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Abbreviations

AHA
AhR
AR
BaP
NF
CYP
CASA
DHT
DMSO
DOC
E2
EDC
EE2
ER
EROD
GSI
HC-buffer
HSI
11-KT
LIN
LOEC
NOEC
NOM
N.R.-NOM
NSI
PAH
PCB
PCB126
STP
TCDD
Tb
VAP
VCL
VSL
Vtg

synthetic humic acid (from Sigma-Aldrich)
aryl hydrocarbon receptor
androgen receptor
benzo(a)pyrene
-naphthoflavone
cytochrome P450
computer-assisted sperm analysis
5-dihydrotestosterone
dimethyl sulfoxide
dissolved organic carbon
17-estradiol
endocrine disrupting chemicals
17-ethynylestradiol
estrogen receptor
7-ethoxyresorufin O-deethylase
gonadosomatic index
hepes-cortland buffer
hepatosomatic index
11-ketotestosterone
linearity
lowest observed effect concentration
no observed effect concentration
natural organic matter
Nordic reservoir natural organic matter
nephrosomatic index
polycyclic aromatic hydrocarbon
polychlorinated biphenyl
3,3’,4,4’,5-pentachlorobiphenyl
sewage treatment plant
2,3,7,8-tetrachlorodibenzo-p-dioxin
17-trenbolone
average path velocity
curvilinear velocity
straight line velocity
vitellogenin

Introduction

Background
Many natural and anthropogenic chemicals end up in aquatic environments
and there are numerous reports about physiological disturbances and population declines in aquatic animals. For example, presence of feminized fish in
rivers receiving effluent from sewage treatment plants (STP) is a welldocumented phenomenon and in the 1980s whole populations of marine
gastropods went extinct due to the condition imposex (development of male
genitalia in females) (Gibbs et al., 1991; Matthiessen and Gibbs, 1998).
Moreover, impaired reproductive functions have been observed in fish exposed to discharges from pulp and paper mills (Munkittrick et al., 1998;
Larsson et al., 2000a) and effects related to exposure to tetrachlorodibenzop-dioxin (TCDD), polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) have been reported. Several studies have linked
reproductive disturbances to exposure to contaminants that are able to elicit
responses typically induced by sex steroids (Colborn and Clement, 1992).
The chemicals responsible for these effects are called endocrine disrupting
chemicals (EDCs), defined as exogenous substances or mixtures that alter
functions of the endocrine system and cause adverse health effects in an
intact organism, or its progeny, or populations (Report by CSTEE of DG
XXIV, 1999). Most of the EDCs present in the environment are less potent
than endogenous hormones and have been detected in aquatic environments
in lower concentrations than observed effect concentrations found in laboratory studies. However, in the environment pollutants are rather present in
mixtures than alone and observed effects can be additive or synergistic, or
effects can be counteracted by antagonistic chemicals. Recent research has
revealed that estrogenic chemicals in individually ineffective concentrations
in mixtures can act in an additive manner and elicit responses (Brian et al.,
2005; Brian et al., 2007). To date, rather few studies have focused on effects
caused by mixtures of EDCs with different properties. Effects on vitellogenin production in zebrafish (Danio rerio) after exposures to different
binary mixtures of the estrogen 17-ethynylestradiol (EE2) and the androgen
17-trenbolone (Tb) were studied by Örn and co-workers (2006). They observed altered vitellogenin concentrations, both reductions and increases,
9

after exposure to the mixtures compared with exposure to the chemicals
alone (Örn, 2006). The existence of mixture effects highlights the limitations
of the chemical-by-chemical approach commonly used in classical risk assessment. Such an approach may underestimate the potential risks. Therefore, evaluating mixture effects both of chemicals with similar and chemicals
with different modes of action should be of high priority.

Biomarkers and biomonitoring
Fish are generally considered as good model organisms for monitoring of the
aquatic environment since they are present in virtually all aquatic environments and many species have been found to be very susceptible to environmental pollutants (reviewed in van der Oost et al., 2003). In addition, fish
play a central role in aquatic ecosystems. Hence, understanding toxic responses in fish is of high ecological relevance. Biomarkers are currently
used in environmental monitoring as “early warning” signals. A biomarker
can be defined as a “change in a biological response (ranging from molecular through cellular and physiological responses) that can be related to exposure to or toxic effect of environmental chemicals” (Peakall, 1994; reviewed
in van der Oost et al., 2003). In fish, synthesis of vitellogenin in male or
juvenile fish and induction of 7-ethoxyresorufin O-deethylase (EROD) activity are commonly used biomarkers for estrogenic chemicals and dioxin-like
substances, respectively. Further examples of biomarkers are metallothionein
which is induced upon exposure to heavy metals, acetylcholinesterase as a
biomarker for exposure to organophosphate and carbamate pesticides and the
more general biomarkers – formation of reactive oxygen species and DNA
damage, all reviewed in van der Oost et al. (2003). Presence of chemicals in
the environment that can suppress or enhance biomarker responses can complicate interpretations in biomonitoring utilizing biomarker approaches. An
important task is therefore to examine biomarker responses to defined mixture of chemicals.

CYP 1A
CYP 1A protein, the Ah-receptor and CYP1A induction
Cytochrome P450 (CYP) 1A is a monooxygenase subfamily belonging to
the diverse multigene family of cytochrome P450s. Cytochrome P450s are
heme-containing proteins that are extensively involved in metabolism of
endogenous and exogenous compounds. Metabolism of xenobiotics is usually divided in two phases: phase I and II. The P450s catalyse phase I reac10

tions where lipophilic compounds are converted by oxidation, and sometimes reduction or hydrolysis, to more polar compounds accessible for phase
II reaction – conjugation. Conjugation with endogenous compounds, e.g.
glutathione and sulphate, increases the water solubility and facilitates excretion. In fish, the P450s are most concentrated in the liver but are also present
in e.g. kidney, gill and gonads (reviewed in Sarasquete and Segner, 2000).
In mammals two distinct forms of CYP1A have been found, CYP1A1 and
CYP1A2. In rainbow trout (Oncorhynchus mykiss), two forms of CYP1A
have been characterised, named CYP1A1 and CYP1A3 (Berndtson and
Chen, 1994; Gooneratne et al., 1997; Rabergh et al., 2000). If other fish species possess multiple forms of CYP1A is to date unknown. Therefore the
protein is commonly only referred to at the subfamily level, CYP1A.
The CYP enzymes can be constitutively expressed and/or are inducible by
exposure to xenobiotics or endogenous compounds. CYP1A is inducible via
the cytosolic aryl hydrocarbon receptor (AhR). Induction of CYP1A occurs
upon ligand-binding to the AhR. The AhR is residing in the cytosol but following ligand-binding the AhR-complex undergoes a conformational change
and enters the cell nucleus where it forms a heterodimer with the protein
Arnt. The AhR-Arnt complex binds to DNA at specific response elements
and induces expression of several genes e.g. CYP1A, CYP1B, glutathione-Stransferase and UDP glucuronosyltransferase (Celander et al., 1993; Nebert
et al., 2000; Handley-Goldstone et al., 2005). All CYP1A inducers are not
AhR ligands and therefore other pathways of CYP1A induction have been
suggested e.g. involving tyrosine kinase activation or the retinoic acid receptor (RAR) signalling pathway (Delescluse et al., 2000; Nebert et al., 2000).

AhR ligands
A vast number of chemicals have been identified as AhR ligands and a majority of them are anthropogenic. Most of the classical AhR ligands are hydrophobic and planar molecules such as halogenated aromatic hydrocarbons
(HAHs), including e.g. TCDD, co-planar PCBs and PAHs (reviewed in
Denison and Nagy, 2003). The prototypic and most potent HAH is TCDD
(Poland and Knutson, 1982; van den Berg et al., 1998). Combustion of organic material in the presence of chlorine is one of the main sources of
TCDD. Both TCDD and PCBs are persistent, lipophilic chemicals that tend
to bioaccumulate in fatty tissues, while PAHs are more readily metabolised.
Usage of PCBs is now banned but there is still leakage of PCBs into the
environment from old technical equipment. The extensive presence of PAHs
in the environment is mainly due to anthropogenic activity. PAHs are present in fossil fuels and almost all combustion processes generate PAHs.
Naturally occurring AhR ligands known today come from e.g. the diet (e.g.
flavonoids and carotinoids) or are derived from endogenous metabolism (e.g.
indigo and indirubin – metabolites of tryptophan) (Adachi et al., 2001; Deni11

son and Nagy, 2003). Furthermore, neurotoxins from dinoflagellates and
components in humic acids can induce CYP1A in fish (Washburn et al.,
1994; Washburn et al., 1997; Matsuo et al., 2006).

EROD activity
Induction of CYP1A and the connected EROD activity are commonly used
as biomarkers for exposure to AhR agonists in aquatic environments (Payne
and Penrose, 1975; Stegeman and Hahn, 1994; Bucheli and Fent, 1995;
Whyte et al., 2000). EROD activity is a CYP1A-catalysed reaction where the
substrate 7-ethoxyresorufin is metabolised to the fluorescent product resorufin. As a biomarker EROD activity has been applied in numerous field
investigations and laboratory studies, e.g. studies of bleached kraft mill effluents (BKME) (Soimasuo et al., 1995; Vandenheuvel et al., 1995; Karels et
al., 1998), contaminated sediments (Engwall et al., 1996; Förlin et al., 1996)
and oil spills and petroleum leaks (Jewett et al., 2002; Lee and Anderson,
2005; Morales-Caselles et al., 2006) as well as in monitoring of general contamination (Kirby et al., 2004; Miller et al., 2004; Hansson et al., 2006).
Since the liver is the major biotransforming organ and the CYP enzymes are
mainly expressed in the smooth endoplasmatic reticulum, EROD activity is
traditionally measured in liver microsomes. However, EROD activity can
also be measured in for instance gill and kidney (Masfaraud et al., 1990;
Leguen et al., 2000; Carlsson and Pärt, 2001; Jönsson et al., 2003; OrtizDelgado et al., 2007). The gill in teleosts functions in respiration, osmoregulation, nitrogenous waste excretion and pH regulation reviewed in (Evans et
al., 2005). The gills consist of four gill arches on each side in the pharynx.
Primary gill filaments extend from the arches in two rows, carrying secondary filaments (lamellae). This structure in combination with a high blood
flow, short diffusion distance between blood and water and counter-current
flows of blood and water makes the gill very efficient in gas exchange
(Evans et al., 2005). Furthermore, the large epithelial surface and the high
ventilation rate of the gill suggest that lipophilic substances present in the
water are efficiently extracted. In addition, lipophilic substances reach the
gill not only from the water but also via the blood. CYP1A can be induced in
the gill (Smolowitz et al., 1992; Hahn and Stegeman, 1994; Van Veld et al.,
1997; Jönsson et al., 2004) and gill EROD activity has been shown to be a
sensitive biomarker of exposure to AhR agonists in the environment
(Jönsson et al., 2002; Mdegela et al., 2006a). The liver has a higher biotransformation capacity than the gill, but also the gill has been shown to be an
important organ in biotransformation of xenobiotics. A method to measure
EROD activity in intact gill filaments was developed by Jönsson and coworkers (2002). This method has proven to be very sensitive and has been
applied in several marine and freshwater fish species (Jönsson et al., 2003;
Andersson et al., 2006; Jönsson et al., 2006; Mdegela et al., 2006a).
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The EROD response can be affected by many factors such as the developmental stage and reproductive status of the fish, temperature, pH and diet
(reviewed in Andersson and Förlin, 1992; Whyte et al., 2000). Furthermore,
other compounds present in the aquatic environment such as some metals
and estrogenic compounds can affect EROD responses (reviewed in Whyte
et al., 2000). As an example, exposure to 17-estradiol (E2), 4-nonylphenol
or EE2 has been observed to suppress hepatic EROD activity in several species (Arukwe et al., 1997; Sole et al., 2000; Navas and Segner, 2001; Elskus,
2004; Vaccaro et al., 2005; Cionna et al., 2006; Kirby et al., 2007). Taking
confounding factors into account is important when designing field investigations and for a correct interpretation of the results.

Estrogens
Estrogen receptors
The estrogen receptor (ER) is a ligand-activated nuclear receptor which in
fish is highly expressed in liver, gonads and brain. In mammals two different subtypes of ERs are known, ER and ER (reviewed in Klinge, 2001). In
teleost fish, however, three different ER subtypes have been cloned, termed
ER, ER1 and ER2 (or ER) (Hawkins et al., 2000; Halm et al., 2004).
Upon ligand binding ERs undergo conformational changes and form
homodimers or heterodimers (ER-ER). These homo- or heterodimers bind
to specific regions on DNA, estrogen responsive elements (ERE), and induce
estrogen-target gene transcription (reviewed in Klinge et al., 2000). The
three subtypes in fish are genetically distinct and have different tissue distribution (Hawkins et al., 2000; Halm et al., 2004; Filby and Tyler, 2005; Katsu et al., 2007). They also seem to differ in affinity for different estrogens
and e.g. affinities of natural estrogens and of EE2 to ER1 were 3–54-fold
compared to those to ER (Katsu et al., 2007). The expression pattern for the
different subtypes appears to vary between species and to date their distinct
physiological roles have not been clarified.

Environmental estrogens
Estrogenic compounds are substances that produce effects mediated through
activation of ERs. They start a cascade of effects similar to those initiated by
E2. Besides E2, estrone and estriol, also phytoestrogens occurring in some
plants, e.g. clover and soybeans, are natural estrogens. However, a wide
variety of chemical compounds, including PCBs, aldrin, dieldrin, bisphenol
A, nonylphenol and a number of chemical mixtures have been shown to have
estrogenic properties (reviewed in Gillesby and Zacharewski, 1998). Many
13

of these chemicals have been detected in e.g. wastewater, surface waters,
sediments, drinking water and groundwater (reviewed in Petrovic et al.,
2004; Campbell et al., 2006). Numerous examples of adverse effects due to
estrogenic substances have been reported in fish inhabiting rivers receiving
effluent from STPs e.g. induction of female-specific proteins in male fish
(Purdom et al., 1994; Harries et al., 1997; Routledge et al., 1998; Larsson et
al., 1999; Arukwe et al., 2000), and altered sexual maturation and gamete
production as well as a high frequency of intersex in roach (Rutilus rutilus)
(Jobling et al., 1998; Jobling et al., 2002a).

Vitellogenin
Vitellogenin (vtg) is an egg yolk protein, used as an energy source by the
developing fish embryo. Vtg is synthesised in the liver upon binding of estrogens to ER, released into the bloodstream and stored in the oocytes. Synthesis of vtg normally occurs only in mature females, but males and juveniles also have ERs in the liver and produce vtg in response to exposure to
exogenous estrogens. Therefore, presence of vtg in male or juvenile fish has
been used extensively as a biomarker for exposure to estrogenic chemicals
(Purdom et al., 1994; Sumpter and Jobling, 1995; Jobling et al., 1998) and
sensitive assays to measure vtg levels have been developed for several fish
species, e.g. zebrafish (Holbech et al., 2001; Nilsen et al., 2004), fathead
minnow (Pimephales promelas) (Mylchreest et al., 2003; Nilsen et al., 2004;
Tatarazako et al., 2004; Eidem et al., 2006), and three-spined stickleback
(Gasterosteus aculeatus) (Katsiadaki et al., 2002b; Hahlbeck et al., 2004).

Androgens
Androgen receptors and environmental androgens
Androgens are hormones that have a physiological role in many masculine
traits, e.g. male sexual differentiation, male secondary sexual characteristics,
male reproductive behaviour and spermatogenesis. Natural androgens are
e.g. testosterone, 5-dihydrotestosterone (DHT) and 11-ketotestosterone (11KT). In most male teleosts studied, 11-KT is the main androgen (Borg,
1994). The androgen receptor (AR) belongs to the nuclear steroid receptor
superfamily. Most vertebrates have only one AR but in some teleosts at least
two ARs have been identified. In male three-spined sticklebacks one AR
with two splicing variants, AR1 and AR2, has been cloned (Olsson et al.,
2005). This receptor is preferentially activated by 11-KT, the most potent
inducer of kidney hypertrophy and production of the male-specific protein
spiggin (Olsson et al., 2005).
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Endocrine disruption has mainly been reported due to estrogenic compounds but lately an increasing number of compounds present in the environment, such as vinclozolin, procymidone, linuron, fenitrothion and p,p'DDE, have been found to have anti-androgenic properties, and a few contaminants with androgenic properties, e.g. trenbolone, have been identified.
Androgenic effects of pulp and paper mill effluent have been documented
over the world. One of the best studied examples of androgenic effects is
masculinization of the anal fin in female mosquitofish (Gambusia sp.). Masculinization of the anal fin has been documented both in fish living in
streams contaminated by pulp mill effluent and in fish exposed to pulp mill
effluent in the laboratory (Howell et al., 1980; Davis and Bortone, 1992;
Fox, 1992; Parks et al., 2001; Ellis et al., 2003; Toft et al., 2004). In Sweden,
male-biased sex ratios have been found in eelpout (Zoarces viviparous) in
the vicinity of a pulp mill effluent outlet (Larsson et al., 2000b; Larsson and
Förlin, 2002). Another example is production of the androgen-dependent
protein spiggin in female three-spined sticklebacks exposed to pulp mill
effluent in the laboratory (Katsiadaki et al., 2002b). The substances in pulp
mill effluent causing these effects have not yet been identified. However,
androstenedione and androstadienedione, derived from biotransformation of
plant sterols, are possible candidates at least for the observed effect in female
mosquitofish (Howell and Denton, 1989). Androstenedione has been detected in both water and sediments of rivers receiving pulp mill effluent
(Jenkins et al., 2001; Jenkins et al., 2003).

Spiggin
Kidney hypertrophy and production of a glue-like secretion, which is expelled through the urinary bladder and used in nest building, are androgendependent characteristics of male three-spined sticklebacks (Borg et al.,
1993). This secretion contains a glycoprotein named spiggin, which has a
molecular mass of approximately 200 kDa (Jakobsson et al., 1999; Jones et
al., 2001). Spiggin is normally produced only in males during breeding when
levels of 11-KT are high. However, spiggin production can be induced in
females and juveniles after androgen exposure (Katsiadaki et al., 2002a;
Katsiadaki et al., 2002b; Hahlbeck et al., 2004; Katsiadaki et al., 2006). Sensitive and easily evaluated biomarkers for androgens and anti-androgens
have been lacking until the development of spiggin assays. Recently, both
spiggin ELISAs for measuring spiggin content in vivo and cell assays for in
vitro measurement have been developed (Katsiadaki et al., 2002a; Jolly et
al., 2006; Björkblom et al., 2007). The in vivo and in vitro assays have also
been successfully used to measure effects of chemicals with anti-androgenic
activity e.g. flutamide (Jolly et al., 2006; Katsiadaki et al., 2006).
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Sperm quality and reprotoxic chemicals
Sperm quality is a key factor to produce viable offspring and for reproductive success and it is therefore important to examine effects of xenobiotics
on sperm quality and quantity. The endocrine regulation of male germ cell
development into flagellated spermatozoa, spermatogenesis, is complex and
involves many steps where disruption by anthropogenic chemicals can occur. Spermatogenesis in most teleosts studied is regulated by sex steroids
and follicle stimulating hormone (FSH) and final maturation of spermatozoa
and acquisition of motility is stimulated by increasing levels of 17, 20dihydroxyprogesterone (17,20-DHP), which is released upon stimulation by
luteinizing hormone (LH).
In male rainbow trout, exposure to EE2 caused an increase in plasma level
of 17,20-DHP but a decrease in plasma level of 11-KT. EE2 also increased
sperm density but did not affect sperm motility (Schultz et al., 2003). In
adult male guppy (Poecilia reticulata), both the xenoestrogen 4-tertoctylphenol and the natural estrogen E2 increased sperm count after a 30-day
exposure (Toft and Baatrup, 2001) and exposure to bisphenol A, octylphenol, p,p’-DDE or flutamide resulted in adverse effects on spermatogenesis
(Kinnberg and Toft, 2003). Fertilisation rate was reduced to 30% of controls
in fathead minnows after EE2 exposure (Pawlowski et al., 2004) and sperm
motility was decreased and sperm morphology was affected by exposure to
mercuric chloride in vitro (Van Look and Kime, 2003). Sperm motility and
percentage motile sperm were affected in wild intersex roach and in EE2exposed zebrafish (Jobling et al., 2002b; Santos et al., 2007).

16

Aims of this thesis

The overall aim of this thesis was to further characterise the gill EROD assay
as a tool in biomonitoring and to evaluate if the three-spined stickleback is a
suitable model species for monitoring of potentially reprotoxic chemicals.
The specific objectives were to:
x

Evaluate the applicability of the gill EROD assay in biomonitoring
of contaminated waters in urban areas in Sweden using rainbow
trout caged in the field

x

Investigate the influence of humic substances on EROD activity using three-spined sticklebacks exposed in the laboratory

x

Examine effects of a model estrogenic compound, EE2, and a model
AhR agonist, NF, on the biomarkers spiggin, vitellogenin and
EROD activity in male and female three-spined sticklebacks

x

Study effects of the model estrogenic compound EE2 and the model
AhR agonist NF on sperm quality in three-spined sticklebacks

17

Methods and experiments

Animals
Three-spined sticklebacks
The three-spined stickleback (Gasterosteus aculeatus) is a small fish (<10
cm) that is abundant in limnic, brackish and marine environments in the
northern hemisphere. Adult non-breeding three-spined sticklebacks were
caught in Öresund on the Swedish south-west coast and brought to the
aquarium hall at the Evolutionary Biology Centre at Uppsala University,
Sweden. They were acclimatized to freshwater and kept in flow-through
freshwater holding tanks (~1 l/min, copper-free Uppsala tap water) and
maintained under a simulated short-day photoperiod (8 h light: 16 h dark)
and in low temperature (~8°C). The fish were hold in these conditions to
keep them in a reproductively quiescent state until the experiments started
(at least two months after catching). The fish were fed frozen Artemia.

Rainbow trout
Juvenile rainbow trout (Oncorhynchus mykiss) were purchased from a local
hatchery (Näs fiskodling AB, By Kyrkby, Sweden) and held in freshwater
holding tanks. Copper-free Uppsala tap-water was supplied continuously at a
rate of 1.5 l/min and the temperature was 14°C. The photoperiod was adjusted to the diurnal variations at latitude 52°N. The fish were fed pellets
(546 s) from Aller Aqua (Christiansfeld, Denmark) once a day.

Chemicals
EE2 (figure 1a) was used as a model compound for an ER agonist. It is a
very potent synthetic estrogen used in contraceptive pills and EE2 is more
resistant to degradation than natural estrogens. Even if EE2 is mainly excreted as a conjugate, the biologically active form has been reported to
dominate in effluent from, or in waterways close to, STPs. Deconjugation by
18

bacteria is thought to occur during water treatment (Sole et al., 2000; de Mes
et al., 2005). Low or moderate levels of EE2 in water have been measured
over the world e.g. 4.5 ng/l in effluent water from a STP in Sweden (Larsson
et al., 1999), 7 ng/l in STP effluent in the UK (Desbrow et al., 1998) and
median concentrations of 1.8 ng/l in STP effluent and 0.7 ng/l in two rivers
in Germany (Hinteman et al., 2006). There are some reports of much higher
concentrations of EE2 in the environment e.g. 62 ng/l in a sewage effluent in
Germany (Stumpf et al., 1996) and 125 ng/l in surface waters in Italy
(Pojana et al., 2004). Highest concentration of EE2, 831 ng/l, was measured
in a study of contaminants in various U.S. streams (Kolpin et al., 2002). The
median measured concentration was 73 ng/l but EE2 was only detected in 15
% of the samples.
-Naphthoflavone (NF, figure 1c) was the model compound for AhR
agonists. NF is a synthetic chemical with a low toxicity that is a very potent
CYP1A inducer in many mammalian and fish species. There are no reports
on the presence of NF in the environment.
3,3’,4,4’,5-Pentachlorobiphenyl (PCB126, figure 1d) has a very high affinity to AhR and is one of the most toxic PCB congeners. It is still found in
the environment even if production of PCBs was banned in the 1970:s.
PCB126 readily bioaccumulates in fatty tissues because of its lipophilicity
and persistency.
Benzo(a)pyrene (BaP, figure 1b) is a polyaromatic hydrocarbon found in
e.g. coal tar, tobacco smoke, charbroiled food and car exhaust. BaP is both
an inducer of CYP1A and a substrate for the enzyme and can be biotransformed by CYP1A to highly mutagenic and carcinogenic epoxides.
Humic substances (HS, figure 1e) are the major constituents (up to 95%)
of the dissolved/natural organic matter (DOM/NOM) present in aquatic ecosystems. They are moderately hydrophobic molecules that are thought to
consist of aggregates of relatively low-molecular weight organic compounds
(Simpson et al., 2002). HS can be divided into three fractions according to
water solubility: humic acids, fulvic acids and humin (reviewed in
McDonald et al., 2004). The HS used in the studies in this thesis were synthetic humic acid (AHA, from Sigma-Aldrich) and Nordic Reservoir NOM
(N.R.-NOM, purchased from International Humic Substances Society, University of Minnesota, Minnesota, USA).
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Figure 1. Molecular structures of the chemicals used in this theses: a) 17ethynylestradiol (EE2) b) benzo(a)pyrene (BaP) c) -naphthoflavone (NF)
d) 3,3’,4,4’,5-pentachlorobiphenyl (PCB126) and e) humic acid (HA) building
block.

Field experiments (paper I)
Juvenile rainbow trout were in two separate experiments caged in waters in
Stockholm and Uppsala, Sweden. In the first experiment the fish were caged
in the river Fyrisån, Uppsala, at four sites at different distances from a STP
outlet for 1–21 days and at a site 15 km upstream of the STP (reference site).
In the second experiment fish were caged at three sites in Stockholm and in a
reference lake outside Uppsala for one or five days or for five days followed
by two days in clean tap water. The cages (0.3 x 0.5 x 0.7 m,  36 fish/cage)
were placed on the bottom of the lake or river and at each sampling event six
to nine fish were selected randomly. In the first experiment EROD activity
was measured in gills. In the second, gills, livers and kidneys were analyzed
for EROD activity and CYP1A localization was studied in gills and kidneys.

Semi-static exposures (paper II)
Female adult sticklebacks were exposed in 2-l beakers for 48 h to copperfree tap water (controls), copper-free tap water with 0.0005% DMSO (sol20

vent controls), AHA, N.R.-NOM, water from six different lakes (A-F) with
low to moderate humic content, BaP (dissolved in DMSO), PCB126 (dissolved in DMSO) or to mixtures of AHA and PCB126 or AHA and BaP
(table 1). Three fish per beaker were used and all treatments were performed
in triplicates. After 24 h the exposure solutions were renewed. Samples of
water were collected for spectrophotometrical analysis of humic content.
The light regime was 12 h light/ 12 h dark and the temperature was ~18°C.
The fish were not fed during the exposures. At the end of the exposure the
fish were euthanized in benzocain and gills and livers were excised for determination of EROD activities.

Flow-through exposures (paper III and IV)
Male and female three-spined sticklebacks were transferred from holding
tanks to exposure aquaria 1–2 days before the experiments started. The experiments were performed in 42-l glass aquaria (10–15 fish/aquarium). The
fish were exposed to either 0.0025% acetone (solvent control) or the substances EE2, NF or NF + EE2 (dissolved in acetone) for 21 days in a flowthrough system (table 1). The light/dark regime (12 h light: 12 h dark) and
temperature (15–17°C) were chosen to stimulate reproductive maturation.
Copper-free Uppsala tap water (alkalinity: ~280 mg/l; water hardness:
~16°dH; calcium concentration: ~90 mg/l; pH~8) was supplied continuously
into the aquaria at a rate of ~120 ml/min and the test solutions were added at
a rate of ~150 μl/min. Flow rates were checked every day and stock solutions were renewed every third or fourth day. The fish were fed frozen Artemia once a day and debris and faeces were removed every other day. All
fish were sampled after 21 days. After euthanization in benzocain, gills, gonads, hearts, livers and kidneys were excised. The gills were placed in cold
Hepes-Cortland buffer (HC-buffer), and hearts, kidneys and livers were
placed in pre-weighed eppendorf tubes and frozen in -80 degrees until further analysis. Breeding colour was noted using an arbitrary scale.
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Table 1. Exposure concentrations of 17-ethynylestradiol (EE2, ng/l), naphthoflavone (NF, μg/l), synthetic humic acid (AHA, mg/l), Nordic Reservoir
natural organic matter (N.R.-NOM, mg/l), benzo(a)pyrene (BaP, μM) and PCB126
(pM) in laboratory experiments with three-spined sticklebacks (Gasterosteus aculeatus).
Exp.
No

Test
Comp.

1

EE2

S.Ca

S.Ca

5

5

50

50

200

200

2

NF

S.Ca

S.Ca

1.2

1.2

6

6

30

30

3

100+9

150+9

75+16.8

4

EE2+
NF
AHA

S.Cb

P.C

0.8

4

20

100

—

—

5

NOM

S.Cb

P.C

10

20

40

—

—

—

6

PCB+
AHA
BaP+
AHA

S.Cc

0+20

0.5+0

0.5+20

0.75+0

0.75+20

S.Cc

0+20

10+0

10+20

50+0

50+20

7

Exposure concentrations

S.Ca 75+1.2

125+1.2 50+9

1+0
250+0

125+16.8

1+20
250+20

S.C =solvent control, a=acetone, b=copper-free tap water, c=DMSO
P.C= positive control (1 μM NF)

Gill EROD Assay
The details of the gill EROD assay are described in Jönsson et al. (2002) and
the assay adapted for sticklebacks is described in paper III. In short, gill
filaments were placed in a reaction buffer consisting of HC-buffer, 7ethoxyresorufin and dicumarol in 12-well tissue culture plates. Samples were
taken at two time-points and the fluorescence of resorufin was determined in
a multi-well plate reader (VICTOR3, Wallac Oy, Turku, Finland) at 590 nm
after excitation at 544 nm. Gill EROD activity was expressed as picomol or
femtomol resorufin formed per filament and minute.
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Liver EROD Assay
The modified method (Eggens and Galgani, 1992) is described in paper III.
Briefly, livers were homogenised and centrifuged for 15 min at 10 000 g
(4°C). Microsomes were prepared from the resulting supernatant and added
to wells in a 96-well plate. A reaction buffer consisting of 7-ethoxyresorufin
and NADPH in HC-buffer was added to all wells and the fluorescence was
determined by repeated measurements during 10 minutes in a VICTOR3
multi-well plate reader (Wallac Oy, Turku, Finland) at 590 nm after excitation at 540 nm. EROD activity was expressed as picomol resorufin formed
per mg protein and minute.

Protein determination
The protein concentration in the microsomes was determined by adding fluorescamine to microsome suspension in the wells of a 96-well plate as described in paper III. Bovine serum albumin (BSA) was used as protein standard. The fluorescence of the fluorescamine-primary amine-complex was
determined at 460 nm after excitation at 355 nm.

ELISA: spiggin and vitellogenin determination
The ELISA assays for spiggin and vitellogenin determination in sticklebacks
were developed by Katsiadaki and co-workers (Cefas, Weymouth, United
Kingdom). Spiggin content was analysed in kidneys as described in
(Katsiadaki et al., 2002a) and vitellogenin content was determined in blood
from hearts. Assay buffer was added to eppendorf tubes containing the
hearts before centrifugation at 13000 rpm for 5 min. The vitellogenin assay
was performed using the supernatant as described in Katsiadaki et al.
(2002b) and Hahlbeck et al. (2004).

Computer-assisted sperm analysis
The testing procedure was similar to that developed by Kime et al. (1996)
and the details are described in paper IV. Sperm was sampled from one testis
by cutting it open into an eppendorf tube containing 3‰ NaCl solution.
Samples of ~1.5 μl were spotted into a 12-well multislide, covered with a
cover slip and video recorded. Samples were taken every 15 minutes for one
hour and sperm movement was recorded for one minute at each sampling
event. The recordings of sperm movements were analysed using computerassisted sperm analysis (CASA) on a Hobson Sperm Tracker (Hobson Vi23

sion Ltd, Baslow, Derbyshire, UK) at the Institute of Zoology, Zoological
Society of London. The variables analysed were straight line velocity (VSL),
curvilinear velocity (VCL), linearity (LIN), average path velocity (VAP) and
% motile sperm (%Mot).

Immunohistochemistry
Cellular localisation of CYP1A protein was determined by immunohistochemistry using the avidin-biotin complex (ABC) and AEC as a chromogen.
The tissues (gills, livers and kidneys) were fixed for 24 h in St Marie’s fixative (1% glacial acetic acid in ethanol; v/v) and stored in 70% ethanol (v/v).
The procedure for determination of CYP1A localisation is described in
Jönsson et al. (2004).

Statistics
Statistical calculations were performed using the software GraphPad Prism
4.03 (Graphpad Software Inc., San Diego, CA, USA). The data were tested
for normality with the Kolmogorov-Smirnov test and for equal variances
with Bartlett’s test. If the data were not normally distributed or the variances
differed, the data were log-transformed to achieve normality and homogeneity. One-way analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s Multiple Comparison Tests or Kruskal-Wallis followed by Dunn’s
Multiple Comparison Test were used to test differences between groups. The
level for statistical significance was set to p<0.05. In paper III the data were
also analysed with principal component analysis (PCA) using the software
SIMCA-P+11.0 (Umetrics AB, Umeå, Sweden) and in paper IV the software
Modde 8.0 (Umetrics AB, Umeå, Sweden) was used for multiple linear regression (MLR) analysis.
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Results

Growth parameters
In paper III and IV, the growth parameters hepatosomatic index (HSI),
nephrosomatic index (NSI) and gonadosomatic index (GSI) in three-spined
sticklebacks were used as indicators of physiological effects caused by the
used chemicals. In general, exposure to EE2 (125 ng/L), both alone and in
combination with NF, caused significant increases in HSI but decreases in
GSI (figure 2 and 3). NSI was significantly lower in fish exposed to the
highest concentrations of EE2 and in fish exposed to 50 ng EE2/l + 9 μg
NF/l (figure 2 and 3). No significant effects in organosomatic indices were
observed after exposure to NF alone (data not shown).

Figure 2. Hepatosomatic index (HSI, white bars) and nephrosomatic index (NSI,
grey bars) in male three-spined stickleback (Gasterosteus aculeatus) after exposure
for 21 days to 17-ethynylestradiol (EE2) or -naphthoflavone (NF). Solvent control: 0.0025% acetone in copper-free tap water. Number of observations is stated
within brackets. Data are presented as mean +S.D. a=significantly different from
controls, P<0.01 (one-way ANOVA followed by Dunnett’s Multiple Comparison
Post-Test).
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Figure 3. Hepatosomatic index (HSI, white bars), nephrosomatic index (NSI, grey
bars) and gonadosomatic index (GSI, black bars) in male three-spined stickleback
(Gasterosteus aculeatus) after exposure for 21 days to a combination of EE2 (ng/l)
and NF (μg/l). Solvent control: 0.0025% acetone in copper-free tap water. Number
of observations is stated within brackets. Data are presented as mean+S.D.
a=significantly different from controls, P<0.05, b=significantly different from controls, P<0.01 (one-way ANOVA followed by Dunnett’s Multiple Comparison PostTest).

Vitellogenin
Vitellogenin concentrations were measured in males after exposures to EE2
(5–200 ng/l) or NF (1.2–30 μg/L). Exposure to 50 ng EE2/l caused a production of vitellogenin (figure 4), whereas no vitellogenin was detected after
exposure to NF (data not shown).

Spiggin
Levels of spiggin were analysed in males exposed to either EE2 (5–200 ng/l)
or NF (1.2–30 μg/l). Spiggin levels were substantially decreased after exposure to 170 ng EE2/l (measured concentration) (figure 4). No effect was
observed after NF-exposure.
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Figure 4. Levels of spiggin and vitellogenin in male three-spined sticklebacks
(Gasterosteus aculeatus) after exposure to EE2 or NF for 21 days. Solvent control:
0.0025% acetone in copper-free tap water. Number of observations is stated within
brackets. Data are presented as mean+S.D. a=significantly different from control,
p<0.01, b=significantly different from control, p<0.001 (Kruskal-Wallis followed by
Dunn's Multiple Comparison Test).

Gill EROD activity
In paper III and IV, both NF and EE2, alone and in combination, significantly induced EROD activity in the gill (figure 5 and 6). The gill responded
to a lower concentration of NF than the liver and with a higher induction
rate, e.g. 27-fold and 18-fold, respectively, after exposure to 30 μg NF/l.
Exposure to ~170 ng EE2/l caused a significant 8-fold induction of EROD
activity. In the field study (paper I), EROD activity was significantly induced at all sites studied, both urban sites and the reference sites (data not
shown). A temporal variation in gill EROD activity was also observed. In
paper II, the influence of humic substances on gill EROD activity was studied. Compared to controls, gill EROD activity was significantly higher in
individuals exposed to natural lake water containing humic substances (table
2). Further, a significant trend that EROD activities increased with increasing humic content in the lakes was observed. Also, exposure to AHA and
N.R.-NOM induced EROD activity in gills (table 3). Inductions in gills after
exposure to PCB126 or BaP in combination with AHA were not significantly different from inductions after exposure to the substances alone (data
not shown).
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Figure 5. EROD activity (mean+S.D) in gills (white bars) and livers (striped bars)
in male three spined sticklebacks (Gasterosteus aculeatus) after exposure for 21
days to 17-ethynylestradiol (EE2) or -naphthoflavone (NF). Solvent control:
0.0025% acetone in copper-free tap water. Number of observations is stated within
brackets. a=significantly different from controls, P<0.05, b= significantly different
from controls, P<0.01 (one-way ANOVA followed by Dunnett’s Multiple Comparison Post-Test).

Hepatic EROD activity
Hepatic EROD activity was analysed in both the field study and the laboratory studies (paper I–IV). Exposure to NF (1.2–30 μg/l) caused a dosedependent induction of EROD activity (figure 5). In paper III, a suppression
was seen after exposure to 170 ng/l EE2 (figure 7). However, this suppression was mainly due to an increase in microsomal protein concentration and
not to a decrease in EROD activity per se. On the other hand, after coexposure with NF, EE2 did not affect either microsomal protein concentration or the EROD response (figure 6). EROD activity was significantly
higher in rainbow trout after one day of caging in waters in Stockholm than
in controls. No induction of EROD activity was seen at the reference site.
After transfer to Uppsala tap-water for two days the EROD induction vanished in all fish except those previously caged in a lake expected to have a
high PAH load (data not shown). In paper II EROD activity was measured in
fish exposed to humic substances of different origin. Exposure to 20 mg/l
28

AHA induced EROD activity but neither N.R.-NOM nor lake water induced
EROD activity (table 2 and 3). Presence of humic acid in the water did not
significantly influence the induction rate after exposure to BaP or PCB126
(data not shown).

Figure 6. EROD activity (mean+S.D.) in gills (white bars) and livers (striped bars)
in male three spined sticklebacks (Gasterosteus aculeatus) after exposure for 21
days to a combination of 17-ethynylestradiol (EE2, ng/l) or -naphthoflavone
(NF, μg/l). Solvent control: 0.0025% acetone in copper-free tap water. Number of
observations is stated within brackets. a=significantly different from controls,
P<0.05, b=significantly different from controls, P<0.001 (one-way ANOVA followed by Tukey’s Multiple Comparison Post-Test). All groups are statistically
tested against each other but only significant differences between fish exposed to the
same concentration of NF but different concentration of EE2 are marked out, denoted with * (p<0.05).
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Table 2. EROD activity (mean±S.D., n=9) in gill and liver of three-spined stickleback (Gasterosteus aculeatus) exposed for 48 hours to water from lakes with different humic concentration.
Control
Concentration
NOM/L
Gill EROD
activity1
Hepatic EROD
activity2

Lake A

Lake B

Lake C

Lake D

Lake E

Lake F

0
0.7

10
1.3

19
1.9 a

59
2.4 a

66
3.2 a

116
3.6 a

145
4.3 a

±0.2

±0.6

±0.5

±0.9

±2.0

±2.0

±3.0

1.17

1.07

1.41

0.58

1.18

1.80

0.89

±0.71

±0.60

±1.03

±0.16

±0.74

±1.53

±0.31

1

femtomol resorufin/filament/min
picomol resorufin/mg protein/min
a
=significantly different from control, p<0.01, one-way ANOVA followed by Dunnett’s
Multiple Comparison Post-Test
2

Table 3. EROD activity (mean±S.D., n=9) in gill and liver of three-spined stickleback (Gasterosteus aculeatus) exposed for 48 hours to different concentrations of
synthetic humic acid (AHA) or Nordic Reservoir natural organic matter (N.R.NOM) in two separate experiments.

Gill
EROD
activity1
Hepatic
EROD
activity2

Control
1

NOM

NOM
20
mg/l

NOM

AHA

AHA

AHA

40
mg/l

Control
2

AHA

10
mg/l

0.8
mg/l

4
mg/l

20
mg/l

100
mg/l

0.3

0.7a

0.9a

2.0b

0.4

4.0b

8.4b

22.0b

28.0b

±0.08

±0.3

±0.7

±1.0

0.43

0.45

0.44

0.43

±0.41

±0.26

±0.42

±0.35

±0.3

1.9
±1.1

±1.5

±6.4

±10

1.62

2.08

3.02

±0.77

±1.10

±1.35

±18

4.01b
±1.58

1

femtomol resorufin/filament/min
picomol resorufin/mg protein/min
a
=significantly different from control, p<0.05, b=significantly different from control, p<0.01,
one-way ANOVA followed by Dunnett’s Multiple Comparison Post-Test
2

Sperm quality
Sperm motility was studied after exposure to NF or NF in combination
with EE2 (paper IV). No significant effects on sperm motility were observed
after exposure to NF alone and the MLR model did not reveal any significant effects caused by the mixture EE2 + NF. The analysis of variance
(ANOVA), however, identified a few significant differences between controls and groups exposed to EE2 + NF and between groups exposed to dif30

ferent combinations of EE2 and NF. For example, in fish exposed to 9 μg
NF/l + 150 ng EE2/l the variable %Mot was significantly lower than in fish
exposed to the same NF concentration but to a lower EE2 concentration (50
ng/l) and the variable VAP was significantly higher in fish exposed to 9 g
NF/l + 100 ng EE2/l than in controls (data not shown).

Immunohistochemistry
Cellular locations of CYP1A were studied in field-exposed fish (paper I). In
fish caged at the STP outlet and in the lake expected to have a high PAH
load, CYP1A protein was found in both epithelial cells and pillar cells of the
secondary lamellae. In fish from the other sites CYP1A was only localized in
pillar cells.
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Discussion

EROD activity as a biomarker
One of the major aims in this thesis was to further characterise gill EROD
activity as a tool in biomonitoring of CYP1A inducers. In the field study
presented in paper I, EROD activities were analysed in rainbow trout caged
in urban areas in Stockholm and Uppsala. The main conclusions from that
study were that the gill filament assay could identify sites with suspected
high PAH contamination and that inductions of EROD activity were consistently higher in the gill than in liver or kidney. Thus, it seems like gill EROD
activity is a more sensitive biomarker than hepatic EROD activity. A temporal variation in EROD activity in gills was observed in fish exposed in the
river Fyrisån, Uppsala, which suggests that the induction in the gill reflects
the water concentration of inducers during a limited time period. It also indicates that these fish were exposed to readily metabolised inducers. Gill
EROD activity was also elevated in fish caged at reference sites with low
suspected contamination. Moreover, the EROD induction in fish caged at the
reference lake R followed by two days of recovery in tap water vanished.
This strengthens the contention that the inductions were caused by readily
metabolised inducers. The identity of these inducers is not known.

Impact of humic substances on EROD activity
Matsou et al. (2006) showed that exposure to natural or synthetic humic
substances induced EROD activity in the livers of tambaqui (Colossoma
macropomum). To evaluate the influence of humic substances on EROD
activity in the gill, three-spined sticklebacks were exposed to humic substances of various origins (paper II). Results obtained from that study clearly
showed that both AHA and N.R.-NOM significantly increased gill EROD
activity and that the responses were dose-dependent. To further evaluate the
impact of humic substances on EROD activity, water was collected from six
rural lakes with different levels of humic substances and fish were exposed
to the lake water in the laboratory. Gill EROD activity was significantly
increased in fish exposed to water from all but one lake. The lake water that
did not induce EROD activity had the lowest humic content whereas the
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inductions in fish exposed to water from the other lakes increased with increasing humic content. All lakes were situated in rural areas far from roads
and industries, and therefore the PAH load in the lakes ought to be low. As
an example, in lake F a six-fold induction of EROD activity was observed.
Yet, it is a lake situated in a forest far from any roads or other known PAH
sources, but with a high humic concentration. This clearly indicates that HS
or some component in HS induce EROD activity. The conclusion from paper
II was that humic substances indeed induce EROD activity in gills and therefore such substances could be one factor responsible for the EROD inductions in gills in fish caged at the rural sites in paper I.
Hepatic EROD activity was not induced at the reference site in the field
experiment and neither exposure to NOM nor lake water induced EROD
activity in livers whereas induction was observed in fish exposed to AHA
(20 mg/l). In tambaqui, hepatic EROD activity was induced at the same
AHA concentrations as in stickleback (20 mg/l) and exposure to NOM (40
and 80 mg/l) also induced EROD activity (Matsuo et al., 2006). Another
objective of this study was to examine impacts of humic substances on
EROD induction caused by “classical” AhR agonists. To that end, threespined sticklebacks were exposed to PCB126, BaP, AHA (20 mg/l) or to
AHA in combination with PCB126 or BaP. Presence of AHA had no significant effects on EROD inductions by BaP or PCB126 in either the gill or the
liver. A different result was obtained in the study with tambaqui where
EROD activity was significantly higher in fish exposed to AHA+petroleum
than in fish exposed to petroleum alone (Matsuo et al., 2006). Possible explanations to the difference in EROD response between the two studies can
be the difference in exposure times (48 hours for the sticklebacks and 10
days for tambaqui), that different chemicals were studied and/or that different species were used.
Induction of EROD activity by humic substances has also been observed
in cells exposed to a synthetic humic acid (Bittner et al., 2006). Furthermore,
cells transfected with a luciferase gene under control of ER or AhR were
used to study (anti)-estrogenic and AhR mediated effects of HS (Bittner et
al., 2006; Janosek et al., 2007). Five of the twelve tested HS induced AhRmediated activity but none of the tested HS showed any estrogenic activity.
However, a decrease of ER-dependent gene expression was seen after exposure to ten of the twelve HS in combination with E2 compared to the expression after exposure to E2 alone. On the other hand, in Xenopus laevis tadpoles a female-biased sex ratio and increasing levels of ER mRNA were
observed after exposure to a synthetic HS, suggesting an estrogenic effect
(Lutz et al., 2005). Other reported effects of HS include increased peroxidase
and glutathione S-transferase activity in two freshwater amphipod species
Gammarus lacustris and G. tigrinus (Timofeyev et al., 2006).
Despite a lot of research the structural characteristics of HS are largely
unknown and the capacity of HS to enter organisms has been lively debated
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but increasing evidence suggests that HS indeed are taken up. HS with a
molecular weight <3.5kDa were shown to easily pass cell membranes in
plants and 14C-labelled HS-like substances were taken up and bioconcentrated in a plant, an invertebrate and in frog tadpoles and 14C-labelled NOM
was taken up in Daphnia magna (Nardi et al., 2002; Steinberg et al., 2006).
Recently, water-soluble and ionisable HS have been shown to be relatively
small (~0.5 kDa) and regularly structured which suggests that they can serve
as building blocks of HS aggregates (reviewed in Steinberg et al., 2006).
Matsuo and co-workers analysed both the used AHA and NOM to investigate if any known AhR agonists were present in the humic material. Neither AHA nor NOM contained detectable amounts of PCBs or standard
PAHs, but in AHA a low level of retene (~0.7 ng/mg C) was found (Matsuo
et al., 2006). Retene is a weak AhR agonist and CYP1A inducer in teleosts
(Billiard et al., 2002; Oikari et al., 2002). HS from 12 different sources (including N.R.-NOM and AHA) were analysed by Janosek (2007) for seven
indicator PCBs and 16 US EPA priority PAHs. Neither PCBs nor PAHs
were found in any of the analysed HS. Whether the active components responsible for the EROD inductions are the HS or if compounds attached to
HS cause the inductions remains to be clarified.

Impact of estrogens on EROD activity
The observation that estrogens can affect hepatic EROD activity is documented in several fish species. The most common reported effect is a suppression after exposure to e.g. E2 or nonylphenol. One of the aims in paper
III and IV was to study effects of the model estrogen EE2 on EROD activity
in gill and liver. The observed results were somewhat conflicting compared
to those of many other studies. EE2 alone induced EROD activity in gills
whereas there was no effect, or eventually a suppressive effect, on hepatic
EROD activity. In combination with NF the effect of EE2 was additive on
gill EROD activity, but EE2 had no effect on hepatic EROD activity. However, short-time exposure (4 days) to either EE2 (300 ng/l) or E2 (2 μg/l) did
not influence gill EROD activity in three-spined sticklebacks (own unpublished results). Influence of EE2 on EROD activity in gill and liver was also
studied in African sharptooth catfish (Clarias gariepinus) (Mdegela et al.,
2006b). In that study administration of EE2 alone caused a two-fold induction in gills at one of the four sampling occasions. On the other hand, gill
EROD activity of fish co-exposed for 24 h to EE2 (54 μg/l) and BaP (54
μg/l) was significantly lower than that of fish exposed to BaP alone. Hepatic
EROD activity following exposure to EE2 alone did not differ from that of
controls and no antagonistic influence of EE2 was observed after coexposure with BaP. The mechanism behind this difference in EROD response between gill and liver is not known. Kirby et al. (2007) exposed
European flounder (Platichtys flesus) to several EROD inducers and estro34

genic chemicals, alone or in combinations. They achieved results contrasting
those mentioned above and they found that EE2 (20 ng/l) suppressed hepatic EROD activity in fish exposed to dibenz(a,h)anthracene (DbA) compared to the activity in fish exposed to DbA alone (Kirby et al., 2007). Also,
binary mixtures of E2 (2 ng/l) or nonylphenol (100 ng/l) and DbA decreased the induction of EROD activity compared to single exposure to
DbA. Effects of EE2 on both basal hepatic EROD activity and induced hepatic EROD activity were evaluated by exposing mosquitofish (Gambusia
holbrooki) to either EE2 alone or concomitantly to EE2 and NF after preexposure to NF (Aubry et al., 2005). In that study, exposure to EE2 neither
altered basal nor NF-induced hepatic EROD activity. Inhibition of hepatic
EROD activity and a decrease of CYP1A protein were observed in carp (Cyprinus carpio) after an injection with 500 μg EE2/kg (Sole et al., 2000).
Several studies have examined effects of endogenous or exogenous E2 on
hepatic EROD activity. Sex differences in EROD activity have been reported
in e.g. winter flounder (Pseudopleuronectes americanus), scup (Stenotomus
chrysops), three-spined stickleback and turbot (Scophthalmus maximus L.)
(Elskus et al., 1989; Gray Snowberger et al., 1991; Holm, 1995; Arukwe and
Goksøyr, 1997). In all these species EROD activity was lower in mature
females than in mature males. An increase in plasma levels of E2 during
female maturation was suggested to be related to the lower EROD activity in
females compared to males. A suppressive effect on EROD activity after
exposure to E2 or NP in vivo has been reported in e.g. gilthead sea bream
(Sparus auratus), sea bass (Dicentrarchus labrax), grey mullet (Liza aurata)
and Atlantic salmon (Salmo salar) (Arukwe et al., 1997; Arukwe et al.,
2000; Teles et al., 2005; Vaccaro et al., 2005; Cionna et al., 2006; Carrera et
al., 2007) and in vitro in rainbow trout heaptocytes (Navas and Segner,
2000b; Navas and Segner, 2001; Elskus, 2004). The mechanism behind the
suppression of EROD activity remains yet to be identified. However, several
hypotheses have been put forward, some of them based on the observations
that also the levels of CYP1A protein and CYP1A mRNA are decreased by
exposure to estrogens (Elskus et al., 1992; Arukwe et al., 1997; Navas and
Segner, 2001). This indicates that estrogens interfere at the CYP1A gene
level. Further evidence of such interference was obtained in a study by Navas and Segner (2001). They reported about a decline in CYP1A mRNA
level and of EROD activity in rainbow trout hepatocytes after exposure to E2
and that the effect on EROD activity was abolished after co-exposure to the
ER antagonist tamoxifen. This implies that the inhibitory effect of E2 is mediated by hepatic ERs, either by interaction with the AhR or a more direct
interference of the ER-ER complex with the CYP1A gene (Navas and
Segner, 2001). That AhR ligands can modulate estrogen-mediated responses
in mammals (reviewed in Safe and Wormke, 2003) and in fish (Anderson et
al., 1996a; Anderson et al., 1996b; Bemanian et al., 2004; Navas et al., 2004;
Vaccaro et al., 2005) is well established. If the cross-talk between AhR and
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ER is unidirectional or bidirectional i.e. whether a ligand-activated ER can
modulate AhR responses in a similar way is so far not known.
Since estrogens, both endogenous and exogenous, affect EROD activity
interpretation of biomonitoring data should be done cautiously considering
that induction of EROD activity by AhR agonists can be masked or enhanced by estrogens or estrogen-mimicking chemicals. Androgens (DHT),
on the other hand, did not induce or supress EROD activity either in gills or
in livers (own unpublished results). When evaluating EROD activity, knowledge about hormone status of the females and about presence, if any, of confounding environmental estrogens is most important.

Sperm quality and organosomatic indices
Effects of NF or EE2 in combination with NF on sperm motility were
studied using CASA. The data showed a large variation, probably due to
differences in the reproductive maturation state of the fish. The general picture from the mixture study suggests that exposure to a high concentration of
EE2 had a negative impact on sperm motility variables in sticklebacks. No
effect was observed after exposure to NF alone but single exposure to EE2
(50 ng/l) decreased sperm concentration and sperm viability in three-spined
sticklebacks (own unpublished results). Exposure of zebrafish to 0–5 ng
EE2/l for four days did not affect VCL but exposure to 5 ng EE2/l for 20 days
decreased the number of motile sperm (Santos et al., 2007). Also, VCL and
percentage motile sperm were decreased in wild intersex roach (phenotypic
males) from rivers receiving STP effluent compared to males from reference
sites (Jobling et al., 2002b).
Organosomatic indices can be used as indicators of physiological changes
in organisms. HSI was significantly increased in fish exposed to EE2 alone
or in combination with NF. Increase in HSI is a common consequence of
an increased vtg production, but can also be a result of enhanced detoxification processes in the liver. In the present studies HSI was largest in fish exposed to the highest concentrations of EE2 and no effect on HSI was observed in fish exposed to NF alone. Therefore, the most likely cause of the
EE2-induced effect on HSI is an increase in vtg synthesis.
Several studies have reported about kidney dysfunctions after exposure to
estrogens (Wester et al., 1985; Herman and Kincaid, 1988; Folmar et al.,
2001; Zaroogian et al., 2001; Weber et al., 2003). One sign of impaired kidney function is accumulation of fluid in the abdominal cavity, and such an
accumulation was observed in sticklebacks exposed to high concentrations
of EE2 alone or in combination with NF. This effect has been shown in
several other fish species e.g. Japanese medaka exposed to E2 and zebrafish
exposed to EE2 (Hamazaki et al., 1987; Van den Belt et al., 2002). Vitellogenin and a chorion glycoprotein have been identified in the fluid
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(Hamazaki et al., 1987; Van den Belt et al., 2002). Thus, the changes in NSI
observed in fish in paper III and paper IV are probably caused by kidney
lesions.
Inhibited testicular growth (decreases in GSI), as observed in three-spined
sticklebacks exposed to high concentrations of EE2, has also been observed
in e.g. common carp, summer flounder (Paralichthys dentatus), rainbow
trout and fathead minnow after exposure to EE2 or E2 (Komen et al., 1989;
Jobling et al., 1996; Folmar et al., 2001; Zaroogian et al., 2001; Schultz et
al., 2003; Pawlowski et al., 2004) and was in fathead minnow and common
carp accompanied with a reduction in sperm count (Gimeno et al., 1998;
Pawlowski et al., 2004).

Three-spined stickleback as a model species
One of the aims with this thesis was to evaluate the suitability of the threespined stickleback as a model species for monitoring environmental pollutants. This species was suggested as a good candidate since it has quantifiable
endpoints for exposure to androgens/anti-androgens (spiggin), estrogens/
anti-estrogens (vitellogenin) and AhR agonists (EROD activity). The threespined stickleback is currently under investigation for being included as a
test species in the OECD (Organisation for Economic Co-operation and Development) fish screening assay guideline. Besides having specific endpoints
for both androgens and estrogens the three-spined stickleback is, in contrast
to the other test species used in OECD today, ecologically relevant for European waters. In addition, it is euryhaline, robust and easy to maintain in the
laboratory and its spawning activity can be controlled through manipulations
of photoperiod and temperature. Moreover, the small size of the three-spined
stickleback makes it convenient for experimental set-ups and field studies
but it is still large enough for sampling of e.g. gill filaments for EROD
analyses and blood for measurement of endpoints such as vitellogenin and
sex steroids. Another advantage is that the genome of the three-spined stickleback is sequenced and that sex-linked DNA-markers have been identified
(Griffiths et al., 2000; Peichel et al., 2004). This makes it possible to identify
the genetic sex which is a significant advantage in studies of reprotoxic
chemicals. In spite of the evaluation of the stickleback as an OECD test species not much data about the stickleback’s sensitivity to estrogen or androgen exposure are available.
Exposure to different concentrations of EE2 showed that the lowest concentration causing induction of vitellogenin in mature male sticklebacks was
between 5 and 50 ng/l (paper III). Similar result was observed in juvenile
sticklebacks where exposure to the only tested concentration, 50 ng EE2/l
(nominal concentration), caused vitellogenin induction (Hahlbeck et al.,
2004). Katsiadaki and co-workers found that the lowest observed effect con37

centration (LOEC) for induction of vitellogenin was 6 ng EE2/l and the lowest no observed effect concentration (NOEC) was 2.5 ng EE2/l (personal
communication). Several studies on other species have reported lower LOEC
e.g. 1–5 ng EE2/l in fathead minnow (Panter et al., 2002; Jobling et al., 2004;
Pawlowski et al., 2004) and 1.67–9 ng EE2/l in zebrafish (Fenske et al.,
2001; Rose et al., 2002; Van den Belt et al., 2002; Van den Belt et al., 2003;
Örn et al., 2003; Van den Belt et al., 2004). In Japanese medaka somewhat
higher LOEC has been reported e.g. 63.9–500 ng EE2/l (Seki et al., 2002;
Tilton et al., 2005; Örn et al., 2006). These results suggest that estrogeninduced vtg-production in three-spined stickleback is not as sensitive as in
fathead minnow and zebrafish. However, when comparing LOEC in different species it is important to consider e.g. differences between studies in
experimental designs, including exposure routes.
Antiestrogenic effects of several AhR agonists have been reported e.g.
suppressions of vitellogenin synthesis in vitro (Anderson et al., 1996a;
Smeets et al., 1999; Navas and Segner, 2000a) and in vivo (Navas et al.,
2004). Anderson et al. (1996b) obtained inconsistent results, either decreases
or increases of E2-induced vtg synthesis in rainbow trout dependent upon the
exposure levels of E2 and NF. No effect on vtg production was observed
either in male or in female three-spined sticklebacks after exposure to different concentrations of waterborne NF (paper III and own unpublished results).
Induction of spiggin has been proposed as an adequate biomarker for antiandrogenic and androgenic substances. Exposure to the androgen 17methyltestosterone (MT) or DHT induced spiggin in juveniles with LOEC
of 1 μg/l and 15 μg/l, respectively (Hahlbeck, 2004; Hahlbeck et al., 2004).
Spiggin production was significantly elevated in adult female sticklebacks
after 3-weeks exposure to 100 ng/l MT or to 3 μg/l DHT (Katsiadaki et al.,
2002a). I found in a similar study a LOEC of 5 μg/l DHT and a NOEC of 2
μg/l DHT in mature females (unpublished results). A significant increase in
spiggin was also observed in females exposed to 10% of pulp mill effluent
(Katsiadaki et al., 2002a). These observations support the contention that
spiggin induction can be used as a biomarker for androgenic compounds in
water. Further, the spiggin assay can be used as an in vivo test for detection
of anti-androgens. Simultaneous exposure of female sticklebacks to MT and
suggested anti-androgens (flutamide, vinclozolin, linuron, fenitrothion) confirmed the anti-androgenic activity of flutamide and vinclozolin and revealed
anti-androgenic activity of linuron and fenitrothion in vivo (Katsiadaki et al.,
2006).
I showed that adult three-spined sticklebacks responded with increased
EROD activity to low concentrations of both NF and humic substances.
Compared to some other fish species e.g. rainbow trout, salmon and Atlantic
cod (Gadus morhua) the three-spined sticklebacks showed the largest degree
of induction after exposure to 1 μM NF (Andersson et al., 2006). Also,
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exposure to low concentrations of BaP resulted in a dose-dependent increase
in gill EROD activity (Andersson et al., 2006). A multi-biomarker approach
with three-spined sticklebacks as test organism was used to distinguish between streams with different levels of pollution (Sanchez et al., 2007). Fish
were sampled from five sites with different contamination levels in France
and the biomarkers e.g. EROD, glutathione-S-transferase (GST), total glutathione content (GSH) and lipoperoxidation were studied. Analyses of the
responses made it possible to differentiate between highly contaminated,
moderately contaminated and uncontaminated reference waters (Sanchez et
al., 2007). A multi-biomarker approach was also used by the same authors to
examine effects of the herbicide Diquat and nonylphenol polyethoxylate
adjuvant (Agral90), alone and in combination (Sanchez et al., 2006). Inhibition of basal hepatic EROD activity was observed after exposure to Diquat
alone or to low doses of Agral90 and inductions of GST activity were seen
both after single and mixture exposures (Sanchez et al., 2006).
To include the biomarkers studied in this thesis; vitellogenin, spiggin and
gill EROD would certainly improve outcomes of biomonitoring utilizing
multi-biomarker approaches. In some of my studies, reproductively quiescent males that were maturing during the exposures were used. However,
social hierarchies exist in aquaria with males with the dominating male suppressing the onset of breeding in the other males (Katsiadaki et al., 2006).
Differences in reproductive and endocrine status could be responsible for the
large variation within exposure groups observed in some of the analysed
variables. Therefore, to reduce the variability individuals with a synchronized reproductive status should be used in both laboratory and field studies.
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Concluding remarks and future perspectives

Gill EROD activity is a more sensitive biomarker for exposure to waterborne CYP1A inducers than EROD activity in other organs such as the liver
and the kidney. In the field experiments, induction of EROD activity was
most pronounced in the gill; after one day of caging the inductions were 5–
17-fold at all sites. EROD activity in the kidney was only elevated at one
sampling occasion at one site and the liver showed significant inductions at
fewer sampling occasions and fewer sites than the gill. However, a notable
induction of gill EROD activity was also observed in fish caged at the reference sites. This raised the question about presence of non-identified AhR
agonists in natural waters. Humic substances were proposed, and tested, as
possible candidates responsible for the observed EROD induction at reference sites. Indeed, both natural and synthetic humic substances induced
EROD activity in the gill. In addition, the inductions observed in fish exposed to lake water increased with increasing humic concentration in the
water. Humic substances may therefore, at least partly, be responsible for the
inductions seen at reference sites in the field experiments. The inductions
observed at sites expected to be contaminated with e.g. PAHs were much
higher (17-fold at one of the lakes and 27-fold at the STP-site) than the inductions recorded in fish caged at the reference sites (paper I) and in fish
exposed to lake water or N.R.-NOM (2–7-fold) (paper II). An 8-fold induction of gill EROD activity was observed in fish exposed to EE2 alone (paper
III) and in the mixture study with NF and EE2 an additive effect on EROD
activity by the two chemicals was observed (paper IV).
The observations that both EE2 and humic substances induce EROD activity in the gill raise several questions. Could different estrogenic compounds
act together in the aquatic environment and influence EROD activity? Or is
this an effect exclusively of high concentrations of EE2 or a metabolite of
EE2? What is the mechanism behind the EROD induction by EE2? - Is there
a direct interaction (a binding) between EE2 and AhR? Or does EE2 via interaction with endogenous compounds present in the gills induce synthesis
of chemical structures that are able to activate AhR? Is the induction of
CYP1A mediated via AhR or via some other pathway? Other questions to be
addressed are whether EROD induction by humic substances has any toxicological importance and, of course, if the active component is the HS per se
or some compounds adsorbed to HS. Could HS affect other biomarkers, for
example induction of vitellogenin? Further studies are needed to answer
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these questions. The EROD-inducing capacity of HS highlights the importance of considering all available information when selecting reference sites
in field studies.
The three-spined stickleback was chosen as a model species in my thesis
since it has, besides the commonly used biomarkers for estrogens and dioxin-like substances (vitellogenin and EROD activity, respectively), a biomarker for androgens (spiggin). EROD activity, especially in the gill, in the
stickleback was shown to respond to very low concentrations of tested
CYP1A inducers. The three-spined stickleback is therefore a good model
species for monitoring of CYP1A inducers, both in the laboratory and in the
field. Regarding estrogens existing results suggest that vtg-production as a
response to estrogen exposure is not as sensitive in the three-spined stickleback as in some other species. This, however, needs to be further evaluated.
At present, androgens or anti-androgens in the environment are not ubiquitous but the biomarker for androgens, induction of spiggin, was able to reveal androgenic properties of pulp mill effluent and anti-androgenic properties of several compounds in the laboratory (Katsiadaki et al., 2002a; Katsiadaki et al., 2002b; Katsiadaki et al., 2006). Some of the variables, studied in
this thesis, especially sperm motility variables displayed large variations
most likely due to differences in hormonal status. This complicated the interpretation of the results and emphasized the need of homogenous groups,
regarding reproductive state, when evaluating effects on reproductive variables. On the other hand, a not fully synchronised reproductive maturation
represents in a better way the situation in the field.
In spite of the great potential of the three-spined stickleback as a model
species in aquatic environments, biomonitoring utilizing caged three-spined
sticklebacks has so far not been reported. The results presented in this thesis
together with previous data by others on biomarkers in the three-spined
stickleback will be most beneficial for the planning of field studies using this
species and for interpretation of the results of such studies.
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Svensk sammanfattning

I sjöar och vattendrag finns ett stort antal kemikalier som kan ha negativa
effekter på fiskars reproduktionsförmåga. En grupp av ämnen som förekommer ute i miljön är polyklorerade dioxiner, polycykliska aromatiska
kolväten (PAHer) och polyklorerade bifenyler (PCBer). Gemensamt för
dessa ämnen är att de binder till samma receptor, Ah-receptorn. Vid bindningen aktiveras receptorn vilket leder till att speciella proteiner produceras.
Ett sådant protein är enzymet cytokrom P4501A (CYP1A). En annan grupp
av kemikalier som har fått mycket uppmärksamhet är kemikalier som har
liknande egenskaper som östrogen. Ett exempel är 17-etinylestradiol (EE2),
en av de aktiva substanserna i p-piller, som påvisats i sjöar och vattendrag,
inte minst i recipienter till kommunala reningsverk. Hanfiskar som exponerats för detta ämne kan börja producera ett protein, vitellogenin, som normalt
sett endast produceras av äggläggande honor.
I akvatisk miljöövervakning kan man använda sig av s.k. biomarkörer för
att undersöka förekomst av miljögifter. En biomarkör kan definieras som en
biologisk respons orsakad av exponering för främmande ämnen. Ibland kan
biomarkören också indikera en toxisk effekt. Två biomarkörer som studerats
i denna avhandling är EROD-aktivitet som ökar vid exponering för ämnen
som stimulerar bildningen av CYP1A och produktion av vitellogenin som
ökar efter exponering för östrogenlika ämnen. Traditionellt sett är det leverns
EROD-aktivitet som studerats men under senare år har även ERODaktiviteten i gälen undersökts. I en fältstudie undersöktes gälens känslighet
för exponering för ämnen som stimulerar bildningen av CYP1A (CYP1Ainducerare), framförallt PAHer. EROD-aktiviteten ökade mer i gäle än i
lever och njure hos fiskar som exponerats i burar i vattendrag i Stockholmoch Uppsalaområdet. Ett intressant resultat var att en förhöjd ERODaktivitet även uppmättes i fisk från de två referenslokalerna, vilket tyder på
att det kan finnas andra ännu oidentifierade CYP1A inducerare i dessa lokaler. Humus, eller ämnen bundna till humus, har föreslagits kunna öka
EROD-aktiviteten och förekomsten av sådana ämnen i referenslokalerna
skulle därför kunna vara en möjlig förklaring till detta resultat. Detta undersöktes genom att fisk exponerades för humus från flera olika källor och sedan mättes EROD-aktiviteten i gäle och lever. Oberoende av humuskälla
ökade EROD-aktiviteten i de exponerade fiskarna och det kraftigaste svaret
återfanns i gälen.
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Storspigg har föreslagits vara en bra modellart att användas vid studier av
effekter orsakade av ämnen med hormonell verkan. Detta på grund av att den
har biomarkörer både för androgena och östrogena ämnen. Biomarkören för
androgena ämnen – spiggin – är ett protein som normalt endast produceras i
vuxna hanfiskar under reproduktionssäsongen. Detta protein kan emellertid
även produceras i honor som exponerats för androgena ämnen. Biomarkören
för östrogena ämnen är vitellogenin. Storspiggens känslighet för östrogenberoende produktion av vitellogenin är dock inte helt klarlagd. Resultaten från
denna avhandling indikerar att produktionen av vitellogenin inte är en lika
känslig respons hos spiggen som hos sebrafisk, en annan välkänd modellart.
Ökning av EROD-aktivitet, däremot, visade sig vara en mycket känslig respons hos spigg. Östrogener har i tidigare studier visats kunna sänka ERODaktiviteten i lever. I storspigg exponerade för EE2 ökade EROD-aktiviteten i
gäle medan ingen effekt hittades i levern. Mekanismen bakom detta fynd är
inte känd.
I naturen exponeras fiskar för en blandning av ett mycket stort antal kemikalier som antingen är naturligt förekommande eller av antropogent ursprung. Dessa kemikalier kan t.ex. ha östrogen eller androgen aktivitet eller
vara CYP1A-inducerare. Det är därför viktigt att inte bara studera effekter av
enskilda kemikalier utan att även studera effekter av blandningar av ämnen
med olika egenskaper. Ett försök med en samtidig exponering för en CYP1A
inducerare, NF, och en östrogen substans, EE2, visade att dessa både ämnen
samverkade vad gäller ökning av EROD-aktiviteten i gäle men inte i lever
hos storspigg.
En fungerande reproduktion är nödvändig för en arts fortlevnad och en
försämrad spermiekvalité kan allvarligt skada reproduktionsförmågan.
Spermiernas rörelseförmåga studerades hos storspigg exponerade för EE2
och NF, enskilt och tillsammans. Inga tydliga effekter hittades och säkra
slutsatser var svåra att dra eftersom variationen i rörelseförmåga hos spermierna var stor både mellan och inom behandlingsgrupperna, vilket antagligen
var beroende på skillnader i fiskarnas reproduktionsmognad. Relativt höga
doser av EE2 verkade dock ha en negativ inverkan på spermiernas rörelseförmåga. Några effekter av NF-exponering kunde inte påvisas.
De viktigaste slutsatserna i denna avhandling är att EROD-aktiviteten i
gäle är en utmärkt biomarkör för CYP1A-inducerare och att storspigg är en
känslig modellart speciellt för exponering för CYP1A-inducerare. Storspiggens känslighet för östrogen-inducerad produktion av vitellogenin behöver
studeras vidare. Att EROD induceras i gäle av låga doser av humus och höga
doser av EE2 är två mycket intressanta fynd vilkas betydelse behöver studeras ytterligare.
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