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Abstract

Kristina Volkova (2015): Fishy Behavior - Persistent effects of early-life
exposure to 17a-ethinylestradiol. Orebro Studies in Biology 9.

The synthetic estrogen 17a-ethinylestradiol (EE,) is an endocrine disrupting
chemical (EDC) of concern due to its persistent nature and widespread
presence in the aquatic environment. In mammals, effects of developmental
EDC exposure on reproduction and behavior not only persist to adulthood
after discontinued exposure, but are also inherited by several consecutive
unexposed generations. The results presented in this thesis demonstrate
that non-reproductive behavior in fish is highly sensitive to the influence of
EE; during development and the effects do not appear to be restored after
a long recovery period in clean water. We have shown that exposure to low
doses of EE, during development results in increased anxiety in two fish
species (zebrafish and guppy) and their offspring. We have also demon-
strated that the effects of EE, on anxiety are apparent in both sexes and are
transgenerationally transmitted to two consecutive generations of unex-
posed offspring in the guppy. In order to investigate the possible biological
mechanisms of the observed persistent effects on non-reproductive behav-
ior, we also performed an RNA sequencing analysis of the whole-brain
transcriptome in developmentally exposed zebrafish after remediation in
clean water until adulthood. Differential expression of 33 genes in males
and 62 genes in females were observed as a result of EE, exposure, with
only one gene affected in both sexes. Functional analysis revealed choles-
terol biosynthesis and circadian rhythm to be the top two affected path-
ways in males and females, respectively. Both pathways have previously
been implicated in anxiety behavior and represent possible candidates con-
necting the transcriptome alterations to the observed behavioral phenotype.
The study represents an initial survey of the fish brain transcriptome by
means of RNA sequencing after long-term recovery from developmental
exposure to an estrogenic compound.

Keywords: Endocrine disruptors, anxiety, stress behavior, transgenerational
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BPA: Bisphenol A
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dpf: Days post fertilization

EDCs: Endocrine disrupting chemicals
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FDR: False discovery rate
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mRNA: Messenger ribonucleic acid
ncRNA: Non-coding RNA

PAHs: Polycyclic aromatic hydrocarbons
PCBs: Polychlorinated biphenyls
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RNAseq: RNA sequencing analysis
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Introduction

Endocrine disrupting chemicals

Endocrine disrupting chemicals (EDCs) have the ability to interfere with the
normal function of the endocrine system of humans and wildlife. EDCs can
be naturally produced compounds such as endogenous estrogens and
androgens, plant phytoestrogens, but also a wide range of industrial
chemicals, synthetic hormones, pharmaceuticals and pesticides (Kabir et al.
2015). By altering the hormonal and homeostatic systems of a living
organism, EDCs have the ability to influence a wide range of significant
biological processes such as metabolism, growth, behavior, sexual
development, reproduction and fetal development. Such effects of exposure
have been observed for a large number of commonly occurring compounds
in a wide variety of animal species (WHO/UNEP 2013). Their widespread
presence in the environment and the rapid accumulation of research
pointing to adverse effects of exposure make EDCs a rising concern.

Since human experiments cannot be performed, it is difficult to study the
effects of EDC exposure in humans. However, several examples exist where
a compound has been shown to have adverse endocrine disruptive effects
on exposed humans. One such example is diethylstilbestrol (DES), a
synthetic estrogen which was administered to pregnant women in the 1950’s
in order to prevent miscarriage and premature births. However, DES was
later found to increase the incidence of vaginal cancer in females who had
been exposed to the compound during their development (Herbst et al.
1971). In addition, a recent long-term follow-up study associated
developmental DES exposure to an increased risk for a wide range of
reproductive complications, including infertility, spontaneous abortion and
preterm delivery (Hoover et al. 2011). Males developmentally exposed to
DES have been found to have a higher prevalence of urogenital
abnormalities compared to unexposed males (Palmer et al. 2009; Virtanen
and Adamsson 2012). Some studies have also suggested a link between
increased incidence of depression and developmental DES exposure
(O'Reilly et al. 2010; Pillard et al. 1993).

Another human example is exposure to a group of organic compounds

known as polychlorinated biphenyls (PCBs). Up until the 1970’s, PCBs
were widely used in the electrical industry where they mostly functioned as
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coolants, fire retardants and insulating fluids. However, the use of PCB was
banned after several unfortunate PCB poisoning incidents. It was discovered
that exposure to PCB caused severe health problems including Chloracne,
developmental delay and speech problems (Kodavanti 2005). Also, children
of mothers who had ingested PCB-contaminated cooking oil were found to
be hyperactive (Kodavanti 2005).

A more recent example is the plasticizer and weak estrogen mimic Bisphenol
A (BPA) (Beronius et al. 2010; Vandenberg et al. 2009). The use of BPA in
baby bottles was banned by the European Union in 2011, after it was found
to alter synapse formation in the brain of a non-human primate (Leranth et
al. 2008). In humans, associations have been reported between urinary BPA-
concentration and increased risk for diabetes and cardiovascular disease
(Lang et al. 2008), as well as between blood levels of BPA and ovarian
dysfunction (Takeuchi et al. 2004) and miscarriage (Sugiura-Ogasawara et
al. 2005). Human studies are limited to analyzing correlations, making it
difficult to infer causal relationships between exposure and the effects on
human health. However, a large amount of evidence is now beginning to
gather from different animal models. For example, exposure experiments in
rodents show that BPA interferes with the development of the prostate,
mammary glands (Nagel et al. 1997), central nervous system (Ishido et al.
2004) and non-reproductive behavior such as play and maze learning (Della
Seta et al. 2006; Dessi-Fulgheri et al. 2002; Farabollini et al. 1999;
Farabollini et al. 2002).

Risk assessment of endocrine disrupting chemicals has proven to be
especially difficult. One primary reason for this is the fact that it is nearly
impossible to avoid contact with endocrine disruptors in human daily life.
EDCs are present in everything from food packaging to building materials
and drinking water (Kabir et al. 2015). Humans all over the world are
continuously exposed to a mixture of hundreds of EDCs, many of which
have been detected in blood and urine samples (Beronius et al. 2010;
WHO/UNEP 2013), making it impossible to find a human control group
free from EDC exposure. In addition, by interacting with the endocrine
system, EDCs affect a complex molecular network with an unknown
amount of possible endpoints. By acting through hormones that are
involved in embryonic development, EDCs also have a potential delayed on-
set of effects that may not become visible until adulthood (Patisaul and
Adewale 2009). By interacting with the endocrine system, EDCs are thought
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to have a non-monotonic dose-response relationship, where low doses do
not necessarily mean a lower level of toxicity (Gore et al. 2006; Lagarde F.

2015; Vandenberg et al. 2012; WHO/UNEP 2013).

It is important to acknowledge that not only humans are exposed to EDCs
on a daily basis. Endocrine disrupting chemicals make their way into the
environment, affecting wildlife in both terrestrial and aquatic ecosystems.
In fact, when measuring EDCs in the tissues of different species, it was
discovered that concentrations in wild top predators can exceed levels
known to cause effect in laboratory animal studies (WHO/UNEP 2013).

17 a-ethinylestradiol

17a-ethinylestradiol (EE;) is a synthetic estrogen and main component of
oral contraceptive pills. It is also regularly used on livestock to promote
growth (Gadd et al. 2010; Kabir et al. 2015). EE; is released into the
environment through wastewater effluent from municipal treatment plants,
hospital effluent and livestock industry (Aris et al. 2014). While wastewater
effluent containing EE, is often discharged into rivers, lakes and coastal
waters, the sludge is used as fertilizer in agricultural fields (Vulliet and Cren-
Olivé 2011), further contributing to the spread of EE; in the environment.
Outside of wastewater treatment plants, EE, concentrations range from
below detectable levels (<1ng/L) to as high as 200-300 ng/L (Hannah et al.
2009; Kolpin et al. 2002; Laurenson et al. 2014; Ternes et al. 1999). EE,
has also been detected in German drinking water at 0.5 ng/L (Kuch and
Ballschmiter 2001). This raises cause for concern as the predicted no adverse
effect level of EE, for water-living organisms was recently decreased to 0.1

ng/L (Caldwell et al. 2012).

EE, is a potent EDC due to its high resistance to biodegradation and ability
to accumulate in sediment and biota (Aris et al. 2014). Numerous
experiments have demonstrated that EE; has a toxic effect on a large
number of organisms and has the ability to disturb important physiological
functions (Filby et al. 2007) such as embryonic development, somatic
growth (Van den Belt et al. 2003), immune function (Law et al. 2001) and
stress response (Dugard et al. 2001).

In mammals, EE; has been shown to lead to long-lasting growth retardation
in exposed male rats and decreased litter size in their progeny (Vosges et al.
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2008). EE; exposure has also been shown to induce abnormalities in the
reproductive organs of female rats and their offspring (Delclos et al. 2009),
as well as to decrease testosterone production in the rat testis (Larcher et al.
2012). Mice developmentally exposed to EE; through their mothers showed
significant growth retardation and increased number of gonadotropin-
releasing hormone neurons, demonstrating the ability of EE, to modulate
neurogenesis (Pillon et al. 2012). In addition, prenatal EE; exposure has

been shown to increase fear, anxiety and social neophobia in adult rats
(Dugard et al. 2001).

In fish, EE; has been found to be >10 fold more potent than endogenous
estrogen (Thorpe et al. 2003). EE, exposure has been shown to lead to
skewed sex-ratios, decreased egg and sperm production, reduced fertility,
feminization of male fish, increased proportions of intersex fish and wide
range of behavioral changes (Aris et al. 2014). In fact, continuously adding
5 ng/L EE; to an experimental lake during 3 years resulted in a total collapse
of a wild fish population (Kidd et al. 2007).

Reversihle effects

It has been demonstrated that the persistency of the effects of EDC exposure
are highly dependent on species, timing of exposure, duration of exposure
and concentration. The reversibility of the effects of EDC exposure also
differ among different EDCs. When effects on spermatogenesis after
exposure to the insecticide Lindane were compared to the effects of DES,
observations showed that while mice developmentally exposed to lindane
recovered, mice developmentally exposed to DES did not (Traina et al.

2003).

In fish, continuous exposure to EE; has been shown to result in complete
reproductive failure and population collapse (Kidd et al. 2007; Nash et al.
2004). However, several publications describe the ability of fish to, at least
partly, recover from estrogenic exposure after remediation in clean water
(Baumann et al. 2014; Fenske et al. 2005; Larsen et al. 2009; Maack and
Segner 2004; Schifers et al. 2007; Van den Belt et al. 2002; Weber et al.
2003) For example, zebrafish developmentally exposed to 1, 3 or 10 ng/L
EE; during 60 or 100 days showed increased expression of the egg yolk
precursor protein vitellogenin (VTG), skewed sex ratios, delay of gonad
maturation and altered body size. However, after 40 days of recovery in
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clean water, only body size remained significantly altered in the
developmentally exposed zebrafish (Baumann et al. 2014). Other
experiments indicate that the reversibility of EE; effects on the reproductive
organs and fertility depends on dose and timing of exposure (Fenske et al.
20035; Schifers et al. 2007). In a study by Schifers et al. a 177 day exposure
to 9.3 ng/L EE; caused inhibition of reproduction that could not be restored
after a 3 month remediation period in clean water, while a shorter 75-day
exposure to the same concentration only partly and reversibly impaired
reproduction. The reproductive organs appear to have an ability to recover
from EDC exposure after remediation in clean water, while effects on
functional reproductive capacity seem to be more persistent (Hill Jr and Janz
2003).

Long lasting developmental exposures are more likely to lead to irreversible
effects on sexual structures and function, while short-term exposure of
adults induces effects that can be reversed after discontinued exposure
(McLachlan 2001). When adult zebrafish were exposed to 10 or 25 ng/L
EE, during 24 days, the observed effects on reproductive organs and VTG
expression were completely reversed after recovery in clean water (Van den
Belt et al. 2002). Recovery after EDC exposure has also been observed on a
population level. When the collapsed fish population of the aforementioned
EE,-exposed experimental lake was re-examined after 4 years of recovery,
the size structure and abundance of adult fathead minnow had been restored
(Blanchfield et al. 2015).

Effects on hehavior

The development of the reproductive system, sexual maturation and
programming of later adult behavior is highly dependent on the correct
timing of exposure and concentration of endogenous hormones (Bhandari
et al. 2015a). Disrupting the hormonal balance at an early stage of
development can therefore not only disturb gonad development but also
interfere with the development of brain regions involved in adult endocrine
and behavioral responses (McEwen 1987). Brain development is tightly
regulated and guided not only by transcription factors but also by
endogenous hormones such as gonadal steroids (Fernandez-Galaz et al.
1997), making the brain a potential target for EDCs (Gore 2008). In fact,
EDCs have been shown to affect the neurodevelopmental process, brain
morphology, cognitive functions, emotional reactivity and stress (Frye et al.
2012).
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One well-studied endpoint of EDC exposure in mammals is reproductive
behavior (Gore 2008; Patisaul and Adewale 2009). In female rats,
developmental EDC exposure has been found to reduce sexual receptivity
(Chung et al. 2001; Wang et al. 2002), mating behavior (Steinberg et al.
2007) and maternal behavior (Seta et al. 2005). In males, developmental
exposure to EDCs resulted in deficits in sexual behavior (Jones et al. 2011),
including reduced numbers of mounts (Henry and Witt 2006) and mating
trials (Sager 1983).

A significant amount of studies have examined the effects of EDCs on
reproductive behaviors also in fish (Soffker et al. 2012). Disturbed
reproductive behavior has been observed in the three-spined stickleback
(Espmark Wibe et al. 2002), goldfish (Bjerselius et al. 2001), guppy (Bayley
et al. 1999; Shenoy 2014) and zebrafish (Larsen and Baatrup 2010).

However, steroid hormones are believed to play a major role also in non-
reproductive behavior. For example, developmental exposure to EE; has
been shown to increase fear, anxiety and social neophobia in adult rats
(Dugard et al. 2001). Mice developmentally exposed to BPA displayed
altered social behavior, increased anxiety, altered spatial recognition and
impaired memory as adults (Della Seta et al. 2006; Ryan and Vandenbergh
2006; Wolstenholme et al. 2011; Xu et al. 2010). Increased anxiety is a
well-known effect of EDC exposure in mammals (Gongalves et al. 2010;
Skinner et al. 2008; Valkusz et al. 2011), although sex, age, and timing of
exposure affects the outcome (Gioiosa et al. 2013). In fish, studies
examining non-reproductive behavior after developmental EDC exposure
are scarce, but developmental BPA exposure has been shown to cause
learning deficits in adult zebrafish (Saili et al. 2012).

EDC exposure of adult fish has been shown to alter risky behavior, bottom
dwelling and shoaling behavior (Bell 2004; Dzieweczynski et al. 2014;
Espmark Wibe et al. 2002; Xia et al. 2010). In guppy and zebrafish males,
we have previously shown that adult short term EE, exposure increases
anxiety (Hallgren et al. 2011; Reyhanian et al. 2011). We have also shown
that exposure of adult zebrafish males increases shoaling intensity
(Reyhanian et al. 2011). In addition, EE; has been shown to affect
aggressive behavior in zebrafish (Colman et al. 2009; Filby et al. 2012) and
fathead minnow (Majewski et al. 2002).
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Non-reproductive behavior such as exploratory behavior, and the ability to
recover from stressors, is of high ecological significance in wild fish
populations, who are the primary recipients of waterborne EDCs.
Disturbances of these behaviors will therefore likely affect fitness by
influencing foraging, reactions to predators and opportunities to reproduce.

Transgenerational effects

Transgenerational inheritance is the transmittance of traits from one
generation to several generations of progeny, meaning that phenotypical
changes acquired by the parent not only persist during the life-time of that
individual organism but can also be transmitted to their offspring.
Transgenerational effects have been observed in a large variety of

organisms, ranging from plants to mammals (Guerrero-Bosagna and
Skinner 2012; Kleinmanns Julia and Schubert 2014; Skinner et al. 2010).

In order to prove a transgenerational effect of EDC exposure, the
experimental set up needs to include a generation that has not been exposed
to the EDC in any other way than through their grandparents (Ho and
Burggren 2010; McCarrey 2014). When an organism is exposed, the germ
cells are also exposed to the EDC, meaning that any offspring this organism
produces will have been indirectly exposed as germ cells within their parent.
To meet the criteria of a transgenerational effect, the phenotype therefore
needs to persist for at least two generations after initial exposure to the
EDC.

Transgenerational effects resulting from EDC exposure have been
demonstrated in mammals on cancer, fertility and reproductive-, as well as
non-reproductive behavior, such as anxiety (Anway et al. 2005; de Assis et
al. 2012; Guerrero-Bosagna and Skinner 2012; Manikkam et al. 2013;
Patisaul et al. 2012; Salian et al. 2009; Skinner et al. 2008; Wolstenholme
et al. 2012). For example, mice exposed to BPA through their mothers
showed altered social behavior that persisted also in the fourth (F4)
generation (Wolstenholme et al. 2012). In rats, dietary intake of EE, during
pregnancy resulted in an increased risk of developing mammary gland
cancer in daughters (F1), granddaughters (F2) and great-granddaughters
(F3) of exposed females. Outcross experiments showed that the effect was
transmitted through the female germline and associated with changes in the
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DNA methylation machinery, as well as methylation patterns in mammary
tissue (de Assis et al. 2012). Epigenetic changes, such as methylation,
histone modifications and microRNA are believed to play a major role in
transgenerational effects of EDCs in mammals (Anway et al. 2005; de Assis
et al. 2012; Guerrero-Bosagna and Skinner 2012; Skinner et al. 2008).
Epigenetic changes have also been demonstrated in studies showing
transgenerational effects on the reproductive organs after exposure to BPA
(Manikkam et al. 2013; Nilsson et al. 2012).

To date there are only four studies showing environmentally induced
transgenerational effects in fish (Baker et al. 2014; Bhandari et al. 2015b;
Corrales et al. 2014; Vignet et al. 2015). Out of these studies, only one has
investigated the transgenerational effects of EE;. In this study, Medaka
(Oryzias latipes) were exposed to 50 ng/L EE; or 100 ug/L of BPA, during
the first week of development. While no apparent phenotypic abnormalities
were observed in the FO or F1 generations, the F2 generation had a lower
fertilization rate, and in the F3 and F4 generations there was a reduction in
embryo survival compared to control animals (Bhandari et al. 2015b). No
studies have yet investigated the heritability of changes in non-reproductive
behavior after estrogen exposure in fish, but transgenerational effects on
locomotor activity have been observed in zebrafish larvae after exposure to
polycyclic aromatic hydrocarbons (PAHs) (Vignet et al. 2015).

Objectives

The health risks of exposure to EDCs during development, not only for the
exposed organisms but also for coming generations of progeny, are
substantial and affect most organisms. At the time when this thesis work
started, no information on the effects of developmental exposure on non-
reproductive behavior was available in fish. The aim of this thesis was to
study the existence, extent and heritability of such effects.
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Experimental animals

The aquatic environment is a primary recipient of a large number of EDCs.
Sewage effluents have been identified as a major source of these chemicals.
Waste waters from homes and industries contain natural and synthetic
hormones, pharmaceuticals, pesticides, industrial chemicals, metals, and
additives in personal care products. Sampling of effluents and surface waters
detected over one hundred pharmaceuticals used by humans in ng/L and
pg/L concentrations (Monteiro and Boxall 2010). Consequently, aquatic
animals are exposed to complex mixtures of chemicals that can induce
harmful effects and potentially impact populations. Despite the
vulnerability of aquatic organisms, knowledge about the effects of EDCs on
this group of animals is still lacking. In this thesis we examined effects of
the estrogenic EDC 17a-ethinylestradiol on two different fish species.

Zebrafish (Danio rerio)

The zebrafish is named after its five horizontal stripes on the side of the
body, all extending onto the end of caudal fin rays. It is a freshwater fish
that can be found in the tropical waters (18°C - 24°C) of Pakistan, India,
Bangladesh, Myanmar and Nepal (Menon 1999). It inhabits streams,
canals, ditches and ponds (Rahman 1989) where it feeds on worms and
small crustaceans (Mills et al. 1989). Zebrafish can grow to 6.4 cm in length
but in captivity they seldom grow larger than 4 cm (Spence et al. 2008). The
lifespan of a zebrafish is around two to three years, although in ideal
conditions they can live up to five years (Spence et al. 2008). The generation
time for the zebrafish is approximately three to four months. In captivity,
they can spawn all year around at intervals of two to three days, laying
hundreds of eggs at each occasion (Spence et al. 2008).

Zebrafish is a shoaling species, known to establish dominance hierarchies.
Dominance has been demonstrated both during mating and foraging, and
does not appear to be determined by sex. The relationship between
dominance and body size remains unclear. Zebrafish generally prefer larger
shoals but variation may occur with the activity level of the shoal and sex
of the individual (Spence et al. 2008).

Zebrafish are frequently used as a model organism in biological and medical

research. Fish in general are particularly suitable for pharmacological
studies as invasive treatment can be avoided by adding the compound of
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interest directly to the water. The small size of zebrafish makes them
relatively easy to house and allows for simpler handling compared to larger
fish species. Their fast spawning time and the ability to frequently produce
a large number of embryos make this species ideal for studying embryonic
development.

In addition, the zebrafish genome is fully sequenced, giving this species an
advantage over many other fish species in terms of potential use in
molecular and genetic analysis. However, while many orthologue genes
have been shown to have conserved functions in fish, the genome
duplication event occurring around 350 million years ago in teleost fish has
given rise to paralogue genes that may have acquired novel, specialized
functions (Toloza-Villalobos et al. 2015).

In this thesis, the zebrafish AB strain was chosen for experiments in papers
IIT and IV. The AB strain is an established laboratory strain commonly used
in molecular analysis, and has the most studied behavioral repertoire of all
zebrafish strains.

Guppy (Poecilia reticulata)

The guppy is a freshwater fish that lives in the tropical waters (18°C -
28°C)(Riehl et al. 1991) of South America, mainly in Venezuela, Barbados,
Trinidad, northern Brazil and the Guyanas. It has also been widely
introduced to other parts of South America (Kottelat et al. 1996) and feral
populations can be found in Africa (Skelton 1993).

The guppy female reaches about 5 cm in length and the male about half that
size (Riehl et al. 1991). Females mature at the age of 3 months and males at
2 months (Kottelat et al. 1996). The guppy is a live-bearing fish. The
gestation period lasts four to six weeks, after which females give birth to
20-40 live young. The female may produce young every four weeks (Skelton
1993) and can store sperm from the male for later fertilization.
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The guppy inhabits warm springs, ditches and canals (Page et al. 1991). It
can live in a wide variety of habitats with dense vegetation and feeds on
zooplankton, small insects and detritus (Allen 1991; Kottelat et al. 2007).
Guppies will at times forage in groups in order to find food more easily.
While shoaling behavior enables the individual guppy to spend less energy
on antipredator behavior and spend more time feeding, by doing so the food
needs to be shared with other members of the group (Magurran and Seghers
1991). Studies have shown that guppies tend to shoal in high-predation
regions, but not in low-predation regions. When guppies with a high
tendency to shoal were isolated from high-predation regions and relocated
to predator-free environments, over time, they decreased their shoaling
behavior (Magurran et al. 1992).

The guppy is becoming an increasingly popular experimental animal in
biological and ecological research due to its well characterized male
courtship behavior. In EDC research, this presents a great advantage as
many EDCs have been found to affect reproduction and reproductive
behavior.

In this thesis, the guppy was chosen as a complementary experimental
animal to zebrafish because it is less inbred than the established laboratory
zebrafish strains, making it more comparable to wild fish populations. Also,
in contrast to zebrafish, guppies are live-bearing fish, a reproductive strategy
that could potentially affect their sensitivity to developmental EDC
exposure. Unfortunately, the guppy genome was not fully sequenced at the
time when the experiments in this thesis were conducted, limiting the
possibilities of performing molecular and genetic analysis in this species.
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Methods

The methods are described in detail in each paper. However, in order to
give an overview on the studies performed in this thesis, general background
and descriptions of the methods follow below.

Exposure

In order to investigate persistent effects of EE, in several consecutive
generations, we used low EE; concentrations and the experimental set-up
of the studies presented in this thesis was designed to allow developmentally
exposed fish to recover from the reversible effects of EE,.

In the guppy experiment (Paper I), gravid female guppies were exposed to
EE; in a flow-through system until birth of their offspring. After birth, the
developmentally exposed fry were immediately transferred to clean water,
where they were raised under normal maintenance conditions until
adulthood. All siblings were kept in the same aquarium until sexual
maturation, at which point the males were separated from the females.

In zebrafish experiments (Paper IIl and IV), fertilized zebrafish embryos
were exposed to EE; from 1 day until 80 days post fertilization, after which
time the zebrafish were allowed to recover for 82 (Paper III) or 120 days
(Paper IV) in clean water under normal maintenance conditions.

The ability of zebrafish females to lay a large number of eggs made it
possible to divide the fertilized eggs from each parental pair into three
treatment groups (Fig 1). Eight parental pairs were used in manuscript III,
and ten parental pairs were used in manuscript IV. In manuscript III,
zebrafish embryos were exposed to EE, through a semi-static system during
the first 6 weeks of development. At week 6, zebrafish larvae were
transferred to a flow-through system where exposure was maintained until
the fish were 80 days old. In manuscript IV, zebrafish larvae were exposed
to EE; in a flow-through system from 1 day post fertilization until 80 days
post fertilization. All families were kept in separate 2 L tanks throughout
all experiments. Males were separated from females based on secondary
sexual characteristics starting after 4 weeks of recovery. Due to the ability
of EE; to delay gonad development, the sex of all fish was continuously re-
evaluated until the start of behavior studies.
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Parental pair 1

Concentration1 Concentration 2 Unexposed
control

Fig. 1: Experimental set-up of zebrafish exposure experiments in paper 11l and V.

Behavior

In the papers presented in this thesis we mainly studied the effects of EE; on
anxiety, stress and shoaling behavior. These parameters are of high
ecological significance in wild fish populations, likely affecting fitness by
influencing foraging, reactions to predators and opportunities to reproduce.
We also investigated the effects of developmental EE; exposure on the
reproductive behavior of the guppy males.

Novel tank test

The novel tank test is an adaptation of the rodent open-field test and is
based on the observation that many fish species, including zebrafish and
guppies, tend to dive to the bottom of the tank and stay near the bottom,
when first introduced to a new environment (Egan et al. 2009; Maximino
et al. 2010a). The fish, particularly the guppies, often freeze (lay
immobilized) on the bottom for one or several episodes. In the first minute
after the introduction to a novel environment, many fish tend to spend 75-
80% of their time in the bottom half, with a steady decrease in bottom-
dwelling throughout the duration of the test. By the end of a 5 or 10 minute
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test, the bottom-dwelling is generally reduced to chance levels. Increased
bottom-dwelling in the novel tank test is considered an indicator of higher
stress and has been associated with increased cortisol levels (Egan et al.

2009; Espmark et al. 2008; Ghisleni et al. 2012).

The novel tank test is a well-established test, and has a robust response to
anxiogenic and anxiolytic drugs (Bencan et al. 2009; Cachat et al. 2011;
Egan et al. 2009; Levin et al. 2007; Maximino et al. 2010a; Sackerman et
al. 2010; Stewart et al. 2011). However, novelty appears to be the main
driving force in bottom-dwelling. Fish housed in tanks that are similar to
the test apparatus have been shown to present different bottom-dwelling
profiles compared to fish housed in dissimilar tanks (Bencan et al. 2009;
Blaser and Rosemberg 2012). Also, some differences exist in the behavioral
response between different zebrafish strains (Maximino et al. 2010a).

According to our observations, the color of the tank bottom and sides, and
the basal stress-level of the fish when it is introduced to the tank, plays a
crucial role in the novel tank test. For example, a white-colored bottom of
the test tank completely inhibited the diving behavior of the zebrafish. Also,
less gentle netting could increase the basal stress-level of the fish and induce
extensive freezing. Both these reactions had a negative impact on the ability
to detect differences between behavioral phenotypes in the test. Also, fish
that were raised in tanks on transparent shelves (giving the illusion of a
deeper tank), were not as reactive to the novelty of the test and displayed a
less pronounced diving behavior. This supports that environmental factors
are extremely important, as the novelty stimulus is conditional, as has
previously been suggested (Blaser and Rosemberg 2012).

In this thesis the novel tank test was performed in a 20 x 20 x 40 cm tank
filled with 15 L pre-heated pure tap water. At the right end, a transparent
Plexiglas screen trapped 5 untreated male or female littermates that would
later be used in the shoaling test. A black plastic sheet prevented visual
contact between the shoal and the test compartment. The tank had a black
bottom and was black on two sides and a horizontal midline divided the
tank into top/bottom halves (Fig.2). The novel tank test was initiated by
introducing a fish to the test tank by netting. Anxiety levels were assessed
by recording latency to first transition across the midline into the upper half
of the tank, number of total transitions across the midline into the upper
half of the tank, and total time spent in the upper half of the tank. The test
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session lasted for § minutes, after which the black plastic sheet covering the
shoal was removed and the shoaling test was initiated.

34cm

Fig. 2: Experimental set-up of the novel tank test seen from the side.

Shoaling test

Shoaling is an important social interaction in fish. Both zebrafish and
guppies are naturally shoaling species. Increased shoaling is a predator
avoidance strategy that leads to a decreased risk for both group and
individual in the presence of danger, but also has a negative impact on
foraging efficacy (Pitcher and Parrish 1993; Ryer and Olla 1998). Though
the mechanisms behind shoaling are not well understood, this behavior is
of great ecological importance to many fish species living in the wild. A
decreased tendency to leave the shoal is regarded as a measure of reduced
boldness (Moretz et al. 2007), which is a behavior connected to stress
sensitivity in fish. Exposure to alarm pheromones (a substance secreted from
the skin of a wounded fish, to warn others of danger) has been shown to
increase shoal cohesion in zebrafish (Rehnberg and Smith 1988).

Several different methods have been used to investigate shoaling tendency
(Maximino et al. 2010a). Shoaling intensity has been shown to both
increase and decrease in response to EDC exposure (A Espmark Wibe et al.
2002; Reyhanian et al. 2011; Ward et al. 2008; Xia et al. 2010), indicating
that several components are involved in regulating this behavior.
Unfortunately, the shoaling test lacks the robust pharmacological validation
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of the novel tank test, but does, in contrast to the novel tank test, not appear
to be dependent on novelty (Maximino et al. 2010a).

In this thesis, the shoaling test was performed in close proximity and in the
same tank as the novel tank test. Behind the black plastic sheet at the right
end, a transparent Plexiglas screen trapped 5 unexposed male or female
littermates (Fig.3). After the 5 min testing session of the novel tank test was
over, the shoaling test was initiated by removal of the black screen covering
the hidden shoal. The 5 min testing session started when the test fish
initiated contact with the shoal. Shoaling intensity was evaluated by
recording latency to leaving the shoal by crossing the vertical half-line,
number of transitions away from shoal and time spent away from shoal in
the opposite half of the tank. Fish that did not make contact with the shoal
within 5 minutes were excluded from the test.

We noticed that in this experimental set-up, the guppies appear to have a
much stronger shoaling behavior compared to zebrafish. In a 5 minute test
session, most unexposed guppies would not leave the shoal. It is therefore
hard to detect a putative increase in the shoaling intensity of exposed
animals when the control animals are close to maximum shoaling intensity.
It is possible that an adjustment of the duration of the test session is required
for this species.

20cm

17 cm 17 cm 6cm

Fig. 3: Experimental set-up of the shoaling test seen from the side.
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Scototaxis test

Many animals, including fish, show a marked preference for dark
environments. The scototaxis test is based on the observation that animals
usually spend the majority of the initial two-thirds of a test in the dark
compartment before exploring the white area (Maximino et al. 2010a;
Maximino et al. 2010b). In the scototaxis test, an increased dwelling in the
dark compartment signals increased anxiety and stress.

The scototaxis test has been shown to be similar to the novel tank test in
detecting stress behavior (Blaser and Rosemberg 2012). However, while
novelty appears to be the main controlling factor in the novel tank test, no
such dependencies have been detected in the scototaxis test, as fish do not
appear to be habituated to the test after repeated sessions, as in novel tank
test. This could possibly make the scototaxis test a more robust test for
anxiety. Unfortunately, the somewhat lacking pharmacological validation
is still the main disadvantage of this test (Maximino et al. 2010a).

In this thesis, the scototaxis test was performed in a 20 x 20 x 40 cm
aquarium filled with pre-heated tap water up to a 10 cm level. The test tank
was divided into one black and one white half. All sides of the tank were
covered with plastic in the corresponding color of that half (Fig.4). The tank
had two transparent central sliding doors, creating a compartment of 5 x
20 c¢cm. No lid was used in this test as the behavior was filmed from above.
The test fish was introduced into the central compartment, and after a 5
min habituation period the sliding doors were raised and the anxiety level
was evaluated during 5 min as latency to first entrance into the white or
black zone, number of transitions to white or black zone and total time
spent in white or black zone.
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20 cm

10 cm

40 cm

Fig. 4: Experimental set-up of the scototaxis test seen from the side.

Guppy reproductive behavior

The female guppy is receptive to male courtship for only 3-5 days of her
ovulatory cycle, during which time she may copulate with several males
(Evans et al. 2002; Liley 1972; Venkatesh et al. 1990). The female chooses
her partners based on body coloring and courtship behavior. The guppy
male may perform an active courtship behavior referred to as Sigmoid
Display, or a sneaky mating attempt called Gonopodium Thrust, depending
on the receptivity of the female. A sexually active guppy male may also
perform a behavior referred to as the Gonopodium Swinging, without
courting or sneaking up on a female. All the above mentioned courting
behaviors of the guppy males have been studied in paper I. The behaviors
were quantified during an observation period of 15 minutes, after an
experimental male was introduced to a non-experimental female.

The Sigmoid Display is performed as a "dance" in front of the female. In
this behavior, the male arches his body into an S or C- shape while quivering
intensely for up to a couple of seconds (Liley 1972). The male will either
keep his unpaired fins spread (open display) or keep them folded close to
the body (closed display). If the female accepts the courtship she will glide
towards the male while arching her body into a C-shape, exposing her
genital pore. If the male proceeds with inserting his gonopodium into the
female he will make several intense leaping movements (Liley 1972).
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The Gonopodium Thrust is a sneaky mating tactic performed when a male
encounters an unreceptive female. With his gonopodium swung forward,
the male will sneak up on the female from beneath, aiming to insert it into
her genital pore in a thrusting movement.

Gonopodium Swinging, where a guppy male will swing his gonopodium
forward, can be performed by a male at almost any given moment, without
him courting a female or engaging in sneaky mating. This behavior is
thought to represent high sexual motivation.

Fertility

Guppy testis histology

In paper I, the guppy testis was examined for histological changes following
developmental exposure to EE; and recovery in clean water. A normal testis
should contain cysts of all spermatogenisis stages including spermatogonia,
spermatocytes, spermatids, spermatozoa and Sertoli cells. The analysis
aimed to identify alterations in testes morphology due to the exposure.

Histology was performed by removing the testicles from guppy males
developmentally exposed to EE, after recovery in clean water. The testicles
were fixed and dehydrated, embedded in Paraplast and sectioned (7 um).
The sections were mounted on poly-L-lysine coated slides and stained with
Haematoxylin/Eosin. All sections were manually examined for histological
changes under a light microscope.

Zebrafish fertilization success

In order to assess if zebrafish developmentally exposed to EE, had an
impaired ability to reproduce, we collected data on fertilization success in
paper III from the first generation (F0), after EE, exposure and 82 days of
recovery in clean water.

Males and females from each treatment group were mated to an equal
number of unexposed zebrafish of the opposite sex. The fish were put
together in mating cages for 24 hours and the total number of eggs laid,
number of fertilized eggs, hatching and survival of larvae after 6 days were
recorded.
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Gene expression

RNA sequencing

RNA sequencing (RNA seq) is a relatively new technology used to reveal
the quantity and presence of RNA in a sample at a given moment in time.
By detecting all RNA present, RNA sequencing is not dependent on
previous knowledge of the genome, nor does it require the selection of pre-
determined genes of interest, giving it an advantage over older methods such
as microarrays.

In Paper IV, RNA seq analysis was performed in order to identify
differentially expressed genes in zebrafish developmentally exposed to EEs,
in an unbiased manner. Based on the results in the novel tank test, samples
from the exposure resulting in the highest impact on anxiety were used.
Hence RNA seq was performed on brains from male fish exposed to 3 ng/L
and female fish exposed to 10 ng/L EE>. Whole-brain RNA was used in
three biological replicates for each treatment group and sex. High-
performance RNA seq was performed at Genome Infrastructure,
SciLifeLab/Uppsala Genome Center according to current procedures of
purification, quantification and sequencing. 40 million reads were used in
the study, to increase detection capacity and discriminatory power.

All bioinformatics was performed by BILS (Bioinformatics Infrastructure
for Life Sciences). In short, after quality assessment reads were mapped to
the zebrafish (Danio rerio) genome. The mapped reads were converted to
count data, using the Ensembl annotation of the zebrafish genome sequence.
Statistical modeling of gene expression was done with the library edgeR
(Robinson et al. 2010; McCarthy et al. 2012) in R (R core team 2015)
following the workflow suggested by the authors. All genes having
expression levels lower than 1 cpm mapped reads in at least 3 different
libraries were omitted from the data set. A false discovery rate (FDR) was
used for identification of significantly differentially expressed genes. Genes
with adjusted p<0.05 were considered as differentially expressed.

A manual classification of genes and prediction of biological gene function
was performed, with orthologue search in Ensembl. GO-terms were found
in Zfin (for zebrafish), Entrez gene (for human and rodent orthologues) and
NGNC (human orthologues). Available automatic classification systems
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were not used, as we found them to have low mapping capacity in this
experiment.

Due to high cost of the RNA sequencing, we could only use three samples
per exposure and sex. We are well aware that the number of biological
replicates are few, and this implies that great caution is needed in the
interpretation of the data. It should also be better to dissect the brains into
sub-divisions, as region-specific alterations cannot be discerned when using
whole-brain RNA samples. We regard this study as only an initial survey,
needing a lot of further confirmation.

Quantitative real-time PCR

While polymerase chain reaction (PCR) is mainly used for qualitative
analysis of DNA, quantitative polymerase chain reaction (qPCR) is used for
quantitative analysis of mRNA gene expression. qQPCR is based on the same
technique as PCR with the addition of a fluorescent dye (SYBR green in
paper Il and IV) that binds to the newly formed double stranded DNA that
is synthesized with every cycle. The amount of bound dye is measured in
every cycle and is directly proportional to the amount of synthesized DNA.

In Paper III, gPCR was used to study the expression of vitellogenin (VTG).
The female-specific, egg yolk precursor protein VTG is normally
synthesized in the female liver but not expressed in the male liver. Several
studies have shown that estrogenic EDC exposure causes this gene to be
expressed also in the livers of male fish. VTG is a good biomarker for
ongoing EDC exposure, although it has been shown to be restored to
normal levels after discontinued exposure (Baumann et al. 2014). In Paper
IT1, the livers of 8 control males, 10 males exposed to 1.2 ng/L and 10 males
exposed to 1.6 ng/L EE,, were separately analyzed with qPCR.

In Paper IV, qPCR was used to verify the findings of the RNA sequencing
analysis. Four genes that were previously identified by RNA seq to be
differentially expressed in the brains of zebrafish males developmentally
exposed to EE, compared to unexposed controls, were chosen and specific
primers designed with Primer-BLAST. qPCR was run on brains from 8
control males and 8 males developmentally exposed to 3 ng/L EE,.
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Brain aromatase activity

Brain aromatase (CYP 19b) is expressed in the gonads and brain, and
similar to VTG, is a common marker for ongoing exposure to estrogenic
compounds. It encodes an enzyme involved in the conversion of androgens
to estrogens. Higher aromatase activity is observed in females and estrogen-
exposed males than in unexposed males. In Paper I we analyze brain
aromatase activity in individual brains from 5, 10 and 9 males from
exposure group 0, 2 and 20 ng/L EE,, respectively, using tritiated
androstenedione as substrate.

Statistical analysis of behavioral tests

Performing manipulative experiments to study fish behavior almost
exclusively call for statistical models that can handle dependent data, as an
inevitable consequence of maternal effects and the use of aquariums for
rearing fish at the lab. The experimental design for the three behavioral
tests: novel tank, shoaling and scototaxis tests included in this thesis have
all been analyzed using mixed effects models in R 3.01. (R Core Team.
2013) and package Ime4 (Bates et al 2014). The mixed effects models in our
experiments use family as a random variable to cancel out maternal effects
and avoid pseudo-replication due to dependences within families. In the
behavioral tests we used some response variables with normally distributed
and homoscedastic residuals, like several measures of time. If needed we
used log transformations to normalize, and to remediate heteroscedasticity.
All time variables could therefore be analyzed using Gaussian error
distributions. Response variables that were measured in counts, like number
of times leaving the shoal or a compartment, were analyzed assuming
Poisson distribution of residuals. The estimates from all mixed effects
models were tested with both Wald chi-square and with likelihood ratio
tests. In no case could we find any difference in interpretation using the two
significance tests for our data.

All experiments that included both male and female fish were always
analyzed with a full model including the interaction between sex and
treatment. In the case of significant interactions we either made separate
analyses for each sex or used pairwise contrasts to analyze treatment effects
within sex, or sex differences within treatment group. In the first case we
used Tukey’s multiple comparison where necessary. In all pairwise contrasts
family-wise error rates were controlled with Holm’s method.
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Results: Summary of papers

I. Brain circuit imprints of developmental 17a-Ethinylestradiol exposure
in guppies (Poecilia reticulata): persistent effects on anxiety but not on
reproductive behaviour.

To investigate if developmental exposure to the synthetic estrogen EE; could
cause long-lasting, persistent effects on non-reproductive behavior, we
exposed gravid guppy females to 0, 2 and 20 ng/L EE,, thus indirectly
exposing their developing offspring. After birth, the developmentally
exposed fry were transferred to clean water and allowed to recover until
adulthood, without further exposure. At 6 month of age, developmentally
exposed and unexposed male and female guppies were tested for anxiety
and shoaling intensity. The novel tank test, assessing stress behavior
detected increased anxiety in male and female guppies developmentally
exposed to 20 ng/L EE,. No effect of developmental EE, exposure was
found on shoaling intensity. We also found no effect on male sexual
behavior, brain aromatase activity or testis morphology, after 6 months of
remediation in clean water.

II. Transgenerational effects of 17a-Ethinylestradiol on anxiety behavior
in the guppy, Poecilia reticula.

This study aimed to investigate whether the persistent effects on anxiety of
developmental exposure to EE; observed in paper I could be transferred to
consecutive generations without further exposure. By mating the guppies
developmentally exposed to 20 ng/L EE,, we produced a first generation
(F1) that had only been indirectly exposed as germ cells within their parents.
Stress behavior of this generation was assessed in the novel tank test,
revealing increased anxiety in males but not in females. In order to
investigate if the effects of EE, on anxiety can be transgenerationally
transmitted, the F1 guppies were mated, giving rise to a second generation
(F2) that had not been exposed to EE; in any other way except through their
grandparents. Their stress behavior was assessed using the novel tank test
and scototaxis test, revealing increased anxiety in both male and female
guppies. These results show that effects of developmental EE; exposure on
anxiety are not only persistent but also transgenerationally transmitted.
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III. Developmental exposure of zebrafish (Danio rerio) to 17a-
ethinylestradiol affects non-reproductive behavior and fertility as adults,
and increases anxiety in unexposed progeny.

The aim of this study was to assess the generality of persistent effects of
developmental EE, exposure on non-reproductive behavior by exposing
another fish species. Zebrafish larvae were exposed from 1 day post
fertilization (dpf) until 80 dpf to measured concentrations of 0, 1.2 or 1.6
ng/L EE,. After discontinued exposure, the fish were allowed to recover in
clean water for 80 days after which time fertilization success, stress
behavior, shoaling intensity and hepatic VTG expression was analyzed. The
results showed increased anxiety and increased shoaling intensity in both
male and female zebrafish developmentally exposed to EE,. Fertilization
success was decreased in both sexes, at both EE; exposure levels, when
mated with unexposed animals of the opposite sex. No effects on hepatic
VTG expression were observed after remediation in clean water. To
investigate if the effects on behavior were heritable, fish exposed to 1.2 ng/L
were mated in order to produce an F1 generation. The fish of this generation
were tested for anxiety in the novel tank test and scototaxis test, showing
increased anxiety for both sexes in both tests. However, there was no
significant effect on shoaling intensity in the F1 generation.

IV. Persistent effects of developmental exposure to 17a-ethinylestradiol on
the zebrafish (Danio rerio) brain transcriptome and stress behavior.

The main aim of this study was to to further investigate the possible
mechanisms behind the persistent effects of EE; exposure on non-
reproductive behavior. Here we exposed zebrafish larvae to 0, 2.14 or 7.34
ng/L EE; from 1 day until 80 days post fertilization. The exposed zebrafish
were then allowed to recover for 120 days in clean water before behavior
testing. In accordance with paper III, the novel tank test and scototaxis test
detected increased anxiety in both sexes, while shoaling intensity was
increased only in females. To investigate the possible mechanisms for the
observed behaviors, whole-brain RNA was isolated and sent for RNA
sequencing analysis from both exposed and unexposed fish. The gene
expression analysis detected 33 genes in males and 62 in females to be
differentially expressed in zebrafish developmentally exposed to EE,
compared to unexposed controls. The functional analysis of the
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differentially expressed genes in zebrafish males exposed to 3 ng/L identified
genes involved in cholesterol biosynthesis, synaptic function, immune
response, DNA-repair and heme biosynthesis and biodegradation. Female
zebrafish developmentally exposed to 10 ng/L EE, showed effects on genes
involved in the circadian rhythm, lipid transportation, cytoskeleton and
motor proteins, immune response and heme biosynthesis and
biodegradation. The top two affected pathways, cholesterol biosynthesis
and circadian rhythm, have previously been related to anxiety (Wong et al.
2013; Wong et al. 2015; Rey et al. 2013).
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Discussion and conclusions

The results presented in this thesis demonstrate that non-reproductive
behaviors in fish are highly sensitive to EE, exposure during development,
and that the disruptions caused by early-life exposure do not appear to be
reversible after a long recovery in clean water. Exposure to low,
environmentally relevant doses of EE; during development led to increased
anxiety as adults in two different fish species, zebrafish and guppy (Paper I,
1L, 1V).

The concept of an event during development being able to cause a disorder
observed later in life is not new. The idea was introduced by David Barker
already in the 1990’s, when poor nutrition during human fetal development
was shown to increase the susceptibility to develop Type 2 diabetes later in
life (Hales and Barker 1992). Since then, the hypothesis of fetal origins of
adult disease has been supported by numerous studies in both humans and
animal models (Calkins and Devaskar 2011). Over the years, this hypothesis
has become even more complex as studies emerge showing windows of
sensitivity, where timing plays an important role in the outcome (Roseboom
et al. 2001). For example, nutritional deprivation of women during the first
half of their pregnancy resulted in significantly higher obesity rates in their
sons in adulthood, while nutritional deprivation during the last trimester
resulted in lower obesity rates (Ravelli et al. 1976).

In relation to EDCs, it has been shown that the timing and duration of
exposure can make the difference between an effect being reversible or
irreversible (Fenske et al. 2005; Schifers et al. 2007). We chose to expose
fish during a prolonged period in order not to risk missing the window of
sensitivity. We were therefore not able to investigate which time point
during development is crucial for cementing the observed effects on stress
behavior. It cannot be excluded that a shorter and differently timed
exposure to EE; would render reversible effects on non-reproductive
behavior.

Our studies indicate that zebrafish are more sensitive to developmental
exposure to EE, than guppies. In guppies, exposure to 2 ng/L EE, did not
significantly — affect stress behavior (Paper 1), while zebrafish
developmentally exposed to 1.2 and 1.6 ng/L showed both increased anxiety
and shoaling (Paper III). However, there were important differences
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between the guppy and zebrafish experiments. While guppies were exposed
through their mothers due to their ovoviviparity, zebrafish, being an egg-
laying fish, were subjected to a direct exposure during development. Also,
while the zebrafish used in papers III and IV came from the more or less
homogenous laboratory strain AB, the guppies used in paper I were
captured in the wild and kept by interbreeding for commercial trade before
they were purchased by us. The guppies used in papers I and II are therefore
less inbred than the zebrafish, leading to larger inter-individual variation. In
addition, the recovery time in clean water was slightly different between
experiments. While the zebrafish in paper III and IV recovered for 3 and 4
months, respectively, the guppies had a recovery time of 6 months. Any of
these differences could account for the seemingly higher sensitivity of
zebrafish to developmental EE, exposure.

Despite some differences between the guppy experiment (Paper I) and
zebrafish experiments (papers III, IV), all studies showed that
developmental exposure to EE, resulted in persistent effects on stress
behavior, remaining after a long remediation period in clean water. While
the mechanisms behind the observed persistent effects on behavior remain
unknown, the RNA sequencing analysis performed on the whole-brain
transcriptome of developmentally exposed zebrafish (Paper IV) could be a
useful starting point for further investigations. It is challenging to interpret
transcriptome data, and the study has weaknesses, as described in the
Methods section. We can thus only speculate on connections between
identified pathways and imprinting of anxiety behavior. This is, however,
the first brain transcriptome study of fish acquiring a behavioral phenotype
due to an EDC. It is also the first transcriptome study of the brain after a
long remediation period following developmental EDC exposure.

94 genes were found to be differentially expressed between the
developmentally exposed zebrafish and controls. However, no effects were
observed on genes normally associated with the stress axis, like
Corticotropin-releasing hormone (CRH), genes in the hypothalamo-
pituitary-interrenal axis (HPI) and the monoamine system (Pavlidis et al.
2015). Acute, ongoing, adult EE, exposure has previously been shown to
affect such pathways (Harding et al. 2013; Wit et al. 2010). Our results thus
suggest that there may be differences between the effects of acute and
developmental EE; exposure at transcriptional level, and that the anxiety
behavior phenotype induced during development is not necessarily
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mediated through the most obvious pathways. It is possible that differences
in the expression of expected stress-associated genes would have become
apparent if fish used in the RNA sequencing analysis were subjected to acute
stressors in close proximity to sample extraction, or if the samples were
taken before remediation in clean water.

We did however detect alterations in genes that could indirectly affect the
stress response. Among those are genes involved in cholesterol biosynthesis,
which was identified as the top putative pathway affected in male brains.
Effects on cholesterol/lipid biosynthesis and metabolism have previously
been detected in several other studies involving EE, (Cypriani et al. 1988;
Flores-Valverde et al. 2010; Hoffmann et al. 2006; Hogan et al. 2010).
Furthermore, whole-brain RNA sequencing of Flouxetine exposed adult
zebrafish males found cholesterol biosynthesis genes to be down-regulated,
concomitant with anxiolytic behavior (Wong et al. 2013). Among these
genes were the same four genes (Iss, msmol, hmgcsl and sqglea) that we
found to be upregulated in the brains of male zebrafish developmentally
exposed to EE,, concomitant with increased anxiety (Paper IV). The
expression of the same genes were also found to be higher in fish with high
compared to low stress sensitivity (Wong et al. 2015). These findings might
suggest a possible link between cholesterol biosynthesis and stress behavior
phenotypes. Locally synthesized cholesterol is the precursor of many neuro-
steroids that have been associated with the regulation of stress behavior in
mammals (Gunn et al. 2011; Zorumski et al. 2013). Cholesterol
biosynthesis in the brain also plays an important role in myelination and
axonal function (Bjorkhem and Meaney 2004), and alterations in this
pathway could thereby affect neuronal signaling. This makes cholesterol
biosynthesis an important pathway to further explore in relation to EDC
exposure.

Another functional group found to be affected by developmental EE,
exposure in Paper IV, was circadian rhythm. In females, seven genes were
upregulated including: perla, nr1d1, dbpb and bhlbhe41. Circadian rhythm
genes have been shown to be responsive to EE; in female Coho salmon
(Harding et al. 2013) and different regulation of circadian rhythm genes has
been associated with different personality types in zebrafish (Rey et al.
2013). Estrogen exposure alters the expression of circadian rhythm genes
also in rats (Nakamura et al. 2001; Nakamura et al. 2005; Nakamura et al.
2008). In addition, estrogens have been shown to affect period length and
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onset of locomotor activity (Krizo and Mintz 2014). Furthermore, in a study
examining major depressive disorder (MDD) in humans, the orthologues of
perla, nrld1, dbpb and bhlhe41 were found to have a disrupted expression
pattern in MDD patients compared to healthy controls (Li et al. 2013). The
same study also identified these four genes as having among the strongest
cyclic patterns in the human brain. The function of these genes in the fish
brain remains to be investigated, but the circadian rhythm warrants further
studies concerning its influence on mood and behavior.

We also identified 6 genes affected by developmental EE, exposure with
recognized functions in the synapse. The encoded proteins are in humans
and rodents associated with brain development and synaptic plasticity.
Also, the observed changes in genes involved in cholesterol biosynthesis,
which appear to play an important role in axon myelination, might affect
brain signaling. Thus, EE, exposure during zebrafish development induces
several persistent alterations in the brain that likely affect the outcome of
nerve signaling in adult fish and might turn out to be important for the
developmental modulations resulting in an anxiety phenotype.

In papers II and III we demonstrated that the effects of EE; on anxiety can
be transmitted to untreated offspring, and in paper II we showed that such
effects can also be transgenerationally transmitted to two consecutive
unexposed generations. Transgenerational effects and alterations in non-
reproductive behavior after developmental EDC exposure have been
observed in mammals (Skinner et al. 2008; Wolstenholme et al. 2012), but
not previously in fish. Studies showing that an event during fetal
development can lead to effects in adulthood that also extend beyond the
first generation of offspring are beginning to emerge also in humans (Painter
et al. 2008).

The number of reports on transgenerational effects in fish after exposure to
environmental contaminants have been increasing over the past few years,
but are still only four in addition to our study. Such effects have now been
demonstrated in medaka and zebrafish on fertility, larval survival,
malformations and photomotor response (Baker et al. 2014; Bhandari et al.
2015b; Corrales et al. 2014; Vignet et al. 20135). Paper I is the first example
of a transgenerationally transmitted behavioral phenotype in adult fish. The
results presented in Paper II also extend previous findings on
transgenerational effects to a third fish species, the guppy. In addition, our
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results confirm the ability of EE; to induce transgenerational effects in fish,
as has previously been demonstrated on fertility in medaka (Bhandari et al.

2015b).

In mammals, epigenetic changes have been shown to accompany
transgenerational effects of EDC exposure in several studies (de Assis et al.
2012; Manikkam et al. 2013; Nilsson et al. 2012; Skinner et al. 2008).
Furthermore, epigenetic modifications such as DNA methylation,
chromatin structure and non-coding RNAs (ncRNA) including micro-
RNAs have previously been linked to phenotypic alterations (Zhang and
Ho 2011). While no published study has yet investigated epigenetic
transgenerational changes in fish, such studies are essential for
understanding the basis of transgenerational effects. Unfortunately, we were
not able to examine the epigenome of developmentally exposed fish and
their offspring. However, we will be able to address one of these
modifications, as changes in ncRNA expression in response to
developmental EE, exposure were observed in the RNA sequencing. The
RNA sequencing analysis in paper IV detected, aside from effects on
protein-encoding genes, significant differences in ncRNA expression
between exposed and unexposed animals (unpublished results). In exposed
females, 40% of the significantly altered genes were ncRNA. This is about
10 times more than what is expected by chance (p<0.001, odds ratio 14.55).
We are currently investigating the nature of these ncRNAs as well as
analyzing the ncRNA expression in males. Such observations could provide
valuable information about the mechanisms that have been proposed for
persistent and transgenerational effects of EDCs.

Taken together, the results in this thesis show that developmental, low-dose
EDC exposure leads to irreversible and transgenerationally transmittable
effects on stress behavior in fish. Such effects could compromise fitness and
survival of not only the exposed fish but also of their offspring, possibly
leading to long-term consequences for wild fish populations.
Transgenerational effects of environmental stressors should therefore be
one of the essential components to be considered in ecological risk
assessment. The concentrations of EE; used in the exposure experiments are
well within what has been detected in samples taken outside wastewater
treatment plants, showing EE; levels ranging from almost undetectable (<1
ng/L) to as high as 200-300 ng/L (Hannah et al. 2009; Kolpin et al. 2002;
Laurenson et al. 2014; Ternes et al. 1999). While methods for more effective
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removal of estrogenic EDCs from wastewater effluent exist (Barber et al.
2012; Baynes et al. 2012; Bringolf and Summerfelt 2003; Liu et al. 2009),
they are seldom used due to increased costs. Studies by us and others stress
the importance of eliminating environmental EDC contaminants from the
aquatic environment.

Heritable effects of EDCs on non-reproductive behavior not only have
serious implications for the fitness of aquatic organisms, but should also be
considered in the etiology of complex neurological disease in mammals and
humans. The interaction between genes and environment is a well-studied
phenomenon, not exclusive to any one species. Any compound with the
ability to induce not only persistent but also heritable effects should
therefore be of concern also in regard to fitness of all species. The results
presented in this thesis thus support the application of the Precautionary
Principle in EDC risk assessment and regulation.
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