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SUMMARY 

 

Zebrafish upregulate cortisol catabolism as a neuroprotective coping mechanism in 

response to waterborne cortisol exposure 

 

Mark A. Bernards Jr       Advisor: 

University of Guelph       Dr. Nicholas J. Bernier 

 

The biology of chronic stress is a subject of interest due to its proposed negative consequences, 

including deficits to neurological welfare.  To isolate the effects of chronic stress-induced 

elevated cortisol on neurogenesis, we developed a system that continuously exposed zebrafish to 

exogenous cortisol.  We found that waterborne cortisol elicits small, transient increases in 

neurogenesis-related genes in the forebrain but no sustained effects.  Though whole-body 

cortisol did not change, the exposure regime resulted in rapid, dose-dependent, and sustained 

increases in the forebrain gene expression of cortisol catabolic enzymes and whole-body levels 

of an inactive cortisol metabolite 20-dihydrocortisone.  Differences in corticosteroid receptor 

expression – sequential, transient increase and decrease in both gr and mr and delayed, 

sustained decrease in gr – suggest differential involvement in the stress response.  Overall, we 

provide a basis for developing a temporal map of chronic stress in zebrafish and highlight their 

impressive capacity for cortisol catabolism and neuroprotection in response to exogenous 

cortisol.
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INTRODUCTION 

 

Understanding the consequences of stress in animals is an area of study that has been 

growing rapidly in recent years, with a particular emphasis on chronic stress.  Although “stress” 

is a broad and general term that (especially in the context of human health) is often associated 

with negative health consequences, the stress response is an evolutionary adaptation that allows 

animals to react to real or perceived challenges, i.e. stressors. The stress response is 

characteristically associated with a stimulation of the hypothalamic-pituitary-adrenal (HPA) axis 

(or hypothalamic-pituitary-interrenal [HPI] axis in fish) and a transient increase in circulating 

corticosteroid levels (Aguilera, 1998).  The transience of the increase in physiologically active 

corticosteroid levels following a stressor results in part from their negative feedback effect on the 

HPA/HPI axis and by an increase in conversion to inactive forms such as cortisone and 20-

dihydrocortisone (20DHE) via 11- and 20-hydroxysteroid dehydrogenase type 2 (11HSD2 

and 20HSD2; Fig. 1) (Mommsen et al., 1999; Fuzzen et al., 2010; Alderman and Vijayan, 

2012; Tokarz et al., 2013).  Transience in corticosteroid effects may also be mediated by changes 

in the expression of glucocorticoid (GR) and mineralocorticoid (MR) receptors as they have been 

shown to be involved in the negative feedback control of the HPA/HPI axis (Yang et al., 1989; 

Song, 1991; Karandrea et al., 2002; Pace and Spencer, 2005; Furay et al., 2006; Ellis et al., 

2012).  Accordingly, gene expression of corticosteroid receptors has generally been shown to 

increase in teleost fish in response to stress, which is thought to potentially be evidence of 

autoregulation in response to a decrease in receptor protein expression due to cortisol binding 

(Sathiyaa and Vijayan, 2003; Wiseman et al., 2007; Aluru and Vijayan, 2007; Aruna et al., 2012; 

Takahashi and Sakamoto, 2013). 
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The stress response is an allostatic process, which means it actively aids in maintaining 

homeostasis in the face of change (Sterling and Eyer, 1988).  When an organism is challenged, 

physiological or biological responses may be necessary for the organism to recover.  The cost 

associated with those responses is referred to as “allostatic load” (McEwen and Wingfield, 

2003).  An animal’s ability to cope with an allostatic load is influenced by the benefits of the 

response and the resources available for the response. A healthy, adaptive allostatic response 

occurs when the cumulative cost of the response does not exceed the animal’s overall ability to 

cope, and its net resource gain (after considering daily intake/output and cost/benefit of the 

response) remains positive or unchanged (Fig. 1A/B).   However, problems arise when allostatic 

systems are activated for too long, resulting in an allostatic load that exceeds the animal’s ability 

to cope with it.  When this occurs, the response becomes maladaptive and unsustainable, 

meaning that the demands of the response are too high for the animal to meet without significant 

sacrifice (Fig. 1B).  The term “allostatic overload” was developed by McEwen and Wingfield 

(2003) to describe the unsustainable cost of a maladaptive allostatic response.  For example, 

while baseline circulating glucocorticoid levels are essential for normal brain plasticity 

(homeostasis), and mild acute stress has been shown to have a small, stimulatory effect on 

neuronal proliferation (healthy allostasis), traumatic experiences (i.e. intense acute stress), and 

chronic activation of the stress response (elevation of circulating corticosteroids in particular) has 

been shown to impair or inhibit neurogenesis (allostatic overload) (Wong and Herbert, 2004; 

2006; Sørensen et al., 2013; Myers et al., 2014).  The goal of this thesis was to isolate and 

understand the effects of elevated circulating corticosteroids on neurogenesis during chronic 

stress, and how those effects may be mediated and counteracted. 
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Stress and the Regulation of Neurogenesis 

Acute stress typically occurs when an organism encounters a transient or escapable 

threat, such as an attack from a predator, or a sudden change in environmental conditions.  The 

acute stress response helps the animal recover from the event and make adjustments so that 

future events can be managed more efficiently (Sapolsky et al., 2000).  For example, there is 

evidence to suggest that mild acute stress can enhance neurogenesis (Johansen et al., 2012; 

Gounko et al., 2013; Sørensen et al., 2013; Sannino et al., 2016).  Acute restraint stress increases 

dendritic spine density as well as expression of genes associated with neurogenesis and 

neuroprotection in rat and mouse brains (Gounko et al., 2013; Sannino et al., 2016).  Acute stress 

also appears to promote an increase in the number of proliferating cells in the teleost 

telencephalon (Johansen et al., 2012).  Since remembering and learning from a stressful event 

could help an animal avoid or react more efficiently to similar events in the future, the small 

increase in neurogenesis after an acute stress event may be important not only for surviving the 

initial challenge but may also have significant benefits for long-term survival. 

Chronic stress, prolonged activation of the stress response, often occurs when the stressor 

that an animal encounters is inescapable, and though the precise source of the stress (ex. 

frustration, insufficient stimulation, etc.) is not always consistent between species or even 

between conspecifics, the resulting allostatic overload of chronically elevated circulating 

glucocorticoid levels may have substantial negative effects on the wellbeing of those animals 

(Ursin and Olff, 1993; Dhabhar and McEwen, 1997; Berga, 2008; Dickens and Romero, 2013; 

Sørensen et al., 2013).  Some of these negative effects include stereotypic, abnormal or repetitive 

behaviours, and decreased neurogenesis in a variety of animals ranging from mammals to fish 

(Mason et al., 2007; McEwen, 1999; Wong and Herbert, 2004; Kihslinger and Nevitt, 2006; 
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Kihslinger et al., 2006; Wong and Herbert, 2006; Mason, 2010; Von Krogh et al., 2010; Salvanes 

et al., 2013; Sørensen et al., 2013; Myers et al., 2014).  While it has been shown that baseline 

levels of circulating glucocorticoids are essential for normal neural plasticity, high levels of 

circulating corticosterone have been shown to reduce neuronal progenitor cell (NPC) survival 

and inhibit differentiation in the mouse hippocampus (Wong and Herbert, 2004; 2006).  

Additionally, chronic stress has been shown to reduce neuronal proliferation in the telencephalon 

of rainbow trout, with a similar response when the effects of chronically elevated circulating 

cortisol are isolated (Sørensen et al., 2011; Sørensen et al., 2012). 

The Rationale for Studying the Effects of Chronic Stress 

Chronic stress is often observed in circumstances where organisms are unable to escape 

the source of stress.  A classic, highly documented and studied example of such a circumstance is 

living in captivity (Mason et al., 2007; Mason, 2010).  While captivity itself is not necessarily 

stressful, it does introduce a certain level of inescapability to everyday stress events that does not 

exist in the natural world.  For example, naturally active animals housed in barren enclosures 

may become stressed because of a lack of mental stimulation, essentially perpetual boredom 

(Mason et al., 2007; Mason, 2010), whereas, while the same animal in the wild may become 

bored on occasion, it always has the option of searching for something new to occupy its time.  

Chronic stress in captivity has been associated with negative neurological consequences, such as 

the development of abnormal or stereotypic behaviours, making the understanding of chronic 

stress and its effects important considerations for the welfare of those animals as well as the 

results from research using those animals. 

There is some debate as to whether chronic stress is a real issue for wild animals, or if it 

is strictly a man-made condition.  While in theory, animals in the wild can simply relocate if 
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their environment becomes stressful, the reality is that this may not always be possible.  For 

example, low social status has been shown to be stressful, but for social or gregarious animals, 

setting out alone to find a new group or herd may be equally if not more stressful, not to mention 

likely dangerous (Johansen et al., 2012; Shams et al., 2015).  Additionally, pollution and climate 

change, although arguably no more natural than captivity, have been suggested as a source of 

chronic stress in the wild (Dickens and Romero, 2013).  Perhaps the debate as to whether or not 

chronic stress occurs in nature stems from the observations that not all animals in nature show 

signs of chronic stress, and there is evidence that the animals that do show signs of chronic stress 

may benefit from it evidence suggesting that chronic stress in the wild could be adaptive.  Prey 

animals that experience cyclic periods of high- and low-predation show signs of chronic stress 

during high-predation periods, which provides benefits in the form of immediate survival and 

offspring preparedness via maternal programming (Boonstra, 2013).  The discrepancies between 

natural and captive environments in terms of the effects of stress highlights the importance for 

complete understanding of the stress response on a fundamental level.  Isolating and studying the 

effects of individual aspects of the stress response (such as the increase in circulating 

corticosteroids) could provide valuable insight into how chronic stress effects organisms under 

different environments conditions. 

Zebrafish as a Model for Studying Neurogenesis 

Although there is research that shows the impacts of chronic stress on neurogenesis in 

mammals, NPCs are rare in the adult brain and neurogenesis is only widespread through 

development in these animals (Gage, 2000).  NPCs, which are essentially undifferentiated neural 

stem cells, have been found in the adult mammalian brain, however, only in limited areas of the 

brain, such as the dentate gyrus of the hippocampus (Gage, 2000).  In contrast to mammals, 
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NPCs can be found extensively throughout the brains of adult teleost fish, such as the zebrafish 

(Danio rerio), meaning that neurogenesis can occur at high levels throughout a fish’s lifespan 

(Zupanc et al., 2005; Grandel et al., 2006; Sørensen et al., 2013).  The extensive neurogenesis 

that can occur in the teleost brain allows full regeneration of brain tissue and function post-

lesion, without scaring (Schmidt et al., 2013).  For these reasons, teleost fish are good models for 

studying neurogenesis.  Zebrafish are particularly useful models, because they are small, social, 

and low-maintenance fish and it is therefore feasible to maintain a large colony, allowing for 

large sample sizes.  One region of the zebrafish brain that contains large populations of NPCs 

and is of particular interest for studying how neurogenesis affects cognitive ability is the 

forebrain, which includes the telencephalon and diencephalon (Zupanc et al., 2005; Grandel et 

al., 2006; Broglio et al., 2010).  Brain-derived neurotrophic factor (BDNF), neurogenic 

differentiation 1 (NeuroD), proliferating cell nuclear antigen (PCNA) and the early-response 

proto-oncogene c-Fos are commonly used markers of neurogenesis due to their roles in neuronal 

differentiation and proliferation, and synaptic plasticity (Korzh et al., 1998; Benraiss et al., 2001; 

Fleischmann et al., 2003;  Grandel et al., 2006; Mandyam et al., 2007; Sørensen et al., 2011; 

Sørensen et al., 2012; Johansen et al., 2012; Velazquez et al., 2015; Chatterjee et al., 2015).  As 

these neurogenic markers are indicative of various stages of neural development and plasticity, 

they can therefore be used help to determine not just if, but how chronic stress affects 

neurogenesis. 

Methodological Consideration to Simulate Chronic Stress in Fish 

Since fish can habituate to chronic exposure to a single stressor (Fuzzen et al., 2010), a 

variety of approaches have been used to simulate chronic stress conditions in the lab.  Some 

methods include cortisol-treated feed (Barton et al., 1987; Bernier et al., 2004), unpredictable 
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chronic stress (UCS) schedules (Barton et al., 1987; Piato et al., 2011; Manuel et al., 2014; 

Madaro et al. 2015), cortisol implants (Bernier et al. 1999; Madison et al. 2015), and 

single/repeated bolus of waterborne cortisol (Lin et al., 2011; Kwong and Perry, 2013).  Cortisol-

treated feed is a fairly reliable method, however, it is difficult to ensure consistent dosage across 

individuals – especially in a schooling fish such as zebrafish who need to be fed in groups – and 

chronic stress has also been shown to influence appetite, so dosage may change over time 

(Bernier et al., 2004; Madison et al. 2015).  UCS schedules are also commonly used to study 

chronic stress, however, while it has been shown that UCS can result in sustained elevation of 

cortisol levels in fish (Piato et al., 2011; Manuel et al., 2014; Pavlidis et al., 2015), alternative 

mechanisms may be responsible for UCS-associated changes in neurogenesis-related gene 

expression.  For example, the UCS protocols used for chronic stress research may function as 

environmental enrichment (EE), which has been shown to be generally stimulatory in terms of 

neurogenesis (Ickes et al., 2000; Kempermann et al., 2002; Kihslinger et al., 2006; Kihslinger 

and Nevitt, 2006; von Krogh et al., 2010; Simpson and Kelly, 2011; Salvanes et al., 2013).  

Furthermore, EE has been linked with increased basal whole body cortisol levels (von Krogh et 

al., 2010; Simpson et al., 2011), further linking EE and UCS, and suggesting that neurological 

enhancements that have been observed in some studies in response to UCS (Chakravarty et al., 

2013; Pavlidis et al., 2015) may not be due to excess corticosteroids, and may in fact occur 

despite them, due to extra neurological stimulation from a more complex and dynamic 

environment.  This method, however, does not allow the researcher the opportunity to isolate the 

effects of cortisol from other effects of neurological stimulation from environmental complexity, 

or from other neuroendocrine changes associated with a stress response, e.g. changes in brain 

corticotropin-releasing factor (CRF), serotonin, dopamine, vasopressin, etc. (Bernier et al., 
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2009).  Cortisol implants can be useful tools for a controlled release of cortisol into the animal, 

however they are highly invasive as the animals need to be anesthetized for the implants to be 

surgically inserted into the animal, and would also be very difficult to use with small animals 

such as zebrafish (Madison et al., 2015).  Finally, daily cortisol bolus additions to the water can 

be used, however in-tank steroid concentrations tend to decrease over time, which results in 

inconsistent dosage (Fuzzen, 2010).  Therefore, this method may be useful for short-term/acute 

exposures, but is not ideal for long-term/chronic exposures. 

In this study, to assess the effects of chronically elevated whole body cortisol, we 

designed a flow-through system that constantly adds a calculated dose of cortisol to keep in-tank 

cortisol concentrations constant for extended durations.  Advantages to this approach include 

minimal fluctuation of exposure dose, no anesthesia, handling, or injections, and removal of fish 

waste without the disturbance of dumping/replacing tank water.  However, cortisol is not as 

easily absorbed across the gills as many other steroids due to its relatively low lipophilicity, so 

seemingly high doses are necessary to result in sufficient uptake and increase whole body 

cortisol levels (Scott et al., 2005; Lin et al., 2011; Kwong and Perry, 2013). 

Hypotheses and Predictions 

To further our understanding of how chronically elevated cortisol levels affect 

neurogenesis in zebrafish, we asked the question: how does continuous exposure to waterborne 

cortisol affect whole body cortisol levels and the gene expression of common markers of 

forebrain neurogenesis?  The first part of our question asks whether chronic exposure to 

waterborne cortisol is a reliable model for chronic stress, and whether or not continuous 

exposure to waterborne cortisol results in a sustained elevation of whole body cortisol levels?  
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To answer these questions, two competing hypotheses were developed which will henceforth be 

referred to as the “chronic” and “acute” hypotheses.   

The chronic hypothesis states that continuous exposure to waterborne cortisol will 

accurately reproduce the sustained elevation in whole body cortisol levels that are indicative of 

chronic stress, which in turn will result in an impairment of neurogenesis.  This hypothesis 

predicts that whole body cortisol levels will be higher in fish exposed to exogenous cortisol, 

likely associated with an increase in corticosteroid receptor gene expression.  It also predicts that 

fish chronically exposed to waterborne cortisol will have lower expression of genes associated 

with neurogenesis in the forebrain (i.e. bdnf, neurod, pcna, cfos) relative to control fish.   

The acute hypothesis states that zebrafish are able to cope with a sudden increase in 

circulating cortisol, thus resulting in effects similar to an acute stress response.  This hypothesis 

predicts that waterborne cortisol exposure will result in a rapid, but transient increase in whole 

body cortisol and in gene expression of its receptors, with baseline levels being maintained 

thereafter (i.e. after chronic exposure to cortisol, there should be no difference in whole body 

cortisol levels between exposed and control fish).  It also predicts that the return of whole body 

cortisol levels back to baseline will coincide with a sustained increase in the gene expression of 

cortisol catabolic enzymes (11hsd2 and 20hsd2), as well as a rise in whole body cortisol 

metabolite levels (cortisone and 20-dihydrocortisone [20DHE]).  Finally, relative to control 

fish, the acute hypothesis predicts that fish exposed to cortisol should experience a transient 

increase in the expression of genes associated with neurogenesis in the forebrain as would be 

expected following an acute stressor. 
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Figure 1. Part of cortisol inactivation pathway involving the enzymes and metabolites measured 

in this study.  The enzyme 11HSD2 converts cortisol to cortisone, which is then converted to 

20-dihydrocortisone by the enzyme 20HSD2.  Cortisol and its metabolites may be further 

manipulated via other enzymes or pathways, such as glucuronidation to increase water solubility, 

thereby facilitating excretion. 
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Figure 2. Conceptual diagrams illustrating the concept of allostasis.  The upper sections of both 

panels depict a situation where a challenge causes some physiological change in the animal 

which requires a response of equal but opposite effect.  When the benefit of the response is at 

least equal to its cost (A lower), there is no net loss of resources and the animal has achieved 

healthy, sustainable allostasis via an adaptive response.  When the benefit of the response is 

outweighed by its cost (B lower), the response may initially be adaptive, but is not sustainable.  

Therefore, if the challenge cannot be escaped quickly enough, the response will eventually 

become maladaptive due to the resulting net loss of resources referred to as “allostatic overload”.  
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METHODS 

 

Experimental Animals 

Adult zebrafish were obtained from AQUAlity Tropical Fish Wholesale, Inc. 

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

(Guelph, ON, Canada).  Fish were reared at a density of ~3 fish/L in 40-L glass aquaria equipped 

with filter pumps and aerators.  Each tank was filled with deionized (DI) City of Guelph tap 

water supplemented with Instant Ocean salt mix (0.5 g/L; Instant Ocean Spectrum Brands, 

Blacksburg, VA, USA), half of which was replaced 2-3 times/week.  Tanks were maintained at 

27°C, pH 7, and a 12:12 h light:dark photoperiod.  Fish were fed Tetramin flakes (Tetra; 

Blacksburg, VA, USA) twice daily and occasionally supplemented with adult brine shrimp 

(Hikari Sales USA; Hayward, CA, USA). 

Waterborne Cortisol Exposures 

All experiments were carried out using a custom-build flow-through cortisol exposure 

system (CES).  The CES consisted of a large 200-L reservoir, tygon tubing, two peristaltic 

pumps, four 2-L glass beakers, four 4-L glass treatment stock bottles, and a large water bath (Fig. 

1A).  The reservoir was filled with DI water combined with Instant Ocean (as above).  The four 

beakers were placed in the water bath, which was maintained at 27°C, and filled with water from 

the reservoir to act as fish tanks for the exposures.  The tanks were separated by white corrugated 

plastic barriers so that fish from one tank were blind to fish in the other tanks.  During an 

exposure trial, each tank contained 10 fish and was covered by screen-door mesh to allow 

overflow while preventing fish from jumping out.  Two slits were made in each mesh covering; 

one for water and treatment inflow tubing and one for feeding.  Throughout the exposure trials, 
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fish in the system were fed Tetramin flakes once daily to minimize waste buildup.  Each 

exposure trial began with a 1-week acclimation, during which only water from the reservoir was 

continuously pumped into each tank at 10 mL/min through tygon tubing via a 4-channel 

Minipuls 3 peristaltic pump (Gilson, Middleton, WI, USA).  At the end of the acclimation 

period, in-tank waterborne cortisol concentration was rapidly increased to the target 

concentrations by adding a calculated amount of cortisol stock solution (10 mg/mL in 95% 

ethanol, or just 95% ethanol for control tanks) combined with DI water so that the total volume 

of the bolus was 5 mL.  At the same time, the treatment solutions from the 4-L treatment stock 

bottles were pumped into the tanks through tygon tubing via a 16-channel peristaltic cassette 

pump (Watson-Marlow Fluid Technology Group, Falmouth, UK) at 0.5 mL/min.  Treatment 

solutions were also made using the 10 mg/mL cortisol in 95% ethanol stock solution (or just 95% 

ethanol for controls) diluted in water, with concentrations being calculated based on the target 

concentration and flow rate of the treatment relative to the flow rate of the water from the 

reservoir.  The control and cortisol-treated fish were exposed to a maximum of 0.19% ethanol.  

To account for potential effects of the vehicle, we completed separate trials in which fish were 

either exposed to 0.19% or 0% ethanol.  Treatment solution inflow continued for the duration of 

the exposure period, along with the water inflow from the reservoir, in order to maintain target 

concentrations.  The target water cortisol concentrations used in this study were 0 mg/L (Ctrl), 5 

mg/L (Low), 10 mg/L (Mid), and 20 mg/L (High), which were based on preliminary test 

exposures and waterborne cortisol dosages used in previous studies using larval zebrafish (Lin et 

al, 2011; Kwong and Perry, 2013).  To examine the acute and sustained effects of chronic 

exposure, fish were exposed to the cortisol treatments for 15 min, 1 hr, 6 hr, or 5 d.  The CES 

could only accommodate four treatment groups at a time, so each exposure duration had to be 
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carried out in a separate trial.  In-tank water samples were collected immediately prior to 

beginning of exposure, immediately following addition of initial treatment bolus, and at the end 

of the exposure period.  Additional in-tank samples were collected at 48 and 96 hours during 5-

day exposures, and inflow samples were also collected at the end of the exposure period (Fig. 

1B).  

At the end of the exposure period, all fish within a tank were euthanized at once by rapid 

cooling in a beaker of ice water (Yeh et al. 2013).  Brains were removed, and the telencephalon 

and preoptic area of the forebrain were subsequently dissected and placed immediately into 1.5-

mL microcentrifuge tubes on dry ice and stored at -80°C for later quantification of gene 

expression.  The remaining fish bodies were collected in 7-mL glass scintillation vials and stored 

at -20°C for later quantification of steroid levels.  Fish mass was recorded to allow whole-body 

steroid data to be calculated and reported for each individual as ng/g body weight (ng/g BW). 

Whole Body Steroid Extraction 

Fish bodies were each placed in 5 mL of homogenization buffer (80 mM Na2HPO4; 20 

mM NaH2PO4; 100 mM NaCl; 1 mM ethylenediaminetetraacetic acid (EDTA); Thermo Fisher 

Scientific, Waltham, MA, USA) and homogenized for 30 s using a Euro Turrax T 20b 

mechanical homogenizer (IKA Labortechnik, Staufen, Germany) and then sonicated twice for 8 s 

(Vibracell; Sonics and Materials, Danbury, CT, USA). The homogenate was stored at -80°C.  

For each fish, 400 µL of homogenate was placed in a glass tube with 1.6 mL of methanol 

(MeOH), vortexed and kept at 4°C for 1 hr.  The homogenates were then centrifuged at 3000 g 

for 5 min, and subsequently placed at -80°C for 10 min to freeze the aqueous fraction.  The 

MeOH fraction was collected in a 7-mL scintillation vial, another 1.6 mL of MeOH was added to 

the remaining aqueous fraction, and the tubes were vortexed thoroughly to break up the pellet.  
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The tubes were kept at 4°C for 30 min, and then centrifuged, frozen, and the MeOH fraction 

collected as above and combined with the first one.  The extracted steroids were then dried 

overnight under an air stream at room temperature.  The dried samples were reconstituted in 1 

mL of acetate buffer (2.35 ml glacial acetic acid, 1.23 g sodium acetate trihydrate, in 1 L; pH 

4.0) for further purification using C18 solid phase extraction columns (100 mg octadecyl [C18], 

1-ml disposable polypropylene minicolumn; Agela Technologies, Wilmington, DE, USA).  C18 

columns were primed with 1 mL of MeOH and washed with ultra-pure water (Thermo Fisher 

Scientific) before samples were added.  Next, 1 mL each of ultra-pure water and hexanes 

(Thermo Fisher Scientific) were added separately and the eluates were discarded.  The steroids 

were then eluted using ethyl acetate with 1% MeOH, collected in 7-mL glass scintillation vials, 

and dried overnight under an air stream at room temperature.  Dried samples were reconstituted 

in 200 µL of 50% MeOH and stored at -20°C until analysis. 

Whole-body Steroid Quantification 

Samples reconstituted in 50% MeOH were transferred to microcentrifuge tubes and spun 

at 11,000 g for 5 min and then transferred via pipette to 500-µL vials with 200-µL glass inserts 

for liquid chromatography mass spectrometry (LCMS) analysis.  Chromatographic separations 

were performed on an Agilent 1260 LC system (Agilent Technologies, Santa Clara, CA, USA) 

equipped with a C18 column (Poroshell 120 EC-C18, 3.0 × 50 mm, 2.7 µm: Agilent 

Technologies) via the following gradient elution of mobile phases A (0.1% v/v formic acid in 

Milli-Q water) and B (0.1% v/v formic acid in MeOH) after a 20 µL sample injection: 50% A – 

50% B solution, increasing the relative amount of B until the solution was 100% B (10 min), 

then held at 100 % B for 3 min.  A 6-min post-run equilibration at 50% A – 50% B was run after 

each sample.  The C18 column was maintained at 30°C, and flow rate was held constant at 0.30 
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mL/min throughout elution and equilibration.  Electrospray ionization time-of-flight mass 

spectrometry (ESI TOF MS) was performed in positive ion mode with the following parameters: 

drying gas at 325°C, 12 mL/min; nebulizer at 45 psi; voltage (Vcap) at 4500 V; and fragmentor 

at 130 V.  A reference mass solution (121.050873 m/z and 922.009798 m/z) was infused 

constantly via a second nebulizer at 5 psi.  Compounds were analyzed as their proton adducts 

([M+H]+; molecular mass + 1 m/z) using Agilent Mass Hunter Qualitative Analysis software 

(VB05; Agilent Technologies).  Ionization efficiency was revealed to be highly consistent across 

a wide range of concentrations for each steroid of interest (5 – 200 ng/mL; r2>0.99).  Therefore, a 

standard solution containing a known concentration (100 ng/mL) of hydrocortisone (cortisol; 

Sigma-Aldrich, Oakville, ON, Canada), cortisone (Sigma-Aldrich), and 20DHE (20-

hydroxycortisone or 4-pregnen-17,20,21-triol-3,11-dione; Steraloids, Newport, RI, USA) each 

in 50% MeOH was included with each group of samples and average counts/(ng/mL) values 

were calculated and used for single point calibration to calculate sample steroid concentrations.  

Based on the chromatograms from the standard solution, samples were scanned for ~361 m/z 

peaks at ~3 min (cortisone; Fig 2A), and ~363 m/z peaks at ~2.8 min and ~3.5 min (20DHE 

and cortisol, respectively; Fig. 2B).  Concentration values were then adjusted for reconstitution 

volume, volume used for extraction, extraction efficiency, total homogenate volume, and whole 

fish mass.  Whole-body cortisol was also measured in a subset of samples from the Ctrl group at 

each exposure duration (n=16) via radioimmunoassay (RIA) and used to adjust whole-body 

steroid values from LCMS measurements to account for any discrepancies between the two 

methods.  The RIA procedure used in this study was based on the protocol outlined by Bernier et 

al. (2008).  Triplicate 200-µL samples of homogenate or standard were diluted in 750 µL of 

assay buffer (21.4 mM Na2HPO4•7H2O; 9.3 mM NaH2PO4•H2O; pH 7.6; 0.1% gelatin; 0.01% 
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thimerosal) and incubated overnight at 4°C with 5000 cpm [3H] cortisol (Amersham 

Biosciences) and cortisol antibody (cat # XM210, Abcam, Cambridge, UK).  Antibody 

concentration was adjusted so that 35-45% of radiolabeled cortisol was bound in the absence of a 

competitor Incubation was terminated by placing the tubes on ice for 10 minutes, followed by the 

addition of 200 µL of a charcoal solution (0.5% activated charcoal, 0.05% Dextran [Sigma]) and 

an additional 10 minutes on ice.  Tubes were then centrifuged at 1830 g for 12 minutes and the 

supernatant was combined with 5 mL of scintillation cocktail (66.7% v/v toluene; 33.3% v/v 

Triton X-100; 4 g/L 2,5-diphenyloxazole; 0.2 g/L 1,4-bis[5-Phenyl-2-oxazolyl]benzene [Sigma]) 

in scintillation vials to be counted in a multipurpose scintillation counter (LS 6500, Beckman, 

Fullerton, CA, USA).  Whole-body cortisol concentrations were calculated using a three-

parameter sigmoidal curve regression equation (SigmaPlot 12.5, Systat Software, Chicago, IL, 

USA) obtained from the standard curve and adjusted according to initial and final sample 

volumes, and fish mass. 

RNA Extraction and cDNA Synthesis 

Total RNA from each forebrain sample was extracted using TRIzol Reagent according to 

manufacturer’s instructions (Thermo Fisher Scientific).  To increase total RNA recovery, 10 g 

of RNA grade glycogen (Roche Diagnostics, Laval, QC, Canada) was added to each sample 

prior to precipitation of nucleic acid by isopropanol and incubation at -80°C overnight.  The next 

day, the RNA pellet was washed twice in 75% ethanol, air dried, and reconstituted in 8 µL of 

PCR-quality water.  RNA was quantified by ultraviolet spectrophotometry (Nanodrop 8000; 

Nanodrop Products, Wilmington, DE, USA).  Extracted RNA samples were either used 

immediately for cDNA synthesis or stored at -80°C.  RNA integrity was assessed by testing a 

subset of samples on a BioAnalyzer 2100 (Agilent Technologies). 
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For cDNA synthesis, 250 ng of RNA was treated with PerfeCTa DNase I (Quanta 

Biosciences; Gaithersburg, MD, USA) and subsequently reverse transcribed using qScript cDNA 

SuperMix (Quanta Biosciences) according to the manufacturer’s protocol.  The final cDNA was 

diluted 400-fold with PCR-quality water and used for gene expression analysis. 

Gene Expression 

Quantitative PCR for each sample was performed in triplicate on a CFX96 system 

(BioRad, Hercules, CA, USA) with Quanta Perfecta Supermix (Quanta Biosciences) and the 

primers listed in Table 1.  The 20 µl reactions contained 10 µl 2× master mix, 5 µl of diluted 

cDNA template or no-RT controls, and 2.5 µl of both forward and reverse primers (0.4 µM). 

Housekeeping (rpl13a and ef1), neurogenesis (bdnf, neurod, pcna, and c-fos), and steroid 

metabolism genes (11hsd2 and 20hsd2) were amplified following PCR protocol A, and 

receptor genes (gr, gr, and mr) were amplified following PCR protocol B (Gorissen et al, 

2015) (Table 2).  Cycling conditions were followed by melting curve analysis, and only samples 

with a unimodal dissociation curve and predicted melting point were used for analysis.  Standard 

curves were produced using known dilutions of cDNA from forebrain tissue in order to account 

for differences in primer efficiencies.  Input values for each sample run in triplicate were 

obtained by fitting the average threshold cycle (Ct) value to the antilog of the gene-specific 

standard curve.  Input values were normalized to the geometric mean of rpl13a and ef1.  The 

expression of housekeeping genes did not differ between treatments (p<0.05).  Gene expression 

data are reported as fold change relative to the control treatment for each sampling time. 

Statistical analysis 

  Results are presented as mean ± SE.  All data was collected and organized in Microsoft 

Excel for Mac (v. 15.32; Microsoft Corporation, Santa Rosa, CA, USA) and analyzed in 
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SigmaPlot 12.5.  The effects of cortisol dosage and time on whole body steroid levels was 

analyzed using a two-way ANOVA test for each steroid followed by Holm-Sidak pairwise 

comparisons to identify differences between individual treatment groups.  The effects of cortisol 

dosage on gene expression within a sampling time were always analyzed using a one-way 

ANOVA followed by a Holm-Sidak pairwise comparison because of variation in basal gene 

expression across experiments.  The effects of sampling time on mRNA levels across treatments 

was not determined since experiments with different sampling times were performed separately 

over a period of 10 months due to logistical constraints, and in some cases, time-dependent 

changes in basal gene expression in the control treatment masked the effects of cortisol.  The 

significance level for all statistical tests was 0.05. 
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Figure 3. (A) Diagram of cortisol exposure system (CES).  Heated distilled water (27°C) with 

0.5 g/L Instant Ocean salt mix is pumped via tygon tubing and a peristaltic pump from a large 

reservoir into each of the four fish tanks (2 L beakers covered with screen-door mesh).  The 

tanks sit in a large water bath kept at 27°C, separated by white corrugated plastic barriers.  

Treatment stock solutions are pumped from separate bottles into their respective tanks.  Tanks 

are allowed to overflow into the water bath, which connects to an activated charcoal filter to 

remove steroids and a floor drain.  This design allows a constant inflow of water and treatment to 

the fish tanks while maintaining water bath volume.  (B) Inflow (open symbols) and in-tank 

(closed symbols) water cortisol concentrations throughout a 5-day exposure.  Target 

concentrations for Low, Mid, and High cortisol dose groups were 5, 10, and 20 mg/L, 

respectively.  Cortisol was not detected in the control (Ctrl) treatment during the exposure, nor in 

any treatment during the one-week acclimation, and therefore no data is shown here.  Each data 

point represents average concentration values (n=2-3).  Error bars represent s.e.m. 
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Figure 4.  Example of chromatograms for 100 ng/mL mixed standard samples at 361.2004 m/z 

(A) and 363.2161 m/z (B).  In the standard mixes, the cortisone peaks occurred at 3.022  0.004 

min, and 20DHE and cortisol peaks occurred at 2.797  0.005 min and 3.518  0.003 min, 

respectively.  Peak acquisition times varied slightly between standard and sample injections, with 

sample peaks occurring at ~ 2.888  0.008 min for 20DHE, and ~ 3.513  0.003 min for 

cortisol (cortisone was not detectable in samples, so no average peak time could be determined).  

The area used for counts/(ng/mL) determination is indicated by shading under the peak for a 

given steroid. 
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Table 1. Nucleotide sequences and efficiencies of primers used for qRT-PCR. 

Gene Accession no. Sequence (5’-3’) Efficiency (%) 

bdnf  NM_001308648.1 
F: AGGAATAGACAAGCGGCACT 

102 
R: AGCCGATCTTCCTTTTGCTA 

c-fos  DQ_003339.2 
F: CTGACCAGCTTGAGGATGAA 

115 
R: TCTTGCAGATGGGTTTGTGT 

ef1  NM_131263.1 
F: GGGCAAGGGCTCCTTCAA 

108 
R: CGCTCGGCCTTCAGTTTG 

gr  EF_436284.1 
F: ACTCCATGCACGACTTGGTG 

93 
R: GCATTTCGGGAAACTCCACG 

gr EF_436285.1 
F: GATGAACTACGAATGTCTTA 

89 
R: GCAACAGACAGCCAGACAGCTCACT 

mr  NM_001100403 
F: CTTCCAGGTTTCCGCAGTCTAC 

91 
R: GGAGGAGAGACACATCCAGGAAT 

neurod  NM_130978.2 
F: ATCATAACAAGCTTTCAACACACC 

92 
R: ATCATGCTTTCCTCGCTGTA 

pcna  AF_140608.1 
F: AGGATGGCGTGAAGTTCTCT 

102 
R: CTGCACTGGCTCATTCATCT 

rpl13a  NM_212784.1 
F: ATGCTTCCACACAAAACCAA 

107 
R: CATGCGCTTTCTCTTGTCAT 

11hsd2  NM_212720.2 
F: TGCTGCTGGCTGTACTTCAC 

84 
R: TGCATCCAACTTCTTTGCTG 

20hsd2  KM_279631.1 
F: GCTGGGCTGTTGTAACTGGT 105 

R: TTGGCAAGCTCTTCAGCATA  

bdnf, brain-derived neurotrophic factor; c-fos, early-response proto-oncogene; ef1, elongation 

factor 1; F, forward; gr, glucocorticoid receptor; hsd, hydroxysteroid dehydrogenase; mr, 

mineralocorticoid receptor; neurod, neurogenic differentiation; pcna, proliferating cell nuclear 

antigen; R, reverse; rpl13a, ribosomal protein L13A. 
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Table 2. qRT-PCR cycling parameters. 

Protocol Steps 

A 

1. 30 s – 95°C 

2. 3 s – 95°C 

3. 30 s – 60°C 

4. repeat steps 2-3 49x 

B  

(Gorissen et al, 2015) 

1. 3 min – 95°C 

2. 15 s – 95°C 

3. 1 min – 60°C 

4. repeat steps 2-3 49x 
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RESULTS 

 

Forebrain mRNA levels of bdnf, neurod, pcna, c-fos, 11hsd2, 20hsd2, gr, gr and mr 

did not differ between the control and vehicle (0.19% ethanol) treatments (Table 3). 

Expression of Genes Related to Neurogenesis 

Chronic waterborne cortisol exposure elicited transient increases in the expression of 

forebrain bdnf, neurod, and pcna (Fig. 3; one-way ANOVAs, bdnf/15 min: P = 0.004, bdnf/1 h: 

P = 0.024, neurod/15 min: P = 0.010, neurod/6 h: P = 0.029, and pcna/1 h: P = 0.004) but had 

no effect on c-fos expression.  More specifically, bdnf expression was 1.3-fold higher in both the 

Mid (P = 0.017) and High (P = 0.019) treatments relative to the Low treatment in the 15 min 

exposure, but no treatment differed significantly from the Ctrl treatment.  In the 1 h exposure, 

bdnf expression was 1.3-fold higher in the High treatment than in the Ctrl treatment (P = 0.040).  

Expression of neurod in the 15 min exposure duration increased 1.2- (P = 0.036) and 1.3-fold (P 

= 0.011) in the Mid treatment relative to the Ctrl and High treatments, respectively.  In the 6 h 

exposure duration, neurod mRNA levels increased 1.2-fold in the High treatment relative to the 

Low group (P = 0.023), but neither differed from Ctrl or Mid treatments.  Expression of pcna in 

the 1 h exposure duration increased 1.2- (P = 0.033), 1.2- (P = 0.039), and 1.3-fold (P = 0.004) 

in the High treatment relative to the Ctrl, Low, and Mid treatments, respectively. 

Whole-body Corticosteroid Levels 

Despite a 20-fold range in waterborne cortisol dosages, mean whole body cortisol 

concentrations remained at basal levels throughout the experiment and varied between a low of 

3.16  0.35 and a high of 6.11  1.09 ng/g BW.  Independent of waterborne cortisol dosage or 

exposure duration, whole body cortisone was not detectable in any sample.  In contrast, 
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waterborne cortisol exposure resulted in a delayed and dose-dependent increase in whole body 

20DHE levels. 

Overall, whole body cortisol levels did not vary between exposure dosages within a given 

sampling time but were affected by exposure duration (Fig. 4A; two-way ANOVA, dosage: P = 

0.573; duration: P < 0.001; dosage × duration: P = 0.825).  In the Ctrl treatment, whole body 

cortisol levels after a 5 d exposure were 1.7-fold higher than in the 1 h (P = 0.043) and 6 h (P = 

0.040) exposures but did not differ from the 15 min exposure.  Similarly, in the High treatment, 

whole-body cortisol levels after a 5 d exposure were 1.6-fold higher than in the 1 h (P = 0.019) 

exposure but did not differ from either the 15 min or 6 h exposures.  Whole body cortisol levels 

did not change with exposure duration in the Low and Mid treatments. 

Whole body 20DHE levels were affected by exposure dosage and duration (Fig. 4B; 

two-way ANOVA, dosage: P < 0.001; duration: P < 0.001; dosage × duration: P < 0.001).  

While no differences were observed between exposure dosages in the 15 min and 1 h exposure 

durations, in the 6 h exposure duration, relative to the Ctrl treatment, whole-body 20DHE levels 

increased by 2.4- (P = 0.008), 3.3- (P < 0.001), and 4.2-fold (P < 0.001) in the Low, Mid, and 

High treatments, respectively, and increased 1.7-fold in the High treatment relative to the Low 

treatment (P < 0.001).  Similarly, after a 5 d exposure, whole-body 20DHE levels increased 

2.4- (P = 0.024), 4.2- (P < 0.001), and 9.0-fold (P < 0.001) relative to the Ctrl treatment in the 

Low, Mid, High treatments, respectively.  Whole-body 20DHE also increased 3.7- and 2.1-fold 

in the High treatment relative to the Low, and Mid treatments, respectively (both P < 0.001), and 

1.7-fold in the Mid treatment relative to the Low treatment (P = 0.027). 

While whole-body 20DHE levels did not differ between exposure durations in the Ctrl 

and Low treatments, they were 2.4- (P < 0.001) and 2.2-fold (P = 0.002) higher in the 6 h Mid 
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treatment than in the 15 min and 1 h exposure durations, respectively.  Similarly, whole-body 

20DHE in the 5 d Mid treatment increased 2.6- and 2.4-fold (both P <0.001) relative to the 15 

min and 1 h exposure durations, respectively.  In the 6 h High treatment, whole-body 20DHE 

levels increased 3.6-fold relative to both the 15 min and 1 h exposure durations (all P < 0.001).  

Finally, whole-body 20DHE levels in the 5 d High treatment were 6.6-, 6.6-, and 1.8-fold 

higher than in the 15 min, 1 h, and 6 h exposure durations, respectively (all P < 0.001). 

Expression of Genes Related to Corticosteroid Catabolism 

While there were no changes in the expression in either corticosteroid catabolic genes in 

the 15 min exposure duration, there were significant dose-dependent effects on the expression of 

both 11hsd2 and 20hsd2 at 1 h, 6 h, and 5 d (Fig. 5; one-way ANOVAs, all P < 0.001).  In the 

1 h exposure duration, expression of 11hsd2 increased 2.6- (P = 0.016) and 3.1-fold (P < 0.001) 

relative to the Ctrl treatment in the Mid and High treatments, respectively.  In the 6 h exposure, 

11hsd2 mRNA levels increased by 3.5- (P < 0.001), 1.7- (P = 0.026), and 2.0-fold (P = 0.004) 

in the 6 h High treatment relative to the Ctrl, Low, and Mid treatments respectively.  Similarly, 

in the 5 d exposure, 11hsd2 expression increased by 2.3- ( P = 0.003), 2.7- (P < 0.001), and 1.7-

fold (P = 0.033) in the 5 d High treatment relative to the Ctrl, Lo, and Mid treatments, 

respectively. 

In the 1 h exposure duration, expression of 20hsd2 in the High group increased 2.3- (P 

<0.001) and 1.8-fold (P = 0.008) relative to the Ctrl and Low treatments, respectively.  After 6 h 

of exposure to cortisol, 20hsd2 mRNA levels increased 9.3-, 8.7-, and 8.0-fold in the Low, Mid, 

and High treatments relative to the Ctrl, respectively (all P < 0.001).  A similar trend was seen 

after 5d of exposure where, relative to the Ctrl treatment, 20hsd2 expression was 2.7- (P = 

0.033), 4.9- (P < 0.001), and 8.8-fold (P < 0.001) higher in the 5 d Low, Mid, and High groups, 
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respectively.  Expression of 20hsd2 also significantly increased 3.3- and 1.8-fold in the 5 d 

High treatment relative to the Low and Mid treatments, respectively (both P < 0.001), and 1.8-

fold in the 5 d Mid treatment relative to the Low treatment (P = 0.012). 

Expression of Genes Related to Corticosteroid Reception 

Overall, waterborne cortisol exposure elicited both rapid and delayed dose-dependent 

effects of a transient nature in gr and mr expression, and a delayed, but sustained dose-

dependent effect on gr expression (Fig. 6; one-way ANOVAs, gr/15 min: P = 0.028, gr/6 h: 

P < 0.001, mr/15 min: P = 0.040, mr/1 h: P = 0.010, mr/6 h: P < 0.001, gr/1 h: P < 0.001, gr/6 

h: P = 0.018, and gr/5 d: P = 0.003). 

Expression of gr increased 1.4-fold in the High treatment relative to the Ctrl treatment 

in the 15 min exposure duration (P = 0.021), and decreased 1.3-, 1.5-, and 1.3-fold relative to the 

Ctrl treatment in the Low, Mid, and High treatments, respectively in the 6 h exposure duration 

(all P < 0.001).  Similarly, mr expression increased 1.5-fold in the High treatment relative to the 

Ctrl treatment in the 15 min exposure duration (P = 0.049), and decreased 1.4- (P = 0.008), 1.6- 

(P < 0.001), 1.5-fold (P = 0.004) relative to the Ctrl treatment in the Low, Mid, and High 

treatments, respectively in the 6 h exposure duration.  In the 1 h exposure duration, expression of 

mr also increased 1.5-fold in the Mid (P = 0.039) and High (P = 0.014) treatments relative to the 

Low treatment, but none differed from the Ctrl treatment. 

Expression of gr decreased 1.6- (P = 0.027), 2.0- (P < 0.001), and 1.9-fold (P = 0.003) 

in the High treatment relative to the Ctrl, Low, and Mid treatments, respectively in the 1 h 

exposure duration.  Relative to the Ctrl treatment, gr expression decreased by 1.5- (P = 0.030) 

and 1.4-fold (P = 0.033) in the 6 h Mid and High treatments, respectively.  Similarly, relative to 
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the Ctrl treatment, gr mRNA levels decreased by 1.7- (P = 0.014), 1.6- (P = 0.029), and 1.8-

fold (P = 0.006) in the 5 d Low, Mid, and High treatments, respectively. 
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Table 3.  Forebrain mRNA levels ( s.e.m.) of neurogenesis-related (bdnf, neurod, pcna, and c-

fos), cortisol catabolism (11hsd2 and 20hsd2), and cortisol receptor (gr, gr, and mr) genes 

in control and vehicle control treatments. 

Gene Control Vehicle P value 

bdnf 1.185  0.097 1.120  0.098 0.602 

neurod 0.984  0.127 0.812  0.033 0.174 

pcna 1.330  0.151 1.572  0.125 0.185 

c-fos 0.491  0.075 0.508  0.067 0.851 

11hsd2 0.845  0.096 1.141  0.144 0.104 

20hsd2 2.059  0.473 2.919  0.317 0.132 

gr 0.386  0.019 0.351  0.022 0.196 

gr 0.204  0.026 0.187  0.022 0.593 

mr 0.371  0.032 0.284  0.029 0.063 
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Figure 5.  Expression of four genes associated with neurogenesis in the forebrain of zebrafish 

exposed to 0 mg/L (Ctrl), 5 mg/L (Low), 10 mg/L (Mid), or 20 mg/L (High) exogenous cortisol 

for 15 min, 1 h, 6 h, or 5 d.  Each bar represents the average fold change in expression (relative 

to the geometric mean of expression of the housekeeping genes ef1 and rpl13a) for each 

cortisol dose relative to control fish for a given gene at a given exposure duration (n = 7-10 

fish/bar at 15 min, 1 h, and 6 h, 5-8 fish/bar at 5 d).  Bars for a given gene and time point that do 

not share a common letter are significantly different from each other (p<0.05).  Error bars 

represent s.e.m.  
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Figure 6.  Whole-body concentrations of cortisol (A) and 20DHE (B) from zebrafish exposed 

to 0 mg/L (Ctrl), 5 mg/L (Low), 10 mg/L (Mid), or 20 mg/L (High) exogenous cortisol for 15 

min, 1 h, 6 h, or 5 d.  Each bar represents the average value for a given dose at a given exposure 

duration (n = 7-10 fish/bar at 15 min, 1 h, and 6 h, 5-8 fish/bar at 5 d).  Bars within a given 

dosage that do not share a common upper case letter are different from one another (p<0.05).  

Bars within a given exposure duration that do not share a common lower case letter are different 

from one another (p<0.05).  Error bars represent s.e.m. 
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Figure 7. Expression of genes that code for the catabolic enzymes that convert cortisol to 

cortisone (11HSD2), and cortisone to 20DHE (20HSD2) in the forebrain of zebrafish 

exposed to 0 mg/L (Ctrl), 5 mg/L (Low), 10 mg/L (Mid), or 20 mg/L (High) exogenous cortisol 

for 15 min, 1 h, 6 h, or 5 d.  Each bar represents the average fold change in expression (relative 

to the geometric mean of expression of the housekeeping genes ef1 and rpl13a) for each 

cortisol dose relative to control fish for a given gene at a given exposure duration (n = 7-10 

fish/bar at 15 min, 1 h, and 6 h, 5-8 fish/bar at 5 d).  Bars for a given gene and time point that do 

not share a common letter are significantly different from each other (p<0.05).  Error bars 

represent s.e.m. 
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Figure 8. Expression of genes that code for cortisol receptors: glucocorticoid receptors alpha and 

beta (gr and gr, respectively) and mineralocorticoid receptor (mr) in the forebrain of zebrafish 

exposed to 0 mg/L (Ctrl), 5 mg/L (Low), 10 mg/L (Mid), or 20 mg/L (High) exogenous cortisol 

for 15 min, 1 h, 6 h, or 5 d.  Each bar represents the average fold change in expression (relative 

to the geometric mean of expression of the housekeeping genes ef1 and rpl13a) for each 

cortisol dose relative to control fish for a given gene at a given exposure duration (n = 7-10 

fish/bar at 15 min, 1 h, and 6 h, 5-8 fish/bar at 5 d).  Bars for a given gene and time point that do 

not share a common letter are significantly different from each other (p<0.05).  Error bars 

represent s.e.m. 
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DISCUSSION 

 

This study used waterborne cortisol exposure to isolate the effects of corticosteroids on 

neurogenesis in zebrafish. We found that exposure to waterborne cortisol elicits a small transient 

increase in forebrain bdnf, neurod, and pcna expression but has no apparent sustained effects on 

the expression of genes associated with neurogenesis with continuous exposure over a period of 

several days.  In contrast, chronic exposure to waterborne cortisol is characterized by rapid, 

dose-dependent, and sustained increases in the forebrain gene expression of the corticosteroid 

catabolic enzymes 11hsd2 and 20hsd2, and in the whole-body levels of the cortisol metabolite 

20DHE.  Additionally, continuous waterborne cortisol exposure resulted in early, transient 

increases and delayed, transient decreases in expression of both gr and mr, and a delayed, 

sustained decrease in gr expression, eluding to the differential involvement of these 

corticosteroid receptors in the stress response and stress resistance.  These results suggest that 

zebrafish counter the effects of chronic cortisol exposure on neurogenesis via a coordinated 

upregulation of forebrain cortisol catabolism and downregulation of corticosteroid receptors.  

Together, our findings support the acute stress hypothesis, which posits that zebrafish have the 

capacity to attenuate the effects of chronic stress on neurogenesis such that the effects are similar 

to those of short-term elevations in whole-body cortisol associated with an acute stress response. 

Waterborne Cortisol Exposure Dosage 

High concentrations of waterborne cortisol were needed in this study to elicit an increase 

in whole-body steroid levels in zebrafish.  In pilot studies, water cortisol concentrations of 0.25, 

0.5, and 2.5 mg/L had no measureable effect on whole-body levels of either cortisol or 20DHE.  

In contrast, while water cortisol concentrations of 5, 10 and 20 mg/L also did not consistently 
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affect whole body cortisol, they did elicit dose-dependent increases in 20DHE.  Although 

waterborne cortisol exposure had not been previously attempted in adult zebrafish, the dose 

range used in this study is consistent with the water cortisol concentrations (~5-100 mg/L) 

previously shown to have physiological effects on zebrafish embryos and larvae (Lin et al., 2011; 

Kwong and Perry, 2013; Tokarz et al., 2013).  The relatively high effective cortisol doses are 

also consistent with findings from research involving steroid uptake in the gills of tench (Tinca 

tinca L.) where cortisol was removed from the water at a significantly lower rate than other 

steroids such as testosterone and 17-estradiol (Scott et al., 2005).  These findings were 

attributed to cortisol having a relatively low lipophilicity and affinity for circulating sex steroid 

binding protein, thereby limiting the ability of fish to take up cortisol from the water (Scott et al., 

2005).  Additionally, cortisol has been shown to be released across the gills into the surrounding 

water by goldfish and rainbow trout (Sørensen and Scott, 1994; Ellis et al., 2004; Ellis et al., 

2005), meaning that for a given dosage to truly be chronic, exposure to cortisol must not only be 

at a high concentration, but it must also be kept at that concentration continuously to maintain a 

concentration gradient that promotes cortisol uptake. 

Exposure to Waterborne Cortisol Affects Neurogenesis Acutely but Transiently 

When in excess, corticosteroids have been shown to have biphasic effects on brain cell 

proliferation in a variety of species: acutely promoting and chronically impairing neurogenesis.  

For example, acute restraint stress enriches several pathways associated with neurogenesis, 

including the BDNF signaling pathway, while chronic cortisol exposure decreases bdnf 

expression in the rodent hippocampus (Suri and Vaidya, 2013; Sannino et al., 2016).  In fish 

however, there is conflicting evidence in terms of the effect of stress on brain cell proliferation 

and the expression of neurogenesis-related genes.  In rainbow trout, while acute confinement 
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stress increased the expression of brain pcna and bdnf (Johansen et al. (2012), long-term social 

stress generally suppressed brain pcna and neurod expression (Johansen et al. 2012) and reduced 

forebrain cell proliferation (Sorensen et al. 2012).   Chronically elevated cortisol levels in 

rainbow trout also reduced the number of forebrain PCNA-positive cells (Sorensen et al. 2011).  

In contrast, while unpredictable chronic stress (UCS) resulted in a reduction in forebrain cell 

proliferation and a paradoxical increase in brain bdnf expression in one zebrafish study 

(Chakravarty et al. 2013), both acute stress and UCS increased brain bdnf and c-fos in another 

study (Pavlidis et al., 2015).  In this study, despite continuous exposure to waterborne cortisol, 

there was no apparent long-term increase or decrease in the forebrain expression of any of the 

four neurogenesis-related genes quantified.  Instead, chronic waterborne cortisol exposure 

elicited small transient increases in the expression of bdnf, neurod, and pcna, simulating acute 

rather than chronic stress effects.  Assuming that the chronic-stress induced changes in brain 

bdnf, neurod, and pcna expression observed in previous fish studies are driven by cortisol, the 

lack of long-term changes observed in this study may simply be due to the lack of significant 

changes in whole body cortisol over the 5 day exposure.  The lack of change in forebrain c-fos 

expression in this study is inconsistent with the findings of Pavlidis et al. (2015) who observed a 

transient ~20-fold increase in whole-brain c-fos expression following an acute stressor in 

zebrafish.  This discrepancy between previous findings and ours suggest that stress-induced 

changes in c-fos expression are not due to elevated cortisol, but instead to the actions of other 

effectors of the stress response.  Overall, the maintenance of baseline mRNA levels of 

neurogenesis-related genes after five days of continuous exposure to high doses of exogenous 

cortisol highlights a significant capacity in zebrafish for cortisol resistance and neuroprotection. 
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Chronic Exposure to Waterborne Cortisol Stimulates Cortisol Catabolism 

This study provides original evidence that chronic exposure to waterborne cortisol is 

associated with a rapid, coordinated and sustained stimulation of cortisol catabolism in the 

forebrain of adult zebrafish.  Previous studies in fish have shown that acute stressors stimulate 

the corticosteroid catabolic enzymes 11HSD2 and 20HSD2 which function to convert cortisol 

into the inactive metabolites cortisone and 20DHE, respectively (Nematollahi et al. 2009; 

Fuzzen et al., 2010; Alderman and Vijayan, 2012; Tokarz et al., 2013).  Consistent with an 

increase in 11HSD2 enzymatic activity, stressor exposure increased the conversion of 3H-

cortisol to 3H-cortisone in the zebrafish brain (Alderman and Vijayan, 2012).  The relative 

changes in 11hsd2 expression in response to exogenous cortisol observed in this study were 

sustained between the 1 h, 6 h, and 5 d sampling times, suggesting that forebrain 11HSD2 

activity increases rapidly in response to an increase in cortisol uptake similar to an acute stress 

response, and remains elevated throughout a 5 d exposure.  In contrast, the increase in 20hsd2 

expression did not fully manifest itself until 6 h of continuous exposure, suggesting a delayed 

transcriptional response relative to 11hsd2.  The sequential increases in expression of 11hsd2 

and 20hsd2 strongly suggest that the breakdown of cortisol in response to chronic waterborne 

exposure is temporally coordinated.  The lack of detectable changes in whole body cortisol and 

cortisone levels, coupled with the robust and sustained increase in 20hsd2 expression and 

associated increase in whole-body 20DHE, suggest that cortisol catabolism via 11- and 

20HSD2 is both fast and effective.  The majority of excess cortisol appears to be converted to 

20DHE, which, although not measured in this study, may then be largely glucuronidated to 

improve water solubility, thereby facilitating excretion (Tokarz et al., 2013).  Cortisol itself can 
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also be glucuronidated (Yeoh et al., 1996), and is excreted by fish post-stress (Sørensen and 

Scott, 1994; Ellis et al., 2004; Ellis et al., 2005).  However, excess circulating steroids in fish are 

generally excreted across the gills via passive diffusion and there is a lag between the appearance 

of steroids in the blood and their elimination (Vermeirssen and Scott, 1996; Ellis et al., 2005; 

Félix et al., 2013).  As such, the rapid, coordinated and sustained increase in cortisol catabolism 

observed in this study in response to chronic cortisol exposure may be an important mechanism 

for limiting the actions of cortisol under conditions of chronic stress. 

Neuroprotective Effects of Cortisol Catabolism 

The observation that chronic exposure to waterborne cortisol in this study was 

characterized by an elevation of whole-body 20DHE levels and no sustained effects on the 

expression of several markers of neurogenesis, suggest that cortisol catabolism may be an 

important mechanism for protecting the brain against the deleterious effects of cortisol during 

chronic stress in zebrafish.  It is well established that the catabolic enzymes 11- and 20HSD2 

and their respective genes are expressed throughout many zebrafish tissues, including the brain, 

and that they are important regulators of the acute stress response (Alderman and Vijayan, 2012; 

Tokarz et al., 2012), however their function in relation to stress-induced effects on neurogenesis 

has not previously been explored.  This study showed that chronic exposure to exogenous 

cortisol elicits short-term effects on the expression of neurogenesis-related genes similar to those 

of acute stressors, no long-term effects on the expression of the same transcripts, but sustained 

elevations in the expression of corticosteroid catabolic genes and in the whole-body levels of 

their terminal metabolite.  These findings suggest that expression of steroid catabolism enzymes 

in the brain may play an important neuroprotective role during prolonged exposure to cortisol, 
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which could provide a mechanistic explanation for the recent observation that zebrafish appear to 

have an enhanced neuronal resilience to chronic stress (Song et al., 2018). 

Differential Expression of Cortisol Receptors in Response to Exogenous Cortisol Exposure 

In mammals, GR and MR are involved in different aspects of the stress response.  MR, 

having a higher affinity for corticosteroids, is involved in baseline corticosteroid functions and 

during the initiation of the stress response.  In contrast, GR has a lower affinity for its ligands 

and is typically only involved when corticosteroid levels are high, and in the termination of the 

stress response and post-stress adaptive processes such as memory storage (de Kloet et al., 2005; 

Yuen et al., 2011).  In the teleost brain, MR and GR have been suggested to have similar roles to 

their mammalian counterparts in the regulation of the effects of cortisol and negative feedback 

control of the HPI axis via changes in both gene and protein expression in response to stress 

(Stolte et al., 2008; Alderman et al., 2012; Ziv et al., 2013).  In teleost fish, GR and MR have 

been shown to have differential baseline and stress-induced expression patterns across tissues 

and brain regions, suggesting different tissue-specific roles for each of these receptors (Schaaf et 

al., 2008; Stolte et al., 2008; Teles et al., 2013).  In the zebrafish forebrain, we observed similar 

patterns of expression of gr and mr with transient, dose-dependent increases after a 15 min 

exposure and dose-independent decreases after a 6 h exposure, consistent with their involvement 

in the acute stress response (de Kloet et al., 2005; Stolte et al., 2008; Teles et al., 2013).  

However, there was no long-term downregulation of gr as would be expected based on 

previously observed decrease in zebrafish GR expression after 7 and 14 days of UCS (Piato et 

al., 2011).  The lack of change in whole body cortisol observed in this study could explain why 

there were no long-term changes in either gr or mr expression, as the increase in receptor gene 

expression observed during periods of high levels of corticosteroids may be autoregulatory 
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(Sathiyaa and Vijayan, 2003).  Therefore, if there is no excess cortisol to bind to the receptors, 

leading to a decrease in protein expression, there is no need (or signal) for an increase in mRNA 

expression.  Interestingly, despite stable whole body cortrisol levels, we observed a delayed and 

sustained decrease in gr expression in response to exogenous cortisol exposure, the onset of 

which appeared to be dose-dependent, as it was first detected at 5 d, 6 h, and 1 h in the Low, 

Mid, and High exposure doses, respectively.  While the roles of GR and MR during the stress 

response may be fairly well understood, there is some controversy surrounding the GR isoform.  

There is some evidence to suggest that it may function similarly to its human homologue as a 

dominant-negative inhibitor of GR (Schaaf et al., 2008; Manuel et al., 2014), however more 

recent evidence suggests that zebrafish GR in fact has no such transcriptional role 

(Chatzopoulou et al., 2017).  Although our results may not elucidate the functional role of GR 

in zebrafish – or lack thereof – it does demonstrate that its expression is influenced by chronic 

exposure to exogenous cortisol thereby suggesting some potential involvement in the mediation 

of the effects of cortisol during chronic stress.  However, despite chronic exposure to waterborne 

cortisol, the changes in receptor gene expression were not associated with an increase in whole 

body cortisol, so definitive conclusions as to the influence of cortisol on receptor gene 

expression during chronic stress are difficult to make based on this study. 

General Adaptation Syndrome vs Adaptive Adjustments – Homeostasis vs Allostasis 

While this study appears to have disproved the hypothesis that chronic exposure to 

exogenous cortisol would elicit impairments to neurogenesis associated with chronic stress, it 

may still provide some interesting insight into the role of cortisol throughout the stress response.  

The general adaptation syndrome (GAS) is a theory proposed by Hans Selye in 1946 which he 

describes as “the sum of all non-specific, systemic reactions of the body which ensue upon long 
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continued exposure to stress” (Selye, 1946; 1950).  GAS is suggested as a general pattern of 

progression of chronic adaptation diseases, such as chronic stress, and is divided into three 

stages.  The first is the “alarm” stage, which is the initial encounter with a challenge that 

stimulates a physiological response (i.e. activation of the HPI axis in response to a perceived 

threat).  The second stage, the “resistance” stage, is when the animal activates mechanisms 

designed to re-establish homeostasis, such as increasing catabolic enzyme expression to maintain 

baseline circulating cortisol levels.  Finally, the third stage, called the “exhaustion” stage, is 

when the challenge (perceived or actual) persists and the organism can no longer maintain 

homeostasis (Fig. 9) (Selye, 1946).  This concept has been applied to the stress response both in 

theory and in practice (Selye, 1950; Ellis et al., 2012).  If the results from this study are 

considered in the context of GAS, only the alarm and resistance stages were observed, 

highlighting the impressive capacity of zebrafish to cope with exogenous cortisol exposure, but 

does not necessarily imply that they can maintain resistance indefinitely. 

While GAS may provide a reasonable and simple explanation for the lack of changes in 

whole body cortisol levels and neurogenesis-related gene expression, the sustained increases in 

cortisol catabolism and metabolite concentration may be evidence of adaptive adjustment (AA).  

AA is based on the concept of allostasis and suggests that, through physiological adjustments, 

animals reach a new steady state rather than struggling to return to their original steady state, 

thereby allowing them to be more flexible in ever-changing environments (Wingfield, 2005; 

Koolhaas et al., 2011; Sørensen et al., 2013).  The reactive scope model (RSM) elaborates on AA 

and allostasis and suggests that there is a range of acceptable concentrations or levels of 

physiological mediators involved in the response to perceived threats or stressors, called the 

reactive homeostasis range (Romero et al., 2009).  Chronic stress pathology occurs when 
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mediator levels exceed the upper limit (homeostatic overload), or fall below the lower limit 

(homeostatic failure) of that range.  In the context of this study, the RSM suggests that zebrafish 

are able to cope with chronic exposure to exogenous cortisol by reaching a new steady state 

involving increases in cortisol catabolism and 20DHE levels within their reactive homeostatic 

range.  However, the RSM also states that “wear and tear” could result in a narrowing of that 

range, implying that longer exposures or higher doses of cortisol could result in pathological 

effects of chronic stress (Fig. 10A) (Romero et al., 2009; Romero, 2012).  In the context of 

allostasis vs allostatic overload, and the cost-benefit/net resource model described above, the 

RSM suggests that the cost of maintaining a response chronically can increase over time, 

providing another example of a biphasic response to a chronic challenge (Fig. 10B).  There may 

also be evidence in this study that after a 5 d exposure to waterborne cortisol, the zebrafish have 

also reached a new steady state in terms of whole-body cortisol.  The statistically significant 

effect of time suggests higher baseline cortisol in fish after five days compared to other exposure 

durations, however, the post hoc test only showed significant differences in the Ctrl and High 

groups.  Since the Ctrl fish were never exposed to waterborne cortisol, it is unlikely that their 

baseline cortisol changed due to experimental parameters.  It is more likely an effect of cohort, as 

logistical and temporal constraints prevented us from running all exposure trials simultaneously, 

meaning not all trials could be run using a single cohort of fish, and since fish were acquired as 

adults, rearing conditions and life history were unknown and not guaranteed to be consistent.  

Current Limitations of the CES as a Model for Studying Chronic Stress 

Measuring cortisol and its metabolites in holding water is a common, non-invasive 

method for measuring plasma levels in fish (Ellis et al., 2004; Ellis et al., 2005; Félix et al., 

2013), yet any changes in water concentrations of cortisol were undetectable against the high 
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background levels created by the treatment (in-tank concentrations did not increase during 

exposure; Fig 1B), and neither cortisone nor 20DHE were detectable in the water in this study.  

It is possible, given the 1000- to 4000-fold higher water cortisol concentration relative to fish 

whole-body cortisol levels, that the lack of steroids measured in the water is because the in-tank 

cortisol concentrations were high enough to mask any relatively small amounts excreted by the 

fish.  Also, water samples had to be diluted for cortisol levels to fall within the detectable range 

for LCMS measurement, so many other compounds in the water (including anything excreted by 

the fish) were likely in low enough abundance that they would have been diluted to undetectable 

levels.  Alternatively, since fish excrete free steroids via passive diffusion across the gills 

(Vermeirssen and Scott, 1996; Ellis et al., 2005; Félix et al., 2013), high in-tank concentrations 

of cortisol could impair, if not prevent excretion of cortisol as well as its unconjugated 

metabolites.  However, this possibility assumes that cortisol and the metabolites measured in this 

study are molecularly similar enough to follow the same cross-membrane concentration gradient.  

Another possibility is that the majority of glucocorticoids excreted by the fish were modified 

beyond their conversion to 20DHE, and therefore not measured in this study.  Future research 

could include measurement of steroids in their conjugated forms, as the majority of 20DHE 

may be released in its glucuronidated form (Tokarz et al., 2013), and may therefore be excreted 

in high enough abundance to be detected despite high waterborne cortisol concentrations.  The 

ability to make non-invasive measurements for cortisol and/or its metabolites would be 

beneficial, not only ethically, as experimental animals would not have to be sacrificed, but it 

would also allow for multiple exposure duration measurements from a single tank. 

Another current limitation to the CES is whether the ability of zebrafish to cope with 

exogenous cortisol relates to their ability to cope with chronic stress.  While activation of the 
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HPI axis may function mainly to release cortisol into circulation, it involves the release of other 

hormones, such as CRF, which can have other physiological effects in addition to activation of 

the HPI axis (Bernier et al., 2009; Ghisleni et al., 2011).  Additionally, depending on the nature 

of the stressor, the HPI axis is only one of a large number of neuronal circuits that can be 

activated (Herman et al., 2003; Bernier et al., 2008; Ulrich-Lai and Herman, 2009).  Therefore, 

even if the effects of chronic exposure to exogenous cortisol may approximate some forms of 

chronic stress, they may not be universally applicable to all stressors.  However, while the CES 

may have some limitations in terms of modelling the effects of chronic stress, it is important to 

note that it was designed primarily as a tool for isolating the effects of elevated glucocorticoids 

during chronic stress.  The CES provides the opportunity to better understand the effects of 

glucocorticoids on the teleost brain in vivo, and could prove to be an essential tool for elucidating 

the effectiveness of zebrafish as a model organism in the future of stress research. 
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Figure 9. Conceptual diagram illustrating the concept of general adaptation syndrome (GAS).  

During the alarm stage, an animal is presented with a challenge that causes some physiological 

variable deviates from homeostasis, followed by a physiological response, which returns the 

affected variable(s) to homeostasis.  Next, during the resistance stage, the animal is able to 

maintain homeostasis despite the challenge still being present.  Finally, during the exhaustion 

stage, the animal’s coping mechanism fails and the affected physiological variable is once again 

displaced from homeostasis, resulting in negative consequences due to the animal no longer 

possessing ability to respond.  
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Figure 10. Conceptual diagram illustrating the concept of the reactive scope model (RSM).  The 

RSM is based on the concept of adaptive adjustment, which suggests that an animal is able to 

respond to a physiological change or challenge successfully as long as the changes in the 

involved physiological systems stay within a certain acceptable range called the reactive 

homeostatic range.  However, the model also suggests that “wear and tear” or over-activation of 

these systems can cause that range to narrow, which can lead to homeostatic overload if range 

narrows enough that the changes associated with the response are no longer within it (A).  In the 

context of the cost-benefit/net resource model described in Fig 2, the RSM suggests that the cost 

of a response can increase over time, thereby shifting the cost-benefit balance, making it an 

unsustainable and eventually maladaptive response, which can lead to an allostatic overload (B). 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

The results from this study demonstrate that zebrafish have a remarkable capacity to cope 

with chronic exposure to exogenous cortisol via a pronounced upregulation of cortisol 

catabolism, as evidenced by the maintenance of basal whole-body cortisol levels and no apparent 

impairments to neurogenesis.  Gene expression of corticosteroid receptors was also affected by 

exogenous cortisol exposure, suggesting potential functions in the protection from cortisol-

induced effects in the teleost brain. 

Future research could, rather than exposing zebrafish to waterborne cortisol in the CES, 

expose the fish to stressors, such as swirling, restraint, or social subordination for an extended 

period and measure the same whole-body steroid and forebrain gene expression parameters 

(Fuzzen et al., 2010; Ghisleni et al., 2011; Jeffrey et al., 2014).  Such studies would provide a 

temporal map of the neuroendocrine response to different types of chronic stress, and establish 

the role of cortisol in the true chronic stress response.   

Another interesting avenue of future research is the potential for the CES as a tool for 

exploring models of stress pathology.  We suggested that our study may be representative of only 

the alarm and resistance stages of the stress response according to GAS, or alternatively, 

adaptive adjustment via new steady state within the reactive homeostasis range according to the 

RSM.  Longer exposure durations and/or higher cortisol doses could highlight the role of cortisol 

in chronic stress pathology.  Determining the limits of stress coping in zebrafish, as well as the 

eventual effects on neurogenesis after failure of the coping mechanisms would help to 

understand and quantify the progression and pathology of chronic stress. 
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One of the drawbacks of the methods used in this study is that fish had to be euthanized 

in order to make whole-body steroid measurements, because those steroids were not detectable in 

the water in their unconjugated forms.  However, there is evidence that stress hormones may 

actually be excreted primarily in their glucuronidated forms, so future studies could explore the 

potential for measurement of the abundance of glucuronidated stress steroids in the water as a 

non-invasive method for assessing whole-body levels.  This would mean that values for 

individual fish could not be measured directly due to the social nature of zebrafish, but it would 

allow for repeated sampling from a single group of fish. 

Lastly, the CES is of course not limited to its use in exposing aquatic organisms to 

cortisol.  It has the potential to be used to maintain a constant in-tank concentration of any 

compound that can be dissolved in water – either directly or using a vehicle.  Therefore, the CES 

could be very beneficial for toxicology and environmental pollution in addition to its uses for 

endocrinology and stress research. 
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