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ABSTRACT 

Early life stages of fish are particularly susceptible to environmental change and even 

brief exposures to thermal or hypoxic stress can have detrimental effects. Fish may be 

able to respond to stress, using physiological and cellular mechanisms, to mitigate some 

of the damaging effects of stressor exposure and maintain homeostasis. I investigated the 

development of the hypothalamus-pituitary-interrenal axis (HPI-axis) and two key 

cellular stress responses, the heat shock response (HSR) and hypoxia response, in lake 

whitefish (Coregonus clupeaformis) at several life-stages, to understand when these 

responses could be activated in response to stress. The HSR and HR are mediated by 

heat shock proteins (Hsps) and hypoxia-inducible factor 1α (Hif-1α), respectively. The 

results from this thesis show that lake whitefish can respond to environmental 

fluctuations with the activation of the HPI-axis and both cellular stress responses. 

Increases in the mRNA levels of multiple hsps were observed in response to both 

thermal and hypoxic stress from the earliest ages studied, 15 and 21 days post 

fertilisation (dpf), respectively, and was the only response I observed at these ages. 

Further, increases in hsp70 were observed at all embryonic ages studied in response to 

both stressors, suggesting that the HSR plays a fundamental role in the response to stress 

in lake whitefish embryos. At 38 dpf, the HPI-axis could be activated in response to 

hypoxia, resulting in increased whole-embryo cortisol levels. This is the first time that 

this has been observed during early embryogenesis in a teleost fish and was not observed 

at any other embryonic ages studied. It was also at 38 dpf that the activation of the 

hypoxia-inducible factor pathway was first observed, with an increase in the mRNA 

levels of multiple Hif-1 responsive genes. In response to hypoxia, the ability to induce a 



ii 
 

cellular response persisted through to 2 weeks post hatch (wph), although this was age 

and gene specific. In contrast, by 3 and 4 wph, mRNA levels of several genes, including 

hsp70, and whole body cortisol levels were below those in controls, suggesting that at 

these ages larval lake whitefish were either unable to initiate a stress response or the 

response could not be sustained for the duration of the 6-hour treatment. Taken together, 

these data suggest that sensitive windows exist in lake whitefish development and that at 

these ages developing fish may be more vulnerable to stress exposure. Lastly, I show that 

young of the year (YOY) juvenile lake whitefish at 18 wph, can respond to acute thermal 

stress, but not hypoxia, with strong increases in hsp mRNA. Hypoxia exposure resulted 

in the up-regulation of multiple genes that are commonly induced by hypoxia in other 

organisms. Exposure to thermal and hypoxic stress simultaneously caused increases in 

hsps and hypoxia inducible genes. The more severe multi-stressor treatments resulted in 

some mortality which suggests that these stressors act synergistically or additively, 

highlighting the value in studying multi-stressor scenarios which are more indicative of 

what is occurring in natural systems. Overall, this thesis demonstrates that the 

physiological and cellular response of developing lake whitefish to temperature and 

hypoxia vary with age, severity and type of stressor and contributes to our understanding 

of the nature of the stress responses developing fish use when exposed to changes in 

their environment.  
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CHAPTER ONE 

GENERAL INTRODUCTION 

Anthropogenic environmental change is exposing animals to a number of interacting 

stressors and is already impacting the distribution and abundance of species (McBryan et 

al., 2013). The effect of stress on organisms within their environment has become an 

ever-growing area of interest as research moves towards being able to predict species 

response to environmental challenges. Fish can be extremely sensitive to environmental 

fluctuations making them an excellent model on which to study the sub-lethal effects of 

stress. 

Physical, chemical and perceived stressors can all evoke non-specific responses in fish 

which are considered adaptive, to enable the fish to cope with the disturbances and 

maintain its homeostatic state (Barton, 2002). Fish can respond to stress in a variety of 

ways dependent on the type, magnitude and duration of the stressor. Behavioural 

responses include active avoidance and changes in locomotor activity but when these 

responses are not sufficient the fish may be able to respond physiologically to mitigate 

some of the damaging effects of stressor exposure and maintain homeostasis through the 

activation of a variety of pathways at either the organismal or cellular level (Schulte, 

2014).  

Fish development is complex, involving complex molecular, biochemical, and 

morphological changes. Further complicating development is exposure to stressors 

which can have a profound impact on the physiology and survival at these ages as well 

as implicating the physiology and health of an animal later in life. This chapter is 
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intended to provide an overview of the generalised and cellular stress responses in fish, 

what is known about the response during development and the rationale behind this 

thesis. 

What is stress and how can it affect organisms 

Stress is one of the major driving forces of evolution as animals respond to changes in 

their biological condition that challenge homeostasis and threaten an organism’s health. 

For this review, stress will be defined as a condition in which homeostasis is threatened 

or disturbed due to the actions of intrinsic or extrinsic stimuli, and that can be re-

established by adaptive responses (Wendelaar Bonga., 1997; Chrousos, 1998). The first 

line of defence is a behavioural response, where the fish use avoidance or other 

behavioural changes that mitigate exposures to the stressor and are designed to lessen the 

probability of death or the metabolic cost incurred by maintaining physiological 

homeostasis (Schrek et al., 1997). The physiological responses to stress can turn certain 

behaviours on or off or modify the degree by which they are exhibited (Fry, 1947), 

demonstrating that these responses are intimately linked. The physiological stress 

response in fish has been broadly categorised into the primary and secondary responses 

(Barton, 2002). 

The primary response involves the initial neuroendocrine response which when activated 

results in the rapid release of catecholamines and cortisol. This physiological response is 

initiated by the central nervous system after a real or perceived threat is recognised and 

results in the immediate release of hormones, particularly catecholamines and cortisol 

into circulation (Barton, 2002). The secondary response relates to physiological 
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adjustments in parameters such as metabolism, respiration and immune function and the 

cellular stress responses, which include the up-regulation of several stress induced 

proteins including heat shock proteins (Hsps) and hypoxia-inducible factors (Hifs) 

(Iwama et al., 1998, 1999; Mommsen et al., 1999). Further tertiary responses occur 

which affect whole animal performance and can include changes in growth, resistance to 

disease, behaviour and as a result can affect animal fitness and survival (Barton, 2002).  

Generalised Stress Response: Activation of the HPI-axis  

Stress in fish results in the activation of two types of endocrine responses; the adrenergic 

and the hypo-pituitary-interrenal (HPI) responses. The adrenergic response is a rapid 

response that results in catecholamines, mainly adrenaline and noradrenaline, being 

released to ameliorate the disruptive effects of acute stress (Sumpter, 1997). 

Catecholamines work to optimise cardiovascular and respiratory functions as well as 

mobilising energy stores to account for the increased metabolic requirement that is 

associated with stress (Sumpter, 1997). The response of the HPI-axis is less rapid and 

has a lag time of several minutes ending in the production of glucocorticoids (Figure 1). 

Cortisol is the primary glucocorticoid found in teleost fish (Barton, 2002) and is a 

physiologically important stress hormone that plays a role in both short and long-term 

responses to stress. Due to reliability and ease of determination, increases in plasma 

cortisol is the most widely used indicator of stress in fish (Barton, 2002).  Exposure to  
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Figure 1: Schematic drawing of the hypothalamus-pituitary-interrenal axis. Adapted 

from Backstrom and Windberg., 2013.  
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stress results in increased plasma cortisol levels within minutes which remain elevated 

for an hour or more dependent on the stressor experienced (Robertson et al., 1988; 

Vijayan et al., 1997; Clearwater and Pankhurst, 1997). The production of cortisol is 

under the control of the HPI-axis activation (Wendelaar Bonga, 1997; Mommsen et al., 

1999).  

The HPI-axis can be activated in response to a wide range of environmental stressors 

(Donaldson, 1981). Upon perceiving a stressor, the hypothalamus in the brain is 

triggered to release hypothalamic corticotrophin- releasing hormone (Crh; Barton, 2002) 

(Figure 1). In fish Crh is produced in the preoptic area of the brain and its release 

stimulates the secretion of adrenocorticotrophic hormone (Acth) from corticotropic cells 

in the pituitary pars distalis (Huising et al., 2005). Crh also stimulates the expression of 

pro-opiomelanocorticotropin (Pomc) gene, the precursor for Acth, and stimulates the 

convertases that catalyse the cleaving of Acth from Pomc. Upon release Acth binds to 

melanocortin type 2 receptors on kidney interrenal cells and activates the signalling 

cascade that leads to cortisol synthesis (Flik et al., 2006; Aluru and Vijayan, 2008).   

The endocrine control of cortisol secretion in teleost fish is complex. Along with a whole 

suite of molecules that can mediate cortisol secretion, cortisol is involved in self-

suppression through negative feedback of its secretion directly at the level of the 

interrenal glands (Sumpter, 1997). In fish plasma cortisol has been shown to feed back to 

the Crh-secreting neurons of the hypothalamus and Acth-secreting cells of the anterior 

pituitary gland. This feedback acts to reduce the secretion of Crh (Bernier et al., 1999; 

Bernier and Peter, 2001) and Acth (Fryer et al., 1984) to control the activity of the HPI-

https://www.sciencedirect.com/science/article/pii/S0016648009001270#bib98
https://www.sciencedirect.com/science/article/pii/S0016648009001270#bib98
https://www.sciencedirect.com/science/article/pii/S1096495901003608?via%3Dihub#BIB7
https://www.sciencedirect.com/science/article/pii/S1096495901003608?via%3Dihub#BIB7
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axis. The level of bioactive Crh and other members of the Crh peptide family have also 

been shown to be influenced by corticotrophin- releasing hormone binding protein 

(Crhbp) which can block Crh-induced Acth release (Flik et al., 2006; Huising et al., 

2007).  

The cortisol signalling pathway in target tissues involves the activation of a family of 

ligand-bound transcription factors known as glucocorticoid receptors. In teleost fish 

there are multiple glucocorticoid receptors (GR) and one mineralocorticoid receptor 

(MR) involved in cortisol signalling ( Prunet et al., 2006; Alsop and Vijayan, 2008). 

Cortisol binds to receptors located in the cytoplasm and the cortisol-GR complex 

translocates to the nucleus where it binds to a glucocorticoid response element (GRE), a 

specific DNA region located in the promoter of target genes, which leads to 

transactivation or repression of responsive genes (Vijayan et al., 2005; Prunet et al., 

2006; Jaxion-Harm and Ladich, 2014). Cortisol-GR complex is involved in several 

processes including mobilising the glucose reserves, ion transport and the immune 

system (Mommsen et al., 1999; Vijayan et al., 2005). Cortisol stimulates 

gluconeogenesis, a metabolic pathway that synthesises glucose from oxaloacetate. A 

direct effect of cortisol on gluconeogenesis has been demonstrated in rainbow trout 

(Oncorhynchus mykiss) where cortisol-induced gluconeogenesis from alanine was 

abolished with RU486 (a cortisol receptor antagonist) (Vijayan et al., 1994). An 

alternative pathway by which cortisol can affect gluconeogenesis is through the 

regulation of transcription of phosphoenolpyruvate carboxykinase (Pepck) (Hanson and 

Reshef., 1997; Radziuk and Pye., 2001). Pepck is a gluconeogenic enzyme that promotes 

the decarboxylation of oxaloacetate to phosphoenalpyruvate (Choi et al., 2007; reviewed 

https://www.sciencedirect.com/science/article/pii/S0016648009001270#bib90
https://www.sciencedirect.com/science/article/pii/S0016648009001270#bib90
https://www.sciencedirect.com/science/article/pii/S0016648009001270#bib90
https://www.sciencedirect.com/science/article/pii/S0016648009001270#bib57
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in Vijayan et al., 2010). Pepck mRNA levels have been shown to increase in conjunction 

with an increase in cortisol in hepatic tissue in a tilapia (Oreochromis mossambicus; 

Vijayan et al., 1997), rainbow trout (Sathiyaa and Vijayan., 2003; Vijayan et al., 2003; 

Aluru and Vijayan., 2007) and black porgy (Acanthopagrus schlegeli; Choi et al., 2007). 

A prolonged, high level of cortisol also stimulates glycogen production in the liver which 

decreases net blood sugar levels (Vijayan and Leatherland, 1989).  By combining these 

effects cortisol can regulate the levels of glucose circulating through the bloodstream. 

This response is essential for coping with the increased energy demand associated with 

stressor adaptation (Vijayan et al., 1997). Elevated circulating cortisol can also affect the 

immune system. Cortisol blocks T-cells from proliferating by preventing some T-cells 

from recognising interleukin signals. It is also able to prevent inflammation by inhibiting 

the secretion of histamines (Weyts et al., 1999).   

The ontogeny of the HPI-axis in teleost fish and the induction of a corticosteroid 

response to external stressors has been described in several species of fish including; 

common carp (Cyprinus carpio; Stouthart et al., 1998), chinook salmon (Oncorhynchus 

tshawytscha; Feist and Schrek., 2001), yellow perch (Perca flavescens; Jentoft et al., 

2002), tilapia (Pepels and Balm., 2004), zebrafish (Danio rerio; Alderman and Bernier., 

2009) and rainbow trout (Fuzzen et al., 2011). The onset of endogenous corticosteroid 

biosynthesis has been shown to differ between species, occurring during the late stages 

of embryogenesis, one week prior to hatch in chum salmon (Oncorhynchus keta; de 

Jesus and Hirano., 1992), to as late as two weeks post hatch (wph) in Japanese Flounder 

(Paralichthys olivaceus; de Jesus et al., 1991). A response to an external stressor 

however, is often not observed until much later. For example, the first increase in 
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cortisol in response to stress is observed 1 week after hatching in yellow perch (Jentoft et 

al., 2002), 23 days after hatching in turbot (Scophthalmus maximum; Stephens et al., 

1997) and 2 to 5 weeks after hatching in rainbow trout (Pottinger and Mosuwe., 1994; 

Barry et al., 1995a), indicating that the components of the HPI-axis may not have fully 

matured or the system is not functionally integrated (Jentoft el al., 2002).  

The Cellular response 

Heat Shock Response 

The heat shock response (HSR) is a highly ubiquitous essential defence mechanism that 

occurs in almost every organism that has been examined from bacteria to humans (Homo 

sapiens) in response to a variety of both biotic and abiotic factors (reviewed in Iwama, 

1998; Feder and Hoffman, 1999; Lindquist and Craig, 1988; Morimoto, 1998). This 

response mechanism involves the synthesis of heat shock proteins (Hsps) which are one 

of the most well studied indicators of heat stress and protein damage and can be used as 

indicators of cellular stress (Iwama et al., 1998).  

There are numerous Hsp genes and these can be targeted to specific compartments (Jolly 

& Morimoto, 2000). These genes are grouped into 6 major Hsp families based on 

molecular mass; Hsp 100, Hsp90, Hsp70, Hsp60, Hsp40 and the small heat shock 

proteins (Jolly & Morimoto, 2000). Hsps can be further classified as either inducible or 

constitutive, with constitutive forms being present in an unstressed cell where they 

facilitate proteins folding, translocation and degradation and a variety of other protein 

chaperone functions (Burdon, 1986; Hartl, 1996). Inducible Hsps are typically either 

absent or present at very low basal levels under non-stressed conditions. Protein levels 
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increase in response to stress and Hsps carry out numerous roles in stressed cells 

including facilitating the folding and assembly of nascent proteins, preventing protein 

aggregation, refolding denatured proteins, assisting in membrane translocation of 

transmembrane and secretory proteins and regulating signal transduction (Basu et al., 

2002; Garrido et al., 2001; Heise et al., 2006). Both constitutive and inducible Hsps can 

also play a role in other stress modulated physiological processes including the 

glucocorticoid axis and programmed cell death pathways (Arya et al., 2007; Mosser et 

al., 2000).  

Upregulation of the hsp gene expression is facilitated by the heat shock factors (Hsfs). In 

vertebrates there are four different members of the Hsf family, Hsf 1- 4. Hsf1 is the 

master regulator of the stress response and exists in a monomeric state in the cytosol or 

nucleus or as a heterodimer complex with Hsp70 (Iwama et al., 1998; Wu, 1995; 

Morimoto., 1998). Hsp90 has also been shown to have a role in maintaining Hsf1 in an 

inert state (Akerfelt et al., 2010). As the amount of denatured proteins increase, the 

molecular chaperones bound to Hsfs dissociate and interact with the denatured proteins. 

The free Hsfs can than translocate to the nucleus where they trimerise (Iwama et al., 

1998). The trimeric form of Hsf can bind to the promoter regions of the heat shock genes 

but remain transcriptionally inactive until they undergo extensive post-translational 

modifications including stress-induced phosphorylation, or hyperphosphorylation, which 

coincides with the acquisition of Hsf1’s transactivation capacity (Wu, 1995; Iwama et 

al., 1998; Budzynski et al., 2015). Upon phosphorylation of Hsf1, Hsps are expressed 

through the normal transcription and translation processes (Iwama et al., 1998). Hsp 

transcription can be attenuated through negative feedback by the Hsps themselves, where 
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when free intracellular Hsps increase l, they bind to activated Hsfs and prevent further 

DNA binding (Morimoto, 1998). 

In addition to their role in protein folding Hsps are involved in processes associated with 

development, including embryogenesis (Etard et al., 2007, 2008; Krone et al., 1997; Lele 

et al., 1997). In zebrafish, one of the most extensively studied fish species, Hsp70 has 

been shown to function in lens development (Blechinger et al., 2002; Evans et al., 2005), 

Hsp90 family members aid in myogenesis (Sass et al., 1996) and the low molecular 

weight Hsp47 acts as a collagen chaperone and is a component of the type II collagen 

processing machinery (Lele and Krone, 1997).  

Heat shock proteins and the HSR in fish 

Inducible Hsp levels increase in response to a variety of stressors (Iwama et al., 1998) 

including; temperature (Dietz and Somero, 1993); hypoxia (Airaksinen et al., 1998); 

chromium exposure (Kim and Kang., 2016); industrial effluents (Vijayan et al., 1998); 

pathogens (Ackerman and Iwama., 2001) and food deprivation (Cara et al., 2005). The 

nature of the HSR depends on a variety of factors and can vary according to tissue type, 

the species studied, developmental age, the type and intensity of the stressor as well as 

the family of Hsps involved. The HSR can vary within a species especially when 

comparing extremes within a species geographic range. For example, common killifish 

(Fundulus heteroclitus) found at the northern limits of their range experience colder 

temperatures than their southern counterparts. Although the induction temperature for 

hsp70 remains the same in this species, the magnitude of the increase in Hsps is much 

greater in northern killifish than those found in the south when held at the same 
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acclimation temperatures (Fangue et al., 2006). The HSR can also vary between tissues 

within an individual or species studied. Dyer et al. (1991) showed that the HSR of the 

fathead minnow (Pimephales promelas) differed between tissues, not only in induction 

temperature but in the number of Hsps detected. The protein levels of 6 Hsps increased 

in gill tissue when fish were exposed to a + 3 °C thermal stress for 1-hour. In contrast 

increases in only 3 Hsps were detected in the brain tissue of the fathead minnow and 

required a more severe thermal stress of + 6 °C to be detected. 

Induction of Hsps occurs at temperatures normally experienced by fish (Feder and 

Hoffman., 1999), suggesting that the HSR is likely involved in homeostatic maintenance 

in fish exposed to fluctuating environments. The temperature at which hsp gene 

transcription is activated, the threshold induction temperature, can be altered by thermal 

acclimation and acclimatisation and so can vary within the lifetime of a single organism 

(Buckley et al., 2001), but generally falls within 5 - 10 ̊C above the normal temperatures 

in which organisms live (Dietz and Somero, 1992). Whole organism experiments also 

demonstrate that the HSR can vary with life stage and life-history and that this response 

is plastic in fish.  Exposure to thermal stress has been shown to induce a HSR in a 

number of fish species including; mummichog (Fundulus heteroclitus; Koban et al., 

1991); fathead minnow (Dyer et al., 1991); cutthroat trout (Oncorhynchus clarkia; 

Mazur., 1996); rainbow trout (Currie and Tufts., 1997) and lake whitefish (Coregonus 

clupeaformis) (Stefanovic et al., 2016). In general, the induction temperature of Hsps is 

positively correlated with acclimation temperature, with the HSR induction temperature 

being higher in organisms acclimated to higher temperatures. Dietz and Somero (1992) 

demonstrated that summer acclimated gobies have higher basal levels of brain Hsp90 
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and a higher HSR induction temperature than those acclimated to winter temperatures. 

Overall, the plasticity and variation of the HSR in fish allows them to adapt to changes in 

their environment.  

In fish, early life stages are particularly sensitive and exposures to various environmental 

stressors could impact key developmental transitions. Exposure to stressors can impact 

the rate and timing of embryonic and larval development, especially at certain 

developmental time points (i.e., sensitive windows; Eme et al., 2015; Mueller et al., 

2015), which can result in increased abnormalities and mortality. Previous studies on the 

effects of elevated temperature during embryogenesis have observed faster development 

with smaller fry at hatch and increased abnormalities and mortality when the temperature 

exceeds suboptimal levels (Lahnsteiner et al., 2012; Ojanguren and Brana, 2003; 

Prokesŏvá et al., 2015). Similar results have also been observed in larval fish with 

exposure to elevated temperatures resulting in non-reversible damage. The embryonic 

HSR has been studied in some species of fish including medaka (Oryzias latipes; Werner 

et al., 2001), Atlantic cod (Gadus morhua; Takle et al., 2005), Atlantic salmon (Salmo 

salar; Skjaerven et al., 2011), green sturgeon (Acipenser medirostris; Werner et al., 

2006) and lake whitefish (Sessions, 2015; Stefanovic et al., 2016). All species were able 

to elicit a HSR during development but the stage at which this was observed, 

temperature of induction and the nature of the response was species-specific. Atlantic 

cod could induce hsp expression in response to thermal stress throughout early 

development from the early blastula to late gastrula stages of embryogenesis (Skjaerven 

et al., 2011). In Atlantic salmon the HSR was not consistent. A 2-fold increase in hsp70 

mRNA levels was observed in embryos sampled immediately following a 1 hour, +8°C 
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thermal stress (TS) at the gastrula and 15th somite stages but at other time points the 

response was either delayed or smaller in magnitude, except for the 1st and 20th somite 

stage where exposure to TS did not induce hsp70 (Takle et al., 2005). Medaka did not 

induce the expression of hsps until gastrulation was completed (Werner et al., 2001). 

Lake whitefish have been shown to be able to initiate a HSR during embryonic and 

juvenile stages which could be attenuated when subjected to repeated thermal stress 

events (Sessions, 2015; Stefanovic et al., 2016).  

Hif-1α pathway 

Hypoxia-inducible factor 1 (Hif-1) is the master regulator for a number of genes that are 

regulated in response to hypoxia. Hif-1 is a transcription factor and was first discovered 

as a binding factor for the hematopoietic growth factor erythropoietin, under hypoxic 

conditions (Semenza and Wang., 1992). The Hif-dependant regulation of gene 

transcription in response to hypoxia has so far been identified in mammals, fish, 

invertebrates and yeast (Iyer et al., 1998; Semenza, 1999; Semenza, 2000; Gorr et al., 

2006). The molecular mechanism for Hif induction has been most thoroughly 

investigated in mammalian cells. Hif-1 is a heterodimeric transcription factor which 

belongs to the basic-helix-loop-helix (bHLH)- Per-Arnt-Sim (PAS) family of proteins 

(Soitamo et al., 2001) and is composed of α and β subunits (Heise et al., 2007). The 

bHLH domain is required for DNA binding and dimerization whereas the PAS domain is 

involved in heterodimerisation, DNA binding, transactivation and possibly in Hsp90 

ligand binding (Soitamo et al., 2001). 
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In Hif-1, the β-subunit is constitutively expressed and located in the nucleus. On its own 

it is insensitive to decreases in oxygen, whereas the α-subunit is unstable and is rapidly 

degraded in the cytoplasm under normoxic conditions (Uchida et al., 2004).  This is due 

to the presence of a so-called oxygen dependant degradation domain (ODD) that under 

normoxia, is hydroxylated via a proline hydroxylase at proline residues Pro-402 and Pro-

564. This hydroxylation increases the affinity of Hif-1α for the Von-Hippel Lindau 

tumour suppressor protein (Terova et al., 2008). The Von-Hippel Lindau tumour 

suppressor is part of an E3-ubiquitin-ligase complex that targets Hif-1 for proteasomal 

degradation, therefore preventing the formation of Hif-1 dimer and a Hif-1 mediated 

response (Terova et al., 2008). Hypoxic conditions inhibit the activity of proline 

hydroxylase, allowing for Hif-1α stabilization allowing Hif-1α to accumulate. Upon 

translocation to the nucleus, Hif-1α dimerises with Hif-1β before binding with the 

hypoxia response elements (HRE’s) of Hif-1 target genes to regulate their expression 

(Reviewed in Semenza et al., 1999; Liu et al., 2013). The HRE of hypoxia-inducible 

genes is in the promotor or enhancer region of a gene (Terova et al., 2008). Previous 

studies in mammalian systems and fish have shown that hypoxia-responsive genes can 

be broadly categorised into: 1. genes related to costly processes including locomotion 

and protein synthesis; 2. genes related to amino acid metabolism; 3. genes related to ATP 

metabolism; and 4. genes related to preventing growth (Gracey et al., 2001; Wu, 2002).  

In fish, the first Hif-1 protein was characterised in rainbow trout by Soitamo et al. (2001) 

and the mechanism of degradation and stabilisation was shown to be conserved between 

fish and mammals. Observations in fish and mammals initially suggested that levels of 

hif-1α mRNA are unaltered in response to hypoxia and that Hif-1α activation during 
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hypoxia exposure is due to post-translational mechanisms (Wenger et al., 1997). This 

was observed in rainbow trout gonad and chinook salmon embryonic cells, where 

exposure to hypoxia for 2 hours did not alter hif-1α mRNA levels and further exposure 

resulted in a decrease when measured at 4 hours (Soitamo et al., 2001).  In contrast, Law 

et al. (2006) demonstrated that hif-1α mRNA levels increased in the kidney and gills of 

grass carp (Ctenopharyngodon idella) after a 4-hour hypoxia whilst levels were down-

regulated in the brain, heart and liver. Further studies on animals from different 

vertebrate groups have demonstrated that exposure to hypoxia can alter hif-1α mRNA 

levels. For example, a decrease in hif-1α mRNA levels was observed in embryonic mole 

rats (Spalax ehrenbergi) and white rats (Rattus norvegicus) exposed to hypoxia (Shams 

et al., 2005). In contrast, hif-1α mRNA levels increased two-fold in the kidney and liver 

of adult mole rats and white rats exposed to hypoxia respectively (Shams et al., 2005).  

When combined this demonstrates that hif-1α mRNA levels may be regulated in some 

species and that mRNA levels could also be influenced by developmental age. 

Beyond its role in hypoxia Hif-1α also appears to play a role during normoxic conditions 

including developmental processes such as vascularisation and cardiac morphogenesis 

(Iyer et al., 1998; Kotch et al., 1999). In mice Hif-1α knockout has been shown to have 

numerous effects such as arrested development during early embryogenesis and eventual 

mortality by embryonic stage 10.5 (Kotch et al., 1999). Iyer et al. (1998) showed that 

Hif-1α knockout resulted in defects in vascularisation and cardiac morphogenesis and 

increased cephalic mesenchyme cell death (Iyer et al., 1998). Further, Koblitz et al. 

(2015) demonstrated that multiple Hif proteins are also present in developing zebrafish 

embryos but their role in development is yet to be examined. Taken together this 
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suggests that Hif-1α has a critical role in development that is conserved across taxa.  

 

Lake Whitefish  

Lake whitefish are a member of the family Salmonidae, are endemic to North America 

and are widely distributed from western Alaska to eastern Labrador (Bernatchez and 

Dodson, 1990). Lake whitefish spawn in the late autumn to early winter in near shore 

environments where there is stony or gravel substrate (Hart, 1931., Freeberg et al, 1990). 

Embryos develop for 3 to 4 months, where seasonal changes result in natural variations 

in temperature that span from 0.5°C to 6°C.  The majority of development occurs 

between 0.5°C and 2°C with hatch occurring in the spring as temperatures warm to 6-8 

°C (Price, 1940; Thome et al., 2016). Newly hatched larvae can swim and immediately 

move to nursing grounds and feed exogenously on plankton (Snook, 2004). Annual 

growth usually occurs between the months of May and September with an increased 

growth period in June and July (Qadri, 1968). Lake whitefish are sensitive to changes in 

their environment and exhibit considerable phenotypic variation in morphological and 

life history characteristics (Bernatchez & Dodson, 1990) making them an ideal species 

on which to study the effects of environmental stressors. 

Early development represents a sensitive life stage that is vulnerable to changes in the 

environment. Previous research on the effect of temperature on embryonic development 

in lake whitefish has shown that hatch timing can be altered by several weeks depending 

on the rate of change of seasonal temperatures (Patrick et al., 2013; Thome et al., 2016). 

Embryos incubated at warmer temperatures not only had shorter incubation periods but 

also displayed decreased body size, increased yolk size and overall less efficient growth 

https://www.sciencedirect.com/science/article/pii/S1095643317301873?via%3Dihub#bb0150
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(Mueller et al., 2015). Further, it has been demonstrated that lake whitefish are able to 

respond to thermal stress during late embryogenesis and as juvenile fish with a HSR, 

suggesting that these embryos may be able to mitigate some of the damaging effects of 

acute temperature increases (Stefanovic et al., 2016). Moreover it was shown that the 

embryonic HSR could be attenuated by repeated thermal stress events, suggesting that 

the HSR in late embryogenesis exhibits some degree of plasticity (Sessions, 2015).  

Temperature and Hypoxia  

Climate change is considered one of the most problematic stressors that may be facing 

aquatic animals globally (Aldous et al., 2011). Increasing water temperatures are causing 

changes in ecosystem composition which, when coupled with other anthropogenic 

stressors, could have detrimental effects on animal populations (Vaquer-Sunyer and 

Duarte, 2008; Brierley and Kingsford., 2009). When considering environmental change 

it is important to also factor in how the effects of temperature interacts with other 

environmental factors that might also impact animal populations.  

Previous research has shown that not only does temperature increase the risk of hypoxic 

episodes within aquatic systems but that there is also a clear link between temperature 

and hypoxia as interacting stressors on both acute and chronic timescales (McBryan et 

al., 2013). Hypoxic conditions in aquatic ecosystems have become more prevalent in 

recent years in part in response to increased deforestation and agricultural use of 

fertilisers, which have increased the release of nutrients into the environment (Gray et 

al., 2002, Arend et al., 2011). This increase in nutrient levels, especially nitrogen and 

phosphorous, can result in an increase in primary production. While photosynthesis 
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associated with primary production releases oxygen, phytoplankton respires at night, 

consuming oxygen which often leads to hypoxic conditions (Anttila et al., 2015). In 

addition, as phytoplankton die they further increase the nutrient load driving bacterial 

decomposition. With increased bacterial activity comes increased respiratory activity 

which further decreases the oxygen availability creating deficient (hypoxic) zones 

especially near the substrate (Baden et al., 1990; McBryan et al., 2013).  

Lake water temperature characteristics are a function of lake geometry, trophic state and 

climate conditions (Elo et al., 1998). Many lakes are subject to annual stratification 

cycles (Figure 2) due to warm air temperatures, resulting in warmer surface waters which 

mix independently of the cooler, deeper water (Vincent, 2009). Warmer surface 

temperatures in turn lead to an increase in primary productivity thus increasing the 

chance for hypoxic conditions, especially close to the substrate when there is limited 

mixing. These conditions typically occur in the hypolimnion layer of the lakes during the 

summer months for several reasons. Firstly, as the water temperatures increase, the water 

solubility of oxygen decreases. Secondly, the bacterial decomposition of organic matter 

in the ecosystem results in oxygen consumption (Tiedke et al., 2014). As temperatures 

increase, the metabolic activity of micro-organisms increases which further drives the 

cycle of increased oxygen demand (Arend et al., 2011).  

Animals live in complex environments. The mechanisms that organisms use to respond 

to fluctuating temperatures can interact with those that are activated in response to a 

change in dissolved oxygen (DO) to influence downstream physiological processes 

(Arend et al., 2011, McBryan et al., 2013).  At temperatures outside the optimal ranges, 

metabolic suppression must occur, or anaerobic pathways of energy metabolism must be 
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recruited to sustain life. The demand for oxygen is a critical factor which shapes the 

ability of animals to cope with changes in temperature (Pörtner 2001; Pörtner and Farrell 

2008; Pörtner and Lannig 2009; Pörtner 2010).  Hypoxia is expected to reduce thermal 

tolerance in species especially when the organisms are exposed to acute changes in 

temperature. The same can be said for when exposure to stressors is reversed. For 

example, exposure to hypoxia (0.8 mg/ L DO) significantly reduced the critical thermal 

maximum (CTMax) of the common killifish (Healy and Schulte., 2012). Significant 

reductions in CTMax were also observed for blackstripe topminnow (Fundulus notatus), 

red shiner (Notropis lutrensis) and bullhead minnow (Pimephales vigilax) when carried 

out under hypoxic conditions (1.2 mg/ L DO) (Rutledge and Beitinger, 1989). Further, 

McDonnell and Chapman (2015) showed that the African cichlid (Pseudocrenilabrus 

multicolor victoriae) had reduced hypoxia tolerance when acclimated for 3 days to 

temperatures near to its upper thermal limits. Multiple stressors can interact 

antagonistically, additively, or synergistically and exposure to one can greatly alter the 

tolerance in another. Furthermore, a stressor that does not induce a stress response alone 

could present a threat to the health of an organism when experienced in conjunction with 

other stressors (McBryan et al., 2013). Together these stressors can present substantial 

challenges to aquatic organisms including fish. As a result there is increased interest in 

patterns of physiological traits as research moves to focus on predicting the response of 

species to environmental change.  
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Figure 2:  Water mixing in a shallow lake Vs Thermal Stratification in a deeper, enclosed 

water body. Changes in density associated with temperature result in distinct layers with 

the colder, denser water sinking to the bottom. Adapted from E. Mose in E. Deevey, Oct. 

1951, Scientific American, pp70-71.  
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Experimental Rationale  

Many lakes are eutrophic often because of high nutrient loading, high solar input, or 

extended ice cover. When coupled with fluctuations in temperature associated with 

climate change, episodes of thermal and hypoxic stress are a cause for concern for the 

aquatic organisms that inhabit them. Early life stages of fish are particularly susceptible 

to environmental change and even brief exposures to thermal or hypoxic stress can have 

detrimental effects. The effect of these stressors on development has been examined in 

several species of fish, demonstrating that even acute exposure can result in delayed or 

abnormal development and decreased survival.  

To mitigate some of the damaging effects of stressor exposure, teleost fish can elicit a set 

of physiological, biochemical and molecular responses, known as the integrated stress 

response, that are designed to ensure re-establishment of homeostasis. Depending on the 

nature of the stressor, this stress response may be a generalised response that occurs at 

the level of the whole organism. Conversely, if cellular homeostasis is threatened the 

organism will elicit a cellular stress response. Understanding when these stress responses 

can be initiated during development will provide information on when and how 

developing fish can respond to changes in their environment. Lake whitefish are an 

interesting species to study the effects of environmental stressors on the stress responses 

during development due to their long developmental period.  

Research Objectives  

The over-arching theme of my thesis was to determine the impact of environmental 

stressors on the generalised and cellular stress responses in developing lake whitefish 
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and to understand how these responses differed based on developmental age and the 

type, duration and magnitude of the stressor exposure. The specific objectives were to:  

1. Investigate the impact of acute thermal stress on the embryonic heat shock 

response in early age lake whitefish.  

2.  Describe the development of the HPI-axis in embryos and larval lake whitefish 

and to understand when this axis could be activated, resulting in increased 

cortisol levels, in response to hypoxia.  

3.  Investigate the impact of hypoxia exposure on the Hif-1 mediated cellular 

response in early embryos and larval lake whitefish.  

4. Examine the thermal and hypoxic tolerance of young of the year lake whitefish 

juveniles and to assess the impact that exposure to thermal and/or hypoxia stress 

had on the cellular stress responses when experienced in isolation or in a multi-

stressor scenario.  

 

By understanding how lake whitefish respond to changes in the environment during 

embryogenesis and the first year of life, it will be possible to provide more accurate 

predictions on how populations will respond to changes in the future, which will aid in 

finding more relevant solutions for fisheries management in the face of environmental 

change.  
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CHAPTER TWO 

DEVELOPMENT OF THE EMBRYONIC HEAT SHOCK RESPONSE AND THE 

IMACT OF REPEATED THERMAL STRESS IN EARLY STAGE LAKE 

WHITEFISH EMBRYOS. 

 

Modified from: Whitehouse, L.M., McDougall, C.S., Stefanovic, D.I., Boreham, D.R., 

Somers, C.M., Wilson, J.Y., Manzon, R.G., 2017. Development of the embryonic 

heat shock response and the impact of repeated thermal stress in early stage lake 

whitefish embryos. J. Therm. Biol. 69, 0–1.  
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 Introduction 

Elevated temperature is a key environmental stressor that can affect the geographic 

distribution of fish populations and have direct or indirect impacts on community 

structure, life history traits, behaviour, and reproduction (Jeppesen et al., 2010). 

Freshwater fish are particularly vulnerable to elevated temperatures as the network 

structure of drainage basins can result in limited dispersal ability (Buisson et al., 2008). 

Localised increases in water temperatures are already occurring through the industrial 

use of once-through cooling (Madden et al., 2013). Thermal plumes produced by 

industrial cooling water discharges can result in fluctuating thermal regimes that can 

increase water temperature variability. When coupled with climate change, thermal 

effluents are predicted to result in local increases in water temperature of the impacted 

lakes, streams, and rivers by as much as 8 to 15°C (Langford, 2001), which can have a 

large impact on cool- and cold-water fish species.  

One protective mechanism to short-term thermal stress (TS) that has been extensively 

studied is the heat shock response (HSR). The HSR is an important cellular response 

mechanism that involves the upregulation of heat shock proteins (Hsps) in response to 

numerous biotic and abiotic factors (reviewed in Iwama, 1998). Previous studies have 

shown that this response is a ubiquitous, essential defence mechanism that occurs in all 

organisms examined from bacteria to humans (Feder and Hoffman, 1999; Lindquist and 

Craig, 1988; Morimoto, 1998). Hsps can also be expressed constitutively and have roles 

in normal cellular function. In fish, these constitutive forms are involved in various 

aspects of protein synthesis and function (Burdon, 1986; Hartl, 1996) as well as 

processes associated with development, including embryogenesis (Etard et al., 2007, 
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2008; Krone et al., 1997; Lele et al., 1997). In zebrafish (Danio rerio), one of the most 

extensively studied fish species, Hsp70 has been shown to function in lens development 

(Blechinger et al., 2002; Evans et al., 2005); Hsp90 family members aid in myogenesis 

(Sass et al., 1996) and the low molecular weight Hsp47 acts as a collagen chaperone and 

is a component of the type II collagen processing machinery (Lele and Krone, 1997). In 

addition, inducible Hsps are typically either absent or present at very low basal levels 

under non-stressful conditions, but their levels increase in response to a variety of 

stressors (Iwama et al., 1998). Hsps have numerous roles in stressed cells including 

facilitating the folding and assembly of nascent proteins, preventing protein aggregation, 

refolding denatured proteins, assisting in membrane translocation of transmembrane and 

secretory proteins, and regulating signal transduction (Basu et al., 2002; Garrido et al., 

2001; Heise et al., 2006). Hsps also play a role in modulating other stress responses such 

as the glucocorticoid axis and programmed cell death pathways (Arya et al., 2007; 

Mosser et al., 2000). The expression of inducible Hsps has been implicated in the ability 

of fish to develop thermal tolerance and in long-term adaptation, although their roles 

tend to be variable and the mechanism for their involvement is unclear (Currie et al., 

2000; Fangue et al., 2006). Although numerous studies have looked at the role of the 

HSR in protecting juvenile and adult fishes from thermal and other stressors, fewer 

studies have focused on the effects of TS on developing embryos.   

The embryonic period is a sensitive life stage, especially in cool-water species where the 

developmental period is long, and embryos are unable to behaviourally escape their 

environment. Elevated temperatures can impact the rate and timing of embryonic 

development, especially at certain developmental time points (i.e., critical windows; Eme 
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et al., 2015; Mueller et al., 2015), which can result in increased abnormalities and 

mortality.  Moreover, cellular stress responses that alter hsp expression could interfere 

with the established role of Hsps in development. Previous studies on the effects of 

elevated temperature during embryogenesis have observed faster development with 

smaller fry at hatch and increased abnormalities and mortality when the temperature 

exceeds suboptimal levels (Lahnsteiner et al., 2012; Ojanguren and Brana, 2003; 

Prokesŏvá et al., 2015). The embryonic HSR has been studied in some species of fish 

including medaka (Oryzias latipes; Werner et al., 2001), Atlantic cod (Gadus morhua; 

Takle et al., 2005), Atlantic salmon (Salmo salar; Skjaerven et al., 2011), green sturgeon 

(Acipenser medirostris; Werner et al., 2006) and lake whitefish (Coregonus 

clupeaformis) (Sessions, 2015; Stefanovic et al., 2016). All species were able to elicit a 

HSR during development, but the stage at which this was observed, temperature of 

induction and the nature of the response was species-specific. Atlantic cod could induce 

hsp expression in response to TS throughout early development from the early blastula to 

late gastrula stages of embryogenesis (Skjaerven et al., 2011). In Atlantic salmon, the 

HSR was not consistent. A 2-fold increase in hsp70 mRNA levels was observed in 

embryos sampled immediately following a 1 hour, +8°C TS at the gastrula and 15th 

somite stages, but at other time points the response was either delayed or smaller in 

magnitude, with the exception of the 1st and 20th somite stage where exposure to TS did 

not induce hsp70 (Takle et al., 2005). Medaka did not induce the expression of hsps until 

gastrulation was completed (Werner et al., 2001). Lake whitefish have been shown to be 

able to initiate a HSR during embryogenesis, which could be attenuated when subjected 
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to repeated TS events, although lake whitefish studies to date have only focused on the 

latter part of development (Sessions, 2015; Stefanovic et al., 2016).  

Lake whitefish are a cool-water salmonid endemic to North America that are widely 

distributed from western Alaska, USA to eastern Labrador in Canada, and are found in 

areas predicted to be impacted by thermal plumes from power generating plants 

(Bernatchez and Dodson, 1990). Spawning of this species occurs from the late autumn to 

early winter in near shore areas (Freeberg et al., 1990; Hart, 1931). Embryos develop in 

the rocky shoals over a 3 to 4 month period at temperatures between 0.5 and 2°C, and 

hatch in the spring when temperatures increase (Brooke, 1975; Hart, 1931). Previous 

research from our group has focused on the kinetics of the HSR and the effect of 

repeated TS on late stage embryos (Sessions, 2015; Stefanovic et al., 2016). Lake 

whitefish embryos can elicit a response to a +3, +6 and + 9°C TS at 102 dpf, but only 

hsp70 mRNA levels were consistently elevated at this stage.  However, increases in 

hsp90α were observed at 64 dpf in embryos exposed to +15 and 18°C TS for 1 hour 

(Sessions, 2015), showing that hsp70 is not the only inducible hsp in lake whitefish 

embryos. The magnitude of the HSR could be attenuated by repeated TS events, 

suggesting that the HSR in late stage embryos exhibits some degree of plasticity 

(Sessions, 2015).  

Our study focuses on understanding the development of the HSR and the effect of 

repeated TS on the induction of the HSR in early stage lake whitefish embryos. Lake 

whitefish may be particularly sensitive to TS during these early developmental time 

points as the body plan is laid out and organogenesis is occurring. I hypothesise that: (a) 

lake whitefish will be able to initiate a HSR, as measured by an increase in hsp mRNA, 

http://www.sciencedirect.com/science/article/pii/S1095643315003074#bb0085


28 
 

when exposed to thermal stress during embryogenesis but the nature of this HSR may 

differ depending on embryonic age and (b) lake whitefish embryos exposed to repeated 

thermal stress will have an altered HSR, such that hsp mRNA levels will not be up-

regulated when sampled following a TS exposure.   

The results from this study will provide information on the capacity of lake whitefish to 

respond to TS at various points early in embryogenesis and what effect, if any, repeated 

TS has on this response. 

Materials and Methods 

Development of the Heat Shock Response (HSR)  

Embryo Collection and Rearing 

Adult lake whitefish were collected during spawning, using bottom-set gill nets, at 

Jackfish Lake, Saskatchewan (53.1428° N, 108.4908° W) in November 2014. 5 females 

and 20 males in full breeding condition were stripped of their eggs and milt. All eggs 

were pooled and fertilised from a pool of milt, water hardened and transported back to 

the University of Regina Aquatic Facility in 1 L jars. Embryos were held at 3 to 4°C in 2 

L mini upwelling bell jars (Aquatic Eco-Systems Inc., Apopka, FL, USA) with a 

constant water flow to ensure embryos were gently rolling and aerated. Embryos were 

incubated using dechlorinated city water in a closed 500 L circulating system, water was 

continually filtered, fresh water changes (25%) were performed weekly, and dead 

embryos were removed daily.  
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Experimental Design 

Embryos at 21, 38, 60, and 70 dpf were exposed to various thermal stress temperatures. 

The developmental time points were selected to correspond to key developmental events 

including the end of gastrulation/brain development (21 dpf), development of the heart 

and erythrocytes (38 dpf), development of full body circulation (60 dpf), and earliest 

fully-formed embryo before hatching (70 dpf) (Sreetharan et al., 2015). At each 

developmental time point embryos were exposed to a TS treatment that was +6, 9, or 

12°C above their 4°C incubation temperature for 2 h followed by a 2 h recovery period. 

TS was administered by transferring embryos to 400 mL beakers that contained water at 

the desired TS temperatures.  TS temperatures were chosen to mimic the highest 

potential acute HS, and beyond, that could occur within an industrial thermal plume 

(Thome et al., 2016).  Beakers were submerged in water baths to maintain a constant 

temperature. On completion of the TS, embryos were transferred to 4°C water for the 2 h 

recovery period before sampling. Previous research with lake whitefish embryos has 

shown that this 2 h recovery period is important to ensure sufficient time to detect the 

upregulated hsp mRNAs in embryos incubated at these low temperatures (Stefanovic et 

al., 2016).  Samples were snap frozen in liquid nitrogen and stored at -86°C until 

processing. Control embryos were handled as per TS embryos, but without exposure to a 

temperature change.  
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Repeated Thermal Stress Throughout Embryogenesis 

Embryo Collection and Rearing 

Adult lake whitefish were caught near Fishing Islands of Lake Huron adjacent to South 

Bruce Peninsula, Ontario, Canada (44°42′37.74′′N 81°18′38.94′′W) using bottom-set gill 

nets in November 2012. 18 females and 27 males were stripped of their eggs and milt. In 

vitro-fertilisation and husbandry procedures were the same as previously described. 

Embryos were transferred to the University of Regina Aquatic Facility in 1 L 

polypropylene jars on ice via same day cargo. Difficult weather conditions did not permit 

conducting these two studies on gametes collected from the same lake.   

Experimental Design 

Exposure to repeated TS began during gastrulation at 15 dpf. Embryos were subjected to 

one of three treatments throughout development: Control (no repeated TS; control 

temperature of 3°C), a +6°C TS for 1 h every six days, or a +9°C TS for 1 h every six 

days until 75 dpf.  Repeated TS was administered by transferring the bell jars from the 

3°C system to a system at the appropriate TS temperature for 1 h, after which the bell 

jars were returned to the 3°C circulating system. Fifty embryos were sampled following 

TS every 12 days at 15, 27, 39, 51, 63 and 75 dpf and thus received 1, 3, 5, 7, 9 and 11 

TS exposures, respectively. Embryos were sampled following a 2 h post-repeated TS 

recovery period and snap frozen in liquid nitrogen. Samples were stored at -86°C until 

they could be processed. Control embryos were handled as per TS embryos, but without 

exposure to a temperature change.  It should be noted that the +9°C treatment did not 
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receive a HS at 21 dpf due to human error; thus, this treatment received a total of 10 TS 

exposures.  

Reverse Transcription Quantitative Real-Time PCR Analysis (RT-qPCR) of hsp Gene 

Expression 

Total RNA was isolated from a pool of 5-8 embryos per replicate; 7 replicates was used 

in the development of the HSR experiment and 5 replicates in the repeated TS 

experiment. RNA was isolated using TRIzol® Reagent (Invitrogen Life Technologies, 

Burlington, ON, Canada) following the manufacturer’s protocol, re-suspended in 

RNase/DNase-free water, and stored at -86°C. RNA concentration was determined using 

spectrophotometry, and RNA quality and purity were confirmed with 1% agarose gel 

electrophoresis and spectrophotometric analysis (A260/280nm ratio), respectively. Total 

RNA (1 µg) was reverse transcribed into first strand cDNA using a QuantiTect ® 

Reverse Transcription kit (Qiagen Mississauga, ON, Canada) according to the 

manufacturer’s protocol. Hsp mRNA levels were measured using quantitative real-time 

PCR (qPCR) and a CFX Connect Real-Time Detection System (Bio-Rad, Mississauga, 

ON, CanadaGene). qPCR reactions were performed using 0.5 μl cDNA, 500 nmol of 

each primer (Table 1) and 2X SsoAdvanced™ SYBR® Green Supermix (Bio-Rad 

Mississauga, ON, Canada) to a total volume of 20 μl under the following conditions: 1 

cycle of 95°C for 30 s, 40 cycles of 95°C for 5 s, 60-65°C for 30 s. “No template” 

controls were included in all runs and melt curve analysis was performed to confirm the 

presence of a single amplicon. Specific primers for hsp70, hsc70, hsp90α, hsp90β, 

hsp47, gapdh and β-actin were designed as previously described using cDNA sequences 
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available in Genbank (Table 1; Stefanovic et al., 2016). Standard curves were produced 

for each primer pair using a pool of heat shocked and control samples. Gapdh primers 

were designed to be located on either side of a 270 nt intron, thus when coupled with 

melt curve analysis the absence of a second peak with a higher melt temperature, 

confirmed that the amplification measured in our cDNA samples was exclusively a result 

of cDNA and not influenced by any genomic DNA contamination and further indicates 

that our samples were free of genomic DNA contamination.  
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Table 1: RT qPCR amplification efficiencies for quantified genes in lake whitefish in 

response to thermal stress.  

Gene Sequence (5′ – 3′) 
Annealing 

Temperature 

Amplification 

Efficiency 

(development) 

Amplification 

Efficiency 

(repeated 

TS)* 

hsp90α 

F: AGT CGT GGG GAA AGG ATT GT 

R: TGA ATA AGG TTG AAA GCA GCA 

GA 

65°C 95.4% 94.5% 

hsp90β 
F: CCT TTC TAT TTT CCT GCG TC 

R: TTG TTC CGT TGA CTT CTC TT 
60°C 99% 100% 

hsp70 
F: TCA TTA CAG TCC CCG CCT AC 

R: TCA CCT CAA AGA TCC CAT CC 
65°C 94.3% 97.1% 

hsc70 
F: CCT GTC CTC CAG CAC CCA AG 

R: AGC CTC CGA CCA GAA CGA TG 
60°C 97.3% 95.7% 

hsp47 
F: ATG GGC AAG ATG GAG AG 

R: TCA GAC CAA GTT CAC CAA GAG 
60°C 96.5% 97.5% 

gapdh 

F: CCG TCC GTC TGG AGA AGG C 

R: GAA GTG GTC GTT CAG AGC AAT 

G 

60°C 100.1% 95.9% 

β-actin 
F: GTG GCG CTG GAC TTT GAG CA 

R: ACC GAG GAA GGA GGG CTG GA 
65°C 101% 97% 

 

* Amplification efficiencies for the development and repeated TS experiments are 

different as the RT-qPCRs were performed by different people. 
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Statistical Analysis 

The analysis of the qPCR data was performed in R studio version 0.98.977 (RStudio 

Team, 2015) using the MCMC.qpcr package (Matz et al., 2013). This package 

implements a Poisson-lognormal generalised mixed model to a complete set of qPCR 

measurements (corrected for amplification efficiency) using a Markov Chain Monte 

Carlo (MCMC) procedure, which allows for the inclusion of reference genes (gapdh and 

β-actin) as priors. This procedure infers the expression changes for all genes from the 

joint posterior distribution of parameters. Analysis of hsp mRNA levels for the 

development of the HSR and repeated TS experiments were carried out independently.  

For each experiment the effects of TS were modeled with TS temperature groups 

(control, 6, 9 and 12°C, or control, 6 and 9°C for the development of the HSR and 

repeated TS experiments, respectively) and dpf as fixed factors. This package allows for 

the analysis of data with or without reference genes, allowing us to analyze data without 

making assumptions concerning target stability. The reference genes (Gapdh and β-

actin) were analyzed in our study and were not stable throughout embryogenesis, 

however they were added as priors to the model function to account for variations in 

cDNA and were allowed 1.2-fold changes (Matz et al., 2013). The results of the model 

did not vary significantly between run with or without the priors.  Posterior means and 

the 95% credible intervals from the controls and the various TS treatments were plotted 

as log2 abundance.  The 95% credible intervals are the Bayesian analog to 95% 

confidence intervals used in frequentist methods and are included to show the extent of 

variability in the posterior distribution. Differences between TS groups and/or 

developmental ages were considered sufficiently large enough to be biologically relevant 
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if there was no overlap between the 95% credible intervals.  Hereafter, unless otherwise 

stated, I discuss only those differences with non-overlapping credible intervals.  Hsp 

levels of TS embryos within a developmental age which differed from control and were 

deemed biologically relevant are indicated on the plots using the Arabic numeral 

corresponding to their TS temperature.  

Results  

Development of the Heat Shock Response 

All embryos examined responded to TS with an increase in hsp70 mRNA (Fig. 3A).  

However, the response varied with embryonic age and TS temperature.  At 21 and 60 dpf 

only the +12 °C TS increased whole embryo hsp70 mRNA levels, whereas at 38 and 70 

dpf, exposure to a +9 and +12 °C TS resulted in higher hsp70 mRNA levels compared to 

the control and +6°C TS groups.  Collectively, embryos either developed responsiveness, 

or became more responsive to our moderate (i.e., +9°C) TS between 21 and 38 dpf. No 

significant differences in hsp70 mRNA levels were observed between the control and +6 

°C groups (Fig. 3A).   

Between 21 and 70 dpf, hsp47 (Fig. 3B) and hsp90 (Fig. 3C) were regulated differently 

from each other and hsp70.  Hsp47 mRNA levels increased gradually in the control and 

TS embryos and were higher at 60 and 70 dpf compared to 21 dpf. In response to TS, an 

increase in hsp47 mRNA levels was observed in +12°C TS embryos at 21 dpf relative to 

controls. Small elevations relative to controls were also observed at other ages, however; 

in these instances, there was more variability with overlapping credible intervals. 

Elevations had dissipated by 70 dpf (Fig. 3B). In control embryos, hsp90α mRNA levels 
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increased slightly from 21 to 38 dpf and then decreased substantially, such that by 70 dpf 

they were significantly lower than all earlier ages examined (Fig. 3C). In contrast, hsp90 

levels in all TS embryos decreased between 21 and 38 dpf and remained low for the +6, 

and +9 °C TS groups (Fig. 3C).  In the case of the + 12 °C TS group, following their 

initial decrease at 38 dpf, hsp90 mRNA levels increased between 38 and 70 dpf, so that 

by 70 dpf they were higher than controls (Fig. 3C).  Overall the mRNA levels of the 

constitutive hsps, hsc70 (Fig. 3D) and hsp90β (Fig. 3E), were expressed at higher levels 

than the inducible genes and increased slightly and gradually over the course of 

development. Interestingly, there appeared to be a sharp increase and peak in hsp90β 

mRNA levels in control embryos at 38 dpf, but not in those exposed to any of the three 

TS temperatures (Fig. 3E). 
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Figure 3: Hsp70 (A), hsp47 (B), hsp90α (C), hsc70 (D) and hsp90β (E) mRNA levels 

(log2 abundance arbitrary units) for lake whitefish embryos following a thermal stress 

(TS) of + 6, + 9 or + 12°C above the control temperature of 4°C for 2 h. Following TS 

embryos were returned to control temperatures for a 2 h recovery period prior to 

sampling.  Data were modeled using a Poisson-lognormal generalised mixed model fitted 

with a Bayesian Markov Chain Monte Carlo model as part of the ‘MCMC.qpcr’ package 

and β-actin and gapdh as priors.  Data represent the posterior means ± 95% credible 

intervals.  Differences between treatment groups were accepted as statistically significant 

if the 95% credible intervals were non-overlapping.  Data points labelled with a 6, 9 or 

12 indicate that the + 6, + 9, or + 12°C TS treatment group is significantly different from 

the control group.  
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Repeated TS Throughout Embryogenesis 

mRNA levels of inducible hsps in embryos exposed to repeated TS every 6 days (27 – 75 

dpf) were observed to be similar to or lower than controls in most instances, with the 

exception of an increase in hsp47 at 75 dpf in the + 6°C group (Fig. 4B). Increases in 

hsp70 and hsp90α in 15 dpf embryos in the + 9°C group were observed following the 

first TS event (Figs. 4A and C).  Subsequent to the first TS, the decrease in expression 

with repeated TS was most notable with hsp47 where mRNA levels in both TS groups 

were lower than control embryos at 39, 51, and 63 dpf (Fig. 4B).  Similar decreases in 

hsp70 and 90 mRNA levels were observed in embryos at 39 dpf, and 27 and 39 dpf, 

respectively (Figs. 4A and C). Repeated TS did not impact hsc70 mRNA levels (Fig. 

4D), however, mRNA levels of hsp90 for TS groups were generally lower than controls 

between 27 and 51 dpf, before increasing to control levels by 63 dpf (Fig. 4E).   

Hsp mRNA levels varied with developmental age even in the absence of repeated TS. 

Hsp70 (Fig. 4A) and hsp90 (Fig. 4C) mRNA levels in control embryos increased from 

15 to 39 dpf and then decreased. With the exception of the spike in hsp70 at 39 dpf, these 

findings are consistent with those of the ontogeny experiment (Figs. 4A and C).  In the 

case of hsp47 (Fig. 4B), elevated mRNA levels were observed between 39 and 63 dpf 

followed by a pronounced decrease between 63 and 75 dpf. The most marked change in 

hsc70 expression was a decrease at 75 dpf (Fig. 4D), while hsp90β mRNA levels 

increased between 15 and 27 dpf before decreasing gradually in the subsequent time 

points (Fig. 4E).  
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Figure 4: Hsp70 (A), hsp47 (B), hsp90α (C), hsc70 (D) and hsp90β (E) mRNA levels 

(log2 abundance arbitrary units) for lake whitefish embryos. Embryos were exposed to a 

regime of 1 TS for 1 h every 6 days from 15 dpf to 75 dpf and sampled every 12 days, 

following a 2-hour recovery, throughout.  TS were administered every 6 days at either + 

6 or + 9°C above the control temperature of 3°C. Following TS embryos were returned 

to control temperatures for a 2-h recovery period prior to sampling.  Data were modeled 

using a Poisson-lognormal generalised mixed model fitted with a Bayesian Markov 

Chain Monte Carlo model as part of the ‘MCMC.qpcr’ package and β-

actin and gapdh as priors.  Data represent the posterior means ± 95% credible 

intervals.  Differences between treatment groups were accepted as biologically 

significant if the 95% credible intervals were non-overlapping. Data points labelled with 

a 6 or 9 indicate that the + 6 or + 9°C TS temperature group is significantly different 

from the control group.  
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Discussion 

These results demonstrate that lake whitefish embryos can elicit a HSR as early as 15 dpf 

and retain this ability at all subsequent time points studied. When coupled with other 

data from our group (Stefanovic et al., 2016), I show that the HSR, especially hsp70, is 

conserved across at least 3 lake whitefish populations (Jackfish and Blackstrap Lakes, 

SK, and Lake Huron, ON) and varies with developmental age. Collectively the data 

presented herein show that lake whitefish embryos can induce multiple hsps in response 

to TS during development and their HSR may be either attenuated or supressed by 

exposure to multiple TS events; thus, indicating plasticity. There is limited information 

available on the HSR in early embryogenesis and the developmental time point at which 

a HSR can be induced is species-specific (Krone et al., 1997; Skjaerven et al., 2011; 

Werner et al., 2001). The data from these two experiments show that early stage lake 

whitefish embryos can respond to TS with a HSR and that the HSR can be altered by 

exposure to repeated TS.  

Hsp70 was inducible at all developmental stages studied and our data demonstrates that 

the magnitude of the response varies with stressor intensity. I show that early stage lake 

whitefish embryos induce the expression of hsp70 only in response to TS temperatures 

of + 9 and + 12°C. In 15 dpf embryos, hsp70 expression was induced following the first 

+ 9 °C but not the first + 6 °C TS.  These findings are in contrast to 102 dpf embryos, 

which increased their hsp70 mRNA levels following a TS of + 6 °C and in one instance 

as low as + 3 °C (Stefanovic et al., 2016).  Thus, it appears that either sensitivity to TS, 

the ability to mount a HSR, or both change throughout lake whitefish embryogenesis. 

This differs from other species where increased sensitivity to TS, as measured through 
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hsp mRNA levels, occurs earlier, rather than later in development. When exposed to a 

TS of + 4ºC for 2.5 and 5 hours, Atlantic cod (Gadus morhua) was able to upregulate 

hsp70 at the early blastula, late blastula, and early gastrula (50% epiboly) stages and 

hsp90α at the late blastula, early gastrula and late gastrula (90% epiboly) stages, but no 

induction was observed at later developmental stages up to and including hatching 

(Skjaerven et al., 2011).  Zebrafish embryos from the gastrula stage through to post-

somitogenesis were shown to increase mRNA levels of hsp70, hsp90α and hsp47 when 

exposed to a 1-hour TS of either + 6.5°C or + 9.5°C (Krone et al., 1997).  A lack of a 

HSR following a + 6°C TS in these lake whitefish embryos (15 to 75 dpf) could indicate 

that the duration of the TS was not sufficient to trigger a HSR, suggesting that they are 

more resistant to heat damage at the cellular level than 102 dpf embryos (Stefanovic et 

al., 2016). Thus, an increase in hsp expression may not be necessary and fluctuations in 

environmental temperatures of these magnitudes would be less cause for concern. 

Conversely, the fact that the mild stressors may not be triggering a response at early 

developmental stages suggests that cells may be more sensitive to damage as they do not 

have a protective mechanism; this could cause detrimental effects in later development 

and should be further investigated.  Finally, it is conceivable that due to the low 

temperatures at which these embryos develop (0.5 - 2°C) both the rate of cellular damage 

and the induction of the HSR is substantially slower and has gone undetected in the 4 h 

window of the current study. Increases in hsp70 mRNA levels were observed in lake 

whitefish embryos 16 - 48 h after a 2 h TS of either + 3 or + 6 °C (Stefanovic et al., 

2016).   
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The induction of a HSR in the gastrula stage (15-21 dpf) of embryonic lake whitefish 

suggests a level of protection against TS in very early development. This ability is not 

unique to lake whitefish; it is also common for many species including fruit flies 

(Drosophila melanogaster; Bergh and Arking, 1984); African clawed frogs (Xenopus 

laevis; Heikkila et al., 1985) and a number of fish species such as Atlantic salmon 

(Salmo salar), Atlantic cod (G. morhua) and zebrafish (D. rerio). Atlantic salmon at the 

gastrula stage were able to increase hsp70 mRNA after a 1 h, + 8°C TS with levels 

remaining elevated for at least 24 hours post-TS (Takle et al., 2005). Similarly, gastrula 

stage zebrafish embryos could initiate a HSR, increasing hsp70, hsp90 and hsp47 mRNA 

levels in response to a 1 h TS that was + 9.5°C greater than control temperatures (Krone 

et al., 1997). Elevated temperatures have been shown to induce developmental 

malformations, particularly during the early embryonic period, around gastrulation 

(Werner et al., 2001). Results from several studies indicate that hsp70 protects against 

temperature-induced deformities during embryogenesis (Wargelius et al., 2005). 

Gastrula stage medaka (Oryzias latipes) embryos exposed to a + 15°C TS for 30 minutes 

did not upregulate any hsps, and 80% of these embryos either died or had morphological 

defects (Werner et al., 2001). In contrast, exposure of neurula stage embryos to the same 

TS regime resulted in an upregulation of hsp70 and 100% normal development, 

suggesting that hsp70 has a protective role (Werner et al., 2001). These results indicate 

that lake whitefish embryos would be able to respond to acute temperature fluctuations 

like those caused by anthropogenic activity by increasing hsp70 mRNA levels. When 

coupled with data from other species it is conceivable that this induction of hsp70 could 

result in reduced abnormalities and mortality in lake whitefish.  
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Hsp90α and hsp90β either did not change or were downregulated relative to controls in 

response to repeated TS. This is in contrast to the observed hsp70 upregulation and is 

somewhat surprising given that hsp90α is typically inducible.  The roles of hsp90α and 

hsp90β in development have not been widely studied, but in Drosophila, zebrafish and 

sea bream (Sparus sarba), both hsp90 isoforms have been shown to have roles in early 

embryonic development and growth promotion, with emphasis on their roles in 

myogenesis and the corticosteroid receptor complex (Deane and Woo, 2002; Etard et al., 

2007, 2008; Lele et al., 1999; Rutherford and Lindquist, 1998). As in other species, 

hsp90β was expressed constitutively in control lake whitefish embryos and its expression 

tended to change with development, while hsp90α levels were elevated in early 

development before significantly decreasing in the later stages of development.  The 

observed downregulation of hsp90α and hsp90β at 38 dpf and hsp90α at 60 dpf in 

response to TS in both of the experiments could adversely affect lake whitefish if they 

have a critical role in development and there is no redundancy in their function. To the 

best of my knowledge this is the first report of TS downregulating hsp90.  In both 

zebrafish and Atlantic cod, hsp90α is expressed constitutively at low levels during 

development and is significantly upregulated in response to TS. In Atlantic cod this 

increase in hsp90α mRNA levels in response to TS was found from the late blastula 

stage through to the end of gastrulation, whereas zebrafish demonstrated an increase in 

hsp90α in response to TS at all ages studied from gastrulation through to post-

somitogenesis (Connolly and Hall, 2008; Krone et al., 1997; Skjaerven et al., 2011). 

Hsp90β is similarly expressed but only shows moderate increases in response to TS 

(Krone et al., 1997). The importance of both Hsp90 proteins at these stages of 
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development is supported by their patterns of gene expression in control embryos, 

further suggesting that the downregulation of mRNA in the face of TS could impact 

normal development. Inhibition of hsp90α at key developmental stages in zebrafish and 

Drosophila decreased developmental stability and resulted in multiple abnormalities 

including either the deformation or absence of eyes in both species (Rutherford and 

Lindquist,1998; Yeyati et al., 2007). For the most part, lake whitefish embryogenesis 

occurs at very stable temperatures and embryos would only be subjected to thermal 

fluctuations during short periods just after fertilisation and prior to hatching. This would 

reduce the need for a developed HSR, as is the case with several Antarctic fish species 

including Trematomus bernacchii and Pagothenia borchgrevinki (Hofmann et al., 

2000). These fish do not upregulate hsps in response to TS, but instead express hsp70 

constitutively at high basal levels. If the HSR in lake whitefish embryos is not fully 

developed, it is possible that the induction of hsp70 observed in response to TS could 

either cause or be the result of the downregulation of hsp90 which may be detrimental 

and warrants further investigation.  

Embryos exposed to repeated TS altered the expression of all three inducible hsps at 

various points during development. Hsp90α was downregulated in a similar manner in 

both experiments, demonstrating that repeated TS had little effect on its expression. 

Hsp47 expression was downregulated at 39, 51 and 63 dpf in response to repeated TS; 

this differs from results found in zebrafish, where continual TS increased hsp47 mRNA 

(Lele et al., 1997). Hsp47 has a role in collagen biosynthesis and its downregulation 

could result in abnormal development and potentially higher levels of mortality.  The 

knockout of hsp47 in mice resulted in increased mortality as a consequence of growth 
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retardation and deficient fibril formation (Nagai et al., 2000). However, in these mice 

hsp47 was completely lacking, whereas TS lake whitefish embryos are still expressing 

hsp47, albeit at lower levels than controls. Most notably, at 39 dpf all inducible hsps 

were downregulated.  This was the only incident of the downregulation of hsp70, 

suggesting that 39 dpf could be a critical window in the development of lake whitefish 

embryos. A number of studies have looked at the importance of the induction of hsp70 in 

order to avoid temperature-induced deformities during embryonic development (Luft and 

Dix, 1999; Mirkes, 1997). Werner et al. (2001) demonstrated that a decrease in hsp70 

expression in response to TS in early embryonic medaka resulted in only 20% of the 

embryos developing normally.  Previous work in our group has reported that temperature 

shifts post-gastrulation (by 39 dpf) resulted in decreased survival during hatching 

(Mueller et al., 2015). Thus, it is possible that this reduction in survival is due to damage 

caused by increasing temperatures at a critical time when there is either a lack of or a 

reduced HSR. 

This study showed an increased tendency for repeated TS to suppress or attenuate the 

HSR as development progressed beyond the early stages (i.e. 27 dpf) with the increased 

number of TS event. This result was unexpected and in contrast to the findings from the 

HSR development experiment where the magnitude of induction increased with 

increasing developmental age. A previous study also showed that lake whitefish at 102 

dpf were able to induce a HSR in response to a 1 h, + 9°C TS event and these elevated 

hsp mRNA levels persisted for at least 48 h post-TS (Stefanovic et al., 2016). Thus, lake 

whitefish embryos receiving repeated TS appear to have increased their threshold 

induction temperature, suggesting that their HSR is plastic. Thermal history has been 
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shown to influence the thermal tolerance of numerous species including zebrafish (D. 

rerio; Schaefer and Ryan, 2006); goby (Gillichthys mirabilis; Buckley and Hoffman, 

2002) and the common killifish (Fundulus heteroclitus; Fangue et al., 2006). Zebrafish 

reared at higher than normal temperatures from fertilisation to adulthood have a higher 

thermal tolerance than those reared at control levels (Schaefer and Ryan, 2006). Thermal 

acclimation temperature has also been shown to alter hsp expression. Dietz and Somero 

(1993) showed that summer-acclimatised gobies (genus Gillichthys) had a 4°C higher 

threshold induction temperature for Hsp90 protein synthesis than winter-acclimatised 

fish. Summer-acclimatised fish also had significantly higher levels of brain Hsp90, 

suggesting that a pool of Hsps was readily available which contributed to an increased 

threshold induction temperature.  Data from our research group indicates that exposure 

to repeated TS throughout embryogenesis results in an altered HSR in embryos and post-

hatch fry with the response tending to be attenuated or amplified in embryos and fry, 

respectively (Manzon, unpublished). One possible explanation for the apparent lack of 

hsp induction in lake whitefish embryos receiving repeated TS in the present study could 

be an increased pool of Hsps. Collectively, these data suggest that both the magnitude 

and frequency of the repeated TS during embryogenesis can affect the HSR during the 

embryonic period and beyond.   

Conclusion 

This study demonstrates that lake whitefish are able to initiate a HSR throughout 

embryogenesis and that this HSR can be attenuated or suppressed by repeated TS. I show 

for the first time that lake whitefish embryos can upregulate multiple hsps in response to 

TS and that this induction is influenced by the severity of the TS experienced. An 
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attenuated or supressed HSR in response to repeated TS exposure suggests that lake 

whitefish embryos have the ability to increase their threshold induction temperature.  

Together these studies demonstrate plasticity in the HSR and show that it can be 

influenced by the developmental environment experienced. I also show, for the first 

time, a suppression in hsp mRNA levels in response to TS at specific life stages, 

suggesting that these are critical windows in development and further work should focus 

on the effects of TS on embryonic development.  
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CHAPTER THREE 

HYPOXIA ALTERS THE EXPRESSION OF HIF-1α mRNA AND ACTIVATES 

THE CELLULAR RESPONSE TO HYPOXIA IN EMBRYONIC AND LARVAL 

LAKE WHITEFISH (COREGONUS CLUPEAFORMIS). 

 

Modified from: Whitehouse, LM. and Manzon, RG. 2018. Hypoxia alters the expression 

of hif-1α mRNA and activates the cellular response to hypoxia in embryonic and larval 

lake whitefish (Coregonus clupeaformis). (In prep).  
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Introduction 

Hypoxia is a common abiotic stressor in freshwater habitats due to natural oscillations in 

oxygen (O2) concentrations which are expected to be exacerbated due to increases in 

water temperature and anthropogenic pollutants (Jean-Phillipe et al., 2015). Fish react to 

changes in O2 levels by invoking various biochemical, physiological, and behavioural 

adaptations that enable them to survive in the presence of low oxygen levels. Many of 

the observed responses have been associated with changes in the gene expression and 

activity of the family of hypoxia inducible transcription factors (Koblitz et al., 2015). 

Several hypoxia inducible factors (Hifs) have been identified in fish and are considered 

the master regulators of the transcription of genes involved in both the cellular and 

systemic responses to hypoxia (Soitamo et al., 2001; Powell and Hahn., 2002; Law et al., 

2006; Rahman and Thomas., 2007). The main hypoxia inducible factor is thought to be 

Hif-1, which is conserved across all organisms studied from Caenorhabditis elegans to 

humans (Hu et al., 2003). It is a heterodimeric complex made up of constitutively 

expressed and abundant Hif-1β (Huang et al., 1996) and oxygen sensitive Hif-1α. When 

oxygen levels are normal, Hif-1α is hydroxylated via proline hydroxylase and is 

ubiquinated by the von-hippel lindau tumour suppressor and is subsequently targeted for 

proteosomal degradation. Hypoxia inhibits hydroxylation and the degradation of Hif-1, 

allowing it to accumulate and dimerise with Hif-1β, translocate to the nucleus, and bind 

to DNA, upregulating the expression of Hif-1 responsive genes (Kajimura et al., 2005). 

Target genes include: vascular endothelial growth factor (vegf) involved in 

angiogenesis, erythropoietin which promotes red blood cell differentiation (Semeza, 

1999), insulin-like growth factor binding protein 1 (igfbp1) which inhibits growth and 
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development through the binding of insulin-like growth factors (Igfs) (Kajimura et al., 

2005), and most glycolytic genes (Bruick, 2003; Semenza, 2001).  

Beyond its role in hypoxia, Hif-1a has been shown to play a critical role in vertebrate 

developmental processes, including vascularisation and cardiac morphogenesis (Iyer et 

al., 1998; Kotch et al., 1999). Hif-1α knockout mice displayed defects in vascularisation, 

cardiac morphogenesis and increased cephalic mesenchyme cell death (Iyer et al., 1998), 

with arrested embryonic development occurring between embryo stage E8 and E11, 

resulting in lethality by embryonic stage E10.5 (Kotch et al., 1999). Combined, this work 

suggests that Hif-1α plays an essential role in mammal embryonic development. Koblitz 

et al. (2015) demonstrated that multiple Hif proteins are also present in developing 

zebrafish embryos, but their role in development is yet to be examined in embryonic and 

larval fish.  

 Embryos are unable to physically remove themselves from hypoxic waters, meaning 

even brief episodes of hypoxia can have severe detrimental effects (Podrabsky and 

Culpepper., 2012). The effect of hypoxia on development has been examined in several 

species of fish, demonstrating that even acute exposure to hypoxia can result in impaired 

early stage development, decreased survival, delayed or abnormal development, early 

hatching, and increased mortality (Altimiras and Phu., 2000; Bradford and Seymour., 

1988; Podrabsky and Culpepper., 2012). The extent to which hypoxia impacted fish 

development was dependent on age, species, and magnitude of the stressor. Embryonic 

Atlantic salmon (Salmo salar) exposed to hypoxia exhibited developmental delays which 

became more severe as development progressed (Hamor and Garside., 1976). Similar 

developmental delays were also observed in zebrafish (Danio rerio) embryos, potentially 
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due to alterations in apoptosis under hypoxic conditions (Shang and Wu., 2004). 

Although exposure to hypoxia can result in developmental abnormalities during both the 

embryonic and larval period, several studies have demonstrated that fishes can respond 

to acute hypoxic episodes either behaviourally or physiologically. Little skate (Leucoraja 

erinacea) embryos responded to hypoxia with a divergent physiological and behaviour 

response, that resulted in the decoupling of aerobic performance and activity, by 

decreasing oxygen consumption and increasing their activity within the egg case to 

facilitate ventilation (Di Santo et al., 2016). In contrast, zebrafish embryos ceased 

development when exposed to anoxia and remained in a state of suspended development 

until returned to oxygenated water (Padilla and Roth., 2001). Consistent with this were 

observations that hypoxia activates the Hif-1 pathway (Ton et al., 2003), which included 

up-regulation of Hif-1 target genes such as igfbp1 (Kajimura et al., 2006) and lactate 

dehydrogenase (ldha) (Ton et al., 2003). Collectively, these data suggest that embryonic 

zebrafish could respond to hypoxia by suppressing growth and development and 

switching to anaerobic respiration. Moreover, Robertson et al. (2014) found induction of 

the Hif pathway during embryogenesis had long-term effects as it led to elevated hypoxia 

tolerance later in life during the larval and juvenile stages.  Hif-1 is not only necessary 

for normal development and a hypoxia response but induction during development is 

also likely to have long-term consequences for hypoxia tolerance and survival. Here I 

examine the impact of hypoxia on lake whitefish during the embryonic and larval 

developmental periods. 

Lake whitefish are a cold-water salmonid endemic to North America and are found from 

western Alaska, USA to eastern Labrador in Canada. Spawning occurs from late autumn 
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to early winter in near shore areas with embryos developing over the winter for 3 – 4 

months, often under the cover of ice. Lake whitefish are considered a hypoxia- sensitive 

species and episodes of hypoxia have been linked with increases in mortality (Arend et 

al., 2011), yet they are still found in shallow lakes across the North American prairies 

which routinely experience hypoxic events throughout the summer (Barica, 1993). 

Winter hypoxia events also occur in these shallow prairie lakes due to ice coverage and 

can cause episodes of winterkill (Barica et al., 1979). Lake whitefish embryos may be 

developing in these environments, suggesting that embryos may be exposed to and able 

to manage in low oxygen environments.  

The present study characterises the expression patterns of hif-1α mRNA levels 

throughout development and identifies when lake whitefish embryos and/or larvae 

develop the competence to mount a cellular stress response. To further our understanding 

of the physiological and cellular response to hypoxia I also quantified changes in mRNA 

levels of key hif-1 responsive genes associated with various physiological and 

developmental processes and the cellular stress marker heat shock protein (hsp) 70. The 

genes examined are associated with angiogenesis, growth and development, and glucose 

metabolism and include: vegfa, epo, igfbp1, ldha and gapdh. I hypothesised that 

exposure to both severe and mild hypoxia (a) will initiate a Hif-1 cellular response in 

embryonic and larval lake whitefish, as measured by a change in mRNA of hif-1α and 

Hif-1 target genes, compared to control fish and (b) this increase in mRNA levels in 

response to hypoxia will not be observed until post-gastrulation during embryogenesis, 

as the oxygen requirements of the embryo increase. 
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Materials and Methods 

Animal collection 

Adult lake whitefish (Coregonus clupeaformis) were collected using bottom-set gill nets, 

at Blackstrap Lake in Dundurn, SK (51.8°N, 106.4°W) in November 2015. Eggs and 

milt were stripped from twenty male and five female fish, pooled and in-vitro 

fertilisation was performed. Embryos were water hardened and then transported back to 

the University of Regina Aquatic Facility. Embryos were then incubated at 4°C in 2 L 

mini bell jars (Aquatic Eco-Systems Inc., Apopka, FL, USA) which received a constant 

flow of dechlorinated water, ensuring that embryos were gently rolling and aerated. 

Embryos were incubated using a biologically filtered, dechlorinated water system, fresh 

water changes were performed every week and dead embryos were removed daily. All 

animal care, handling and experimentation were approved by the University of Regina's 

President's Committee on Animal Care and performed in accordance with the Canadian 

Council on Animal Care (CCAC) guidelines. 

Hypoxia exposure 

Embryos 

Embryos were exposed to a 6-hour hypoxia treatment at either 2 mg/ L or 4.5 mg/ L 

dissolved oxygen (DO) concentrations. Hypoxic conditions were created by bubbling 

nitrogen into 4 °C water in a sealed tank until the required concentration of DO, 2 or 4.5 

mg/ L, was achieved. Water was then transferred via hose to mason jars which were then 

sealed. Jars were held at 4 °C to ensure that temperature remained constant and gently 

agitated to prevent the occurrence of anoxic pockets. A normoxic exposure (9.5 mg/ L) 
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was also carried out as a control to account for handling stress. DO concentrations were 

confirmed using an oxygen probe at the start and end of the experiment. Embryos were 

sampled immediately and snap frozen in liquid nitrogen. It should be noted that hypoxia 

exposure and/or handling at 103 dpf induced hatch in all embryos.   

Hatchlings 

Larvae were exposed to 6-hour hypoxic conditions at either 3 mg/ L or 5 mg/ L DO at 1, 

2 3 and 4 weeks post hatch (wph). I selected 3 mg / L as the most severe hypoxia treated 

because preliminary experiments indicated the critical DO level for hatchlings was 2.5 

mg/ L. Critical DO was determined as follows: Nitrogen was bubbled into water at 4 °C 

in a tank reducing the DO concentration by 1 mg / L per 10 minutes. A fish was 

determined to have reached its critical DO level when it lost equilibrium and listed to its 

side. The critical DO concentration was the concentration of DO when 50% of the fish in 

the tank lost equilibrium (n = 10).  Hypoxic conditions were created previously described 

and upon completion animals were anaesthetised in a buffered solution of tricaine 

methane sulfonate (MS-222) before being snap frozen in liquid nitrogen.  

Cloning Techniques 

Degenerate primers were designed by finding the conserved regions of the nucleotide 

sequences for the genes of interest from other fish species using CODEHOP 

(COnsensus-DEgenerate Hybrid Oligonucleotide Primer). The selected regions were 

amplified using a variety of PCR techniques and a number of different tissues. Following 

PCR, bands were visualised on a gel using electrophoresis. Bands that corresponded with 

the expected size of the product were cut and the cDNA was extracted. The extracted 
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cDNA was cloned using PCR TOPO 2.1 (T/A) cloning kit (Invitrogen, Mississauga, ON, 

Canada). The 2.1 TOPO plasmid and PCR insert were than transformed into E. coli 

using the heat shock method and plated onto agar containing kanamycin and X-gal, 

which would prevent the growth of other bacteria and allow for blue/white screening, 

respectively. Plates were incubated overnight at 37 °C and white colonies were selected. 

The selected colonies were transferred to Luria-Bertani (LB) broth containing kanamycin 

and incubated overnight whilst shaking at 200 rpm. The plasmids were then isolated 

from the E. coli and incubated with EcoRI, a restriction enzyme, to separate the insert 

from the plasmid. The insert was then visualised using gel electrophoresis to confirm that 

the insert was of the correct size. Once confirmed, the plasmid was sent for sequencing 

(Eurofins, Toronto, ON, Canada). 

Reverse Transcription Quantitative Real-Time PCR Analysis (RT-qPCR)  

Total RNA was isolated from a pool of 5 embryos using TRIzol® Reagent (Invitrogen 

Life Technologies, Burlington, ON, Canada) following the manufacturer’s protocol, re-

suspended in RNase/DNase-free water, and stored at -86°C. RNA concentration was 

determined using spectrophotometry, and RNA quality and purity were confirmed with 

1% agarose gel electrophoresis and spectrophotometry, respectively. Total RNA (1 g) 

was reverse transcribed into first strand cDNA using the QuantiTect ® Reverse 

Transcription kit (Qiagen Mississauga, ON, Canada) according to the manufacturer’s 

protocol. Partial cDNAs for hif-1α, igfbp1, vegfa, and epo were amplified with a variety 

of PCR-based techniques, subcloned and sequenced and submitted to gen bank 

(Appendix B). Sequences were confirmed to be conserved with those of other fish 

species (Table 2). mRNA transcript levels were measured using a cDNA template, 
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quantitative real-time PCR (qPCR) and a CFX Connect Real-Time Detection System 

(Bio-Rad, Mississauga, ON, Canada). qPCR reactions were performed using 0.5 μl 

cDNA, 500 nmol of each primer (Table 3) and 2X SsoAdvanced™ SYBR® Green 

Supermix (Bio-Rad Mississauga, ON, Canada) to a total volume of 20 μl under the 

following conditions: 1 cycle of 95°C for 30 s, 40 cycles of 95°C for 5 s, 60-65°C for 30 

s. “No template” controls were included in all runs and melt curve analysis was 

performed to confirm the presence of a single amplicon. Specific qPCR primers for 

hypoxia-inducible factor 1 (hif-1α), Insulin-like growth factor binding protein 1 (igfbp1), 

vascular endothelial growth factor A (vegfa), and erythropoietin (epo), were designed 

using lake whitefish cDNA sequences identified in this study and those for hsp70 and 

ldha from cDNA sequences available in Genbank (Table 3; Stefanovic et al., 2016). 

Standard curves were produced for each primer pair using a pool cDNA from hypoxia 

treated and control fish. Gapdh primers were designed to be located on either side of a 

270 nt intron, thus when coupled with melt curve analysis the absence of a second larger 

peak, confirms that the amplification measured in the cDNA samples was exclusively a 

result of cDNA and indicates that the samples were free of genomic DNA contamination.  
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Table 2: Percent amino acid identity (id) and similarity (si) of the predicted amino acid 

sequence from isolated lake whitefish cDNA fragments with those of selected teleost fish 

and humans for cellular hypoxia response genes.  

 

 

  

 

Salmo 

salar 

(id/si) 

Oncorhynchus 

mykiss 

(id/si) 

Danio 

rerio 

(id/si) 

Oreochromis 

niloticus 

(id/si) 

Homo 

sapiens 

(id/si) 

LWF – Hif-1α 92/96 91/92 52/72 72/81 52/74 

LWF - vegfa 90/97 90/97 68/83 86/90 60/69 

LWF – igfbp1 89/92 88/91 59/69 77/84 37/53 

LWF - epo 90/90 93/93 55/74 52/68 35/54 
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Table 3: RT-qPCR primer sequences for hypoxia-responsive genes quantified in lake 

whitefish in response to hypoxia. 

Gene Sequence (5’ – 3’) 
Annealing 

Temperature 

Amplification 

Efficiency  

hif-1a 
F: CAG TAT CTT CCT CAC TCG ACA CAG 

R: GCA GGC TCT TGG TCA CAT GAT C 

 

60°C 

 

105.2% 

ldha 
F: TAC AGC CCC AAC GCC ATC 

R: GCT TCT CGC CCA TCA GGT 

 

58 °C 

 

97.6% 

epo 
F: TGG ATG TTG CTC TTG TTG TTG 

R: CTG GGT GCT GTG AGG GAG T 
57 °C 100.2% 

vegfa 
F: TCC AAC CTC CAC ACA TAA CG 

R: ATG GCT CGC ACT GAT TTT CT 

60 °C 

 

99.7% 

 

igfbp1 
F:  ATC CGC AAG AAA CTG GTA GAA C 

R:  GGG AGG TAG AAG GTG GTG AAC T 

 

55 °C 

 

106% 

gapdh 
F: CCG TCC GTC TGG AGA AGG C 

R: GAA GTG GTC GTT CAG AGC AAT G 

 

60 °C 

 

100.1% 

hsp70 
F: TCA TTA CAG TCC CCG CCT AC 

R: TCA CCT CAA AGA TCC CAT CC 
65°C 94.3% 
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Statistical Analysis 

The analysis of the qPCR data was performed in R studio version 0.98.977 (RStudio 

Team, 2015) using the MCMC.qpcr package (Matz et al., 2013). This package 

implements a Poisson-lognormal generalised mixed model to a complete set of qPCR 

measurements (corrected for amplification efficiency) using a Markov Chain Monte 

Carlo (MCMC) and doesn’t require the use of reference genes. This procedure infers the 

expression changes for all genes from the joint posterior distribution of parameters. For 

each experiment, the effects of hypoxia were modeled with hypoxia treatment group 

(normoxia, mild or severe), and developmental age as fixed factors. Posterior means and 

the 95% credible intervals from the controls and the hypoxia treatments were plotted as 

log base 2 abundance. The 95% credible intervals are the Bayesian analog to 95% 

confidence intervals used in frequentist methods and are included to show the extent of 

variability in the posterior distribution. Differences between treatment groups and/or 

developmental ages were considered sufficiently large to be biologically significant or 

real if there was no overlap between the 95% credible intervals; this could be interpreted 

as being analogous to the differences being statistically significant.  

Results 

Developmental changes in mRNA transcript levels 

Hif-1α and hsp70 

Hif-1α mRNA levels remained stable throughout embryogenesis except for a 32-fold 

decrease observed between 83 and 103 dpf (Figure 5A). This trend was also observed for 

hsp70 but in contrast, between 83 and 103 dpf a 2-fold increase was observed (Figure 
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5C). In larval fish held at normoxic levels, hif-1α mRNA was low from 1 to 3wph, 

compared to levels observed in early embryogenesis, but increased sharply at 48-fold at 

4 wph (Figure 5B). At 1 and 2 wph, hsp70 mRNA levels were also low. This was 

followed by an 8-fold increase at 3 wph, before levels slightly decreased at 4wph 

although this was not deemed biologically relevant as 95% credible intervals did overlap 

with levels observed at 3 wph.  (Figure 5D).  

Hif-1 target genes 

Basal levels of hif-1α target genes varied throughout embryogenesis. Vegfa basal levels 

decreased 2-fold between 21 and 38 dpf remained relatively stable until 83dpf after 

which levels increased by 3-fold in 103 dpf embryos (Figure 6) Steady increases in 

Igfbp1, ldha and gapdh mRNA levels were observed as embryos developed from 21 

to103 dpf. The one exception to this trend was a moderate decrease in gapdh at 38 dpf. 

In contrast, epo mRNA levels decreased at total of 64-fold from 21 to 83 dpf followed by 

a 3-fold increase at 103 dpf.  

In larval fish, from 1- 4 wph, gene expression varied but there were no strong consistent 

trends observed for any gene at any age in fish held at normoxia (Figure 7). Gradual 

increases were observed in vegfa, ldha, igfbp1 and gapdh from 1 – 2 wph, after which 

levels plateaued, in the case of igfbp1 and gapdh, or continued to rise in the case of vegfa 

and ldha. By comparison, mRNA levels of epo in control fish were more variable, 

tending to fluctuate from week to week.  
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Hypoxia induced changes in mRNA transcript levels 

Hif-1α and hsp70 

Exposure of lake whitefish embryos to hypoxia did alter mRNA levels of hif-1 and 

hsp70 but the response varied with embryo age, severity of hypoxia and the specific gene 

(Figure 5). At 21 dpf, embryos exposed to both the mild and severe hypoxia treatments 

did not alter hif-1α mRNA levels. By comparison, exposure to either severe or mild 

hypoxia treatments resulted in approximately a 32-fold decrease in hif-1α mRNA at 38, 

63 and 83 dpf. At 103 dpf, the downregulation of hif-1α in response to hypoxia relative 

to normoxia was not observed.  The absence of this down-regulation coincided with the 

sharp decline in hif-1 mRNA in control embryos. Coincident with the sharp decline in 

hif-1α levels in 103 dpf embryos at normoxia relative to earlier embryonic ages was a 

sharp increase in hif-1α mRNA levels following exposure to severe but not mild 

hypoxia. Mild and severe hypoxia resulted in an increase in hsp70 mRNA induction at 

all embryonic ages studied with the exception of embryos at 103 dpf, which increased 

hsp70 mRNA in response to severe but not mild hypoxia.  

Exposure to hypoxia upregulated hif-1α mRNA in larval fish 1 to 3 wph in all cases 

except 1 wph larvae exposed to mild hypoxia. The increase in hif-1 was greatest in fish 

aged 2 and 3 wph; exposure to mild or severe hypoxia resulted in a 64- and 32- fold 

increase in hif-1α mRNA, respectively, relative to control levels. At 4 wph hif-1α mRNA 

levels in control animals increased sharply from those observed at 3 wph. Coincident 

with this increase, was the observation that exposure of 4 wph larvae mild or severe 

hypoxia had no effect or resulted in a sharp decline (128-fold decrease) in hif-1 mRNA 
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levels relative to normoxia larvae, respectively.  Increases were observed for hsp70 

mRNA in lake whitefish larvae at 1 and 2 wph in response to hypoxia, with a 2-fold 

increase in hsp70 mRNA occurring for the severe treatment at 1 wph, and a 5- and 6-fold 

increase at 2 wph for the severe and mild treatment, respectively.  At subsequent time-

points, hsp70 mRNA was down-regulated. The greatest decrease in hsp70 was observed 

for the severe treatment at 3wph where levels decreased 6-fold compared to those 

observed at 2wph. Down-regulation was also observed at 3 wph for the mild treatment, 

although this down-regulation was not as punitive as the down-regulation observed 

under the severe treatment. 
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Figure 5: Hif-1α and hsp70 mRNA levels (log2 abundance arbitrary units) for lake 

whitefish embryos (A, C) and post hatch larval fish (B, D), following a hypoxic stress 

that was severe (2 mg / L dissolved oxygen (DO) for embryos and 3 mg / L DO for 

larval fish) or mild (4.5 mg / L for embryos and 5 mg / L for larval fish) compared to a 

control of 9.5 mg / L (normoxia). Following exposure, animals were sampled 

immediately. Data were modeled using a Poisson-lognormal generalised mixed model 

fitted with a Bayesian Markov Chain Monte Carlo model as part of the ‘MCMC.qpcr’ 

package. Data represent the posterior means ± 95% credible intervals.  Differences 

between treatment groups were accepted as biologically significant if the 95% credible 

intervals were non-overlapping.  Data points labelled with a S or M indicate that the 

severe or mild hypoxic treatment group is significantly different from the control group.  
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Hif-1 target genes 

Exposure of lake whitefish embryos to hypoxia did alter mRNA levels of Hif-1 

responsive genes but the response varied with embryo age, severity of hypoxia and the 

specific gene (Figure 6). In no instance did 21 dpf embryos respond to hypoxia with an 

increase in putative Hif-1 responsive genes.  By comparison, mRNA levels of vegfa, 

igfbp1, gapdh and ldha, but not epo, were elevated in 38 dpf embryos following 

exposure to hypoxic conditions relative to those in normoxic embryos. Although vegfa, 

ldha and igfbp1 remained elevated at 63 dpf the magnitude of difference from controls 

was smaller than at 38 dpf. By 83 dpf, only vegfa remained elevated for both treatments, 

with increases in igfbp1 being observed for the mild treatment only. Epo was upregulated 

for the severe and mild treatment at 83 dpf and was the only instance where an increase 

was observed during embryogenesis. In contrast, a 2- and 2.6- fold decrease was 

observed in epo mRNA levels at 38 and 63 dpf, respectively. At 103 dpf, there was no 

difference in mRNA levels between treatment and control groups. 

Exposure of larval fish, for the most part did not result in a strong response to either 

hypoxia exposure with major shifts in mRNA levels of the Hif-1 responsive genes I 

quantified, at any age studied (Figure 7). Notable exceptions to this lack of response 

included a 2-fold increase in vegfa and ldha in 1 wph following exposure to severe 

hypoxia, and a 3- and 4-fold increase in epo mRNA levels for the mild and severe 

hypoxia exposures, respectively, in 2 wph larvae. At 3 and 4 wph, treatment and age 

specific, down-regulation of igfbp1, vegfa and gapdh, mRNA levels were observed.    
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Figure 6: Vegfa (A), ldha (B), igfbp1 (C), epo (D), and gapdh (E) mRNA levels (log2 

abundance arbitrary units) for lake whitefish embryos following a hypoxic stress that 

was severe (2 mg/ L dissolved oxygen (DO)) or mild (4.5 mg/ L DO) compared to a 

control of 9.5 mg / L DO (normoxia). Following exposure animals were sampled 

immediately. Data were modeled using a Poisson-lognormal generalised mixed model 

fitted with a Bayesian Markov Chain Monte Carlo model as part of the ‘MCMC.qpcr’ 

package. Data represent the posterior means ± 95% credible intervals. Differences 

between treatment groups were accepted as biologically significant if the 95% credible 

intervals were non-overlapping. Data points labelled with a S or M indicate that the 

severe or mild hypoxic treatment group is significantly different from the control group.  
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Figure 7: Vegfa(A), ldha (B), igfbp1 (C), epo (D), and gapdh (E) mRNA levels (log2 

abundance arbitrary units) for lake whitefish post hatch larval fish following a hypoxic 

stress that was severe (3 mg/ L dissolved oxygen) or mild (5 mg / L dissolved oxygen) 

compared to a control of 9.5 mg / L dissolved oxygen (normoxia). Following exposure 

animals were sampled immediately. Data were modeled using a Poisson-lognormal 

generalised mixed model fitted with a Bayesian Markov Chain Monte Carlo model as 

part of the ‘MCMC.qpcr’ package. Data represent the posterior means ± 95% credible 

intervals.  Differences between treatment groups were accepted as biologically 

significant if the 95% credible intervals were non-overlapping. Data points labelled with 

a S or M indicate that the severe or mild hypoxic treatment group is significantly 

different from the control group.  
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Discussion 

The results from this study demonstrate that lake whitefish can mount a cellular response 

to hypoxia from early in development. Further, I show that the hypoxia cellular response, 

mediated by Hif-1 is fully functional at 38 dpf and beyond, but that this response was age 

and treatment dependent. The degree of sensitivity to changes in dissolved oxygen, as 

measured by the hif-1 and hsp70 mRNA levels varied throughout development. The 

increase in gene expression for all genes except epo at 38 dpf and the down-regulation of 

the mRNA levels of multiple genes at 3 and 4 wph suggest that at certain ages critical 

windows in development exist, with the latter suggesting that at these ages lake whitefish 

may not be able to mitigate the damaging effects of hypoxia exposure. Alternatively, 

embryos and larvae at these points in development may have sufficient protection without 

the need for an upregulation of one or both of the cellular stress responses.  This work 

builds on the limited information available on the regulation of hif-1α and known target 

genes in developing fish in response to hypoxia and suggests that this response could be 

important in mitigating the damaging effects of exposure to low oxygen levels at these 

ages.    

Hif-1α expression during development 

Elevated levels of hif-1α in control animals during early embryogenesis suggest a role 

for this transcription factor in the normal development of lake whitefish embryos. My 

findings are consistent with observations in human and mice foetuses where hif-1α 

mRNA levels were high throughout gestation (Madan et al., 2002). Hif-1α plays a role in 

development by affecting apoptosis associated with developmental events such as 

morphogenesis and the shaping of organs and tissues (Iyer et al., 1998; Ding et al., 
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2013). Hif-1α deficiency during embryogenesis is associated with numerous 

abnormalities in mice embryos including but, not limited to; cardiovascular defects, 

impairment of angiogenesis, failure of neural tube closure and increased mortality (Iyer 

et al., 1998). In fish, Tan et al. (2017), showed that zebrafish embryos deficient in Hif-1α 

had morphological abnormalities similar to those observed in mice which suggests that 

Hif-1α also plays a developmental role in teleost fish. Recent studies have demonstrated 

that Hif-1α has a non-transcriptional role as a signalling regulator of notch signalling (Hu 

et al., 2014; Villa et al., 2014), which is involved in many processes during embryonic 

development including: somitogenesis (Liao et al., 2016), muscle tissue formation (Bi et 

al., 2016), blood vessel maturation (Krebs et al., 2000) and heart formation (D’Amato et 

al., 2016).  Elevated levels of hif-1α mRNA during early embryogenesis suggest a direct 

role for Hif-1α in developmental processes.  

Gene expression in response to hypoxia 

Hif-1α 

Likely owing to low oxygen requirements, lake whitefish embryos at 21 dpf did not 

respond to hypoxia exposure with an increase in the mRNA of hif-1α or its response genes. 

Early development is independent of the oxygen partial pressure (PO2) and is often able 

to proceed even under chronic hypoxia (Anderson and Podrabsky., 2014) due to low 

oxygen requirement at this stage, which doesn’t increase until the onset of muscle and 

cardiac activity (Weiser et al., 1985). In lake whitefish, organogenesis is underway by 21 

dpf but the heart isn’t visibly beating until 27 dpf and circulation is not established until 

60 dpf (Sreetharan et al., 2015). Microelectrode studies carried out with the European 
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weatherfish (Misgurnis fossilis) have indicated that the unstirred perivitelline fluid is the 

primary cause of resistance to gas exchange (Berezovsky et al., 1979). It could be that the 

ability of embryos to move following the closure of the blastopore at 14 dpf is enough to 

stir the perivitelline fluid, reducing resistance to gas exchange and mitigating the need for 

a hypoxia response due to low oxygen consumption. Although a lack of a hif-1α mediated 

response at this age suggests low oxygen is not causing sufficient stress to warrant a 

cellular hypoxia response, increases in hsp70 suggest that the cell is still experiencing 

some stress due to hypoxia at this age. Hsp70 has been shown to promote brain and cardiac 

protection from hypoxic injury in mammals (Giffard et al., 2004; Liu et al., 2007), 

freshwater turtles (Prentice et al., 2004) and fruit flies (Azad et al., 2009). Increases in 

hsp70 were also observed at all embryonic ages and at 1 and 2 wph, suggesting that they 

also protect cells from hypoxia by inhibiting apoptosis and reducing protein aggregation 

as well as stabilising newly synthesised proteins which could include Hif-1α.  

An increase in cardiac and muscular activity by 38 dpf (Sreetharan et al., 2015) suggests 

an increase in oxygen demand, making the decrease of hif-1α mRNA at this age in 

response to hypoxia somewhat surprising. One explanation could be the high levels of hif-

1α mRNA levels observed throughout embryogenesis. A reduction in hif-1α mRNA could 

be due to protein stabilization and the inhibition of protein degradation that is regulated by 

oxygen availability. This is a reasonable explanation when coupled with the responses 

observed at 103dpf and in larval fish, where control hif-1α levels were much lower and 

increases in response to severe or mild hypoxia, or both were observed. Further, when 

control levels increased at 4wph, I saw a significant decrease in hif-1α in larval fish 

exposed to severe hypoxia. A reduction in Hif-1a protein degradation and the associated 
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increase in Hif-1 protein could downregulate the expression of the gene and thus mRNA 

levels. Several studies have shown that changes in hif-1α mRNA under hypoxic conditions 

are not indicative of changes in Hif-1α protein concentration and that Hif-1 activation 

during hypoxia is due to post-translational mechanisms (Soitamo et al., 2001). This was 

shown in zebrafish embryos, where Hif-1α protein but not mRNA increased after a 4- hour 

exposure to 5% dissolved oxygen (Robertson et al., 2014). The down regulation of hif-1 

could also be related to the duration of the treatment and the regulatory cycle. For instance, 

hif-1α may have been up-regulated in the first instance following hypoxia exposure and 

that this up-regulation was enough to allow sufficient accumulation of Hif-1α protein with 

negative feedback resulting in a down-regulation. Previous research with zebrafish 

embryos has demonstrated that hif-1α mRNA is transient with increases only occurring 

within the first few hours of hypoxia exposure with further exposure resulting in down-

regulation (Ding et al., 2013). Down-regulation has been observed in vitro with carcinoma 

cells and in vivo with adult zebrafish (Rytkonen et al., 2013), as well as in specific tissues 

in fingerling channel catfish (Ictalurus punctatus; Geng et al., 2014). Further, Rytkonen et 

al. (2013) showed that a down-regulation in hif-1α after 6 hours of hypoxia stress coincided 

with an increase in hif-2α, suggesting that Hif-2α could play more of a role in long-term 

exposures. Temporal and tissue specific regulation of hif-1α mRNA varies between 

species but in response to hypoxia, Hif-1 has been shown to regulate numerous genes 

involved in various responses to hypoxia in different fish species, including those that 

regulate growth and metabolism and genes involved in oxygen delivery and angiogenesis 

(Reviewed in Semenza, 2000). It is therefore important to understand how changes in hif-

1α mRNA in developing lake whitefish exposed to hypoxia relate to protein levels and 
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their functional role in the cellular response. One approach to providing insight into this 

matter is to examine the mRNA levels of genes known to be regulated by Hif-1.  

Hif-1 target genes and hsp70 

Exposure to hypoxia can stimulate blood vessel remodelling, altered cellular permeability, 

and angiogenesis, which is regulated by Vegfa (Richards, 2009). An increase in vegfa 

mRNA compared to controls between 38 and 83 dpf and at 1 wph could suggest an increase 

in angiogenesis and/or vasculogenesis, which would facilitate gas exchange and oxygen 

delivery over time, a common response to hypoxic episodes. Increases in vegfa mRNA 

have been shown in several species in response to hypoxia including orange spotted 

groupers (Epinephelus coioides; Yu et al., 2008), Antarctic icefish (Notothenia coriiceps; 

Borley et al. 2010) and oscar (Astronotus ocellatus; Baptista et al., 2016). Further, Liang 

et al. (2001) demonstrated that vegfa is a critical factor for vascular development through 

overexpression, mimicking hypoxia, which stimulated endothelial cell differentiation and 

haematopoiesis lineages in the zebrafish embryo. In contrast, Vuori et al. (2004) showed 

that a decrease in Vegf protein formation in the white muscle and yolk sac of Baltic salmon 

(Salmo salar) resulted in reduced capillarity and vascularity in both tissues which was 

linked to early mortality syndrome. Combined, this suggests that an increase in vegfa in 

lake whitefish embryos and larvae is an adaptive response that could induce angiogenesis 

and over time cause an increase in the delivery of oxygen and energy substrates such as 

glucose.  

Diverting energy needed for growth and development towards metabolic processes 

essential for survival is another common response to aquatic hypoxia. Increases in igfbp1 
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throughout embryogenesis in response to hypoxia suggest that lake whitefish embryos 

could be reducing or suspending growth as oxygen levels fall below a threshold where 

growth cannot be maintained. Igfbp1 binds to insulin growth factors (Igf’s) and mediates 

growth and development and has been shown to be regulated by Hif-1 in teleost fish 

(Maures and Duan., 2002; Kajimura et al., 2005, Kajimura et al., 2006). Using zebrafish 

as a model, Kajimura et al. (2005) showed that hypoxia-induced increases in Igfbp1 

protein caused growth retardation and a significant delay in embryonic development, 

altering the timing of the heart and head skeleton morphogenesis. These hypoxia-induced 

developmental changes were found to be reversible on return to normoxic conditions, 

suggesting that this response is a defensive mechanism that enables embryos to survive 

periods of low oxygen. Kajimura et al. (2005) confirmed the role of Igfbp1 in hypoxia-

induced growth and development delay using knockdown experiments. Knockdown of 

Igfbp1 in zebrafish embryos under hypoxic conditions alleviated the hypoxia-induced 

growth and developmental delay, while an increased accumulation of Igfbp1 under 

normoxic conditions resulted in growth and developmental defects in zebrafish embryos. 

Developmental changes have also been observed in grass carp where an accumulation of 

Igfbp1 produced hypoxic phenotypes that had a 12% reduction in body length compared 

to controls as well as defects in midline formation and notochord development (Sun et al., 

2011). Taken together, these studies strongly imply that substantial increases in Igfbp1, 

especially if prolonged, can have detrimental effects on development and further work 

would need to clarify if the strong overexpression of Igfbp1 mRNA observed at 38 and 63 

dpf would result in a high abundance of Igfbp1 protein and what effects this could have 

on development at these ages.   
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To derive energy under hypoxic conditions, a shift toward non-oxidative forms of carbon 

metabolism and ATP production must occur via increased anaerobic glycolysis and the 

increased conversion of pyruvate to lactate (Richards, 2009). Many genes involved in 

anaerobic metabolism, including glucose transporters, glycolytic enzymes and Ldha, 

which replenishes NAD+ for further glycolysis, have been identified as Hif-1 target genes 

and are up-regulated under hypoxic conditions in numerous species (Semenza, 1999; 

Wenger, 2002). Exposure to hypoxia has been shown to increase mRNA levels for proteins 

involved in anaerobic metabolism in numerous fish species, suggesting that a switch to 

non-oxidative forms of metabolism are a common adaptation that enable fish to cope with 

environments that are subjected to varying levels of dissolved oxygen (Greaney et al., 

1980; Cooper et al., 2002). At the embryonic stage, gene expression in zebrafish exposed 

to hypoxia for 24 hours indicated a shift from aerobic to anaerobic metabolism through 

the suppression of numerous genes involved in aerobic metabolism, and the concurrent 

increase in the expression of anaerobic genes including ldha (Ton et al., 2003). An increase 

in ldha and gapdh mRNA in lake whitefish embryos exposed to hypoxia from 38 dpf, 

therefore suggests that lake whitefish are adapting to the hypoxic environment by 

switching to anaerobic metabolism to maintain energy to support cellular processes.  

Variations in gene expression throughout development, but most notably post-hatch, 

suggest that hypoxia sensitivity varies with developmental age. This point is most relevant 

when examining mRNA levels of epo mRNA. To maximise oxygen delivery, an increase 

in epo production would be expected but an increase in epo mRNA was not observed until 

83 dpf in lake whitefish embryos, diminished by 103 dpf and was not observed again until 

2 wph. This increase later in embryogenesis is consistent with responses observed in 
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zebrafish (Ton et al., 2003) and could be due in part to oxygen moving by diffusion early 

in development (Ton et al., 2003). The circulatory system in lake whitefish is established 

by 60 dpf and by 83 dpf development is nearly complete (Sreetharan et al., 2015), 

suggesting that the increase in epo at 83 dpf could be due to the need for oxygen delivery 

to occur via the circulatory system to reach all tissues rather than relying on diffusion, as 

is the case in early embryogenesis. Increases in epo are often observed much later than 

other Hif-1 regulated target genes in other fish species. An 8-hour hypoxia exposure was 

required before changes in epo was detected in rainbow trout kidneys, with no difference 

from controls observed at 4 hours (Lai et al., 2006). In common carp, an increase in epo 

was not observed until after 4 days of chronic hypoxia (Bernier et al., 2012). When 

combined with data from this study, increases in epo and the lack of induction observed 

for other genes suggest that at these ages a 6-hour exposure is more chronic than acute, 

demonstrating that hypoxia tolerance varies with developmental age. 

The fish larval stage is a period of significant morphological, biochemical, and 

physiological change (Ishibashi et al., 2005) and thus it is not surprising that the change in 

gene expression from 1 – 4 wph suggests windows of sensitivity to hypoxia exist. Larval 

lake whitefish showed an increase in the hypoxia response following hatch which peaked 

at 2 wph, and subsequently began to decline from 3 wph, suggesting that the later larval 

stages studied are more susceptible to changes in oxygen in their environment. Ishibashi 

et al. (2003) showed that red sea bream (Pagrus major) larval sensitivity to various 

stressors peaked immediately post-hatch before declining until absorbance of the yolk sac 

was complete at 14 days post hatch. The fact that lake whitefish sensitivity peaked in the 

2 weeks post hatch before declining could be due to development occurring at lower 
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temperatures and thus taking place at a much slower rate compared to other fish species. 

Oxygen demand increases and thus hypoxia tolerance decreases following hatch. Owing 

to this I would have expected to observe increases in several genes in response to hypoxia. 

Hif-1 is known to regulate over 100 genes (Benita et al., 2009) and it could be that at this 

point Hif-1 is activating the transcription of hypoxia responsive genes involved in other 

process. Another possible explanation is that the basal levels of the genes investigated in 

this study are already at high levels, mitigating the need for an increase in mRNA levels 

in response to hypoxia. 

This notion of sensitive windows and a decline in the hypoxia-response at 3 and 4 wph 

was further supported by the decrease in hsp70 and could be explained by a reduction in 

cellular energy status following exposure to a chronic stress. Hypoxia did not induce a 

hsp70 response in red blood cells of rainbow trout despite a significant depression in ATP 

(Currie et al., 1999). At this stage, yolk sac absorption is complete, and fry have switched 

to exogenous feeding. Fry were not fed the day of the experiment, to ensure consistency 

across the study. This could mean that energy was not available for hsp70 synthesis. Hsp70 

was not the only gene down-regulated at these ages. A decrease in igfbp1 at 3 and 4 wph 

for the severe treatment and 4 wph for the mild treatment as well as a decrease in vegfa at 

4 wph for the severe treatment also eludes to a decrease in hypoxia tolerance and the shift 

from acute to chronic stress at this age. Protein synthesis is costly. If these genes have 

previously been induced, then a reduction in production would serve to reduce energy 

costs. A lack of increase in ldha at this age as well as a decrease in gapdh at 3wph for the 

mild treatment further support this claim. Taken together, a reduction in the mRNA levels 

of multiple genes suggests that exposure to hypoxia at these ages could prove to be 
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particularly problematic and future work should examine what effect exposure to hypoxia 

at this age has on development and survival.  

Conclusions 

This study presents novel data on levels of hif-1α mRNA in a hypoxia-sensitive species 

during development. Lake whitefish have high levels of hif-1α during embryogenesis, 

suggesting that Hif-1α functions in normal development aside from its functions in the 

cellular hypoxia response. I demonstrate that lake whitefish can respond physiologically 

to hypoxia at all ages studied with increases in the mRNA of a number of hypoxia-

responsive genes, but the nature of this response is age and treatment dependent. A hypo-

responsive period at 21 dpf suggests that either the Hif-1 pathway is not functional at this 

age or that it is not required, although increases in hsp70 show that the embryos are still 

undergoing a certain degree of stress. The Hif-1 pathway appears to be fully functional 

by 38 dpf as shown by increases in the mRNA expression of Hif-1 target genes and 

suggests that lake whitefish can mitigate the damaging effects of exposure to hypoxia 

early on in development. Sensitivity to hypoxia appears to increase in the larval stages, 

such that at 3 and 4 wph there is a suppression in mRNA of several genes studied in 

response to hypoxia, suggesting that these are sensitive windows in development and 

further work should examine the effect of hypoxia at these ages.  
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CHAPTER FOUR 

THE DEVELOPMENT OF THE HYPOTHALAMUS-PITUITARY-

INTERRENAL AXIS DURING EARLY LIFE STAGES OF LAKE WHITEFISH 

(COREGONUS CLUPEAFORMIS) AND ITS RESPONSE TO HYPOXIA.  

 

Modified from: Whitehouse, LM. Faught, E. Vijayan, MM and Manzon, RG. 2018 The 

development of the Hypothalamus-pituitary-interrenal axis during early life stages of 

lake whitefish (Coregonus clupeaformis) and its response to hypoxia (In prep).  

Acknowledgement: Erin Faught from Dr. M. Vijayan’s group at the University of 

Calgary carried out the cortisol assays and associated statistical analysis.  
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Introduction 

Hypoxia is a common aquatic stressor which can have detrimental effects on embryonic 

growth and development. Teleost embryos are particularly susceptible to environmental 

perturbations, as they are unable to escape their environment, and limited oxygen 

availability can result in developmental delays which increase in severity as development 

progresses (Hamor and Garside., 1976; Shang and Wu., 2004; Kajimura et al., 2005). 

Several studies have looked at physiological responses of developing fish to hypoxia, but 

limited information exists on the effects of hypoxia on the hypothalamus-pituitary-

interrenal (HPI) and endocrine response during development.  

The activation of the HPI-axis is a fundamental component of the response of teleost fish 

to a wide range of environmental stressors (Donaldson, 1981). As in most vertebrates, 

the first perception of a stress in fish leads to the release of corticotrophin releasing 

hormone (Crh) from the hypothalamus which stimulates the gene expression, synthesis 

and/or cleavage of the precursor pro-opimelanocortin (Pomc) into adrenocorticotropic 

hormone (Acth; Sumpter et al., 1986). Acth in turn stimulates the synthesis of 

glucocorticoids by the interrenal tissues. In fish, cortisol is the main circulating stress 

hormone and exposure to a variety of stressors results in its increase in circulation 

(Barton, 2002). Cortisol is often used as a measure of stress experienced by fish in 

response to acute and chronic stress in their environment (Barton and Iwama, 

1991; Wendelaar Bonga, 1997). Elevated levels of cortisol favour energy mobilisation 

(Sheridan, 1986), which enable fish to respond to different threats (Pickering and 

Pottinger, 1989). Cortisol also acts on several other mechanisms including ion transport, 
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reproduction and the immune response (Weyts et al., 1999), thus changes in cortisol 

levels can affect behavior, growth, metabolism, reproduction and/or the health of the 

animal.  

Exposure to stressors during early life stages can disrupt developmental processes, which 

can have long-lasting impacts on the physiology and development of an organism (Shang 

and Wu., 2004). Permanent changes in stress-phenotypes because of stress-induced 

exposure to glucocorticoids during development has been demonstrated in fish (Auperin 

and Geslin, 2008; Tsalafouta et al., 2014; Williams et al., 2017), yet little is known about 

the ontogeny of the neuroendocrine system in fish and its response to stress. Genes 

associated with the components of the HPI-axis are expressed at the mRNA level early in 

development in a variety of fish species. In zebrafish embryos (Danio rerio), all 

components of the HPI-axis are expressed from 6 hours post fertilization (hpf; Alderman 

and Bernier, 2009). In other fish species, some components of the HPI-axis are also present 

before hatch. Measurable expression of Pomc protein occurs prior to hatch in rainbow 

trout (Oncorhynchus mykiss; Suzuki et al., 1997), and endogenous production of Acth is 

observed in the common carp (Cyprinus carpio) from 24 hpf (Stouthart et al., 1998). De 

novo cortisol synthesis timing varies between species, beginning just prior to or at hatch 

(de Jesus and Hirano, 1992; Pillai et al., 1974; Feist and Schrek, 2001). Although cortisol 

biosynthesis is present around the time of hatching, a stress-induced response is often not 

observed until much later, indicating that the components of the HPI-axis may not have 

fully matured or the system is not functionally integrated (Jentoft el al., 2002; Fuzzen et 

al., 2011). The timing of a stress-induced response is species specific. In yellow perch 

(Perca flavescens), for example, larval fish increased cortisol levels at 1-week post hatch 
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(wph) when exposed to a 30 second cold shock (Jentoft et al., 2002), while an increase in 

cortisol in rainbow trout in response to stress was not observed until 2 wph when 

experiencing a combination of handling stress and a 30 second cold shock (Barry et al., 

1995a). One exception to this is the common carp, which increased cortisol levels in 

response to a handling stressor during embryogenesis, 6 h prior to hatch (Stouthart et al., 

1998). 

The purpose of this study was to understand the ontogeny of the HPI-axis and its ability 

to respond to stress in lake whitefish. Lake whitefish have a long developmental period, 

averaging 120 days, which increases the likelihood of embryos being exposed to 

environmental insults. Given what is known about the HPI-axis in embryonic and larval 

fish, I hypothesise that (a) the endogenous levels of mRNA of various components of the 

HPI-axis will be measurable during embryogenesis but exposure to hypoxia will not 

result in an increase in mRNA levels of these components or whole embryo cortisol 

levels (b) lake whitefish will be able to activate the HPI-axis, measured by an increase in 

cortisol, in response to hypoxia after hatching. I quantified mRNA levels of crh, crhbp1, 

pomc, and star as well as whole embryo/larvae cortisol levels over 9-time points across 

the course of development. The mRNA levels of pepck, hsp90α and hsp90β were also 

quantified. To understand when lake whitefish embryos and/or larvae develop the 

competence to activate the HPI-axis in response to stress, fish were exposed to a hypoxic 

stress. Our ability to understand when the HPI-axis matures and when it can be activated 

by stress will enable us to decipher which developmental stages are most at risk from 

changes in the external environment. 
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Materials and Methods 

Embryo collection and Maintenance 

Adult lake whitefish were collected during spawn, using bottom-set gill nets, at 

Blackstrap Lake, Saskatchewan (53.1428° N, 108.4908° W) in November 2015. Male 

and female fish in full breeding condition were stripped of their eggs and milt. All eggs 

were pooled and fertilised from a pool of milt, water hardened and transported back to 

the University of Regina Aquatic Facility in 1 L jars. Embryos were held at 3 to 4 °C in 2 

L mini bell jars (Aquatic Eco-Systems Inc., Apopka, FL, USA) which received a 

constant flow of dechlorinated water, ensuring that embryos were gently rolling and 

aerated. Embryos were incubated using a biologically filtered, dechlorinated water 

system, fresh water changes were performed every week and dead embryos were 

removed daily. 

Experimental Design 

Embryos 

Embryos were exposed to acute (6 h) hypoxic conditions at either 2 mg/ L or 4.5 mg/ L 

dissolved oxygen (DO) concentrations. Hypoxic conditions were created by bubbling 

nitrogen into a sealed tank at 4 °C until the required concentration of DO was achieved. 

One-litre glass jars were filled with hypoxic water and then sealed. Jars were held at 4 °C 

water and gently rocked to ensure that temperature remained constant and water was 

mixed regularly. Embryos were sampled after 6 hours and snap frozen in liquid nitrogen. 
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A normoxic exposure (9.5 mg/ L) was also carried out as a control to account for 

handling stress.  

Hatchlings 

Hatchlings were exposed to 6-hour hypoxic conditions at either 3 mg/ L or 5 mg/ L DO at 

1, 2 3 and 4 weeks post hatch (wph). I selected 3 mg / L as the most severe hypoxia 

treatment because preliminary experiments indicated the critical DO level for hatchlings 

was 2.5 mg / L. Critical DO was determined as follows: Nitrogen was bubbled into water 

at 4 °C in a tank reducing the DO concentration at a rate of 0.1 mg /L /min. Fish were 

deemed to have reached their critical DO level when lateral equilibrium was lost, and they 

listed to their side. The critical DO concentration was determined as the concentration of 

DO when 50% of the fish in the tank lost equilibrium (n = 10).  Hypoxic conditions were 

created as described in section 2.2.1 and upon completion animals were anaesthetised in a 

buffered solution of tricaine methane sulfonate (MS-222) before being snap frozen in 

liquid nitrogen.  

Cortisol ELISA  

Cortisol levels were extracted from a pool of 3 embryos or 2 larval fish per replicate to 

quantify whole body cortisol levels using an EIA; in total 12 biological replicates were 

used. Samples were homogenised in 50 mM Tris + PI using a Precellys 24 tissue 

homogeniser. Ethyl acetate was added to homogenised samples and the supernatant was 

collected and vaporised. Cortisol was dissolved in in phosphate buffered saline (1 x PBS; 

10x stock:1.37 M NaCl; 27 M KCl, 18 mM KH2PO4; Na2HPO4) and 0.1% BSA (Bovine 

serum albumin). Cortisol levels were measured using a competitive enzyme-linked 
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immunosorbent assay (ELISA) based on the protocol of Yeh et al., (2013). Briefly, high 

binding 96-well plates (Immulon HB, VWR) where coated with 100 µl of cortisol 

monoclonal antibody (1.6 µg/ml; East Coast Bio, ME, USA) in phosphate buffered 

saline (1 x PBS; 10x stock:1.37 M NaCl; 27 M KCl, 18 mM KH2PO4; Na2HPO4) for 16 

h at 4 °C. The plate was then washed with PBS with 0.05% Tween 20 (TPBS; 300 

ul/well) and blocked with 0.1% bovine serum albumin (300 µl/well; BSA; Sigma) for 1 h 

at room temperature. Standards comprised of cortisol (Sigma) serial diluted (0 ng/ml – 

25 ng/ml) in PBS and 50 µl of either standards or samples were added to the wells in 

duplicate. Cortisol conjugated to horseradish peroxidase (1:1600 dilution; East Coast 

Bio, ME, USA) diluted in PBS was added to each well. Plates were incubated for 2 h, 

shaking, at room temperature. The plate was washed as described above and the 

detection reagent was added (41 mM TMB and 8 mM TBABH in 200 mM potassium 

citrate, pH 4). After 25 minutes the reaction was stopped with 1 M sulfuric acid. Wells 

were read at 450 nm using a microplate reader (VersaMax, Molecular Devices, CA, 

USA). 

Reverse transcription quantitative real-time PCR analysis (RT-qPCR) of gene 

expression 

Total RNA was isolated from a pool of 5 embryos per replicate for a total of 7 replicates 

using TRIzol® Reagent (Invitrogen Life Technologies, Burlington, ON, Canada), 

following the manufacturers protocol, and re-suspended in RNase/DNase free water 

before being stored at  - 80°C. All RNA samples were quantified and tested for purity 

using spectrophotometry and RNA quality was assessed using agarose gel 

electrophoresis. Total RNA was reverse transcribed into first strand cDNA, using the 
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QuantiTect ® Reverse Transcription kit (Qiagen Mississauga, ON, Canada) according to 

the manufacturer’s protocol. Partial cDNAs for crh, crhbp1, pomc, star and pepck were 

amplified, sub cloned and sequenced with a variety of PCR-based techniques (Described 

in Chapter Three). The deduced amino acid sequences of these isolated cDNAs (See 

Appendix B) were 80 – 99 % similar to those of other teleost fishes (Table 4). Gene 

specific primers were designed using the sequences and NetPrimer software (Premier 

Biosoft, Palo Alto, CA, USA; Table 2). A pool of hypoxia treated, and control samples 

were used to develop standard curves for all primer pairs (Table 5).  mRNA levels for 

each gene were then obtained using quantitative real-time PCR (qPCR) using a CFX 

Connect Real-Time Detection System (Bio-Rad, Mississauga, ON, Canada). qPCR 

reactions were performed using 0.5 μl cDNA, 500 nmol of each primer (Table 5) and 2× 

SsoAdvanced™ SYBR® Green Supermix (Bio-Rad, Missisauga, ON, Canada) to a total 

volume of 20 μl under the following conditions: 1 cycle of 95 ℃ for 30 s, 40 cycles of 

95 ℃ for 10 s, 60-65 ℃ for 30 s. No template controls were included in all runs and melt 

curve analysis was performed to confirm the presence of a single amplicon. In addition, 

plate to plate variance was accounted for by running an inter-run calibrator sample on 

each plate. 
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 Table 4: Percent amino acid identity (id) and similarity (si) of the predicted amino acid 

sequences from isolated lake whitefish cDNA fragments with those of selected teleost 

fish and humans for genes associated with HPI-axis and pepck.  

  

  

Salmo 

salar 

Oncorhynchus 

mykiss 

Danio 

rerio 

Oreochromis 

niloticus 

Homo 

sapiens 

(id/si) (id/si) (id/si) (id/si) (id/si) 

LWF – crh 76/78 83/86 64/78 86/95 72/81 

LWF – crhbp1 98/98 96/98 80/88 76/86 68/82 

LWF – pomc 80/83 73/73 56/62 66/69 61/61 

LWF – star 98/99 89/91 92/95 88/95 82/90 

LWF- pepck 99/99 99/99 92/95 90/96 82/90 
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Table 5: RT-qPCR primer sequences for genes quantified which included genes 

associated with the HPI-axis, pepck and hsp90α and hsp90β in lake whitefish in response 

to hypoxia. 

 

 

  

Gene Sequence (5’ – 3’) 
Annealing 

Temperature 

Amplification 

Efficiency  

crh 
F: ACG GTC AAC AGG GCT TTA CA 

R: AGC AGG TGG AAT GTC AGG TC 

 

57 °C 

 

102.1% 

crhbp1 
F: GCT GAT GGA ACG CTA TGT GGA 

R: TAC AGG GGA AAG GGT TGA TGG 

 

58 °C 

 

105.8% 

pomc 
F: CTA CCC CAG CGA GAT GAC AC 

R: CTG TAC GAG CCG TCT TTC 

 

65 °C 

 

102.5% 

star 
F: CTT CGT TAG TGT TCG CTG TG 

R: CTT GGT CTT GTT GGG GTC ATC 

 

60 °C 

 

106.0% 

pepck 
F: TCC AGT CCC TCC CAC CAT AC 

R:TCC CTG AAG ACC AAC CCT C 

 

60 °C 

 

103.8% 

hsp90α 
F: AGT CGT GGG GAA AGG ATT GT 

R: TGA ATA AGG TTG AAA GCA GCA GA 

        

        65°C 

 

95.4% 

hsp90β 
F: CCT TTC TAT TTT CCT GCG TC 

R: TTG TTC CGT TGA CTT CTC TT 

 

60°C 

 

99% 
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Statistical Analysis 

Cortisol  

Data are shown as mean ± standard error. To understand if exposure to hypoxia at a 

given age had any effect on embryo cortisol levels, significant interactions were tested 

using a one-way ANOVA (Holm-sidak post hoc). Cortisol levels were log transformed 

to meet the assumptions of normality and equal variance. A significance level of 0.05 

was used. 

For larval fish, to assess if exposure to hypoxia at a given age had any effect on cortisol 

levels, significant interactions were tested using a one-way ANOVA.  At 1 and 2 wph, a 

one-way ANOVA (Holm-Sidak post hoc) was used. Larval cortisol levels were inverse 

and log transformed at 1 and 2 wph, respectively, to meet the assumptions of normality 

and equal variance. At 3 and 4 wph, cortisol levels were log transformed and significant 

interactions were tested using a Kruskal-Wallis test (Tukey’s post hoc). A significance 

level of 0.05 was used in all cases.  

qPCR 

The analysis of the qPCR data was performed in R studio version 0.98.977 (RStudio 

Team, 2015) using the MCMC.qpcr package (Matz et al., 2013). This package 

implements a Poisson-lognormal generalised mixed model to a complete set of qPCR 

measurements (corrected for amplification efficiency) using a Markov Chain Monte 

Carlo (MCMC) and doesn’t require the use of reference genes. This procedure infers the 

expression changes for all genes from the joint posterior distribution of parameters. To 
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understand if exposure to hypoxia at a given age had any effect on mRNA levels for each 

gene, the effects of hypoxia were modeled with hypoxia treatment group (normoxia, 

mild or severe) and developmental age as fixed factors. Posterior means and the 95% 

credible intervals from the controls and the hypoxia treatments were plotted as log2 

abundance. The 95% credible intervals are the Bayesian analog to 95% confidence 

intervals used in frequentist methods and are included to show the extent of variability in 

the posterior distribution. Differences between hypoxia treatment groups and/or 

developmental ages were considered sufficiently large to be biologically significant or 

real if there was no overlap between the 95% credible intervals; this could be interpreted 

as being analogous to the differences being statistically significant.  

Results 

The development of the HPI-axis during lake whitefish embryogenesis and its 

response to stress 

Cortisol and all components of the HPI-axis examined were present at the earliest 

embryonic age studied. Cortisol and mRNA levels varied between developmental age 

and mRNA levels were also dependent on the specific gene quantified. Cortisol levels in 

control embryos decreased from 52.18 ± 9.7 pg/embryo at 21 dpf to 20.05 ± 3.06 

pg/embryo at 63 dpf, which was the lowest cortisol content observed throughout 

embryogenesis (Figure 8A). Subsequently, cortisol levels increased peaking at 122.93 ± 

13.36 pg/embryo in embryos 103 dpf, the final embryonic age examined. Similar 

patterns were observed for control levels of crh and crhbp1, which decreased between 21 

dpf and 38 dpf and then gradually increased so that by 103 dpf they were much greater 
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than mRNA levels at previous time points (Figure 8). This pattern was also observed for 

pomc, except at 83 dpf where mRNA levels seemed to temporarily dip. Overall, star 

mRNA levels increased between 21 dpf and 103 dpf, although a decrease in mRNA 

levels was observed at 83 dpf. By 103 dpf, mRNA levels were substantially higher than 

those at previous time points. Pepck levels declined from 21 dpf to 103 dpf (Figure 10). 

The increases in all genes observed at 103 dpf coincided with hatch, which was likely 

triggered in response to handling. At the cellular level, control levels of hsp90α and 

hsp90β (Fig. 10) decreased between 21 dpf and 38 dpf but at subsequent time points 

levels remained relatively stable until 103 dpf where hsp90α increased substantially. An 

increase in hsp90β was also observed at 103 dpf but this increase was more moderate. 

Hypoxia treatment significantly affected whole embryo cortisol levels in only the 2 

youngest ages examined (Figure 8A). In embryos at 38 dpf hypoxia increased cortisol 

levels to 1- and 7- fold higher than controls for the severe and mild treatment, 

respectively. Increases in all components of the HPI-axis was also observed at this time 

and was the only time an increase in pomc was observed during embryogenesis. By 

comparison, in 21 dpf embryos hypoxia resulted in a 2-fold decrease in whole body 

cortisol for the severe and mild treatment. There was no increase in the mRNA of any 

gene observed at 21 dpf, instead exposure to hypoxia resulted in decreases in pomc and 

crhbp1 in the severe and mild treatments, respectively. At 63 and 83 dpf increases in crh 

and crhbp1 were observed. At no instance was an increase in pepck observed in response 

to hypoxia (Figure 10A).  At the cellular level, exposure to hypoxia resulted in elevated 

mRNA levels for hsp90α and hsp90β at 38 dpf for both the severe and mild treatments 
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and was the only instance where an increase in hsp90α was observed. Hsp90β also 

increased at 83 dpf but this was for the mild treatment only (Figure 10).  

The development of the HPI-axis in larval lake whitefish and its response to stress 

Cortisol control levels decreased 55.09 ± 8.84 pg/larva at 1 wph to 33.29 ± 3.84 pg/larva 

at 2 wph, which was the lowest cortisol content observed in larval lake whitefish (Figure 

9A). By 3 wph, cortisol levels in control fish at 135.44 ± 17.88 pg/larva, were 4 times 

higher than the previous time point and remained at this level in 4 wph larvae. In 

contrast, there was no overall trend in the mRNA levels of HPI-axis genes examined 

although all genes did show some level of increase during this 4-week period. At the 

cellular level, hsp90α remained relatively constant throughout the 4 time-points 

investigated. In contrast, mRNA levels for hsp90β increased from 1 to 4 wph, such that 

by 4 wph mRNA levels were significantly higher than those observed at 1 wph (Figure 

10).  

There was an inconsistent response to hypoxia with respect to changes in cortisol levels 

(Figure 9A). At 1 wph, there was a strong response to hypoxia but this was observed for 

the severe treatment only. By comparison, at 2 wph I observed a moderate response for 

the mild but not severe treatment. At 3 and 4 wph, hypoxia resulted in a significant 

decrease in whole body cortisol levels for the severe treatment only, which was 3 times 

lower than the control levels at these time points. This inconsistent response was also 

observed in the transcript abundance of the HPI-axis genes examined. At 1 wph, notable 

increases were observed for crh and pomc. At 2 wph increases only occurred in crhbp1 

for the severe treatment and pomc for the mild treatment. By 3 wph, hypoxia resulted in 
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crh mRNA levels which were 2.8-fold lower than controls for both the severe and mild 

treatments. A 2-fold decrease at 4 wph for the severe treatment was also observed. At 2 

wph, a 2-fold increase in pepck was observed for the severe treatment only (Figure 10D). 

An increase in pepck was also observed at 4 wph in response to mild hypoxia. At the 

cellular level, exposure to severe hypoxia resulted in a 2-fold increase in hsp90β at 1 

wph for the severe treatment and a 3.5-fold increase at 2 wph for the severe and mild 

treatment. Hsp90α was not induced by hypoxia. 
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Figure 8: Whole-embryo cortisol (A) and: crh (B), crhbp1 (C), pomc (D) and star (E), 

mRNA levels (log2 abundance arbitrary units) for lake whitefish embryos following a 

hypoxic stress that was severe (2 mg/ L DO) or mild (4.5 mg/ L DO) compared to a 

control of 9.5 mg / L DO (normoxia). Following exposure, animals were sampled 

immediately. For whole-embryo cortisol levels, different lowercase letters indicate 

significant treatment effects. A significant interaction was detected at 21 dpf (One-way 

ANOVA, P = 0.015, n = 12, Holm-sidak post hoc) and 38 dpf (One-way ANOVA, 

P=0.002, n = 12, Holm-sidak post hoc). At subsequent ages there were no significant 

differences detected between treatment groups and control. mRNA levels (log2 

abundance arbitrary units) were modelled using a Poisson-lognormal generalised mixed 

model fitted with a Bayesian Markov Chain Monte Carlo model as part of the 

‘MCMC.qpcr’ package. Data represent the posterior means ± 95% credible 

intervals. Differences between treatment groups were accepted as biologically significant 

if the 95% credible intervals were non-overlapping. Data points labelled with a S or M 

indicate that the severe or mild hypoxic treatment group is significantly different from 

the control group.  
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Figure 9: Whole-larvae cortisol levels (A) and: crh (B), crhbp1 (C), pomc (D), star (E), 

mRNA levels in larval lake whitefish following a hypoxic stress that was severe (3 mg/ 

L DO) or mild (5 mg / L DO) compared to a control of 9.5 mg / L dissolved oxygen 

(normoxia). Following exposure animals were sampled immediately. In larval lake 

whitefish, significant interactions were detected all ages between normoxic and hypoxic 

groups; 1 and 2 wph (One-way ANOVA, p = <0.001 and p = 0.012, respectively, n = 12, 

Holm-sidak post hoc), 3 and 4 wph (Kruskal-wallis, p = 0.001 and p = 0.018, 

respectively, n = 12, Tukey’s test post hoc). mRNA levels (log2 abundance arbitrary 

units) were modelled using a Poisson-lognormal generalised mixed model fitted with a 

Bayesian Markov Chain Monte Carlo model as part of the ‘MCMC.qpcr’ package. Data 

represent the posterior means ± 95% credible intervals. Differences between treatment 

groups were accepted as biologically significant if the 95% credible intervals were non-

overlapping. Data points labelled with a S or M indicate that the severe or mild hypoxic 

treatment group is significantly different from the control group.  
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Figure 10: Embryo pepck (A), hsp90α (B) and hsp90β (C) and larval pepck (E), hsp90α 

(F) and hsp90β (G) mRNA levels (log2 abundance arbitrary units) for lake whitefish 

following a hypoxic stress that was severe (3 mg/ L DO) or mild (5 mg / L DO) 

compared to a control of 9.5 mg / L DO (normoxia). Following exposure animals were 

sampled immediately. Data were modelled using a Poisson-lognormal generalised mixed 

model fitted with a Bayesian Markov Chain Monte Carlo model as part of the 

‘MCMC.qpcr’ package. Data represent the posterior means ± 95% credible 

intervals.  Differences between treatment groups were accepted as biologically 

significant if the 95% credible intervals were non-overlapping. Data points labelled with 

a S or M indicate that the severe or mild hypoxic treatment group is significantly 

different from the control group.  
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Discussion  

These results demonstrate, to the best of my knowledge, the first time that the HPI-axis 

has been activated in response to stress during organogenesis in a teleost embryo. Lake 

whitefish embryos were able to up-regulate all components of the HPI-axis investigated 

resulting in a significant increase in cortisol levels in embryos exposed to both a mild 

and severe hypoxic environment at 38 dpf, refuting the hypothesis that the HPI-axis is 

hypo-responsive during early development. A hypo-responsive period was observed 

throughout the latter stages of embryogenesis, although this was accompanied with an 

increase in cortisol levels in control fish. Increases observed in cortisol following 

exposure to hypoxia at 1 and 2 wph are consistent with other species. A reduction in 

cortisol synthesis observed at 3 and 4 wph suggests that either 1. Cortisol levels were 

previously increased, indicating that larval lake whitefish have a faster stress response 

and thus become more sensitive to hypoxia exposure as development progresses, or 2. At 

these ages they cannot maintain a response, which could suggest that prolonged exposure 

to hypoxia at these times could potentially be detrimental to their development.  

The development of the HPI-axis during lake whitefish embryogenesis and its 

response to stress. 

In teleost fish, maternal deposits of cortisol are essential for early development and are 

used in many developmental pathways including the maturation of the cortisol stress axis 

(Caipang et al., 2015; Nesan and Vijayan, 2013). Levels of cortisol in control embryos 

decreased between 21 and 63 dpf and these findings suggest that, like other fish species, 

maternal cortisol deposits are being used by the embryo at these ages (Alsop and 
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Vijayan, 2008; Fuzzen et al., 2011). In zebrafish, cortisol levels decreased such that the 

lowest levels were observed just prior to hatch (Alsop and Vijayan, 2008). In 

comparison, cortisol levels in rainbow trout were depleted by 14 dpf, the eyed stage, 

which coincided with the onset of organogenesis (Fuzzen et al., 2011). Organogenesis in 

lake whitefish embryos begins around 14 dpf, suggesting the decrease in cortisol levels 

observed between 21 and 63 dpf is due to the utilization of maternal cortisol in early-mid 

developmental processes. Glucocorticoid signalling has also been implicated in later 

developmental processes, including the maturation and functional activation of multiple 

organs such as the heart, lungs, gut, pancreas and kidney in multiple animals (Liggins, 

1994; Langdown et al., 2003; Gesina et al., 2004; Lumbers et al., 2005).  

The HPI-axis is functional and responsive in most fish species after hatching, with some 

exceptions. Lake whitefish are capable of de novo cortisol synthesis prior to hatch, as 

supported by the observed increase in whole embryo cortisol levels at 38 dpf. Further 

support for the activation of the embryonic HPI-axis comes from observations that 

mRNA levels of crh, pomc and star increased from 63 dpf onwards. In rainbow trout 

embryos elevated levels of crh mirrored increases in cortisol production prior to hatch 

(Fuzzen et al., 2011). In zebrafish larvae, similar increases were observed for the 

expression of star (Alsop and Vijayan, 2009). In other fish species, including Japanese 

flounder (Paralichthys olivaceus; de Jesus et al., 1991), tilapia (Oreochromis 

mossambicus; Pepels and Balm, 2004), and Asian sea bass (Lates calcarifer; Sampath-

kumer et al., 1995), de novo synthesis doesn’t begin until after hatch. This suggests that 

embryos of these species retain enough maternal cortisol to sustain them during early 

development (Sampath-kumar et al., 1995). Common carp (Stouthart et al., 1998), 
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rainbow trout (Fuzzen et al., 2011) and chum salmon (de Jesus and Hirano, 1992) 

however, have been shown to be capable of endogenous production of cortisol at the pre- 

hatch stage late in embryogenesis. Taken together this demonstrates that the HPI-axis is 

functional just prior to or after hatch in all fish species studied to date and when coupled 

with the data from this study, suggests that lake whitefish are unique. 

The HPI-axis hypo-responsive period observed during embryogenesis is hypothesised to 

be essential for early development in fish (Nesan and Vijayan, 2013) and is advocated as 

the reason that a stress-induced cortisol response is not observed until after hatching in 

most of the species studied to date (Feist and Schreck, 2001; Jentoft et al., 2002; Pepels 

and Balm, 2004; Alderman and Bernier, 2009; Fuzzen et al., 2011). An increase in 

cortisol at 38 dpf in response to hypoxia is, to the best of my knowledge, the first 

instance of an increase in cortisol in response to stress that has been observed in early 

embryogenesis. There was an increase in the mRNA levels for all components of the 

HPI-axis studied, as well as an increase in cortisol, for both the severe and mild 

treatments compared to controls at this age. This study exposed embryos to hypoxia for 6 

hours, which is considerably longer than the stress exposure time in other studies, where 

embryos were exposed to stress for less than an hour (Stouthart et al., 1998; Feist and 

Schrek, 2001; Jentoft et al., 2002; Pepels and Balm, 2004; Alderman and Bernier, 2009). 

It could be that at the embryonic stage a greater magnitude of stress is required to active 

the HPI-axis and initiate cortisol biosynthesis. In rats it has been postulated that the 

stress hypo-responsive period is a result of the low levels of corticosteroid-binding 

globulin (CBG) (Reviewed in: De Kloet et al., 1988). When CBG is absent, 

corticosteroid negative feedback at the brain and pituitary is greatly enhanced because of 
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the availability of more free steroid which can interact with the receptors on these 

targets. A lack of increase in glucocorticoids in response to stressors at this time is 

therefore attributed to the inability of most stressors to evoke a sufficiently large Crh 

signal to overcome the negative feedback at the pituitary (Barry et al., 1995b).  If this 

were the case for fish, it may be the absence of the response in other fish species is due 

to either the intensity and/or duration of the stressor being insufficient to trigger at 

response.  One exception to this is the common carp, which responded to handling stress 

with a significant increase in cortisol levels at 50 h post fertilization (Stouthart et al., 

1998). However, common carp hatch at 56 hours post fertilization meaning that this 

response was observed at 90% development, compared to lake whitefish where I 

observed an increase at 37% development. As there are likely timing differences in the 

development and integration of sensory mechanisms, more studies are required to 

determine exactly when an endocrine stress response can occur in a species and under 

what circumstances. 

Blocking the stress-induced activation of the HPI-axis may be a protective mechanism 

that could be preventing cortisol from disrupting glucocorticoid-sensitive developmental 

pathways (Nesan and Vijayan, 2013). Lake whitefish embryos are capable of 

endogenous production of cortisol much earlier than the rise in cortisol levels during 

development would suggest.  Evidence supporting this fact comes from the observations 

that cortisol increases in response to hypoxia at 38 dpf but in control fish they do not 

increase until 83 dpf. Exposure to elevated cortisol has been shown to have detrimental 

effects on development in other fish species. Zebrafish embryos exposed to elevated 

cortisol had increased heart deformities due to the suppression of several key cardiac 
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genes (Nesan and Vijayan, 2012), which also lowered the resting heart beat post-hatch. 

Glucocorticoids were also shown to regulate matrix metalloproteases (MMPs) which 

mediate tissue remodelling during development through regulation of apoptosis, cell 

cycles, angiogenesis, and matrix degradation. Blocking translation of these MMPs can 

result in an abnormal phenotype (Hillegass et al., 2007). In zebrafish, treatment with 

hydrocortisone dysregulated MMP-13, which at critical points in development disrupted 

normal organogenesis (i.e. somitogenesis; Hillegass et al., 2007).  Taken together, these 

studies suggest that exposure to higher levels of cortisol may be detrimental at specific 

ages and that suppression during embryogenesis is a protective mechanism that exists in 

part because it disrupts key developmental processes and leads to deformities. 

The development of the HPI-axis in larval lake whitefish and its response to stress 

Increases in basal cortisol levels at the onset of exogenous feeding have been previously 

observed in rainbow trout (Fuzzen et al., 2011) and chum salmon (de Jesus and Hirano, 

1992) and could explain the increase observed in lake whitefish at 3 wph. Cortisol is 

hypothesised to mediate the transition from a constant endogenous energy source to an 

intermittent exogenous source (Barry et al., 1995a) through the initiation of feeding 

and/or regulation of intermediary metabolism during this key ontogenetic transition 

(Fuzzen et al., 2011). In many birds and mammals, the activity of the hypothalamus-

pituitary-adrenal (HPA) axis, increases at hatching and parturition, respectively, 

suggesting that the maturation of the axis is associated with the transition from 

endogenous to exogenous feeding in vertebrates and that a functional HPA – or HPI- 

axis may be required to regulate gluconeogenic pathways to maintain glucose 
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homeostasis during periods of fasting (Arai and Widmaier, 1991; reviewed in Wada, 

2008).  

A stress-induced cortisol increase in lake whitefish post-hatch is consistent with other 

fish species although the timing of this response is species and stressor specific (Barry et 

al.,1995a; Feist and Schreck, 2001; Pepels and Balm, 2004; Auperin and Geslin, 2008). 

An increase in cortisol was observed for the severe treatment at 1 wph but not at 2 wph. 

Instead by 2 wph only the mild treatment resulted in significantly elevated cortisol 

levels. Coupled with increases in the mRNA levels of star, and the cortisol response 

gene pepck at 2 wph for the severe treatment, it could be suggested that cortisol levels 

were previously increased and had subsequently declined in animals exposed to severe 

hypoxia. This is further supported by increases in crhbp1 and hsp90β mRNA at 2 wph 

for the severe treatment. Elevated levels of crhbp1 suggest that cortisol levels could have 

decreased through negative feedback regulation of the HPI-axis. Exposure to chronic 

hypoxia or repeated chasing stress elicited an increase in crhbp in rainbow trout (Doyon 

et al., 2005; Alderman et al., 2008). Glucocorticoids also increase the mRNA of pituitary 

crhbp in rats (Behan et al., 1995; McClennen et al., 1998) and it was suggested that this 

could represent a novel mechanism of negative feedback inhibition of the stress axis by 

glucocorticoids (McClennen et al., 1998). Crhbp may reduce the levels of unbound Crh 

and thus modulate the responsiveness of the stress axis (Doyon et al., 2005). Taken 

together, it is possible that cortisol was initially increased but that continued exposure to 

hypoxia instigated a feedback mechanism which attenuated the stress response and 

resulted in cortisol levels diminishing. If this is the case then by 2 wph the response to 
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stress is much faster, suggesting a more responsive HPI-axis and increased sensitivity to 

hypoxia.  

An increase in sensitivity in the stress response could also explain the decrease in 

cortisol at 3 and 4 wph. The down-regulation of crh and cortisol at 3 and 4 wph could 

suggest that the HPI-axis had been activated early in the 6-hour hypoxia treatment, but 

the response had diminished by sampling at 6 hours. A peak in cortisol levels earlier in 

the treatment would explain the increase in pepck mRNA levels at 4 wph for the mild 

treatment. In most fishes, cortisol reaches the highest concentration 1-hour post stress 

and returns to basal levels after 6 hours (Iwama et al., 2006). In European sea bass, for 

example, cortisol levels peaked 1-hour post stress in larval fish at the first feeding stage 

(9 days post hatch) but by 24 hours they had significantly declined (Tsalafouta et al., 

2014).  Limited studies have assessed the effects of chronic stress on cortisol levels but 

those that have identified that cortisol levels start to decline when exposed to a long-term 

stressor. In rainbow trout larvae, at 10 days post hatch, cortisol levels increased 

following a 90-minute exposure to hypoxia, but after a 24-hour exposure levels were not 

significantly different from controls (Fuzzen et al., 2011). Another viable explanation for 

the decrease in cortisol compared to controls is that 3 and 4 wph are sensitive windows 

in development and lake whitefish are unable to sustain a stress response at this age. In 

chapter 3, I showed that lake whitefish down-regulate multiple genes at this age when 

exposed to hypoxia. Most notably, a down-regulation in hsp70 occurred. Stefanovic et al. 

(2016) showed that in response to heat stress, hsp70 mRNA levels remained elevated in 

juvenile lake whitefish for at least 16 hours post stress. When this is coupled with data 

from Fuzzen et al. (2011), where hsp70 levels remained high even after 24-hour 
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exposure to hypoxia, it could be hypothesised that at this time point larval lake whitefish 

are unable to sustain a response to hypoxia for 6 hours and that these are sensitive 

windows in development and the effects of hypoxia exposure at these ages should be 

further investigated.  

Conclusions 

This study demonstrates for the first time that the HPI-axis can be activated, and cortisol 

increased during organogenesis in an embryonic teleost fish, refuting the idea that 

embryogenesis is hypo-responsive and suggesting that a certain level of stress is required 

to overcome this hypo-responsiveness and activate the HPI-axis at this age. Throughout 

the remainder of embryogenesis, a hypo-responsive period is observed, as seen in other 

fish species which indicates that this could be a protective mechanism that allows 

development to proceed without elevated cortisol levels disrupting sensitive 

developmental pathways. Post-hatch, these data imply that hypoxia sensitivity increases 

as lake whitefish larval development progresses, such that by 3 and 4 wph cortisol is 

down-regulated in response to hypoxia. This could be due to a more rapid stress response 

or a lack of ability to sustain the stress response which could indicate that these ages are 

sensitive windows in development and future work should investigate the timings of the 

activation of the HPI-axis and the effect of stress on long-term development. 
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CHAPTER FIVE 

RESPONSES TO ENVIRONMENTAL STRESS: THE IMPACT OF 

INTERACTING STRESSORS ON THE TOLERANCE OF JUVENILE LAKE 

WHITEFISH (COREGONUS CLUPEAFORMIS) TO THERMAL AND LOW 

OXYGEN STRESS AND THE CELLULAR STRESS RESPONSE.  

 

Acknowledgement: qPCR was carried out by Alana Goertzen.  
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Introduction 

Climate change is a growing problem globally, and with increasing temperatures causing 

detectable changes in species distribution and abundance, is considered one of the most 

problematic stressors faced by aquatic animals (Parmesan, 2006; Vinagre et al, 2012; 

Sunday et al., 2013). Changes in temperature due to global scale drivers do not act in 

isolation, but rather are often coupled with other stressors caused by anthropogenic 

activity at local scales. For freshwater ecosystems, one important local stress is 

eutrophication and the resulting lower than normal environmental oxygen levels 

(hypoxia) that are caused by anthropogenic pollutants (Diaz and Rosenberg., 2008; Jean-

Phillipe et al., 2015). Hypoxic and anoxic events have extreme consequences for fishes 

and have been linked to numerous fish kills globally which are only expected to increase 

when coupled with increasing temperatures (Vaquer-Sunyer and Duarte., 2008).  

Cellular stress responses are likely mechanisms by which individuals mitigate some of 

the damaging effects associated with stressful environments. One cellular mechanism 

that has been extensively studied in response to stress is the heat shock response (HSR) 

which is characterised by an increase in of a group of proteins collectively referred to as 

heat shock proteins (Hsps) (reviewed in Iwama, 1998). Inducible isoforms of Hsps are 

up-regulated in response to a variety of environmental stressors and have numerous roles 

in stressed cells including facilitating the folding and assembly of nascent proteins, 

preventing protein aggregation, refolding denatured proteins, assisting in membrane 

translocation of transmembrane and secretory proteins, and regulating signal 

transduction (Basu et al., 2002; Garrido et al., 2001; Heise et al., 2006). Increases in Hsp 

protein levels in response to elevated temperature have been observed in a variety of 
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salmonid species (Dubeau et al., 1998; Smith et al., 1999; Mesa et al., 2002; Rendell et 

al., 2006; Chadwick et al., 2015). Moreover, it has also been demonstrated that the HSR 

can be induced in response to hypoxia in several fish species (Delaney and Klesius., 

2004; Fuzzen et al., 2011; Ni et al., 2014; Wang et al., 2017). For example, Wang et al. 

2017 showed that large yellow croaker (Larimichthys crocea) exposed to a range of low 

oxygen levels (2.5 mg / L, 3.5 mg / L and 4.5 mg / L) could increase hsp70 mRNA levels 

after 3-hours and that these levels remained elevated throughout a 96-hour treatment. 

Taken together, this suggests that the HSR is a fundamental cellular stress response that 

mitigates the damaging effects of environmental change.    

In addition, fish can invoke another cellular response which is associated with the 

activity of the family of hypoxia inducible transcription factors (Hifs) (Koblitz et al., 

2015). Several Hifs have been identified in fish and are considered the master 

transcriptional regulators of genes involved in both the cellular and systemic responses to 

hypoxia. The main hypoxia inducible factor is Hif-1, which is conserved across all 

organisms studied from Caenorhabditis elegans to humans (Homo sapiens; Hu et al., 

2003). It is a heterodimeric protein made up of constitutively expressed and abundant 

Hif-1β (Huang et al., 1996) and the oxygen sensitive Hif-1α. Under normoxic conditions, 

Hif-1α is rapidly degraded. Hypoxia inhibits the degradation of Hif-1, allowing it to 

accumulate and dimerise with Hif-1β, translocate to the nucleus, and bind to DNA, 

upregulating the expression of Hif-1 responsive genes (Kajimura et al., 2005). Several 

studies in fish have demonstrated that that levels of hif-1α mRNA are unaltered in 

response to hypoxia, and that Hif-1α activation during hypoxia exposure is due to post-

translational mechanisms (Wenger et al., 1997). This was observed in Rainbow trout 
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gonad and chinook salmon embryonic cells, where exposure to hypoxia for 2 hours did 

not alter hif-1α mRNA levels, and further exposure resulted in a decrease when 

measured at 4-hours (Soitamo et al., 2001).  In contrast, Law et al. (2006), demonstrated 

that hif-1α mRNA levels increased in the kidney and gills of grass carp after a 4-hour 

hypoxia exposure. Hif-1α levels were also elevated in large yellow croaker exposed to 

hypoxia for 3 hours (Wang et al., 2017). Combined with studies on other hypoxia-

tolerant animals from different vertebrate groups, this demonstrates that hif-1α mRNA 

levels may also be regulated in some species (Shams et al., 2005; Rissanen et al., 2006). 

In addition, Rissanen et al. (2006) demonstrated that Hif-1α is also inducible in response 

to thermal stress in the crucian carp (Carassius carassius), suggesting that this 

transcription factor can also play a role in the response to fluctuating temperatures. 

Although numerous studies have looked at the cellular responses to thermal stress and 

hypoxia, there is no information available on the nature of these cellular responses when 

fish experience these stressors simultaneously. 

Lake whitefish (Coregonus clupeaformis) are a cold-water salmonid endemic to North 

America that are widely distributed from western Alaska, USA to eastern Labrador in 

Canada. Optimal temperatures for young of the year juvenile lake whitefish range from 

12.7 °C – 17.8 °C (Edsall, 1999), although they can inhabit lakes that reach temperatures 

outside of this range (Dr. Rebecca North, 2017, personal communication). Concurrent 

with temperature increases are eutrophication-driven episodes of hypoxia in some lakes 

(Scott and Bollinger, 2014). Together these environmental stressors have been reported 

to contribute to die-offs of lake whitefish (Scott and Bollinger., 2014). Yet populations 
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of fish are still maintaining in these lakes, suggesting that some fish could be able to 

respond physiologically to the stress caused by these environmental changes.  

In this study, I investigated thermal and low oxygen tolerances of juvenile lake whitefish 

and the effect that thermal and hypoxic stress, both experienced in isolation and 

simultaneously, had on the cellular stress responses. The objectives for this study were 

to: 1. Quantify the thermal and low oxygen tolerances of juvenile lake whitefish, and 2. 

Examine the cellular stress response of lake whitefish exposed to either a single thermal 

or hypoxic stress or a multi-stressor treatment. To answer this objective, I quantified 

changes in the mRNA levels of genes involved in the heat shock response: hsp70, 

hsp90α, hsp90β and hsp47, and the master regulator of the cellular hypoxia response, hif-

1α. The mRNA levels of the key Hif-1 responsive genes vegfa, epo, igfbp1, ldha and 

gapdh which are associated with angiogenesis, growth and development, and glucose 

metabolism were also examined. I hypothesised that (a) the thermotolerance of young of 

the year juvenile lake whitefish, as measured by loss of equilibrium, will decrease at 

lower oxygen concentrations, (b) the hypoxia tolerance of young of the year juvenile 

lake whitefish will decrease at higher water temperatures and (c) exposure to multiple 

stressors will result in a more robust cellular stress response in young of the year juvenile 

lake whitefish compared to those in control fish and fish exposed to single stressors. 
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Methods 

Fish Collection and Rearing.  

Adult lake whitefish were collected during spawn, using bottom-set gill nets, at 

Blackstrap Lake in Dundurn, SK (51.8°N, 106.4°W) in November 2015. Eggs and milt 

were stripped from twenty male and five female fish, pooled and in-vitro fertilisation 

was performed. Embryos were water hardened and then transported back to the 

University of Regina Aquatic Facility. Embryos were then held at 4°C in 2L mini bell 

jars (Aquatic Eco-Systems Inc., Apopka, FL, USA) for the duration of embryogenesis.  

Post-hatch, larval fish were transferred to 1.5 L glass aquaria and the temperature was 

gradually increased to 10 ° C over a period of 4 weeks. Newly hatched larvae were fed a 

marine fish larval and weening feed (Otohime-Marubeni Nisshin Feed Company, Chuo-

ku, Tokyo, Japan). Two weeks prior to experiments, temperatures were further increased 

to reflect optimum summer temperatures for lake whitefish. Young of the year (YOY) 

juveniles 18 weeks post hatch were acclimated to 14 °C. Temperatures were increased 

from 10 °C at a rate of 1°C every 4 days and remained stable for 2 weeks before the fish 

were subjected to various treatments. 

Critical Thermal Maximum (CTMax) and Dissolved Oxygen Loss of Equilibrium 50 

(DO_LOE50) 

CTMax and DO_LOE50 were determined as an index of whole organism acute thermal 

tolerance and hypoxia tolerance, respectively. Fourteen fish were used per trial. For the 

CTMax trial, water temperature was increased at a rate of 0.15 °C per minute until fish 

were unable to maintain their dorsoventral orientation in the water column, which 
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represented the point at which the fish had lost equilibrium. For the DO_LOE50 trial, 

oxygen levels were decreased at a rate of 1 mg/ L every 10 minutes and were measured 

using a luminescent dissolved oxygen probe (HACH). Water was aerated throughout the 

trials to prevent thermal stratification and to maintain dissolved oxygen levels. Loss of 

equilibrium was chosen as the experimental endpoint and the CTMax or DO_LOE50 was 

calculated by taking the arithmetic mean of the temperatures or oxygen levels at which 

14 fish lost equilibrium. Further CTMax and DO_LOE50 trials were carried out at altered 

oxygen levels and temperature, respectively. A CTMax trial was undertaken at a 

dissolved oxygen concentration of 4 mg / L to examine the effect of decreased oxygen 

levels on CTMax. The second LOE_DO50 trial was carried out at 23 °C (n = 14 fish) to 

understand the effects of elevated temperature on DO_LOE50.  Taken together, these 

experiments provided information that was used to determine the treatments for the 

following single and multiple stressor exposures.  

Single and Multiple Stressor Exposures 

Fish were transferred to a tank and held at the control temperature (14 °C) in normoxic 

conditions for 1 hour before treatment exposure. Fish were exposed to one of 9 

treatments (n = 20 per treatment) (Table 6) which consisted of a single thermal stress, a 

single hypoxic stress, or a combination of both.  A handling control (HC) where fish 

were transferred to a tank and held at the control temperature and normoxia for the 

duration of the experiment was included as well as a no handling control (NHC) where 

fish were sampled directly from the holding tank. All treatments were carried out for 4 

hours and on completion fish were euthanised using a buffered solution of tricaine 

methane sulfonate (MS-222) before being snap frozen in liquid nitrogen. Temperature 
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and oxygen were altered as previously described, and the experiment was timed from 

when the desired temperature was reached. Water was constantly circulated to prevent 

thermal stratification and maintain constant oxygen levels. It should be noted that 

mortality was observed in two of the multi-stressor experiments, MS2 and MS4, which 

resulted in 30% and 67% mortality, respectively.   

 

Table 6: Temperature and oxygen levels for the single and multi-stressor treatments that 

lake whitefish YOY juveniles were exposed to for 4 hours.   

*Abbreviations: NHC = no handling control; HC = handling control; TS1 and TS2 = Thermal stress 1 and 2, respectively; HYP1 and 

HYP2 = hypoxic stress 1 and 2, respectively; MS1, MS2, MS3 and MS4 = Multi-stressor treatment 1,2,3 and 4, respectively.  

 

 

 

 

 

 

 

 

 

 

Treatment 
NHC* 

 
HC* TS1* TS2* HYP1* HYP2* MS1*  MS2*  MS3*  MS4* 

Temperature 

(°C) 
14  14  20  23  14  14  20  20  23  23  

Dissolved 

Oxygen (mg 

/ L) 

9.5  9.5  8.5  

 

7.5  

 

6 4 6  4  6  4  
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Reverse Transcription Quantitative Real-Time PCR Analysis (RT-qPCR)  

Total RNA was isolated from each fish (n=8) using TRIzol® Reagent (Invitrogen Life 

Technologies, Burlington, ON, Canada) following the manufacturer’s protocol, re-

suspended in RNase/DNase-free water, and stored at -86°C. RNA concentration was 

determined using spectrophotometry, and RNA quality and purity were confirmed with 

1% agarose gel electrophoresis and spectrophotometry, respectively. Total RNA (1 g) 

was reverse transcribed into first strand cDNA using the QuantiTect ® Reverse 

Transcription kit (Qiagen Mississauga, ON, Canada) according to the manufacturer’s 

protocol.  mRNA transcript levels were measured using a cDNA template, quantitative 

real-time PCR (qPCR) and a CFX Connect Real-Time Detection System (Bio-Rad, 

Mississauga, ON, Canada). qPCR reactions were performed using 0.5 μl cDNA, 500 

nmol of each primer (Table 1) and 2X SsoAdvanced™ SYBR® Green Supermix (Bio-

Rad Mississauga, ON, Canada) to a total volume of 20 μl under the following conditions: 

1 cycle of 95°C for 30 s, 40 cycles of 95°C for 5 s, 60-65°C for 30 s. “No template” 

controls were included in all runs and melt curve analysis was performed to confirm the 

presence of a single amplicon. Specific qPCR primers for hypoxia-inducible factor 1 

(hif-1α), Insulin-like growth factor binding protein 1 (igfbp1), vascular endothelial 

growth factor A (vegfa), erythropoietin (epo), lactate dehydrogenase A (ldha), 

Glyceraldehyde 3-phosphate dehydrogenase (gapdh), and heat shock proteins 47 

(hsp47), 70 (hsp70), 90α (hsp90α), 90β (hsp90β) were designed using lake whitefish 

cDNA sequences (see Table 3, page 60; Stefanovic et al., 2016). Standard curves were 

produced for each primer pair using a pool cDNA from hypoxia and/or heat shock 

treated and control fish. Gapdh primers were designed to be located on either side of a 
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270 nt intron, thus when coupled with melt curve analysis the absence of a second larger 

peak, confirms that the amplification measured in these cDNA samples was exclusively 

a result of cDNA and not influenced by any genomic DNA contamination and indicates 

that the samples were free of genomic DNA contamination.  

Statistical Analysis 

The analysis of the qPCR data was performed in R studio version 0.98.977 (RStudio 

Team, 2015) using the MCMC.qpcr package (Matz et al., 2013). This package 

implements a Poisson-lognormal generalised mixed model to a complete set of qPCR 

measurements (corrected for amplification efficiency) using a Markov Chain Monte 

Carlo (MCMC) and doesn’t require the use of reference genes. This procedure infers the 

expression changes for all genes from the joint posterior distribution of parameters. For 

each experiment, the effects of each treatment were modeled with treatment group as 

fixed factors with the NHC as a global control. Therefore, effects were reported as log2 

fold-change relative to the NHC. The 95% credible intervals are the Bayesian analog to 

95% confidence intervals used in frequentist methods and are included to show the 

extent of variability in the posterior distribution. Differences between treatment groups 

were considered sufficiently large to be biologically significant or real if there was no 

overlap between the 95% credible intervals; this could be interpreted as being analogous 

to the differences being statistically significant.  

 

 



121 
 

Results  

CTMax and DO_LOE50 

The mean value of CTMax at normal oxygen levels was 29.3 °C ± 0.36. This mean value 

was reduced to 24.5 ± 3.23°C when CTMax determination experiments were carried out 

at reduced oxygen levels of 4 mg/ L, and there was greater variability in the CTMax than 

was observed at normal oxygen levels. There were similar trends observed for the 

DO_LOE50, where an increase in temperature resulted in a decrease in low oxygen 

tolerance. At control temperatures (14 °C) the mean dissolved oxygen minimum was 

2.25 ± 0.3 mg / L. When the temperature was increased to 23 °C the tolerance to low 

oxygen decreased and the mean dissolved oxygen minimum was 3.23 ± 0.4 mg / L. 

Cellular Response to Single and Multiple Stressor Exposures 

All inducible hsps were up-regulated for both thermal stress treatments in comparison to 

both the HC and NHC, with one exception. The increase observed for hsp90α in the + 6° 

C treatment group was only elevated in comparison to the NHC (Figure 11). Animals 

exposed to a + 9 °C had notably higher mRNA levels for all inducible hsps than + 6 °C 

with the most notable differences occurring for hsp47 and 70. This trend was also 

observed for the multi-stressor treatments, where hsp70 mRNA levels increased 4-fold 

between MS1 and MS4. I did not observe any synergistic, additive, or antagonistic 

response to the multi-stressor treatments in hsps.  

Moderate increases in gene expression for hsp47 and hsp90α were observed for the more 

severe hypoxia treatment, HYP2, relative to the NHC (Figure 11). This was 

accompanied by an increase in hif-1α in HYP2 relative to the NHC, which was the only 



122 
 

increase in hif-1α observed (Figure 12). Increases in igfbp1 were observed for the HC but 

were also induced for all other treatments relative to the NHC. This was the only putative 

hypoxia responsive gene that showed consistent increases and was upregulated in 

response to both thermal stress treatments (Figure 12). The multi-stressor exposures may 

have had a synergistic effect on ldha, where levels were increased in the MS2, MS3 and 

MS4 treatments relative to the NHC. Similar increases in vegfa and gapdh were also 

observed, although these were only considered biologically relevant for the MS2 

treatment for vegfa only and the MS4 treatment for both genes.  In contrast, epo was the 

only gene that had consistent decreases in mRNA levels, with decreases observed for 

both hypoxia treatments as well as MS2, MS3 and MS4 (Figure 12).  
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Figure 11: Hsp70 (A) hsp47(B), hsp90α (C) and hsp90β(D) mRNA levels for lake 

whitefish YOY juveniles expressed relative to a non-handling control (log2 fold-change). 

Animals were exposed to 1 of 9 treatments including a handling control, 4 single stressor 

treatments that altered temperature or dissolved oxygen (DO) levels and 4 multi-stressor 

treatments that altered both temperature and dissolved oxygen levels. The handling 

control consisted of control temperature and oxygen levels (14° C / 9.5 mg / L DO). The 

single stressors consisted of a + 6° C (TS1) or + 9 °C (TS2) thermal stress or a 6 mg / L 

(HYP1) or 4 mg / L (HYP2) DO hypoxia exposure. The multi-stressor treatments were 

as follows; MS1 (+ 6° C / 6 mg / L DO), MS2 (+6 ° C/ 4 mg / L DO), MS3 (+9 ° C/ 6 

mg / L DO) or MS4 (+ 9 ° C/ 4 mg / L DO). Following exposure, animals were sampled 

immediately. Data were modeled using a Poisson-lognormal generalised mixed model 

fitted with a Bayesian Markov Chain Monte Carlo model as part of the ‘MCMC.qpcr’ 

package. Data represent the posterior means ± 95% credible intervals.  Differences 

between treatment groups and the NHC were accepted as biologically significant if the 

95% credible intervals did not cross 0. 
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Figure 12: hif-1α (A), vegfa (B), igfbp1(C), epo (D), ldha (E) and gapdh (F) mRNA 

levels for lake whitefish YOY juveniles expressed relative to a non-handling control 

(log2 fold-change). Animals were exposed to 1 of 9 treatments including a handling 

control, 4 single stressor treatments that altered temperature or dissolved oxygen (DO) 

levels and 4 multi-stressor treatments that altered both temperature and dissolved oxygen 

levels. The handling control consisted of control temperature and oxygen levels (14° C / 

9.5 mg / L DO). The single stressors consisted of a + 6° C (TS1) or + 9 °C (TS2) thermal 

stress or a 6 mg / L (HYP1) or 4 mg / L (HYP2) DO hypoxia exposure. The multi-

stressor treatments were as follows; MS1 (+ 6° C / 6 mg / L DO), MS2 (+6 ° C/ 4 mg / L 

DO), MS3 (+9 ° C/ 6 mg/ L DO) or MS4 (+ 9 ° C/ 4 mg / L DO).  Following exposure, 

animals were sampled immediately. Data were modeled using a Poisson-lognormal 

generalised mixed model fitted with a Bayesian Markov Chain Monte Carlo model as 

part of the ‘MCMC.qpcr’ package. Data represent the posterior means ± 95% credible 

intervals.  Differences between treatment groups and the NHC were accepted as 

biologically significant if the 95% credible intervals did not cross 0. 

 

 

 

 

 

 



127 
 

Discussion 

The aims of the present study were to investigate the thermal and hypoxia tolerance and 

the cellular stress response in YOY juvenile lake whitefish. I found that temperature and 

hypoxia are interacting stressors, and exposure to one reduces tolerance to the other, 

such that at higher temperatures, hypoxia tolerance in juvenile lake whitefish was 

reduced as measured by DO_LOE50. A decrease in CTMax, and thus, thermal tolerance 

was also observed with decreasing oxygen levels. Furthermore, lake whitefish responded 

to thermal and hypoxic stress, both in isolation and simultaneously, with a cellular stress 

response. The data presented herein show that juvenile lake whitefish respond to a 

thermal stress with a HSR which increases in magnitude with stressor severity and this 

response is maintained when thermal stress in experienced under hypoxic conditions. 

Trends in hypoxia-induced gene expression were less clear, but increases were observed 

in multiple genes when hypoxia was experienced in isolation, though these increases 

varied both with the gene and intensity of the hypoxia exposure experienced.  There was 

limited overlap between the two cellular responses when fish were exposed to a single 

stressor only. For example, there was no biologically relevant difference between hsp 

mRNA levels in fish exposed to an isolated TS or TS under hypoxic conditions. Coupled 

with results from the CTMax and DO_LOE50 trials, this study demonstrates that 

exposure to temperature and oxygen levels outside of the optimum can reduce upper 

tolerance limits and have the potential to act additively or synergistically at the cellular 

level, resulting in changes in mRNA levels of the glycolytic genes ldha and gapdh.  
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CTMax and DO_LOE50 

The CTMax value from this study was similar to those observed for other salmonids at 

similar acclimation temperatures (Lee and Rinne, 1980; Lohr et al., 1996; Wagner et al., 

2001) but was much higher than the upper incipient lethal temperatures previously 

reported for lake whitefish (Edsall and Rottiers.,1976). In Edsall and Rottiers (1976) 

study, lake whitefish acclimated to temperatures between 5 °C and 20.5 °C had incipient 

upper lethal temperatures (IULT) between 20.62 °C – 26.65 °C at normal oxygen levels 

(> 80% O2 saturation), which is considerably lower than the 29 °C CTMax that I 

observed at normal oxygen levels. The methods used by Edsall and Rottiers (1976) 

differed from my own in that fish were transferred directly from control to test 

temperatures, which were estimated to be close to upper temperature limits, instead of 

being exposed to a temperature increase over time. This immediate change in 

temperature instead of increasing it more gradually as in this study could explain the 

difference between studies and has been observed in other fish species. A study by Kaya 

(1978) calculated the incipient upper lethal temperature (IULT) of young of the year 

rainbow trout at 168-hours to be 26.6 °C, which was 3 °C lower than the CTMax 

calculated for fish at the same age (Currie et al., 1998). Although IULT appears to be 

more conservative, CTMax could provide an ecologically relevant lethal index, due to 

slower increases in temperature which could be representative of acute fluctuations that 

animals would be naturally exposed to outside of their tolerance limits (Brett, 1956; 

Hutchison., 1976). 

Highly active species like salmonids are generally considered to be hypoxia sensitive due 

to their need for higher oxygen levels to satisfy their high routine metabolic demands. 
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Young of the year juvenile lake whitefish had hypoxia tolerance similar to other 

salmonids including Atlantic salmon (Barnes et al., 2011) and rainbow trout (Gamperl et 

al., 1998). Atlantic Salmon had a DO_LOE50 of 2.19 ± 0.37 mg/ L (Barnes et al., 2011). 

DO_LOE50 was not reported for rainbow trout, but the dissolved oxygen concentration at 

which they could be maintained without losing equilibrium was 3 mg / L (Gamperl et al., 

1998). In contrast, Ostrand and Wilde (2001) assessed the dissolved oxygen minimum of 

5 species of fish found in the same stream. Two cyprinodontids species, the red river 

pupfish (Cyprindon rubrofluviatilis) and the plains killifish (Fundulus zebrinus), both 

lost equilibrium at oxygen concentrations of 0.95 ± 0.07 mg / L and 1.25 ± 0.09 mg / L, 

respectively, and as such, appeared to be more tolerant to low oxygen in their 

environment than the species from the cyprinid family: the plains minnow (Hybognathus 

placitus), smalleye shiner (Notropis buccula) and sharpnose shiner (Notropis buccula) 

which had dissolved oxygen minimums ranging from 2.08 ±  0.14 mg / L to 2.66 ± 0.12 

mg / L. When coupled with the previous data on salmonids and the data from this study, 

this shows that hypoxia tolerance is not only species-specific, but that several species 

may have oxygen requirements that are greater than the level currently regarded as 

environmental hypoxia (< 2 mg / L) (Conley et al., 2011). This could affect distribution 

and species abundance should aquatic hypoxia episodes occur more frequently.   

Exposure to increasing temperatures results in an increased oxygen demand, thus it is not 

surprising that both the CTMax and DO_LOE50 of lake whitefish decreased when either 

temperature or oxygen levels were outside of the optimum range. Blackstripe top 

minnow (Fundulus notalus), Red shiner (Notropis lutrensis) and Bullhead minnow 

(Pimephale vigilax) held at hypoxic conditions of 1.2 mg / L had CTMax that were 4.5 
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°C, 6.7 °C and 7 °C below those observed at normoxic conditions, respectively 

(Rutledge and Beitinger., 1989). A decrease in CTMax was also shown in red drum 

(Sciaenops ocellatus) and lump fish (Cyclopterus lumpus); however, Ern et al. (2016) 

showed that this decrease only occurred once a critical oxygen threshold had been 

reached and above this level there was no observed effect of low oxygen on the upper 

thermal limits of both species. The critical oxygen threshold at which a difference in 

CTMax observed was species specific, but its presence suggests that oxygen and upper 

thermal limits are not intimately linked, and instead other physiological constraints can 

determine the upper thermal limits in fish species. Therefore, investigating the species-

specific oxygen limitations of thermal tolerance is important to better understand how 

climate change will impact fish physiology at ecologically relevant exposures to stress.  

Cellular Response to Single and Multiple Stressor Exposures 

Heat Shock Response 

The heat shock response of lake whitefish was similar to other fish species at the young 

of the year age, with observed increases in hsp70, hsp90α and hsp47 in response to 

thermal stress when experienced both as a single stressor and under hypoxia. The 

strongest induction was observed for hsp70, followed by hsp47 and hsp90α, where both 

thermal stress temperatures resulted in an increase in mRNA for all three genes under 

both single and multiple stressor scenarios. Current findings were similar to previous 

work in our group that assessed the induction and recovery of the heat shock response in 

young of the year lake whitefish juveniles (Stefanovic et al., 2016), although some 

differences in the expression of hsp90α exist between studies.  
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Hypoxia alone did not induce a strong HSR in juvenile lake whitefish. In fish, changes in 

hsp mRNA and protein levels in response to hypoxia are dependent upon several factors; 

species, tissue, severity of stressor and the hypoxia tolerance of an animal. It could be 

hypothesised that lake whitefish juveniles did not initiate a HSR because they were 

unable to respond. Alternatively, it could be suggested that the hypoxia treatment was 

not severe enough to elicit a strong response. Hypoxia has been shown to increase 

mRNA levels of hsp70 and hsp90 in response to a 1 mg / L and 3 mg / L hypoxia 

exposure in juvenile amur sturgeon (Acipenser schrenckii) (Ni et al., 2014). Further, 

hypoxia-induced increases in hsp70 have also been observed in the Korean rockfish 

(Sebastes schlegeli) (Wu et al., 2013) and Nile tilapia (Lückstädt et al., 2004). In 

contrast, 1-year old juvenile Atlantic salmon did not increase mRNA levels of hsp70 or 

hsp90 in response to a 3.2 mg / L hypoxia exposure (Zarate and Bradley., 2003). In 

addition, hypoxia exposure did not result in increases in Hsp70 protein in rainbow trout 

and chinook salmon which are relatively intolerant to hypoxia (Currie and Tufts., 1997; 

Gamperl et al., 1998: Airaksinen et al., 1998: Currie et al., 1999). In juvenile lake 

whitefish, moderate increases in hsp47 and hsp90α in response to the more severe 

hypoxia treatment (HYP2) compared to the NHC suggest that the exposure was not 

severe enough to elicit a response. This appears to be more apparent when taken together 

with the results from chapter 3, where embryonic and larval lake whitefish could 

increase hsp70 in response to 4.5 mg / L, suggesting not only that the hypoxia exposure 

was not severe enough to warrant a strong HSR, but that age-specific differences in the 

hypoxia response exist.  
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Exposure to thermal and hypoxic stressors simultaneously did not alter the heat shock 

response, relative to thermal stress alone, in juvenile lake whitefish. It is possible that 

hsp mRNA induction had reached its required maximum, and as such, further increases 

would be unnecessarily costly. Another possibility is that Hsp induction is attenuated by 

increases in cortisol. In fish, glucocorticoid treatment decreased Hsp70 induction in trout 

liver compared to controls after a 2-hour thermal stress exposure (Basu et al., 2001). 

Exposure to cortisol also attenuated the heat-shock induced mRNA accumulation in trout 

hepatocytes in primary culture (Sathiyaa and Vijayan, 2003). When coupled with data 

from chapter 4, where larval lake whitefish exposed to hypoxia increased whole body 

cortisol levels, it could be suggested that cortisol could play some role in attenuating the 

heat shock response in this scenario and would require further investigation.    

Hif-1α and its target genes 

An increase in Hif-1α mRNA is regarded as a reliable biomarker of hypoxia exposure in 

fish (Law et al., 2006; Terova et al., 2008; Chen et al., 2012; Froehlich et al., 2015). 

However, in lake whitefish there was no consistent increase in hif-1α across treatments, 

instead only the more severe hypoxia treatment (HYP2) resulted in a noticeable increase 

in hif-1α which was only elevated relative to the NHC. This could be related to the 

duration of the treatment and the regulatory cycle. In zebrafish embryos, Ding et al. 

(2013) found hif-1α mRNA to be transient in nature with increases only occurring within 

the first few hours of hypoxia exposure. This seems unlikely to be the case with lake 

whitefish as in chapter 3, I demonstrated that larval lake whitefish could increase hif-1α 

mRNA in response to a severe and mild 6-hour hypoxia treatment (3 mg / L and 5 mg/ L 

DO, respectively). The exposure was longer than the current study (6-hour vs 4-hour), 
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suggesting that it is unlikely that an increase in hif-1α was missed. A lack of increase in 

hif-1α in the MS treatments could be due to the elevated temperatures. In Atlantic 

salmon, for example, acclimation to higher temperatures (+4 °C and +6 °C) resulted in a 

decrease in hepatic hif-1α mRNA after 45 days (Olsivik et al., 2013). A similar response 

was observed in Northern eelpout (Zoarces viviparous), where exposure to a +6 °C TS 

for 2-hours resulted in elevated DNA binding activity of Hif-1 but impaired activity at a 

more severe TS of + 10 °C (Heise et al., 2006). Taken together, this suggests that 

elevated temperatures may mediate the hif-1α response. Further work would be needed 

to understand the role of hif-1α mRNA in the hypoxia cellular stress response, especially 

when hypoxia is experienced in conjunction with elevated temperatures.  

Stress is a strong inducer of Igfbp1 in fish as animals try to conserve energy from some 

processes and reallocate it and it has previously been suggested as a good biomarker for 

chronic hypoxia in Atlantic salmon (Olsvik et al., 2013). The results from this study 

reflect this claim and provide support for igfbp1 as a good candidate for a molecular 

stress marker in lake whitefish. Increases in igfbp1 mRNA levels were observed for all 

treatments, including the HC. Igfbp1 was the only hif-1α target gene to be consistently 

up-regulated in response to thermal stress. In mammals, Igfbps have also been shown to 

be regulated by cortisol (Lee et al., 1997), and it has been suggested that this could also 

be true for fish (Kelley et al., 2001; Kajimura et al., 2005). In tilapia, Igfbp protein levels 

increased within 2 hours of a handling stress and this increase correlated with elevated 

plasma cortisol levels (Kajimura et al., 2005). Further, exposure to handling and 

confinement for 60 minutes resulted in an increase in 4 Igfbps including Igfbp1 in jack 

mackerel (Trachurus symmetricus), parallel to an increase in cortisol (Kelly et al., 2001). 
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It could be hypothesised that elevated igfbp1 levels in lake whitefish could be a result of 

an increase in cortisol due to the activation of the primary stress response. This seems 

more likely when coupled with the increase in igfbp1 I observed in response to handling 

only. Taken together, this highlights the complexity of the physiological stress responses 

in fish and suggests that it is important to examine multiple levels of the stress response 

to create a clearer picture of how an animal can respond to environmental stress.  

Conclusions 

My study demonstrates that juvenile lake whitefish can respond at the cellular level to 

acute episodes of thermal and hypoxic stress when experienced both as an independent 

stressor and simultaneously. Mortality observed in MS2 and MS4 indicate that thermal 

and hypoxic stress act additively or synergistically, as neither stressor alone caused 

mortality, and that exposure to both simultaneously could be detrimental for lake 

whitefish populations. When these multi-stressor results are coupled with those from the 

dissolved oxygen minimum trials, it suggests that lake whitefish are more sensitive to 

low oxygen levels, making them particularly vulnerable to eutrophication as a result of 

anthropogenic activity. This is especially of concern as environmental hypoxia is 

commonly defined as levels at or below 2 mg / L dissolved oxygen, at which this 

sensitive species would have difficulty in surviving and environmental monitoring of 

lakes should take this into account when setting limits.  
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Chapter 6: General Discussion 

Temperature and hypoxia are natural aquatic stressors that are increasing in intensity due 

to anthropogenic-driven climate change (McBryan et al., 2013). Early life stages are 

often the most vulnerable to environmental stress. Small changes can have greater effects 

during development and can result in permanent, irreversible responses to environmental 

cues, which can lead to graded variation in the phenotype or changes between alternate 

developmental trajectories (Donelson et al., 2010, Beldade et al., 2011). The first step in 

understanding how changes in the environment could impact development is 

understanding if these early life stages can elicit a response to environmental stress. The 

results from my thesis provide novel information on the physiological and cellular 

responses of lake whitefish to environmental change during early life history stages. The 

most important findings from this work are: 1. Lake whitefish can respond to thermal 

stress during early embryogenesis with a HSR, 2. Lake whitefish embryos can synthesise 

cortisol during organogenesis in early embryogenesis in response to stress, something 

which has not previously been demonstrated in teleost fish. 3. Lake whitefish can 

respond to hypoxia from the organogenesis stage of early embryogenesis by increasing 

mRNA levels of multiple putative (or known) hypoxia-inducible genes. This response 

was also observed in larval and YOY juvenile fish, but the response varied with age, 

stressor severity and the gene examined, 4. Several windows exist in lake whitefish 

development where exposure to environmental change results in altered stress responses 

compared to other ages studied and 5. There was little overlap between stress responses 

when temperature and hypoxia were experienced simultaneously by YOY juvenile lake 

whitefish, and only the glycolytic genes ldha and gapdh appeared to display some 
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synergism. Further, at the extremes of the multi-stressor treatments mortality occurred, 

which did not occur when stressors were experienced in isolation, suggesting that these 

stressors act additively or synergistically. When taken together, the results from this 

study imply that lake whitefish can respond to changes in their environment early in 

embryogenesis, that this ability persists throughout the developmental stages studied, and 

that notable windows of sensitivity exist. Furthermore, these results demonstrate the 

importance of understanding responses to stressors in the context of other stressors to 

better reflect what is happening in the natural environment.  

Embryonic and larval response to changes in the environment 

Embryos respond to thermal or hypoxic stress during gastrulation which was the earliest 

ages studied, with an increase in hsp70. In addition, hsp90α and hsp47 increased in 

response to heat shock only, although the latter was not quantified for hypoxic 

exposures. Hsps have been previously shown to play some role in enhancing the survival 

of stressed fish (Reviewed in: Iwama et al., 1999), and the ability to increase hsp mRNA 

levels in response to stress early in development has been demonstrated in many species 

(Fuzzen et al., 2011; Takle et al., 2005; Krone et al., 1997). This study demonstrates the 

importance of Hsps in the embryonic response to stress in lake whitefish as increases in 

mRNA occurred at the earliest ages studied and before increases were observed in any of 

the other stress responses examined. Increases in the mRNA levels of Hif- target genes, 

genes associated with the HPI-axis, and cortisol levels did not occur until 38 dpf when 

the embryos were ‘eyed’, which was in the latter stages of organogenesis. The notion 

that the HSR is the main stress response during embryogenesis is not unique to lake 

whitefish. In rainbow trout, an endocrine response, as measured by cortisol levels, was 
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absent in 28 dpf embryos (stage 30, 2 – 6 days prior to hatch) exposed to hypoxia but an 

increase in hsp70 mRNA was observed and was greater in magnitude than the response 

observed at later time-points, when there was an increase in stress-induced cortisol levels 

(Fuzzen et al., 2011). Taken together with this study, this suggests that during the earliest 

embryonic life stages, the induction of the HSR and hsp70 constitutes the main stress 

response and can be activated in response to numerous stressors. Reasons for this could 

be because the cells and organs for cortisol synthesis have not yet differentiated and thus 

are not present. By comparison all cells are capable of hsp production. Results from this 

study refute the idea that, by 38 dpf, the cells for cortisol synthesis have not 

differentiated however, as cortisol levels increased during organogenesis at 38 dpf in 

response to stress. The lack of increase in cortisol at subsequent embryonic ages 

therefore may be due not to the inability to synthesise cortisol but rather a period of 

hypo-responsiveness.   

Although the HPI-axis was hypo-responsive, following the initial increase in cortisol 

observed at 38 dpf, a robust cellular response existed to both thermal and hypoxic stress. 

The HPI-axis hypo-responsive period could exist to provide protection against 

developmental defects as observed in zebrafish embryos. A hypo-responsive period has 

been shown to be essential for proper development, with abnormal levels resulting in 

developmental defects and reduced survival (Alsop and Vijayan., 2008; Hillegass et al., 

2008; Nesan and Vijayan, 2012, 2013). Even though there was a lack of increase in 

cortisol in lake whitefish embryos at all ages studied, except for 38 dpf, other potential 

protective mechanisms were active, as indicated by increases in multiple hsps and Hif-1 

responsive genes, suggesting that the embryos had some ability to respond to changes in 
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the environment. Further work needs to focus on understanding the implications of 

activating these stress responses at these ages and what effect this could have on 

developmental processes and the stress response as development progresses.   

Several developmental windows exist in lake whitefish where exposure to thermal and 

hypoxic stress resulted in altered stress responses, as shown by large increases or 

decreases in mRNA levels of certain genes compared to other time points. The most 

notable of these was at 38 dpf (eyed stage, late organogenesis), where the only induction 

of the HPI-axis and an increase in cortisol was observed in response to hypoxia. This 

was accompanied by a change in gene expression for the Hif-1 responsive genes; vegfa, 

igfbp1, ldha and gapdh, genes associated with the HPI-axis; crf, crfbp1, pomc, and star 

and the heat shock proteins; hsp70, hsp90α and hsp90β. In contrast, while exposure to 

thermal stress did result in an increase in hsp70 at 38 dpf, hsp90α and hsp90β were 

down-regulated compared to control and this decrease did not exist in other embryonic 

ages studied. Furthermore, at 3 and 4 wph, mRNA for multiple genes involved in the 

organismal and cellular responses and cortisol decreased compared to controls. Cortisol, 

and many of the genes examined in this thesis, have roles in developmental processes 

aside from their roles in the stress response and alterations in their expression could 

result in changes in the developmental trajectory. In zebrafish, for example, exposure to 

cortisol throughout embryogenesis resulted in a change in cardiac phenotypes, including 

higher incidences of oedema, malformed heart chambers, and pericardial rupture (Nesan 

and Vijayan., 2012). Exposure to thermal stress has already been demonstrated to alter 

development in lake whitefish embryos (Price, 1940; Mueller et al., 2015). Price (1940) 

demonstrated that increasing the rearing temperature beyond 6 °C resulted in abnormal 
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embryos and a high degree of mortality. For example, less than 1 % of embryos reared at 

10 °C survived hatch, and of these approximately 50 % had developed abnormally. 

Further, Mueller et al. (2015) showed that shifts in incubating temperature for lake 

whitefish embryos during organogenesis impacted growth, time to hatch and yolk 

conversion. In lake whitefish, changes in stress responses over time, in response to 

environmental exposure becomes apparent when looking at the effects of repeated 

thermal stress on the HSR in chapter one. When embryos experienced multiple TS 

treatments every 6 days throughout embryogenesis the HSR was altered, such that by 39 

dpf, after 5 TS treatments, hsp70 and hsp47 were down-regulated in response to TS. In 

contrast, embryos at 38 dpf that had experienced no prior TS treatments upregulated 

hsp70 and displayed no change in regulation of hsp47 following an isolated TS. Taken 

together with results from chapter 3 and 4, it could be suggested that at certain ages lake 

whitefish are particularly vulnerable to environmental insults. Moreover, these data 

suggest that exposure to stressors at this stage have the potential to alter the 

developmental trajectory and further work should examine whether this is the case and, 

if so would this be of benefit or detrimental to lake whitefish development. 

The importance of multi-stressor scenarios 

Exposing fish to multiple stressors provides information and data that is more relevant to 

the natural environment. Episodes of lake whitefish die-offs in the summer months have 

been attributed to direct or indirect results of increasing temperatures and low oxygen 

(Scott and Bollinger., 2014). As lake whitefish embryos hatch in the spring, young of the 

year juvenile fish are more likely to be exposed to thermal stress and hypoxia 

simultaneously than earlier developmental ages. The data from the single stressor 
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exposures implies that lake whitefish juveniles could respond to thermal stress, as 

demonstrated by a strong induction of the HSR and 0 % mortality during the experiment. 

There was no response observed in YOY juvenile lake whitefish when hypoxia was 

experienced in isolation, suggesting that the fish were unable to respond, or the oxygen 

levels used in these treatments were not low enough to elicit a strong response. The latter 

seems more likely as exposure to these treatments simultaneously with increases in 

temperature resulted in elevated mRNA levels for several Hif responsive genes. When 

combined, extremes of these treatments resulted in mortality. When exposed to 4 mg / 

Land a TS of either + 6 °C or + 9°C, there was 30 and 67 % mortality, respectively, 

suggesting that these stressors act in an additive or synergistic manner and if experienced 

in the natural environment would likely result in episodes of mortality. However, these 

treatments did not result in 100% mortality which could suggest that should these 

stressors be experienced simultaneously in natural settings, individuals within the 

population could be able to respond to acute episodes of hypoxia and thermal stress and 

could imply an increase in fitness in future generations.  

Summary 

Understanding if stress responses can be elicited by fish at specific ages in response to 

environmental stress is the first stage in trying to build a picture of how species may 

respond to fluctuating environments. This research shows that lake whitefish can activate 

typical organismal and cellular responses during early development, resulting in an 

increase in the mRNA of several stress genes and an increase in cortisol. The stress 

responses observed were age and stressor specific. Differences observed between ages 

suggest that at some ages developing fish are unable to initiate or maintain a stress 
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response and may be more vulnerable to stress exposure during these critical windows.  

Increases in cortisol were observed for the first time during the organogenesis period in 

early embryogenesis in a teleost fish, refuting the hypothesis that the embryonic period 

in teleost fish is hypo-responsive, implying that previous studies may have missed 

potential increases due to miss-timings, or that this response is species-specific. 

Furthermore, this study demonstrates the importance of examining multi-stressor 

scenarios and how they impact stress tolerance, cellular stress responses and survival. 

Taken together, this not only highlights the importance of examining the stress responses 

at a number of ages but also the importance of examining the stress responses under 

multi-stressor scenarios. Stressors are rarely experienced in isolation in natural systems, 

thus understanding how responses are impacted by exposure to multiple stressor 

scenarios increases our basic understanding of how species may respond to changing 

environments.  

Future Directions 

Future research should expand on the results presented in this thesis. The changes in 

mRNA that were observed in this study indicate that the animal has been affected by the 

exposures to the various environmental stresses used in chapter 2 to 5. To further 

understand these stress responses and what is happening downstream, it would be 

beneficial to understand if the changes in mRNA that were observed in this study were 

indicative of what is occurring at the protein level, which would provide more 

information and a wider picture of the various stress responses and allow for further 

investigation into their regulation. If it could be shown that the mRNA levels were 

indicative of protein levels, then it would be of interest to investigate the long-term effect 
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on development of activating the organismal and cellular responses during 

embryogenesis by exposing animals to similar treatments throughout embryogenesis and 

rearing them to larval, juvenile and adult stages. I could then investigate what effect 

exposure to stress during embryogenesis has not only on the stress responses at future 

life stages but also if this exposure results in physiological and/or morphological changes 

that could be either beneficial or detrimental to lake whitefish survival. Lastly, the final 

chapter demonstrated the value of investigating multiple stressor scenarios. Data showed 

that there was little difference between the cellular responses observed in fish exposed to 

a single hypoxia or thermal stress treatments and those exposed to both simultaneously. 

It would be interesting to examine the HPI-axis to understand if this was also the case for 

this organismal response or if this response displayed additive or synergistic effects. 

Most interestingly was the fact that the more severe exposures caused mortality but that 

not all the fish died. It would therefore be interesting to understand if those that lived 

would produce offspring that were also more tolerant to multiple stressors. A multi-

generational study looking at tolerance to hypoxia and thermal stress could accomplish 

this and provide useful information for future fisheries management in the face of 

climate change. Future research as a whole should move to investigate multiple stressors, 

which are more indicative of what is occurring in natural settings. This would allow for 

more reliable information on how animals can respond to stress in their environment, as 

stressors are seldom encountered alone.  
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DATE:  March  25, 2016 
 
TO: Dr. Richard Manzon 
 Biology Department 
  
FROM: Ara Steininger  
 
RE: Animal Use Protocol # 16-04 
 
 Understanding the mechanisms Lake Whitefish use in response to multiple 
stressors 
 

 
Following a meeting of the President’s Committee on Animal Care (PCAC) on March 24, 2016, 
the above protocol has been granted approval with provisos. 
 
Your first renewal date for this protocol is April 1, 2017, and the protocol expires April 1, 2020. 
 
Comments: 
Please clarify the source of the Lake Whitefish fry, are they taken from the wild? 
Please submit the following SOPs for approval: 
 Housing, location and aquaria 
 Temperature manipulation 
 Tank maintenance (if different from current practice) 
 Monitoring of animals (if different from current practice) 
 
Thank you, 
 
 
_______________________ 
Ara Steininger 
 

 

 

Research Office   

Research & Innovation Centre, Room 109   

 Phone:  (306) 337-3238 

Research.Ethics@uregina.ca   
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Appendix B: Nucleotide and Protein Sequences 

 

1. crh 1 Sequence 

 

Accession Number: MH540132 

 

Nucleotide Sequence 

 

TCGGCTTGACAACTCCAATACAAATTCACTCCAGTCGTCCTCGCCGAACACATCTCC

TGAAGCTGCTGCGCCCTCAACAACGGTCAACAGGGCTTTACAACTTCAGCTCACGCA

GCGCCTTCTGCAAGGTAAAGTCGGTGACATCAATCGGTTTCCGAACAGCTACGCTAA

CCAGATGGGTGATTCCATGGAGAGAGGAAAGAGGTCCGGGTTGGGCGAAGAGCCAC

CGATCTCTTTGGACCTGACATTCCACCTGCTGAGGGAAGTTCTAGAAATGGCTCGAG

CCGAGCAATTAGCACAGCAGGCAAATAGTAACCGGAAAATGATGGACATATTCGGG

AAATGAAAGGGTTAGAAATACATTTGCCAAATAATTTGTTTACATCTTGCACAAAGT

GTACGGTACTATTCCATTTCTGTATTACTCTTTAACGTTCGTTATTTTATGTATCATTT

GTATGTATTTAAACGAGAGCTGTAAAATCGCAAAAAAAAAAAAAAAAAAAAAAAA

A 

 

Protein Sequence 

RLDNSNTNSLQSSSPNTSPEAAAPSTTVNRALQLQLTQRLLQGKVGDINRFPNSYANQM

GDSMERGKRSGLGEEPPISLDLTFHLLREVLEMARAEQLAQQANSNRKMMDIFGK 

 

2. crhbp1 Sequence 

Accession Number: MH540136 

 

Nucleotide Sequence 

TAGTTCCCAGGACCACGCCCTGCCGCTGATGGAACGCTATGTGGACTACTGCGACTC

TGGGACGGTCAGGAGAACCGTGTGGTCGTCTCAGAACGTTGCCATGCTGTTCTTCCG

CATTCACACTGCCGGGAGCTCCTTCACGCTGACCGTCAGGAAACCCATCAACCCTTT

CCCCTGTAATATCATCTCCCAGACACCAGAGGGCAGCTTCACCATGGTGATACCCCA

GCAGCACAGGAACTGCAGCTTCTCCATCATCTACCCCGTGGAGATCAAGATTGCTGA

GCTCAGCCTGGGACACCTCAACGACTTCCCCATCAAGAGGTCCATCCCAGGCTGTGC

GGGAGCAGGGGACTTTGTGGAGCTGCTGGGAGGGAACGGGATGGACCCGTCTAAGA

TGTTCCCTGTAGCTGACCTTTGCTACAACTTTAACGGTCCAGCCCAGATGAAGATAG

GCTGCGATAACACCGTGGTGCGAATG 

Protein Sequence 

SSQDHALPLMERYVDYCDSGTVRRTVWSSQNVAMLFFRIHTAGSSFTLTVRKPINPFPC

NIISQTPEGSFTMVIPQQHRNCSFSIIYPVEIKIAELSLGHLNDFPIKRSIPGCAGAGDFV 

ELLGGNGMDPSKMFPVADLCYNFNGPAQMKIGCDNTVVRMG 
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3. epo Sequence 

Accession Number: MH513828 

Nucleotide Sequence  

AGCAGTCGCACCTTTCCTCGGAGGAAGTTGGTGTGGACACGGAGCAGCTCAGATAG

TGATGACACCTTCCTAGTCACTGAGTCACCTACTGCTGGTGCTGGAGGAAGGGACAA

GTCCTGGATGTGGAGGCTGCGCAGCACCTGGCCCAGGCTGTGGATGTTGCTCTTGTT

GTTGTCAATGAGGATCTGCACGGCAGCACGGCTCACTGACTCCCTCACAGCACCCAG

GGCCTGGCCAAACAGAGACAGCCCTGACTGGACCTCCAGAGCCTGCAGCCCAGTAT

CCTTTTTCTCCCAGACTACAAAGTCAACATTTGTCAGAGGAACCACAAACGTGCCTG

TCACTCCACACCCTGCCTTGCAACCTCGCAGAGCTGTCTCTGTGTCGCGGGCTTCCTT

AATGAAGTGGTCCAGCACTCG 

Protein Sequence 

RVLDHFIKEARDTETALRGCKAGCGVTGTFVVPLTNVDFVVWEKKDTGLQALEVQSGL

SLFGQALGAVRESVSRAAVQILIDNNKSNIHSLGQVLRSLHIQDLSLPPAPAVGDSVTRK

VSSLSELLRVHTNFLRGKVRL 

 

4. hif-1a Sequence 

Accession number: MH513829 

Nucleotide Sequence 

CGCAGAGTCTCCGCCGACCTGGACAAGGCCGCCATCATGAGGGTGACGCTCAGCTT

CCTTCGCATGCACCACCTCCGCTCAGGGGATACGAGTGAGGAGCACGTCACAGATG

GGGCTGAGGACACAATGGATGCGTTCTACCCCCAGGCGTTGGCAGGCTTCATCATGG

TGATGACCGAGGAGGGGGATATGATCTACCTGGGTGACAGCGTCAGCAAACACCTG

GGCATCCCACAGCTGGAGTTGCTGGGCCAGAGTGTGTATGACTTTGTCCACCCATGT

GACCAAGAGGAGCTACGGGATCTCCTGGCGCCTAGGCCAGGTGTGTCCAAGGAGAA

ACCAGCGCAGCAACACACAGAGATTAACATCTTCCTTAGGATGAAGACCACTCTGA

CTAGTAGAGGGCGCACTGTCAACATAAAGTCCGCCACCTGGAAAGTGCTGCACTGT

ACAGGCCACATGCGTGTGTGCTGCAGTGACGAGGATTCGTCACCCCCTGCAGGCCGC

TTCATGACGGTGCTGTGTGAGCCCATCCCCCACCCGTCCAGTGTGGAGTTCCCTCTG

GACCGCAGTATCTTCCTCACTCGACACAGCATGGACCTGTGCTTCACACACTGCGAG

GGCAGGGTGGCAGAGCTAGTGGGATACGAGCCAGAATATCTGATTGGCAAATCTGC

CTATGAATTCCATCATGCCCTGGACTCGGATCATGTGACCAAGAGCCTGCACATCCT

TCT 

Protein Sequence 

RRVSADLDKAAIMRVTLSFLRMHHLRSGDTSEEHVTDGAEDTMDAFYPQALAGFIMVM

TEEGDMIYLGDSVSKHLGIPQLELLGQSVYDFVHPCDQEELRDLLAPRPGVSKEKPAQQ

HTEINIFLRMKTTLTSRGRTVNIKSATWKVLHCTGHMRVCCSDEDSSPPAGRFMTVLCE
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PIPHPSSVEFPLDRSIFLTRHSMDLCFTHCEGRVAELVGYEPEYLIGKSAYEFHHALDSDH

VTKSLHILL 

 

 

5. igfbp1 Sequence 

Accession Number: MH513827 

Nucleotide Sequence 

CTGAGAGAGCCTGGATGCGGGTGCTGCTTGGCATGTGCCCTGGAGAAGGGGGCCTC

CTGTGGGGTATACACAGCCCACTGTGCTGAGGGGTTAAAATGCAGCCCTAGACCTG

GGGATCCCAGACCCCTCCACTCCCTCACCAGAGGACAGGCCATCTGCACTGAGGAC

CAGGGTCAAGAGGAAGTAGAGAGGGTGCCAGACCTCAGCTCCCTGCCCTACCTCCT

GGGACTCAACACCCCCTTTGACACCAGCGATGATGGGGCTCAGGAGAGCATCAAGG

CCAAGGTCAATGCCATCCGCAAGAAACTGGTAGAACAGGGTCCCTGCCACATTGAG

CTGCATGCAGCCCTGGACAGGATAGCCAGCTCTCAGCAGGAACTAGGAGAGAAGTT

CACCACCTTCTACCTCCCCAACTGCGACAAGCACGGATTCTACAAGGC 

Protein Sequence 

LREPGCGCCLACALEKGASCGVYTAHCAEGLKCSPRPGDPRPLHSLTRGQAICTEDQGQ

EEVERVPDLSSLPYLLGLNTPFDTSDDGAQESIKAKVNAIRKKLVEQGPCHIELHAALDRI 

ASSQQELGEKFTTFYLPNCDKHGFYKA 

 

6. pepck Sequence 

Accession Number: MH540135 

 

Nucleotide Sequence  

AGGTCGCATAGCGAAAGGGTCATGCATTATGACCTTGCCTTTGTACTCAGCAGCTGC

TGTGGCCTCAGACCTCATAGAGGCTCCCACAAACACACCGTGACGCCAATTAAACG

ACTCGTACACAAGAGGGACTCCCTCTGGCCTCCTGCCCCCAAAGATGATTGCATCGA

TGGGCACACCCTCGTCACTCTCCCACTGAGGGTCGATGATGGGGCACTGGACCGCGG

GAGTACAGAACCTGGAGTTGGGATGGGCACACGGGCCAGAGTCTCCTGCTTTCCAG

GATTTGCCGTGCCAGTCGGTCAGGGAGACCCCTGCGGCAGGAGGGTCCAGTCCCTCC

CACCATACCCCTCCGTCGCTGGTCTCGCCCACGTTGGTGAACACAGTGTTTTTGGCG

ATGGTCGCCATGGCATGAGGGTTGGTCTTCAGGGACGTGCCGGGAGCCACGCCGAA

AAAGCCATTCTCTGGGTTGATGGCCCTGAGTTTACCCTGACTGTCGAACTTCATCCA

GGCGATGTCGTCTCCTACACACTCCACAGTCCAGCCAGGCAGCGCAGGCTTCATCAT

GGCCAGGTTAGTTTTCCCACAGGCACTGGGAAACGCTGCCGCCACGTAGCGTTTCAC

TCCCTGAGGATTGGTGATGCCCAGGATCAGCATGTGTTCGGCCAGCCAGCCCTCGTC

CTTGGCGATGCGCGAGGCGATCCTCAGGGCGAAGCACTT 
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Protein Sequence 

KCFALRIASRIAKDEGWLAEHMLILGITNPQGVKRYVAAAFPSACGKTNLAMMKPALP

GWTVECVGDDIAWMKFDSQGKLRAINPENGFFGVAPGTSLKTNPHAMATIAKNTVFTN

VGETSDGGVWWEGLDPPAAGVSLTDWHGKSWKAGDSGPCAHPNSRFCTPAVQCPIIDP

QWESDEGVPIDAIIFGGRRPEGVPLVYESFNWRHGVFVGASMRSEATAAAEYKGKVIM

HDPFAMRP 

 

7. pomc A Sequence 

Accession Number: MH540133 

 

Nucleotide Sequence  

AAGCCTGTGGGCCGTAAGCGCCGCCCGGTGAAGGTCTACACCAACGGTGTGGAGGA

GGAGTCCTCCGAGGCCTACCCCAGCGAGATGAGACGAGAGCTGGAGGCTGGGGCTG

CGGAGGGGGGCGAGGCAGAGGGCCTGGGGGGCGGGGCAGAGGGCCTGGGGGGTGA

GGCAGAGGGCCTGGGGGGGGTGTTTAGTCTTCAGGAGAAGAAAGACGGCTCGTACA

AGATGAACCACTTCCGCTGGAGCGGACCACCTGCCAGTAAGCGCTATGGAGGGTTC

ATGAAGTCCTGGGACGAGCAAG 

Protein Sequence 

KPVGRKRRPVKVYTNGVEEESSEAYPSEMRRELEAGAAEGGEAEGLGGGAEGLGGEAE

GLGGVFSLQEKKDGSYKMNHFRWSGPPASKRYGGFMKSWDE 

 

8. star Sequence 

Accession Number: MH540134 

 

Nucleotide Sequence  

AAGCCTGTGGGCCGTAAGCGCCGCCCGGTGAAGGTCTACACCAACGGTGTG

GAGGAGGAGTCCTCCGAGGCCTACCCCAGCGAGATGAGACGAGAGCTGGAG

GCTGGGGCTGCGGAGGGGGGCGAGGCAGAGGGCCTGGGGGGCGGGGCAGA

GGGCCTGGGGGGTGAGGCAGAGGGCCTGGGGGGGGTGTTTAGTCTTCAGGA

GAAGAAAGACGGCTCGTACAAGATGAACCACTTCCGCTGGAGCGGACCACC

TGCCAGTAAGCGCTATGGAGGGTTCATGAAGTCCTGGGACGAGCAAGACTG

AGATCACTGCTGCGAATGGCGACAAGGTGCTGAGTAAGGTGTTACCTGACGT

GGGGAAGGTGTTTAAGCTGGAGGTGCTGTTGGACCAGCGCTCTGATAACCTC

TTTGTGGAGCTGGTGGGCAACATGGAGCAAATGGGAGACTGGAACCCTAAC

GTCAAAGAGGTCAAGATCCTTCAGAAGATAGGTCAGGAGACCATGGTGACC

CACGAGGTGTCGGGACCCACGCCTGGTAACGTGGTGGGGCCGCGGGACTTC

GTTAGTGTTCGCTGTGCCAAGCGCCGGGGGTCCACGTGCTTCCTGGCTGGCA

TGTCCACTCAGCACCCCACCATGCCCGAACAGAGGGGAGTTGTTAGGGCGGA



187 
 

GAACGGACCCACATGTATAGTAATGCGGCCCAGTGCTGATGACCCCAACAA

GACCAAGTTCACCTGGTTGTTAAGCATAGATTTAAAGGGTTGGATCCCAAAG

ACCATCATAAACAAAGTGCTCTCTCAGACGCAGGTGGACTTTGCCAACCACC

TGAGGCAGAGGATGGCTGACAACAGTGTTCCCATGGAGATGGCACCAGCCT

GCTGATACCATGCCCTTTGACCTTTCGATTAGTGAGTACACCAATGACAGGC

CACCAAATGGACAGCTCCACAAAGAGGTTATCAGAGCGCAAG 

 

Protein Sequence 

 
TEITAANGDKVLSKVLPDVGKVFKLEVLLDQRSDNLFVELVGNMEQMGDWNPNVKEV

KILQKIGQETMVTHEVSGPTPGNVVGPRDFVSVRCAKRRGSTCFLAGMSTQHPTMPEQR

GVVRAENGPTCIVMRPSADDPNKTKFTWLLSIDLKGWIPKTIINKVLSQTQVDFANHLR

QRMADNSVPMEMAPAC 

 

9. vegfa Sequence 

Accession number: MH513826 

Nucleotide Sequence 

GGTGCTGATGCGATGCGCGGGGTGCTGCAATGACGAGATGCTACAGTGTACTCCAA

CCTCCACACATAACGTCACCATGGAGATAAAAAGAATAAAACCCCAAAGGCAACAA

AATGATATCTTTATGAGTTTTACAGAACACAGTGCATGTGAATGCAGGCCAAAGAA

AGAAGTGAAAGAACAGGGAGAAAATCAGTGCGAGCCATGTTGTGATGGCTGTTCAG

AGAGGAGGAAGCAGGGGTTCGTCCAAGACCCTCTGACATGCAGATGC 

Protein Sequence 

VLMRCAGCCNDEMLQCTPTSTHNVTMEIKRIKPQRQQNDIFMSFTEHSACECRPKKEVK

EQGENQCEPCCDGCSERRKQGFVQDPLTC 

 

 
 

 


