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ABSTRACT

It is now well established that there are a wide variety of known EDCs (Endocrine Disrupting
Chemicals) in the aquatic environment, which include natural (e.g. oestrogen) and synthetic
hormones (e.g. ethinyloestradiol), weak environmental oestrogens (e.g. bisphenol A and
nonylphenol) and pesticides, fungicides and herbicides, that are able to alter the physiology of
exposed wildlife and humans and have become a focus of increasing concern for human and
environmental health over the past two last decades. However, the functional implications and
potential significance of these findings has yet to be established. In this thesis, a transgenic fish
system approach (using a new plasmid) was employed to investigate the effect pathways of
EDCs in fish, using transgenic UAS-GFP zebrafish (Danio rerio) as a model species.

One of the most critical steps in this approach is the development of an effective construct for
the development of sensitive transgenic zebrafish. The required ERE was cloned and three
copies were incorporated into a construct. Three vector systems (pKS+, pCS2+ and pBR322-
Tol2) were selected for making new plasmids, and investigated to improve the efficiency for
sensitivity and tissue specificity. Three constructs were made and tested progressively in the
development process. The plasmids contain three oestrogen response elements (3ERE), a TATA
box and GALA4ff. The three constructs, pKS-ERE-Gal4ff, pCS2-ERE-Galf4ff and pBR-Tol2-
ERE, were examined by injecting into zebrafish in a transient assay system. The pBR-Tol2-
ERE-Gal4ff construct was selected for generating transgenic zebrafish because it showed tissue
specific manner (i.e. reduce mosaicism) and Tol2 transposon has the capacity to improving
greatly the chances for generating TG fish such as high germline transmission frequency.

The construct pBR-Tol2-ERE-Gal4ff required to examine the functional capability of using
transient expression assay before generating transgenic fish. The Gal4-UAS/GFP method was
adopted and produced a two step amplification of the oestrogenic signal. A novel transient
expression assay system was developed using a synthetic oestrogen responsive element, the
Tol2 mediated Gal4-UAS systems and the GFP reporter gene, which are responsive to
environmental oestrogens using green fluorescent microscopy in zebrafish (Danio rerio) and
medaka (Oryzias latipes). The construct worked well and vector system in transient expression
assays proved a rapid, sensitive, tissue specific system for the detection of oestrogenic EDCs in
both the zebrafish and medaka, indicating the likely wide suitability for application to other fish
species. These data indicate that this system would be a particularly powerful technique for use
in species with long generation times and/or where there are other difficulties for generating
transgenic lines in those species.

After the transient expression assay, the construct pBR-Tol2-ERE-Gal4ff with transposase
mRNA was co-injected into early one cell stage and bred for 3 months. The embryos were
collected from the founders (a male and a female) and exposed to EE2 to identify the transgenic

zebrafish. An oestrogen responsive transgenic zebrafish (ERE-TG fish) was established under



an oestrogen inducible promoter derived from multiple tandem oestrogen responsive elements.
Gal4ff-UAS system was adopted to generate ERE-TG fish to enhance the sensitivity, which has
not been used for generating biosensor zebrafish yet. Oestrogen exposures were shown to
induce specific GFP expression in the heart, muscle, otic vesicle, brain, neuromasts, eye/ear
ganglions and fin, in addition to that in the liver and gonad, which has not been shown
previously in other oestrogen responsive transgenic zebrafish, illustrating both the enhanced
sensitivity of our detection system and the potential for these tissues as target sites for wider
health effects for exposure to environmental oestrogens. Furthermore, oestrogen chemicals are
converted to an oestrogenic signal in different tissues preference. Oestrogen receptors (ER a, f1
and B2) morpholinos (MOs) and exposures with oestrogen receptor antagonist were carried out
to assess whether the GFP expression was mediated through the ER, regardless of the subtypes.
GFP expression was inhibited through injection of the mixture of ERs MOs compared with
uninjected transgenic fish larvae. This result indicated that GFP expression was mediated
through the ERs. The lowest detectable concentration of EE2, E2, BPA and NP was 1 ngEE2/L,
5 ngE2/L, 100 ugBPA/L and 1 ugNP/L in ERE-TG fish embryos/larvae. These findings provide
that ERE-TG fish embryos/larvae systems are useful both for studying physiological
mechanisms and for detecting biological target sites of environmental oestrogens.

As a preliminary experiment, immature (40 day old) and mature (3 month old) ERE-TG fish
were exposed to low concentrations of EE2 for 7 days to prove its potential for developing
tissue-specific models of EDCs at different life stages. The lowest detectable EE2 effect
concentration was 5 ngEE2/L in the liver and gonad and 10 ngEE2/L in the muscle in both
immature and mature ERE-TG fish. These data demonstrate that muscle is as susceptible as
liver and gonad to EE2 and ERE-TG fish (both immature and mature fish) would appear to be a
useful system for both detecting target sites for oestrogen chemicals in these life stages fish.

In summary, the work undertaken in this thesis has developed transiently and stably
transfected zebrafish as a tool for screening oestrogen chemicals to assess for the potential
health impacts of oestrogens in the environment, provided novel insights into many tissue target
tissues by oestrogen exposure, and has established different patterns of tissue responses for

different environmental oestrogens tested suggesting differing functional implications.
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CHAPTER 1: General introduction

1.1 The endocrine system

The endocrine system is one of the body’s main systems in regulating and controlling the
physiological mechanisms of reproduction, growth, development and many of the processes of
metabolism. The major constituents of the endocrine system are reproductive tissues (i.e.
ovaries in females and testes in males), the hypothalamus, pituitary, thyroid, and adrenal glands.
Hormones are chemical messengers produced by endocrine cells, usually at very low
concentrations, that are then transported throughout the body via the blood, eliciting responses
only in target cells. The effects of hormones are slower and more general than those mediated
via nerve action. Hormones affect control of long-term changes such as rate of growth, rate of
activity and sexual maturity. Hormones bind specifically to target receptor sites on the cell
surface (non-steroid hormones) or internal to the cell in the cytoplasm or to nuclear protein
receptors (such as for the oestrogen receptor) and induce physiological changes through the
release or inhibition of biochemicals, or regulation of genes. Nuclear hormone receptors are
ligand-activated regulators effecting transcription of genes by interacting with specific DNA

sequences upstream of their target genes (Katzenellenbogen and Katzenellenbogen, 1996).

There are two main classes into which hormones fall (Tsai and O'Malley, 1994): steroids (e.g.
cortisol, oestradiol) and non-steroidal (e.g. amines, such as epinephrine and norepinephrine,
peptides such as oxytocin, antidiurectic hormone, proteins, such as growth hormone and insulin,
glycoproteins, such as Follicle Stimulating Hormone [FSH] and Thyroid Stimulating Hormone
[TSH]). In vertebrates, steroids are synthesised from cholesterol in the adrenal cortex, testis,
ovary and placenta. Steroid hormones are relatively small and lipid soluble. For this reason, they
diffuse freely into and out of cells. Hormone-receptor complexes move into the nucleus where
the complex binds to DNA and stimulates the transcription of specific genes (synthesis of
MRNA). Peptide and protein hormones do not diffuse into cells and target cells have specific
receptors for these hormones on the cell surface. The hormone binds to the receptor and causes

a second messenger (i.e. cyclic nucleotide, calcium [Ca] ion) to be released within the cell.
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Sex steroids, such as oestrogens, progestins and androgens, regulate gametogenesis,
secondary sexual characteristics and have various other effects (Babin et al., 2007). They also
exert a feedback effect on the hypothalamus and pituitary release of gonadotrophins. This effect
can be negative or positive depending on the concentration of hormone needed to meet the
physiological and reproductive needs. Oestrogens and androgens are involved in feminine
development and masculine development, respectively (Wersinger et al., 1997). Progestins are
involved in maturation of the mammalian oocyte (Thomas et al., 2006). While oestrogen
primarily influences the female reproductive tract in development, maturation and function, but,
they also play a role in male reproductive function (Brevini et al., 2005). There are three major
steroid oestrogens; oestradiol-17p, oestrone and oestriol. Oestradiol-17f (E2) is the predominant
oestrogen. Oestrogens are mainly produced in the ovaries and the placenta and in small amounts

by the adrenal glands and by the male testes.

Much of this thesis work is focused around oestrogens and their biological effects, and thus
here some elements relating to the functioning and complexity of the oestrogen receptor (ER)

system(s) in vertebrates are now considered.

1.2 Estrogen receptors and their tissues distribution

In mammals, there are two ERs (oestrogen receptors), ERa and ERp, which each display
distinct expression patterns. Tissues that show a high level of expression of ERa include the
uterus, mammary gland, placenta, central nervous system, cardiovascular system and bone
(Nilsson et al., 2001). These tissues respond to E2 with increases in transcription of certain E2-
responsive genes. ER B has a broader tissues distribution and is expressed in the prostate, testis,
ovary, pineal gland, thyroid gland, parathyroids, adrenals, pancreas, gallbladder, skin, urinary
tract, lymphoid, erythroid tissues, certain ERa-lacking brain regions and muscle (Ciocca and
Roig, 1995; Gustafsson, 1999). Oestrogen binds to receptors in the nucleus, and the activated

ERs as homodimers or heterodimers to oestrogen response elements (ERESs) located in the
13



promoters of target genes (Bjornstrom and Sjoberg, 2005; Nilsson et al., 2001). ERa and ERf
bind to EREs (oestrogen responsive elements) with similar affinities (Loven et al., 2001; Yi et
al., 2002) possibly because they have high amino acid identity (96%) in their DNA-binding
domains (DBDs) (Hall et al., 2001; Li et al., 2004; Nilsson and Gustafsson, 2002). Distinct
structural characteristics that account for different transcriptional responses to ligands in a
promoter- and cell-dependent manner also indicate functional differences between the receptor
subtypes (Cowley and Parker, 1999; Hall and McDonnell, 1999; Mclnerney et al., 1998; Paech
et al., 1997; Yi et al., 2002). 17B-oestradiol (E2) binds with similar affinity to both ERa and

ERB (K, = 0.2 nM for ERa and K, = 0.6 nM for ERp) (Kuiper et al., 1996; Paech et al., 1997).

There have been few reports on ER in skeletal muscle. ERa expression in skeletal muscle
however has been shown in several different animal species (mouse, rat, cows and human;
Couse et al., 1997, Lemoine et al., 2002; Lemoine et al., 2003; Pfaffl et al., 2001). Pfaffl et al.
(2001) found expression of both ERa and ER3 messenger RNA (mRNA) in skeletal muscle in
cows. Similarly both ERa and ERp receptors have been detected in mouse and pig skeletal
muscle, as well as in myoblasts from rat and mouse (Barros et al., 2006; Kalbe et al., 2007).
Research by Mahmoodzadeh et al. (2006) reported that ERa is involved in the development of

myocardial hypertrophy and heart failure.

Three ER subtypes (ERa, B1 and f2) have been found in teleost fish, while only ERo and
subtypes have been found in mammals (Hawkins et al., 2000; Menuet et al., 2002). In fish,
tissue expression of ERa and ERpB have been shown to differ between species, but generally
they appear to be concentrated in the gonad and liver (Filby and Tyler, 2005; Ma et al., 2000;
Menuet et al., 2002; Socorro et al., 2000; Tchoudakova et al., 1999). These tissue localisations
are consistent with the pivotal role of oestrogens in gonadal sex differentiation and development
(Devlin and Nagahama, 2002), and in the hepatic production of the egg yolk precursor,
vitellogenin (VTG), and vitelline envelope proteins (VEPS) required for oocyte synthesis. This
contrasts with ERy, which in fish is predominantly expressed in somatic tissues (e.g. (Filby and
Tyler, 2005)). In fish, research by Socorro et al. (2000) found that two receptors (ERa and p) in

seabream (Sparus aurata) and showed they had different expression patterns. Sea bream ERa
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(sbERa) occurred mainly in testis, liver and heart, while sbERP was found in most tissues, being
more abundant in ovary, testis, liver, intestine and kidney. Many studies have reported different
ligand binding traits, oestrogen regulation, and expression patterns of the different ER subtypes
and their genes in fish (Hawkins et al., 2000; Menuet et al., 2002; Patino et al., 2000; Tingaud-
Sequeira et al., 2004; Xia et al., 1999). In adult, post-spawning roach, both ER mRNAs were
detected in brain, gonad and liver, which are consistent with the broad range of tissue
localisation and functions of oestrogens described for animals generally, including fish (Couse
et al., 1997; Kuiper et al., 1997; Tchoudakova et al., 1999). In muscle only ERpB was detected
and only in males. The absence of ERa. expression in muscle differs from some other findings in
fish (Andersen et al., 2001; Choi and Habibi, 2003; Teves et al., 2003), but is consistent with
that for the fathead minnow (Filby and Tyler, 2005). High levels of ERa expression occurred in
the female liver, the site for the oestrogen dependent synthesis of VTG and VEPs. Recent data
suggest that ERa has the dominant role in vitellogenesis, whereas ERp may have no functional
role in this process (Menuet et al., 2004; Sabo-Attwood et al., 2004). Although the liver and
ovary are major target tissues for oestradiol, the liver in post spawning female roach has been
shown to contain higher ERa levels than in the ovary where ERp appears to be more highly
expressed. Menuet et al. (2001) similarly found higher levels of ERa expression in the liver
compared with the ovary in pre-vitellogenic female trout. The highest expression level of ERa
in both male and female goldfish (Carassius auratus) was found in pituitary and ovary and
testis were found to have higher transcript levels of ERB1 (Choi and Habibi, 2003). ERB2 in
goldfish (Carassius auratus) is expressed predominantly in pituitary, telencephalon and
hypothalamus as well as in liver (Ma et al., 2000). ERa in African catfish (Clarias gariepinus)
been reported to be expressed abundantly in pituitary (Teves et al., 2003). In contrast with these
finding, tissue distribution pattern of ERa, B1 and B2 in zebrafish showed predominantly

expressed in the brain, pituitary, liver and gonad (Menuet et al., 2002).

1.3 Endocrine disrupting chemicals
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Thousands of chemicals are produced through manufacturing and other activities by man and
they can be spread around world by prevailing air and water currents and via animal
transportation. There has been increasing concern about the impacts of chemicals in the
environment that have ability to disrupt the endocrine system and produce adverse
developmental, reproductive, neurological, and immune effects in both humans and wild life
(Crisp et al., 1998; reviewed in Tyler et al., 1998). These chemicals have been referred to as
endocrine disrupting chemicals (EDCs), but there are many other terminologies for them,
including endocrine modulating substances, endocrine active chemicals etc. (Goodhead and
Tyler, 2009). An endocrine-disrupting compound has been defined by the U.S. Environmental
Protection Agency (EPA) as “an exogenous agent that interferes with synthesis, secretion,
transport, metabolism, binding action, or elimination of natural blood-borne hormones that are
present in the body and are responsible for homeostasis, reproduction, and developmental
process.” or by the European Commission as “an endocrine disrupter is an exogenous
substance or mixture that alters function(s) of the endocrine system and consequently cause

adverse health effects in an intact organism, or its progeny or sub population.”

A wide range of chemicals with very different structures have been identified as endocrine
disrupters. Some of the chemicals listed as EDCs are illustrated in Table. 1.1 and include:
natural steroidal oestrogens (17 pB-oestradiol [E2], oestrone [E1], natural phyto-oestrogens
(genistein), synthetic steroidal oestrogens (17 a-ethinyloestradiol [EE2], diethylstilbestrol
[DES]) and androgens, polyaromatic hydrocarbons (PAS), alkylphenol polyethoxylates (APES)
and their breakdown products (4-tert-nonylphenol [NP], 4-tert-octhylphenol [OP]), dioxins and
furans, brominated flame retardants, bisphenol A (BPA) (reviewed in Guillette et al. 1996;
Vidaeff and Sever, 2005). Figure 1.1 illustrates some the chemical structures of these EDCs and
their known modes of action (see next section). EDCs can be found in many products such as
contraceptive pills, hormone replacement therapy, detergents, flame retardants, plastic bottles,
metal cans, pesticides and cosmetics. Many EDCs are persistent in the environment and are
resistant to degradation (see Table 1.2). Even exposure to low levels of many EDCs in the

environment can result in high burdens in the body tissues of animals and humans, due to
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bioconcentration and bioaccumulation. Many EDCs, including alkylphenols, organochlorine
pesticides and PCBs are lipophilic and thus become accumulated in fatty tissues. While other
EDCs such as BPA and E2 do not bioaccumulate, they are constantly entering the environment
and thus wildlife (and humans) are continuously exposed to them. It should be recognised that
EDCs also include natural chemicals, as well as synthetic chemicals, for example phyto- and
myco-oestrogens. All of these substances may enter the environment via sewage treatment
works into rivers and estuaries or from agricultural runoff or landfill leachate. EDCs have been

shown to cause harmful effects in wildlife and humans.

During the last 50 years, a number of examples of reproductive and developmental
abnormalities in wildlife species have been reported as a consequence of exposure to EDCs
(Kirk et al., 2002; Tyler et al., 1998; Vos et al., 2000). Despite the fact that most of the EDCs
are less potent than natural steroid hormones, many of them are persistent and exist in
environment as complex mixtures which may have additive or other interactive effects (Thorpe
et al., 2003; Thorpe et al., 2001). There has been much debate on the potential risk of EDCs on
both wildlife population and to the health of humans, but neither of these issues has been fully

resolved.
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Table 1.1 Examples of endocrine disrupting chemicals (EDCs) found in the environment and

their modes of action.

Chemical class

Examples of
chemicals within
class

Sources
and uses

Mode of action

Naturally occurring chemicals

Steroids
- natural
oestrogens and
androgens

17p-oestradiol (E2),

oestrone, oestriol,
testosterone,

Released into STW and then
discharge into rivers, lakes etc.
Derived from human and animal
excretion. Sex steroids play
important roles in maturation, sex
differentiation and reproduction

Oestrogenic,
androgenic

Phyto-oestrogens

Geinistien,
iosflavones,
comumentrol

Human excretion, natural decay
of plant material, pulp mill
effluent. Enter soil and water via
food processing and/or
decomposition

Oestrogenic,
anti-oestrogenic

Man-made chemicals

Steroids-
synthetic
oestrogens
and androgens

Ethinyloestradiol
(EE2),
dithylstilbesterol
(DES), zeranol,
trenbolone,

Human use, pharmaceutical
products (i.e. contraceptive pill,
hormone replacement therapies)
or used in livestock farming.
Detected in watercourses (i.e.
rivers, lakes, sea etc.), mainly
human and animal excretion

Oestrogenic or
androgenic
(trenbolone)

Agriculturally and Industrial chemicals

Organo
chlorinated
pesticides

DDT, chlordane,

endosulfan, kepone,

atrazine, malathion
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Figure 1.1 Chemical structures of some of the major classes of vertebrate hormones and some of
their mimics. Examples shown are for oestrogens, androgens and thyroids hormones. The
chemicals structures of oestradiol, testosterone and a thyroid hormone (T3 or T4) and then next
to them some of their mimics (have more than one mimic for each class of these three

hormones).
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1.3.1 Mechanisms of endocrine disruption

EDCs can interfere with endocrine systems in a variety of ways. As a consequence, they may
alter hormonal levels and functioning in the body, which in turn, may lead to adverse effects on
health. Soto et al. (1995) reported that chemicals that can bind and activate the oestrogen
receptor can have additive effects, so the effects of small quantities of a range of oestrogenic
chemicals can add together into a much larger effect. Some EDCs are structurally similar to
their endogenous hormone counterparts, and although they can bind to receptors they do not
activate them, instead acting as hormone receptor antagonists. Examples of chemicals that can
block the male sex hormone, the androgen receptor (AR), include the pesticides (i.e. vinclozolin
and DDE - the latter is a breakdown product of DDT (Gray et al., 1994; Kelce et al., 1994;
Kelce et al., 1995). Some EDCs are able to modify the metabolism of natural hormones.
Chemicals such as lindane and atrazine are able to affect the metabolic pathway of oestradiol
(Toppari et al., 1996). EDCs can modify the number of hormone receptors in a cell. Chemicals
can affect natural hormone production by interfering in other signalling systems such as thyroid
system, the immune and nervous systems (Figure 1.2). It is also the case that some EDCs can
interfere with more than one hormonal system, causing multiple responses. The functioning of
the endocrine system is very complex. For example, nonylphenol (NP) is acting as an ER
agonist, a weak AR agonist and altering gonadotropin (GtH) synthesis and secretion (Harris et
al., 2001; Sohoni and Sumpter, 1998). EDC can operate without acting through receptor binding,
such as by interfering with receptor protein synthesis, by affecting the synthesis, metabolism,
transport (on binding proteins), or excretion of hormones, by interfering with endocrine
feedback mechanisms, or by damaging the endocrine organs directly (Matthiessen and Sumpter,

1998; Tabb and Blumberg, 2006).

There are a wide range of mechanisms of action for EDCs, as detailed above and a very wider
range of chemicals that show EDC activity. The most common EDCs found in the environment
are oestrogenic (McLachlan and Arnold, 1996) and feminisation of male fish has been reported
in various wildlife species (Gross-Sorokin et al., 2006; Lange et al., 2008; Tyler et al., 2005).

Intersex (the simultaneous presence of both males and female sex cells within a single gonad) is
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the most researched case on the feminisation of wildlife. Reproductive success and possibly fish
population stability are affected by the occurrence of intersex individuals. Induction of the
aromatase enzyme can result in feminisation of males, as androgens are converted to oestrogens
(Hayes et al., 2002; Sanderson et al., 2001; Sanderson et al., 2000). Aromatase inhibitors, such
as fadrozole, can reduce the production of oestrogens form androgens which many result in
masculinisation (Afonso et al., 1999; Fenske and Segner, 2004; Kwon et al., 2002). Natural and
synthetic chemicals, including certain xeno-oestrogens, phyto-oestrogens, pesticides, and
organotin compounds, are able to inhibit aromatase activity, both in mammals and fish
(reviewed in Kazeto et al., 2004 and Cheshenko et al., 2008). Some EDCs such as bisphenol A,
o,p’-DDT, and butyl benzylphthalate, have been shown to possess both oestrogenic and
antiandrogenic activity, and can act both as an agonist at the oestrogen and antagonist at the

androgen receptor (Sohoni and Sumpter, 1998).
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Figure 1.2 Effect pathways for Endocrine Disrupting Chemicals (EDCs). A: Normal
hormonal and cellular response, B: Hormone mimic (EDC) eliciting an agonistic response,
C: Receptor and EDC complex inhibiting a normal response (antagonistic response), D:
Hormone and hormone mimic displaying a synergistic response, E: EDC eliciting an

abnormal cellular response independent from receptor binding mechanism.
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Although there are many chemicals with endocrine disrupting activity, this thesis work focuses
on environmental oestrogens and studies 3 chemicals (or chemical classes) only, and thus
detailed information on these only is now provided, specifically for steroid oestrogens (natural

and synthetic), nonylphenol, and bisphenol A.

1.3.2 Steroid oestrogens

One of the major classes of EDCs that have been of increasing concern is the steroid
oestrogens. Steroid oestrogens are female sex hormones that are synthesised predominantly in
the ovary. However, they also can be found in the brain, testis and adipose tissue (O'Donnell et
al., 2001). In addition to their reproductive roles, oestrogens affect the growth, differentiation
and diverse target tissues throughout the body and are involved in numerous other physiological
process in both male and female vertebrates, including bone metabolism (Manolagas, 2000),
behaviour, the immune system, and the cardiovascular system (Harris and Bird, 2000; reviewed

in Sharpe 1998).

Although E2 is the most potent and dominant oestrogen in humans lower levels of the
oestrogens, oestrone and oestriol are also present. E2 is the major sex steroid and has an
important role in inducing and maintaining ovarian development. In fish, a crucial role of E2 is
in the liver, where it stimulates the production of VTG which is then transported by the blood to
the gonads and taken up by the developing oocytes. Consistent with its role in ovarian
development, plasma levels of E2 correlate well with the stage of ovarian development in
synchronous fish species, increasing in the pre-vitellogenic phase and reaching a peak in the
vitellogein phase (Rinchard and Kestemont, 1996; Singh and Singh, 1987). It has been reported
that oestrogens also play a critical role at multiple levels of testicular function and in male
fertility (Couse et al., 2001; Hess et al., 1997; O'Donnell et al., 2001). Furthermore, oestrogens
are known to be regulators of cellular growth and differentiation in a variety of different target
tissues, and are involved in many other physiological processes, such as behaviour, immune
system, bone growth and mineralisation, fat deposition and cardiovascular system (Harris and
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Bird, 2000; reviewed in Sharpe, 1998). Major oestrogenic contaminants of aquatic systems are
natural steroids derived from humans and livestock. Sex steroids are mainly excreted as
glucoronate or sulphate conjugates, and are thus inactive upon excretion. However, they are
rapidly de-conjugated in the environment by bacteria, rendering them active again (Lintelmann
et al., 2003; Panter et al., 1999; Ternes et al., 1999). Excretion rates of sex steroids depend on

age, gender, reproductive state, diet and pregnancy (Reviewed in Lintelmann et al., 2003).

E2 concentrations have been reported at concentrations of between 1 and 88 ng/L in British
sewage treatment effluents (STWSs; Desbrow et al., 1998; Rodgers-Gray et al., 2001). Other
natural steroidal oestrogens that have been detected in the environment include 17a-oestradiol
and oestriol (Belfroid et al., 1999; Kolpin et al., 2002; Yin et al., 2002). However, these
oestrogens have weaker oestrogenic potencies than E2 (Perusquia and Navarrete, 2005; Salste et
al., 2007). While EE2 is the most potent oestrogen found in STW effluents, the most common
steroid oestrogen found in the STW effluents is E1 (Katsu et al., 2007; Rodgers-Gray et al.,
2001). Moreover, controlled exposure studies with both steroidal oestrogens and oestrogenic
STW effluents have shown that environmentally relevant concentrations are sufficient to induce
the abnormal levels of VTG synthesis (Routledge et al., 1998; Snyder et al., 2001; Thorpe et al.,
2001) induce adverse effects on gonadal development and differentiation (Liney et al., 2005;
Rodgers-Gray et al., 2001; van Aerle et al., 2002), reduce fecundity (Lange et al., 2001; Nash et

al., 2004; Thorpe et al., 2009).

EE2 (170-ethinyloestradiol) entering the environment is derived from pharmaceutical and
veterinary products, for example being widely used in the contraceptive pill. Many studies have
evaluated the oestrogenic activity of EE2 in both in vitro and in vivo assays. It has been reported
that EE2 is 1.25 fold higher potency than E2 in yeast-based in vitro assays (Beck et al., 2006).
In MVLN-assay (transformed MCF-7 human breast cancer cell line) (Van den Belt et al., 2004)
EE2 was shown to be 1.6 times more potent and E1 about five times less potent than E2. For in
vivo assays, EE2 has a greater relative potency with around a 30 times higher potency than E2
and E1 for induction of VTG in female zebrafish (Van den Belt et al., 2004). EE2 had been

detected in surface water in concentrations ranging from below detection limits of 0.01 ng/L in
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the river Rhine in Germany (Hintemann et al., 2006) to levels as high as 73 ng/L in U.S stream
(Kolpin et al., 2002), but this latter figure is highly questionable. The high oestrogenic potencies
of natural and especially synthetic steroid oestrogens, are sufficient to explain the phenomena of
vitellogenin induction observed in male trout placed in cages downstream of sewage treatment
effluents in UK rivers (Harries et al., 1997). The activated sludge treatment process is capable
of removing over 85% of the steroid oestrogens, oestradiol, oestriol and ethinyloestradiol, but
ethinyloestradiol might accumulate in sludge because of its recalcitrance and hydrophobicity

(reviewed in Johnson and Sumpter, 2001).

1.3.3 Nonylphenol

Nonylphenol (NP) belongs to alkylphenols that are used mainly in the production of cleaning
products, such as detergents, but also in many other products such as pesticides. Alkylphenols
are mainly used to make alkyphenol ethoxylate (APE) surfactants (detergents) and these have
been used for over 40 years in the manufacture of plastics, elastomers, agricultural chemicals,
pulping and industrial detergent formulations. Alkylphenols are made of an alkyl group which
can vary in size, branching and position joined to a phenolic ring. Alkylphenols have been
found in the tissues of animals as well as in water and soil (Ahel et al., 1993; Bennett and
Metcalfe, 1998; Bennie et al., 1997). Nonylphenols are long-lasting in the environment and can
accumulate in the tissues of exposed organisms. NP enters rivers and estuaries via sewage
effluent and spread onto agricultural land in sewage sludge. It has been reported that
nonylphenol is detected at concentrations in some effluents sufficient to cause significant effects
on reproductive development and function in fish (Blackburn and Waldock, 1995; Sheahan et
al., 2002; Sole et al., 2000). Concentrations in UK rivers and sewage effluents have been
reported in the range <0.2—12 pg/L (Blackburn and Waldock, 1995). The mean measured
concentration of NP in sample taken from the final effluent of the Keighley STW in the UK was
63 ug/L (Sheahan et al., 2002). Concerns have focused on the potential for NP to contribute to

feminisation in wildlife as well as being a potential factor in the increasing incidence of
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reproductive organ disorder and decreasing sperm counts (Bian et al., 2010; Christiansen et al.,
1998; Harries et al., 1997; Seki et al., 2003). NP has a bioconcentration factor of between 13
and 410, dependent on the species, with macrophytic algae, such as Cladophora glomerata,
particularly able to bioconcentrate NP (Ahel et al., 1993). NP is considered to be an
environmental oestrogen (xeno-oestrogen) and is also resistant to biodegradation. Soto et al.
(1991) and White et al. (1994) showed that alkylphenols exert their oestrogen effect by binding
to the ER; however, it was shown that NP binds also the androgen receptor in an agonistic
manner, although only very weakly (Sohoni and Sumpter, 1998). However, it was only in 1991
that publication of the effects of nonylphenol on cultured human breast cells led to human
health concerns (Soto et al., 1991). Oestrogenic effects have also been shown in rainbow trout
hepatocytes, chicken embryo fibroblasts and a mouse oestrogen receptor (Sumpter and Jobling,
1993; White et al., 1994). Oestrogenic effects occur at tissue concentrations of 0.1 uM for
octylphenol (OP) and 1 uM for nonylphenol (Soto et al., 1995). A recombinant yeast screen

using the human oestrogen receptor has shown similar results (Routledge and Sumpter, 1996).

In a study on the partitioning of NP is the body of fish, most was found in bile and faeces
after 144 h, but some was also found in the muscle (Coldham et al., 1998). NP has been shown
to affect the first generation in medaka (Oryzias latipes) after parental exposure, reducing the
embryo survival and development of sex characteristics at an exposure concentration of 17.7
ug/L (Yokota et al., 2001). Recent research found severe kidney lesions in NP-exposed (20
ug/L) fish and elevated VTG induction at exposures down to 5 ug/L; male rare minnow

(Gobiocypris rarus) (Zha et al., 2008).

1.3.4 Bisphenol A

Bisphenol A (Figure 1.1) belongs to the phenol class of aromatic organic compounds and is
composed of two unsaturated phenol rings. Bisphenol A (BPA) is one of the most important
chemicals worldwide and is mainly used in the manufacture of polycarbonate plastic, epoxy
resins (used to line metal food and drink cans), and production of polyester resins.
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BPA is considered to be an environmental oestrogen able of causing hormonal dysfunction in
body systems. Human exposure to BAP is primarily through ingestion (i.e. BPA can move from
polycarbonate plastic bottles or food storage containers into food when the container is heated
to high temperatures and some dental sealants can also release BPA). Ingested BPA is rapidly
metabolised into water soluble and oestrogen inactive (non-hormonally active) compounds.
BPA has an estimated half-live for biodegradation below 5 days in surface waters (Klecka et al.,
2001). In mice, BPA exposure caused disruptions in puberty onset, regularity of oestrous
cyclicity (Markey et al., 2002), and development of polycystic ovaries (Kato et al., 2003).
Despite the fact that BPA binds to both ERa and  with low affinity (Gaido et al., 1997), BPA
competes with [°H]-oestradiol for binding to the ER from the rat uterus, induces the expression
of progesterone receptors, and promotes cell proliferation in cultured human mammary cancer
cells (MCF-7) (Krishnan et al., 1993; Lee et al., 2003). It has been reported that BPA has a
higher affinity for ERp in target cells; the binding affinity relative to E2 for BPA at ERp was

6.6-fold higher than at ERa (0.33) (Kuiper et al., 1997; reviewed in Wetherill et al., 2007).

It has demonstrated that BPA binds to oestrogen receptor with an affinity approximately
1:2000 lower than that of 17p-oestradiol (E2) in oestrogen-sensitive MCF-7 cells (Gaido et al.,
1997). Furthermore, it has been reported that BPA is 15,000 fold less active than E2 in yeast-
based in vitro assays (Gaido et al., 1997). BPA has been shown to induce cell proliferation in
MCF-7 cells (Brotons et al., 1995; Soto et al., 1995), and upregulate the expression of
vitellogenin RNA in primary hepatocytes from the male Xenopus laevis (Kuiper et al., 1998). In
addition, Xenopus laevis showed feminisation of sexual differentiation for an exposure dose of
10" mol/L BPA (Kloas et al., 1999). Melzer et al. (2010) found that higher BPA exposure was

associated with heart disease, diabetes and abnormal liver enzymes in humans.

1.4 The evidence for endocrine disruption in wildlife

There has been an explosion in the number of scientific papers that have given rise to concern
with regards to effects of EDCs to wildlife. Many studies have confirmed the links between
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EDCs exposure during critical development life periods and subsequent health problems. For
males, most of the health effects of EDCs have been poor semen quality (low sperm counts, low
ejaculate volume, high number of abnormal sperm), increased testicular cancer and other male
reproductive tract disorders (hypospadias) and in females (humans) increased breast cancer
(Carlsen et al., 1992; Jacobson and Jacobson, 1996; Moller, 1998; Paulozzi, 1999; Swan, 2003;

Warner et al., 2002).

In wildlife populations numerous effects of EDCs have been reported. Bryan et al. (1987)
reported that populations of the dog-whelk snail (Nucella lapillus) were diminishing around the
UK coast because of the effects of the tributyltin (TBT), a compound used in antifouling paints
(to prevent colonisation of animals on the hulls of ships and in harbours). Furthermore, Gibbs et
al., (1987) found that female dog whelks showed male characteristics (e.g. imposex) when
exposed to TBT exposure. There is extensive evidence for effects of EDCs in wild/feral fish
populations, and these effects are described later in this introduction. Populations of frogs, toads
and salamanders have declined dramatically worldwide (EPA, 1997) and some of these effects
have been linked with exposure to EDCs. Examples include feminisation of male American
leopard frogs (Rana pipiens) through exposure to atrazine, a common herbicide, across the
Midwest corn growing belt of North America. In reptiles, demasculinisation of male alligators
contaminated with high levels of DDT, DDE, dicofol and related compounds has been reported
in Florida (Guillette et al., 1994). Red eared turtles (Trachemys scripta) too in Lake Apopka
were also observed to be demasculated in (Gross and Guillette, 1994). Further examples of
effects associated with EDC exposure and effects in wildlife include demasculinisation and
feminisation of male Florida panthers (Felis concolor coryi) in Southern Florida as a result of
their contamination with a variety of chemical compounds including mercury, p,p'-DDE, and
polychlorinated biphenyls (Facemire et al., 1995). There have also been numerous studies on
the adverse effects associated with agricultural and industrial waste chemicals, including EDCs,
on wild bird populations. Eggshell thinning and teratogenesis have been two major issues for
chemical associated effects in wild birds (Kannan et al., 1998; Sheffield et al., 1998; Stephens

et al., 2000). Fry et al. (1995) found that gulls were sensitive to the feminising effects of DDT.

28



Evidence for the ability of chemicals to induce endocrine disruption can be found from many
laboratory studies with exposures conducted on single or simple mixtures of EDCs, including at
environmentally relevant concentrations. The studies have been conducted a variety of
taxonomic groups, including invertebrates, fish, amphibians, reptiles, birds and mammals (Coe
et al., 2010; Fry, 1995; Hayes et al., 2006; Jobling and Tyler, 2003; Lange et al., 2008;

Oehlmann et al., 2000; Solomon, 1998; Vos et al., 2000).

Several laboratory studies have also demonstrated effects of EDCs on invertebrates. Watts et
al. (2003) found that deformities in the mouthparts of chironomids (Chironomus riparius) for
exposures to 10 ngEE2/L. Moulting was also delayed and larval wet weight significantly
reduced at the highest concentration (1 mg/L, for BPA also), but these exposure levels do not
reflect environmental relevance conditions. Naupliar development of the copepod (Acartia
tonsa) was delayed after exposure to EE2, NP and BPA exposure, at concentrations of 88 ug/L,
150 pg/L and 550 ug/L, respectively (Andersen et al., 2001). Again, however these exposures
bear little environmental relevance. Furthermore, Oehlmann et al. (2000) found that two species
of snail, the ramshorn snail (Marisa cornuarietis) and the dogwhelk (Nucella lapillus) were
sensitive to BPA and OP (octylphenol). The female genital system was malformed while
spawning mass and egg production were increased (5 pg/L, 25 pug/L and 100 pg/L) and they

also showed increase in the frequency of imposex (100 pg/L).

1.4.1 Evidence for endocrine disruption in human health

A large number of studies have linked exposure to DDT with breast cancer (Colborn et al.,
1993; Dewailly et al., 1994). Many studies have further reported reduced sperm counts and
declining sperm quality in men due to exposure to DDT and other endocrine EDCs (Sharpe and

Skakkebaek, 1993; Zinaman and Katz, 1997).

The ability of chemicals to have adverse effects on the reproductive system is highlighted by
the case studies on the effects of diethylstilbestrol (DES), a synthetic oestrogen, prescribed to

many women to prevent miscarriages in the 1950s and 1960s. This leads to adverse health
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effects including birth defects in the uterus and ovaries and immune suppression in the offspring.
Boys showed genital tract abnormalities and un-descended testes and girls had an unusual form
of vaginal cancer. It is the case that many EDCs can be ingested by pregnant women and passed
to the foetus and thus induced harmful effects in children (Kanja et al., 1992; Koopman-
Esseboom et al., 1994; Lin et al., 2010; Rice, 1995). As an example, studies have shown that
boys have slightly shorter penises at age 11-14 when their mothers were exposed to PCB-

contaminated rice oil during their pregnancy in 1978-1979 (Guo et al., 1994; Guo et al., 1995).

EDCs have in fact been shown to effects on a wide range of physiological targets in animal
models and humans, in both male and females, including on breast development and breast
cancer, prostate cancer, neuroendocrinology, thyroid function, metabolism and obesity, and
cardiovascular function. Reviews of the evidence for endocrine disruption in animal models and
human clinical observations can be found in Toppari and Skakkebaek (1998), Safe (2000),
Toppari (2002), Diamanti-Kandarakis et al. (2009). A recent study reported that higher urinary
levels of the weak environmental oestrogen, bisphenol A (BPA) were associated with a higher
risk of heart disease, diabetes and elevated liver enzymes in a human population (Melzer et al.,

2010).

1.4.2 Endocrine disruption in fish

A number of studies have reported endocrine disruption in wild fish populations and
reproductive effect in different fish species exposure to EDCs in the laboratory. Many examples
of disruption have been associated with fish, likely because the aquatic environment receives
most of the pollutants, natural or man-made, via STW effluents, industrial discharges or
agricultural runoff (Sumpter, 1998). Fish are thus especially vulnerable to EDC exposure.
Furthermore, fish can uptake EDCs from the water through several routes, including via skin
and gills, via the diet, or via maternal transfer of EDCs that have accumulated in lipid reserves

during ovarian development (reviewed in Jobling and Tyler, 2003).
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Evidence for EDCs in wild fish populations has been found at many sites around the world.
Examples include the European flounder (Platichthys flesus), roach (Rutilus rutilus) and eelpout
(Zoarces viviparus). Wild European flounder caught from estuaries of the Mersey and Tyne,
UK, showed altered spermatogenesis (Lye et al., 1997) and ovotestis (Allen et al., 1999;
Matthiessen and Sumpter, 1998; Minier et al., 2000). In the eelpout (Zoarces viviparus) a
relatively high prevalence of intersex has been reported in the coastal waters of north-eastern
Germany (Gercken and Sordyl, 2010). A further study on endocrine disruption in marine fish
has found that morphological abnormalities in the secondary sexual characteristics of male sand
gobies (Pomatoschistus minutus) were much more frequent at sites receiving higher
concentrations of STW effluents. Intersex was found to correlate with altered sexual behaviour
in the mosquitofish (Gambusia holbrooki) where females at an androgen contaminated site
displayed masculinised sexual behaviour and males were more aggressive and dominant than

fish from a non-contaminated site (Howell et al., 1980).

The most detailed studies on effects of EDCs (oestrogens) in fish however come from studies
on roach (Rutilus rutilus) in UK Rivers. In the history of these findings, concerns were first
raised by the report of intersex in roach (Rutilus rutilus) living downstream from STW effluent
discharges and this prompted further study by the Thames Water Authority (Larsson et al.,
1999; Sweeting, 1981). Wild populations of roach caught downstream (the River Lea) from a
STW effluent discharge showed a 5 % incidence of intersex (hermaphroditism; the
simultaneous presence of both male and female germ cells). These findings were subsequently
confirmed on a much wider scales in UK Rivers (Jobling et al., 2002a). The evidence that these
feminised responses (VTG induction, feminised reproductive ducts and oocytes in the testes)
have resulted from exposure to STW effluents has since been proven through controlled
exposures to STW effluents. These controlled exposures (including for roach) have now
induced all of the feminised responses seen in wild fish (including VTG induction, feminised
gonadal ducts and even intersex; Harries et al., 1997; Lange et al., 2009; Lange et al., 2001,
Larsson et al., 1999; Liney et al., 2005; Purdom et al., 1994; Rodgers-Gray et al., 2001; Sole et

al., 2000; Van Aerle et al., 2002). Recent studies have shown intersex fish have a reduced
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capability to produce sperm of good quality (Jobling et al., 2002a; Jobling et al., 2002b) and for
moderately to severely intersex fish a reduced ability of the ‘males’ to compete with others to

sire offspring (assessed via paternity analysis in breeding colonies; Harris et al., 2010).

A significant amount of work has been conducted to identify the causative EDCs in the
effluent. STW effluents are highly complex mixtures of natural and man-made chemicals
(domestic and industrial waste). Further complicating matters are that these chemicals have
different rates and levels of degradation and metabolite pattern. Hence, identifying the specific
chemical(s) causing the adverse effects detected in wild fish is severely difficult. Although a
number of various chemicals with different modes of action have been implicated in the
feminisation of fish in the wild, including oestrogens, and anti-androgens, most evidence to date
supports the involvement of oestrogens as the key element in the effects seen. A range of
oestrogenic chemicals has been identified and closely associated with the feminised responses
seen in fish, and they include E1, E2, EE2 and NP, as detailed above. Steroid hormones (E1, E2
and EE2) and the alkylphenols, are some of the key oestrogenic contaminants in STW effluents
(Blackburn and Waldock, 1995; Larsson et al., 1999; Routledge et al., 1998; Shore et al., 1993;
White et al., 1994) E1, E2 and EE2 in domestic effluents in Britain range from 1-50ng/L, 1-
80ng/L and 0.2-7.0 ng/L, respectively (Desbrow et al., 1998 ; Johnson et al., 2005). Johnson et
al. (2005) studying E1, E2 and EE2 and NP in 17 different sewage treatment works (STW)
across Europe (Norway, Sweden, Finland, The Netherlands, Belgium, Germany, France and
Switzerland) found the following concentrations: 0.7-5.7 ng/L of E2, 3.0 ng/L of E1, 0.8-2.8
ng/L for EE2 and NP 0.05 to 1.31 pg/L for NP. Numerous laboratory exposures to some of
these chemicals alone, and in combination have shown them able to induce feminised responses

in fish, and in some cases as environmentally relevant concentrations.

Examples of these exposures and effects include for EE2 to cause feminisation of male roach
(Lange et al., 2009). At an exposure of 4 ngEE2/L for three years there was even complete sex
reversal (all males were phenotypic females; Lange et al., 2011). EE2 has also been shown to
affect breeding behaviour and reproductive success in zebrafish (Coe et al., 2010; Nash et al.,

2004). Indeed, many laboratory studies have shown the effect of steroidal oestrogens on male
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reproductive behaviour. For example adult male threespine stickleback (Gasterosteus aculeatus)
showed delayed onset of nest building for an exposure to 15 ngEE2/L (Wibe et al., 2002) and a
reduced gluing frequency at the nest at an exposure at dose of 10 ng/L EE2 (Brian et al., 2006).
Sand gobies (Pomatoschistus minutus) were less able to gain and keep a nest after exposure of
adults to 4ng/L EE2, which reduced their display of sexual behaviour (Saaristo et al., 2009).
Chronic exposure of fathead minnow (Pimephales promelas) to EE2 (5-6 ng/L) for 7 years in a
whole lake experiment in Canada caused the feminisation of male fish (production of VTG and
altered oogenesis in female fish; (Kidd et al., 2007)). It also caused the almost complete
collapse of the fathead minnow fishery, which subsequently recovered after the oestrogen

treatment was removed.

Alkylphenols have been known to possess weak oestrogenic activity, unlike steroidal
oestrogen (Arukwe et al., 1997; Jobling et al., 1996; Sumpter, 1995). Jobling et al. (1996)
reported that NP (as low as 20 pg/L) was able to induce VTG production and retard testicular
growth. Research by Arukwe et al. (1997) found that NP induced VTG and zona radiata
proteins (Zrp) in a dose-dependent manner. Japanese medaka (Oryzias latipes) exposed to 50
UgNP/L and 100 ugNP/L from hatching for 3 months caused some fish to develop ovotestis and
the exposures also resulted in alteration in the ratio of males to females (Gray and Metcalfe,

1997).

The contribution of BPA to the feminisation of fish is less clear. Concentrations of BPA in
STW effluents have been measured at 1.14 pg/L from a pharmaceutical plant (Eggen et al.,
2003). Laboratory exposures of fish have shown that it induces VTG synthesis, but for the most
part only at very high exposure concentrations (Lindholst et al., 2000; Lv et al., 2007; Park et
al., 2003; Sohoni et al., 2001). Sohoni et al. (2001) showed that BPA altered male sexual

development for an exposure to 16ug BPA/L in the fathead minnow.

1.5 Experimental approaches for assessing oestrogenic activity and effects of
environmental oestrogens
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A variety of experiment methods (i.e. in vivo and in vitro methods) have been developed to
determine the effects of chemicals with oestrogen activity in fish. Many in vitro assays have
been developed to assess the oestrogenic activity of a substance. In vitro assays usually involve
a small amount of test chemical to assess dose-response relationships. Furthermore, in vitro
approaches often have ethical (with respect to the use of less test animals), technical and
economical advantages over in vivo methods. In vitro methods also tend to generate less waste
(Baksi and Frazier, 1990). In addition, in vitro methods are often cheaper and more rapid than in
vivo systems. However, one of the major drawbacks of using in vitro system is the cell systems
used often do not account for metabolism of a chemical or they do not take into account
bioconcentration, which can serve to increase the biological effect of an EDC (Folmar et al.,

2002; Murk et al., 2002).

Several in vitro assays are available to detect oestrogenicity, including the yeast oestrogen
screen (YES), and the oestrogen receptor-mediated, luciferase reporter gene-expression (ER-
CALUX) assay. In the YES requires that the oestrogenic activity of the compound being tested
is normalised to the E2 (17R-oestradiol) and reported as E2 equivalents. The ER-CALUX assay
is a more sensitive assay than YES (Murk et al., 2002). Both systems are capable of detecting
oestrogens and anti-oestrogens. However, a major drawback is that they lack metabolic
capabilities and cell wall permeability might limit compound uptake, thus limiting further
extrapolation to effects that might occur in vivo (Zacharewski, 1997). There are also a wide
range of cell lines responsive to oestrogens (e.g. MCF7 cells; (Byford et al., 2002; Charles and
Darbre, 2009)). Further in vitro systems for assessing oestrogenic activity of chemicals in fish

include fish ER reporter assays (Chakraborty et al., 2010; Chakraborty et al., 2011).

Various in vivo assessment systems for oestrogenicity of chemicals have been developed and
they include both short and long-term systems. In vivo assays include induction of plasma VTG
(Gunnarsson et al., 2007; Rodgers-Gray et al., 2000; Thompson et al., 2000). VTG induction
(measured as a protein in the plasma or VTG mRNA in the liver) is extremely widely used for

measuring oestrogenic responses in fish (Bogers et al., 2006; Cosnefroy et al., 2009; Craft et al.,
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2004). The benefits include, sensitivity, rapidity of the response (hours), dynamic range (up to a

million fold induction) and specificity for oestrogens (Thomas-Jones et al., 2003).

Other in vivo responses for oestrogens in fish include effects on the liver (increased mass), as
measured by the hepatosomatic index (HSI) and gonad growth (as measured by the GSI)
(Sindhe and Kulkarni, 2004; Yang and Baumann, 2006). The latter however, is not specific to

oestrogens.

Recently, transgenic fish lines have emerged as a new biosensor system for ecotoxicological
research. Transgenic fish can provide the advantages of both in vivo and in vitro systems.
Throughput analysis can be rapid, and the systems can be sensitive and (relatively) cheap and
set up costs (establishing the TG line, however, are expensive). In transgenic fish it is possible
to visualise expression of the target gene of interest and associated cellular and physiological
processes in live animals, using reporters, such as green fluorescent protein (GFP). In this way it
is possible to develop an integrative analysis and understanding on the uptake, distribution,
accumulation and action of the chemicals in the tissue of live fish. The next section details the

process of generating TG fish and their applications to date.

1.6. Transgenic Fish

An overview of producing transgenic fish

Despite the fact that several methods are available to produce transgenic fish, all of them
require a transgenic construct with a promoter and a gene. The foreign gene (transgene) is
constructed using recombinant DNA methodology. The recombinant DNA carries the transgene
of interest. Ectopic expression (the expression of a gene in an abnormal place in an organism) of
transgenes and disruption of endogenous genes in transgenic animals has enabled us to
understand mechanisms of development and developmental gene regulation and functional

interactions between the nervous and immune systems (Grabher and Wittbrodt, 2008; Wei,
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1997). The most common expression vector used is E. coli plasmid vectors that replicate to high

levels in their host cells.

Once the construct is made, it is transferred into the early one cell stage fish eggs using
microinjection and embryos carrying the transgene are bred and maintained to adulthood. The
fish then need to be assessed to ensure they carry the transgene. Transgenes can be screened by
cutting a small piece of fin tissue and using polymerase chain reaction (PCR) or a Southern blot
analysis to show the foreign gene (Horvat et al., 1993). The fish that are injected and raised to
adults are called founders (F0). The next generation of fish (F1) is derived from crosses between
founder (transgenic fish) and wild-type fish (non-transgenic fish) and these needed to contain
the inherited transgene. Progeny derived from crosses between the first filial generations (F1) is
called the F2 and is screened as before. In the work in this thesis, instead of southern blotting to
identify the transgenic fish from founders’ embryos were exposed to EE2 to identify the

transgenic zebrafish (Figure 1.3).

36



Tol2 ERE TATA Gal4aff polyA Tol2
+ o Ve s

\l

/--
1

UAS-GFP embryo

3 month

Founder *“&? S

ot

l Exposure to EE2

F1

Figure 1.3 Procedure for generating transgenic zebrafish (as applied in this thesis). The
plasmid is microinjected into early one cell stage and embryos subsequently derived from

the adults of the founder population are exposed to oestrogen to identify positive trangenics.
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1.6.1 Techniques for gene transfer

Transgenes have been introduced through several transfer methods into the fertilised eggs,
via microinjection or electroporation of DNA in various fish species including salmon, carp,
trout and tilapia. Gene transfer by microinjection is the most popular method to produce
transgenic fish. Unlike microinjection for mammalian embryos, where the gene is injected into
the pronuclei that are easily visible (Palmiter et al., 1982), the pronuclei in fish cannot be seen
under the microscope after fertilisation and in most fish species eggs are opaque (Chen and
Powers, 1990; Dunham et al., 1987; Hayat et al., 1991). Consequently, linearised DNA is
microinjected into the cytoplasm of fertilised eggs. While Dunham et al. (1987) reported that
microinjection showed high egg mortality, Hayat et al. (1991) found that the survival of fish
embryos after DNA microinjection ranged between 35% to 80% and the integration rate was 2-
17%. Thus, a wide range of success rates has been reported. Success rates might depend upon
embryo stages and species. The amount of DNA for injection depends on the species and egg
size, but the optimal amount of DNA is up to 108 copies (Dunham et al., 1987; Fletcher et al.,
1988; Stuart et al., 1988). Stuart et al. (1988) reported that the amplification of the injected
DNA occurred at between 5 hours and 10 hours after fertilisation (between the initiation of

gastrulation and onset of somitogenesis).

Microinjection is difficult for some fish species as they have an extremely hard chorion.
Furthermore, embryos in some fish species develop very quickly and the first cell stage is too
short a time interval to allow the microinjection. However, zebrafish and medaka are suitable
models for transgenic fish. Developmental processes in these species can also be seen due to the
fact that their eggs are transparent. Furthermore, they lay many eggs each day (each female lays
>200 eggs per week (Zon, 1999)). For zebrafish, the chorion is relatively soft so that injection is

much easier than with many other fish species.

Electroporation has been developed as a new technique and as an alternative method for
microinjection (Chen and Powers, 1990). In general, electroporation requires 2-4 cell stage eggs.

The DNA is placed in buffer solution into a cuvette and eggs are electroporated to theoretically
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make transient openings of the cell membrane which allows the transfer of genetic material
from solution into the cell (Dunham, 2004). Many parameters (total voltage, buffer choice,
buffer volume, quantity of DNA, number of bursts and frequency of wave) affect the efficiency
of the electroporation. In some of the first research using electroporation (Inoue et al., 1990) the
survival and integration rates for electroporation were similar to that for microinjection. The
survival and integration rates of embryos in common carp and channel catfish after
electroporation have subsequently been shown to be dependent on timing (the stage of
development) (Powers et al., 1992). Electroporation with zebrafish embryos has not yet been
successful as a technique for integrating the gene of interest (Kavumpurath et al., 1993). In
addition, electroporation as a technique has considerable variation as mentioned above and has

not been standardised (Powers et al., 1995).

Another approach is the use of primordial germ cells (PGCs). PGCs are the precursors of the
germ cell lineage and it are committed to differentiate into either supermatogonia or oogonia
after gonadal sex differentiation (Yoshizaki et al., 2003). A cell-mediated gene transfer system
can deliver a foreign gene into the genome of cultured cells and isolate only the transformants
by drug selection before they are converted into individual fish (Takeuchi et al., 2002). Germ-
line contribution can be performed by microinjection into peritoneal cavity of hatched embryos
with cultured PGC (Matsui et al., 1992). PGC-mediated gene transfer has been used in salmon
and trout that have a thick chorion, a large body and a long generation time. PGC markers
including alkaline phosphatase activity or antibodies against PGC-specific cell surface antigens
are not available in fish but are available in mammals and birds (Timmermans, 1996). The
germline marker vasa was characterised in zebrafish (Olsen et al., 1997; Yoon et al., 1997) and
also a vasa-like homologue was found in rainbow trout (Oncorhynchus mykiss) (Yoshizaki et al.,

2000).

1.6.2 Examples of transgenic fish
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Many studies have been published describing the generation of recombinant fish that have
been used in various fields of research including genetic and developmental research and
chemical screening for ecotoxicological and pharmaceutical approach. The transgenic fish
approach may allow correlation of molecular and integrated effects for the individual test
organisms, thus it may prove useful for the measurement of immediate cellular responses.
Transgenic research in mammals was popular in the 1980s and has more recently been
developed and applied in fish. Fish have become popular in transgenic research for a number of
reasons. One of these reasons is that fish are one of the most important human foods. Fish
aquaculture provides an alternative approach without diminishing ocean resources and
transgenic techniques have been applied to help boost this industry. Various transgenic fish
have been developed using microinjection to increase growth rate in species including the
Northern pike (Esox lucius), Atlantic salmon (Salmo salar), Coho salmon (Oncorhynchus
kisutch), rainbow trout (Oncorhynchus mykiss) (Devlin et al., 1995; Du et al., 1992; Gross et al.,

1992; Jonsson et al., 1996).

Transgenic research has been extended to study a number of physiological processes in fish.
Examples include the study of cold tolerance and disease resistance in fish species. For example,
Ocean pout (Macrozoarces americanus) antifreeze protein (AFP) genes were inserted into
oocytes of goldfish (Carassius auratus) to show that transgenic goldfish were able to tolerate
low temperatures compared with controls (non-transgenic goldfish) (Morvan et al., 1994; Wang
et al., 1995). Their studies suggest that the AFP gene may offer cold tolerance in addition to
freeze resistance for a variety of fish species. Morvan et al. (1994) investigated the effects of
magainin 1, a peptide antibiotic originally extracted from the skin of Xenopus laevis, against
Bonamia ostreae which infects the oysters. Viability of purified protozoa was assessed
microscopically by the uptake of the vital dyes acridine orange and ethidium bromide. Their
study suggested that antimicrobial peptides such as magainins may be utilised to develop
disease resistant broodstock using transgenesis. In addition, another study showed that size
increase did not report in the tilapia, therefore, transgenic tilapia were generated with the tilapia

growth hormone (tiGH) cDNA was linked to the human cytomegalovirus (CMV) enhancer-
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promoter (Martinez et al., 1996). Their results showed that transgenic F1 progeny were 82 %

larger than non-transgenic fish.

Transgenic zebrafish research was introduced by Stuart et al. (1988). Zebrafish have been
popular for transgenic research, such as studying integration and transmission of transgenes,
promoter analysis (Caldovic and Hackett, 1995; Lin et al., 1994; Westerfield et al., 1992). The
transgenic fish approach has become an established technique in developmental analyses, and
generally involves using specific promoter and a green fluorescent protein (GFP) tagged
reporter gene that allows for a signalling effect (expression of that gene) to be identified. Studies
with tissue-specific promoters have become a powerful tool to recapitulate endogenous gene
expression programs (Higashijima et al., 2000; Higashijima et al., 1997) and to analyse the

function of gene promoters (Ju et al., 1999; Muller et al., 1999).

Various reporter genes have been utilised in transgenic zebrafish research. Reporter genes
have identified which cells have taken up the gene and which have integrated it into their
genome. The most common reporter genes used in the research are the green fluorescent protein
(GFP) (see 1.7: specific information) and luciferase. GFP is a fluorescent protein isolated from
the jellyfish Aequoria victoria. GFP shows a green fluorescence via microscopy. It also can be
visualised directly in living cells and can be detected in zebrafish during both embryonic and
larval development. In contrast, luciferase, which originates from Photinus pyralis (firefly)
encodes the enzyme luciferase, and causes the cell that expresses it to catalyse luciferins and
produce light (Contag and Bachmann, 2002). Although luciferase is sensitive and simple to use,
it requires a costly substrate and is less stable (luciferase half-life varies from 95 m to 3 h as it

depends on the host cell and the gene construct) (Goodman and Gao, 1999; Leclerc et al., 2000).

Transgenic fish have been developed using reporter genes driven by promoters that are
responsive to various chemical exposures. GFP and luciferase, in combination with pollutant-
responsive promoters, have been stably integrated into zebrafish and their progeny have been
used successfully to detect for specific classes of chemicals. Various sub-acute effects have

been determined using transgenic fish including mutagenic effects (Amanuma et al., 2000),
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cadmium-toxicity by induction of heat-shock proteins (Blechinger et al., 2002), aryl
hydrocarbon receptor-mediated toxicity (Mattingly et al., 2001), oestrogenicity (Chen et al.,
2010; Legler et al., 2000; Salam et al., 2008; Zeng et al., 2005) and anti-oestrogenicity
(Schreurs et al., 2004). In the work by Legler et al. (2000) transgenic zebrafish were developed
with oestrogen responsive element (ERE) that expressed the reporter gene luciferase and using
these animals they were able to show that the period of gonad differentiation was highly
sensitive to oestradiol (E2). They exposed juvenile stages of transgenic zebrafish (35 dpf) to E2
for 96 h in order to determine the sensitivity and found that the induction of luciferase was

detected at 0.1 nM E2.

Transgenic fish have great utility for measuring responses to endocrine disrupting chemicals,
potentially allowing for more efficient experimentation (exposure times, effects analysis)
compared with non TG animals. For example, screening for chemical effects with transgenic
fish carrying GFP or luciferase could be conducted in 1-2 days, whereas traditional methods
take a minimum of several days or even months from sampling to determination for pollutant
effects. GFP responses (the intensity of the response) potentially allow for an assessment on

bioconcentration of an oestrogen.

1.7 Green fluorescent protein (GFP)

As detailed above, one of the major detection systems now used for TG systems is GFP. GFP
is composed of a chain of 238 amino acids and is roughly 27 kDa in size (Heim and Tsien,
1996; Shimomura, 1979). Compared with luciferase which is used as an enzymatic reporter
gene, the GFP can be introduced into, and detected in, living cells without selection or staining.
GFP was discovered by Osamu Shimomura and is a bioluminescent protein called Aequorin
produced by the jellyfish Aequoria victoria. It emits green light when irradiated with blue or
UV light (Chalfie et al., 1994; Johnson et al., 1962; Prasher et al., 1992; Shimomura et al.,
1962). Johnson et al (1962) found that the emission spectrum of wild-type Aequoria GFP was at
395 nm, 470 nm and 508 nm (peaking at the latter wavelength). A significant breakthrough
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came in the 1990s when Prasher et al. (1992) sequenced the gene for GFP. Studies by Chalfie et
al. (1994) then inserted the gene for GFP into the bacterium E. coli, and subsequently showed it
fluoresced with a green light in the presence of UV radiation. Since the mid 1990s, the
properties of GFP have been improved by mutations in the gene such as spectral (colour)
variants (RFP (red), YFP (yellow), CFP (cyan)). Many mutant forms of GFP have been created
and developed to improve fluorescence brightness or altered excitation/emission spectra of the
fluorescence, shifting it towards either red or blue. GFP has become widespread now for use to
monitor gene expression and protein localisation of GFP-tagged proteins in vivo in many areas

of cell and molecular biology research.

Enhanced GFP, or EGFP, is one of the GFP mutants that has been optimised based on
preferred human codon usage and have been improved the utility of the protein. It produces a
signal 35-fold brighter than wild type GFP in mammalian cells (Yang et al., 1996). Despite the
fact that much research does not distinguish between GFP and EGFP, most studies now use a
EGFP DNA construct as a reporter gene. GFP has now been used as a fluorescent genetic tag in
cellular and molecular research and to develop transgenic animals and plants in scientific and
medical research. However, weak auto-fluorescence of yolk is a drawback in its use in zebrafish
early life stages and in embryos. Nevertheless, this drawback can be overcome using Discosoma
red fluorescent protein (ds RFP) which is substantially shifted towards red in its extinction
spectrum compared with the Aequoria GFP (Amsterdam et al., 1996; Tavare et al., 2001).
Amsterdam (1996) reported that detection limits for GFPs were approximately 5x 10* molecules

of GFP per cell in zebrafish embryos.

GFP has had a major impact on the development of transgenic fish. GFP was first used in
zebrafish in 1996 (Amsterdam et al., 1996), while Zhiyuan Gong’s group developed colour
transgenic zebrafish using living colour gene constructs (green, red, yellow and cyan) under a
zebrafish muscle-specific promoter by injection (Xu et al., 1999; Xu et al., 2000). Subsequently,
a range of other transgenic fish has been produced using GFP. Generation of GFP transgenic
zebrafish using tissue-specific promoters has been powerful in the study of gene expression

patterns, analysis of tissue-specific promoters/enhancers, tissue/organ development, cell
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migration and mutagenesis screening (Driever et al., 1996; Gong et al., 2001; Haffter et al.,
1996; Udvadia and Linney, 2003). In addition, another application of GFP in transgenic fish has
been as biosensor systems to monitor chemicals such as heavy metals and oestrogens
(Blechinger et al., 2002; Chen et al., 2010; Kurauchi et al., 2008; Salam et al., 2008; Zeng et al.,

2005).

1.8 Tol2 transposon (overcoming technical difficulties using Tol2 transposon system)

Zebrafish have been developed as an important model organism for studying genetics and
applied extensively for the generation of transgenic and mutant lines over decades of research
(Burket et al., 2008; Moore et al., 2006; Stainier, 2001). When transgenic zebrafish were first
developed by Stuart et al. (1988) using microinjection, integration of the transgene into the
genome was inefficient (germ line transmission: 5%). In early studies, linearised plasmids were
utilised for transgenesis which resulted in a low percentage of embryos as transgenic fish. Part
of the reason for this was that the linearised plasmid was concatemerised (a long continuous
DNA molecule that contains multiple copies of the same DNA sequences linked in series) at a
high rate (Viret et al., 1991) after injection. Multiple gene copies are randomly integrated into
the genome or placed as extrachromosomal DNA in the cell. Although microinjection with
linearised plasmid has the drawback of such a low transgenic efficiency, it is commonly used to
make transgenic zebrafish due to its simplicity. Since these early studies, microinjection
technique has been improved and detailed protocols have been developed specifically for
generating transgenic zebrafish. One factor improving the efficiency of transgenesis by
microinjection is to use embryos at the early one cell stage. DNA transposons are efficient tools
for gene delivery and expression and have therefore become popular in transgenesis work. A
highly efficient transgenesis method (the Tol2 transposon system) has been developed and is
now widely used in zebrafish and other vertebrates, opening up new transgenic research
opportunities because the Tol2 system enhances integration (Hamlet et al., 2006; Kawakami,

2007; Kawakami et al., 2000; Sato et al., 2007).
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The Tol2 transposon, derived from medaka (Oryzias latipes), belongs to the
hAT(hobo/Ac/Tam3) family of transposons (Kawakami et al., 2000). Transposons are
sequences of DNA that are able to move directly from one site to another site within the
chromosome or onto extrachromosomol DNA within the same cell. There are two types of
transposons, autonomous and non-autonomous. An autonomous transposon contains the
sequence to its own enzyme for transposition, which helps the transposon to move around. In
contrast, a non-autonomous transposon cannot encode its own transposition proteins and it
requires transposase activity, which can be supplied as mRNA, in order to relocate. The only
non-autonomous transposon that requires artificially provided transposase can be utilised to
produce stage transgenics (Kawakami et al., 2004; Ryder and Russell, 2003). The transposase

should be introduced into early one cell stage eggs by microinjection with transposase mRNA.

Kawakami et al. (2004) reported that germline transmission frequency was approximately
50 % when Tol2 construct was co-injected with transposase mRNA. Furthermore the use of the
Tol2 transposon system may not suffer from the problems of gene silencing effects that can
occur with linear plasmid injection (Kawakami, 2005). In addition, a number of studies have
been applied to examine Tol2 transposon vector carrying GFP in a specific tissue or organ and
rescue a mutant phenotype (Asakawa and Kawakami, 2009; Higashijima et al., 1997,
Kawakami et al., 2004; Kobayashi et al., 2001; Taylor et al., 2005). Asakawa and Kawakami
(2009) found that Tol2-mediated Gal4FF;UAS:GFP transgenic fish is reproducible and persists
after passage through generation and did not show mosaic expression. Therefore, they reported

that gene silencing can be solved by using and Tol2-mediated transgenesis.

1.9 GAL4- UAS system

The GAL4-UAS/GFP system allows for the amplification of the signal (primary response:
oestrogen induces synthesis of Gal4ff protein, secondary response: Gal4ff protein induces
synthesis of GFP) and was central in the process of developing the TG zebrafish in this thesis

and thus its nature and use is now described.
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The GAL4-UAS system (Figure 1.4) is widely used for the over expression of transgenes.
The GAL4 gene encodes a protein of 881 amino acid (Johnston et al., 1982) and was identified
in the yeast Saccharomyces cerevisiae as a regulator of the galactose-inducible genes (Laughon
and Gesteland, 1984). The GAL4 protein binds to a sequence called Upstream Activating
Sequences (UAS) element, analogous to an enhancer element defined in multicellular
eukaryotes, which is essential for the transcriptional activation of Gal4-regulated genes (Brand

and Perrimon, 1993; Duffy, 2002).

The GAL4-UAS system was first introduced into Drosophila by Brand and Perrimon (1993)
and used to analyse the function of developmental genes (Brand and Dormand, 1995; Brand et
al., 1994). This system is based on a bipartite (two-part) expression system that uses the yeast
transcription factor GAL4 and its target upstream activation sequence (UAS), to which Gal4
binds in order to activate gene transcription. The GAL4/UAS developed in Drosophila,
introduced spatial and temporal control of transgene expression using two transgenic lines that
were combined, one activator line and one effector line (Brand and Perrimon, 1993; Fischer et
al., 1988; Fisher et al., 2006; Rorth, 1998). In an activator line the gene for the yeast
transcriptional activator GAL4 is placed under the control of a desired promoter (the activator
protein Gal4 may be present but has no target gene to activate) whereas the effector lines
contain DNA-binding motif of GAL4-(UAS) linked the gene of interest. UAS is fused to an
effector gene which is silent if GAL4 activator is absent. GAL4 can be expressed in many
different patterns by placing it under the control of various ‘Drosophila melanogaster’ tissue-
specific promoter sequences, since UAS promoter sequences (CGGAGTACTGTCCTCC) are
not found in Drosophila (Kramer and Staveley, 2003). When the GAL4 activator line and UAS
effector lines are crossed, the target genes are turned on in the double-transgenic progeny,
following the expression pattern of GAL4-dependent transgene in a tissue-specific manner

(Davison et al., 2007; Halpern et al., 2008; Zhan and Gong, 2010).

Many GAL4 lines have been isolated by many laboratories and have been widely used for
ectopic expression of genes of interest. Furthermore, the GAL4-UAS system has also been

introduced into mice, Xenopus and zebrafish (Goentoro et al., 2006; Hartley et al., 2002; Ornitz
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et al., 1991; Scheer and Campos-Ortega, 1999). As activator and effector strains can be freely
combined, a large number of targeted transgene expression studies can be conducted from a
limited number of transgenic strains (Distel et al., 2009). Studies with transgenic zebrafish have
already confirmed that the GAL4-UAS system is useful in cell type-specific ablation studies,
the mapping of neuronal circuits and the inhibition of neuronal activity in distinct neuronal
populations (Asakawa et al., 2008; Davison et al., 2007; Distel et al., 2009; Kaiser, 1993; Scott

et al., 2007).

The GAL4-UAS method for targeted gene expression offers considerable advantages for
studies in zebrafish. For example, a steadily increasing number of genes cloned from zebrafish
could be examined in more detail than is feasible with mMRNA injections (Scheer and Campos-
Ortega, 1999). In addition, the use of this method allows the expression of GAL4 in variety of
stages and tissues since various promoters and tissue-specific enhancer sequences have been
isolated from zebrafish (Scheer and Campos-Ortega, 1999). GFP can be used in GAL4-UAS
systems in order to visualise where desired cells are expressed. To do so, a GAL4 line needs to
be crossed with a GFP reporter line that expresses GFP. The desired subsets of cells are
produced in the offspring, and in these cells the GAL4 binds to the UAS, and allows the

production of GFP.
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Figure 1.4 Diagram of the GAL4/UAS binary expression system. The yeast transcription factor

GAL4 is crossed to effector line in which the gene of interest (gene X) is under the control of a
UAS element (upper right box). In the progeny of this cross (lower box), GAL4 binds to the
UAS sequence leading to the transcriptional activation of gene X. (Brand et al., 1994; Kaiser,

1993)
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1.10 Zebrafish as a model system

Zebrafish (Danio Rerio) have only been used extensively as research models over the past
three decades. The zebrafish is a small tropical freshwater fish that has become a popular model
organism to study genetics and embryonic development. Attributes that favour its use include its
high fecundity, the fact that many aspects of its physiological are similar to those in mammals,
and the availability of powerful genetic tools (Briggs, 2002; Squire et al., 2008; Wienholds et
al., 2003; Zon, 1999). As a model animal system the zebrafish is also easy to breed in the
laboratory with relatively low associated maintenance costs. In addition, transparency of the

embryos and rapid organogenesis offer very attractive features in this experimental model.

A large number of studies have used zebrafish to examine a wide range of aspects of
embryonic development including determination of the embryonic axis, the differential
regulation of gene expression, cell lineage analysis, formation of the central and peripheral
nervous systems (Abdelilah et al., 1994; Blader and Strahle, 2000; Holth et al., 2008; Kelly et

al., 1995; Kimmel and Warga, 1987; Tiso et al., 2009).

Zebrafish have also been proven to be a valuable model for human diseases and drug
screening (Berghmans et al., 2007; den Hertog, 2005; Lieschke and Currie, 2007; Stern and Zon,
2003). In the past, drug screening has mainly been based on cell culture or protein-binding assay,
but zebrafish offer an excellent whole-organism model system for preclinical drug screening.
Increasingly the zebrafish are being used as a human disease model for studies on
carcinogenesis, wound healing, immunological diseases, behavioural abnormalities, infection
and Parkinson’s disease (Bretaud et al., 2010; Burgess and Granato, 2008; Goessling et al.,
2007; Lieschke and Currie, 2007; Martin and Feng, 2009; van der Sar et al., 2004; Yoder et al.,

2002).

Given the concern regarding the presence of chemicals in the environment that can
potentially induce adverse effects on health, there is growing public awareness of environmental
impact of pollutants. The zebrafish are becoming a popular model organism in ecotoxicological
studies and are now widespread in many laboratories. Numerous studies have been published
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investigating various different oestrogen chemicals using the zebrafish model and these studies
have not only identified effects on the morphology and physiology of zebrafish, but have also
identified the molecular mechanisms of their toxicity (Birnbaum, 1994; Carney et al., 2006;
Ung et al., 2010; Vosges et al., 2010) and shown behaviour outcomes (Coe et al., 2010;

Salierno and Kane, 2009; Wibe et al., 2002).

Zebrafish have many advantages for creating transgenics including the relatively low costs
(compared with mammals), the ability to rapidly introduce and test the efficiency of the
introduction of foreign DNA. The transparency of zebrafish eggs and the large number of eggs
that can be obtained from a single fish are further advantages. Transgenic zebrafish have now
been produced and applied to study the function of a number of genes. Recently, zebrafish have
been created that are transparent even as adults which enables their internal organs to be
observed (White et al., 2008). In these transparent transgenic zebrafish it is possible to observe
individual cancer cells as they spread through the body. These fish also offer potential
advantages for studies on the effects of pollutants in fish as adults. The transgenic zebrafish
model system generally offers sensitive and labour-efficient models to monitor uptake and
biological effects of compounds in the aquatic environment (Carvan et al., 2000), but this

possibility is only slowly being realised.

1.10.1 Medaka as a model system

Medaka (Oryzias latipes) have been used a model animal in developmental molecular
biology and since the early 20th century. Medaka have been widely used to study in embryonic
development, genetics, carcinogenic and ecotoxicological research (Ahsan et al., 2008; Hawkins
et al., 2003; Patyna et al., 1999; Turksen et al., 2006). Medaka are the first vertebrate species in
which successful sex-reversal was undertaken and the medaka genome has been sequenced
(Kasahara et al., 2007; Yamamoto, 1953). Transgenesis and mutagenesis protocols for medaka
have been established (Matsumoto et al., 2006; Naruse et al., 2004; Shima and Mitani, 2004;
Wittbrodt et al., 2002). Medaka have a short generation time (approximately 3 months) and are
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easy to handle and obtain in large quantities. In addition, medaka eggs are transparent which
makes observation easily. It takes 11 days for the eggs to hatch and the mature females lay
about 40 eggs per day (Iwai et al., 2009). Another advantage is the natural tolerance of medaka
to low temperature, consequently they are able to survive at 40 °C in summer and 4 °C in winter

without any thermostatic regulators (reviewed in Kinoshita, 2009).

1.11 Aims of this thesis (my PhD)

Despite the fact that there is a growing concern over the effects of EDCs in the aquatic
environment, there are very few bioassay systems that are sufficient to effectively assess
oestrogen signalling pathways and physiological impacts in an integrative manner and many of

the assays available are expensive to run.

The overall aim of the work presented in this thesis was to develop transgenic zebrafish
which were highly sensitive for the detection of exposure to oestrogenic EDCs. In theory the
fish developed should allow the target tissues affected by the oestrogens to be identified and
thus to assess tissue specificities and responsiveness for each of the EDC studied. Assessments
were made both using transient expression and transgenic fish assays. Such a system should
potentially be applicable for high throughput screening of oestrogenic chemicals, identifying the
target tissue for oestrogens and for making better integrated health impact assessment of

environmental oestrogens.

In order to achieve this overall aim the following experimental work was conducted with the

following specific aims:

Aim 1 (Chapter 3): To develop new constructs, pKS-ERE-Gal4ff, pCS2-ERE-Galf4ff and

pBR-Tol2-ERE, for generating transgenic zebrafish
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The main questions in the first experimental chapter were to decide which vector system
(pKS+, pCS2+ and pBR322-Tol2) might be the most appropriate for making transgenic
zebrafish and investigate ways to improve the efficiency for sensitivity and tissue specificity. To
answer these questions, three constructs were made and examined progressively in the
development process. The plasmids containing three oestrogen response elements (3ERE), a
TATA box and GALA4ff were made and these three constructs, pKS-ERE-Gal4ff, pCS2-ERE-
Galf4ff and pBR-Tol2-ERE, were examined by injecting into zebrafish in a transient assay
system. Finally, the pBR-Tol2-ERE-Gal4ff construct was produced that worked in a tissue
specific manner and enabled the generation of TG fish lines with high frequency and optimised

response to oestrogens, thus improving greatly the chances for generating TG fish.

Aim 2 (Chapter 4): To develop a quick and effective transient assay system to examine the

effects of oestrogenic chemicals on embryo development in wide range of fish species

To achieve this aim, we developed a novel transient assay system using a construct
containing a synthetic oestrogen responsive element (ERE) and a Tol2 mediated Gal4-UAS
systems linked with a GFP reporter gene. Key elements in this work were to assess the
sensitivity of the TG and tissue specificity. It was also investigated whether this system could be
applied to another fish species (the medaka). The transient assay involved injecting the construct
into 1-2 cell staged zebrafish embryos, and the injected embryos were then exposed to various

oestrogen chemicals.

Aim 3 (Chapter 5): To investigate sensitivity and tissue targets for environmental oestrogens,
responses to oestrogens were assessed using oestrogen responsive transgenic (ERE-TG)

zebrafish larvae.

In the first part of this work, ERE-TG zebrafish embryos were exposed to various oestrogen

chemicals (EE2, E2, NP and BPA) for 96 hours to identify target tissues and receptor pathway
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interactions. The work was also established to look at time-related responses to oestrogens
across the different body tissues. A further goal was to investigate thresholds for responses to
different oestrogens. To assess pathways of action of steroidal oestrogens, oestrogen receptors
(ERa, B1 and B2) morpholinos (MOs) and exposures with oestrogen receptor antagonist were

conducted.

Aim 4 (Chapter 6): A final analysis undertook preliminary studies to investigate which target
organs were oestrogen sensitive for a short-term exposure to EE2 in immature (40 days old)
and adult (3 month old) ERE-TG zebrafish to compare their responses to oestrogen across life

stages.

Here immature and mature ERE-TG zebrafish were exposed different concentrations of EE2
for 7 days and GFP expression assessed via green fluorescent microscopy and quantified by

western blot analysis.
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General Materials and Methods
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CHAPTER 2: General Materials and Methods

2.1. General Approach

The main aim of this thesis was to develop oestrogen responsive transgenic (ERE-TG)
zebrafish and assess them for screening and testing of environmental oestrogens. In this
endeavour, a new construct was developed, tested in a transient expression assay and then
applied to create transgenic zebrafish. The transgenic fish were created via injection of the
construct into one cell stage embryos and the resulting fish grown to 3 months in age, when
they were old enough to breed. From this founder population, three transgenic zebrafish lines
were selected and used for breeding to create the F1, from which F2 fish were then generated
for screening and testing of environmental oestrogens. Studies conducted with the transgenic
fish included screening for the effects of oestrogenic chemicals during embryo development,
assessing the most sensitive life stages and identifying target organs. This work also included

studies with immature and mature ERE-TG zebrafish.

The methods required to generate and examine the ERE-TG fish were very wide ranging and
included making plasmids, microinjection, western blotting, oestrogen receptors morpholinos
injection, and chemicals tests. Major parts of the methodologies for creating the three plasmids,
pKS+ERE-TATA-Gal4ff, pCS2+ERE-TATA-Gal4ff, pBRToI2-ERE-TATA-Gal4FF (Chapter
3), examining the final plasmid pTol2-ERE-TATA-Gal4FF in a transient expression assay
(Chapter 4) and the development and application of the ERE-TG zebrafish (Chapters 5, early
life stages; Chapter 6, later life stages, including adults) are covered in the respective chapters.
Here the following general methods are described; purification, digestion, preparation of insert
and the vector, running agarose gels, cutting a specific DNA band from a gel, ligation,
transformation and LB broth culture medium, transgenic fish sample collections, image

analysis, and generation of TG zebrafish line.

2.2. Preparation of the insert and vector

In the construction of pTol2-ERE-TATA-Gal4FF, the general method for plasmid generation

and construct insertion is shown in Figure 1 (also see Figure 2.1).
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Figure 2.1 Illustration of the procedure to form recombinant DNA: A foreign DNA fragment
can be inserted. The insertion of the fragment into the cloning vector is carried out by treating
the vehicle and the foreign DNA with a restriction enzyme. Restriction enzymes are used to cut
the DNA and vector so they can be joined multiple copies of the gene of interest. The multiple
cloning sites (MCSs: blue colour) contains many restriction sites. MCSs allow for insertions of

DNA into the vector to be targeted and possibly directed in a chosen orientation.
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The required DNA fragments for insertion into the vector were generated by polymerase
chain reaction (PCR) and using restriction enzyme digestion. For the insert (DNA fragment),
specific primers (see Chapter 3) were designed with appropriate restriction sites. PCR reaction
was carried out to generate EREs using specific primers. To reduce the risk of mutation, the
cycling conditions of 3ERE and TATA were used for 8 cycles: denaturation at 96 <C for 1min,
annealing at 60 °C and extension at 72 °C for 1 min. The following conditions were used to
generate the Gal4-FF and polyadenine tail (poly [A] tail) ; 25 PCR cycles: denaturation at 96 °C
for 1min, annealing at 60 °C and extension at 72 °C for 5 min. PCR amplifications were carried
out in a reaction volume of 100 ul containing 54.5 pl of ddH,0, 8 pl of 2.5 mM dNTP, 4 ul of
each primer, 8 ul of 25 mM MgCl,, 20 pl of 5X GoTq Flex buffer, 0.5 pl of Tag polymerase
(Promega) and 1 ul template DNA (PCS2+Gal4ff). An aliquot of 10 pl of the PCR product from
this reactant was used the check the concentration and the quality of PCR products (by agarose
gel electrophoresis) and 90 pl of PCR product were purified using a phenol:chloroform
extraction and ethanol precipitation as follows: An equal volume of phenol/chloroform was
added to an aqueous DNA sample in a microcentrifuge tube and then vortexed for 30-60
seconds. The sample was then centrifuged for 2 minutes at room temperature to separate the
phases. The aqueous phase was transferred to a new tube and 1 ul glycogen was added. This
solution was then diluted with 1:10 volume in 3M sodium acetate and 3 volumes of ethanol. It
was then left at - 80 °C for 1 hour and afterwards centrifuged at 14,000 rpm for 20 minutes at
4 °C. The supernatant was removed and washed with 75% ethanol for 5 minutes. The DNA was

then dried and subsequently re-suspended in water.

The insert (fragment) and vector (pKS+, PCS2+ or pBR plasmid) were digested with
appropriate restriction enzymes (see chapter 3) to produce a DNA fragment that could be cloned
directly into a vector (pKS+, PCS2+ or pBR plasmid). The resulting DNA digest for this was
incubated at 37 C for 2-4 hours in a reaction volume of 100 ul containing 20 pl of insert, 5 ul
of vector, 10 pl of 10X restriction enzyme buffer (Promega), 62.5 pl of ddH,O and 2.5 pl of

restriction enzyme (Promega).
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2.2.1. Preparing and running standard agarose gels

Agarose gels were used to check the size of insert and vector. To make the gels, 1g of agarose
powder was mixed with 100 ml of electrophoresis buffer (Tris-acetate-EDTA [TAE]), then
heated in a microwave for 1-2 min until it was melted completely. After cooling, ethidium
bromide was added to the solution (final concentration 0.5 pg/ml). The gel was then poured into
a casting tray containing a 10 well comb and left to become solidified at room temperature for
20 min. After the gel has set, the comb was removed. For the electropheoresis reactions, the gel
in the casting tray was inserted horizontally into the electrophoresis chamber and covered with
electrophoresis buffer. DNA ladder was loaded into the first well. Samples for analysis
containing loading buffer were pipetted into the sample wells, the lid of the chamber closed and

power applied to run the gel and separate the DNA fragments.

In order to visualise DNA or RNA, the gel was placed on an ultraviolet transilluminator, and

a photographic record of each gel was taken using agarose gel photo machine.

2.2.2. Extracting DNA from the agarose gel

After running the agarose gel, the required DNA band was identified for removal. The gel
was placed in a long wave length UV light box in the dark room to minimise the DNA damage
and the specific DNA band was cut out using a sterilized scalpel blade. As little agarose was
taken as possible in the extraction process. The band (DNA) removed was placed into 1.5 ml
microcentrifuge tube. The microcentrifuge tube was weighted before receiving the
DNA/agarose extraction and when containing the extracted gel/DNA before proceeding to

purify the DNA from the gel using Qiagen Gel Extraction Kit.

2.2.3. Ligation and transformation
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Ligation was conducted via incubation of the DNA fragment (insert) with the plasmid
(vector) that has been linearised at 4 °C overnight or room temperature for 2-3 hours. Before
initiating the ligation process, the insert and vector were run on a gel to enable the amounts of
insert and vector to be quantified for use in the ligation. For the ligation, the reaction (5 pl of
vector, 12 ul of insert, 2 pl of 10X DNA ligase buffer and 1 pl of T4 DNA ligase) was mixed

gently by pipetting and incubating it at room temperature for 2-3 hours or 4 <C overnight.

The transformation step results in the incorporation of the ligated DNA into bacteria for
propagation. The bacteria are then plated on selective agar to select for bacteria that have the
plasmid of interest. Transformation was conducted following ligation. LB-Broth (Luria-Bertani)
was prepared by adding 20g LB broth and making the volume up to 1000 ml with ddH,O which
was then mixed, autoclaved, and stored at 4 °C, until required. Transformation was undertaken
using 1 pl of ligated DNA (ligation reaction) and 10 pl of E. coli cells that were mixed and
incubated on ice for 10 min. The cells were then heat shocked in at 42 °C for 42 sec. The heat
will enlarge the pore on the cell membrane, allowing the plasmid to enter into the cell easily.
Following heat shock, the transformation reaction was immediately placed on the ice for 5 min.
100 pl of SOC (Super Optimal Catabolite) was then added to the tube containing the
transformation reaction and the tube was incubated for 30 min at 37 °C in a shaking incubator.
The reaction was spread with a glass spreader on a LB-agar plate containing ampicillin
(100mg/ml; Sigma) and put in the 37 °C incubator overnight. The next day, individual colonies

were picked and added into the tube containing 2ml of LB-Broth with ampicillin.

2.2.4. Preparation of Plasmid DNA by Alkaline Lysis with SDS: Minipreparation

Transformed E. coli carrying the newly synthesised recombinant plasmid DNA contains
many false positive (empty) plasmids. To select the right clone which carries the correctly
recombinant plasmid, multiple (normally 8 to 12) colonies were amplified in a small scale and

the plasmid was purified with Alkaline lysis method.
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Alkaline lysis solution | consisted of 50 mM glucose, 25 mM Tris-Cl (pH 8.0) and 10 m
EDTA (pH8.0) and was stored at 4 °C. Alkaline lysis solution Il contained 0.2 N NaOH (freshly
diluted from a 10 N stock) was made up to 1% in SDS and was used at room temperature.
Alkaline lysis solution 111 was composed 5 M potassium acetate(60.0 ml), Glacial acetic acid

(11.5 ml) and H,O ( 28.5 ml).

In the following transformation and culture, alkaline lysis is used to break cells open to

isolate and purify plasmid DNA.

A single colony of transformed bacteria was inoculated into 2 ml of LB Broth. The culture
was incubated overnight at 37 <C with vigorous shaking. 1.5 ml of the culture was poured into a
microfuge tube and centrifuged at maximum speed for 30 seconds at 4 °C. The supernatant from
the microfuge tube was removed by aspiration, to leave the bacterial pellet as dry as possible.
The bacterial pellet was resuspended by vigorous vortexing in 100 ul of ice-cold alkaline lysis
solution 1, and then 200 pl of freshly prepared alkaline lysis solution 1l was added to bacterial
suspension. The tube was closed tightly and the contents mixed by inverting the tube rapidly
five times. 150 ul of ice-cold alkaline lysis solution 111 was then added and the tube was closed
and inverted several times. The tube was then stored on ice for 3-5 minutes. After this the
bacterial lysate was centrifuged at maximum speed for 5 minutes at 4 °C in microfuge and the
supernatant transferred into a fresh tube. An equal volume of phenol:chloroform was added and
the aqueous phases was separated by vortexing and centrifuged at the maximum speed for 2
minutes at 4 °C in microfuge. The aqueous upper layer was transferred to a fresh tube. Next,
nucleic acids were precipitated from the aqueous solution by adding 2 volumes of ethanol at
room temperature. The solution was mixed by vortexing and then the mixture was allowed to
stand for 2 minutes at room temperature. The precipitated nucleic acids were collected by
centrifugation at 1,4000 rpm for 20 minutes at 4 €C. The supernatant was removed and | ml of
70% ethanol was added and mixed with the pellet by inverting the closed tube several times.
The DNA was recovered by centrifugation at maximum speed for 2 minutes at 4 °C. The

ethanol was removed and the tube left at room temperature until any remaining ethanol
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evaporated (for 5-10 minutes). The nucleic acid was dissolved in 50 ul of H,O. The DNA

solution was vortexed gently for a few seconds and then stored at -20 °C until required.

2.2.5. Plasmid DNA Purification Using the QlAprep Spin Miniprep Kit (Promega)

A miniprep procedure was required to isolate and purify the plasmid DNA from the
recombinant E. coli cells. For this purpose, the QlAprep Spin Miniprep Kit (Qiagen) was used.
Pelleted bacterial cells were re-suspended in 250 ul Buffer P1 (resuspension buffer) and were
transferred to a microcentrifuge tube. The samples were added to 250 ul Buffer P2 (shake
buffer) and mixed thoroughly by inverting the tube 4-6 times. 350 ul Buffer N3 (neutralisation
buffer) was then added and mixed immediately and thoroughly by inverting the tube 4-6 times.
They were centrifuged for 10 min at 13,000 rpm in a table-top microcentrifuge and the
supernatants added to the QlAprep spin column by pipetting. These were then centrifuged again
for 30-60 s and the flow through was discarded. QIAprep spin columns were washed by adding
the 0.5 ml Buffer PB and centrifuged for 30-60 s. Next, they were washed by adding 0.75 ml
Buffer PE (wash buffer) and centrifuged for 30-60 s. After that, they were centrifuged for an
additional 1 min to remove residual wash buffer. The QIAprep columns were placed in a clean
1.5 ml microcentrifuge tubes. To elute DNA, 50 ul Buffer EB (10mM Tris-Cl, pH 8.5) or water
was added to the tubes to the centre of each QIlAprep spin column, and then were centrifuged

for 1min.

2.3. Microinjections for transient assay and generating transgenic zebrafish

Injections of plasmid DNA into zebrafish embryos were accomplished with a pressure
injector (INTRACEL, PICOSPRITZER® IlI) with Narishige manipulator under a dissecting
microscope (NIKON SMZ1500). Injection needles were prepared from borosilicate glass
capillaries (HARVARD APPARATUS, GC100F-15) using a micropipette puller (Narishige,

model PC-10). Plasmid DNA for injection was prepared using the Qiagen Midiprep Kit
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(Qiagen). DNA for injection was suspended in dH,O. The injection solution consisted of 18
ng/ul plasmid DNA and 0.05% wi/v phenol red (Sigma). For preparation of the injection
solution, the mixture was centrifuged at the maximum speed (14,000 rpm) for 30 s. The
microinjection mixture was then placed into the glass capillary which was placed in the injector.
Using the 4X magnification on a dissecting microscope, the tip of the needle was gently cut
with clean forceps. The injection pedal was pressed to ensure that the tip had been broken and
DNA was seen to flow out of the needle. Fertilised eggs for injection were the aligned at the
edge of the cover slide. The needle was carefully extended through the chorion and into the yolk
and the injection pedal was depressed to inject approximately 1 nL of the mixture into the

cytoplasm of the cell. The injected embryos were then incubated at 28 <C.

2.4. Anaesthesia and Dissections

All manipulations of embryos, larvae and fish for observing green fluorescence were carried
out under anaesthesia. Anaesthesia was conducted using 0.4% tricaine (3-aminobenzoic acid
ethyl ester, pH 7.4; Sigma). Tricaine solution was prepared by adding 400 mg of tricaine
powder to 97.9 ml of distilled water and approximately 2.1 ml of Tris (pH 9) was added to

adjust the solution to pH 7. The stock was stored in the fridge.

For observations of green fluorescence in juvenile and adult fish, dissection was required.
Fish were anesthetised to termination and then rinsed in ddH,O to remove anaestheic residues
The fish’s abdomen was then opened using a scalpel blade and forceps. After observation of
GFP under fluorescence microscopy, tissues (liver, gonad and intestine) were collected to
perform western blot analysis for quantifying GFP expression (see Chapter 4, 5 and 6).
Dissection was carried out under sterile conditions. The dissection instruments were soaked in
70% ethanol to sterilise them and then rinsed in ddH,O. The dissection instruments were re-

sterilised following the removal of each tissue.
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2.5. Generation of ERE-TG zebrafish

For creation of transgenic zebrafish, the plasmid pTol2-ERE-TATA-Gal4ff with transposase

MRNA was injected into 400 UAS-GFP transgenic zebrafish at the one cell stage.

Injected embryos were cultured for 4 day at 28 °C, with the removals of any dead or
abnormal embryos. After 4 days, the injected embryos (approximately 300 surviving) were put
into 3 tanks to grow them to maturity. Unfortunately, all larvae in one tank died. The remaining
200 juvenile fish were raised and identified as either homozygous or heterozygous founders
(possessing two different forms of a particular gene, one inherited from each parent). Fish were
pre-treated with 100 ng/L of EE2, so in fact they may have been “primed” to respond
differently to oestrogen exposure. Eggs were collected from founder colonies and exposed to
100 ng/L of EE2 for 3 days to observe the GFP fluorescent signal. From this we selected the
GFP-positive embryos and rinsed them in the physiological saline 10 times to remove EE2 and
then raised the fish to adulthood. 25 pairs of F1 transgenic fish were placed into separate
spaning tanks and the next day eggs were collected from each chamber and exposed to 100
ng/L EE2 for 3 days to screen the expression of GFP (see Fig. 2.2). Overall, 12 zebrafish lines
showed variation of the intensity of the GFP expression when they were exposed to EE2. Three
oestrogen responsive transgenic fish lines were selected that showed a relatively strong GFP
expression after exposure to 100 ng/L of EE2. Three transgenic zebrafish lines were

subsequently established for the F2 generation.
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Figure 2.2 Establishment of oestrogen responsive F1 transgenic zebrafish (as assessed at 3 dpf).
Fertilised eggs were collected from FO breeding transgenic fish and exposed to 100 ng/L EE2
for 3 days to determine GFP expression. A, B and C were chosen to establish oestrogen
responsive transgenic zebrafish lines.
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2.6. Analysis of GFP expression

For compound microscopic analyses, the embryo was lifted into a pasteur pipette and gently
placed onto a depression slide. A drop of 3% methyl cellulose was applied to the embryos. The
embryo was then oriented with a fine pipette tip and observed under a fluorescent microscopy
(LEICA DM1 4000 B). Microscope settings, including saturation (0.85), gamma (0.7) and gain
(2.8x), were kept constant throughout the experimental analyses. 700 ms exposure time was
used for fluorescent and auto-exposure was used for normal light. A magnification of X10 was
used to view the presence of GFP in the specimens unless more detail was required, in which
case the magnification was increased to X20. Identical pictures were taken both in normal light

and fluorescent.

For the confocal microscopy (that has a greater resolution power), embryos were mounted in
0.7 % agarose (low melting point) and added to an embryo medium. The images of larvae
oriented in a lateral, dorsal and ventral side were photographed under 10X magnification on a
confocal-laser scanning microscope (ZEISS LSM510 Meta). Images were prepared with Adobe

Photoshop 7 software to adjust light and contrast, as required.

2.6.1. Analysis of GFP expression - Western Blot analysis

Western blot analysis was performed to quantify the expression of GFP. 10 embryos were
transferred to a 1.5ml tube filled with 100 pl of lysis buffer (2 ml of 2x sample buffer, 500 pl of
2-Mercapto ethanol and 2.5 ml of distilled water), incubated at 95 °C for 5 minutes and the
vessel tapped to get them to the bottom of tube. Next, the samples were homogenised five
times and centrifuged for 1 min at 1000rpm. 50 pl of protein samples were applied to 5%
polyacrylamide-SDS gel and subjected to electrophoresis at 110 V for 2 hour and separated
proteins were transferred to nitrocellulose membrane. The membranes were blocked for 1 hour
in blocking solution (5% skimmed milk in 1x phosphate buffered saline [PBS] + 0.1% Tween
[PBSTX], and washed 3 times with distilled water (ddH,O). The membranes were incubated

overnight at 4 °C with primary antibody, rabbit anti-GFP (ams Biotechonology), diluted 1:2500
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in blocking solution. The membranes were washed for 3 x 15 minutes in PBSTX. The
membranes were then incubated with HRP-Goat Anti-Rabbit IgG (Invitrogen, Carlsbad,
U.S.A) at 1:2000 in blocking solution for 2 hours and then washed 3 x 15 minutes in PBSTX.
For detection, western blotting luminol reagent (Thermo Scientific) was used. The intensity of
GFP was analysed using Image J (http://rsbweb.nih.gov/ij/), normalised to the intensity of

alpha-tubulin band and indicated as fold increase in GFP over the level in control larvae.

2.6.2. Data analysis using Image J techniques

Western blot data was quantified using Image J t to compared the intensity of bands. To do
this, X-ray film of western blot data was scanned as grayscale image and set to the highest
resolution (600 dpi). The scanned film file was opened and converted the image to grayscale.
The scanned image was vertically oriented and the rectangular selection tool palette was chosen
and the rectangle was drawn around a first lane. The band of interest was encompassed in area

of the band above and below. Arrow key was used to move the rectangle over the next lane.
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From the results window each of the measurements of the selected rectangle area was
recorded, as above. The results were pasted into an Excel spreadsheet and the mean value for
each band multiplied by the pixel value to provide an integrated measure of the intensity and
size of the band. The absolute intensity of each sample band was divided by the absolute
intensity of a standard to provide a relative intensity for each sample band. If the band had a
relative intensity lower or higher than 1, it has less protein or more protein than the standard,
respectively. The mean value was the average gray value (from 0-255) for the area inside

selection. The pixels value is the number of pixels contained in selection area.
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CHAPTER 3

Generation of plasmids constructs for detecting oestrogenic chemicals

Abstract

In order to study the effects of oestrogenic endocrine disrupting chemicals (EDCs) in fish, a
transient expression assay and transgenic zebrafish responsive to oestrogen were developed.
These systems included the synthesis of a new plasmid containing three oestrogen response
elements (3ERE), with a fused minimal promoter, a TATA box and the reporter, GALAFF. This
paper describes the sequential construction of this plasmid and its validation in the transient

expression assay.

During the development of the plasmid we made five progressive constructs for investigation,
namely pKS ERE, pKS ERE-TATA, pKS ERE-TATA-Gal4ff, pCS2+ ERE-Galf4ff and
pBR_Tol2-ERE-Gal4ff. When the pKS-ERE-TATA-Galf44 plasmid was injected into zebrafish
embryos, Gal4ff mMRNA was induced (detected via using in-situ hybridisation). In the next step,
having constructed the linearised plasmid pCS2+ ERE-TATA-Gal4ff containing a
polyadenilation signal, this construct was injected into transgenic UAS-GFP zebrafish embryos
at the 1-2 cell stage and the GFP expression measured in response to the natural steroid
oestrogen 17R-oestradiol (E2) and the synthetic oestrogen 17a-ethynyloestradiol (EE2). After
24h no GFP expression was observed in embryos in unexposed control embryos, but GFP
expression was strongly induced in oestrogen treated embryos. In embryos exposed to EE2
there was a concentration related expression of GFP in the skin epithelium (100 ng/L and 1000
ng/L), and a weak expression was detected at 10 ngEE2/L. For E2 exposure, specific and
mosaic expression of GFP was detected in the lens, skin epithelium and many other cells in both
100 ng/L and 1000 ng/L E2 treated groups, but no expression was detected at 10ng E2/L. The
final construct pTol2_3ERE-TATA-Gal4ff, containing Tol2 to facilitate enhanced integration to
the genome showed tissue specific GFP expression on exposure to EE2 (100 ng/L) in the heart,

otic vesicle and somite muscles when injected into transgenic UAS-GFP zebrafish.
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Our results show that the plasmid containing pTol2_3ERE-TATA-Gal4ff was responsive to
oestrogen with potential use in a transient assay for screening chemicals with oestrogenic
activity using embryos and early life stages. Our findings from the transient expression assays
(response sensitivity) suggest that the use of the two step amplification system in the signalling
process should enable the production of transgenic fish that are highly responsive to oestrogen

exposure.

Keyword: Oestrogen response elements; oestrodaiol-17; in-situ hybridisation; Transient

expression assay
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Introduction

A number of studies have been reported a dramatic rise in the number of known endocrine
disrupting chemicals (EDCs), as systematic processes for screening and testing chemicals for
this activity have been implemented and more and more laboratories have entered into this
research field. EDCs include various groups of chemicals, including synthetic and natural
steroid oestrogens, that can alter the control of gene expression and interfere with homeostatic
feedback loops to disrupt developmental and reproductive processes (Myers et al., 2003).
Despite the fact that many EDCs identified are oestrogens, their interactions with the oestrogen
receptor (ERs) have not been well established. This information is essential to unravel how
oestrogenic EDCs interact within the body as a whole to better understand what the health

implications for these exposures might be.

The oestrogen receptor (ER) is a member of the steroid/nuclear receptor superfamily of
proteins that act as hormone-inducible transcription factors (Mangelsdorf et al., 1995) and can
control a variety of physiological and developmental processes by regulating the expression of
specific genes at their target sites (Sathya et al., 1997). 17p-oestradiol (E2) binds to the ligand-
binding domain and the ER undergoes conformational changes leading to dimerisation. 17f-
oestradiol (E2) binds in the ligand-binding domain and the ER undergoes conformational
changes that lead to ER dimerisation. The E2-ER homodimer complex recognises and binds to
oestrogen responsive elements (ERE) which are present in the regulatory regions of the
promoter region of E2 target genes. The ERE is able to interact with other transcription factors,
such as vitellogenin, ER, or progesterone receptor, to regulate oestrogen-target gene
transcription (McKenna et al., 1999; Paige et al.,, 1999). The ERE was first identified by
aligning the promoter regions of the Xenopus laevis genes Al, A2, B1 and B2 and chicken apo-
VLDLII gene yielding a 13bp palindromic inverted repeat 5GGTCAnNnnTGACC3' (n, any
nucleotide) (Klein-Hitpass et al., 1988; Stokes et al., 2004; Walker et al., 1984). Roughly
twenty oestrogen responsive genes have been identified and their oestrogen responses
characterised in transiently transfected cells (reviewed in Klinge, 2001; Stokes et al., 2004).

Among these genes, only the vitellogenin A2 gene encodes the consensus palindromic ERE and
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all other known natural oestrogen response genes contain imperfect EREs that differ from the
consensus sequence by one or more base pairs (bp), and confer different levels of ER
transcriptional activation compared with the vitellogenin ERE (reviewed in Klinge, 200I; Hyder
et al., 1999; Stokes et al., 2004). ER o and B bind with high affinity to EREc38 (Tyulmenkov et

al., 2000).

Transgenic research has developed in fish since 1990 although transgenic mouse models been
important in the study of gene functions in whole animals since the early 1980s. There have
been a number of studies using constructs that describe the generation of recombinant fish in
different fields of research. The transgenic fish technique requires a specific promoter and an
easily assayable reporter gene such as a green fluorescent protein (GFP) that allows the
expression of the transgenes to be identified. Studies with tissue-specific promoters have
become a powerful tool to recapitulate endogenous gene expression programs (Higashijimas et
al., 1997; Long et al., 1997) and to analyse the function of gene promoters (Ju et al., 1999;
Muller et al., 1999). However, one of many difficulties of making a construct is that it is time

consuming because it often produces insertion mutation.

The GFP gene was originally isolated from jellyfish Aequorea Victoria and is widely used as
a reporter gene to investigate tissue-specific patterns of gene expression and cellular localisation
of proteins. The fluorescence of its protein product, GFP, can be conveniently detected in living
cells (Chalfie et al., 1994; Prasher et al., 1992; Tsien, 1998). A number of reports have
demonstrated that GFP can be used effectively to illustrate protein expression in live embryos
and juvenile zebrafish (Amsterdam et al., 1996; Peters et al., 1999). GFP and luciferase, in
combination with pollutant-responsive promoters, have been stably integrated into zebrafish and
progeny that have subsequently been used successfully to screen for several classes of
chemicals. Various sub-acute effects have been determined using transgenic fish including
mutagenic effects (Amanuma et al., 2000), cadimium-toxicity by induction of heat-shock
proteins (Blechinger et al., 2002), aryl hydrocarbon receptor-mediated toxicity (Mattingly et al.,
2001), oestrogenicity (Chen et al., 2010; Kurauchi et al., 2005; Legler et al., 2000; Salam et al.,

2008; Zeng et al., 2005) and anti-oestrogenicity (Schreurs et al., 2002).
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In the creation of transgenic (TG) animals various activation sequences have been employed
(Distel et al., 2009). The Gal4-UAS (Upstream Activation Sequence) system is an activation
sequence that has been widely used in the Drosophila (Duffy, 2002). It has also been tested
successfully in mice (Ornitz et al., 1991), zebrafish (Scheer and Campos-Ortega, 1999) for the
overexpression of transgenes. The yeast transcription activator Gal4 binds its target sequence
UAS to activate target gene transcription. The Gal4-UAS system has been widely used to
regulate gene expression in a cell-specific and temporally restricted manner and has provided a
powerful tool to examine the function of genes during development and monitor subcellular
structures and target tissues for selective ablation or physiological analyse (Halpern et al., 2008).
This system has been popular in zebrafish in cell type-specific ablation studies, the mapping of
neuronal circuits and the inhibition of neuronal activity in distinct neuronal populations

(Asakawa et al., 2008; Davison et al., 2007; Distel et al., 2009; Scott et al., 2007).

Despite the fact that a number of studies have used tissue specific promoters using Gal4-UAS
system in transgenic zebrafish, this has not been applied to the detection of endocrine disrupting
chemicals (EDCs). The Gal4-UAS system has been improved by adopting the so-called Tol2
transposon system (Kawakami et al., 2004; Kawakami et al., 2007). The Tol2 transposable
element is derived from the medaka and belongs to the hAT family (named for hobo, Ac and
Tam3) and integrates into genome by a "cut-and-paste” mechanism (i. e. the Tol2 transposon
can move on its own, inserting or excising itself from the genome) (Koga, 2004; Kondrychyn et
al., 2009). The Tol2 transposon has become popular in the development of transgenic fish
because it has been found to reduce mosaicism and to improve the germ-line transmission of

transgenes (Hermanson et al., 2004).

The main aim of this thesis was to produce a transgenic fish capable of detecting oestrogenic
EDCs with high sensitivity and in a stable transgenic line. In order to develop sensitive
transgenic zebrafish, one of the most critical steps is the development of an effective construct.
The first major step in the development of the ERE-TG zebrafish was the construction of a new
plasmid pERE-TATA-Gal4ff that contained three copies of oestrogen response elements

(3ERE) capable of binding all three ER subtypes, and Gal4ff. To enhance the sensitivity of our
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TG fish, we used Gal4-UAS system that has not been used previously for generating biosensor
zebrafish. The plasmid construction process is a long and tedious one and we therefore
systematically investigated the functional capability of constructs in their incomplete forms
(PKS_ERE-TATA-Gal4ff, pCS2+_ERE-TATA-Gal4FF). We examined the temporal
expression pattern of Gal4ff during zebrafish development using a transient expression assay
via in situ hybridisation and green fluorescence microscopy. In this paper, we explain the steps
in the development of our plasmid and report the results of testing the plasmid. The final

construct was tested in a transient expression assay in the next chapter.
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Material and Methods

Construction of Reporter Gene Vectors with Oestrogen Responsive Promoters.

Construction of pKS-ERE

The transgenic plasmids were made in 5 progressive steps. The first construct (pKS+_3ERE)
was first made containing an oestrogen responsive element (ERE; see figure 1). The ERE was

based on the sequence of EREc38 (EREc38 5’- CCAGGTCAGAGTGACCTGAGCTA

AAATAACACATTCAG-3") published by Sathya et al (1997).

The construct was generated by Polymerase Chain Reaction (PCR) using specific primers
(Forward  primer: CCAGGTCAGAGTGACCTGAGCTAAAATAACACATTCAGCCAG
GTCAGAGTG and reverse primer: CTGAATGTGTTATTTTAGCTCAGGTCACTCTGACCT
GGCTGAATGTGTTAT). The following conditions were used for 8 PCR cycles : denaturation
at 96 °C for 1 min, annealing at 60 °C for 30 sec and extension at 72 °C for 1 min. Pfu DNA
polymerase was used instead of Tag DNA polymerase to remove the A at the 3’ end. Multiple
tandem copies of EREc38 (nEREc38, where n = number of ERE copies) were obtained by PCR.
The ERECc38 was prepared for insertion into the plasmid as follows. 100 pl of PCR products
were purified by phenol: chloroform extraction and ethanol precipitation (see. Chapter 2). After
purification, purified DNA was separated on a 2.5 % agarose gel and the bands that representing
2ERE, 3ERE and 4ERE were separately cut using a laser scalpel under UV light in the dark
room and put into eppendorf tubes in the dark. Extraction of the DNA from the gel was
performed using gel extraction Kits (QIAquick Gel extraction kit, Cat. No 28704). EREc38
oligomers (20 ul) and the reporter gene vectors pKS + (pBluescript Il KS+) were prepared by
restriction digestion of the 3ERE with Smal for 2-3 hours at 37 °C. Both fragments, the
linearised vector and the 3ERE (insert), were purified and 1 pl of purified DNA (both insert and
vector) were run on an agarose gel and then, ligated for 2 hours at room temperature or
overnight at 4 °C. The ligation product was transformed using competent cells (Competent cells,
>10 cfu/ug, Promega). The transformed cells were grown up in overnight cultures of E. coli in
LB (Luria-Bertani) medium (specific information written in the chapter 2). Purification of the
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plasmid was performed using the QIAprep Spin Miniprep Kit (Qiagen) or Alkaline lysis method.
Insertion of the ERE promoter region was confirmed by digestion with Xhol and Xbal for 1
hour at 37 °C and the fragments were run on a 2% agarose gel. The orientation and nucleotide
sequence of the 3EREC38 was confirmed by sequencing using T3 primer. The 3ERE fragment

obtained was inserted into a pKS+ plasmid following the protocol.

Construction of the pKS-ERE-TATA

After obtaining the 3ERE fragment, a second fragment called TATA was constructed
following the same protocol using the following primers: (Forward primer:
GGCGTCGACTCTAGAGGGTATATAATAGATCTGCGATCTAAGTAAGCTTGG and
reverse  primer: CGCGGGCCCGGCTTTACCAACAGTACCGGAATGCCAAGCTTACT
TAGATCG). The forward and reverse primers, respectively, contained Sall, Xbal, Bglll and
Apal sites. 5 PCR cycles were used for the generation of the TATA fragment generation
(denaturation at 96 °C for 1min, annealing at 60 °C for 30 sec and extension at 72 °C for 1 min).
TATA PCR products were purified by phenol: chloroform extraction and ethanol precipitation.
After purification, 20 pl of purified DNA (TATA) were first digested with Sall and then with
Apal for 4 hours at 37 °C and 5 pl of the plasmid, pKS+_ ERE were digested with Sall and then
with Apal for 4 hours at 37 °C. The insert (a second fragment, TATA) and vector (pKS+
plasmid with 3ERE) were purified and ligated overnight at 4 °C. The ligation product was
transformed into E. coli competent cells (JM109 competent cells). The transformed cells were
grown overnight on LB agar plates containing ampicillin at 37 °C in the incubator. 24 clones
were randomly selected for overnight culture. Successful insertion of TATA was confirmed by

digestion with Kpnl and Sacl for 1 hour at 37 °C and run on a 1% agarose gel.

Construction of the pKS+ ERE-TATA-Gal4ff
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A third fragment called Gal4ff was amplified by PCR using primers (Forward primer:
GCCGGGCCCGCCACCATGAAGCTACTGTCTTCT and reverse primer: CGCGGTACCGA
TTAGTTACCCGGGAGC) and pCS2+Gal4ff as template. The following conditions were used
for 25 PCR cycles : denaturation at 96 °C for 1min, annealing at 60 °C for 30 sec and extension
at 72 °C for 1 min. Gal4ff PCR products were purified by phenol : chloroform extraction and
ethanol precipitation. PCR product and the plasmid, pKS+_ERE-TATA, were first digested
with Apal for 2-3 hours at 37 °C, purified and then digested with Kpnl for 2-3 hours at 37 °C.
The insert (the third fragment, Gal4ff) and vector (pKS._ERE-TATA) were purified and ligated
overnight at 4 °C. The ligation product was transformed into E. coli competent cells (JM109
competent cells). The cells were grown overnight on LB agar plates containing ampicillin at
37 °C. Twenty-four clones were randomly taken for overnight culture. Successful insertion of
Gal4 was confirmed by digestion with Kpnl and Sacl for 1 hour at 37 °C and assessing the

products on a 1% agarose gel. Positive clones were sequenced using T7 primers.

Construction of the pCS2+ERE-TATA-Gal4ff

The plasmid pKS+_ 3ERE-TATA-Gal4ff lacked a polyadenine (Poly-A) tail. To add the
poly-A tail at the end of the Gal4ff transgene, the DNA fragment containing ERE-TATA-Gal4ff
was transferred into pCS2+ vector. The plasmid pKS+_3ERE-TATA-Gal4ff was then digested
with BamHI and Xhol for 2-3 hours at 37 °C. The BamHI and Xhol fragments of pKS+_ ERE-
TATA-Gal4ff were inserted into a PCS2+ plasmid by digestion with BamHI and Xhol. This

plasmid was named pCS2+ ERE-TATA-Gal4ff.

Construction of pTol2-ERE-TATA-Gal4ff

To move all DNA elements into a vector which has Tol2 transposon system, The DNA
fragment containing 3ERE-TATA-Gal4ff including the polyadenine (Poly-A) tail in the
pCS2+ ERE-TATA-Gal4ff was digested and was inserted into the BamHI and Notl sites of the
plasmid pBR322 vector, the latter of which already contained the Tol2 transposable element.

The insertion of 3ERE-TATA-Gal4ff including the poly-A tail was confirmed by digestion with
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Xhol. Positive clones were sequenced by specific primers which we designed (upstream primer
CGATGATTTCGATCTCGA downstream primer ATCGCATGCTTGTTCGAT). This plasmid
was named pTol2_3ERE-TATA-Gal4ff. When each fragment was inserted into the vector, the
sequence was checked each time. All procedures (gel extraction kit, QIAprep Spin Miniprep Kit
(Qiagen), Alkaline lysis, restriction digestion, ligation, transformation and culture) are provided

in the general materials and methods chapter (Chapter 2).

2-2. In-situ hybridisation

We examined the effectiveness of the pKS+_ERE-TATA-Gal4ff using in situ hybridisation
on embryos to detect induction of Gal4 as a probe to ensure the plasmid was functional. There
are two different ways to generate templates for RNA probe synthesis: One is digestion of DNA
and the other is to use PCR. In case of DNA digestion, T7, T3 or Sp6 primer sequences are
required in the 3’ side of the gene in the plasmid. Otherwise, we amplified the cDNA using PCR
with gene specific primers with T3 primer sequence combined at the end of the gene-specific R-

primer. PCR reaction was carried out using specific primers as follows:

ER o forward primer: GGATCCATTAACCCTCACTAAGGTCAGGGGTCAGGGCTATG

ER a reverse primer: CCGTCGACGCCACCATGTACCCTAAGGAGGAGCAC

The cycle conditions for Gal4 were: 25 cycles, denaturation at 96 °C for 1 min, annealing at
60 °C for 30 sec and extension at 72 °C for 1 min. 100 ul of the PCR products were purified by
phenol: chloroform extraction and ethanol precipitation. The probe was then prepared using the
following protocol: 20 ul reaction mixtures were prepared and included Dig labeling mix,
RNAse inhibitor and T3 polimerase. The mixture was incubated for 5 hours at 37 °C and then, 2
pl of DNase was added and incubated for 1 hour at 37 °C. Next, 30 pul of water were added. 4M
LiCl and ethanol were added to the mixture and then, the mixture was centrifuged for 5 minutes.
After centrifugation, the pellet was dried for 10 minutes at room temperature and 20 pl of water

added. 1 pl of RNA was run on an agarose gel to check the quality of the RNA and the
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remainder was dissolved in 20 ul of hybridisation buffer (50 % formamide, 5X SSC, 5 mM
EDTA, 0.1 % Tween 20, Heparin (50 pl/ml) and Torula RNA 1mg/ml). Lastly, the ERa probe

was diluted 100X in hybridisation buffer just prior to use.

In order to detect Gal4 expression in zebrafish embryos, in-situ hybridisation was performed
using the following method (devised in the laboratory of Toyama, Itoh and Steve). Embryos
were fixed in 4% Paraformaldehyde (PFA)/ Phosphate buffered saline (PBS) and stored
overnight at 4 °C. The chorion was removed the following day using Phosphate buffered saline
Tween-20 (PBST) and the de-chorionated embryos were placed into methanol at -20 °C until
analysis. Embryos were washed in PBST for 1 hour at 65 °C. 1 ul of the solution containing
Digoxigenin labelled ER a probe (100X) was added to 200 ul of hybridisation buffer and
incubated at 80-90 °C for 10 minutes, then the reaction was placed on ice for 5 minutes. Pre-
hybridisation buffer was removed from embryos, and the ER a probe was diluted 200X in the
hybridisation buffer. The embryos were incubated with the probe overnight at 65 °C. The next
day the embryos were washed with buffer containing 2X sodium chloride-sodium citrate buffer
(SSC), 50% formamide and 0.1% Tween 20 for 1 hour, then with 2X SSC containing 0.1%
Tween 20 for 30 minutes, and 0.2X SSC including 0.1% Tween20 twice for 30 minutes. The
embryos were then washed with Malic Acid Buffer (MAB) for 10 minutes. Blocking solution
(2.5 ml of Goat serum, 47.5 ml MAB+ 1 g blocking reagent) was subsequently added for 1h
hour and then anti-Digoxigenin Antibody (AB) was added for 3-4 hours at room temperature.
Anti-Digoxigenin antibody stock was diluted 50X with blocking solution and diluted 5000X for
use. AB was removed and the embryos were washed PBST twice for 30 minutes. They were
incubated overnight at 4 °C and the next day they were washed with PBST for 30 minutes. After
washing with PBST, Alkaline Phosphatase (AP) buffer was added to wash for 10 minutes. For
staining, AP buffer was removed, and the embryos added to BM purple (AP substrate) to
visualise signals. This was done in to 24 well plates and after staining, the embryos were

washed with PBST for 10 minutes and then, washed with PFA and stored at 4 °C.
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Chemicals

17B-oestradiol (E2) (98% purity) and 17a-cthynyloestradiol (EE2) (>98% purity) were

purchased from Sigma Chemical Co.Ltd. The stock solutions of EE2 and E2 were prepared in

acetone at a concentration of 1 ug/ml and diluted as required for the embryo exposures.

Chemical stock solutions were stored at 4 °C, until required for the exposures. Prior to exposure,
the solvent was evaporated under a stream of nitrogen and the working solutions made up with

water and stirred vigorously for 1 day.

Chemicals were added to glass Petri dishes in the treatment solutions. Forty embryos per
concentration were exposed for up to 72 hours at 28 <C. All experiments were run in duplicate

and were repeated at least five times.

Microinjection and exposure

UAS-GFP Zebrafish were maintained at 28 + 1 C under a 14h light/ 10h dark photoperiod
and were fed Tetramin dry tropical flake food (Tetramin; Tetraweke, Melle, Germany) twice a
day. Fertilised UAS-GFP zebrafish eggs were collected within 10 minutes of fertilisation. The
plasmid pKS+_ ERE-TATA-Gal4ff was digested with BamHI for 2 hours and then, purified by
phenol: chloroform extraction and ethanol precipitation. The concentration of DNA (20ng/ul or
80ng/ul of linearised plasmid pCS2+_ERE-TATA-Gal4ff) was examined for injection to
embryos without being toxic. We also examined the percentage survival between wild type
embryos and the embryos with the plasmid. After finding an ideal concentration for injection,
the linear plasmid was injected into 1-2 cell staged transgenic UAS-GFP (green fluorescent
protein) zebrafish embryos. The concentration of plasmid was 18ng/ul and phenol red dye (red
dye is used for visualisation) was added to make the solution visible to aid the injection work.
Embryos were microinjected at the 1-2 cell stage with 2nl DNA using microinjector
(INTRACEL, PICOSPRITZER® I1I) under a dissecting microscope (NIKON SMZ1500), and

the injected embryos were exposed to E2 (1000 and 100 ng/L) or pure water for 24 hours at
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28 °C for in-situ hybridisation. The plasmid pCS+ ERE-TATA-Gal4ff was digested with
EcoRV for 2 hours and then, purified using phenol: chloroform extraction and ethanol
precipitation. The linear pCS+_ERE-TATA-Gal4ff was injected into 1-2 cell stage which were
then treated with E2 (1000, 100 and 10 ng/L), EE2 (1000, 100 and 10 ng/L) or pure water for 24
hours at 28 °C after which green fluorescence was observed under a microscope. The
pTol2_ERE-TATA-Gal4ff was injected into 1-2 cell stage embryos and the injected embryos
were exposed to 100 ng EE2/L for 72 hours at 28 °C and the green fluorescence observed under

a microscope
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Results

The progressive construction of the five constructs called, pKS-3ERE, pKS-3ERE-TATA,
pKS-3ERE-TATA-Gal4ff, PCS-ERE-TATA-Gal4ff and pBR_3ERE-TATA-Gal4ff, the final of

which was used in a transient assay and for the generation of TG fish is shown in Figurel.

Construction and testing of the pKS2+_ERE-TATA-Gal4ff

In the first instance, specific primers of EREc38 were used in PCR reactions to produce the
required EREs (Figure 2). The centre-to-centre spacing of the consensus EREs and the distance
between adjacent half-ERES in these constructs was 38 nucleotides. We optimised and found 8
PCR cycles was the most effective condition to generate the 3ERE. DNA bands representing
2ERE, 3ERE and 4ERE were produced successfully (Figure 3) and were cut from the gel and
then inserted into pBluescript 1l KS+ [pKS(+)] with Smal (Figure 1B). The constructs
containing EREc38 were called pKS(+) 2EREc38, pKS(+) 3ERECc38, pKS(+) 4EREC38 (Figure
4). After checking the three different ERE constructs, the 3ERE sequence was chosen to make
our plasmid because it has been shown to be more sensitive to oestrogenic compounds
compared to the other ERE repeats (2ERE and 4ERE) in a cell culture system (Santhya et al.,

1997).

A total of 14 clones were subcloned and 10 clones were positive (i.e. the vector pKS(+)
contained the insert 3ERE.). Four of them were sequenced and mutations had occurred in some
of these, but we found some constructs with no insertion mutation. After the 3ERE fragment
was subcloned into the vector (pKS-ERE, Fig. 1B), a second fragment, TATA, was inserted into
pKS-ERE (Figure 1C). TATA was inserted into pKS-ERE in the Sall and Apal sites. Many
mutations occurred as did inappropriate orientations by inserting the TATA fragment. A total of
22 clones were subcloned and 19 clones were positive. Ten clones were found to have the
insertion in the right direction. The right orientation of the TATA fragment in pKS-ERE was
confirmed by digestion with Kpnl and Sacl. The size of the insert when it was incorporated in
the right direction was 288bp (204bp corresponded to an insertion in the wrong direction)
(Figure 5).
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After successful insertion of TATA, Gal4ff was inserted into pKS2+_ERE-TATA at the Apal
and Kpnl sites (Figure 1D). A total of 8 clones on the LB plate were subcloned and successful
insertion of Gal4 was confirmed by digestion with Kpnl and Sacl. There were 4 positive clones
and these were checked and the sequence and two of them had no mutation. The plasmid which
contained the oestrogen responsive element (ERE), TATA and Gal4ff was called pKS-ERE-

TATA-Gal4ff (Figure 1E, and 6).

In situ hybridisation

There was no expression of the Gal4 gene in the control group. However, there was
expression in both of the E2 treated groups. The expression of the Gal4 gene in the embryos
which were exposed to a high E2 concentration showed mosaic patterns in the skin and yolk (i.e.
they showed ubiquitous expressions in the yolk) (Figure 7). The whole-mount embryos showed

a E2-concentration dependent induction of Gal4 mRNA-expression.

Construction and testing of the pCS2+_ERE-TATA-Gal4ff

After the construction of the pKS+_ERE-TATA-Gal4ff, we still needed to add two more
elements (poly A and Tol2) to generate an effective transgenic vector. For that reason, the
plasmid pKS+_ 3ERE-TATA-Gal4ff was, after digestion with BamHI and Xhol, inserted into a
pCS2+ plasmid. (Figure 1F). A total of 22 clones were subcloned and 8 clones were positive (i.e.
the vector pCS2+ contains the insert ERE-TATA-Gal4ff.). All of them were checked for the
appropriate sequence. The rate of insertion mutation was in 1 out of 8 and eventually we found a

clone that contained no insertion mutation. It was called pCS2+_ ERE-TATA-Gal4ff (Figure 8).

95 % of the embryos injected with 80 ng/pl of DNA (the plasmid) died, but those alive
showed an abnormal development (Figure 9). The injection amount was thus reduced to
20ng/ul., and this resulted in no adverse effects. Both groups (wild type embryos and the

embryos with the plasmid) showed that the injection process itself had no harm (Figure 9). Our
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results show that injection of 20 ng/ul of the plasmid was not toxic and provided an adequate

concentration of DNA in the embryos.

Transient expression detected via green fluorescent protein

There was no GFP expression detected in embryos in unexposed controls (Figure 10A), but
GFP expression was strongly induced in the anterior and posterior parts of the body in 24h
embryos after EE2 exposure at 100 ng /L and 1000 ng /L (Figure 10C-D). The number of cells
expressing GFP showed a concentration related response across the different oestrogen
treatment groups. A weak expression only of GFP was observed in the 10 ngEE2/L treatment
(Figure 10B). In contrast with EE2, no GFP expression was detected in the low E2
concentration group (10 ngE2/L) (Figure 10F). However, specific and mosaic expression of
GFP was detected in the lens, skin epithelium and many other cells in both the low (100
ngE2/L) and high (1000 ngE2/L) treatment groups after 24h exposure (Figure 10G-H). There
was no morphological effect and mortality due to oestrogen treatment and/or the microinjection

procedure. Yolk region showed a low background autofluorescence in all treatment groups.

Construction and testing of the pTol2_ERE-TATA-Gal4ff

The final construct contained Tol2 (pTol2_ERE-TATA-Gal4ff) (Figure 11) in an attempt to
enhance the frequency of transgenesis and to improve the sensitivity of the oestrogen detection
system (Figure 1G and 12). We used the transient expression assay in response to oestrogen in
UAS-GFP transgenic zebrafish to assess whether this construct could reduce mosaicism and
show tissue specific expression. GFP expression occurred at 24 hours post fertilisation (hpf) in
embryos injected with the construct pTol2_ERE-TATA-Gal4ff, but it was still in a mosaic
expression pattern in the skin. In embryos injected with the construct pTol2_ERE-TATA-
Gal4ff there was specific tissue expression at 72 hpf (Figure 12). This was not the case with the
injections with the linear plasmid pCS2+_ERE-TATA-Gal4ff (Figure 8). No GFP expression
was detected in the unexposed controls, but GFP expressing cells were observed in the heart,

otic vesicle, somite muscle in embryos exposed to 100 ngEE2/L (Figure 12). GFP expression in
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the heart was confirmed by the periodic contractile movement of the GFP expressing cells in

synchrony with the heart beat in the live injected larvae.
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Discussion

The main aim of this study was to generate and validate (test progressively) several
transgenic plasmid vectors (in transient assays) for the eventual production of a ERE TG
zebrafish. In this process we used all of the available information to decide on what insert
features would likely make the most efficient construct. Using MCF-7 human breast cancer
cells, Sathya and co worker’s research (1997) demonstrated that three copies of the ERE
produced an enhanced expression compared with 2 or 4 EREs, especially in response to E2.
These data (Sathya et al., 1997) suggested that 3EREs are optimal for induction of an
oestrogenic response. Similarly, Tyulmenkov et al. (2000) reported that both ERa and ERp
induce transcriptional synergy where there are three or four tandem copies of EREc38, but not
with two copies of an ERE. Given these findings, we therefore adopted the same formula (i.e.
3ERES) in our construct. We used Gal4ff despite many previous studies using the Gal4-
VP16/UAS system because Gal4ff is less toxic and more tolerable than GAL4-VP16 (Asakawa
et al., 2008). Previous studies have developed their own constructs for developing oestrogen
response systems such as pEREtata-LUC (Legler et al., 2000), pEGFP-ChgL (Ueno et al.,
2004), pZVTGL1-EGFP (Chen et al., 2009). Luciferase is very difficult to reliably measure in
live organisms (pEREtata-LUC) and the others (pEGFP-ChgL, pZVTG1-EGFP) are liver
specific genes. In addition, those systems also did not use the Tol2 vector system which has the

capability to enhance significantly the genomic integration of introduced DNA.

Construction and testing of the pKS+ ERE-TATA-Gal4ff

This in-situ hybridisation findings (for the plasmid pKS+_ERE-Gal4ff injected embryos
stained with the Gal4 specific in situ probe) suggested the suitability of our plasmid for making
transgenic zebrafish, although expression was weak in these preliminary studies possibly due to
the use of the incomplete plasmid without the poly A component. Weak ER gene expression
was observed in the low E2 concentration exposure from in-situ hybridation studies possibly
due to lack of poly-A which is important for RNA stabilisation.
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Construction and testing of the pCS2+ ERE-TATA-Gal4ff

Injection of embryos with the linear plasmid pCS2+_ERE-TATA-Gal4ff resulted in a strong
ectopic GFP expression at the 24 h stage. This expression was also observed in later embryo
stages. Such high and ectopic expression (the expression of a gene in an abnormal place in an
organism) might be due to the general promoter SV40 in the pCS2+ (Hyatt and Ekker, 1999).
Also, possibly because of this, pCS2+ has a high basal expression of GFP after injection. The
pCS2 vector is frequently used as a backbone for misexpression (wrong expression)
experiments (Rupp et al., 1994; Turner and Weintraub, 1994). The poly-A tail is added to
ensure a proper translation of the protein and is an important feature for both RNA stabilisation

as well as translation efficiency (de Moor et al., 2005; Fink et al., 2006).

The injection of linear plasmid in a transient assay has several drawbacks. For example, they
normally showed high mosaicism and variable ectopic expression and a very low percent of
integration. The reasons for this might include that the linearsied plasmid is concatemerised at a
high rate after injection (Viret et al., 1991). Multiple gene copies are randomly integrated into
the genome or placed as extrachromosomal DNA in the cell. To improve these problems, Tol2
transposon system has been adopted in zebrafish and other vertebrates and opened new
opportunities for transient assay and transgenic fish (Hamlet et al., 2006; Kawakami, 2007;
Kawakami et al., 2000; Sato et al., 2007). The Tol2 transposon system has been proved to
improve the low efficiency of integration of germline and reduce high mosaicismis (Kawakami
et al., 2000). The Tol2 system was therefore applied in the next step of construction to improve

mosaicism and efficiency of integration.

Construction and testing of the pTol2 ERE-TATA-Gal4ff

Injection of embryos with the plasmid pTol2_3ERE-TATA-Gal4ff showed tissue-specific
expression at the 72 h stage compared to injection of linear plasmid (pCS2+_ERE-TATA-
Gal4ff). These data proved that the Tol2 transposon system enhanced tissue-specific expression.

As a preliminary study, we tested the final plasmid pTol2_3ERE-TATA-Gal4ff and showed the
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final plasmid (pTol2_3ERE-TATA-Gal4ff) system worked well detecting oestrogenic responses.
We did not however, inject transposase mMRNA with pTol2_3ERE-TATA-Gal4ff which would
likely have resulted in a stronger and more specific tissue expression. Co-injection with the
plasmid containing the Tol2 element and transposase mMRNA produce more consistent
expression as the foreign DNA integrates very efficiently during early development (Kawakami
et al., 2000). Thus further investigation on this examining the responsiveness of the completed
construct pTol2_3ERE-TATA-Gal4ff with Tol2 transposase mRNA was conducted using the
transient expression assay in the next chapter. We also tested the construct in exposures to a
variety of oestrogenic endocrine chemicals. The construct was applied to generate transgenic

fish for studies in Chapter 5 and Chapter 6.

Concluding this chapter, results show that the plasmid containing pTol2_3ERE-TATA-Gal4ff
was responsive to oestrogen with potential use in a transient assay for screening chemicals with
oestrogenic activity using embryos and early life stages and with good potential to generate

ERE-TG fish.
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List of Tables

Table 1. Sequence of 3ERE_TATA_Gal4FF (Red : 3ERE, Grey : TATA, Blue : Gal4ff, pink

highlights: start codon (ATG) and stop codon (TAA).)

GGATCCCCCCTGAATGTGTTATTTTAGCTCAGGTCACTCTGACCTGGCTGAATGTGT
TATTTTAGCTCAGGTCACTCTGACCTGGCTGAATGTGTTATTTTAGCTCAGGTCACT

CTGACCTGGGGGCTGCAGGAATTCGATATCAAGCTTATCGATAC

GCCACCBAAGCTACTGTCTTCTATCGAACAAGCATGCGATATT
TGCCGACTTAAAAAGCTCAAGTGCTCCAAAGAAAAACCGAAGTGCGCCAAGTGTC
TGAAGAACAACTGGGAGTGTCGCTACTCTCCCAAAACCAAAAGGTCTCCGCTGACT
AGGGCACATCTGACAGAAGTGGAATCAAGGCTAGAAAGACTGGAACAGCTATTTC
TACTGATTTTTCCTCGAGAAGACCTTGACATGATTTTGAAAATGGATTCTTTACAGG
ATATAAAAGCATTGTTAACAGGATTATTTGTACAAGATAATGTGAATAAAGATGCC
GTCACAGATAGATTGGCTTCAGTGGAGACTGATATGCCTCTAACATTGAGACAGCA
TAGAATAAGTGCGACATCATCATCGGAAGAGAGTAGTAACAAAGGTCAAAGACAG
TTGACTGTATCGCCGGAATTCCCGGCCGACGCCCTGGACGACTTCGACCTGGACAT
GCTGCCTGCTGATGCTCTCGATGATTTCGATCTCGATATGCTCCCGGGTAACITAATC

GGTACC
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List of Figures

Figure 1. Construction of Reporter Gene Vectors with Oestrogen Responsive Promoter.

The first fragment containing 3ERE was inserted into a pBluescript 11 KS+ (pKS+) plasmid by
digestion with Smal (A). The vector, pKS+ plasmid containing 3ERE, was inserted with a
second fragment TATA, through digestion with Apal and Sall (B). A third fragment to be
inserted, Gal4ff, and vector (pKS+ plasmid with 3ERE and TATA) were digested with Apal
and Kpnl (C). Three oestrogen response elements (3ERE), TATA and Gal4ff were thus inserted
in the multiple cloning site (MCS) of the pBluescript Il KS+ (plasmid pKS_ 3ERE-TATA-
Gal4ff) (D). The BamHI and Xhol fragments of 3ERE-TATA-Gal4ff were inserted into a
PCS2+ plasmid by digestion with BamHI and Xhol (E). The BamHI and Notl fragments of
pCS2+_3ERE-TATA-Gal4ff including polyadenine (Poly-A) tail were inserted into the BamHI
and Notl sites of the plasmid pBR322 vector containing a Tol2 transposable element (plasmid

pPBR_Tol2_3ERE-TATA-Gal4ff) (F).

Figure 2. Scheme to generate multiple EREs by PCR. To generate 3 tandem repeats of EREc38,
the designed forward and reverse PCR primers encoded the full EREc38 sequence and an
additional first 13 base of EREc38. Therefore these two primer overlap with 26bp in a
complementary manner that allows annealing of these two primers. The first extension reaction
would generates a 2 tandem repeated ERE. The second PCR reaction allows some of the 2ERES
to anneal in a manner shown in the diagram that allows the extension to form 3ERE. By
optimising the cycle number of PCR (8 cycles), 3ERE was effectively amplified and the

appropriately sized PCR product was confirmed by agarose gel electrophoresis (Fig. 3)

Figure 3. Multiple ERE products derived from PCR of the EREc38 DNA sequence. Multiple
tandem copies of EREc38 (nEREc38, where n=number of ERE copies) were obtained by PCR.

Lane 1; 1 kb ladder (Promega), Lane 2 and Lane 3; ERE products. The dashed lined red
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rectangles represent the different multiples of the ERE. The sizes of the 2, 3 and 4ERES were
76 bp (base pairs), 114bp and 152 bp, respectively. A 100 bp DNA ladder was used as a

molecular weight marker.

Figure 4. pBluescript 1l KS+ (pKS+) containing 2ERE, 3ERE and 4ERE which were digested
Xbal and Xhol, respectively. The dashed lined red rectangle represents the 3ERE fragment. The
dashed lined green and yellow rectangles represent the 2ERE and 4ERE, respectively. Lane 1,

PCR product containing different number of EREs without digestion of Xbal and Xhol.

Figure 5. The vector, pBluescript Il KS+ (pKS+) containing 3ERE, and a second fragment
TATA, were digested with Apal and Sall. Lane 1, 1kb ladder, Lanes 2-11, individual clones.
Successful insertion of TATA was confirmed by digestion with Kpnl and Sacl. The green lined
rectangle represents the vector (pKS+) and the insert (3ERE+TATA). Red rectangles illustrate

where the insert was in the right orientation (288 bp). Wrong orientation size: 204 bp

Figure 6. The pKS+_3ERE3TATA-GALA4ff construct: The insert (a third fragment, Gal4ff)
and vector (pKS+ plasmid with 3ERE and TATA) were digested with Apal and Kpnl.
Successful insertion of Gal4ff was checked by digestion with Kpnl and Sacl. The first and third
lanes represent where the pKS+ plasmid did not contain the insert, 3ERE and TATA. The size

of this digested fragment was 836 bp. Lane 1; 1 kb ladder, Lanes 2-5; individual clones.

Figure 7. Transient Gal4 expression assay using in-situ hybridisation.
Linearised plasmid pKS+_ ERE-TATA-Gal4ff was injected into 1-2 cell stage zebrafish

embryos and the embryos were exposed to E2 at 100 ng/L or 1000 ng/L (B,C) or to
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water (A). Embryos were fixed 24 h after injection. (Ai-Aii) None exposed injected embryos

(Bi-Bii) 100ng E2/L-exposed injected embryos. (Ci-Cii) 1000ngE2/L-exposed injected

embryos. The expression of the Gal4 gene in the embryos exposed to 1000 ngE2/L-showed

mosaic pattern in the skin and yolk.

Figure 8. The pCS2+_3ERE-TATA-GALAff construct: 3ERE-TATA-Gal4ff was inserted into
a PCS2+ plasmid by digestion with BamHI and Xhol. The dashed green and red rectangles
represent the vector (pCS2+) and the insert (3ERE+TATA+Gal4ff), respectively. Lane 1, 1 kb

ladder, Lane 2-7, individual clones. The insert size was 437 bp.

Figure 9. Survivorship of embryos without (A) or with (B) injection of linear plasmid
pCS+_3ERE-TATA-Gal4ff after exposure to 17p-oestradiol (E2). Embryos were collected and
exposed to 100 ng/L, or 1000 ng/L of E2, or to pure water. Embryos (n=50) were incubated at

28+/- 1 C for 24 h.

Figure 10. Transient expression assay using the linear plasmid pCS2+_ ERE-TATA-Gal4ff.
Fertilised UAS-GFP transgenic zebrafish eggs were microinjected at the 1-2 cell stage with the
plasmid pERE-TATA-GalFF. Injected embryos were exposed for 24 h to increasing
concentrations of the natural steroid oestrogen 17R-oestradiol (E2) (E-H) or the synthetic
oestrogen 17a-ethynyloestradiol (EE2) (A-D). These embryos showed ectopic mosaic
expression of GFP. The expression of GFP was concentration-dependent for the steroid

oestrogen exposures. A-H: 24 hpf-embryos injected with PCS2+_ERE-TATA-Gal4ff.
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Figure 11. The pBR322Tol2_3ERE-TATA-Gal4ff construct: The insert (3ERE, TATA, Gal4ff
and polyadenine (Poly-A) tail) were inserted into the BamHI and Notl sites of the plasmid
vector pBR322, the latter of which already contained the Tol2 transposable element. The
insertion of 3ERE-TATA-Gal4ff, including the poly-A tail, was confirmed by digestion with
Xhol. The dashed green and red rectangles represent the vector (pBR322_Tol2) and the insert
(BERE+TATA+Gal4ff+ Poly-A tail), respectively. 1 kb ladder, Lane 2-7, individual clones.

The insert size was 1076 bp.

Figure 12. Transient expression assay using the plasmid pTol2-ERE-TATA-Gal4ff. Fertilised
UAS-GFP transgenic zebrafish eggs were microinjected at the 1-2 cell stage with the plasmid
pTol2-TATA-Galff. Injected embryos were exposed for 72 h post-fertilisation to the synthetic
oestrogen 17a-ethynyloestradiol (EE2) at 100 ng/L or to embryo culture water. There was no
GFP expression in the control whereas tissue specific GFP expression was observed in the heart
(h), otic vesicle (ov) and somite muscles (sm) by EE2 exposure. Ai and Aii: anterolateral view

(control) Bi and Bii: anterolateral view (EE2)
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Scheme to generate multiple EREs by PCR
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CHAPTER 4

Development of a transient expression assay employing a Gal4ff-UAS system for detecting

environmental oestrogens in zebrafish and medaka embryos

Abstract

Oestrogenic contaminants are widespread in the aquatic environment and diverse in nature,
and include both natural and synthetic chemicals. Environmental oestrogens have been shown to
induce adverse effects in exposed fish, particularly affecting reproductive development and
function. Here we developed a transient expression assay to investigate the effects of
oestrogenic chemicals in fish early life stages and to identify sensitive target organs for
oestrogenic effects. In an attempt to enhance the response sensitivity to oestrogen, we adopted
the use of multiple tandem oestrogen responsive elements (EREc38) in a Tol2 transposon
mediated Gal4ff-UAS system. The plasmid constructed (pTol2_ERE-TATA-Gal4ff), contains
three copies of oestrogen response elements (3ERE) that on exposure to oestrogen induces
expression of Gal4ff which in turn binds Gal4-responsive Upstream Activated Sequence (UAS)
elements, driving the expression of a second reporter gene, EGFP (Enhanced Green Fluorescent

Protein).

We examined the response of our construct to oestrogen exposure in zebrafish embryos using
a transient expression assay. The plasmids were injected separately into 1-2 cell staged zebrafish
embryos, and the embryos were exposed to various oestrogens including the natural steroid
oestrogen 17B-oestradiol (E2), the synthetic oestrogen 17a-ethynyloestradiol (EE2), and the
weak environmental oestrogen nonylphenol (NP), and GFP expression was examined in the
subsequent embryos using a fluorescent microscopy. There was no GFP expression detected in
unexposed embryos, but specific and mosaic expression of GFP was detected in the liver, heart,
somite muscle and many other cells for both steroid oestrogen treatments (EE2; 10 ng/L, EZ2;

100 ng/L, after 72h exposures). For the NP exposures, all embryos died at the highest
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concentration tested (100 ug/L) after 72h, but GFP expression was observed at an exposure of
10 pgNP/L. We also showed that our construct works in medaka, another model fish test species,
suggesting the transient assay is applicable for screening of oestrogen chemicals in fish
generally. Our results indicate that the transient expression assay system can be used as a rapid
integrated screening system for environmental oestrogens and to detect the oestrogenic effects

on embryo development in fish.

Keywords: Oestrogenic endocrine disrupting chemicals; Oestrogen response elements; UAS-

GAL4; transient expression assay, zebrafish.
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Introduction

Decades of research have shown that a number of natural and man-made chemicals interfere
with the endocrine system and can result in adverse health effects in humans, mammals and fish
(Andersen et al., 2003; Carlsen et al., 1992; Christin et al., 2003; Jobling et al., 2006). Wildlife
living in, or closely associated with the aquatic environment have been shown to be especially
impacted by these so-called endocrine-disrupting chemicals (EDCs), because our freshwaters,
estuaries and oceans act as sinks for chemical discharges (Goodhead and Tyler 2009).
Oestrogenic EDCs in the environment are of particular concern. Endogenous oestrogens are a
group of closely related steroid hormones essential in the development and functioning of the
reproductive system. Extensive work has been conducted on natural (e.g. 17p-oestradiol) and
synthetic oestrogens (e.g. 17a-ethinyloestradiol from the contraceptive pill) and their
interactions in the vertebrate body, including their tissue distributions, mechanisms of action
and pathways of elimination (Blechinger et al., 2002). Furthermore, adverse effects of exposure
to environmental oestrogens have received considerable research attention in a number of
animal species, but this work is largely restricted to adults and juveniles (Filby et al., 2010;
Garcia-Reyero et al., 2009), and there has been little study of effects on embryos. Nothing is
known regarding the relative sensitivities of the different cell types and tissues to oestrogenic
EDCs, or other contaminants, during embryogenesis. In spite of the widespread concern for
EDCs in the aquatic environment, there are very few bioassay systems that are sufficiently
sensitive for accurate prediction of adverse biological effects. Moreover, conventional methods
of EDCs detection such as tissue culture (Bruschweiler et al., 1996) and in vitro techniques
(Chen et al., 2009; Mazurais et al., 2000) are limited in their capacity to elucidate oestrogen

signalling pathways and physiological impacts.

Teleost fish have three oestrogen receptors (ER), ERalpha, ERbeta-1 and ERbeta-2, that
show tissue specific patterns of expression and function in adults (Hawkins et al., 2000; Kuiper
et al., 1998; Sun et al., 1999). The different ER subtypes are also widely expressed in body
tissues in early life stages, from embryos to young larvae (Tingaud-Sequeira et al., 2004),

suggesting crucial roles of these signalling pathways in early development. Indeed, recently it
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was found that knockdown of ER-beta2 in the zebrafish suppressed normal development of the

lateral line neuromast cells (Froehlicher et al., 2009).

Endogenous oestrogen receptors activated by oestrogenic chemicals bind to these oestrogen
response elements within regulatory regions of oestrogen-responsive genes. Response elements
are recognized by nuclear transcription factors, including members of the steroid/nuclear
receptor super family that then, together with various other regulatory factors mediate

transcription of the associated downstream genes (Lefstin and Yamamoto, 1998).

The adopted model in this work, the zebrafish (Danio rerio) has become one of the most
commonly used animals for examining effects of aquatic pollutants (Hallare et al., 2004).
Furthermore, with the available genomic resources and suitability of this species for molecular
manipulations, the zebrafish has been adopted more widely for research in developmental
biology and understanding of disease processes. The medaka (O.latipes) is another model
species widely used in ecotoxicology research and for the development of transgenic techniques.
These two species are easy to breed in the laboratory, have a short life cycle, and their embryos
are transparent. Many studies have shown that early life stages of fish have the greatest
sensitivity to environmental contaminants (Hamm et al., 2001; Panter et al., 2006; Purdie et al.,

2009).

Zebrafish and medaka are highly suitable for GFP expression studies, and the use of tissue-
specific promoters has become a powerful tool for studies on endogenous gene expression
(Higashijima et al., 1997) and to analyse the function of promoters (Hall et al., 2007; Mattingly
et al., 2001; Zhang and Xu, 2009). The transgenic fish has become an established technique in
developmental analyses, and generally includes using a specific promoter and a green
fluorescent protein (GFP) or a luciferase reporter gene. To improve the efficiency of the
sensitivity, tissue specificity and ease of generating transgenic fish, various manipulated gene
systems have recently been introduced. One of these is the Gal4-UAS system. This is now used
wildly for the overexpression of transgenes in various transgenic animals, including zebrafish

(Asakawa and Kawakami, 2008). This system comprises a two-part expression system that
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utilises the yeast transcription activator protein Gal4 and its target sequence UAS (Upstream
Activated Sequence), to which Gal4 binds to activate gene transcription (Duffy, 2002; Hartley
et al., 2002). It has also been reported that use of Tol2 can increase transposition efficiency
enhancing the generation of transgenic fish (Kawakami et al, 2004). The Tol2 transposon
system, originally identified in the medaka (Koga et al., 1996), has been used to enhance the
success rate of DNA integration into the zebrafish genome (Kawakami et al., 2000, 2004). This
is illustrated in the work of Kawakami et al. (2004) and Stuart et al. (1988) where used of Tol2

increased the transgenesis rate of linear DNA from 5% to 50 %.

Transgenic zebrafish have considerable potential for use in aquatic ecotoxicology to screen
and test for hormone mimics and potentially to develop a more advanced system for assessing
health impacts of chemicals. As a consequence there has been considerable activity in a number
of laboratories to develop transgenic zebrafish as tools for screening and testing of chemicals.
Only a small number of studies, however, have used transgenic fish for investigating the effect
of real world environmental pollution mixtures. Transgenic fish have the advantage that tissue
specific effects of EDCs can be identified to allow for more directed and detailed studies to
inform on health outcomes. However, it is time consuming, both to produce and maintain the
stable transgenic lines. There are also moderately high associated costs with maintaining those
lines. As a consequence, a number of studies have investigated the use of transient expression
assays to examine the spatial and temporal expression of reporter genes that are fused to the
regulatory regions of various genes in zebrafish embryos. To date, biosensor TG fish have only
been generated in the zebrafish and medaka, and such technology has not been applied widely to
other fish species. In theory, however, having developed the technology for these model species,
it would be possible to develop a functional ‘transient assay’, by which vector DNA is
transiently introduced into the fish embryo, in almost any fish species, and thus examine the

effect of chemical exposure specifically in those fish species.

To date, there have not been any reported transient expression assays for the detection of
EDCs. The transient expression assay process normally involves the injection of fertilised

embryos with a construct and followed by assaying of the response (e.g. GFP or Luciferase)
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once the embryos/larvae have reached the desired stage of development. A major advantage of

the transient assay is the rapidity of analysis and the potential for high analysis throughput.

Here we developed a novel transient assay system using a synthetic oestrogen responsive
element, Tol2 and Gal4-UAS systems and the GFP reporter gene, responsive to environmental
oestrogen and investigated the functional capability of this construct using a transient
expression assay using green fluorescent microscopy in zebrafish embryos/larvae. The aim of
this study was to develop a quick and robust transient assay system to examine the oestrogenic
activity of various EDCs using fish embryos. Here we provide the proofing of our vector system

in transient expression assays in two different fish species, the zebrafish and medaka.
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Materials and Methods

DNA construct for developing the transgenic zebrafish

The construct, called pTol2_3ERE-TATA-Gal4ff was based on the sequence of EREc38
(EREc38 5’- CCAGGTCAGAGTGACCTGAGCTAAAATAACACATTCAG-3’) published by
Sathya et al. (1997). The construct was generated by Polymerase Chain Reaction (PCR) using

primers (upstream primer CCAGGT CAGAGTGACCTGAGCTAAAATAACACATT

CAGCCAGGTCAGAGTG and downstream primer CTGAATGTGTTATTTTAGCTCAGG

TCACTC TGACCTGGCTGAATGTGTTAT). The following conditions were used for 8
PCR cycles : denaturation at 96 C for 1min, annealing at 60 C and extension at 72 9 for 1 min.
Multiple tandem copies of EREc38 (nEREc38, where n = number of ERE copies) were obtained
by PCR. EREc38 oligomers were prepared by restriction digestion of the 3ERE with Smal. The
reporter gene vector pKS(+) was digested with Xhol and Xbal. After obtaining the 3ERE
fragment, a second fragment called TATA was constructed following the same protocol, using
the following primers: (upstream primer GGCGTCGACTCTAGAGGGTAT
ATAATAGATCTGCGATCTAAGTAAGCTTGG downstream primer CGCGGGCCCGGC
TTTACCAACAGTACCGGAATGCCAAGCTTACTTAGATCG). TATA was digested with
Apal and Sall. Gal4-ff (amplified by PCR wusing primers: upstream primer

GCCGGGCCCGCCACCATGAAGCTACTGCTGTCTTCT downstream primer CGCGGTA

CCGATTAGTTACCCGGGAGC) was inserted into the vector which already contained the
3ERE and TATA. The BamHI and Notl fragments of p3ERE-TATA-Gal4ffwere inserted into
the BamHI and Notl sites of the plasmid pBR322 vector, the latter containing the Tol2
transposon. The positive clones were confirmed by sequencing. The resulting plasmid was

called pTol2_3ERE_Gal4ff.

Fish maintenance and microinjection of embryos with DNA
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Zebrafish were maintained at 28 £ 1 QC under a 14h light/10h dark photoperiod and were fed
Tetramin dry tropical flake food (Tetramin; Tetraweke, Melle, Germany) twice a day. Fertilised
zebrafish eggs were collected within 20 minutes post-fertilisation. Medaka were maintained at
28 «C on a 14:8 light:dark cycle. All adult medaka in this study were fed Artemia twice a day.
The concentration of plasmid was 20 pg/nl and 0.05% phenol red was added to make the
solution visible. Under a dissecting microscope, fertilised eggs were placed in injection plate
and eggs were microinjected with a syringe into the centre of the cell over the yolk-cytoplasm
boundary. Embryos were microinjected at the 1-2 cell stage with 2 nl DNA using a
microinjector (INTRACEL, PICOSPRITZER® I11). Some of the embryos were also exposed to

various chemicals as detailed below.

Chemicals

17B-oestradiol (98% purity), 17a-oestradiol (>98% purity)) and 4-Nonylphenol (Acros
Organics) were purchase from Sigma Chemical Co. Ltd. The stock solutions of EE2, E2 and NP
were prepared in acetone and subsequently stored at 4°C, until required for the exposures. The
working solutions were prepared 3 days before use in the exposures. Prior to exposure, the
solvent was evaporated under a stream of nitrogen and the working solutions made up with

water and stirred vigorously for 1 day.

The nominal concentration of treatment solutions were as follows:

17p-oestradiol (E2): 1000 ng/L, 100 ng/L and 10 ng/L

170-oestradiol (EE2): 1000 ng/L, 100 ng/L and 10 ng/L

4-Nonylphenol (NP): 100 ug/L and 10 pg/L

Chemicals were dissolved in Fish water. Chemicals were added to glass Petri dishes from
treatment solutions. Fifty embryos per concentration were exposed for up to 72 hours at 28 <C.

All experiments were run in duplicate and were repeated at least seven times.

The transient expression assay using fluorescent microscopy detection
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The plasmid pTol2_ERE__ Gal4ff was mixed in a 1:1 ratio with the plasmid pTol2_UAS-GFP
and then mixed with transposase mRNA in a ratio of 1:2. The mixture was microinjected
(20pg/nl) into 1-2 cell stage embryos of zebrafish. Injected zebrafish embryos were cultured for
up to 72 hours (zebrafish) with and without exposure to E2, EE2 and NP, and GFP expression
examined by fluorescence microscopy (Leica DMI 4000 B). In the studies with medaka, the
plasmid pTol2_ERE_ Gal4ff with transposase mRNA was mixed in a 1:1 ratio with the plasmid
pTol2_UAS_GFP and this was then injected into 1-2 cell stage medaka embryos (20 pg/nl).
Injected medaka eggs were exposed to EE2 (100 ng/L) and embryo culture water for 11 days at
28 «C (x1°C). GFP expression was observed under a fluorescent microscope (NIKON

SMZ1500).

Synthesis of transposase mMRNA

Transposase mMRNA was synthesised in vitro using pCS-TP which carries Tol2 transposase
cDNA. The plasmid pCS-TP was digested with Notl and purified by phenol : chloroform
extraction and ethanol precipitation. RNA synthesis was performed using mMessage mMachine
SP6 kit (Ambion). The synthesized mRNA was purified with Quick spin column for
radiolabeled RNA purification (Roche), purified by phenol : chloroform extraction and by the
subsequently ethanol precipitated. The RNA precipitated was suspended in distilled water and

used for co-microinjection with pTol2_ERE_Gal4ff.

Western blot analysis

Western blot analysis was employed to quantify GFP expression. Embryos were transferred
to a 1.5ml tube filled with lysis buffer (2x sample buffer, 2-Mercapto ethanol and distilled
water), incubated at 95 °C for 5 minutes and the vessel tapped to get them to the bottom of tube.
Samples were homogenised five times and centrifuged for 1 min at 1000 rpm. Protein samples
were applied to 5% polyacrylamide-SDS gel and subjected to electrophoresis at 110 V for 2

hour and separated proteins were transferred to nitrocellulose membrane. The membranes were

115



blocked for 1 hour in blocking solution (5% skimmed milk in 1x phosphate buffered saline
(PBS) + 0.1% Tween (PBSTXx)), and washed three times with distilled water (ddH,0). The
membranes were incubated overnight at 4 °C with primary antibody, rabbit anti-GFP (ams
Biotechonology), diluted 1:2500 in blocking solution. The membranes were washed for 3 x 15
minutes in PBSTx. The membranes were incubated with HRP-Goat Anti-Rabbit IgG
(Invitrogen, Carlsbad, U.S.A) at 1:2000 in blocking solution for 2 hours and then washed 3 x
15 minutes in PBSTx again. For detection, Western blotting luminol reagent (Thermo
Scientific) was wused. The intensity of GFP was analysed using Image J
(http://rsbweb.nih.gov/ij/), normalised to the intensity of alpha-tubulin band and indicated as

fold increase in GFP over the level in control larvae.
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Results and Discussion

Construction of Reporter Gene Vectors with Oestrogen Responsive Promoters

With a plan to develop a rapid and sensitive transient expression assay system to evaluate the
oestrogenic activity of environmental chemicals in different fish embryos, we utilised a Gal4ff-
UAS system that incorporates a two-step signal amplification process and a synthetic oestrogen
responsive element with 3ERES. A major aim in this initial work was to make a construct that
was highly responsive to oestrogenic EDCs and in doing so, establish the optimal oestrogen
response elements (ERES) for the most effective promoter. In this work, we then examined the
responsiveness of the oestrogen response elements during specific stages of development in
zebrafish using a transient expression assay. Finally, we tested our plasmid in another fish
species, the medaka, to show that transient expression assay is suitable for observation of effects

of oestrogen compounds in other fish test species.

The construct produced for detecting oestrogen is shown in figure 1. Specific primers of
EREc38 were run in PCR reactions to produce the EREs. The EREs were 38 base pair (bp)
sequences that consisted of a 17-bp inverted repeat 5°>-CAGGTCA nnn TGACCTG-3’ followed
by an AT-rich sequence. A few studies have made TG fish for screening of oestrogen chemicals
using different promoters, including, vitellogenin(\Vtg), choriogenin L (ChgL) gene and
aromatase promoters. Legler et al. (2000) developed a transgenic zebrafish line that expressed
the reporter gene luciferase (LUC) for examining estrogenic compounds. Although the construct
they used, pEREtata-LUC, was sensitive, luciferase cannot be measured in live organisms,
therefore the fish had to be killed to assay for the response. In contrast, GFP can be detected in
living cells/organisms. The use of GFP in intact fish also has advantages over use of in vitro
transfected cell cultures, because it allows for integration of toxicodynamic and toxicokinetic
factors into the response (Scholz et al., 2005). The constructs that have been used in previous
studies for developing oestrogen response systems, such as pEGFP-ChgL (Ueno et al., 2004),

pZVTGI1-EGFP (Chen et al., 2010) are liver specific genes. Those systems also did not use
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Tol2 vector system, which, as mentioned above, has the capability to enhance significantly

genomic integration of introduced DNA.

In a mammalian cell culture system, Sathya et al. (1997) showed that a construct with 3ERES
produced an enhanced expression compared with 2EREs and 4EREs, especially in response to
E2. Therefore, we similarly adopted three copies of ERE in our construct. For the transcriptional
initiation, the TATA box sequence was inserted at 158 bp upstream of the Gal4ff start codon
and the Tol2 transposon system was adopted to provide a more efficient transient reporter
analyses. After the sequential synthesis of five successive constructs, we generated a novel
plasmid vector system, p3ERE-TATA-Gal4ff containing, Tol2 and a poly A tail and employing
two steps for amplification of the signal (Fig. 1) where Gal4ff activates “UAS (Upstream
Activated Sequence)-GFP (Green Fluorescent Protein)”. In the activation process, the first step
binding of estrogens to ER and subsequent binding to ERE induces the synthesis of GAL4FF
protein and the second step Gal4ff protein induces synthesis of GFP. This two-step process
allows amplification of the resulting signal which, in theory, should give rise to a more
“sensitive” transient expression assay system for detecting oestrogen chemicals than has been
developed previously. In our approach, we used Gal4ff rather than the more commonly used
Gal-VP16/UAS system, because GALA4fT is reported to be less toxic than GAL4-VP16, which
generates the activator domain of the herpes simplex virus VP16 protein in zebrafish cells

(Asakawa et al., 2008).

Induction of GFP in the zebrafish embryo transient expression assay

We used the transient expression assay to examine oestrogenic activity of various
oestrogenic EDCs in zebrafish and also in medaka embryos to assess whether this system is
applicable to other fish species. Live embryos injected with the mixture of plasmids,
transposase MRNA and exposed to the selected environmental oestrogens were examined for
expression of GFP under fluorescence microscopy. A transient expression analysis for
detection of EDCs in fish has not been reported previously. Furthermore, a Tol2 mediated
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Gal4-UAS system has not been used for transient expression assay for screening oestrogens.
After microinjection, expression of embryos was mosaic because the microinjected
recombinant DNA was not integrated to all cells. We solved this problem by flanking the
transgene with a Tol2 transposon and we were then able to identify target tissues for oestrogens

in early life stages.

There was no significant mortalities or a delayed hatching rates in either zebrafish or medaka
embryos exposed to the oestrogen chemicals. Survival rates in control, EE2 and E2 were 97%,
98 % and 96 %, respectively. Similarly, survival rate of 97% were observed after exposure to 10
UgNP/L. These survival rates did not differ from controls. In contrast, all embryos died when
exposured to 100 ugNP/L. Scholz and Gutzeit (2000) similarly reported no differences in
survival or growth rates for medaka exposed to 1, 10 and 100 ngEE2/L over a period of 2
months from hatching. However, eggs exposed to 1 ugEE2/L or 1 pugE2/L showed slightly
delayed hatching rates after 72 h. Similarly, Kishida et al. (2001) reported that there were no
morphological defects, no differences in hatching rate and mortality in zebrafish embryos
exposed to 0.1 and 1 pM E2 (approximately 27 pg/L and 270 ug/L) for 120 h compared to

control (non-exposure).

After exposure to EE2 (data not shown), GFP expression was observed at 24 hpf in the
injected embryos with low expression, whereas there was no GFP expression detected in the
controls at this time. However, there was stronger and more specific tissue GFP expression in
EE2 treated embryos at 72 hpf, mainly in the liver, muscle and heart. We therefore adopted the
use of 3 day-old embryos for assessing tissue specific effects of oestrogens in the transient assay.
There was no morphological effect or mortality for the treatments with the environmental
oestrogens, with the exception for exposure to the highest exposure concentration of NP (see

below).

At 72hpf there was no GFP expression detected in embryos in the unexposed controls (Fig. 2,
Ai-Aiii), but GFP expressing cells were seen clearly after exposure to EE2 (Fig. 2, Ci and Diii).

No specific GFP expression was observed in the liver at the lowest exposure concentration of
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EE2 (10 ng/L), but weak GFP expression signals were detected in the heart and somite muscle
for this exposure concentration (Fig. 2, Bi-Biii). GFP expression was clearly seen in the higher
EE2 exposures. For exposure to 100 ngEE2/L GFP was detected in a feint and dispersed
manner in the liver and there was strong GFP expression in the heart and somite muscle. GFP
expression in the heart was confirmed by the periodical contractile movement of the GFP
expressing cells with each heart beat in the live injected larvae. Strong GFP expression was
observed in the anterior somite muscles. For exposure to 1000 ngEE2/L GFP expression was
induced strongly in the liver, somite muscle and heart (Fig. 2, Ci-Ciii). Moreover, many GFP
expressing cells were observed in the anterior lateral part of the injected embryos (Fig. 2, Di).
The number of cells expressing GFP appeared to be positively associated with the

concentration of the EE2 exposure.

Exposure to the natural steroid oestrogen, E2, resulted in similar responses to that seen for
EE2. No GFP expression was observed in unexposed controls (Fig. 3, Ai-Aiii). Similarly, no
GFP expression was observed for the lowest E2 exposure concentration (10 ngE2/L, data not
shown). No GFP expression was observed in the liver at 100 ng E2/L, but was seen in the
muscle (somite and cranial) and heart (Fig. 3, Bi-Biii). Exposure to 1000 ngE2/L strongly
induced GFP expression in the heart, otic vesicle and somite muscle and there were some GFP
expressing cells observed in the liver (Fig. 3, Ci-Ciii). For the NP exposure, all embryos died at

the highest concentration tested (100 pg/L). There were no mortalities, however, in the 10

MgNP/L exposure, nor any signs of developmental abnormalities. Exposure to 10 ugNP/L did

however, induce low level GFP expression in the heart and somite muscle (Fig. 3, Di-Diii). The
reason for weak GFP induction by NP might be due to a lower sensitivity of early development
stages to this chemical in the zebrafish, as has been suggested previously (Segner et al., 2003).
In addition, it has been reported that NP might be extensively transformed in fish to less potent
metabolites (Bone, 1995; Lewis and Lech, 1996). We found specific GFP expression in heart
and somite muscle in response to NP and they have not been reported previously as targets for
oestrogenic chemicals. These data indicate that different xeno-oestrogens have different target

tissue responsiveness and therefore potentially different health effects.
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In general, the expression of GFP appeared to be a concentration-dependent response for
exposure to the test oestrogens, as quantified via western blotting. Yolk region showed low
background autofluorescence for all groups. The highest EE2 exposure group (1000 ng/L)
indicated a twenty-fold increase in GFP levels in whole embryos compared with untreated
controls. Exposure to 10 ngEE2/L resulted in a 2.5-fold increase in GFP compared with the
control (Fig. 4A). Exposure to E2 at 1000 ng/L induced a 14-fold increase in GFP above
controls and a 2.5-fold increase above controls for exposure t010 ugNP/L (Fig. 4B-C). For the
highest exposures to EE2 and E2 (1000 ng/L), the level of GFP induction for EE2 was stronger
than for E2, indicating that EE2 was more potent than E2. Legler et al. (2002) similarly
reported that 17a-ethinyloestradiol (EE2) was the most potent (xeno) oestrogen compared with
17B-oestradiol (E2), nonylphenol (NP) and di(2-ethylhexyl)phthalate (DEHP) in their
transgenic zebrafish assay. Thorpe et al. (2003) using a VTG induction assay, reported that

EE2 was between 11 to 27 times more potent than E2.

Results for the transient expression assay with medaka are shown in Fig. 5. Medaka has four
types of pigment cells that produce auto-fluorescence in the skin, namely melanophores,
xanthophores, leucophores and iridophores (Nanda et al., 2002). To avoid interference of their
natural autofluorescence with detection of GFP, we imaged the embryos using normal light,
green (GFP) and red (RFP). This was done because pigmentation (auto-fluorescence) is
fluorescent both in green and red spectra, and therefore by overlaying these different images we
were able to isolate the signal due to GFP. There was no GFP expression detected in controls
but for exposure to 100ngEE2/L. GFP expression was detected in the heart and somite muscle.
Strong ubiquitous GFP expression was observed in the early stage of embryos at 3 dpf in
response to the oestrogen exposures, whereas no GFP expression was detected in the control
(unexposed embryos). At 3 dpf, injected medaka embryos showed GFP expression in the skin
in the anterior dorsal part and trunk. The transient assay showed mosaic expression. For this
reason, the injected embryos were exposed for 10 days (until hatching) to observe any further
specific tissue expression. Tissue specific expression became obvious in the liver, heart,

gallbladder and somite after 10 days of development (stage 40; (Kinoshita et al., 2009)). EE2
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treated embryos exhibited GFP production in the liver, heart and muscle. Although medaka
showed less muscle expression compared with zebrafish, GFP expression was observed in the
gallbladder in medaka. This might suggest that oestrogen receptor expression is varies between
fish species or estrogen receptor binding affinities for different fish species might be different

in the different embryos.

Our data have shown that our vector system worked well and effectively detected
oestrogenic responses in body tissues in the both test fish species. Despite the fact that transient
expression analysis has been used in various areas of developmental biology, there has been no
report using transient expression analysis for detection of oestrogen compounds. Our transient
assay system is therefore novel and can be applied to screen chemicals to test for body systems
wide effects. Previous transgenic fish developed as biosensor systems for oestrogens have
shown GFP expression in the liver at exposures down to 10 ngE2/L (Bogers et al., 2006) , and

possibly 0.1 ngEE2/L ((Chen et al., 2010); these data were not clear).

In summary, we have designed and developed a plasmid system responsive to oestrogen and
oestrogenic EDCs and incorporated this into an effective transient assay system. The vector
system developed worked well for the detection of oestrogenic EDCs in both the zebrafish and
medaka, indicating the likely wide suitability for application to other fish species. This system
would be a particularly powerful technique for use in species with long generation times and/or
where there are other difficulties for generating transgenic lines in those species. The transient
expression assay further provides a novel in vivo system for investigating oestrogenic effects on

embryo development in fish.
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List of Figures

Figure 1. Construction of reporter gene vectors with an oestrogen responsive promoter. 3ERE,
TATA and Gal4ff were inserted into the BamHI and Notl sites of the plasmid pBR322 vector
containing a Tol2 element. Xeno-oestrogens bind to and activate the ER. The homodimer
complex binds to specific DNA sequences called the oestrogen response element (ERE) within
regulatory regions of oestrogen responsive genes. Transcription is induced and messenger RNA
is translated into protein. GAL4FF activates “UAS (Upstream Activated Sequence) — GFP
(Green Fluorescent Protein), in this “two-step” activation process (Step 1: Oestrogen induces
synthesis of GAL4FF protein, step 2: GALA4FF protein induces synthesis of GFP).

Figure 2. Expression of GFP in zebrafish embryos in the transient expression assay using the
plasmid pERE-TATA-Gal4FF containing the Tol2 transposon. Fertilised UAS-GFP transgenic
zebrafish eggs were microinjected at the 1-2 cell stages with the plasmid pERE-TATA-GalFF
containing the Tol2 transposon. Injected embryos were then exposed for up to 72 h post-
fertilisation to 17a-ethynyloestradiol (EE2). These embryos showed specific mosaic expression
of the reporter. The expression of GFP was concentration-dependent for EE2. The injected
embryos exposed to 1000, 100 and 10 ng/L of EE2 expressed GFP in cells most strongly in the
somite muscle, heart and liver (72 hpf). This experiment was run in duplicate and was repeated

at least seven times.

Figure 3. Comparison of detectable response concentrations for different oestrogen compounds
in the zebrafish embryo transfection assay. Injected embryos were exposed for up to 72 h post-
fertilisation to oestradiol (E2) and nonylphenol (NP) and fluorescence detected using
fluorescence microscopy (Leica DMI 4000 B). No GFP expression was observed in controls
(A1-A3), but low level GFP expression occurred in the liver for exposure to 1000 nge2/L (C2)
and high level GFP expression was detected in the somite muscle and heart at exposure
concentrations of 100 and 1000 ngE2/L. Weak GFP expression was also detected in the heart
and somite muscle of embryos for exposure to 10 pg/L NP (D1-D3). Embryos exposed to the
higher concentrations of NP (100 pg/L) died. This experiment was run in duplicate and was

repeated at least seven times.
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Figure 4. Western blot analysis of 72 hour old embryos injected with pERE-TATA-Gal4FF
containing the Tol2 transposon. Whole-body homogenate samples of 40 embryos exposed to
17B-oestradiol (E2), 17a-ethynyloestradiol (EE2) and nonylphonol (NP) at various exposure
concentrations (via the water) are shown. Western blot analysis showed no detectable
expression of GFP (Green fluorescent protein) in controls. The level of GFP expression was
induced in a concentration dependent manner for the various oestrogenic chemicals (EE2, E2
and NP). GFP expression level was quantified by using Image J
(http://rsh.info.nih.gov/ij/index/html). Error bars represent the standard deviation. This

experiment was run in duplicate.

Figure 5. Analysis of transient expression of GFP in response to oestrogens in medaka embryos.
The plasmid pERE-TATA-Gal4FF was injected into 1-2 cell stage medaka embryos and the
embryos were exposed to 17a-ethynyloestradiol (100 ngEE2/L) via the water. No GFP
expression was detected in controls. The injected medaka embryos exposed to EE2 showed
strong GFP expression in the skin in the anterior dorsal region and in the body trunk (B). At
11dpf, fish exposed to EE2 showed GFP expression in the heart, liver, somite muscle and
gallbladder (D, F and H).
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Abstract

We have developed a novel Gal4ff-UAS mediated estrogen responsive transgenic (TG)
zebrafish for identifying body system targets of environmental oestrogens in real time. Exposure
of the TG fish to oestrogenic endocrine disruption chemicals (EDCs) induced specific patterns
of GFP expression in a wide variety of tissues including the liver, heart, skeletal muscle, ear,
forebrain, lateral line and ganglions, most of which have not been established previously as
targets for oestrogenic chemicals. Furthermore, we found that different EDCs induced GFP
expression with different tissue response patterns and time trajectories suggesting different
potential health effects. Our TG zebrafish model provides a new prospect for understanding

toxicological effects and health impacts of environmental oestrogens in vertebrates.

Keywords: Gal4, UAS, endocrine disrupting chemicals (EDCs), oestrogen receptors (ERS),

biosensor

136



Introduction

Environmental oestrogens are the major group of so-called Endocrine Disrupting Chemicals
(EDCs) that can alter hormone signalling in the body and exposure to these chemicals in
humans has been associated with decreases in semen quality/sperm count, increased incidences
of breast cancer and testicular germ cell cancer, and urogenital tract malformation (Carlsen et al.,
1992; Mocarelli et al., 2008). A recent study reported that higher urinary levels of the weak
environmental oestrogen, bisphenol A (BPA), taken into the body via the diet, were associated
with a higher risk of heart disease and diabetes in a human population (Melzer et al., ; Melzer et
al., 2010). In fish, exposure to environmental oestrogens has been shown to impact on
reproductive development and cause feminisation of males (Lange et al., 2009) and alter sexual
behaviours (Van den Belt et al., 2004; Vos et al., 2000). Many thousands of chemicals have
now been identified with oestrogenic effects and major international programmes have been
established to screen and test for oestrogenic activity to avoid potential human and
environmental health risks associated with exposure (Reif et al., 2010). Critically, however,
available screening and testing systems for oestrogens are focused on specific individual
mechanisms (e.g. oestrogen receptor activated cell lines) or in-life studies that assess effects on

reproduction only.

The roles of steroid oestrogens in reproductive development are well established and many
of these roles are common across the vertebrate phyla. Oestrogens are fundamental in the
growth and development of the ovary in females (Richards et al., 1976) and they are also
required for spermatogenesis in males (Mahato et al., 2001; O'Donnell et al., 2001). In addition,
in mammals oestrogens are known to play key roles in a wide range of other physiological
functions including immune responses, the central nervous system, and in normal somatic cell
growth (Gustafsson, 2003). In mammals oestrogen signalling operates through two different
oestrogen receptors (ERs), ER o and ER B, that show differences in their tissue distributions
and which are thought to regulate different oestrogen responses (Pettersson and Gustafsson,
2001). In fish, three ERs, ER o, ER Bl and ER B2 are expressed with different tissue

specificities (Hawkins et al., 2000; Kuiper et al., 1998; Menuet et al., 2002; Sun et al., 1999).
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Understanding the physiological effects of oestrogenic chemicals would be greatly enhanced
with in vivo models capable of detecting tissue specific effects of oestrogens with high
sensitivity. Transgenic (TG) zebrafish have considerable potential for screening and testing
EDCs, for understanding their pathways of effect and assessing for their potential health
impacts both in animals and humans (Chico et al., 2008; Moss et al., 2009; Raldua and Babin,
2009). Here we established an oestrogen responsive transgenic zebrafish for detecting
oestrogenic signalling of natural (endogenous) hormones and for exposure to exogenous
oestrogens, including EDCs, in both embryonic and early larval stages, in real time. The system
contains an oestrogen inducible promoter derived from a short stretch of multiple tandem
oestrogen responsive elements (ERES) and devoid of any tissue specific enhancer/suppressor
elements. To enhance the system’s response sensitivity, we used a Gal4ff-UAS system, not
previously applied in fish. The TG zebrafish produced are highly responsive to environmental
oestrogens and identify a wide range of target tissues, most of which have not been reported
previously. The TG fish further showed that different EDCs induced different tissue patterns
and response time trajectories. The Gal4ff-UAS zebrafish thus provides a highly effective
system for studying the potential for the health effects of exposure to oestrogenic EDCs and

provide a new and enhanced capability for screening and testing of environmental oestrogens.
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Results and Discussion

In creating these fish two transgenic vectors were synthesised that contained ERE-Gal4ff and
UAS-GFP (Fig. 1). Three tandem repeats of ERE drive the 1* reporter Gal4ff that is a modified
form of Gal4 transcription factor providing high transcriptional activation with low toxicity.
Gal4ff transcription factor binds to UAS and activates GFP and the sequential activation of two
reporters amplifies the signal. Double-transgenic fish (ERE-TG fish) were generated by
injecting ERE-Gal4ff vector into UAS-GFP TG fish (Kajita et al., 2009) using a Tol2

transposon system (materials and methods) (Kawakami et al., 2004; Urasaki et al., 2006).

To examine the ability of our ERE-TG zebrafish to detect various oestrogens, we
investigated for GFP expression in response to a series of selected oestrogens of environmental
concern. In TG fish larvae (4 days old) without chemical exposure, a weak basal GFP
expression was observed in the otic vesicle with a 57 % frequency and also in the heart with
lower (40%) frequency. The variation in this GFP expression in the unexposed larvae may
suggest differences in oestrogen levels in fish embryos and larvae occur from an early
developmental stage. Whether these differences relate to sex has not been determined as there

are no sex specific probes available for this species.

Exposure to different oestrogens induced different tissue patterns of GFP induction (Fig. 2).
In the larvae exposed to EE2 (Fig. 2B), GFP expression was observed in the liver and forebrain,
as has been reported with other oestrogen-responsive TG fish lines, such as vitellogenin
promoter- and cyp19alb promoter-derived GFP lines, respectively (Chen et al., 2010; Legler et
al., 2000; Tong et al., 2009). However, we also found specific and strong GFP expression in
other tissues that have not been identified previously as targets for oestrogen from other
biosensor studies. The tissues include the heart, skeletal muscle, neuromast, and ear/eye and
lateral line ganglions. GFP expression in the heart was confirmed by the periodical contractile
movement of the two GFP expressing domains in the artery and in the ventricle, synchronizing
with the heart beat in the live fish. The GFP expression in somite muscle was more intense in
the anterior somites at early larval stages compared with in the posterior somites and posterior

expression gradually increased in later larval stages. Each expression domain outlined the
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shape of a single muscle myotube. Interestingly, in low EE2 concentration exposures the
muscle somite GFP expression was often observed as a mosaic pattern, as it was expressed in
only some of the myotubes. At high exposure concentrations GFP expression was observed in a
uniform manner in myotubes. Specific GFP expression was also observed in the neuromasts of
the lateral line located in the head and in ganglions adjacent to the ears and eyes, that showed
typical large masses of neurons and neurite (e.g. Fig 2Ci, Dii). Exposure to the natural steroid

oestrogen (E2) induced a similar tissue expression pattern of GFP as for EE2 (Fig. 2B, C).

In the exposures to BPA, a strong GFP expression signal was observed in the heart, cranial
muscle, and ear and eye ganglions with long neurites (Fig. 2Di, Dii). In contrast with the EE2
and E2 exposures, GFP expression in the liver and somite muscle in the BPA exposures were
relatively weak. GFP expression induced by NP was strongest in the liver and somite muscle,
and was less intense in the otic vesicle and heart (Fig. 2E). These expression patterns suggest
different oestrogens have common target tissues such as the liver, heart, muscle, otic vesicle,
but they also have different degrees of effect on the different tissues (i.e. tissue specific

responsiveness), with different potential health effect outcomes.

To understand the stage dependent tissue responses to oestrogen, the response dynamics of
the different tissues were examined in exposures to EE2 (100 ng/L) and extending from 1hour
post fertilisation (hpf) to 96hpf (Fig. 3I). Expression of GFP was seen at 24 hpf in the liver,
heart and muscle, and increased progressively to 96 hpf, when it reached a maximal expression
level (Fig. 3I). In contrast, GFP expression in the nervous system was observed later in
development: GFP in the otic vesicle was seen only after 48 hpf, and subsequently in the lens
and forebrain after 72hpf (Fig. 31). These data indicate oestrogenic exposures affect different
tissues in life stage dependent manners, and illustrate the capability of the ERE-TG fish model

for understanding time related effects of estrogens in an intact animal.

ERE-TG fish embryos were exposed to various concentrations of the selected EDCs (Fig.3)
to examine if they were capable of detecting responses for exposures to environmentally

relevant concentrations. Responses to the most potent oestrogen, EE2, were titrated down to
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Ing/L, where a low level GFP response was induced in cells in the liver. Higher exposure
concentrations resulted in progressively higher GFP expression levels and at 10 ng/L EE2
induced very considerable expression throughout of the whole liver, accompanied with other
GFP expressed domains in the muscle (somite and cranial muscle), heart and otic vesicle (Fig.
3D). The concentration-dependent GFP expression was further confirmed quantitatively via
western blot analyses (Fig. 3K-N). The level of GFP expression increased dramatically and in a
concentration dependent manner for both EE2 (1-10ng/L) and E2 (5-10 ng/L) (Fig. 3B-F). In
contrast with the responses to EE2 and E2, the threshold concentrations for NP and BPA (1
ug/L and 100 pg /L, respectively), were significantly higher, suggesting relatively weak

activity for both of these environmental oestrogens.

To demonstrate oestrogen-induced GFP expression in the ERE TG fish was mediated via ERs,
we conducted further experiments to specifically suppress ERs activities in the ERE TG
zebrafish. We used two strategies to do this. In the first the oestrogen receptor antagonist ICI
182,780 (ICl) was added to the embryo culture, and in the second approach antisense
morpholino oligonucleotides for ERa, B1 and B2 receptor were injected into the TG zebrafish to
suppress the expression of these receptors. Exposure of ERE-TG zebrafish larvae to ICI
abolished the GFP expression seen in the otic vesicles in non-exposed fish (Fig 4B). Moreover,
exposure to ICI greatly reduced the EE2-induced-GFP expression in all of the responding
tissues including in the liver, heart, muscle, neuromasts and ganglions (Fig 4D). Consistent with
the fluorescent imaging data, Western blot analysis confirmed that the ICI treatment led to a
drastic inhibition in both the basal GFP expression in non-oestrogen exposed fish and GFP

expression in the EE2-treated fish (Fig. 4E).

We observed that the EE2-induced GFP expression was also greatly inhibited in the TG
larvae injected with the mixture of morpholinos against all ERs (ERa, Bl and B2) in both
fluorescent microscopy and Western blot analyses (Fig. 5). Similar levels of suppression of GFP
in the skeletal muscle and otic vesicle were observed for treatment with a combination of
morpholinos for ER 1 and (2 as for treatment with a mixture of morpholinos against all ERs,

whereas GFP expression in the liver and heart was still visible in the morphants (Fig.5E). In the
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morphants for ERa, there was no clear suppression in the tissues examined (Fig.5F). These data
suggest that ERB1 and B2 play crucial roles in transducing the oestrogenic signal in the skeletal
muscle, but the individual roles of ERa, B1 and 2 for the oestrogen signal transduction in the
liver and heart are less clear; collectively the individual morphants suppressed GFP expression
in these tissues, but separately (ERa, or ERB1 and 2 combined) they did not. This would
suggest that a level of cross-talk is required between these receptor sub-types and/or
involvement of other factors for oestrogen signalling in the liver and heart. Further study in
control experiments of MOs might be needed to observe the toxic effects of MOs. In the heart,
ERa , ERB1 and ERB2 appeared to have some redundancy in oestrogen signalling. Oestrogen
signalling in the heart might therefore involve oestrogen related receptors, a subfamily of

orphan nuclear receptors, but this has yet to be investigated.

The functional consequences of exposure to one of the most important groups of
contaminants affecting endocrine function, environmental oestrogens, especially during early
life, and the molecular mechanisms underlining oestrogen-mediated physiological/ pathological
consequences caused by these exposures are lacking. Transgenic zebrafish and medaka (O.
latipes) have been developed previously to detect for exposure to environmental oestrogens, but
expression of the reporter genes in these fish has been shown to be restricted to the liver and
gonad. This is most likely due to the molecular properties of the chosen gene specific promoter
(e.g. vitellogenin) which predominantly function in these tissues (Legler et al., 1999; Salam et
al., 2008; Zeng et al., 2005). Our system employed a synthetic ERE lacking any additional
enhancer/suppressor elements that could bias and restrict the oestrogen response in specific
tissues and has allowed for the detection of estrogenic responses in a wider range of tissues in
our TG fish, compared with other available TG fish systems. Our manipulations allow for
considerably enhanced chemical detection sensitivity in a variety of tissues, and including for

environmentally relevant chemical exposures.

Specific cell types in liver, gonad and forebrain are responsive to oestrogen (Chen et al.,
2010; Hano et al., 2007; Legler et al., 1999; Tong et al., 2009) and neuromast cells have

elevated expression levels of ERP genes (Froehlicher et al., 2009). In addition to these target
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tissues, here we demonstrate for the first time that muscle (somite and cranial), heart and many
ganglion cells also respond to oestrogen exposure, thus activating oestrogen signalling cascade
in these cells. Identifying the target genes of oestrogenic signalling in these tissues and the

processes affected will help in understanding the functional significance of the responses.

Despite the fact that three ERs are known to be expressed very widely in the embryo and
larvae of fish, oestrogenic GFP responses in our TG fish were detected in a limited number of
tissues, including in the heart, muscle and brain, and this may imply that oestrogen signalling
requires tissue specific co-factors/co-receptors to activate the oestrogen cascade. Oestrogenic
responses differed in the tissues that were affected for different environmental oestrogenic
chemicals. For instance, BPA caused a strong response in the heart whereas NP caused a more
potent response in the skeletal muscle. These findings would suggest that although these
chemicals have both been labelled as environmental oestrogens, they may have different health
implications and outcomes. Having identified this, investigations into the tissue specific

responses in the future should help resolve whether this is indeed the case.

The fact that our TG system effectively detected responses to environmental oestrogens (NP
and BPA) of a comparatively weak potency compared with steroidal oestrogens and tissue
response patterns differed for the different oestrogens tested shows that the system has
considerable potential for the screening and characterising for estrogenic properties of
chemicals and offers new prospect for understanding effects mechanisms. Applied to
embryos/larval stages this system could be developed with high throughput, as is occurring for
the use zebrafish embryo development in the testing of drugs in the pharmaceutical industry

(Chakraborty et al., 2009; Xu et al. 2010).

We have thus developed a powerful model system for application to both screening and
testing of environmental oestrogens and for intelligent targeting of tissue studies to identify the
molecular mechanisms underlying estrogen signalling pathways and understanding their

physiological /pathological impacts.
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Materials and methods

Generation of ERE-GFP transgenic fish

Specific primers (5’-CCAGGTCAGAGTGACCTGAGCTAAAATAACACATTCAGC

CAGGTCAGAGTG-3’ and 3’-CTGAATGTGTTATTTTAGCTCAGGTCACTCTGACCT

GGCTGAATGTGTTAT-5") for EREs (Sathya et al., 1997) were run in a PCR reaction to
produce a template (in 8 cycles) from which a series of different numbers of tandemly repeated
EREs were generated. From the ladder of tandem EREs generated by PCR, the DNA bands for
3EREs were cut and inserted into Xhol and Xbal fragments sites of pBluescriptKS+. The
resulting sequence was combined with a TATA sequence (upstream primer

GGCGTCGACTCTAGAGGGTATATAATAGATCTGCGATCTAAGTAAGCTTGG

downstream primer CGCGGGCCCGGCTTTACCAACAGTACCGGAATGCCAAGCTTAC

TTAGATCG), Gal4ff (amplified by PCR using primers: upstream primer GCCGGGCCC

GCCACCATGAAGCTACTGTCTTCT downstream primer GCGGTACCGATTAGTTACC

CGGGAGC) and poly A sequences and inserted into pBR 322 Tol2 vector (Kawakami et al.,
2004; Urasaki et al., 2006). The pBR Tol2-ERE-Gal4ff plasmid (18 ng/ul) was injected into one
cell stage embryos for UAS-GFP transgenic zebrafish (Kajita et al. 2009) together with
transposase mMRNA (36 ng/ul), and the injected embryos were raised to adult stage. Eggs were
collected from founders and exposed to 100 ng/L of EE2 for 3 days to detect for GFP

fluorescent signal. We selected the GFP-positive embryos and raised them to adulthood.

Zebrafish embryo chemical exposures

A series of chemicals was selected to assess the responsiveness of our TG zebrafish to
estrogens. These included the natural steroid estrogen, 17p-oestradiol (E2), 17a-
ethinyloestradiol (EE2), used in the contraceptive pill and hormone replacement therapy
treatments, bisphenol A, used very widely as a plasticizer, and 4-nonylphenol, used as an

industrial surfactant (Goodhead and Tyler, 2009). All of these chemicals have been shown to
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contaminate the aquatic environment and induce feminised responses in fish (Goodhead and
Tyler, 2009; Tyler et al., 1998). 17p-oestradiol (98% purity), 17a-0estradiol (>98% purity),
bisphenol A (99+%) and 4-nonylphenol (Acros Organics) were purchased from Sigma
Chemical Co. Ltd and stock solutions of EE2, E2, NP and BPA were prepared by dissolving
them in acetone and subsequently storing them at 4 °C, until required for the exposures. The
working solutions were prepared 3 days before use in the exposures. Prior to exposure, the
solvent was evaporated under a stream of nitrogen and the working solutions made up with
water and stirred vigorously for 1 day. ICI 182,780 (ICl), an oestrogen receptor antagonist, was
purchased from Tocris Bioscience and dissolved in ethanol at a stock concentration of 50 mg/L.
All experiments (fifty eggs per treatment) were run in duplicate and were repeated at least five

times.

To confirm the oestrogenic activity (E2 equivalent) in the working solution of the EE2
exposure, 1L of working solution was collected and analysed using the recombinant yeast

oestrogen screen. The result is shown in Table 1.

Table 1. Oestrogenic activity of EE2 working solution

nominal EE2 (ng/L) E2 equivalent (ng/L)

0 0.59
0.1 0.89
1 2.31
10 7.89

Quantification of EGFP expression using Western blot analysis

4 day-old larvae were dissolved in reduced 2x LDS sample buffer (Invitrogen) and
homogenised using a hand homogeniser. Samples were boiled for 15 min at 70 °C, then
analysed by electrophoresis using NUPAGE NOVEX 4-12% Bis-Tris gel (Invitrogen).
Separated proteins were transferred onto a nitrocellulose membrane. The membranes were
blocked with 5% milk in 1x phosphate buffered saline (PBS) + 0.01% Tween (PBSTx) at room

temperature for 1 hour, and subsequently incubated overnight with rabbit anti-GFP antibody
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(1:2500) (ams Biotechonology) at 4 °C. The membrane was then washed three times with 1x
PBSTx at room temperature for 15min, and incubated with HRP-conjugated goat anti-rabbit
IgG (1:2000) at room temperature for 1 hour. The membrane was washed three times with
IXPBSTx as described above. For detection, western blotting luminol reagent (Thermo
Scientific) was wused. The intensity of GFP was analysed using Image J
(http://rsbweb.nih.gov/ij/), normalised to the total a-TUB level and indicated as fold increase in

GFP over the level of unexposed embryos.
Injection of estrogen receptor a, f1 and p 2 morpholinos

An ER o morpholino (ER a MO) was designed against the zebrafish ER o translational start
site with the sequence 5’-AGGAAGGTTCCTCCAGGGCTTCTCT-3". The ER B1 MO and the
ER B2 MO had the sequences 5’-GAGTTCAGAGCTGTCGCATCAGTAA-3’and 5’-
AGCTCATGCTGGAGAACACAAGAGA-3’, respectively The MOs were obtained from
Gene Tools, LLC (Philomath, Oregon, USA) and diluted in sterile water with phenol red. A
single or mixture of ER a MO, ER B1 MO and/or ER B2 MO (each at 2 ng/nl) was injected into

1 to 4 cell stage embryos.
Image analysis

Live larvae were anesthetised with 0.4% tricaine and mounted in 0.7 % low melting agarose
in zebrafish embryo medium and placed onto a glass-bottom 35mm dish (MatTek). Images of
stained larvae oriented in lateral, dorsal and ventral views were obtained using an inverted
confocal microscopy (Zeiss), with a x10 objective lens using LSM510 Meta program. Z-stacks
of line-averaged (4 lines) sections were obtained by scanning the area of 102.4 x102.4 um (0.1
um pixel™) and 6 um steps over a total vertical distance of 180-240 pum, and re-constituted
using LSM510 Meta program. Re-constituted images from parts of the body of larvae were
aligned and the contrast was adjusted using Adobe Photoshop 7, keeping the same intensity of
the adjustment for control and all different chemical treated samples. Fluorescence microscope
(Leica DMI 4000 B) was used to examine tissue response dynamics and sensitivity for the EE2
exposure.
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Figure legends:

Fig. 1.Transgenes used to generate the ERE-Gal4ff/UAS-GFP system. The transgene, ERE-
Gal4ff (A) contains 3 synthetic EREs, TATA, Gal4ff reporter and two Tol2 elements. The
transgene, UAS-GFP (B) contains UAS Gal4 binding sequence, E1B minimal promoter and
EGFP reporter. Oestrogenic signal is detected by chemical/ER complex binding to ERE that

activates Gal4ff. Subsequently Gal4ff protein binds to UAS to induce EGFP.

Fig. 2. Expression of GFP in different tissues in the transgenic zebrafish larvae exposed to
various oestrogenic chemicals. Transgenic zebrafish larvae without chemical exposure (A), or
exposed to the synthetic oestrogen, 17 a-ethinyloestradiol (100 ng/L EE2) (B), natural
oestrogen 17p-oestradiol (100 ng/L E2) (C), environmental oestrogen bisphenol A (1 mg/L
BPA) (D) or 4-nonylphenol (10 pg/L NP) (E) for 4 days. Head with lateral (L) and ventral (V)
views (i and ii) and trunk (iii) with lateral view. The induction of GFP was observed in the otic
vesicle (ov) in the unexposed larvae (A). Different oestrogenic chemicals induced different
tissue patterns of GFP expression (B-E). EE2 and E2 induced GFP expression in liver (li), heart
(), somite muscles (sm), otic vesicle (ov), lens (le), ear ganglions (eag), eye ganglions (eyg),
cartilage (c), cranial muscles (cm) and neuromasts (n) (B,C). In BPA exposed larvae, heart and
cranial muscle expression was enhanced (D). In NP exposed larvae strong GFP expression was

detected in the muscle (both somite and cranial) (E).

Fig. 3. Detectable concentrations of different oestrogenic compounds in the transgenic
zebrafish embryos; unexposed (A) and exposed to EE2 (1, 2.5 and 10 ng/L) (B-D), E2 (5 and
10 ng/L) (E,F), BPA (100 ug/L) (G) and NP (1pg/L) (H). Images were focused on liver (i)
(lateral view), heart (ii) ventral view, and somite muscle (iii) (lateral view). GFP expression
was detected in the liver in the 1 ng EE2/L exposure (Bi), and in liver, heart and somite muscle
treated with 2.5 and 10 ng EE2/L (C,D). In the E2 exposure, a few GFP expressing cells were
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observed at 5 ng E2 /L (E) whereas strong GFP expression was detected in the liver and heart at
10 ng E2 /L E2 (F). In the low concentration BPA exposure, GFP was preferentially expressed
in the heart (Gii), but not in the liver or somite muscle (Gi and Giii). Weak GFP expression was
detected in the heart and somite muscle in the NP treatment (Hii and Hiii). Time related (I)
analyses and concentration-dependent (J) of GFP expression were performed for 4 days for
EE2 exposure. K-N. Dose response of GFP induction by various EDCs using Western Blotting

(EE2: K, E2: L, BPA: M and NP: N). Alpha-Tubulin was used as a loading control.

Fig. 4. Oestrogen receptor inhibitor suppression of GFP expression in the ERE TG fish. A.
Unexposed control fish. B-E. Transgenic zebrafish were exposed to ICI 182,780 (1ug/L) (B) or
EE2 (20 ng/L) (C) alone, or to ICI and EE2 as a mixture (D). ICI suppressed GFP expression in
the otic vesicle of non oestrogen exposed fish (Bi). Strong GFP expression was observed for
EE2 exposure (C) whereas GFP expression was suppressed in the treatment with ICl1 / EE2 as a
mixture (D). Western Blotting further confirmed that the GFP expression was significantly

suppressed by ICI in a quantitative manner (E).

Fig. 5. Oestrogen Receptor knockdown effects on estrogen induced GFP expression in
ERE-TG zebrafish. A-D, Transgenic zebrafish eggs were injected with single or mixtures of
ER o, 1 and B2 morpholinos (MO) and cultured with and without EE2 (20 ng/L). A, B, no EE2
exposure, C, D, E, F exposed to EE2. B, D. o+p1+p2 MO injected. E, f1+p2 MO injected. F. a
MO injected. Western Blotting further confirmed that the GFP expression was suppressed by

a+p1+p2 MO injection (G).
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CHAPTER 6

Target tissues responsive to 17a-ethyloestradiol in immature and adult ERE TG zebrafish- A

Preliminary Analysis

Abstract

We have developed a sensitive oestrogen responsive transgenic zebrafish (ERE-TG fish)
under an oestrogen inducible promoter with multiple tandem oestrogen responsive elements
(ERECc38) and a Tol2 transposon mediated Gal4ff-UAS system. Here we assessed its potential
for use in detecting responses to oestrogenic chemicals (ethinyloestradiol) in specific body
tissues (liver, muscle, gonad and brain) in immature (40 day old) and mature (3 month old)
ERE-TG fish for a short term (7 day) exposure. In both life stages, the lowest detectable effect
concentration using conventional fluorescence microscopy to visualise GFP induction was 5
ngEE2 /L in the liver and gonad and 10 ngEE2 /L in the muscle (both nominal exposure
concentrations). GFP expression was also detected in the brain but only at an exposure
concentration of 25 ngEE2/L. This is the first report on the development of a transgenic
zebrafish able to detect responses to oestrogen in these tissues for these life stages. These
preliminary experiments support our previous finding for responses in early life stage fish and

show that muscle is responsive, and thus likely affected by exposure to EE2.

The ERE-TG fish (both immature and mature fish) would appear to be a useful system for
both detecting target sites and the effects of oestrogen chemicals in these life stage fish. A major
limitation of this system, however, is the need to terminate the fish to allow for measurement of
the oestrogen induced GFP. The microscopy technique used can also affect thresholds for
detectable effects. In future we aim to develop the ERE-TG fish model in a pigment-free
zebrafish, which would allow for response assessments in live fish, and to conduct more
detailed analyses on the responsiveness of these fish to oestrogens, using multiphoton

microscopy as a more sensitive detection method.
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Introduction

The presence of endocrine disrupting chemicals (EDCs) in the environment has become a
major concern because of the potential risk to wildlife (Kolpin et al., 2002; Vos et al., 2000) and
human health (Bencko, 2001). There is some evidence linking exposure to specific EDCs and
their mixtures and to the decline in population levels of some wildlife species (Christin et al.,
2003; Christin et al., 2004), but such examples are rare. The aquatic environment is impacted by
many EDCs because these chemicals are actively discharged from industrial and wastewater
treatment effluents and via agricultural run off into rivers (Leusch et al., 2006; Suzuki et al.,
2004). Among these oestrogenic chemicals, synthetic birth control contraceptive 17a-
ethinyloestradiol (EE2) is commonly detected and is a major contributor to the oestrogen
activity in sewage effluents and thus their receiving waters (Rodgers-Gray et al., 2001; Tyler et

al., 1998).

In mammals, oestrogen plays a critical regulatory role in development, reproduction, growth,
and maintenance of a diverse range of mammalian tissues, including cardiovascular, immune
and the central nervous system (Filby and Tyler, 2005; Korach, 1994). Oestrogenic effects are
mediated via oestrogen receptors (ERs) that regulate the transcription of target genes via
binding to specific DNA target sequences (Jin et al., 2010). Tissue- and cell-type specific
effects of oestrogens are mediated by the differential expression of ER subtypes (Matthews and
Gustafsson, 2003; Moggs and Orphanides, 2001). In fish, three ERs subtypes exists, ERa, 1
and B2 (Hawkins et al., 2000). These receptors show different in their capacities to bind to
natural oestrogens and subtype-specific ligand interactions have been reported (Kuiper et al.,
1998; Menuet et al., 2002; Sun et al., 1999). In addition, it has been reported that ER is
upregulated by exposure to oestrogenic chemicals (Nimrod and Benson, 1997). ERa and p have
shown distinct expression patterns in fish, but these patterns can differ between species. The
highest expression of ERa in both male and female goldfish (Carassius auratus) has been found
in the pituitary, while the ovary and testis were shown to have higher transcript levels of ERB1
(Choi and Habibi, 2003). In goldfish (Carassius auratus) ER (2 is expressed predominantly in

the pituitary, telencephalon and hypothalamus, as well as in liver (Ma et al., 2000). In the
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African catfish (Clarias gariepinus) ERa has also been reported to be expressed abundantly in
the pituitary (Teves et al., 2003). In contrast with these findings, the expression of ERa, f1 and
B2 largely overlap in zebrafish and are predominantly expressed in the brain, pituitary, liver, and
gonads (Menuet et al., 2002). There have been reports that ER subtypes are not modulated in
the same manner by oestrogen chemicals such as EE2, NP and BPA, and ERs may not
contribute equally to the transcriptional regulation of genes involved in fish development and

reproduction (Wang et al., 2010).

Induction of vitellogenin (VTG), a precursor yolk protein, occurs in the liver, one of the most
sensitive organs and a specific target for oestrogen chemicals. VTG is a widely used for
detecting EDCs in fish and some other animals (e.g. frogs) (Nichols et al., 2001; Tyler et al.,
1996; Versonnen and Janssen, 2004). There have been reports that sex steroids and
glucocorticoid pathways are two of the primary target pathways for EE2 exposure effects in fish
gonads (Flores-Valverde et al., 2010). In the work reported earlier in this thesis, we have shown
that different oestrogenic EDCs induced specific GFP expression in a wide variety of tissues
including the liver, heart, skeletal muscle, ear, forebrain, lateral line and ganglions in early life

stage larvae ERE-TG zebrafish.

One of the greatest difficulties for predicting the effects of oestrogens is identifying the target
tissues within the body. There are very few intact experimental systems that allow for this. An
exception to this has been in the development of transgenic fish using fusion genes including
luciferase (luc) from the firefly (Muller et al., 1993) and green fluorescent protein (GFP) from
the jellyfish Aequorea victoria (Amsterdam et al., 1995). The GFP gene allows for the detection
of tissue-specific gene expression and cellular localisation of proteins in living cells (Chalfie et
al., 1994; Prasher et al., 1992; Tsien, 1998). The use of GFP with tissue-specific promoters has
become a powerful tool for studies on endogenous gene expression (Higashijima et al., 1997)

and for analysing the function of gene promoters.

Transgenic fish have been a widely used for understanding both development and disease
processes in humans and also for ecotoxicological research. Transgenic fish systems can

provide advantages of both in vivo and in vitro systems, such as rapidity, sensitivity and
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accuracy, and they can also be relatively cheap to use. Transgenic fish can enable visualisation
of gene expression and cellular and physiological processes in live animals using GFP. This
allows for integrated analyses for assessing uptake, distribution and accumulation of the

chemicals in the tissues of live fish.

Here, we have developed transgenic zebrafish to screen and test for oestrogenic EDCs, to
understand their pathways of effect and to assess to their potential health impacts. Levels of
endogenous oestrogens differ during different life stages of zebrafish, as they serve different
functional roles during development. Consequently, the effects of oestrogenic EDCs might be
different in different life stages. The liver is known to be a highly sensitive target organs for
oestrogenic chemicals, both in juvenile and adult fish. However, little is known about effects of
oestrogenic chemicals in muscle or the brain, identified in our previous studies with larval ERE-
TG zebrafish as target tissues. Thus, in these studies we examined the induction of GFP in
muscle, liver, intestine and brain in immature (40 day old) fish, at the time of sexual
differentiation and in mature (3 month old) fish, to compare life stage responses to EE2

exposure.
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Material and methods

Fish Maintenance and Breeding

Adult oestrogen responsive transgenic (ERE-TG) zebrafish were bred in the Hatherly
laboratories at Exeter University, UK. TG fish were maintained at 28 + 1 9 under a
photoperiod of 14 h of light and 10 h of darkness, and were fed Tetramin dry tropical flake food
(Tetramin; Tetraweke, Melle, Germany) twice a day. A total of 300 fertilised zebrafish eggs
were collected (within 20 minutes post-fertilization) and kept at 28 <C in the incubator until day
5. The larvae were then transferred to 3 aerated aquaria. Overall, 90 larvae were raised for 40
days in duplicate tanks, and 90 larvae were kept in duplicate tanks under the same conditions for

3 months for subsequent EE2 exposure experiments.

Sample Collection

40 day old fish and adult male fish (3 months old) were sampled for analysis using
fluorescence microscopy (NIKON SMZ1500) (GFP expression, see experimental protocol
below). For these analyses fish were anesthetised with 0.4% tricaine (3-aminobenzoic acid ethyl
ester, pH 7.4; Sigma). After being anaesthetized, the fish were subsequently rinsed in ddH,O to
remove anaesthetic residues. In order to observe the GFP expression in the body tissues of
immature and adult zebrafish, the fish’s abdomen was opened using a scalpel blade and forceps
(pigmentation and the thickness of the skin prevent live imaging analyses in the ERE-TG
zebrafish at these life stages). After fluorescence microscopy analysis of GFP expression, body
tissues (liver and muscle) were dissected out for use in western blot analysis. Dissection was
carried out under sterile conditions (dissection instruments were soaked in 70% ethanol to
sterilise and rinsed in ddH,O). The dissection instruments were re-sterilised following the

removal of each tissue.

Exposure experiments
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Two exposure experiments were conducted, one with immature fish and the other with the 3
month old fish. All of the adult female ERE-TG adult female zebrafish expressed GFP in the
controls (non-exposure), therefore, only male ERE-TG zebrafish were used in second
experiments (mature fish). The exposure experiments were performed under flow-through
conditions, with a total exchange of the test solution every two days. The experimental tanks
used were 30x30x30 cm (lengthxdepthxheight; total volume= 18L). In order to determine
oestrogen sensitive target tissues in the immature (40 day old) ERE-TG zebrafish we included a
high EE2 exposure concentration (25 ng/L) in our analyses to ensure we would be able to detect
responses in the target tissues. The immature fish were exposed to nominal test concentrations
of 0, 5, 10, 25 ngeE2/L for 7 days. The mature (3 month old) male TG fish were treated with 0,
1, 5, 10 ngEE2/L for 7days. We used 1 ngEE2/L (an environmentally relevant concentration) to
assess the sensitivity of the transgenic fish at these life stages. Each tank exposure tank

contained 12 ERE TG zebrafish and all experiments were run in duplicate.

Western blot analysis

Western blot analysis was used to quantify GFP expression in the body tissues. Protein was
extracted from liver and muscle tissue of transgenic zebrafish using freeze-thaw method with
SDS sample buffer (Sambrook and Russell, 2000). Tissues were transferred to a 15 ml tube
filled with buffer (10 mM Tris pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 0.5% Triton-X 100,
0.02% NaN3, 0.2 mM Phenylmethylsulfonyl fluoride (PMSF), 0.5 mM B-mercaptoethanol) and
homogenised 6 times. After homogenisation, the samples were incubated for 30 m on ice and
centrifuged for 30 m at 14,0009 at 4 °C. The supernatant was stored for western blot analysis.
Protein samples were applied to 5% polyacrylamide-SDS gel and electrophoresed at 110 V for
2 h and separated proteins were transferred to nitrocellulose membrane. The membranes were
blocked for 1 h in blocking solution (5% skimmed milk in 1x phosphate buffered saline (PBS)
+ 0.1% Tween (PBSTx)), and washed with distilled water (ddH,O) three times. The
membranes were incubated overnight at 4 °C with primary antibody, rabbit anti-GFP (ams
Biotechonology), was diluted 1:2500 in blocking solution. The membranes were washed 3 x 15

m in PBSTx. The membranes were incubated with HRP-Goat Anti-Rabbit 1gG (Invitrogen,
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Carlsbad, U.S.A) at 1:2000 in blocking solution for 2 h and then, were washed 3 x 15 m in
PBSTx again. For detection, western blotting luminol reagent (Thermo Scientific) was used.
The intensity of GFP was analysed using Image J (http://rsbweb.nih.gov/ij/), normalised to the
intensity of the alpha-tubulin band and indicated as fold increase in GFP over the level

observed in the controls.

Statistical analyses

The data are expressed as mean values (x SE) and statistical analyses testing for significant
differences were obtained by t-test using Sigma Plot. A value of P<0.05 was considered as

significant.
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Results

Tissue expression of GFP in response to EE2 in immature (40 day old) ERE-TG zebrafish

No GFP expression was detected in the tissues such as liver, intestine and muscle in
unexposed immature ERE-TG zebrafish. GFP expression, however, was strongly induced in the
liver tissue at an exposure concentration of 25 ng EE2/L (Fig. 1D). No GFP expression detected
in the intestine at 25 ng EE2/L (Fig. 1D). Strong GFP expression was observed in the outer
regions of the liver after exposure to 10 ngEEZ2/L, but this was much weaker in the central
region of the liver (Fig. 1C). Weak GFP expression was also observed in the liver at 5 ngEE2/L.
For brain tissue, GFP expression was observed only at an exposure to 25 ngEE2/L, with no

responses in the 5 and 10 ng/L of EE2 treatment groups.

Western blot analysis found that exposure to EE2 at 25 ng/L induced a 13.4 fold increase in
GFP levels in the liver compared with controls (Fig. 3A). Exposure to 10 ngEE2/L and 5
ngEE2/L in this tissue induced 8.7 and 3.7 fold increases in GFP, respectively, compared with
controls (Fig. 3A). No GFP expression was detected in the muscle in the control or the lowest
EE2 exposure concentration (5 ng/L) (Fig. 2A, B). However, GFP expression was strongly
induced in the muscle fibre both at 25 ngEE2/L and at 10 ngeE2/L (Fig. 2C, D). In western blot
analysis for the muscle, exposures to 25 ngeE2/L and 10 ngEE2/L induced 6.3 and 3.2 fold

increases in GFP, respectively, compared with controls (Fig. 3B).

Threshold concentration for EE2 induction of GFP in immature ERE-TG zebrafish was 5 ng

EE2/L in the liver (Fig. 1) and 10 ngEEZ2/L in the muscle (Fig. 2).

Tissue expression of GFP in response to EE2 in mature (3 month old fish) ERE-TG

zebrafish

An adjustment to the EE2 exposure regimes compared with the study on the immature fish
was adopted in adult ERE-TG male zebrafish (1, 5, 10ng EE2/L, for a period of 7 days) to

establish the sensitivity of the target organs for responses to EE2 in this fish life stage. High
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concentrations (25 ng/L) EE2 exposures were not adopted in these experiments as we had
confirmed from the previous studies that good responses occurred (in immature fish) at lower
EE2 exposure concentrations. No specific GFP expression was observed in the controls. The
GFP expression pattern in the liver in mature ERE-TG zebrafish was similar to that seen in
immature ERE-TG zebrafish. Strong GFP expression occurred across a major part of liver for
an exposure to 10 ngeE2/L (Fig. 4A,D) and GFP expression was also seen in the liver and
gonad at 5 ngEE2/L (Fig. 4D). U-shaped GFP expression patterns were seen in some parts of
liver in the exposures to 5 ngEE2/L. There was no GFP expression detected in the liver in the
lowest concentration studied (1ng EE2/L) (Fig. 4B). Threshold concentrations for the induction
of GFP expression in the liver and gonad in adult ERE-TG zebrafish for EE2 was therefore
5ngEE2/L. Expression of GFP in response to EE2 was concentration-dependent in the liver as
quantified via western blotting; exposures to 10 ngEE2/L and 5 ngEE2/L resulted in 9- and 5.9-

fold increases in GFP, respectively, compared with the control.

In the muscle no GFP expression was observed in the control, but GFP expression was
detected in the muscle for an exposure to 10 ngeE2/L (Fig. 4D). By western blotting exposure
to 10 ngEE2/L induced a 6.9 fold increase in GFP in the muscle, but no GFP expression was
detected in the control, 1ngEE2/L or 5 ngEE2/L. For brain, intestine and gonad, no GFP

expression was observed in the all EE2 treated groups including control.
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Discussion

Transgenic fish (zebrafish and medaka) have been developed previously to detect and assess
for potential health effects of exposure to environmental oestrogens. Most of those systems
however, have focused only on expression of ERs in the liver of adult fish (Menuet et al.,
2002). Studies on other tissues affected by environmental oestrogens using transgenic fish have
been largely ignored. This is surprising given the diverse roles of oestrogens in vertebrate
systems. Furthermore, to date transgenic fish have not been applied for assessing sensitivity of
different life stage to environmental oestrogens. It is likely that these gaps in studies with
transgenic fish may be explained by the lack of sensitivity of the available transgenic lines to

detect such oestrogenic responses.

Transgenic fish (zebrafish and medaka) systems recorded have largely been restricted to
responses in the liver only. In contrast in the ERE-TG zebrafish developed here, we found GFP
expression in multiple tissues (liver, muscle, goand and brain) in both immature and adult
zebrafish for short term exposures to EE2. We were able to detect oestrogens in the water at a
concentration of 5 ngEE2/L (same concentration as responses in the liver were seen), using
conventional fluorescence microscopy and western blot analysis. This is an exposure level that

can occur in the wild, but only in some of the most polluted environments (Jobling et al., 2006).

Here we compare the sensitivity of the different transgenic fish systems developed for
measuring estrogens with our ERE TG fish. The fish developed by Legler et al (2000) were
responsive (luciferase production) to approximately 300 pM E2 (approximately 81 ngE2/L) for
a 96h exposure in transgenic zebrafish 4-5 weeks in age (Legler et al., 2002). In their studies,
exposure of transgenic zebrafish aged 35 days (and exposed for 96 h) the strongest luciferase
induction was observed at the dose 1000 nM E2 (approximately 272 uge2/L) and 1000 nM E1
(roughly 270 pgE2/L) and weak induction was found in the lowest exposure concentration (0.1
nM E2: roughly 27 ngE2/L). This study suggested that juvenile fish undergoing sexual
differentiation may be especially sensitive to EE2. In another study, using the same transgenic

zebrafish exposure of fish from 0 to 30 dpf (days post fertilization) or for 4 days as immature
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fish (from 26 to 30 days) luciferase activity was induced at the nominal EE2 concentration of 10

ng/L for both exposure periods (Bogers et al., 2006).

In studies by Zeng et al. (2005) where the gfp reporter gene was under the control of medaka
vitellogeninl (mvtgl) gene promoter, exposure of the transgenic medaka to E2 for 30 days
found responses down to 0.5 pugE2/L. In their work they also reported GFP expression for
exposures to other oestrogens including EE2 (0.05 ugEE2/L), bisphenol A (1 mgBPA/L) and
oestriol (10 ugE/L). Also in transgenic medaka with choriogenin H gene regulatory elements
and a GFP reporter construct responses in the liver were detected at concentrations in the liver
of 0.63 nM for E2 (roughly 171 ngE2/L), 0.34 mM for EE2 (approximately 100 ngeEE2/L) and

14.8 mM for E1 (approximately 4 ge1/L) (Kurauchi et al. 2005).

In the transgenic medaka developed by Salam et al. (2008) harbouring choriogenin L (ChgL)
tagged with GFP exposure, responses to E2 down to 25 ngE2/L (6 days exposure) were detected.
Recently, Chen at al. (2009) has reported a GFP transgenic zebrafish line under an estrogen-
inducible promoter from zvtgl gene. Although they reported GFP expression in the liver at 0.1
ngEE2/L in their transgenic fish, there was a lack of comparable controls and the reported

expression was guestionable.

Although our previous results with ERE-TG fish larvae showed specific GFP expression in a
wide variety of tissues including the liver, heart, skeletal muscle, ear, forebrain, lateral line and
ganglions as targets for exposure to EE2 down to a concentration of 1 ng/L, in our studies with
immature and adult ERE-TG fish we found responses only in the liver, muscle, gonad and brain
(25 ngEEZ2/L) at higher threshold exposure concentrations. One possibility for these findings is
that these life stage fish are less sensitive to oestrogen and there are wider tissue targets
compared with larval stages. A more likely explanation however relates to the microscopy
applied. In the work on immature and adult fish conventional fluorescence microscopy was
applied, whereas in studies on the larval fish confocal microscopy was used. Confocal
microscopy can build up a very clean three-dimensional (3D) image of the sample and have
better resolution horizontally as well as vertically relative to conventional microscopy. Thus the

standard microscopy approach would have a significantly lower threshold detection capability
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(Two-sample t-test, p<0.05). Western blotting analysis in the immature and adult ERE-TG
zebrafish was only applied to samples for fish where we saw GFP expression. This would have
answered the question on whether the differences seen between the GFP expression in the larvae
compared with the immature and adult fish was in fact due to the detection systems adopted.
This work needs to be done in the future. Weak GFP expression was observed in the gonads of
the mature male fish by 5 ngEE2/L exposure (Fig. 4C) as it is known that the testis contains ERs
(Legler et al., 2000). The reason for this might be that a 7 day exposure may be too short to
observe an effect on gonads. A number of studies has been reported on the reproductive effects
of EE2, but these studies observed the gonadal effects after at least 3 weeks exposure (Maack
and Segner, 2004; Van den Belt et al., 2001). Again, however, this may simply relate to the

need to have a higher detection capability (i.e. confocal microscopy or multiphoton microscopy).

It is possible however, that some of the differences in response thresholds to oestrogen in the
different life stages relate to differences in ER expression. Wang et al. (2010) reported ERs may
not contribute equally to the transcriptional regulation of genes involved in fish development
and reproduction. In their study, they reported that ER o transcript was up-regulated by EE2
(0.01, 0.1 and 1 nM: roughly 3 ngEE2/L, 30 ngEE2/L and 300 ngEE2/L), but ER p1 mRNA
expression was suppressed by these concentrations of EE2. However, ER B2 transcript was up-
regulated at the low concentration (0.1 nM: approximately 3 ngEE2/L) and was down-regulated
in the high concentration (1 nM: roughly 300 ngeEE2/L). Moreover, different life stages might
have differential responsiveness under different oestrogen compounds. These factors also need
more thorough investigation to clearly establish possible differences in estrogen responsiveness

between the different fish life stages studied.

A major limitation of our system with the immature and adult ERE-TG zebrafish is that we
can not detect exposure effects to oestrogens in real time. The reason for this is because of the
barrier of thick skin in these life stages and the skin’s pigmentation. A future possibility is to
create an ERE-TG fish in a pigment free strain of zebrafish (e.g. caspers or absolute). This is a

project that will shortly be undertaken in the laboratory at the University of Exeter.
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In summary, the experiments in this chapter were conducted as a preliminary investigation to
prove juvenile and adult ERE-TG fish were capable of detecting oestrogens. They proved to be
able to do so. The detecting capabilities are likely to be higher with the use of confocal
microscopy or multiphoton microscopy, but this has yet to be investigated. Future studies are
required to more fully assess the response capabilities for immature and adult ERE-TG fish
using confocal microscopy or multiphoton microscopy and applying western blotting across a
wider (and lower) ranges of oestrogen exposure. In the future too the problems associated with
pigmentation that restrict analyses of GFP in these fish in real time may be overcome by

creating the ERE-TG system in a pigment free line of zebrafish.
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List of Figures

Fig.1. Expression of GFP in the liver in immature (40 day old) transgenic (TG) zebrafish after
exposure to the synthetic oestrogen, 17 a-ethinyloestradiol (0, 5, 10 and 25 ng/L) for 7.days.
No GFP induction was observed in the control (A). There was, however, GFP expression
detected in the liver at an exposure concentration of 5, 10 25 ngEE2/L (B-D). Liver expression
of GFP showed a concentration dependent induction for exposure to EE2. The abdomen of the
TG fish’s was opened for these observations. Figure shows lateral view. DIC: normal light

image of microscope.

Fig. 2. Expression of GFP in the muscle in immature (40 day old) transgenic (TG) zebrafish
exposed to the synthetic estrogen, 17 a-ethinyloestradiol (0, 5, 10 and 25 ngEE2/L) for 7 days.
GFP expression was detected via fluorescence microscopy. There was no GFP expression in
the control and lowest concentration treatment group (5 ngEE2/L) (A, B). Strong GFP
expression was detected in the muscle fibre in the both the 10ngEE2/L and 25ngEE2/L
treatment groups. There were concentration- related inductions of GFP in the muscle fibre. For
brain, there was no GFP expression in control, 5 and 10 ngEE2/L although GFP expression was
observed at 25 ngeEE2/L/ The TG fish’s abdomen was opened for observation. Figure shows
lateral view. DIC: normal light image of microscope.

Fig. 3. GFP induction by EE2 using Western Blotting analysis. There was no detectable
GFP expression in the liver in control immature TG fish (A). There was weak GFP expression
detected for an exposure at 5 ngEE2/L and higher level expression in the higher exposure
concentrations (10 and 25 ngEE2/L) (A). For muscle, there was no GFP expression in the
control and lowest EE2 treatment group (5ngEE2/L) (B). GFP expression band was detected at
exposure concentrations of 10 ngEE2/L and 25 ngEE2/L. GFP expression in the liver and
muscle was induced in a concentration dependent manner for EE2. GFP expression level was
quantified by using Image J (http://rsh.info.nih.gov/ij/index/html). Error bars represent the

standard deviation.

Fig. 4. GFP expression in the liver in response to 17a-ethinyloestradiol (0, 1, 5 and 10
ngEE2/L) exposure for 7 days in adult ERE TG zebrafish. No GFP expression was detected in

the liver in control and the lowest exposure concentration (1ngEE2/L) (A, B). Liver GFP
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expression was detected for exposure to 5SngEE2/L and 10ngEE2/L (C, D). Lateral views are

shown. The abdomen of the TG was opened for observation.

Fig. 5. GFP expression in the muscle in response to 17a-ethinyloestradiol (0, 1, 5 and 10
ngEE2/L) exposure for 7 days in adult ERE TG zebrafish. No GFP expression was detected in
the muscle fibre in the control, 1 ngEE2/L and 5 ngEE2/L exposures (A, B and C). Strong GFP
expression was seen in the muscle fibre for exposure to 10 ngeE2/L (D). Skin was removed to

observe GFP expression in the muscle fibre. Figure shows lateral view.

Fig. 6. Western blotting was analysed to quantify the green fluorescent protein. There was no
GFP detected in the liver in the control and 1ngEE2/L (A). Weak GFP expression was detected
at 5 ngeE2/L (A) and strong GFP expression was induced at 10 ngeE2/L (A). For muscle, no
GFP expression was detected in control, 1 ngEE2/L and 5 ngEE2/L. There was strong GFP
expression detected in the muscle fibre at an exposure concentration of 10ng EE2/L (B). GFP
expression was thus induced in a concentration dependent manner for EE2. GFP expression
level was quantified by using Image J (http://rsh.info.nih.gov/ij/index/ntml). Error bars
represent the standard deviation.
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CHAPTER 7: General Discussion

7.1 Overview of the ERE-TG zebrafish developed

It is well established that there is a wide range of chemicals that can mimic hormones and
disrupt physiological function in an organism. One of the most commonly occurring group of
hormone mimics are environmental oestrogens and they have been found to induce significant
disruptions in reproductive function in a range of wildlife species and in humans too (Guo et al.,
1995; Melzer et al., 2010; Zinaman and Katz, 1997)). Indeed, it is principally environmental
oestrogens that have driven a heightened awareness of the need to more thoroughly understand
the possible health implications associated with EDCs. As a consequence a wide range of
screening and testing systems for environmental oestrogens, have been developed, including
both in vitro to in vivo systems. All have their advantages and disadvantages, but few offer truly
integrative systems for probing for the possible wider health effects associated with EDCs of

any nature.

Transgenic fish, in contrast, have huge potential as test systems as they provide an integrative
system that allows for comprehensive effects assessment of oestrogens across multiple tissues in
the body. The main aim of this thesis was to develop transgenic zebrafish for the detection of
oestrogens allowing further assessment of the potential health impacts of oestrogens in the
environment. Three classes of oestrogens were tested, including steroids (natural and synthetic),

an alkylphenol (NP) and a plasticizer (BPA) in both transiently and stably transfected zebrafish.

Various TG fish have been constructed previously, including for measurement of exposure to,
and effects of, environmental oestrogens, and thus, the endeavour in this thesis may not seem to
be especially novel. The TG systems available, however, have suffered a number of limitations,
including the detection methodology for responses to oestrogens (e.g. luciferase; Legler et al.,
2000), not being able to be undertaken in live fish. Other constructs developed, such as pEGFP-
ChgL (Ueno et al., 2004), pZVTG1-EGFP (Chen et al., 2010) ) have been based on liver
specific genes, that although of use as biomonitoring systems for environmental oestrogens, do
not allow for the wider health effects of oestrogens to be assessed.
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In this thesis work, therefore, we set out on an ambitious task to develop a TG zebrafish that
was able to assess for the effects of oestrogens across multiple tissues and, critically, using a
marker system (GFP) that could be monitored in live fish. To facilitate this work, new plasmids
had to be constructed which included cloning and incorporation of EREs. Importantly, the ERE
would bind all ER sub-types and thus in the TG fish capture responses via all ER mediated
pathways. This proved to be successful as in the final testing of our TG fish morpholinos for the

different ER subtypes ablated oestrogen induced responses differently in the different tissues.

The development of the required construct took many attempts and a considerable period of
time (18 months) and progressed through a series of sequential constructions using three
different plasmid vectors, pBluescript KS+, PCS2+ and pBR322_Tol2. A major obstacle in the
development of TG has been the successful genome integration of the plasmid construct. To
enhance our chances of doing so we applied a Tol2 vector system, that had been reported to
provide germline transmission frequency of up to 50 % (Kawakami et al. 2000). This proved to

be a successful approach in the synthesis of the ERE-TG zebrafish.

The ERE-TG fish in this thesis were constructed using the Gal4-UAS/GFP signalling system.
This was adopted to produce a two step amplification of the oestrogenic signal, with the desire
to produce a sensitive responding system for detecting exposure to oestrogens. In this system,
the sequence of activation events that occur is; the oestrogens bind to ER and that complex
subsequently binds to ERE inducing the synthesis of Gal4ff. This in turn binds to its target
sequence UAS to activate gene transcription and induce synthesis of GFP. Again, this proved to
be a highly successful with the ERE-TG produced having a response sensitivity to EE2 of 1
ng/L. In adopting Gal4ff rather than the more commonly used Gal-VP16/UAS we found no

toxicity associated issues at all.

A major concern for any TG fish system is that is needs to be a reproducible system that
persists across generations. We have found this to be the case for our ERE-TG zebrafish. Over 3
generations (FO-F3) the ERE-TG fish are showing a consistent response to oestrogens.

Response patterns in GFP for exposure to oestrogens are proving to be consistent across tissues
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in 4 day old larvae tissues. Sensitivity thresholds for steroid oestrogens are also proving to be
highly consistent, as confirmed in very recent exposure studies with F3 generation ERE-TG

zebrafish. Importantly, we have not found any evidence for gene silencing.

The ERE-TG zebrafish developed respond to environmental oestrogens that are diverse in
nature (spanning steroidal oestrogens to an alkylphenol [NP] and a plasticizer [BPA])
sufficiently sensitive for environmentally relevant exposures. They show tissue specific
responses, identify target tissues sensitive for potential health effects and ER morpholinos prove
that at least some of the responses seen (GFP induction) operate through the ERs. The ERE-TG
zebrafish therefore provides a model system for both probing for the wider health effects of
oestrogens across different life stages and for screening and testing chemicals for possible
oestrogen activity, in real time. They thus represent a considerable advancement for studies into

the physiological processes and systems affected by oestrogens.

The following sections provide a critical analysis on the methodological approaches used and
the new systems developed, focusing on the transient expression assay and the ERE-TG.
Opinion is provided on the utility of the systems for future work in developing other TG fish
and for application of the ERE-TG zebrafish to assess the associated health effects for exposure

to environmental oestrogens.

7.2 The transient expression assay

A major challenge in creating TG fish lines of zebrafish is the time that it takes to do so. A
vital element in the development of the ERE-TG fish was to test the functionality of the plasmid
in a step-wise manner to avoid a TG fish that was subsequently not fit for purpose (i.e. specific
and sufficiently sensitive to oestrogens). This was undertaken through use of a transient
expression assay and detecting GFP induced by oestrogen via in-situ hybridisation or green
fluorescent microscopy. This approach allowed me to ensure that the DNA elements integrated
in the vector were indeed working and sensing the oestrogen during the long construction

processes. In developing such a transient assay, many features of the injection process needed to
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be optimised. This included the embryo stage, incubation temperature, amount of DNA and a
size of needle. The following were found to be optimal for this work: 1-2 cell staged embryos,
28 °C, approximately 20 ng/L of DNA and the gauge of the needle finally adopted was for
microinjection. We would recommend these conditions for future work for transient assays with

zebrafish.

In this thesis work was undertaken to investigate for the optimal life stage for use in
screening for oestrogen responses in the transient expression assay. We found that different
tissues showed different temporal responses to oestrogen exposure (as measured by GFP
induction post oestrogen exposure; see Chapter 5). At 72 hpf however, there were both strong
and specific tissue GFP expression patterns (in response to EE2) that were especially well
defined in the liver, muscle and heart. This was also the case for the work with medaka. It is
recommended therefore that this life stage is optimal for screening for oestrogenic activity of

chemicals in the ERE-TG zebrafish.

Results with our transient assay in assessing the relative potencies of various environmental
oestrogens were consistent with those reported in the literature with EE2 being the most potent
compared with E2 and with NP and BPA. Legler et al. (2002) similarly showed that 17a-
ethinyloestradiol (EE2) was the most potent (xeno) oestrogen compared with 17p-oestradiol
(E2), and nonylphenol in their transgenic zebrafish assay. Relative potency estimates for these
chemicals vary depending on the assessment method. For example EE2 was shown to be 1.25
fold more potent than E2 in yeast-based in vitro assay (Beck et al., 2006) but had around a 30
times higher potency than E2 and E1 for induction of VTG in female zebrafish (Van den Belt et
al., 2004) in in vivo. Thorpe et al. (2003) similarly reported that EE2 was between 11 to 27
times more potent than E2 using a VTG induction assay in vivo. Comparing the relative
responses to the different oestrogens in the MorDarT assay using developing zebrafish the
relative abundance of VTG1 mRNA, EE2 was 100 times more potent than E2, and 90000 times

more potent than BPA (Muncke et al., 2006; MorDarT is D. rerio teratogenicity test).
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The transient assay developed is as sensitive as some of the various available TG fish
(although it is questionable whether they should be compared directly) or some other oestrogen
detection systems (e.g. VTG induction). For example, the most sensitive TG fish developed
have been shown to respond to EE2 at 10 ngEE2/L (Bogers et al., 2006), but the lowest
detectable concentration in the transient assay for EE2 was 10 ngEE2/L. Detection threshold for
EE2 (as an example), in vivo for VTG induction in adult male rainbow trout; (Purdom et al.,
1994)) is between 0.1 and 1.79 ngEE2/L. EE2 concentrations required for the induction of VTG
in in vitro hepatocyte cultures for medaka and common carp are considerably higher (Bickley et

al, 2007; Kordes et al., 2002).

A limitation of the transient expression system is that it requires microinjection of the embryo
and this is affected by many factors, especially the expertise of the worker. Our transient assay
system, nevertheless is novel - there are no reports previously using transient expression
analysis for detection of oestrogen compounds - and can be applied to screen chemicals to test

for full body systems wide effects in early life stage fish.

7.3 ERE-TG zebrafish larvae

The ERE-TG zebrafish larvae are the most sensitive TG fish system developed for detecting
environmental oestrogens. This higher sensitivity is likely due, at least in part, to the multiple
tandem EREs incorporated and the Tol2 mediated Gal4ff-UAS system. The responses to
oestrogen in the ERE-TG fish system equate favourably with that found for a number of other in
vivo systems and in vitro test systems for oestrogens. The lowest detectable concentrations in
the ERE-TG fish for EE2, E2, BPA and NP were 1 ngEE2/L, 5 ngE2/L, 100 pgBPA/L and 1 pg
NP/L). The detection limit for EE2 induced responses in the TG zebrafish using luciferase as a
reporter was 10 ngEE2/L (Bogers et al., 2006). Thus, although favourable, the response
detection for oestrogen exposure in our ERE-TG fish does not reach that for VTG induction (as
a simple biomarker for exposure) where responses down to between 0.1 to 1.79 ngEE2/L have

been reported in adult male rainbow trout (Purdom et al., 1994). Rainbow trout however are
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well established to be more sensitive to oestrogens compared with fish belonging to the cyprinid
fish family (Tyler et al., 2005). Oestrogenic activity for NP has not been detected in other
oestrogenic TG fish previously for environmentally relevant exposures. NP concentrations
down to 0.65 pg/L for 3 weeks exposure have been shown to induce VTG synthesis (Harries et

al., 2000).

A potential drawback with the ERE-TG fish developed is that the transgenic zebrafish can
show high inter-individual variation in their response to oestrogens. GFP expression was
observed in the otic vesicle and also in the heart in some ERE-TG fish larvae without oestrogen
exposure. The differences seen in background expression of GFP (and potentially also
contributing to inter-individual response variability) might relate to the sex of the fish. We were

unable to prove this however because, as yet, there is no available sex probe for the zebrafish.

Without doubt one of the greatest assets of the newly developed ERE-TG zebrafish is that in
early life stages they can be applied to identify the range of body tissues responding to
oestrogen exposure. We found that our TG fish detected oestrogenic activity in a wide variety
of tissues including the liver, heart, skeletal muscle (somite and cranial), ear/eye ganglions,
brain, otic vesicle, lens and neuromasts. In addition, the somite muscle cells, cranial muscle
cells, heart cells and neuromast cells appeared to be especially responsive to oestrogen. We
show for the first time oestrogen responses (via GFP expression) in the muscle (somite and

cranial) in live fish.

A key finding for the ERE-TG fish is that the tissue-specific expression patterns during
development not only suggests a role for oestrogen receptors during development, but also
indicates that there may be differences in tissue toxicities for different life stages. Importantly,
our ERE-TG fish were able to identify different chemicals which are classified as
environmental oestrogens can have different target tissues, and thus our system opens up new
avenues for developing a better understanding of how different environmental oestrogens work

in the body.
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Life stage differences in responses to oestrogens and differences on health effects for
different developmental stages, most likely relate to the expression patterns of the different ER
subtypes (at least in part). In spite of the fact that there are three ER subtypes in fish, their
different roles in developmental processes have not been well established. Our ERE-TG system
in zebrafish larvae enables the ER subtype effect pathways to be investigated relatively easily
using ER MO. We show this to good effect in the studies that have investigated how the
oestrogenic responses within the different tissues were mediated (for exposure to EEZ2).
Interestingly we show that normal development relating to the body trunk and hatching time
depends on the ER signalling pathways. Our ER MO work has also shown that not all oestrogen
signalling responses (as detected by GFP expression) occurred via ER a, B1 and B2 injection.
Thus, some or these responses may include oestrogen receptor related receptors (ER a,  and y)

as is known to occur in mammals (Yang et al., 1996).

7.4 ERE-TG fish (immature and mature)

As a preliminary experiment, immature and mature transgenic zebrafish were examined for
their responses to EE2 because the levels of oestrogens differ during different life stages and
there may be life stage specific effects for oestrogen exposures. This work however, was much
more restricted compared with the studies on larvae. This is because the skin thickness and
pigmentation prevent responses studies (and visualisation of those responses) in the intact
animal and in real time. The fish have to be killed to study the GFP responses to oestrogen. In
this work however we were able to show responses to EE2 down to 5 ng/L in the liver and
gonad, and 10 ngEE2/L in the muscle in both immature and mature transgenic zebrafish. This
would suggest a different (higher) response threshold compared with in the larvae. This is not
necessarily the case however as the analyses were conducted with conventional fluorescence
microscopy to detect GFP expression, rather than confocal that was applied in some of the work

on the larval stages detailed above.
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7.5 Some final thoughts on the limitations/problems in applying the ERE-TG fish and

some future prospects

Although this thesis work has been highly successful in developing ERE-TG (and has taken
preliminary steps to apply them) for detecting responses to environmental oestrogens there are a
number of inherent difficulties/limitations to the system, some of which can be overcome with
further investment. One aspect is the need for careful planning and investment for maintaining
the required number of ERE-TG fish for future studies. Separate lines of the ERE-TG zebrafish
will need to be bred and subsequent generations tested on a regular basis through routine
screening of their responses to oestrogens (tissue profiles and response sensitivity etc.). This is

vital to ensure consistency in responses across generations.

A major limitation is the inability to observe GFP expression in the internal organs in the
both immature and mature transgenic zebrafish using fluorescent microscopy. Pigmentation in
the skin prevents this. As a consequence, unlike for the larval stages, the effects analysis cannot
be conducted in live fish in immature/adult fish and this imposed further limits of possible
experiments (repeat exposure analyses etc.). One possibility to circumvent this issue, as
mentioned in chapter 6, is to develop the ERE-TG system in a pigment free line of zebrafish

(e.g. caspers or absolute).

It is also the case that given female fish, both immature fish and as adults, contain varying
(but significant) levels of circulating oestrogen, that studies on ERE-TG fish as immature/adult
fish are likely only practicable in males. Separating immature zebrafish by sex is a very difficult
proposition (it can easily be in adults). This would be made easier with the availability of a sex

specific probe but this has not yet been forthcoming for this species.

The larval stages of the ERE-TG zebrafish however, offer huge potential for studying many
aspects of oestrogen function and effects in fish (and other vertebrates). The fact that they are
highly sensitive, show tissue related response specificities, that the signals (for the most part)
operate through the different ERs, are able to conduct MO work to knock down effects through

specific receptors and possess to the ability to visualise effects in live animals, in real time,
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opens up this model for arguably a greater number of research questions than any other model
system presently developed for oestrogens. The ERE-TG larval stages also offer the potential
for development for high throughput screening of oestrogens. Some of the key areas of research

for which the ERE TG zebrafish could usefully be applied include:

1.) Enhancing our fundamental understanding of the role of oestrogen, the mechanisms of
oestrogen signalling and the specific functions of cells in organisms and how they are

influenced by oestrogens (through over expression studies and ER MQs)

2.) Developing a more comprehensive understanding on life long oestrogen exposure effects.
The fact that it is possible to visualise responsive tissue to oestrogen exposure during early life

offers the possibility to track subsequent effects in those specific tissues in later life.

3. Advancing our understanding on mixture effects. The ERE-TG embryos/larvae could be very
usefully applied to study how oestrogenic chemicals interact within the body to affect different
body tissues, what the effects of sequential exposures are and how real world mixtures (e.g.

oestrogenic STW effluents) affect developmental process and fish health.

195



CHAPTER 8

REFERENCES

196



References

Abdelilah, S., Solnica-Krezel, L., Stainier, D. Y. and Driever, W. (1994). Implications for

dorsoventral axis determination from the zebrafish mutation janus. Nature 370, 468-71.

Afonso, L. O., lwama, G. K., Smith, J. and Donaldson, E. M. (1999). Effects of the
aromatase inhibitor Fadrozole on plasma sex steroid secretion and ovulation rate in female
coho salmon, Oncorhynchus kisutch, close to final maturation. Gen Comp Endocrinol 113,
221-9.

Ahel, M., McEvoy, J. and Giger, W. (1993). Bioaccumulation of the lipophilic metabolites

of nonionic surfactants in freshwater organisms. Environmental Pollution 79, 243-248.

Ahsan, B., Kobayashi, D., Yamada, T., Kasahara, M., Sasaki, S., Saito, T. L., Nagayasu,
Y., Doi, K., Nakatani, Y., Qu, W. et al. (2008). UTGB/medaka: genomic resource database
for medaka biology. Nucleic Acids Res 36, D747-52.

Allen, Y., Matthiessen, P., Scott, A. P., Haworth, S., Feist, S. and Thain, J. E. (1999). The
extent of oestrogenic contamination in the UK estuarine and marine environments--further

surveys of flounder. Sci Total Environ 233, 5-20.

Amanuma, K., Takeda, H., Amanuma, H. and Aoki, Y. (2000). Transgenic zebrafish for

detecting mutations caused by compounds in aquatic environments. Nat Biotechnol 18, 62-5.

Amsterdam, A., Lin, S., Moss, L. G. and Hopkins, N. (1996). Requirements for green

fluorescent protein detection in transgenic zebrafish embryos. Gene 173, 99-103.

Andersen, H. R., Wollenberger, L., Halling-Sorensen, B. and Kusk, K. O. (2001).
Development of copepod nauplii to copepodites--a parameter for chronic toxicity including

endocrine disruption. Environ Toxicol Chem 20, 2821-9.

Arukwe, A., Knudsen, F. R. and Goksoyr, A. (1997). Fish zona radiata (eggshell) protein: a

sensitive biomarker for environmental estrogens. Environ Health Perspect 105, 418-22.

Asakawa, K. and Kawakami, K. (2009). The Tol2-mediated Gal4-UAS method for gene
and enhancer trapping in zebrafish. Methods 49, 275-281.

Asakawa, K., Suster, M. L., Mizusawa, K., Nagayoshi, S., Kotani, T., Urasaki, A.,
Kishimoto, Y., Hibi, M. and Kawakami, K. (2008). Genetic dissection of neural circuits by
Tol2 transposon-mediated Gal4 gene and enhancer trapping in zebrafish. Proc Natl Acad Sci
U S A 105, 1255-60.

197



Babin, P. J., Cerda, J., Lubzens, E., Denslow, N. and Sepulveda, M. (2007).
Ecotoxicological effects of endocrine disrupting compounds on fish reproduction. In The Fish

Oocyte, pp. 255-322: Springer Netherlands.

Baksi, S. M. and Frazier, J. M. (1990). Isolated fish hepatocytes -- model systems for
toxicology research. Aquatic Toxicology 16, 229-256.

Barros, R. P., Machado, U. F., Warner, M. and Gustafsson, J. A. (2006). Muscle GLUT4
regulation by estrogen receptors ERbeta and ERalpha. Proc Natl Acad Sci U S A 103, 1605-8.

Beck, I. C., Bruhn, R. and Gandrass, J. (2006). Analysis of estrogenic activity in coastal

surface waters of the Baltic Sea using the yeast estrogen screen. Chemosphere 63, 1870-8.

Belfroid, A. C., Van der Horst, A., Vethaak, A. D., Schafer, A. J., Rijs, G. B., Wegener, J.
and Cofino, W. P. (1999). Analysis and occurrence of estrogenic hormones and their
glucuronides in surface water and waste water in The Netherlands. Sci Total Environ 225,
101-8.

Bennett, E. R. and Metcalfe, C. D. (1998). Distribution of alkylphenol compounds in great
lakes sediments, United States and Canada. Environmental Toxicology and Chemistry 17,
1230-1235.

Bennie, D. T., Sullivan, C. A., Lee, H. B., Peart, T. E. and Maguire, R. J. (1997).
Occurrence of alkylphenols and alkylphenol mono- and diethoxylates in natural waters of the
Laurentian Great Lakes basin and the upper St. Lawrence River. Science of The Total
Environment 193, 263-275.

Berghmans, S., Hunt, J., Roach, A. and Goldsmith, P. (2007). Zebrafish offer the potential
for a primary screen to identify a wide variety of potential anticonvulsants. Epilepsy Res 75,
18-28.

Bian, H., Li, Z., Ping, L. and Pan, J. (2010). Spatial distribution and deposition history of
nonylphenol and bisphenol A in sediments from the Changjiang River (Yangtze River)
Estuary and its adjacent East China Sea ACTA OCEANOLOGICA SINICA 29, 44-51.

Bickley, L. K. (2007). The effects of environmental contaminants in fish: an in vitro
approach. In Biological Sciences, vol. Doctor of Philosophy (ed., pp. 122. Exeter: University

of Exeter.

Birnbaum, L. S. (1994). The mechanism of dioxin toxicity: relationship to risk assessment.
Environ Health Perspect 102 Suppl 9, 157-67.

198



Bjornstrom, L. and Sjoberg, M. (2005). Mechanisms of estrogen receptor signaling:

convergence of genomic and nongenomic actions on target genes. Mol Endocrinol 19, 833-42.

Blackburn, M. A. and Waldock, M. J. (1995). Concentrations of alkylphenols in rivers and
estuaries in England and Wales. Water Research 29, 1623-1629.

Blader, P. and Strahle, U. (2000). Zebrafish developmental genetics and central nervous

system development. Hum Mol Genet 9, 945-51.

Blechinger, S. R., Warren, J. T., Jr., Kuwada, J. Y. and Krone, P. H. (2002).
Developmental toxicology of cadmium in living embryos of a stable transgenic zebrafish line.
Environ Health Perspect 110, 1041-6.

Bogers, R., Mutsaerds, E., Druke, J., De Roode, D. F., Murk, A. J., Van Der Burg, B.
and Legler, J. (2006). Estrogenic endpoints in fish early life-stage tests: luciferase and
vitellogenin induction in estrogen-responsive transgenic zebrafish. Environ Toxicol Chem 25,
241-7.

Brand, A. H. and Dormand, E.-L. (1995). The GAL4 system as a tool for unravelling the

mysteries of the Drosophila nervous system. Current Opinion in Neurobiology 5, 572-578.

Brand, A. H., Manoukian, A. S., Perrimon, N. and Lawrence, S. B. G. a. E. A. F. (1994).
Chapter 33 Ectopic Expression in Drosophila. In Methods Cell Biol, vol. Volume 44, pp. 635-
654: Academic Press.

Brand, A. H. and Perrimon, N. (1993). Targeted gene expression as a means of altering cell

fates and generating dominant phenotypes. Development 118, 401-15.

Bretaud, S., Lee, S. and Guo, S. (2010). Sensitivity of zebrafish to environmental toxins

implicated in Parkinson's disease. Neurotoxicology and Teratology 26, 857-864.

Brevini, T. A., Zanetto, S. B. and Cillo, F. (2005). Effects of endocrine disruptors on
developmental and reproductive functions. Curr Drug Targets Immune Endocr Metabol
Disord 5, 1-10.

Brian, J. V., Augley, J. J. and Braithwaite, V. A. (2006). Endocrine disrupting effects on
the nesting behaviour of male three-spined stickleback Gasterosteus aculeatus L. Journal of
Fish Biology 68, 1883-1890.

Briggs, J. P. (2002). The zebrafish: a new model organism for integrative physiology. Am J
Physiol Regul Integr Comp Physiol. 281, R3-9.

199



Brotons, J. A., Olea-Serrano, M. F., Villalobos, M., Pedraza, V. and Olea, N. (1995).
Xenoestrogens released from lacquer coatings in food cans. Environ Health Perspect 103,
608-12.

Bryan, G. W., Gibbs, P. E., Burt, G. R. and Hummerstone, L. G. (1987). The effects of
tributyltin tin (TBT) accumulation on adult dogwhelks, Nucella lapillus: long term field and
laboratory experiments. J. Mar. Biol. Assoc. UK 67, 525-544.

Burgess, H. A. and Granato, M. (2008). The neurogenetic frontier--lessons from

misbehaving zebrafish. Brief Funct Genomic Proteomic 7, 474-82.

Burket, C., Montgomery, J., Thummel, R., Kassen, S., LaFave, M., Langenau, D., Zon,
L. and Hyde, D. (2008). Generation and characterization of transgenic zebrafish lines using

different ubiquitous promoters. Transgenic Research 17, 265-279.

Byford, J. R., Shaw, L. E., Drew, M. G. B., Pope, G. S., Sauer, M. J. and Darbre, P. D.
(2002). Oestrogenic activity of parabens in MCF7 human breast cancer cells. J Steroid
Biochem Mol Biol 80, 49-60.

Caldovic, L. and Hackett, P. B., Jr. (1995). Development of position-independent

expression vectors and their transfer into transgenic fish. Mol Mar Biol Biotechnol 4, 51-61.

Carlsen, E., Giwercman, A., Keiding, N. and Skakkebaek, N. E. (1992). Evidence for
decreasing quality of semen during past 50 years. Bmj 305, 609-13.

Carney, S. A., Prasch, A. L., Heideman, W. and Peterson, R. E. (2006). Understanding
dioxin developmental toxicity using the zebrafish model. Birth Defects Res A Clin Mol
Teratol 76, 7-18.

Carvan, M. J., 3rd, Dalton, T. P., Stuart, G. W. and Nebert, D. W. (2000). Transgenic
zebrafish as sentinels for aquatic pollution. Ann N Y Acad Sci 919, 133-47.

Chakraborty, T., Katsu, Y., Zhou, L. Y., Miyagawa, S., Nagahama, Y. and Iguchi, T.
(2010). Estrogen receptors in medaka (Oryzias latipes) and estrogenic environmental

contaminants: An in vitro-in vivo correlation. J Steroid Biochem Mol Biol.

Chakraborty, T., Shibata, Y., Zhou, L. Y., Katsu, Y., Iguchi, T. and Nagahama, Y.
(2011). Differential expression of three estrogen receptor subtype mRNASs in gonads and liver

from embryos to adults of the medaka, Oryzias latipes. Mol Cell Endocrinol 333, 47-54.

Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. and Prasher, D. C. (1994). Green

fluorescent protein as a marker for gene expression. Science 263, 802-5.

200



Charles, A. K. and Darbre, P. D. (2009). Oestrogenic activity of benzyl salicylate, benzyl
benzoate and butylphenylmethylpropional (Lilial) in MCF7 human breast cancer cells in vitro.
Journal of Applied Toxicology 29, 422-434.

Chen, H., Hu, J., Yang, J., Wang, Y., Xu, H., Jiang, Q., Gong, Y., Gu, Y. and Song, H.
(2010). Generation of a fluorescent transgenic zebrafish for detection of environmental

estrogens. Aquatic Toxicology 96, 53-61.
Chen, T. T. and Powers, D. A. (1990). Transgenic fish. Trends Biotechnol 8, 209-15.

Cheshenko, K., Pakdel, F., Segner, H., Kah, O. and Eggen, R. I. (2008). Interference of
endocrine disrupting chemicals with aromatase CYP19 expression or activity, and

consequences for reproduction of teleost fish. Gen Comp Endocrinol 155, 31-62.

Choi, C. Y. and Habibi, H. R. (2003). Molecular cloning of estrogen receptor alpha and
expression pattern of estrogen receptor subtypes in male and female goldfish. Mol Cell
Endocrinol 204, 169-77.

Christiansen, T., Korsgaard, B. and Jespersen, A. (1998). Effects of nonylphenol and 17
beta-oestradiol on vitellogenin synthesis, testicular structure and cytology in male eelpout

Zoarces viviparus. J Exp Biol 201, 179-92.

Ciocca, D. R. and Roig, L. M. (1995). Estrogen receptors in human nontarget tissues:

biological and clinical implications. Endocr Rev 16, 35-62.

Coe, T. S., Soffker, M. K., Filby, A. L., Hodgson, D. and Tyler, C. R. (2010). Impacts of
early life exposure to estrogen on subsequent breeding behavior and reproductive success in
zebrafish. Environ Sci Technol 44, 6481-7.

Colborn, T., vom Saal, F. S. and Soto, A. M. (1993). Developmental effects of endocrine-

disrupting chemicals in wildlife and humans. Environ Health Perspect 101, 378-84.

Coldham, N. G., Sivapathasundaram, S., Dave, M., Ashfield, L. A., Pottinger, T. G.,
Goodall, C. and Sauer, M. J. (1998). Biotransformation, tissue distribution, and persistence
of 4-nonylphenol residues in juvenile rainbow trout (Oncorhynchus mykiss). Drug
Metabolism and Disposition 26, 347-354.

Contag, C. H. and Bachmann, M. H. (2002). Advances in in vivo bioluminescence imaging

of gene expression. Annu Rev Biomed Eng 4, 235-60.

201



Cosnefroy, A., Brion, F., Guillet, B., Laville, N., Porcher, J. M., Balaguer, P. and Ait-
Aissa, S. (2009). A stable fish reporter cell line to study estrogen receptor transactivation by

environmental (xeno)estrogens. Toxicol In Vitro 23, 1450-4.

Couse, J. E., Mahato, D., Eddy, E. M. and Korach, K. S. (2001). Molecular mechanism of
estrogen action in the male: insights from the estrogen receptor null mice. Reprod Fertil Dev
13, 211-9.

Couse, J. F., Lindzey, J., Grandien, K., Gustafsson, J. A. and Korach, K. S. (1997).
Tissue distribution and quantitative analysis of estrogen receptor-alpha (ERalpha) and
estrogen receptor-beta (ERbeta) messenger ribonucleic acid in the wild-type and ERalpha-
knockout mouse. Endocrinology 138, 4613-21.

Cowley, S. M. and Parker, M. G. (1999). A comparison of transcriptional activation by ER
alpha and ER beta. J Steroid Biochem Mol Biol 69, 165-75.

Craft, J. A, Brown, M., Dempsey, K., Francey, J., Kirby, M. F., Scott, A. P., Katsiadaki,
I, Robinson, C. D., Davies, I. M., Bradac, P. et al. (2004). Kinetics of vitellogenin protein
and mRNA induction and depuration in fish following laboratory and environmental exposure

to oestrogens. Marine Environmental Research 58, 419-423.

Crisp, T. M., Clegg, E. D., Cooper, R. L., Wood, W. P., Anderson, D. G., Baetcke, K. P.,
Hoffmann, J. L., Morrow, M. S., Rodier, D. J., Schaeffer, J. E. et al. (1998).
Environmental Endocrine Disruption: An Effects Assessment and Analysis. Environ Health
Perspect 106, 11-56.

Davison, J. M., Akitake, C. M., Goll, M. G., Rhee, J. M., Gosse, N., Baier, H., Halpern,
M. E., Leach, S. D. and Parsons, M. J. (2007). Transactivation from Gal4-VP16 transgenic

insertions for tissue-specific cell labeling and ablation in zebrafish. Dev Biol 304, 811-24.
den Hertog, J. (2005). Chemical genetics: Drug screens in Zebrafish. Biosci Rep 25, 289-97.

Desbrow, C., Rutledge, E. J., Brighty, G. C., Sumpter, J. P. and Waldock, M. (1998).
Identification of estrogenic chemicals in STW effluent: 1. Chemical fractionation and in vitro
biological screening. Environ Sci Technol 32, 1549 - 1558.

Devlin, R. H. and Nagahama, Y. (2002). Sex determination and sex differentiation in fish:
an overview of genetic, physiological, and environmental influences. Aquaculture 208, 191-
364.

202



Devlin, R. H., Yesaki, T. Y., Donaldson, E. M. and Hew, C.-L. (1995). Transmission and
phenotypic effects of an antifreeze/GH gene construct in coho salmon (Oncorhynchus
kisutch). Aquaculture 137, 161-1609.

Dewailly, E., Dodin, S., Verreault, R., Ayotte, P., Sauve, L., Morin, J. and Brisson, J.
(1994). High organochlorine body burden in women with estrogen receptor-positive breast
cancer. J Natl Cancer Inst 86, 232-4.

Diamanti-Kandarakis, E., Bourguignon, J. P., Giudice, L. C., Hauser, R., Prins, G. S,,
Soto, A. M., Zoeller, R. T. and Gore, A. C. (2009). Endocrine-disrupting chemicals: an

Endocrine Society scientific statement. Endocr Rev 30, 293-342.

Distel, M., Wullimann, M. F. and Koster, R. W. (2009). Optimized Gal4 genetics for
permanent gene expression mapping in zebrafish. Proc Natl Acad Sci U S A 106, 13365-70.

Driever, W., Solnica-Krezel, L., Schier, A. F., Neuhauss, S. C., Malicki, J., Stemple, D.
L., Stainier, D. Y., Zwartkruis, F., Abdelilah, S., Rangini, Z. et al. (1996). A genetic

screen for mutations affecting embryogenesis in zebrafish. Development 123, 37-46.

Du, S. J., Gong, Z. Y., Fletcher, G. L., Shears, M. A., King, M. J,, Idler, D. R. and Hew,
C. L. (1992). Growth enhancement in transgenic Atlantic salmon by the use of an "all fish"

chimeric growth hormone gene construct. Biotechnology (N Y) 10, 176-81.

Dunham, R. A. (2004). Status of Genetically Modified (Transgenic) Fish: Research and
Application. Journal of World Aquaculture Society 30, 1-11.

Dunham, R. A., Eash, J., Askins, J. and Townes, T. M. (1987). Transfer of the
metallothionein-human growth hormone fustion gene into channel catfish. Transactions of the
American Fisheries Society 116, 87-91.

Eggen, R. I. L., Bengtsson, B. E., Bowmer, C. T., Gerritsen, A. A. M., Gibert, M.,
Hylland, K., Johnson, A. C., Leonards, P., Nakari, T., Norrgren, L. et al. (2003). Search
for the evidence of endocrine disruption in the aquatic environment: Lessons to be learned
from joint biological and chemical monitoring in the European Project COMPREHEND.
Pure Appl. Chem. 2, 2445-2450.

Environmental Protection Agency. (1997). Special report on environmental endocrine
disruption: An effects assessment and analysis, (ed. U.S. Environmental Protection Agency,
Washington, D.C.

203



Facemire, C. F., Gross, T. S. and Guillette, L. J., Jr. (1995). Reproductive impairment in
the Florida panther: nature or nurture? Environ Health Perspect 103 Suppl 4, 79-86.

Fenske, M. and Segner, H. (2004). Aromatase modulation alters gonadal differentiation in

developing zebrafish (Danio rerio). Aquatic Toxicology 67, 105-126.

Filby, A. L. and Tyler, C. R. (2005). Molecular characterization of estrogen receptors 1, 2a,
and 2b and their tissue and ontogenic expression profiles in fathead minnow (Pimephales
promelas). Biol Reprod 73, 648-62.

Fischer, J. A., Giniger, E., Maniatis, T. and Ptashne, M. (1988). GAL4 activates
transcription in Drosophila. Nature 332, 853-6.

Fisher, S., Grice, E. A, Vinton, R. M., Bessling, S. L., Urasaki, A., Kawakami, K. and
McCallion, A. S. (2006). Evaluating the biological relevance of putative enhancers using

Tol2 transposon-mediated transgenesis in zebrafish. Nat. Protocols 1, 1297-1305.

Folmar, L. C., Hemmer, M. J., Denslow, N. D., Kroll, K., Chen, J., Cheek, A., Richman,
H., Meredith, H. and Grau, E. G. (2002). A comparison of the estrogenic potencies of
estradiol, ethynylestradiol, diethylstilbestrol, nonylphenol and methoxychlor in vivo and in
vitro. Aquat Toxicol 60, 101-10.

Fry, D. M. (1995). Reproductive effects in birds exposed to pesticides and industrial
chemicals. Environ Health Perspect 103 Suppl 7, 165-71.

Gaido, K. W., Leonard, L. S., Lovell, S., Gould, J. C., Babai, D., Portier, C. J. and
McDonnell, D. P. (1997). Evaluation of Chemicals with Endocrine Modulating Activity in a
Yeast-Based Steroid Hormone Receptor Gene Transcription Assay. Toxicology and Applied
Pharmacology 143, 205-212.

Gercken, J. and Sordyl, H. (2010). Intersex in feral marine and freshwater fish from

northeastern Germany. Marine Environmental Research 54, 651-655.

Gibbs, P. E., Bryan, G. W., Pascoe, P. L. and Burt, G. R. . (1987). The use of the
dogwhelk Nucella lapillus as an indicator of tributyltin (TBT) contamination. Journal of the
Marine Biological Association of the United Kingdom 67, 507-523.

Goentoro, L. A., Yakoby, N., Goodhouse, J., Schupbach, T. and Shvartsman, S. Y.
(2006). Quantitative analysis of the GAL4/UAS system in Drosophila oogenesis. Genesis 44,
66-74.

204



Goessling, W., North, T. E. and Zon, L. I. (2007). Ultrasound biomicroscopy permits in

vivo characterization of zebrafish liver tumors. Nat Methods 4, 551-3.

Gong, Z., Ju, B. and Wan, H. (2001). Green fluorescent protein (GFP) transgenic fish and
their applications. Genetica 111, 213-225.

Goodhead, R. M. and Tyler, C. R. (2009). Organic Pollutants--An Ecotoxicological

Perspective
(ed., pp. 265-292: C. H. Walker (Taylor & Francis Group).

Goodman, S. D. and Gao, Q. (1999). Firefly Luciferase as a Reporter to Study Gene

Expression in Streptococcus mutans. Plasmid 42, 154-157.

Grabher, C. and Wittbrodt, J. (2008). Recent advances in meganuclease-and transposon-
mediated transgenesis of medaka and zebrafish. Methods Mol Biol 461, 521-39.

Gray, L. E., Jr., Ostby, J. S. and Kelce, W. R. (1994). Developmental effects of an
environmental antiandrogen: the fungicide vinclozolin alters sex differentiation of the male
rat. Toxicol Appl Pharmacol 129, 46-52.

Gray, M. A. and Metcalfe, C. D. (1997). Induction of testis-ova in Japanese medaka
(Oryzias latipes) exposed to p-nonylphenol. Environmental Toxicology and Chemistry 16,
1082-1086.

Gross-Sorokin, M. Y., Roast, S. D. and Brighty, G. C. (2006). Assessment of feminization
of male fish in English rivers by the Environment Agency of England and Wales. Environ
Health Perspect 114 Suppl 1, 147-51.

Gross, M. L., Schneider, J. F., Moav, N., Moav, B., Alvarez, C., Myster, S. H., Liu, Z.,
Hallerman, E. M., Hackett, P. B., Guise, K. S. et al. (1992). Molecular analysis and growth
evaluation of northern pike (Esox lucius) microinjected with growth hormone genes.
Aquaculture 103, 253-273.

Gross, T. S. and Guillette, L. J. (1994). Pesticide induction of developmental abnormalities
of the reproductive system of alligators (Alligator Mississippiensis) and turtles (Trachemys
scripta) (Abstract): National Institute of Environmental Health Sciences, Research Triangle
Park, North Carolina.

Guillette, L. J., Jr., Gross, T. S., Masson, G. R., Matter, J. M., Percival, H. F. and

Woodward, A. R. (1994). Developmental abnormalities of the gonad and abnormal sex

205



hormone concentrations in juvenile alligators from contaminated and control lakes in Florida.
Environ Health Perspect 102, 680-8.

Gunnarsson, L., Kristiansson, E., Forlin, L., Nerman, O. and Larsson, D. G. J. (2007).
Sensitive and robust gene expression changes in fish exposed to estrogen - a microarray
approach. BMC Genomics 8, 149.

Guo, Y. L., Chen, Y.C,, Yu, M. L. and Hsu, C. C. (1994). Early development of Yu-Cheng
children born seven to twelve years after the Taiwan PCB outbreak. Chemosphere 29, 2395-
404.

Guo, Y. L., Lai, T. J., Chen, S. J. and Hsu, C. C. (1995). Gender-related decrease in
Raven's progressive matrices scores in children prenatally exposed to polychlorinated

biphenyls and related contaminants. Bull Environ Contam Toxicol 55, 8-13.

Gustafsson, J. A. (1999). Estrogen receptor beta--a new dimension in estrogen mechanism of
action. J Endocrinol 163, 379-83.

Haffter, P., Granato, M., Brand, M., Mullins, M. C., Hammerschmidt, M., Kane, D. A.,
Odenthal, J., van Eeden, F. J., Jiang, Y. J., Heisenberg, C. P. et al. (1996). The
identification of genes with unique and essential functions in the development of the zebrafish,

Danio rerio. Development 123, 1-36.

Hall, J. M., Couse, J. F. and Korach, K. S. (2001). The multifaceted mechanisms of
estradiol and estrogen receptor signaling. J Biol Chem 276, 36869-72.

Hall, J. M. and McDonnell, D. P. (1999). The estrogen receptor beta-isoform (ERbeta) of
the human estrogen receptor modulates ERalpha transcriptional activity and is a key regulator

of the cellular response to estrogens and antiestrogens. Endocrinology 140, 5566-78.

Halpern, M. E., Rhee, J., Goll, M. G., Akitake, C. M., Parsons, M. and Leach, S. D.
(2008). Gal4/UAS transgenic tools and their application to zebrafish. Zebrafish 5, 97-110.

Hamlet, M. R., Yergeau, D. A., Kuliyev, E., Takeda, M., Taira, M., Kawakami, K. and
Mead, P. E. (2006). Tol2 transposon-mediated transgenesis in Xenopus tropicalis. Genesis 44,
438-45.

Harries, J. E., Runnalls, T., Hill, E., Harris, C. A., Maddix, S., Sumpter, J. P. and Tyler,
C. R. (2000). Development of a Reproductive Performance Test for Endocrine Disrupting
Chemicals Using Pair-Breeding Fathead Minnows (Pimephales promelas). Environmental
Science & Technology 34, 3003-3011.

206



Harries, J. E., Sheahan, D. A., Jobling, S., Matthiessen, P., Neall, P., Sumpter, J. P,
Tylor, T. and Zaman, N. (1997). Estrogenic activity in five United Kingdom rivers detected
by measurement of vitellogenesis in caged male trout. Environmental Toxicology and
Chemistry 16, 534-542.

Harris, C. A., Hamilton, P. B., Runnalls, T. J., Vinciotti, V., Henshaw, A., Hodgson, D.,
Coe, T. S, Jobling, S., Tyler, C. R. and Sumpter, J. P. (2010). The Consequences of

Feminization in Breeding Groups of Wild Fish. Environ Health Perspect.

Harris, C. A., Santos, E. M., Janbakhsh, A., Pottinger, T. G., Tyler, C. R. and Sumpter,
J. P. (2001). Nonylphenol affects gonadotropin levels in the pituitary gland and plasma of

female rainbow trout. Environ Sci Technol 35, 2909-16.

Harris, J. and Bird, D. J. (2000). Modulation of the fish immune system by hormones. Vet

Immunol Immunopathol 77, 163-76.

Hartley, K. O., Nutt, S. L. and Amaya, E. (2002). Targeted gene expression in transgenic
Xenopus using the binary Gal4-UAS system. Proc Natl Acad Sci U S A 99, 1377-82.

Hawkins, M. B., Thornton, J. W., Crews, D., Skipper, J. K., Dotte, A. and Thomas, P.
(2000). Identification of a third distinct estrogen receptor and reclassification of estrogen
receptors in teleosts. Proc Natl Acad Sci U S A 97, 10751-6.

Hawkins, W. E., Walker, W. W., Fournie, J. W., Manning, C. S. and Krol, R. M. (2003).
Use of the Japanese medaka (Oryzias latipes) and guppy (Poecilia reticulata) in
carcinogenesis testing under national toxicology program protocols. Toxicol Pathol 31 Suppl,
88-91.

Hayat, M., Joyce, C. P., Townes, T. M., Chen, T. T., Powers, D. A. and Dunham, R. A.
(1991). Survival and integration rate of channel catfish and common carp embryos

microinjected with DNA at various developmental stages. Aquaculture 99, 249-255.

Hayes, T., Haston, K., Tsui, M., Hoang, A., Haeffele, C. and Vonk, A. (2002). Herbicides:

feminization of male frogs in the wild. Nature 419, 895-6.

Hayes, T. B., Case, P., Chui, S., Chung, D., Haeffele, C., Haston, K., Lee, M., Mai, V. P,
Marjuoa, Y., Parker, J. et al. (2006). Pesticide mixtures, endocrine disruption, and
amphibian declines: are we underestimating the impact? Environ Health Perspect 114 Suppl
1, 40-50.

207



Heim, R. and Tsien, R. Y. (1996). Engineering green fluorescent protein for improved
brightness, longer wavelengths and fluorescence resonance energy transfer. Curr Biol 6, 178-
82.

Hess, R. A., Bunick, D., Lee, K. H., Bahr, J., Taylor, J. A., Korach, K. S. and Lubahn, D.
B. (1997). A role for oestrogens in the male reproductive system. Nature 390, 509-12.

Higashijima, S., Hotta, Y. and Okamoto, H. (2000). Visualization of cranial motor neurons
in live transgenic zebrafish expressing green fluorescent protein under the control of the islet-

1 promoter/enhancer. J Neurosci 20, 206-18.

Higashijima, S., Okamoto, H., Ueno, N., Hotta, Y. and Eguchi, G. (1997). High-frequency
generation of transgenic zebrafish which reliably express GFP in whole muscles or the whole

body by using promoters of zebrafish origin. Dev Biol 192, 289-99.

Hintemann, T., Schneider, C., Schéler, H. F. and Schneider, R. J. (2006). Field study
using two immunoassays for the determination of estradiol and ethinylestradiol in the aquatic
environment. Water Research 40, 2287-2294.

Holth, T. F., Nourizadeh-Lillabadi, R., Blaesbjerg, M., Grung, M., Holbech, H., Petersen,
G. L., Alestrom, P. and Hylland, K. (2008). Differential gene expression and biomarkers in
zebrafish (Danio rerio) following exposure to produced water components. Aquat Toxicol 90,
277-91.

Horvat, S., Medrano, J. F., Behboodi, E., Anderson, G. B. and Murray, J. D. (1993).
Sexing and detection of gene construct in microinjected bovine blastocysts using the

polymerase chain reaction. Transgenic Res 2, 134-40.

Howell, W. M., Black, D. A. and Bortone, S. A. (1980). Abnormal expression of secondary
sex characters in population of mosquitofish, GAMBUSIA-AFFINIS-HOLBROOKI -

Evidence for environmentally-induced masculization. Copeia, 676-681.

Inoue, K., Yamashita, S., Hata, J.-i., Kabeno, S., Asada, S., Nagahisa, E. and Fujita, T.
(1990). Electroporation as a new technique for producing transgenic fish. Cell Differentiation
and Development 29, 123-128.

Iwai, T., Inoue, S., Kotani, T. and Yamashita, M. (2009). Production of Transgenic

Medaka Fish Carrying Fluorescent Nuclei and Chromosomes. Zoological Science 26, 9-16.

Jacobson, J. L. and Jacobson, S. W. (1996). Intellectual impairment in children exposed to
polychlorinated biphenyls in utero. N Engl J Med 335, 783-9.

208



Jobling, S., Beresford, N., Nolan, M., Rodgers-Gray, T., Brighty, G. C., Sumpter, J. P.
and Tyler, C. R. (2002a). Altered sexual maturation and gamete production in wild roach

(Rutilus rutilus) living in rivers that receive treated sewage effluents. Biol Reprod 66, 272-81.

Jobling, S., Coey, S., Whitmore, J. G., Kime, D. E., Van Look, K. J., McAllister, B. G.,
Beresford, N., Henshaw, A. C., Brighty, G., Tyler, C. R. et al. (2002b). Wild intersex
roach (Rutilus rutilus) have reduced fertility. Biol Reprod 67, 515-24.

Jobling, S., Sumpter, J. P., Sheahan, D., Osborne, J. A. and Matthiessen, P. (1996).
Inhibition of testicular growth in rainbow trout (Oncorhynchus mykiss) exposed to estrogenic

alkylphenolic chemicals. Environmental Toxicology and Chemistry 15, 194-202.

Jobling, S. and Tyler, C. R. (2003). Endocrine disruption, parasites and pollutants in wild
freshwater fish. Parasitology 126 Suppl, S103-8.

Johnson, A. C., Aerni, H. R., Gerritsen, A., Gibert, M., Giger, W., Hylland, K., Jurgens,
M., Nakari, T., Pickering, A., Suter, M. J. et al. (2005). Comparing steroid estrogen, and
nonylphenol content across a range of European sewage plants with different treatment and

management practices. Water Res 39, 47-58.

Johnson, A. C. and Sumpter, J. P. (2001). Removal of endocrine-disrupting chemicals in

activated sludge treatment works. Environ Sci Technol 35, 4697-703.

Johnson, F. H., Shimomura, O. and Saiga, Y. (1962). Action of cyanide on Cypridina
luciferin. J Cell Comp Physiol 59, 265-72.

Johnston, S. A. and Hopper, J. E. (1982). Isolation of the yeast regulatory gene GAL4 and
analysis of its dosage effects on the galactose/melibiose regulon. Proc Natl Acad Sci U S A 79,
6971-5.

Jonsson, E., Johnsson, J. I. and Bjornsson, B. T. (1996). Growth hormone increases

predation exposure of rainbow trout. Proc Biol Sci 263, 647-51.

Ju, B., Xu, Y., He, J., Liao, J., Yan, T., Hew, C. L., Lam, T. J. and Gong, Z. (1999).
Faithful expression of green fluorescent protein (GFP) in transgenic zebrafish embryos under

control of zebrafish gene promoters. Dev Genet 25, 158-67.
Kaiser, K. (1993). Second generation enhancer traps. Curr Biol 3, 560-2.

Kalbe, C., Mau, M., Wollenhaupt, K. and Rehfeldt, C. (2007). Evidence for estrogen
receptor alpha and beta expression in skeletal muscle of pigs. Histochem Cell Biol 127, 95-
107.

209



Kanja, L. W., Skaare, J. U., Ojwang, S. B. and Maitai, C. K. (1992). A comparison of
organochlorine pesticide residues in maternal adipose tissue, maternal blood, cord blood, and

human milk from mother/infant pairs. Arch Environ Contam Toxicol 22, 21-4.

Kannan, K., Senthilkumar, K., Elliott, J. E., Feyk, L. A. and Giesy, J. P. (1998).
Occurrence of butyltin compounds in tissues of water birds and seaducks from the united

states and canada. Arch Environ Contam Toxicol 35, 64-9.

Kasahara, M., Naruse, K., Sasaki, S., Nakatani, Y., Qu, W., Ahsan, B., Yamada, T.,
Nagayasu, Y., Doi, K., Kasai, Y. et al. (2007). The medaka draft genome and insights into

vertebrate genome evolution. Nature 447, 714-9.

Kato, H., Ota, T., Furuhashi, T., Ohta, Y. and Iguchi, T. (2003). Changes in reproductive
organs of female rats treated with bisphenol A during the neonatal period. Reprod Toxicol 17,
283-8.

Katsu, Y., Lange, A., Urushitani, H., Ichikawa, R., Paull, G. C., Cahill, L. L., Jobling, S.,
Tyler, C. R. and Iguchi, T. (2007). Functional associations between two estrogen receptors,
environmental estrogens, and sexual disruption in the roach (Rutilus rutilus). Environ Sci
Technol 41, 3368-74.

Katzenelienbogen, J. A. and Katzenellenbogen, B. S. (1996). Nuclear hormone receptors:
ligand-activated regulators of transcription and diverse cell responses. Chemistry & Biology 3,
529-536.

Kavumpurath, S., Anderson, O., Kisen, G. and Alestrom, P. (1993). Gene transfer
methods and luciferase gene expression in zebrafish, Brachydanio rerio. Israeli J. Aquacult.
45, 154-163.

Kawakami, K. (2005). Transposon tools and methods in zebrafish. Developmental Dynamics
234, 244-254,

Kawakami, K. (2007). Tol2: a versatile gene transfer vector in vertebrates. Genome Biol 8
Suppl 1, S7.

Kawakami, K., Shima, A. and Kawakami, N. (2000). Identification of a functional
transposase of the Tol2 element, an Ac-like element from the Japanese medaka fish, and its

transposition in the zebrafish germ lineage. Proc Natl Acad Sci U S A 97, 11403-8.

210



Kawakami, K., Takeda, H., Kawakami, N., Kobayashi, M., Matsuda, N. and Mishina, M.
(2004). A transposon-mediated gene trap approach identifies developmentally regulated genes
in zebrafish. Dev Cell 7, 133-44.

Kazeto, Y., Place, A. R. and Trant, J. M. (2004). Effects of endocrine disrupting chemicals
on the expression of CYP19 genes in zebrafish (Danio rerio) juveniles. Aquat Toxicol 69, 25-
34.

Kelce, W. R., Monosson, E., Gamcsik, M. P., Laws, S. C. and Gray, L. E., Jr. (1994).
Environmental hormone disruptors: evidence that vinclozolin developmental toxicity is

mediated by antiandrogenic metabolites. Toxicol Appl Pharmacol 126, 276-85.

Kelce, W. R., Stone, C. R., Laws, S. C., Gray, L. E., Kemppainen, J. A. and Wilson, E. M.
(1995). Persistent DDT metabolite p,p'-DDE is a potent androgen receptor antagonist. Nature
375, 581-5.

Kelly, G. M., Erezyilmaz, D. F. and Moon, R. T. (1995). Induction of a secondary
embryonic axis in zebrafish occurs following the overexpression of beta-catenin. Mech Dev
53, 261-73.

Kidd, K. A., Blanchfield, P. J., Mills, K. H., Palace, V. P., Evans, R. E., Lazorchak, J. M.
and Flick, R. W. (2007). Collapse of a fish population after exposure to a synthetic estrogen.
Proceedings of the National Academy of Sciences 104, 8897-8901.

Kimmel, C. B. and Warga, R. M. (1987). Indeterminate cell lineage of the zebrafish embryo.
Dev Biol 124, 269-280.

Kinoshita, M., Murata, K., Naruse, K. and Tanaka, M. (2009). A Laboratory Manual for
Medaka Biology: WILEY-BACKWELL.

Kirk, L. A, Tyler, C. R., Lye, C. M. and Sumpter, J. P. (2002). Changes in estrogenic and
androgenic activities at different stages of treatment in wastewater treatment works. Environ
Toxicol Chem 21, 972-9.

Klecka, G. M., Gonsior, S. J., West, R. J., Goodwin, P. A. and Markham, D. A. (2001).
Biodegradation of bisphenol A in aquatic environments: river die-away. Environ Toxicol
Chem 20, 2725-35.

Kloas, W., Lutz, I. and Einspanier, R. (1999). Amphibians as a model to study endocrine
disruptors: 1l. Estrogenic activity of environmental chemicals in vitro and in vivo. The
Science of The Total Environment 225, 59-68.

211



Kobayashi, M., Nishikawa, K., Suzuki, T. and Yamamoto, M. (2001). The homeobox
protein Six3 interacts with the Groucho corepressor and acts as a transcriptional repressor in

eye and forebrain formation. Dev Biol 232, 315-26.

Kolpin, D. W., Furlong, E. T., Meyer, M. T., Thurman, E. M., Zaugg, S. D., Barber, L. B.
and Buxton, H. T. (2002). Pharmaceuticals, hormones, and other organic wastewater
contaminants in U.S. streams, 1999-2000: a national reconnaissance. Environ Sci Technol 36,
1202-11.

Koopman-Esseboom, C., Morse, D. C., Weisglas-Kuperus, N., Lutkeschipholt, I. J., Van
der Paauw, C. G., Tuinstra, L. G., Brouwer, A. and Sauer, P. J. (1994). Effects of dioxins
and polychlorinated biphenyls on thyroid hormone status of pregnant women and their infants.
Pediatr Res 36, 468-73.

Kordes, C., Rieber, E. P. and Gutzeit, H. O. (2002). An in vitro vitellogenin bioassay for
oestrogenic substances in the medaka (Oryzias latipes). Aquatic Toxicology 58, 151-164.

Kramer, J. M. and Staveley, B. E. (2003). GAL4 causes developmental defects and
apoptosis when expressed in the developing eye of Drosophila melanogaster. Genet Mol Res
2,43-7.

Krishnan, A. V., Stathis, P., Permuth, S. F., Tokes, L. and Feldman, D. (1993).
Bisphenol-A: an estrogenic substance is released from polycarbonate flasks during

autoclaving. Endocrinology 132, 2279-86.

Kuiper, G. G., Carlsson, B., Grandien, K., Enmark, E., Haggblad, J., Nilsson, S. and
Gustafsson, J. A. (1997). Comparison of the ligand binding specificity and transcript tissue
distribution of estrogen receptors alpha and beta. Endocrinology 138, 863-70.

Kuiper, G. G., Enmark, E., Pelto-Huikko, M., Nilsson, S. and Gustafsson, J. A. (1996).
Cloning of a novel receptor expressed in rat prostate and ovary. Proc Natl Acad Sci U S A 93,
5925-30.

Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe, S. H., van der Saag, P.
T., van der Burg, B. and Gustafsson, J. A. (1998). Interaction of estrogenic chemicals and

phytoestrogens with estrogen receptor beta. Endocrinology 139, 4252-63.

Kurauchi, K., Hirata, T. and Kinoshita, M. (2008). Characteristics of ChgH-GFP
transgenic medaka lines, an in vivo estrogenic compound detection system. Mar Pollut Bull
57, 441-4.

212



Kwon, J. Y., McAndrew, B. J. and Penman, D. J. (2002). Treatment with an aromatase
inhibitor suppresses high-temperature feminization of genetic male (YY) Nile tilapia. Journal
of Fish Biology 60, 625-636.

Lange, A., Katsu, Y., Ichikawa, R., Paull, G. C., Chidgey, L. L., Coe, T. S., Iguchi, T.
and Tyler, C. R. (2008). Altered sexual development in roach (Rutilus rutilus) exposed to
environmental concentrations of the pharmaceutical 17alpha-ethinylestradiol and associated

expression dynamics of aromatases and estrogen receptors. Toxicol Sci 106, 113-23.

Lange, A., Paull, G. C., Coe, T. S., Katsu, Y., Urushitani, H., Iguchi, T. and Tyler, C. R.
(2009). Sexual reprogramming and estrogenic sensitization in wild fish exposed to
ethinylestradiol. Environ Sci Technol 43, 1219-25.

Lange, A., Paull, G. C., Hamilton, P. B., Iguchi, T. and Tyler, C. R. (2011). Implications
of Persistent Exposure to Treated Wastewater Effluent for Breeding in Wild Roach (Rutilus

rutilus) Populations. Environ Sci Technol.

Lange, R., Hutchinson, T. H., Croudace, C. P., Siegmund, F., Schweinfurth, H., Hampe,
P., Panter, G. H. and Sumpter, J. P. (2001). Effects of the synthetic estrogen 17 alpha-
ethinylestradiol on the life-cycle of the fathead minnow (Pimephales promelas). Environ
Toxicol Chem 20, 1216-27.

Larsson, D. G. J., Adolfsson-Erici, M., Parkkonen, J., Pettersson, M., Berg, A. H,,
Olsson, P. E. and Forlin, L. (1999). Ethinyloestradiol - an undesired fish contraceptive?
Aguat Toxicol 45, 91 - 97,

Laughon, A. and Gesteland, R. F. (1984). Primary structure of the Saccharomyces

cerevisiae GAL4 gene. Molecular and cellular biology 4, 260-7.

Leclerc, G. M., Boockfor, F. R., Faught, W. J. and Frawley, L. S. (2000). Development of
a destabilized firefly luciferase enzyme for measurement of gene expression. Biotechnigques
29, 590-598.

Lee, H. J., Chattopadhyay, S., Gong, E. Y., Ahn, R. S. and Lee, K. (2003). Antiandrogenic
effects of bisphenol A and nonylphenol on the function of androgen receptor. Toxicol Sci 75,
40-6.

Legler, J., Broekhof, J. L. M., Brouwer, A., Lanser, P. H., Murk, A. J., Van Der Saag, P.
T., Dick Vethaak, A., Wester, P., Zivkovic, D. and Van Der Burg, B. (2000). A novel in
vivo bioassay for (xeno-)estrogens using transgenic zebrafish. Environmental Science and
Technology 34, 4439-4444.

213



Legler, J., Dennekamp, M., Vethaak, A. D., Brouwer, A., Koeman, J. H., van der Burg,
B. and Murk, A. J. (2002). Detection of estrogenic activity in sediment-associated

compounds using in vitro reporter gene assays. Sci Total Environ 293, 69-83.

Lemoine, S., Granier, P., Tiffoche, C., Berthon, P. M., Rannou-Bekono, F., Thieulant, M.
L., Carre, F. and Delamarche, P. (2002). Effect of endurance training on oestrogen receptor

alpha transcripts in rat skeletal muscle. Acta Physiol Scand 174, 283-9.

Lemoine, S., Granier, P., Tiffoche, C., Rannou-Bekono, F., Thieulant, M. L. and
Delamarche, P. (2003). Estrogen receptor alpha mRNA in human skeletal muscles. Med Sci
Sports Exerc 35, 439-43.

Li, X., Huang, J., Yi, P., Bambara, R. A., Hilf, R. and Muyan, M. (2004). Single-chain
estrogen receptors (ERs) reveal that the ERalpha/beta heterodimer emulates functions of the

ERalpha dimer in genomic estrogen signaling pathways. Mol Cell Biol 24, 7681-94.

Lieschke, G. J. and Currie, P. D. (2007). Animal models of human disease: zebrafish swim
into view. Nat Rev Genet 8, 353-67.

Lin, S., Gaiano, N., Culp, P., Burns, J. C., Friedmann, T., Yee, J. K. and Hopkins, N.
(1994). Integration and germ-line transmission of a pseudotyped retroviral vector in zebrafish.
Science 265, 666-9.

Lin, S., Ku, H. Y., Su, P. H., Chen, J. W,, Huang, P. C., Angerer, J. and Wang, S. L.
(2010). Phthalate exposure in pregnant women and their children in central Taiwan.

Chemosphere.

Lindholst, C., Pedersen, K. L. and Pedersen, S. N. (2000). Estrogenic response of
bisphenol A in rainbow trout (Oncorhynchus mykiss). Aquatic Toxicology 48, 87-94.

Liney, K. E., Jobling, S., Shears, J. A., Simpson, P. and Tyler, C. R. (2005). Assessing the
sensitivity of different life stages for sexual disruption in roach (Rutilus rutilus) exposed to

effluents from wastewater treatment works. Environ Health Perspect 113, 1299-307.

Lintelmann, J., Katayama, A., Kurihara, N., L. Shore and A. Wenzel. (2003). Endocrine
disruptros in the enviornment. Pure Appl. Chem. 75, 631-681.

Loven, M. A., Wood, J. R. and Nardulli, A. M. (2001). Interaction of estrogen receptors
[alpha] and [beta] with estrogen response elements. Molecular and Cellular Endocrinology
181, 151-163.

214



Lv, X., Zhou, Q., Song, M., Jiang, G. and Shao, J. (2007). Vitellogenic responses of
17[beta]-estradiol and bisphenol A in male Chinese loach (Misgurnus anguillicaudatus).

Environmental Toxicology and Pharmacology 24, 155-159.

Lye, C. M,, Frid, C. L. J., Gill, M. E. and McCormick, D. (1997). Abnormalities in the
reproductive health of flounder Platichthys flesus exposed to effluent from a sewage
treatment works. Mar Pollut Bull 34, 34-41.

Ma, C. H., Dong, K. W. and Yu, K. L. (2000). cDNA cloning and expression of a novel
estrogen receptor [beta]-subtype in goldfish (Carassius auratus). Biochimica et Biophysica
Acta (BBA) - Gene Structure and Expression 1490, 145-152.

Mahmoodzadeh, S., Eder, S., Nordmeyer, J., Ehler, E., Huber, O., Martus, P., Weiske, J.,
Pregla, R., Hetzer, R. and Regitz-Zagrosek, V. (2006). Estrogen receptor alpha up-

regulation and redistribution in human heart failure. Faseb J 20, 926-34.

Manolagas, S. C. (2000). Birth and death of bone cells: basic regulatory mechanisms and

implications for the pathogenesis and treatment of osteoporosis. Endocr Rev 21, 115-37.

Markey, C. M., Rubin, B. S., Soto, A. M. and Sonnenschein, C. (2002). Endocrine
disruptors: from Wingspread to environmental developmental biology. J Steroid Biochem Mol
Biol 83, 235-244.

Martin, P. and Feng, Y. (2009). Inflammation: Wound healing in zebrafish. Nature 459,
921-3.

Martinez, R., Estrada, M. P., Berlanga, J., Guillen, 1., Hernandez, O., Cabrera, E.,
Pimentel, R., Morales, R., Herrera, F., Morales, A. et al. (1996). Growth enhancement in
transgenic tilapia by ectopic expression of tilapia growth hormone. Mol Mar Biol Biotechnol
5, 62-70.

Matsui, Y., Zsebo, K. and Hogan, B. L. (1992). Derivation of pluripotential embryonic stem

cells from murine primordial germ cells in culture. Cell 70, 841-7.

Matsumoto, Y., Fukamachi, S., Mitani, H. and Kawamura, S. (2006). Functional

characterization of visual opsin repertoire in Medaka (Oryzias latipes). Gene 371, 268-78.

Matthiessen, P. and Sumpter, J. P. (1998). Effects of estrogenic substances in the aquatic

environment. Exs 86, 319-35.

215



Mattingly, C. J., McLachlan, J. A. and Toscano, W. A., Jr. (2001). Green fluorescent
protein (GFP) as a marker of aryl hydrocarbon receptor (AhR) function in developing
zebrafish (Danio rerio). Environ Health Perspect 109, 845-9.

Mclnerney, E. M., Weis, K. E., Sun, J., Mosselman, S. and Katzenellenbogen, B. S.
(1998). Transcription activation by the human estrogen receptor subtype beta (ER beta)
studied with ER beta and ER alpha receptor chimeras. Endocrinology 139, 4513-22.

McLachlan, J. A. and Arnold, S. F. (1996). Environmental estrogens. Am. Sci. 84, 452-461. .

Melzer, D., Rice, N. E., Lewis, C., Henley, W. E. and Galloway, T. S. (2010). Association
of urinary bisphenol a concentration with heart disease: evidence from NHANES 2003/06.
PLoS One 5, e8673.

Menuet, A., Anglade, I., Flouriot, G., Pakdel, F. and Kah, O. (2001). Tissue-specific
expression of two structurally different estrogen receptor alpha isoforms along the female

reproductive axis of an oviparous species, the rainbow trout. Biol Reprod 65, 1548-57.

Menuet, A., Le Page, Y., Torres, O., Kern, L., Kah, O. and Pakdel, F. (2004). Analysis of
the estrogen regulation of the zebrafish estrogen receptor (ER) reveals distinct effects of
ERalpha, ERbetal and ERbeta2. J Mol Endocrinol 32, 975-86.

Menuet, A., Pellegrini, E., Anglade, I., Blaise, O., Laudet, V., Kah, O. and Pakdel, F.
(2002). Molecular characterization of three estrogen receptor forms in zebrafish: binding

characteristics, transactivation properties, and tissue distributions. Biol Reprod 66, 1881-92.

Minier, C., Caltot, G., F. Leboulanger. and E.M. Hill. (2000). An investigation of the

incidence of intersex fish in Seine-Maritime and Sussex region Analusis 28, 801-806.

Moller, H. (1998). Trends in sex-ratio, testicular cancer and male reproductive hazards: are
they connected? Apmis 106, 232-8; discussion 238-9.

Moore, J. L., Breneman, C., Mohideen, M. and Cheng, K. C. (2006). Zebrafish genomic

instability mutants and implications for cancer susceptibility. Genetics 174, 585-600

Morvan, A., Bachere, E., Da Silva, P. P., Pimenta, P. and Mialhe, E. (1994). In vitro
activity of the antimicrobial peptide magainin 1 against Bonamia ostreae, the intrahemocytic

parasite of the flat oyster Ostrea edulis. Mol Mar Biol Biotechnol 3, 327-33.

Muller, F., Chang, B., Albert, S., Fischer, N., Tora, L. and Strahle, U. (1999). Intronic
enhancers control expression of zebrafish sonic hedgehog in floor plate and notochord.
Development 126, 2103-16.

216



Muncke, J. and Eggen, R. 1. (2006). Vitellogenin 1 mRNA as an early molecular biomarker
for endocrine disruption in developing zebrafish (Danio rerio). Environ Toxicol Chem 25,
2734-41.

Murk, A. J., Legler, J., van Lipzig, M. M. H., Meerman, J. H. N., Belfroid, A. C.,
Spenkelink, A., van der Burg, B., Rijs, G. B. J. and Vethaak, D. (2002). Detection of
estrogenic potency in wastewater and surface water with three in vitro bioassays.

Environmental Toxicology and Chemistry 21, 16-23.

Naruse, K., Hori, H., Shimizu, N., Kohara, Y. and Takeda, H. (2004). Medaka genomics:
a bridge between mutant phenotype and gene function. Mech Dev 121, 619-28.

Nash, J. P., Kime, D. E., Van der Ven, L. T., Wester, P. W., Brion, F., Maack, G.,
Stahlschmidt-Allner, P. and Tyler, C. R. (2004). Long-term exposure to environmental
concentrations of the pharmaceutical ethynylestradiol causes reproductive failure in fish.
Environ Health Perspect 112, 1725-33.

Nilsson, S. and Gustafsson, J. A. (2002). Estrogen receptor action. Crit Rev Eukaryot Gene
Expr 12, 237-57.

O’Donnell, L., Robertson, K. M., Jones, M. E. and Simpson, E. R. (2001). Estrogen and
spermatogenesis. Endocr Rev 22, 289-318.

Oehlmann, J., Schulte-Oehlmann, U., Tillmann, M. and Markert, B. (2000). Effects of
endocrine disruptors on prosobranch snails (Mollusca: Gastropoda) in the laboratory. Part I:

Bisphenol A and octylphenol as xeno-estrogens. Ecotoxicology 9, 383-97.

Olsen, L. C., Aasland, R. and Fjose, A. (1997). A vasa-like gene in zebrafish identifies
putative primordial germ cells. Mech Dev 66, 95-105.

Ornitz, D. M., Moreadith, R. W. and Leder, P. (1991). Binary system for regulating
transgene expression in mice: targeting int-2 gene expression with yeast GAL4/UAS control
elements. Proc Natl Acad Sci U S A 88, 698-702.

Paech, K., Webb, P., Kuiper, G. G., Nilsson, S., Gustafsson, J., Kushner, P. J. and
Scanlan, T. S. (1997). Differential ligand activation of estrogen receptors ERalpha and
ERbeta at AP1 sites. Science 277, 1508-10.

Palmiter, R. D., Brinster, R. L., Hammer, R. E., Trumbauer, M. E., Rosenfeld, M. G.,
Birnberg, N. C. and Evans, R. M. (1982). Dramatic growth of mice that develop from eggs

microinjected with metallothionein-growth hormone fusion genes. Nature 300, 611-5.

217



Park, C. B., Kim, B. H., Na, O. S,, Song, Y. B., Lee, C. H,, Lee, Y. D., Baek, H. J. and
Kim, H. B. (2003). Comparison of &It;i&gt;in vitro&It;/i&gt; vitellogenin syntheses by three
phenols in  primary cultures of Chinese minnow, &lt;i&gt;Rhynchocypris

oxycephalus&lt;/i&gt; hepatocytes. Fish Physiology and Biochemistry 28, 441-442.

Patino, R., Xia, Z., Gale, W. L., Wu, C., Maule, A. G. and Chang, X. (2000). Novel
transcripts of the estrogen receptor alpha gene in channel catfish. Gen Comp Endocrinol 120,
314-25.

Patyna, P. J., Davi, R. A,, Parkerton, T. F., Brown, R. P. and Cooper, K. R. (1999). A
proposed multigeneration protocol for Japanese medaka (Oryzias latipes) to evaluate effects

of endocrine disruptors. Sci Total Environ 233, 211-20.

Paulozzi, L. J. (1999). International trends in rates of hypospadias and cryptorchidism.
Environ Health Perspect 107, 297-302.

Perusquia, M. and Navarrete, E. (2005). Evidence that 17alpha-estradiol is biologically
active in the uterine tissue: antiuterotonic and antiuterotrophic action. Reprod Biol Endocrinol
3, 30.

Pfaffl, M. W., Lange, I. G., Daxenberger, A. and Meyer, H. H. (2001). Tissue-specific
expression pattern of estrogen receptors (ER): quantification of ER alpha and ER beta mRNA
with real-time RT-PCR. Apmis 109, 345-55.

Powers, D. A., Hereford, L., Cole, T., Chen, T. T., Lin, C. M., Kight, K., Creech, K. and
Dunham, R. (1992). Electroporation: a method for transferring genes into the gametes of
zebrafish (Brachydanio rerio), channel catfish (lctalurus punctatus), and common carp

(Cyprinus carpio). Mol Mar Biol Biotechnol 1, 301-8.

Powers, D. A., Kirby, V. L., Cole, T. and Hereford, L. (1995). Electroporation as an
effective means of introducing DNA into abalone (Haliotis rufescens) embryos. Mol Mar Biol
Biotechnol 4, 369-75.

Prasher, D. C., Eckenrode, V. K., Ward, W. W., Prendergast, F. G. and Cormier, M. J.
(1992). Primary structure of the Aequorea victoria green-fluorescent protein. Gene 111, 229-
33.

Purdom, C. E., Hardiman, P. A, Bye, V. J., Eno, N. C., Tyler, C. R. and Sumpter, J. P.

(1994). Estrogenic effects of effluents from sewage treatment works. Chem Ecol 8, 275 - 285.

218



Rice, D. C. (1995). Neurotoxicity of lead, methylmercury, and PCBs in relation to the Great
Lakes. Environ Health Perspect 103 Suppl 9, 71-87.

Rinchard, J. and Kestemont, P. (1996). Comparative study of reproductive biology in
single- and multiple-spawner cyprinid fish. I. Morphological and histological features.
Journal of Fish Biology 49, 883-894.

Rodgers-Gray, T. P., Jobling, S., Kelly, C., Morris, S., Brighty, G., Waldock, M. J.,
Sumpter, J. P. and Tyler, C. R. (2001). Exposure of juvenile roach (Rutilus rutilus) to
treated sewage effluent induces dose-dependent and persistent disruption in gonadal duct

development. Environ Sci Technol 35, 462-70.

Rodgers-Gray, T. P., Jobling, S., Morris, S., Kelly, C., Kirby, S., Janbakhsh, A., Harries,
J. E., Waldock, M. J., Sumpter, J. P. and Tyler, C. R. (2000). Long-Term Temporal
Changes in the Estrogenic Composition of Treated Sewage Effluent and Its Biological Effects

on Fish. Environmental Science & Technology 34, 1521-1528.
Rorth, P. (1998). Gal4 in the Drosophila female germline. Mech Dev 78, 113-8.

Routledge, E. J., Sheahan, D., Desbrow, C., Brighty, G. C., Waldock, M. and Sumpter, J.
P. (1998). Identification of Estrogenic Chemicals in STW Effluent. 2. In Vivo Responses in
Trout and Roach. Environmental Science & Technology 32, 1559-1565.

Routledge, E. J. and Sumpter, J. P. (1996). Estrogenic activity of surfactants and some of
their degradation products assessed using a recombinant yeast screen. Environmental
Toxicology and Chemistry 15, 241-248.

Ryder, E. and Russell, S. (2003). Transposable elements as tools for genomics and genetics

in Drosophila. Brief Funct Genomic Proteomic 2, 57-71.

Saaristo, M., Craft, J. A., Lehtonen, K. K. and Lindstrom, K. (2009). Sand goby
(Pomatoschistus minutus) males exposed to an endocrine disrupting chemical fail in nest and

mate competition. Horm Behav 56, 315-21.

Sabo-Attwood, T., Kroll, K. J. and Denslow, N. D. (2004). Differential expression of
largemouth bass (Micropterus salmoides) estrogen receptor isotypes alpha, beta, and gamma
by estradiol. Mol Cell Endocrinol 218, 107-18.

Safe, S. H. (2000). Endocrine disruptors and human health--is there a problem? An update.
Environ Health Perspect 108, 487-93.

219



Salam, M. A., Sawada, T., Ohya, T., Ninomiya, K. and Hayashi, S. (2008). Detection of
environmental estrogenicity using transgenic medaka hatchlings (Oryzias latipes) expressing
the GFP-tagged choriogenin L gene. J Environ Sci Health A Tox Hazard Subst Environ Eng
43, 272-7.

Salierno, J. D. and Kane, A. S. (2009). 17alpha-ethinylestradiol alters reproductive
behaviors, circulating hormones, and sexual morphology in male fathead minnows

(Pimephales promelas). Environ Toxicol Chem 28, 953-61.

Salste, L., Leskinen, P., Virta, M. and Kronberg, L. (2007). Determination of estrogens
and estrogenic activity in wastewater effluent by chemical analysis and the bioluminescent

yeast assay. Sci Total Environ 378, 343-51.

Sanderson, J. T., Letcher, R. J., Heneweer, M., Giesy, J. P. and van den Berg, M. (2001).
Effects of chloro-s-triazine herbicides and metabolites on aromatase activity in various human
cell lines and on vitellogenin production in male carp hepatocytes. Environ Health Perspect
109, 1027-31.

Sanderson, J. T., Seinen, W., Giesy, J. P. and van den Berg, M. (2000). 2-Chloro-s-
triazine herbicides induce aromatase (CYP19) activity in H295R human adrenocortical

carcinoma cells: a novel mechanism for estrogenicity? Toxicol Sci 54, 121-7.

Sato, Y., Kasai, T., Nakagawa, S., Tanabe, K., Watanabe, T., Kawakami, K. and
Takahashi, Y. (2007). Stable integration and conditional expression of electroporated

transgenes in chicken embryos. Dev Biol 305, 616-24.

Scheer, N. and Campos-Ortega, J. A. (1999). Use of the Gal4-UAS technique for targeted
gene expression in the zebrafish. Mech Dev 80, 153-158.

Schreurs, R. H., Legler, J., Artola-Garicano, E., Sinnige, T. L., Lanser, P. H., Seinen, W.
and Van der Burg, B. (2004). In vitro and in vivo antiestrogenic effects of polycyclic musks
in zebrafish. Environ Sci Technol 38, 997-1002.

Scott, E. K., Mason, L., Arrenberg, A. B., Ziv, L., Gosse, N. J., Xiao, T., Chi, N. C,,
Asakawa, K., Kawakami, K. and Baier, H. (2007). Targeting neural circuitry in zebrafish
using GAL4 enhancer trapping. Nat Methods 4, 323-6.

Seki, M., Yokota, H., Maeda, M., Tadokoro, H. and Kobayashi, K. (2003). Effects of 4-
nonylphenol and 4-tert-octylphenol on sex differentiation and vitellogenin induction in

medaka (Oryzias latipes). Environ Toxicol Chem 22, 1507-16.

220



Sharpe, R. M. and Skakkebaek, N. E. (1993). Are oestrogens involved in falling sperm

counts and disorders of the male reproductive tract? Lancet 341, 1392-5.

Sharpe, R. M., Turner, K. J. and Sumpter, J. P. (1998). Endocrine disruptors and testis
development. Environ Health Perspect 106, A220-1.

Sheahan, D. A., Brighty, G. C., Daniel, M., Kirby, S. J., Hurst, M. R., Kennedy, J.,
Morris, S., Routledge, E. J., Sumpter, J. P. and Waldock, M. J. (2002). Estrogenic activity
measured in a sewage treatment works treating industrial inputs containing high

concentrations of alkylphenolic compounds--a case study. Environ Toxicol Chem 21, 507-14.

Sheffield, S. R., Matter, J. M., Rattner, B. A. and P.D. Guiney. (1998). Effects of
endocrine-disrupting contaminants in reptiles: Alligators. In Principles and Processes for

Evaluating Endocrine Disruption in Wildlife., pp. 267-290: SETAC Press, Pensacola, Florida.

Shima, A. and Mitani, H. (2004). Medaka as a research organism: past, present and future.
Mech Dev 121, 599-604.

Shimomura, O. (1979). Structure of the chromophore of Aequorea green fluorescent protein.
FEBS Lett 104 220-222.

Shimomura, O., Johnson, F. H. and Saiga, Y. (1962). Extraction, purification and
properties of aequorin, a bioluminescent protein from the luminous hydromedusan, Aequorea.
J Cell Comp Physiol 59, 223-39.

Shore, L. S., Gurevitz, M. and Shemesh, M. (1993). Estrogen as an environmental pollutant.
Bull Environ Contam Toxicol 51, 361-6.

Sindhe, V. R. and Kulkarni, R. S. (2004). Gonadosomatic and hepatosomatic indices of the
freshwater fish Notopterus notopterus (Pallas) in response to some heavy metal exposure. J
Environ Biol 25, 365-8.

Singh, S. and Singh, T. P. (1987). Seasonal profiles of sex steroids in blood plasma and

ovarian tissue of Clarias batrachus. Gen Comp Endocrinol 65, 216-224.

Snyder, S. A., Villeneuve, D. L., Snyder, E. M. and Giesy, J. P. (2001). Identification and
guantification of estrogen receptor agonists in wastewater effluents. Environ Sci Technol 35,
3620-5.

Socorro, S., Power, D. M., Olsson, P. E. and Canario, A. V. (2000). Two estrogen
receptors expressed in the teleost fish, Sparus aurata: cDNA cloning, characterization and
tissue distribution. J Endocrinol 166, 293-306.

221



Sohoni, P. and Sumpter, J. P. (1998). Several environmental oestrogens are also anti-
androgens. J Endocrinol 158, 327-39.

Sohoni, P., Tyler, C. R., Hurd, K., Caunter, J., Hetheridge, M., Williams, T., Woods, C.,
Evans, M., Toy, R., Gargas, M. et al. (2001). Reproductive effects of long-term exposure to
Bisphenol A in the fathead minnow (Pimephales promelas). Environ Sci Technol 35, 2917-25.

Sole, M., Porte, C. and Barcelo, D. (2000). Vitellogenin induction and other biochemical
responses in carp, Cyprinus carpio, after experimental injection with 17 alpha-

ethynylestradiol. Arch Environ Contam Toxicol 38, 494-500.

Solomon, K. R. (1998). Endocrine-modulating substances in the environment: the wildlife

concention. International Journal of Toxicology 17, 159-171.

Soto, A. M., Justicia, H., Wray, J. W. and Sonnenschein, C. (1991). p-Nonyl-phenol: an
estrogenic xenobiotic released from "modified” polystyrene. Environ Health Perspect 92,
167-73.

Soto, A. M., Sonnenschein, C., Chung, K. L., Fernandez, M. F., Olea, N. and Serrano, F.
0. (1995). The E-SCREEN assay as a tool to identify estrogens: an update on estrogenic
environmental pollutants. Environ Health Perspect 103 Suppl 7, 113-22.

Squire, J. M., Knupp, C. and Luther, P. K. (2008). Zebrafish--topical, transparent, and
tractable for ultrastructural studies. J Gen Physiol 131, 439-43.

Stainier, D. Y. (2001). Zebrafish genetics and vertebrate heart formation. Nat Rev Genet 2,
39-48.

Stephens, T. D., Bunde, C. J. and Fillmore, B. J. (2000). Mechanism of action in

thalidomide teratogenesis. Biochem Pharmacol 59, 1489-99.

Stern, H. M. and Zon, L. I. (2003). Cancer genetics and drug discovery in the zebrafish. Nat
Rev Cancer 3, 533-9.

Stuart, G. W., McMurray, J. V. and Westerfield, M. (1988). Replication, integration and
stable germ-line transmission of foreign sequences injected into early zebrafish embryos.
Development 103, 403-12.

Sumpter, J. P. (1995). Feminized responses in fish to environmental estrogens. Toxicol Lett
82-83, 737-42.

222



Sumpter, J. P. and Jobling, S. (1993). Male sexual development in "a sea of oestrogen".
Lancet 342, 124-5.

Swan, S. H. (2003). Semen quality in relation to pesticide exposure in Missouri males. Mo
Med 100, 554.

Sweeting, R. (1981). Hermaphrodite roach in the River Lea. Thames Water, Lea Division,
UK.

Tabb, M. M. and Blumberg, B. (2006). New modes of action for endocrine-disrupting
chemicals. Mol Endocrinol 20, 475-82.

Takeuchi, Y., Yoshizaki, G., Kobayashi, T. and Takeuchi, T. (2002). Mass isolation of
primordial germ cells from transgenic rainbow trout carrying the green fluorescent protein

gene driven by the vasa gene promoter. Biol Reprod 67, 1087-92.

Tavare, J. M., Fletcher, L. M. and Welsh, G. I. (2001). Using green fluorescent protein to
study intracellular signalling. J Endocrinol 170, 297-306.

Taylor, M. R., Kikkawa, S., Diez-Juan, A., Ramamurthy, V., Kawakami, K., Carmeliet,
P. and Brockerhoff, S. E. (2005). The zebrafish pob gene encodes a novel protein required

for survival of red cone photoreceptor cells. Genetics 170, 263-73.

Tchoudakova, A., Pathak, S. and Callard, G. V. (1999). Molecular cloning of an estrogen
receptor beta subtype from the goldfish, Carassius auratus. Gen Comp Endocrinol 113, 388-
400.

Teves, A. C., Granneman, J. C., van Dijk, W. and Bogerd, J. (2003). Cloning and
expression of a functional estrogen receptor-alpha from African catfish (Clarias gariepinus)
pituitary. J Mol Endocrinol 30, 173-85.

Thomas-Jones, E., Thorpe, K., Harrison, N., Thomas, G., Morris, C., Hutchinson, T.,
Woodhead, S. and Tyler, C. (2003). Dynamics of estrogen biomarker responses in rainbow
trout exposed to 17beta-estradiol and 17alpha-ethinylestradiol. Environ Toxicol Chem 22,
3001 - 3008.

Thomas, P., Dressing, G., Pang, Y., Berg, H., Tubbs, C., Benninghoff, A. and Doughty,
K. (2006). Progestin, estrogen and androgen G-protein coupled receptors in fish gonads.
Steroids 71, 310-6.

223



Thompson, S., Tilton, F., Schlenk, D. and Benson, W. H. (2000). Comparative vitellogenic
responses in three teleost species: extrapolation to in situ field studies. Marine Environmental
Research 50, 185-189.

Thorpe, K. L., Cummings, R. I., Hutchinson, T. H., Scholze, M., Brighty, G., Sumpter, J.
P. and Tyler, C. R. (2003). Relative potencies and combination effects of steroidal estrogens
in fish. Environ Sci Technol 37, 1142-9.

Thorpe, K. L., Hutchinson, T. H., Hetheridge, M. J., Scholze, M., Sumpter, J. P. and
Tyler, C. R. (2001). Assessing the biological potency of binary mixtures of environmental
estrogens using vitellogenin induction in juvenile rainbow trout (Oncorhynchus myekiss).
Environ Sci Technol 35, 2476-81.

Thorpe, K. L., Maack, G., Benstead, R. and Tyler, C. R. (2009). Estrogenic wastewater

treatment works effluents reduce egg production in fish. Environ Sci Technol 43, 2976-82.

Timmermans, L. (1996). Origin and differentiation of primordial germ cells in vertebrates,
especially fishes. Neth J Zool 46, 147-162.

Tingaud-Sequeira, A., Andre, M., Forgue, J., Barthe, C. and Babin, P. J. (2004).
Expression patterns of three estrogen receptor genes during zebrafish (Danio rerio)

development: evidence for high expression in neuromasts. Gene Expr Patterns 4, 561-8.

Tiso, N., Filippi, A., Benato, F., Negrisolo, E., Modena, N., Vaccari, E., Driever, W. and
Argenton, F. (2009). Differential expression and regulation of olig genes in zebrafish. J
Comp Neurol 515, 378-96.

Toppari, J. (2002). [Adversive environmental hormones and reproductive health]. Duodecim
118, 137-8.

Toppari, J., Larsen, J. C., Christiansen, P., Giwercman, A., Grandjean, P., Guillette, L.
J., Jr., Jegou, B., Jensen, T. K., Jouannet, P., Keiding, N. et al. (1996). Male reproductive

health and environmental xenoestrogens. Environ Health Perspect 104 Suppl 4, 741-803.

Toppari, J. and Skakkebaek, N. E. (1998). Sexual differentiation and environmental

endocrine disrupters. Baillieres Clin Endocrinol Metab 12, 143-56.

Turksen, K., Hong, Y. and Schartl, M. (2006). Isolation and Differentiation of Medaka

Embryonic Stem Cells. In Embryonic Stem Cell Protocols, vol. 329, pp. 3-16: Humana Press.

Tyler, C. R., Jobling, S. and Sumpter, J. P. (1998). Endocrine disruption in wildlife: a

critical review of the evidence. Crit Rev Toxicol 28, 319-61.

224



Tyler, C. R., Spary, C., Gibson, R., Santos, E. M., Shears, J. and Hill, E. M. (2005).
Accounting for differences in estrogenic responses in rainbow trout (Oncorhynchus mykiss:
Salmonidae) and roach (Rutilus rutilus: Cyprinidae) exposed to effluents from wastewater
treatment works. Environ Sci Technol 39, 2599-607.

Udvadia, A. J. and Linney, E. (2003). Windows into development: historic, current, and

future perspectives on transgenic zebrafish. Dev Biol 256, 1-17.

Ueno, T., Yasumasu, S., Hayashi, S. and luchi, 1. (2004). Identification of choriogenin cis-
regulatory elements and production of estrogen-inducible, liver-specific transgenic Medaka.
Mech Dev 121, 803-15.

Ung, C. Y., Lam, S. H., Hlaing, M. M., Winata, C. L., Korzh, S., Mathavan, S. and Gong,
Z. (2010). Mercury-induced hepatotoxicity in zebrafish: in vivo mechanistic insights from
transcriptome analysis, phenotype anchoring and targeted gene expression validation. BMC
Genomics 11, 212.

van Aerle, R., Pounds, N., Hutchinson, T. H., Maddix, S. and Tyler, C. R. (2002).
Window of sensitivity for the estrogenic effects of ethinylestradiol in early life-stages of

fathead minnow, Pimephales promelas. Ecotoxicology 11, 423-34.

Van den Belt, K., Berckmans, P., Vangenechten, C., Verheyen, R. and Witters, H. (2004).
Comparative study on the in vitro/in vivo estrogenic potencies of 17[beta]-estradiol, estrone,

17[alpha]-ethynylestradiol and nonylphenol. Aquatic Toxicology 66, 183-195.

van der Sar, A. M., Appelmelk, B. J., Vandenbroucke-Grauls, C. M. J. E. and Bitter, W.
(2004). A star with stripes: zebrafish as an infection model. Trends in Microbiology 12, 451-
457.

Vidaeff, A. C. and Sever, L. E. (2010). In utero exposure to environmental estrogens and
male reproductive health: a systematic review of biological and epidemiologic evidence.

Reproductive Toxicology 20, 5-20.

Viret, J. F., Bravo, A. and Alonso, J. C. (1991). Recombination-dependent concatemeric

plasmid replication. Microbiol Rev 55, 675-83.

Vos, J. G., Dybing, E., Greim, H. A., Ladefoged, O., Lambre, C., Tarazona, J. V.,
Brandt, I. and Vethaak, A. D. (2000). Health effects of endocrine-disrupting chemicals on

wildlife, with special reference to the European situation. Crit Rev Toxicol 30, 71-133.

225



Vosges, M., Le Page, Y., Chung, B.-c., Combarnous, Y., Porcher, J.-M., Kah, O. and
Brion, F. (2010). 17[alpha]-Ethinylestradiol disrupts the ontogeny of the forebrain GnRH
system and the expression of brain aromatase during early development of zebrafish. Aquatic
Toxicology 99, 479-491.

Wang, R., Zhang, P., Gong, Z. and Hew, C. L. (1995). Expression of the antifreeze protein
gene in transgenic goldfish (Carassius auratus) and its implication in cold adaptation. Mol
Mar Biol Biotechnol 4, 20-6.

Warner, M., Eskenazi, B., Mocarelli, P., Gerthoux, P. M., Samuels, S., Needham, L.,
Patterson, D. and Brambilla, P. (2002). Serum dioxin concentrations and breast cancer risk
in the Seveso Women's Health Study. Environ Health Perspect 110, 625-8.

Watts, M. M., Pascoe, D. and Carroll, K. (2003). Exposure to 17 alpha-ethinylestradiol and
bisphenol A--effects on larval moulting and mouthpart structure of Chironomus riparius.
Ecotoxicol Environ Saf 54, 207-15.

Wei, L. N. (1997). Transgenic animals as new approaches in pharmacological studies. Annu
Rev Pharmacol Toxicol 37, 119-41.

Wersinger, S. R., Sannen, K., Villalba, C., Lubahn, D. B., Rissman, E. F. and De Vries,
G. J. (1997). Masculine Sexual Behavior Is Disrupted in Male and Female Mice Lacking a

Functional Estrogen Receptor [alpha] Gene. Hormones and Behavior 32, 176-183.

Westerfield, M., Wegner, J., Jegalian, B. G., DeRobertis, E. M. and Puschel, A. W.
(1992). Specific activation of mammalian Hox promoters in mosaic transgenic zebrafish.
Genes Dev 6, 591-8.

White, R., Jobling, S., Hoare, S. A., Sumpter, J. P. and Parker, M. G. (1994).
Environmentally persistent alkylphenolic compounds are estrogenic. Endocrinology 135, 175-
82.

White, R. M., Sessa, A., Burke, C., Bowman, T., LeBlanc, J., Ceol, C., Bourque, C.,
Dovey, M., Goessling, W., Burns, C. E. et al. (2008). Transparent adult zebrafish as a tool

for in vivo transplantation analysis. Cell Stem Cell 2, 183-9.

Wibe, A. E., Rosenqvist, G. and Jenssen, B. M. (2002). Disruption of male reproductive
behavior in threespine stickleback Gasterosteus aculeatus exposed to 17 beta-estradiol.
Environ Res 90, 136-41.

226



Wienholds, E., van Eeden, F., Kosters, M., Mudde, J., Plasterk, R. H. and Cuppen, E.
(2003). Efficient target-selected mutagenesis in zebrafish. Genome Res 13, 2700-7.

Wittbrodt, J., Shima, A. and Schartl, M. (2002). Medaka — a model organism from the far
East. Nat Rev Genet. 3, 53-64.

Xia, Z., Patino, R., Gale, W. L., Maule, A. G. and Densmore, L. D. (1999). Cloning, in
vitro expression, and novel phylogenetic classification of a channel catfish estrogen receptor.
Gen Comp Endocrinol 113, 360-8.

Xu, Y., He, J., Tian, H. L., Chan, C. H., Liao, J., Yan, T., Lam, T. J. and Gong, Z. (1999).
Fast skeletal muscle-specific expression of a zebrafish myosin light chain 2 gene and
characterization of its promoter by direct injection into skeletal muscle. DNA Cell Biol 18, 85-
95.

Xu, Y., He, J.,, Wang, X,, Lim, T. M. and Gong, Z. (2000). Asynchronous activation of 10
muscle-specific protein (MSP) genes during zebrafish somitogenesis. Dev Dyn 219, 201-15.

Yamamoto, T. (1953). Artificially induced sex-reversal in genotypic males of the Medaka
(Oryzias latipes). J. Exp. Zool. 123, 571-594.

Yang, N., Shigeta, H., Shi, H. and Teng, C. T. (1996a). Estrogen-related receptor, hERRL1,
modulates estrogen receptor-mediated response of human lactoferrin gene promoter. J Biol
Chem 271, 5795-804.

Yang, T. T., Cheng, L. and Kain, S. R. (1996b). Optimized codon usage and chromophore
mutations provide enhanced sensitivity with the green fluorescent protein. Nucleic Acids Res
24, 4592-3.

Yi, P., Driscoll, M. D., Huang, J., Bhagat, S., Hilf, R., Bambara, R. A. and Muyan, M.
(2002). The effects of estrogen-responsive element- and ligand-induced structural changes on
the recruitment of cofactors and transcriptional responses by ER alpha and ER beta. Mol
Endocrinol 16, 674-93.

Yin, G. G., Kookana, R. S. and Ru, Y. J. (2002). Occurrence and fate of hormone steroids

in the environment. Environ Int 28, 545-51.

Yoder, J. A., Nielsen, M. E., Amemiya, C. T. and Litman, G. W. (2002). Zebrafish as an

immunological model system. Microbes and Infection 4, 1469-1478.

227



Yokota, H., Seki, M., Maeda, M., Oshima, Y., Tadokoro, H., Honjo, T. and Kobayashi,
K. (2001). Life-cycle toxicity of 4-nonylphenol to medaka (Oryzias latipes). Environ Toxicol
Chem 20, 2552-60.

Yoon, C., Kawakami, K. and Hopkins, N. (1997). Zebrafish vasa homologue RNA is
localized to the cleavage planes of 2- and 4-cell-stage embryos and is expressed in the

primordial germ cells. Development 124, 3157-65.

Yoshizaki, G., Sakatani, S., Tominaga, H. and Takeuchi, T. (2000). Cloning and
characterization of a vasa-like gene in rainbow trout and its expression in the germ cell
lineage. Mol Reprod Dev 55, 364-71.

Yoshizaki, G., Takeuchi, Y., Kobayashi, T. and Takeuchi, T. (2003). Primordial germ cell:
a novel tool for fish bioengineering. Fish Physiology and Biochemistry 28, 453-457.

Zacharewski, T. (1997). In Vitro Bioassays for Assessing Estrogenic Substances.

Environmental Science & Technology 31 613-623.

Zeng, Z., Shan, T., Tong, Y., Lam, S. H. and Gong, Z. (2005). Development of estrogen-
responsive transgenic medaka for environmental monitoring of endocrine disrupters. Environ
Sci Technol 39, 9001-8.

Zha, J., Sun, L., Spear, P. A. and Wang, Z. (2008). Comparison of ethinylestradiol and
nonylphenol effects on reproduction of Chinese rare minnows (Gobiocypris rarus).

Ecotoxicology and Environmental Safety 71, 390-399.

Zhan, H. and Gong, Z. (2010). Delayed and restricted expression of UAS-regulated GFP
gene in early transgenic zebrafish embryos by using the GAL4/UAS system. Mar Biotechnol
(NY) 12, 1-7.

Zinaman, M. J. and Katz, D. F. (1997). Incidence and implications of altered semen quality

on family planning. Adv Contracept 13, 123-8.

Zon, L. 1. (1999). Zebrafish: a new model for human disease. Genome Res 9, 99-100.

228





