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SUMMARY 
 

Organisms are constantly exposed to foreign chemicals which include pesticides, industrial 

chemicals, pharmaceuticals and chemicals formed by incomplete combustion. These 

contaminants are released to the aquatic ecosystem by direct discharge, atmospheric 

deposition or terrestrial run off. Consequently, aquatic organisms such as fish are exposed to 

chemicals via water, sediment and food. Especially during early developmental stages fish are 

very sensitive to chemicals. To detoxicate chemicals organisms use a biotransformation 

process involving the cytochrome P450 (CYP) enzymes, e.g. CYP1A. The induction of 

CYP1A can be determined by measuring the EROD activity. EROD activity is a well-

established, sensitive and specific biomarker for chemicals inducing CYP1A. The aim of this 

study was to test a non-destructive assay to measure EROD activity in vivo in larvae of the 

three-spined stickleback (Gasterosteus aculeatus) and to characterize the sensitivity of 

different developmental stages. Sensitivity was studied with CYP1A inducers  

(β-naphthoflavone (βNF) and benzo[a]pyren (BaP)) and suggested CYP1A inhibitors (the 

pharmaceuticals: omeprazole and ketoconazole). Another aim was to localize organs and cells 

expressing CYP1A with immunohistochemistry. EROD activity was induced with BaP or 

βNF at all tested stages. Although some individuals responded more to CYP1A inducers than 

others, no essential variations in CYP1A induction were observed between different 

developmental stages. Furthermore, inhibition of CYP1A activity was observed with the 

pharmaceuticals omeprazole and ketoconazole. Immunohistochemical analysis showed that 

CYP1A protein expression was generally inducible in the tissues of larvae and in particular in 

larval gills. We conclude that the EROD assay tested in this thesis is a suitable method for 

detecting both CYP1A inducers and inhibitors in early life stages of fish. Moreover, the assay 

with stickleback larvae is non-destructive, cheap, fast and simple. Finally, this study also 

emphasizes the sensitivity of early life stages of fish. 
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ABBREVIATIONS 
 
AhR Aryl hydrocarbon receptor  

ARNT AhR nuclear transporter 

BaP Benzo[a]pyren 

βNF β-naphthoflavone  

CYP Cytochrome P450 

DMSO Dimethyl sulfoxide 

dph Days post hatch 

ER 7-ethoxyresorufin 

HAHs Halogenated aromatic hydrocarbons 

KCZ Ketoconazole 

OM Omeprazole 

PAHs Polycyclic aromatic hydrocarbons 

PCB Polychlorinated biphenyl 

PCDD Polychlorinated dibenzo-p-dioxin 

PCDF Polychlorinated dibenzofuran

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin    
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1. INTRODUCTION 
 

1.1 Exposure of fish to chemicals 
Organisms are constantly exposed to foreign chemicals which include pesticides, 

pharmaceuticals, industrial chemicals and chemicals formed by incomplete combustion. 

These contaminants can be released to the aquatic ecosystem by direct discharge, atmospheric 

deposition or terrestrial run off. Consequently, aquatic organisms such as fish are exposed to 

chemicals via water, sediment and food (Tanguay et al., 2003). Especially during early 

developmental stages fish are very sensitive to chemicals. 

 

Some environmental contaminants are lipophilic and persistent which facilitates uptake and 

accumulation in organisms.  To detoxicate chemicals, organisms use a biotransformation 

process which makes the chemicals more water soluble and thus the organism can excrete the 

compound. In this detoxication process the cytochrome P450 (CYP) enzymes play a key role 

(Klaasen 2001; Walker et al., 2001). 

 

In eukaryotic cells, the CYP enzymes are mainly located in the endoplasmatic reticulum. The 

highest concentrations are found in the liver, but CYP enzymes are found in all tissues of 

most organisms and can be induced in many organs (liver, kidneys, intestine) (Klaasen, 2001).  

 

1.2 Induction of CYP enzymes 
The expression of the CYP enzymes can be induced by environmental contaminants.  

The induction of certain forms of CYP, the CYP1A enzymes, starts with a lipophilic 

compound entering the cell. If the compound possesses certain properties, e.g. planar and 

aromatic structure, it can bind to a cytosolic receptor called the aryl hydrocarbon receptor 

(AhR; or dioxin receptor). Several environmental contaminants have been identified as AhR 

ligands including halogenated aromatic hydrocarbons (HAHs) such as polychlorinated 

biphenyls (PCB), polychlorinated dibenzo-p-dioxins (PCDD), polychlorinated dibenzofurans 

(PCDF) and polycyclic aromatic hydrocarbons (PAHs) such as benzo[a]pyren (BaP) (fig. 1) 

(Van den Berg et al., 1998). 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) has the strongest 

affinity to the AhR and that is why the AhR is also called the dioxin receptor. Following 

binding of a ligand to the AhR, the AhR-ligand complex translocates to the nucleus and 

dimerizes with the AhR nuclear transporter (ARNT). Finally, the ARNT-AhR-ligand complex 
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induces the transcription of genes for instance coding for detoxicating enzymes (CYP1A, 

glutathion-S-transferase). Elevated synthesis of these enzymes, i.e. induction, increases 

detoxication of foreign compounds (Denison and Nagy, 2003). 

 

 
Figure 1. Structural formula of benzo[a]pyren 

1.3 Bioactivation 
Although induction of CYP enzymes leads to increased detoxication, it can also cause toxic 

responses. PAHs can be bioactivated by CYP1A, resulting in reactive metabolites which can 

be mutagenic and carcinogenic, cause DNA fragmentation and form stable DNA and protein 

adducts. Previous studies have shown adverse effects (e.g. liver tumours, chromosome 

abberations) on fish and mussels caused by reactive metabolites of PAHs (Fent, 2003). 

Furthermore, apoptosis and oxidative stress can be mediated by the AhR resulting from 

increased production of reactive oxygen species (ROS) (Klaasen, 2001). 

1.4 Fish biomarkers 
A biomarker can be defined as a biological response, which can be related to exposure to or 

toxic effects of environmental chemicals. The most commonly used biomarkers are involved 

in the detoxication of xenobiotics and their metabolites (biotransformation enzymes e.g. 

CYP1A, antioxidant enzymes). Alterations in these enzymes are used as biomarkers e.g. 

induction or inhibition (Van der Oost, 2003). 

 

The induction/inhibition of CYP1A can be measured as an increase/decrease of 7-

ethoxyresorufin O-deethylase (EROD) activity which is catalyzed by CYP1A. EROD activity 

is a well-established, sensitive and specific biomarker of exposure to AhR agonists. One 

advantage of EROD determination is that it can give warning signals because it reveals the 

presence of AhR agonists at an early stage of exposure (Bucheli and Fent, 1995). Liver-

EROD has become a common biomarker since the liver is believed to be the organ which is 

most often involved in detoxication of foreign compounds. Recently, gill-EROD was found to 

be a sensitive biomarker and an assay measuring EROD activity in gill filaments from fish 

was developed (Jönsson et al., 2002).  
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1.5 Pharmaceuticals  
In recent years, researchers have proposed that the release of pharmaceuticals into the 

environment could pose a risk to aquatic organisms. Pharmaceuticals or their metabolites 

enter the environment mainly through the sewage treatment plants and have been detected in 

sewage, surface, ground and drinking waters (Fent et al., 2006). 

 

Ketoconazole (KCZ) is a fungicide, used as a pharmaceutical in e.g. anti-dandruff shampoo 

(fig. 2). Ketoconazole has been detected in the aquatic environment and affects multiple CYP 

forms in several species. The fungicide has inhibitory effects on CYP1A and CYP3A activity 

in rainbow trout (Hegelund et al., 2004). 

 
Figure 2. Structural formula of ketoconazole. 

 

Omeprazole (OM) is used for treatment of gastrointestinal ulcers (fig. 3). It is rapidly 

metabolized but has been detected at low levels in wastewater effluent (Lepp et al., 2004). 

Omeprazole induces CYP1A in several species and inhibitory effects have been reported on 

CYP activities e.g. in rat and human microsomes (Chenery et al., 1988, Simon et al., 1991).  
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Figure 3. Structural formula of omeprazole. 

 

1.6 Sensitivity of early life stages of fish 
Early life stages of fish are considered to be very sensitive to toxicants. Previous studies 

demonstrate that dioxin-like compounds are present in both the adults and the eggs of wild 

fish (Guiney et al., 1996). Toxicants are transferred from the parent fish to the egg, but can 

also be accumulated directly in the egg from the surrounding water. The sensitivity to dioxin 
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varies between fish species. Lake trout larvae (Salvelinus namaycush) are considered the most 

and zebrafish larvae (Danio rerio) the least sensitive (Elonen et al. 1997). The toxic effects of 

dioxin-like compounds are similar across fish species which suggests a common mechanism 

of toxicity. Effects of dioxin-like compounds on early life stages include induction of CYP1A, 

yolk sac and pericardial edema, decreased growth, cardiovascular dysfunction, bleeding, 

decreased vitelline and blood circulation, craniofacial, head and spine malformation, skin 

discoloration, loss of equilibrium, apoptosis and mortality (Tanguay et al., 2003). Some of 

these signs are also described as blue sac disease. The cardiovascular system appears to be the 

first and most sensitive system affected. Finally, blue sac disease may be the result of 

oxidative stress in which peroxidation of lipid membranes leads to edema and bleeding 

(Cantrell et al., 1998).  

 

1.7 CYP1A in fish embryos and larvae 
Previous immunohistochemical studies have detected CYP1A in prehatch and posthatch 

stages of different fish species.  In prehatch stages CYP1A activity has been observed in yolk 

sac vessels (Cantrell et al., 1998; Delgado and Sarasquete, 2004; Guiney et al., 1997). In 

posthatch stages CYP1A has been observed in several tissues, including gill, liver, kidney, 

brain and blood vessels throughout the embryo (Delgado and Sarasquete, 2004; Cantrell et al., 

1998; Brinkworth et al., 2003; Binder and Stegeman, 1982; Goksøyr et al., 1991; Guiney et 

al., 1997). 
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1.8 The three-spined stickleback  
In this study the three-spined stickleback (Gasterosteus aculeatus) was chosen as a test 

species. The three-spined stickleback is a small teleost fish of the family Gasterosteidae, order 

Gasterosteiformes. The three-spined stickleback is distributed over the northern hemisphere, 

is found in almost all European countries and is abundant in limnic, brackish and marine 

environments (Bell and Foster, 1994).  

 

The stickleback has attracted attention in ecotoxicology due to its unique character of 

detecting both androgenic (induction of spiggin) and oestrogenic (induction of vitellogenin) 

action (Katsiadaki, 2002). Unlike the tropical species often used in ecotoxicological studies 

the three-spined stickleback is an indigenous species to European countries. Hence, it can be 

used in laboratory and field studies. It adapts readily to laboratory conditions and can also 

spawn in the laboratory.  

1.9 Development of the three-spined stickleback 
Swarup (1958) described some morphological characters in the development of the three-

spined stickleback. After fertilization it takes 6-8 days until hatching and four more days until 

the yolk is completely absorbed. In the next 12 days the fish assumes all essential features of 

an adult fish. The following stages (26-31) characterize stages from hatching until the juvenile 

stage (22 days posthatch) (fig. 4). 
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Figure 4. Stickleback fry in stages 26, 27, 28, 29, 30, 31, from Swarup (1958). 
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Stage 26 Hatched embryo or larva 

At hatching the larva is 3 mm in length. It is transparent, the mouth is open and the pectoral 

fins constantly move. The gut is visible and opens just behind the yolk sac. Due to the heavy 

yolk the larva lies on the side, only swimming occasionally. 

  

Stage 27 Half the yolk absorbed (1-2 days after hatching) 

The larva is about 4 mm in length. It has absorbed half of the yolk and swims freely. The head 

straightens out and allows the heart to unfold.  

 

Stage 28 All yolk absorbed; jaws formed (4 days after hatching) 

After 4 days the larva is 6 mm long and the yolk has been absorbed completely. The jaws 

develop and the mouth can be opened and closed. The fin fold is still continuous but the 

caudal fin rays start forming. The intestine straightens out and the swim bladder appears. The 

gill covers develop. 

 

Stage 29 Heterocercal tail (9 days after hatching) 

The larva is 8 mm long and has the shape of a fish. The fin fold starts to divide into dorsal, 

anal and caudal fins. The eyes are fully developed. The lateral line is visible and the snout 

elongates. 

 

Stage 30 Dorsal and fin rays; tail homocercal (16 days after hatching) 

Dorsal and anal fins are separated from the caudal fin, have a triangular form and their fin 

rays appear. The tail becomes homocercal. Pectoral fins are strong and pelvic fins are visible. 

The third dorsal and the first anal spine are present. 

 

Stage 31 First and second dorsal spines (22 days after hatching) 

The first and second dorsal spines appear. The fish has a size of 11 mm and has all essential 

characters of an adult fish.  
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1.10 Aim 
The aims of this study were: 1) to test an assay to measure EROD activity in vivo in larvae of 

the three-spined stickleback (larval-EROD assay), 2) to determine if there are variations in 

sensitivity of different developmental stages to the CYP1A inducers β-naphthoflavone (βNF) 

and BaP, 3) to test the effects of the pharmaceuticals omeprazole and ketoconazole in the 

larval-EROD assay and 4) to localize CYP1A with immunohistochemistry. 

 

 

2. MATERIALS AND METHODS 
 

2.1 Animals and egg production 
Sticklebacks (Gasterosteus aculeatus) were obtained from the coast in the south of Sweden in 

the Southern Baltic Sea in November 2006. Adult sticklebacks were kept in aquariums with a 

constant flow of copper-free tap water and mating was induced by a temperature of 18˚C and 

a photoperiod of 12 h light and 12 h darkness. Males were kept individually in aquariums and 

wool was added which was used by the males to build a nest consisting of a tunnel. In order to 

obtain eggs, females with a belly full of eggs were put into a male’s aquarium. Males attracted 

females by performing a zig-zag dance and if the female was interested, she responded by 

showing her swollen belly to the male. The female swam through the tunnel when spawning 

and the male fertilized the eggs immediately. After fertilization, eggs were removed from the 

nest, separated from each other and kept in aerated brackish water (5 g/l sea salt) at room 

temperature and a photoperiod of 12 h light and 12 h darkness. The water was renewed every 

day. Embryos hatched after 6-8 days. The larvae started feeding live brine shrimp nauplii 

(Artemia sp.) two days after hatching. 

 

2.2 Experiments  

2.2.1 Induction experiments (with βNF or BaP) 
Different posthatch stages of stickleback from sac fry to postlarval stages were exposed to 

CYP1A inducers (0 h posthatch, 2 days posthatch (dph), 4, 8, 10, 11 and 20 dph). Stickleback 

fry were exposed under static conditions in 2-l beakers containing 1 l of brackish water with 

BaP (0.1 μM) or βNF (0.001, 0.1, 1 μM). BaP and βNF were added to the water dissolved in 

acetone with a final solvent concentration of 20 ppm. Exposure time was 24 h. Control 

beakers contained brackish water with solvent. The medium was aerated and the fish were 
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exposed in room temperature with a photoperiod of 12 h light and 12 h darkness. All groups 

of this experiment consisted of 12 individuals. 

 

2.2.2 Inhibition experiments (with ketoconazole or omeprazole) 
Inhibition studies were performed in a similar way as the induction studies. First 10 dph 

larvae were exposed to βNF (0.1 μM) for 24 h. After βNF exposure, groups with 

pharmaceutical exposure were exposed for 2 h to three different concentrations of omeprazole 

(2, 10 and 50 μM) in 50 ml brackish water or to ketoconazole (0.2, 1 and 5 μM) in 10 ml 

brackish water. Omeprazole and ketoconazole were dissolved in dimethyl sulfoxide (DMSO) 

and the final solvent concentration was 1000 ppm. Control beakers contained brackish water 

with solvent. Groups in the omeprazole experiment consisted of 12 individuals and in the 

ketoconazole experiment of 9 individuals. 

 

2.3 Larval-EROD assay 
After exposure larvae were transferred to a 12-well culture plate (fig. 5). To each well 0.7 ml 

of 7-ethoxyresorufin (ER) (1 μM) diluted in brackish water was added. The ER solutions of 

the inhibition experiment were supplemented with the same pharmaceutical concentrations as 

previously used during exposure.  After 20 min of preincubation with continuous shaking, ER 

was replaced by 1.2 ml new ER solution. After 10, 20, 40, 60 and 80 min 0.2 ml aliquots were 

transferred from each well to a Fluoronunc 96-well plate. Resorufin standard solutions (0 nM- 

250 nM) were prepared from a stock solution (0.1 mM in methanol) diluted in brackish water. 

Duplicate 0.2 ml aliquots of the resorufin standard solutions were included on each plate. The 

fluorescence was determined in a Wallac Victor3 1420 Multilable Counter (Perkin Elmer) at 

the wavelengths 544 nm (ex) and 590 nm (em). EROD activity was calculated and expressed 

as picomole of resorufin per larva and minute. The assay was performed in room temperature. 

At the end of the assay larvae were killed with benzocaine (0.125 g/l). 
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Figure 5. 12-well culture plate with stickleback larvae used in the larval-EROD assay. 

 

2.4 Immunohistochemistry 
For immunohistochemical studies, adults were exposed to βNF (1 μM) for 24 h and 10 dph 

larvae to βNF (0.1 μM) or BaP (0.1 μM). Fish were then fixed for 24 h in Saint Marie’s 

fixative (1% glacial acetic acid and 99% ethanol (v/v)). Then larvae were washed in 70% 

ethanol and stored in ethanol at room temperature. The larvae were embedded in paraffin, 

sectioned (3 μm) and mounted. Briefly, the sections were deparaffinized in xylene and 

rehydrated stepwise in alcohol. The sections were treated with 30% (v/v) hydrogen peroxide 

in methanol and steam-heated citrate buffer (pH 6.7; 30 min). Between the last two steps the 

sections were washed three times with phosphate-buffered saline (PBS), pH 7.4.  After 

incubation with 10% (v/v) horse serum for 20 min the slides were drained. All slides were 

covered with primary antibody (mouse-anti-fish CYP1A, rainbow trout monoclonal antibody 

C10-7 obtained from Biosense, Bergen, Norway) diluted 1:500 in PBS except the negative 

control which was covered with mouse IgG diluted 1:500 in PBS. The slides were kept at 4˚C 

overnight. The next day, the slides were incubated with biotinylated secondary horse-anti-

mouse IgG (1:500 in PBS + 5 % horse serum, (v/v); 40 min, obtained from Vector 

Laboratories, Burlingame, CA, USA). The slides were washed in PBS and incubated with a 

streptABComplex (DAKO) for 30 min. Labelling was visualized using a mixture of AEC 

solution (Sigma) (6% v/v), Photo flo (0.2% v/v) and hydrogen peroxide (0.2% v/v) in acetate 

buffer (0.1 M). Finally, the sections were washed in water and mounted. 
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2.5 Statistics 
All statistics were performed with Graph Pad Prism 4.0 (Graph Pad Software, San Diego, 

USA). One-way analysis of variance (ANOVA) was chosen in section 3.3.2 to test for 

possible differences in EROD activity between groups of different developmental stages. 

Kruskal-Wallis test was chosen in section 3.4 followed by a Dunn’s post test to compare the 

individual groups. Results are presented as mean and standard deviation. A probability level 

of p < 0.05 was considered significant. 

 

 

3. RESULTS  
 

3.1 Control 
Generally, EROD activity in the control groups was not detectable. In some controls, a low 

activity was found. 

3.2 Induction experiments 
βNF and BaP induced the CYP1A activity and EROD was detectable in all embryos and 

larvae in the βNF- or BaP- treated groups. For all induced groups EROD activity was linear 

over the assay time (R2 > 0.9).  A stronger CYP1A induction response was observed with βNF 

than with BaP (fig. 6).  A concentration-dependent induction of EROD was observed for βNF 

(fig. 7) and maximal induction was found at a βNF concentration of 0.01 μM (data not 

shown).   
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Figure 6. EROD activities (pmol resorufin/min/larva) of 10 dph larvae after 24 h of exposure to βNF (1 μM) or  

BaP (1 μM) (n=12) in 1 l brackish water. EROD activity in the control group was not detectable. 
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Figure 7. EROD activities (pmol resorufin/min/larva) of 10 dph larvae (n=12) after 24 h of exposure to βNF 

(0.001, 0.1, 1 μM) or BaP (1 μM) in 1 l brackish water. EROD activity in the control group was not detectable. 

 

3.3 Induction at different developmental stages  

3.3.1 Induction with BaP 
No essential difference in EROD activity was observed between 0 h, 2, 6, 8, and 20 dph 

larvae exposed to BaP (fig. 8). At 4 and 10 dph some fry showed higher EROD activity than 

others and consequently the standard deviations were large.  
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Figure 8. EROD activities (pmol resorufin/min/larva) of stickleback at different developmental stages (0 h, 2, 4, 

6, 8, 10 and 20 d=days post hatch ; n=12). Fry were exposed for 24 h to BaP (0.1 μM) in 1 l brackish water. In 

the control groups activity was not detectable at any stage.  
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3.3.2 Induction with βNF 
Mean EROD activities were not significantly different between 4, 10 and 18 dph larvae 

exposed to βNF (ANOVA, p > 0.05). Some larvae responded more than others and thus 

standard deviations were large (fig. 9) 
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Figure 9. EROD activities (pmol resorufin/min/larva) of stickleback in different developmental stages (4, 10 and 

18 d=days post hatch ; n=10). Fry were exposed for 24 h to βNF (0.1 μM) in 1 l brackish water. In the control 

groups activity was not detectable at any stage. 

 

3.4 Inhibition experiments with ketoconazole and omeprazole 
Mean EROD activities of fish treated with βNF + omeprazole and βNF-treated groups were 

significantly different (Kruskal-Wallis p < 0.05) (fig. 10). In the highest concentration of 

omeprazole (50 μM) EROD activities were lower and differed significantly from the activities 

in the βNF-treated group (Dunn’s p < 0.05). The same pattern was observed for ketoconazole  

(fig. 11). Mean EROD activities of fish treated with βNF + ketoconazole and βNF-treated 

groups were significantly different (Kruskal-Wallis p < 0.05) and in the highest concentration 

of ketoconazole EROD activities differed significantly from the activities in the βNF-treated 

group (Dunn’s p < 0.05). 
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Figure 10. EROD activities of control, βNF-exposed larvae and larvae with combined βNF and omeprazole 

exposure (n=12; OM=omeprazole). Larvae were exposed to βNF (0.1 μM) for 24 h in 1 l brackish water. After 

βNF exposure, groups with combined βNF and omeprazole exposure were exposed for 2 h to three different 

concentrations of omeprazole (2, 10 and 50 μM) in 50 ml brackish water, * significantly different from the βNF-

treated group (Dunn’s test, p < 0.05). In the control group EROD activity was not detectable. 
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Figure 11. EROD activities of control, βNF-exposed larvae and larvae with combined βNF and ketoconazole 

exposure (n=9; KCZ=ketoconazole). Larvae were exposed to βNF (0.1 μM) for 24 h in 1 l brackish water. After 

βNF exposure, groups with combined βNF and ketoconazole treatment were exposed for 2 h to three different 

concentrations of ketoconazole (0.2, 1 and 5 μM) in 10 ml brackish water, * significantly different from the 

βNF-treated group (Dunn’s test, p < 0.05). In the control group EROD activity was not detectable. 
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3.5 Immunohistochemistry 

3.5.1 Adult stickleback 
CYP1A was weakly expressed in untreated adult sticklebacks (fig. 12a-c). In βNF-exposed 

adult stickleback CYP1A was induced in kidney, liver, and gill (fig. 12d-f), and weak staining 

was also found in the intestine (not shown). 

 

 

a) Kidney untreated b) Liver untreated c) Gill untreated 

d) Kidney βNF e) Liver βNF f) Gill βNF

Figure 12. Cytochrome P4501A immunohistochemistry of unexposed adult stickleback placed in a 

beaker with 1 l copper-free tap water for 24 h: a) kidney, b) liver, c) gill. Stickleback exposed to βNF 

(1 μM) during 24 h: d) kidney, e) liver, f) gill. 

 

3.5.2 Stickleback larvae 
In general, CYP1A staining was weaker in larval than in adult stickleback.  

In 10 dph larvae staining was observed in control, βNF- and BaP- induced fry. In control 

larvae (fig. 13a), a general background staining was observed throughout the tissues of the 

embryo and in the retina.  In BaP-exposed fry (fig. 13b), strongest CYP1A immunostaining 

was observed in gill and weaker staining was found in skin, retina and throughout the tissues 

of the embryo. No pronounced CYP1A staining was found in the liver. In βNF-exposed larvae 

(fig. 13c), CYP1A activity was found in gill, retina and throughout the tissues of the embryo. 
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a) untreated 

skin 

gill 

liver 

b) BaP 

 gill 

c) βNF 

Figure 13. Cytochrome P4501A immunohistochemistry of 10 dph stickleback fry: a) unexposed fry, b) fry 

exposed for 24 h to BaP (0.1 μM), c) or to βNF (0.1 μM). 
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4. DISCUSSION 

 

4.1 Sensitivity of different developmental stages 

Effects of dioxin-like compounds on embryos during egg development have been reported. In 

many fish species though, toxicity signs and mortality are first observed after hatching 

(Tanguay et al., 2003). The reason for this delayed toxicity is unclear, but it is possible that 

the chorion provides a protection against exposure to contaminants, as has been observed for 

PAHs in rainbow trout eggs (Brinkworth et al., 2003).  

 

Not only toxicity signs and mortality but also the activity of the biotransformation enzyme 

CYP1A increases considerably after hatch. This phenomenon has been observed in several 

fish species for basal and induced activity (Binder and Stegeman, 1985; Goksøyr et al., 1991; 

Binder and Lech, 1984; Sarasquete and Segner, 2000; Monod et al., 1996; Tanguay et al., 

2003). There are various theories for this, one is that the AhR or ARNT proteins in later 

developmental stages are different in number, nature or function (Whitlock et al., 1996). 

Another hypothesis is that CYP1A mRNA is first translated to CYP1A protein after hatch 

(Guiney et al., 2000). The presence of cytochrome P450 activity in early life stages of fish 

may facilitate the elimination of lipophilic compounds but may also contribute to the 

formation of activated metabolites and toxic lesions (Binder and Stegeman, 1983).  

 

Moreover, the absorption of the yolk has been described as a sensitive period in several fish 

species. When fish are exposed to lipophilic compounds during embryonic development, 

these compounds are proposed to accumulate in the lipophilic yolk. Stouthart (1998) proposed 

that as long as lipophilic compounds are stored in the yolk sac they are not immediately 

available for toxic action, since these compounds are likely bound to the triglyceride fraction, 

which is not used up until the final stages of yolk absorption. But after the yolk has been 

completely absorbed, these componds are transferred from the yolk to the larvae and can then 

cause toxic responses (Binder et al., 1985; Goksøyr et al., 1991; Stouthart et al., 1998).  
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Should a xenobiotic chemical enter the organism there are two forms of defence: First 

resistance to oxidative stress caused by the chemical by antioxidants (e.g. vitamin E) and 

secondly the biotransformation process described earlier including detoxication (e.g. CYP) 

and excretion (Brinkworth et al., 2003). If the levels of antioxidant molecules are low the 

defence against oxidative stress is also low. Consequently, this may lead to cell damage or 

cell death. Oxidative stress can also be the result of elevated CYP1A activity generating 

reactive oxygen species (Park et al., 1996). Juvenile and adult fish are proposed to have a 

better resistance to oxidative stress due to higher levels of antioxidants (Finn, 2007; 

Brinkworth et al., 2003). In larvae, the antioxidant supply is finite since it is transferred from 

the mother (Brinkworth et al., 2003). Therefore, continuous exposure to compounds inducing 

oxidative stress, depletes their defence system and results in toxicity e.g. mortality and edema.   

 

In the present study, CYP1A activity was not detectable in the control groups and 

consequently basal activity is very low in post hatch stages of stickleback larvae. However, in 

induced groups, CYP1A induction was observed at all tested stages. βNF seemed to be a more 

potent CYP1A inducer than BaP. Although some individuals responded more to CYP1A 

inducers than others, no essential variations in CYP1A induction were observed between 

different developmental stages. Hence, we did not determine one specific critical period in the 

post hatch stages of the three-spined stickleback. We believe that the different responses are 

due to individual differences and not due to different developmental stages. The fact that all 

tested stages of the three-spined stickleback responded to CYP1A inducers emphasizes the 

sensitivity of early life stages of fish.  

 

4.2 Larval-EROD assay  
Enzymatic activities such as cytochrome P4501A can be detected early during the embryonic 

stage of fish. The method which has been used in earlier studies is based on EROD activity 

measurements on S9 or microsomal fraction of larvae homogenate. Several fish species have 

been used to study this biomarker e.g. zebrafish (Danio rerio), rainbow trout (Oncorhynchus 

mykiss), turbot (Scophthalmus maximus L.) and medaka (Oryzias latipes) (Billiard et al., 

2004; Koponen et al., 1998; Peters and Livingstone, 1995; Chen and Cooper, 1999). Few 

methods have been developed to perform EROD activity measurements using whole living 

organisms (Noury et al., 2006). In the present study a non-destructive method was developed 

to measure biotransformation activity in living stickleback larvae. The in vivo method with 
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stickleback is not directly comparable to an enzymatic assay, because of the numerous 

processes involved (uptake, phase I and II metabolism, excretion).  However, it seems to be a 

sensitive tool for detecting CYP1A inducers and inhibitors in early life stages of fish. 

Although EROD activities measured in larvae with this assay are lower than in the liver or 

gill-EROD assay of adult fish, maximal induction was observed at a βNF concentration of 

0.01 μM, which is a fairly low concentration. 

 

4.3 Inhibition  
Results from previous studies have shown that EROD activity can be inhibited in larvae of 

fish. Monod (1996) found that α-naphtoflavone inhibited EROD activity in microsomal 

fractions of charr (Salvelinus alpinus), grayling (Thymallus thymallus) and whitefish 

(Coregonus lavaretus) larvae. An inhibitory effect has been demonstrated for ketoconazole on 

CYP1A and CYP3A activity in rainbow trout liver microsomes (Hegelund et al., 2004). 

Omeprazole has earlier been characterized as an inhibitor of cytochrome P450 enzymes in rat 

(Chenery et al., 1988, Simon et al., 1991) and human (Zomorodi and Houston, 1996). In gills 

of adult stickleback, CYP1A activity is inhibited by both omeprazole and ketoconazole 

(Abrahamson, in preparation).  

 

Results from this study indicate that omeprazole and ketoconazole inhibit CYP1A activity in 

stickleback larvae. Ketoconazole seems to cause a stronger inhibition at lower concentrations 

than omeprazole and is thus the more potent inhibitor. This finding is consistent with previous 

studies on rat microsomes and gills of stickleback (Zomorodi et al., 1997; Abrahamson, in 

preparation). The inhibitory effect of ketoconazole and omeprazole is more pronounced in the 

gill-EROD assay (Abrahamson, in preparation) than in the larval-EROD assay with 

stickleback (this study). These results indicate that the larval-EROD assay is a less sensitive 

tool for detecting CYP1A inhibitors. The CYP1A enzymes are important in detoxication of 

PAHs and other compounds. Therefore, exposure to substances that inhibit CYP activity such 

as ketoconazole or omeprazole can interfere with the detoxication and bioactivation of PAHs.  

 

4.4 Immunohistochemistry  
A general background staining of the embryo made it difficult to distinguish between specific 

and unspecific binding. Staining in the retina of control and treated groups was probably due 

to unspecific binding. Yet, results show that CYP1A was inducible in gills of BaP or βNF- 
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exposed larvae. These results are consistent with previous immunohistochemical studies on 

killifish embryos (Toomey et al., 2000; Elskus et al., 1999). The gills can take up lipophilic 

contaminants and the prevalence of CYP1A expression in the gills strengthens its role in 

detoxifying contaminants already in larval stages of stickleback (Smolowitz et al., 1992). 

Besides the gills, CYP1A induction was not localized to any specific organ and e.g. the liver 

did not show any pronounced staining. For that reason we suggest that activity is evenly 

spread throughout the tissues of the embryo. Comparing larval and adult stickleback, the 

distribution of CYP1A seems to differ. Whereas CYP1A induction in adult stickleback could 

be clearly localized to gill, liver, kidney and intestine, larval CYP1A was more evenly 

distributed. 

 

4.5 Comparison of stickleback and zebrafish 
In this assay, the stickleback seems to be more sensitive to CYP inducers than the zebrafish. 

The lowest βNF concentration causing an EROD activity induction in a similar method with 

zebrafish was 0.0037 μM (Noury et al., 2006) while in stickleback a profound induction was 

still detectable at 0.001 μM (this study). In our method a linear EROD activity for 1 h 20 min 

of exposure to ER was obtained, which is a shorter time compared to the assay with zebrafish 

where 6 h were necessary. Another reason why stickleback could be a more feasible test 

species than zebrafish is that induced EROD activities are higher in stickleback than in 

zebrafish. In zebrafish, basal and induced EROD activities decrease with age during 

development which is not the case in stickleback (Noury et al., 2006). For this reason, the 

stickleback can be used to test CYP1A inducers/inhibitors in all developmental stages and is 

therefore a good tool to evaluate responses over the whole larval development.  

 

 

5. CONCLUSIONS 
 

In summary, according to the observations from our study, no major changes in the CYP1A 

activity occur from the early yolk-sac phase until the juvenile phase. The results from the 

enzymatic assay and the immunohistochemical analysis show that CYP1A is inducible 

already in larval stages of stickleback. The current experiments also demonstrate that 

pharmaceuticals can inhibit enzymatic activities in developmental stages of fish. Inappropriate 

activation of CYP enzymes may cause complications in the developing embryo and the 
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effects on e.g. later stages are unclear. Hence, the release of such pollutants to the aquatic 

environment should be prevented in order to protect fish during their early development. 

 

The developed assay is a suitable method for detecting CYP1A inducers or inhibitors. 

Moreover, the method is non-destructive, cheap, fast and easy to perform. As the three-spined 

stickleback is indigenous in various marine and fresh waters of Europe this assay is a 

promising model for studying chemical effects on early life stages of fish in European waters. 

In conclusion, this study confirms that early life stages of stickleback are sensitive to 

environmental contaminants. 
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