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Rainbow trout (Oncorhynchus mykiss) experience a variety of stressors in 

their natural environment as well as in aquaculture that can have negative effects on 

their physiology. The effects of physiological stress and endocrine disruption have 

been well described in fish.  However, there is a scarcity of information on the effects 

of such stressors on the heart in fish. We examined gene expression in the rainbow 

trout heart in response to 17-ethinylestradiol (EE), the active ingredient in some oral 

contraceptives, as well as physiological stress. We also assessed contractile function, 

as a measure of cardiac performance, under conditions of increasing performance 

demands in sexually immature rainbow trout.  In chapter 2, using qRT-PCR, we 

observed increased vitellogenin (vtg1) in the ventricle, along with, hepatic estrogen 

receptor (ERα) and vtg1 mRNA increased with EE exposure, confirming endocrine 

disruption in both tissues. Stress increased corticotropin-releasing factor receptor 1 

(CRF-R1) and JunB in response to stress while nuclear protein 1 (nupr1) and 

glucocorticoid receptor (GCR2) expression increased only in the population with 



 

 

higher cortisol levels (>100 ng/ml) in response to stress. Interestingly, EE exposure 

did not affect stress induced gene expression and stress did not have an effect on EE 

induced gene expression in the heart of rainbow trout.   This research highlights the 

fact that these stressors have the potential to have physiological impacts beyond the 

target tissues classically thought of for stress (i.e. HPI/A axis) or exposure to 

estrogenic compounds (i.e. HPG axis).  In chapter 3, contractile force production was 

measured from ventricle strips exposed to increasing concentrations of Ca
2+

 or 

epinephrine to simulate conditions of increasing performance.  Also, to determine the 

effects of physiological stress, ventricle strips were pre-treated with 100 ng/L cortisol 

prior to increasing Ca
2+

 or epinephrine.  Ventricle strips from males had a greater 

contractile force production to increasing Ca
2+

 or epinephrine compared to females, at 

concentrations greater than 3.5 mM Ca
2+

 or 1 µM epinephrine.  Exposure to cortisol 

did not have a direct effect on contractility, nor did it have an effect the contractile 

response to increasing exogenous Ca
2+

 in either sex.  Interestingly, force production 

did not vary by sex in the cortisol pre-treated exposed to epinephrine, suggesting a 

sex-dependent response.  My findings suggest that there are sex differences in the 

contractile function in rainbow trout and that these may be modified under conditions 

related to physiological stress. The rainbow trout is a genetically diverse species 

found across a variety of habitats.  Our results highlight the variation in responses in 

in contractile function and gene expression in the heart by the different sexes, as well 

as variation within and among populations that allow rainbow trout to adapt and 

perform in the presence of stressors in the environment. 
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The Effects of Environmental Stressors on Cardiac Gene Expression and 
Contractility in Rainbow Trout (Oncorhynchus mykiss) 

 

 

General Introduction 

 Rainbow trout (Oncorhynchus mykiss) are members of the Salmonidae family that 

inhabit well-oxygenated cool water rivers and lakes.  Rainbow trout and steelhead are 

genetically similar but differ in their life history in that rainbow trout do not migrate to 

the saltwater, which is representative of steelheads.  Rainbow trout have a maximum 

lifespan of 6-7 years and can grow up to 2-9 kgs.  They are native to North America, west 

of the Rocky Mountains but have been introduced throughout the world and used in 

aquaculture due to their value as a gamefish and tasty meal (Behnke, 1992).   

 Rainbow trout experience a variety of stressors in their natural environment, as well 

as, in aquaculture that can have negative effects on their physiology.  In fish, stressors 

that are perceived as a threat are known to stimulate the physiological stress response 

(Schreck, 2010), commonly referred to as the “fight or flight” response (Cannon, 1932).  

Also, many man-made pollutants found in rivers disrupt endocrine function in fish by 

mimicking endogenous estrogen (Tyler et al., 1998).  Physiological stress and endocrine 

disruption have been well described in fish.  However, there is a paucity of information 

on their effects on the heart in fish. 

 Sex differences in cardiac morphology and function are largely attributed to the 

different sex steroid hormones produced during sexual maturation in adult vertebrates 

(Mendelsohn and Karas, 2005).  There is a vast amount of research considering the action 
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of these hormones on the heart, most of which is concerned with differences described in 

sexually mature animals (Babiker et al., 2002; Liu et al., 2003).  Differences in adults are 

not surprising, as levels of sex steroid hormones (e.g. estrogens and androgens) vary 

between the sexes.  Also, the effects of stressor-induced hormones (e.g. epinephrine and 

cortisol) on the mammalian heart are well described in adults (Adameova et al., 2009).  

However, there are few studies that explore sex differences in the stress response in 

reproductively immature organisms, which could be indicative of sex differences 

independent of gonadal hormones. 

The biological effects of steroid hormones are classically mediated by their 

receptors.  Ligand bound nuclear receptors dimerize and bind specific DNA response 

elements that act as transcription factors.  Transcription factors then activate or repress 

these target genes, thereby influencing a variety of physiological functions.  These are 

referred to the genomic actions of steroid hormones that are more delayed in response 

which are detected within hours following exposure (McKenna and O’Malley, 2002).  

Ligand bound steroid hormone receptors also have non-genomic actions that are the more 

rapid responses, usually within the first seconds to minutes.  These actions include steroid 

hormone binding to their receptors and subsequent protein-protein interactions within the 

cytoplasm of the cell.  To add complexity to the actions of steroid hormones, there is 

evidence of convergence of rapid signaling pathways with genomic pathways, thus 

activating transcription (Björnström and Sjöberg, 2005).  
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Effects of stress on the heart 

In vertebrates, the stress response is the series of physiological reactions 

necessary to mobilize energy stores that aid an organism while resisting or coping with a 

real or perceived threat.  The stressor-induced catecholamines stimulate the heart and 

gills for increased blood circulation and ventilation, respectively (Wendelaar Bonga, 

1997).  The intial production of catecholamines and glucocorticoids during the stress 

response is considered adaptive to cardiovascular function but becomes deleterious when 

it persists under chronic severe conditions (weeks to months) as they ultimately 

contribute to cardiovascular damage (Adameova et al., 2009). With perception of a 

physical stressor, the brain signals the production of the catecholamines, epinephrine 

(EPI) and norepinephrine, in chromaffin cells.  In mammals, catecholamines act to 

elevate arterial pressure, heart rate and cardiac output, through stimulation of the 1 and 

2  -adrenergic receptors (Sapolsky, 2000). Epinephrine has a positive inotropic effect on 

the vertebrate heart by increasing the entry of Ca
2+

 across the sarcolemma, through the L-

type Ca
2+

 channels.  The entry of Ca
2+

 during an action potential causes a subsequent 

release of intercellular Ca
2+

 stores thereby increasing contractility (Adameova et al., 

2009). In fish, contractile function of the heart is primarily regulated by Ca
2+

 influx 

across the sarcolemma which can be increased in the presence of epinephrine (Coyne et 

al., 2000) that binds to the cell-surface β2-adrenoreceptors (Gamperl et al., 1994).   

   The neuropeptide corticotropin releasing hormone (CRH) regulates the 

corticosteroid part of the stress response by stimulating ACTH production which 

ultimately leads to the interrenal production of cortisol, one of the primary stress 
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hormones (Flik et al., 2006).  In the mammalian heart, the CRF-like peptide, urocortin 

and CRF have a positive inotropic effect, both in vitro and in vivo. In rainbow trout the 

actions of CRF and urotensin (U-I), the fish ortholog to urocortin, on the heart are similar 

to mammals (Le Mével et al., 2006).  

Cortisol has a regulatory role in cardiovascular function by increasing heart rate, 

cardiac output and blood pressure during stress (Sapolsky, 2000).  In mammals, cortisol 

elicits its effects on cardiac contractile function through alteration of Ca
2+

 handling in 

mammals at both the sarcolemma and the sarcoplasmic reticulum (SR), likely through 

rapid, non-genomic actions (Lee et al., 2012).  In ventricular myocytes from adult guinea 

pigs, pharmacological levels of cortisol caused an increase in L-type Ca
2+

 current (ICa) 

(Yano et al. 1994).  Cortisol also has an effect on myocardial contractile function through 

influences on SR Ca
2+

 cycling through endogenous Ca
2+

/calmodulin-dependent protein 

kinase II (CaM kinase II) (Rao et al. 2001).  In mammals, cortisol can also impact 

contractility indirectly by enhancing the effects of 1-adrenergic signaling during stress 

by increasing the binding capacity and affinity of 1-adrenoceptors as well as increasing 

receptor coupling with G-protein (Adameova et al. 2009).   

Transcription of anti-inflammatory and cell regulatory proteins in mammals 

begins within the first couple of hours of exposure to glucocorticoids.  This process is 

referred to as transactivation and is thought to be responsible for the adverse effects of 

glucocorticoids. Glucocorticoid transcription factors also suppress the synthesis of pro-

inflammatory genes by competing with transcriptions factors such as activator protein 1 

(AP-1) and nuclear factor κB (NFκB).  This is termed transrepression and is associated 
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with the desirable effects of treating inflammatory diseases (Stahn and Buttgereit, 2008).  

In adult mammalian cardiomyocytes, gene expression of immediate early genes (e.g. c-

jun, c-fos and egr1) has been associated with the development of hypertrophic growth or 

apoptosis as a response to cellular and physiological stress.  In addition stress induced 

expression of β-myosin heavy chain and atrial natriuretic factor is also often used as 

indicators of hypertrophy (Clerk et al., 2010). Currently there is a complete lack of 

information on the cardiac gene expression response to glucocorticoids in fish. 

 

Endocrine disruption in fish 

 There are many man-made pollutants found in the environment that affect the 

physiology of wildlife.  Many pollutants are endocrine disruptors because they mimic or 

inhibit endogenous hormones and disrupt normal endocrine function causing a suite of 

physiological changes in the hypothalamus-pituitary-gonadal axis (HPG) that can affect 

successful reproduction (Tyler et al., 1998).  An endocrine disrupter (EDC) is defined as 

“an exogenous substance or mixture that alters function(s) of the endocrine system and 

consequently causes adverse health effects in an intact organism, or its progeny, or 

subpopulations” (see Vos et al., 2000).  It is becoming clear that chemicals with 

estrogenic activities are commonly found in our environment.  For instance, chemicals 

used in the manufacture of plastics, pesticides and herbicides are estrogenic 

(Sonnenschein and Soto, 1998).  The effect of EDC’s in teleosts has mostly been studied 

on disruption in reproductive pathways, ranging from feminization of males by the 
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induction of vitellogenin production, impaired sexual differentiation and reduction in 

reproductive ability (Mills and Chichester, 2005). 

The synthetic estrogen ethinylestradiol (EE) is widely used in the contraceptive 

pill and enters the aquatic environment via discharges from sewage treatment works 

(Desbrow et al., 1998).  The majority of EE studies have determined its effects on 

vitellogenesis, the production of egg-yolk precursor necessary in oocyte development.  

The synthesis of vitellogenin by the liver is necessary for egg production, and normally 

expressed by sexually mature females.  In fish, studies tend to focus on the effects of 

EDC’s on vitellogenesis.  As a result the expression of vitellogenin mRNA (vtg) and 

protein (VTG) are monitored in males and sexually immature females as common 

biomarkers of endocrine disruption (Sumpter and Jobling, 1995).  In female rainbow 

trout, EE is 11-27 times more potent than 17-estradiol (E2) at inducing vitellogenesis 

(Thorpe et al., 2003).  In male rainbow trout, exposure to EE increased plasma and 

hepatic vitellogenin protein production within 48 hours of exposure (Skillman et al., 

2006) as well as has been shown to reduce fertility (Shultz et al., 2003). 

 

Effects of estrogen on mammalian heart 

In the mammalian heart, understanding the role of estrogen in cardiovascular 

disease development is a large area of investigation, especially as it relates to sex and 

aging (Mendelsohn and Karas, 2005).  At the cellular level, ligand bound estrogen 

receptors affect the heart by mobilization of intracellular calcium from the SR and the 

stimulation of nitric oxide synthase in endothelial and vascular smooth muscle cells.  This 
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allows for the protective action of estrogen on the heart by rapidly stimulating 

vasodilation, inhibiting proliferation of smooth muscle cells and aids in cardiac 

remodeling after injury (Edwards, 2005).  Further, estrogen has negative inotropic effects 

on the adult mammalian heart (Babiker et al., 2002). These rapid, non-genomic effects 

are mitigated by the membrane-bound estrogen receptor identified in mammalian 

cardiomyoctes.  The nuclear estrogen receptor regulates the genomic actions of estrogen 

on the heart by moving to the nucleus and binding DNA estrogen response elements 

(ERE).  In cardiomyocytes, estrogen regulates the gene expression of L-type Ca
2+

 

channels and the Na
+
-Ca

2+
 exchanger, which could explain the observed sex difference in 

contractile function in adult mammals (Knowlton and Lee, 2012).  

Although much is understood of EE on the reproductive physiology and 

associated gene expression in fish, little has been studied to understand its effects on the 

heart in fish.  To our knowledge, only one study has examined the effects of EE on the 

fish heart, which showed an increase of vitellogenin gene expression in zebrafish (Zhong 

et al., 2014). Aside from the findings reported by Farrar and Rodnick (2004) and Farrar et 

al. (2006), very little attention has been given to the steroid hormone action on the teleost 

heart compared to what is known in the mammalian heart.  

Sex steroid hormones affect contractility of the heart in sexually immature trout in 

a sex dependent manner.  Farrar and Rodnick (2004) found that physiological levels of 

estrogen induces positive inotropism in female ventricle strips and not in males, whereas, 

testosterone affects contractility in males and not females.  Additionally, the hormone 

cortisol has a positive inotropic effect in both males and females, but the response is 
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additive to that of testosterone and not to estrogen.  The effects of epinephrine and 

cortisol on ventricular contractility was also additive in both sexes of rainbow trout  The 

contractile response to steroid hormones was rapid which suggests the effects were due to 

non-genomic pathways (Farrar and Rodnick, 2004).  Thus it appears that steroid hormone 

action in the heart is similar among vertebrates, and it is therefore plausible that they can 

also have an effect on the fish heart through genomic pathways.  The goals of my 

dissertation were to: 1) expand upon previous findings and determine whether sex 

differences in contractile function exist under conditions of stress in sexually immature 

rainbow trout and 2) determine the effects of stress and EE on cardiac gene expression in 

sexually immature rainbow trout.  

 

Chapter 2  

To assess the effects of environmental stress on the rainbow trout heart, we chose 

to use quantitative real-time polymerase chain reaction (qRT-PCR) to evaluate the 

expression of specific cardiac genes in response to an acute physical stressor as well as to 

a 7-day exposure to EE. Candidate cardiac genes of interest were chosen based on 

previous studies on the effects of the stress response or EE on hepatic gene expression in 

fish.  Specifically, we were interested in genes related to stress or estrogen signaling in 

fish.  We conducted a series of experiments using fish from the same population at 

similar size and age but from different year classes.  To test the effects of physical stress 

on cardiac gene expression, rainbow trout were exposed to an acute confinement stressor. 

To test the effects of EE on gene expression in the heart, rainbow trout were exposed to 7 
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days of EE.  Based on the results from these two experiments, we identified stress- and 

EE- responsive genes in the heart.  We then measured expression of both stress- and EE- 

responsive genes in ventricle tissue in response to the combination of EE and a physical 

stressor. Our results indicate that these stressors have the potential to have physiological 

impacts beyond the target tissues classically thought of for stress or exposure to 

estrogenic compounds.  

 

Chapter 3  

The goal of this chapter was to determine whether sethere were sex differences in 

the contractile function of sexually immature rainbow trout.  We measured contractile 

force production from ventricle strips of both sexes as a measure of cardiac performance.  

Ventricle strips were exposued to increasing concentraitons of Ca
2+

 or epinephrine to 

observe contractility under conditions of increasing demand.  Further, to deterimine the 

effect of physiological stress on contractile function, we determined the effect of cortisol 

on the contractile response to increasing Ca
2+

 or epinephrine.  We hypothesized that 

males and females would differ in their contractile response to extracellular Ca
2+

 and 

epinephrine.  In addition, we hypothesized that not only would cortisol have a direct 

impact on contractility but it would also influence the contractile response to exogenous 

Ca
2+

 and epinephrine. 

By studying contractile function and gene expression, we provide greater insight 

the extent to which the sexes differ in both their rapid and long-term response to 

environmental stressors in the heart of fish.  
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Abstract 

Fishes are often exposed to endocrine disrupting compounds for prolonged 

periods of time, and we know that fish can experience stress due to a host of different 

causes.  Our ultimate goal was thus to provide understanding of whether or not a common 

contaminant, the active ingredient of some birth control pills, could affect the stress 

response at the molecular level in the heart.   We determined the effects of a three-hour 

handling and confinement stress on gene expression in the juvenile rainbow trout heart in 

fish that were exposed to 17α-ethinylestradiol (EE).  We conducted three different 

experiments that examined the effects of stress only, EE only and stress concurrently with 

EE.  Each experiment was done in a different year with rainbow trout of the same size 

and age that were from the same population.  Using qRT-PCR, we observed increased 

ventricular corticotropin-releasing factor receptor 1 (CRF-R1) and JunB in response to 

stress.  Nuclear protein 1 (nupr1) and glucocorticoid receptor (GCR2) expression 

increased only in the cohort with higher cortisol levels (>100 ng/ml) in response to stress.  

Cardiac vitellogenin (vtg1), along with, hepatic estrogen receptor (ERα) and vtg1 mRNA 

increased with EE exposure, confirming endocrine disruption in both tissues.  Differences 

that were observed between experiments suggest that the gene expression in the heart in 

response to stress and EE varies between cohorts within a population. Interestingly, EE 

exposure did not affect stress- induced gene expression and stress did not have an effect 

on EE- induced gene expression in the heart of rainbow trout. 
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Introduction 

We know that fishes experience a variety of stressful conditions that stimulate the 

physiological stress response, a cascade of hormonal events associated with the 

perception of a stressor (Schreck, 2010).  Also, estrogenic like compounds in 

pharmaceuticals such as 17α-ethinylestradiol (EE), the main component of some oral 

contraceptives, are commonly found in aquatic ecosystems, especially those close to 

waste-water effluent (Desbrow et al., 1998).  Our ultimate goal is to provide 

understanding of whether or not such a common contaminant could affect the stress 

response at the molecular level in the heart. 

Steroid hormones produced as a result of stress or EE have the potential to impact 

the heart by binding to their receptors, which can then affect through non-genomic and/or 

genomic mechanisms.  Ligand bound nuclear receptors dimerize and bind specific DNA 

response elements that act as transcription factors.  Transcription factors then activate or 

repress these target genes, thereby influencing a variety of physiological functions.  

These are referred to the genomic actions of steroid hormones (McKenna and O’Malley, 

2002).  Ligand bound steroid hormone receptors also have non-genomic actions that are 

the more rapid responses, usually within the first seconds to minutes.  These actions 

include steroid hormone binding to their receptors and subsequent protein-protein 

interactions within the cytoplasm of the cell. To add complexity to the actions of steroid 

hormones, there is evidence of convergence of rapid signaling pathways with genomic 

pathways, thus activating transcription (Björnström and Sjöberg, 2005).  

In sexually immature rainbow trout, physiological levels of steroid hormones 

increased cardiac contractility in a sex-dependent manner.    Estrogen increased 
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contractile force production in response in females and not in males, whereas, 

testosterone increased contractility in males only.  The stress hormone cortisol increased 

contractility in both sexes but had additive effects when combined with androgens in 

males. (Farrar and Rodnick, 2004). The contractile response to steroid hormones was 

rapid which suggests the effects are due to non-genomic mechanisms. Therefore it 

appears that steroid hormone action in the teleost heart may also have an impact through 

genomic mechanisms. Although much is understood of EE or stress on the physiology 

and associated gene expression in fish, little has been studied to understand its effects in 

the heart.  Aside from the findings reported by Farrar and Rodnick (2004) and Farrar et 

al. (2006), very little attention has been given to the steroid hormone action on the teleost 

heart.   Stress and estrogenic compounds are known to influence cardiac gene expression 

in the adult mammalian heart.  For example, pathophysiological stress induces cardiac 

gene expression of immediate early genes (e.g. c-jun, c-fos and egr1) that have known 

downstream effects associated with hypertorphy (Clerk et al., 2010).  Also, estrogen 

induced expression of a number of cardioprotective genes such as nitric oxide synthase 

and heat shock proteins that has been related to reduced injury following ischemia and 

reperfusion (I/R) in females (Murphy and Steenbergen, 2007).  

To gain insight on the underlying mechanisms involved in the cellular response of 

the heart to stress and EE, we measured expression of target genes from both sexes of 

rainbow trout exposed to both a confinement stressor and EE.  Candidate cardiac genes of 

interest were chosen based on previous studies on the effects of the stress response or EE 

on hepatic gene expression in fish.  Specifically, we were interested in genes related to 

stress or estrogen signaling in fish. 
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During the stress response, hypothalamic neuropeptides corticotropin releasing 

factor (CRF) and urotensin (U-I) are released (Flik et al., 2006).  Along with stimulating 

the secretion of adrenocorticotropic hormone (ACTH), CRF and U-I have action on the 

cardiovascular system through changes in blood pressure and heart rate in rainbow trout 

(Le Mével et al., 2006).  CRF elicits its effects on the heart mediated by the CRF-

receptors, which have been identified in the heart of chum salmon (O. keta) (Pohl et al., 

2001).  Further, the peripheral regulation of CRF-receptor gene expression in response to 

stress has been described in carp (Cyprinus carpio) (Mazon et al., 2006). ACTH signals 

the release of glucocorticoids in the interrenals during stress with cortisol being the 

predominant stress hormone in fish.  The effects of cortisol on target tissues are regulated 

by the glucocorticoid (GR) and mineralocorticoid (MR) receptors (Wendelaar Bonga, 

1997), both of which are expressed in cardiac tissue of rainbow trout (Bury et al., 2003, 

Sturm et al., 2005). In rainbow trout, cortisol treatment increased gene expression of 

hepatic GR, heat shock protein 90 (hsp90) and hsp70 (Vijayan et al., 2003) as well as 

reduced hepatic estrogen receptor (ER) mRNA (Lethimonier et al., 2000).  Expression of 

the ER genes (Nagler et al., 2007), as well as, protein expression of hsp70 and hsp90 

(Rendell et al., 2006) has been identified in the rainbow trout heart.  Other probable 

stress- responsive genes of interest were those that we previously identified as 

differentially expressed in the liver of rainbow trout during the stress response: glucose-

6-phosphatase (G6Pase) and the transcription factors Nupr1 and JunB (Momoda et al., 

2007).  The transcription factors JunB and Nupr1 are known to regulate cell growth and 

inhibition (Shaulin and Karin, 2002, Mallo et al., 2007).  G6Pase mRNA encodes for an 
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enzyme in the gluconeogenic/glycolytic pathways that plays a critical role in glucose 

homeostasis (Mithieux, 1997).   

For potential estrogen- responsive genes we selected genes associated with 

estrogen signaling as well as those associated with endocrine disruption. Vitellogenin is a 

calcium-binding phospholipoglycoprotein that functions as a carrier of lipids, 

carbohydrates, phosphate groups and minerals to the maturing oocyte.  It is produced in 

the liver as a result of the transcription factor formed from ligand-bound ER (Arukwe and 

Goksøyr et al., 2003). The expression of vitellogenin mRNA (vtg) and protein (VG) are 

monitored in males and sexually immature females as a common biomarker of endocrine 

disruption (Sumpter and Jobling, 1995).  In rainbow trout, hepatic ER and vtg mRNA are 

increased in response to exposure to EE (Hook et al., 2007).  Of interest was cytochrome 

p450, a superfamily of enzymes under hormonal control that catalyze the oxidation of 

endogenous lipids and steroid hormones as well as exogenous pollutants and drugs.  

Therefore, differential gene expression of p450 genes is indicative of exposure to 

endocrine-disrupting chemicals.  The p450- 2M1 isoform is expressed in the heart of 

rainbow trout (Buhler and Wang-Buhler, 1998) and expression in the liver decreases in 

response to17-estradiol (Buhler et al., 2000).  Estrogen exposure decreased hepatic gene 

expression of the glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) mRNA in rainbow trout exposed to E2 by diet (Benninghoff and Williams, 

2008) as well as, adult fathead minnow exposed to EE in water  (Pimephales promelas) 

(Filby and Tyler, 2007).  
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In order to ascertain variation in gene expression responses to stressors, we 

exposed both sexes of rainbow trout, of different cohorts of the same population, to the 

same stress and EE treatments.  We first identified stress- responsive genes in the heart 

and then we identified EE- responsive genes.  We then measured expression of both EE- 

and stress- responsive genes in ventricle tissue in response to the combination of EE and 

a confinement stressor. Our results indicate that these stressors have the potential to have 

physiological impacts beyond the target tissues classically thought of for stress or 

exposure to estrogenic compounds.  

 

Methods 

Fish Experiments 

Sexually immature rainbow trout of mixed sex were acquired from the Oregon 

Department of Fish and Wildlife’s Roaring River Hatchery (Scio, OR, USA) and 

transferred to Oregon State University’s Fish Performance and Genetics Laboratory 

(Corvallis, OR, USA).  Trout were housed in circular (400-L) tanks with 12–13 °C 

aerated, pathogen-free well water in a flow-through system.  Fish were usually fed twice 

per day, with Bio-Oregon® (Warrenton, OR, USA) semi-moist pellet at ~2% body 

weight/ day. Food was withheld 24 hours prior to sampling.  The Institutional Animal 

Care and Use Committee at Oregon State University approved this study (IACUC permit 

#3666). At the onset of the experiments, all fish appeared healthy.   

 

Stress only experiment  

In April 2008, four 1 m diameter 400 L tanks were stocked with 50 rainbow trout 
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each. The trout were acclimated to the tanks for approximately five weeks at the time of 

the experiment.  Excess fish were stocked in the tanks in order to ensure access to the 

intended numbers necessitated by our experimental design. Fifteen non-stressed control 

fish from one tank were removed at the same time and immediately lethally dosed with 

sodium bicarbonate buffered tricaine methanesulfonate (MS-222; 200 mg/L). Then 15 

fish from the same tank were netted together and suspended in air for 30 s, followed by 3 

h of low-water confinement stress as described in Momoda et al. (2007). Briefly, fish 

were placed in shallow flow-through water such that the dorsal fins and backs were just 

above the water level.  At the end of the treatments, all fish were euthanized with MS-222 

and processed immediately (see Tissue sampling below).  This experiment was repeated 

four times, over the course of 4 d using fish from a different stock tank each day, for a 

total of four replicates per treatment. 

 

EE only experiment 

In November 2009, four 1 m diameter 400 L tanks were each stocked with 18 

sexually immature rainbow trout each. The fish were acclimated to the tanks for nine 

weeks before the experiment. Excess fish were stocked in the tanks in order to ensure 

subsequent access to the intended numbers. Fish were exposed to 100 ng/L of EE for 7 

days, a concentration previously reported to cause changes in hepatic gene expression 

rainbow trout (Hook et al., 2007).  Using a peristaltic pump with a flow rate of 

approximately 1.1-1.25 ml/min, either EE dissolved in 10% EtOH or 10% EtOH alone 

(control) was delivered to two different tanks with a water flow rate of approximately 3 

L/min.  The EE stock solution was 240 g/L such that the final concentration in the tank 
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was 100 ng/L.  The final EtOH concentration in the water was 0.00004 %.  Fish were 

exposed for 7d (168 h).  Feeding was continued during the experiment and then withheld 

24 h prior to sampling.  At the end of 7d, 15 fish were removed from the EtOH treated 

tank and euthanized with 200 mg/L buffered MS-222 and were processed immediately as 

described below (see Tissue sampling). Then, another 15 fish were netted from the EE 

treated tank and euthanized with MS-222 and were processed immediately.   We could 

only treat two tanks concurrently using our peristaltic pump; therefore, this experiment 

was immediately repeated following the sampling of the first using the remaining two 

tanks of fish. 

 

EE & Stress experiment  

In October 2010, six 1 m diameter 400 L tanks were each stocked with 40 

rainbow trout each. At the time of the experiment fish had been at our facility for 

approximately six months.  This experiment was conducted three different times for 

replication.  Two of the six tanks were treated at the same time with one tank receiving 

EtOH and the other EE using a peristaltic pump and following the exact same procedure 

described in the EE only experiment.  After 7 days of exposure, 15 fish were sampled 

from each tank.  For the stress treated fish, all remaining fish from the 400-L tanks were 

netted and placed in a different 400-L tank and exposed to 3 h of low-water confinement 

stress as described in the Stress only experiment.  At the end of three hours, 15 fish were 

sampled from each tank.  The treatments were 1) EtOH only, 2) EE only, 3) EtOH + 

Stress and 4) EE + Stress. We could only treat two tanks concurrently using our 
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peristaltic pump; therefore, this experiment was repeated two more times using the 

remaining four tanks of fish over the course of two weeks. 

 

Tissue sampling and plasma cortisol 

Euthanized fish were immediately submerged in crushed ice to retard degradation 

of RNA. Blood was collected from the caudal vasculature using ammonium-heparinized 

Vacationers (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and 21-

guage sterile needles or collected directly into ammonium-heparinized capillary tubes.  

Ventricles and livers were dissected out and frozen in liquid N2.  The sex of each fish was 

determined primarily by visual examination of the gonads; however, microscopic 

analysis of gonads compressed between two glass slides was occasionally needed for 

accuracy.  Plasma was separated by centrifugation. Plasma, ventricle and liver samples 

were stored at −80 °C until later analysis.  As an index of the stress response in fish used 

in both experiments, plasma cortisol was measured.  Plasma cortisol was quantified using 

the radioimmunoassay described in Redding et al. (1984). Intra and inter-assay 

coefficients of variation were <10% and <15% respectively. 

 

RNA isolation, cDNA synthesis & QRT-PCR 

Total RNA was extracted from ventricle and liver tissue using TRIzol® reagent 

(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions.  Total RNA was 

quantified using the NanoDrop® ND-1000 spectrophotometer (Nanodrop Technologies, 

Wilmington, DE, USA) to determine absorbance at 260/280 nm, all samples used in 
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analysis met a criterion of a 260:280 >1.8.  For cDNA synthesis, total RNA was reverse 

transcribed with Superscript III and oligo d(T)18 primer (Invitrogen) following the 

manufacturer's instructions.  For the Stress only and EE only experiments, heart and liver 

cDNA’s were reverse transcribed from 5 μg.  For the EE & Stress Expt, cDNA’s were 

reverse transcribed from 2.5 g total RNA.  Heart cDNA’s were diluted 1:50 and liver 

cDNA’s were diluted 1:200 in diethylpyrocarbonate (DEPC)-treated water.  These 

cDNAs were then used as templates in the QRT-PCR reactions which were set up at 

follows: 10 μL of SYBR® Premix Ex Taq™(Takara Mirus Bio Inc., Madison, WI, USA) 

with primers at 200 nM final concentration, 0.4 μL of a 50x ROX™ solution (Takara 

Mirus Bio), 1 μL of cDNA template, and water for a final reaction volume of 20 μL.  

Gene-specific primers were either taken from the published salmonid literature or 

developed using Primer3 Software (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi) and Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast).  Primer pairs were checked for 

specificity and product size using RT-PCR and gel electrophoresis prior to QRT-PCR 

reactions.  Table 1 is a list of the forward and reverse primers designed for each gene and 

the specific Tm.  An ABI 7500 FAST Real Time PCR system (Applied Biosystems) was 

programmed to run at 95 °C for 30 s, 40 cycles of 95 °C for 3 s, with annealing and 

extension at 58–64 °C (depending on the primers, see Table 1) for 25 s.  A dissociation 

curve was run at the end of each reaction to confirm the specific amplification of the gene 

product only.  Diluted cDNA was used in triplicate 20 μl quantitative RT-PCR reactions 

with 200 nM primers and SYBR Green Supermix (Takara Inc.) for a total of 40 cycles. 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://www.ncbi.nlm.nih.gov/tools/primer-blast
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The comparative delta Ct method corrected for the actual PCR efficiency was used to 

determine relative quantities of mRNA transcripts from each sample. Actual PCR 

efficiencies were determined using LinRegPCR (Ramakers et al. 2003, Ruijter et al. 

2009).   

Elongation factor 1a (EF1a) and 40S ribosomal protein 20S protein (RPs20) were 

considered for possible reference genes which we identified through the fish literature 

(Olsvik et al. 2005; Ingerslev et al. 2006; Løvoll et al. 2011).  To determine the 

expression stability in heart and liver tissue, we used GeNorm software.  Reference genes 

are compared and those with an M value ≤1.5 are considered stably expressed 

(Vandesompele et al. 2002). Both Ef1a and RPs20 had M values less than 1.5 in 

ventricular tissue of the Stress Only experiment as well as in the liver and ventricular 

tissue of the EE Only experiment.  Based on this, both genes were considered suitable 

reference genes for both ventricle and hepatic tissue. For the Stress only experiment, Ef1a 

was selected as the reference gene for gene expression in the ventricle whereas RPs20 

was used for ventricle tissue in the EE only and EE & Stress experiments.  For all liver 

gene expression, RPs20 was selected as the reference gene. 

For target gene expression, we measured expression of G6Pase, glucocorticoid 

receptor-2 (GCR2), mineralocorticoid receptor (MR), JunB and Nupr1 in the Stress only 

experiment. For the EE only experiment we chose the following:  ERα, ERβ, androgen 

receptor (AR), and vtg1, hsp70, hsp90, p450-1A3 and p450-2M1 in ventricles and ER 

and vtg1 in liver.  Based on the results from these experiments, in the EE and Stress 

experiment, we measured hepatic gene expression of ER and vtg1 and in ventricle tissue 
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we measured: CRF-R1, ER, AR, GCR2, vtg1, JunB and Nupr1. 

 

Analysis  

The starting concentration (N0) of each individual sample was determined using 

LinReg PCR (Ruijter et al. 2009) which is calculated based on the specific PCR 

efficiency for each reaction. qPCR reactions that had a PCR efficiency outside of 5% or 

differed by more than 0.5 Ct among triplicates were not used in the analysis. N0 were 

averaged among triplicate reactions for each sample. Target gene relative expression 

ratios were determined for each sample by dividing target gene N0 by reference gene N0.  

Given the large sample size in the Stress & EE experiment a positive control was 

quantified in each 96-well plate to normalize for inter-assay variation, when determining 

relative expression ratios.  Statistical comparisons for treatment and sex effects were 

completed using two-way ANOVA with Fisher LSD post-test or Student’s t-test in the 

Stress only and EE only experiments. Statistical comparisons for EE, stress and sex 

effects were completed using three-way ANOVA with Fisher LSD post-test Stress and 

EE experiment.  Genes were considered differentially regulated based on a statistical 

significance of P<0.05.  All statistical comparisons were performed with GraphPad Prism 

version 6.0 (GraphPad Software, San Diego California USA, www.graphpad.com).   

 

Results 

Plasma Cortisol 

In the Stress only experiment, plasma cortisol (Fig. 2.1a) significantly increased 

about 40-fold with three-hours of low-water confinement stress (P<0.0001). There was 
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no effect of sex (P=0.72). In the EE & Stress experiment, there was a significant effect of 

stress (P<0.0001) and no effect of EE (P=0.16) or sex (P=0.73) on plasma cortisol (Fig. 

2.1b).  Plasma cortisol in the stress treatments (EtOH + Stress and EE+Stress) increased 

on average approximately 9.5-fold compared with fish in the non-stressed treatments 

(EtOH only and EE only). 

 

QRT-PCR 

JunB 

In the Stress only experiment, JunB (Fig. 2.2) mRNA expression in the ventricle 

was significantly elevated 11.671.32 –fold following the 3 h low-water confinement 

stress (P<0.0001) and there was no effect of sex (P=0.86).  In the EE Only experiment, 

ventricular JunB mRNA expression was decreased 1.360.12-fold after exposure to EE 

(P=0.003) and sex had no effect (P=0.54). In the EE & Stress experiment, JunB gene 

expression in the ventricle was significantly affected by treatment (P<0.0001) and not sex 

(P=0.84).  Within the treatments, those with the stress treatment (EtOH +Stress and 

EE+Stress) expressed JunB transcripts 6.620.64-fold higher (P<0.0001) than those of 

the non-stress treatments (P=0.13; EtOH only and EE only).  

 

Nupr1 

In the Stress only experiment, ventricular Nupr1 (Fig. 2.2) mRNA expression was 

1.47 0.14-fold higher in the stress treatment (P=0.0008) compared to the controls and 

there was no effect of sex (P=0.43).  In the EE & Stress experiment, there was a 
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significant effect of EE (P=0.021) and stress (P=0.024) on Nupr1 mRNA expression in 

the heart; sex did not have an effect (P=0.178). Ventricle Nupr1 gene expression was 

slightly elevated by 1.270.01-fold in the EE & Stress treatment compared to the EtOH 

Only group (P=0.0013) and 1.150.01-fold higher than EE Only and EtOH + Stress 

treatments (P=0.064 and 0.076, respectively). There were no statistical differences 

between EtOH and EtOH + Stress (P=0.159), EtOH Only and EE Only (P=0.134) or 

EtOH +Stress and EE Only (P=0.972) treatments. 

 

GCR2 & CRF-R1 

In the stress only experiment, GCR2 mRNA (Fig. 2.2) expression in the ventricle 

was significantly elevated 1.50.25 –fold following three-hours of stress (P=0.018) and 

there was no effect of sex (P=0.92).  However, in the EE & Stress experiment, GCR2 

gene expression was not affected by EE (P=0.79), stress (P=0.85) or sex (P=0.18).  In the 

EE & Stress experiment, ventricular CRF-R1 (Fig. 2.2) transcript abundance increased 

1.520.03 -fold with three hours of stress (P=0.0005), and there was no effect of EE 

(P=0.304) or sex (P=0.564). 

 

Hepatic ER and vtg1 

In the EE only experiment, after seven days of exposure to 100 ng/L EE, hepatic 

ER  mRNA (Fig. 2.3) was significantly increased 3.460.48-fold as expected 

(P<0.0001) and there was no effect of sex (P=0.58). Similarly, in the EE & Stress 

experiment, ER gene expression in the liver also increased 3.40.18-fold with EE 
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treatment (P<0.0001) and there was no effect of stress (P=0.5) or sex (P=0.53).  Hepatic 

vtg1 (Fig. 2.3) gene expression was significantly (P<0.0001) increased by approximately 

1000-fold with EE treatment, and there was no effect of sex (P=0.42). Also, liver vtg1 

mRNA expression increased by approximately 700-fold (P<0.0001) with a 7-day 

exposure to 100 ng/L EE and there was no effect of sex (P=0.14) or stress (P=0.52). 

 

Ventriclicular ER and vtg1 

In the EE only experiment, both sex (P=0.014) and EE treatment (P=0.008) had a 

significant effect on ER expression (Fig. 2.4).  In the EtOH treatment, males expressed 

ER 1.96 0.4-fold higher than the females (P=0.026).  Following the seven days of EE 

treatment, male expression of ventricular ER decreased 1.60.3-fold (P=0.0047) 

whereas female expression remained unchanged (P=0.292). In the EE & Stress 

experiment, ventricular ER  expression slightly increased by 1.20.01-fold with EE 

exposure (P=0.005) but there was no effect of stress (P=0.93) or sex (P=0.74). 

Following the one-week exposure to 100 ng/L EE, ventricular vtg1 gene 

expression (Fig. 2.4) was significantly elevated 9.533.16–fold with EE exposure 

(P<0.0001) while sex had no effect (P=0.19).  Also, in the EE & Stress experiment, 

ventricular vtg1 gene expression was significantly increased by 14.52.8 -fold 

(P=0.0004) with EE exposure and there was no effect of stress (P=0.38) or sex (P=0.61).  

 

Ventricular ER and AR 

In the EE only experiment, there were similar patterns in sex (P=0.016) and slight 
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EE treatment (P=0.077) effects on ventricular ER mRNA expression (Fig. 2.5) as those 

reported for ER, although, ER average relative expression ratio is approximately 10-

fold lower than ER. Within the EtOH treatment males expressed ER 1.720.26-fold 

higher than the females (P=0.004).  EtOH treated males decreased ventricular ER gene 

expression 1.540.025-fold following seven days of EE exposure (P=0.0016) and 

females did not differ with EE treatment (P=0.96).  Similarly in the EE only experiment, 

EE treatment (P=0.015) significantly decreased ventricular AR mRNA expression, as 

well as, there was no effect of sex (P=0.047). The males in the EtOH treatment expressed 

ER 1.480.3-fold higher than the control females (P=0.0361).  EtOH males also 

expressed AR 1.61 0.34-fold higher than EE treated males (P=0.0184) as well as EtOH 

females did not differ from EE exposed females (P=0.283).  In the EE & Stress 

experiment, there was no effect of EE (P=0.22), stress or (P=0.48) or sex (P=0.97) on 

ventricular AR expression (data not shown). 

 

Sex differences 

In the EE only experiment, GAPDH mRNA expression in the ventricle (Fig. 2.5) 

was 1.290.16-fold higher in females than males (P=0.049) and there was not an effect of 

exposure to EE.  

Also, in the Stress only experiment, G6Pase and MR mRNA expression did not 

change with exposure to the three-hour stressor (P=0.15 and 0.92, respectively) nor did 

sex have an effect (P= 0.26 and 0.93, respectively).  In the EE only experiment 

ventricular p450-1A3 did not vary with EE (P=0.5) or sex (P=0.25), nor did p450-2M1 
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with EE (P=0.11) or sex (P=0.07). Heart hsp90 did not vary with treatment (P=0.63) or 

sex (P=0.17), nor did hsp70 (treatment P=0.56; sex P=0.47). 

 

 

Discussion 

Although much is known of the effects of stress and EE in fish physiology, very 

little attention has been given to their effects on cardiac gene expression.  Here we show 

that exposure to a physical stressor or EE cause changes in gene expression in the 

rainbow trout heart.  This highlights the fact that these stressors have the potential to have 

physiological impacts beyond the target tissues classically thought of for stress (i.e. 

HPI/A axis) or exposure to estrogenic compounds (i.e. HPG axis).  We know that our 

stress-treatment did indeed induce stress as evidenced by the elevated plasma cortisol 

levels in the exposed groups.  We also confirmed that EE exposure was effective because 

of the hepatic up-regulation of vtg1 and ER mRNA.  Cardiac JunB and CRF-R1 was 

significantly up-regulated in response to stress and ventricular vtg1 gene expression 

consistently increased following exposure to 7 days of 100 ng/L EE.  Moreover, it was 

striking that there was a lack of an effect of EE on stress- induced plasma cortisol or 

ventricular gene expression.  There was also a lack of an effect of stress on EE- induced 

gene expression in the rainbow trout heart or liver.  By utilizing different cohorts of 

rainbow trout from the same population across multiple experiments, we were able to 

assess the variation in stress- and EE- responsive genes in the ventricle.  Not surprisingly, 

differences in the gene expression response to both stressors were observed and the 
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importance of this variation is discussed further.  

 

Stress- induced gene expression 

The three-hour low-water confinement stressor consistently increased JunB 

transcript abundance in the ventricle in both the Stress-only and EE and Stress 

experiments.  The 7-day exposure to EE reduced JunB expression in the EE Only 

experiment but had no effect on JunB in the EE and Stress experiment.  Therefore, it is 

likely that increased ventriclular JunB expression is typical during the stress response 

whereas differential expression in response to EE varies with cohort.  We have previously 

reported the increase of JunB mRNA  in the liver of sexually immature rainbow trout in 

response to the same three-hour confinement stressor (Momoda et al., 2007).  JunB gene 

expression increased in the gills of adult sockeye and pink salmon in response to 

exhaustive exercise (Donaldson et al., 2014), in a similar time-course to stress as we have 

reported in rainbow trout.  In Wistar rats (Rattus norvegicus), two-hour immobilization 

stress causes an increase of myocardial JunB gene expression along with other 

immediate-early genes such as c-fos, c-jun, and JunD (Ueyama et al., 1996). The 

consistent expression of JunB in rainbow trout heart in response to stress indicates that 

this is a highly conserved response to stress.  Future studies in rainbow trout are needed 

to understand the functional role and downstream effects of stress-induced JunB. 

In addition to JunB, ventricular CRF-R1 mRNA was significantly increased in 

stressed compared to unstressed fish in the EE and Stress experiment.  Stress-induced 

hypothalamic CRF and U-I have effects on the heart by binding the CRF-receptors in 

rainbow trout (LeMevel et al., 2006) and mammals (Parkes et al., 2001). In common carp 
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(Cyprinus caprio), 24-hour restraint stress decreased the expression of CRF-R1 and CRF-

BP (binding protein) mRNA in the hypothalamus, gills and skin suggesting the increase 

in plasma cortisol levels exert a negative feedback on peripheral CRF-R1 expression 

(Huising et al. 2004; Mazon et al. 2006). Together this suggests the increased ventricular 

CRF-R1 gene expression was due to increased CRF during stress, although peripheral 

regulation of CRF-R1 may be species and tissue specific.   

Nupr1 mRNA gene expression significantly increased in the ventricle following 

the 3 h confinement stressor in the Stress only experiment.  However, we did not observe 

the same influence of stress in the EE and Stress experiment.  In addition, EE did not 

have an effect on nupr1 mRNA expression.  A similar pattern in ventricular GCR2 gene 

expression between the two experiments was evident.  GCR2 mRNA was significantly 

elevated in the Stress Only experiment but there was no effect of EE or stress in the 

combined stressor experiment.  We can possibly attribute the difference in cardiac gene 

expression between the two experiments to the variation in stress response.  In the Stress 

only experiment, plasma cortisol was about two fold higher than what was reported for 

the EE & Stress experiment following 3 h of stress.  Previously we reported hepatic 

nupr1 expression was not significantly increased after 30 minutes of confinement stress, 

when plasma cortisol concentrations were about 70 ng/ml (Momoda et al. 2007), which is 

similar to the plasma cortisol observed in the 3 h stress treatment of the EE & Stress 

experiment.  However, hepatic nupr1 was significantly elevated by 3 hour stressor when 

plasma cortisol was approximately 110 ng/ml, which is similar to the concentrations 

observed Stress only experiment of the currently study. In all of our studies reported both 

here and previously, we used rainbow trout of the similar size and age that were acquired 
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from same population.  Therefore, increased ventricular nupr1 and GCR2 expression 

during stress may be due to variation in stress response.   

The three- hour confinement stressor did not have an effect on MR mRNA 

expression in the heart of rainbow trout in the stress only experiment.  Recently the effect 

of cortisol on GCR2 and MR mRNA expression in various organs of rainbow trout has 

been described, although the heart was not a target organ.  When plasma cortisol levels 

were highest, brain and head kidney corticosteroid receptor (CR) mRNA’s: GCR1, GCR2 

and MR, were significantly increased demonstrating the positive effects of cortisol on the 

two key organs devoted to the regulation of the stress response.  In muscle, CR mRNA 

expression did not differ with increasing plasma cortisol.  When levels were the highest 

(~300 ng/ml) GCR1 and MR mRNA expression decreased in muscle but GCR2 

expression did not differ.  Further, muscle expression of all three CR mRNA’s did not 

differ when plasma cortisol levels were similar to those observed in our study (Teles et 

al., 2013). Taken together, MR expression in tissues other than the brain and head kidney 

may not be highly regulated during stress or only under conditions of chronic stress. 

 Previous reports of increased hepatic GCR gene expression in female rainbow 

trout have been observed under chronic cortisol stimulation (Vijayan et al., 2003).  In 

genetically distinct strains of adult rainbow trout selected for their divergent stress 

response, ventricles from high-cortisol responder (HR) fish had a higher cardiosomatic 

index compared to low-cortisol responders (LR) due to hypertrophy of the compact 

myocardium.  Ventricular gene expression of MR, GCR1 and GCR2 was higher in HR 

compared to LR (Johansen et al., 2011). This supports our conclusions that ventricular 

GCR2 and MR gene expression is not regulated in response to acute stress but rather 



 
 

34   

increased GCR2 gene expression is indicative of chronic stress.  Assessment of gene 

expression at multiple time points during stress are needed to better understand the 

relationships between plasma cortisol levels and expression of nupr1, GCR2 and MR in 

the heart.     

Ventricular G6Pase gene expression did not increase in response to stress as we 

have previously reported in hepatic tissue of rainbow trout exposed to the same low water 

confinement stress (Momoda et al., 2007).  This suggests that the rainbow trout heart is 

not stimulating gluconeogenic pathways in response to acute stress. 

 

EE- induced gene expression 

The EE treatment in our experiments was effective in inducing an estrogenic 

response as indicated by the increase in hepatic ER and vtg1 mRNA expression.  Our 

results of increased ER and vtg1 gene expression after EE exposure is very similar to 

findings previously reported in rainbow trout.  In a comparable study with a 61-d EE 

exposure, male rainbow trout increased hepatic ER mRNA and VG protein production. 

Plasma and liver VG protein increased and reached a plateau by 48 hours that then 

tapered off by 2 weeks.  Hepatic ER mRNA increased by 10-fold in 48 hours, then 

slightly decreased (Skillman et al., 2006).  The three-hour confinement stressor did not 

have an effect on hepatic or ventricular ER  and vtg1 mRNA expression in our 

experiments.  This was not surprising given previous findings from our laboratory.  Acute 

or chronic confinement stress did not have an effect on 17β-estradiol induced plasma VG 

protein production in sub-yearling rainbow trout, in a different cohort of the same 
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population that are reported here (Schwindt et al. 2007). Together this reinforces our 

observation that estrogenic signaling in the liver of juvenile rainbow trout is not affected 

by acute stress. 

Vtg1 mRNA expression increased significantly in ventricular tissue after a one 

week exposure to EE in sexually immature male and female rainbow trout.  Increased 

expression was detected in the different cohorts of the EE Only and EE and Stress 

experiment.  To our knowledge this is the first time vtg1 gene expression has been 

reported in the heart of rainbow trout.  Increased cardiac expression of vtg1 mRNA in 

response to EE in adults of zebrafish (Zhong et al., 2014) and in response to 17-estradiol 

in hearts of Chinese rare minnow (Gobiocypris rarus) has been reported (Ma et al., 

2009), suggesting the increased cardiac expression of vtg1 exposed to estrogenic 

compounds is common in teleosts. 

Extrahepatic gene expression of vtg1 is not limited to the heart in fish.  In rainbow 

trout, vtg1 mRNA is expressed in white adipose tissue (WAT) in females during early 

and late vitellogenesis.  Also, exposure to 64 h of 1µg/L E2 significantly increases WAT 

vtg1 expression in male zebrafish (Tingaud-Sequeira et al. 2012). In transgenic zebrafish 

designed for toxicological screening, exposure to E2, EE, 4-nonylphenol (NP) or 

bisphenol-A (BPA) increases estrogen-responsive gene expression in the heart, cranial 

muscle, eye lens, liver, neuromast, and somite muscle.  Specifically in the heart, 

estrogen- responsive gene expression was consistently elevated with exposure to both 

environmentally relevant and high concentrations of EE (Lee et al. 2012).  The 

identification of extrahepatic vtg mRNA expression in fish is not limited to gene 
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expression.  Zhong et al. (2014) determined the effect of EE exposure on extrahepatic VG 

and vtg1 expression in adult zebrafish.  Unexposed males and females expressed vtg1 in 

heart, liver, spleen, skin, muscle, eye, fin and brain tissues and 7d exposure of 50 ng/L 

EE elevated this expression in all tissues.  In unexposed females, VG protein was 

expressed in all tissues examined and EE exposure further up-regulated this expression.  

VG protein was not expressed in any tissues examined in unexposed males but exposure 

to EE increased protein production in all tissues (liver, plasma, fin, gonad, skin, eye, 

heart, spleen, kidney, gill, brain and muscle (Zhong et al. 2014).  This suggests that 

extrahepatic expression of vtg1 mRNA is common when fish are exposed to estrogenic 

compounds in their environment and may very likely be translated into protein. 

We suspect that environmentally relevant concentrations of EE, as well as other 

estrogenic compounds at low doses, would have an effect on ventricle vtg1 gene 

expression in rainbow trout. In juvenile female rainbow trout, a 14-day exposure to 1.0 

ng/L increased hepatic vtg1 significantly.  After only 2 days of exposure to EE (10 ng/L), 

hepatic vtg1 mRNA and plasma VG expression increased significantly and continued to 

elevate with increasing EE concentration and duration of exposure (Thomas-Jones et al. 

2003).  Future research should aim to elucidate the effects of lower concentrations (< 100 

ng/L) of EE in the rainbow trout heart.   

In the EE only experiment, expression of ventricular ER and AR decreased with 

EE treatment.  This was in a sex-dependent manner where males had a greater overall 

reduction than females.  However we did not observe a similar pattern in the EE & Stress 

experiment. In fact, in the EE & Stress experiment, ventricular ER mRNA increased in 

response to EE and there was not effect of sex.  Further, AR mRNA expression did not 
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change with EE or stress treatment or with sex. The differing results from the two EE 

experiments suggest ventricular ER and AR mRNA are not directly affected by EE in 

rainbow trout.  However, we consistently observed an increase in ventricular vtg1 mRNA 

in response to EE, which suggests the induced estrogenic signaling in the heart, is not 

mediated by ER or AR at the transcriptional level.  Alternatively, differential response 

of ventricular JunB, ER and AR gene expression in response to EE among experiments, 

suggests there is variability in the response to estrogen in the heart between cohorts 

within the same population. In the EE only experiment, ventricular JunB, ER and AR 

gene expression decreased significantly following exposure to EE.  However, there was 

no effect of EE on ventricular JunB, ER or AR expression in the EE and Stress 

experiment. Therefore, it is seems that ventricular gene expression in the cohort of 

rainbow trout in the EE only experiment was more responsive to EE than those in the EE 

and stress experiment.  Future studies are needed to determine whether or not the variable 

gene expression response to EE is of functional significance.   

The non-genomic effects of sex steroid hormones have been implicated in 

increasing contractile force production in sexually immature rainbow trout in a sex-

dependent manner (Farrar and Rodnick, 2004). Given this we were surprised that none of 

the genes that we considered, other than ER and AR, differed between the sexes in 

response to stress or EE.  Interestingly, in the EE only experiment, ventricular GAPDH 

mRNA was expressed higher in females than males in both EE exposed and non-exposed 

fish.  In support of these findings, sex differences in cardiac energy metabolism reported 

in juvenile rainbow trout suggests the female heart relies more on glucose for contractile 
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performance than males and females have higher lactate dehydrogenase activity 

(Battiprolu et al., 2007).  Hence, it is plausible that variation in ventricular GAPDH 

mRNA between the sexes is related to sex differences in energy production for 

contraction but future studies are needed, especially at the transcriptional level.  

There was no effect of EE exposure on cardiac HSP70 or HSP90 gene expression 

following exposure to EE for 7 days at 100 ng/L.  Similarly, there were no effects of EE 

exposure on hepatic HSP70 or HSP90 protein production in mummichog (Fundulus 

heteroclitus) (Chandra et al., 2012) or in rainbow trout hepatocytes (Osborne et al., 

2007).  It is possible that heat shock proteins are not regulated at either the mRNA or 

protein level in the heart or liver of fish exposed to EE.  Despite reports of differential 

hepatic p450 gene expression in adult zebrafish following exposure to EE (Filby and 

Tyler, 2007), we did not observe an effect of EE exposure on ventricular p450-1A3 or 

p450-2M1 gene expression in rainbow trout.  This suggests a tissue or species-specific 

response of these genes to EE. 

 

Ecological relevance of variation between cohorts 

The differing results between stress and EE experiments of Nupr1 and GCR2 

mRNA highlight there is variation of stress- responsive genes in the heart.  Furthermore, 

there was variation in cardiac JunB, ER and AR gene expression in response to EE among 

cohorts of the same population of rainbow trout.  This sheds light on the variable effect of 

stress and estrogenic compounds on the heart depending on both genetic and 

environmental influences.   
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We are not the first to elucidate the influence of genetic variation on cardiac gene 

expression in fishes.  Gene expression variation among populations and between 

individuals is substantial in the heart, liver and brain of Fundulus heteroclitus under 

normal, unstressed conditions (Whitehead and Crawford, 2005).  Specifically, in the 

heart, genes related to metabolism varied among individuals in an outbred population, 

raised in a common environment (Oleksiak et al., 2005).  Regardless, few studies 

incorporate genetic variation, or lack of variation (Coe et al., 2009) when interpreting 

gene expression studies.   

To this end, there is ecological relevance in appreciating the variation reported here.  For 

instance, cardiac capacity, aerobic scope and swimming performance are tightly 

correlated during migration in female adult sockeye salmon (Onchorynchus nerka).  In 

addition these performance variables vary within and among populations that can be 

attributed to the variation in environments. In sockeye, populations found upriver had 

higher relative ventricle mass, percent compact myocardium and relative dry compact 

mass compared to coastal populations.  The greater migratory demands required in the 

upriver populations accounts for the variation in cardiovascular performance (Eliason et 

al. 2011). While this illustrates the variation in cardiac physiology within and among 

populations necessary to adapt to variable environments, only adult females were 

considered. Despite the seemingly similar environmental conditions and genetic 

background of the experimental fish, our results imply that the physiological response to 

stress and EE in fact varied in the heart by sex and between cohorts. The varied gene 

expression results reported here provide mechanistic insights to how fish vary in their 

cardiac response to environmental stressors, within a population. Here we have provided 
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compelling support of sexual dimorphisms in cardiac physiology at the level of gene 

expression.  Along with previous reports of sex differences in contractile function,  prior 

to sexually maturity (Farrar et al., 2004; Farrar et al., 2006), it is likely that physiological 

differences in the heart develop between the sexes early, independent of sex hormones.  

Therefore, experimental design should consider sex as a variable whenever possible. 

  

Possible Functional Implications 

Our work suggests both similarities and dissimilarities concerning known 

responses of the genes assessed.  Ascribing mechanisms of action of the genes affected 

by EE, stress, or their interaction is speculative at best.  The following basically puts our 

work into the perspective of what is known and unknown regarding the genes we found 

affected. 

Studies in O. keta have demonstrated CRF-R1 has a higher affinity U-I than CRF 

and that binding of either ligand activated the downstream cellular process of stimulation 

of adenylate cyclase activity in vitro (Pohl et al., 2001).  Adenylate cyclase is a second 

messenger in cellular communication known to have many downstream effects in the cell 

such as glycolysis and muscle contraction (Walsh and Van Patten, 1994).  This implies a 

functional role for ventricular CRF-R1 mRNA expression and the downstream effects of 

stress on essential cellular processes in the rainbow trout heart. 

JunB is one of the immediate-early genes (IEG) that are rapidly activated in the 

initial cellular response to many different stimuli.  JunB encodes for one of the Jun family 

of proteins that binds with Fos proteins to form the activator protein-1 (AP-1) which is an 

early response, heterdimeric transcription factor involved in cell growth and apoptosis 
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(Shaulian and Karin, 2002). Previous studies suggest JunB protein expression plays an 

important role in the contractile function and muscle development in the heart.  During 

zebrafish development, JunB regulates the expression of the core-binding factor b, an 

essential component for maintaining sarcomeric Z-disc stability organization in heart and 

skeletal muscle (Meder et al. 2010).  In mammalian cardiomyocytes, JunB plays a role in 

the regulation of Na
+
–Ca

2+
 exchanger (NCX1), an essential regulator of Ca

2+
 homeostasis 

and cardiac contractility (Mani et al., 2010).  It is possible that upregulation of ventricular 

JunB in rainbow trout when translated into protein could also have an effect on 

cardiomyocyte structure and contraction, as we as, lead to stress-induced hypertrophy of 

the ventricle. 

Nupr1 (also referred to as com1 or p8) encodes nuclear protein that has been 

associated with several functions, including stress responses, cell cycle control, and 

regulation of apoptosis (Goruppi and Iovanna, 2010). Nupr1 has a regulatory role in the 

cellular stress response in mammalian cardiomyocytes and cardiac fibroblasts.  In rat left 

ventricular cardiomyocytes, nupr1 mRNA and protein are both induced by the G protein-

coupled receptor agonists: phenylephrine and endothelin-1, which ultimately leads to 

hypertrophy.  In both cardiomyocytes and fibroblasts, Nupr1 protein bound to the AP-1 

promoter and modified downstream expression associated with the AP-1, specifically by 

coupling with c-Jun (Goruppi et al., 2007, Goruppi and Iovanna, 2010).  In rat fibroblasts, 

the proinflammatory cytokine, tumor necrosis factor (TNF) activates nupr1 mRNA and 

protein which then binds to the promoters of matrix metalloproteases genes, MMP9 and 

MMP13.  These genes encode proteins that regulate the proteolytic activity of 

transforming growth factor β, a key inducer of fibroblast proliferation (Goruppi et al. 
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2007). Together this implies a role of increased ventricular Nupr1 in response to stress, 

specifically -adrenergic stimulation may ultimately lead to increased cell growth and 

proliferation, depending on cell type. 

VG is a calcium-binding phospholipoglycoprotein that functions as a carrier of 

lipids, carbohydrates, phosphate groups and minerals to the maturing oocyte.  In female 

fish it is produced in the liver then transported to the gonads where it is modified and 

deposited as yolk in the oocyte (Arukwe and Goksøyr et al., 2003).  In Chinese rare 

minnow (Gobiocypris rarus), both estrogenic and adrenergic agonists modulate vtg1 gene 

expression in the heart and brain. 17-estradiol (E2) significantly increased vtg transcript 

abundance with an approximate increase of 1.5-fold in both tissues.  Control levels of vtg 

expression were significantly decreased in livers and hearts when adults were exposed to 

adrenergic receptor stimulation. Also, the 1- & 2-adrenergic agonist, isoproterenol 

decreased cardiac vtg1 expression by about 2-fold and the 1-adrenergic agonist 

phenylephrine, reduced vtg mRNA expression by about 1.2-fold (Ma et al. 2009).  This 

suggests the stress response may have an impact on EE- induced cardiac gene expression. 

However, in our experiment, there was no effect of stress on either control or EE- 

induced ventricular vtg1 expression, suggesting species-specific regulation of vtg1 

mRNA in the heart of teleosts in response to stress. Currently, the functional role of EE-

induced vtg1gene expression in the heart is purely speculation.  Ma et al. (2009) 

suggested the function of VG expression in the heart is to aid in removal of intracellular 

lipids in order to prevent excessive accumulation.  
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Overall summary 

We have identified meaningful gene markers of EE and stress in the fish heart, 

which implicate the specific cellular pathways responsible for the cardiac response to 

environmental stress in fish. 

Confinement stress for 3h consistently caused an increase in ventricular JunB and 

CRF-R1 mRNA expression in juvenile rainbow trout.  In contrast, Nupr1 and GCR2 

expression only increased in response to stress when the plasma cortisol values were at 

higher concentrations so might be indicative of a threshold of the cardiac response to 

chronic stress.  Both JunB and nupr1 are transcription factors that are known to be 

upregulated by adrenergic stimulation in the mammalian cardiomyocyte response to 

stress that regulate a number of different, sometimes conflicting cellular functions.  In 

mammals, the increase of both Junb and nupr1 mRNA has been associated with cell 

growth and apoptosis, thus may related to the hypertrophic response to stress in the heart.  

EE exposure changed ER and vtg1 gene expression in both the heart and liver.  

The function of estrogen-induced vtg1 in the heart is not known, although there is 

evidence of endocrine disruption resulting in vtg1 mRNA and protein production in the 

heart of other fish species.  Future work involving the gene expression and VG protein 

production in the fish heart in response to estrogenic compounds and its effects on 

cardiac function is needed to answer the question: is the VG protein truly produced in the 

heart and, if so, what is its role? Likewise, the varied response of ventricular JunB, ER 

and AR to EE among cohorts suggests a better understanding on effects of EE on the fish 

heart is needed, especially in regards to the influence of genetic variation.  Future studies 

designed to define the cardiac expression of these genes at varying time points under both 
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acute and chronic conditions of stress and EE, especially at environmentally-relevant 

concentrations, are needed. 
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Table 2.1.  Primers used for QRT-PCR 

 

Gene  
 Accession # 

Primer Sets 

JunB AY614595 Forward: 5′-CTACACGCACAGCGATATTCG-3′ 

    Reverse: 5′-TCGTCGCTGCTCTGCATGT-3′ 

Nupr 1   NM_053611 Forward: 5′-GACAAATCGGACGGCTAATCCT-3′ 

    Reverse: 5′-CTGCCTGCCCATTTGGTTTT-3′ 

CRF-R1* AY363678 Forward: 5′-CCGTGAAAGGCAACTACACC-3′ 

    Reverse: 5′-TTCCTCAAGCAGCGGATACT-3′ 

GCR2* NM_001124482 Forward: 5′-GCAGTGTTCCTGGTTGTTCC-3′ 

    Reverse: 5′-GCTTCATACGGTCCTGGTTG-3′ 

ERα1 AJ242741 Forward: 5′-CCCTGCTGGTGACAGAGAGAA-3′ 

    Reverse: 5′-ATCCTCCACCACCATTGAGACT-3′ 

ERβ1* DQ248229 Forward: 5′-CACTTCTGTGCCGTGTGTC-3′ 

    Reverse: 5′-CATTGTGACCTTGGATGCTC-3′ 

AR* AB012095 Forward: 5′-CAGCACACTTGGCACACTTC-3′ 

    Reverse: 5′-TCTCTCCAGTTTCACCGACA-3′ 

vtg1* X92804 Forward: 5′-TTGAGCCTGTGCTGCGCTGT-3′ 

    Reverse: 5′-GGCAGGCAGTGGAAACCGAT-3′ 

G6Pase   
AF120150 

Forward: 5′-TTCTACGTGCTGCTGAAGGCTCTAG-

3′ 

    Reverse: 5′-CGGCTCTCACACACCACTTCTG-3′ 

GAPDH* NM_001124246 Forward: 5'-GTGTCAGTGGTGGACCTAACCT-3' 

    Reverse: 5'-GGTGTCTCCAATGAAGTCAGAAG-3' 

p450-

1A3* 
CB501070  

Forward: 5′-TGAAGGAAAAGGTGGGAATG-3′ 

    Reverse: 5′-GAACGGCAGGAAGGAAGAGT-3′ 

p450-2M1 CA056952 
Forward: 5′-

GCTGTATATCACACTCACCTGCTTTG-3′ 

    
Reverse: 5′-

CCCCTAAGTGCTTTGCATGTATAGAT-3′ 

hsp90* NM_001124591 Forward: 5′-GATGACGAGGAGGATTCCAA-3′ 

    Reverse: 5′-CAGATGGGCTTGGTCTTGTT-3′ 

hsp70* AB062281 Forward: 5′-AGGTGCAACCAGACCATTTC-3′ 

    Reverse: 5′-AGGCTGGCATACTTTCTCCA-3′ 

MR* AY495584 Forward: 5′-TGAATGGCAGTTACGAAGC-3′ 

    Reverse: 5′-ACGAGTGTCCGCCTGAAT-3′ 

Ef1a* AF498320 Forward: 5′-TGGTCGTTTCGCTGTGCGTGA-3′ 

    Reverse: 5′-TTGGTGACCTTGCCGCTGGA-3′ 

RPs20 NM_001124364 Forward: 5′-GCAGACCTTATCCGTGGAGCTA-3′ 

    Reverse: 5′-TGGTGATGCGCAGAGTCTTG-3′ 

*indicates primers were designed using Primer3 and Primer-BLAST software. For all 

other genes, primers were based on previous studies (JunB, Nupr1 and G6pase= 

Momoda et al. 2007. CBPpartD. 2: 303; ERa1= Nagler et al. 2007. Gene. 392 (1-2):164; 

p450-2M1= Gallagher et al. 2008. Environ Res. 106(3):365;RPs20= Olsvik et al. 2005. 

BMC Mol Biol. 6: 21. 
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Figure 2.1. Plasma cortisol concentrations for the Stress Only and EE & Stress 

experiment. Bars are the mean for each treatment SEM.  Treatments with different 

letters are significantly different at P<0.05. a) Plasma cortisol concentrations for all 

treatments in the Stress Only experiment, sex and replicates were pooled (P>0.05; n=40).  

b) Plasma cortisol concentrations for all treatments in the EE and Stress experiment, sex 

and replicates were pooled since there were no statistical differences (P>0.05; n=29-31, 

depending on treatment). 
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Figure 2.2.  Stress- responsive genes in ventricle.  A)Relative ventricular JunB mRNA 

expression.  B) Relative ventricular Nupr1 and GCR2 mRNA expression.  C) Relative 

ventricular CRF-R1 gene expression in the EE & Stress experiment.  Treatments that 

have different letters are significantly different at P<0.05. Note that the scales differ, in 

the Stress Only experiment, target genes are relative to Ef1 mRNA (n=22).  In the EE 

Only (n=20-21) and EE & Stress experiments (n=26-31), expression is relative to RPs20 

mRNA.  A & B) Bars are the means for each treatment ±SEM, pooled for sex (P>0.05).  
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C) Bars are the means for each group±SEM, pooled for sex and EE treatment since there 

was no statistical effect (P>0.05; n=53-61).   

 

 

 

Figure 2.3.  Relative hepatic vtg1 and ER mRNA expression. Bars are the means ±SEM, 

pooled for sex (P>0.05). Expression of target genes is relative to RPs20 mRNA. Bars 

with brackets do not differ statistically. Treatments that have different letters are 

significantly different at P<0.05. In the EE Only (n=19-21) and EE & Stress experiments 

(n=17-20), expression is relative to RPs20 mRNA. 
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Figure 2.4.  Relative ventricular ER and vtg1 mRNA expression. Bars are the means 

±SEM, pooled for sex (P>0.05), with exception to ERα in the EE only experiment that 

differed by sex (P=0.014).  Expression of target genes is relative to RPs20 mRNA.  Bars 

with brackets do not differ statistically. Treatments that have different letters are 

significantly different at P<0.05. In the EE Only experiment n=20-21; in the EE & Stress 

experiment, n=26-31.  
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Figure 2.5.  Sex differences in ventricle expression in the EE Only experiment.   

Bars are the means ±SEM (n=20-21). Expression of target genes is relative to RPs20 

mRNA.  For each graph, the treatments that have different letters are significantly 

different at P<0.05.  
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Abstract 

Sexual dimorphism in cardiac contractile function has been recently described in 

sexually immature rainbow trout, Oncorhynchus mykiss, a species with known sex 

differences in behavior, morphology and physiology at maturity. Here we investigated 

sex differences in the contractile response in cardiac tissue between male and female 

sexually immature rainbow trout in response to increasing performance demands. 

Knowing that there may be sexual dimorphisms in the effect of steroid hormones on 

contractility, we also determined the effects of cortisol on the contractile response in 

sexually immature rainbow trout.  We measured force production from electrically paced 

(0.5 Hz, 12.7 °C) ventricle strips incubated in the presence of exogenous glucose (5mM) 

at 100% Lmax in both sexes in the presence of exogenous glucose.  We tested the effect of 

cortisol on contractile function over a range of concentrations from 0.1-1000 nM.  Also, 

ventricle strips from both sexes were exposed to physiological stress levels of cortisol 

(276 nM for 30 min) and contractile force production was measured in response to 

increasing extracellular calcium (Ca
2+

) or epinephrine.  To assess the contractile response 

to exogenous Ca
2+

 we increased its concentration 0.5 mM every 5 min for the range of 

1.5–7.5 mM.  Additionally, contractile force production in response to epinephrine was 

determined over a range of concentrations from 0.01 to 50 M.  Female ventricle strips 

had enhanced contractile Ca
2+

 sensitivity as indicated by a lower Ca50 compared with 

males. The contractile response to Ca
2+

 was the same for male and female preparations at 

concentrations below 3.5 mM.  But at all concentrations above 3.5 mM Ca
2+

, males had 

significantly higher force production compared to females.  Also, exposure to cortisol did 
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not have a direct effect on contractility, nor did it have an effect the contractile response 

to increasing exogenous Ca
2+

 in either sex.  In ventricle strips that were not exposed to 

cortisol, the positive inotropic response to epinephrine did not vary by sex at 

concentrations less than 1 µM.  However, males had a significantly higher force 

production at concentrations at and above 1 µM epinephrine.  Interestingly, force 

production did not vary by sex in the cortisol pre-treated ventricle strips in the presence 

of epinephrine.  Therefore, our results indicate that not only are there sex differences in 

contractile function, but also the influence of stress hormones epinephrine and cortisol on 

contractility differs between the sexes prior to sexually maturity. 
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Introduction 

Sex differences in cardiac morphology and function are largely attributed to the 

different sex steroid hormones produced during sexual maturation in adult vertebrates 

(Mendelsohn and Karas, 2005).  During reproductive maturation, male rainbow trout 

develop hypertrophy or enlargement of the ventricle (Franklin and Davie, 1992) that is 

promoted by elevated androgens (Davie and Thorarensen, 1997). In adult rainbow trout, 

the hypertrophic heart is associated with a greater cardiac performance due to the larger 

stroke volume during contraction (Franklin and Davie, 1992) and higher blood pressure 

(Clark and Rodnick 1999).  Despite differences in adults, there is a growing appreciation 

that the sexes differ in contractile function prior to sexually maturity. 

Cardiac contraction is stimulated when the action potential causes extracellular 

Ca
2+

 to cross the sarcolemma that in turn induces the discharge of Ca
2+ 

from the 

sarcoplasmic reticulum (SR).  This rapid increase in intracellular Ca
2+

 activates the 

myocardium to contract by binding to the contractile proteins associated with the 

myofilaments.  Hence, Ca
2+

 availability drives the strength of force produced during 

cardiac contraction (Fabiato, 1983).  Recently, steroid hormones have been shown to 

increase contractile function in sexually immature rainbow trout in a sex dependent 

manner.  Physiological levels of estrogen had a positive inotropic effect in female 

ventricle strips and not in males, whereas, testosterone increased contractility in males 

only.  Also, the stress hormone cortisol alone increased contractile function in both males 

and females.  Interestingly, cortisol enhanced the positive inotropic effect of androgens in 

males, whereas it did not have an additive effect on the inotropic effect of estrogen in 
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females (Farrar and Rodnick, 2004).  Cardiac performance also differs in that ventricle 

strips of females are more sensitive to exogenous Ca
2+

 (Farrar et al., 2006). To expand on 

the previous findings from Farrar et al., 2004; 2006), the goal of our research was to 

assess the cardiac performance of both sexes in sexually immature rainbow trout under 

conditions of increasing demand and physiological stress. 

In fish, stressors that are perceived as a threat are known to stimulate the 

physiological stress response that results in the production of the hormones: 

catecholamines and glucocorticoids (Schreck, 2010). The stress-induced catecholamines 

stimulate the heart and gills for increased blood circulation and ventilation, respectively 

(Wendalaar Bonga, 1997).  The intial production of catecholamines and glucocorticoids 

during the stress response is considered adaptive to cardiovascular function but becomes 

deleterious when it persists under chronic conditions as they ultimately contribute to 

cardiovascular damage (Adameova et al., 2009).  Glucocorticoids have a regulatory role 

in cardiovascular function by increasing heart rate, cardiac output and blood pressure 

during stress (Sapolsky, 2000). The catecholamine, epinephrine has positive inotropic 

and chronotropic effects on the heart by increasing Ca
2+

 influx across the sarcolemma. 

When epinephrine binds its adrenergic receptor, second messenger cAMP signaling 

stimulates phosphorylation of the L-type Ca
2+

 channels, allowing additional Ca
2+

 to enter 

the cardiomyocytes (Adameova et al., 2009).  In mammals, glucocorticoids elicit their 

effects on cardiac contractile function through alteration of Ca
2+

 handling in at both the 

sarcolemma and the SR, likely through rapid, non-genomic actions (Lee et al., 2012).  

Cortisol causes an increase in L-type Ca
2+

 current (ICa) in ventricular myocytes from 
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adult guinea pigs, (Yano et al. 1994).  Further, in adult rats, treatment with 

dexamethasone, a potent synthetic glucocorticoid, increases Ca
2+

 uptake at the SR (Rao et 

al. 2001).  Glucocorticoids may also have an effect on contractility indirectly by 

enhancing the effects of 1-adrenergic signaling during stress by increasing the binding 

capacity and affinity of 1-adrenoceptors as well as increasing receptor coupling with G-

protein (Adameova et al. 2009).   

Fish often experience chronic stress and exhibit elevated levels of cortisol 

(Schreck, 2010).  Also, cortisol levels increase in sexually maturing salmonids 

independent of stress (Sower and Schreck, 1982). During these times fish can be exposed 

to other stressors, hence the interaction of cortisol and epinephrine on contractility is of 

interest.  Also, the possibility for sexual dimorphisms becomes important since estrogen 

and cortisol influence calcium balance.  Cortisol increase whole-body Ca
2+

 uptake at the 

gills (Flik and Perry, 1989) and in females, estrogen induces transport of Ca
2+

 stores from 

the scales to the oocyte, as nutrition for the embryo (Persson et al., 1994).  In fish, 

contractile function of the heart is primarily regulated by Ca
2+

 influx across the 

sarcolemma (Coyne et al., 2000), therefore, we studied the effects of extracellular Ca
2+

 

([Ca
2+

]o on contractility in male and female ventricular myocardium of sexually 

immature rainbow trout. Contractility was increased by either direct administration of 

Ca
2+

 or treatment with epinephrine as means of increasing the transsacrolemmal 

availability of [Ca
2+

]I.  In addition, the contractile response to Ca
2+ 

and epinephrine was 

determined in the presence of cortisol to examine the effects physiological stress in both 

males and females.  We hypothesized that male and female rainbow trout would differ in 
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their contractile response to extracellular Ca
2+

 and epinephrine.  We also hypothesized 

that not only would cortisol have a direct impact on contractility but it would also 

influence the contractile response to epinephrine.   

 

Methods 

Experimental Animals 

Sexually immature male and female rainbow trout were obtained from the Oregon 

Department of Fish and Wildlife Roaring River hatchery (Scio, OR, USA) and 

transported to Oregon State University Fish Performance and Genetics Laboratory 

(Corvallis, OR, USA).  Rainbow trout were kept in covered, circular (400-L) tanks with 

12–13 °C aerated, pathogen-free well water (3-4 L/min) in a flow-through system.  All 

care and handling of trout were in compliance with the Institutional Animal Care and Use 

Committee guidelines (IACUC permit #4163). Fish were fed twice per day during the 

week, or once per day on the weekends, with Bio-Oregon® (Warrenton, OR, USA) semi-

moist pellet at ~2% body weight/ day. Food was not withheld prior to experimentation.  

At the time of the experiment the trout had been at our facility for approximately 4-6 

months and were approximately 12-14 months old (Table 3.1).  

 

Ventricle strip preparation for in vivo measurement of contractility 

Fish were quickly netted and euthanized by a sharp blow to the head followed by 

exsanguination. The ventricle was removed, weighed, then immediately placed in ice-

cold teleost Ringer’s solution that contained (mM): 111 NaCl; 5 KCl; 5 NaH2PO4; 10 
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NaHCO3; 1.5 CaCl2; 1.0 MgSO4; 5.0 D-glucose.  The solution was equilibrated with 

0.5% CO2: 99.5% O2 (pH of 7.6 at 12.7°C).  The sex of each fish was determined 

primarily by visual examination of the gonads; however, microscopic analysis was 

occasionally needed for accuracy.  Three uniform strips of full thickness, containing outer 

compact and inner trabeculated layers of the ventricular wall were cut (weighing 18-28 

mg, approximate dimensions 7 mm long  1 mm wide) then each strip was clamped at its 

base, tied at the other end with surgical silk (2-0) and attached to a Kent isometric 

transducer (model TRN002; Litchfield, CT, USA).  Strips were suspended in 30·ml tissue 

baths containing Ringer’s solution, between platinum wires, and oxygenated throughout 

the experiment.  The temperature of the muscle baths was maintained at 12.7°C with a 

refrigerated recirculating bath. Strips were stimulated with a voltage that elicited full 

contraction (60V) at 0.5·Hz with 5·ms square wave pulses (Grass S88 Stimulator; Grass 

Medical Instruments, Quincy, MA, USA), and the length of each strip was adjusted to 

produce maximal twitch force (Lmax). After a one-hour equilibration period, we measured 

twitch force (F) and resting tension using a data acquisition system (BioPac MP100; 

Goleta, CA, USA) and software (Acqknowledge v.3.5.5; BioPac).  Relative changes in 

contractile force production were reported as percent increases in twitch force over 

equilibrium.  Separate strips from different fish were used for each experimental protocol.  

All chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). 

 

Experimental protocols 

Effects of increasing extracellular Ca
2+

 or epinephrine 
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Contractile force production in response to increasing levels of exogenous Ca
2+

 

was analyzed according to Farrar et al. (2006).  Briefly, the relationship between twitch 

force and Ca
2+

 was developed for the range of [Ca
2+

o]: 1.5–7.5 mM.  Physiological levels 

of plasma Ca
2+

 range from 2-4mM (McDonald and Milligan, 1992) in teleosts and 

elevated stress causes a slight increase within this range (Andreasen, 1985).  A 1.0 M 

CaCl2 stock solution was made with teleost Ringer’s solution. Following the one-hour 

equilibration period, the concentration of Ca
2+

 was increased 0.5 mM every 5 min for 60 

min. 

Ventricle strips were exposed to increasing levels of epinephrine only at a 

constant concentration of exogenous Ca
2+

 (1.5 mM).  Physiological levels of epinephrine 

range from 0.5-1 nM during rest in rainbow trout.  Stress-induced epinephrine levels vary 

from 30-50 nM up to 700 nM,depending on the stressor (Barton and Iwama, 1991).  

Force production was determined for 0.01, 0.1, 1, 10, 20 and 50 M epinephrine. 

Subsequent to the one-hour equilibration period, epinephrine levels were increased every 

10 min starting with 0.01 M.  Epinephrine stock solutions were made with teleost 

Ringer’s solution in a dimly lit room using dark containers.  Stock solutions were made at 

a higher concentration such that the desired concentration was achieved when 30 L of 

stock was added to the 30 mL tissue baths.  In order to reduce oxidation of stock 

solutions, aliquots were stored at -20C and thawed immediately prior to the experiment 

and used only once. 
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Effects of cortisol pretreatment on Ca
2+

 and epinephrine induced inotropy 

Force production was measured from ventricle strips that were pre-exposed to 

cortisol prior to increasing levels of either Ca
2+

 or epinephrine.  Following equilibration, 

ventricle strips were treated with physiological stress levels of cortisol (276 nM), which 

is similar to plasma levels induced during the stress response for this population of 

rainbow trout (Momoda et al., 2007).  Cortisol was dissolved in absolute ethanol (EtOH) 

to make a 1.5 mM stock solution.  The final concentration in the tissue baths was 276 nM 

in no more than 10 L EtOH. After 30 min of cortisol exposure, the concentrations of 

either Ca
2+

 or epinephrine in the tissue baths were increased following the same protocols 

described previously.  

Twitch force was also quantified for ventricle strips pre-treated with EtOH 

(cortisol vehicle), prior to increasing levels of either Ca
2+

 or epinephrine.  Following 

equilibration, ventricle strips were exposed to 10 L of  EtOH for 30 min.  After 30 min 

of EtOH exposure, the concentrations of either Ca
2+

 or epinephrine in the tissue baths 

were increased following the exact same protocols described previously.  

 

Effects of cortisol on contractile force production 

The direct effect of cortisol on contractile force production was determined from 

ventricle strips exposed to increasing levels of cortisol only.  Cortisol concentrations 

were increased every 10 min by 10-fold for the following concentrations:  0.1, 1.0, 10, 

100, 1000 nM.  Following equilibration, ventricle strips were initially exposed to cortisol 

at 0.1 nM, then after 10 min, the concentration in the tissue baths was raised to 1.0 nM.  
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Concentrations were increased every 10 min until ventricle strips were exposed to 1000 

nM cortisol at which point the experiment was terminated.  Concentrated (1.5 mM) stock 

solutions of cortisol were prepared in EtOH such that the desired concentration in the 30 

mL tissue baths was achieved with just 2 L additions.  Separate ventricle strips were 

exposed to increasing volumes (2 to 10 µL) of absolute EtOH as the positive controls.   

 

Data Acquisition and Analysis 

For each ventricle strip, twitch force immediately after the one-hour equilibration 

period served as the reference measurement and is referred to here as baseline force 

production.  Also absolute resting tension was measured as an indicator of cytosolic Ca
2+

 

levels during relaxation.  For strips exposed to increasing extracellular Ca
2+

, data was 

acquired every min during the 5 min of exposure at each concentration.  For the strips 

given increasing epinephrine, data was acquired every 2 min during the 10 min of 

exposure at each concentration. Data from ventricle strips that were pre-treated with 

either cortisol or EtOH was acquired every 10 min during 30 min exposure prior to 

increasing Ca
2+

 or epinephrine.  Data obtained immediately after the 30 min of cortisol or 

EtOH pre-treatment served as the baseline force production measurements for the 

increasing Ca
2+

 or epinephrine results.  For the strips exposed to increasing cortisol only, 

data was acquired every 2 min for the 10 min that the ventricle strips were exposed to 

each concentration.  Data from ventricle strips that did not perform with a uniform force 

production and resting tensionduring the one-hour stabilization period was not used for 
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statistical comparisons.  All statistical comparisons and curve fitting were done using 

GraphPad Prism version 6 (GraphPad Software, San Diego, CA, USA). 

 

Dose-response relationship of contractile force production to Ca
2+

 or epinephrine 

The dose-response relationship of contractile force production to Ca
2+

 or 

epinephrine was determined by either the change in absolute force production or percent 

change from baseline force measurements and are expressed as means  s.e.m.  Within 

the Ca
2+

 or epinephrine experiments, statistical comparisons to determine the effect of 

sex and treatment were done by two-way repeated measures analysis of variance (RM-

ANOVA) with Fisher LSD post-hoc test or Student’s t-test. Statistical significance was 

set at P<0.05. 

 

Ca
2+

 Sensitivity 

Ca
2+

 sensitivity was estimated by fitting the Ca
2+

-twitch force relationship to a 

modified Hill equation (Van der Velden et al., 2003):  

 

F(Ca
2+

) / F0 = [Ca
2+

]
nH

 / (Ca50
nH

 + [Ca
2+

]
nH

)·, 

 

where F is the contractile force produced at 1.5·mM Ca
2+

, F0 represents the force at a 

saturating level of extracellular Ca
2+

 (Ca
2+

o), nH is the slope of the relationship, and 

Ca
2+

50 is the concentration that is 50% of F0. 
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Epinephrine Sensitivity 

For each strip, the percent increase of twitch force was calculated at each time 

interval according to the baseline twitch force value before epinephrine additions.  

Epinephrine sensitivity was analyzed using the percent force changes by fitting the 

epinephrine-twitch force relation to the Michaelis-Menten equation:   

F(x) = Fmax(X) , 

         Km + X 

where F is the percent increase in twitch force from baseline at a particular epinephrine 

concentration (X).  Fmax is the maximum percent increase in twitch force and Km is the 

epinephrine concentration at which half the Fmax is achieved.   

 

 

Results  

Sex differences in positive inotropic effects of extracellular Ca
2+

  

Absolute and relative force production increased significantly with increasing 

extracellular Ca
2+

 ( P<0.0001) as expected.  At each concentration of Ca
2+

,  force 

production increased and plateaued within the first 3 min of the 5 min exposure. Maximal 

force production was generally acquired at either 6.5 or 7.0 mM and remained constant at 

these concentrations for at least 2 min. 

There was no significant difference between the Ca
2+

 only, EtOh pre-treated and 

cortisol pre-treated ventricle strips in absolute contractile dose-response to Ca
2+

 

(P=0.807), therefore the data for all treatments were pooled Ventricle strips from males 
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produced significantly higher absolute twitch force than female preparations in response 

to increasing Ca
2+

 (P =0.007) when treatments were pooled.   At Ca
2+

 concentrations 1.5-

3.0 mM, there were slight statistical differences in absolute twitch force between the 

sexes (P=0.052).  However, at all concentrations above 3.5 mM, males exhibited higher 

than females in all treatments (P=0.022) (Table 3.2).   

There was no significant difference between the Ca
2+

 only, EtOH pre-treated and 

cortisol pre-treated ventricle strips in relative increase from baseline force in the 

contractile dose-response to exogenous Ca
2+

(P=0.395); therefore, the data for all 

treatments were pooled Fig. 3.1a).  At Ca
2+

 concentrations 1.5-5.0 mM, there were no 

differences in relative force production between the sexes (P=0.111).  Males had a 

significantly higher relative response to Ca
2+

 concentrations above 5.5 mM than females 

(P<0.0001). At 5.5, 6.0 and 6.5 mM males (856%, 90 5%, 95 6%, respectively) were 

significantly higher than females (74 4%; P=0.057, 78 4%; P=0.033, 82 5%; 

P=0.034, respectively).  At 7.0 mM males (94 6%) were higher than females (83 5%; 

P=0.082) and at 7.5 mM males (98 6%) were higher than females (84 5%; P=0.023). 

Our results indicate sex differences in contractile sensitivity to exogenous Ca
2+

.  

Ca50 varied with sex (P=0.003), but there were no differences between treatments (Ca
2+

 

only, EtOH pre-treated and cortisol pre-treated) (P=0.12). Treatments were pooled to 

compare Ca50 between sexes (Fig. 3.1b).  Males preparations had a statistically higher 

Ca50 (3.61 ± 0.01 mM; n=21) than females (3.26 ± 0.08 mM; n=27; Student’s t-test 

P=0.008), suggesting greater sensitivity to Ca
2+

 in female ventricle strips for force 

production.   



 
 

70 

 

Cortisol eliminates sex differences in contractile dose-response to epinephrine 

As expected, epinephrine had a positive inotropic effect on ventricle strips from 

male and female rainbow trout (Fig. 3.2; P<0.0001). Relative force production increased 

in a dose-dependent manner and plateaued within the first 2-3 min of the 10 min 

exposure.  Maximal force production was generally attained at 10 M and maintained at 

20 M.   Relative force production decreased slightly from 20 M to 50 M epinephrine. 

There was no effect of cortisol treatment (P=0.223) or sex (P=0.754) on absolute twitch 

force in response to epinephrine (Table 3.3). 

Our results suggest that the contractile responsiveness to increasing epinephrine is 

sex-dependent in the absence of cortisol.  The relative increase in force production from 

baseline force differed by sex (P=0.027) and not with cortisol treatment (P=0.868) in 

response to increasing epinephrine.  When all treatments (epinephrine only, EtOH pre-

treated and cortisol pre-treated) are pooled (Fig. 3.3a), the relative increase in force 

production from baseline did not differ between the sexes at physiological epinephrine 

concentrations 0.01 and 0.1 µM (P>0.495).  However at the pharmacological dose, 1 µM 

epinephrine increased force production from baseline values in male preparations (65 

±6%, n=16) more so than females (46 ±4%, n=24; P=0.004).  At 10 µM, force production 

from baseline force in males (90 ±6%, n=16) was also significantly higher than females 

(74 ±6%, n=24; P=0.015).  At 20 µM (males=83 ±6% n=16; females=71 ±6%, n=24) and 

50 µM, (males=73 ±6%, n=16; females= 63 ±6%, n=24) epinephrine induced inotropy 

did not differ between the sexes (P=0.074 and P=0.141, respectively). 
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Interestingly, the described pattern above existed in the epinephrine only and 

EtOH-pretreated treatments only (shown as pooled in Fig. 3.3b) whereas there were no 

sex differences in the contractile-dose response to epinephrine in the cortisol pretreated 

ventricle strips (Fig. 3.3c).  The relative increase in force production from baseline in 

response to increasing epinephrine did not differ between males and females that were 

pre-treated with cortisol for 30 min (Fig. 3.3c; P>0.2). 

Contractile sensitivity to epinephrine did not differ by treatment or sex. The 

Michaelis-Menton equation was applied to 0.01 to 20 M epinephrine since 50 M 

decreased force production below Fmax.  Average Km did not differ between the 

epinephrine only (0.46 0.11 M), EtOH pre-treated (0.72 0.21 M) or cortisol pre-

treated (0.53 0.12 M) groups (P=0.29).  Km did not differ between sexes (female=0.65 

0.13 M; male= 0.46 0.13 M; P=0.33).  

 

Contractile response to cortisol 

Relative force production decreased significantly in both the EtOH and cortisol 

treated ventricle strips (Fig. 3.4; P<0.0001), suggesting the response is either EtOH or 

time dependent.  Relative force production did not differ between the cortisol or EtOH 

treatments at any time point (P=0.59) suggesting a lack of response to cortisol.   

Relative force production within the EtOH treated strips was significantly lower 

from baseline force at 4 µL of absolute EtOH (P=0.007) or about 20 min into the 

experiment and remained lower than baseline force for the subsequent treatments.  Force 
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production was significantly lower from baseline force after exposure to 10, 100 and 

1000 nM cortisol (P=0.019). 

In the strips pretreated with physiological stress levels of cortisol, there was no 

direct effect on contractility (Fig. 3.5).  When ventricle strips were exposed to cortisol 

(276 nM)  for 30 min, relative force production did not differ from exposure to EtOH. 

After 30 min, relative force production in ventricle strips exposed to cortisol (276 nM) 

was 91 1.7% compared to those exposed to absolute EtOH for 30 min (92 1.4%; 

P=0.27).  Further, relative force production did not differ between males (90 2%) and 

females (93 1%; P=0.43) after exposure to cortisol and or EtOH for 30 min. A cursory 

look at the resting tension data suggests there were sex differences in response to 

increasing extracellular calcium but not epinephrine.  Resting tension decreased 

slightly with increasing calcium and did not differ between the sexes.  However, in 

the cortisol pre-treated strips, males had higher absolute and relative resting 

tensions than females.  Absolute and relative resting tension did not vary with 

increasing epinephrine by sex or treatment (epinephrine only, EtOH pre-treated and 

cortisol pre-treated).  

 

 

Discussion 

The objective of our research was to determine if there were sex differences in the 

myocardial contractile response under conditions of increasing performance demands and 

physiological stress.  The transsacrolemmal availability of [Ca
2+

]I. was increased by either 
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direct administration of Ca
2+

 or treatment with epinephrine, as means of increasing 

contractility. Males had a greater increase in contractile force production with increasing 

levels of Ca
2+ 

and epinephrine, particularly at high levels indicative of systemic stress.  

Interestingly, the effect of cortisol on the response to epinephrine was sex-dependent, 

although it did not have a direct effect on contractility in either sex.  This indicates that 

the cardiac contractile function differs between the sexes when exposed to stressful 

events.  Our results highlight sex differences in contractile function prior to sexually 

maturity, as well as, the influence of physiological stress effects on the heart differs 

between the sexes.   

Our findings of sexual dimorphism in the cardiac contractile response to Ca2+ 

are novel from that previously reported for sexually immature rainbow trout.  Farrar 

et al. (2006) reported increased contractile sensitivity to exogenous Ca
2+

 in females from 

a population in Clear Springs, Idaho, USA, although the relative cardiac contractile force 

did not differ between males and females (Farrar et al. 2006).  Our results along Farrar et 

al. (2006) are consistent with previous mammalian studies and therefore suggest that sex 

differences in contractile function in response to exogenous Ca
2+

 are similar among 

vertebrates. In adult Sprague-Dawley rats, isolated ventricular myocytes and papillary 

muscle were more sensitive to Ca
2+

 in females than males, although there was no 

difference in the dose-response (Schwertz et al. 2004). However, the consistency of these 

results varies among mammalian studies.   Males have a higher relative and absolute 

force production as well as have a greater sensitivity to Ca
2+

 in response to Ca
2+

 than 

those of females in papillary muscle from 3-month-old Wistar rats (Curl et al. 2008).  
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Nevertheless, from these studies it is apparent that the cardiac contractile response to 

extracellular Ca
2+

 varies between sexes among vertebrates.  

Our results showing sexual differences in cardiac contractile function in rainbow 

trout is also supported by the dimorphism we found in response to epinephrine.  Males 

had a greater increase in relative contractile force in response to epinephrine at 

pharmacological concentrations, in the untreated and EtOH-pretreated ventricle strips,. 

Such observations are also consistent with Farrar and Rodnick (2004) that suggests the 

contractile response to 1 µM epinephrine is greater in ventricle strips from males of 

sexually-immature rainbow trout compared to females.  In sexually mature Sprague-

Dawley rats, skinned fibers from the left atrium in males had a higher contractile force 

production in response to increasing levels of isoproterenol (synthetic -adrenergic 

agonist) than those of females (Schwertz et al. 1999).  Again, this reinforces that there are 

sex differences in the contractile response to changes in transsarcolemmal Ca
2+

 influx.   

Our work suggests that the interactive effects of the stress hormones have a 

differential impact on cardiac contractility between male and female rainbow trout.  

Results from our experiments suggest cortisol had different effects on the ventricular 

contractile response to epinephrine in a sex-dependent manner. Interestingly, the 

observed higher force production by males in response to epinephrine was not evident in 

ventricle strips pre-treated with cortisol.  This suggests the contractile response to 

epinephrine could differ between the sexes of rainbow trout undergoing physiological 

stress.  In support of our findings, Farrar and Rodnick (2004) reported additive effects of 

epinephrine and cortisol on ventricular contractility in rainbow trout. It is unclear whether 
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cortisol negatively affected the contractile response to epinephrine in males or augmented 

the response to epinephrine in females.  Nevertheless, contractile force production may 

differ between the sexes during acute stress after extended periods of chronic stress. 

In mammals, glucocorticoids indirectly affect catecholamine-induced contractility 

by increasing the binding capacity and affinity of β -adrenoceptors as well as increasing 

receptor coupling with G-protein (Adameova et al. 2009).  Thus, it is plausible that 

cortisol enhances the effects of epinephrine in cardiomyocytes through changes in β -

adrenergic receptor signaling that ultimately lead to increased intracellular Ca
2+ 

and 

contractility. 

Sex differences in contractile function may be mechanistically explained by 

variation in expression and activity of Ca
2+

 transport proteins in cardiomyocytes at either 

the sarcolemma or the SR.  Under control conditions, adult female Sprague-Dawley rats 

have a higher Ca
2+

 channel density and Ca
2+

 current density (ICa) than males.  Exposure 

to isoproterenol elicits a higher response in males due to increased transcarcolemma Ca
2+

 

influx as indicated by a rise in cell shortening, ICa and β-adrenergic receptor density 

(Vizgirda et al. 2002).  Further, differential expression of mRNA and protein expression 

of the SR related proteins, ryanodine Ca
2+

-release channels (RyR) and Na
+
-Ca

2+
 

exchange (NCX) was higher in ventricular tissue of adult female rats than males (Chu et 

al. 2005). Therefore, it is possible that differential expression of proteins at the SR and/or 

sarcolemma can explain the sex differences in sensitivity and force production to 

exogenous Ca
2+

 in sexually immature rainbow trout.   
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Also, sex differences in the contractile response to extracellular Ca
2+

 may be 

partially explained by differences in the male heart having a greater capacity to increase 

SR Ca
2+

 output during contraction.  In a similar study using ventricle trabeculae 

preparations from adult male and premenopausal female cats exposed to increasing 

exogenous Ca
2+

, contractile performance was similar between the sexes under basal 

conditions.  But at higher Ca
2+

 (7.0 mM) concentrations, females had lower absolute 

contractile force generation than males.  Further, males were able to increase contractile 

function following rapid cooling contractures more so than females, suggesting males had 

a greater capacity to increase SR Ca
2+

 under conditions of physiological stress (Petre et 

al., 2007). Also, when ventricle strips from sexually immature rainbow trout were treated 

with caffeine, which induces release of Ca
2+

 stores from the SR, Ca
2+

 and epinephrine- 

induced contractility was higher in males than females.  This implies a role of Ca
2+

 

handling at the SR attributable to sex differences in contractile function in rainbow trout 

(Farrar et al, 2006).  Given this, it stands to reason that the increased SR Ca
2+

 load in the 

male rainbow trout heart which can be mobilized by epinephrine and increased 

intracellular Ca
2+

 provides the basis for sex differences in contractile response in our 

experiments.  Future studies will be needed to directly assess the influence of SR Ca
2+

 on 

the cardiac contractile response to Ca
2+

 and epinephrine among males and females in 

rainbow trout.  In addition, the role of cortisol on Ca
2+

 transport at the SR in response to 

epinephrine in the ventricle deserves more attention. 

While the contractile response to epinephrine and Ca
2+

 were similar between 

rainbow trout populations in our study and those in Farrar and Rodnick, (2004) and 
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Farrar et al. (2006), our results vary in that we did not observe a direct effect of cortisol 

on contractility in either male or female ventricle strips.  On the contrary, Farrar and 

Rodnick, (2004) reported  physiological levels of cortisol had a direct influence on 

contractility in unstressed rainbow trout, where ventricle strips from females were most 

responsive to 0.01 µM (or 3.6 ng/mL) cortisol and males at 0.1 µM (36.2 ng/mL) (Farrar 

and Rodnick 2004).  We found no increase in contractility in either males or females at 

either of these concentrations in the population of rainbow trout used in our study. Here, 

contractile force production in ventricle strips exposed to increasing levels of cortisol or 

30 min of 276 nM did not differ from the contractile response to those of the EtOH 

vehicle.  

It is important to mention the differences in experimental conditions that may 

contribute to the discrepancies in cardiac contractile response to cortisol between our 

studies and Farrar and Rodnick, (2004) and Farrar et al. (2006). We elected to simulate 

basal conditions with a single contraction frequency (0.5 Hz) using exogenous glucose as 

the sole substrate under aerobic conditions.  Contractile force production was measured 

from muscle preparations adjusted to produce maximal force production (Lmax).  The 

steroid-induced contractility reported by Farrar et al. (2004; 2006) was not realized at 

Lmax but rather preparations were adjusted to 90% Lmax.  Therefore the possibility remains 

that the cardiac contractile response to cortisol would have been realized in our studies 

had we adjusted our preparations to 90% Lmax.   

The differences in genetics and rearing environments between the rainbow trout 

population of our studies and Farrar and Rodnick (2004) and Farrar et al. (2006) may also 
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explain the difference in cortisol effects on cardiac contractility. The trout in the and 

Farrar and Rodnick (2004) and Farrar et al. (2006) studies were raised for food 

production whereas the fish used in our experiments were raised and later released to 

supplement wild populations. Captive breeding programs have a drastic effect on genetic 

variation in just one generation in wild steelhead (Christie et al., 2011), a form of rainbow 

trout; therefore it is likely that the two rainbow trout populations differ in their genetic 

background.  Furthermore, there is intrinsic variation in swimming performance within a 

rainbow trout population which has been correlated with cardiac performance and 

anatomy.  Poor swimmers were characterized with a lower critical swimming speed, 

active metabolic rate and cardiac output as well as had a more rounded ventricular 

morphology compared to good swimmers (Claireaux et al. 2005).  Hence, the varied 

contractile response to cortisol between these studies points to the influence of 

domestication or genetic variation on hormonal responsiveness in the heart.  Also, there 

were notable size differences between the two rainbow trout populations as a result of the 

differing rearing conditions and practices. Farrar et al. (2006) results were from 10- 12 

month old rainbow trout that were approximately 400-500 g and 31-34 cm with a relative 

ventricle mass (RVM) ranging from 0.10-0.12 %.  The rainbow trout used in our studies 

were considerably smaller by comparison; at 12-14 months old they were approximately 

250-350 g and 28-30 cm with an RVM of 0.084-0.110%.  The amount to which these 

differences in age, growth and other phenotypic and possibly genetic differences 

influence the variation in cardiac contractile response to cortisol observed between the 

populations of rainbow trout currently remains unclear. 
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In summary, we have demonstrated sex differences in the contractile response to 

extracellular Ca
2+

 and epinephrine in sexually immature rainbow trout.  Increasing 

epinephrine or exogenous Ca
2+

 caused an increased force production in ventricle strips 

from males more so than in females.  In addition, ventricle strips from females had an 

increased sensitivity to extracellular Ca
2+

 compared to males.  Similarities in the 

contractile response to increasing Ca
2+

 in rainbow trout compared to mammals suggest 

males take on a greater SR Ca
2+

 load under stress.  In addition, our experiments with 

stress hormones support the hypothesis that males take on a greater SR Ca
2+

 load when 

exposed to epinephrine but not when pre-treated with cortisol.  Future studies are needed 

to clarify the role of Ca
2+

 SR in contractility of males and female heart in rainbow trout, 

especially under stressful conditions.   

Lastly, there are several observations of sex differences in the behavioral response 

to stress reported in juvenile rainbow trout. Females have been reported to resume 

feeding more quickly than males following an acute stressor, despite a lack of difference 

in plasma cortisol (Øverli et al. 2002).  Also, in juvenile coho salmon (Oncorhynchus 

kitsutch), females had a greater swimming performance than males and relied more on 

aerobic metabolism for energy production (Rodnick et al., 2008). Given the close 

relationship between swimming performance and cardiac morphology and function 

(Claireaux et al., 2005), the degree to which sex differences in cardiac performance, 

especially under conditions of increasing performance and physiological stress, are 

associated with variation in individual performance prior to sexually maturity deserves 

more attention.  Also the increasing observations of sex differences in behavior and 
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cardiac performance emphasizes the importance of considering sex when studying 

physiological responses, even when specimens are not reproductively mature.    
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Table 3.1. Physical characteristics of rainbow trout in each experiment. 

 

  Weight 

(g) 

Length 

(cm) 

RVM 

(%) 

Fulton's 

K 

n 

Cortisol only      

 female 275±42 28.2±1.5 0.084±0.008 1.21±0.01 3 

 male 314±32 28.7±0.7 0.084±0.006 1.32±0.04 3 

Increasing Ca
2+

       

 female 286±19 28.9±0.7 0.090±0.003 1.16±0.02 11 

 male 282±23 28.2±0.8 0.108±0.004
a
 1.21±0.02 8 

Increasing epinephrine      

 female 304±17 29.4±0.5 0.090±0.002 1.19±0.02 10 

 male 356±36 30.4±1.0 0.092±0.005 1.25±0.01 6 

All experiments combined     

 female 292±12 29.2±0.4 0.090±0.002 1.18±0.01 24 

 male 314±25 29.1±0.7 0.101±0.004 1.24±0.03 17 

RVM=(ventricle mass/body mass) 100.  Values are averages s.e.m.  Averages did not 

did not differ between males and female (Student’s t-test with Welch’s correction 

P>0.05).  Superscript letter indicates statistical differences (P=0.02). 
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Table 3.2.  Sex differences in ventricular absolute force production (g) at 7.0 mM Ca
2+

 

Ca
2+

  Ca
2+

 only  EtOH pre-treated  cortisol pre-treated 

(mM)  
female (n=9) male (n=7)  female (n=10) male (n=8)  female (n=11) male (n=8) 

1.5  0.33±0.05 0.41±0.07  0.28±0.02 0.37±0.07  0.26±0.02 0.37±0.06 

7.0  0.60±0.09 0.77±0.13
a
  0.51±0.03 0.75±0.16

b
  0.48±0.03 0.72±0.12

c
 

Values are means s.e.m.  Bold superscript letters indicate sex differences within treatment groups (P<0.05). 
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Table 3.3. Absolute force production (g) in response to epinephrine for both sexes in all treatments.  

 

epinephrine  epinephrine only  EtOH pre-treated  cortisol pre-treated 

μM  female (n=8) male (n=5)  female (n=8) male (n=6)  female (n=8) male(n=6) 

0  0.39±0.05 0.51±0.11  0.41±0.07 0.27±0.04  0.40±0.05 0.31±0.07 

0.01  0.41±0.05 0.51±0.11  0.42±0.07 0.27±0.04  0.41±0.05 0.32±0.09 

0.1  0.48±0.06 0.65±0.15  0.47±0.07 0.33±0.05  0.48±0.05 0.37±0.10 

1  0.59±0.06 0.85±0.18  0.56±0.08 0.43±0.06  0.58±0.05 0.54±0.16 

10  0.68±0.06 0.97±0.19  0.67±0.09 0.50±0.06  0.69±0.07 0.61±0.14 

20  0.66±0.06 0.92±0.19  0.67±0.09 0.49±0.05  0.68±0.08 0.58±0.13 

50  0.64±0.07 0.88±0.18  0.63±0.08 0.46±0.06  0.65±0.07 0.55±0.13 

Values are means s.e.m. 

Average Km did not differ between the epinephrine only (0.46 0.11 M), EtOH pre-treated (0.72 0.21 M) or cortisol pre-

treated (0.53 0.12 M) groups (P=0.29).  Km did not differ between sexes (female=0.65 0.13 M; male= 0.46 0.13 M; 

P=0.33).  
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Figure 3.1.  Sex differences in ventricular contractile response to extracellular Ca

2+
.    

a) Twitch force is expressed as the percent increase from baseline force production at 1.5 

mM Ca
2+

.  Males have significantly higher force production than females at all calcium 

concentrations above 6.0 mM, with exception to 7.0 mM, indicated by the asterisks 

(P<0.05, P7.0mM=0.082). b) Sex differences in contractile sensitivity to extracellular Ca
2+

. 

Force production is shown as a percentage of the difference between baseline and 

maximum force.  Baseline is force produced at 1.5 mM Ca
2+

. The Ca50 for force 

production was greater for males (3.61 ± 0.01) than females (3.26 ± 0.08; P=0.008).  For 

a) and b) there was no statistical difference between treatments therefore results were 

pooled. Values are means s.e.m.  

 

 



 
 

87 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.  Sex differences in contractile force production in response to increasing 

epinephrine.  Relative force production is expressed as the percent increase from baseline 

force production.  A) Males have significantly higher force production than females at 1 

and 10 M epinephrine (P<0.05). There was no difference between treatments therefore 

data was pooled.  B) Sex differences in force production in EtOH pre-treated pooled with 

epinephrine only.  C) No sex differences in response to epinephrine in cortisol pre-treated 

strips.  Values are means s.e.m. 
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Figure 3.3.  Cortisol has no effect on contractile force production.  Both EtOH and 

cortisol treated strips decreased (P<0.0001) in relative force production similarly during 

the 50 min experiment.  Treatments grouped by the bar are significantly lower than 

baseline force (e.g. time: 0; cortisol: 0; EtOH: 0; P<0.05).  The top bar is for EtOH and 

bottom bar is for cortisol. 
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Figure 3.4.  Relative force production between EtOH and cortisol exposed strips after 30 

min.  Data from EtOH and cortisol pre-treated strips pooled from both Ca
2+

 and 

epinephrine experiments. Values are means  s.e.m.  
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General Conclusions 

Although much is known concerning the effects of physiological stress and EE on 

the physiology of fish, very little attention has been given to effects of either challenge on 

the heart, the muscular organ responsible for delivery of oxygen and nutrient to tissues. 

Here I demonstrated in sexually immature rainbow trout (Onchorhynchus mykiss), sex 

differences in the contractile function under conditions of increasing performance 

demands.  In addition, I identified consistently responsive cardiac gene markers of stress 

(JunB) and EE exposure (vtg1).   JunB was consistently up-regulated in the ventricle 

following a three-hour confinement stressor along with increased plasma cortisol.  Also, 

ventricular vitellogenin (vtg1) gene expression was consistently increased after exposure 

to 7 days of 100 ng/L EE.  Hepatic vtg1 mRNA also increased in response to EE, 

confirming endocrine disruption in both organs. This research highlights the fact that 

these stressors have the potential to have physiological impacts beyond the target tissues 

classically thought of for stress (i.e. HPI/A axis) or exposure to estrogenic compounds 

(i.e. HPG axis). Figure 4.1 illustrates a summary of my findings concerning the effects of 

stress and EE on gene expression in the ventricle of rainbow trout and how it relates to 

previously reported effects of stress and EE on our genes of interest in liver of teleosts. 

We have identified meaningful cardiac markers to EE and stress, which may 

implicate the specific cellular pathways responsible for the cardiac response to stress in 

fish.  Based on previous studies, it is plausible that stress-induced JunB mRNA relates to 

both the beneficial and detrimental cardiovascular response to stress, depending on the 

severity of stressor.  JunB is one of the immediate-early genes (IEG) that are rapidly 
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activated in the initial cellular response to many different stimuli.  JunB encodes for one 

of the Jun family of proteins that binds with Fos proteins to form the activator protein-1 

(AP-1) which is an early response, heterdimeric transcription factor involved in cell 

growth and apoptosis (Shaulian and Karin, 2002). Previous studies suggest that JunB 

protein expression is important in the contractile function and muscle development in the 

heart.  During zebrafish development, JunB regulates the expression of the core-binding 

factor b, an essential component for maintaining sarcomeric Z-disc stability organization 

in heart and skeletal muscle (Meder et al. 2010).  In mammalian cardiomyocytes, JunB 

plays a role in the regulation of Na+–Ca2+ exchanger (NCX1), an essential regulator of 

Ca
2+

 homeostasis and cardiac contractility (Mani et al., 2010).  It is possible that 

upregulation of ventricular JunB in rainbow trout when translated into protein could also 

have an effect on cardiomyocyte structure and contraction, as we as, lead to stress-

induced hypertrophy of the ventricle. 

 EE induced vtg1 mRNA in the ventricle is a curious finding in that the function 

of this protein has yet to be defined in the heart. To our knowledge this is the first time 

vtg1 gene expression has been reported in the heart of rainbow trout.  Increased cardiac 

expression of vtg1 mRNA in response to EE in adult male zebrafish (Zhong et al., 2014) 

and in response to 17-estradiol in hearts of Chinese rare minnow (Gobiocypris rarus) 

has been reported (Ma et al., 2009), suggesting the increased cardiac expression of vtg1 

exposed to estrogenic compounds is common in teleosts.  Vitellogenin is a calcium-

binding phospholipoglycoprotein that functions as a carrier of lipids, carbohydrates, 

phosphate groups and minerals. During sexual maturation, estrogen stimulates VG 
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production in the liver, which is then transported to the gonads and deposited as yolk in 

the oocyte of females (Arukwe and Goksøyr et al., 2003). Currently, the functional role 

of EE-induced vtg1gene expression in the heart is purely conjecture.  Others have 

speculated the function of VG expression in the teleost heart is to aid in removal of 

excess intracellular lipids in order to prevent accumulation (Ma et al. 2009).  I suggest 

that the possible role of VG relates to mineral transport during exposure to EE in the 

heart that could be associated with estrogen- induced changes in calcium signaling or 

transport.  Nevertheless, it is difficult to infer whether this is a maladaptive or adaptive 

response to endocrine disruption. Future studies designed to define the cardiac expression 

of these genes at varying time points under both acute and chronic conditions are needed. 

I also demonstrated sex differences in the contractile function of sexually 

immature rainbow trout. Ventricle strips from females exhibit a greater sensitivity to Ca
2+

 

while males have a greater increase in force production with increasing levels of Ca
2+

.  

To further support sex differences in contractile function in rainbow trout, I also report 

variation between males and females in response to epinephrine.  Surprisingly, cortisol 

did not have a direct effect on contractile force production but results from our 

experiments suggest cortisol had an effect on the ventricular contractile response to 

epinephrine in a sex dependent manner. This suggests the contractile response to 

epinephrine could differ between the sexes of rainbow trout undergoing physiological 

stress.  It is unclear whether cortisol negatively affected the contractile response to 

epinephrine in males or augmented the contractile responsiveness to epinephrine in 

females.  Nevertheless, contractile force production may differ between the sexes during 
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acute stress after extended periods of chronic stress.  Our results along with others (Farrar 

and Rodnick, 2004, Farrar et al., 2006) are consistent with previous mammalian studies 

and therefore suggest that sex differences in contractile function are may be a conserved 

trait among vertebrates. 

Along with sex differences in the rapid, contractile response to stress, I reported 

sex differences in ventricular GAPDH mRNA which encodes for the enzyme that 

catalyzes the breakdown of glyceraldehyde 3-phosphate to D-glycerate 1,3-bisphosphate 

in the glycolytic breakdown of glucose. In support of these findings, sex differences in 

cardiac energy metabolism reported in juvenile rainbow trout indicates the female heart 

relies more on glucose for contractile performance than males (Battiprolu et al., 2007).  

Therefore it is plausible that variation in cardiac GAPDH mRNA between the sexes is 

functionally related to sex differences in energy production for contraction.   

 Battiprolu et al. (2007) suggest that the different sexes utilize different metabolic 

pathways for energy production in heart muscle, with males using aerobic and lipid 

metabolism whereas females may rely more on glycolysis. Further, my previous findings 

of sex differences in stress-induced hepatic G6Pase mRNA in rainbow trout support the 

notion that biochemical regulation of energy production vary between males and females. 

The behavioral response to stress differs between males and females in juvenile rainbow 

trout; females resumed feeding more quickly than males following an acute stressor, 

despite a lack of difference in plasma cortisol (Øverli et al. 2002).  Also, in juvenile coho 

salmon (Oncorhynchus kitsutch), sex differences in swimming performance have been 

demonstrated where females perform much better than males and relied more on aerobic 
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metabolism for energy production (Rodnick et al., 2008).  To this end, I have provided 

compelling support of sexual dimorphisms in cardiac physiology at the level of gene 

expression and contractile response that could contribute to the observed variation in 

individual performance (Øverli et al. 2002, Rodnick et al., 2008) previous to sexually 

maturity.  In addition, my findings add to the likelihood that physiological differences 

develop between the sexes early, independent of sex hormones.  

One objective of my research was to replicate the findings reported by Farrar and 

Rodnick (2004) of the positive inotropic effects of steroid hormones on the contractile 

function in rainbow trout. Unexpectedly, I was unable to do so even though I replicated 

their work as closely as possible.  In my hands steroid hormones did not have a direct 

effect on the contractility of ventricle strips from rainbow trout in the Oregon population.  

These initial results set the stage for the variation that is at the heart of my research.  

There is variation in the effects of steroid hormones on contractile function between 

populations given my results and Farrar and Rodnick (2004).  Also, my studies point to 

variation in the cardiac gene expression response to stressors between cohorts, as well as 

sex differences.  My research sheds light on the layers of variation that must be 

considered in understanding the effects of stress on the heart in rainbow trout. 

While the contractile response to epinephrine and Ca
2+

 were similar between 

rainbow trout populations in our study and those from Farrar and Rodnick (2004) and 

Farrar et al. (2006), our results vary in that I did not observe a direct effect of cortisol on 

contractility in either male or female ventricle strips.  On the contrary, physiological 

levels of cortisol in unstressed fish have a direct influence on the contractility in the 
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population used in the Farrar and Rodnick (2004) and Farrar et al. (2006) studies, where 

ventricle strips from the females were most responsive to 0.01 µM (or 3.6 ng/mL) 

cortisol and males at 0.1 µM (36.2 ng/mL). In addition, cortisol had an additive effect on 

cardiac contractile force production to 1 µM epinephrine when ventricle strips from 

males and females are pre-treated with 0.1 µM and 0.01 µM cortisol, respectively (Farrar 

and Rodnick 2004).  In my studies I did not observe a similar, additive effect of cortisol 

on the contractile response to epinephrine, however, there was a notable lack of sex 

differences in the cortisol pre-treated strips exposed to epinephrine.  This suggests the 

influence of cortisol on the contractile response to epinephrine is sex-dependent for 

rainbow trout exposed to physiological levels of stress. Comparisons among rainbow 

trout studies suggest a dose and sex- dependent effect of cortisol on contractility among 

different populations of rainbow trout.   

The varied contractile response to cortisol between these studies points to the 

importance of understanding the influence of genetic and environmental variation on 

hormonal responsiveness in the heart. The two study populations undoubtedly 

experienced considerably different selective pressures due to their rearing histories.  

Those in Farrar and Rodnick (2004) and Farrar et al. (2006) studies are raised for food 

production whereas rainbow trout in my studies are raised and later released to 

supplement wild populations. Captive breeding programs have a drastic effect on genetic 

variation in just one generation in wild steelhead (Christie et al., 2011); therefore it is 

likely that the two rainbow trout populations differ in their genetic background.  There 

are notable size differences between the rainbow trout in my studies and those in the 
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Farrar and Rodnick (2004) and Farrar et al. (2006) studies due to the differing rearing 

conditions.  Farrar et al. (2006) results were from 10- 12 month old rainbow trout that 

were approximately 400-500 g and 31-34 cm with a relative ventricle mass (RVM) 

ranging from 0.10-0.12 %.  The rainbow trout used in our studies were considerably 

smaller by comparison; at 12-14 months old they were approximately 250-350 g and 28-

30 cm with an RVM of 0.084-0.110%.  The extent to which these differences in age, 

growth, and other phenotypic and potentially genetic differences between populations of 

rainbow trout influence the contractile response to cortisol currently remains unclear.   

The inconsistent results between stress and EE experiments highlight the 

influence of variation within a population on the cardiac gene expression response. 

Stress- induced expression of Nupr1 and GCR2 mRNA in the ventricle was only detected 

in fish with greater stress responsiveness to the confinement stressor, indicated by the 

higher plasma cortisol production.  I suspect in this case that the social structure of the 

sampled fish were theoretically “more stress responsive” compared to fish in the later 

stress experiment where changes in Nupr1 and GCR2 was not observed.  Observations in 

genetically distinct strains of adult rainbow trout selected for their divergent stress 

response further support these conclusions.  In these strains, high-cortisol responder (HR) 

rainbow trout were characterized as having higher plasma cortisol levels as well as 

behaviorally they exhibit increased swimming activity in response to stress compared to 

low-cortisol responders (LR) (Backström et al., 2011).  Interestingly, ventricles from HR 

fish had a higher cardiosomatic index compared to LR due to hypertrophy of the compact 

myocardium.  Also, cardiac gene expression of MR, GCR1 and GCR2 was higher in HR 
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compared to LR.  This was interpreted as adaptive cardiac hypertrophy since there was 

no impairment of function (Johansen et al., 2011). Thus, increased ventriclular GCR2 and 

Nupr1 mRNA gene expression may be better indicators of the effects of cardiac stress 

under conditions of high cortisol production. Assessment of gene expression at multiple 

time points during stress is needed to better understand the relationships between plasma 

cortisol levels and expression of nupr1, GCR2 and MR in the heart.     

In my studies, there was variation in ventricular JunB, ER and AR gene expression 

in response to EE among cohorts of the same population of rainbow trout.  This 

highlights the variability in estrogen responsiveness in the heart between within and 

among populations.  In the EE only experiment, cardiac JunB, ER and AR gene 

expression decreased significantly following exposure to EE.  However, there was no 

effect of EE on cardiac JunB, ER or AR expression in the EE and Stress experiment. 

Seemingly cardiac gene expression in the cohort of rainbow trout in the EE only 

experiment was more responsive to EE than those in the EE and stress experiment.   

I have previously reported differences in liver gene expression during the stress 

response between the sexes as well as between cohorts of rainbow trout (Momoda et al. 

2007).  Variation in expression of cardiac metabolic genes has been related to the 

variation in cardiac metabolic rate within and among populations of the teleost Fundulus 

heterclitus, suggesting a functional significance of natural variation in gene expression 

(Oleksiak et al., 2005).  To this end, very few studies incorporate genetic variation, or 

lack of variation (Coe et al., 2009) when interpreting gene expression studies.  Whether 

or not the variation in cardiac gene expression in response to EE or stress in rainbow trout 
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is of functional importance deserves to be studied in greater detail.  Knowing there is 

natural variation in gene expression within and among populations, care must be taken to 

account for this in the experimental design and sample sizes of gene expression studies.  

Not only does genetic variation need to be addressed between populations and cohorts 

but also experimental design should consider sex as a variable.   

In conjunction, variation in cardiac gene expression between cohorts of rainbow 

trout in response to EE could be influenced by environmental variables that are not 

necessarily under direct control in the rearing environment.  One factor that is important 

to consider is the issue of steroid hormones and contaminants found in fish feed used in 

aquaculture that are known to cause endocrine disruption in fish.  In a comparison 

between feed types of the same year, Bio-Oregon (same feed source used in my 

experiments) showed a levels of polycyclic aromatic hydrocarbons (PAHs) ten times 

higher than any other feed (Easton et al., 2002).  The fishmeal used by the manufacturers 

could change frequently depending on nutrient quality, price and availability.  Therefore 

the amount of endocrine disrupting contaminants or hormones found in fish feed may 

vary from year to year and explain the variation in cardiac gene expression response to 

EE or stress in my studies.  

 

Potential Implications 

As tetraploids, rainbow trout contain the inherently variable genetic foundation 

necessary to adapt and survive in a variety of environments.  An individual’s potential 

capacity to perform the necessary physiological functions is first defined by its genetics.  
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Then factors in the environment, especially stressors, impose insults that determine the 

true or realized performance capacity of a fish or population. In addition, performance 

trajectories can be influenced by variation in perception of stress or social status (Schreck 

et al., 1981).  With this understanding, there is value in appreciating the variable results 

reported here. Despite the seemingly similar environmental conditions and genetic 

background of my experimental fish, my results could imply fish performance in fact 

varied by sex, between cohorts and between populations. The variable contractile 

response to stress hormones between populations of rainbow trout with likely very 

different genetic backgrounds, suggests they have quite different performance trajectories 

and therefore physiological functioning should differ. In addition, varying performance 

trajectories within a population are evident by the varying stress and EE gene expression 

responsiveness in the heart of rainbow trout between different cohorts of a population. 

Again, this implies that genetic differences within a population influence the effect 

environmental stressors have on the fish heart and further indicates the realized 

performance capacities may vary.  My results provide mechanistic insights on how fish 

vary in their cardiac response to environmental stressors, within and among population.  

As well as give insight to the variable cardiac responses necessary that may ultimately 

contribute to the different performance trajectories. 

It is also meaningful to consider the possible influence of the varied cardiac 

response to environmental stressors on other physiological functions in fish.  For 

instance, in adult sockeye salmon (O. nerka), cardiac capacity, aerobic scope and 

swimming performance are tightly related during migration and these performance 
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variables vary within and among populations that can be attributed to the variation in 

environments. In sockeye, populations found upriver had higher relative ventricle mass, 

percent compact myocardium and relative dry compact mass compared to coastal 

populations.  The greater migratory demands required in the upriver populations accounts 

for the variation in cardiovascular performance (Eliason et al. 2011).   While variation in 

performance variables was evident within and among populations, only adult females 

were studied.  My results indicate there is an added importance to considering the impact 

of physiological stress and EE on, not only cardiac physiology, but also other 

performance variables that may ultimately affect how fish adapt to variable 

environments.  As well as, there is importance of considering sex when studying 

physiological responses, even when specimens are not reproductively mature.   
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Figure 4.1.  Effects of stress and ethinyl estradiol (EE) on gene expression in ventricle of 

rainbow trout. 

Within each circle, symbols indicate the effects of stress (red) and EE (blue) on gene 

expression in the rainbow trout heart.  Circles are color coded by cellular processes:  

green=pre-transcription (receptors); grey=transcription factors; orange=post-translation.  

The outline color for each shape indicates previously reported effects of stress (red) and 

EE (blue) on target gene expression in fish. Both stress and EE are known to have an 

effect on circles with a purple background.  The arrows illustrate known interactions in 

vertebrate cells that contribute to contraction and gene expression.  Nuclear receptor 

signaling activates transcription once ligand binds and the chaperone protein hsp90 

dissociates from the receptor.  Nupr1 and JunB are known transcriptions factors that 

directly activate transcription.  Ca
2+

- associated arrows illustrate the movement of Ca
2+

 

across the sarcolemma and SR necessary for contraction.  The arrows pointing toward 

ATP illustrate the cellular sources (mitochondria and glycolytic pathways) that provide 

the energy to the sarcomere and SR (arrows pointed away from ATP), also necessary for 

contraction.  The dashed arrow from vtg1 signifies our interest in the possible role of this 

gene in the heart that is currently unknown. 

Abbreviations:  CRFR-cortiocotropin releasing factor receptor; GCR-glucocorticoid 

receptor; nupr1-nuclear protein 1; ER-estrogen receptor; MR-mineralocorticoid receptor; 

AR-androgen receptor; hsp-heat shock protein; G6Pase-glucose 6-phosphatase; GAPDH-

Glyceraldehyde 3-phosphate dehydrogenase; vtg-vitellogenin; ATP- Adenosine 

triphosphate; SR-sarcoplasmic reticulum. 
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