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ABSTRACT 

 
THE EFFECTS OF ENVIRONMENTAL CONTAMINANTS ON THE STRESS RESPONSE 

OF RAINBOW TROUT (Oncorhynchusmykiss) AND  
BROWN BULLHEAD (Ameiurusnebulosus)  

 
 
 
Steve Dong Cho              Advisor: 
University of Guelph, 2012           Professor Nicholas J. Bernier 
 
 
 

The accumulation of persistent contaminants is a significant issue for the health of aquatic 

environments. This study aims to determine the effects of polycyclic aromatic hydrocarbons 

(PAH) on the stress response of fish by monitoring plasma cortisol levels and the expression of 

key hypothalamic-pituitary-interrenal (HPI) stress axis regulators.  Injection of benzo(a)pyrene 

(BaP), a ubiquitous PAH, induced a differential dose- and time-dependent cortisol response in 

rainbow trout and brown bullhead.  BaP exposure also elicited a species-specific transcriptional 

response at all levels of the HPI axis.  Similarly, the HPI axis response to a standardized 

emersion stressor revealed species-specific differences.  In the field, exposure of different brown 

bullhead populations to sediment with complex PAH mixtures did not consistently affect cortisol 

levels and provided no evidence of genetic adaptation of the stress response.  Thus, future studies 

are needed to bridge the gap in our understanding between the laboratory and field effects of 

PAHs on the stress response of fish. 
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CHAPTER 1 

General Introduction 

Polycyclic aromatic hydrocarbons (PAH) are produced by anthropogenic activities through 

the process of incomplete combustion.  They are often found to accumulate where there is a high 

population density and intensive industrial activity (LaFlamme and Hites, 1978).  

Benzo(a)pyrene (BaP), is often used as a model PAH and this persistent organic pollutant, is 

commonly found in aquatic ecosystems through runoff, environmental deposits and from 

industrial uses (Latimer and Zhang, 2003; Drouillard et al., 2006; Hylland, 2006).  Although 

decreases in the input of these chemicals have occurred, levels of PAH concentrations remain 

high due to degradation resistance.   Additionally, PAHs such as BaP are lipophilic and thus can 

bioaccumulate in fish to higher levels than environmental exposures.  Since BaP is highly 

persistent and lipophilic, many studies have documented the effects of this pollutant on the 

aquatic environment and the organisms that live in it.  In fish, for example, BaP has been shown 

to have genotoxic effects (Hendricks et al., 1985; Pacheco and Santos 2001; reviewed in Babich 

and Borenfreund, 1991) and to impair both reproduction (Nicolas, 1999; Tilghman and Oris, 

1991) and growth (Heintz et al., 2000; Meador et al., 2006).  Similarly, chronic stress has been 

found to be maladaptive to growth, reproduction, immune function, hydromineral balance and 

the overall fitness of fish (reviewed in Mommsen et al., 1999; Sapolsky et al., 2000).  As such, 

understanding the impact of PAHs on the regulation of the stress response in fish may help us 

determine how persistent toxicants affect the physiology and well being of fish.  Surprisingly, 
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however, despite its prevalence in the aquatic environment, there is very little known about the 

effects of BaP on the stress response in fish.  

Homeostasis, a state of dynamic equilibrium whereby physiological variables are maintained 

within a regulated range, is critical for proper functioning of the body.  Disturbances to 

homeostasis can be considered stressors (Wendelaar Bonga, 1997).  Although homeostasis is a 

dynamic system, maintenance and regulation of physiological variables within an acceptable 

range is very costly for animals.  Stressors can have an impact at the cellular, tissue, organ and 

the whole animal levels.  At the whole animal level, most stressors in fish are associated in an 

activation of the hypothalamic-pituitary-interrenal (HPI) axis.  Activation of the HPI axis 

ultimately results in the secretion of glucocorticoids, of which cortisol is main product in teleosts 

(Wendelaar Bonga, 1997).  This thesis focuses specifically on the impact of the pollutant BaP on 

the cortisol stress response in fish.  Although rainbow trout (Oncorhynchus mykiss) are one of 

the most widely used fish species to study the physiology of fishes, it may not be representative 

of all fish species.  Brown bullheads (Ameiurus nebulosus) provide a good contrast to rainbow 

trout in the study of the stress response to PAHs because of their benthic lifestyle and population 

dynamics.   

The Hypothalamic-Pituitary-Interrenal (HPI) Axis 

The HPI axis controls the secretion of corticosteroids (Figure 1) (Hontela, 1998; Hontela, 

2005; Mommsen et al., 1999; Wendelaar Bonga, 1997).  In response to a stressor, the stress-

sensitive neurocircuitry of the brain stimulates the corticotropin-releasing factor (CRF) neurons 

of the preoptic area.  These hypophysiotropic neurons project to the pituitary where CRF is 

released. CRF in return acts on the corticotropic cells of the pituitary to stimulate the expression 

of the pre-prohormone pro-opiomelanocortin (POMC) as well as the secretion of the POMC 
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product adrenocorticotropic hormone (ACTH) (Bernier et al., 2009).  Circulating ACTH 

subsequently acts on the interrenal cells of the head kidney to stimulate the synthesis and 

secretion of cortisol into the plasma.  The interrenal tissue within the head kidney of fish is 

analogous to that of the adrenal cortex in mammals. 

Through a broad number of actions on peripheral tissues, cortisol contributes to the 

restoration of the organism’s homeostatic balance.  This is accomplished, in part, by increasing 

the availability of energy to essential organs and physiological functions and by decreasing the 

amount of energy expended on non-essential processes.  For example, cortisol has been found to 

increase liver glucose production, stimulate the catabolism of proteins and lipids for 

gluconeogenesis (De Boeck et al., 2001; Aluru and Vijayan, 2007), and suppress activities 

related to growth, food intake, digestion and reproduction (Sapolsky et al., 2000; Peterson and 

Small, 2005; Bernier et al., 2009).  Corticosteroids regulate these physiological processes 

primarily by modulating the gene expression of key regulatory proteins (Mommsen et al., 1999).  

Cortisol also acts as a negative feedback inhibitor at the level of the hypothalamus and pituitary 

by inhibiting the release of CRF and ACTH, respectively (Bernier et al., 2009).  This negative 

feedback loop is essential and effective in regulating circulating plasma cortisol levels. 

CRF is a key neuropeptide responsible for the activation of the HPI axis.  It is primarily 

produced in the neurons of the hypothalamic nucleus preopticus (NPO) which project to the 

pituitary to induce the synthesis and release of ACTH.  CRF belongs to a family of peptides that 

also includes urotensin 1 (U1) and urocortin 3 (UCN3) in fish.  These neuropeptides have 

distinct distribution patterns and functions with varying degree of overlap (Lovejoy and Balment, 

1999; Alderman et al., 2009).  While the primary role of CRF is to regulate the HPI axis in fish, 

it is also involved in a variety of other functions such as the control of feeding (Bernier and Peter, 
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2001), pituitary thyroid-stimulating hormone (TSH) secretion (Larsen et al., 1998), locomotion 

(Bosch et al., 1995) and reproduction (Mohammad et al., 1998).  While the bioavailability of 

CRF is moderated by CRF binding protein (CRF-BP), its actions are mediated by CRF receptors 

(Flik et al., 2006).  There are two main CRF receptor subtypes, CRF-receptor 1 (CRF-R1) and 

CRF-R2.  Although both CRF-R1 and -R2 are important for the stress response, pituitary CRF-

R1 is known as the primary receptor stimulating the release of ACTH (Flik et al., 2006).  CRF-

R2 is involved in other stress-related physiological and behavioral responses such as the control 

of vasucular tone, feeding and anxiety-like behaviors (Flik et al, 2006).  In mammals, mice 

deficient in CRF-R1 showed impairment of the stress response while CRF-R2 deficient mice 

were hypersensitive to stress (Smith et al., 1998; Pelleymounter et al., 2000).  In brown bullheads, 

a third receptor subtype, CRF-R3, has been identified (Arai et al., 2001).  CRF-R3 is structurally 

similar to CRF-R1 but has a distinct distribution pattern.  The role of CRF-R3 has not been fully 

elucidated but due to its high expression in the pituitary, it is postulated to have an important role 

in ACTH secretion (Arai et al., 2001).  

The main function of the interrenal cells in the head kidney is to synthesize cortisol.  As such 

the interrenals house several enzymes responsible for the production of corticosteroids (Figure 2).  

The steroidogenic acute regulatory (StAR) protein regulates the entry of cholesterol, the 

precursor to cortisol, into the inner mitochondrial membrane.  While not a part of the 

corticosteroidogenic pathway, StAR is a crucial protein for cortisol synthesis by controlling 

substrate availability (Stocco, 2000).  Cortisol is then synthesized from cholesterol through a 

series of steps on the inner mitochondrial membrane.  The first and rate limiting step of cortisol 

synthesis is achieved via the cytochrome P450 side chain cleavage (CYP11A or P450scc) 

enzyme.  CYP11A cleaves a side chain from cholesterol to produce pregnenolone (Farkash et al., 
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1986).  Through a series of additional enzymatic steps, pregnenolone is gradually transformed 

into 11-deoxycortisol.  Finally, cytochrome P450 11 β-hydroxylase (CYP11B or 11 β-

hydroxylase) converts 11-deoxycortisol to cortisol (Lehoux et al., 1972).  CYP11B is the last 

enzyme to act within the corticosteroidogenic pathway.  Together, StAR, CYP11A and CYP11B 

are considered key regulatory proteins for cortisol synthesis, either through the control of the 

substrate availability or enzymatic involvement (Mommsen et al., 1999).  As such, these key 

regulatory proteins are excellent markers for quantifying alterations in cortisol synthesis (Hagen 

et al., 2006). 

The activity of the HPI axis can be indirectly assessed by measuring the gene expression of 

key proteins at different levels of the axis. The key hypothalamic neuropeptide released in 

response to a stressor is CRF.  Increases in CRF gene expression have been observed in response 

to various stressors (Bernier et al., 2008; Chen and Fernald, 2008; Fuzzen et al., 2010).  In 

contrast, stressors have been associated with a reduction in the expression of CRF-R1 (Huising et 

al., 2004) and CRF-R2 (Backstrom et al., 2011).  Stressors can also cause an increase in the 

pituitary expression of POMC (Fuzzen et al., 2010; Karsi et al., 2005; Leder and Silverstein, 

2006).  Finally, at the level of the interrenal tissue, stressors have been shown to affect the gene 

expression of StAR, CYP11A and CYP11B (Aluru and Vijayan, 2004; Fuzzen et al., 2011; 

Geslin and Auperin, 2003; Hontela, 2005).  While the complexity of the HPI axis allows for a 

highly controlled reaction that is tailored to the properties of the disturbance, it also increases the 

possibility that exogenous factors may interfere with the intricate mechanisms that regulate the 

endocrine stress response.   

In general, endocrine disruptors such as metals and organic pollutants are very complex in 

their mode of action (Aluru et al., 2005; Hontela, 2005).  They act at all levels of the organism 
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and can also pose differing effects depending on their dose and duration of exposure (Hontela, 

2002).  Endocrine disruptors can cause antagonistic or additive effects at different levels of 

systemic organization making it very difficult to analyze the overall impact (Sapolski et al., 2000; 

Karsi et al., 2005).  Exposure duration can also cause significantly different stress responses in 

fish.  While endocrine disruptors can act as simple acute stressors that challenge homeostasis, 

prolonged exposure to some contaminants can desensitize the response to future stressors 

(Hontela, 2002). Environmental factors like temperature and photoperiod, or physiological 

factors related to the status of the fish such as reproductive status, age and life stage have all 

been shown to affect the physiological impact of environmental contaminants (Barton et al., 

1985; Davis et al., 1984; Kennedy and Walsh, 1991; Kennedy et al., 1989; Pangrekar et al., 1995; 

Pottinger et al., 1995; Smolarek et al., 1988; Weil et al., 2001).  Finally, there are also numerous 

examples of species-specific differences in the response to environmental pollutants (Araujo et 

al., 2000; Sikka et al., 1990; Willett et al., 2000; Yuan et al., 1997).  

Brown Bullheads as a Model Organism 

Most of our current knowledge about the impact of PAHs on the endocrine stress response in 

fish is based on studies of salmonids, particularly rainbow trout(Gesto et al., 2008; Tintos et al., 

2008).  In general, there is a lack of knowledge regarding the stress physiology of most wild fish 

that do not have a direct economic impact.  Particularly those fish such as brown bullheads may 

serve as a good contrast if not an insight into how different fish species can react to 

environmental stressors (Araujo et al., 2000, Busch et al., 2004).  The brown bullhead is a native 

species to the aquatic environments of southern Ontario and eastern United States but can now 

be found throughout the continental U.S. as well as southern Canada (Wheeler, 1978).  They are 

commonly found in a variety of aquatic habitats from small and shallow ponds to large slow 
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moving lakes.  Brown bullheads are benthic fish that can be found living in relatively poor 

aquatic environments, such as stagnant areas with low O2, high CO2 and with high toxicant 

concentrations.  Benthic fishes such as brown bullheads are particularly interesting for studying 

the effects of pollutants because they are exposed to higher levels of pollutants compared to 

pelagic fishes (Bowser et al., 1991; Iwanowicz et al., 2009; Poulet et al., 1994).  Contaminants, 

such as BaP, settle to the bottom of lakes and rivers because of their large molecular weight and 

lipophilicity.  PAHs can remain in sediment for a very long time until stirred up, ingested, and 

metabolized by fish like brown bullheads.  Although considered to be a hardy fish, amongst 

catfish brown bullheads are very sensitive to PAH exposures resulting in higher occurrence of 

neoplasms (Willett et al., 2000).  Interestingly, however, the glucocorticoid response of brown 

bullheads to PAH contaminants or to a standardized stressor in a laboratory setting have not been 

previously characterized.  

Effects of PAH and BaP with respect to stress physiology 

PAHs can be found throughout the environment and both trophic and aqueous uptakes have 

been found to be important contributors of toxicant exposure in fish (Wang and Wang, 2006).  

PAHs have been quite extensively studied and their effects on genotoxicity (reviewed in Babich 

and Borenfreund, 1991), reproduction (Tilghman and Oris, 1991), growth (Meador et. al, 2006) 

and apoptosis (Busch et al., 2004) in fish have been examined.  Stressors are also known to affect 

all of these physiological processes.  For example, stressors have been shown to affect the 

susceptibility of an organism to genetic mutations, to inhibit reproduction and growth, as well as 

impair immune functions, energy metabolism, osmoregulation and even behaviour (reviewed in 

Mommsen et al., 1999; Sapolsky et al., 2000; Pankhurst, 2011).    However, to what extent the 
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physiological impact of environmental contaminants results from an activation or disruption of 

the endocrine stress response in fish is largely unknown. 

In general, exposures to PAHs in fish have been shown to inhibit the synthesis of cortisol and 

to stimulate its secretion.  The impact of PAHs on cortisol synthesis and release has been most 

extensively studied in rainbow trout (Aluru and Vijayan, 2006; 2004; Aluru et al., 2005; Gesto et 

al., 2008; Tintos et al., 2008).  The cause of depressed cortisol production was postulated to be 

the activation of aryl hydrocarbon receptor (AhR)-mediated reactions by PAH (Aluru and 

Vijayan, 2006, 2008; Aluru et al., 2005).  AhR activation is commonly known to activate genes 

responsible for the metabolism of ligands such as PAH (Barron et al., 2004; Billiard et al., 2002).  

However, AhR activation has also been shown to specifically inhibit StAR and CYP11A, key 

enzymes involved in corticosteroidogenesis (Aluru and Vijayan, 2006; 2004; Aluru et al., 2005).  

In contrast, the mechanism by which PAH exposure causes an increase in plasma cortisol levels 

is not known.  Although Aluru and Vijayan (2004) suggested that the PAH-elicited increase in 

plasma cortisol may be due to a decrease in cortisol clearance capacity, this hypothesis has yet to 

be tested 

 In fish, BaP, a ubiquitous PAH (Hendricks et al., 1985), has been shown to reduce growth 

rate and cause anemia (Kim et al., 2008), elicit reproductive and developmental dysfunction 

(Dong et al., 2008; Hoffman and Oris, 2006), decrease immune function (Carlson et al., 2002) 

and stimulate apoptosis (Weber and Janz, 2001).  Since BaP must initially be metabolized to 

elicit its effects as a carcinogen and mutagen, the analysis of the effects of BaP may be obscured 

by the complex nature of the metabolization process (Harvey, 1985, Sikka et al., 1990).  While 

the ultimate carcinogenic metabolite of BaP has been postulated to be 7,8-diol-9,10-epoxide 

(Thakker et al., 1978), interspecies differences in BaP metabolite patterns resulting in different 



 9 

toxicity profiles have previously been observed (Swain and Melius, 1984; Thornton et al., 1982).  

In general, although there is a considerable amount of literature on how BaP is metabolized 

(Hornung et al., 2007; Kennedy et al., 1990; Kleinow et al., 1998; Lemaire et al., 1990; 

Pangrekar et al., 1995; Sikka et al., 1990), the specific effects of BaP on the endocrine stress 

response are poorly understood. 

 While there is a considerable amount of information on the impact of PAHs on the 

glucocorticoid stress response, most of the information is specific to the effects of β-

naphthoflavone (BNF), a PAH-like compound.  BNF is often used as an alternate chemical to 

BaP because BNF is also an AhR agonist that is an aquatic pollutant but is not a potent 

carcinogen or mutagen.  BaP is a ubiquitous PAH but there is insufficient evidence to universally 

relate effects of other PAHs to it because of variety in shape, molecular weight and AhR 

activation potency (Barron et al., 2004).  Although both BaP and BNF injections in rainbow trout 

induced an increase in plasma cortisol, they had a differential impact on energy metabolism 

(Barron et al., 2004; Tintos et al., 2008). Therefore the variability in toxicity and physiological 

effects between BaP and BNF makes direct association impractical and unwarranted.  The 

ubiquitous nature of BaP and the insufficient understanding about its effects requires much 

needed attention. 

 Fish are internally exposed to PAHs through ingestion of water or sediment and through 

feed (Boleas et al., 1998; McCarthy et al., 2003).  Most of the studies that explore the effects of 

PAHs on the stress response use injections as their mode of exposure (Willett et al., 1995; Gesto 

et al., 2008; Tintos et al., 2008).  However, injection of BaP is not a natural method of exposure 

in the wild and therefore may not accurately reflect its effects.  The various modes of exposure to 

BaP in fish had a difference in its tissue distribution (Lemaire et al., 1992).  It is important to 
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study the exposure of BaP through contaminated sediment to explore a more natural method than 

intraperitoneal injection to understand what occurs in the wild.  

Heritability of the stress response 

 The persistence of PAHs and its associated exposure duration to fish provide an interesting 

aspect to studying the stress response.  Chronic stressors provide a different challenge than acute 

stressors.  The activation of the HPI axis is adaptive and can help the animal return to 

homeostasis after an acute stressor, however continuous activation of the HPI axis during a 

chronic stressor may become maladaptive (Barton, 2002; Hontela et al., 1992).  Additionally, 

chronic stressors can also impair the ability of the subject to respond to future stressors 

(Pickering and Pottinger, 1987; Wilson et al., 1998).  Since stress can negatively impact the 

fitness of fish by limiting growth, proper immune function and reproduction, fish that have a less 

responsive corticosteroid response to chronic stressors can be better suited than those that do not 

(Silbiger et al., 2001).  Long-term exposure to a stressor, or chronic stressors, could provide 

enough selection pressure to yield a phenotype or genotype that is more advantageous (Nacci et 

al., 2002).  For example, a fish that is less responsive to chronic stressors may have a greater 

fitness in stressful environments.  This advantage can be effective through heritability of such 

characteristics.  

Mechanisms to establish greater fitness in specific environments can occur in two different 

ways, through physiological acclimation or genotypic adaptation (Meyer et al., 2002).  

Acclimation occurs individually in fish where they become accustomed to the different settings 

through physiological expression of refractory phenotypes.  Adaptation occurs on the population 

scale whereby there are genetic shifts which allows for the prevalence of genotypes with better 

fitness in a particular environment.  Comparison of the cortisol stress response of fish with 
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different sediment exposure histories could elucidate which of these is employed by brown 

bullheads.  I propose to examine this with brown bullhead from the Detroit River watershed, a 

region that contains a gradient of highly exposed and reference brown bullhead populations 

(Farwell et al., 2012).  Genetic adaptation would be considered as the prevalent process to 

maintain fitness if the cortisol stress response of fish from a given population remains unchanged 

despite different exposure histories to PAHs.  In contrast, if the cortisol stress response within a 

given population of brown bullheads is significantly affected by exposure history, acclimation 

may be deemed a more important mechanism to reduce the adverse effects of PAHs.  The two 

modes of heritability will be experimentally differentiated by comparing the stress responses of 

fish with various exposure histories. 

Thesis Objectives and Hypotheses 

The primary objective of this thesis is to explore the effects of PAHs on the cortisol stress 

response in fish.  Towards this goal, we compared the stress response to BaP exposure at all 

levels of the HPI axis in two species of fish that live in different niches; benthic brown bullheads 

and pelagic rainbow trout.  As a means of establishing the brown bullhead as a model for 

studying stress physiology in fish, I also characterized the stress response of brown bullheads to 

a standardized stressor and compared the results to those obtained with rainbow trout.  Finally, to 

gain a better understanding of the mechanisms that facilitate tolerance to environmental 

contaminants, I determined whether prolonged exposure to PAHs can cause a genotypic 

adaptation or physiological acclimation of the cortisol stress response in brown bullhead 

populations from the Detroit River watershed. 

I hypothesized that if BaP is an environmental stressor to fish then BaP injections will 

stimulate the HPI axis, elicit an increase in plasma cortiosl and cause alterations in the 
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expression of the genes that regulate the HPI axis.  Since brown bullhead and rainbow trout cell 

cultures differ in their sensitivity to the cytotoxic effects of BaP (Martin-Alguacil et al., 1991), 

we also predicted that brown bullhead and rainbow trout will have a differential stress response 

to BaP exposure.  Finally, if the primary mechanism used by brown bullhead populations to 

facilitate tolerance to environmental contaminants is genetic adaptation, we predict that the 

cortisol stress response of a given brown bullhead population with different exposure histories 

will not vary.  Alternatively, if the primary mechanism used by brown bullhead populations to 

facilitate tolerance to environmental contaminants is acclimation, then the cortisol stress 

response of fish from a given population will vary depending on whether the fish were raised in a 

contaminated or clean environment.  

 

 

 

 

 

  



 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.Schematic diagram of the tissues and primary signals of the hypothalamic-pituitary-

interrenal axis in fish. Neurons in the hypothalamus that produce the neuropeptide CRF release 

their product into the pituitary in response to stressors.  CRF stimulates the expression of 

prohormone POMC and induces the cleavage of POMC into ACTH from the corticotropes in the 

pituitary.  ACTH in turn stimulates the synthesis and secretion of cortisol from the interrenal 

tissues. Cortisol acts on target cells to elicit a glucocorticoid stress response as well as act to 

inhibit the activity of the hypothalamus and pituitary through negative feedback pathways.  

Abbreviations: Corticotropin-releasing-factor (CRF), pro-opiomelanocortin (POMC), 

adrenocorticotropic hormone (ACTH). 
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Figure 2.Synthesis pathway of cortisol at the inner mitochondrial membrane and intermembrane 

space.  The proteins that will be investigated in this study are shown in red. Abbreviations: 

steroidogenenic acute regulatory (StAR), cytochrome P450 side chain cleavage (CYP11A), 

cytochrome 11 β-hydroxylase (CYP11B). 
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CHAPTER 2 

Effects of BaP and air exposure on the cortisol stress response of rainbow 

trout and brown bullhead 

Introduction 

Polycyclic aromatic hydrocarbons (PAH) are a family of xenobiotics that are produced from 

an incomplete combustion of fuels.  They are highly persistent and are found to accumulate in 

aquatic habitats as a result of environmental deposits, water runoffs and industrial uses (Hylland, 

2006).  PAHs are also highly lipophilic and have a large variation in molecular weight.  These 

chemicals often accumulate in high concentrations where there is intensive human activity 

(Logan, 2007).  Benzo(a)pyrene (BaP) is a ubiquitous PAH and a known carcinogen.  Because of 

its chemical properties, BaP settles to the bottom of the water column and is commonly found 

within the sediment.  In general, PAHs such as BaP can be detrimental to fish health in various 

ways: they are carcinogenic (Hendricks et al., 1985), genotoxic (Maria et al., 2002), they impair 

reproduction (Tintos et al., 2007), growth and development (Billiard et al., 2006; Kim et al., 

2008), behavior (Breckels and Neff, 2010) and population dynamics (Jung et al., 2009).  BaP has 

also been found to impair the cortisol stress response and act as an endocrine disruptor (Gesto et 

al., 2008; Tintos et al., 2008). 

The effects of BaP on the stress response of fish are complex.  BaP has been found to increase 

plasma cortisol levels and thus act as an acute stressor in fish. For example, Tintos et al., (2008) 

found that a10 mg/kg dose of BaP elicits an increase in the plasma cortisol of rainbow trout 

(Oncorhynchus mykiss) 24 and 72 h after injection.  However, BaP can also impair the 
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glucocorticoid response to future stressors.  BaP treatment of rainbow trout suppressed the 

plasma cortisol response to a prolonged stressor (Gesto et al., 2008).  Similarly, PAH mixtures 

impaired the cortisol response to an acute stressor in yellow perch (Perca flavescens) and 

northern pike (Esox lucius; Hontela et al., 1992).  While the mode of action of BaP on the stress 

axis in fish is poorly understood, several studies have characterized the impact of another PAH 

and aryl hydrocarbon receptor (AhR) agonist, β-naphthoflavone (BNF), on cortisol synthesis 

(Aluru and Vijayan, 2004; Aluru et al., 2005; Wilson et al., 1998).  BNF, a polychlorinated 

biphenyl (PCB), caused elevated plasma cortisol levels with a dose of 50 mg/kg in rainbow trout 

(Aluru and Vijayan, 2004) but also impaired the production of glucocorticoids and altered the 

cortisol stress response (Aluru and Vijayan, 2004; Aluru et al., 2005).The BNF-induced 

inhibition of glucocorticoid synthesis was caused by a reduction in the expression of StAR and 

CYP11A in the interrenals (Aluru et al., 2005).  Additionally, BNF depressed the ACTH-

mediated cortisol response (Aluru and Vijayan, 2004).  While these studies provided a 

mechanistic framework for the effects of AhR agonists on glucocorticoids synthesis and plasma 

cortisol levels, to date little to no information is available on the impact of PAHs on the other 

levels of the HPI axis.  

The brown bullhead (Ameiurus nebulosus)is an interesting model to study the physiological 

impact of aquatic pollutants.  Brown bullheads have been used as bioindicators for local aquatic 

ecosystem health, particularly because of their susceptibility to develop tumors in response to 

toxicants (Baumann and Harshbarger, 1995; Pinkney et al., 2004). However, almost nothing is 

known about the stress physiology of brown bullheads. In general, our knowledge of stress 

physiology in fish comes primarily from pelagic species such as rainbow trout (Tintos et al., 

2008), zebrafish (Danio rerio; Fuzzen et al., 2010) and common carp (Cyprinus carpio; Flik et 
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al., 2006).  However, since BaP is largely found in the sediment,from an environmental 

perspective it may be more relevant to study its effects on benthic species such as brown 

bullhead (Baumann et al., 1991; Maccubin et al., 1985; Meador et al., 1995).  Comparative 

studies may also be beneficial as fish species are known to differ in their stress response (Barton, 

2002) and in their sensitivity to pollutants (Araujo et al., 2000; Sikka et al., 1990).  Such 

interspecies differences could translate into differential susceptibilities to the toxicity of PAHs 

and thus the amount of stress perceived by the fish. 

To further our understanding of the effects of PAHs on the stress response in fish, this study 

aimed to characterize the effects of BaP exposure on the plasma cortisol response and on the 

expression of key regulators at each level of the HPI axis.  Moreover, as means of providing an 

original description of the stress response in brown bullhead, we characterized the effects of a 

standardized air exposure stressor in this species and compared the results to those obtained in 

rainbow trout.  Since rainbow trout and brown bullhead cell lines are known to differ in their 

sensitivity to BaP (Araujo et al., 2000; Martin-Alguacil et al., 1991), we predicted that BaP 

exposure would have a differential impact on the transcriptional regulation of the HPI axis and 

on the cortisol stress response between these two fish species. 

Methods 

 Animals 

Rainbow trout were acquired from Rainbow Springs Trout Hatchery (Thamesford, ON, 

Canada) and housed at the Hagen Aqualab at the University of Guelph (Guelph, ON, Canada) for 

a minimum of four weeks before experimentation.  The fish were held in 125 L flow through 

tanks, 10 fish per tank at 14oC with 12:12 light/dark cycle.  Fish were fed alternating days with 

trout chow and fasted 3 days before the trials began.  Brown bullheads were acquired from a 
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private supplier (Picton, ON, Canada) and housed in the Hagen Aqualab under the exact same 

conditions as above for the rainbow trout.   

Experimental design 

Experiment 1: Effects of BaP exposure on the HPI axis of rainbow trout and brown bullhead  

To assess the effects of BaP on the activity of the HPI axis, duplicate tanks (n = 10 fish / tank) 

of rainbow trout (74.5 ± 2.4 g) were randomly assigned to one of three treatment groups.  Fish 

were caught by netting, anesthetized with buffered (NaHCO3, 0.2 g/l)MS-222 (0.1 g/l), weighed, 

injected intraperitoneally with 0, 10 or 40 mg BaP /kg body weight (BW) (5.12 µl/g) and 

returned to their tanks.  Fish were then sacrificed and sampled at 24 or 72 h post-injection.  

Similarly, duplicate tanks (n = 10 fish / tank) of brown bullhead (211.6 ±  9.8 g) were randomly 

assigned to one of four treatment groups.  The bullheads were netted, anaesthetized with buffered 

(NaHCO3, 0.8 g/l) MS-222 (0.4 g/l), weighed, injected intraperitoneally with 0. 10. 40 or160 mg 

BaP /kg BW(5.12 µl/g) and returned to their tanks.  The bullheads were also terminally sampled 

at 24 and 72 h post-injection.  Note that rainbow trout were not treated with the160 mg/kg dose 

of BaP as dosages above 100 mg/kg have previously been shown to be lethal in this species 

(personnel communication Linda Soderberg and Daniel D. Heath, Department of Biology, 

University of Windsor). 

Experiment 2: Effects of air exposure on the HPI axis of rainbow trout and brown bullhead 

To assess the effects of air exposure on the HPI axis, tanks (n = 10 fish / tank) of rainbow 

trout (202.2 ± 9.7 g) were randomly assigned to one of three treatments.  One group was netted 

at once and sampled immediately to serve as control.  Two tanks were drained (≤ 10 sec) by 

removing the stand pipe and air exposing all fish for precisely 60 sec before quickly refilling 

with water.  Air exposed fish were sacrificed and sampled 1 or 3 h post-treatment.  Similarly, 
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three tanks (n = 10 fish / tank) of brown bullheads (266.6 ± 8.8 g) were randomly assigned to the 

exact same treatments and sampled as above. 

Sampling was achieved in the same manner for both species and experiments.  Fish were 

quickly caught by netting and terminally anesthetized with an overdose of 2-phenoxyethanol (5 

ml/L, Sigma, St. Louis, USA).  Blood was sampled from the caudal vein using 0.5 M 

ethylenediamineetetraacetic acid (EDTA)-washed syringes and needles, and centrifuged 

immediately for 10 min at 12,000 g.  Plasma was separated, flash frozen in liquid nitrogen and 

stored at -80oC until analysis of plasma cortisol.  The brain was removed, and regionally 

dissected to isolate the POA as per Bernier et al. (2008).  The pituitary and head kidney were 

also recovered from individual fish.  All tissues were immediately frozen in RNase-free tubes 

kept dry ice and stored at -80°C for future analysis of gene expression. 

The two experiments had very different sampling times, 1 and 3 hours for the emersion 

stressor versus 24 and 72 hours for the BaP injection stressor.  The stressors were timed in this 

manner in an attempt to characterize the stress response at the peak plasma cortisol response 

(Pottinger et al., 1999; Tintos et al., 2008).  The delay in sampling time in the BaP injection also 

allowed for the animal to recover from the effects of handling and the injection. 

Cortisol radioimmunoassay 

Plasma cortisol was measured by radioimmunoassay (RIA) in triplicate as described by 

Bernier et al. (2008).  Cortisol values are presented as ng cortisol / ml of plasma and values are 

adjusted for dilutions.  Briefly, plasma was diluted ten times or five times for rainbow trout and 

brown bullhead samples, respectively, and added to 200 ul [3H]cortisol and 200 ul anti-cortisol 

antibody (product code #R4866, Clinical Endocrinology Laboratory; University of California, 

Davis, CA, USA).  The samples were then incubated at 4 oC overnight and 200 ul of dextran-
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coated charcoal was added.  The solution was then incubated and centrifuged.  The resulting 

supernatant was decanted and 5 ml of scintillation cocktail was added.  The solution was then 

counted in a multipurpose scintillation counter (LS 6500, Beckman, Fullerton, CA, USA).  

Cortisol concentrations were calculated from a three-parameter sigmoidal curve regression 

equation derived from the standard curve.  

Total RNA extraction and cDNA Synthesis 

Total RNA was extracted from the POA, pituitary and kidney using TRIzol reagent 

(Invitrogen, Carlsbad, CA, USA) following manufacturer’s protocols.  Total RNA was 

quantified using ultraviolet spectrophotometery at 260 nm (Nanodrop 8000, Thermo Fisher 

Scientific, Waltham, MA, USA).  Following DNase I treatment (Invitrogen), cDNA was reverse 

transcribed from1ug of total RNA using SuperScript III RNase H- reverse transcriptase 

according to manufacturer’s protocols.   

Quantification of mRNA levels by real-time RT-PCR 

Quantification of mRNA levels was achieved using an ABI Prism 7000 Sequence Detection 

System (Applied Biosystems).  All real-time RT-PCR reactions contained 10 ul of Power SYBR 

Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA), 5 ul of 5 times diluted 

cDNA template, and 2.5 ul of forward and reverse primers (0.4 uM). Cycling conditions for the 

sequence detection system were as follows: 10 min at 95oC, and 40 cycles of 15 sec at 95oC and 

1 min at 60oC.A standard curve was generated for each primer pair by serial dilution of RT 

product in yeast RNA (50 ng/mL; Sigma, St. Louis, MO) to determine the efficiency of the 

primer amplification.  The standard curves were produced by plotting the negative log of the 

dilution factor against the relative cycle threshold (Ct) value.  To be considered suitable for 

analysis, each primer pair was required to have a linear standard curve with an R2 value above 
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0.98, have consistency among replicate Ct values, and primer amplification efficiency between 

85 and 100%. To correct for minor variations in template input and transcriptional efficiency, 

each sample was normalized to the expression level of the housekeeping gene, elongation factor-

1α (EF1α). All samples were assayed in triplicate and only one target was assayed per well.  

Finally, non-reversed transcribed RNA and water controls were run to ensure that no genomic 

DNA was being amplified and the reagents were not contaminated.  Primer pairs specific for 

rainbow trout CRF, CRF-R1, CRF-R2, CYP11A, CYP11B, POMC, StAR and EF1α, and for 

brown bullhead CRF-R1, CRF-R2, CRF-R3, CYP11A, POMC and StAR were designed using 

Primer Express 3.0 (Applied Biosystems) and are listed in Tables 1 and 2, respectively.  

Cloning of brown bullhead CRF, CYP11A, CYP11B, POMC and StAR cDNAs 

To clone new cDNAs in brown bullhead, primer sequences for PCR were designed based 

on the conserved regions of CRF, CYP11A, CYP11B, POMC and StAR gene sequences in 

different teleost species (e.g. D. rerio, T. rubripes, T. nigroviridis, C. carpioand I. punctatus). 

The PCR was carried out with 1µl of cDNA from the POA (CRF), pituitary (POMC) or 

interrenal tissue (CYP11A, CYP11B and StAR) as template, 0.5µl each of 10 µM target-specific 

forward and reverse primers (Table 3), 10 mM deoxynucleotidetriphosphates (dNTPs), 1.5mM 

MgCl2 and 1U Taq polymerase in a 25µl total volume. The PCR conditions included an initial 

denaturation for 3 min at 94oC, 40 cycles of 30 sec at 94oC, 30 sec at a primer pair specific 

annealing temperature of 50-63oC and 30 sec at 72oC, and final elongation for 5 min at 72oC. 

The resultant PCR products were subjected to 1.8% agarose gel electrophoresis and the bands of 

desired size were excised and purified using the GeneClean protocol (Bio 101, La Jolla, CA, 

USA).  The purified cDNA products were ligated into a pGEM-T Easy cloning vector (Promega, 

Valencia, CA) and transformed into the Escherichia coli strain XL1 blue cells (Stratagene, La 
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Jolla, CA, USA). After LB-ampicillin selection, transformed cells were cultured and plasmids 

isolated via an alkaline lysis method (Birnboim, 1983).  The isolated plasmids were sequenced in 

both directions using T7 and M13 sequencing primers on an AppliedBiosystems 337 DNA 

sequencer (Applied Biosystems, Foster City, CA). 

Statistics 

A two-way analysis of variance (ANOVA) followed by Holms-Sidak test for multiple 

comparisons was used to determine differences in plasma cortisol and mRNA expression 

between treatment groups.  Data that were not normally distributed or that did not have equal 

variance were log-transformed prior to analysis.  If data were not normalized after transformation, 

a two-way ANOVA on ranks was used.  Any outliers that were determined to be greater than or 

less than the 1.5 x inter-quartile range from the upper quartile or lower quartile, respectively, 

were removed from the data set.  All statistical analyses were performed using SigmaStat 3.0 

(SPSS Inc, Chicago, IL, USA).  P<0.05 was considered statistically significant for all tests. 

Results 

Cloning of brown bullhead CRF, CYP11A, CYP11B, POMC and StAR cDNAs 

A partial cDNA of the sequence for brown bullhead StAR was cloned at the University of 

Guelph.  The partial StAR sequence was 421 base pair (bp) long and cloned from brown 

bullhead head kidney (Figure 1).  The nucleotide and deduced amino acid sequences of brown 

bullhead StAR were most closely related with those of channel catfish (Figure 2, Table 4). 

Brown bullhead CYP11A and POMC cDNA sequences were cloned by Matt Oullette at the 

University of Windsor.  A 532 bp partial CYP11A sequence was cloned from brown bullhead 

head kidney (Figure 3).  The nucleotide and deduced amino acid sequence of brown bullhead 

CYP11A were most closely related with those of channel catfish (Figure 4, Table 5).  A 481 bp 
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partial POMC sequence was cloned from brown bullhead pituitary (Figure 5).  The nucleotide 

and deduced amino acid sequences of brown bullhead POMC were most closely related with 

those of channel catfish (Figure 6, Table 6). 

The cloning of brown bullhead CYP11B and CRF was attempted but unsuccessful.  RT-PCR 

primers were designed from CYP11B sequences of closely related teleost species but were 

unsuccessful in producing appropriate PCR products. Similarly, numerous RT-PCR primer pairs 

designed on the published brown bullhead CRF cDNA sequence (Accession number: AY265418; 

Malagoli et al., 2004) and also based on the CRF sequences of closely related species (Table 3) 

were unable to amplify an appropriate PCR product. In addition, qRT-PCR primers designed on 

the published cDNA sequence for brown bullhead CRF failed to amplify the appropriate 

amplicon (Table 7). 

Experiment 1: Effects of BaP exposure on the HPI axis of rainbow trout and brown bullhead  

Relative to sham-injected fish, BaP elicited a transient increase in the plasma cortisol levels of 

rainbow trout (Figure 7).  Both BaP doses, 10 and 40 mg/kg BW, were associated with an 

increase in plasma cortisol 24 h after injection but levels were back to control conditions after 

72h.  Overall, POA CRF mRNA levels were significantly lowerin the 40 mg/kg BW BaP 

treatment than in the controls, and there was a reduction in CRF expression between the 24 and 

72 h sampling times in the 10 mg/kg BW treatment (Figure 8A).  In addition, both BaP doses 

resulted in a persistent reduction in POA CRF-R1 and CRF-R2 gene expression (Figure 8B, C).   

In the pituitary of rainbow trout, the 40 mg/kg BaP treatment was associated with an overall 

reduction in POMC mRNA levels relative to control fish, and POMC expression was lower at 

72h than at 24h post-injection in both BaP treatments (Figure 9A). Both BaP treatments also 

reduced the expression of pituitary CRF-R1 relative to Controls, and CRF-R1 expression was 
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lower at 72h than at 24h post-injection in both BaP treatments (Figure 9B).  In contrast, although 

the fish injected with BaP generally had lower pituitary CRF-R2 mRNA levels 72h post-

injection, this effect did not reach statistical significance as a result of higher variance in the data 

(Figure 9C). 

Both BaP treatments markedly reduced the gene expression of head kidney StAR and 

CYP11A in rainbow trout (Figure 10A, B). While the expression of StAR and CYP11A was 

already reduced by over 50% at 24h post BaP injection, the transcript levels were further reduced 

by 72h.  In contrast, relative to Controls, only the 10 mg/kg BaP treatment elicited a relatively 

small reduction in head kidney CYP11Bgene expression and the changes were not time 

dependent (Figure 10C).  

In brown bullhead, while the 40 mg/kg BW BaP treatment resulted in an overall increase in 

plasma cortisol that was sustained over 72 hrs, neither the 10 mg/kg BW nor 160 mg/kg BW 

treatments had any effect (Figure 11).  Overall, the BaP injections had variable effects on the 

expression of POA CRF receptor subtypes (Figure 12).  Although the expression of POA CRF-

R1 (Figure 12A) and CRF-R3 (Figure 12C) were unaffected by BaP, all three BaP treatments 

reduced CRF-R2 mRNA levels and the affects were more pronounced 24 h post-injection than 

72 h post-injection in the 40 and 160 mg/kg BW treatments (Figure 12B).   

In the pituitary of brown bullhead, although the 10 mg/kg BW dose of BaP resulted in an 

overall reduction in POMC expression, the higher doses had no effect (Figure 13A).  In contrast, 

and unlike the effects of BaP on the expression of CRF-R1 in the POA, all three BaP doses 

resulted in an overall reduction in pituitary CRF-R1 mRNA levels (Figure 13B).  Overall, the 10 

and 40 mg/kg BW BaP doses also reduced pituitary CRF-R2 expression but the 160 mg/kg only 
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had a transient effect (Figure 13C).  However, none of the BaP treatments had an effect on 

pituitary CRF-R3 (Figure 13D),   

In the head kidney, the BaP treatments had complex and time-dependent effects on the 

expression of brown bullhead StAR and CYP11A (Figure 14A, B).  In general, BaP increased 

the expression of StAR and CYP11A at 24 h post-injection and the stimulation was significant 

with the 40 mg/kg BW dosage.  In contrast, BaP reduced the expression of both genes at 72 h 

post-injection and the inhibition was significant with the 10 mg/kg BW dosage. 

Experiment 2: Effects of air exposure on the HPI axis of rainbow trout and brown bullhead 

In rainbow trout, the standardized 60 sec air exposure stressor resulted in a 3.2 fold increase 

in plasma cortisol 1h post-stress and returned to basal conditions by 3h post-stress (Figure 15).  

Although CRF mRNA levels in the POA did not change with air exposure (Figure 16A), the 

expression of both POA CRF-R1 and CRF-R2 increased 3h after the stressor (Figure 16B, C).  In 

the pituitary, the mRNA levels of POMC, CRF-R1 and CRF-R2 were not affected by the 

emersion stressor (Figure 17A-C). The air exposure stressor also resulted in a marked decrease in 

head kidney StAR mRNA levels at 3h post-stress (Figure 18A), an increase in CYP11A 

expression 1h post-stress (Figure 18B) but had no effect on CYP11B expression (Figure 18C). 

In the brown bullhead, the 60 sec air exposure stressor was associated with a 2.4 fold increase 

in plasma cortisol 1h post-stress and a return to basal conditions after 3h (Figure 19).  Although 

air emersion also resulted in a similar transient 60% increase in the expression of CRF-R1 and 

CRF-R2 in the POA, only the increase in CRF-R1 reached significance 1h post-stress and the 

expression of CRF-R3 was not affected (Figure 20A-C).  The expression of pituitary POMC and 

CRF-R1 both increased by ~2 fold 1 h post-stress and returned to basal levels by 3h post-stress 

(Figure 21A, B).In contrast, the expression of pituitary CRF-R2 and CRF-R3 were unaffected by 
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the emersion stressor (Figure 21C, D).  Finally, in the head kidney, the emersion stressor had no 

effect on StAR mRNA levels (Figure 22A) but resulted in a transient change in CYP11A 

expression with mRNA levels decreasing 1h post-stress and returning to control levels 3 h post-

stress (Figure 22B). 

Discussion 

To determine how the environmental contaminant BaP may impact the cortisol stress 

response in fish, we characterized for the first time the effects of this model PAH on the 

expression of key effectors at each level of the HPI axis in rainbow trout and brown bullhead.  

Our results confirm that BaP exposure can be an acute stressor in fish and provide a novel 

understanding of the complex mechanisms through which BaP can affect the HPI axis.  To 

further characterize the endocrine stress response in brown bullhead, we also examined the 

effects of a standardized 60 sec emersion stressor on plasma cortisol levels and on the 

transcriptional activity of the HPI axis in this species and compared the results to those obtained 

in rainbow trout.  Both the plasma cortisol response to air exposure and the accompanying 

transcriptional changes at different levels of the HPI axis suggest species-specific regulation of 

the endocrine stress response. 

Cloning of novel brown bullhead cDNAs 

As a means of characterizing the impact of environmental contaminants on the stress response 

in brown bullhead, we cloned three new genes that code for important regulatory proteins of the 

HPI axis: StAR, CYP11A and POMC.  The cloned brown bullhead StAR cDNA sequence shares 

a high sequence similarity with other StAR genes in a coding region responsible for the 

steroidogenic function of the protein and contains a characteristic phosphorylation site (Watari et 

al., 1997; Strauss et al., 1999; Goetz et al., 2004).  Furthermore, the StAR cDNA sequence 
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included potential PKA and PKC sites that were noted from largemouth bass (Kocerha et al., 

2010).  The partial CYP11A cDNA had particularly high sequence similarity with other 

CYP11A sequences within and immediately following an area corresponding to the steroid-

binding domain (Kazeto et al., 2006).  Varying numbers of POMC genes have been found in 

some species of teleosts, including three in rainbow trout (Leder and Silverstein, 2006) and two 

in common carp (Arends et al., 1998a, and 1998b).  However, only one POMC gene has been 

reported in the channel catfish (Ictalurus punctatus) and southern catfish (Silurus meridionalis), 

species closely related to the brown bullhead.  The highly conserved regions between brown 

bullhead POMC cDNA and other POMC cDNAs correspond with an area known to code for 

ACTH and α-melanocyte stimulating hormone (α-MSH) (Leder and Silverstein, 2006).  Overall, 

the cloned StAR, CYP11A and POMC genes had highest sequence similarities to those of 

another catfish species, the channel catfish, intermediate sequences similarities to other teleosts 

and were most distantly related to other tetrapods. 

We failed to clone or produce appropriate amplicons for CRF and CYP11B genes for the 

brown bullhead.  Multiple PCR and qRT-PCR primers designed against the published brown 

bullhead CRF cDNA sequence did not amplify a product even remotely related to CRF 

(Malagoli et al., 2004).  This failure puts in doubt the validity of the published brown bullhead 

CRF cDNA sequence.  Moreover, the CRF gene structure reported by Malagoli et al., (2004) is 

at odds with the structural organization of all other known CRF genes.  Whereas the CRF gene in 

vertebrates contains two exons and one intron that is positioned in the 5’ untranslated region of 

the cDNA (Lovejoy and Jahan, 2006), the brown bullhead CRF gene apparently contains four 

exons and three introns (Malagoli et al., 2004).  The cDNAs for CRF and CYP11B should be 
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sequenced in future studies to provide a more comprehensive characterization of the brown 

bullhead HPI axis. 

Benzo(a)pyrene exposures 

The stimulatory effects of BaP injections on the plasma cortisol levels of rainbow trout and 

brown bullhead observed in this study are consistent with previous results obtained using similar 

BaP dosages in rainbow trout (Tintos et al. 2008) and olive flounder (Paralichthys olivaceus, 

Choi et al., 2008).  Injections of comparable doses of BNF, a PAH related to BaP, also increased 

plasma cortisol levels in rainbow trout (Aluru and Vijayan, 2004; Tintos et al., 2008).  The 

consistent elevation in plasma cortisol with exposure to BaP across several species suggests that 

a rapid increase in the blood concentration of this PAH is stressful in fish and results in the 

stimulation of the HPI axis.  Interestingly, while BaP doses of 10 and 40 mg/kg BW in this study 

induced transient increases in plasma cortisol in rainbow trout, the 40 mg/kg BW dose elicited a 

sustained increase in the cortisol levels of brown bullhead that was not seen with the doses of 10 

and 160 mg/kg.  While species differences in the cortisol response to BaP injections maybe the 

result of differences in the metabolism and excretion of PAHs between species (Willett et al. 

2000), our results also show that BaP can differentially affect the gene expression of several key 

effectors of the HPI axis in rainbow trout and brown bullhead. 

This is the first study to show that PAHs can affect the expression of CRF system members in 

the brain of vertebrates.  The reduction in POA CRF mRNA levels with BaP exposure in 

rainbow trout was unexpected since disturbances that lead to an increase in plasma cortisol in 

this species are generally associated with an increase in POA CRF gene expression (e.g. Huising 

et al., 2004; Bernier and Craig, 2005; Doyon et al., 2005; Bernier et al., 2008).  Given the key 

role of CRF in the hypophysiotropic stimulation of the HPI axis (Bernier et al., 2009), the 
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suppressive effects of BaP on CRF expression may contribute to a blunting of the cortisol stress 

response.  Similarly, the suppressive and differential effects of BaP injections on the expression 

of POA CRF receptors in rainbow trout and brown bullhead may result in a dysfunctional 

regulation of the HPI axis.  While the specific roles of POA CRF receptors in the regulation of 

the HPI axis are not known, in rats both CRF-R1 and CRF-R2 participate in the stress activation 

of parvocellular paraventricular nucleus (PVN) CRF neurons (Takahashi et al., 2011), a brain 

region that shares homology with the POA of fish.  Since the promoters of CRF and CRF 

receptors are not known to contain xenobiotic response elements, the effects of BaP on the 

expression of these genes are likely independent of the AhR pathway.  In contrast, given the 

known stimulatory effects of the serotonergic system on CRF neurons (Dinan, 1996; Winberg et 

al., 1997), the reduction in serotonin availability following BaP or BNF treatment in rainbow 

trout (Gesto et al. 2009) could contribute to the BaP-elicited reduction in CRF gene expression.  

Similarly, assuming BaP and BNF have similar effects, the increase in brain glucocorticoid 

receptor gene expression induced by BNF treatment in rainbow trout (Aluru et al., 2005; Aluru 

and Vijayan, 2008) could result in an increased sensitivity to the negative feedback effects of 

cortisol on POA CRF neurons (Bernier et al., 1999; Bernier et al., 2004; Doyon et al., 2006) and 

contribute to the reduction in CRF gene expression observed in this study. 

The BaP-induced reduction in rainbow trout pituitary CRF-R1 (Figure 9) and brown bullhead 

pituitary CRF-R1 and -R2 (Figure 13) gene expression provide novel evidence that exposure to 

PAHs may cause a significant disruption in the neuroendocrine regulation of the pituitary in fish.  

Although the identity of the specific CRF receptor subtypes that mediate the hypophysiotropic 

effects of CRF in fish have yet to be determined, several studies have identified CRF as a potent 

stimulatory factor of ACTH, α-MSH and thyrotropin-stimulating hormone secretion (see Bernier 
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et al., 2009 for review).  In mammals, CRF stimulates ACTH release through CRF-R1(Muller et 

al., 2001; Kageyama and Suda, 2009).  Therefore, the BaP-induced reduction in pituitary CRF-

R1, especially in rainbow trout where the response was more pronounced, may have blunted the 

cortisol stress response to BaP exposure.  In contrast, since the physiological role of CRF-R2 in 

the pituitary is still not fully understood (Klenerova et al., 2008; Nemoto et al., 2010) the 

significance of the BaP-induced reduction in CRF-R2 in brown bullhead is unclear.  Interestingly, 

although CRF-R3 is the most abundant CRF-R expressed in the pituitary of brown bullhead 

(Arai et al., 2001), this CRF receptor subtype was unaffected by BaP treatment.   

Pituitary POMC, as the precursor to ACTH, plays a crucial role in the regulation of the HPA 

(Smith and Funder, 1988) and HPI axes (Flik et al., 2006).  As such, the inhibitory effects of BaP 

on pituitary POMC expression observed in this study could limit HPI axis activation.  Moreover, 

the more pronounced and sustained BaP-induced reduction in pituitary POMC in rainbow trout 

than in brown bullhead could contribute to the differential effects of BaP exposure on the cortisol 

stress response in these two fish species.  Feeding rainbow trout feed laced with BNF for 5 days 

also results in a marked reduction in combined brain/pituitary POMC expression and the mode of 

action is AhR-independent (Aluru and Vijayan, 2008).  Since CRF is involved in the processing 

of POMC (Muglia et al., 2000), in rainbow trout at least, the BaP-elicited reduction in POA CRF 

expression may have contributed to the decrease in pituitary POMC mRNA levels.  Similarly, 

given the negative feedback effects of cortisol on pituitary POMC gene expression (Eberwine et 

al., 1987; Autelitano et al., 1989), a PAH-mediated increase in pituitary glucocorticoid receptor 

gene expression (Aluru et al., 2005; Aluru and Vijayan, 2008) may have also contributed to the 

reduction in POMC mRNA levels. 
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BaP injections in this study had significant and species-specific effects on the expression of 

key proteins that regulate the rate limiting steps in interrenal steroidogenesis.  The marked, 

sustained and time-dependent BaP-induced reductions in the expression of StAR and CYP11A in 

rainbow trout are consistent with the known inhibitory effects of BNF on interrenal 

steroidogenesis in this species (Aluru et al., 2005; Aluru and Vijayan, 2006).  Since resveratrol, 

an AhR antagonist, can diminish the effects of BNF on StAR and CYP11A expression (Aluru 

and Vijayan, 2006), it seems likely that the inhibitory effects of BaP on cortisol biosynthesis also 

involve an activation of Ah receptor.  The BNF-induced inhibition in head kidney StAR and 

CYP11A expression in rainbow trout are also associated with a reduction in stressor-induced 

cortisol responses in vivo as well as a reduction in ACTH-induced cortisol production in vitro 

(Wilson et al., 1998; Aluru et al., 2005; Aluru and Vijayan, 2006).  These results suggest that the 

transient stress response of rainbow trout injected with BaP in this study may be at least partly 

the result of impaired interrenal steroidogenesis.  The much smaller and inconsistent inhibition of 

CYP11B gene expression in rainbow trout treated with BaP also agrees with earlier studies that 

concluded that interrenal steroidogenesis enzymatic pathways downstream of CYP11A are less 

sensitive to BNF exposure (Aluru et al., 2005; Aluru and Vijayan, 2006). 

In contrast, BaP exposure in brown bullhead was initially associated with an increase in StAR 

and CYP11A gene expression followed by a reduction in the expression of both transcripts 72h 

post-exposure.  Since several studies have previously shown that the response to stressors in fish 

can be associated with transient increases in StAR and CYP11A gene expression (e.g. Geslin and 

Auperin, 2004; Aluru and Vijayan, 2006; Fuzzen et al. 2010), the BaP-induced increases in the 

mRNA levels of StAR and CYP11A in brown bullhead may be part of a regulated activation of 

the HPI axis in response to a stressor.  The fact that the increases in StAR and CYP11A gene 
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expression only reached statistical significance in the same BaP treatment that elicited increases 

in plasma cortisol also supports this idea.  On the other hand, the delayed BaP-induced 

suppression of StAR and CYP11A mRNA levels in brown bullhead is characteristic of the 

changes in interrenal steroidogenesis associated with an activation of Ah receptors by PAHs 

(Hontela, 2005; Aluru et al. 2005; Aluru and Vijayan, 2006).  Although the BaP metabolites 

generated by different fish species appear to be qualitatively similar, the relative proportions of 

individual metabolites do differ (Sikka et al. 1990; Yuan et al. 1997; Willett et al. 2000).  Since 

PAH metabolites vary widely in their toxicity (Miller and Ramos, 2001), differences in BaP 

biotransformation between rainbow trout and brown bullheads may at least partly explain the 

differential impact of BaP on StAR and CYP11A observed in this study. 

Air exposure stressor 

Both rainbow trout and brown bullhead were characterized by a transient increase in plasma 

cortisol in response to a 60 sec emersion stressor.  The cortisol response to this standardized air 

exposure stressor has previously been reported in rainbow trout and many other fish species (e.g. 

Barton and Iwama, 1991; Barton, 2002) but is measured in brown bullhead for the first time in 

this study.  Although the timing of the response was similar between species, the magnitude of 

the increase in plasma cortisol was approximately twice as high in rainbow trout then in brown 

bullhead.  In fact, while the cortisol response to an aerial emersion stressor can vary by as much 

as two orders of magnitude among various fish species (Barton, 2002), the brown bullhead 

response is among the lowest recorded. 

Although the air exposure stressor did result in a transient increase in plasma cortisol in 

rainbow trout, POA CRF mRNA levels were not affected.  These results are consistent with 

several recent fish studies where the short term response (1-4h) to a single acute stressor did not 
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elicit an increase in POA CRF gene expression despite an activation of the HPI axis (Huising et 

al. 2004; Doyon et al. 2005; Alderman et al. 2012).  In contrast, POA CRF mRNA levels have 

been shown to increase with repeated acute stressors and various chronic stressors (Huising et al. 

2004; Doyon et al. 2003; Doyon et al. 2005; Craig et al. 2005; Bernier et al. 2008; Fuzzen et al. 

2010).  Since POA CRF gene expression increases in response to a depletion of stored 

neuropeptides (Imaki et al. 1992), our results suggest that the CRF hypophysiotropic neurons of 

the POA in rainbow trout may have stimulated the HPI axis in response to the acute air exposure 

stressor without significantly depleting CRF peptide stores.   

The acute air exposure stressor was also associated with increases in NPO CRF-R1 gene 

expression in rainbow trout and brown bullhead.  This novel finding suggests that CRF-related 

peptides in fish, either from extrahypothalamic origin (e.g. see Alderman and Bernier, 2007) or 

through an autoregulatory feedback mechanism, may contribute to the control of the HPI axis 

during the stress response.   These results are consistent with the rapid increases in PVN CRF-R1 

gene expression observed in response to various acute stressors in rats (Luo et al. 1994; Makino 

et al. 1997) but contrast with results obtained in mouse where acute stressors do not alter PVN 

CRF-R1 mRNA levels (Imaki et al. 2003).  The parallel increases in NPO CRF-R1 and CRF-R2 

mRNA levels observed in this study also contrast with mammalian studies where acute stressors 

do not alter the CRF-R2 mRNA levels in the PVN (Makino et al. 1997; 1998).  Clearly, 

additional studies are needed to clarify the function(s) of NPO CRF receptors in the regulation of 

the HPI axis and the potential role of an increase in CRF receptor expression following stress. 

At the pituitary level, the acute air exposure stressor had a differential effect on the 

expression of POMC between brown bullhead and rainbow trout.  To date, while only a few 

studies have quantified the impact of stressors on the mRNA levels of pituitary POMC in fish, 
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these suggest that the regulation of pituitary POMC expression can be very dynamic.  For 

example, following an acute stressor pituitary POMC mRNA levels increased 1h post-stress in 

zebrafish reared at 26°C (Fuzzen et al. 2010) and 4h post-stress in rainbow trout kept at 11°C 

(Gilchriest et al. 2000).  Although various stressors in rainbow trout (e.g. Sumpter et al. 1986; 

Balm et al. 1995; Craig et al. 2005) and other species (e.g. Rotllant et al. 2001) have been shown 

to induce ACTH release, little is known about the relationship between plasma ACTH and 

pituitary POMC expression.  In this study, given that rainbow trout had a greater plasma cortisol 

response to air emersion than brown bullhead, it seems unlikely that the differential increase in 

pituitary POMC expression between these species is the result of a greater ACTH release in 

brown bullhead.  Since cortisol can inhibit pituitary ACTH release and POMC gene expression 

in fish (Bernier et al. 2009), species differences in the negative feedback effects of cortisol may 

have contributed to the difference in POMC gene expression. 

The response of brown bullhead and rainbow trout to the acute air exposure stressor was also 

characterized by a differential response in the expression of pituitary CRF-R1.  The stressor 

elicited a transient doubling in pituitary CRF-R1 mRNA levels in brown bullheads but had no 

impact in rainbow trout.  In mammals, pituitary CRF-R1 mRNA and protein levels are 

influenced by multiple factors (Aguilera et al. 2004).  Overall, stress elicits time- and stressor 

type-dependent biphasic changes in pituitary CRF-R1 mRNA levels (Aguilera et al. 2004).  

While increases in CRF-R1 mRNA levels are seen after the initiation of an acute stressor, CRF 

stimulation of pituitary CRF-R1 leads to a down-regulation of CRF-R1 mRNA levels (Rabadan-

Diehl et al. 1996; Kageyama and Suda, 2009).  Glucocorticoids can also down-regulate pituitary 

CRF-R1 gene expression (Pozzoli et al. 1996).  In the only other fish study to described the 

impact of a stressor on the expression of pituitary CRF-R1, 24h of chronic restraint stress 
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reduced pars distalis (i.e. anterior pituitary) CRF-R1 gene expression in common carp (Huising 

et al. 2004).  Although our results suggest potential differences in the short-term regulation of 

pituitary CRF-R1 expression between brown bullhead and rainbow trout, clearly more 

mechanistic studies are needed to identify the specific factors that regulate the expression of this 

gene in fish and whether these differences have a functional significance. 

Finally, in the head kidney, the emersion stressor elicited differences between brown 

bullhead and rainbow trout in the expression of StAR and CYP11A.  In general, previous studies 

in fish have found highly variable responses in the regulation of StAR gene expression in 

response to stressors (Geslin and Auperin, 2004; Kusakabe et al., 2002; Hagen et al., 2006; 

Castillo et al., 2008; Nematollahi et al., 2009).  Moreover, since the response can be transient, 

the timing of sampling in relation to the stressor may be critical to defining the transcriptional 

contribution of StAR to the stress response (Fuzzen et al., 2010).  Therefore, without a more 

detailed sampling time-course, we suggest that the changes in StAR gene expression in this study 

should be interpreted with caution.  In contrast, since CYP11A catalyzes the rate-limiting step in 

the synthesis of corticosteroids (Payne and Hales, 2004), our results suggest that the opposite 

effects of the air exposure stressor on CYP11A gene expression in brown bullhead and rainbow 

trout may have contributed to the significant difference in the magnitude of the plasma cortisol 

response between these two species. 

Conclusion 

This study shows for the first time that exposure to BaP can elicit complex dose- and gene-

specific changes in the transcriptional regulation at each level of the HPI axis.  While BaP 

exposure can acutely stimulate the HPI axis, it is also associated with time- and dose-dependent 

reductions in the expression of several key effectors of the HPI axis.  Moreover, differences in 
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the BaP-induced cortisol response and changes in gene expression suggest that rainbow trout are 

more sensitive to BaP exposure than brown bullhead.  Similarly, differences in the plasma 

cortisol response to a standardized emersion stressor indicate that rainbow trout may be more 

sensitive to acute stressors than brown bullhead.  Variations in the impact of the air exposure 

stressor on the expression of key regulatory genes of the HPI axis also imply species-specific 

differences in the regulation of the endocrine stress response between these two species.  

Although future experiments are needed to determine whether the transcriptional changes 

observed in this study also alter protein expression and function, overall our results suggest that 

independent of species differences in the stress response, chronic exposure to BaP may lead to 

complex disruption of the HPI axis in fish. 
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Table 1. Primer sequences for qRT-PCR in rainbow trout. CRF, corticotropin-releasing factor; 

CRF-R1, CRF receptor 1; CRF-R2, CRF receptor 2; POMC, pro-opiomelanocortin; StAR, 

steroid acute regulatory protein; CYP11A,cytochrome P450 side chain cleavage enzyme; 

CYP11B, 11 β-hydoxylase; EF1α,elongation factor 1α; F, forward; R, reverse. 

Target Gene Sequence (5’ to 3’) GenBank accession no. 

CRF F: ACA ACG ACT CAA CTG AAG ATC TCG AF296672 

 R: AGG AAA TTG AGC TTC ATG TCA GG  

CRF-R1 F: ACA GGC CGG CAG TGA CA AY533879.1 

 R: CGT TGG CAC TGT GGA ATC TG  

CRF-R2 F: TAC AAC ACA CAA CAA GGA GCG CA  

 R: GCC CAC GTT CCA TTA TCG AT  

POMC-A F: CTC GCT GTC AAG A NM001124718 

 R: GAG TTG GGT TGG A  

StAR F: GGA GGC GCT GCA GAA GTC TA NM001124202 

 R: ATC TCA GTG GTC CAT CCA TCC T  

CYP11A F: GTA GGA GCC AAG ATC TGG AGA GAT S57305 

 R: GGT CCG CCT GGT TGA AGA  

CYP11B F: GCA GGA GGA TCG CTG AGA AC AF179894 

 R: GAC GGA AAC ACT CAA CAG GAT GTG  

EF1α F: GGG CAA GAG CTC TTT CAA GT HR504814 

 R: CGC AAT CAG CCT GAG AGG T  
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Table 2. Primer sequences for qRT-PCR in brown bullhead. CRF-R1, corticotropin-releasing 

factor receptor 1; CRF-R2, CRF receptor 2; CRF-R3, CRF receptor 3; POMC, pro-

opiomelanocortin; StAR, steroid acute regulatory protein; CYP11a, cytochrome P450 side chain 

cleavage enzyme; EF1α, elongation factor 1α; F, forward; R, reverse. 

Target Gene Sequence (5’ to 3’) GenBank accession no. 

CRF-R1 F: TCG TAG TGC AGC TGA CCA TGA AF229359 

 R: CCT GCA CCA GAT CAC ATT GC  

CRF-R2 F: GGA GCG CGT ATA GAG AAT GCC AF229360 

 R: CCG GGT ACT TCC TCT TTT CCC  

CRF-R3 F: GAC GAC GGC ATA TAA CTA CTT CCA AF229361 

 R: CAG CCT TCG CCG AAC ATC  

POMC F: AGT CTG GTC CAC AAC ACG AAG A JQ780689 

 R: TTA CCC CAG CGG AAG TGT TC  

StAR F: CTC CGA GAC AGA ATG GCT AAC A  

 R: GAT GTC AGC AGG CCA TCG A  

CYP11A F: GGC CAG CCT TCT CAT GCT T JQ780690 

 R: AGC TCA GTC ACA CTA GCC TTG ATT T  

EF1α F: TTC CTG GCA AGC CCA TGT  

 R: AAA ACG ACC AAG AGG AGG ATA GG  
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Table 3. Primers sequences used to clone target brown bullhead genes.  Primers CYP11B F2, F3, 

and F4 and StAR F were used with the AP sequencing primer.  AP, adapter primer; CRF, 

corticotropin-releasing factor; POMC, pro-opionmelanocortin; CYP11A, P450 side chain 

cleavage enzyme; CYP11B, 11 β-hydroxylase; StAR, steroid acute regulatory protein; F, 

forward primer; R, reverse primer. 

Target Gene Sequence (5’ to 3’) 

CRF F: CAC CGC CGT ATG AAT GTA GA 

 R: TGG CCA TCT CCA GTA CTT CTC 

POMC F: AAC AGG GGA AGT GCA GAC 

 R: CCT AGC TCA CGC CTC ATC 

CYP11A F: GGG CTG CTG TTG GAC TAC 

 R: GAA GGC AGG TAC TGC TCT 

CYP11B F1: GCT SAT YAG AGC CAA CAT CA 

 R1: TCC TCA GRA TGT GCA TSA GY 

 F2: AGT TCG CCT GTT TGA GCT GC 

 F3: AGA CAC AGC AAA GGA GTC TTC CTC C 

 F4: CTT GAC CCC AGT CCT GAC CTC TC 

StAR F: GGG AGT GGA ACC CCA ATG TC 

AP R: GGC CAC GCG TCG ACT AGT AC 
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Table 4.Percentage nucleotide and amino acid sequence identity of known StAR cDNA and 

protein sequences between brown bullhead and other vertebrate species.  StAR, steroid acute 

regulatory protein 

 Brown bullhead StAR 

 Nucleotide % identity Amino acid % identity 

Channel catfish 96 95 

Zebrafish 85 74 

Rainbow trout 83 77 

Frog 68 65 

Human 65 65 
 

Note. Multiple sequence alignment comparisons were performed using CLUSTAL W2 program 

with default parameters at the online service website of the European Bioinformatics Institute. 

Channel catfish (Ictalurus punctatus), rainbow trout (Oncorhynchus mykiss), zebrafish (Danio 

rerio), frog (Xenopus laevis), human (Homo sapiens). 
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Table 5. Percentage nucleotide and amino acid sequence identity of known CYP11A cDNA and 

protein sequences between brown bullhead and other vertebrate species.CYP11A, cytochrome 

P450 side chain cleavage enzyme 

 Brown bullhead CYP11A 

 Nucleotide % identity Amino acid % identity 

Channel catfish 97 97 

Zebrafish 77 72 

Rainbow trout 75 79 

Frog 72 61 

Human 71 52 
 

Note. Multiple sequence alignment comparisons were performed using CLUSTAL W2 program 

with default parameters at the online service website of the European Bioinformatics Institute. 

Channel catfish (Ictalurus punctatus), rainbow trout (Oncorhynchus mykiss), zebrafish (Danio 

rerio), frog (Xenopustropicalis), human (Homo sapiens). 
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Table 6.Percentage nucleotide and amino acid sequence identity of known POMC cDNA and 

protein sequences between brown bullhead and other vertebrate species.  POMC, pro-

opiomelanocortin. 

 Brown bullhead POMC 

 Nucleotide % Identity Amino acid % identity 

Channel catfish 95 90 

Zebrafish 71 60 

Rainbow trout 70 58 

Frog 67 50 

Human 70 44 
 

Note. Multiple sequence alignment comparisons were performed using CLUSTAL W2 program 

with default parameters at the online service website of the European Bioinformatics Institute. 

Channel catfish (Ictalurus punctatus), rainbow trout (Oncorhynchus mykiss), zebrafish (Danio 

rerio), frog (Xenopus laevis), human (Homo sapiens). 
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Table 7.Brown bullhead real time RT-PCR primer pairs that failed to give a product.  Primers 

were designed based on the published brown bullhead CRF cDNA sequence (GenBank accession 

no. AY265418; Malagoli et al. 2004). CRF, corticotropin-releasing factor. 

Target Gene Sequence (5’ to 3’) 

CRF F1: GGT ACC ACC GTG ATT CTG CTC 

 R1: ACT GCC AGG GCT CTC AAT AGC 

 F2: TGC GCG TCC CAG CTC TAC 

 R2: TCG GGC CGG ATT GCT 
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Figure 1. Partial cDNA and deduced amino acid sequence of brown bullhead steroidogenic acute 

regulatory protein (StAR) 
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1 - gt 
 
gacactctggtgacccacgaggtttcgggggagaccccggggaacgtggtgggcccgagg 
D  T  L  V  T  H  E  V  S  G  E  T  P  G  N  V  V  G  P  R  
 
gatttcgttagtgtgcgctgtgccaaacgcaggggctccacatgcttcctggccgggatg 
D  F  V  S  V  R  C  A  K  R  R  G  S  T  C  F  L  A  G  M  
 
tcgacccaacatcccagcatgcctgagcagaagggcttcgtccgagcggagaacggaccg 
S  T  Q  H  P  S  M  P  E  Q  K  G  F  V  R  A  E  N  G  P  
 
acatgcatcgtgatgaggcccagcgcagacgatcccaacaagaccaagttcacctggttg 
T  C  I  V  M  R  P  S  A  D  D  P  N  K  T  K  F  T  W  L  
 
ctcagtttagacctgaagggctggattcccaaagcggtgataaaccgagttctctctcag 
L  S  L  D  L  K  G  W  I  P  K  A  V  I  N  R  V  L  S  Q  
 
acccaggtggattttgctaaccatctccgagacagaatggctaacaacagaggcacggag 
T  Q  V  D  F  A  N  H  L  R  D  R  M  A  N  N  R  G  T  E  
 
atgtcgatggcctgctgacatcatacataaacacgcacgcacacacacacacacacacac 
M  S  M  A  C  *    
 
acac– 426 
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Figure 2.Amino acid alignment of steroidogenic acute regulatory protein (StAR) sequence for 

various vertebrate species.  The * indicates identical amino acids between all sequences, whereas 

the “:” indicates conservation between strongly related sequences, and “.” indicates conservation 

between weakly related sequences. Bullhead (brown bullhead; Ameiurus nebulosus), catfish 

(channel catfish; Ictalurus punctatus), rainbow trout (Oncorhynchus mykiss), zebrafish (Danio 

rerio), frog (Xenopus laevis), human (Homo sapiens). 
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bullhead        ------------------------------------------------------------  
catfish         MLPATFKLCAGISYRHTRNMTGLRKNAMMAIHHELSKLS--GPGPSMWVRNIRRKSSLLC 58 
zebrafish       MLPATFKLCAGISYRHMRNMTGLRKNAMIAIHHELNKLS--GPGASTWINHIRRRSSLLS 58  
trout           MLPATFKLCAGISYRHMRNMTGLRKNAMVAIHHELNMLA--GPNPSSWISHVRRRSSLLS 58  
frog            MLPATFKLCAGISYRHLRNMTGLRRTAAVALTHELEKLALVGPGPGKWINQIRRKSILLS 60  
human           MLLATFKLCAGSSYRHMRNMKGLRQQAVMAISQELNRRALGGPTPSTWINQVRRRSSLLG 60   
 
bullhead        ------------------------------------------------------------  
catfish         SRIEEET-MSESEQVYVRQGQEALQKSISILSNPDGWQTEIETSTGDKVLSKVLPDVGKV 117 
zebrafish       SPIAEET-YSEADQCYVQQGQEALQKSISILEDQDGWQTEIESINGEKVMSKVLPGIGKV 117  
trout           SRIEEEQGYNEAEVSYVKQGEEALQKSISILGDQDGWTTEIIAANGDKVLSKVLPDVGKV 118  
frog            SRLEEKT-LNDVEMSYIKQGEEALKKSLNILGDQDGWKTEIVMENGDKVLSKVLPDIGKV 119  
human           SRLEETL-YSDQELAYLQQGEEAMQKALGILSNQEGWKKESQQDNGDKVMSKVVPDVGKV 119                                                                                
 
bullhead        -------------------------------------------DTLVTHEVSGETPGNVV 17  
catfish         FRLEVVLDQQPDELYEELVENMERMGEWNPNVKQVKILQKVNQDTLVTHEVSGETPGNVV 177  
zebrafish       FKLEVTLEQQTGDLYDELVDNMEQMGEWNPNVKQVKILQKIGQETMITHEISAETPGNVV 177  
trout           FKLEVLLDQRSDNLYVELVGNMEQMGDWNPNVKEVKILQKIGQETMVTHEVSGPTPGNVV 178  
frog            FKLEAVVEKPLDNVYGELVDNMEKMGEWNPNVKEVKILQKIGKDTVITHEKAAETPGNIV 179  
human           FRLEVVVDQPMERLYEELVERMEAMGEWNPNVKEIKVLQKIGKDTFITHELAAEAAGNLV 179  
                     :*.:*** :. :.**:*   
 
bullhead        GPRDFVSVRCAKRRGSTCFLAGMSTQHPSMPEQKGFVRAENGPTCIVMRPSADDPNKTKF 77  
catfish         GPRDFVSVRCTKRRGSTCFLAGMSTQHPSMPEQKGFVRAENGPTCIVMRPSADDPNKTKF 237  
zebrafish       GPRDFVNVRHAKRRGSTCFLAGMSTQHPGMPEQKGFVRAENGPTCIVMRPSADDPNKTKF 237  
trout           GPRDFVSVRCAKRRGSTCFLAGMSTQHPTMPEQRGVVRAENGPTCIVMRPSADDPNKTKF 238  
frog            GARDFVSVRCSKRRGSTCILAGMSTRFGGMPEQKGFVRGENGPTCMVLRPLAEDISKTKL 239  
human           GPRDFVSVRCAKRRGSTCVLAGMATDFGNMPEQKGVIRAEHGPTCMVLHPLAGSPSKTKL 239 
                *.****.** :*******.****:* .  ****:*.:*.*:****:*::* * . .***:   
 
bullhead        TWLLSLDLKGWIPKAVINRVLSQTQVDFANHLRDRMANN-RGTEMSMAC-- 125  
catfish         TWLFSLDLKGWIPKAVINRVLSQTQVDFANHLRDRMANN-RGMEVSMAC-- 285  
zebrafish       TWLLSLDLKGWIPKTVINRVLSQTQVDFVNHLRDRMASG-GGIDAAIAC-- 285  
trout           TWLLSIDLKGWIPKTIINKVLSQTQVDFANHLRQRMADNSVSMEMAAAC-- 287  
frog            TWLLSIDLKGWLPKSIINQVLSQTQVDFAKHLRSRMTSS---SNALSLC-- 285  
human           TWLLSIDLKGWLPKSIINQVLSQTQVDFANHLRKRLESH---PASEARC-- 285  
                ***:*:*****:**::**:*********.:***.*: .          * 
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Figure 3. Partial cDNA and deduced amino acid sequence of brown bullhead P450 side chain 

cleavage enzyme (CYP11A). 
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1- ttacagcggcttggagccaaagtttggaaagatcatgtggaagcatgggatggtattttc   
L  Q  R  L  G  A  K  V  W  K  D  H  V  E  A  W  D  G  I  F   
 
aaccaggcggaccactgtattcagaacatctacaggcagctgaggaaggaatctggagct 
N  Q  A  D  H  C  I  Q  N  I  Y  R  Q  L  R  K  E  S  G  A   
 
cagaacaaatatcccggggtgctggccagccttctcatgcttgaccgactgtccattgag 
Q  N  K  Y  P  G  V  L  A  S  L  L  M  L  D  R  L  S  I  E   
 
gaaatcaaggctagtgtgactgagctgatggctggaggggtggacacgacatctatcacc 
E  I  K  A  S  V  T  E  L  M  A  G  G  V  D  T  T  S  I  T   
 
ctactctggactctctatgaattggcacggcaccctgacctccaagaggagctgagggca 
L  L  W  T  L  Y  E  L  A  R  H  P  D  L  Q  E  E  L  R  A   
 
gagatcattgcagctcgcactgcctcacagggagacacagtgcagatgctcaaaatggtg 
E  I  I  A  A  R  T  A  S  Q  G  D  T  V  Q  M  L  K  M  V   
 
cccctgctcaaaggtgctctaaaagagacactcaggctacaccctgtagcagtaagcctt 
P  L  L  K  G  A  L  K  E  T  L  R  L  H  P  V  A  V  S  L   
 
caaagatacctcactcaagatgttgtgatccaaaattaccatattccatctgggacatta 
Q  R  Y  L  T  Q  D  V  V  I  Q  N  Y  H  I  P  S  G  T  L   
 
gtgcagctgggactgtatgccatgggcagagactatcgcatcttctccaaa  -532 
V  Q  L  G  L  Y  A  M  G  R  D  Y  R  I  F  S  K    -177 
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Figure 4.Amino acid alignment of CYP11A sequence for various vertebrate species.  The * 

indicates identical amino acids between all sequences, whereas the “:” indicates conservation 

between strongly related sequences, and “.” indicates conservation between weakly related 

sequences.  Bullhead (brown bullhead; Ameiurus nebulosus), catfish (channel catfish; Ictalurus 

punctatus), rainbow trout (Oncorhynchus mykiss), zebrafish (Danio rerio), frog (Xenopus 

tropicalis), human (Homo sapiens). 
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bullhead        ------------------------------------------------------------ 
catfish         MGMGMGMGMGVMAVRCTTWNSSLARSLAMLEGPGQVRACHSGSMPVAKETLFPASSSTVR 60 
trout           -----------MMVSWSVCRSSLA-----LPACGLPSARHNSSMPVVRQALSPDNSSTVQ 44 
zebrafish       ------------MARWNVTLARLD--------QSLSSLKNLLQVKVTRSGRAPQNS-TVQ 39 
frog            ------------MLLLRRLPAVPS---------GLRMISHHSVVGAGPEMGTLSQVDTPL 39 
human           ------------------------------------------------------------ 
 
 
bullhead        ------------------------------------------------------------ 
catfish         PFNEIPGMWKNSVGNLYTFWKLDGFKNIHHIMVHNFNTFGPIYREKIGYYESVNIINPED 120 
trout           NFSEIPGLWRNGLANLYSFWKLDGFRNIHRVMVHNFNTFGPIYREKIGYYDSVNIIKPEM 104 
zebrafish       PFNKIPGRWRNSLLSVLAFTKMGGLRNVHRIMVHNFKTFGPIYREKVGIYDSVYIIKPED 99 
frog            PYNQMPGNWKRGWLELYRFWRKDGFHNIHYHMMENFQRFGPIYREALGIYDSVFIQLPED 99 
human           ------------------------------------------------------------ 
 
 
bullhead        ------------------------------------------------------------ 
catfish         AAILFKAEGHYPKRLRVEPWTSYRDFRNRKYGVLLKDGEDWRSNRVILNREVISPKVQGN 180 
trout           PAILFKAEGHYPKRLTVEAWTSYRDYRNRKYGVLLKNGEDWRSNRVILNREVISPKVLGN 164 
zebrafish       GAILFKAEGHHPNRINVDAWTAYRDYRNQKYGVLLKEGKAWKTDRMILNKELLLPKLQGT 159 
frog            AATLFHVEGLHPERLRVPPWYEYRDYRNRRYGVLLKKGEDWRSHRIALNREVLSMSAMSR 159 
human           ----------------------------------------------------MAPEATKN 8 
 
 
bullhead        ------------------------------------------------------------ 
catfish         FVPLLDEVGQDFVARVYKKIQRSGQNKWTTDLSHELFKYALESVSAVLYGERLGLLLDYI 240 
trout           FVPLLDEVGQDFVARVHKKIERSGQDKWTTDLSQELFKYALESVGSVLYGERLGLMLDYI 224 
zebrafish       FVPLLDEVGQDFVARVNKQIERSGQKQWTTDLTHDLFRFSLESVSAVLYGERLGLLLDNI 219 
frog            FLPLLDSVGQDFVHRAHIQVERSGRGKWTADLTNELFRFALESVCYVLYGQRLGLLQDYI 219 
human           FLPLLDAVSRDFVSVLHRRIKKAGSGNYSGDISDDLFRFAFESITNVIFGERQGMLEEVV 68 
 
 
bullhead        ----------------------------LQRLGAKVWKDHVEAWDGIFNQADHCIQNIYR 32 
catfish         DPEAQHFIDCITLMFKTTCPMLYIPPSMLRRLGAKVWKDHVEAWDGIFNQADHCIQNIYR 300 
trout           NPEAQHFIDCISLMFKTTSPMLYIPPAMLRRVGAKIWRDHVEAWDGIFNQADRCIQNIYR 284 
zebrafish       DPEFQHFIDCVSVMFKTTSPMLYLPPGLLRSIGSNIWKNHVEAWDGIFNQADRCIQNIFK 279 
frog            DPESQQFIDSVSLMFNTTAPMLYLPPSLLRKINSSIWKDHVRAWDAIFTHADRCIQQIYS 279 
human           NPEAQRFIDAIYQMFHTSVPMLNLPPDLFRLFRTKTWKDHVAAWDVIFSKADIYTQNFYW 128 
                                            :: . :. *::** *** **.:**   *:::  
 
bullhead        QLRKESGAQNKYPGVLASLLMLDRLSIEEIKASVTELMAGGVDTTSITLLWTLYELARHP 92 
catfish         QLRKESGEQNKYPGVLASLLMLDRLSIEEIKASVTELMAGGVDTTSITLLWTLYELAWHP 360 
trout           TMRQDTNTHGKYPGVLASLLMLDKLSIEDIKASVTELMAGGVDTTSITLLWTLYELARHP 344 
zebrafish       QWKENPEGNGKYPGVLAILLMQDKLSIEDIKASVTELMAGGVDSVTFTLLWTLYELARQP 339 
frog            SLRQQSDS--TYSGVLSSLLLQDQMPLEDIKASVTELMAGGVDTTSMTLQWAMYELARTP 337 
human           ELRQKGSVHHDYRGILYRLLGDSKMSFEDIKANVTEMLAGGVDTTSMTLQWHLYEMARNL 188 
                  ::.      * *:*  **  .::.:*:***.***::*****:.::** * :**:*    
 
bullhead        DLQEELRAEIIAARTASQGDTVQMLKMVPLLKGALKETLRLHPVAVSLQRYLTQDVVIQN 152 
catfish         DLQEELRAEIIAARAASQGDTVQMLKMVPLLKGALKETLRLHPVAVSLQRYLTQDVVIQN 420 
trout           DLQEELRAEVAVARQSTQGDMLQMLKMIPLVKGALKETLRLHPVAVSLQRYITEEIVIQN 404 
zebrafish       DLQDELRAEISAARIAFKGDMVQMVKMIPLLKAALKETLRLHPVAMSLPRYITEDTVIQN 399 
frog            SVQEKLRSEVIAARDASGKDLTALLKRIPLVKAALKETLRLHPVAITLQRYTQRDTVIRN 397 
human           KVQDMLRAEVLAARHQAQGDMATMLQLVPLLKASIKETLRLHPISVTLQRYLVNDLVLRD 248 
                .:*: **:*: .**     *   ::: :**:*.::********::::* **  .: *::: 
 
bullhead        YHIPSGTLVQLGLYAMGRDYRIFSKX---------------------------------- 178 
catfish         YHIPSGTLVQLGLYAMGRDYRIFSKPEQYLPSRWLRNES--HYFRSLGFGFGPRQCLGRR 478 
trout           YHIPCGTLVQLGLYAMGRDPDVFPRPEKYLPSRWLRTEN--QYFRSLGFGFGPRQCLGRR 462 
zebrafish       YHIPAGTLVQLGVYAMGRDHQFFPKPEQYCPSRWISSNR--QYFKSLGFGFGPRQCLGRR 457 
frog            YIIPQGTLVQVGLYAMGRNPDIFALPQRFSPERWLGGGP--THFRGLGFGFGPRQCIGRR 455 
human           YMIPAKTLVQVAIYALGREPTFFFDPENFDPTRWLSKDKNITYFRNLGFGWGVRQCLGRR 308 
                * **  ****:.:**:**:  .*                                      
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bullhead        ------------------------------------------------------- 
catfish         IAETEMQLFLIHMLENFKIEKQRQLEVRSTFELILVPEKPILLTIKPLHSSK--- 530 
trout           IAETEMQLFLIHMLENFRVDKQRQVEVHSTFELILLPEKPILLTLKPLKSGQ--- 514 
zebrafish       IAETEMQIFLIHMLENFRIEKQKQIEVRSKFELLLMPEKPIILTIKPLNASR--- 509 
frog            IAEIEMQLFLIHILENFKIEINRMVDVGTTFNLILFPSKPIHLTLRPLK------ 504 
human           IAELEMTIFLINMLENFRVEIQHLSDVGTTFNLILMPEKPISFTFWPFNQEATQQ 363 
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Figure 5.  Partial cDNA and deduced amino acid sequence of brown bullhead pro-

opiomelanocortin (POMC). 
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1- c 
 
aaggttataagcccagttacatgggagaacacgggctgcagagatctaagctctgacaga 
K  V  I  S  P  V  T  W  E  N  T  G  C  R  D  L  S  S  D  R   
 
aatatcctggaatgcatcaggttgtgcagctctgagcttacagcagaatctcctctctac 
N  I  L  E  C  I  R  L  C  S  S  E  L  T  A  E  S  P  L  Y   
 
cctggagatggccacctccagtccgtcttgttcatacccagtgaaatccctactgccaga 
P  G  D  G  H  L  Q  S  V  L  F  I  P  S  E  I  P  T  A  R   
 
ctttccaccccagaagaggatgaagctccagagtctggtccacaacacgaagaaaagcgc 
L  S  T  P  E  E  D  E  A  P  E  S  G  P  Q  H  E  E  K  R   
 
tcttactccatggaacacttccgctggggtaaacctgtgggtcgcaagcgccggcccatt 
S  Y  S  M  E  H  F  R  W  G  K  P  V  G  R  K  R  R  P  I   
 
aaggtgtacgccaatggggtggaggaagagtcatccgaggccctgccggcagagatgagg 
K  V  Y  A  N  G  V  E  E  E  S  S  E  A  L  P  A  E  M  R   
 
cgtgagataggtgctgttgaggacagcaccgtcagccagcaagagaagaaagatggttcc 
R  E  I  G  A  V  E  D  S  T  V  S  Q  Q  E  K  K  D  G  S   
 
tataagatgaatcactttcgctggagtggcccacctaccagcaaacgctattggaggtta 
Y  K  M  N  H  F  R  W  S  G  P  P  T  S  K  R  Y  W  R  L  
 
- 481 
- 160 
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Figure 6.  Amino acid alignment of pro-opiomelanocortin (POMC) sequence for various 

vertebrate species.  The * indicates identical amino acids between all sequences, whereas the “:” 

indicates conservation between strongly related sequences, and “.” indicates conservation 

between weakly related sequences. Bullhead (brown bullhead; Ameiurus nebulosus), catfish 

(channel catfish; Ictalurus punctatus), rainbow trout (Oncorhynchus mykiss), zebrafish (Danio 

rerio), frog (Xenopus laevis), human (Homo sapiens). 
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bullhead        -----------------------KVISPVTWENTGCRDLSSDRNILECIRLCSSELTAES 37 
catfish         MVKEARMGCPVWMLALALLCASGSEVRAQCWENSGCRDLSSDRNILECIRLCRSELTAES 60 
trout           ------MLCPAWLLAVAVVG-VVRGVKGQCWENPRCHDLSSENNLLECIQLCRSDLTTKS 53 
zebrafish       MVRGVRMLCPAWLLALAVLCAGGSEVRAQCWENARCRDLSTEENILECIQLCRSELTDET 60 
frog            --MFRPLWGCFLAILGICIFHIG-EVQSQCWESSRCADLSSEDGVLECIKACKTDLSAES 57 
human           --MPRSCCSRSGALLLALLLQASMEVRGWCLESSQCQDLTTESNLLECIRACKPDLSAET 58 
                                         :     *.. * **::: .:****: * .:*: :: 
 
bullhead        PLYPGDGHLQSVLFIPSEIPTARL-------STPEEDEAPESGPQHE------------- 77 
catfish         PLYPGDGHLQSVLLIPSEITTARL-------STPQEDEAPESGPQHE------------- 100 
trout           PIFPVKVHLQPPSPSDSDSPPLYLPLSLLSPSSPLYPTEQQNSVSPQ------------- 100 
zebrafish       PVYPGESHLQPPSEPEQIDLLAHLSP---VALAAPEQIEPESGPRHD------------- 104 
frog            PVFPGNGHLQPLSESIRKYVMTHFRWNKFGRRNSTGNDGSNTGYKREDISSYPVFSLFPL 117 
human           PMFPGNGDEQPLTENPRKYVMGHFRWDRFGRRNSSSSGSSGAGQKREDVSAGEDCGPLPE 118 
                *::* . . *.            :         .        .   :              
 
bullhead        -------------------EKRSYSMEHFRWGKPVGRKRRPIKVYANGVEEESSEALPAE 118 
catfish         -------------------EKRSYSMEHFRWGKPVGRKRRPIKVYANGVEEESSEALPAE 141 
trout           -------------------AKRSYSMEHFRWGKPVGRKRRPVKVYTNGVEEESSEAFPSE 141 
zebrafish       -------------------HKRSYSMEHFRWGKPVGRKRRPIKVYTNGVEEESAETLPAE 145 
frog            SDQNAPGDNMEEEPLDRQENKRAYSMEHFRWGKPVGRKRRPIKVYPNGVEEESAESYPME 177 
human           GGPEPRSDGAKPGPR---EGKRSYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLE 175 
                                    **:*************:****:***.**.*:**:*: * * 
 
bullhead        MRREIG-------AVEDSTV----------------SQQEKKDGSYKMNHFRWSGPPTSK 155 
catfish         MRRELG-------AVEDSTV----------------SQQEKKDGSYKMNHFRWSGPPTSK 178 
trout           MRRELGTDDAVYPSLEAGTAEGGE----AEGMEGVFSLQEKKDGSYKMNHFRWSGPPASK 197 
zebrafish       MRRELANN-----EVDYPQEE------------MPLNPLGKKDPPYKMTHFRWSVPPASK 188 
frog            LRRELS----LELDYPEIDLDE------DIEDNEVESALTKKNGNYRMHHFRWGSPPKDK 227 
human           FKRELTGQRLREGDGPDGPADDGAGAQADLEHSLLVAAEKKDEGPYRMEHFRWGSPPKDK 235 
                ::**:                                   *.:  *:* ****. ** .* 
 
bullhead        RYWRL--------------------------------------------------- 160 
catfish         RYGGFMKSWDEHSQKPLLTLFKNIINKDGHQKDH---------------------- 212 
trout           RYGGFMKSWDERSQKPLLTLFKNVIIKDGQQKREQWGREEGEEKRALGERKYHFQG 253 
zebrafish       RYGGFMKSWDERAQKPLLTLFKNVMHKDQPRKDE---------------------- 222 
frog            RYGGFMTP--ERSQTPLMTLFKNAIIKNSHKKGQ---------------------- 259 
human           RYGGFMTS--EKSQTPLVTLFKNAIIKNAYKKGE---------------------- 267 
                **  : 
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Figure 7. The concentration of plasma cortisol (ng/ml) of rainbow trout injected intraperitoneally 

with 0, 10, or 40 mg/kg body weight (BW) benzo(a)pyrene and sampled either 24 or 72h post-

injection. Values are means + S.E.M. (N=10).  Differences in capital letters between pairs of bars 

indicate a significant effect of treatment as determined by two-way ANOVA. Treatments that do 

not share a common letter for a given time are significantly different from each other. An 

asterisk indicates a significant difference between sampling times for a given treatment (P<0.05). 
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Figure 8. The ratio of corticotropin-releasing factor (CRF; A), CRF receptor type 1 (CRF-R1; B) 

and CRF receptor type 2 (CRF-R2; C) mRNA levels to the housekeeping gene elongation factor 

1α (EF1α) mRNA levels in the preoptic area of rainbow trout injected intraperitoneally with 0, 

10, or 40 mg/kg body weight (BW) benzo(a)pyrene and sampled either 24 or 72h post-injection. 

Values are means + S.E.M. (N=9-10). Differences in capital letters between pairs of bars indicate 

a significant effect of treatment as determined by two-way ANOVA. An asterisk indicates a 

significant difference between sampling times for a given treatment (P<0.05). 
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Figure 9. The ratio of pro-opiomelanocrotin (POMC; A), corticotropin-releasing factor (CRF) 

receptor type 1 (CRF-R1; B) and CRF receptor type 2 (CRF-R2; C) mRNA levels to the 

housekeeping gene elongation factor 1α (EF1α) mRNA levels in the pituitary of rainbow trout 

injected intraperitoneally with 0, 10, or 40 mg/kg body weight (BW) benzo(a)pyrene and 

sampled either 24 or 72h post-injection. Values are means + S.E.M. (N=8-10). Differences in 

capital letters between pairs of bars indicate a significant effect of treatment as determined by 

two-way ANOVA. Treatments that do not share a common letter for a given time are 

significantly different from each other. An asterisk indicates a significant difference between 

sampling times for a given treatment (P<0.05). 
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Figure 10. The ratio of steroidogenic acute regulatory protein (StAR; A), P450 side chain 

cleavage enzyme (CYP11A; B) and P450 β-hydroxylase (CYP11B; C) mRNA levels to the 

housekeeping gene elongation factor 1α (EF1α) mRNA levels in the head kidney of rainbow 

trout injected intraperitoneally with 0, 10, or 40 mg/kg body weight (BW) benzo(a)pyrene and 

sampled either 24 or 72h post-injection. Values are means + S.E.M. (N=9-10). Differences in 

capital letters between pairs of bars indicate a significant effect of treatment as determined by 

two-way ANOVA. Treatments that do not share a common letter for a given time are 

significantly different from each other. An asterisk indicates a significant difference between 

sampling times for a given treatment (P<0.05). 
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Figure 11. The concentration of plasma cortisol (ng/ml) in brown bullhead injected 

intraperitoneally with 0, 10, 40 or 160 mg/kg body weight (BW) benzo(a)pyrene and sampled 

either 24 or 72h post-injection. Values are means + S.E.M. (N=8-10). Differences in capital 

letters between pairs of bars indicate a significant effect of treatment as determined by two-way 

ANOVA (P<0.05). 
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Figure 12. The ratio of corticotropin-releasing factor (CRF) receptor type 1 (CRF-R1; A), CRF 

receptor type 2 (CRF-R2; B) and CRF receptor type 3 (CRF-R3; C) mRNA levels to the 

housekeeping gene elongation factor 1α (EF1α) mRNA levels in the preoptic area of brown 

bullhead injected intraperitoneally with 0, 10, 40 or 160 mg/kg body weight (BW) 

benzo(a)pyrene and sampled either 24 or 72h post-injection. Values are means + S.E.M. (N=9-

10).  Differences in capital letters between pairs of bars indicate a significant effect of treatment 

as determined by two-way ANOVA.  Treatments that do not share a common letter for a given 

time are significantly different from each other.  An asterisk indicates a significant difference 

between sampling times for a given treatment (P<0.05). 
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Figure 13. The ratio of pro-opiomelanocortin (POMC; A), corticotropin-releasing factor (CRF) 

receptor type 1 (CRF-R1; B), CRF receptor type 2 (CRF-R2; C) and CRF receptor type 3 (CRF-

R3; D) mRNA levels to the housekeeping gene elongation factor 1α (EF1α) mRNA levels in the 

pituitary of brown bullhead injected intraperitoneally with 0, 10, 40 or 160 mg/kg body weight 

(BW) benzo(a)pyrene and sampled either 24 or 72h post-injection. Values are means + S.E.M. 

(N=5-9). Differences in capital letters between pairs of bars indicate a significant effect of 

treatment as determined by two-way ANOVA.  Treatments that do not share a common letter for 

a given time are significantly different from each other.  An asterisk indicates a significant 

difference between sampling times for a given treatment (P<0.05). 
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Figure 14. The ratio of steroidogenic acute regulatory protein (StAR; A) and P450 side chain 

cleavage enzyme (CYP11A; B) mRNA levels to the housekeeping gene elongation factor 1α 

(EF1α) mRNA levels in the head kidney of brown bullhead injected intraperitoneally with 0, 10, 

40 or 160 mg/kg body weight (BW) benzo(a)pyrene and sampled either 24 or 72h post-injection. 

Values are means + S.E.M. (N=9-10). Treatments that do not share a common letter for a given 

time are significantly different from each other. An asterisk indicates a significant difference 

between sampling times for a given treatment (P<0.05). 
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Figure 15. The concentration of plasma cortisol (ng/ml) inrainbow trout subjected to a 60 sec 

emersion stressor and sampled 0, 1or 3 h after the initial stressor. Values are means + S.E.M. 

(N=10). Treatments that do not share a common letter are significantly different from each other 

(P<0.05). 
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Figure 16. The ratio of corticotropin-releasing factor (CRF; A), CRF receptor type 1 (CRF-R1; 

B) and CRF receptor type 2 (CRF-R2; C) mRNA levels to the housekeeping gene elongation 

factor 1α (EF1α) mRNA levels in the preoptic area of rainbow trout subjected to a 60 sec 

emersion stressor and sampled 0, 1 or 3 h after the initial stressor. Values are means + S.E.M. 

(N=9-10). Treatments that do not share a common letter for a given gene are significantly 

different from each other (P<0.05). 
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Figure 17. The ratio of pro-opiomelanocrotin (POMC; A), corticotropin-releasing factor (CRF) 

receptor type 1 (CRF-R1; B) and CRF receptor type 2 (CRF-R2; C) mRNA levels to the 

housekeeping gene elongation factor 1α (EF1α) mRNA levels in the pituitary of rainbow trout 

subjected to a 60 sec emersion stressor and sampled 0, 1 or 3 h after the initial stressor. Values 

are means + S.E.M. (N=8-9). Treatments that do not share a common letter for a given gene are 

significantly different from each other (P<0.05). 
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Figure 18. The ratio of steroidogenic acute regulatory protein (StAR; A), P450 side chain 

cleavage enzyme (CYP11A; B) and P450 β-hydroxylase (CYP11B; C) mRNA levels to the 

housekeeping gene elongation factor 1α (EF1α) mRNA levels in the head kidney of rainbow 

trout subjected to a 60 sec emersion stressor and sampled 0, 1 or 3 h after the initial stressor. 

Values are means + S.E.M. (N=9-10). Treatments that do not share a common letter for a given 

gene are significantly different from each other (P<0.05). 
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Figure 19. The concentration of plasma cortisol (ng/ml) inbrown bullhead subjected to a 60 sec 

emersion stressor and sampled 0, 1 or 3 h after the initial stressor. Values are means + S.E.M. 

(N=10). Treatments that do not share a common letter are significantly different from each other 

(P<0.05). 
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Figure 20. The ratio of corticotropin-releasing factor (CRF) receptor type 1 (CRF-R1; A), CRF 

receptor type 2 (CRF-R2; B) and CRF receptor type 3 (CRF-R3; C) mRNA levels to the 

housekeeping gene elongation factor 1α (EF1α) mRNA levels in the preoptic area of brown 

bullhead subjected to a 60 sec emersion stressor and sampled 0, 1 or 3 h after the initial stressor. 

Values are means + S.E.M. (N=10). Treatments that do not share a common letter for a given 

gene are significantly different from each other (P<0.05). 
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Figure 21. The ratio of pro-opiomelanocortin (POMC; A), corticotropin-releasing factor (CRF) 

receptor type 1 (CRF-R1; B), CRF receptor type 2 (CRF-R2; C) and CRF receptor type 3 (CRF-

R3; D) mRNA levels to the housekeeping gene elongation factor 1α (EF1α) mRNA levels in the 

pituitary of brown bullhead subjected to a 60 sec emersion stressor and sampled 0, 1 or 3 h after 

the initial stressor. Values are means + S.E.M. (N=10). Treatments that do not share a common 

letter for a given gene are significantly different from each other (P<0.05). 
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Figure 22. The ratio of steroidogenic acute regulatory protein (StAR; A) and P450 side chain 

cleavage enzyme (CYP11A; B) mRNA levels to the housekeeping gene elongation factor 1α 

(EF1α) mRNA levels in the head kidney of brown bullhead subjected to a 60 sec emersion 

stressor and sampled 0, 1or 3 h after the initial stressor. Values are means + S.E.M. (N=10). 

Treatments that do not share a common letter for a given gene are significantly different from 

each other (P<0.05). 
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CHAPTER 3 

Effects of PAH-contaminated sediment on the plasma cortisol of brown 

bullhead populations with different exposure histories 

Introduction 

Polycyclic aromatic hydrocarbons (PAHs) result from the incomplete combustion of fossil 

fuels.  While found naturally in low levels, anthropogenic activity has greatly increased the 

concentrations of PAHs in the environment.  The principle sources of PAHs include industrial 

effluent, storm-water runoff from urban areas, sewage plant effluent and oil spills (Hylland, 

2006).  Although PAHs are degraded through both chemical and biological processes, their half-

lives in aquatic sediments can still be as long as months to years (Wilcock et al., 1996).  As a 

result of their persistence and toxicity, their tendency to bioaccumulate in lipid-rich tissues such 

as the liver and their biotransformation to tumor-causing metabolites, PAHs represent a 

significant threat to the well-being of fish (Hylland, 2006).  In fact, PAHs have been shown to 

have a wide range of adverse effects on aquatic life and in polluted environments PAHs can be 

chronic stressor on fish populations (Hontela, 2005; Logan, 2007).  This kind of chronic stressor 

provides fish with a different physiological challenge compared to that of acute physical 

disturbances.  While acute stressors elicit an immediate stress reaction aimed at re-establihsing 

homeostasis, chronic stressors can lead to a desensitization of the stress response and often 

require the fish to adjust to suboptimal conditions (Mommsen et al., 1999, Barton, 2002). 

As a result of continuous activation, chronic stressors can result in a downregulation of the 

HPI axis and a desensitization to stressors (Wendelaar Bonga, 1997; Hontela, 1998).  For the 
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animal to deal with a stressor it is beneficial to immediately activate the HPI axis.  However 

when this stressor becomes chronic the organism must be able to carry on with other 

physiological processes.  Activation of the HPI axis has effects on nearly every aspect of fish 

physiology, including the reproductive, growth, immune, and behavioural functions, impairing 

the full capacity of these systems (reviewed in Sapolsky et al., 2000; Mommsen et al., 1999).  

Thus a continuous activation of the HPI is considered maladaptive and can have long-term 

detrimental effects to the overall health of the animal.  Alternatively, the suppressed activation or 

inactivation of the HPI axis during chronic stressors can allow fish to live without additional 

impairment aside from an inability to deal with the chronic stressor.  The failure to mount a 

stress response prevents the fish from appropriately responding to the homeostatic challenge and 

may allow the full effect of the primary stressor.   

Chronic stressors can also have an impact on the ability to respond to future stressors.  

Previous studies have indicated that chronic environmental stress can intensify (Vijayan et al., 

1997) or attenuate (Hontela et al., 1997; Wilson et al., 1998, Aluru and Vijayan, 2006) the 

response to a secondary stressor (Barton, 2002, Hontela, 2005).  Alterations in the normal stress 

responsesin perch (Perca flavescens) and pike (Esox lucius) were evidenced by lower plasma 

cortisol in response to capture and an associated atrophied pituitary in fish that were previously 

chronically exposed to environmental contaminants (Hontela et al., 1992). Similarly, Gesto et al. 

(2008) showed that PAHs differentially affected the cortisol response of acute and prolonged 

stressors.  This response was attributed to a down-regulation of the HPI axis from its own 

negative feedback loops but also from the loss of resources due to its continual activation 

(Wendelaar Bonga 1997; Barton, 2002; Hontela 1997).   
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Because of their benthic lifestyle and very limited home range, brown bullheads are a good 

model to study the chronic effects of PAH contamination on the stress response.  Brown 

bullheads have minimal migration rates and are known to stay in a given population and habitat 

(Sakaris et al., 2005; Silbiger et al., 2001).  The existence of distinct and stable brown bullhead 

populations through time may allow scientists to study the heritability of adaptive mechanisms 

against chronic PAH exposure.  Some phenotypes may yield better fitness in a specific 

environment and it is suggested that these phenotypes would be selected for in such a setting 

(Hebert and Luiker, 1996; Jung et al., 2009; Mitton, 1997).  Long lasting stressors that affect 

multiple generations, such as PAHs, would make heritability of certain phenotypes beneficial.  

Indeed, chronic exposure of brown bullheads to toxins has been shown to result in the selection 

of non-sensitive phenotypes and a loss of genetic diversity (Hebert and Luiker, 1996; Silbiger et 

al., 2001).  This characteristic provides excellent grounds to study brown bullheads for genetic 

adaptations and differentiation between populations living in different contaminant loads. 

Phenotypic changes that confer advantages can occur in two different ways, through 

physiological acclimatization or genotypic adaptation (Meyer et al., 2002).  Acclimatization 

occurs individually in fish where they become accustomed to the different setting through 

physiological expression of refractory phenotypes.  In contrast, adaptation occurs on the 

population scale whereby genetic shifts allow for the prevalence of genotypes with better fitness 

in a particular environment.  Comparison of the cortisol stress response of fish with different 

sediment exposure histories could elucidate which of these is employed by brown bullhead 

populations. 

In this study, to test whether chronic exposure to PAHs results in a down-regulation of the 

HPI axis, we assessed the cortisol stress response resulting from exposure to contaminated 
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sediment in four brown bullhead populations originating from locations with known differences 

in contaminant concentrations.  Moreover, to determine whether differences in HPI axis 

responsiveness are the result of adaption and/or acclimation, we compared the cortisol stress 

response from fish directly caught in the wild (acute) to the response of wild fish that were 

placed in a clean environment for four months to clear their contaminants (cleared), and to the 

response of the progeny of wild fish that were reared in a clean environment (second generation 

cleared).  If the primary mechanism used by brown bullhead populations to facilitate tolerance to 

chronic PAH exposure is genetic adaptation, we predict that the cortisol stress response of a 

given brown bullhead population with different exposure histories will not vary.  Alternatively, if 

the primary mechanism used by brown bullhead populations to facilitate tolerance to chronic 

PAH exposure is acclimation, then the cortisol stress response of fish from a given population 

will vary depending on whether the fish were raised in a contaminated or clean environment.   

Methods 

Brown bullhead populations and field collection  

Adult brown bullheads were caught by boat electrofishing and hoop nets from four distinct 

locations in the lower Great Lakes region (Figure 1): Trenton Channel (42˚51’N, 82˚55’W), 

Belle Isle (42˚20’N, 82˚59’W), Pêche Isle (42˚34’N, 82˚92’W) and Belle River (42˚28’N, 

82˚71’W).  These locations were chosen because of their known differences in contaminant 

concentrations (Drouillard et al., 2006).  Moreover, this region of the Great Lakes has been 

identified as an area of concern by the International Joint Commission Great Lakes Water 

Quality Board (1978) and previously used for ecotoxicological studies (Leadley et al., 1999).  

The collection sites were divided into two groups based on the amount of sediment BaP found in 

a previous study (Leadley et al., 1998).  Trenton Channel and Belle Isle were considered to be 
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contaminated sites, and Pêche Isle and Belle River were regarded as clean sites.  To confirm the 

above contaminant levels, sediments were collected from each site and stored at -80oC until 

content analysis.  

Brown bullheads from all four populations were caught in May-June 2008, May-June 2009, 

October-November 2009 and May-June 2010.  Fish caught in Spring 2008 and 2009 were 

immediately transported to Leadley Environmental Inc. (42˚6’N, 82˚55’W; Essex, ON, 

CANADA), placed in semi-natural clay-bottom ponds, 6 m × 12 m × 3 m (L × W × D), 

corresponding to the original location, and left undisturbed until later use.  Fish reared in these 

ponds experienced similar environmental conditions and were fed floating pellets daily (Martin 

Mills Inc., Elmira, ON), ad libitum, except during the winter of 2008-2009 when the ponds were 

covered with ice.  The Spring 2008 fish were allowed to reproduce naturally in the ponds.  Their 

progeny were used in the second generation cleared fish treatment (38.9 ±1.58 g).  The Spring 

2009 fish were reared in semi-natural clay-bottom ponds for 4 months to clear their contaminants 

before being used in the cleared fish treatment (312.7 ± 2.6 g).  As a means of standardizing 

handling procedures, fish from the above two treatments were caught from the clay-bottom 

ponds and moved to medium-sized ponds, 2.4 m × 2.4 m × 0.6 m (L × W × D) for 72h prior to 

the sediment exposure experiments.  Fish caught in Fall 2009 and Spring 2010 were also 

immediately transported to Leadley Environmental Inc and reared for 72h in medium-sized 

ponds (as above) prior to sediment exposure experiments.  These fish were used in the acute 

treatments (260.2 ± 7.9 g).  To confirm ingestion of PAHs from the sediment and exposure to 

the internal system of the fish muscle samples were taken from the fish.  However, this 

information is not yet available. 

Experimental design 
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To perform the sediment exposures, fish from a given population and treatment were quickly 

netted from the medium-sized ponds and moved into exposure ponds.  Exposure ponds were 

circular and 1.5 m in diameter.  Each exposure pond was filled with ~80 liters of sediment and 

200 liters of pond water.  Three exposure ponds were filled with contaminated sediment dredged 

from Trenton Channel and three were filled with clean sediment dredged from Pêche Isle.  Each 

pond contained a maximum of 10 fish at a time.  Fish were exposed to the respective sediment 

for 24h or 96h and terminally anaesthetized using 2-phenoxyethanol (5 ml/L).  Blood was 

sampled by caudal puncture and centrifuged immediately (10 min at 12,000 x g).  Plasma was 

separated, flash frozen in liquid nitrogen and stored in -80oC until analysis.   

Sediment PAH analysis 

PAH analysis was performed by gas chromatography and mass spectroscopy as previously 

described (Eghtesadi-Araghi et al., 2011).  Briefly, sediment samples were homogenized and 

weighted prior to chemical analysis.  Organic contaminant extraction was performed by mixing 

20 g of wet sediment with 100 g anhydrous Na2SO4 (ACS grade, BDH, ON, Canada) using a 

mortar and pestle.  Asurrogate spiking standard was added to each thimble.  The samples were 

then Soxhlet-extracted with 300 ml of acetone:hexane (1:1) for 16h.  Each extract was 

concentrated back to 50 ml using a separatory funnel containing Millipore® grade water with 

hexane and passed through an anhydrous Na2SO4 column.  The samples were further 

concentrated to 5ml and cleaned up further with Florisil®.  The columns were then eluted first 

with %100 hexane and then with dichloromethane:hexane (1:1) for 16h.  Each sample was 

concentrated to 50 ml, back extracted in a separatory funnel containing Millipore® grade water 

with hexane and concentrated again to 50 ml; back extracted three times with hexane Omnisolv® 

grade and rotaevaporated to 50 ml and dehydrated by passing through a chromatographic column 



 95 

of anhydrous Na2SO4.  The elutant was rotaevaporated, cleaned up and purified with a Florisil® 

column and rotaevaporated to 2 ml.  Finally, the samples were cleaned up with activated copper 

and analyzed with a 5890/5979 gas chromatograph with a mass selective detector (GC-MSD).  

The GC-MSD was equipped with a Hewlett-Packard 7973A autosampler and a 30 m x 0.25 mm 

DB-5 column.  A method blank (clean Na2SO4) and certified reference sediment (NRCIMB of 

Canada, SRM 1944 New Jersey Sediments) was extracted with each batch of 5 samples.  

Sediment analyses were performed by staff at the Organic Analytical Laboratory of the Great 

Lakes Institute of Environmental Research (University of Windsor, ON, Canada) in 

collaboration with Dr. Ken Drouillard.  

Cortisol radioimmunoassay 

Plasma cortisol was measured by radioimmunoassay (RIA) in triplicate as described by 

Bernier et al., (2008).  Cortisol values are presented as ng cortisol / ml of plasma.  Briefly, 

plasma was diluted five times and added to 200 ul [3H]-cortisol and 200 ul anti-cortisol antibody 

(product code #R4866; Clinical Endocrinology Laboratory, University of California, Davis, CA, 

USA).  The samples were then incubated at 4oC overnight and 200 ul of Dextran-coated charcoal 

was added.  The solution was then incubated and centrifuged.  The resulting supernatant was 

decanted and 5 ml of scintillation cocktail was added.  The solution was then counted in a 

multipurpose scintillation counter (LS 6500, Beckman, Fullerton, CA, USA).  Cortisol 

concentrations were calculated from a three-parameter sigmoidal curve regression equation 

derived from the standard curve. 

Statistics 

For a given brown bullhead population (Trenton Channel, Pêche Isle, Belle Isle and Belle 

River ) and treatment (acute, cleared and second generation cleared), a two-way analysis of 
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variance (ANOVA), using sediment type and sampling time as factors, followed by a Holms-

Sidak test for multiple comparisons was used to determine differences in plasma cortisol values.  

Data that did not meet the assumption of normality were log-transformed prior to analysis.  Data 

that did not meet the assumption of equal variance were tested based on ranks.  Any outliers that 

were determined to be greater than or less than the 1.5 x inter-quartile range from the upper 

quartile or lower quartile, respectively, were removed from the data set.  All statistical analyses 

were performed using SigmaStat 3.0 (SPSS Inc, Chicago, IL, USA).  P<0.05 was considered 

statistically significant for all tests. 

Results 

Sediment PAH content 

The sediment concentrations of 16 different PAHs for the four experimental sites used in this 

study are reported in Table 1.  Trenton Channel had the highest concentration of PAHs, followed 

by Belle Isle, Pêche Isle and Belle River.  This pattern was true for all 16 PAHs analyzed.  

Overall, Trenton Channel, Belle Isle and Pêche Isle sediments had PAH concentrations that were 

respectively 11.2-, 5.9- and 3.4-fold higher than those reported for Belle River sediments. 

Plasma cortisol 

During the Fall 2009 field season, fish were only caught from two experimental sites to 

perform the acute treatment sediment exposures, Trenton Channel and Pêche Isle.  In the Trenton 

Channel population, fish exposed to contaminated sediment for 24 and 96h had plasma cortisol 

levels that were respectively 16.4- and 9.8-fold higher than the levels in the 24h clean sediment 

fish(Figure 2).  However, the control Trenton Channel fish kept on clean sediment for 96h also 

had plasma cortisol levels that were 4.4-fold higher than the 24h control fish.  In contrast, in the 
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Pêche Isle population, the two groups of fish exposed to contaminated sediment and the 96h 

control fish all had plasma cortisol values that were significantly lower than the 24h control fish.  

Fish from all four experimental sites were used to perform additional acute treatment 

sediment exposures during the Spring 2010 field season.  In contrast to the results presented 

above, exposure of Trenton Channel fish to contaminated sediment did not elicit an increase in 

plasma cortisol in this experiment (Figure 3).  However, both clean- and contaminated sediment-

exposed fish had higher plasma cortisol levels than their 24h counterpart.  In the Pêche Isle 

population, as previously observed during the Fall 2009 field season, both groups of fish exposed 

to contaminated sediment and the 96h control fish all had plasma cortisol values that were 

significantly lower than the 24h control group.  In both the Belle Isle and Belle River populations, 

exposure to contaminated sediments had no effect on plasma cortisol levels and hormonal levels 

remained unchanged through time in the control treatment.  

All fish caught in the spring of 2009 and cleared for 4 months prior to sediment exposure 

showed a very similar plasma cortisol response pattern (Figure 4).  Independent of the origin of 

the fish, with the exception of a small decrease in the 96h Pêche Isle contaminated fish, there 

was no difference in plasma cortisol between fish exposed to clean and contaminated sediment at 

a given time.  Additionally, in all three populations where fish were available at both sampling 

times, there was a significant reduction in plasma cortisol between the 96h and the 24h time 

points.   

In the second generation cleared treatment, fish from the Pêche Isle population exposed to 

contaminated sediment for 24 and 96h had plasma cortisol levels that were 4.0- and 6.0-fold 

higher than their respective timed control groups (Figure 5).  In contrast, the sediment exposures 

had no effect on plasma cortisol in the fish from the Belle Isle and Belle River populations.  
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Finally, in the Trenton Channel population, between the 96h and the 24h time points, fish 

exposed to clean sediment where characterized by a 6.6-fold increase in plasma cortisol, and 

those exposed to contaminated sediments increased cortisol levels to a lesser extent, i.e. by 4.6-

fold.  

Discussion 

The response of brown bullheads to PAHs with different exposure histories was quite 

different from what was expected.  Previous studies showed that injection of PAHs elicited an 

increase in plasma cortisol (Aluru and Vijayan, 2004; Gesto et al., 2008; Tintos et al., 2008) 

which was predicted when fish originating from clean sites (Pêche Isle and Belle River) were 

exposed to PAH contaminated sediment.  However, an elevated plasma cortisol response was 

only seen in one group of fish originating from a clean site (Figure 5).  The overall lack of 

elevated plasma cortisol response suggest that the brown bullheads were not stressed by the PAH 

mixtures they were exposed to.  Comparatively, fish that were previously chronically exposed to 

PAHs from contaminated sites were expected to show an attenuated cortisol response.  However, 

the largest increase in plasma cortisol in response to contaminated sediment in this study was 

found in fish from a contaminated site (Figure 2).  Also, the proportion of groups responding to 

the PAH contaminated sediment with elevated plasma cortisol was the same regardless of their 

originating sites’ contaminant levels.  The variable responses in most populations across 

different exposure histories suggest a lack of genetic adaptation within these sites.  Although 

there was no evidence of acclimation or adaptation seen in the plasma cortisol response, a study 

examining the reproductive life-history traits in brown bullheads from the same sites found 

physiological acclimation responses (Farwell et al., 2012).  The populations of brown bullheads 

had greater egg diameter and gonadosomatic index (GSI) in second generation fish raised in 
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clean waters than acute fish (Farwell et al., 2012).  Contrastingly, Breckels and Neff (2010) 

found evidence of genetic evolution for behavioral traits aggression and locomotion for brown 

bullheads from clean and contaminated sites that were also used for this experiment.  These 

studies show that the populations of brown bullheads used in this experiment are capable of 

utilizing both physiological acclimation and genotypic adaptation in response to long-term 

pollutant exposures. 

The cortisol response to PAH contaminated sediment in brown bullheads were found to be 

highly variable and may be influenced by the complex nature of PAH activity.  The increases in 

plasma cortisol seen from the Trenton Channel (Figure 2) and Pêche Isle (Figure 5) populations 

are supported by studies that showed injection of PAHs causing an increased release of cortisol 

from the interrenal tissues (Aluru and Vijayan, 2004; Tintos et al., 2008).  Comparatively, the 

decrease in plasma cortisol seen in Pêche Isle (Figure 2 and 3) and Trenton Channel fish (Figure 

5) cannot be easily explained.  One possibility is that these groups experienced an attenuation of 

the HPI axis. PAHs have been found to depress cortisol synthesis through activation of the AhR 

(Aluru et al., 2005; Barron et al., 2004).  The activation of AhR was shown to decrease StAR and 

P450scc mRNA expression, key enzymes responsible for cortisol synthesis, and decreased 

sensitivity of interrenals to ACTH stimulation (Aluru et al., 2005; Aluru and Vijayan, 2006). The 

effects of PAHs, such as BaP, is very complex because of its ability to act as toxicant by 

increasing cortisol release but also as an AhR agonist to attenuate the stress response to other 

stressors.  These studies indicated an impairment of the cortisol stress response to a secondary 

stressor in fish that were chronically exposed to aquatic pollutants such as PAHs compared to 

that from reference sites (Hontela et al., 1992). 



 100 

In the fall of 2009, fish were only caught from two sites, Trenton Channel and Pêche Isle.  It 

was postulated that the burrowing behavior of brown bullheads as the water temperatures 

decreased caused the lack of catch during this field season (Crawshaw et al., 1982).  This is very 

interesting because the metabolic depression associated with the burrowing activity or decrease 

in ambient temperature could alter the cortisol response (Davis et al., 1984, Barton, 2002).  The 

burrowing response would also be associated with appetite suppression, which could impact the 

stress response (Barcellos et al., 2010; Peterson and Small, 2004; Reddy et al., 1995; Small, 

2005).  Seasonal differences may also help to explain the contrast in responses seen between 

acute fish of Fall 2009 and Spring 2010 (Figures 2 and 3).  Differences in temperature could 

result in altered classes of metabolites and uptake rate of toxicants (Kennedy et al., 1998).  It was 

expected that the lower temperature would attenuate the glucocorticoid stress response but this 

was not seen in our study.  The behavior of brown bullhead in the wild adds variability and 

complexity to the response of this species to contaminated sediment.  At both sites, brown 

bullheads responded to 24 h of contaminated sediment exposure with a change in plasma cortisol.  

However, they reacted in two different ways, Trenton Channel fish increased plasma cortisol 

while Pêche Isle fish decreased plasma cortisol.  This showed that there was a difference in the 

cortisol stress response between the two populations.  However, after 96 h it was no longer 

significant.  The difference in the cortisol response due to time is difficult to interpret, 

particularly because they are being continually exposed.  Previous exposure to pollutants may 

influence the stress response as it was shown to affect the bioavailability and biotransformation 

of BaP (Kleinow et al., 1998). 

Brown bullheads caught from four sites in the spring of 2009 were tested after approximately 

4 months of rearing in a clay bottom pond.  It has previously been documented that this would be 
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more than sufficient time to depurate most of the PAHs ingested by the fish from its original 

habitat (Spacie et al., 1983; Djomo et al., 1996).  The clearance duration allowed for the results 

to be directly related to long-term changes within the physiology of the fish rather than acute 

effects.  Brown bullhead juveniles from parents that have been cleared for approximately a year 

were raised with no previous encounter with contaminant sediment. Although maternal transfer 

does occur for PAHs the amount of toxicant exposure would be minimal since depuration of 

PAHs occurred before maternal transfer to the juveniles (Spacie et al., 1983; Djomo et al., 1996; 

Monteverdi and Di Giulio, 2000; Hornung et al., 2007). 

Results from the cleared fish showed a distinction within the 24 and 96 h exposed groups 

(Figure 4).  The 24 h exposed groups had significantly higher plasma cortisol regardless of the 

type of sediment they were exposed to when compared with the 96 h exposed groups.  This 

suggests that the experimental protocol for these fish may have been a demanding stressor in 

itself.  The handling of the fish prior to sediment exposure may have resulted in a similar stress 

response in all the subjects and they may still be recovering from this initial stressor after 96 h.  

This also suggests that at the intensity of the handling stress given to the fish during the 

experimental protocol the PAH mixture had no effect on the cortisol stress response. 

Long-term exposures to pollutants have been found to cause population differences in their 

responses.  These differences include altered detoxification pathways (Elskus et al., 1992; 

Eufemia et al., 1997), behavior (Breckels and Neff, 2010), prevalence of external lesions 

(Leadley et al, 1998) and stress response (Hontela et al., 1992). The current study has also shown 

that there are population differences in the cortisol stress response associated with previous 

contaminant exposure in the wild.  Although there was not a consistent difference among the 

contaminated and clean site populations there were site-specific differencesin the cortisol 
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response.  The cortisol response pattern for the four sites in acute fish of Fall 2009 and Spring 

2010 showed a variety of responses when compared within the same exposure history (Figures 2 

and 3).  

Genetically-based adaptations are thought to be a result from selection of non-sensitive 

genotypes in wild populations (Nacci et al., 2002; van Straalen and Timmermans, 2002).  There 

are few studies that support these responses to be associated with genetic adaptation. Atlantic 

killifish (Fundulus heteroclitus) from contaminated sites have been found to be genetically 

adapted to toxicant exposure compared to reference sites (Nacci et al., 1999; Jung et al., 2009).  

However, Meyer et al. (2002) had found changes in CYP1A activity to be a result of acclimation.  

Also, Jung et al. (2009) and Meyer et al. (2002) found differing heritability of modified 

physiology to be better suited for exposure to BaP within the same experimental sites.  The 

difference seen in the stress responses of populations could be a result of previous exposure 

(Kleinow et al., 1998).  The patterns seen from fish with different exposure histories did not 

show a relationship representative of adapted populations.  The dissimilarity in response patterns 

to sediment type illustrates that the heritability of the cortisol response of brown bullheads within 

the Trenton Channel and Pêche Isle populations is not through genetic adaptation and more 

likely through physiological acclimation.  However, differences seen from Belle Isle and Belle 

River fish where they never responded to the contaminant and fish from other sites that did in 

some capacity shows limited evidence that genetic differences of cortisol response to 

contaminated sediment may exist.  Although genetic adaptation of brown bullheads to pollutant 

exposure for the cortisol stress response was not seen, this does not limit other adaptations from 

occurring.  The complex mixture in the PAHs could add to reason for the lack of adaptation in 

brown bullheads.  It was previously found that higher number of exposed compounds decreased 
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the heritability of toxicant tolerance (Klerks and Moreau, 2001).  The large number of PAHs and 

PCBs in the experimental sediment could be too complex for the fish to be adapted to.  Areas of 

high contamination often contain high levels of PAHs as well as other pollutants such as PCBs, 

organochlorines and metals (Furlong et al., 1988; Hontela et al., 1995; Leadley et al., 1998; 

McCarthy et al., 2003; Nacci et al., 2002). This complex mixture cannot be ignored because 

individual chemicals may provide differential responses particularly in the plasma cortisol 

response.  The cortisol response to BNF and BaP were the same in terms of the pattern but was 

significantly different in their magnitude (Tintos et al., 2008). In a study by Gesto and colleagues 

(2008), while BNF-exposed rainbow trout had elevated plasma cortisol levels after an acute 

stressor, BaP-exposed fish did not. In contrast, while BaP-exposed rainbow trout had a reduced 

plasma cortisol response after a prolonged stressor, the fish exposed to BNF did not (Gesto et al., 

2008). 

Genetic adaptation may be beneficial to populations in very specific environment but largely 

detrimental to any deviations because of the loss of genetic variability (Sacchieri et al., 1998; 

Forbes et al. 1999; Charmantier and Garant, 2005; Roark et al., 2005).  This reduced ability to 

adjust to change can be very important since it can include positive improvements from a poor 

environment, such as reclamation plans and remediation strategies (Nacci et al., 2002; Roark et 

al., 2005).  Since this study could not provide sufficient evidence for the existence of genetic 

adaptation of the cortisol response in PAH contaminated sites, this may allow brown bullheads 

populations with different exposure histories to have a more similar stress response to PAHs 

(Baumann and Harshbarger, 1994; Lin et al., 2001; Nacci et al., 2002).  The change in the 

prevalence of neoplasms (Baumann and Harshbarger, 1994) or xenobiotic metabolism activation 
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(Nacci et al., 2002) from decreased toxicant exposure may provide rationale for changes in the 

cortisol stress response as well.  

PAH exposure of fish in the wild can occur through respiration, ingestion or dermal contact 

(Logan, 2007).  As previously done in other experiments, fish in this study were exposed to 

PAHs through contaminated sediment (Djomo et al., 1996; Breckels and Neff, 2010).   Other 

methods include solubilization of PAHs in water (Spacie et al., 1983; McCarthy et al., 2003) and 

through feed (McElroy et al., 1991; Lemaire et al., 1992; Kim et al., 2008).  There are conflicting 

results on the effectiveness of each method and how much each may attribute to the total influx 

(Lee et al., 1972; Lemaire et al., 1992; McCarthy et al., 2003).  Since the primary PAH of 

interest was BaP, a chemical with high molecular weight and high hydrophobicity, ingestion 

through sediment was considered the most important method of exposure (Logan, 2007).  The 

sediment used in this experiment was directly gathered from the clean and contaminated sites, 

providing a very natural exposure for the fish and allowing for direct correlation to the field.  

However, there are some limitations to this kind of exposure because of the complex mixture of 

PAHs, PCBs, and other chemical toxicants present within the sediment because individual 

chemicals may have differing physiological effects (Leadley et al., 1998; Drouillard et al., 2006). 

Brown bullheads have been used as a biomarker for toxicant exposure in the wild.  Some 

techniques used to estimate exposure include the prevalence of liver neoplasms, induction of 

ethoxyresorufin-O-deethylase (EROD) activity, cytochrome P450 (CYP) monooxygenase 

activity, and mixed function oxygenase (MFO) enzyme activity (Baumann and Harshbarger, 

1994; Arcand-Hoy and Metcalfe, 1999).  Although these are some of the most extensively used 

and direct biomarkers for PAH exposures there are other measurable changes.  Since toxicant 

exposures are considered to be stressful to the organism, changes in plasma cortisol could thus 
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serve as a biomarker.  BaP is known to cause a significant increase in plasma cortisol of rainbow 

trout (Tintos et al., 2008).  PAH extracts also elicited increases in plasma cortisol of Pacific 

herring (Clupea pallasi; Kennedy and Farrell, 2005).  However, the sensitivity and complex 

nature of the plasma cortisol response must be accounted for.  Due to the large disparity in 

cortisol response, induction, suppression, or a lack of response, to PAH exposure it must be used 

with caution and interpreted with limitation particularly with regards to previous exposure to 

environmental toxicants such as PAHs.  

This study had several limitations in its experimental design that led to difficulty in the 

interpretation of the results.  The field study provided many variables that were not under control 

such as temperature changes between seasons as well as an absence of a constant and ensured 

source of subjects.  The lack of a cortisol response in the fish subjected to contaminated sediment 

could be a result of many factors, two of which will be discussed here.  First, the capture and 

handling of fish from the wild and from clay bottom ponds may have provided a significant 

stressor that impacted their ability to mount an appropriate cortisol response to the contaminated 

sediment.  Second, the contaminated sediment may not have been sufficient in its toxicant load 

to elicit a cortisol response in the brown bullheads. To ensure a consistent exposure in the fish 

other methods of exposure such as intraperitoneal injections may be beneficial.  Future studies 

should try to amend these limitations and simplify the experiment to understand the basis of 

contaminant exposure and its effects on the stress response in fish. 

Conclusion 

Brown bullheads from the four experimental sites, Pêche Isle, Belle River, Trenton Channel, 

and Belle Isle, did not, in its majority, respond to the PAH contaminated sediment.  The lack of 

plasma cortisol response suggests that the contaminant exposure was not stressful.  This study 



 106 

does not provide sufficient evidence to conclude whether the brown bullhead populations in the 

Detroit River watershed have employed genotypic adaptation or phenotypic acclimation as a 

mode of heritability of traits. Since the cortisol responses to contaminants were deemed not 

heritable reclamation activity to the Detroit River watershed will directly help reduce the stress 

on these wild populations.  Future studies should determine the concentrations of PAH that 

would elicit a significant cortisol stress response.  Investigation of the impact of PAH should 

include the simplification of PAH mixtures and other contaminants to help isolate the effects of 

toxic compounds.  Also, the recognition of difference in behavior and physiology according to 

seasonal variations should be included in experiments that are strongly tied with field 

measurements.   
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Table 1.Polycyclic aromatic hydrocarbon (PAH) concentrations (mg/kg) in sediment extracts 

from four experimental sites in the Detroit River watershed (see Figure 1).  AE, acenaphthene; 

AL, acenaphthylene; AN, anthracene; Avg, average; Avg FI, average fold increase in PAH 

concentrations between experimental sites; B(a)A, benzo(a)anthracene; B(a)P,= benzo(a)pyrene; 

B(b)F, benzo(b)fluoranthene; B(k)F, benzo(k)fluoranthene; B(ghi)P, benzo(g,h,i)perylene; C&T, 

chrysene/triphenylene; D(ah)A, dibenzo(a,h)anthracene; FL, fluorene; FLT, fluoranthene; IP, 

indeno(1,2,3-cd)pyrene; NA= naphthalene; PHE = phenanthrene; PY = pyrene 

Experimental Site AE AL AN B(a)A B(a)P B(b)F 

Belle River 0.0017 0.0004 0.0037 0.0184 0.0200 0.0515 

Pêche Isle 0.0057 0.0018 0.0109 0.0589 0.0836 0.0881 

Belle Isle 0.0085 0.0060 0.0237 0.1125 0.1212 0.1316 

Trenton River 0.0128 0.0088 0.0331 0.2815 0.2194 0.5838 

Experimental Site B(ghi)P B(k)F C&T D(ah)A FL FLT 

Belle River 0.0178 0.0084 0.0232 0.0082 0.0064 0.0352 

Pêche Isle 0.0682 0.0398 0.0961 0.0126 0.0184 0.1590 

Belle Isle 0.0825 0.0615 0.1581 0.0191 0.0207 0.2399 

Trenton River 0.1687 0.1146 0.2387 0.0926 0.0361 0.4513 

Experimental Site IP NA PHE PY Avg Avg FI 

Belle River 0.0456 0.0037 0.0195 0.0277 0.0182 1.0 

Pêche Isle 0.0716 0.0116 0.0858 0.1219 0.0584 3.4 

Belle Isle 0.0969 0.0216 0.1217 0.2164 0.0901 5.9 

Trenton River 0.5877 0.0268 0.1580 0.3362 0.2094 11.2 
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Figure 1. Simplified map of experimental sites in the lower Great Lakes region surrounding 

Windsor Ontario in Canada and Detroit Michigan in the United States.  Experimental sites are 

shaded in grey.  While Belle River and Pêche Isle (upstream) were considered clean sites, Belle 

Isle and Trenton Channel (downstream) were regarded as contaminated sites.  See Table 1 for 

levels of polycyclic aromatic hydrocarbon contaminants. 
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Figure 2. Plasma cortisol in the acute treatment using fish from two populations of brown 

bullhead (Trenton Channel and Pêche Isle) either exposed to clean or contaminated sediment for 

24h or 96h.  Fish from each population were caught in October and November of 2009, cleared 

for 3 days in clean water and then immediately used for sediment exposures.  Values are mean + 

S.E.M. (n=2-10).  Bars that do not share a common letter for a given experimental site are 

significantly different from each other (P<0.05). 
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Figure 3. Plasma cortisol in the acute treatment using fish from four populations of brown 

bullhead (Trenton Channel, Pêche Isle, Belle Isle and Belle River) either exposed to clean or 

contaminated sediment for 24h or 96h.  Fish from each population were caught in May and June 

of 2010, cleared for 3 days in clean water and then immediately used for sediment exposures.  

Values are mean + S.E.M. (n=2-10).  Bars that do not share a common letter for a given 

experimental site are significantly different from each other (P<0.05). 
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Figure 4. Plasma cortisol in the cleared treatment using fish from four populations of brown 

bullhead (Trenton Channel, Pêche Isle, Belle Isle and Belle River) either exposed to clean or 

contaminated sediment for 24h or 96h.  Fish from each population were caught in May and June 

of 2009, cleared for 4 months in clean water and then used for sediment exposures.   Values are 

mean + S.E.M. (n=5-10).  Bars that do not share a common letter for a given experimental site 

are significantly different from each other (P<0.05).  Note that the 96h exposures with the Belle 

River population were not performed. 
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Figure 5. Plasma cortisol in the second generation cleared treatment using fish from four 

populations of brown bullhead (Trenton Channel, Pêche Isle, Belle Isle and Belle River) either 

exposed to clean or contaminated sediment for 24h or 96h.  Adult fish from each population 

were caught in May and June of 2008 and allowed to breed in clay-bottom ponds.  Their progeny 

were raised in clean water and used for sediment exposures in July 2009.  Values are mean + 

S.E.M. (n=9-10).  Bars that do not share a common letter for a given experimental site are 

significantly different from each other (P<0.05). 
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CHAPTER 4 

General Discussion 

Benzo(a)pyrene, a ubiquitous PAH, was shown to elicit a glucocorticoid stress response in 

brown bullheads and rainbow trout.  BaP injections resulted in dose- and time-specific responses 

in the HPI axis of both species.  The changes in plasma cortisol were accompanied by changes in 

the gene expression of key proteins and enzymes at all levels of the HPI axis. The changes seen 

in the expression of genes within the HPI axis were found to be very complex which may be the 

result of opposing actions of the activation of the axis and its inhibition through a negative 

feedback loop.  There were inter-species differences in response of the HPI axis to BaP 

exposures.  Rainbow trout and brown bullheads showed differential sensitivity to BaP through 

their responses at different doses, for example rainbow trout were more sensitive in terms of the 

cortisol response since it had elevated levels at the low dose while brown bullheads did not.  BaP 

injection and a standardized emersion stressor were compared for the responses in HPI axes.  

Although both stressors caused similar increases in plasma cortisol, key genes in the HPI axis 

had specific transcriptional responses to each stressor.  This comparison provides insight into the 

complexity of the stress response and the necessity to compliment plasma cortisol changes with 

changes in gene expression levels to accurately describe the activity of the HPI axis.  This is the 

first time changes in the gene expression at all levels of HPI axis were revealed.  Genes such as 

CRF and CYP11B in brown bullheads that are not yet sequenced would make the comparison 

between species more comprehensive.  Similarly, quantifying the expression of genes such as 

melanocortin 2 receptor (MC2R), the receptor for ACTH at the level of the interrenal cells, may 

also provide valuable information on the mechanisms responsible for the stressor-specific 
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regulation of the HPI axis.  However, since gene expression profiles do not directly translate into 

protein expression, there are limitations in terms of how much can be extrapolated from gene 

expression data.  Therefore, studies such as these would also benefit from support from data 

relating it to protein expression and activity levels.  

The BaP injection and PAH sediment exposure experiments provided contrasting results as 

well as their values in terms of applicability.  Fish exposed to BaP and other PAHs by sediment 

did not generally show elevated plasma cortisol in response to the contaminants while those that 

were injected did. Unfortunately, it is difficult to compare other results from these two 

experiments.  In its essence, while BaP injections allowed for a controlled exposure to the 

toxicant they were not representative of what happens in the wild.  On the other hand, while 

sediment exposures more accurately replicated the scenario that occurs in the wild, these 

experiments were difficult to perform with control and consistency.  Aside from the dosage and 

time period used for exposure, the exposed contaminant and mode of exposure may be important 

distinctions between the two experiments.  Sediment in the wild has been shown to be quite 

complex and include a large array of PAHs and PCBs (Table 1; Druillard et al., 2006; Furlong et 

al., 1988; Leadley et al., 1998).  Different PAHs have been shown to be variable in their effect 

on the physiology of fish (Barron et al., 2004; Gesto et al., 2008) that could cause the 

dissimilarity in the response.  The method of PAH exposure has been shown to cause a very 

different physiological reactions in fish.  Common ways of toxicant exposure seen in in vivo 

studies are via oral (Aluru and Vijayan, 2006; Kleinow et al., 1998; Jorgensen et al., 2001; 

Lemaire et al., 1992), sediment (Djomo et al., 1996; McCarthy et al., 2003), water dilution 

(Djomo et al., 2003; Goddard et al., 1987; Maria et al., 2002) and injection (Beyer et al., 1997; 

Bonacci et al., 2003; Gesto et al., 2008).  The method of delivery can impact the distribution of 



120 
 

toxicants by directing the route of toxification.  Intraperitoneally injected fish received a very 

general and whole-body toxicant load while orally fed fish were heavily exposed in the intestines 

(Lemaire et al., 1990; Lemaire et al., 1992; Varanasi et al., 1986).  It is important to gain 

knowledge in both aspects, in the laboratory and the field, to establish the foundation of 

understanding for stress induction by toxicants within a controlled environment and apply it to 

the more complex environment to mimic the wild.  Future studies should try to bridge the gap 

between the two sets of environments.  Studying the difference in tissue distribution and 

accumulation, detoxification rates, and metabolite profiles of BaP, can help to understand and 

apply laboratory situation to the wild. 

The results seen in both experiments showed varying degrees of the plasma cortisol induction 

by BaP and contaminant mixtures.  It would be interesting to study the HPI axis of brown 

bullheads from the sediment exposure experiment to compare the two experiments more 

thoroughly and extensively.  Since some gene expression responses were more sensitive to BaP 

exposure than the plasma cortisol response we cannot disregard the possibility of adaptational 

heritability in gene expression responses of wild fish.  In Chapter 2, the plasma cortisol response 

identified the 40 mg/kg dose of BaP as stressful in both fishes while the 10 mg/kg dose was only 

found to be stressful in rainbow trout.  Although the endpoint of the HPI axis, elevations in 

plasma cortisol, did not change, alterations in gene expression were shown to occur at the low 

dose.  Due to the complex nature of the HPI axis, it is important to note that biomarkers of 

toxicant exposure, such as plasma cortisol, should be used with caution.  Overall, BaP was found 

to be stressful to both brown bullhead and rainbow trout while this is the first study, to our 

knowledge, to investigate the stress response at all levels to the HPI axis. 
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