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Abstract
Activation of the primary stress response, the hypothalamic-pituitary-adrenal (HPA)-axis in
mammals or the hypothalamic-pituitary-interrenal (HPI)-axis in fish, requires the binding of
corticotropin-releasing hormone (CRH) to CRH receptor 1 (CRHR1), though CRHRL activity is
also implicated in behavioural adjustment and peripheral signalling not associated with the HPI-
axis. With global water temperatures rising and daily temperature fluctuations becoming more
extreme, the stress response may be a critical mechanism of aquatic species to withstand shifts in
temperature. By using a ubiquitous CRHR1 knockout (CRHR1KO) model, | investigated the
hypothesis that CRHR1 is involved in the behavioural and metabolic modulation of the
developmental and adult life stage stress response during acute heat shock in zebrafish. Following
a 1-hour +5°C heat shock, wildtype (WT) fish larvae showed an increase in swimming activity but
CRHR1KO larvae failed to respond to the heat shock. Basal oxygen consumption between WT
and CRHR1KO larvae were similar, but CRHR1KO had elevated oxygen consumption in non-
mitochondrial and ATP-linked processes. Cardiac performance was unchanged between WT and
CRHR1KO larvae, indicating differences in behaviour were not due to modulation of heart
function. Adult WT zebrafish showed the same increase in swimming activity when exposed to
acute heat shock, while CRHR1KO fish had no change in swimming behaviour. The metabolic
rate (MO2) of WT adult fish also increased with heat shock, but this was not associated with
increased circulating cortisol, as exposure to metyrapone, an inhibitor of cortisol synthesis, failed
to attenuate the heat shock-induced rise in MO.. The MO of CRHR1KO fish did not increase
following heat shock, suggesting CRHR1 action independent of the HPI-axis. Swimming
performance was impaired in the CRHR1KO, with a lower aerobic scope and Uit compared to

WT. Transcript and metabolite analysis in the muscle revealed potential futile cycling of glycogen



in CRHR1KO fish. In summary, my study shows CRHR1 as a key integrator of the behavioural
and metabolic rate response which improves performance following an acute heat shock,

implicating CRHRL1 as a metabolic thermal sensor for ectotherms.
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Chapter 1: General introduction

1.1 Introduction

The stress response is a complex yet fundamental process for the survival of all vertebrates.
Stimuli that initiate this response are diverse and can include physical, chemical, psychological
stress that can be sensed from external stimuli or that is internally perceived by the animal, all of
which are termed stressors (Wendelaar Bonga, 1997). Stressors can then activate two key
physiological responses: the rapid sympathetic adrenergic response inducing the release of
catecholamines, or the synthesis of glucocorticoids through either the hypothalamic pituitary
adrenal axis in mammals or the hypothalamic pituitary interrenal (HPI)-axis in fish. Generally,
these responses are to combat stress, which is defined as a shift from homeostasis due to
perception of a stressor (Wendelaar Bonga, 1997), and the physiological stress response acts to
return the animal to homeostasis through changes in physiology and behaviour. Catecholamines,
once released from storage vesicles in chromaffin cells or sympathetic neuronal cells, act to
modulate energy storage and cardiorespiratory function within seconds by increasing glucose
production, heartrate, and ventilation (Reid et al., 1998; Fabbri et al., 1998; Kvetnansky et al.,
2009). Glucocorticoids are synthesized de novo following activation of the HPI-axis, and
increase glucose availability through gluconeogenesis in the liver and protein catabolism in the
muscle within minutes following the rapid catecholaminergic “fight-or-flight” response

(Mommsen et al., 1999; Wendelaar Bonga, 1997).

The primary glucocorticoid in teleosts and humans is cortisol, which binds two highly conserved
corticosteroid receptors: the mineralocorticoid receptor (MR) and the glucocorticoid receptor

(GR) (Faught et al., 2016a). GR has a low affinity for cortisol, thus cortisol-GR action occurs
1



solely under stressed conditions when circulating cortisol levels are high (Baker and Katsu,
2017; Faught and Vijayan, 2022a). Conversely, MR is bound by cortisol at basal levels as MR
has up to a 10-fold higher affinity for glucocorticoids than GR (Reul et al., 1987; Reul and de
Kloet, 1986, 1985). GR is ubiquitously expressed and is the key mediator of cortisol-induced
metabolic adjustments; once bound, GR enters the nucleus and homodimerizes to act as a
transcription factor by targeting glucocorticoid responsive elements (GRES) (Beato et al., 1996;
Mifsud and Reul, 2016). In its unbound state, heat-shock proteins (HSPs) act as co-chaperones
alongside other cofactors, such as FK506 binding protein 51 (FKBP5), to modulate endogenous
GR and subsequent ligand and DNA binding (Binder, 2009; Cadepond et al., 1994; Kaziales et
al., 2020). Activation of GREs facilitate transcriptional changes that propel metabolic adaptation
for stress recovery and simultaneously return cortisol to basal levels through negative feedback

on the HPI-axis.

HPI1-Axis

Perception of a stressor in fish initiates the HPI-axis function through activation of preoptic
nuclei in the hypothalamus which releases corticotropin-releasing hormone (CRH) (Figure 1.1;
Mommsen et al., 1999; Wendelaar Bonga, 1997). This is analogous to the initiation of the HPA-
axis in mammals, where CRH is released from the paraventricular nuclei of the hypothalamus.
CRH is a ligand for two G-protein coupled receptors (GPCRs): CRH receptor 1 (CRHR1) and
CRH receptor 2 (CRHR2) (Preil et al., 2001). CRHRL is responsible for propagating the HPI-
axis activity by stimulating adenylyl cyclase, which signals the production and cleavage of
proopiomelanocortin (POMC) in the anterior pituitary into adrenocorticotropic hormone (ACTH)
(Herman et al., 2016). CRHRZ2, which also binds other peptide hormones of the CRH family, is

2



suggested to regulate the stress response outside of the HPI-axis through feeding and anxiety-
related behaviours (Kishimoto et al., 2000; Sukhareva, 2021). After processing, ACTH is
released into the circulation and acts on the melanocortin-2 receptor (MC2R) present on the cells
of the adrenal cortex in mammals or on the membrane of the steroidogenic interrenal cells of the
head kidney in fish (Faught et al., 2016a). MC2R is another GPCR that activates adenylyl
cyclase to increase intracellular cAMP levels, which stimulates steroidogenic acute regulatory
protein (StAR) to transport cholesterol from the outer mitochondrial membrane to the inner
mitochondrial membrane, a process that is the rate-limiting step for steroid biosynthesis (Alsop
and Vijayan, 2008; Faught et al., 2016a). A series of enzymatic reactions converts cholesterol to
pregnenolone, 17 a-hydroxypregnenolone, 17 a-hydroxyprogesterone, and finally cortisol
(Faught et al., 2016a). Cortisol cannot be stored in intracellular vesicles due to its
hydrophobicity, and thus is made de novo following activation of the HPI-axis, which
contributes to cortisol being a powerful marker of stress in fish (Faught et al., 2016a; Lemos et

al., 2023; Mommsen et al., 1999).



Figure 1.1. Schematic of the HPI-axis activation.

The perception of a stressor results in CRH production and release from the hypothalamus, and
subsequent CRH-CRHR1 signalling in the pituitary to activate steroidogenesis in the interrenal
cells of the head kidney. The final product is cortisol, which is released into circulation. CRH =
corticotropin releasing hormone, CRHRL1 = corticotropin releasing hormone receptor 1, ACTH =
adrenocorticotropic hormone.

Outside of the stress response, cortisol exerts effects on growth, behaviour, reproduction, and
osmoregulation (Bernier et al., 2004; Faught and Vijayan, 2016; Mommsen et al., 1999; Sadoul
and Vijayan, 2016). Cortisol secretion also follows the circadian rhythm with concentrations
peaking in the morning or the onset of the animals most active phase (Cowan et al., 2017,
Oliveira et al., 2013). The daily release of cortisol is key in maintaining the biological rhythm of
behaviours and processes such as feeding (L6pez-Olmeda and Sanchez-Vazquez, 2010) and
reproduction (Oliveria and Sanchez-Vazquez, 2010), predominantly controlled by environmental
factors such as light exposure and temperature. Work with zebrafish (Danio rerio) shows
temperature alters the expression of key transcripts involved in the circadian clock (Lahiri et al.,

2005). This enables compensation of changes in biochemical rates due to temperature throughout



the circadian rhythm. Components at all levels of the HPI-axis also show a circadian rhythm with
their release, matching that of cortisol (Cowan et al., 2017). Both CRH and CRHR1 transcripts
follow rhythmic expression (Azpeleta et al., 2011; Lopez-Olmeda et al., 2013), which suggests
the diurnal nature of CRH-CRHR1 signalling is fundamental for the exhibition of cortisol

circadian rhythm.

Regulation of CRH receptors and their ligands

CRHR1 and CRHR?2 are widely expressed in mammalian and non-mammalian vertebrates alike.
A third novel CRH receptor was discovered in catfish, Ameiurus nebulosus, and shows 85%
homology with mouse CRHR1 and 80% with mouse CRHR2 (Arai et al., 2001); but, discussion
of this receptor is limited as its expression is not found in any other species. CRHR1 and
CRHR2, on the other hand, share approximately 70% amino acid structure with each other
(Grammatopoulos, 2012). Thus, it may not be surprising that these receptors show varying
affinity for the CRH-family peptides: namely the frog skin peptide sauvagine (Montecucchi et
al., 1980), urotensin | expressed in the urophysis, a specialized caudal neurosecretory structure
found in fish (Lederis et al., 1982; Parmentier et al., 2006), and urocortin I (Vaughan et al.,
1995), urocortin Il (Reyes et al., 2001), and urocortin 11 (Lewis et al., 2001), which are found in
mammals. CRH appears to primarily bind CRHR1 whereas CRHR2 has a higher affinity for
urotensin that CRHR1 (Hosono et al., 2015; Lovejoy et al., 2014). Activation of CRHRs by their
primary ligands can be reduced through CRH binding protein (CRHBP). CRHBP is a highly
conserved glycoprotein, and has high affinity for both CRH and urocortin I, with lower affinity
for urocortin Il and I11 (Jahn et al., 2004). Expression of CRHBP in fish is localized to the
pituitary, hypothalamus, and preoptic area regions of the brain (Alderman and Bernier, 2007),

5



and the skin and gills (Mazon et al., 2006), indicating a central and peripheral functionality to the
CRH system. It is understood that in humans, approximately 20%-90% of CRH is bound by

CRHBP in the brain, depending on the region (Behan et al., 1997).

Expression of CRHRs is widespread in the central nervous system. Though CRHRL1 is critical in
activating the HPI-axis, it also modulates key neuronal circuits involved in behaviour (Kolber et
al., 2010; Kovécs, 2013; Miiller et al., 2003). This multifaceted role of CRHR1 and its ligands
enables a more rapid response than the genomic effects of cortisol-GR, where effects may take
up to hours (Harris and Carr, 2016). Glucocorticoids act through negative feedback to inhibit
hypothalamic CRH release following acute stress, but extrahypothalamic structures of the brain
such as the Barrington’s nucleus of the rat micturition center show enhanced CRH production
following GR activation (Imaki et al., 1991; Kovacs, 2013). Roles in extrahypothalamic
signalling indicates that CRH does not solely act on CRHRL in the pituitary, but in other

structures as well, independent of the HPI-axis (Bonfiglio et al., 2011).

Crosstalk between the adrenergic stress response and the HPI-axis is critical in the propagation
of the stress response. Noradrenaline stored in the neurons of the locus coeruleus stimulates the
stress-induced release of CRH from the hypothalamus, which was observed to enhance HPA-
axis activation in rats (Ziegler et al., 1999). Further, immunoreactive CRH neurons are observed
to project to the mammalian locus coeruleus and regulate the activity of this brain region through
CRHR1 receptors (Berridge and Waterhouse, 2003; Jedema and Grace, 2004). Cortisol also
further primes the adrenergic system for responding to stress. For example, elevated cortisol in
rainbow trout hepatocytes significantly increases the number of surface -adrenoceptors per cell
by nearly 4-fold to enhance de novo glucose synthesis and glycogen breakdown (Reid et al.,

1992). Other monoamines, such as serotonin, also intersect with CRH signalling. Serotonin is a



major neuromodulator of the central nervous system that functions in stress, depression, and
anxiety-related behaviours (Herculano and Maximino, 2014; Lillesaar, 2011). Immunolabeling
of CRH in human brain revealed elevated CRH levels in pontine nuclei containing
norepinephrine and serotonin of individuals with major depression (Austin et al., 2003). This
crosstalk is even reported in peripheral cell models: enterochromaffin cells of the human colon,
which express both CRHR1 and serotonin, have enhanced serotonin release following activation
nucleus in mammals and directly stimulate CRH-producing cells, whereby serotonergic input can
activate the HPA-axis (Hanley and Van de Kar, 2003). Both CRHR1 and CRHR2 control
serotonin biosynthesis through modulating the rate-limiting enzyme tryptophan hydroxylase 2
(TPH2) during acute stress in rats, with each receptor showing opposing effects (Donner et al.,
2016). In this study, pharmacological blockage of CRHR1 exacerbated TPH2 following an
acoustic stressor (Donner et al., 2016), suggesting CRH-CRHR1 acts to reduce serotonergic
pathways during stress. In fish, intracerebroventricular (ICV) injection of the CRHR antagonist
a-helical-CRHi-41 decreased brainstem serotonin levels (Backstrom et al., 2011), while the
serotonin receptor agonist 8-OH-DPAT caused an increase in CRH transcript expression in the
hypothalamus and ACTH secretion (Medeiros et al., 2014). These results suggest CRH-CRHR
signalling does act as a regulator of serotonin and vice versa in fish (Backstrom and Winberg,

2017).

Peripheral effects in mammals, such as inflammatory, cardiovascular, and gastrointestinal
function, are also regulated by CRHR activity (Lewis et al., 2001). Expression of CRHRs in the
mouse periphery were first reported in heart and skeletal muscle (Kishimoto et al., 1995).

Expression of CRHRs were later discovered in the mouse adrenal gland (Mdller et al., 2001).



This work identified that peripheral CRHR1 was required for normal production of
glucocorticoids. In mice lacking CRHR1, even administration of ACTH did not promote
corticosterone release from the adrenal gland (Muller et al., 2001), which outlines that CRHR1
acts in the stress response outside of its role in the pituitary. CRHR2 function did not appear to
enhance ACTH secretion, but its expression was also seen in the mouse adrenal (Muller et al.,
2001). Both CRHRs and UCN expression were also observed in the bovine adrenal, suggesting
other regulatory components of the peripheral CRH systems (Squillacioti et al., 2011). Further
reports suggest CRHR2 and its ligands regulate glucose uptake in skeletal muscle (Roustit et al.,
2014) and thermogenesis through skeletal muscle lipid substrate cycling and browning of
adipose tissue (Lu et al., 2015; Solinas et al., 2006). Both CRHRs are also differentially
expressed in human and mouse cutaneous structures that are involved in a local stress response
system, with growth factor-like effects of cell proliferation and differentiation, as well as
immune functions (Slominski, 2009; Slominski et al., 2006, 2004, 2013). In fish, the role of
peripheral CRHRs is less understood. Though a scarce number of endothermic fish species have
a distinct heater organ, thermogenic brown adipose tissue is absent in fish (Block, 1991). CRHRs
in zebrafish have a protective effect in cardiac muscle under hypoxia (Williams et al., 2017).
CRHRL1 expression is also found in the skin and gills of carp (Mazon et al., 2006), tissues that
highly interface with the surrounding environment suggesting an iono- or osmoregulatory role of
the CRH system here. Thus, our current understanding of the role of CRHRs in fish are as central
behaviour modulators, critical propagators of the HPI-axis, as well as signalling to induce

protective effects in peripheral tissues during stress.



Glucocorticoids and CRHRL1 in stress-related behaviour

Elevated glucocorticoids following HPA/HPI-axis activation during stress is known to elicit
behavioural changes. Chronic corticosterone exposure to rats induce anxiety-like and depression-
like behaviours (Donner et al., 2012). In fish, cortisol levels may be correlated with key
behaviours related to social hierarchy. For example, subordinate fish, those who have “lost” in
social dominance, exhibit high cortisol levels following an aggressive interaction with dominant
conspecifics (Dverli et al., 2004; Xu et al., 2020). Food consumption is also regulated, with
increased glucocorticoids or activation of its receptor reducing appetite and food intake (Blanco
et al., 2024; Gregory and Wood, 1999; Nipu et al., 2022). As well, cortisol is known to
chronically reduce feed-conversion efficiency, measured as the conversion of food to flesh, and
alter other appetite-suppressing neuropeptides such as neuropeptide Y (NPY; (Bernier et al.,
2004). CRH is also a known anorexigenic neuropeptide, where ICV injection of CRH results in
decreased food consumption (Hill, 2012). Glucocorticoid signalling in early life stages are also

shown to modify anxiety-like behaviours in adulthood (Chin et al., 2022)

CRH-expressing neurons in the central nervous system are also critical in behavioural
modulation during acute stress. CRH neurons of the mouse paraventricular nucleus, though
important for the endocrine stress response, also regulates complex behaviours when activated.
For example, conditional limbic CRHR1 deficiency in mice have distinctly reduced anxiety-
related behaviours even with functional CRHR1 present in the pituitary (Mdller et al., 2003).
Administration of CRH directly into the brain modulates behaviours associated with stress:
decreased feeding, reduced exploratory and reproductive behaviours, and increased grooming
and freezing behaviour (Arborelius et al., 1999). As well, CRH directly modulates the autonomic

nervous system by increasing epinephrine and norepinephrine, which stimulates changes in



behaviour alongside heartrate, blood pressure, and other responses. Similarly to glucocorticoids,
CRH also plays a role in early-life development of stress-induced behaviours that affect the adult
response of mice. For example, lifelong overexpression of forebrain CRH resulted in elevated
circulating glucocorticoids and anxiety-like behaviours in mice (Kolber et al., 2010). However,
only transient overexpression of CRH during the developmental stages prior to weaning resulted
in anxiety- and despair-like behaviours into adulthood, as well as chronic central increase in
CRHR1 mRNA (Kolber et al., 2010). Thus, early life regulation of the stress response can impart

long-term consequences.

Stress metabolism and CRHR1

Glucocorticoids in the acute stress response for mammals and teleosts alike increase available
glucose in circulation to account for elevated metabolism at the tissue level (Faught and Vijayan,
2019, 2016; Mommsen et al., 1999). The attendant rise in glucose following a stressor is largely
modulated by GR signalling. GR activation results in elevated hepatic gluconeogenesis,
producing glucose from non-carbohydrate substrates including lactate, amino acids and glycerol
(Faught and Vijayan, 2016; Mommsen et al., 1999). This is achieved in part through elevated
transcription levels of phosphoenolpyruvate carboxykinase (PEPCK), a rate-limiting enzyme in
the gluconeogenic pathway (Vijayan et al., 2003). GR signalling also increases muscle
proteolysis to provide more gluconeogenic substrates. This is achieved through upregulating
players that increase protein catabolism and/or inhibit protein synthesis, primarily regulated in
development and DNA damage response 1 (REDD1) and muscle RING finger 1 (MuRF1)
(Britto et al., 2014; Waddell et al., 2008). This is a key adaptation during stress, but under
chronic scenarios leads to maladaptive muscle atrophy (Britto et al., 2014; Faught and Vijayan,

10



2019). Glycogenolytic pathways are also enhanced to increase circulating glucose, for which
cortisol acts by increasing the adrenergic signalling capacity in the liver (Reid et al., 1992). GR
is also a candidate for modulating glucose transport in fish, as zebrafish lacking GR have
improved glucose uptake (Faught and Vijayan, 2019). Previous work has shown that impairing
CRHRL1 expression results in reduced stress-induced glucocorticoid levels (Faught and Vijayan,
2022b; Smith et al., 1998; Timpl et al., 1998), which may impair energy partitioning and
transport. However, the direct organismal role of CRHRL1 in glucose regulation requires further

investigation.

The demand for energy at the cellular level during acute stress can be apparent in endpoints
measurable at the whole-animal level. The metabolic rate of the whole animal can be established
using respirometry, which is achieved by measuring oxygen loss of the organism’s surrounding
environment (Brett, 1964). The oxygen uptake of the organism is correlated to the overall
metabolic rate. From this, we can determine the basal level of metabolic function, termed as the
standard metabolic rate (SMR) in fish, as well as the maximum metabolic rate (MMR), which is
the enhanced metabolic function of the animal during stressful conditions (Clark et al., 2013).
Respirometry has previously revealed cortisol as an enhancer of the metabolic rate in fish
(Pfalzgraff et al., 2022), but how other rapidly signalling components of the stress response such

as CRHR1 may directly alter the oxygen uptake of the animal remains to be investigated.

Temperature effects and stress

Climate change poses a threat for all aquatic life as global water temperatures rise above historic

averages (Robins et al., 2016). Daily water temperature fluctuation is also expected to increase,
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and may lead to an acute thermal shifts affecting aquatic vertebrates (Paaijmans et al., 2013).
Other anthropogenic factors also are attributed to changes in water temperature; forest
clearcutting and farming, changes in river flow regime, and heated water exhaust from power
plants all contribute to thermal alterations of water bodies from acute to chronic changes (Webb
et al., 2008). All these factors can induce shifts in temperature that occur in less than a day,
which can be physiologically stressful to fish (Goikoetxea et al., 2021). Ectotherms are
particularly sensitive to changes in temperature as they lack any internal mechanism to generate
heat. Indeed, with a 10°C temperature increase, fish see up to a 3-fold increase in metabolic rate
(Clarke and Johnston, 1999; Schulte, 2015; Volkoff and Rgnnestad, 2020). Thus, fish operate in
a species-specific temperature range, where performance reaches an observed maximum at an
optimal temperature (Topt) (POrtner and Peck, 2010). Performance decreases below and above the
Topt until equilibrium is lost at the minimal or maximal critical thermal temperature (CTmin and

CTmax, respectively) (Portner and Peck, 2010; Volkoff and Rgnnestad, 2020).

The temperature a fish is adapted to, and its capacity to avoid or acclimate to any shifts in
environmental temperature all determine Topt and CT limits. Endotherms have established
autonomous regulation of internal temperature through brown fat and muscle shivering
thermogenesis, but ectotherms lack these adaptations. Instead, the sole mechanism to combat
thermal intolerance for most ectotherms is the avoidance of suboptimal temperatures (Prosser
and Nelson, 1981). This behaviour is evident when observing wild population distributions in
specific habitats. Marine species, such as Atlantic cod (Gadus morhua), pollack (Pollachius
pollachius), and ballan wrasse (Labrus bergylta), were observed to adjust vertical distribution to
cope with fluctuating environmental temperatures (Freitas et al., 2021). This behaviour is not

limited to marine fish, as freshwater species display thermoregulatory movements due to shifts in
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habitat temperatures, including trout (Biro, 1998; Hitt et al., 2017) and other salmonids during
river migration (Armstrong et al., 2016; Goniea et al., 2006; Ritter et al., 2020). Both freshwater
and marine fish even respond to anthropogenic alterations in water temperature. Power plant
discharge water generate a warm zone within an aquatic environment which can affect species
smallmouth bass (Micropterus dolomieu) inhabiting a thermal discharge canal during winter;
fishes will inhabit/avoid these heated regions independent of the access to food, further
indicating the priority of behavioural avoidance of suboptimal temperatures (Neill and
Magnuson, 1974). Even social behaviours are altered by water temperatures, exemplified with a
decrease in sociability, or an increased distance from conspecifics, in three-spined stickleback

(Gasterosteus aculeatus) (Pilakouta et al., 2023).

Though most fish lack the ability to generate heat, other internal mechanisms can adapt cells for
changes in water temperature to preserve function. Temperature stress will impair cell membrane
fluidity, for which fish can combat this through homeoviscous adaptation, a cellular response
that alters the membrane lipid and cholesterol composition during thermal stress (Malekar et al.,
2018). Cortisol has been shown to have nongenomic effects by modulating the membrane
fluidity of trout hepatocytes to regulate stress signalling (Dindia et al., 2012), which suggests it
may also be used in heat stress homeoviscous adaptation. As well, the cellular stress response
functions to protect cell machinery from denaturation due to internal environmental changes.
This is primarily managed by HSPs, which are cochaperones that are rapidly transcribed and
synthesized to prevent misfolding of proteins (lwama et al., 1999, 1998). HSPs are conserved
across all organisms, and function in protein folding and translocation. HSP90 and HSP70,

specifically, are essential chaperones for GR by regulating cortisol binding, nuclear
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translocation, and disassembly, indicating a connection between the cellular heat shock response

and HPI-axis function (Kirschke et al., 2014; Pratt et al., 2006).

Metabolic rate is strongly associated with temperature (Clarke and Johnston, 1999). If a fish is
outside its Topt, then its performance will be limited due to a change in the SMR, as well as the
MMR the organism may achieve. This results in constraints on the aerobic capacity, or aerobic
scope, an animal has for maintenance functions as well as processes required for additional
activity (Brett, 1971, 1964). For example, as temperature decreases, the activity of key aerobic
enzymes such as citrate synthase are reduced (Ressel et al., 2022). This limits cellular
metabolism, resulting in impaired muscle function and energy utilization of other key tissues.
Higher temperatures will increase the metabolic rate primarily due to faster reaction rates,
resulting in an elevated basal energy consumption and limited capacity to increase metabolic
demands when required (Ressel et al., 2022). Due to the high correlation between temperature
and metabolic rate in ectotherms, temperature must be accounted for in all related studies,
particularly with respirometry (Chabot et al., 2016; Schulte, 2015). How an ectotherm can
tolerate temperature-dependent metabolic demand is postulated to also be governed by oxygen
utilization and supply (Pértner et al., 2017). However, defining the mechanisms behind heat
stress and integrating it with the thermal constraints of the whole organism remains incomplete.
The oxygen- and capacity-limited thermal tolerance (OCLTT) concept theorizes temperature can
limit performance by constraining oxygen supply while increasing oxygen demand (Portner et
al., 2017). This concept incorporates several physiological components with metabolic rate and
oxygen availability to understand how species react to shifts in temperature. Key components

production, and mitochondrial function among others. However, these adjustments are largely
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based around aerobic metabolism and do not account for anaerobic capacities (Portner et al.,
2017). Furthermore, OCLTT focuses on thermal tolerances and limits at stable and routine
maintenances of the organism, which limits its applicability when discussing maximal tissue and
whole-animal performances during short-term acute temperature fluctuation (Portner et al.,
2017). Even regarding this, OCLTT exemplifies the complex nature of how ectotherms may
acclimate to shifts in temperature through multiple physiological adjustments and reiterates the

lack of knowledge surrounding the mechanisms behind thermal tolerance.

Model organism, Danio rerio, and the CRHR1 knockout

Due to the ease of genetic manipulation, zebrafish have become an excellent model organism in
stress physiology, including biomedicine and developmental biology. In biomedical research
alone, the number of yearly publications including zebrafish have multiplied nearly 25-fold from
the years 2000 to 2017 (Teame et al., 2019). This can be attributed to the ease of maintaining a
laboratory stock of zebrafish, reducing time and cost compared to other models. Zebrafish are a
fecund species, with females releasing 100’s of viable eggs per week. The developing embryos
are visible due to a transparent chorion, from which they hatch by 2-3 days post fertilization
(DPF). Furthermore, the embryo and subsequent larvae develop rapidly, with fish reaching
sexual maturity before 4 months. Larval and adult zebrafish behaviour is well documented
(Kalueff et al., 2013). Adult zebrafish have also been used for metabolic and performance-based

studies (Gilbert et al., 2014; Messerli et al., 2020; Wakamatsu et al., 2019).

Zebrafish are designated as eurytherms, which are ectotherms that can tolerate and adapt to a

relatively large range of temperatures (Lopez-Olmeda and Sanchez-Vézquez, 2011). CT limit
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studies reveal that zebrafish can survive in water temperatures ranging from a minimum of 6.7°C
and a maximum of 41.7°C (Cortemeglia and Beitinger, 2005; Schaefer and Ryan, 2006). As
well, zebrafish can withstand and acclimate to seasonal temperature shifts between 14.2-33°C
and daily fluctuations of over 5°C (Lopez-Olmeda and Sanchez-Vazquez, 2011). As zebrafish
are not severely endangered by acute changes in water temperature, they are a prime candidate
for investigating physiological changes associated to temperature change without inducing long-
term harm. Thus, zebrafish have been used in previous studies for investigating performance
during thermal stress (Scott and Johnston, 2012; Wakamatsu et al., 2019) and early-life

temperature sensing (Gau et al., 2013).

With the discovery of the CRISPR/cas9 system, zebrafish have become an excellent model for
understanding the role of certain genes at the organismal level (Li et al., 2016). Previous works
have outlined the power of using zebrafish over mammalian models, where generation time of
the KO in zebrafish is quicker due to shorter maturation times and high fecundity (Liu et al.,
2019). Our lab has generated KO models that are not viable in mammals (Faught and Vijayan,
2022a, 2019). For example, due to improper lung development, ubiquitous GRKO mice are not
viable and are thus constrained to tissue-specific KOs (Tronche et al., 1998), whereas GRKO
zebrafish can survive and produce offspring for several generations (Faught and Vijayan, 2019).
These KO models enable a systematic tool to investigate specific facets of the stress response to
understand effects at the whole-organism level. To this end, a CRHR1KO zebrafish line has been
generated in our lab to assess CRHR1 function. Mammalian KO models have been used to
investigate CRHRL1: to our knowledge, two groups simultaneously published the first articles on
a ubiquitous CRHR1KO model using mice. Timpl and colleagues (1998) used homologous

recombination in mouse embryonic stem (ES) cells, replacing the crhrl fragment encoding
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transmembrane domains 4-7 with a neomycin cassette. These mutant ES cells were used to
generate chimeric mice which carried the mutation in the germ line to produce a heterozygous F1
generation. The F1 were intercrossed to generate the homozygous CRHR1KO F2 generation
used in their work. Here, the basal levels and attendant rise in corticosterone following a stressor
were impaired in the CRHR1KO mice. Smith et al. (1998) also used homologous recombination
in ES cells but instead replaced the last 12 amino acids of the first extracellular domain to the
fourth transmembrane domain with a neomycin cassette. Circulating plasma corticosterone levels
were also markedly lower, with the typical diurnal rise of glucocorticoid not occurring in the
CRHR1 mutant mice. However, these homozygous mutants reportedly faced challenges not
described in CRHR1KO generated by Timpl et al. (1998); a 15% mortality of male homozygotes
was noted, and all progeny of homozygous mutants died within 48 hours after birth, attributed to
impaired lung development due to insufficient maternal corticosterone (Smith et al., 1998). This
limits the study of the CRHR1KO mouse development to one generation of homozygous mutants
without external supplementation of glucocorticoid. To our knowledge, our lab has generated the
first ubiquitous CHR1KO zebrafish model, a stable KO line for which larval behaviour and HPI-
axis function has already been reported (Faught and Vijayan, 2022b). Stressed levels of cortisol
in CRHR1KO larvae were significantly lower than WT and failed to increase cortisol production
following a 1-hour treatment of CRH. With an established CRHR1KO model, further roles of

CRHRL1 in the stress response can be studied.

1.2 Hypothesis and Objectives

The main goal of this thesis is to identify the role of CRHR1 during acute temperature stress. The
activation of the HPI-axis to elicit the stress-response is well-studied in fish. However, this is
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primarily through investigation of the principal glucocorticoid, cortisol, and its role in
modulating stress through its receptors, GR and MR (Faught and Vijayan, 2022b, 2022a, 2019).
Our novel CRHR1KO zebrafish line can be used to investigate the role of CRHR1 during acute
temperature stress. Currently, it is not fully elucidated whether components of the HPI-axis have
direct effects in the control of energy expenditure in metabolically active tissues like muscle
alongside regulating cortisol biosynthesis. Though central CRHR1 activation has been linked to
depression and anxiety-like behaviours in mammalian models (Miller et al., 2003; Sun et al.,
2023; Timpl et al., 1998), to our knowledge there is no study that has investigated its systems-
level role of the whole-animal metabolic rate, or its effect on behaviour in an adult fish model.
Previous work in our lab has revealed CRHRL1 as a critical component of the behavioural and
cortisol response to an acute physical stressor in larval zebrafish (Faught and Vijayan, 2022b),
but how CRHR1 may modulate different stressors, or how the adult model may respond,
required investigation. This thesis aimed to employ the CRHR1KO zebrafish model to
understand how CRH-CRHRL1 signalling may regulate the behavioural response, metabolic rate,
and swimming performance of these fish when exposed to elevated temperature. Further, this
work will develop our understanding in the integration of the stress response during heat shock,

which is ecologically relevant in the context of climate change.

The hypothesis of this thesis is that CRHR1 is involved in the behavioural and metabolic
modulation of the developmental and adult life stage stress response during acute heat shock in

zebrafish. Specifically, the objectives of this study were to:

1. Determine behavioural modulation and metabolic rate adjustment during acute heat shock in

zebrafish larvae using high throughput methods. (Chapter 2).
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2. Observe acute behavioural, metabolic rate, and peripheral transcriptional adjustments in adult

CRHR1KO zebrafish following acute heat stress (Chapter 3).
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Chapter 2: CRHR1 activation modulates the behaviour and bioenergetics of

developing zebrafish during acute temperature elevation

2.1 Introduction

Early life regulation of stress hormones is critical for the development and survival of
vertebrates. De novo synthesis of cortisol, the primary stress hormone in fish, occurs after
hatching in zebrafish (Alsop and Vijayan, 2008). Early life modulation of cortisol functions in
stress programming that is persistent into adulthood (Reyes-Contreras et al., 2019). As well, key
components of the hypothalamic-pituitary-adrenal (HPA)-axis, or the analogous hypothalamic-
pituitary-interrenal (HPI)-axis in teleosts, also play a role in early life stress development (lvy et
al., 2010). The HPA/HPI-axis is a highly conserved physiological stress response that acts to
recover homeostasis in the whole organism. Upon perception of a stressor, corticotropin-
releasing hormone (CRH) is released from the hypothalamus and binds its primary receptor in
the pituitary, CRH receptor 1 (CRHR1). Following CRH-CRHR1 binding in the pituitary,
proopiomelanocortin (POMC) is synthesized and cleaved into adrenocorticotropic hormone
(ACTH), which is released into circulation and activates melanocortin-2 receptor (MC2R) in the
steroidogenic interrenal cells within the head kidney of fish, which is analogous to the adrenal
gland in mammals (Faught et al., 2016a; Mommesen et al., 1999). This leads to the de novo
synthesis and release of cortisol, the primary glucocorticoid in teleosts, which facilitates energy
substrate mobilization, including glucose and amino acids, to cope with the increased energy
demand that is associated with re-establishing homeostasis post-stressor (Faught et al., 2016a;
Mommsen et al., 1999). However, other components of the HPI-axis may modulate the animal’s

response to stress independently of cortisol action. For example, the coordinated action of rapid
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CRH-CRHRL1 signalling, followed by cortisol activity have been shown to modulate the acute
stress-related behavioural activity of zebrafish larvae (Faught and Vijayan, 2022b). However, as
stress is energy demanding, the bioenergetics of the acute HPI axis activation as part of the stress

response remains to be investigated.

The bioenergetics of the animal, which is its ability to store and release energy through work
(Skulachev et al., 2012), can be largely understood through its mitochondrial function. Oxidative
phosphorylation within the mitochondria is the primary source of ATP to the cell and
dysfunction of the electron transport chain (ETC) is known to result in a multitude of defects
related to energy metabolism, acidosis, and aging (Nicolson, 2014). Mitochondria are the
primary contributors to aerobic metabolism of an organism; thus, oxygen consumption, which is
a non-invasive and physiologically relevant measurement can also be linked to the bioenergetics
of the mitochondria. Oxygen consumption of cells and tissues are a prospective tool for
mitochondrial disease screening prior to the use of muscle biopsy or other invasive techniques
(Westerlund et al., 2018). Zebrafish embryos and larvae have also become potential targets for
bioenergetic profiling when modeling different pathologies that impair the metabolic rate (Dogra

et al., 2023; Stackley et al., 2011).

An increase in metabolic rate will require an increased level of oxygen transport to tissues. This
adjustment can be made through an increase in cardiac output, whereby the heartrate can elevate
to improve circulation of oxygenated blood. Stress steroids can modulate the cardiovascular
performance of fish. Glucocorticoids act in remodelling piscine heart output through hyperplasia
and hypertrophy (Johansen et al., 2011, 2017), and is a known potentiator of cardiac disease and
deformation in humans (Souverein et al., 2004) and mammalian models (de Vries et al., 2002;

Lumbers et al., 2005), all of which appears to be maladaptive. However, these effects are all in
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chronic scenarios or with lifelong high cortisol stimulation, whereas the cardiac response to acute
HPI axis activity is less studied. Both GR and MR, as well as CRHR1 are highly expressed in the
myocardium of teleosts (Faught and Vijayan, 2022b), suggesting that the activation of the HPI-
axis can have a rapid effect on cardiac performance. However, the literature shows contradictory
effects of acute stress on heartrate in fish (Bloecher et al., 2024; Svendsen et al., 2021). These
differences may be attributed to the type of acute stressor used in the study, which lends itself to

further study.

Previous work to identify the systems-level role of CRHR1 revealed extrapituitary function in
the adrenal gland to regulate cortisol secretion in mice (Mdller et al., 2001). However,
investigating the role of CRHR1 during early development in mammals is challenging as the
development of mutant offspring is severely impaired. Progeny of homozygous mutant CRHR1-
deficient mice failed to survive beyond 48 h after birth due to improper lung development (Smith
et al., 1998). In contrast, CRHR1KO zebrafish are a robust model that can produce viable
progeny through multiple generations (Faught and Vijayan, 2022), enabling us to view the role
of CRHR1 during the critical developmental window without exogenous perturbation.
Previously, this zebrafish CRHR1KO model revealed CRH acts in modulating stress-related
hyperactivity (Faught and Vijayan, 2022b), but the underlying regulations, particularly the

bioenergetic response during acute stress, begs further investigation.

Here, we investigate the role of CRHRL in early life behaviour and metabolic rate regulation
using the CRHR1KO zebrafish model. We have previously used the light-dark behavioural
paradigm to test for anxiety-related behaviours and activity of zebrafish larvae at 4-6 days post-
fertilization (dpf) (Faught and Vijayan, 2022b). Changes in stress-related behavioural activity

may imply shifts in energy utilization, so we utilized a Seahorse Bioenergetics analyzer (Agilent
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Technologies, California) to investigate mitochondrial function (Dogra et al., 2023) in WT and
CRHR1KO zebrafish larvae in response to heat stress. Also, heartrate was analyzed to determine
whether CRHRL1 regulates cardiac performance during acute heat stress to accommodate
behavioural and bioenergetic changes. This work aims to elucidate the bioenergetics of CRH-
CRHRL1 signalling, and how it modulates the behavioural and metabolic responses to an acute

heat shock in zebrafish larvae.

2.2 Materials and Methods

Zebrafish maintenance

Zebrafish (Tupfel long fin strain) were held in recirculating systems (Tecniplast, Italy) on a 14
h:10 h light:dark cycle (light on 09:00). Water was maintained at 28.5°C, 800 uS conductivity,
and a pH of 7.5. Fish were fed twice daily with Gemma Micro (500) adult zebrafish food in the
morning (Skretting, Canada) and live Artemia (Brine Shrimp Direct, Utah) in the afternoon.
CRHR1KO zebrafish were generated using CRISPR-cas9 in our lab as described previously
(Faught and Vijayan, 2022b). CRHR1KO fish used in this study were all homozygous mutants.
For breeding, fish were set up 30 min following the afternoon feed in breeding traps, and
embryos were collected the following day before the morning feed. Embryos were maintained in
E3 embryo medium (5 mM NacCl, 0.17 mM KCI, 0.33 mM CacCl2, 0.33 mM MgSO4, and 0.1
ppm methylene blue as antifungal) in 10-cm petri dishes (60-200 embryos per dish) stored in a
temperature-controlled incubator also on a 14 h light:10 h dark cycle set at 28.5°C. Embryo
media were refreshed daily (approx. 50%) and all dead embryos/larvae were removed. This

maintenance continued until embryos or larvae were required for experiments at 4 days post-
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fertilization (dpf). All procedures were performed under the approval of the Animal Care
Committee (AC17-0079 and AC21-0061) and under the standards set by the Canadian Council

of Animal Care.

Behaviour

To measure the behaviour of the larvae, 6 dpf WT and CRHR1KO were transferred into a 24
well plate containing 2.5mL of E3 media per well either maintained at 28°C or 33°C. Following
1 hour after transferring the larvae, the plate was loaded into a Noldus Danio Vision Observation
Chamber (Noldus, the Netherlands) and a light-dark paradigm was employed (Schnorr et al.,
2012), where fish were exposed to 6 min of intense light followed by a 4 min dark period to
assess swimming activity. Automated tracking through Ethovision (Noldus, the Netherlands) was

used to measure total distance swam in both the light and the dark phase.

Seahorse Bioenergetics

At 4dpf, zebrafish larvae were transferred into 24-well Seahorse XF24 Islet Capture Microplates
(Agilent Technologies, California) to determine the oxygen consumption rate (OCR) as
described previously (Dogra et al., 2023). Zebrafish were exposed to either 700uL of E3 media
containing vehicle (0.05% DMSO) or 5ug/mL cortisol for 16 h (Faught and Vijayan, 2022) with
an islet capture screen placed above to hold the larvae in place. Sensors were hydrated and
calibrated per the manufacturers specifications, and OCR measurements were obtained using the
Seahorse XF24 Extracellular Flux Analyzer (Agilent Technologies, California). Bioenergetic

measurements were taken as previously described (Dogra et al., 2023). Briefly, 7 oxygen reads
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were taken initially to obtain basal OCR, 7 reads following oligomycin treatment, 6 reads
following carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) treatment, and 7 reads
following antimycin A treatment, with each read lasting 6 mins (Dogra et al., 2023). OCR
following FCCP treatment remained lower than basal OCR, and thus were removed from
analysis. The mean of the two lowest consecutive OCR measurements following each drug

treatment was used to determine OCR for each larva.

Heartrate

Six WT or CRHR1KO zebrafish larvae aged 4 dpf were transferred to a petri dish containing
25mL of E3 media with either 0.05% DMSO (vehicle) or 0.05% DMSO and 5ug/mL cortisol and
left for 16 h overnight at 28°C. Following the exposure, the petri dishes were either stored for 1 h
at 28°C or 33°C, after which MS-222 was added to a final concentration of 50 mg/L which acts
as a light anaesthetic to slow swimming while not impairing the heart beat frequency (Craig et
al., 2006). Once larvae movement was slowed (approximately 2 min after MS-222 addition),
each larva was video recorded for 10-30 s using a Leica M165 microscope equipped with a Leica
DL 550 camera (Leica Microsystems, Germany). Epinephrine (EPI) was immediately added
after recording to a final concentration of 100 nM and video recording was repeated after 5 min

of exposure.

To determine whether heartrate modulation during elevated temperature was through activation
of adrenergic receptors, 6 WT and 6 CRHR1KO larvae aged 4 dpf were transferred to a petri
dish containing 25 mL of E3 media. The following morning, when larvae were aged 5 dpf,

propranolol (PROP), a known B-adrenergic receptor antagonist, was added to each petri dish to a
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final concentration of 100uM. Following 30 min of treatment, larvae were then subjected to
either 28°C or 33°C for 1 h, then treated with 50 mg/L MS-222. Heartrate was assessed in the
same way as above. EPI was added to a final concentration of 100 nM and video recording was
repeated after 5 mins of treatment to confirm f-adrenergic receptor blockage by PROP. All
videos were analyzed in VLC Media Player (VideoLAN, France) as previously described
(Thompson et al., 2022a). Briefly, heartrate was determined by manually counting heartbeats

over a 5-15s.

Statistics

All statistical analyses were carried out and graphs were plotted using GraphPad Prism 8
(GraphPad Software, CA, USA). All data are shown as mean = SEM. Behaviour and OCR data
was analyzed by two-way ANOVA (a = 0.05, Holm-Sidak post hoc), while heartrate was
analyzed via three-way ANOVA (a = 0.05, Holm-Sidak post hoc). If interactions were observed
from the three-way ANOVA, the non-significant experimental groups were consolidated, and a
two-way ANOVA was used to further analyse the two-way interaction. Data that failed the
assumptions of normality or homoscedasticity were log-transformed, while untransformed data is

shown in the figures.

2.3 Results

Behaviour

WT larvae were significantly more active in the light phase following HS (701.60 + 22.94 mm)

compared to ambient (552.28 + 24.07 mm, p < 0.001, Figure 2.1B). CRHR1KO zebrafish
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showed similar swimming activity to WT at ambient (499.94 £ 16.77 mm) but were significantly
less active than all other groups following HS (414.12 + 26.84 mm, p < 0.05). The total distance
travelled by WT zebrafish larvae showed no significant difference between 28°C (527.72 +
16.31 mm) and 33°C (560.82 + 16.02 mm) in the dark phase of the behaviour paradigm (p >
0.05, Figure 2.1A). Distance travelled in the dark by CRHR1KO zebrafish at 28°C was
comparable to WT at both temperatures (553.41 £ 16.76 mm, p > 0.05), but after 33°C treatment,
CRHR1KO larvae were less mobile (456.35 + 21.00 mm) than both WT treatment groups and

CRHRI1KO at 28°C (p < 0.05).

Seahorse bioenergetics

Basal OCR measurements at 28°C were not discernable between WT (323.04 + 12.38 pmol
O2/min) and CRHR1KO larvae (348.40 + 13.57 pmol O2/min, p > 0.05). OCRs following HS
were also not significant between WT (379.11 £ 7.85 pmol O2/min) and CRHR1KO (414.18 +
10.40 pmol Oz/min, p > 0.05); however, there was a significant main effect showing OCR
increases with temperature (p < 0.001, Figure 2.2A) and is overall greater in the CRHR1KO
larvae compared to the WT larvae (p = 0.012). Mitochondrial respiration appeared unchanged in
WT after HS (p > 0.05, Figure 2.2B), but CRHR1KO larvae had a significantly greater OCR
following HS compared to all other groups (p < 0.05). Non-mitochondrial respiration was
elevated in both WT and CRHR1KO following HS compared to WT at ambient water
temperature, but CRHR1KO larvae at 28°C also had an elevated non-mitochondrial OCR
comparable to HS groups (p < 0.05, Figure 2.2C). ATP-linked OCR also increased with
temperature in both WT and CRHR1KO larvae, but OCR of the CRHR1KO larvae were

significantly higher than the WT in response to the HS (p < 0.05, Figure 2.2D). OCR associated
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with proton leak in WT was significantly reduced at 33°C (p < 0.05, Figure 2.2E), which was not

seen in the CRHR1KO larvae (p > 0.05).

Following 16 h cortisol exposure, basal OCR remained similar between WT and CRHR1KO (p >
0.05), and a main temperature effect was observed, with increased OCR in HS groups (p = 0.005,
Figure 2.3A). Cortisol treated larvae showed similar mitochondrial OCR between WT and
CRHR1KO fish independent of temperature (p > 0.05, Figure 2.3B). A significant main effect
showed an increase in non-mitochondrial OCR following 33°C HS independent of genotype (p <
0.001, Figure 2.3C). ATP-linked OCR, after the 16 h cortisol treatment was similar between the
genotypes and the HS treatments (p > 0.05, Figure 2.3D). The cortisol-treated WT showed no
difference in OCR due to proton leak between water temperatures (p > 0.05, Figure 2.3E).
CRHR1KO larvae had a significantly higher proton leak-related OCR at ambient temperature
compared to WT (p = 0.039, Figure 2.3E) CRHR1KO larvae at 28°C also had a higher proton

leak-related OCR than WT at 33°C and CRHR1KO at 33°C (p < 0.05).

Heartrate

Heartbeat frequency of WT and CRHR1KO remained comparable to each other in all treatments
(p > 0.05, Figure 2.4A). A temperature main effect was observed, with elevated temperature
increasing heartrate (p < 0.001). EPI also significantly increased the heartrate independent of
temperature or genotype (p < 0.001). A two-way temperature x EPI interaction was observed
from the three-way ANOVA (P < 0.001), so the genotype factor was consolidated. A significant
difference in heartrate was observed between both 28°C treated larvae (non-EPI and EPI-treated)

and EPI 33°C larvae and both 33°C treated larvae (non-EPI and EPI-treated) (P < 0.05). There
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was also a significant difference in heartrate between the non-EPI1 28°C larvae and EPI-treated
28°C larvae (P < 0.05). Following the 16 h cortisol treatment prior to the heartrate measurement,
temperature and EPI treatment significantly increased the heartrate (p < 0.001, Figure 2.4B),
with no differences observed between the genotypes and no interactions were observed between
factors. Larvae treated with PROP 90 mins before heartrate measurement showed a significant
EPI main effect (P < 0.001) and a temperature x EPI interaction (p = 0.0315). No differences
were observed between genotypes, thus genotype data was consolidated to investigate the two-
way interaction, where the heartrate of larvae at 28°C showed a lower trend compared to larvae
at 33°C (p = 0.060) when not treated with EPI. Following PROP treatment, larvae at 33°C had a

significantly higher heartrate than larvae at 33°C after EPI treatment (p = 0.003, Figure 2.4C).

2.4 Discussion

CRH-CRHRL1 signalling is known to play a key role in early life development of anxiogenic and
depressive behaviours (Kolber et al., 2010). Here, we show that zebrafish lacking CRHR1 fail to
behaviourally respond to an acute HS, which follows similarly to previous reports of impaired
swimming activity in the CRHR1KO zebrafish model following a swirling stressor (Faught and
Vijayan, 2022b). CRHR1 may be critical in sensing changes in temperature as a stressor by
regulating the behavioural response through central neuronal signalling. Not only do CRH
neurons in the hypothalamus increase in number following exposure to a stressor (Berg-Maurer
et al., 2016), but CRH neuronal populations show differing responsiveness to specific stressors
(Lovett-Barron et al., 2020). For instance, Lovett-Barron et al. (2020) observed 40.5% of medial
crh-expressing neurons of zebrafish larvae responded solely to either heat, salinity, or acidity
stress. How different stressors may activate certain neuronal clusters is not only specific to CRH
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neurons, but is also seen in hypothalamic arginine vasopressin and oxytocin neurons (Lovett-
Barron et al., 2020). This stressor-specific response may impact the central behavioural response
to stress (Muller et al., 2003), but also the extent of the HPI-activation by pituitary CRHR1
(Faught et al., 2016a). Together, the behavioural response during heat shock may be modulated

by central extrapituitary CRH-CRHRL1 signalling coordinated with HPI-axis activation.

The non-mitochondrial OCR of CRHR1KO zebrafish larvae is lower than WT at 28°C, while the
CRHR1KO OCR associated with mitochondrial function, particularly ATP synthesis, increases
to a greater degree than WT following HS. This suggests that CRHR1 under the unstressed basal
condition regulates oxygen consumed for functions beyond oxidative phosphorylation. Cellular
functions that consume oxygen outside of the mitochondria include protein folding, DNA
demethylation, lipid synthesis, pro-oxidant, and proinflammatory processes (Banh et al., 2016;
Chacko et al., 2014). During heat stress, CRHRI1 signalling may limit the organism’s ATP-
synthetic capacity as seen in the increased ATP-linked OCR in CRHR1KO fish. This may be a
protective effect, as unchecked ATP synthesis may not be sustainable, as protein synthetic
pathways and survival of neuronal cells rely on non-mitochondrial energy mobilization (Pontes

etal., 2015).

Increasing temperature alters the bioenergetics of the mitochondria. During chronic exposure to
heat, oxygen consumption associated with metabolism and proton leak both typically increase
(Sokolova, 2023). Strikingly, OCR associated with the proton leak significantly decreased in HS-
exposed WT. This may indicate a protective system during acute HS that limits proton leak-
attributed oxygen consumption to conserve oxygen for aerobic metabolism used during the
escape response (Sokolova, 2021). High OCR following oligomycin treatment, and the

subsequent inhibition of ATP synthesis, can be attributed to several functions such as
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mitochondrial maintenance of the proton motive force (Sokolova, 2021), adenosine nucleotide
translocase (ANT) (Kreiter et al., 2021), and uncoupling protein (UCP) function (Nicholls,
2021). It appears that WT fish can attenuate the oxygen used for these processes during HS and
rather focuses on ATP-linked oxygen utilization. ANT facilitates ADP-ATP exchange across the
inner mitochondrial matrix, maximizing available ADP in the mitochondrial matrix and ATP in
the cytosol (Bround et al., 2020). UCPs in mammals are a component of thermogenesis
(Nicholls, 2021), but the role of UCPs in ectotherms, who do not thermoregulate beyond
avoidance of suboptimal environmental temperatures, is unclear. Production of reactive oxygen
species (ROS) due to high electron flux in the ETC must also be regulated. Increased proton leak
is also implicated in suppressing the formation of ROS (Hirschenson et al., 2022), for which our
results suggest CRHR1 signalling induces mitochondria to focus on ATP-synthesis rather than
limit ROS production during acute HS. Exactly how these systems are regulated by CRHR1 or
cortisol during HS in ectotherms begs further investigation. Recent work suggests that a high
proportion of oxidative phosphorylation compared to proton leak respiration (i.e. lower proton
leak OCR) during exposure to elevated temperatures indicates high heat tolerance (Chung and
Schulte, 2020). With a higher ATP-linked respiration and similar proton leak compered to WT, it
appears the mitochondria of CRHR1KO fish may be more tolerant to acute HS. Overall, we see
HS increases the basal OCR, but CRHR1 signalling may limit the capacity of oxidative

phosphorylation for non-mitochondrial processes.

We show temperature acts to increase heartrate but appears predominantly modulated by the
adrenergic system rather than the HP1-axis. CRHR1KO fish show no difference in heartrate with
the WT in all treatment groups, indicating CRHR1 may not regulate early life cardiac

performance during acute stress and suggests heartrate is not representative of the metabolic
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performance or CRHR1 activation during acute HS. As well, our results show CRHR1 does not
control the acute action of the adrenergic system on heartrate. Interestingly, previous work
showed CRH infusion increased heartrate in rats (Fisher et al., 1982), though whether it was
CRHRL1 that specifically modulated this was not identified. There is reportedly direct crosstalk
with the CRH system and the adrenergic system, as CRH increases norepinephrine release in the
central nervous system (Jedema and Grace, 2004), but interactions with cardiac performance still
require further investigation. There are contradictory effects of acute stress on heartrate in fish
reported in the literature (Bloecher et al., 2024; Svendsen et al., 2021). These differences may be
attributed to the type of acute stressor used in the study, or potential changes in other parameters
of cardiac performance, such as the stroke volume of the heart, which can also control
cardiovascular output alongside increased heartrate to accommodate elevated tissue oxygen
requirements (Thorarensen et al., 1996). Pink salmon (Oncorhynchus gorbuscha) show elevated
aerobic scope when exposed to increasing water temperature, but reduced cardiac stroke volume
(Clark et al., 2011), indicating that tissue metabolism may outpace oxygenated blood transport
and limit the animal’s ability to cope with increased metabolic demands. When chronically
treated with cortisol, rainbow trout develop cardiac hypertrophy which impairs cardiac
performance by limiting total stroke volume (Johansen et al., 2017). How an impaired HPI-axis
may interfere with cardiac development in zebrafish has yet to be determined, and whether

CRHRL1 plays a direct role in the adult function of the heart.

Taken together, CRHRL1 has a critical role in the early life behavioural response to HS which
may be regulated by changes in the mitochondrial bioenergetic profile. Chronic cortisol exposure
modulates CRHR1 signalling as seen in differences between WT and CRHR1KO fish

bioenergetics following the 16-hour cortisol exposure. Though CRHR1 does not appear to
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modulate the heartrate, the effects on the development of the heart and cardiac remodelling
remain unknown, and other cardiac performance markers should be further investigated. In
conclusion, CRHR1 is a key player in the behavioural response to acute HS, which appears

predominantly controlled through bioenergetic regulation.
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Figure 2.1 CRHR1 regulates the behavioural response following heat shock

The total distance travelled by 6 dpf WT and CRHR1KO zebrafish larvae exposed to 28°C or
33°C water temperatures for 1 hour, measured for 6 min in the light (A) or 4 min in the dark (B).
Zebrafish were placed individually in a 24-well plate and incubated at either 28°C or 33°C for 1
hour prior to behavioural tracking. Light and dark was controlled and the larvae activity tracked
using Noldus Ethovision software in a Daniovision system. Bars represent mean = SEM (n =
149-237 larvae). Bars with different letters denote significant difference (ANOVA, Holm-Sidak
post-hoc test, P < 0.05). Abbreviations: wildtype (WT), corticotropin-releasing hormone receptor
1 knockout (KO).
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Figure 2.2 CRHRL1 regulates mitochondrial bioenergetics
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(A) Representative graph depicting the workflow of the Seahorse Bioanalyzer and how each
respiratory value is calculated. Basal oxygen consumption rate (OCR) is the initial OCR
measured without pharmacological treatment. Oligomycin treatment blocks ATP-linked OCR by
inhibiting ATP synthase. FCCP treatment increases the overall OCR of mitochondria, but it did
not produce a maximal OCR in this experiment. Antimycin A treatment inhibits complex 11 of
the electron transport chain and blocks mitochondrial OCR. (B) Basal, (C) mitochondrial, (D)
non-mitochondrial, (E) ATP-linked, and (F) proton leak-associated OCR of 5 dpf WT and
CRHR1KO zebrafish larvae following 1-hour exposure to 28°C or 33°C water temperature. OCR
was measured using the Agilent Seahorse XF24 Extracellular Flux Analyzer as detailed in the
methods. Bars represent mean = SEM (n=11-19). Bars with different letters denote significant
difference (ANOVA, Holm-Sidak post-hoc test, P < 0.05). Abbreviations: wildtype (WT),
corticotropin-releasing hormone receptor 1 knockout (KO), oxygen consumption rate (OCR),
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP).
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Figure 2.3 Mitochondrial bioenergetics following chronic cortisol treatment

(A) Basal, (B) mitochondrial, (C) non-mitochondrial, (D) ATP-linked, and (E) proton leak-
associated oxygen consumption of 5 dpf WT and CRHR1KO zebrafish larvae following 16-hour
treatment of cortisol and 1-hour exposure to 28°C or 33°C water temperature. OCR was
measured using the Agilent Seahorse XF24 Extracellular Flux Analyzer as detailed in the
methods. Bars represent mean = SEM (n=11-19). (A,C) Asterisks denote significant main effect
(Two-way ANOVA, ** P <0.01, *** P <0.001). Bars with different letters denote significant
difference due to the interaction (ANOVA, Holm-Sidak post-hoc test, P < 0.05). Abbreviations:
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wildtype (WT), corticotropin-releasing hormone receptor 1 knockout (KO), oxygen consumption
rate (OCR) carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP).
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Figure 2.4 CRHR1 does not modulate cardiac performance during acute heat shock.
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Heartbeat frequency of 6 dpf WT and CRHR1KO larvae before and following EPI treatment in
the absence of cortisol (A), after 16-hour cortisol treatment (B), and following 90-min exposure
to PROP (C). Heartrate was determined by counting the rate of ventricular ejection of blood in
lightly anaesthetized larvae over a 5-15 s video recording. The p-value tables of each three-way
ANOVA (genotype, temperature, and EPI treatment) for the heartrate data in A, C and E are
shown in B, D and F, respectively. Bars represent mean + SEM (n=10-12). (A,E) Genotype
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factor was consolidated to investigate the two-way Temperature x EPI interaction. Different
letters denote significant difference due to the interaction (ANOVA, Holm-Sidak post-hoc test, P
< 0.05). (C) Symbols denote significant main effects between treatment groups (Three-way
ANOVA, ### indicates EPI effect, *** indicates temperature effect, P < 0.001). Abbreviations:
wildtype (WT), corticotropin-releasing hormone receptor 1 knockout (KO), epinephrine (EPI),
propranolol (PROP).
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Chapter 3: CRHR1 integrates the heat shock-mediated behavioural activity and

metabolic rate changes in adult zebrafish

3.1 Introduction

The ability to cope with environmental challenges is a primary objective of the stress response.
The corticosteroid stress axis activity is a highly conserved and critical part of the adaptive stress
response. For instance, upon stressor perception, the hypothalamus-pituitary-adrenal (HPA) axis
in mammals and the hypothalamus-pituitary-interrenal (HPI) axis in teleosts is activated leading
to the synthesis and release of corticosteroids, which assists in re-establishing homeostasis
(Faught et al., 2016a; Mommsen et al., 1999). Corticotropin-releasing hormone (CRH), released
from the hypothalamus, is the proximal neuroendocrine response that stimulates the pituitary
gland to release adrenocorticotropic hormone (ACTH), a post-translationally formed biologically
active peptide from proopiomelanocortin (Faught et al., 2016a). Although the action of CRH is
mediated by activating two receptors, the CRH receptor 1 (CRHR1) and CRH receptor 2
(CRHR2) (Sukhareva, 2021), the primary receptor involved in the synthesis and release of
ACTH is CRHR1. Once ACTH is released into the circulation, it binds to the melanocortin 2
receptor (MC2R) in the adrenal cortex (or interrenal tissue in teleosts) to stimulate corticosteroid
biosynthesis. The primary stress-induced corticosteroid released into the circulation is cortisol in
humans and teleosts (Mommesen et al., 1999), and this glucocorticoid via activation of either the
glucocorticoid receptor (GR) and/or the mineralocorticoid receptor (MR) is essential for stress

coping (Faught et al., 2016a; Faught and Vijayan, 2022a).

While most studies have focused on the role of glucocorticoids in adjusting animals to stress
(Jimeno and Verhulst, 2023), recently we demonstrated a coordinated role for CRH along with
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cortisol in the temporal behavioural changes seen in response to an acute stress in zebrafish
(Faught and Vijayan, 2022). The CRHR1 played an important role in the acute behavioural
changes seen after an acute stress, but maintenance of this behavioural response over longer
periods required the activation of GR and MR in zebrafish (Faught and Vijayan, 2022). It has
been shown that cortisol increases the metabolic rate in fish, but most of these studies were after
longer exposure to this steroid as the cortisol action required the activation of GR (Pfalzgraff et
al., 2022), a ligand bound transcription factor that leads to genomic signalling and response
spanning several hours (Faught et al., 2016a). However, it is unknown whether the activation of
the HPI-axis and the associated neuropeptides released prior to the secretion of cortisol have any
role in the acute metabolic rate changes that are seen in fish after an acute stressor exposure

(Barton and Schreck, 1987).

Acute temperature changes have been shown to increase the activity levels and metabolic
rate in fish (Biro et al., 2009; Schulte, 2015). This change in metabolic rate usually involves
increased muscle activity and acute changes in protein synthesis that are essential for cellular
protection against heat shock (Iwama et al., 1999; Portner et al., 2017), as well as the
mobilization of energy substrates to provide fuel for the enhanced energy demand (Clarke and
Fraser, 2004). Indeed, heat shock leads to transcriptional and translational activation of critical
proteins involved in maintaining the cellular protein homeostasis (Kiltz, 2005), including the
upregulation of the highly conserved heat shock proteins (HSPs) (Iwama et al., 1999). Heat
shock also activates the organismal stress response, and the associated increase in the
corticosteroid release also leads to an increase in the metabolic rate as an adaptive response to
cope with stress (Jimeno and Verhulst, 2023; Mommsen et al., 1999). While studies have

examined the changes in metabolic rate associated with chronic cortisol elevation (Pfalzgraff et
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al., 2022), it is unclear whether the activation of the HPI axis and the associated neuropeptide
release also leads to an increase in metabolic rate independent of cortisol action. If that is the
case, it would suggest that the HPI-axis may be priming the animal to respond to a stressor even

prior to the release of corticosteroids, but this has not been tested yet.

Sensing a stressor generally elevates the metabolic rate of an animal (Christensen et al., 2019;
Schwieterman et al., 2019; Sloman et al., 2000), which increases from the standard metabolic
rate (SMR) up to the deemed maximum metabolic rate (MMR) the animal can produce. The
difference between the MMR and SMR is known as the aerobic scope, which is indicative of the
aerobic capacity of the animal available above basal maintenance metabolism and has been
correlated with fitness-related traits (Clark et al., 2013). For instance, sockeye salmon
(Oncorhynchus nerka) populations that require a further migration upriver to spawn, and thus
rely on their swim performance, have a larger aerobic scope compared to populations with a
shorter migration (Farrell et al., 2008). Chronic cortisol exposure elevates both the standard
metabolic rate (SMR) and the maximum metabolic rate (MMR) in rainbow trout (Oncorhynchus
mykiss) and improves recovery from exhaustive swimming (Pfalzgraff et al., 2022), but the acute
response needs investigation. SMR, MMR and, thus, aerobic scope can all be shifted by a change
in temperature, previously observed in westslope cutthroat trout (Oncorhynchus clarkii lewisi)
and rainbow trout (Enders and Durhack, 2022) and among tropical species (Johansen and Jones,
2011; Nilsson et al., 2009; Rummer et al., 2014), but how components of the stress response

interact with the response to temperature is not fully clear.

With the advent of genetic knockout (KO) models, the functional role of different components of
the HPI-axis may be investigated in a highly targeted manner. For instance, previous work with

ubiquitous CRHR1KO mice have showed impaired glucocorticoid synthesis capacity and altered
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stress-related behaviour (Timpl et al., 1998). Recently we showed that ubiquitous CRHR1KO
zebrafish larvae showed no stressor-induced elevation in cortisol levels and activity (Faught and
Vijayan, 2022a). However, whether these changes affect the metabolic rate of the animal is
currently unknown, as acute stress invariably increases the MR in animals (Barton and Schreck,
1987; Kuti et al., 2022). CRH treatment elevates the respiration rate and thermogenesis of mouse
muscle tissue (Solinas et al., 2006), however the role of the CRHR’s in this remain untested.
Currently, it is known that CRHR1 is critical for the acute stress-induced hyperactivity of
zebrafish larvae (Faught and Vijayan, 2022a), but it is unknown whether this is life-stage
specific, or its function in metabolic rate adjustment. To test the metabolic rate we used
temperature shock, as this abiotic stressor is a bona-fide acute stimulator of metabolic rate in
animals (Schulte, 2015). Also, this will provide us an ecological context, given the predicted
increases in environmental temperature and the impact that may have on ectothermic organisms
(Beitinger et al., 2000; Brett, 1971; Comte et al., 2013; Farrell, 2009; Nilsson et al., 2009; Perry
et al., 2005; Rummer et al., 2014; Schulte, 2015). We hypothesize that CRHRL1 is a key receptor
that also links temperature changes to behavioural and metabolic response, thereby integrating
heat shock to the organismal stress response. To this end, we exposed WT and CRHR1KO adult
zebrafish to an acute heat shock (HS), which consisted of a +5°C increase in ambient water
temperature (28°C) and assessed the metabolic rate and swimming performance. We also
determined whether the acute HS-induced cortisol release was responsible for the higher
metabolic rate by inhibiting cortisol production using metyrapone, a cortisol biosynthesis
inhibitor. Our results indicate that CRHR1 is essential for an acute HS-induced increase in
metabolic rate in adult zebrafish and this occurs prior to the stress-induced cortisol elevation in

zebrafish.
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3.2 Materials and Methods

Animal Husbandry

Adult zebrafish (Tupfel long fin strain) were held in a recirculating system (Tecniplast, Italy) on
a 14 hours:10 hours light:dark cycle (light on 09:00; light off 23:00). Water was maintained at
28°C, 800 uS conductivity, and a pH of 7.5. Fish were fed twice daily with Gemma Micro (500)
adult zebrafish food in the morning (Skretting, Canada) and live Artemia (Brine Shrimp Direct,
Utah) in the afternoon. The CRHR1KO zebrafish was generated using CRISPR/Cas9 as
described previously (Faught and Vijayan, 2022b) and all offspring were produced from
homozygous mutant parents. Fish were last fed at 16:00 the previous day of all experiments. All
procedures were performed under the approval of the Animal Care Committee (AC17-0079 and

AC21-0061) and under the standards set by the Canadian Council of Animal Care.

Experimental Design

For all studies, fish were exposed to either 28°C (ambient) or a 33°C heat shock (HS) water in an
acute way adapted for each study design. In the behavioural study, data was collected upon
immediate exposure of WT and CRHR1KO zebrafish to ambient or HS. For the remaining
studies (resting intermittent-flow respirometry study, swim-tunnel respirometry study, and the
novel tank exposure study), all fish were exposed to ambient or HS temperatures for an hour

prior to data collection.
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Behavioural Study

Changes in behaviour was assessed in zebrafish following immediate exposure to a novel
environment to identify CRHR1-mediated responses to acute HS. Zebrafish underwent the
vertical swim assessment as previously described (Thompson et al., 2022b) to determine
swimming activity at ambient or HS temperatures. The vertical swim assessment evaluates
overall distance swam as well as thigmotaxis in a novel tank environment by determining
“boldness” of the animal, which is associated with time spent near the top of the tank (Egan et
al., 2009; Maximino et al., 2010; Thompson et al., 2022b). Zebrafish were individually
transferred with minimal handling from the housing system to a novel 2L 15cm x 15¢cm x 20cm
system tank with a white background containing system water at either ambient or HS in a
temperature-controlled room. A Sony Handycam HDR-CX550 (Tokyo, Japan) was placed
approximately 50cm from the novel tank and recording began immediately after the fish was
placed into the tank. After 5 mins, recording was stopped, and the fish was returned to the
housing system. Water in the novel tank was changed between all trials. Fish were randomly
chosen from the system for the trial and the sex was noted. Behaviour was analysed using
Noldus Ethovision XT 14 (Wageningen, the Netherlands). Hyperactivity, representative of
anxiety-like behaviours (Maximino et al., 2010), were defined as cumulative time spent above
90% mean swimming speed. Total swimming distance for the duration of the recording was also

assessed.

43



Metabolic rate

To assess basal rates of aerobic metabolism, zebrafish were weighed (Supplemental Table 6.1)
and placed in resting intermittent-flow respirometers consisting of 60mm long chambers each
containing a total volume of 20 mL submerged in a temperature-controlled water bath (Loligo
Systems, Viborg, Denmark) at 28°C. Fish were weighed and immediately placed in the
respirometer chamber at 11:00. Following a 1h acclimation, which has previously been shown to
enable accurate SMR measurements in zebrafish (Little et al., 2013), oxygen consumption (MO>)
was recorded using AutoResp (Loligo Systems, Viborg, Denmark) following a 60s flush, 60s
wait, 120s measure cycle repeated for 8 cycles over 30 min, then fish were returned to their
housing system. Following at least a week, the same fish were returned to the respirometer at
33°C (HS) and SMR measurements were repeated in the same way. The 3 lowest consecutive
MO readings were averaged to obtain SMR (Thompson et al., 2022b). A total of 4 respirometer
chambers were ran simultaneously, with background oxygen consumption calculated from a
single, empty chamber, while zebrafish were placed in the remaining 3 chambers for each trial.
Immediately after obtaining SMR at 33°C, fish were euthanized using 0.5 mg/L of MS-222
(buffered 1:2 with sodium bicarbonate) and brain and whole body were sampled and stored at -

80°C.

Metyrapone treatment

Elevated temperature acts as a stressor and thus activates cortisol biosynthesis through the HPI-
axis (Wendelaar Bonga, 1997). To test whether cortisol was regulating the SMR, cortisol

synthesis was blocked with a known 11B-hydroxylase inhibitor, metyrapone. WT zebrafish were
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placed into static 2L tanks containing either system water or 325.4uM metyrapone (Vera-Chang
et al., 2018) dissolved in system water held at 33°C. Half of the water was exchanged daily and
replenished with the appropriate treatment. Morning and afternoon feeding were maintained for
4 days of exposure, after which fish were placed into a resting intermittent flow respirometer at
33°C and metabolic rate was measured as described above. Fish were sampled immediately after

and whole body was homogenized for cortisol quantification.

Swim performance

Zebrafish were weighed (Supplemental Table 6.1) and immediately placed into a 170mL swim
tunnel respirometer (Loligo Systems, Viborg, Denmark) between 11:00 and 18:00 to assess
MMR and swim performance. Water flow was manually controlled and calibrated using
neutrally buoyant fluorophores tracked and analysed by DPTV 2 (Loligo Systems, Viborg,
Denmark). Fish were acclimated for 1h at a flow rate of 4.5cm/s and the oxygen consumption
was measured using a 60s flush, 60s wait, 180s measure cycle. Following acclimation, flow rate
was increased by 4.5cm/s every 10 min, allowing 2 full MO2 measurement cycles at each
swimming speed. Swimming was stopped once the fish rested against the honeycomb grate
located at the back of the tunnel for longer than 5s. Aerobic scope was determined by subtracting
the lowest MO from the highest MO during the recording period. Ucrit was calculated using
the formula Ucrit = U + Ut X (T#/T), derived from Brett (1964), where U is the water velocity of
the last completed swim cycle in cm/s, Us is the water velocity of the final swim cycle the fish
failed on in cm/s, Tt is the time spent successfully swimming during the final swim cycle in s,

and T is the total duration of one swim cycle in s.
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Novel tank exposure and tissue sampling

Housed zebrafish were placed individually into static 2L tanks containing system water held in a
temperature-controlled room set at either 28°C or 33°C. After 1 hour, fish were removed and
euthanized in 0.5 mg/L of MS-222 (buffered 1:2 with sodium bicarbonate). Brain, liver, muscle,

and the remaining whole body were sampled and stored in -80°C for further analysis.

Cortisol quantification

Whole body was sampled from fish taken from the system, from the resting intermittent-flow
respirometer study, and from fish in the 1-hour novel tank exposure and stored at -80°C until
analysis. Tissue was ground and homogenized in 50mM Tris buffer, pH 7.5, with protease
inhibitors (Roche Diagnostics, Canada) using a handheld tip sonicator. Steroids were extracted
from whole body homogenate using a diethyl ether extraction protocol as previously described
(Faught et al., 2016b), after which an in-house cortisol ELISA previously validated for zebrafish

was used (Faught et al., 2016b).

Muscle metabolites

To determine effects on metabolites following HS, epaxial muscle posterior to the dorsal fin was
sampled and stored at -80°C from the 1-hour novel tank exposure. Approximately 3-5mg of
tissue was homogenized in the same way as the whole body. Muscle homogenate was spun down

at 13 000 x G for 2 minutes and the supernatant was separated and used for all metabolite
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analyses. Protein content was measured using a commercially available kit (Pierce BCA kit
23223/23224, VWR, Canada). Muscle glycogen was determined by measuring glucose in the
homogenate before and after treatment with amyloglucosidase (Sigma-Aldrich), and tissue
glucose was measured through enzymatic determination with hexokinase (Sigma-Aldrich) as

previously described (Faught and Vijayan, 2022a).

Enzyme activities

Enzyme activities were quantified as described previously (Ings et al., 2011). Muscle
homogenate held in 50% glycerol buffer (50% glycerol, 21 mM Na2HPO4, 0.5 mM EDTA, 0.2%
BSA, and 5 mM B-mercaptoethanol, pH 7.5) was kept at -20°C until analysis. The kinetics of the
following enzymes were measured in 50 mM imidazole (pH 7.4) at 340 nm using a microplate

reader (SpectraMax 190, Molecular Devices, California):

Hexokinase (EC 2.7.1.1): 1 mM glucose, 5 mM MgCl, 10 mM KCI, 0.25 mM NADH, 2.5 mM
phosphoenolpyruvate (PEP), 5 U/ml lactate dehydrogenase (LDH), and 2.5 U/ml pyruvate

kinase. Reaction started with 1 mM ATP.

3-Hydroxyacyl-CoA dehydrogenase enzyme (HOAD; EC 1.1.1.35): 0.1 mM NADH; reaction

was started with 0.1 mM acetoacetyl-CoA.

Pyruvate Kinase (EC 2.7.1.40): 3 mM KCI, 10 mM MgCl;, 0.12 mM NADH, 2.5 mM ADP, 20

U/ml LDH. Reaction started with 2.5 mM PEP.

Lactate dehydrogenase (EC 1.1.1.27): 0.12 mM NADH. Reaction started with 1 mM Pyruvate.
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RNA extraction and quantitative polymerase chain reaction

Brain tissue of resting intermittent-flow respirometer-exposed fish was dissected and stored at -
80°C. Epaxial muscle from fish treated with the 1-hour novel tank exposure was sampled and
stored in the same way. Tissue was homogenized in Trizol (VWR, Canada) and RNA was
extracted according to the manufacturer’s protocol. RNA was quantified using a Spectradrop
Micro-Volume Microplate (Spectramax 190, Molecular Devices, CA, USA) and 1ug of total
RNA was treated with DNase | (Thermo Scientific, Waltham, MA, USA), followed by cDNA
synthesis using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster
City, CA, USA). qPCR was performed with Sso Advanced Universal SYBR Green Supermix
(BioRad, Canada) on the Applied Biosystems QuantStudio 3 Real-Time PCR System (Applied
Biosystems, USA). Samples were run with the following cycling conditions: 94°C for 2 min, 40
cycles of 95°C for 30s, and 30s at 60°C, and a final extension step at 72°C for 10 min. Primers
used for qPCR analysis are listed in Table 1. Melting curve analysis was done to confirm
amplicon specificity. All transcript abundances were normalized to 3-actin and analyzed using
the 222 method (Livak and Schmittgen, 2001), with untreated WT groups standardized to a

value of 1.

Statistics

All statistical analyses were carried out and graphs were plotted using GraphPad Prism 8
(GraphPad Software, CA, USA). All data are shown as mean £ SEM. Two treatment
comparisons were analyzed by unpaired t-test (a = 0.05), while all multi-treatment comparisons,
in the cases of comparing behaviour, metabolic rate, and swim performance of WT and

CRHR1KO at ambient or HS, were analyzed using two-way ANOVA (a = 0.05, Holm-Sidak
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post hoc). Data that failed the assumption or normality or homoscedasticity were log-

transformed with all data presented as untransformed in the figures.

3.3 Results

Zebrafish behaviour

WT fish show a marked increase in swimming activity from 28°C (2249.4+172.9cm) to 33°C
(4522.3+676.8cm) (p < 0.001; Figure 3.1A) and an increase in burst swimming from 28°C (5.8+
0.9s) to 33°C (50.4+14.2s) (p < 0.001; Figure 3.1D) which is absent in CRHR1KO (p > 0.05).
Elevated activity of the HS WT can be seen for all time points throughout recording (P < 0.0001,
Figure 3.1B). Heat map visualization of swimming activity suggests WT was more exploratory
of the novel environment compared to CRHR1KO, which remained near the bottom of the tank

(Figure 3.1C).

Metabolic rate and swimming performance

WT SMR measured in the resting intermittent-flow respirometer increased with temperature,
from 541.0+£63.0 mgO2/kg/h to 789.1+61.5 mgO./kg/h (p = 0.0089, Figure 3.2C). This increase
was not observed in the CRHR1KO (P > 0.05, Figure 3.2C). Temperature failed to influence the
Ucrit in WT and CRHR1KO fish (p < 0.05), but a significant main effect in the Ucrit was seen
between genotypes (P = 0.0251, Figure 3.3D). SMR measured in the swim tunnel respirometer
showed a significant increase with temperature (P < 0.0001, Figure 3.3A), but no difference
between genotypes (P > 0.05). MMR also did not change with an increase in temperature in both

WT and CRHR1KO (p < 0.05), but MMR was significantly reduced in CRHR1KO compared to
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WT at both temperatures (P < 0.0001, Figure 3.3B). Aerobic scope did not change with
temperature in WT or CRHR1KO (p < 0.05, Figure 3.3C), but was overall reduced in

CRHR1KO (p = 0.0002).

Whole-body cortisol content

Whole-body cortisol was assessed from unexposed fish at 28°C and fish from the respirometer at
33°C to verify HPI-axis activation. Cortisol values were significantly different from fish sampled
from their home systems at 28°C between WT (37.05£11.41 ng/g tissue) and CRHR1KO
(4.222+1.786 ng/g tissue) (P = 0.0399, Figure 3.2A). Cortisol in fish sampled from the resting
intermittent-flow respirometer at 33°C were also significantly higher in WT (98.96+ng/g wet

weight) compared to CRHR1KO (17.44+5.755 ng/g wet weight) (P = 0.0019, Figure 3.2B).

Metyrapone treatment

To investigate if the absence of cortisol in HS CRHR1KO resulted in the reduced metabolic rate
observed, MO> was measured in 4-day metyrapone-treated and untreated WT fish at 33°C.

Metyrapone treatment had no effect on the MO2 (p > 0.05; Figure 3.2D). Fish were sampled and
whole-body cortisol confirmed that the metyrapone treatment reduced cortisol biosynthesis (p =

0.03; Figure 3.2C).
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Stress axis transcript quantification

Muscle hsp70 (Figure 3.4A), hsp90.1 (Figure 3.4B), and hsp90.2 (Figure 3.4C) were all
significantly increased in zebrafish exposed to HS independent of genotype (P < 0.0001). Muscle
transcripts of gr did not change in WT zebrafish when exposed to HS (p > 0.05, Figure 3.5D).
Muscle transcripts of gr increased significantly in CRHR1KO after HS treatment (P = 0.0448).
GR-responsive genes reddl, murfla, and fkbp5 failed to change with temperature in WT and
CRHR1KO fish, and no difference between genotype was detected (p > 0.05, Figure 3.5E-G).
Muscle mr transcripts were unchanged with HS in WT zebrafish (p > 0.05, Figure 3.5H), but
were significantly elevated in HS CRHR1KO compared to HS WT (P = 0.0207). Transcripts for
Ipl and ppary did not change with temperature in WT and CRHR1KO fish, and expression was
similar between genotypes (p > 0.05, Figure 3.51,J). Enzyme activity of HOAD was not

significantly affected by temperature or genotype (p > 0.05, Figure 3.5K).

Energy metabolism

Glucose content of the muscle was not significantly affected by temperature or genotype (p >
0.05, Figure 3.6A). Glycogen content of the muscle appears elevated in WT compared to
CRHR1KO at ambient temperature, but this was not deemed significant (P = 0.0506, Figure
3.6B). Gysl transcript abundance did not change in WT during HS (p < 0.05, Figure 3.6C) but
was significantly increased in HS CRHR1KO compared to ambient (P = 0.0036). WT fish
showed no change in pygl transcript abundance (p > 0.05, Figure 3.6D), but was significantly
increased with HS in CRHR1KO (p = 0.0275). Lactate dehydrogenase enzyme activity was also

significantly increased with temperature (P = 0.0266, Figure 3.6G) and in CRHR1KO compared
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to WT (P = 0.0080). Pklr transcript abundance, and enzyme activities of hexokinase and

pyruvate kinase showed no significant differences (P > 0.05, Figure 3.6D-F).

3.4 Discussion

Our results demonstrate for the first time that CRHR1, a key receptor involved in the
downstream stimulation of corticosteroid production, is essential for the acute HS-induced
enhanced behavioural activity and metabolic rate in zebrafish. Previous studies have shown that
elevated cortisol levels related to stressor exposure increases the metabolic rate in fishes
(Mommsen et al., 1999; Pfalzgraff et al., 2022), but this study underscores a key role for CRHR1
in integrating the temperature change with metabolic changes independent of cortisol release.
Suboptimal temperatures impair the performance of the animal, particularly ectotherms who
cannot thermoregulate (Wakamatsu et al., 2019). The molecular mechanisms that protect the
animal from the harmful effects of HS require energy, ultimately limiting the maximal
swimming performance from the animal (Portner et al., 2017). The CRHR1KO zebrafish model
reveals a systems-level role of CRHRL1 in integrating the metabolic requirements of the
behavioural avoidance of HS. Here, we propose CRHR1 as a metabolic sensor of HS that
increases metabolic rate to support the behavioural response both through the canonical

activation of the HPI-axis and independently.

The CRHR1KO adult zebrafish have a clear lack of circulating cortisol, which was previously
observed in the larvae (Faught and Vijayan, 2022b). The impaired HPI-axis activation likely
abolishes the stress-induced de novo synthesis of cortisol. The work with CRHR1KO larvae

elucidated the coordinated roles of CRH-CRHR1 signalling and cortisol in maintaining the
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stress-related behavioural response (Faught and Vijayan, 2022b). It was postulated that the rapid
CRHRL1 activation initiated the hyperactive behavioural response to the stressor, while the
delayed cortisol worked in concert to sustain this behaviour (Faught and Vijayan, 2022b). Our
work also showed that the increase in MO during HS is also abolished in CRHR1KO fish
(Figure 3.2C), which suggests that CRHR1 signalling drives energy flux to support the metabolic
demand of the behavioural response. In zebrafish larvae, blocking cortisol biosynthesis with
metyrapone exposure inhibited the stress-mediated hyperactivity 60 min and 240 min post-
stressor, but did not alter the hyperactivity at 15 min post-stressor (Faught and Vijayan, 2022b).
In the present study, we show that metyrapone treatment does not abolish the HS-induced MO-
increase (Figure 3.2E). Though more work is required to understand the role of CRHR1 in
sustaining the hyperactivity in adult zebrafish, we propose that CRHR1 also functions in
prolonging the behavioural response by driving an increase in MO and acting as a metabolic

sensor during stress.

Though CRHRL1 is known to regulate behaviour and the cortisol synthesis in response to a
stressor, for the first time we show that this receptor plays a key role in modulating the metabolic
rate independent of glucocorticoid action. CRHR1 dysfunction is linked to several behavioural
disorders in mammals, including anxiety and depression (Hernandez-Diaz et al., 2021; Reul and
Holsboer, 2002). A lack of CRHRL1 in zebrafish larvae has also been shown to impair the
behavioural and endocrine stress response by impaired cortisol biosynthesis (Faught and
Vijayan, 2022b). Mammalian studies reveal the widespread distribution of CRHR1 in the central
nervous system and its role in modulating the stress-induced behavioural response outside of the
HPI axis (Donner et al., 2016; Miiller et al., 2003; Sun et al., 2023); however, studies focusing on

CRHR1 in fish are limited. The impaired rapid behavioural response to HS with fish lacking
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CRHRL1 suggests it may employ simultaneous central neuronal and endocrine regulation of the
stress response. In the periphery, expression of CRHRL1 has been found in the ovary of African
cichlid fish Astatotilapia burtoni (Chen and Fernald, 2008), Japanese pufferfish Fugu rubripes
(Cardoso et al., 2003), olive flounder Paralichthys olivaceus (Zhou et al., 2019), and zebrafish
(Zhou et al., 2021), and ovary, heart, gills, and skeletal muscle of chum salmon Oncorhynchus
keta (Pohl et al., 2001). Though CRHR1 expression is observed in the periphery, our
understanding of its role outside of central activation is lacking. CRHR1 in peripheral tissues can
be activated by circulating CRH or urotensins which may integrate metabolic changes
independent of the HPI-axis (Lovejoy et al., 2014), but further work needs to be done to
understand the regulation of peripheral CRHR1. The current study reveals CRHR1 may act as a
metabolic sensor to prime the whole animal metabolism to respond to stress before and in

concert with cortisol action.

Temperature sensing in fish have yet to be fully described, though here we propose CRHR1 acts
as a temperature sensor to elicit behavioural modification beneficial for survival. Fish avoid
water with temperatures that are outside their optimal temperature range, a behavioural stress
response that allows the animal to move to a favourable environment by increasing locomotion
(Brett, 1971; Schurmann and Christiansen, 1994). The lack of temperature sensing is evident
from the lack of behavioural activity and metabolic rate changes which underscores the role of
CRHRL1 as an integrator of heat sensing to allow the animal to cope with temperature shock. This
suggests that CRHR1 is required for escape behaviours critical for avoiding suboptimal water
temperatures (Prosser and Nelson, 1981), though the mechanism remains to be elucidated.
Indeed, other GPCRs have been shown to act as environmental sensors. For instance, calcium-

sensing receptor (CaSR), a GPCR, acts as a temperature sensor by adjusting frequency and
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oscillations of cytosolic Ca?* (Brennan et al., 2023). Also, the conformation of GPCRs can be
modified by temperature. This was shown using chromatography with purified B2-adrenergic
receptor, which presented two incomplete chromatographic peaks when treated with a ephedrine
and pseudoephedrine conformational probe mixture at 35°C, but the peaks merged at 38°C and
retention timing decreased, suggesting a conformational change due to an increase in
temperature (Gao et al., 2017). This could enable GPCRs to alter their binding affinity and
subsequently enhance or inhibit their signalling cascade due to a shift in environmental
temperature. Although, we don't know the mechanism by which HS modulates CRHR1
activation and downstream activity changes, we propose this may include either receptor
structural changes and/or downstream changes in the signalling pathways. CRHRL1 itself has
been shown to act as a sensor of other environmental factors. In mouse pituitary and nonpituitary
cells, the proton-sensitive histidine residues in CRHR1 that form hydrogen bonds with other
residues to arrange the tertiary structure can be disrupted by acidic conditions, ultimately
resulting in activation, deactivation or a change its ligand sensitivity (Kameda et al., 2018). This
suggests CRHR1 can act as an environmental sensor as it appears capable of directly integrating

external stimuli with a physiological response.

Elevated cortisol levels following HPI-axis activation will bind GR in key tissues to liberate
glucose from available stores and enhance proteolysis. Redundant glycogen metabolism
appeared in the CRHR1KO as gys1 and pygl were upregulated in CRHR1KO fish with increased
temperature exposure (Figure 3.6C,D). Also, the trend of increased glycogen content of the
muscle in CRHR1KO exposed to HS may indicate reduced glycogen utilization in CRHR1KO
(Figure 3.6B), though this study focuses on an acute response following 1 hour after exposure to

elevated temperature and more time may have been required to detect changes in muscle
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glycogen content following HS. The impaired Ucrit (Figure 2B), MMR and aerobic scope of
CRHR1KO (Figure 3.2D,E) suggests aerobic metabolism relies on proper CRHRL1 signalling. As
well, there appears to be a greater reliance on anaerobic metabolism as LDH activity is
significantly upregulated in CRHR1KO fish (Figure 3.6G). Here, it appears CRHR1 acts to
prime the animal for the energetic cost of acute stress by increasing the oxidative capacity of the
animal. CRHR1 may be a critical component in modulating an aquatic ectotherm’s oxygen and
capacity limited thermal tolerance (OCLTT), which is a hypothesis that integrates the whole-
animal’s physiology into its aerobic capacity throughout a thermal range (Portner et al., 2017).
OCLTT is a complex characterization of an animals metabolic capacity within a thermal range,
thus CRHRL1 crosstalk with other metabolic pathways may also prepare the animal for the
metabolic demand of temperature stress by enhancing energy substrate availability. However,
constraints of the OCLTT concept limit the integration of anaerobic metabolism, as well as acute
shifts in temperature rather than longer-term stable maintenances of the animal (Portner et al.,
2017).Typically, a chronic exposure to temperature nearing the CTmax will result in a lowered
aerobic scope (Johansen and Jones, 2011; Nilsson et al., 2009; Rummer et al., 2014), for which
CRHR1 may have a protective effect in the short-term and act to supply tissues with oxygen to
enable a greater aerobic scope, swim performance, and a higher capacity to cope with elevated
temperature. Aerobic scope is also highly correlated with the cardiac performance of fish
(Farrell, 2009), which has been linked to the collapse of the aerobic scope seen with exposure to
temperatures approaching an animal’s critical thermal maxima (CTmax), thus the role of CRHR1
in cardiac performance should be investigated. CRHR2 expression is seen in mammalian heart
tissue, and activation has been shown to reduce arterial pressure and regulate contraction and

heartrate while centrally-administered CRH controls arterial pressure in humans through CRHR1
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(Takefuji and Murohara, 2019). Opposing function of CRH receptors in the cardiovascular
system may act in concert to modulate the aerobic capacity of an animal during environmental

stressors such as temperature.

This work both elucidates potential tissue-specific roles for CRHR1 outside of the HPI-axis as
well as build upon the mechanistic view of how ectotherms can tolerate and respond to rising
water temperatures. During short-term temperature exposure, CRHR1 is required for a normal
behavioural response and metabolic rate adjustment which may be required for the survival of
wild populations. Short-term temperature fluctuation is expected to increase with climate change
(Meehl and Tebaldi, 2004), thus it is imperative to understand how animals can physiologically
adapt to acute heat shock. Further work is required to identify the role of CRHR1 and other
proteins involved in the stress response in chronic temperature elevation, especially in the
context of global water temperature increases (Meehl and Tebaldi, 2004). Overall, this work
reveals the systems-level role of CRHR1 in enhancing an organism’s capacity to respond to

acute rises in environmental temperature.
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Table 3.1 Forward and reverse primers of target genes used for quantitative real-time

PCR.
Target Forward primer (5° - 3°) Reverse primer (5™ - 3%)
gr GTAGAACTACGAATGTCTTA GCAACAGACAGCCAGACAGCTCACT
mr CCCATTGAGGACCAAATCAC AGTAGAGCATTTGGGCGTTG
dnajbla CGGAGCAGAGGATAAATTCAAAG | AAAGTGTAGCTAGGGCCATTG
dnajblb AGCCGAGGAAAAGTTCAAGG GAGCACCTCCCTTCAGTC
hsp70 ACTTACTCCGACAACCAGCC AAGGTCACTTCGATCTGCGG
hsp90.1 CAAACTCGGACTTGGCATCG CCCTCCAGAACGGGCATATC
hsp90.2 TCAAACTGGGCTTAGGCATTGA CTCCTCTATCGGGGCAGAAC
gysl CACAACATGCTGGAGGATAG CCATCGGTAAGAGAGGAGAA
pygl TGTAAAGTCCTCGCGCACA ACATCCCCGAGTCCTGCTAT
pklr CCAGTTTAACACGCGCGGC GGGAAGTGTCCTTTGGCTGT
reddl TGGACTCTGACTCCGACAACC ACCACTTCTTTACACAACGCCTC
murfla GGAAGAAAACTGCCAGGCACAG | CTGGGTGATCTGCTCCAGAAGATG
fkbp5 GTGTTCGTCCACTACACC TCTCCTCACGATCCCACC
Ipl ACAATTGACCCAACTGCTGA GGTTCTTCGAGGGTCCGAAA
ppary GGTTTCATTACGGCGTTCAC TGGTTCACGTCACTGGAGAA
dgat2 CCATACTTGCTGCATATTCC ATGTCATGATAAACTGCAGC
elovl2 CACTGGACGAAGTTGGTGAA TTGAGGACACACCACCAGA
fas GGAGCAGGCTGCCTCTGTGC TTGCGGCCTGTCCCACTCCT
B-actin TGTCCCTGTATGCCTCTGGT AAGTCCAGACGGAGGATG
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Figure 3.1 CRHRL is essential for the acute heat shock-induced activity

(A) Diagram of the experimental setup for the vertical swim assessment. The recording camera
was positioned to record from the side of the novel tank with the zebrafish. (B) Representative
heatmap of the mean position of each treatment in the novel tank environment during the 5 min
recording period, as observed by the camera field of view shown in (A). The light blue (less
activity), yellow (more activity) and red (most activity) regions of the heatmap represent the
overall activity of the fish in the tanks. (C) Total distance travelled by WT and CRHR1KO
zebrafish exposed to a novel tank environment at 28°C or 33°C for 5 mins. (D) Total time
zebrafish spent burst swimming, defined as swimming speeds greater than 90% of the average
speed of each fish during the 5 min recording period. (E) Distance travelled by zebrafish per
minute over the 5 min period. Adult zebrafish were transferred from their housing system to a
novel tank containing either 28°C or 33°C system water. Video recording started immediately
after placement of fish and lasted for 5 mins. Behaviour was analysed using Noldus Ethovision
XT 14. Bars with different letters denote significant difference (ANOVA, Holm-Sidak post-hoc
test, P < 0.05). (E) Asterisks denote significant difference between treatment groups (linear
regression, ** P < 0.01). Abbreviations: wildtype (WT), corticotropin-releasing hormone
receptor 1 knockout (KO).
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Figure 3.2 CRHRL is required for the heat shock-induced increase in metabolic rate

(A) Whole-body cortisol concentration of WT and CRHR1KO zebrafish sampled from the
housing system at 28°C or (B) after 90 min exposure to the intermittent flow respirometer at
33°C using an in-house cortisol ELISA. (C) Metabolic rate of WT and CRHR1KO fish at 28°C
and 33°C after 60 min of acclimation in the resting intermittent-flow respirometer. MOz was
calculated as the mean of the three lowest consecutive measurements from each individual. (D)
Whole-body cortisol concentration of WT zebrafish exposed for 4 days to 325.4 uM metyrapone
and sampled immediately after 90 min exposure to the resting intermittent-flow respirometer at
33°C. (E) Metabolic rate of untreated and metyrapone-treated WT fish at 33°C after 60 min of
acclimation in the resting intermittent-flow respirometer. MO, was calculated as in (C). Asterisks
indicate significant difference (student’s T-test; * P < 0.05, ** P < 0.01). Bars with different
letters denote significant difference (ANOVA, Holm-Sidak post-hoc test, P < 0.05).
Abbreviations: wildtype (WT), corticotropin-releasing hormone receptor 1 knockout (KO),
metabolic rate (MOz), enzyme-linked immunosorbent assay (ELISA).
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Figure 3.3 CRHR1 is essential for maintaining the heat-induced aerobic scope and
swimming performance

(A) The SMR of WT and CRHR1KO fish measured in a swim tunnel respirometer during the 1-
hour acclimation at either 28°C or 33°C prior to the forced swim. This value was taken as the
single lowest MO, measurement during acclimation at a water flow speed of 4.5cm/s. (B) The
MMR of fish taken as the single largest MO- value measured during the forced swim test. (C)
Aerobic scope of fish calculated as the difference between the MMR and SMR (MMR — SMR).
(D) Uerit of fish following the forced swim test, where water flow was slowly increased by
4.5cm/s every 10 min until the fish collapsed against the back grate of the swim tunnel. Asterisks
indicate significant main effects (Two-way ANOVA, * P < 0.05, ** P < 0.01). Abbreviations:
standard metabolic rate (SMR), wildtype (WT), corticotropin-releasing hormone receptor 1
knockout (KO), maximum metabolic rate (MMR), metabolic rate (MO>), critical swimming
speed (Ucrit).
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Figure 3.4 CRHR1 does not modulate the acute cellular heat shock response

(A) Transcript abundance of hsp70, (B) hsp 90.1, and (C) hsp 90.2 in the epaxial muscle of WT
and CRHR1KO zebrafish exposed to a novel tank environment containing 28°C or 33°C water
for 1 hour. Transcripts were normalized to 3-actin expression and the WT 28°C fish were
standardized to 1 using the 22 method. Asterisks indicate significant main effect (Two-way
ANOVA, **** P < (0.0001). Abbreviations: wildtype (WT), corticotropin-releasing hormone
receptor 1 knockout (KO), heat shock protein 70 (hsp70), heat shock protein 90.1 (hsp90.1), heat
shock protein 90.2 (hsp90.2).
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Figure 3.5 The acute heat shock did not affect cortisol signalling

62



(A) Whole-body cortisol, (B) blood glucose, and (C) whole-body protein concentration of WT
and CRHR1KO zebrafish exposed to 28°C or 33°C novel tank environment for 1 hour. (D)
Transcript abundance of gr, (E) reddl, (F) murfla, (G) fkbp5, (H) mr, (1) Ipl and (J) ppary, and
(K) enzyme activity of HOAD measured in the epaxial muscle. Transcripts were normalized to
B-actin expression and WT 28°C fish were standardized to 1 using the 224 method. Asterisks
indicate a significant difference between treatment interaction (two-way ANOVA, Holm-Sidak
post-hoc, * P < 0.05). Abbreviations: wildtype (WT), corticotropin-releasing hormone receptor 1
knockout (KO), glucocorticoid receptor (gr), regulated in development and DNA damage
response 1 (reddl1), muscle ring-finger protein 1 (murfla), FK506 binding protein 5 (fkbp5),
mineralocorticoid receptor (mr), lipoprotein lipase (Ipl), peroxisome proliferator-activated
receptor y (ppary), 3-hydroxyacyl-COA dehydrogenase (HOAD).
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Figure 3.6 CRHR1 affects acute heat shock-mediated muscle carbohydrate and lactate
metabolism

(A) Glucose concentration and (B) glycogen concentration measured in WT and CRHR1KO
zebrafish epaxial muscle exposed to the novel tank test for 1 hour at either 28°C or 33°C. (C)
Transcript abundance of muscle gysl and (D) pygl, and (E) enzyme activity of hexokinase, (F)
pyruvate kinase, and (G) lactate dehydrogenase measured in WT and CRHR1KO zebrafish
epaxial muscle exposed to the novel tank test for 1 hour at either 28°C or 33°C. Asterisks
indicate a significant difference between treatment interaction (two-way ANOVA, Holm-Sidak
post-hoc, * P < 0.05) or (G) main effects (Two-way ANOVA, * P <0.05, ** P <0.01).
Abbreviations: wildtype (WT), corticotropin-releasing hormone receptor 1 knockout (KO),
glycogen synthase 1 (gys1), glycogen phosphorylase 1 (pygl), lactate dehydrogenase (LDH).
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Chapter 4: General conclusion

4.1 Findings

CRHRL1 has a clear role in modulating the physiological response to acute stress in both
mammals and teleosts through HPA/HPI-axis regulation (Faught et al., 2016a; Faught and
Vijayan, 2022b), and independent central and peripheral effects (Kolber et al., 2010; Lewis et al.,
2001). The fundamental endpoint of HPI-axis activation and subsequent cortisol action is to
mobilize energy substrates to respond and recover from stress (Faught et al., 2016a; Mommsen et
al., 1999; Wendelaar Bonga, 1997). Cortisol and direct central CRHR1 signalling simultaneously
modifies the behaviour of the organism to respond to the stressor (Mller et al., 2001; Oliveira et
al., 2013). However, the nature of the stress response and CRHR1 activity can depend on the
type of stressor. (Lovejoy et al., 2014; Lovett-Barron et al., 2020). This may also affect which
ligands of the CRH family are synthesized, where ligand-specific interactions with CRHR1 and
downstream signalling may occur (Lovejoy et al., 2014; Lovett-Barron et al., 2020). Arguably
one of the most disruptive environmental stressors for an aquatic ectotherm is a shift in
temperature (Goikoetxea et al., 2021), and climate change may result in rising daily temperature
fluctuations that cause stress (Paaijmans et al., 2013). This thesis aims to broaden our
understanding of the systems-level function CRHR1 plays during the acute stress response.
Specifically, I investigated how CRHR1 regulates the stress response to acute heat shock (HS).
To this end, global CRHR1 signalling in fish has recently become easier to investigate through a
ubiquitous knockout of CRHRL1 in a zebrafish model (Faught and Vijayan, 2022b), which |
employed for this work. Previous work alongside this thesis confirms the importance of CRH-

CRHRL1 signalling in behavioural regulation during stress (Kolber et al., 2010; Kovacs, 2013;
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Miiller et al., 2003). The metabolic adjustment to respond to these stressors require further study,
but this thesis sought to identify behavioural phenotypes which may correlate with changes in the
metabolic rate and performance of the animal, both at the early developmental stage and in

adulthood.

The work in chapter 2 investigated the HS effects on the established CRHR1KO zebrafish

larvae, and further clarified how bioenergetic changes and adrenergic signalling may be
regulating the response to this stressor. The behaviour following HS reflects what was previously
HS activates the stress response. The increase in swimming activity is expected, which may be
related to avoidance behaviour and/or increased reaction rates due to the increase in water
temperature (Alfonso et al., 2021; Schulte, 2015). CRHR1KO fish also failed to respond to the
HS, linking CRHR1 to the temperature-induced behavioural modulation. Investigating the
mitochondrial bioenergetics of WT and CHRHR1KO fish during HS revealed CRHR1 as a
modulator of oxygen consumption related to ATP synthesis, proton leak, and non-mitochondrial
function (Figure 2.2). Suboptimal energy partitioning may correlate with the differences in
behaviour observed in the CRHR1KO fish, as increasing the rate of energy flux is implicated in a
rise of fitness of the animal (Sokolova, 2021). As the CRHR1KO larvae have impaired
mitochondrial bioenergetic function when exposed to elevated temperature, we conclude that
CRHRL1 is critical in modulating the bioenergetic response to HS, which may cause the impaired

behavioural response and result in reduced fitness of the animal (Kovacs, 2013; Sokolova, 2021).

The adult zebrafish CRHR1KO offers a powerful model for investigating CRH-CRHR1
signalling at the systems level. The purpose of chapter 3 was to identify differences the adult

CRHR1KO zebrafish had from WT in behavioural, metabolic and performance adaptations to
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HS. Behaviour of the CRHR1KO fish mirrored that seen in the larvae: increased activity was
observed in WT following HS, but CRHR1KO failed to respond (Figure 3.1). The role of
CRHRL1 in central modulation of stress behaviours has been investigated (Faught and Vijayan,
2022b; Reul and Holsboer, 2002; Sukhareva, 2021), but here we explored a novel perspective
that CRHR1 may regulate the metabolic rate which enables the increased swimming activity
following HS. Impairment in the metabolic rate response of CRHR1KO fish following HS
reflects the lack of the behavioural response (Figure 3.2). Further, attenuation of cortisol
biosynthesis in WT fish by a 4-day metyrapone exposure did not impair the heat-induced
metabolic rate increase (Figure 3.2E), implicating a role for CRHRL1 in the stress response
independent of cortisol. This suggests CRHRL1 is a fundamental modulator in the metabolic rate
response to HS which is critical in the avoidance behaviour mechanism to escape suboptimal
temperature (Harris and Carr, 2016; Prosser and Nelson, 1981; Schulte, 2015). Further testing
via swim tunnel respirometry revealed CRHR1KO fish have impaired maximum swimming
speed (Ucrit) and aerobic scope compared to WT (Figure 3.3). This may be due to limited
metabolite availability, as bioenergetic modulation by CRHR1 is also seen through changes in
glycogen metabolism gene expression and a trend of reduced total muscle glycogen content is
observed in the CRHR1KO fish (Figure 3.5; Figure 3.6). Impaired regulation of metabolites may
divert cellular resources away from the key processes involved in the stress response, such as
ATP-synthesis and anaerobic metabolism. Notably observed in chapter 2, mitochondrial and
non-mitochondrial bioenergetics were altered in the CRHR1KO fish (Figure 2.2), which suggests
CRHR1 is essential in directing energy resources during stress. This in conjunction with
observations in chapter 3 support the role of CRHR1-signalling in adjusting the glycolytic

capacity and energy substrate availability of the muscle to prime the animal for the acute stress
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response. As energy must be consumed to facilitate an increase in swimming activity to support
the behavioural response during heat stress (Skulachev et al., 2012; Sokolova, 2021), CRHR1
may also regulate the behavioural response by increasing available energy substrates. Taken
together, we propose CRHR1 as a key modulator of energy substrates critical in supplying
energy for the behavioural response and aerobic performance essential in coping with an acute

stressor (Faught et al., 2016a).

The work in this thesis suggests that CRHR1 acts as a critical regulator of the behavioural stress
response and works independently of the HPI-axis to facilitate bioenergetic regulation of
metabolically active tissues. CRHR1KO larvae present an altered bioenergetic profile from WT
larvae (Figure 2.2), which parallels the adult CRHR1KO fish’s impaired metabolic rate response
(Figure 3.2) and swim performance (Figure 3.3) during acute HS. Both life stages of the
CRHR1KO failed to respond to HS, indicating CRHR1 as a potential sensor of elevated water
temperature by modulating the behavioural and metabolic rate response. The results suggest that
CRHRL1 is key in integrating the metabolic changes required to support the energy demand of

increased aerobic capacity and behavioural adaptation during acute stress in the whole zebrafish.

4.2 Significance of the study

Though the effects of cortisol in response to different stressors has been established (Faught and
Vijayan, 2022b; Johansen et al., 2011; Mommsen et al., 1999), the role of other components of
the HPI-axis, especially during heat stress, has not been fully elucidated. This work is the first to
identify the whole-animal role for CRHRL1 in the acute HS response in a teleost model. This

work suggests CRHRL1 integrates the behavioural stress response through bioenergetic

67



modulation. Though CRH brain signalling is involved in anxiety- and depression-related
behaviour (Arborelius et al., 1999; Muiller et al., 2003), the data from this thesis uniquely
integrates the behavioural response and swimming performance to the metabolic capacity of the
animal. CRHRL signalling appears fundamental in simultaneously controlling the metabolic rate
in zebrafish, which correlates to the behavioural response during HS. We observed cortisol can
regulate the bioenergetics of the mitochondria of the zebrafish, while CRHR1 appears to regulate
the metabolic rate during acute HS independently of cortisol action. This uniquely implicates
CRHRL1 as a potential sensor to temperature modulation key in adapting the animal to HS. Taken
together, this work provides perspective of how CRHR1 acts globally to enable a response to the

consequences of climate change, and its impact on the early-life development in fish.

4.3 Future work

In the context of this thesis, only the effects of acute HS were tested. However, the role of
CRHR1 during chronic stress scenarios can be investigated using this CRHR1KO zebrafish
model as well. Extended exposure to suboptimal temperature remains a threat for aquatic life,
where fish can cope for short periods but cannot survive indefinitely (Pértner, 2010). The extent
the CRH-CRHRL1 system is involved in prolonged heat exposure is unknown. The next steps for
this work would be testing the role of CRHR1 during chronic exposure to elevated temperature.
This would elucidate how CRHR1 may modulate the effects of temperature on development into
adulthood (Scott and Johnston, 2012). Furthermore, our work is limited to lab reared fish that are
adapted to a constant temperature. This is proven to increase the sensitivity of the cellular HS
response, and impair thermal plasticity in the metabolic rate and swimming performance
compared to wild zebrafish (Morgan et al., 2022). As well, an aquatic environment has an

68



oscillating temperature imperative for the biological clock, and benefits larval hatching, growth,
and survival (Villamizar et al., 2012). Whether these thermocycling conditions during the early
developmental stages alter the stress response remain to be investigated. Thus, future work
should focus on oscillating temperatures that mimic predicted climate change-induced
temperature fluctuations, and how CRHR1 regulates the response to chronic exposure and

improves the thermal plasticity of the zebrafish.

Though CRH shows binding affinity for both CRHRs (Hosono et al., 2015; Lovejoy et al., 2014),
potential roles for CRHR2 in the CRH-mediated stress response: it signals the return to
homeostasis that opposes CRHR1 action or CRHR2 activates alternate behaviours to that of
CRHR1, such as passive, depression-like behaviours rather than active defensive behaviours
attributed to CRHR1 in rats (Maier and Watkins, 2005). Knowledge of CRHRZ2 in fish is limited,
though its expression is wide both centrally and peripherally in ovary, cardiac, and skeletal
muscle tissue (Pohl et al., 2001; Zhou et al., 2019). Here, the CRHR1KO model can be used to
identify CRH family peptide action on CRHR2 without interference from HPI-axis activation
through CRHR1. Further work can use the CRHR1KO fish to characterize CRHR2 by testing the
behavioural response to acute stress following exposure to a selective CRHR2 antagonist such as
astressino-B to clarify the organismal role of the CRHRs (Wang et al., 2011). As well, generating
a CRHR2KO and CRHR1/CRHR2 double KO zebrafish model, previously done in mice (Preil et
al., 2001), should be the next steps in developing a system for understanding the role of the
CRHRs in the control of stress-related behaviours and metabolic modulation at the whole-

organism level.
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The data from this thesis proposes that CRHR1 may act as a metabolic sensor during HS. Both
CRHRL1 and B-adrenergic receptors show proton sensitive histidine residues which enhance
receptor action in an acidic environment (Ghanouni et al., 2000; Kameda et al., 2018). The
capacity of these GPCRs to adjust based on environmental stimuli underpins their potential to act
as temperature sensors. Indeed, recent work proposes GPCRs have the capacity to adapt to
differing temperatures in Caenorhabditis elegans (Ohnishi et al., 2024). Here, the GPCR SRH-
40 acts alongside the classical thermosensor TRP channels in central sensory neurons for thermal
acclimation, suggesting either a temperature-sensitive independent or dual TRP-GPCR signalling
mechanism (Ohnishi et al., 2024). Whether CRHR1 acts alongside TRP channels in
thermosensation remains to be identified, though CRH family signalling and TRPAL channels
have been suggested to regulate stress adaptation (Konkoly et al., 2022). TRPA1 channels also
act in cold and heat perception (Oda et al., 2016; Saito and Shingai, 2006), and are
simultaneously expressed with UCNL1 in the murine Edinger-Westphal nucleus (Konkoly et al.,
2022). How TRP channels function in the absence of CRHR1 signalling should be investigated
as the stress-TRP interplay is far from clear. TRP agonists and antagonists can be employed to
directly activate or deactivate TRPs for investigating interactions with the CRH-CRHR1 system

(Vay etal., 2012).

An organism’s response to stress is diverse and varies by the type of stressor, which
physiological pathways are activated, and environmental conditions, among others (Lovejoy et
al., 2014; Lovett-Barron et al., 2020; Sokolova, 2021). Here, we used a ubiquitous CRHR1KO
model for the first time to investigate the acute HS response. This thesis concludes that CRHR1,
the critical receptor in activating the HPI-axis, also modulates several other facets of the stress

response. We show that during HS, CRHRL1 plays a fundamental role in behavioural adjustment
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which coincides with a shift in the metabolic rate in zebrafish. Using the ubiquitous CRHR1KO
zebrafish, disturbances of the CRH-CRHR1 system can be investigated across different life
stages. This revealed that even in the early developmental stages, CRHR1 modulates heat-
induced behaviour and energy flux, which is reflected in adult CRHR1KO fish having an
impaired behavioural and metabolic rate response during HS. In conclusion, CRHR1 appears to
respond to HS, not only by activating the HPI-axis, but also working independently of cortisol to

prime the animal for the response to heat stress.
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Appendix

6.1 Chapter 2 Supplemental methods and figures

Zebrafish embryo and larvae sampling

Zebrafish embryos/larvae were treated with an MS-222 overdose until unresponsive (~1 min).
Water was removed and embryos/larvae were flash frozen on dry ice in microcentrifuge tubes

containing groups of 20 (0-2 dpf) or 12 (3-5 dpf) larvae and stored at -80°C.

RNA extraction and gPCR

Tissue was homogenized in Trizol (VWR, Canada) and RNA was extracted according to the
manufacturer’s protocol. RNA was quantified using a Spectradrop Micro-Volume Microplate
(Spectramax 190, Molecular Devices, CA, USA) and 1ug of total RNA was treated with DNase |
(Thermo Scientific, Waltham, MA, USA), followed by cDNA synthesis using the high-capacity
cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA). gPCR was
performed with Sso Advanced Universal SYBR Green Supermix (BioRad, Canada) on the
Applied Biosystems QuantStudio 3 Real-Time PCR System (Applied Biosystems, USA).
Samples were run with the following cycling conditions: 94°C for 2 min, 40 cycles of 95°C for
30s, and 30s at 60°C, and a final extension step at 72°C for 10 min. Melting curve analysis was
done to confirm amplicon specificity. All transcript abundances were normalized to 3-actin and
analyzed using the 22 method (Livak and Schmittgen, 2001), with untreated WT groups

standardized to a value of 1.
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Chapter 2 supplemental figures
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Supplemental Figure 6.1
Transcript abundance of crhrl at different ages of WT zebrafish embryos/larvae. Transcripts

were normalized to B-actin expression and Odpf embryo transcript abundance was standardized
to 1 using the 22 method. Each sample was N = 4. Bars represent mean = SEM.
Abbreviations: days post-fertilization (dpf), corticotropin-releasing hormone receptor 1 (crhrl).
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6.2 Chapter 3 supplemental figures and tables

Supplemental Table 6.1
Mean weight (mg + SEM) of fish used for adult metabolic rate experiments. Weights were taken

immediately prior to placing fish in the respective respirometers.

WT CRHR1KO
28°C 33°C 28°C 33°C
Resting respirometer 290.0 £ 31.2 285.0+35.1 516.7 £ 35.0 513.3+43.1

Swim tunnel respirometer | 626.7 + 30.6 609.8 + 28.6 492.3+21.8 516.5+25.0
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Supplemental Figure 6.2
Transcript abundance of brain hsp’s sampled from either WT or CRHR1KO adult zebrafish

(A,C,E,G,I) taken from their holding tanks at 28°C or (B,D,F,H) from the respirometer at 33°C.
Transcripts were normalized to 3-actin expression and WT 28°C fish were standardized to 1
using the 2" method. Bars represent mean + SEM. Asterisks indicate a significant difference
between treatment groups (student’s T-test, ** P < 0.01). Abbreviations: wildtype (WT),
corticotropin-releasing hormone receptor 1 knockout (KO).
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