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Abstract

The hypothalamic-pituitary-interrenal (HPI) axis in fishes controls the production of
cortisol in response to a stressor. To study HPI axis regulation during chronic stress, pairs of
juvenile rainbow trout (Oncorhynchus mykiss) were allowed to form dominance hierarchies.
Subordinate trout experience chronic social stress associated with a sustained elevation in
circulating cortisol levels. Circulating cortisol levels reflect the balance between negative
feedback regulation of the HPI axis and cortisol clearance, both of which lower cortisol levels,
and cortisol production via HPI axis activation. The capacity for negative feedback and cortisol
clearance appeared to be intact in subordinate fish, based on the rapid decline in cortisol after
cortisol injection or during recovery from social stress. In addition, corticosteroid receptor
transcript and protein abundances throughout the HPI axis did not differ between dominant and
subordinate trout. Elevated transcript abundances of 11B-hydroxysteroid dehydrogenase type 2
(11phsd?2) in the preoptic area (POA) and pituitary of subordinate fish suggested an enhanced
role for this cortisol-inactivating enzyme during chronic social stress. Steroidogenesis occurs in
the interrenal cells of the head kidney, and appeared to be a primary driver of increased plasma
cortisol levels in subordinate trout. Transcript abundances of the HPI axis effectors corticotropin
releasing factor (crf) and pro-opiomelanocortin (pomc) were not elevated in the POA or pituitary,
respectively, of subordinate trout. However, rate-limiting components of head kidney
steroidogenesis were elevated, including steroidogenic acute regulatory protein (star) and P450
side chain cleavage enzyme (p450scc). A novel finding in the head kidney was increased
transcript abundance of steroidogenic factor 1, which regulates steroidogenic enzyme
transcription in mammals. Accordingly, head kidney preparations from subordinate trout

exhibited increased basal cortisol production in vitro. Despite this elevation in basal
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steroidogenesis, subordinate rainbow trout demonstrated attenuated cortisol production in
response to stimulation by exogenous adrenocorticotropic hormone (ACTH) both in vivo and in
vitro. A similar attenuation was observed with cAMP, suggesting that impairment of acute
cortisol production arises downstream of cAMP in the ACTH signalling pathway. The regulation
of crf'in the POA during chronic social stress was probed in more detail by measuring the
abundance of selected microRNAs (miRNA) predicted to target and reduce crf or 11fhsd2
mRNA, but these were not found to play a role. Methylation of the crf promoter revealed
significantly decreased methylation at two loci in dominant trout, but the functional significance
of this methylation pattern requires further study. Collectively, the present thesis used an array of
experimental approaches to provide a comprehensive picture of HPI axis regulation during

chronic social stress in rainbow trout.
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Résumé

Chez les téléostéens, 1'axe hypothalamo-pituitaire-interrénal (HPI) contréle la production
de cortisol en réponse a un stresseur. Pour étudier la régulation de 'axe HPI pendant un stress
chronique, on a permis a des paires de truites arc-en-ciel juvéniles (Oncorhynchus mykiss) de
former des hiérarchies de dominance. Les truites subordonnées subissent un stress social
chronique associé a une élévation soutenue des niveaux de cortisol circulant. Les niveaux de
cortisol circulant reflétent I'équilibre entre la régulation par rétroaction négative de 1'axe HPI et la
clairance du cortisol, qui abaissent les niveaux de cortisol, et la production de cortisol par
l'activation de 1'axe HPI. La capacité de rétroaction négative et de clairance du cortisol semble
étre intacte chez les poissons subordonnés, d'apres le déclin rapide du cortisol aprées I'injection de
cortisol ou pendant la récupération apres un stress social. De plus, I'abondance de 'ARNm et des
protéines des récepteurs corticostéroides dans I'ensemble de I'axe HPI ne différait pas entre les
truites dominantes et subordonnées. L'abondance ¢élevée de ' ARNm de la 11B-hydroxystéroide
déshydrogénase de type 2 (11phsd2) dans la zone préoptique (POA) et la pituitaire des poissons
subordonnés a suggéré un role important pour cette enzyme cortisol-inactivant pendant le stress
social chronique. La stéroidogénese se produit dans les cellules interrénales du rein antérieur, et
semble étre le principal facteur de I'augmentation des niveaux de cortisol plasmatique chez les
truites subordonnées. L'abondance des products de la transcription des effecteurs de I'axe HPI, le
facteur de libération de la corticotropine (crf) et la pro-opiomélanocortine (pomc), n'était pas
¢levée dans la POA ou la pituitaire, respectivement, des truites subordonnées. Cependant, les
composants limitant la vitesse de la stéroidogenése dans le rein antérieur étaient élevés, y
compris la protéine régulatrice aigué€ stéroidogene (star) et I'enzyme de clivage de la chaine

latérale P450 (p450scc). L'abondance élevée de la transcription du facteur stéroidogénique 1, qui
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régule la transcription des enzymes stéroidogénique chez les mammifeéres, a été une nouvelle
découverte dans le rein antérieur. En conséquence, les préparations de reins antérieurs provenant
de truites subordonnées ont présenté une production accrue de cortisol basal en vitro. Malgré
cette augmentation de la stéroidogenese basale, la truite arc-en-ciel subordonnée a démontré une
production atténuée de cortisol en réponse a une stimulation par 'hormone adrénocorticotrope
(ACTH) exogéne, a la fois en vivo et en vitro. Une atténuation similaire a été observée avec
I'"AMPc, ce qui suggére que l'altération de la production aigué de cortisol se produit en aval de
I'"AMPc dans la voie de signalisation de I'ACTH. La régulation de crf dans la POA au cours d'un
stress social chronique a été étudiée plus en détail en mesurant I'abondance de certains
microARN (miARN) dont on a prédit qu'ils ciblaient et réduisaient ' ARNm de crfou de
11pBhsd?2, mais ils ne se sont pas avérés jouer un role. La méthylation du promoteur de crfa
révélé une diminution significative de la méthylation a deux loci chez la truite dominante, mais
la signification fonctionnelle de ce profil de méthylation nécessite une étude plus approfondie.
Collectivement, la présente thése a utilisé un ensemble d'approches expérimentales pour fournir
une image complete de la régulation de 1'axe HPI pendant un stress social chronique chez la

truite arc-en-ciel.
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Chapter 1: General Introduction

Parts of this section are also present as part of a review in preparation for submission to the
Journal of Experimental Biology in collaboration with Dr. S. Currie (Acadia University, NS,

CA):

Best, C., Currie, S., and Gilmour, K.M. “Social stress in fishes: physiological responses and the

underlying mechanisms” (In preparation)



1.1 Overview of the thesis

In vertebrates, activation of the endocrine stress response is critical for animals to cope
with stressors, and this stress response can manifest its effects on most aspects of an animal’s
physiology. Additionally, the animal’s environment and physiology can impact the functioning
of their stress response. In teleost fishes, the endocrine stress response is coordinated by the
hypothalamic-pituitary-interrenal (HPI) axis (Bernier et al., 2009; Faught et al., 2016; Gorissen
and Flik, 2016). The stress response of fishes has been studied in many species and contexts, and
although general aspects of the response appear to be conserved, many factors can influence the
timing and magnitude of HPI axis function. The present thesis addresses HPI axis activation and
regulation in the context of chronic stress, when plasma cortisol levels are elevated for several
days. The chronic stressor model used in this thesis is social subordination in juvenile rainbow
trout (Oncorhynchus mykiss). This model is well established, with previous studies providing a
robust foundation for the present research (Gilmour et al., 2005; Johnsson et al., 2006; Sgrensen
et al., 2013). Chapter 2 addresses mechanisms of HPI axis activation, negative feedback, and
cortisol clearance during chronic social stress. Chapter 3 assesses the dynamics of cortisol
production in the head kidney during chronic social stress, a context in which fish exhibit high
basal cortisol levels and an attenuated ability to produce cortisol in response to an additional
acute stressor. Chapter 4 explores regulation at the head of the HPI axis during chronic social
stress, measuring endocrine and epigenetic factors that potentially regulate corticotropin
releasing factor (CRF) in the preoptic area (POA) of the rainbow trout brain and/or activate the
stress axis downstream of CRF. Together, these studies aimed to test the general hypothesis that
chronic activation of the HPI axis by social stress modifies the normal regulation of the HPI axis

with consequences for its function. This general introduction will provide background



information and context for the research, including a brief review of the HPI axis and its
regulation, chronic stress, social hierarchies, and epigenetics. An outline of the specific

objectives of the thesis also will be presented.

1.2 The HPI axis and its regulation in teleost fishes

Generally, stress is any perceived threat to an animal’s homeostasis, and the stress
response is the suite of behavioural and physiological reactions that enables the animal to cope
with the stressor (Barton, 2002; Charmandari et al., 2005; Iwama, 1998; Romero et al., 2009;
Schulte, 2014; Wendelaar Bonga, 1997). Many definitions also include the caveat that a
prolonged stress response may lose its adaptive value (Barton, 2002; Charmandari et al., 2005;
Wendelaar Bonga, 1997). The HPI axis mediates the glucocorticoid stress response in vertebrates
and is the focus of the present thesis, but the endocrine stress response also includes the
catecholamine response. The catecholamine response has both a faster onset and a shorter
duration than the glucocorticoid response (Faught et al., 2016). Acute stressors activate the
sympathetic division of the autonomic nervous system, stimulating the release of norepinephrine
from postganglionic neurons to elicit responses such as an increased heart rate and the
redirection of blood flow, as well as the release of epinephrine and norepinephrine into the blood
from chromaffin cells in the head kidney (Vijayan et al., 2010). In addition to supporting the
cardiovascular effects of the postganglionic neurons, which ultimately maintain or increase
oxygen delivery to the tissues, the circulating catecholamines also stimulate the mobilization of
energy reserves to aid the animal in coping with the stressor (Fabbri et al., 1998; Reid et al.,

1998; Vijayan et al., 2010).



The glucocorticoid response to a stressor centres on increased cortisol production via
activation of the HPI axis in teleost fishes (Bernier et al., 2009; Faught et al., 2016; Gorissen and
Flik, 2016; Vijayan et al., 2010). Briefly, stressor perception causes the release of CRF from
neurons in the POA of the brain to the corticotropes of the anterior pituitary. The corticotropes
release adrenocorticotropic hormone (ACTH) into the circulation, which promotes cortisol
production by the interrenal cells of the head kidney. Cortisol is distributed throughout the body
by the circulation, and given the relatively small size and hydrophobic nature of this steroid
hormone, it passes through cell membranes directly by diffusion. Cortisol then exerts its effects
on target tissues through the corticosteroid receptors, which include glucocorticoid and
mineralocorticoid receptors (GR and MR, respectively) and serve as ligand-activated
transcription factors. There is some evidence to support a role for nongenomic (i.e. independent
of transcription and translation) cortisol signalling in fishes (Das et al., 2018), but this thesis will
focus on the classical receptors. To bring cortisol back down to resting or unstressed (basal)
levels, HPI axis activity is reduced through negative feedback regulation by its ultimate effector,
cortisol. Cortisol levels are also brought down by catabolism, mainly through the hepato-biliary
route. The HPI axis is discussed in more detail in the following sections, with special attention to

evidence in fishes.

1.2.1 The hypothalamic-pituitary (HP) axis

Perception of the stressor is the initial step for activation of the HPI axis (Barton, 2002).
These stressor signals are integrated by the brain, leading to stimulation of the CRF neurons
within the POA of the brain (Cerda-Reverter and Canosa, 2009), which is analogous to the

paraventricular nucleus (PVN) in mammals (Herget and Ryu, 2015). In mammals, CRF neurons



are directly stimulated by glutamate and norepinephrine during stress, although other afferent
neurotransmitters may modulate this response (Aguilera and Liu, 2012); less is known about
CRF neuron stimulation in teleosts. CRF neurons terminate mainly on corticotropes which are
located in the rostral pars distalis of the pituitary (Bernier et al., 2009; Cerda-Reverter and
Canosa, 2009). Initial CRF release is from stored vesicles, and although evidence supports crf
transcript upregulation by stressors in fishes, responses have been inconsistent, possibly
reflecting the use of different stressor models (Faught et al., 2016). Although there are four
paralogues of crf'in trout (Lai et al., 2021), most work on stress has focused on crfb/ (Alderman
et al., 2012; Backstrom et al., 2011; Bernier et al., 2008; Craig et al., 2005; Jeffrey et al., 2012;
Jeffrey et al., 2014; Madison et al., 2013), which is also the case in the present thesis. Chapter 4
addresses the transcriptional regulation of crf during chronic social stress, in the context of
previous studies, as well as in the light of potential epigenetic mechanisms of control. CRF
action on the corticotropes of the pituitary is mediated by the CRF receptors CRFR1 and CRFR2
(Manuel et al., 2014). CRF binding protein may also modulate CRF signalling at the pituitary
(Manuel et al., 2014). While central CRF has received more research attention, this neuropeptide
is also found peripherally. The caudal neurosecretory system (CNSS) is located at the end of the
spinal cord and has high crf transcript abundance (Bernier et al., 2008). Although the
physiological function of the CNSS is not well established, it does not appear to upregulate crf
transcription after 24 h of social stress (Bernier et al., 2008). CRF is also expressed in other
peripheral tissues, although at lower levels, and therefore may have local functions in teleosts as
it does in mammals, such as in the heart (Williams and Bernier, 2017) and head kidney (Huising

etal., 2007).



In addition to CRF, there are several other corticotropic hormones that trigger release of
ACTH from the pituitary (reviewed by Bernier et al., 2009). Although most of these are less
potent than CRF, arginine vasotocin (AVT) may be important in chronic stress responses. The
mammalian homologue of AVT, arginine vasopressin (AVP), has been shown to be elevated
during chronic stressors and can act to potentiate the action of CRF while being less susceptible
to negative feedback (Aguilera and Rabadan-Diehl, 2000). In rainbow trout, AVT causes the
release of ACTH from the pituitary, and also does so synergistically with CRF (Baker et al.,
1996). The role of AVT during chronic social stress is addressed in Chapter 4.

CRF stimulates the corticotropes of the anterior pituitary to release ACTH into the
systemic circulation. The teleost pituitary, as in mammals, consists of the adenohypophysis
(anterior pituitary) and the neurohypophysis (posterior pituitary), and corticotropes are located in
the pars distalis of the anterior pituitary (Bernier et al., 2009; Gorissen and Flik, 2016). A key
difference between the mammalian and teleost systems is the absence of a hypophyseal portal
system in teleost fishes (Gorissen and Flik, 2016). In mammals, releasing hormones enter a
capillary network (the median eminence) and reach their target cells in the pituitary via a local
circulation, the hypophyseal portal system (Aguilera and Liu, 2012; Charmandari et al., 2005). In
teleosts, the neurosecretory cells containing the releasing hormones innervate the pituitary
directly, which avoids dilution of the signalling molecule in the blood and likely changes
signalling and receptor dynamics (Gorissen and Flik, 2016). CRF receptors in fishes, as in other
taxa, are G-protein coupled receptors that bring about an elevation in cAMP that serves to release
ACTH into the circulation (Abou-Samra et al., 1987; Huising et al., 2004). CRF also plays a role
in upregulating transcription of pro-opiomelanocortin (POMC), the precursor protein for ACTH,

but transcript levels can vary with stressor type (Aguilera, 1994). There are three paralogues of



POMC in rainbow trout, owing to both the teleost (A and B) and salmonid (A1 and A2) whole
genome duplications (Leder and Silverstein, 2006). There is insufficient information to assign
these paralogues functional differences in the HPI axis, so all three were examined in this thesis.
POMC is processed by prohormone convertase (PC) 1/3 in corticotropes to yield ACTH and -
lipotropin, which together can be further processed by PC2 to yield melanocyte-stimulating
hormone (a and B-MSH), corticotrophin-like intermediate lobe peptide (CLIP), y-lipotropin, and
B-endorphin (Chrétien and Mbikay, 2016; Leder and Silverstein, 2006). ACTH is then packaged
into secretory granules to be released upon stimulation by CRF (Cawley et al., 2016). Once in

the blood stream, ACTH stimulates glucocorticoid production in steroidogenic cells.

1.2.2 Head kidney and steroidogenesis of cortisol

Mammalian glucocorticoid-producing cells are consolidated in a layer (zona fasciculata)
within the adrenal cortex whereas in teleosts these cells are dispersed in clusters throughout the
anterior (head) kidney (Gallo and Civinini, 2003). The steroidogenic cells, also termed interrenal
cells, comprise about 1 out of every 8000 cells in the rainbow trout head kidney (HK) (Hontela et
al., 2008). Steroidogenesis of cortisol begins with cholesterol. The rate of steroid production is
thought to be limited by shuttling of cholesterol from the outer to the inner mitochondrial
membrane and initial processing of cholesterol, steps that are facilitated by steroidogenic acute
regulatory protein (StAR) and cholesterol side-chain cleavage enzyme (CYP11A1, or P450scc),
respectively (Aluru and Vijayan, 2008; Tokarz et al., 2015). A key difference from mammals is
that fishes do not have the enzyme required to synthesize aldosterone, and thus lack this
mineralocorticoid hormone (Tokarz et al., 2015). Therefore, cortisol acts as a mineralocorticoid

as well as a glucocorticoid in fishes (Takahashi and Sakamoto, 2013). Whether another



mineralocorticoid exists in fishes remains an open question (McCormick et al., 2008; Sturm et
al., 2005). Subsequent enzymatic conversion steps occur, primarily in the smooth endoplasmic
reticulum but also in the mitochondria, with the final step to produce cortisol catalyzed by 11p-
hydroxylase (Bremer and Miller, 2014; Tokarz et al., 2015). Cortisol passes through the
interrenal cell membrane to be distributed throughout the body via the circulation and diffusion.
Unlike in mammals, there does not appear to be a specific corticosteroid-binding globulin in
fishes (Breuner and Orchinik, 2002; Hammond, 2016).

To upregulate production of cortisol when the HPI axis is activated by a stressor,
circulating ACTH binds to the melanocortin 2 receptor (MC2R) on the interrenal cells (Aluru
and Vijayan, 2008). The melanocortin 2 receptor accessory protein (MRAP) supports MC2R
function by trafficking this receptor to the plasma membrane (Agulleiro et al., 2010; Dores et al.,
2016). Although there are at least 2 paralogues of MRAP in teleosts, only MRAP1 has been
shown to be required for teleost MC2R activation in a heterologous cell line (Dores and Garcia,
2015; Liang et al., 2015). This MC2R receptor system is G-protein coupled, such that ligand
binding results in the production of intracellular cAMP by adenylate cyclase, which increases
protein kinase A (PKA) activity to bring about phosphorylation and increased transcription of
key players in steroidogenesis (Aluru and Vijayan, 2008; Lacroix and Hontela, 2001; Sewer and
Waterman, 2003). Acute stimulation of rainbow trout head kidney tissue with ACTH in vitro
results in increases in star, p450scc, and mc2r transcripts, and increased cortisol production
(Aluru and Vijayan, 2008). Although the promoters of steroidogenic genes are less functionally
characterized in fishes than in mammals, cAMP response elements (CRE) are found in many of
the promoters of mammalian steroidogenic genes (Ruggiero and Lalli, 2016). Binding sites for

steroidogenic factor 1 (SF-1) also are found in the promoter of most steroidogenic genes; SF-1 is



an orphan nuclear receptor (NR5AT1) important in adrenal development as well as gene
expression in steroidogenic cells (Ruggiero and Lalli, 2016; Val et al., 2003). Some work
characterizing SF-1 has been carried out in zebrafish, Danio rerio (Kuo et al., 2005) and the
salmonid arctic char (Salvelinus alpinus, Von Hofsten et al., 2003), but little is known in teleosts
about the role of this transcription factor during the stress response. Chapter 3 of the present
thesis addresses the impact of chronic social stress on the steroidogenic pathway, under both
basal and stimulated conditions. This distinction is important because whereas chronic social
stress results in sustained elevation of cortisol over several days, the response of these
chronically stressed fish to an additional acute stressor is blunted (Jeffrey et al., 2014). The
mechanism by which this blunting occurs appears localized, at least in part, to the head kidney,
but little is known about the underlying mechanisms. Circulating cortisol exerts its effects in

target tissues throughout the body via the corticosteroid receptors.

1.2.3 Corticosteroid receptors

Cortisol signalling in fishes occurs through GR and MR, both of which are cytosolic
nuclear receptors which translocate to the nucleus upon receptor binding, where they then act as
transcription factors to alter transcription of target genes (Faught et al., 2016). The teleost-
specific whole genome duplication resulted in two paralogues of GR, GR1 and GR2 (Bury et al.,
2003). Binding studies in vitro of the rainbow trout GR paralogues suggest GR2 has a greater
affinity for cortisol than GR1, but functional differences between these two have not been well
established in fishes (Bury et al., 2003). In mammals, the primary ligand for MR is aldosterone.
Cortisol binds to MR in mammals with a greater affinity than aldosterone, which is why in

certain tissues MR is co-expressed with the cortisol-metabolizing enzyme 11p-hydroxysteroid



dehydrogenase type 2 (11BHSD2) to attain aldosterone selectivity (Chapman et al., 2013). Fishes
lack aldosterone, and at least some mineralocorticoid actions in fishes are mediated through
cortisol and GR (Gilmour, 2005; Takahashi and Sakamoto, 2013). GR is also implicated in
growth, metabolism, immune function, and stress (Vijayan et al., 2010). The functional
consequences of GR activation in fishes are better characterized than MR, but recent studies
support a potential role for MR in stress and metabolism (Faught and Vijayan, 2018; Faught and

Vijayan, 2020; Sakamoto et al., 2016).

Cortisol has a wide array of physiological functions that are mediated through these
receptors, including regulation of metabolism (mainly in the liver, muscle, and adipose tissue) to
shift and replenish energy stores to cope with the demands of stress, as well as osmoregulation in
the gill (Mommsen et al., 1999; Sadoul and Vijayan, 2016; Takei and Hwang, 2016). Some of
these endpoints have been characterized during chronic social stress in juvenile salmonids
(reviewed by Gilmour et al., 2005), as has target tissue receptor abundance (Jeffrey et al., 2012).
The present thesis focuses on the mechanisms of regulation of the HPI axis itself, so the cortisol
receptors are measured in the HPI axis tissues in Chapter 2 to gain insight into their role in

negative feedback during chronic social stress.

1.2.4 Negative feedback

The HPI axis, like most endocrine axes, is regulated by negative feedback; that is,
cortisol levels are detected by HPI axis tissues, and activity is adjusted accordingly (Bernier et
al., 2009; Keller-Wood, 2015). Negative feedback plays a key role in returning cortisol to

unstressed (basal) levels following stressor-mediated elevation. In mammals, this negative
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feedback is mediated mainly at the level of the brain and pituitary, mostly by GR but also MR
(Keller-Wood, 2015). The mammalian homologue of the POA is the paraventricular nucleus
(PVN), and this area is targeted by negative feedback in mammals, as are the corticotropes in the
pituitary (Keller-Wood, 2015). The mechanisms involved in negative feedback at a cellular level
include transcriptional repression of crf'and pomc; however cortisol can also exert negative
feedback effects upstream of the PVN, and even nongenomically (Hill and Tasker, 2012; Keller-
Wood, 2015). Negative feedback mechanisms are less well characterized in fishes than in
mammals, but there is evidence to support a role for negative feedback in modulating HPI axis
function in fishes. Both GR and MR are present in the brain, pituitary and head kidney of
rainbow trout (Bury et al., 2003; Teitsma et al., 1999; Teles et al., 2013). Receptor knockdown or
knockout disrupts stress axis functioning suggesting a role in negative feedback, although
receptor abundance in all tissues is impacted so the mechanism is difficult to tease apart
(Alderman et al., 2012; Faught and Vijayan, 2018). In addition, cortisol-mediated negative
feedback has been functionally demonstrated at each HPI axis level. Cortisol implanted into the
POA inhibited cortisol elevation due to a stressor in goldfish, Carassius auratus (Fryer and
Peter, 1977). Adding cortisol to goldfish pituitary cells in vitro reduced their ACTH secretion
(Fryer et al., 1984). Even at the level of the head kidney, there is evidence for ultra-short loop
negative feedback by cortisol in in vitro preparations from coho salmon (Oncorhynchus kisutch)
(Bradford et al., 1992). In Chapter 2 of the present thesis, negative feedback is assessed during
chronic social stress to gain insight into how negative feedback operates in a context where

elevated cortisol is sustained for several days.
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1.2.5 Cortisol catabolism and 11HSD?2

One aspect of the stress response that has received less attention is the clearance of
cortisol. Given that plasma cortisol levels reflect the net effect of cortisol production by the head
kidney and cortisol clearance from the blood, the dearth of studies assessing cortisol kinetics in
teleosts is surprising (but see Donaldson and Fagerlund, 1972; Nichols et al., 1985; Owen and
Idler, 1972; Redding et al., 1984; Vijayan and Leatherland, 1990; Vijayan and Moon, 1994;
Wilson et al., 1998). The first step in the catabolism of cortisol is its conversion to cortisone
catalyzed by 11BHSD2 (Tokarz et al., 2013). In addition to inactivating cortisol, 1 1HSD2
catalyses the synthesis of 11-ketotestosterone (11-KT), the primary androgen in teleosts (Tokarz
et al., 2015). In mammals, 11BHSD1 catalyses the conversion of cortisone to cortisol which
helps to amplify the cortisol signal; this reaction can comprise about 20-40% of cortisol
production in humans (Basu et al., 2004; Chapman et al., 2013). However, teleost fishes lack
11phsdl (Tsachaki et al., 2017). The absence from fishes of both aldosterone (and therefore the
role of 11BHSD2 in conferring aldosterone specificity at MR) and 71phsd] (making the
deactivation of cortisol by 11BHSD2 irreversible), together with the presence of 11-KT as the
primary androgen (involving 11BHSD?2 in the reproductive system) suggest that although the
functional activity of 11BHSD?2 is conserved between fishes and mammals, its physiological
roles may diverge. Knowledge of teleost 11BHSD2 remains limited, but in zebrafish, /1fhsd?2 is
expressed in many tissues, contains putative glucocorticoid response elements (GREs) in its
promoter, and increases in response to cortisol exposure (Alderman and Vijayan, 2012; Best and
Vijayan, 2017; Tokarz et al., 2013; Tsachaki et al., 2017). Additionally, whole-body inhibition of
11BHSD2 activity increased crf and mr transcript abundances in the POA (Alderman and

Vijayan, 2012), suggesting a role for 1 1BHSD?2 in the modulation of HPI axis negative feedback.

12



Overall, 11BHSD? is the initial step in cortisol clearance, but it may also act to regulate cortisol

availability at a cellular and/or receptor level.

The typical path of cortisol catabolism in vertebrates is through the hepato-biliary route
(Aerts, 2018). The fate of radiolabelled cortisol in rainbow trout is predominantly the bile of the
gall bladder, indicated by the accumulation of radioactive catabolites (Truscott, 1979; Wilson et
al., 1998). Cortisol catabolites can also be eliminated through the gill and urine (Idler and
Truscott, 1972). Based on the products identified in the bile, cortisol and cortisone are converted
by 5B-reductase, then 3a-hydroxysteroid dehydrogenase, and 20B-hydroxysteroid dehydrogenase
to 5B-dihydroxy-, tetrahydro-, and 20B-cortol- metabolites, respectively, with glucuronidation
and sulphation occurring to increase solubility (Pottinger et al., 1992; Truscott, 1979). Recently,
it was found that cortisone can be converted to 20B-hydroxycortisone by 20BHSD2, and 20B-
hydroxycortisone is a metabolite that appears to be readily excreted into the holding water,
avoiding the hepato-biliary route (Tokarz et al., 2013). Although little is known at present about
the regulation of cortisol catabolism and excretion, this field of study is becoming increasingly
relevant as measurement of cortisol in tissues like the scales is being validated as a non-lethal
marker of chronic stress (Aerts et al., 2015; Laberge et al., 2019). The impact of chronic social

stress on the tissue distribution and clearance of a cortisol bolus was assessed in Chapter 2.

1.3 Chronic stress

Acute stressors have received substantially more research attention in terms of the HPI
axis and cortisol dynamics because they provide a rapid and robust activation of the HPI axis,

resulting in a (somewhat) predictable rise and fall in cortisol level, although the cortisol profile
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depends somewhat on the stressor severity and duration (Barton, 2002; Schreck and Tort, 2016).
Although the rise in cortisol is attributable to HPI axis activation, the fall in cortisol is achieved
through a combination of negative feedback, and clearance (Mommsen et al., 1999). An exact
temporal distinction between chronic and acute stress is difficult to define as it is based on
context (Schreck and Tort, 2016), but for the purposes of this thesis it is defined as lasting more
than a few hours. In this framework, HPI axis activity during chronic stressors is less predictable
because the prolonged nature of the response leads to a regulatory “tug of war” between stress
axis activation and its shutdown by negative feedback. Chronic stressor responses are quite
varied and context dependent. Many common chronic stressor exposures that result in cortisol
elevation mimic aquaculture stressors, and can consist of either repeated acute stressors
(Gilchriest et al., 2000; Madaro et al., 2015; Samaras et al., 2018) or high stocking density
(Wunderink et al., 2011). However, there are also examples of chronic stress where plasma
cortisol levels are no longer elevated but fish are responding to the stressor based on other
endpoints, such as an attenuated response to an acute stressor (Madison et al., 2013; Vijayan and
Leatherland, 1990). In these cases, the prolonged activation of the stress response is thought to
lose its adaptive value, leading to inhibition of growth, reproduction and immune function
(Wendelaar Bonga, 1997). Environmental contaminants can also be chronically stressful, and can
interfere with steroidogenesis directly (Hontela and Vijayan, 2008). Paired juvenile rainbow
trout provide a useful model to investigate chronic stress because of their well-characterized

stress physiology, and their robust behaviour in forming social hierarchies (Gilmour et al., 2005).
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1.4 Social hierarchies in fishes

Individuals living within groups often form social hierarchies, and it is well established
that social behaviour and stress physiology are related (Johnsson et al., 2006; Serensen et al.,
2013). Hierarchies are formed often because of competition over limited resources such as
territory, food, or mates, or to reduce the cost of prolonged aggressive interactions (Sloman and
Armstrong, 2002). The glucocorticoid profile of several fish species has been assessed among
individuals in various social groups. Some species of cichlid are highly social, meaning that they
live in structured, cooperative groups and interact frequently. For instance, groups of
Neolamprologus pulcher consist of a dominant breeding pair that tend to have lower cortisol
levels, and several subordinate helpers that tend to have higher cortisol levels (Culbert et al.,
2018). Other cichlid species (Astatotilapia burtoni, Cichlasoma dimerus, Australoheros facetus)
tend to show higher cortisol levels in subordinate or non-territorial males (Baduy et al., 2017;
Carpenter et al., 2014; Morandini et al., 2014). Zebrafish form hierarchies in pairs, with
dominants having lower cortisol levels than their subordinate counterpart (Ivy et al., 2017; Tea et
al., 2019). Elevation of cortisol in response to social subordination has also been observed in
European eel (Anguilla anguilla), gulf toadfish (Opsanus beta), and sea bass (Dicentrarchus
labrax) (Carbonara et al., 2019; Peters et al., 1980; Sloman et al., 2005). In socially mediated
sequential hermaphrodites like the false clown anemonefish (Amphiprion ocellaris), changes in
cortisol levels with dominance status may play a role in the associated sex change (Iwata and
Suzuki, 2020; Iwata et al., 2019). Salmonids held in pairs and small groups typically form
hierarchies within hours, yielding dominant and subordinate individuals (Johnsson et al., 2006;
Overli et al., 1999a). Over the course of days to weeks, cortisol levels remain high in

subordinates while dominants typically have lower cortisol titres (Culbert and Gilmour, 2016;
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DiBattista et al., 2006; Gilmour et al., 2017; Hoglund et al., 2002; Laidley and Leatherland,
1988; Overli et al., 1999a; Pottinger and Carrick, 2001; Sloman et al., 2001; Sloman et al.,

2002a; Serensen et al., 2011).

Salmonid hierarchies and territoriality occur in the wild (Jenkins, 1969) as well as under
a variety of semi-natural and laboratory conditions. Social hierarchies in juvenile salmonids have
received considerable research attention in a laboratory setting (Gilmour et al., 2005). Typical
behaviours of dominant individuals include the acquisition of limited resources, and aggression.
The limited resources in a lab setting typically include ‘ownership’ of the shared space or tank,
and monopolization of food sources. Aggressive behaviours include nipping, chasing, and
fighting (Ejike and Schreck, 1980; Noakes and Leatherland, 1977; Stringer and Hoar, 1955). As
a result of these behaviours by dominant individuals, subordinate individuals tend to exhibit
reduced feeding and locomotor activity (Winberg and Nilsson, 1993). Subordinates typically
display reductions in growth rate beyond what is attributable to their lack of feeding (DiBattista

et al., 2000).

Establishment of a hierarchy through agonistic interactions for dominance is acutely
stressful for both individuals, with cortisol levels being elevated in both individuals five minutes
after a winner and loser of a contest were identified (Qverli et al., 1999a). Three hours after
hierarchy establishment, cortisol levels in the fish that became dominant had returned to
unstressed levels similar to those of singly-held controls (Qverli et al., 1999a); plasma cortisol
levels below ~10 ng mL™! are considered typical of unstressed fish in salmonids (Gamperl et al.,
1994). The pattern of the cortisol response in the fish that became dominant is consistent with
that of other acute stressors such as netting, with cortisol increasing within minutes of stressor

exposure, and coming back down within hours (Gamperl et al., 1994). In subordinate fish,
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however, cortisol levels remain elevated 3 h and 24 h after hierarchy establishment (Qverli et al.,
1999a). Indeed, subordinate individuals display significantly elevated plasma cortisol after 2, 3,
4,5, 6, or 7 d of social interaction, demonstrating the chronic nature of this stressor (Culbert and
Gilmour, 2016; Jeffrey et al., 2014; Sloman et al., 2001; Sloman et al., 2002a). Subordinate fish
also display an attenuated response to an additional acute stressor (Jeffrey et al., 2014) which is
often observed during chronic stressor exposures. While this is hypothesized to be due to
changes at the receptor level in the head kidney (Mommsen et al., 1999), the mechanism by
which this occurs in fish is not well understood, and is addressed in chapter 3. Interestingly, the
elevated cortisol levels of subordinates rapidly return to baseline (within 2 days) after the pair is
separated, although some of the behavioural inhibition persists at this time point (Culbert and
Gilmour, 2016). Throughout the present thesis, several stress-axis related endpoints were
assessed after 1 and/or 2 days of recovery from social stress to examine the mechanisms
underlying both the maintenance of elevated cortisol for several days, and its rapid post-pairing

decline.

1.5 Epigenetics and social stress

Fish physiology, like mammalian physiology, increasingly is being studied through the
lens of epigenetic mechanisms (Best et al., 2018). Epigenetic changes are those that “heritably
regulate the spatio-temporal genome expression that underlies the emergence of physiological
phenotypes” (Best et al., 2018). The key mechanisms typically considered to comprise
epigenetics include the modification of histones, methylation, and microRNA. Histones can be
modified by reversible acetylation, methylation, or phosphorylation of specific amino acids

(Allis and Jenuwein, 2016). These chemical modifications impact the interaction of positively

17



charged histones to negatively charged genomic DNA, which can alter chromatin state and
access to DNA for gene transcription (Allis and Jenuwein, 2016). Chapter 4 of the present thesis
explores the possible roles of microRNA and methylation in the context of chronic social stress,
specifically relating to gene expression of crf. MicroRNA (miRNA) is a family of small (~20-25
nucleotides) RNA molecules that do not encode proteins (i.e. they are non-coding, or ncRNA)
and are involved in post-transcriptional regulation of mRNA (He and Hannon, 2004; Juanchich
et al., 2016). They were first discovered in 1993 in Caenorhabditis elegans (Lee et al., 1993) and
have since been implicated in many biological processes, including in fishes (reviewed by Best
et al., 2018; Bizuayehu and Babiak, 2014). Biogenesis of miRNA is reviewed in detail elsewhere
(He and Hannon, 2004; Winter et al., 2009) but briefly, primary miRNA (pri-miRNA) is the
transcription product of miRNA genes, and is processed by a complex containing the
endonuclease Drosha. This processing results in pre-miRNA, which exhibits a hairpin structure
and is exported from the nucleus by exportin-5, after which it is processed by the
endoribonuclease Dicer to form the mature miRNA. MicroRNA are mostly numerically named
(i.e. miR-210) and the ‘arm’ of the hairpin structure from which the mature miRNA derives
dictates the -5p or -3p suffix (Ha and Kim, 2014). The mature miRNA is loaded into the RNA-
induced silencing complex (RISC), which binds to the 3’ untranslated region (UTR) of the target
transcript to deadenylate it and/or inhibit its translation, leading to degradation (Huntzinger and
Izaurralde, 2011; Sheu-Gruttadauria and MacRae, 2017). Complementarity of the miRNA to the
3’UTR is mostly determined by the seed sequence, i.e. the nucleotides at positions 2-7 of the
miRNA (Mennigen and Zhang, 2016). MicroRNA are highly conserved among animals
(Wheeler et al., 2009); however, the mRNA target sequences are less conserved. That is,

miRNAs can be identified in the target species (e.g. rainbow trout) by examining miRNA in
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other species. However, whether those miRNAs will retain the same targets or effects in different
species is unclear. The recent availability of genomic and transcriptomic information for rainbow
trout has helped get around this problem by providing information necessary for in silico
prediction of miRNA-target binding (Mennigen and Zhang, 2016). Using such approaches has
revealed miRNA involved in mediating effects of chronic social stress on lipid metabolism
(Kostyniuk et al., 2018), and miRNA involved in responses to acute stressors (Cadonic et al.,
2020). Chapter 4 aimed to similarly explore miRNA-mediated regulation of HPI axis function at

the level of the POA.

Methylation of DNA is an epigenetic mechanism that can also alter (typically repress)
target gene transcription, by direct or indirect interaction with transcription factor binding in the
target gene’s promoter (Ambrosi et al., 2017). Genomic DNA can be methylated at cytosines,
often but not exclusively when they are followed by a guanine, denoted as CpG (de Mendoza et
al., 2021). CpG islands are clusters of CpG loci, usually ~1000 base pairs (bp) long, and depleted
in the rest of the genome relative to promoter regions, where they are associated with
transcriptional regulation (Han and Zhao, 2008; Jones, 2012). DNA methyltransferase (DNMT)
enzymes mediate methylation, with DNMTT1 responsible for maintenance methylation during
DNA replication while DNMT3A and 3B catalyze de novo methylation (Ambrosi et al., 2017;
Baubec et al., 2015). Methylation has been implicated in the regulation of several physiological
processes, including temperature responses and metabolism (reviewed in Best et al., 2018). To
date, few studies in teleosts have identified methylation differences as potential regulators of
stress responses or social behaviour (but see Khor et al., 2016; Lenkov et al., 2015; McGhee and
Bell, 2014; Zou et al., 2021). However, key studies in mammals revealed a role for methylation

in the response to chronic social defeat stress in mice, with mice that displayed social avoidance
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post-defeat having less methylation present in the crf promoter, and increased crf transcript
abundance than mice that did not avoid social interactions post-defeat (Elliott et al., 2010). This
finding suggests that methylation may be involved in regulating responses to chronic behavioural

stressors, a possibility that was tested in our chronic social stress model in Chapter 4.

1.6 Goals of the thesis

The objective of the present thesis was to probe the mechanisms underlying regulation of
the HPI axis during chronic social stress to explain how elevated plasma cortisol levels are
sustained in subordinate rainbow trout. In Chapter 2, negative feedback and clearance of cortisol
were assessed by measuring cortisol receptor abundance in the HPI axis tissues, and the
clearance and tissue uptake of cortisol. Chapter 3 assessed the contribution of the head kidney to
the altered HPI axis function in subordinate fish. A combination of in vivo, in vitro, molecular,
and cellular approaches was deployed to elucidate how subordinate fish can simultaneously
exhibit elevated basal cortisol levels but attenuation of acute cortisol production in response to an
additional stressor. Finally, Chapter 4 explored novel modes of crf regulation in the POA at a
molecular level, specifically attempting to implicate miRNA and/or methylation in this process.
Collectively, the experiments reported in the present thesis aimed to reveal novel information on
the mechanisms that do, and do not, contribute to the regulation of the HPI axis during chronic

social stress.

20



Chapter 2: Negative feedback function in the hypothalamic-pituitary-interrenal axis of

rainbow trout (Oncorhynchus mykiss) subjected to chronic social stress

Analysis of GR protein abundance was performed by Dr. E. Faught in collaboration with Dr. M.

M. Vijayan (University of Calgary, AB, CA).
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2.1 Introduction

The glucocorticoid stress response is both critical for coping with a wide range of
stressors and conserved across vertebrates. In fishes, the main glucocorticoid, cortisol, is
produced by the HPI axis which has been well studied in teleosts, particularly rainbow trout (see
Bernier et al., 2009; Faught et al., 2016; Vijayan et al., 2010, for review). The timing of a
stressor is critical in determining how the HPI axis functions, with acute stressors evoking a
response that lasts minutes to hours, whereas the response to a chronic stressor is measured in
days to weeks (Boonstra, 2013). Chronic stress can arise from social interactions among
conspecifics. Juvenile rainbow trout placed in pairs in a tank interact agonistically, and the
outcome of this interaction determines their behavioural phenotype, either dominant or
subordinate (Gilmour et al., 2005). Dominant fish are more aggressive, securing access to limited
resources such as food and territory. Cortisol levels are elevated in these fish during hierarchy
formation, but return to baseline within a few hours (Qverli et al., 1999a). Subordinate fish
typically are less active, do not feed, and importantly, exhibit elevated cortisol levels (Gilmour et
al., 2005). This elevation of cortisol persists for at least seven days in subordinates held in pairs
(Sloman et al., 2001), and is accompanied by attenuation of the cortisol response to an acute
stressor (Jeffrey et al., 2014). However, baseline cortisol levels and HPI axis reactivity in
subordinates are restored just two days after being separated from their dominant counterpart
(Culbert and Gilmour, 2016). Social subordination in rainbow trout therefore is a useful model
for assessing the effects of chronic stress on HPI axis regulation, as well as how persistent these

effects are following alleviation of stress.

Prolonged elevation of cortisol levels during chronic stress occurs despite the

mechanisms available to lower circulating cortisol concentrations. For example, cortisol acts
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through negative feedback to decrease HPI axis activity and hence circulating cortisol levels. In
fishes, cortisol-mediated negative feedback has been functionally demonstrated at all levels of
the HPI axis (Bernier et al., 2009). Cortisol implants into the nucleus preopticus (NPO) inhibited
the rise in cortisol in response to acute stress in goldfish (Fryer and Peter, 1977), supporting a
role for negative feedback activity at the level of corticotropin releasing factor (CRF) signalling
from the preoptic area of the brain to the corticotropes of the anterior pituitary. At the level of the
pituitary, CRF stimulates the release of adrenocorticotropic hormone (ACTH) into circulation.
Addition of cortisol to the buffer superfusing goldfish pituitary cells reduced ACTH secretion
(Fryer et al., 1984). Binding of ACTH to melanocortin-2 receptors (MC2R) on the interrenal
cells, which are located in clusters throughout the head kidney, stimulates cortisol synthesis
(Aluru and Vijayan, 2008). In vitro head kidney preparations from coho salmon support a role
for ultra-short loop negative feedback by cortisol at the level of the interrenal cells (Bradford et
al., 1992). Both the glucocorticoid (GR) and mineralocorticoid (MR) receptors that mediate the
effects of cortisol on target tissues are expressed in the brain and head kidney (Bury et al., 2003;
Teitsma et al., 1999; Teles et al., 2013), but little is known about the functional role of these
receptors in cortisol-mediated negative feedback. Whole-body functional GR knockdown using
the GR antagonist RU-486 in trout, or GR and MR knockout in zebrafish, disrupted aspects of
stress axis functioning, suggesting a role for these receptors in the HPI axis itself (Alderman et

al., 2012; Faught and Vijayan, 2018).

Cortisol is also metabolized and cleared from the fish, through mainly the hepatobiliary
pathway, but also the kidney and gill (Idler and Truscott, 1972; Truscott, 1979). The first step in
this pathway is the conversion of cortisol to cortisone by the enzyme 11BHSD?2 (Tsachaki et al.,

2017). Further reductases and dehydrogenases convert cortisone into more soluble forms for
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excretion (Tokarz et al., 2013; Truscott, 1979). Recently, differences have come to light
regarding the regulation of cortisol in mammals (or tetrapods) versus fishes. A key distinction is
the apparent absence from fishes of the enzyme 11BHSDI1 that catalyzes the regeneration of
cortisol from cortisone (Baker, 2010; Tsachaki et al., 2017). The activities of 11BHSD1 and
11BHSD2 can amplify and silence, respectively, the physiological effects of glucocorticoids at a
tissue or cellular level (Chapman et al., 2013). Without 1 1HSDI1, the dominant mechanisms that
dictate cortisol levels in fishes are HPI axis activation, negative feedback, and clearance.
Negative feedback control alongside hormone catabolism and clearance effectively lower
circulating cortisol levels following an acute stressor, but how the balance between cortisol
production and catabolism/clearance is altered during chronic stress to result in persistent
elevation of circulating cortisol levels is less clear. A clearer understanding of the balance
between cortisol production and reduction will provide insight into how cortisol levels are

controlled during chronic stress.

The goal of the current study was to shed light on how cortisol levels remain elevated for
several days during chronic social stress, despite the mechanisms in place to bring them down.
We hypothesized that high cortisol levels in chronically stressed subordinate rainbow trout are
sustained through reduced capacity for cortisol-mediated negative feedback and reduced cortisol
clearance. To test this hypothesis, juvenile rainbow trout paired for four days (4 d) were injected
with a cortisol load to assess their ability to remove cortisol from the circulation via negative
feedback and/or clearance. In a separate experiment, radiolabelled cortisol was used to assess
tissue uptake, a key factor in hormone clearance (Mommsen et al., 1999). At the tissue level, we
assessed transcript abundances of key components of the HPI axis (crf, pomcal, a2, b, and two

proteins involved in the rate-limiting step of steroidogenesis, star, and p450scc) to examine
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stress axis activation. Simultaneously, we assessed negative feedback capacity by measuring
transcript abundances of gri, gr2, mr, and 11fhsd2, and protein abundances of GR and
11BHSD2 in HPI axis tissues. To understand changes in clearance capacity, //fhsd2 was also
assessed in the liver, which is considered the primary excretion route for cortisol. The HPI axis
was evaluated also during recovery from chronic stress by measuring endpoints in 4 d pairs that
were separated by an opaque divider to allow for one or two days of recovery from social stress
(4+1 d, 4+2 d groups). In line with the hypothesis above, we predicted that subordinate fish
would exhibit some combination of impaired cortisol clearance and uptake, dysregulated

negative feedback systems, and increased HPI axis activity.

2.2 Materials and methods

2.2.1 Experimental Animals

Juvenile rainbow trout (78.9 £ 1.3 g, N = 194) were obtained from Linwood Acres Trout
Farm (Campbellcroft, Ontario) and held at the University of Ottawa in 1275 L fibreglass tanks in
13°C, dechloraminated city of Ottawa tap water (“system” water) with a mild current, and under
a 12L:12D photoperiod. Fish were scatter fed 0.5% body mass daily with Zeigler Silver pellets.
These conditions served to minimize hierarchy formation in holding tanks. All protocols were
approved by an institutional animal care committee (protocol BL-2118), and were in accordance
with Canadian Council on Animal Care guidelines for the use of animals in research and

teaching.
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2.2.2. Experimental Protocols

The formation of social hierarchies was followed after 4 d of interaction by one of three
protocols, to assess effects of chronic social stress on clearance of exogenous cortisol, tissue

uptake of *H-cortisol, or transcript and protein abundance of HPI axis components.

2.2.2.1 Formation of social hierarchies

Social hierarchies were created using established protocols (Culbert and Gilmour, 2016;
Gilmour et al., 2012; Gilmour et al., 2017; Jeffrey et al., 2014). Briefly, fish were lightly
anaesthetized (0.05 g L™! benzocaine; Sigma-Aldrich, Oakville, ON, CA) to measure mass and
fork length, and to score fin damage. The fish within a pair were size matched according to fork
length (differences averaged 0.3 = 0.03 cm or 1.7 £+ 0.2% of fork length) and mass (differences
averaged 4.1 £ 0.3 g or 5.4 + 0.4% of body mass; N=86 pairs). The fish within a pair were
transferred to 40 L tanks supplied with flowing system water and were separated by a perforated,
opaque divider for an overnight recovery period (day 0), following which the divider was
removed to allow the fish to interact (day 1). Sham fish were handled in the same way but
housed alone. Fish were fed 0.5% body weight per day, following the afternoon observation

period, starting on observation day 2.

Behavioural observations were performed twice daily to assess social status by scoring
fish on aggressive acts, position in the tank, and acquisition of a food pellet, with higher scores
indicating more dominant behaviour. At the time of sample collection, fin damage accrued as a
result of social interactions was scored. The mean scores across all observation periods for each

of these measurements were analysed using a principal component analysis (PCA), to determine
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an overall behaviour score (PC1) for each fish. The fish within a pair with the higher overall

behaviour score was assigned dominant social status.

2.2.2.2 Experiment 1: Clearance of exogenous cortisol

This experiment assessed the ability of dominant and subordinate rainbow trout to clear
an exogenous cortisol load. Fish (70.9 + 2.2 g, N = 62) interacted as described above, yielding
average behaviour scores of 1.62 + 0.11 and -1.36 + 0.12, respectively, for dominant and
subordinate fish (N = 34 pairs). On day five, fish were lightly anaesthetized and weighed, and an
initial 200 pL blood sample was withdrawn from the caudal vasculature. Fish were then given an
intraperitoneal (i.p.) injection of 25 pg per 100g fish of cortisol 21-hemisuccinate sodium salt
(Sigma-Aldrich) in 100 pL of saline, or saline alone as a control. The dose was chosen from pilot
trials in which it caused a physiologically-relevant acute elevation of circulating cortisol
concentrations. Fish were returned to the experimental tank and monitored until they regained
equilibrium. At 2 h post-injection, fish again were lightly anaesthetized for a second 200 pL
blood draw. At 3 h post-injection, fish were euthanized by terminal anaesthesia (0.5 g L™!) and a
final blood sample was collected. Sample collection times were chosen based on pilot trials that
monitored the time course of cortisol levels post-injection. All blood samples were collected
using a 23G needle and syringe rinsed with heparinized (Sigma-Aldrich H3393) 0.9% saline
solution. Blood was centrifuged at 13,500 g for 3 min, and plasma was transferred to a new tube,

flash frozen in liquid nitrogen and stored at -80°C for later analysis of cortisol concentration.
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2.2.2.3 Experiment 2: 3H-cortisol tissue uptake

This experiment evaluated whether tissue uptake patterns of cortisol differed between
dominant and subordinate rainbow trout. Fish (89.7 £ 3.0 g, N = 12) interacted as described
above, yielding average behaviour scores of 0.90 + 0.12 and -1.14 £ 0.30, respectively, for
dominant and subordinate fish (N = 6 pairs). On day five, fish were lightly anaesthetised and a
200 pL blood sample was withdrawn from the caudal vasculature for plasma cortisol analysis.
Blood withdrawal was immediately followed by injection into the caudal vasculature of 2 uCi of
3H-cortisol (94.6 pCi mmol!; NET396250UC, Perkin-Elmer, Woodbridge, ON, CA) in 100 pL
of saline (Wilson et al., 1998). After 2 h, fish were euthanized by anaesthetic overdose and a
blood sample (1 mL) was collected from the caudal vasculature. Plasma was used for the

measurement of total cortisol (see section 2.3.1) and radioactivity (see below).

Tissues (liver, gallbladder, gill, white muscle, posterior kidney) were dissected out,
weighed, and digested in 5x volume of 1 N nitric acid in a 65°C shaking water bath for 42 h.
Radioactivity (corresponding to *H-cortisol and its metabolites) was measured in the supernatant
of tissue digests and in plasma by scintillation counting (Tri-Carb Liquid Scintillation Analyzer,
Perkin-Elmer) with quench correction. For each sample, 10 mL of EcoLume scintillation cocktail
(MP Biomedicals, Solon, OH, USA) was added to 400 uL of supernatant or plasma. Samples

were vortexed and incubated overnight in the dark prior to counting.

To determine cortisol uptake by each tissue, the concentration in uCi g™! tissue was
corrected for specific activity of *H in the plasma (uCi mL"! plasma / ng mL! total plasma
cortisol), where total plasma cortisol was the mean of the cortisol values at the beginning and
end of the 2 h experiment. To determine whether tissue uptake rates scaled linearly with plasma

cortisol, linear regressions of uptake rates on plasma cortisol levels were performed. In tissues
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where this relationship was significant, y-intercepts were compared between social statuses. If
uptake rate did not scale with plasma cortisol, we compared tissue uptake rates (corrected for

specific activity) directly.

2.2.2.4 Experiment 3: Transcript and protein abundances of genes involved in HPI axis

activation and negative feedback

This experiment assessed changes in transcript and protein abundances of key effectors of
HPI axis activation (CRF, POMC, StAR, P450scc) as well as potential modulators of negative
feedback (GR1, GR2, MR and 11BHSD?2) after 4 d of social interaction and in fish allowed to
recover from social stress for one or two days. For transcript analysis, fish (79.7 + 1.5 g, N = 67)
were paired as described above, yielding average behaviour scores of 1.53 = 0.16 and -1.57 =
0.11, respectively, for dominant and subordinate fish (N = 27 pairs). For fish (84.6 2.7 g, N =
57) used for protein analysis, behaviour scores averaged 1.40 + 0.16 and -1.63 + 0.11,
respectively, for dominant and subordinate fish (N = 23 pairs). On the morning of day 5, fish
were either euthanized for tissue sample collection (4 d group) or the opaque, perforated divider
was reinserted to separate the members of the pair. Observations of position in the tank and food
acquisition continued on a twice daily basis until fish were sampled on the morning of day six

(4+1 d group) or seven (4+2 d group).

Fish were euthanized by terminal anaesthesia and blood (~ 1 mL) was collected from the
caudal vasculature for later analysis of plasma cortisol concentration. For transcript and protein

analyses, the preoptic area of the brain (POA; see Bernier et al., 2008), pituitary, head kidney,
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and liver were dissected out, snap frozen in liquid nitrogen, and stored at -80°C until further

processing.

2.2.3 Analytical methods

2.2.3.1 Measurement of plasma cortisol

Plasma cortisol levels were measured using a commercially available radioimmunoassay
kit (MP Biomedicals) previously validated for use in rainbow trout (Gamperl et al., 1994). The
detection limit for this kit is 0.17 pg dL™! and the inter- and intra-assay variabilities averaged

10.1% and 7.7%, respectively.

2.2.3.2 Measurement of transcript abundance by real-time RT-PCR

Whole head kidneys and liver were ground to a powder on dry ice with a mortar and
pestle. Approximately 50 mg of powdered tissue, or whole preoptic areas or pituitaries, were
sonicated (Sonic Dismembrator Model 100; Thermo Fisher Scientific, Waltham, MA, USA) on
ice in TRIzol reagent (Thermo Fisher Scientific) until homogeneity for the extraction of RNA
according to the manufacturer’s guidelines. RNA was suspended in nuclease-free water and
quantified using a Nanodrop 2000c UV-vis Spectrophotometer (Thermo Fisher Scientific).
Genomic DNA was removed and cDNA was synthesized from 1 pg total RNA using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) according to the

manufacturer’s instructions.
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Real-time RT-PCR was performed using a Rotor-Gene Q real-time PCR machine and the
Rotor-Gene SYBR Green PCR kit (Qiagen). Primers (Table 1) were identified from the literature
or, in the case of //fhsd2, were designed using Primer-BLAST, and specificity was verified by
amplicon sequencing. Teleosts often have multiple paralogues, and this situation is compounded
in rainbow trout by the additional salmonid-specific whole genome duplication event (Berthelot
et al., 2014). Currently, functional differences between paralogues for many HPI axis genes
remain unclear. Therefore, we targeted single paralogues where additional paralogues are not
well characterized or have not been found (crf, p450scc, star, 11phsd2, mr), and measured

multiple paralogues separately in qPCR analyses where appropriate (pomcal, pomca2, pomch,

grl, gr2).

Reactions were prepared according to the manufacturer’s guidelines but scaled to a
reaction volume of 10 pL: 5 uL 2X SYBR mix, 1 pL primer pair mix (containing 10 uM of each
primer), 3 uM nuclease-free water, and 1 pL. cDNA template. The PCR cycling conditions were
as per the manufacturer’s guidelines, using an annealing temperature of 60°C, except for ef/a
(56°C). A standard curve was run for each tissue and primer set to confirm reaction efficiency
(Table 1). Quality controls included a pooled control sample, a no-RT sample (to check for
genomic DNA contamination; cDNA synthesis reaction carried out without reverse
transcriptase), and a no-template sample (cDNA replaced with water). Transcript abundances of
reference genes (Table 1) were determined for every tissue, and stability of reference gene
expression across groups was verified. Relative fold-change of the target transcript was
normalized to the reference gene and expressed relative to the sham group using the method of

Pfaffl (2001).
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2.2.3.3 Measurement of protein abundance by SDS-PAGE and Western blotting

Whole POAs were sonicated on ice in 4x volume of radioimmunoprecipitation assay
(RIPA) buffer (150 mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM
Tris-HCI, 1 mM EDTA) supplemented with protease inhibitors (Thermo Fisher Scientific).
Protein concentration was determined by Pierce bicinchoninic acid protein assay (BCA, Thermo
Fisher Scientific), and homogenates were diluted to 4 mg mL™! in RIPA buffer containing
protease inhibitors and again to a final concentration of 2 mg mL™! with 2x Laemmli buffer

(Sigma-Aldrich).

For Gr, SDS-PAGE and western blotting were performed as described previously using
an antibody that detects both Grl and Gr2 (Faught and Vijayan, 2018). For 11BHSD2, 40 ug of
POA samples or 160 pg of liver samples were run on a 10% TGX Stain-Free FastCast
polyacrylamide gel (Bio-Rad, Mississauga, ON, CA). Each gel also included a ladder (BLUeye
Prestained, FroggaBio, Toronto, ON, CA) and a pooled control sample. Gels were run at 200 V
for 1 h, then UV-exposed for 1 minute to activate total protein staining in the gel, followed by
imaging (ChemiDoc XRS+, Bio-Rad). Proteins in the gel were transferred to 0.2 pm
nitrocellulose membranes, using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad). The
membrane was imaged to confirm transfer and for measurement of total protein in each lane for

later normalization.

Membranes were blocked for 1 h at room temperature with shaking using a 5% skim milk
solution (in Tris-buffered saline with 0.05% Tween-20, TBST), then incubated with diluted (in
2% skim milk in TBST) primary antibody (chicken anti-trout 11HSD2; 1:10000 for POA and
1:5000 for liver) for 17 h at 4°C with shaking. Custom antibodies (Genetel, Madison, WI, USA)

were raised against two peptides corresponding to different regions of the 11BHSD2 protein:
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RALRKENNNNNNINNNVEKIKK (C-terminal aa376-379) and
SSYKTGQSGNQEYWENQYK (aa264-282). Hens were immunized with a mixture of both
peptides, and IgY was collected from eggs, then affinity purified. The antibody was validated by
identification of a band of the correct size, and the disappearance of this band by pre-absorption
of the primary antibody with the peptide mixture prior to incubation (Fig. S2.2). Following 3 x 5
min washes in TBST, membranes were incubated with a 1:5000 dilution (in 2% skim milk in
TBST) of the secondary antibody, goat anti-chicken horseradish peroxidase (HRP), for 1 h at
room temperature. After 3 x 15 min washes in TBST, membranes were incubated with 1 mL
Luminata Classico HRP substrate (MilliporeSigma, Burlington, MA, USA), and imaged using
chemiluminescence (ChemiDoc XRS+, Bio-Rad). Relative protein abundance normalized to

total protein was measured using Imagel.ab 6.0 according to Taylor et al. (2014).

2.2.4 Statistical Analysis

Data are expressed as mean values + standard error of the mean (SEM). All statistical
analyses were performed using Sigmaplot v13.0 (Systat Software, Inc., San Jose, CA, USA). For
cortisol clearance, data were analyzed by two-way analysis of variance (ANOVA) using status
and treatment as factors. For cortisol uptake, Student’s #-tests were performed within each tissue
to examine the effect of status, and linear regressions of tissue uptake on circulating cortisol
followed by one-way ANCOVA were carried out. All other data (cortisol concentrations,
transcript abundances, protein levels) were analysed for effects of social status by one-way
ANOVA. Where data did not meet assumptions of normality and equal variance, they were
transformed to meet these assumptions, or an equivalent non-parametric test was used. A

significance level (a) of 0.05 was used.
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2.3 Results
2.3.1 Clearance of an exogenous cortisol load

To assess the capacity for cortisol clearance from the circulation, dominant and
subordinate fish were injected with cortisol or saline (as a control) (Fig. 2.1). Cortisol levels of
subordinates prior to injection were higher than those of dominants (Fig. 2.1a). Saline-injected
fish maintained stable cortisol levels across the 3 h sampling period. Neither the increase in
plasma cortisol 2 h after injection (Fig. 2.1b; two-way ANOVA on ranks, Pstatus = 0.873, Pireatment
<0.001, Pine = 0.721), nor its decline during the following 1 h period (Fig. 2.1c; two-way
ANOVA, Pstaws = 0.278, Pyeatment < 0.001, Pine = 0.575) were significantly affected by social

status.

2.3.2 Tissue uptake of >H-cortisol

Across the tissues examined, *H-cortisol uptake was highest in the gallbladder, followed
by liver and posterior kidney (Fig. 2.2). Subordinate fish (plasma [cortisol] = 158.0 = 15.7 ng
mL!, N = 6) exhibited significantly higher *H-cortisol uptake than dominant fish (plasma
[cortisol] = 6.64 + 3.70 ng mL"!, N = 6) in all tissues (Fig. 2.2; Student’s t-tests, P = 0.035, <
0.001, 0.001, 0.002, 0.001 for gallbladder to muscle, respectively). Tissue uptake of *H-cortisol
scaled linearly with plasma cortisol in all tissues except gallbladder (Table 2.2). In all tissues
except gallbladder, the slopes of the regression lines were not significantly different between
dominant and subordinates (one-way ANCOVA, P=0.073, 0.419, 0.159, 0.419 for liver, kidney,

gill, and muscle, respectively). Comparison of y-intercepts between dominant and subordinate
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fish revealed significantly higher tissue uptake of *H-cortisol in subordinate fish at a given
cortisol concentration (one-way ANCOVA, P =0.002, 0.004, 0.012, 0.003 for liver, kidney, gill,
and muscle, respectively), suggesting greater tissue uptake and retention of cortisol in

subordinate relative to dominant fish (Table 2.2).

2.3.3 Transcript and protein abundances of genes involved in negative feedback

Plasma cortisol levels in subordinate fish used for assessment of negative feedback
function and HPI axis activity were significantly higher than those in dominant and sham fish
after 4 d of social interaction (Fig. 2.3a; ANOVA, P <0.001). One day after replacing the
opaque divider to separate the fish in a pair (4+1 d group), plasma cortisol levels in recovering
subordinate fish were about half that observed at 4 d, although still significantly higher than
levels in dominant and sham fish (Fig. 2.3b; ANOVA, P =0.002). Following 2 d of separation

(4+2 d group), no significant differences were detected (Fig. 2.3c; ANOVA, P=0.263).

The capacity for negative feedback was assessed by measuring transcript abundances and
protein levels of 11BHSD2, GR1, GR2, and MR in HPI axis tissues. Relative to dominant and
sham fish at 4 d of interaction, //fhsd?2 transcript abundance in subordinates tended to be
elevated in the preoptic area (Fig. 2.4a; ANOVA, P = 0.080), and was significantly elevated in
the pituitary (Fig. 2.4b; ANOVA, P =0.002), but not the head kidney (Fig. 2.4g; ANOVA, P=
0.770). The significant elevation was maintained in the pituitary of recovering subordinate fish 1
d after separation from the dominant (Fig. 2.4e; ANOVA, P =0.010), but was no longer apparent

2 d after separation (Fig. 2.4f; ANOVA, P =0.126). Despite the trend observed in transcript
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levels, protein abundance of 11HSD?2 in the POA was not altered by 4 d of social interaction

(Fig. 2.4j; ANOVA, P = 0.666).

Transcript abundances for corticosteroid receptors (Figs. 2.5-2.7) were unaffected by
social stress or recovery from social stress with the exception of gr2 in head kidney, where
transcript abundance was significantly lower in recovering subordinates than in dominants 1 d
after replacement of the divider (Fig. 2.7e; ANOVA, P = 0.036). Interestingly, significantly
lower GR protein abundance was detected in the POA of recovering subordinates 2 d after
replacement of the divider (Fig. 2.51; ANOVA, P = 0.003), despite the absence of differences in

transcript abundances (Fig. 2.5¢,f).

2.3.4 Transcript abundances of genes involved in HPI axis activity

Social interaction did not affect transcript levels of crf'in the POA (Fig. 2.8a; ANOVA, P
= 0.354). However, after 1 d of recovery, crf transcript abundance was significantly higher in
recovering subordinates than in their dominant counterparts (Fig. 2.8b; ANOVA on ranks, P =
0.032), a difference that was no longer apparent at 2 d of recovery (Fig. 2.8c; ANOVA, P =
0.801). Transcript abundances of the three paralogues of pomc (al, a2, b) did not differ with

social status at any time point (Fig. 2.9).

In the head kidney, transcript abundances of star (Fig. 2.10a; ANOVA, P = 0.014) and
p450scc (Fig. 2.10d; ANOVA, P = 0.020) were significantly elevated in subordinates after 4 d of
interaction. No significant differences were observed for either gene after 1 d of recovery (Figs.

2.10b,e; ANOVA, P =0.115 and 0.088, respectively). However, after 2 d of recovery, both
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steroidogenic transcripts were significantly lower in subordinate fish compared to dominant fish

(Fig. 2.10c,d; ANOVA, P =0.029, and 0.047, respectively).

2.3.5 Hepatic transcript and protein abundance of 11fHSD?2

Given the expected role of 11BHSD?2 in cortisol excretion, transcript and protein
abundances of 11BHSD2 were measured in liver. Neither transcript nor protein abundance of
11BHSD2 protein in the liver after 4 d of social interaction was affected by social status (Fig.

2.11; ANOVA, P = 0.745, and 0.750, respectively).
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2.4 Figures

Figure 2.1 Plasma cortisol levels of dominant (Dom) and subordinate (Sub) rainbow trout
(Oncorhynchus mykiss) measured after 4 d of social interaction (time =0 h), as wellas2 hor 3 h
following administration of an exogenous cortisol load or saline control (a). Panels b and ¢
present the magnitude of the cortisol rise (from 0 to 2 h) and decline (from 2 to 3 h) following
cortisol administration, respectively. Data are presented as means + SEM (N = 12-18). In panels
b and c, pairs of bars that share a letter are not significantly different from one another (b; 2-way
ANOVA on ranks, Psaus = 0.873, Pireatment < 0.001, Pine = 0.721 and c; 2-way ANOVA, Pstaus =

0.278, Ptreatment < 0.001, Pint = 0.575).

38



Figure 2.1
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Figure 2.2
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Figure 2.2 Uptake of *H-cortisol into tissues of dominant (Dom) and subordinate (Sub) rainbow

trout (Oncorhynchus mykiss) after 4 d of social interaction. Uptake rates were determined from

tissues collected 2 h after administration of *H-cortisol. Values are expressed as ng of cortisol

taken up per g tissue, corrected for plasma *H-cortisol specific activity. Data are presented as

means + SEM (N = 6). An asterisk represents a significant difference within a tissue between

dominant and subordinate trout (Student’s #-tests, P = 0.035, <0.001, 0.001, 0.002, 0.001 for

gallbladder to muscle, respectively).
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Figure 2.3
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Figure 2.3 Plasma cortisol concentrations in dominant (Dom), subordinate (Sub) and sham-
treated rainbow trout (Oncorhynchus mykiss) after 4 d of social interaction (a), or 4 d of social
interaction followed by 1 (b) or 2 d (c) of recovery by replacement of the opaque divider to
separate the members of a pair. Data are presented as means = SEM (N = 12-16), with values for
individuals shown as data points. Bars that share a letter are not significantly different from one

another (ANOVA, P =<0.001, 0.002 and 0.263 for panels a to c, respectively).
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Figure 2.4 Transcript levels of 1/fhsd?2 in the preoptic area (POA; a-c), pituitary (Pit; d-f), and
head kidney (HK; g-1) of dominant (Dom), subordinate (Sub) and sham-treated rainbow trout
(Oncorhynchus mykiss) after 4 d of social interaction (a, d, g), or 4 d of social interaction
followed by 1 (b, e, h) or 2 d (c, f, 1) of recovery by replacement of the opaque divider to
separate the members of a pair. Transcript abundance was normalized to the geometric mean of
reference genes efl/a and f-actin and expressed relative to the value for sham-treated fish. Panels
j to 1 present POA 11BHSD2 protein abundances. Protein abundance was normalized to total
protein and expressed relative to a pooled control sample. Data are presented as means = SEM
(N = 5-8), with values for individuals shown as data points. Bars that share a letter are not
significantly different from one another (ANOVA, P = 0.080 for a, 0.311 for b, 0.526 for c,
0.002 for d, 0.010 for e, 0.126 for f, 0.770 for g, 0.266 for h, 0.138 for 1, 0.666 for j, 0.870 for k,

0.780 for I).
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Figure 2.4
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Figure 2.5 Transcript levels of the corticosteroid receptors gr/ (a-c), gr2 (d-f), and mr (g-1) in
the preoptic area (POA) of dominant (Dom), subordinate (Sub), and sham-treated rainbow trout
(Oncorhynchus mykiss) after 4 d of social interaction (a, d, g), or 4 d of social interaction
followed by 1 (b, e, h) or 2 d (c, f, 1) of recovery by replacement of the opaque divider to
separate the members of a pair. Transcript abundance was normalized to the geometric mean of
reference genes efl/a and f-actin and expressed relative to the value for sham-treated fish. Panels
j to 1 present POA GR protein abundances. Protein abundance was normalized to total protein
and expressed relative to a pooled control sample. Data are presented as means + SEM (N = 6-
7), with values for individuals shown as data points. Bars that share a letter are not significantly
different from one another (ANOVA, P = 0.346 for a, 0.915 for b, 0.131 for ¢, 0.625 for d, 0.805

for e, 0.235 for £, 0.861 for g, 0.709 for h, 0.244 for i, 0.141 for j, 0.170 for k, 0.003 for 1).
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Figure 2.5
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Figure 2.6 Transcript levels of the corticosteroid receptors gr/ (a-c), gr2 (d-f), and mr (g-1) in
the pituitary (Pit) of dominant (Dom), subordinate (Sub), and sham-treated rainbow trout
(Oncorhynchus mykiss) after 4 d of social interaction (a, d, g), or 4 d of social interaction
followed by 1 (b, e, h) or 2 d (c, f, 1) of recovery by replacement of the opaque divider to
separate the members of a pair. Transcript abundance was normalized to the geometric mean of
reference genes efl/a and f-actin and expressed relative to the value for sham-treated fish. Data
are presented as means + SEM (N = 5-8), with values for individuals shown as data points. Bars
that share a letter are not significantly different from one another (ANOVA, P = 0.907 for a,

0.495 for b, 0.333 for ¢, 0.341 for d, 0.557 for e, 0.276 for £, 0.627 for g, 0.063 for h, 0.461 for 1).
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Figure 2.6
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Figure 2.7
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Figure 2.7 Transcript levels of the corticosteroid receptors gr/ (a-c), and gr2 (d-f) in the head

kidney (HK) of dominant (Dom), subordinate (Sub), and sham-treated rainbow trout

(Oncorhynchus mykiss) after 4 d of social interaction (a, d), or 4 d of social interaction followed

by 1 (b, e) or 2 d (c, f) of recovery by replacement of the opaque divider to separate the members

of a pair. Transcript abundance was normalized to the geometric mean of reference genes efla

and f-actin and expressed relative to the value for sham-treated fish. Data are presented as means

+ SEM (N = 5-6), with values for individuals shown as data points. Bars that share a letter are

not significantly different from one another (ANOVA, P = 0.660 for a, 0.279 for b, 0.320 for c,

0.773 for d, 0.036 for e, 0.325 for f).
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Figure 2.8
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Figure 2.8 Transcript levels of corticotropin releasing factor (crf) in the preoptic area (POA) of
dominant (Dom), subordinate (Sub), and sham-treated rainbow trout (Oncorhynchus mykiss)
after 4 d of social interaction (a), or 4 d of social interaction followed by 1 (b) or 2 d (c) of
recovery by replacement of the opaque divider to separate the members of a pair. Transcript
abundance was normalized to the geometric mean of reference genes ef/a and f-actin and
expressed relative to the value for sham-treated fish. Data are presented as means + SEM (N = 6)
with values for individuals shown as data points. Bars that share a letter are not significantly

different from one another (ANOVA, P = 0.354, 0.032, 0.081 for panels a to c, respectively).
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Figure 2.9 Transcript levels of the pro-opiomelanocortin paralogues pomcal (a-c), pomca?2 (d-f),
and pomcb (g-1) in the pituitary of dominant (Dom), subordinate (Sub), and sham-treated
rainbow trout (Oncorhynchus mykiss) after 4 d of social interaction (a, d, g), or 4 d of social
interaction followed by 1 (b, e, h) or 2 d (c, f, 1) of recovery by replacement of the opaque
divider to separate the members of a pair. Transcript abundance was normalized to the geometric
mean of reference genes ef/a and S-actin and expressed relative to the value for sham-treated
fish. Data are presented as means £ SEM (N = 5-8), with values for individuals shown as data
points. Bars that share a letter are not significantly different from one another (ANOVA, P =
0.369 for a, 0.055 for b, 0.303 for ¢, 0.554 for d, 0.181 for e, 0.071 for £, 0.478 for g, 0.420 for

h,0.222 for 1).
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Figure 2.9
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Figure 2.10
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Figure 2.10 Transcript levels of steroidogenic acute regulatory protein, star (a-c), and

cholesterol side-chain cleavage enzyme, p450scc (d-f), in the head kidney of dominant (Dom),

subordinate (Sub), and sham-treated rainbow trout (Oncorhynchus mykiss) after 4 d of social

interaction (a, d), or 4 d of social interaction followed by 1 (b, €) or 2 d (¢, f') of recovery by

replacement of the opaque divider to separate the members of a pair. Transcript abundance was

normalized to the geometric mean of reference genes efl/a and f-actin and expressed relative to

the value for sham-treated fish. Data are presented as means = SEM (N = 5-6), with values for

individuals shown as data points. Bars that share a letter are not significantly different from one

another (ANOVA, P =0.014 for a, 0.115 for b, 0.029 for ¢, 0.030 for d, 0.088 for e, 0.047 for f).
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Figure 2.11
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Figure 2.11 Transcript levels of //8hsd?2 in the liver (a) of dominant (Dom), subordinate (Sub)
and sham-treated rainbow trout (Oncorhynchus mykiss) after 4 d of social interaction Transcript
abundance was normalized to the reference gene fS-actin and expressed relative to the value for
sham-treated fish. Panel b presents liver 11BHSD2 protein abundances. Protein abundance was
normalized to total protein and expressed relative to a pooled c