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Abstract

During the last two decades, a decline in fish catch as well as a decrease in
the abundance of many species was reported for the upper Danube River.
A pilot investigation in 2002 and a more comprehensive study in 2004/05
was undertaken in order to elucidate the cause of the fish decline. These
studies demonstrated a relatively high ecotoxicological hazard potential of
Danube River sediments. Consequently, a further investigation on the expo-
sure scenario of fish to sediment-borne pollutants was realised in the present
study.

To investigate the potential Ah receptor-mediated toxicity of sediment-
borne compounds to fish, the gill EROD-assay was developed further for
sediment toxicity investigation in the three-spined stickleback (Gasterosteus
aculeatus L.) in combination with the measurement of EROD-induction in
the liver. Sediments from four different sites along the upper Danube River
were Soxhlet-extracted with acetone and finally dissolved in DMSO. Stick-
lebacks were exposed for 48h to various concentrations of the extracts, to
the positive control β-naphthoflavone or to the solvent. Measurements of
EROD-activity in gill filaments and liver microsomes followed the exposure.

A concentration-dependent induction of EROD in the gill and the liver
of sticklebacks was found for all sediment extracts. The highest EROD-
inducing potency was determined for the sediment extracts of the sites
“Öpfinger See” and “Sigmaringen”. The inducing potential of the dioxin-
like compounds in the sediments is site-specific and the EROD-activities in
gill and liver correlated properly. Different pattern in EROD-induction of
male and female sticklebacks during the reproductive phase after exposure to
the sediment extracts were obvious and possible explanations are discussed.
A comparison of in vitro results of previous investigations vs. ex vivo re-
sults of the gill and the liver showed good correlations. Chemical analysis
of PAHs, PCBs and PCDD/Fs of the sediment samples obtained in previous
investigations corresponded with EROD-activity in the gill as well as the
liver.

In conclusion, determination of EROD- in gill filaments of the three-
spined stickleback in combination with EROD-measurement in the liver
is a suitable tool in vertebrate-based sediment toxicity assessment. The
high EROD-inducing potency of the sediment extracts indicates that a high
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concentration of sediment-borne Ah receptor agonists is a possible factor
contributing to the fish decline in the upper Danube River. The observed
sex-dependent pattern of in vivo EROD-induction after exposure in the lab
provides a first link between in vitro data and field observations. The conse-
quential considerations of this observation implicate further investigations.
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Chapter 1

Introduction

1.1 The Danube River

The Danube in brief The Danube River is the second largest river in
Europe being about 2857 km long. It rises in the Black Forest mountains in
southwestern Germany and passes through nine countries along its course
to the Black Sea (Figure 1.1). The drainage area includes 817 000 km2. The
Danube River is of great economic importance to the nine countries that bor-
der it. All of them use the river in various ways, mostly for transport, gener-
ation of energy, industrial and residential water supplies, irrigation and fish-
ing. Navigability between Kehlheim, Germany and Sulina, Romania and the
connection to a continent-wide system of waterways has made the Danube
River to one of the most important waterways in Europe.

In addition to the economic aspects, the river has a huge impact on
geology, hydrology, flora and fauna of the region it flows through. There is
a variety of natural conditions that affect the origins and the regimes of its
watercourses.

The course of the river The Danube is generally divided into three
sections, an upper, a middle and a lower course. The upper Danube, the
section between its source and the Hungarian Gates, springs as two small
streams from the Black Forest in Germany. The stream velocity of the upper
Danube varies between two and six kilometres per hour and depths vary
from 1 to 8 m. Major tributaries are the Iller, Lech, Isar, Traun, Enns, and
Morava. In its middle course from the Hungarian Gates to the Iron Gate,
the Danube reaches a width of more than one kilometre and on several places
enormous quantities of sediments settle on the bottom. The lower Danube,
from the Iron Gate to the estuary at the Black Sea, flows across a wide plane
and becomes shallower and broader. About 80 km from the sea, the river
begins to form a delta. It covers an area of approximately 4 300 km2, which
is filled by river borne silt and still continues growing 24 to 30 m seaward
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CHAPTER 1. INTRODUCTION

Figure 1.1: The Danube River basin and its drainage network (Encyclopæ-
diaBritannica 2006, modified)

each year (EncyclopædiaBritannica, 2006). The whole course of the river
from the estuary to the source is organised in river kilometres.

Water quality of the Upper Danube The water quality of the upper
part of the Danube in 2002, based on the saprobic system, is shown in figure
1.2. Different levels indicate the contamination with organic, biologically
degradable pollutants.

The upper part of the Danube is mostly moderately polluted (quality
class II), even if short stretches are classified as II-III because of anthro-
pogenic influences. The large, moderately polluted alpine tributaries influ-
ence the water quality through their significantly high discharge. An im-
provement of the water quality along the stream course to class II has been
mostly achieved in Germany and Austria. Stringent and uniform require-
ments for wastewater emissions and continuous efforts to improve wastewater
treatment in the past 30 years play an important role in the significant re-
duction of the load of biodegradable organic substances in the upper Danube
(Seitz, 2004).

Habitat structure of the Upper Danube Since the early industrializa-
tion, massive man-made changes in river structure have taken place, such as
river regulation, bank fixation, water outlets or the removal of riverine vege-
tation (Fischnetz, 2004; Wurm, 2001). Large sections of the upper Danube,
for example between Sigmaringen and Ulm, have been changed to a certain
degree up to a non-natural state (Konold 1991 cited in Grund 2005). Mas-
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CHAPTER 1. INTRODUCTION

Figure 1.2: Water quality of the Danube and its tributaries 2002, section of
the upper Danube (Seitz 2004, modified)

sive interferences, even several decades ago, resulted in homogenous, poorly
linked habitats. Such a habitat structure is more or less worthless in order
to achieve a good ecological status in European rivers according to the Eu-
ropean Water Framework Directive. Especially fishes need, appropriate to
their species, age and season, well connected and varied habitats (Fischnetz,
2004).

1.2 Waterborne pollutants

Surface waters and sediments are often contaminated with complex mix-
tures of toxicants whereas especially sediments and suspended particulate
matter present sinks and potential sources for moderately and strongly lipo-
hilic pollutants (Brack, 2003; Burton, 1991). These toxicants predominate
in aqueous environments and are potentially hazardous to ecosystem and
human health. Main known moderately and strongly lipohilic pollutants of
sediments are polycyclic aromatic hydrocarbons, polychlorinated biphenyls
and polychlorinated dibenzo-p-dioxins and dibenzofurans (e.g. Brack et al.,
2005; Engwall et al., 1999).

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds com-
posed of two or more fused aromatic benzene rings. Different numbers and
positions of aromatic rings and substituents result in a range of different
PAHs (Schwarzenbach et al., 2003) (Figure 1.3). These manifold structures
lead not only to a variation of physical and chemical characteristics, but also
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Figure 1.3: Structures of some polycyclic aromatic hydrocarbons. A,
naphthalene; B, 2-methylnaphthalene; C, phenanthrene; D, anthracene;
E, benz[a]anthracene; F, pyrene; G, benzo[a]pyrene; H, benzo[e]pyrene;
I, fluorene; J, fluoranthene; K, cholanthrene; L, 3-methylcholanthrene;
M, chrysene; N, 5-methylchrysene; O, anthranthrene; P, perylene; Q,
benzo[ghi ]perylene; R, coronene; S, indeno[1,2,3-cd ]pyrene (Neff 1979, mod-
ified)

to a varying distribution in the environment. Thirty-four PAH structures
are defined by the World Health Organization and U.S. EPA as represent-
ing a minimum of the most abundant and commonly measured PAHs in
environmental monitoring, but even these 34 PAHs are considered to be not
complete (Brack et al., 2005; Sundberg et al., 2005; Engwall et al., 1999).
PAHs found in the environment are of pyrogenic, petrogenic and diagenic
origin. PAHs of pyrogenic sources contribute mainly to the PAHs found
in aquatic environments such as sediments. When PAHs are released into
the aquatic environment, they often accumulate in the sediment as complex
mixtures (Neff, 1979). Bioaccumulation in organisms is not expected since
most organisms have a high biotransformation potential for PAHs (van der
Oost et al., 2003). Toxicity of PAHs is elicited by biotransformation to toxic
metabolites in the organism. These toxic metabolites can cause cell damage,
mutagenesis, teratogenesis and carcinogenesis (Chen and White, 2004; Tu-
vikene, 1995). As a consequence of the mutagenicity of bioactivated PAHs,
the mutation rate is suspected to increase, for example in fish (Mulvey et al.,
2003).

The general structural formula of polychlorinated biphenyls (PCB) is
shown in figure 1.4. Twohundred-nine PCB congeners exist according to
the number and positions of the substituted chlorine atoms and no substitu-
tion in the ortho-position leads to co-planar structures (Walker et al., 2001).
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Figure 1.4: General structural formula of PCBs (above) and dioxins (below).

Major sources of PCB pollution are manufacturing wastes and liquids from
applications where once used, for example heat transfer fluids, organic dilu-
ents, plasticizers, dielectric fluids (Safe, 1990). In contrast to PCBs, poly-
chlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) are not
intentionally produced. They are released in the environment as unwanted
byproducts during the synthesis of the primary industrial halogenated aro-
matics or other commercial processes and from combustion (Hutzinger et al.,
1985; Hutzinger and Fiedler, 1989). Substitution at different positions (Fig-
ure 1.4) leads to various chlorinated congeners of PCDDs and PCDFs. The
lipophilicity of PCBs, PCDDs and PCDFs rises with increasing chlorination.
Additionally, they are stable to chemical degradation which contributes to
a wide geographical distribution in nearly every compartment of the global
ecosystem (Muir et al., 1992). Depending on their lipohilic characteristics,
these compounds bioaccumulate in lipohilic matrices, such as sediments, soils
or the food chain (Alcock and Jones, 1996). Several dioxin or furan con-
geners, as well as some co-planar PCBs, exert a number of toxic responses.
Known effects include dermal toxicity, immunotoxicity, reproductive effects
and teratogenicity, endocrine disruption and carcinogenicity (Birnbaum and
Tuomisto, 2000; van den Berg et al., 2000; Giesy et al., 2002b; Toomey et al.,
2001). The most potent toxicant in this group is 2,3,7,8-tetrachlorodibenzo-
p-dioxin. In addition to chlorinated congeners, a number of brominated and
mixed chlorinated/brominated compounds exists. Despite increasing use of
brominated chemicals, little is known about toxic effects (Olsman et al.,
2006; Birnbaum et al., 2003).
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1.3 Routes of exposure

Generally, chemicals can be bioaccumulated by animals via two possible
pathways. Toxicants are taken up either directly from the surrounding en-
vironment (bioconcentration) (e.g. Hellou et al., 1994; Oikari et al., 2002;
Munkittrick et al., 1995; Meyer et al., 2002; van der Oost et al., 1991;
Hawthorne et al., 2006) or they enter the body via the food chain (bio-
magnification) (e.g. Egeler et al., 2001; Lundstedt-Enkel et al., 2005). Both
processes lead in different rates to the individual body burden of an organ-
ism (Moermond et al., 2004). Altogether, organism morphology, ecological
niche, feeding mechanism and physiology influence the overall toxicity of
contaminated sediment to an organism (Burton, 1991).

Endo- and epibenthic organisms such as oligochaetae or bottom-dwelling
fish like flounder are directly exposed to contaminants of sedimentary origin
(Egeler et al., 2001; Hellou et al., 1994). Contact and ingestion of contami-
nants absorbed on sediment particles or dissolved in porewater accounts for
bioconcentration (Oikari et al., 2002) which tends to follow the water solu-
bility and octanol/water partition coefficient (KOW ) of the toxicant (Hellou
et al., 1994). Toxic effects occur in the exposed organism (Bouché et al.,
2000) and trophic transfer may constitute a threat to pelagic organisms
(Egeler et al., 2001). Another threat to those organisms may occur when
contaminants of sedimentary origin are resuspended and thus lead to con-
tamination of the water column. Resuspension takes place from natural
events such as bioturbation, flood or tide and from anthropogenic events,
e.g. dredging, and comes along with higher bioavailability and accumulation
of contaminants by pelagic organisms (Hollert et al., 2000; Geffard et al.,
2002; Spencer et al., 2006).

Main uptake sites for xenobiotic chemicals in fish are the gill and the gas-
trointestinal tract. Especially the gill as an interface between internal and
external milieu is of high relevancy (Stein et al., 1984; McKim et al., 1985).
The gill is characterized by large surface areas and a high water and blood
circulation which results in an extremely efficient gas exchange (Moyle and
Chech, 2000). In addition to its gas exchange function, the gill epithelium
is also an important osmoregulation surface (Marshall, 2002; Perry et al.,
2003), whose permeability is controlled by different neurocrine, paracrine
and autocrine factors (Olson, 2002a). Gills are made of bony arches that
anchor pairs of gill filaments. Numerous lamellae from both sides of each gill
filament are primary sites of gas exchange, which can be subdivided into af-
ferent, respiratory and efferent regions (Wilson and Laurent, 2002). A filigree
morphology of three tissues, a thin, outer layer of epithelial cells, followed by
basement membranes and pillar cells arranged in the inside (Olson, 2002b),
allows oxygen uptake via diffusion. Opposing flows of water and blood along
the lamellae maximize the oxygen uptake (Moyle and Chech, 2000). This
morphology does not only provide high efficiency for gas exchange, but also
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for uptake of xenobiotic chemicals by passive diffusion. Various physiological
and chemical factors account for the gill uptake rate of a substance (McKim
and Goeden, 1982; McKim and Erickson, 1991). For example, Lloyd (1961)
demonstrated the dependency of the respiratory flow on the uptake efficiency
of a xenobiotic. The measurements of McKim et al. (1985) showed a rela-
tionship between the uptake rate and the chemicals’ KOW .

1.4 Exposure scenarios in biotest approaches

The test phase Investigating sediment toxicity in biotest approaches re-
sults in a range of different test phases. These different phases can be catego-
rized in extractable phase, elutriate phase, interstitial phase, whole sediment
and in situ. Each of them has assets and drawbacks and none of them alone
would fulfill all study objectives (Burton, 1991). Depending on the circum-
stances and the question to be answered, applicable test phase(s) should be
chosen. Whole sediment exposure scenarios are considered to represent the
most realistic picture to simulate in situ exposure conditions in the labora-
tory (Hollert et al., 2003b; Oikari et al., 2002; Kosmehl et al., 2004; Hellou
et al., 1994) whereas organic extracts are used to assess the potential ecotox-
icological burden (Vondrácek et al., 2001; Hallare et al., 2005; Keiter et al.,
2006b) and to identify toxicants (Brack, 2003). Additionally, elutriates are
used to mimic the open-water disposal of contaminated sediments (e.g. Gef-
fard et al., 2002; Spencer et al., 2006).

Extraction Particle-sorbed toxicants in sediments are mainly compounds
with logKOW values from 2 (e.g. methylparathion) up to more than 8 (e.g.
polychlorinated compounds) (Brack et al., 1999). Hence, they are not di-
rectly available to assess the potential ecotoxicological burden and the first
step of testing complex samples is extraction. That step implicates the exclu-
sion of certain components from the further process (Brack, 2003). Important
extraction methods are ultrasonic extraction, pressurized liquid extraction
and Soxhlet extraction (Brack, 2003; Kiguchi et al., 2006). Reaching a high
dissolving power for a wide range of lipophilic toxicants, dichloromethane is
the most frequently used solvent, even if it is harmful to the environment.
To extract dioxin-like compounds or other mainly non-polar chemicals it is
common to use toluene instead of dichloromethane (Olsman et al., 2005; En-
gwall et al., 1999). Acetone can be used to improve the spectrum of extracted
compounds to lipophilic and slightly hydrophobic compounds. Hollert et al.
(2000) consider acetone as the best suitable solvent for screening for cytotox-
icity of sediments. Ahlf et al. (2002) recommend to utilise the intermediate
polarity of the solvent to evaluate sediment quality using different endpoints
in biotests.

Originally invented for the extraction of lipid from a solid material, Soxh-
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let extraction is a standard method for solid phase extraction of many un-
polar compounds nowadays (e.g. Keiter et al., 2006b; Wood et al., 2006;
Péres et al., 2006; Kiguchi et al., 2006; Ramos et al., 1999). In context of
biomonitoring, different substance classes have been extracted from samples
by Soxhlet extraction. Those include for example polycyclic aromatic hy-
drocarbons (PAHs), polychlorinated biphenyls (PCBs) and polychlorinated
dibenzodioxins/furans (PCDD/Fs) and brominated flame retardants. Fol-
lowing Soxhlet extraction, a multitude of biotests have been carried out suc-
cessfully to determine cytotoxicity, Ah-receptor agonists and embryotoxicity
as well as mutagenicity and endocrine disruption of sediment extracts (e.g.
Engwall et al., 1999; Hollert et al., 2000, 2003a; Kosmehl et al., 2004; Hallare
et al., 2005; Brack et al., 2005; Seiler et al., 2006; Keiter et al., 2006b).

1.5 The Ah-receptor-mediated pathway as a tool in

environmental risk assessment and monitoring

The Ah-receptor-mediated pathway The aryl hydrocarbon receptor
(AhR) is a target molecule for many endo- and exogenous compounds, includ-
ing halogenated aromatic compounds (HACs) such as PCDD/F, co-planar
PCB and PAH (Safe, 1986; Chen and Bunce, 2004; Tuvikene, 1995). In the
absence of a ligand the dioxin receptor is present in the cytosol of the cell
associated with hsp90. Following binding of the ligand to the receptor, the
ligand-receptor complex is translocated to the cell nucleus and activated by
the release of hsp90 and dimerization with the protein ARNT (Aryl hydro-
carbon receptor nuclear transporter). Once activated, the ligand-receptor
complex recognizes a specific DNA sequence, the dioxin response element
(DRE), and induces transcription of a battery of dioxin-inducible genes, in-
cluding cytochrome P4501A and other AhR responsive genes (Poellinger,
2000). A multitude of evidence implicates an important role of the Ah re-
ceptor in dioxin toxicity. It is assumed that many of the toxic effects elicited
by HACs are also the result of altered receptor-mediated gene expression
(Safe, 1990; Poellinger, 2000; Safe, 2001). In context of toxicokinetics, the
induction of cytochrome P4501A is a response to hydrophobic chemicals
which are oxidised by cytochrome P4501A and finally excreted as more hy-
drophilic chemicals. Thus, the AhR-mediated pathway is known from many
species (van den Berg et al., 2000; Birnbaum and Tuomisto, 2000) and has
been demonstrated in many tissues (Celander et al., 1993; Carlsson et al.,
1999). The endogenous function of the AhR is up to this date not clearly
understood. Several studies suppose a central role in cell cycle regulation
and in developmental processes during early life stages (Denison et al., 2002;
Poellinger, 2000). Recent research suggests also a key role in female repro-
duction by regulating the estrogen synthesis (Baba et al., 2005).
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The TEF concept To simplify and to structure AhR-mediated toxicity
for risk assessment, the toxicity equivalent factor (TEF) concept was devel-
oped. It implicates a structure-dependent AhR binding affinity of dioxin-like
compounds and other AhR-ligands and dose-dependent additive effects (Safe
et al., 1989; Safe, 1990; van den Berg et al., 1998). In order to be included in
to the TEF-scheme, a compound (1) has to show structural relationship to
the PCDDs and PCDFs, (2) has to bind to the AhR, (3) has to elicit AhR-
mediated biochemical and toxic responses and (4) has to be persistent and
accumulate in the food chain. Based on consensus estimations from in vitro
and in vivo data, the toxicity of a compound is set in relation to the most po-
tent inducer 2,3,7,8- tetrachlorodibenzo-p-dioxin (van den Berg et al., 1998).
In addition to the mentioned assumptions, the TEF concept has limitations
and underlying disadvantages (Safe, 1997; van den Berg et al., 1998; Giesy
and Kannan, 1998; van den Berg et al., 2000).

EROD-activity as a biomarker Biomarkers can be used to assess the
health status of an organism and to elucidate environmental risks. They
can be defined as “any measurement reflecting an interaction between a bi-
ological system and a potential hazard, which may be chemical, physical or
biological” (WHO, 1993). The CYP1A is one of the most investigated AhR-
regulated genes in fish and several stages of the AhR-mediated pathway
have been used or proposed as biomarkers in the assessment of dioxin-like
compounds (Goksøyr and Förlin, 1992; Bucheli and Fent, 1995; van der Oost
et al., 2003). There is strong evidence that the induced CYP1A in fish is dose
dependently related to levels of HACs in the organism and the environment
(Giesy et al., 2002a; Toomey et al., 2001; Guiney et al., 1997). Hence, the
induction of CYP1A is one of the best studied biomarkers for environmen-
tal contamination in aquatic ecosystems and often quantified by catalytic
assays, e.g. 7-ethoxyresorufin-O-deethylase (EROD) activity (Whyte et al.,
2000). In fish, the reaction is catalyzed by isozymes of the CYP1A sub-
family (Goksøyr and Förlin, 1992; Whyte et al., 2000). Increased EROD
activity, usually determined by measuring the deethylation of exogenous 7-
ethoxyresorufin, was detected in a wealth of fish species after exposure to
AhR agonists (van der Oost et al., 2003). Compared to other endpoints of
the AhR-mediated pathway, the determination of EROD-activity is a com-
paratively sensitive tool and even an indicator for effects at various levels of
biological organization (Whyte et al., 2000).

In context of biomarker application, EROD-activity in fish was primarily
assessed in the liver (Whyte et al., 2000; Meyer et al., 2002), even though
the induction of CYPs is not only localized in hepatic tissue (Husøy et al.,
1994; Carlsson et al., 1999). Therefore, detoxification processes in tissues
which are proximately exposed to the environment, for example the gill,
are of strong interest in the context of biomonitoring and risk assessment
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Figure 1.5: Gasterosteus aculeatus Linnaeus 1758, drawn by H.-J. Behrendt
(Paepke, 2001).

(Levine and Oris, 1999). The determination of EROD-activity in the gill
and the comparison between EROD-activity in the gill and the liver provide
a further tool for the assessment of easily metabolized substances and low
level concentrations of waterborne AhR agonists. A bioassay to measure
EROD-activity in fish gill filament was recently described (Jönsson et al.,
2002) as well as applied and evaluated as a biomarker to assess waterborne
pollutants (Jönsson et al., 2003, 2004; Mdegela et al., 2006; Abrahamson
et al., 2006).

1.6 The three-spined stickleback

The three-spined stickleback (Gasterosteus aculeatus Linnaeus 1758) is com-
mon in freshwater as well as in estuarine and marine ecosystems of the north-
ern hemisphere (McKinnon and Rundle, 2002)(Figure 1.5). These Palaearc-
tic and Nearctic zones differ greatly in climate and ecology and entail a large
variation of Gasterosteus aculeatus (Paepke, 2001). In Europe, stickleback
populations are known nearly from all over the continent in virtually all wa-
ters except fast-flowing streams (Lelek, 1987)(Figure 1.6). It is absent from
central Scandinavia (Curry-Lindahl, 1985), the Danube Basin, the Iberian
Peninsula and the Mediterranean. Reports of isolated populations exist from
several places in these areas (Paepke, 2001).

The species is an opportunistic feeder and acts mainly as a carnivore.
The diet includes mainly aquatic invertebrates but also fish egg and fry. The
composition of its diet is primarily determined by seasonal availability of
the prey. Generally, sticklebacks in flowing water prefer benthic food, such
as chironomid larvae, tubificids and young gammarids whereas zooplankton
is preferred in large lakes and haffs (Curry-Lindahl, 1985). High stickle-
back abundance exerts strong top-down control on zooplankton and causes
cascading effects on phytoplankton (Jakobsen, 2003; Pont et al., 1991).

The reproductive behaviour has been studied very intensively (see e.g.
Tinbergen, 1951; Wootton, 1976). Briefly, the male chooses and defends a
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Figure 1.6: Occurrence of the three-spined Stickleback (Gasterosteus aculea-
tus Linnaeus 1758) in Europe. Dots indicate locations of isolated popula-
tions. (Paepke, 2001)

territory and builds a nest in the sandy or muddy substrate by using fila-
mentous algae or other suitable material to complete the nest. The material
is glued together with a secretion of the kidney which contains one major
protein, spiggin. During breeding season the male is significantly coloured
red and blue. To spawn, the male attracts the female by what is known
as zig-zag dance and, ideally, the female follows the male to spawn in the
nest. After the female is gone, the male fertilizes the eggs and takes over the
parental care. It includes mainly the protection against predators and venti-
lation of the eggs by water circulation. Up to seven spawning acts may take
place in one nest and an average of 400 eggs per nest is commonly found. The
embryonic development is temperature dependent and takes about 20 days
at 12 ◦C (Heutz 1956).

In evolution, the three-spined stickleback developed three different eco-
logical strategies. Originating in the sea, three-spined sticklebacks exist as
marine, freshwater and anadromous populations today. Marine and fresh-
water populations remain permanently in fresh and salt water respectively,
whereas anadromous populations hatch in fresh water, migrate to salt water
and return to fresh water to spawn (Münzing, 1959). Hence, the three-
spined stickleback presents, amongst others, a high ecological variability
which makes it an interesting object for studies in many disciplines, such
as behavioural biology (FitzGerald, 1993; Tinbergen, 1951), evolutionary
biology (McKinnon and Rundle, 2002) and ecotoxicology (e.g. Bell, 2001;
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Hahlbeck, 2004; Holm et al., 1993; Egeler et al., 2001; Katsiadaki et al.,
2002).

The tree-spined stickleback was chosen as a model organism in ecotoxicol-
ogy because of its high ecological relevance in temperate and boreal climate
zones of the northern hemisphere, easily kept stocks and successful repro-
duction under controlled conditions, well-studied behaviour, known genetic
sex markers, quantifiable in vivo androgen and anti-androgen endpoints and
the possibility to catch large numbers for biomonitoring purposes. It is also
recommended as a test species in standardised test guidelines in aquatic tox-
icology (van den Dikkenberg et al., 1989; EnvironmentCanada, 1990; OECD,
1992).

1.7 Fish decline in the upper Danube River

Decline of fish catches During the last two decades, a decline in fresh-
water fish stocks was registered for several places around the world. Reports
on declines exist from a multitude of countries in Europe and North America
(e.g. Fischnetz, 2004; Burkhardt-Holm et al., 2002, 2005; Keiter et al., 2006b;
Cook et al., 2003; de Lafontaine et al., 2002; Palstra et al., 2006; Faller et al.,
2003).

In Switzerland, fish catch, especially of brown trout (Salmo trutta), has
decreased by about 60% since the early 1980s. In 1998, this led to a project
named “Fischnetz” which aimed to investigate the cause for the fish decline
(Burkhardt-Holm et al., 2002). To structure the search for causes, 12 hy-
potheses were developed which included cause-effect relationships at multi-
tude levels. One of these hypotheses (“chemical pollution is causing harmfull
effects”) was suggested in order to find out possible ecotoxicological reasons.
The researchers concluded that a single factor is not responsible for the
widespread catch decline and rather a combination of stressors contributes:
Fisheries management, parasitic diseases and habitat quality including mor-
phology and water quality (Burkhardt-Holm et al., 2005). One of the neg-
ative effects were chemically induced stress which contributed at least at a
regional level. Estrogen-like chemicals were found in waste water treatment
plant effluents at concentrations that effect reproduction, especially when ef-
fluent dilution is low (Fischnetz, 2004; Vermeirssen et al., 2005). Concerning
brown trout in Swiss rivers, Borsuk et al. (2006) quoted suboptimal habitat
conditions as the most important and ubiquitous stress factor which has led
to reduced populations.

According to the mentioned observations, a decline of fish populations
was also reported for the upper Danube River since the 1980s. Reports
showed a decline in fish diversity as well as a clear decrease in the abun-
dance of many species (Limnofisch, 1991; Wurm, 2001). In 1991, grayling
(Thymallus thymallus) and barbel (Barbus barbus) were still reported as
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dominating species but in 2001, despite continuous stocking programs, they
were hardly detectable and in some river sections next to absent. That well
documented fish decline over two decades can not be simply explained by
carrying out conventional chemical analysis of priority pollutants and mon-
itoring of hydrobiological and biological parameters (Keiter et al., 2006b).

Preliminary Investigations In order to assess the ecotoxicological haz-
ard potential and hence to evaluate further reasons for fish decline in the
upper Danube River a pilot investigation was undertaken in 2002 (Keiter
et al., 2006b). A biological effect monitoring showed that cyctotoxic, geno-
toxic, estrogenic, embryotoxic, teratogenic and mutagenic potentials were
associated with local sediments, suspended particulate matter and effluents.
Embryotoxic and teratogenic effects of sediments in the upper Danube River
were considered to be associated with the fish decline.

Following this first line of evidence an integrated approach using triad
investigations (Chapman, 2000; Chapman and Hollert, 2006) was carried out
in 2004/05 (Seitz, 2005; Grund, 2005; Böttcher, 2005; Keiter et al., 2006a).
Chemical analysis of water quality and monitoring of different hydrological
and biological parameters were carried out in that study but failed to de-
termine a limiting factor for fish reproduction. More or less local hot spots
were detected but no continuous contamination along the river course (Seitz,
2005; Grund, 2005; Böttcher, 2005). Seitz (2005) confirmed the previously
detected high embryotoxicity, especially of native sediments. Additionally,
alterations in fish hepatocytes were attributed to multifactorial suboptimal
conditions for fish but gave no clue to a specific chemical contamination
(Grund, 2005). Keiter et al. (2006a) used three different cell lines to inves-
tigate dioxin-like activity of these sediments. High dioxin-like activity was
assessed for sediments at different sites along the river course. The attempt
to compare chemical analysis of persistent (dioxins, furans and PCB) and
non-persistent organic compounds (PAH) with the total dioxin-like activity
led to an only partial explanation of the dioxin-like activity. Among the iden-
tified chemicals, mainly PAHs contributed to the dioxin-like activity whereas
up to 83.2% of the detected dioxin-like activity was of unknown origin.

1.8 Aims of the present study

Previous studies have shown a dramatic fish decline in the upper Danube
River, combined with high hazard potential of sediment samples. Addition-
ally, there is a need to develop, standardize and implement vertebrate-based
assays into sediment toxicity investigations (Ahlf et al., 2002; Hollert et al.,
2003b). Based on these facts, the objectives of this study were:

• to investigate the exposure scenario of fishes to sediment-borne pollu-
tants of selected sediment samples from the upper Danube River
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• to assess possible differences in EROD-induction between fish sexes

• to evaluate the gill EROD assay as a biomarker in vertebrate sediment
toxicity assessment

• to compare in vitro EROD-induction of previous studies with ex vivo
results in gill and liver

• to compare results of chemical analyses of halogenated aromatic com-
pounds with ex vivo results of EROD induction
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Materials and Methods

2.1 Sediment sampling

The sediments were sampled during 2004 on different sites along the upper
part of the Danube River. Originally, samples were taken at ten different
sites and studied in a Sediment Quality Triad of the Upper Danube dur-
ing 2004/05 (Grund, 2005; Seitz, 2005; Böttcher, 2005). For scientific and
practical reasons, four of these ten sampling sites, Sigmaringen, Riedlingen,
Öpfinger See and Bad Abach (Figure 2.1), were chosen for reinvestigation in
this study.

The surface sediments in Sigmaringen and Riedlingen were both sampled
on May 13th, 2004. The site “Sigmaringen” (Figure 2.2 a) is approximately
200 m downstream of the waste water treatment plant of Sigmaringen at
river kilometre 2680.3. That part of the river is not regulated and meanders
(Wurm, 2001). The sampling site “Riedlingen” (Figure 2.2b) is situated two
kilometres downstream of the waste water treatment plant of Riedlingen at
river kilometre 2646.7. This river section is characterized by canalization
and a resulting high stream velocity (Wurm, 2001). Sediment samples at
“Öpfinger See” (Figure 2.2c) were taken on July 14th 2004 at the lower and
upper part of the storage lake (river kilometre 2606.9 - 2603.9). The storage
lake Öpfinger See, built in 1921, shows a high sedimentation rate and tends
to become a shallow water (Wurm, 2001). The sampling at “Bad Abach”
(Figure 2.2d) was carried out on October 14th 2004 near the biomonitoring
station at river kilometre 2400.

All sediment samples are near surface samples (0 - 15 cm sediment depth).
Depending on local conditions, the sediment samples at “Sigmaringen” and
“Riedlingen” were taken with a shovel and at “Öpfinger See” and “Bad Abach”
with a Van-Veen gripper. Several samples were taken on each site and homo-
genised to avoid variation within the sampling site. They were transported
and stored at 4 ◦C.
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Figure 2.1: Overview of the sampling sites along the Upper Danube in Ger-
many. a) Sigmaringen, b) Riedlingen, c) Öpfinger See, d) Bad Abach (Keiter
et al. 2006a, modified)

Figure 2.2: Sampling sites along the upper Danube River. a)
Sigmaringen; b) Riedlingen; c) Öpfinger See, upper part; d) Bad
Abach (Grund, 2005; BezirksfischereiVerein, 2006; BayerischesLandesamt-
fürWasserwirtschaft, 2006)
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2.2 Sediment preparation

Freeze-drying Portions of 250 ml sediment were shock frozen to - 20 ◦C
and immediately freeze dried by using a freeze-drying machine (Alpha 1-4,
Firma Christ, Osterode, Germany). After approximately 72 hours, the dried
sediments of each site were sieved through a sieve with a mesh width of 2 mm
to remove small stones and twig. The samples were stored in glass bottles
(Duran, Schott, Mainz, Germany) at 4 ◦C.

Extraction Dried sediment was weighed in 20 g portions into extraction
thimbles (200 ml, Schleicher & Schuell, Dassel, Germany), covered with glass
wool and placed in Soxhlet extractors (Schott, Mainz, Germany). A 500 ml
flask containing approximately 350 ml acetone p.a. (Riedel-de Haën, Seelze,
Germany) and an Allihn condenser were attached to each device. The flasks
and extractors were covered with aluminium foil to minimize the loss of heat.
Extraction was allowed to proceed at 7 - 9 cycles per hour for 16 hours un-
der permanent water cooling. After extraction, each extract was reduced
to a volume of approximately 5 ml in a rotary evaporator (Rotavapor R110;
Büchi Laborations-Technik AG, Flawil, CH) at 38 ◦C and at low pressure of
a water-jet vacuum pump. Following transfer to a vial, dimethyl sulfoxide
(Sigma-Aldrich, Steinheim, Germany) was added and the remaining acetone
was evaporated at approximately 38 ◦C using a nitrogen stream. The result-
ing concentration of each extract was 20 g dry sediment per 0.5 ml dimethyl
sulfoxide. To study the possibility of contamination by extraction, an empty
thimble was treated exactly the same way as described above. This process
control was dissolved in 0.5 ml dimethyl sulfoxide and tested along with the
sediment extracts. All extracts were stored at 4 ◦C in darkness.

2.3 Animals

Adult three-spined sticklebacks (Gasterosteus aculeatus Linnaeus 1758) were
caught in March 2004 at Vikhög/Öresund, southern Sweden. The fish used in
the experiments (Figure 2.3) had been held in tanks in the aquarium facility
at the Evolutionary Biology Centre, Uppsala University (Uppsala, Sweden)
for at least two years. The tanks were continuously supplied with aerated
Uppsala tap water and the photoperiod was set to 8 hours light and 16 hours
darkness. Some weeks before the experiments, the fish were relocated to
a glass aquarium and the daylight cycle was adjusted automatically to the
diurnal variations at latitude 52 ◦N. The fish were fed Artemia spec. once
a day. The fish were not fed two days before the initiation of exposure and
also not during exposure.

17



CHAPTER 2. MATERIALS AND METHODS

Figure 2.3: Sticklebacks were caught for sex determination before the test
run.

2.4 Experimental design

To reach room temperature, tap water was bottled and aerated two days
before the exposure was started. The exposure was done using 2 l borosil-
icate glass beakers (VWR International, Stockholm, Sweden) filled with 1 l
prepared tap water.
The sediment samples were treated in an ultrasonic bath to resolve totally
in dimethyl sulfoxide before adding to the water in concentrations of 4mg
sediment equivalents (SEQ)/ml, 0.8 mg SEQ/ml and 0.16 mg SEQ/ml. Two
samples were also tested at 0.032 mg SEQ/ml. β-naphthoflavone was also
dissolved in dimethyl sulfoxide and added to the water to yield 1 µM of β-
naphthoflavone (50 ppm dimethyl sulfoxide). All samples were tested in two
replicates and the maximal solvent concentration was tested as a negative
control with 100 ppm dimethyl sulfoxide. Groups of fish (n=3) were placed
in the beakers and exposed to sediment extract, β-NF or dimethyl sulfoxide
only for 48 hours. The water was aerated continuously by aquarium pumps
and the beakers (Figure 2.4) were covered and kept in darkness to avoid
photolytic degradation. After 48 hours, the fish were killed by an overdose of
Benzocaine and gill arches and liver were carefully removed. Liver samples
were frozen in -80 oC and the three gill arches were transferred to a buffer
for further analysis. Furthermore, the ammonium concentration in the water
was controlled.
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Figure 2.4: The experimental setup, consisting of ten glass beakers, aeration,
prepared tap water and the fishes, was covered with aluminium foil and boxes
during test run.

2.5 Measurement of EROD-activity in the gill

The procedure described by Jönsson et al. (2002) was adapted to stickle-
backs and used for the determination of the EROD-activity in gill filaments.
Immediately after the fish had been killed, three gill arches were trans-
ferred to ice-cold HEPES-Cortland buffer (0.38 g KCl, 7.74 g NaCl, 0.23 g
MgSO4 x 7H2O, 0.23 g CaCl2 x 2H2O, 0.41 g NaH2PO4 xH2O, 1.43 g HEPES
and 1 g glucose per 1 l dH2O; pH 7.7) Thereafter, triplicates of about 15 fil-
ament pieces (whole length) were arranged in a 12-well tissue culture plate
(Falcon, Becton Dickinson Labware, France) (Figure 2.5).

Following steps were done under light protected conditions. Reaction
buffer, consisting of 1 µM 7-ethoxyresorufin and 20 µM dicumarol in HEPES-
Cortland buffer, was added in each well (0.5 ml). The incubation took place
under constant shaking for 10 minutes at room temperature. Subsequently,
the reaction buffer was renewed (0.7 ml) and incubation proceeded. After
40 and 60 minutes, 0.2 ml samples were transferred from each well to a Flu-
oronunc 96-well plate (Nunc A/S, Roskilde, Denmark). The deethylation
of exogenous 7-ethoxyresorufin was measured using a Wallac3 plate reader
(Wallac Oy, Turku, Finland) (excitation 544 nm, emission 590 nm). Aliquots
(0.2 ml) of resorufin standard solutions (0 - 250 nM) were prepared with re-
action buffer from a 0.1 mM stock solution in methanol. EROD-activity was
calculated and expressed as picomole resorufin per filament and minute.
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Figure 2.5: Filament pieces in a 12-well tissue culture plate.

2.6 Measurement of EROD-activity in the liver

Within four weeks after exposure, EROD-activity in the liver was measured
according to a method described by Kennedy and Jones (1994). The liver was
homogenized in ice-cold homogenization buffer (0.15 M KCl, 1 mM EDTA in
a 0.1 M phosphate buffer; pH 7.4) using a Potter-Elvehjem homogeniser (B.
Braun, Melsungen, Germany) with 1 200 revolutions per minute. The ho-
mogenate was centrifuged at 10 000 g (Rotanda 460R; Hettich Zentrifugen,
Tuttlingen, Germany) for 15 minutes (4 oC) and then the supernatant was
transferred and centrifuged again (L8-70 ultracentrifuge; Beckman Instru-
ments, Fullerton, CA, USA) at 105 000 g for one hour (4 oC). The resulting
pellet, containing the microsomes, was resuspended in 1 ml HEPES-Cortland
buffer (pH 8.0) and, if necessary, the suspension was diluted in the same
buffer. Standard solutions of resorufin (0 - 500 nM) and bovine serum albu-
min (0 - 6 mg/ml) were also made in HEPES-Cortland buffer. Respectively
45µl samples of the microsome suspension and of the resorufin standard
were transfered to a Fluoronunc 96-well plate (Nunc A/S, Roskilde, Den-
mark) as triplicates. Subsequently, 160 µl of a reaction solution (15µM 7-
ethoxyresorufin and 2.1 mM NADPH in HEPES-Cortland buffer) was added
to all wells and the fluorescence was immediately measured in a Wallac3 plate
reader (Wallac Oy, Turku, Finland) (excitation 544 nm, emission 590 nm)
and several times within 20 minutes. To determine the protein concentra-
tion, 45 µl aliquots of each microsome suspension and of the protein stan-
dard were added to a Fluoronunc 96-well plate in triplicates and duplicates
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respectively. An aliquot of 160 µl flourescamine in acetonitrile (300µg/ml)
was filled in each well and incubated for 15 minutes in darkness. The fluo-
rescence was measured by using an excitation wavelength of 390 nm and an
emission wavelength of 460 nm. EROD-activity was calculated and expressed
as picomole resorufin formed per mg protein and minute.

2.7 Statistics

Data analysis was carried out with GraphPad Prism R�4.0 (GraphPad Inc.,
San Diego, USA). Analysis of variance (ANOVA) and following post hoc anal-
ysis by Dunnett’s multiple comparison test was chosen in section 3.1 and 3.2.
To analyse possible sex differences in EROD-induction (section 3.3), single
values of positive or negative controls were normalized to their particular
mean induction level. Subsequently, all normalized values of positive or neg-
ative controls were pooled respectively and analysed for sex differences using
the unpaired t-test. Sex differences in EROD-induction after exposure to
sediment extracts were also analysed using the unpaired t-test, but data was
not pooled.

A probability value of p≤0.05 was considered to be significant. In all
figures, data is presented as arithmetic mean including one standard error of
the mean.
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Chapter 3

Results

3.1 Control activities

No significant EROD-induction of the sediment extract solvent DMSO
(100 ppm) and of the process control (100µl/litre test medium) in com-
parison to the tap water control was found (Figure 3.1). Significantly in-
creased EROD-activity was demonstrated for the positive control 1 µM β-
naphthoflavone compared to the tap water control. The mean EROD-acti-
vities for 1µM β-naphthoflavone in the gill reached from 0.07 to 0.12 (pmol
resorufin/filament/min) and in the liver from 15.05 to 97.98 (pmol resorufin
/min/mg protein).
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Figure 3.1: Mean EROD activity in gill (a) and liver (b) in preliminary
investigations. The Sticklebacks (n=6) were exposed to dimethyl sulfox-
ide (100 ppm), to a process control (100µl/litre test medium) and to β-
naphthoflavone (1µM). Significant differences from the tap water control
were analyzed by using the unpaired t-test and are denoted by asterisks.
A probability value of p≤0.01 is indicated by two and p≤0.001 by three
asterisks.

3.2 EROD-activity in gill and liver after exposure

to sediment extracts

All sediment extracts induced concentration-dependent increases in EROD-
activity in the gill and in the liver of sticklebacks (Figure 3.2 and 3.3). The
lowest concentration causing significant gill EROD-activity was 0.8 ppm sed-
iment equivalents for the sites “Öpfinger See”and “Sigmaringen”. Numerically
higher liver EROD-activities than in the control levels were achieved for the
same exposure scenario but were not significantly different from the control.
Significantly induced liver EROD-activities for these sites were detected at
4 ppm. A concentration of 4 ppm was achieved as the lowest concentration
causing gill EROD-activity for sediment extracts of the site “Bad Abach”and
20 ppm was the lowest concentration causing significant induction in the
liver. For “Riedlingen”, the lowest concentrations causing significant induc-
tion were 20 ppm in the gill and up till 100 ppm in the liver, respectively.
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Figure 3.2: EROD activity in gill (a) and liver (b) after exposure to sediment
extracts of the sites “Sigmaringen” and “Riedlingen”. Sticklebacks (n=5-6)
were exposed for 48 h under static conditions to sediment extracts of 100 ppm,
20 ppm, 4 ppm or to 0.8 ppm as well as a positive (1µM β-naphthoflavone)
and a solvent control (100 ppm DMSO). Activities varying significantly from
the solvent control are indicated by one (p≤0.05) or by two (p≤0.01) aster-
isks.
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Figure 3.3: EROD activity in gill (a) and liver (b) after exposure to sed-
iment extracts of the sites “Öpfinger See” and “Bad Abach”. For further
explanations see figure 3.2.
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3.3 Comparison between EROD-activity in males

and females

For all exposed fish, differences in induced EROD-activity between males
and females were tested. The EROD-activity in gill and liver of the solvent
controls showed no significant difference between the sexes (Figure 3.4). A
significantly higher liver EROD activity in the liver as well as in the gill was
found in females exposed to β-naphthoflavone compared to the males (Figure
3.5). The difference between the sexes after exposure to β-naphthoflavone is
greater in the liver than in the gill. A consistent but mostly non-significant
tendency of higher EROD-activity in females compared to males was ob-
served for exposures to sediment extracts (Figure 3.6 and 3.7).

Figure 3.4: EROD activity in gill (a) and liver (b) after exposure to 100 ppm
dimethyl sulfoxide. The number of animals was eight for each sex.

Figure 3.5: EROD activity in gill (a) and liver (b) after exposure to 1µM
β-naphthoflavone. The number of animals to was 14 - 18 for each sex. Sig-
nificant differences between the sexes are indicated by one (p≤0.05) or by
three (p≤0.001) asterisks.
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Figure 3.6: EROD activity in gill (a) and liver (b) after exposure to sediment
extracts of the sites “Sigmaringen” and “Riedlingen”. Data is shown as split
(male/female) and mixed groups.
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Figure 3.7: EROD activity in gill (a) and liver (b) after exposure to sediment
extracts of the sites “Öpfinger See” and “Bad Abach”. Data is shown as split
(male/female) and mixed groups.
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Discussion

4.1 Potency of the sediment samples as inducers of

EROD in gill and liver

Significant and dose-dependent EROD-induction was detected for all sedi-
ment extracts from the investigated sites along the upper Danube. Therefore,
lowest observed effect levels (LOEL) were calculated for the gill as well as the
liver for all sites (Figure 4.1). The significances of the gill-EROD LOELs at
the sites “Sigmaringen”and “Öpfinger See”are restricted, as long as no lower
concentrations than the determined LOEL are tested.

The highest EROD-inducing potential was determined for the sediment
extracts of the sites “Öpfinger See” and “Sigmaringen”. The lowest potential
was observed for the sediment extracts of “Riedlingen”. An increasing dioxin-
like activity of the sediment samples along the course of the river was not
found. Rather, the content of dioxin-like compounds in the sediment is site-
specific. This finding supports the results of Keiter et al. (2006a).

A good correlation was found between the gill and the liver EROD-
activities (Figure 4.1). Lower LOEL values were determined for the gill
than for the liver EROD-activities in all samples. In all cases, the follow-
ing higher concentration showed a significant difference to the control in the
liver. This outcome may be explained by two possibilities. On one hand, the
higher standard deviation of the liver EROD-assay makes it more difficult to
obtain a statistical significance in comparison to the control. On the other
hand, the pattern of EROD-induction may differ between the tissues. At
low concentrations, rapidly metabolized AhR agonists can be metabolized
in a first pass defence in the gill and do not reach the liver (Levine and
Oris, 1999; Carlsson et al., 1999; Jönsson et al., 2006). Due to the fact that
numerically higher liver EROD-activity was determined even at low concen-
trations and also due to the estimation of a high standard deviation of the
liver EROD-assay, a clearly different pattern of EROD-induction between
gill and liver tissue can not be concluded. Hence, no proportioning in either
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Figure 4.1: Lowest observed effect levels of gill and liver EROD-activities for
all sites investigated.

rapidly or slowly metabolized AhR agonists can be implemented in that case
by comparison between EROD-induction in gill and liver. The intervals be-
tween the tested concentrations may have been too wide and, concerning the
sites “Öpfinger See” and “Sigmaringen”, not low enough to show a different
pattern. Possibly, the chemical composition of the samples of in terms of
persistent and non-persistent substances does not even show such a pattern.

4.2 Differences in EROD-induction between male

and female sticklebacks

The exposure of the sticklebacks was done during a two-week period 18
days after the relocation to the glass aquarium. Therefore, a rather similar
reproduction phase can be assumed for the animals. Differences in EROD-
induction between males and females after exposure to the sediment extracts
is shown (see section 3.3). Due to a small number of animals of each sex
(n = 3), the differences did not turn out as significant in all cases, whereas the
comparison of all fish exposed to β-naphthoflavone emerged as significantly
different between the sexes.

Seasonal variations of basal hepatic EROD-activity were shown in stick-
lebacks from an uncontaminated site by Holm (1994). Significantly higher
EROD-activity was established in males than in females during the onset
of the breeding season in May. The observed pattern of EROD-induction
after exposure to β-naphthoflavone and to sediment extracts in this study
was the other way around compared with the results by Holm (1994) for the
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uncontaminated site.
Generally, many factors can affect EROD-activity in connection with the

observed EROD-activity pattern. Such are sex, reproductive phase, develop-
mental stage or diet (Whyte et al., 2000). Especially 17-β-estradiol is known
as a regulator of CYP activity by suppressing CYP1A in vitro as well as in
vivo in sticklebacks and many other species (Anderson et al., 1996a,b; Navas
and Segner, 2000a, 2001; Sanchez et al., 2005; Vaccaro et al., 2005). Estro-
gens are accountable for altered basal EROD-activity and thus for season-
dependent levels of EROD-activity in males and females (Bucheli and Fent,
1995). The mechanisms by which estrogens suppress CYP1A are not known
exactly, but a number of different pathways are discussed, including direct
and indirect mechanisms on cellular level (Elskus, 2004).

Furthermore, the effect of 17β-estradiol can be influenced by AhR-agonists.
In presence of strong AhR-agonists, the inhibitory effect of 17β-estradiol on
CYP1A can be overcome (Anderson et al., 1996a; Navas and Segner, 2001).
A depressed estrogen-binding capacity in the liver of fishes was shown to
be associated with exposure to several AhR-agonists as well as antagonistic
effects on the 17β-estradiol mediated production of vitellogenin (Anderson
et al., 1996a; Chaloupka et al., 1992; Navas and Segner, 2000b). The ob-
served antiestrogenicity of at least β-naphthoflavone and other PAHs can
be mediated through the AhR (Nicolas, 1999; Navas and Segner, 2000b)
and seems to be directly related to the strength as a CYP1A inducer (An-
derson et al., 1996b). Several pathways are discussed in order to explain
these antiestrogenic activities: depletion of 17β-estradiol through induction
of metabolism, down regulation of estrogen receptor protein levels and bind-
ing activity, decreased ER-mediated gene-expression, competition for binding
to the ER or, alternatively, a combination of all these mechanism (Gillesby
and Zacharewski, 1998; Arcaro et al., 1999).

Hence, the interactions between the AhR and the hormonal system are
complex and not fully understood and it is not possible to give a conclusive
explanation on the sex differences observed in this study.

Due to the fact, that the sticklebacks have been in the reproductive phase,
the estradiol concentration in the females is assumed as rather high and an
inhibitory action of estradiol on EROD-activity would be assumed. But as
shown by Navas and Segner (2001) in vitro, xenobiotic induction of CYP1A
can overcome inhibitory effects of 17β-estradiol on EROD-activity. Thus,
this effect is also assumed for results of the positive control (β-naphthoflavone)
in females of this in vitro study. This effect may also be assumed for the
detected high EROD-activities in females exposed to sediment extracts con-
taining high doses of AhR agonists.

PAHs as detected by chemical analysis of sediment samples of the studied
sites (Keiter et al., 2006a) correspond to the potent antiestrogenic PAHs
detected in sediment samples by Arcaro et al. (1999). These PAHs may act
as antiestrogens by the above-mentioned mechanisms and may affect EROD-
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activity in the sticklebacks exposed to the AhR-agonists in the sediment
extracts by altering the endocrine system.

Additionally, the CYP1A response to mixtures of CYP1A inducers and
17β-estradiol depends on the concentration of all substances on the site of
action (Villalobos et al., 1996; Anderson et al., 1996a). Therefore, the indi-
vidual uptake during the exposure and the uptake in consideration of the sex
and the reproductive status has to be taken into account when interpreting
the different EROD induction pattern. Also, depending on the status of the
liver and the gill, a different availability of AhR-agonists is given depending
on the sequestering of AhR-agonists in lipid vacuoles (Hektoen et al., 1994;
Husøy et al., 1996; Jørgensen et al., 1999).

Grund et al. (unpublished data) investigated the endocrine potential of
the Danube River sediments. All sediment samples and especially the ones
of the sites “Öpfinger See” and “Sigmaringen” turned out to contain strong
estrogen receptor agonists. This may lead to increased levels of estrogen
receptor agonists in sticklebacks followed by suppression of CYP1A and fi-
nally leading to a altered EROD-activity. The impact of this effect on the
EROD-activity remains unclear as a high EROD-induction, as shown for the
sediment extracts, can mask any effect of xenoestrogens on EROD-induction
(McArdle et al., 2000). Additionally, the contribution of antiestrogens which
are also acting as AhR-agonists, for example PCB#126 (Vaccaro et al.,
2005), remains vague in that context.

4.3 Comparison of EROD-induction in vitro and ex
vivo

Keiter et al. (2006a) used the permanent fish liver cell line RTL-W1 (Rainbow
trout, Oncorhynchus mykiss) (Lee et al., 1993) amongst other cell lines to
analyze the dioxin-like activity of sediments from the upper Danube River
in vitro. Lowest observed effect levels of this in vitro study and of the
present ex vivo investigation were derived and are shown in table 4.1. The
comparison of in vitro results vs. ex vivo results of the gill bears a good
correlation (Figure 4.2 a). A good correlation is also observed for the LOELs
between the in vitro results and the ex vivo results in the liver EROD-
assay (Figure 4.2 b). Restricted reliability of two LOELs in the gill EROD-
assay limits partially the validity of that comparison. However, the gill
EROD-assay seems to be more sensitive than the in vitro assay with RTL-
W1 cells. No such particular conclusion is feasible for the liver EROD-
assay as a comparatively high standard deviation and significant differences
between the sexes were found. Despite these restrictions, good correlations
are achieved and strengthen the results of AhR-agonist activity in sediment
samples from the Danube River detected ex vivo as well as in vitro.
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Table 4.1: Lowest observed effect levels (LOEL) in vitro (Keiter et al., 2006a)
and ex vivo expressed in mg sediment equivalents / ml test medium.

in vitro ex vivo
RTL-W1 gill liver

Sigmaringen 0.63 0.03 0.16
Riedlingen 12.50 0.80 4.00
Öpfinger See 0.31 0.03 0.16
Bad Abach 0.63 0.16 0.80

Figure 4.2: Comparison of EROD-activities in vitro (RTL-W1) (Keiter et al.,
2006a) and ex vivo (liver/gill) after exposure to sediment extracts of the
upper Danube River. The values are given as the lowest observed effect
levels (LOEL) in mg sediment equivalents / ml test medium.

4.4 EROD-induction ex vivo and chemical analysis

Sediment samples from some selected sites were chemically analysed in or-
der to identify the substances contributing to the detected EROD-activity
(Keiter et al., 2006a). The analysis included persistent (PCB, PCDD, PCDF)
as well as non-persistent (PAH) chemicals (Tables 4.2, 4.3, 4.4).

The achieved PAH concentrations obtained for the particular sampling
sites correspond with EROD-activity in the gill as well as the liver (Fig-
ure 4.3). Also the relatively high concentrations of persistent pollutants in
samples from “Sigmaringen” and “Öpfinger See” match up to the high EROD-
activities of extracts from these sites. This conclusion is supported by the in
vitro results of Keiter et al. (2006a). Keiter et al. (2006a) identified also the
proportions of the analysed chemicals which are responsible for the induction
in in vitro EROD-bioassays by using relative potency factors (REPs) of e.g.
the RTL-W1 cell-line (Clemons et al., 1997, 1998). Especially non-persistent
chemicals achieved the responsibility for the major part of the total EROD-
induction, even if large parts of the detected EROD-activity remained of
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Table 4.2: Concentrations of selected PCBs in sediment extracts from the
upper Danube River given in pg / g of sediment (Keiter et al., 2006a).

Sigmaringen Öpfinger See
PCB#77 30.1 51.9
PCB#126 5.6 15.5
PCB#169 1.0 3.0
Sum [pg/g] 36.7 70.4

Figure 4.3: PAH levels in sediments from the upper Danube River in re-
lationship to measured EROD inducing potential of the sediment extracts.
n.d. = not detectable

non-specific origin. On account of the good correlation between ex vivo and
in vitro results (section 4.3) and due to the correlation between chemical
analysis and ex vivo EROD-activity, a comparable contribution by the vari-
ous analyzed compounds as shown by Keiter et al. (2006a) is suggested for
the effects in the present study. Additionally, good sensitivity of the ex vivo
EROD-assay for a wealth of the chemically detected substances has been
demonstrated (Mdegela et al. 2006; Abrahamson et al. 2006; Jönsson et al.
2004; ?, unpublished data). The low percentage of identified chemicals con-
tributing to the EROD-activity is a known phenomenon in sediment toxicity
assessment (Brack et al., 2005; Hollert et al., 2002; Wölz, 2005; Sundberg
et al., 2005; Matsui et al., 2003; Engwall et al., 1999). It seems as if there
are more substances in the environment acting possibly harmful than those
which are covered by chemical analysis of a priori chemicals.
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Table 4.3: Concentrations of selected PCDD/Fs in sediment extracts from
the upper Danube River expressed as pg / g of sediment (Keiter et al., 2006a).

Sigmaringen Öpfinger See
2378-TCDF 17.9 54.9
12378-PeCDF 6.5 7.2
23478-PeCDF 9.7 36.9
123478-HxCDF 14.5 42.1
123678-HxCDF 5.4 14.2
234678-HxCDF 4.7 14.3
123789-HxCDF 1.7 0.8
1234678-HpCDF 57.5 139.2
1234789-HpCDF 4.7 13.2
OCDF 265.6 396.4
2378-TCDD 2.4 7.0
12378-PeCDD 2.3 3.6
123478-HxCDD 3.1 9.1
123678-HxCDD 8.6 24.8
123789-HxCDD 8.2 17.5
1234678-HpCDD 138.6 685.8
OCDD 875.9 3841.4
Sum [pg/g] 1427.6 5308.3

4.5 The measurement of EROD-induction in gill

and liver as a tool in sediment toxicity assess-

ment

In this study, the gill EROD-assay as described by Jönsson et al. (2002) has
been advanced to a tool in sediment toxicity assessment by using Sticklebacks
and sediment extracts. Additionally, the liver EROD-assay was implemented
to broaden the conclusion.

The usage of Sticklebacks in that assay is appropriate on account of
its high ecological relevance in waters of the northern hemisphere (Paepke,
2001) and also because of its easy stock keeping. Furthermore, the size of
the Stickleback allows relatively small testing volumes resulting in a small
input of test substances. Compared to other species, the stickleback turns
out as a comparatively sensitive species to the exposure of AhR-agonists.
The largest difference in activity between exposed fish and controls (about
200-fold) is shown for this species (Figure 4.4) (Jönsson et al., 2003).

The gill EROD-assay is easy to perform and the results are highly reliable.
The relatively high standard error of the liver EROD-assay is a disadvantage
but can probably not be reduced methodologically. As far as that point is
taken into consideration when interpreting the results, the liver EROD-assay
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Table 4.4: Concentrations of 16 PAHs (US EPA 610) in sediments from the
upper Danube River in ng per g sediment (n.d.=not detectable) (Keiter et al.,
2006a).
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Naphthalen <20 <20 22 <113
Acenaphthylen 43 <20 88 n.d.
Acenaphthen <20 <20 <20 <46
Fluoren <20 <20 37 <25
Phenathren 150 <20 380 110
Anthracen 70 <20 190 20
Fluoranthen 380 <20 950 170
Pyren 270 <20 710 110
Benzo[a]anthracen 180 <20 430 68
Chrysen 180 <20 440 120
Benzo[b,j]fluoranthen 150 <20 550 120
Benzo[k]fluoranthen 97 <20 240 39
Benzo[a]pyren 190 <20 490 80
Dibenzo[a,h]anthracen 160 <20 390 35
Benzo[ghi]perylen 43 <20 99 100
Indeno[1,2,3-cd]pyren 120 <20 280 47
Sum [ng/g] 2033 n.d. 5296 1019

is a basic tool and provides approved results. The reliability of these both
assays is stressed by good correlation to in vitro results and chemical analysis.

The application of acetone sediment extracts allows the determination
of the total hazard potential of a sediment (Burton, 1991; Kosmehl et al.,
2004). By practical reasons, acetone extracts enable an inclusion in a test
battery with several endpoints and the application to different types of sed-
iments. Furthermore, the implementation of extracts allows more controlled
conditions for experimental design, including the exposure scenario and the
determination of an explicit dose response relationship. The testing of se-
quential extracts may be included as an extension. In context of ecosystem
realism, the real bioavailability remains unknown by using sediment extracts
(Burton, 1991). Thus, the usage of native sediments represents a possibility,
even if the exposure conditions are less manageable (Jönsson et al., 2003).
Overall, the gill EROD-assay with sediment extracts provides a suitable and
reliable tool in toxicity assessment of aquatic environments. To measure
EROD in both gill and liver broadens the explanatory power and the com-
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Figure 4.4: Comparison of gill EROD-activities in six species after expo-
sure to 1µM β-naphthoflavone for 48 hours. Data for Atlantic salmon, Artic
charr, Atlantic cod, saithe and spotted wolffish is taken from Jönsson et al.
(2003). Activities varying significantly from the negative control are indi-
cated by one (p≤0.05) or by three (p≤0.001) asterisks.

parison between both assays allows possible clues to involved contaminants
(Levine and Oris, 1999; Carlsson et al., 1999; Jönsson et al., 2006). The
implication in exposure and effect assessment of a Sediment Quality Triad
(Chapman and Hollert, 2006) is possible and appropriate in order to assess
exposure of AhR-agonists to fish, in particular at low concentrations (Jöns-
son et al., 2006).

4.6 Relevancy of the measured EROD-activities for

fish populations in the upper Danube River

There is little doubt that the measurement of biomarker responses in test
systems features information contributing to environmental hazard assess-
ment of contaminated sites (van der Oost et al., 2003). Compared to chem-
ical analyses, the biomarker approach provides information that cannot be
obtained by monitoring of a priori pollutants in the biota (Brack et al.,
2005). A multitude of intrinsic (e.g. age, sex, health and nutritional status)
and extrinsic (e.g. dose, duration, route of exposure and presence of other
chemicals) factors affect the organism’s response to chemical exposure and
influence the risk assessment. The selection of an appropriate biomarker per-
mits to manage these factors by focusing on suitable and sensitive molecular
markers.
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Such a biomarker is the measurement of EROD-activity in fish (van der
Oost et al., 2003). It is an extremely sensitive indicator and has been used
successfully in many studies to evaluate the degree and possible risk of en-
vironmental contamination (reviewed by Stegeman and Lech 1991; Goksøyr
and Förlin 1992; Bucheli and Fent 1995; Whyte et al. 2000). The presence
of AhR-agonists is shown to be adherent with increased EROD-activity in
a dose dependent manner (Stegeman and Hahn, 1994). The spectrum of
adverse effects of AhR-agonists varies between species but the effects are
mainly the same, regardless of the route of exposure. The developmental
phase seems to be the most sensitive. Effects on biochemistry, physiology
and reproduction have been verified, even in environmentally relevant con-
centrations (Birnbaum and Tuomisto, 2000; Giesy et al., 2002a). In consid-
eration of the measured significant ex vivo EROD-activity and in connection
with the correlating in vitro data and chemical analysis, adverse effects of the
sediments on population or at least at individual level have to be assumed for
the fish stocks in the upper Danube River. Especially the sites “Sigmaringen”
and “Öpfinger See” but also “Bad Abach” are taken into consideration.

Up to this date, a wealth of particular symptoms associated with AhR-
ligands have been identified to elicit toxicity (Whyte et al., 2000). In or-
der to illuminate reasons for the fish decline, one particular symptom is
highlighted in connection with the determined altered pattern of EROD-
activity (see section 4.2). Spies et al. (1988) observed in an in situ study
that during the reproductive season, the aryl hydrocarbon hydroxylase ac-
tivity (AHH, comparable to EROD-activity) in female Plachtichtys stellatus
was not suppressed to the same basal level as in fish exposed to sediments
from an uncontaminated site. The authors linked the higher AHH-activity
effected by organic contaminations with altered endocrine functions and less
reproductive success (Spies and Rice, 1988). Solé et al. (2002) detected also
altered EROD-induction in male and female carp (Cyprinus carpio) within
the seasons as well as more or less polluted river sections during an in situ
investigation. This finding was interpreted with regard to different estrogen
levels but the authors did not provide a deeper explanation. The different
EROD-activity patterns as mentioned by these in situ studies are compara-
ble to those observed in this in vivo investigation with sediments extracts of
the Danube River under more controlled conditions in the lab than in the
field. In consideration of the above-mentioned studies and of the consider-
ations in section 4.2, a first link can be given between altered pattern of
EROD-activity in in vitro investigations and field observations. Addition-
ally, an antiestrogenic activity of the PAHs in the sediment extracts resulting
in an altered vitellogenin synthesis in female Sticklebacks after exposure to
the sediment extracts can not be excluded. Effects of antiestrogens should
also be taken into consideration in the search for reasons of the fish decline
as well as effects of xenoestrogens on males.

Furthermore, exposure of fish to estrogenic or antiestrogenic compounds
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may influence (additionally to may other processes) the expression of CYPs
and thereby changing the capacity of the detoxification system. For example,
the role of altered P4501A-activities as a factor in the oxidative metabolism
of endogenous compounds has also to be kept in mind as well as the catalysis
of protoxicants, promutagens and procarcinogens to more reactive and toxic
substances by CYPs (Bucheli and Fent, 1995).

4.7 Conclusion

This study was designed to compare ex vivo EROD-assay results with in
vitro and chemical data in order to evaluate the gill EROD assay as a tool
in sediment toxicity assessment, and to estimate further reasons for the fish
decline in the upper Danube River.

A concentration-dependent induction of EROD in the gill and the liver
of sticklebacks was found for all sediment extracts. The inducing potential
of the dioxin-like compounds in the sediments is site specific and the EROD-
activities in gill and liver correlated properly. A comparison of in vitro results
of previous investigations vs. ex vivo results of the gill and the liver showed
good correlations. Chemical analysis of PAHs, PCBs and PCDD/Fs of
the sediment samples obtained in previous investigations corresponded with
EROD-activity in the gill as well as the liver. Thus, the three-spined stick-
leback and the gill EROD-assay in combination with EROD-measurement
in the liver is a suitable tool in vertebrate-based sediment toxicity assess-
ment. Different pattern in EROD-induction of male and female sticklebacks
during the reproductive phase after exposure to the sediment extracts were
obvious and possible explanations are discussed. The high concentration of
sediment-borne EROD-inducers is a possible factor contributing to the fish
decline in the upper Danube River.

Further, the results of this study stress the need of reproductive endpoints
to be incorporated in the risk assessment of sediments.

4.8 Outlook

In larger context and in order to allow for the “So What?” question (Chapman
and Guerra, 2005), it should be noted that sediment toxicity is generally of
less ecological relevance for populations than, for example, habitat changes,
habitat loss or invasive species. Considering a holistic appreciation of Ecol-
ogy and Toxicology, sediment toxicity testing and interpreting of data should
also take this high ecosystem complexity into stronger account.
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