B mRNA
expression reached an almost total inhibition after exposure to
highest MT concentration (1000 pM) at day 10 and 20 of exposure.
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3.3. Histology and immunohistochemical analysis of the StAR
protein and P450scc

The cellular localization of the StAR protein and P450scc in
cultured previtellogenic oocytes of cod sampled at day 10 of
exposure is shown in Fig. 5A, B, C and D, E, F respectively.
Using rabbit polyclonal antibodies prepared against synthetic
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Fig. 2. Expression of P450scc mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to methyltestosterone (MT) at 0 (control), 1, 10, 100 and
1000 uM. Previtellogenic oocytes were sampled at day 1 (A), 5 (B), 10 (C) and 20 (D) of exposure. Messenger RNA (mRNA) levels were quantified using real-time
PCR with specific primer pairs. Data are given as mean expressed as percentage (%) of control (n=3)=+standard error of the mean (SEM). Different letters denote
exposure groups that are significantly different (»p<0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.
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Fig. 3. Expression of P450aromA mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to methyltestosterone (MT) at 0 (control), 1, 10, 100 and
1000 uM. Previtellogenic oocytes were sampled at day 1 (A), 5 (B), 10 (C) and 20 (D) of exposure. Messenger RNA (mRNA) levels were quantified using real-time
PCR with specific primer pairs. Data are given as mean expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote
exposure groups that are significantly different (»<0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.

peptide sequences, the cellular localization of StAR and
P450scc were mainly observed in follicular cells of the oocyte
boundary layer in both control and exposed tissues. The relative
intensity of both proteins was generally very low and did not
show significant differences between control and MT exposure
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groups. In addition, no significant differences in staining
intensity between day 5 and 10 were observed (data not
shown). Evaluation of oocyte morphology and size revealed
that previtellogenic oocytes had a diameter of approximately
100 pm and there were no significant differences between
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Fig. 4. Expression of cyclin-B mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of methyltestosterone (0 (control),
1, 10, 100 and 1000 pM) and sampled at day 1 (A), 5 (B), 10 (C) and 20 (D) of exposure. Messenger RNA (mRNA) levels were quantified using real-time PCR with
specific primer pairs. Data are given as mean expressed as percentage (%) of control (n=3)+standard error of the mean (SEM). Different letters denote exposure
groups that are significantly different (»<0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.
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(A)

(D)

Fig. 5. Cellular localization of the StAR protein (A: control, B: 10 uM, C: 100 uM) and P450scc (D: control, E: 10 pM, F: 100 uM) in cultured previtellogenic oocytes
of Atlantic cod exposed to different concentrations of MT, and sampled at day 10 of exposure. The figures are representative histological and immunohistochemical
sections, as there were not significant differences between the exposure groups or to control. Arrows show positive StAR and P450scc staining in follicular cells of the

oocyte boundary. Bar equals 50 pum.

control and MT-exposed samples. All sections examined dis-
played a normal histology.

3.4. Modulation of E2 and T levels

Estradiol-17p (E2) and testosterone (T) concentrations were
measured in previtellogenic gonad tissue cultures exposed to MT
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for 1, 5, 10 and 20 days. Testosterone levels at 1, 5, 10 and
20 days of exposure to MT concentrations is shown in Fig. 6A, B,
C and D, respectively. MT produced a small, but significant
concentration-dependent increase of T levels, reaching 800 pg/
mL in tissues exposed to the highest MT concentration
(1000 uM). In general, T levels in the four different sampling
days showed apparent similar patterns. E2 levels at 1, 5, 10 and

500, (B

T (pg/ml)
(98] ()]
S 2

=]
I

900 -

600 4

T (pg/ml)

1000

C [ 10 100
[MT: pM]

Fig. 6. Testosterone (T) levels at day 1, 5, 10 and 20 (A, B, C and D, respectively) in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of
MT. Steroid hormone levels were determined using enzyme immunoassay method. Data are given as mean value and expressed as pg/mL of n=3 +standard error of the
mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.
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Fig. 7. Estradiol-17p levels (E2) at day 1, 5 10 and 20 (A, B, C and D, respectively) in cultured previtellogenic oocytes of Atlantic cod exposed to different
concentrations of MT. Steroid hormone levels were determined using enzyme immunoassay method. Data are given as mean value and expressed as pg/mL of n=3+
standard error of the mean (SEM). Different letters denote exposure groups that are significantly different (p<0.05), analyzed using ANOVA followed by Tukey’s

multiple comparison test.

20 days of exposure to MT concentrations are shown in Fig. 7A,
B, C and D, respectively. MT produced an apparent concentra-
tion-and time-dependent increase of E2 levels. In general,
exposures to low concentrations of MT (1 and 10 pM) showed
slightly decreased E2 levels at all four sampling days. In contrast,
exposures to the higher concentrations of MT (100 and 1000 uM)
produced significant increases in E2 levels, reaching a 150-fold
increase compared to the solvent control for the highest MT
exposure (1000 pM) at 20 days of exposure.

4. Discussion

Despite its enormous economic importance for Norway and on
the global basis, the Atlantic cod is not a well-studied species from
an endocrinological or toxicological standpoint. Therefore, the
present study was performed in order to develop an oocyte culture
system to determine the effects of the synthetic pharmaceutical
androgen, MT, on early ovarian growth by quantifying the gene
expression patterns of the protein (StAR) and enzymes (P450scc
and P450aromA) responsible for critical steps in ovarian
steroidogenesis. In addition, the effects of MT on oocyte growth
and development were examined by quantifying the expression
pattern of cyclin-B. We show that MT modulates StAR, P450scc,
P450aromA and cyclin-B gene expressions and that these effects
were dependent on time of exposure and MT concentration.
Interestingly, a apparent direct relationship between the MT-
induced decreases of StAR, P450scc, P450aromA and cyclin-B at
day 10 of exposure were demonstrated. Thus, the present study
reveals some novel aspects of MT, a pharmaceutical and potent
endocrine modulator known to be present in the aquatic
environment at biologically active concentrations, on develop-
ment and oocyte growth in teleosts.

4.1. Effects on StAR, P450scc, P450arom mRNA and steroid
hormone levels

The present study demonstrates that both StAR, P450scc and
P450aromA were modulated by MT exposures in a time-specific
manner. The expression levels of these genes were affected at all
exposure times. However, day 10 of exposure produced a
unique, but consistent pattern of MT effect. At this exposure
time, a general decrease in transcript levels for StAR, P450scc
and P450aromA were observed in cultured cod previtellogenic
oocytes. This particular pattern of MT modulation of StAR,
P450scc and P450aromA genes suggests a time-and concentra-
tion-dependent control mechanism for in vitro oocyte regulation
of steroidogenesis. Furthermore, changes in transcript levels are
not always good surrogate for changes in protein levels. Using
immunohistochemical analysis, we found minor differences in
staining intensity in the StAR protein and P450scc after
exposure to MT. Early mammalian studies showed that the
StAR protein is a 30 kDa protein that is first synthesized in the
cytosol as 37 kDa precursor in response to the activation of
cAMP protein kinase-A intracellular signaling pathways
(Artemenko et al., 2001). Newly synthesized StAR was recently
shown as the effective mediator of cholesterol transfer protein
and this is often present in low levels with very high estimated
effectivity in the excess of 400 cholesterol molecules for each
StAR molecule (Artemenko et al., 2001; Kusakabe et al., 2002).
In addition, experiments in Y-1 and primary adrenal cells have
established that basal StAR mRNA is sufficient for maximum
cAMP-stimulated cholesterol metabolism providing that newly
synthesized p37 StAR precursor is phosphorylated, transferred
to the matrix and proteolytically cleaved to pp30 (Jefcoate et al.,
2000). Therefore, the subtle changes in the StAR protein may
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not be easily detected by the qualitative immunohistochemical
approach, as could be expected using transcript analysis.
Nevertheless, these observations are in compliance with
previous in vivo studies, showing a decrease of P450aromA
mRNA levels in gonads after MT treatment (Kitano et al., 2000;
Fenske and Segner, 2004). Since the expression of P450aromA
mRNA showed an MT concentration-dependent increase at day
1 of exposure, it suggests a bi-phasic mode MT effect on the
aromatase pathway of previtellogenic cod oocytes. Recently, we
demonstrated a general decrease in StAR and P450scc mRNA
levels after exposure to the xenoestrogen. 4-nonylphenol in
cultured cod previtellogenic oocytes (Kortner and Arukwe,
2007). Thus, we suggest a general gonadal feedback control
mechanism with similar biological properties after exposure to
sex steroid hormones or xenoestrogens. Regardless of organ or
tissue, the delivery of cholesterol from the outer mitochondrial
membrane by the StAR protein to the inner mitochondrial
membrane, where P450scc resides, is the ultimate rate-limiting
step in steroid hormone biosynthesis (Stocco 2000; 2001b).
Modulation of this process will eventually affect testicular,
ovarian and adrenocortical functions in exposed individuals.
Therefore, the StAR protein plays a critical role in the regulation
of hormonally induced acute steroid production by stimulating
cholesterol transfer through hydrophobic tunnel structures
formed within its molecule (Stocco 2000; 2001b). Thus, the
impaired steroidogenesis and hormonal imbalance reported in
the present study may have potential consequences for the
vitellogenic process and overt fecundity in teleosts.
Furthermore, the sex steroid hormone (E2 and T) levels were
modulated in cod previtellogenic oocytes in an apparent MT
concentration-and time-dependent manner. The T levels were
generally high, reaching 800 pg/mL in oocyte tissue exposed to
the highest MT concentration (1000 uM). Interestingly, the E2
levels were generally very low in solvent control groups and in
oocytes exposed to low MT concentrations (1 and 10 uM).
However, after exposure to higher concentrations of MT, a
strong increase in E2 levels were observed, reaching 800 pg/L in
tissues exposed to the 1000 uM MT at day 20 of exposure. MT is
a potent androgen receptor agonist and is generally considered to
be aromatizable when administered at high concentration
(Nakamura 1975; Piferrer et al., 1993; Borg 1994). Previous in
vivo studies have demonstrated that MT promotes masculiniza-
tion and development of phenotypic female fish, a phenomenon
which is referred to as a “paradoxical feminisation” (Rinchard
et al., 1999; Zerulla et al., 2002; Orn et al., 2003; Fenske and
Segner, 2004). The extent and magnitude of MT effect on
masculinization and sex-reversal depends on a number of biotic
and abiotic factors including age, size, developmental stage,
ambient temperature, nutritional factors, exposure duration and
method and season (Higgs et al., 1982). The paradoxical
feminization shift in sex ratio suggests an increased aromatase
activity with subsequent conversion of MT to methylestradiol
(ME2) (Hornung et al., 2004). These findings are in
accordance with our observations showing that MT produced
an apparent concentration-dependent increase of P450aromA
mRNA that is consistent with E2 levels at day 1 of exposure.
However, decreased P450aromA mRNA levels were observed

at days 5 and 10 of exposure, suggesting a negative feedback
control mechanism for previtellogenic oocyte regulation of
steroidogenesis. Nevertheless, given the relatively high
concentration of T in all exposed samples and the strong
increase in E2 levels observed in samples exposed to the two
highest MT concentrations, suggest the conversion of MT to
E2. Therefore, MT seems to be aromatizable at these
concentrations in vitro.

4.2. Effects on cyclin-B mRNA levels

Oocyte maturation is a complex process that is triggered by the
maturation-promoting factor (MPF) and cyclin-B functions as a
regulatory subunit (Kondo et al., 1997). The expression of MPF is
thought to be a response to stimulation on the oocyte surface by the
maturation-inducing hormone (MIH). Previous reports has
demonstrated that MIH stimulates the translation of cyclin-B
mRNA stored in immature oocytes (Hirai et al., 1992).
Furthermore, it is thought that cyclin-B accumulation in oocytes
controls the timing of early embryonic cell cycle (Aegerter et al.,
2004). Despite the knowledge that full grown oocytes mature in
response to MIH through a mechanisms that involves the binding
of synthesized cyclin-B protein to pre-existing cdc2 enabling the
cdk7-mediated phosphorylation of cdc2 at threonine 161 (T161), it
is well known that previtellogenic and vitellogenic oocytes does
not respond to MIH stimulation. The failure of growing
(previtellogenic and vitellogenic) oocytes to mature after MIH
treatment is suggested to be due to their failure to synthesize the
cyclin-B protein from the mRNA stored in oocytes (Kondo et al.,
1997). It has also been shown that natural occurring steroids as
well as endocrine-disrupting chemicals (EDCs) are able to affect
cyclin-B synthesis (Kudo et al., 2004; Tokumoto et al., 2004;
Tokumoto et al., 2005). In our recent study, we reported the
expression of cyclin-B in previtellogenic cod oocytes, whose
expression patterns were modulated by the xenoestrogen 4-
nonylphenol in a time- and concentration-specific manner (Kortner
and Arukwe, 2007). The biphasic expression pattern suggests a
time-specific effect of MT on oocyte development. Thus, gene
expression of cyclin-B may be used as a sensitive marker for early
oocyte growth and developmental competence in teleost species.

In several teleost species such as common carp (C. carpio;
(Nagy et al., 1981), rainbow trout (O. mykiss; (Ostrowski and
Garling, 1987) and tilapia (O. mossambicus; (Kuwaye et al., 1993),
the anabolic effect of MT on growth have been demonstrated. In
the present study, the expression pattern of cyclin-B paralleled the
expression patterns of StAR, P450scc and P450aromA, showing
decreased mRNA levels at day 10 of exposure. It should be noted
that the only two compounds identified as naturally occurring MIH
in fish are both progestin C21 steroids, namely 17a, 20p3-
dihydroxy-4-pregnen-3-one and 17a, 200, 21-trihydroxy-4-preg-
nen-3-one (Nagahama and Adachi, 1985; Patino and Thomas,
1990). Therefore, the decreased expressions of StAR, P450scc and
P450aromA may lead to decreased levels of functional MIH that
may eventually result in decreased levels of cyclin-B synthesis in
cod ovary. Thus, MT and other xenoandrogens may exhibit
modulatory effects in the early growth and maturation process of
previtellogenic oocytes.
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From an endocrinological point of view, it has been suggested
that androgens may increase oocyte diameter and modify growth
factor receptors (Vendola et al., 1999; Rohr et al., 2001), but the
underlying molecular mechanism(s) involved in possible gene
regulation in the growth of previtellogenic oocytes is not well
understood. Recently, we observed that both aromatizable (T)
and non-aromatizable (11-KT) androgens induce oocyte devel-
opment in the previtellogenic cod ovary, as well as differential
gene expression patterns, whose functional products modulate
oocyte growth (Kortner et al., submitted). The role of androgens
in previtellogenic oocytes is supported by the observation that the
early ovarian growth of species-specific critical stage progressed
in hypophysectomized freshwater turtle, Chrysemys picta,
indicating that gonadotropins (GtHs) were not necessary (Ho
et al., 1982). Furthermore, Bieniarz and Kime (Bieniarz and
Kime, 1986) were unable to demonstrate specific binding of
radio labeled GtH ('*’I-GtH) to previtellogenic common carp (C.
carpio) ovaries. Recently, Rohr et al, (Rohr et al., 2001)
demonstrated that 11-KT (the active male-specific androgen in
teleosts) induces an increase in the diameter and development of
previtellogenic eel (4Anguilla australis) oocytes. In mammals,
androgens also modify the intra-ovarian gene expression in the
rhesus monkey, as demonstrated by increased mRNA abundance
of insulin-like growth factor-1 (IGF-1) and IGF-1-receptor
(Vendola et al., 1999) in follicles up to early antral stage.
Based on the above named studies, androgens appear to play a
pivotal role in stimulating the growth of small ovarian follicles in
vertebrates, at least in mammals and fish. These observations
strongly indicate that StAR, P450scc and P450aromA may be
important targets for androgens involvement in the regulation of
fecundity in females. However, there are still important gaps of
knowledge concerning androgen-induced effects in females on
the whole organism level and this should be studied in more
detail. In this regard, the identification and full-length gene
cloning of the StAR protein in Atlantic cod (Goetz et al., 2004)
represents a promising sign in the understanding the roles and/or
effects of androgens in this important species. Furthermore,
although physiological (1 and 10 uM) and apparently high and
pharmacological (100 and 1000 uM) concentrations of MT were
used in the present study and therefore the high concentrations
cannot directly be extrapolated to physiological androgens levels,
they should rather be seen a an initial mechanistic approach and
method development in understanding the role of androgens on
early oocyte growth. Thus, the true effect of androgens on early
oocyte growth and development should be investigated using
physiologically relevant concentrations. This study is currently in
progress in our laboratory.

From a toxicological point of view, the cod is a marine
species and MT does not represent an environmental issue of
reasonable concern in the marine environment, compared to
freshwater environment. However, there are very few data on
the effect of environmental androgens in fish species,
particularly in the ovary and available data has focused mainly
on male species. Therefore, the findings in the present study
represent novel informations that can be used to deduce the
effects of xenoandrogens on oocyte development and overt
fecundity. Our results reveal some novel aspects of MT effects

on development and oocyte growth in teleosts, suggesting
impaired steroidogenesis and hormonal imbalance with poten-
tial consequences for the vitellogenic process and overt
fecundity. The Atlantic cod is a popular species with large
economic value and therefore the aquaculture potential on a
global basis is therefore regarded as extremely high. In addition,
cod is also the main marine species in Norway for coastal water
pollution monitoring (Gokseyr et al., 1994; Martin-Skilton
et al., 2006; Sturve et al., 2006). The National Joint Assessment
and Monitoring Programme (JAMP, OSPAR) have used this
species in fjord monitoring since the beginning of the 1980s
(Tromp and Wieriks, 1994). Norwegian offshore oil industry
has recently adopted the Atlantic cod as a promising organism
to be used in biomonitoring studies, particularly in relation to
produced water discharges that may contain both estrogenic and
androgenic chemicals. Some studies indicate that alkyl phenols
released from offshore platforms along with production water
are capable of disturbing the hormonal balance and reproductive
capacity of cod (Meier et al., 2002). These studies suggest that
increased petroleum release in natural habitat of cod may cause
a threat to the species.

5. Conclusions

The present study demonstrates that in vitro exposure of
previtellogenic cod oocytes to MT modulated the gene
expression of the main steroidogenic protein (StAR) and
enzymes (P450scc and P450aromA) and the oocyte maturation
regulatory factor, cyclin-B. The consistency in the expression
patterns observed in these parameters at day 10 of exposure,
suggests a general mode of action for their role in steroidogenesis
and early ovarian growth. Thus, these results reveal some novel
information of androgen effects on internal signals that regulate
fecundity, development and oocyte growth. In addition, our
findings suggest that the cultured previtellogenic oocytes are
experiencing alterations in key steroidogenic pathways. Most
importantly, the floating agarose method shows great potential as
a sensitive in vitro organ culture system for studies on endocrine
disrupting chemicals. Thus, the impaired steroidogenesis and
hormonal imbalance reported in this study may have potential
consequences for the vitellogenic process and overt fecundity in
teleosts. In view of the integral role of steroids in homeostatic
process, growth, metabolism, reproduction and development of
central nervous system and function, these effects may have
serious impact on this endocrine pathway and potentially affect
organismal reproductive performance and health. In this regard
and given the relative concern about the increasingly higher
concentrations of synthetic pharmaceuticals reported in effluents
and surface waters from Europe (Desbrow et al., 1998); (Larsson
et al., 1999) and North America (Kolpin et al., 2002) pharma-
ceuticals in the environment represent serious health concermn
both to humans and wildlife.
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Abstract

The steroidogenic acute regulatory (StAR) protein and cytochrome P450-mediated cholesterol side-chain cleavage (P450scc) have
been localized in most steroidogenic organs and are rapidly synthesized in response to acute tropic hormone stimulation. In this study, we
present the development of cod previtellogenic oocyte in vitro culture system, histological and molecular methods for evaluating the
effects of endocrine disruptors such as nonylphenol (NP) on steroid hormone levels, the StAR protein and P450scc. In addition, expres-
sion pattern of cyclin-B was studied, because of cyclin B’s role as an indicator of oocyte growth in fish. The in vitro previtellogenic oocyte
culture technique was based on an agarose floating method. Tissue was cultured in a humidified incubator at 10 °C for 4, 7, 14 and 21d
with different concentrations of nonylphenol (0 (control), 1, 10, 50 and 100 uM) dissolved in ethanol (0.3%). Gene expressions were
detected using validated real-time polymerase chain reaction (PCR) with specific primers. Immunohistochemistry of the StAR protein
and P450scc were performed using antisera prepared against synthetic peptide for both proteins. Estradiol-17f (E2) and 11-ketotestoster-
one (11-KT) tissue levels were estimated using enzyme immunoassay. Our data show that nonylphenol produced a unique and consistent
concentration-specific pattern of modulation for the StAR protein, P450scc and cyclin-B gene expression at day 14 after exposure. This
pattern is generally described as increasing from 0 (control) to 1 and 10 uM, and decreased at 50 and 100 uM. The observed changes in the
StAR protein, P450scc and cyclin-B levels showed a direct relationship with changes in 11-KT levels at day 14 after exposure. Cellular
localization of StAR and P450scc were specific to the follicular cells of previtellogenic oocytes, but with no differences in staining
intensities. No significant change in oocyte diameter was observed between the exposure groups. Our data reveal some novel aspects of
nonylphenol effects on maturation and oocyte growth in teleosts, suggesting impaired steroidogenesis and hormonal imbalance with
potential consequences for the vitellogenic process and overt fecundity.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Steroidogenesis; StAR; P450scc; Cyclin-B; Nonylphenol; Endocrine disruption; Previtellogenic oocytes; Atlantic cod; In vitro system

1. Introduction

The synthesis and regulation of steroid hormones, such as
estrogens and androgens, involve a vast number of enzymes
and potential biochemical pathways. Generally, it is believed
that the true rate-limiting step in acute steroid production is
the movement of cholesterol across the mitochondrial mem-
brane by the steroidogenic acute regulatory (StAR) protein,
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0016-6480/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
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and the subsequent conversion to pregnenolone by cyto-
chrome P450-mediated side-chain cleavage enzyme (P450scc)
(Stocco, 1997, 2001a). The StAR protein and P450scc have
been localized in most steroidogenic organs or tissues, includ-
ing the ovaries, and are rapidly synthesized in response to
acute tropic hormone stimulation. Estrogens (17B-estradiol)
and androgens (testosterone and 11-ketotestosterone) are
known to be involved in a number of physiological functions
such as sexual differentiation, ion and carbohydrate homeo-
stasis, adaptation to stress, immune system functioning and
reproduction (Dean and Sanders, 1996).
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Prior to vitellogenesis (previtellogenesis), androgens may
play an integral role in the regulation of oocytes (immature
eggs) growth. Preliminary evidence supporting these
assumptions are derived from the induction of oocyte
growth in in vitro androgen exposed immature female eels,
probably by gene regulation mechanisms (genomics) or by
protein modification mechanisms (proteomics) (Rohr et al.,
2001). It was demonstrated that 11-ketotestosterone (11-
KT, the active male-specific androgen in teleosts) induces
an increase in the diameter and development of previtello-
genic eel oocytes (Rohr et al,, 2001). Generally, androgens
appear to play a pivotal role in stimulating the growth of
small ovarian follicles in vertebrates, at least in mammals
and fish (Weil et al., 1998, 1999; Rohr et al., 2001). The
effects of androgens on follicle development are common,
despite the diversity in follicular development in these two
species. For example, the addition to the pool of developing
oocytes through oogonial proliferation in fish is a lifetime
continuous process (Tyler and Sumpter, 1996), whereas
oocyte numbers in mammals are fixed at birth (Hsueh et al.,
2000). However, several recent studies have shown that
oocytes can be formed in adult mouse and humans (John-
son et al., 2004; Bukovsky et al., 2005).

Oocyte maturation is a complex process that is triggered
by the maturation-promoting factor (MPF) and during this
process, cyclin-B functions as a regulatory factor (Kondo
et al., 1997). Thus, the accumulation of cyclin-B in oocytes
controls the timing of early embryonic cell cycle (Aegerter
et al.,, 2004). It has been shown that natural occurring ste-
roids as well as endocrine-disrupting chemicals (EDCs) are
able to affect cyclin-B synthesis (Kudo et al., 2004; Tokum-
oto et al., 2004, 2005). Thus, gene expression patterns of
cyclin-B may be used as a marker for oocyte developmental
competence.

A large number of anthropogenic chemicals released
into the environment may disrupt endocrine homeostasis in
humans and animals by interfering with developmental
processes and endocrine systems (Colborn and Clement,
1992). These anthropogenic chemicals may cause hormonal
imbalance with potential consequences for fecundity and
reproduction (Gale et al., 2004). A number of structurally
diverse environmental chemicals such as atrazine (Danzo,
1997; Hayes et al., 2002), ROUNDUP™ herbicide (Walsh
et al., 2000a) and pharmaceuticals such as letrozole (Assikis
and Buzdar, 2002, 2004) and ketoconazole (Miranda et al.,
1998; Hegelund etal, 2004) are known to modulate
enzymes or proteins involved in steroidogenesis. The
majority of xenoestrogens and natural estrogens that have
endocrine disrupting effects exert their actions through
modulation of steroid pathways (Jalabert etal., 2000;
Monod et al., 2004). However, the mechanisms of action of
these xenoestrogens are not well understood and have not
been well investigated with regard to ovarian steroidogenic
pathways. Recently, we showed that nonylphenol modu-
lated brain steroidogenic enzymes (StAR, P450scc and
CYP11B) and the biotransformation enzymes, CYPI1A1
and CYP3A (Arukwe, 2005).

Nonylphenol (NP) is a degradation product of alkylphe-
nol polyethoxylates (APEs) that are widely used as raw
materials for active surface agents (anionic surface active
agent, nonionic surface active agent), ethyl cellulose stabi-
lizers, oil soluble phenyl resins, esters. It is also used as pro-
cessed articles for detergents, oil varnishes, rubber
auxiliaries and vulcanization accelerators, antioxidants and
corrosion inhibitors for petroleum products, sludge genera-
tion inhibitors for petroleum (Khim et al., 2001). The ovary
is a known target organs for endocrine disrupters, and it is
well established that NP modulates reproductive responses
like zonagenesis and vitellogenesis (Arukwe et al., 1997b,
2000; Folmar et al., 2002). The effects of NP on the basal
internal signals that regulate early ovarian growth prior to
vitellogenesis (previtellogenesis), fecundity, reproduction
and maturation are generally not known. In the present
study, we present the development of Atlantic cod previtell-
ogenic oocyte invitro culture system, histological and
molecular methods for evaluating the effects of EDCs (such
as nonylphenol) on the rate-limiting (StAR and P450scc)
steroidogenic pathways. In addition, gene expression pat-
tern of cyclin-B was studied, due to cyclin-B’s role as an
indicator of oocyte growth in juvenile fish. The Atlantic cod
is a popular species with large economic value and the
farming potential on a global basis is, therefore, regarded as
extremely high. In addition, cod is also the main marine fish
species for coastal water pollution monitoring (Cole, 1979;
Gokseyr etal., 1994; Martin-Skilton et al., 2006; Sturve
et al., 2006). Some studies indicate that alkyl phenols
released from offshore platforms along with production
water may affect the hormonal balance and reproductive
capacity of cod (Meier et al., 2002). The main objectives of
this study were (1) to develop an in vitro model ovarian sys-
tem for studying the effects of endocrine disrupting chemi-
cals and (2) evaluate the effects of nonylphenol on
previtellogenic oocyte growth and gene expression patterns.
We hypothesize that exposure of previtellogenic oocytes to
different concentrations of nonylphenol will cause differen-
tial gene expression patterns, whose functional products
modulate steroidogenesis and early oocyte growth. These
responses will indicate adverse physiological effects,
impaired steroidogenesis with potential consequences for
overt fecundity and serve as sensitive and mechanistic
markers of effect for EDCs.

2. Materials and methods
2.1. Chemicals and reagents

4-Nonylphenol (NP; 85% of p-isomers) was purchased from Fluka
chemika-biochemika (Buchs, Switzerland). The impurities in 4-nonylphe-
nol consist mainly of phenol (8-13%), tripropylene (~1%) and 2,4-dino-
nylphenol (~1%). Trizol reagent for RNA purification, TA cloning kit and
Leibovitz L-15 medium were purchased from Gibco-Invitrogen life tech-
nologies (Carlsbad, CA, USA). Bovine serum albumin (BSA) and N-[2-
hydroxyethyl]piperazine-N  '-[2-ethanesulfonic acid] (Hepes) were
purchased from Sigma Chemical (St. Louis, MO, USA). Iscript cDNA
Synthesis Kit and iTaq™Sybr® Green supermix with ROX were
purchased from Bio-Rad laboratories (Hercules, CA, USA). Generuler™
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100bp DNA ladder and dNTPs from Fermentas GmbH (Germany),
RNA later were purchased from Ambion (Austin, TX, USA). Superpic-
ture™ polymer detection kit (Cat. No. 87-9263) was purchased from
Zymed (San Francisco, CA, USA), and Tissue-clear® and Tissue-mount
was purchased from Sakura Finetek Europe (Zoeterwoude, The Nether-
lands). 11-Ketotestosterone and estradiol-17f enzyme immuno-assay
(EIA) kits (Cat. Nos. 582251 and 582751) were purchased from Cayman
chemical company (Ann Arbor, MI, USA). All other chemicals were of the
highest commercially available grade.

2.2. Animals and culture technique

Juvenile female Atlantic cod of 200-250 g body weight were purchased
from Akvaforsk genetic center (Sunndalsera, Norway) and kept in circu-
lating water at 10°C and a 12h light:12 h dark photoperiod. The in vitro
organ culture techniques employed were based on the agarose floating
method described by Nader and coworkers (1999). Briefly, juvenile female
cod were anesthetized, sacrificed and washed in 70% ethanol. Ovaries were
removed, cut into small pieces (1 x 1 x 1 mm) and grown in 6-well dishes
on a floating agarose substrate covered with a nitrocellulose membrane in
basal culture media. The basal culture medium consisted of Leibovitz L-15
medium supplemented with 0.1 mM L-glutamic acid, 0.1 mM L-aspartic
acid, 1.7 mM r-proline, 0.5% BSA and 10 mM Hepes (pH 7.4). Tissue prep-
aration and culture were performed under strict sterile conditions without
antibiotics, because antibiotics may have the potential of affecting the gene
expression patterns. The gonadal tissue was cultured for 4, 7, 14 and 21
days with different concentrations of NP dissolved in ethanol at 0 (con-
trol), 1, 10, 50 and 100 uM in a humidified incubator at 10 °C. The control
group received ethanol and the final concentration of ethanol in all expo-
sure groups never exceeded 0.3% (v/v). The medium was changed every 7
days after sampling at day 7, 14 and 21 after exposure. After cultivation,
tissues for RNA purification were homogenized directly in Trizol reagent
and stored at —80 °C until further processing. Tissues for immunohisto-
chemical analyses were placed in tissue cassettes with a nylon mesh and
fixed, whereas the tissues for steroid analyses were flash-frozen in liquid
nitrogen and stored at —80 °C until further processing.

2.3. RNA purification and cDNA synthesis

Total RNA was purified from tissues homogenized in Trizol reagent
according to established procedures (Chirgwin et al., 1979; Chomczynski
and Sacchi, 1987), and RNA concentrations were determined using a
NanoDrop® ND-1000 UV-visible Spectrophotometer (NanoDrop Tech-
nologies, Wilmington, DE, USA). Total cDNA for the real-time polymer-
ase chain reaction (PCR) were generated from 1pg total RNA in all
samples using poly-T primers from iScript cDNA synthesis kit as
described by the manufacturer (Bio-Rad).

2.4. StAR and P450scc antibody production and purification

Polyclonal antibodies for the StAR protein and P450scc were pro-
duced by immunization of rabbits with synthetic peptides for both pro-
teins (Eurogentec, Searing, Belgium). The peptide sequences were; (StAR)
H,N-MPE QRG VVR AEN GPT C-CONH, and (P450scc) H,N-CLL
KNG EDW RSN RVI L-CONH, with respective molecular weights of
1743.97 and 1916.2 (kilodalton, kDa), and respective isoelectric point (pl)
of 6.45 and 9.45. Rabbits were immunized once a week with the synthetic

Table 1

peptides and were bled after the fourth boost. The resulting sera were puri-
fied using Hitrap rProtein A affinity column (Amersham, Uppsala, Swe-
den). Briefly, serum was diluted 1:4 in binding buffer (20 mM sodium
phosphate, pH 7.0) after filtration through a 0.45 pm filter. The column
was washed with 5x column volume of 20% ethanol and binding buffer.
Thereafter, the diluted serum was applied with a flow rate of 1 ml/min. The
column was then washed with 5x column volume of binding buffer, and
the purified antibody was eluted with 0.1 M sodium citrate buffer (pH 3.5)
into tubes containing 80 pul of 1 M Tris—=HCI (pH 9.0). Protein concentra-
tions were determined using a NanoDrop® ND-1000 UV-visible Spectro-
photometer (NanoDrop Technologies, Wilmington, DE, USA).

2.5. Primer optimization, cloning and sequencing

PCR primers for amplification of 150-246 bp gene-specific PCR-prod-
ucts were designed from conserved regions of the studied genes. The
primer sequences, their amplicon size and the optimal annealing tempera-
tures are shown in Table 1. Prior to PCRs, all primer pairs were used in
titration reactions in order to determine optimal primer pair concentra-
tions and their optimal annealing temperatures. All chosen primer pair
concentrations used at the selected annealing temperatures gave a single
band pattern for the expected amplicon size in all reactions. PCR products
from the genes to be investigated were cloned into pCRII vector in INVF’
Escherichia coli (Invitrogen). Each plasmid was sequenced using ABI-
prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA)
at the Department of Biology, NTNU, Norway. Sequences were confirmed
using NCBI nucleotide BLAST software (http://www.ncbi.nlm.nih.gov/
BLAST).

2.6. Quantitative (real-time) PCR

Quantitative (real-time) PCR was used for evaluating gene expression
profiles. For each treatment, the expression of individual gene targets was
analyzed using the Mx3000P real-time PCR system (Stratagene, La Jolla,
CA). The following concentrations of forward and reverse primers were
used for each 25-pl real-time PCR: StAR, P450scc and cyclin-B at 600 nM
each. Each 25-ul DNA amplification reaction contained 12.5ul 2x SYBR
Green mix (Stratagene), 0.75 pl of 1 mM ROX (reference dye), and 1 pl
cDNA. The real-time PCR program included an enzyme activation step at
95°C (10 min) and 40 cycles of 95 °C (305), 52 °C (StAR), 55 °C (P450scc),
58 °C (cyclin-B) (1 min) and 72 °C (30 s). Controls lacking cDNA template
or Tag DNA polymerase were included to determine the specificity of tar-
get cDNA amplification. Cycle threshold (C?) values obtained were con-
verted into copy number using standard plots of Ct versus log copy
number. Standard plots for each target sequence were generated using
known amounts of plasmid containing the amplicon of interest. Triplicate
data obtained for target cDNA amplification were averaged, normalized
to gene copies and expressed as percent of control.

2.7. Histology and immunohistochemistry

Cultured previtellogenic gonadal tissues were fixed in 4% para-formal-
dehyde in 0.1 mM sodium phosphate buffer (pH 7.4) for 24 h. After fixa-
tion, the tissues were washed twice in 70% ethanol, dehydrated in a graded
series of ethanol baths using an automatic tissue processor (Leica Micro-
systems, Nussloch, Germany), cleared in Tissue-Clear®, embedded in par-
affin blocks and sectioned at 5pum. Immunohistochemical analysis was

Primer pair sequences, amplicon size and annealing temperature conditions for genes of interest used for real-time RT-PCR

Target gene  Primer sequence®

Amplicon size (nucleotides)  Annealing temperature (°C)

Forward Reverse
StAR CAACGTCAAGCAGGTCAAGA ATAGTGTTGAAGCCCGATGC 246 52
P450scc GATGCAGCTCTTCCTCATCC AGACGCCCATCATATTGACC 170 55
Cyclin-B CGGGAGATGGAGATGACTGT CTGCATGGTGGACTACGAGA 150 58

% Sequences are given in the 5’'-3'order.
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preformed using SuperPicTure™ polymer detection kit (Zymed, Cat. No.
87-9263) according to manufacturer’s protocol. In brief, sections were
deparaffinized, rehydrated in graded series of ethanol and incubated for
1 h with rabbit polyclonal antibody against the StAR protein and P450scc
diluted 1:200. After subsequent washing in PBS, sections were incubated
with a HRP polymer-conjugated anti-rabbit secondary antibody for
10 min. Colour visualizations were performed by incubation with DAB
chromogen for 5 min, and hematoxylin was used as a counterstain. Con-
trol stains were performed by omission of the primary antibody. Sections
were mounted using Tissue-Mount, and relative intensity and localization
of the StAR protein and P450scc staining were evaluated using light
microscopy.

2.8. Steroid hormone analysis

Estradiol-17p and 11-ketotestosterone concentrations were measured
in cultured gonad tissue using enzyme immunoassay (EIA) kits from Cay-
man Chemical Company (Ann Arbor, MI, USA). Tissues cultured for 7
and 14 days were used for steroid hormone determinations. Tissues stored
at —80 °C were thawed on ice, homogenized in 1:4 volume of 0.1 M Na
phosphate buffer and centrifuged at 10,000g for 15 min. The supernatants
were purified by extraction using organic solvent to prevent the interfer-
ence of lipids and proteins in the analysis. Briefly, the supernatant was
mixed with 5 ml diethyl ether using a vortex mixer. After phase separation,
the aqueous portion was frozen in an ethanol/dry ice bath. The lipophilic
phase was decanted into a clean tube, and the ether phase was evaporated
using a vacuum centrifuge. The dry extract was reconstituted in 300 pl EIA
buffer by vortexing. Enzyme immunoassays were run as recommended by
Cayman with a development time of 75 min. Data were quantified against
a standard curve that was linearized using a logit transformation of B/B,
(bound sample/maximum bound).
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2.9. Statistical analyses

Statistical analysis was performed with GraphPad Prism, version 2.1
(GraphPad Software Inc., 1996). Significant differences between control
and exposure groups were performed using one-way ANOVA. Statistical
differences between exposure groups were analyzed using the Tukey’s
Multiple Comparison Test. The level of significance was set at p =0.05
unless otherwise stated.

3. Results
3.1. Modulation of StAR protein and P450scc expressions

The expression of the StAR protein in cod previtellogenic
oocyte was modulated after exposure to different concentra-
tions of nonylphenol in a time-specific manner (Fig. 1). At
day 7 post-exposure, nonylphenol produced an apparent
time-dependent increase (albeit not significant; Fig. 1A). On
the contrary, the StAR protein showed a 2- and 4-fold
increase after exposure to 1 and 10 uM of nonylphenol and
thereafter, a 2-fold reduction was observed at 50 and 100 uM
at day 14 compared to control (Fig. 1B). A similar pattern of
expression was observed at day 21 after exposure, where
nonylphenol produced a 4-fold increase at 1 uM, and thereaf-
ter a concentration-specific reduction of the StAR protein
(Fig. IC). No differences between exposure groups were
observed at day 4 post-exposure (data not shown).

750 |
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StAR mRNA (% of control)

b
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Fig. 1. Expression of the StAR protein mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of nonylphenol
(0 (control), 1, 10, 50 and 100 uM) and sampled at day 7 (A), 14 (B) and 21 (C) after exposure. Messenger RNA (mRNA) levels were quantified using real-
time PCR with specific primer pairs. Data are given as mean expressed as percentage (%) of control (n = 3) & standard error of the mean (SEM). Different
letters denote exposure groups that are significantly different (p < 0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.
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Fig. 2. Expression of P450scc mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of nonylphenol (0 (con-
trol), 1, 10, 50 and 100 pM) and sampled at day 7 (A), 14 (B) and 21 (C) after exposure. Messenger RNA (mRNA) levels were quantified using real-time
PCR with specific primer pairs. Data are given as mean expressed as percentage (%) of control (n = 3) & standard error of the mean (SEM). Different let-
ters denote exposure groups that are significantly different (p < 0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.

The expression of P450scc in cod previtellogenic oocyte
was modulated after exposure to different concentrations of
nonylphenol in a time-specific manner (Fig. 2). At day 7
post-exposure (Fig.2A), a time-dependent increase was
observed after exposure to 10uM of nonylphenol, and
thereafter nonylphenol exposure caused a concentration-
specific non-significant reduction of P450scc. However,
P450scc mRNA levels showed a 1- and 3-fold increase after
exposure to 1 and 10 uM of nonylphenol and thereafter, a
1-fold reduction was observed at 50 and 100 uM at day 14
compared to control (Fig. 2B). A similar pattern of expres-
sion was observed at day 21 after exposure, where nonyl-
phenol produced an increase at 1uM, and thereafter a
concentration-specific reduction of P450scc (albeit not sig-
nificant; Fig. 2C). No differences between exposure groups
were observed at day 4 post-exposure (data not shown).

3.2. Modulation of cyclin-B expressions

The expression of cyclin-B in cod previtellogenic oocyte
was modulated after exposure to different concentrations of
nonylphenol in a time-specific manner (Fig. 3). At day 7
post-exposure, nonylphenol produced a minor, but non-sig-
nificant concentration-specific increase of cyclin-B
(Fig. 3A). In contrast, cyclin-B showed a 4-fold increase

after exposure to 10 uM of nonylphenol and thereafter, an
almost total inhibition of cyclin-B transcription was
observed at 50 and 100 uM at day 14, compared to control
(Fig. 3B). A similar pattern of expression was observed at
day 21, where nonylphenol produced an increase at 1 uM,
and thereafter a concentration-specific reduction of cyclin-
B was observed at 50 and 100 uM (albeit not significant;
Fig. 3C). No differences between exposure groups were
observed at day 4 post-exposure (data not shown).

3.3. Immunohistochemical analysis of the StAR protein and
P450scc

The cellular localization of the StAR protein and
P450scc in cultured previtellogenic oocytes of cod exposed
to different concentrations of nonylphenol and sampled at
day 14 after exposure is shown in Fig. 4 (StAR) and 5
(P450scc). Using rabbit polyclonal antibodies prepared
against synthetic peptide sequences, the cellular localization
of StAR and P450scc were mainly observed in follicular
cells of oocyte membranes in both control and exposed tis-
sues (Figs. 4 and 5). The relative intensity of both proteins
was generally very low and did not show significant differ-
ences between control and nonylphenol exposed groups. In
addition, no significant differences in staining intensity
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Fig. 3. Expression of cyclin-B mRNA levels in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of nonylphenol (0 (con-
trol), 1, 10, 50 and 100 pM) and sampled at day 7 (A), 14 (B) and 21 (C) after exposure. Messenger RNA (mRNA) levels were quantified using real-time
PCR with specific primer pairs. Data are given as mean expressed as percentage (%) of control (n = 3) & standard error of the mean (SEM). Different let-
ters denote exposure groups that are significantly different (p <0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.

between day 7 and 14 were observed (data not shown).
Evaluation of oocyte morphology and size revealed that
previtellogenic oocytes had a diameter of approximately
300 um. However, the mean size of the previtellogenic
oocytes did not show significant differences after nonylphe-
nol exposure.

3.4. Modulation of estradiol-17f and 11-ketotestosterone
levels

Estradiol-178 (E2) and 11-ketotestosterone (11-KT)
concentrations were measured in gonad tissue culture
exposed to different concentrations of nonylphenol for 7
and 14 days. E2 levels after 7 and 14 days exposure to
nonylphenol concentrations is shown in Fig. 6A and B,
respectively. At day 7 post-exposure, E2 showed a 1-fold
induction in the group exposed to 1 uM nonylphenol, com-
pared to solvent control group (Fig. 6A). Thereafter, appar-
ent concentration-specific reductions of E2 levels were
observed (Fig. 6A). At day 14 post-exposure, a 1-fold
reduction in E2 level was observed in the groups exposed to
50 and 100 uM compared to the solvent control group
(Fig. 6B). 11-KT levels in cod previtellogenic oocytes
exposed to nonyphenol for 7 and 14 days are shown in
Fig. 6C and D, respectively. At day 7 post-exposure, 11-KT
showed a 0.6-fold increase in the group exposed to 100 uM

nonylphenol, compared to solvent control group (Fig. 6C).
In contrast, exposures to 1, 10 and 50 uM produced respec-
tive 1-fold reduction of 11-KT levels (Fig. 6C). At day 14
post-exposure, a 2.5-fold increase in 11-KT level was
observed in the group exposed to 10uM nonylphenol
(Fig. 6D). In the groups exposed to 50 and 100 uM, respec-
tive 0.7- and 0.4-fold reductions in 11-KT levels were
observed (Fig. 6D).

4. Discussion

Despite popular demand from regulatory agencies, bio-
assays for evaluating the effect of endocrine disruptors have
the potential to overlook chemicals that can modulate
estrogenic responses through mechanisms that does not
involve direct binding to the estrogen receptors (ERs). In
addition to their effect as direct agonist to the ERs, the
effects of xenoestrogens, such as nonylphenol, are some-
times interpreted as interference with steroidogenesis and
with the steroidal regulation of the normal development
and function of the male and female reproductive tracts
(Colborn et al.,, 1993; Danzo, 1997). One potentially impor-
tant mechanism is the impairment of steroidogenic enzyme
activity and/or protein expressions. Recently, we showed
that nonylphenol produced estrogenic effects via transcrip-
tional modulation of the StAR protein and P450scc expres-
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Fig. 4. Cellular localization of the StAR protein in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of nonylphenol (A,
control; B, 1 uM; C, 10 uM; D, 50 uM; E, 100 uM) and sampled at day 14 after exposure. The figures are representative histological section, as there were
not significant differences between the exposure groups. Arrows indicate follicle cells with positive StAR staining. Bar equals 100 pm.

Fig. 5. Cellular localization of P450scc in cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of nonylphenol (A, control;
B, 1 uM; C, 10 uM; D, 50 uM; E, 100 uM) and sampled at day 14 after exposure. The figures are representative histological section, as there were not sig-
nificant differences between the exposure groups. Arrows indicate follicle cells with positive P450scc staining. Bar equals 100 pm.

sions in Atlantic salmon (Salmo salar) brain (Arukwe,  well-studied species neither from an endocrinological or
2005). Because estrogens play significant roles in sex deter-  toxicological standpoint. Indeed, this species is of enor-
mination and differentiation, the enzymes and proteins  mous economic importance both in Norway and interna-
involved in steroid hormone synthesis are of critical endo-  tionally. Therefore, the present study was performed in

crine significance. Furthermore, the Atlantic cod is not a  order to develop an oocyte culture system and determine
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Fig. 6. Estradiol-17f levels (E2) at days 7 and 14 (A and B, respectively) and 11-ketotestosterone (11-KT) levels at days 7 and 14 (C and D, respectively) in
cultured previtellogenic oocytes of Atlantic cod exposed to different concentrations of nonylphenol. Steroid hormone levels were determined using enzyme
immunoassay method. Data are given as mean value and expressed as pg/ml of n =3 £ standard error of the mean (SEM). Different letters denote expo-
sure groups that are significantly different (p < 0.05), analyzed using ANOVA followed by Tukey’s multiple comparison test.

the effects of nonylphenol on the expression patterns of
protein (StAR) and enzyme (P450scc) responsible for the
rate-limiting step in steroidogenesis in ovary tissue from
previtellogenic Atlantic cod. In addition, the effects of
nonylphenol on cyclin-B were studied. We show that nonyl-
phenol modulates the StAR protein, P450scc and cyclin-B
gene expressions and that these effects were dependent on
time and nonylphenol concentration. Interestingly, the
nonylphenol-induced decreases of the StAR protein and
P450scc were consistent with decreased levels of both
oocyte E2 and 11-KT levels, showing a direct relationship
with 11-KT levels. Thus, the present study reveals some
novel aspects of nonylphenol effects on maturation and
oocyte growth in teleosts. The impaired steroidogenesis and
hormonal imbalance reported in the present study may
have potential consequences for the vitellogenic process
and overt fecundity in teleost.

4.1. Effects on the StAR protein and P450scc gene expression
and steroid hormone levels

The present study shows that both the StAR protein and
P450scc were modulated by nonylphenol concentrations in
a time-specific manner. Although the expression of the
StAR protein and P450scc were affected at all exposure
times, day 14 post-exposure produced a unique pattern of
effect. At this exposure time, cultured cod previtellogenic

oocytes showed concentration-specific increases at lower
concentrations (1 and 10 pM) and decreases at higher con-
centrations (50 and 100 uM). This unique pattern of nonyl-
phenol modulation of the StAR protein and P450scc genes
suggests a negative feedback control mechanism for oocyte
regulation of steroidogenesis. It should be noted that the
nonylphenol mediated modulation of the StAR protein and
P450scc transcriptional changes at day 14 post-exposure
showed a perfect correlation with changes in 11-KT levels
at the same time interval and concentrations. Regardless of
organ or tissue, the delivery of cholesterol from the outer
mitochondrial membrane by the StAR protein to the inner
mitochondrial membrane, where P450scc resides, is the ulti-
mate rate-limiting step in steroid hormone biosynthetic
process. This process may potentially affect testicular, ovar-
ian and adrenocortical functions (Stocco, 2000, 2001b).
Therefore, the perfect correlation between the StAR pro-
tein and 11-KT is in accordance with the understanding
that the StAR protein plays a critical role in the regulation
of hormonally induced acute steroid production by stimu-
lating cholesterol transfer through hydrophobic tunnel
structures formed within its molecule (Stocco, 2000, 2001b).
Furthermore, these findings represent a novel aspect of
nonylphenol as an endocrine disrupting chemical.

In this study, steroid hormone (E2 and 11-KT) levels
were also evaluated in cod previtellogenic oocytes exposed
to different concentration of nonylphenol. Our data show
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that exposure to nonylphenol had severe effects on the lev-
els of these naturally occurring steroid hormones in cul-
tured cod previtellogenic oocytes. The most striking
observation was the reduced levels of both E2 and 11-KT in
oocyte cultures exposed to 50 and 100 uM nonylphenol at
day 14 post-exposure. This suggests that nonylphenol mod-
ulates steroidogenesis by targeting the StAR protein. These
findings are in compliance with previous in vivo studies,
where a decrease in plasma E2 levels were observed after
exposure to nonylphenol in several fish species, including
cod (Arukwe et al., 1997a; Harris et al., 2001; Meier et al.,
2002). It has been shown that plasma E2 levels are signifi-
cantly elevated in relation to gonadal development and
time of reproduction in female cod (Comeau et al., 2001;
Dahle et al., 2003). Thus, our data are in accordance with
the observations on the transcriptomic level, suggesting
that nonylphenol may postpone the developmental process
of previtellogenic oocytes. 11-KT is considered the main
androgen in teleosts (Borg, 1994) and the effects of xenoes-
trogens on 11-KT is not well studied, at least not in cod.
Androgens may increase oocyte diameter and modify
growth factor receptors (Vendola et al., 1999; Rohr et al,,
2001), but the underlying molecular mechanism(s) involved
in possible gene regulation in the growth of previtellogenic
oocytes has not been investigated and will be discussed
below.

From an endocrinological and reproductive physiologi-
cal standpoint, the direct correlation between the StAR
protein, P450scc, and 11-KT represent a novel aspect on the
role of androgens on the growth of previtellogenic oocytes.
Recently, we have observed that aromatizable (testoster-
one) and non-aromatizable (11-KT and methyltestoster-
one) androgens cause differential gene expression patterns,
whose functional products modulate previtellogenic oocyte
growth in cod (Kortner and Arukwe, in preparation). The
role of androgens in previtellogenic oocyte is supported by
the observation that the early ovarian growth of species-
specific critical stage progressed in hypophysectomized
freshwater turtle, Chrysemys picta, indicating that gonado-
tropins (GtHs) were not necessary (Ho et al., 1982). Fur-
thermore, Bieniarz and Kime (1986) were unable to
demonstrate specific binding of radio labeled GtH ('*I-
GtH) to previtellogenic common carp (Cyprinus carpio)
ovaries. Elsewhere, Rohr and coworkers (2001) demon-
strated that 11-KT (the active male-specific androgen in tel-
eosts) induces an increase in the diameter and development
of previtellogenic eel (Anguilla australis) oocytes. In mam-
mals, androgens also modify the intra-ovarian gene expres-
sion in the rhesus monkey, as demonstrated by increased
mRNA abundance of insulin-like growth factor-1 (IGF-1)
and IGF-1-receptor (Vendola et al., 1999) in follicles up to
early antral stage. Based on the above named studies,
androgens appear to play a pivotal role in stimulating the
growth of small ovarian follicles in vertebrates, at least in
mammals and fish. Given that this happens despite the
diversity in follicular development in these two species, the
findings in the present study suggest a generalized effect of

nonylphenol in vertebrates, at least with the methods
applied in our study. For example, addition to the pool of
developing oocytes through oogonial proliferation in fish is
a lifetime continuous process (Tyler and Sumpter, 1996),
whereas oocyte numbers in mammals are fixed at birth.
Therefore, the effects of nonylphenol on early follicular
growth in fish will provide an understanding on the role of
xenoandrogens in the control of fecundity through modifi-
cation of gene expression patterns. It may also be used in
the evaluation of evolutionary conservation of the control
mechanisms for early follicular growth in vertebrates.

Furthermore, the expression patterns in the StAR pro-
tein and P450scc are closely related. Exposure of previtello-
genic oocyte tissue to the highest concentrations of
nonylphenol (50 and 100 uM) produced an almost total
transcriptional inhibition of the genes. Previously, it has
been reported that the pesticides lindane and dimethoate
can inhibit steroidogenesis by reducing the StAR protein
expression (Walsh et al., 2000b). These observations suggest
that other environmental estrogens may also inhibit steroi-
dogenesis by targeting the StAR protein expression and/or
other steroidogenic proteins or enzymes (Walsh et al,
2000b). Recently, we reported the modulations of brain ste-
roidogenesis after exposure to nonylphenol and ethynylest-
radiol (EE2), where alterations of both StAR and P450scc
mRNA levels were observed (Arukwe, 2005; Lyssimachou
and Arukwe, 2006). Taken together, these observations
strongly indicate that the StAR protein and P450scc may
be important targets for environmental pollutants that dis-
rupt steroidogenesis. However, not much is known con-
cerning xenoestrogen-induced effects on steroidogenesis on
the whole organism level and this should be studied in more
detail. In this regard, the identification and full-length gene
cloning of the StAR protein in Atlantic cod (Goetz et al.,
2004) represents a promising sign in the understanding of
xenoestrogen-induced toxicity of steroidogenesis in this
important species.

4.2. Effects on cyclin-B gene expression

Another interesting finding in the present study is the
consistency of nonylphenol mediated effects on steroido-
genic genes and cyclin-B. Oocyte maturation is a complex
process finally triggered by the maturation-promoting fac-
tor (MPF), in which cyclin-B functions as a regulatory sub-
unit (Kondo et al., 1997). The expression of MPF is thought
to be a response to stimulation on the oocyte surface by the
maturation-inducing hormone (MIH). Previous reports has
demonstrated that MIH stimulates the translation of
cyclin-B mRNA stored in immature oocytes (Hirai et al.,
1992). Furthermore, it is thought that cyclin-B accumula-
tion in oocytes controls the timing of early embryonic cell
cycle (Aegerter et al., 2004). It has been shown that natural
occurring steroids as well as endocrine-disrupting chemi-
cals (EDCs) are able to affect cyclin-B synthesis (Kudo
etal, 2004; Tokumoto etal, 2004, 2005). Thus, gene
expression of cyclin-B may be used as a sensitive marker of
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oocyte developmental competence. The present study
demonstrates that previtellogenic cod ovaries expressed
cyclin-B, and that the expression is modulated by the xeno-
estrogen, nonylphenol in a time- and concentration-specific
manner. Interestingly, the expression pattern follows the
expression patterns observed for the StAR protein and
P450scc. The only two compounds identified as naturally
occurring MIH in fish are C21 steroids, 17a, 20B-dihy-
droxy-4-pregnen-3-one and 17a, 20 B, 21-trihydroxy-4-
pregnen-3-one (Nagahama and Adachi, 1985; Patino and
Thomas, 1990). With this in mind, one might speculate that
the decreased expressions of the StAR protein and P450scc
will lead to decreased levels of functional MIH in the cod
ovary, and that this eventually will result in decreased levels
of cyclin-B. Thus, nonylphenol may exhibit a potent cyto-
toxicity effect through cell degradation and/or delay in the
maturation process. Nevertheless, these assumptions need
to be further investigated in a different designed study.

5. Conclusions

The present study shows that in vitro exposure of previ-
tellogenic cod ovaries to nonylphenol modulates the
expression of the main steroidogenic protein (StAR) and
enzyme (P450scc) in the rate-limiting step in acute steroid
production, as well as the gene expression of cyclin-B. A
unique pattern of expression was observed at day 14 post-
exposure, where concentration-specific effects were
observed. Interesting, the expression patterns for the StAR
protein and P450scc showed a direct relationship with 11-
KT levels. These results reveal some novel aspects of NP
effects on maturation and oocyte growth in teleosts, sug-
gesting impaired steroidogenesis and hormonal imbalance
with potential consequences for the vitellogenic process.
The Atlantic cod is a popular species with large economic
value and therefore the aquaculture potential on a global
basis is therefore regarded as extremely high. In addition,
cod is also the main marine fish species in Norway for
coastal water pollution monitoring (Gokseyr et al., 1994;
Martin-Skilton et al,, 2006; Sturve etal, 2006). The
National Joint Assessment and Monitoring Programme
(JAMP, OSPAR) have used this species in fjord monitoring
since the beginning of the 1980s (Tromp and Wieriks,
1994). Norwegian offshore oil industry have recently
adopted the Atlantic cod as a promising organism to be
used in biomonitoring studies, particularly in relation to
produced water discharges. Some studies indicate that alkyl
phenols released from offshore platforms along with pro-
duction water are capable of disturbing the hormonal bal-
ance and reproductive capacity of cod (Meier et al., 2002).
These studies suggest that increased petroleum release in
natural habitat of cod may cause a threat to the species.
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