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ABSTRACT 
 

 

THE STRESS RESPONSE AND ENDOCRINE MECHANISMS OF GROWTH IN 

SALMONIDS 

 

  

 

Barry Neil Madison         Advisor: 

University of Guelph, 2013      Professor N.J. Bernier 

 

  

 

This thesis is an investigation of the stress response of salmonid fish and the 

regulation of the endocrine mechanisms of growth during changes in physiological 

conditions. Controlled by the HPI axis, the stress response incurs extensive catabolic 

demand on endogenous metabolite stores at the expense of growth through catabolic 

actions under the assumed direction of cortisol.  It is suspected that the stress response 

also suppresses the growth-promoting actions of the GH/IGF-I/IGFBP axis.  The central 

theme of this thesis was to characterize the influence the stress response on the endocrine 

regulation of growth during conventional (e.g. emersion, salinity transfer) and 

unconventional stresses (e.g. competition, social interaction, parasite infection), using 

rainbow trout (Oncorhynchus mykiss) and Chinook salmon (Oncorhynchus tshawytscha) 

as models. Findings corroborate the inhibitive impact of chronic stress on growth through 

catabolism of endogenous metabolites in the presence of cortisol levels representative of 

moderate stress in salmonids.  Trout in infected with Cryptobia salmositica, 

demonstrated similar evidence of pathogen-induced growth suppression via changes in 
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catabolic elements within the GH/IGF-I/IGFBP axis in a similar manner to 

hypercorticoidic fish, but without elevated cortisol despite clear physical duress. 

Accompanying reduction in food intake and change to nutritional status influenced much 

of the growth-suppressing impacts observed on the endocrine axis during disease 

incidence. Moreover, Cryptobia infection inhibited cortisol signaling and production the 

pituitary and in the interrenals, respectively.  In Chinook salmon, the endocrine response 

to stress was altered by parental breeding strategy and early rearing environment; 

traditional hatchery breeding and rearing methods impacted growth performance during 

physiological challenge when contrasted to mate choice cohorts. Rearing Chinook in a 

semi-natural channel environment revealed clear differences in performance between 

these fish stocks that were not observable in the hatchery environment. Moreover, social 

interaction and competition between mate choice and hatchery-bred salmon influenced 

the inhibitive effects of the stress response on growth performance, as well as the 

physiological responses to endocrine-regulated changes during smoltification.  This thesis 

characterizes the novel regulatory actions of the stress response on the endocrine growth 

axis via regulation of both central and peripheral elements of the GH/IGF-I/IGFBP axis. 
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1.1 Stress: Life in the Balance 

The ability of an organism to survive stems from its capacity to respond and adapt to 

challenges from the environment.  Stress therefore, is the organism's response to these 

sensed changes.  Without stress, there would be no coordination of an organism's 

response to changing environmental conditions. 

The concept of stress was first documented by French physiologist Claude Bernard 

(1813-1878) in his description of milieu intérieur to describe an organism's physiological 

capacity to maintain a consistent "environment within" in the presence of changing 

external conditions.  Later this concept was adopted to describe what we now know as the 

term homeostasis by American physiologist Walter Cannon (1871-1945).  While 

previous descriptions of homeostasis explained the ability of organisms to maintain a 

consistent range of physiological set points, they did not include the elucidation of the 

adaptations required by an organism to maintain homeostasis.  Sterling & Eyer (1988) 

then put forth the notion of allostasis to define how organisms respond to the perpetual 

encounter with physiological and behavioural variability, an ebb-and-flow, and thus 

stability of life is achieved through variability.  This notion is integral to my current 

assessment of the mechanisms of homeostasis. 

Stress is classically known as "any challenge to homeostasis" as first defined by Hans 

Selye (1907-1982), but has since evolved to include the concept of allostasis to 

characterize how the processes of stress leads to changing homeostatic set points through 

physiological variability.  Allostasis achieved through the stress response is essential to 

the maintenance of homeostasis throughout the numerous challenges to survival during 

an organism's life, which impacts how that organism and future generations respond 

thereon.  The considerable level of consistency of this general process among vertebrates 

implies that the coordinated effort of a stress response is a common link among species 

which is crucial for any organism's survival and fitness.   

 1.2 The Stress Responses of Fish 

The response to stress in fish can be divided into three distinctive levels (for review, 

see Wendelaar Bonga 1997 and Barton 2002).  The primary stress response encompasses 

the immediate reaction to a stressor through the activation of the sympathetic nervous 

system to release catecholamines into circulation and the activation of the hypothalamic-
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pituitary-interrenal (HPI) axis to stimulate the production and secretion of corticosteroids 

(for overview see Figs. 1.1 and 1.2).  In the short term, these hormones stimulate an 

increase in oxygen delivery through the blood supply to vital organs and stimulate the 

liberation of glucose to fuel the stress response.  Endogenous release of glucose occurs 

primarily through breakdown of glycogen via glycogenolysis from readily accessible 

stores (e.g. liver, muscle).  These are the most rapid stress responses and can occur within 

seconds to minutes from the perception of a stressor.  The secondary response to stress 

includes the alteration of key physiological processes centred on intermediary 

metabolism and fuel usage.  Generally, if a stress is rigorous or sustained long enough to 

elicit a secondary stress response, significant metabolic changes to energy utilization and 

storage shift towards gluconeogenic precursors which preferentially supply the stress 

response and are easily catabolized from endogenous stores within the liver and muscle, 

i.e. carbohydrates, lipids, proteins; as well as lactate, pyruvate, glycerol.  The change in 

intermediary metabolite usage and storage induced by the secondary stress response 

diverts substantial energy away from normal growth processes, ultimately leading to the 

activation of the tertiary stress response, the inhibition of growth, reproduction, and 

immune function.  Energy during stress is prioritized to processes essential for survival, 

e.g. supplying the elevated energetic demand for fight or flight, increased oxygen supply, 

etc., and away from those of non-essential functions: growth, reproduction and immunity.  

Ultimately, the energy supplied for the stress response occurs at the expense of 

evolutionary processes, while its effects on growth are the central theme within this 

thesis. 

1.2.1 Stressors 

To further explore how fish respond to stress, we must examine what we define as a 

stressor.  If stress is any challenge to homeostasis of an organism, then almost any 

stimulus can be deemed a stressor.  Generally, stressors to fish fall into three categories: 

physical, chemical and perceived.  Handling, netting and confinement are common 

examples of physical stressors, while contaminant or pollutant exposure, low oxygen and 

acidification are chemical stressors; both are real stressors.  Perceived stressors are 

frequently characterized by a pre-emptive notion of a threat, novel object, or even a 

product of conspecific social status within dominance hierarchies.  In the latter case, one 
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could expect the combination of both physical (e.g. charges, tail nips, or chasing) and 

perceived (e.g. protection of feeding areas, holding a guarding position or posturing) 

stressors.  The effect that any type of stressor has on a fish is dependent on its intensity 

and duration as these factors can alone, or in concert, define how a stressor elicits a 

particular type of response from the fish.  However, it is not uncommon for duration and 

intensity to impact the response of fish to stress in an incongruent manner.  For the 

purposes of this work, I will address the comparative impacts of perceived and physical 

stress on the regulation of growth. 

1.2.2 Unconventional Stressors: Lessons from Social Interaction and Parasite Infection 

 Stressors usually employed in physiological experiments are almost ubiquitously 

centered on physical and chemical challenges.  Often, these challenges represent a single 

factor, such as oxygen availability or temperature, which may induce intricate changes 

within an organism that have wide-reaching effects and may be exceptionally 

complicated to identify completely.  Additionally, our understanding of the third type of 

stressor, perceived stress (e.g. social interaction), has received only limited investigation 

from a physiological perspective though it has long been a standard approach in fish 

behaviour research (see Gilmour et al. 2005a, b).   

Social interaction can act as a potent stressor, one that is often overlooked in the 

comparative fish physiology literature though sociality is an important element that can 

dictate many of the behaviours observed in salmonid aquaculture.  The effects of sociality 

in fish are dependent mainly on density, where elevated numbers of fish in confined 

space, such as in traditional aquaculture practices, lend to the creation of social 

hierarchies often shaped by aggression and territoriality (Metcalfe et al. 2003; Tatara et 

al. 2008).  The establishment of a dominant-controlled 'pecking order' can have 

significant negative impacts on growth and reproductive success in subordinate fish that 

are often the targets of dominant behaviour (chasing, nips, posturing, etc.).  By and large, 

subordination in fish results in elevated and often sustained levels of plasma cortisol 

coupled with significant reduction to growth rates (Sloman et al. 2001; Gilmour et al. 

2005a; DiBattista et al. 2006).  Even social interaction of a short duration (< 24 h) within 

dyadic pairs of immature trout causes a marked activation of the stress response 

(Alderman et al. 2008) that is on par with the severity of the disturbance experienced by 
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salmon during the spawning migration (Carruth et al. 2000).  Though overt physiological 

consequences of social interaction become more difficult to ascertain with the increasing 

size of the population, in small populations, particularly in dyads, the potency of social 

stress can often surpass the severity and intensity of stressors traditionally employed in 

stress physiology (e.g. hypoxia, thermal stress, starvation, exhaustion, air exposure).  

Social interaction employed in the experiments within this thesis plays a distinct role in 

my novel examination of the stress response on the endocrine regulation of growth in 

Chinook salmon. 

 Parasite infection is not generally thought of as a stressor, yet it can have significant 

physiological consequences on infected hosts.  In fish and mammals, parasitemia 

typically activates the primary stress response to promote and inhibit the production of 

anti-inflammatory and pro-inflammatory cytokines, respectively.  This response is critical 

in the autoregulation of the adaptive immune response (see Elenjov & Chrousos 2006; 

Roggero et al. 2009).  In salmonids, chronic induction of the stress response leads to 

diminished disease resistance through changes in lymphocyte number and function (Tripp 

et al. 1987; Maule et al. 1989; Espelid et al. 1996; Hoand et al. 2003), while additional 

stress during infection also impacts long-term immune function and elevates vulnerability 

to additional pathogens in teleosts (Pickering 1984; Pickering & Pottinger 1985; Wise et 

al. 1993; Ciembor et al. 1995; Castillo et al. 2009).  Thus, stimulation of the stress 

response during infection could be considered advantageous to parasite proliferation, 

particularly given the liberated energy resultant of elevated glucocorticoids (Harris et al. 

2000; Hoand et al. 2003).  However, activation of the stress response during parasite 

infection does not occur universally.  For example, infection with the parasite examined 

in this thesis, Cryptobia salmositica, has minimal or no impact on circulating 

glucocorticoid levels (see Laidley et al. 1988).  Cryptobia is naturally prevalent in the 

streams and rivers of the west coast of North America and infection causes fish to display 

several overt symptoms indicative of parasitemia: exophthalmia (pop-eye), anaemia, 

splenomegaly and ascites accumulation (Woo 1979; 2003).  Anorexia, a common 

symptom of stress (Bernier & Peter 2001), reliably occurs during peak Cryptobia 

parasitemia and may persists for weeks after this period (Chin et al. 2004).  Parasite-

induced anaemia also causes significant changes to red blood cell numbers and 
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haemoglobin function, reducing the oxygen carrying capacity of the blood and resulting 

in chronic hypoxaemia in infected fish (Woo & Wehnert 1986; MacDonald et al., 

unpublished observations).  This alone may act as a stressor in fish species with a low 

tolerance to hypoxia such as trout (van Raaij et al. 1996; Wu 2002).  Remarkably, earlier 

work by Laidley et al. (1988) suggests that fish infected with Cryptobia salmositica 

exhibit clear symptoms of physical stress without any increase in plasma cortisol, the 

primary glucocorticoid of fish.  Therefore, I will examine whether the ability to 

synthesize cortisol is altered by Cryptobia infection itself, or if parasitemia and the 

related symptoms are not perceived as stressful to infected fish.  

1.3 The Hypothalamus-Pituitary-Interrenal (HPI) Axis and Cortisol 

The perception of a stressor stimulates hypothalamic neurons containing 

corticotropin-releasing factor (CRF), the central regulator of the HPI axis (see Flik et al. 

2006; Bernier et al. 2009).  Released CRF in circulation acts upon its receptors within the 

corticotropes of the anterior pituitary to secrete pro-opiomelanocortin (POMC), the 

hormone precursor of adrenocorticotropic hormone (ACTH), a key secretagogue of the 

stress response (Vallarino et al. 1989; Wendelaar Bonga et al. 1995).  In the interrenals of 

the head kidney (the homologue of the mammalian adrenal cortex) within the 

steroidogenic cells, circulating ACTH binds to melanocortin 2 receptors (MC2R) to 

stimulate de novo production of glucocorticoids via enzymatic conversion of cholesterol 

(Fig. 1.1).  Transport of cholesterol from the cytoplasm to the inner mitochondrial 

membrane is facilitated by steroidogenic acute regulatory protein (StAR), this process is 

considered crucial to steroidogenesis as it entails the physical transport of cholesterol, the 

base component of steroids, from within membranes or free lipid droplets (Stocco 2000).  

Within the mitochondria, cytochrome P450 side chain cleavage enzyme (P450scc or 

CYP11A1) cleaves cholesterol into pregnenolone acting as the rate-limiting step in the 

enzyme-regulated production of glucocorticoids and other steroid hormones (i.e. 

progestogens, androgens, estrogens and mineralocorticoids).  Following additional 

conformational changes, cortisol is produced from the hydrolysis of 11-deoxycortisol by 

way of 11β-hydroxylase (11β-Hsd or CYP11B1) for release into circulation (Fig. 1.2).  In 

teleosts, cortisol is the primary glucocorticoid in circulation and is synthesized on 

demand during the onset of stress in response to a variety of circumstances (see review 



8 

 

by Mommsen et al. 1999).  The synthesis of cortisol often occurs within minutes of a 

stressor, but peak levels are typically reached within 0.5-1 h post-stress (Barton & Iwama 

1991).   

Feedback of cortisol on the HPI axis during the stress response may occur through 

three levels of autoregulation: (I) cortisol may self-suppress additional release by way of 

ultra-short loop feedback of cortisol directly on interrenal cells (Bradford et al. 1992);  

(II) short-loop feedback of cortisol back to the pituitary prevents further ACTH release 

from the pituitary (Fryer et al. 1984); and (III) long-loop feedback of cortisol suppresses 

CRF release in the hypothalamus (Fryer & Peter 1977; see Fig. 1.1).  Additional 

feedback routes which control the synthesis of cortisol act collectively during stress to 

regulate circulating titres for an appropriate stress response magnitude.   

Cortisol signalling occurs primarily through binding of the steroid to glucocorticoid 

receptors (GRs) which are broadly expressed in vertebrate tissues (see Teitsma et al. 

1997; 1998a, b; Tujague et al. 1998; Vijayan et al. 2003).  At the genomic level, 

glucocorticoids have been shown to play a significant regulatory role through interaction 

with glucocorticoid response elements (GREs), or short sequences of DNA within the 

promoter sequence of a given gene which modulates the transcription of the genomic 

target during situations of stress.  Typically, this entails the genomic suppression or 

stimulation of particular targets during significant periods of exposure to circulating 

glucocorticoids such as cortisol.   

Physiological Role of Cortisol During Stress 

The primary function of cortisol release during the stress response is to induce the 

catabolic liberation of energy to supply the multitude of physiological actions which 

occur in response to a challenge of homeostasis (for comprehensive review of the 

metabolic actions of glucocorticoids see Wendelaar Bonga 1997; Mommsen et al. 1999; 

Barton 2002).  Glucocorticoids (derived from: glucose, cortex, and steriods) are produced 

from the adrenal cortex of the HPA axis, the mammalian analog of the interrenals within 

the HPI axis of fish, and have predominant effects on regulating glucose metabolism.  

Cortisol, the primary circulating glucocorticoid in teleosts, has a significant stimulatory 

impact on glucose utilization and production during times of stress.  Cortisol-induced 
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catabolism results in the elevation of glucose to supply the stress response at the expense 

of other stored metabolites.  However, cortisol predominantly causes the liberation of 

energy derived from rapidly accessible stores, such as glycogen stored in the liver and 

muscle (see Vijayan et al. 1991, 1997; De Boeck et al. 2001; Milligan 2003).   

Additionally, cortisol promotes gluconeogenesis of non-carbohydrate based precursors 

(e.g. lactate, lipids, proteins) to shift metabolic focus to glucose production while 

simultaneously consuming lipids and proteins through stress-induced lipolysis and 

proteolysis, respectively.  The extent of these metabolic consequences of elevated cortisol 

in fish, however, is dependent on both the severity and duration of the stress.  

In general, the secretion of cortisol is acute and pulsatile in nature (Vijayan & 

Leatherland 1990), and sustained elevated levels in a natural setting exist, but are rare.  

One prominent example of sustained elevated cortisol can be found in migrating 

spawning salmon that routinely have plasma cortisol levels of 200-700 ng/ml for up to 

several weeks (e.g. McBride et al. 1986 in pink salmon; Carruth et al. 2000 in Kokanee 

salmon).  During this time, constant elevated cortisol levels and marked reductions in 

food ingested elicit extreme catabolic demand on the stores within the liver and muscle 

promoting tremendous lipid usage (Magnoni et al. 2006) and proteolysis (reviewed by 

Mommsen 2004).  Extraordinary situations such as spawning migration highlight the 

benefit of utilizing the energy mobilizing effects of cortisol to catalyze fuel supply during 

sustained stress, yet this occurs at the expense of energy typically reserved for essential 

functions that are not directly involved in survival, e.g. growth.  The balance in energy 

budgeting between the physiological processes that are essential and non-essential to 

survival is a critical aspect of the mechanisms involved in the regulation of growth both 

during and in the absence of stress.  The ability to respond to, and recover from stress and 

return to a positive state of somatic growth is defined hereafter as growth performance, 

and as a central component of this thesis, will be examined thoroughly in the chapters 

within.   
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1.4 The Growth Hormone (GH), Insulin-like Growth Factor I (IGF-I), Insulin-like 

Growth Factor Binding Protein (IGFBP) Growth Axis 

Somatic growth is primarily under the control of the GH/IGF-I/IGFBP axis, an 

elaborate network controlled centrally in the anterior pituitary (or adenohypophysis) 

which directs systemic control of growth-related processes in all tissues.  The chief 

function of the endocrine growth axis is to respond to changes in nutritional status and 

regulate growth accordingly (Duan 1997, 1998; Pérez-Sánchez & Le Bail 1999; Pierce et 

al. 2001; Wilkinson et al. 2006; see Fig. 1.3).  Although this fundamental mechanism of 

growth regulation is well conserved throughout vertebrates (Moriyama et al. 1995; 2000; 

Duan 1997; Bjornsson et al. 2002; Kelley et al. 2002), minor variations in the 

components of the GH/IGF-I/IGFBP axis do exist, such as those due to genome 

duplication events in fish (see Reinecke et al. 2005).  For example, within salmonids, two 

distinct isoforms of GH in rainbow trout (Agellon et al. 1988), sockeye (Devlin 1993), 

and Chinook salmon (Du et al. 1993) have been documented, while two distinct GH 

receptors (GHRs) have been identified in Chum salmon (Kawauchi et al. 1986), Atlantic 

salmon (Benedet et al. 2005) and rainbow trout (Very et al. 2005).  Several isoforms of 

IGF also exist, but IGF-I is the principal factor which controls the movement of nutrients 

to supply somatic growth; IGF-II in salmonids as well as IGF-III in tilapia (Berishvili et 

al. 2010) and zebrafish (Nelson & Van Der Kraak 2010) play roles in reproductive or 

embryonic growth and are not critical to somatic growth as is IGF-I.   

IGF-I binds to one of two receptor isoforms, IGF-IRa or b, resulting in signal 

transduction through second messenger-mediated pathways (e.g. Janus kinase-Signal 

Transducer and Activator of Transcription, or JAK-STAT).  Further control of IGF-I 

action occurs through six high affinity IGFBPs (Kelley et al. 2002) and nine IGFBP-

related proteins (IGFBP-rPs; Kamanger et al. 2006; Rodgers et al. 2008) which modulate 

the bioavailability and half-life of free IGF-I in circulation.  As described in mammals, 

IGFBPs in fish are suspected to have actions similar to IGF on IGF receptors that are 

independent of the ligand (Kelley et al. 2002).  Though several IGFBPs have been 

described in fish, lower molecular weight IGFBPs (< 40 kDa) are typically up-regulated 

during catabolic conditions while larger IGFBPs (> 40 kDa) are prevalent during anabolic 

conditions when plasma IGF-I levels are elevated (Kelley et al. 2001, 2002; Bower et al. 
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2008; Shimizu et al. 2009).  These elements of the endocrine growth axis work in concert 

to regulate many aspects of intermediary metabolism and regulate supply of nutrients to 

enhance or inhibit growth processes. 

1.4.1 Growth-Promoting Actions of the GH/IGF-I/IGFBP Axis 

The regulation of growth in fish occurs through the somatomedin hypothesis [see 

Bern et al. 1991; adapted from Salmon & Daughaday (1957) in mammals] which states 

that the growth-promoting effects of IGF-I at the local tissue level occur under the direct 

control of GH released from the pituitary.  However, it is also recognized that GH has 

growth-related actions independent of IGF-I action, known as the dual effector theory of 

action (Green et al. 1985; Isaksson et al. 1987).  Recent reconsideration of the 

somatomedin hypothesis in both mammals (Le Roith et al. 2001; Kaplan & Cohen 2007) 

and fish (Wood et al. 2005) revealed significant collaboration between GH and IGF-I in 

the control of metabolism, both dependent and independent of one another, and apart 

from the typical growth-promoting effects of IGF-I in response to GH.  Growth hormone 

levels are believed to orchestrate the movement of energy, in coordination with IGF-I, to 

influence cell differentiation during periods of growth.  During anabolic conditions, both 

hormones also act to accrete protein (Russell-Jones et al. 1993; Fryburg 1994), while 

elevated GH levels during catabolic conditions typically promote the use of lipid and 

carbohydrate stores simultaneously.  To counter augmented glucose levels from the 

liberating actions of GH, IGF-I acts locally within tissues to increase cellular glucose 

uptake in addition to attenuating lipogenesis and gluconeogenesis induced by GH.  This 

autoregulation of the endocrine growth axis demonstrates the intricate relationship 

between GH and IGF-I which can promote or inhibit the metabolic actions of each 

hormone in both anabolic and catabolic situations.   

1.4.2 Non-Growth Related Actions of the GH/IGF-I/IGFBP Axis 

During anabolic conditions in fish, GH secretion routinely increases plasma IGF-I 

levels in proportion to growth rates (Beckman et al. 1998; Pérez-Sánchez et al. 1999; 

Shimizu et al. 1999; Pierce et al. 2001), and feeding rates (Pierce et al. 2001, 2005a).  

However, discontinuity in this relationship between GH and IGF-I has also been noted 

during particular conditions (see Beckman 2011).  Though several studies have 
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documented both direct and indirect actions of GH on IGF functions on growth in fish 

(see Mommsen 2001 review), it is often difficult to rule out specific actions when 

considering the responsiveness of elements within the GH/IGF-I/IGFBP axis to 

additional physiological challenges beyond growth which are unique to fish.   

Changes to nutritional status of fish, as well as the preparation for smoltification of 

salmonid fish have significant impacts on GH and IGF-I action.  Routinely, restricted 

feeding or fasting causes increases in the circulating levels of GH and reductions in free 

IGF-I that are mediated by IGFBPs (Gabillard et al. 2006; Shimizu et al. 2009; Fox et al. 

2010).  To date, the significant effects that reduced nutritional intake has on the 

regulation of key elements within the growth axis have been reported in catfish (Small 

2005; Peterson et al. 2009), tilapia (Fox et al. 2009), trout (Pottinger et al. 2003; 

Gabillard et al. 2006; Wilkinson et al. 2006; Norbeck et al. 2007), Atlantic salmon 

(Wilkinson et al. 2006), Coho salmon (Shimizu et al. 2009) and Chinook salmon 

(Shimizu et al. 2006).  However, identifying changes in the endocrine growth axis as the 

direct result of nutritional status from a general activation of the stress response remains 

challenging as a substantial amount of energy required is supplied almost exclusively by 

endogenous stores.  Within this thesis, I employ parallel pair-fed control treatments fed 

identical rations to experimental fish in order to distinguish impacts on the endocrine 

growth axis due to nutritional changes alone. 

Osmoregulatory processes are under the primary control of the endocrine growth axis 

in concert with cortisol (see McCormick 2001).  For example, during both the 

smoltification process to enter SW as well as the return to FW during anadromous 

spawning migration, the regulation of both chloride cell (ionocyte) proliferation and 

activity of the key osmoregulatory enzyme Na
+
/K

+
/ATPase are partially controlled by 

synergistic actions between cortisol and the GH/IGF-I/IGFBP axis (Sakamoto et al. 1993; 

McCormick 1996; Beckman & Dickhoff 1998; Shepherd et al. 2005; Liebert et al. 2006).  

The example of osmoregulation demonstrates how growth axis hormones are critical to 

peripheral function of the organism beyond the control of somatic growth, a concept that 

is critically evaluated within this thesis.   
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1.4.3 Interaction between the HPI Axis & GH/IGF-I/IGFBP Growth Axis 

To date, studies in catfish (Peterson and Small 2004, 2005; Small et al. 2006), 

gilthead seabream (Saera-Vila et al. 2009), tilapia (Nishioka et al. 1985; Kajimura et al. 

2003), and rainbow trout (Pickering et al. 1991; Kakisawa et al. 1995; Wilkinson et al. 

2006; Shepherd et al. 2011) have observed significant effects of elevated cortisol induced 

through stress or by exogenous delivery on the endocrine growth axis.  Though 

conclusive information on the mechanisms behind these effects is limited in fish, study of 

mammalian systems may provide insight as the functional role of the endocrine growth 

axis is well conserved within vertebrates (Kelley et al. 1996, 2001; Rodgers et al. 2008).  

Cortisol has been documented to modify the signalling between GH and its receptor, 

obstructing GH-mediated control of IGF-I release and inhibiting its growth promoting 

actions in mammals (McCarthy et al. 1990; King and Carter-Su 1995; Jux et al. 1998).  In 

fish, the disconnect of GH ligand and receptor has been one suspected action of stress on 

the GH/IGF-I/IGFBP axis (Pierce et al. 2005b; Small et al. 2006; Saera-Vila et al. 2009), 

but conclusive work is lacking.  Another possible mechanism by which stress impacts the 

endocrine growth axis is through the regulation of the downstream actions of IGF-I 

through changes in circulating IGFBPs.  Studies of tilapia (Kajimura et al. 2003), 

sunshine bass (Davis & Peterson 2006) and Coho salmon (Pierce et al. 2006) all show 

significant upregulation of catabolic IGFBPs (chiefly IGFBP-1 and -2) in direct response 

to increased glucocorticoid levels in circulation.  Particularly, these IGFBPs limit the 

bioavailability of IGF-I, thereby reducing the growth-promoting actions of IGF-I.  This 

course of action suggests a rapid and a relatively energetically inexpensive mechanism 

for suppressing growth during stressful circumstances as IGF-I synthesis need not be 

altered, but rather its constitutive expression is regulated by the binding of IGFBPs to 

either enhance or counteract the anabolic activity of free IGF-I in circulation.  

Alternatively, regulation of the endocrine growth axis may come from peripheral 

hormones with related actions on growth, i.e. leptin, which relay information regarding 

nutritional status to the brain regions associated with the GH/IGF-I/IGFBP growth and 

HPI stress axes.  As such, this thesis discusses the novel examination and description of 

possible interactions and effects. 
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1.4.4 Leptin, a Novel Link? 

Since its discovery in mammals (Zhang et al. 1994), leptin [Leptos, (Greek): thin], the 

product of the obese gene, has been implicated in the control of lipid metabolism 

(Londraville & Duvall 2002; de Pedro et al. 2006), appetite (Volkoff et al. 2003; 

Murashita et al. 2008) and growth rate (de Pedro et al. 2006; Murashita et al. 2011) in 

fish.  Recent evidence of the distribution and action of leptin and receptors in the 

salmonid brain (Murashita et al. 2008, 2011; Rønnestad et al. 2010), shows that leptin 

relays information regarding energy status to neuronal centers in the hypothalamus 

involved in the regulation of feeding behaviour and appetite.   For example, there is 

evidence that leptin affects the expression of several hypothalamic appetite-regulating 

genes such as POMC (Murashita et al. 2008, 2011), neuropeptide Y (NPY: Volkoff et al. 

2003; Murashita et al. 2008), cocaine and amphetamine related transcript (CART: 

Volkoff and Peter 2001), cholecystokinin (CCK), and orexin A (Volkoff et al. 2003).   

There is also evidence that leptin may be involved in the regulation of lipid usage in 

fish, particularly under catabolic conditions (Londraville & Duvall 2002; de Pedro et al. 

2006).  In mammals, leptin has been documented to have a stimulatory effect on GH 

production (Carro et al. 1997; Tannebaum et al. 1998), acting in concert to increase fat 

usage during catabolism, as such conditions are often encountered during chronic stress.  

In mammals, stimulation of leptin has been observed during elevated glucocorticoid 

levels during gestation (Forhead et al. 2002; O’Connor et al. 2007) and feeding (Nishii et 

al. 2006), though to date, no similar observations have been reported in fish.  In 

mammals, leptin signalling is key in regulating lipid metabolism through the control of 

adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL; Wang et al. 

2008; Li et al. 2010).  Although recent work by Kittilson et al. (2011) suggests that HSLs 

in rainbow trout respond to fasting and re-feeding in a similar fashion as in mammals, the 

effects of leptin on the activity of lipases has yet to be characterized in fish.  In concert 

with leptin, these factors will provide novel insight into the level of endocrine regulation 

growth and metabolism during the response to stress and reduced feeding. 

1.5 Thesis Objectives 

The research presented in this thesis aims to clarify the effects of the stress response 

on the regulation of somatic growth and to elucidate the mechanisms of balance between 
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these essential processes.  It is a comprehensive examination of how endocrine elements 

regulate stress-related processes at the expense of somatic growth in salmonids.  Specific 

rationale, aim and hypotheses of this body of work are outlined below.   

Chapter 2: Appetite suppression, energy mobilization and alteration in the functional 

role of the endocrine growth axis contribute to the growth-suppressing effects of chronic 

hypercorticoidism in rainbow trout. 

Several studies have categorized the effects of chronic stress-induced levels of 

cortisol in fish (Barton et al. 1987; Andersen et al. 1991; reviewed by Mommsen et al. 

1999), yet the methods used have produced inconsistent results with regards to some of 

the specific effects of cortisol on the inhibition of somatic growth.  The aim of this 

chapter is to examine how chronic elevation of plasma cortisol levels affects the 

regulatory elements of the endocrine growth axis in rainbow trout.  Moreover, the effects 

of chronic exposure to sustained plasma cortisol levels consistent with moderate stress on 

appetite, growth rate, the status of energy reserves and intermediary metabolism, as well 

as the regulation of critical GH/IGF-I/IGFBP axis elements will be assessed.  I test the 

hypothesis that chronic hypercorticoidism promotes catabolism of intermediary 

metabolic stores and suppresses growth via alteration of key regulatory elements of the 

endocrine growth axis.  This chapter was designed to establish the physiological 

framework of the stress-growth paradigm as the underlying theme of the following 

chapters. 

Chapter 3: Effect of parental mate choice and semi-natural early rearing environment on 

the growth performance and seawater tolerance of Chinook salmon, Oncorhynchus 

tshawytscha. 

Both breeding strategy and rearing environment can have a significant effect on 

shaping growth and the stress response in later lifestages of salmonids (Heath et al. 1993; 

Pottinger & Pickering 1997; Berejikian et al. 2000; Blanchet et al. 2008), yet 

conventional techniques commonly used in salmonid aquaculture by and large overlook 

the influence that either factor, alone or in combination, has on recovery of growth rate 

following a homeostatic challenge (e.g. seawater transfer).  The aim of this first series of 

field experiments is to assess if parental mate choice and semi-natural early rearing 
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habitat enhance the future growth performance and seawater tolerance of O. tshawytscha 

smolts when reared under common hatchery conditions.  I test the hypothesis that 

offspring from mate choice breeding will exhibit improved recovery of growth following 

stress contrasted to traditional hatchery-reared fish under the same conditions.  

Furthermore, these suspected benefits of mate choice on growth performance will be 

apparent when fish are reared under conditions including mutual competition with 

hatchery counterparts due to a lower impact of stress. 

Chapter 4:  Parental breeding strategy and early rearing environment alter social 

behavior and the endocrine response to stressors of juvenile Chinook salmon 

(Oncorhynchus tshawytscha).  

Both rearing environment and breeding strategy can significantly impact the 

behaviour, growth and overall survival and viability of juvenile salmonids (Olla et al. 

1998; Riley et al. 2005; Tatara et al. 2008, 2009).  For example, typical salmon hatchery 

densities (Brockmark & Johnsson 2010), controlled environmental conditions 

(Huntingford 2004) and the presence of conspecific competitors (Sloman & Baron 2010) 

are all elements that can contribute to the establishment of dominance within social 

hierarchies that can shape the response to novel stressors (Fernandes-de-Castilho et al. 

2008).  As such, the aim of this second series of field experimentation is to examine how 

early-rearing environment (in semi-natural channels) and breeding strategy (natural 

parental mate choice) of Chinook salmon affect the endocrine regulation of growth in 

response to both chronic social and acute physical (air-exposure) stressors in comparison 

to typical hatchery-reared counterparts derived from artificial mating and intensive 

hatchery rearing.   In this study, I test the hypothesis that the effect of stress and the 

impact on the GH/IGF-I growth axis will be defined by both breeding strategy and 

rearing environment.  Traditionally-reared hatchery fish will establish dominance during 

social interaction independent of early rearing environment or prior exposure to physical 

stress.  Furthermore, associated changes to the regulatory elements of the endocrine 

growth axis are expected parallel to those characteristic of dominant fish. 
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Chapter 5: Effects of Cryptobia salmositica infection on the endocrine growth axis of 

rainbow trout: evidence for a food intake-independent catabolic state. 

Cryptobia salmositica can have devastating effects on wild fish populations and those 

within intensive hatchery environments (Bower & Thompson 1987; Woo 2003).  During 

infection fish experience marked anorexia and reduced growth rate particularly during 

peak parasitemia which occurs within weeks after initial exposure, though the inhibitory 

impact on growth persists well beyond this period.  Currently, it is unclear if changes in 

growth can be solely attributed the characteristic reduction in feeding as intake is 

generally fully recovered a few weeks after peak parasite levels are observed.  The aim of 

this chapter is to investigate the changes to the GH/IGF-I/IGFBP growth axis during 

Cryptobia infection to assess the regulatory influence of parasitemia.  I test the 

hypothesis that elements within the endocrine growth axis are altered by Cryptobia 

during infection, causing reductions in growth beyond what is attributed to changes in 

food intake. 

Chapter 6: Duress without Stress: Cryptobia infection results in HPI axis dysfunction in 

rainbow trout. 

Although infection of trout with the parasite Cryptobia salmositica has been 

previously shown to cause significant disturbance to homeostasis (Li & Woo 1991; Chin 

et al. 2004), parasitemia does not appear to induce elevated plasma cortisol levels of the 

host (Laidley et al. 1988).  This result suggests that Cryptobia salmositica may be 

affecting the ability of the host to mount a typical cortisol stress response.  Thus, the aim 

of this chapter is to examine the potential effects of Cryptobia infection on the regulation 

of the HPI stress axis in rainbow trout.  I test the hypothesis that infection with 

Cryptobia salmositica inhibits the coordination of key regulatory factors within the HPI 

axis, suppressing the release of cortisol during parasitemia and hindering the host's ability 

to mount an additional cortisol stress response when subjected to a novel stressor during 

peak parasitemia.  Alternatively, trout subjected to Cryptobia may have reduced 

sensitivity to additional stress during infection, or merely, infected fish do not perceive 

the stress as severe enough to mount a cortisol response. 
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The following chapters appear in chronological order and are prepared in research 

manuscript style in formats consistent with the journal of publication, or the intended 

journal of submission for peer-reviewed publication described within the chapter titles. 
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Figure 1.1. A diagram of hypothalamic-pituitary-interrenal (HPI) axis signaling mechanism of 

cortisol synthesis in salmonid fish following perception of a stressor. Bolded arrows indicate 

synthesis pathways; lighter arrows represent regions of cortisol feedback within the axis.  

Inhibition (-); Pre-optic area (POA), hypothalamus (HYP), pituitary (PIT), interrenals (INT), 

corticotropin-releasing factor (CRF), pro-opiomelanocortin (POMC), adrenocorticotropic 

hormone (ACTH), melanocortin 2 receptor (MC2R). 
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Figure 1.2. A diagram of interrenal cortisol synthesis following the activation of the HPI axis and 

the release of ACTH into circulation in response to a stressor. Steroidogenic acute regulatory 

protein (StAR), cytochrome P450 side-chain cleavage (P450scc; CYP11A1), 11β-hydroxylase 

(11β-Hsd; CYP11B1). 
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Figure 1.3. A diagram of the typical actions of the growth hormone (GH), insulin-like growth 

factor I (IGF-I), IGF-binding protein (IGFBP) axis in salmonid fish.  Stimulation (+), Inhibition (-

); IGF-I receptor (IGF-IR).  

 

 

  



24 

 

 

 

 

 

 

 

 

 

 

 



25 

 

 

 

 

 

 

 

CHAPTER 2.  APPETITE SUPPRESSION, ENERGY MOBILIZATION AND ALTERATION IN THE 

FUNCTIONAL ROLE OF THE ENDOCRINE GROWTH AXIS CONTRIBUTE TO THE GROWTH-

SUPPRESSING EFFECTS OF CHRONIC HYPERCORTICOIDISM IN RAINBOW TROUT 
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2.1 Abstract 

 To provide a more comprehensive understanding of the mechanisms by which 

cortisol inhibits growth in fish, we examined the effects of chronic hypercorticoidism on 

food intake, growth, energy stores, the activity of the growth hormone (GH)/insulin-like 

growth factor-I (IGF-I)/IGF binding protein (IGFBP) axis and the expression of liver 

leptin.  Rainbow trout implanted with osmotic pumps that maintained plasma cortisol 

levels at ~70 and 116 ng/ml for 34 d were sampled at 14, 28 and 42 d post-implantation.  

Relative to sham-implanted fish, chronic hypercorticoidism resulted in sustained 

reduction in food intake and dose-dependent suppression of growth rate. The catabolic 

effects of cortisol included pronounced depletion of liver glycogen and lipid reserves, and 

only modest reduction in both muscle lipid and tissue protein content.  During the 

hypercorticoid period, the cortisol treatments increased the mRNA levels of pituitary GH 

as well as liver GH receptor (GHR), IGF-I, IGFBP-1 and -2, but had no effect on plasma 

GH and IGF-I.  During recovery, 8 d post cortisol dosing, plasma GH levels and the 

expression of pituitary GH, liver GHR and IGF-I did not differ between treatments, yet 

cortisol-treated fish had lower plasma IGF-I, elevated expression of liver IGFBP-1 and -

2, and reduced expression of muscle IGF-IRa.  Finally, hypercorticoid conditions were 

associated with marked increases in liver leptin mRNA expression.  Together our results 

suggest that the growth-suppressing effects of chronic hypercorticoidism in rainbow trout 

result from a sustained reduction in food intake which may be at least partly mediated by 

increased leptin signaling, a mobilization of energy reserves to sustain metabolic 

processes other then biosynthetic pathways, and changes in the GH/IGF-I/IGFBP axis 

that promote the catabolic effects of GH while disabling the growth-promoting actions of 

IGF-I. 

Keywords: cortisol, chronic stress, appetite, growth axis, intermediary metabolism 

2.2 Introduction 

Chronic stress has been shown to suppress growth across a broad number of fish 

taxa in a multitude of circumstances.  In salmonid fish, for example, social subordination 

(DiBattista et al. 2006), elevated stocking density (Vijayan and Leatherland 1988; 

Procarione et al. 1999),  osmoregulatory challenge and confinement (Arnesen et al. 1993; 
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Wilkinson et al. 2006), all have inhibitory effects on somatic growth.  During these 

chronic bouts of stress, fish respond through the modification of the hypothalamus-

pituitary-interrenal (HPI) axis, the mammalian analog of the HPA axis in mammals, 

which regulates the release of the primary effector corticosteroid hormone of this 

response, cortisol (see Donaldson 1981; Mommsen et al. 1999; Barton 2002 for review).  

Stimulation of the HPI axis during the response to stress characteristically results in the 

synthesis and release of cortisol from the interrenals of the head kidney into circulation 

within minutes of perception of the stimulus.  The elevation of plasma cortisol level, in 

turn, may be contribute to many of the behavioural, physiological, and biochemical 

changes associated with chronic stress.  Many studies have implicated cortisol in the 

regulation of hypothalamic expression of neuropeptides with known affects on feeding 

and food intake (see Bernier et al. 2001, 2004) as well as metabolism, including elevated 

gluconeogenesis via glycogenolysis (Vijayan et al. 1997; De Boeck et al. 2001), 

proteolysis (Vijayan et al. 1991, 1997), and lipolysis (Davis et al. 1985; Sheridan 1986, 

1994; Vijayan et al. 1991) in hepatic and white muscle metabolite reserves, yet, the 

relative contribution of these cortisol-mediated effects during a chronic stressor are 

unknown while the mechanisms mediating the growth-suppressing effects of cortisol are 

only superficially understood. 

Somatic growth is under the endocrine regulation of the growth hormone (GH) / 

insulin-like growth factor-I (IGF-I) / insulin-like growth factor binding protein (IGFBP) 

axis (see Björnsson 1997; Duan 1997; Björnsson et al. 2002; Johnston et al. 2011).  The 

direct effects of cortisol on the GH/IGF-I/IGFBP growth axis have been demonstrated in 

a limited number of teleosts: channel catfish (Peterson and Small 2004, 2005; Small et al. 

2006, 2008), tilapia (Nishioka et al. 1985; Kajimura et al. 2003) and rainbow trout 

(Pickering et al. 1991; Kakisawa et al. 1995; Wilkinson et al. 2006; Shepherd et al. 2011), 

though the majority of these studies characterized only the short-term (i.e. < 24h) effects 

of elevated cortisol on the endocrine growth axis.  By and large, elevated cortisol acutely 

inhibits growth locally through the regulation of IGF-I bioavailability via elevated 

production of IGFBPs with growth-inhibitive properties (e.g. IGFBP-1 and 2; see Kelley 

et al. 2001; 2002) and centrally through the elevated catabolic actions of GH lipids and 

other metabolic reserves.  In addition to the catabolic effect of chronic stress, further 
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inhibition of growth is suspected to occur through the disruption of the growth-promoting 

actions of GH and its receptor (GHR), as described in mammals previously (see 

McCarthy et al. 1990; King and Carter-Su 1995; Jux et al. 1998), but this has yet to be 

substantiated in fish.  Growth inhibition may occur through changes in nutrient uptake 

associated with chronic stress while also may be advanced by the effect of cortisol on 

appetite and feeding behaviour.  

Several have examined the role of cortisol on appetite and feeding during stress, 

however, the direct effects remain equivocal and reliant upon the dose.  Some have 

reported cortisol to cause stimulatory (Bernier et al. 2004), inhibitory (Gregory and Wood 

1999; Peterson and Small 2005), or no effect (de Pedro et al. 1997; Bernier et al. 2004) 

on food intake.  While indirectly, cortisol may influence food intake through action on 

peripheral regulators of appetite, such as leptin.  In mammals, for example, studies 

suggest cortisol stimulates adipocyte leptin mRNA expression and levels in circulation 

(Slieker et al. 1996; Masuzaki et al. 1997; De Vos et al. 1998; Forhead et al. 2002; 

O'Connor et al. 2007; reviewed by Roubos et al. 2012), while conversely, the blunting of 

cortisol release in adrenocortical cells occurs during exogenous leptin treatment (Borstein 

et al. 1997; Cherradi et al. 2001).   In fish, the relationship of cortisol and leptin is less 

defined, though some have shown exogenous leptin treatment alone inhibits appetite and 

growth in a similar fashion to the response to chronic stress.  Work by de Pedro et al. 

(2006), for example, observed exogenous leptin treatment reduced food intake and body 

weight in goldfish over 10 d, while leptin also decreased food intake in trout and Atlantic 

salmon through alteration of appetite-regulating neuropeptides (Murashita et al. 2008, 

2011).  Recently, Gorissen et al. (2012) observed recombinant leptin to have immediate 

suppressive actions on the HPI axis and cortisol synthesis in common carp, though on the 

contrary, liver leptin levels were unaffected by induction of a stress response through the 

use of restraint.  Limited work suggests a communicative role of leptin regarding energy 

status with higher centers in control of appetite and feeding behaviour is mediated by 

cortisol in fish, however its relative function during inhibited growth characteristic of 

chronic stress has not been conclusively examined.  

In the current study we employed micro-osmotic pumps to deliver sustained 

physiologically-relevant concentrations of plasma cortisol, consistent with low to 
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moderate stress, to investigate the effects chronic hypercorticoidism (34 + 8 d of 

recovery) on appetite, the status of energy reserves and on key regulatory elements of the 

GH/IGF-I/IGFBP growth axes in rainbow trout in a comprehensive manner.  We 

hypothesize that exposure to chronic hypercorticoidism will promote catabolism of 

metabolic reserves at the expense of growth via regulation of the endocrine growth axis.   

2.3 Materials and Methods 

2.3.1 Experimental animals 

 Eighty sexually immature female rainbow trout (190  5 g) were obtained from 

Rainbow Springs Trout Farm (Thamesford, ON, Canada) and housed in the Rolf C. 

Hagen Aqualab at the University of Guelph.  Fish were acclimated in 700 l tanks with 

flow-through de-chlorinated Guelph well water on a 16L:8D photoperiod for several 

weeks prior to the onset of the experiment.  Water conditions were maintained at 12  

1C, pH of 7.8  0.2 during the acclimation and the experimental period.  Fish were fed 

2% body weight daily with commercial trout food (3 pt Classic Sinking Trout Food, 

Martin Mills, Elmira, ON, Canada). All procedures were carried out in accordance with 

Canadian Council for Animal Care guidelines and approved by the University of Guelph 

Committee for Animal Care. 

2.3.2 Experimental procedures 

 Fish were anesthetized in buffered (NaHCO3, 0.2 g/l) tricaine methanesulfonate 

(0.1 g/l, Syndel International, Qualicum Beach, BC, Canada) weighed and implanted 

intramuscularly with a 125 KHz PIT tag (passive integrative transponder tag: 11.5 x 

2.1mm, Biomark, Boise, ID, USA) tag for individual identification.  Fish were then 

transferred into 125 l tanks (N = 8 per tank) and allowed to acclimate for 2 weeks.  

Alzet® micro-osmotic pumps (model #1007D, Durect Corporation, Cupertino, CA, 

USA) were surgically implanted into the peritoneal cavity of anesthetized fish 2 weeks 

following PIT tagging.  Alzet® pumps were filled with cortisol (hydrocortisone, Sigma-

Aldrich, St. Louis, MO, USA) dissolved in a 65% Molecusol HPB solution (2-

hydroxypropyl--cyclodextrin, Sigma-Aldrich) as a steroid miscible vehicle.  The 

concentration of cortisol in the osmotic pumps was determined according to the flow-rate 
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of pumps (temperature compensated), the average mass of the animals, and the desired 

plasma cortisol concentration (see Shrimpton and Randall 1994).  Sham fish were 

implanted with pumps containing 65% Molecusol HPB solution only, while the fish in 

the two cortisol dose groups were implanted with pumps containing 20 g (cortisol I) and 

40 g (cortisol II) cortisol per gram of body weight (BW) based on initial measurement 

during implantation, respectively.  These dosage levels were chosen on the basis of 

plasma cortisol concentrations achieved during a pilot study.  At a water temperature of 

12C, it was calculated and confirmed that the osmotic pumps would deliver cortisol for a 

period of 34 d. 

2.3.3 Experimental setup 

 The experiment contained four treatments: control fish without implants (no 

implant), fish implanted with vehicle-filled osmotic pumps (sham), and fish implanted 

with cortisol-filled osmotic pumps at the two cortisol dosages (cortisol I and II).  Several 

previous pilot studies were performed to establish conditions and limit variability within 

cortisol dosing, feeding, social hierarchy and tank effects on experimental fish. The no 

implant group was sampled on Day 0 of the experiment to represent pre-experimental 

conditions and basal measure of physical indices, growth rate and hormone levels, while 

the sham, cortisol I and cortisol II groups were terminally sampled at 14, 28 and 42 d post 

osmotic pump implantation.  Each tank represented one treatment group for a total of 10 

treatment groups for the experiment. 

2.3.4 Sampling procedures   

 At the time of terminal sampling, all fish in a given tank were anesthetized at once 

with a lethal dose of 2-phenoxyethanol (2 ml/l, Sigma-Aldrich) and a blood sample was 

immediately taken via caudal puncture and centrifuged at 14 000 g for 3 min.  Plasma 

was aliquotted and flash frozen in liquid nitrogen prior to storage at -80C for later 

analysis of plasma cortisol, GH, IGF-I and relevant metabolites.  In addition, samples of 

liver, white muscle and whole pituitary were collected to quantify the mRNA expression 

levels of key growth-regulating genes.  All tissues were immediately frozen in liquid 

nitrogen or dry ice (pituitary) and stored at -80C for further analysis. 
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2.3.5 Food intake   

 Individual feed intake was quantified by X-ray radiography on the day of terminal 

sampling.    Fish were fed to satiation with re-pelleted feed containing 5% 450 m carbon 

steel beads (Draiswerke Inc., Mahwah, NJ, USA) per dry mass of feed.  We allowed for 

90 min post feeding to ensure complete ingestion of the food then fish were terminated 

with an overdose of 2-phenoxyethanol and X-rayed using an ACU-RAY HFJ portable X-

ray unit (50 kVp, 1.05 mAs @ 90 cm; Sterne, ON, Canada).  After development of the 

radiographs, the number of steel beads in the gastrointestinal tract of the fish was tallied 

and the amount of feed consumed was calculated using a pre-determined calibration 

curve.   

2.3.6 Physical indices   

 Condition factor (CF) was derived from growth indices of weight (W, g) and 

length (L, cm) as per Busacker et al. (1990): 

(1) CF = (W/L3)  100 

 Specific growth rate (SGR, in % BW / d) was defined as relative growth rate 

between sampling intervals (t, days): weight of fish (g) from initial sample point (W0) to 

weight at the following sampling period (W1) as per Ricker (1979). 

(2) SGR =  ((ln W1 – ln W0) / t )  100 

 Hepatosomatic index (HSI, in %) was defined by the wet weight of the liver (WL) 

expressed as a percentage of body weight (BW). 

(3) HSI = (WL / BW)  100 

2.3.7 Plasma analyses   

 Plasma glucose and lactate were determined enzymatically (glucose via 

hexokinase, glucose-6-phosphate dehydrogenase; and lactate via lactate dehydrogenase, 

NAD
+
) as outlined by Bergmeyer (1974).  Plasma cortisol concentrations were measured 

in triplicate by radioimmunoassay (RIA) as per Bernier et al. (2008).  The lower detection 

of the assay was 16 pg/ml.  The intra- and inter-assay coefficients of variation were 3.2% 

(N = 6) and 5.3% (N = 6), respectively.  Plasma IGF-I levels were assayed as described in 

Shimizu et al. (2000).  Briefly, total IGF-I was first separated from binding proteins 
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within the plasma by acid-ethanol precipitation according to Breier et al. (1991) and 

quantified using recombinant trout IGF-I as standard and tracer, and anti-recombinant 

barramundi IGF-I as primary antibody (1:7,000; Novozymes GroPep Ltd. Adelaide, 

Australia).  Plasma GH levels were assayed as described by Swanson (1994) using 

recombinant trout GH as standard and tracer and anti-recombinant trout GH as primary 

antibody (1:25,000; Novozymes GroPep Ltd.).  IGF-I and GH were iodinated by the 

chloramine-T method (Le Bail et al. 1991).  For both the IGF-I and GH RIAs, 

approximately 7000 cpm of tracer in 50 μl was added to tubes containing 50 μl of sample, 

50 μl of primary antibody and 150 μl of RIA buffer (30 mM NaH2PO4, 0.02% protamine 

sulphate, 10 mM EDTA, 0.025% NaN3, 0.05% (v/v) Tween-20, pH 7.5).  After a 48 h 

incubation at 4ºC, the antibody-bound IGF-I or GH were complexed with secondary 

antibody (1:15, goat anti-rabbit IgG; AbD Serotec, Oxford, UK) and polyclonal rabbit 

anti-human IgG (1:200; Dako, Glostrup, Denmark), and precipitated by using ice-cold 

polyethylene glycol 6000 (PEG-6000; Sigma-Aldrich) and centrifugation at 4000 g for 30 

min.  Plasma IGF-I and GH analyses were each performed in a single assay.  The lower 

detection limit of each RIA was < 0.5 ng/ml and the intra-assay coefficient of variability 

of IGF-I was 8.0% (N = 6) and was 0.5% (N = 6) of GH.  Concentrations of plasma 

cortisol, IGF-I and GH were determined using 3-parameter sigmoidal curve regression 

equations (SigmaPlot 10, SPSS, Chicago, Il, USA) obtained from the standard curves.   

2.3.8 Metabolite analysis   

 Approximately 100 mg of liver or muscle tissue were homogenized (Euro Turrax 

T20b, IKA Labortechnik, Staufen, Germany) at 27,000 rpm in assay-specific buffer 

solutions on ice for 1 min.  The resultant homogenates were used in the following 

analyses.  Total tissue soluble protein content was determined using a BCA protein assay 

kit (Pierce Biotech Inc., Rockford, IL, USA) and a SpectraMax 192 spectrophotometer 

(Molecular Devices, Menlo Park, CA, USA) as described in Madison et al. (2009).  

Tissue glycogen was measured using a modified method first described by Bergermeyer 

(1974).  Briefly, glycogen was converted to glucose by amyloglucosidase and free 

glucose was measured using an NADH/NAD
+
 coupled enzymatic reaction catalyzed by 

hexokinase and modified for use with a microplate spectrophotometer.  Total tissue lipid 

content was gravimetrically assayed using the 2:1 chloroform-methanol extraction 
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method of Folch et al. (1957).  Water content of liver and muscle tissue was determined 

by weight differential via heated desiccation (70ºC) for 2 d.  All metabolite measures 

were corrected for tissue water content. 

2.3.9 RNA extraction, first-strand synthesis and qRT-PCR  

 Tissues were homogenized and total RNA extracted using Trizol Reagent 

(Invitrogen, Carlsbad, CA, USA).  RNA pellets were then re-dissolved in RNase-free 

water and quantified by ultraviolet (A260) spectrophotometry.  One to two micrograms of 

total RNA was treated with DNase I and reverse transcribed to cDNA using Superscript 

II RNase H-reverse transcriptase (Invitrogen) according to the manufacturer’s protocol.  

Non-reverse transcribed (no-RT controls) representatives from each tissue were included 

during cDNA synthesis to monitor genomic contamination.  Triplicates of each cDNA 

sample were amplified by qPCR using an ABI Prism 7000 sequence detection system 

(Applied Biosystems, Foster City, CA, USA).  Real-time qPCR assays were developed 

using the SYBR Green I chemistry.  The 20 μl reactions contained 10 μl 2X SYBR Green 

PCR Master Mix (Applied Biosystems), 5 μl of 15-fold diluted first strand cDNA 

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

verify that the amplification signal resulted from a single PCR product, a dissociation 

cycle from 60-90 ºC was performed following the 40th cycle.  Only samples with a 

unimodal dissociation curve and predicted melting temperature were analyzed.  Primer 

pairs for qPCR were designed using Primer Express 3.0 (Applied Biosystems) based on 

rainbow trout (Oncorhynchus mykiss) sequences for the genes of target tissues (Table 

2.1).  To account for differences in amplification efficiency, standard curves were 

constructed for each gene using known dilutions of cDNA from the targeted tissues.  

Input values were obtained by fitting the average threshold cycle (CT) value to the antilog 

of the standard curve.  To correct for minor variations in template input and 

transcriptional efficiency, the input values were normalized to the housekeeping gene 

elongation factor 1 (EF1; GenBank accession no. AF498320) and standardized to the 

mean no implant values at 0 d.  Initial pilot experiments performed revealed no change in 

EF1 expression with cortisol exposure across tissues. 
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2.3.10 Calculations and Statistical analyses   

 Results are presented as mean + S.E.M.  Differences among values were assessed 

by a one-way ANOVA followed by a Fisher protected least significant difference post-

hoc test for multiple comparisons.  Data that did not meet the assumptions of normality 

were log-transformed prior to analysis.  Data presented in percentage were arcsine 

transformed prior to statistical analysis.  If the transformed data still did not conform to 

the assumptions of ANOVA, a Kruskal-Wallis one-way ANOVA on ranks (R-ANOVA) 

was performed followed by a Dunn’s test for multiple comparisons (mass gained: Table 

2.2; liver lipid content: Fig. 2.2E).  The relationship between plasma IGF-I levels and 

SGR within the no implant, cortisol I and cortisol II treatments were analyzed with the 

Pearson product moment correlation test.  All analyses were performed using SigmaStat 

3.0 (SPSS) using a significance level of P < 0.05. 

2.4 Results  

2.4.1 Plasma cortisol, food intake and growth rate  

 Plasma cortisol in the no implant and the three sham groups did not differ from one 

another and averaged 6.8 ± 0.5 ng/ml.  Fish implanted with cortisol-filled osmotic pumps 

had consistent plasma cortisol concentrations of 69.4 ± 0.9 ng/ml (cortisol I) and 115.7 ± 

1.7 ng/ml (cortisol II) over the 14 and 28 d sampling periods (Fig. 2.1A).  At 42 d, 8 days 

after the pumps had run out, the cortisol-treated fish had plasma cortisol concentrations 

that did not differ from the sham and no implant treatments.  A dose-dependent reduction 

in food intake was observed in cortisol-treated fish by 14 d, while after 28 d the cortisol I 

and II treatments reduced feeding by 59% and 61% related to the sham treatment, 

respectively (Fig. 2.1B).  Eight days following pump clearance, food intake in both 

cortisol-treated groups remained significantly lower than sham-implanted fish.  Cortisol-

exposed fish also experienced significant dose-dependent reductions in SGR relative to 

the sham and no implant groups from 14 d onward (Fig 2.1C).  Over the 42 d experiment, 

cortisol I and II treatments reduced SGR by 43% and 70% of that observed for sham-

injected fish, respectively.   
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2.4.2 Physical indices, plasma glucose and lactate 

 Exogenous cortisol treatment significantly reduced mass gained in a dose-dependent 

manner (Table 2.2).  While there were no differences in initial body weight between any 

experimental groups, by 42 d sham fish had nearly doubled their mass and fish from the 

cortisol I and II groups added only 50% and 15% body weight, respectively.  In contrast, 

there were no significant differences in fork length between treatments over the course of 

the experiment.  Though the condition of fish increased over the 42 d trial in the sham-

implanted fish, it was unchanged in the cortisol-treated fish, remaining similar to no 

implant values throughout the experiment.  The HSI remained constant between the no 

implant and the sham treatments over the 42 d trial.  Conversely, relative to the sham 

treatment, HSI decreased by 28% in the cortisol II fish at 28 d and was reduced by 24 and 

27% in the cortisol I and II treatments at 42 d, respectively.  Plasma glucose levels in the 

sham treatment remained unchanged from the no-implant fish throughout the experiment 

(Table 2.2).  In contrast, plasma glucose levels increased by 50% in the cortisol II 

treatment at 14 d and by a similar 47% in both cortisol groups at 28 d.  Following 8d of 

recovery, the cortisol-treated fish had plasma glucose levels that were similar to those of 

the no-implant and sham-treated fish.  Relative to both the no implant and sham 

treatments, cortisol had no effect on the circulating levels of plasma lactate (P = 0.054).  

2.4.3 Liver and white muscle metabolites 

  Liver metabolites of sham-implanted fish remained unchanged from no implant 

fish over the experiment.  In contrast, tissue glycogen, soluble protein, and lipid content 

were significantly affected by cortisol treatment over the 42 d period (Fig. 2.2A, C and 

E).  Contrasted to sham fish, cortisol treatments significantly reduced liver glycogen (Fig. 

2.2A) and lipid (Fig. 2.2C) content through both the cortisol dosing and recovery periods.  

In a similar manner, the cortisol treatments reduced liver soluble protein content during 

the first 28 d but to a much lesser extent than other metabolites and the levels rebounded 

to control values after 42 d (Fig. 2.2E).    

 Some muscle metabolite stores were also significantly affected by cortisol treatment 

(Fig. 2.2B, D and F), but the effects were less apparent than the distinct changes observed 

in the liver.  Generally, muscle glycogen content was unaffected by the cortisol 
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treatments and individual response to experimental treatments was quite variable (Fig. 

2.2B).  While a minor reduction in muscle soluble protein in the cortisol II treatment was 

initially observed, overall protein content remained comparable between experimental 

treatments and no implant fish (Fig. 2.2D).  Though cortisol treatments did not affect 

muscle lipid content initially, significant reductions were observed following 28 d of 

treatment in the cortisol II group (Fig. 2.2F).  Muscle lipid levels were effectively halved 

with the higher cortisol treatment at 28 d and 8 d of relief from exogenous cortisol 

delivery allowed for only partial recovery of these stores.  

2.4.4 Regulation of the GH/IGF-I/IGFBP growth axis and leptin 

  While the fast-growing sham-implanted fish had higher plasma GH levels than 

the no implant treatment, the cortisol-treated fish did not (Fig. 2.3A).  The difference in 

plasma GH levels between the cortisol-treated and sham fish was most pronounced at 28d 

and no longer significant at 42 d.  Relative to the no implant treatment, liver GHR and 

pituitary GH-1 and -2 mRNA levels in the sham-implanted fish remained unchanged over 

the course of the experiment.  The cortisol II treatment was characterized by an increase 

in liver GHR mRNA levels at 14 d, a further increase by 28 d and a return to the levels of 

the sham treatment after recovery (Fig. 2.3B).  Overall, the cortisol treatments had 

similar stimulatory effects on pituitary GH-1 and -2 mRNA levels, except at 14 d where 

the cortisol I treatment only stimulated GH-1 expression whereas cortisol II increased the 

mRNA levels of both GH isoforms (Fig. 2.3C and D).  

  Circulating levels of IGF-I did not significantly differ between the sham- and 

cortisol-treated fish during the exogenous cortisol delivery period (34 d) but both cortisol 

treatments had significantly lower levels of plasma IGF-I than sham fish at 42 d. (Fig. 

2.4A).  In contrast, the cortisol treatments elicited dose-dependent increases in liver IGF-I 

mRNA levels through the first 28 d followed by a return to no implant and sham levels at 

42 d (Fig. 2.4B).  The cortisol treatments were also associated with dose-dependent 

increases in the expression of liver IGFBP-1 and -2 at 14 d, large increases in IGFBP-1 

mRNA levels that paralleled the changes in IGF-I gene expression at 28 d, and persistent 

increases in IGFBP-1 and -2 in the cortisol II treatments at 42 d (Fig. 2.4C and D).  In the 

sham treatments, although the expression of IGFBP-1 remained constant throughout the 
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experiment, IGFBP-2 mRNA levels increased significantly at 28 d.  In general, white 

muscle IGF-IRa and b gene expression were quite variable in both the sham- and cortisol-

implanted fish (Fig. 2.4E and F).  However, the cortisol II treatment was associated with 

significant increases in both IGF-I receptor subtypes at 28 d followed by a return to no 

implant levels at 42 d.  In addition, the expression of both IGF-I receptors steadily 

increased over the course of the experiment in the fast-growing sham-implanted fish. 

 The relationship between circulating levels of IGF-I and SGR during both the cortisol 

dosing period and the recovery phase of the experiment were examined (Fig. 2.5).  A 

weak positive relationship between plasma IGF-I and SGR was observed for both the 

sham and cortisol I treatments during the both the exogenous cortisol dosing period, 

while  no similar relationship was seen between these two parameters in fish from the 

cortisol II treatment (Fig. 2.5A).  During 8 d recovery, cortisol-dosed fish showed 

significant positive correlation between SGR and plasma IGF-I levels, a similar fashion 

to fish of sham treatment (Fig. 2.5B).  Globally, plasma IGF-I was significantly 

influenced by reduced growth rate with cortisol treatment. 

  Liver leptin mRNA levels in the cortisol II treatment were significantly increased 

from no implant and sham-implanted fish after 14 d of cortisol treatment (Fig. 2.6).  By 

28 d, leptin expression was nearly 5-fold higher than that observed in sham fish.  

Following exogenous cortisol delivery, cortisol II fish maintained significantly higher 

leptin mRNA levels than sham fish, but transcript levels were comparable to those fish 

without implants. 

2.5 Discussion 

2.5.1 Hypercorticoidism and the Exogenous Delivery of Cortisol 

 Juvenile rainbow trout in the current study were subjected to 34 d of 

hypercorticoidism  at consistent levels comparable to those encountered naturally during 

situations of moderate stress (Barton and Iwama, 1991).  Though cortisol secretion is by 

in large pulsatile and typically is not secreted continuously during the response to chronic 

stress (Vijayan and Leatherland 1990), levels during dyadic social interactions are often 

markedly higher than those observed in this study and can remain chronically elevated 

beyond removal of the stress (see Gilmour et al. 2005; DiBattista et al. 2006; Bernier et 
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al. 2008).  Situations of sustained hypercorticoidism are not typically considered common 

for rainbow trout, but they occur naturally in sexually mature salmonids during spawning 

migration where plasma cortisol reach levels 2-5 fold higher than those witnessed here 

(Fagerlund 1967; McBride et al. 1986; Carruth et al. 2000).   

2.5.2 The Effects of Cortisol on Food Intake, Growth, and Energy Reserves 

 Marked reductions in food intake elicited by both cortisol treatments throughout 

the dosage period and the sustained effects observed during recovery suggest that cortisol 

is a potent anorexigenic factor in rainbow trout that can have a lasting inhibitory effect on 

food intake.  Though several studies have documented the effects of stress on appetite 

and feeding in fish (for review see Wendelaar Bonga 1997; Mommsen et al. 1999), few 

have examined the direct effects of exogenous cortisol on food intake, across a handful of 

species: e.g. channel catfish (Peterson and Small 2005; Small et al. 2008), goldfish (de 

Pedro et al. 1997; Bernier et al. 2004), tilapia (Kajimura et al. 2003) and rainbow trout 

(Gregory and Wood 1999).  Most of the studies have reported reductions in feeding 

associated with elevated cortisol dosing, though Bernier et al. (2004) reported stimulated 

feeding at plasma cortisol levels ~ 50 ng/ml with inhibitive effects at 270 ng/ml over 20 d 

of exogenous dosing.  Here, continuous exogenous delivery of cortisol for 34 d in this 

study led to a clear-cut depiction of the inhibitory effects on feeding, as both cortisol 

treatments effectively halved food consumption in trout after just two weeks of dosing at 

moderate stress levels (~ 70 and 115 ng/ml).  Furthermore, we observed a sustained 

inhibitive impact of exogenous cortisol dosing on food intake beyond the dosing period 

though plasma cortisol had returned to basal levels following 8 d of recovery.  Our data 

are in support of chronic exposure to moderate levels of cortisol having lasting 

suppressive effects on appetite well beyond the abolishment of elevated plasma titres, and 

that this has substantial impact on energy available for somatic growth.   

Growth rates were significantly reduced in a dose-dependent manner during 

hypercorticoidism and this effect persisted after 8 d of recovery.  Furthermore, it is 

important to highlight that although cortisol dosing reduced growth rates: average of 

cortisol I and II: 0.4%, contrasted to sham: 1.2% BW/d; cortisol-treated fish gained ~ 30 

g over 42 d with roughly half daily ration of sham fish.  This would suggest that although 
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reduced, food intake during moderate stress was sufficient to support limited growth and 

thus the impact of cortisol on food intake was dependent upon both the severity and 

duration of hypercorticoidism, as previously noted by Bernier et al. (2004).   We 

observed similar general inhibitory effects of chronic elevated cortisol on growth as those 

reported previously (e.g. Davis et al. 1985; Van Weerd and Komen 1998; Gregory and 

Wood et al. 1999; Peterson and Small 2005), though we have demonstrated that many of 

the suppressive effects can remain well beyond cessation of cortisol treatment, depending 

on the severity of catabolic impact on intermediary metabolism.   Thus, hindered 

recovery of growth rates following the termination of exogenous cortisol dosing may be 

attributed to delayed recovery of hepatic and muscle energy reserves burden by 

hypercorticoidism.  Within our 42 d trial, food intake resultant of moderate stress was 

insufficient to maintain routine levels of hepatic metabolites and to a lesser extent in 

white muscle.  We confirmed significant widespread catabolic effect of chronic cortisol 

levels on hepatic and muscle metabolite stores to supply gluconeogenesis through 

glycogenolysis (Leach and Taylor 1982; Vijayan et al. 1991, 1997; De Boeck et al. 2001; 

Vijayan et al. 2003) and lipolysis (Davis et al. 1985; Sheridan 1986; De Boeck et al. 

2001).  Specifically, we observed hypercorticoidism to sequentially catabolize hepatic 

lipid, glycogen, and protein stores with coordinated effect on white muscle lipid and 

protein content.  Hepatic protein stores, though generally catabolized to a lesser extent 

than carbohydrates and lipids during stress (Foster and Moon 1986; Vijayan and 

Leatherland 1992), were nonetheless significantly catabolized after several weeks of 

chronic cortisol exposure in our experiment indicating the severity of the stress was 

adequate to elicit significant strain on hepatic protein caches.  Though free amino acid 

(FAA) levels were not measured in the current study, previously, Vijayan et al. (1997) 

demonstrated that plasma FAA levels of tilapia subjected to confinement stress (plasma 

cortisol: 75 - 125 ng/ml) or dosed with exogenous cortisol for ~ 7 d (> 150 ng/ml), were 

significantly elevated in conjunction with levels of key hepatic gluconeogenic enzymes, 

prioritizing the catabolysis of intermediary caches to supply the  stress response.  

Interestingly, we observed no overall effect of cortisol dosing on muscle glycogen 

content, though many others have suggested this may be due to elevated glycogenic 

activity during chronic response to glucocorticoids (see review Mommsen et al. 1999).  
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Also, despite considerable evidence which suggests elevated cortisol induced by a variety 

of stressors stimulates plasma lactate levels (Bollard et al. 1993; Vijayan and Moon 1994; 

De Boeck et al. 2001; Liaz-Carrion et al. 2002; Liebert and Schreck 2006) we did not 

observed any effect of chronic hypercorticoidism on circulating lactate concentrations.  

This data, in accordance with others (e.g. Andersen et al. 1991; Vijayan et al. 1991, 

1997), suggests lactate is not a preferred gluconeogenic precursor during chronic periods 

of stress though it may play a role during the acute stress response.  On the whole, we 

observed that catabolism of hepatic glycogen, lipid, and protein stores provide a 

substantial portion of the energy required during chronic moderate stress while white 

muscle stores remained unaffected during 34 d hypercorticoidism.   

Reduced food intake resulted in limited growth in cortisol-dosed fish, though feeding 

was not altogether abolished.  A clear dose-dependent liberation of glucose into plasma 

was observed only when exogenous cortisol was being delivered.  Similar circumstances 

of prolonged elevated levels of cortisol do occur, such as spawning migration, where fish 

are also subjected to prolonged periods of chronic catabolism of endogenous metabolite 

stores as food intake is limited or abolished altogether (Greene 1919; McBride et al. 

1986; Sheridan and Mommsen 1991; Garner et al. 2009).  Lack of feeding increases 

gluconeogenesis supplied from a variety of metabolic precursors (e.g. Sheridan and 

Mommsen 1991; Kakisawa et al. 1995; Di Batista et al. 2006; Polakof et al. 2007), and 

these effects can be further augmented with the gluconeogenic and glycogenolytic actions 

of cortisol during stress (Vijayan et al. 1997; De Boeck et al. 2001).  Interestingly, Small 

et al. (2006) reported similar catabolic effects similar to those observed during 

hypercorticoidism induced by fasting alone, yet the extent of these effects were not as 

pronounced as those noted within our study.  Here, after 8 d without cortisol, plasma 

glucose titres returned to basal control levels without recovery of food intake, indicating 

that the catabolic action of cortisol is the primary element regulating carbohydrate 

metabolism during stress.   Furthermore, chronic stress induced the selective catabolism 

of hepatic carbohydrate and lipid stores with lesser effect on muscle lipid reserves as 

hypercorticoidism had no lasting effect on white muscle glycogen or protein content by 

the end of the experiment.  The regulation of the systematic catabolism of reserve tissue 

metabolites during stress may be occurring under the direction of elements within the 
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GH/IGF-I/IGFBP growth axis sparing critical hepatic and muscle protein stores by 

controlling catabolism during chronic exposure elevated plasma glucocorticoids. 

2.5.3 The Effect and Recovery of Cortisol on the GH/IGF-I/IGFBP Growth Axis 

In addition to suppressing appetite and mobilizing energy reserves, our results imply that 

cortisol may suppress growth in rainbow trout through the reduction of growth hormone 

levels in circulation.  In contrast, reduced plasma GH levels coincided with stimulated 

pituitary GH mRNA synthesis over hypercorticoidism.  Data indicated prolonged 

exposure to elevated cortisol levels had disparate effects on hepatic GH mRNA 

expression and levels in circulation, in accordance with previous similar findings.  Earlier 

work by Nishioka et al. (1985) observed elevated GH release in pituitary cells of tilapia 

in response to cortisol treatment in vitro, and more recently Yada et al. (2005) detected 

elevated GH mRNA synthesis in rainbow trout leukocytes with 24 h cortisol treatment at 

lower doses (200 nM), however, they saw no effect with higher cortisol concentrations 

(2000 nM).  Confirmation of a similar effect of cortisol on the regulation of GH release in 

vivo also remains inconsistent.  Tilapia IP-injected with 10 µg/g BW (24 h) and 50 µg/g 

BW (48 h) cortisol showed no response in pituitary GH mRNA or circulating GH levels 

(Kajimura et al. 2003), while Peterson and Small (2005) observed elevated pituitary GH 

mRNA levels in channel catfish fed cortisol-laden food (400 µg/g) in another.  Here, a 

stimulatory effect of elevated cortisol levels was achieved using comparable doses 20 and 

40 µg/g BW in trout.  It is of note that we observed an initial decrease in circulating GH 

levels within cortisol-treated fish when contrasted to sham-implanted fish, but not to fish 

without implants.  Yet, a similar pattern was not evident in GH mRNA synthesis between 

no-implant fish and sham or cortisol-treated fish.  Food ration was increased to 3% BW 

over the cortisol dosing period, up from 2% BW during the pre-experimental period, as 

accompanying increases in SGR in sham fish were noted after an initial decrease.  

However, no changes were evident in GH mRNA synthesis between sham or no-implant 

fish during this period, nor was clear elevation of GH and GHR mRNA synthesis under 

cortisol-treatment observed in relation to plasma levels.  

Hypercorticoidism resulted in the elevation of GHR mNRA synthesis in relation to 

sham-implanted fish, particularly with higher cortisol treatment.  This was followed by a 

return to basal levels after exogenous cortisol delivery had ceased.  Only a handful of 
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studies have explored the effects of elevated cortisol on the regulation of GHR in fish 

since its characterization in rainbow trout by Very et al. (2005).  Jiao et al. (2006) found 

that daily IP injection of cortisol (5 µg/g BW) in sea bream over 4 d significantly 

elevated liver GHR transcripts, while conversely, cortisol-fed channel catfish showed 

clear reductions in hepatic GHR mRNA levels after four weeks of treatment (Small et al. 

2006).  Here, we offer novel evidence of discord within the transcriptional regulation of 

pituitary GH and liver GHR and circulating levels of GH  in rainbow trout exposed to 

elevated plasma cortisol comparable to chronic moderate stress.  Work in mammals has 

previously shown growth to be inhibited directly via glucocorticoid-mediated suppression 

of typical growth promoting actions of GH through the disruption of signaling within 

hepatic GHRs and stimulation of IGF-I (see McCarthy et al. 1990; King and Carter-Su 

1995; Jux et al. 1998; Li et al. 1999; Delany et al. 2001), yet no direct evidence of similar 

action has been demonstrated in fish.  Previous description of elevated GHR synthesis 

with cortisol exposure may indeed characterize the stimulation of the lipolytic actions of 

GH (see Björnsson 1997; Björnsson et al. 2002), as demonstrated by reduced levels of 

hepatic lipid in the current study.  The stimulation of GH expression during cortisol 

dosing then, may be related to its capacity as catabolic hormone apart from its release 

associated with typical growth-promoting effects on liver IGF-I synthesis and release. 

Exogenous cortisol dosing did not affect plasma IGF-I levels in this study despite 

their stimulatory effects on IGF gene expression.   However, cortisol treatment caused a 

notable dose-dependent stimulation of IGFBP-1 and -2 mRNA expression simultaneous 

to IGF-I transcripts.  Lack of an effect on plasma IGF-I during cortisol dosing together 

with augmented IGFBP mRNAs suggest the level of circulating IGF-I is being regulated 

through the binding of IGFBP-1 and -2 in the presence of stress, inhibiting growth.  

While interaction of IGF-I and IGFBPs have long been characterized as key peripheral 

regulators of growth (see Bern et al. 1991; Siharath and Bern 1993; Duan 1998; Reinecke 

and Collett 1998), few have directly examined their action during response to elevated 

cortisol level in teleosts, e.g.: tilapia (Kajimura et al. 2003), channel catfish (Peterson and 

Small 2005; Small et al. 2006), sunshine bass (Davis and Peterson 2006), sea bream 

(Leung et al. 2008), and rainbow trout (Shepherd et al. 2011).  Variation within species 

does exists, however most have observed an inhibitory effect of cortisol on both mRNA 
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transcripts and production of IGF-I, though this remains equivocal (Peterson and Small 

2005; Small et al. 2006).  We observed elevated IGF-I mRNA transcripts with cortisol 

but no clear effect on plasma levels.  Data implies that periods of elevated cortisol 

increases the mRNA expression of catabolic hepatic IGFBPs (e.g. 1 and 2) to facilitate 

inhibition of the typical growth-promoting actions of free IGF-I in trout, in accord with 

other species (see Kajiumra et al. 2003; Peterson and Small 2005; Pierce et al. 2006), as 

well as serves as evidence along with others (e.g. Kelley et al. 1996, 2001; Rodgers et al. 

2008) for the functional conservation of this mechanism between mammals and fish.   

Considerable variation observed within the effect of cortisol on transcriptional levels 

of muscle IGF-I receptors IRa and IRb in our study and the effects were generally 

transient.  Similar work in mammals has shown exogenous glucocorticoid administration 

to stimulate IGF-IR mRNA expression in the liver of fetal rats (Price et al. 1992) as well 

as in fetal human chondrocytes (Fernandez-Cancio et al. 2008).  To date, however, only 

anecdotal evidence of any association of glucocorticoids with IGF-IRs exists, for 

example, increases in gill IGF-IR mRNA levels were observed in conjunction with 

augmented cortisol levels in response to salinity challenge both in striped bass (Tipsmark 

et al. 2007) and Atlantic salmon (Nilsen et al. 2008).  However, the discrimination of the 

direct effects of cortisol on growth through IGF-IRs during this type of challenge is 

problematic when considering the role of the endocrine growth axis during smoltification 

and osmoregulation (see McCormick 2001).  Though regulation of IGF-IR synthesis may 

be another key element of the endocrine control of growth during elevated glucocorticoid 

levels, no work has conclusively linked cortisol to induce changes in IGF-I receptor 

mRNA synthesis in the muscle of fish.  Though our results are inherently variable within 

both the cortisol-dosed and control fish, we have shown limited evidence of an effect of 

elevated cortisol on the regulation of IGF-I receptor mRNA at the primary site of somatic 

growth.  

During the recovery period, eight days after exogenous cortisol delivery, minor 

reductions to both plasma GH and IGF-I were observed with return of pituitary GH, 

hepatic GHR and IGF-I, and muscle IGF-IR mRNAs to levels comparable with sham and 

no implant fish.  Coordinated changes in GH, GHR, and IGF-I transcripts implied a 
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cause-and-effect relationship between these elements during prolonged cortisol dosing at 

levels akin to moderate stress.  Interestingly, only IGFBP-1 and -2 mRNA transcripts 

remained elevated in the high cortisol group well after exogenous delivery had ceased 

suggesting a sustained impact of chronic cortisol on the regulation of the GH/IGF-

I/IGFBP axis with prolonged effects on growth rate without immediate compensatory 

recovery. 

2.5.4 Cortisol Affects the Relationship Between IGF-I and Growth 

 Hypercorticoidism had a significant effect on the correlation of plasma IGF-I 

titres with growth rate.  Under control and lower cortisol treatment evidence of a weak 

positive relationship was noted, however, this relationship becomes discordant under 

higher cortisol levels.  Furthermore, cortisol-induced catabolism was the most apparent 

within hepatic and muscle energy reserves during this period.  Increased circulating 

levels of metabolites induced by elevated cortisol, despite a reduction in nutrient intake, 

may fuel cortisol-induced increase in metabolic rate (Morgan and Iwama 1991; De Boeck 

et al. 2001) and therefore, are presumably not available to fully contribute to resources to 

anabolic processes.  In contrast, during recovery while metabolic rates may be reduced, 

the catabolic effects of cortisol appear to be sustained. Thus, the correlation of plasma 

IGF-I and SGR in fish from the two cortisol treatments may be strengthened during 

recovery because of the complement of reduced plasma IGF-I levels and increased 

metabolites available for growth.  Examination of IGF-I/SGR concordancy has recently 

been examined across a variety of physiological challenges, e.g. photoperiod, 

temperature, salinity, etc. (see review by Beckman 2011), in attempt to establish reliable 

indicators of growth in fish culture.  Here, we have clearly demonstrated that exposure to  

chronic elevation of plasma cortisol levels can significantly affect the relationship 

between growth rate and circulating levels of IGF-I, and that the status of stress in fish 

must be considered if plasma IGF-I is to serve as a reliable indicator of growth.  

2.5.5 Leptin Synthesis is Stimulated during Chronic Hypercorticoidism 

Chronic hypercorticoidism resulted in continual elevation of hepatic leptin mRNA 

synthesis, particularly in higher-dosed fish where transcript levels were well over 5 fold 

sham-implanted fish.  However, mRNA expression was reduced to no implant levels 
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following 8 d of recovery but remained elevated beyond sham group fish.  Leptin has 

been shown to be intimately linked with the stress response within the HPA mammals 

(see Roubos et al. 2012).  For example, exogenous glucocorticoid treatment resulted in 

clear stimulation of both leptin mRNA expression and plasma levels in dogs and sheep 

(Forhead et al. 2002; Nishii et al. 2006; O’Connor et al. 2007).  Alternatively, both 

Bornstein et al. (1997) and Cherradi et al. (2001) observed leptin treatment to dose-

dependently inhibit cortisol synthesis within the adrenals.  In fish, Gorissen et al. (2012) 

demonstrated recombinant leptin administration to inhibit cortisol synthesis through the 

rapid suppression of CRF-induced release of ACTH in goldfish, no evidence of the direct 

induction of leptin synthesis by cortisol has been reported until now.  Evidence suggests 

leptin production during elevated cortisol levels induced by stress is coordinating with the 

HPI axis.  The stimulation of leptin synthesis observed here over hypercorticoidism may 

be further influenced by the suppression of appetite and food intake often characteristic 

of chronic stress.  Work has shown leptin administration to suppress food intake through 

the stimulation of pro-opiomelancortin in the hypothalamus in mammals (Zheng et al. 

2010; reviewed by Gautron & Elmquist 2011) as well as similar derivatives in fish 

(Murashita et al. 2008, 2011).  Studies that examined restricted intake showed that 

significant changes in leptin production can also be attributed to nutrient availability 

alone (Huising et al. 2006; Li et al. 2010; Gogga et al. 2011), complexing the distinction 

of leptin in response to elevated cortisol.  Stimulated leptin production during prolonged 

stress, known to facilitate the suppression of key regulatory elements of cortisol synthesis 

(Gorissen et al. 2012), here, then, may act to diminish the metabolic consequences 

associated with chronic elevations in plasma cortisol. 

2.5.6 Conclusion 

 Results from this study provide clear evidence that sustained low to moderate 

plasma cortisol levels can reduced food intake and growth rate in rainbow trout and that 

these effects can be sustained well after a week beyond the return of plasma cortisol to 

basal levels.  Under these conditions, while the cortisol treatments had marked and 

sustained catabolic effects on the carbohydrate and lipid stores of the liver, muscle caches 

were largely spared or quickly recovered.  Interestingly, chronic increases in plasma 

cortisol generally increased the transcription of key elements within the GH/IGF-I/IGFBP 
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growth axis without significant alteration to circulating levels of GH and IGF-I.  While 

elevated expression of pituitary GH and liver GH receptor may contribute to the 

mobilization of hepatic lipid stores, parallel increases in the mRNA levels of liver IGF-I, 

IGFBP-1 and IGFBP-2 may explain the relatively stable plasma IGF-I levels during the 

cortisol treatment.  Evidence also suggests sustained elevated plasma cortisol results in 

the discordant relationship observed when correlating circulating IGF-I levels and growth 

rate.  Finally, the stimulatory effects of cortisol on hepatic leptin expression suggest that 

leptin may be involved in regulating both food intake and HPI axis activity during 

conditions of chronic moderate stress.   
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Table 2.1. Nucleotide sequences for real-time quantitative PCR (5' -3') 1 

  Target Tissue Gene Accession No. Forward Primer Reverse Primer   

 all (housekeeping) EF1  AF498320 CCATTGACATTTCTCTGTGGAAGT GAGGTACCAGTGATCATGTTCTTGA  

 pituitary GH1 M22731 TCAAGAAGGACATGCACAAGG TCTCCAGCCCACGTCTACAGA  

 pituitary GH2 M24684 GGGTTTTCAAGCATTTTGCAT ATGGATCAGTGGTAGCTCCGAGTA  

 liver GHR* AB071216  TGGAAGACATCGTGGAACCA CATTCAGCAGGGTCCAGTTCA  

 liver IGF-I M95183 GATGTCTTCAAGAGTGCGATGTG CGCCGAAGTCAGGGTTAGG  

 liver IGFBP-1 NM_001124561 AGGGTCCCTGCCACATTGA CTAGTTCCTGCTGAGAGCTGG  

 liver IGFBP-2 DQ146968 CGCCTCAGCCCAGAAATAGT GTTTTAAGACTCAGGCCGATCAG  

 white muscle IGF-IRa AY100459 ACAGGCCTGGAGGGTAATAGG TCTTGCTCCGGTCCTCCAT  

 white muscle IGF-IRb AY100460 CCCAGGCCCAGTGATCTG GGCCAGCGGAGGAACAC  

  liver Leptin AM042713 GAGGGCATGGACCCATTTC GGCAGGCTTTCTATATGCTGATC   

EF1, elongation factor 1; GH, growth hormone; GHR, GH receptor; IGF-I, insulin-like growth factor I; IGFBP, IGF binding protein; IGF-IR, 2 
IGF-I receptor. * Primers for GHR were designed over coding regions that are 100% homologous between the GHR-1 and GHR-2 isoforms.  3 

 4 

 5 

6 
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Table 2.2. Physical indices, plasma glucose and plasma lactate of rainbow trout implanted with either vehicle- (sham) or 7 

cortisol-filled (I and II) micro-osmotic pumps for 34 + 8 d of recovery 8 

        Time (days)   

  Parameter Treatment   No implant (0)   14   28  42
†
   

 Mass gained, g sham      29.5 ± 7.6
a
  85.9 ± 5.7

c
  161.9 ± 25.5

c
  

  cortisol I      13.7 ± 6.5
ab

  45.3 ± 7.7
a
  95.2 ± 30.3

ac
  

  cortisol II       7.90 ± 4.2
b
  28.4 ± 11.1

ab
  27.8 ± 12.4

ab
  

                    

 Fork length, cm sham  23.9 ± 0.6  24.6 ± 0.3  24.2 ± 0.5  24.6 ± 0.4  

  cortisol I      23.9 ± 0.5  23.8 ± 0.4  25.0 ± 0.8  

  cortisol II       24.2 ± 0.5  24.5 ± 0.4  24.4 ± 0.3  
    

               
 

 CF, g/cm
3
 sham  1.43 ± 0.05

b
  1.38 ± 0.03

b
  1.61 ± 0.03

a
  1.68 ± 0.08

a
  

  cortisol I      1.41 ± 0.07
ab

  1.41 ± 0.04
b
  1.52 ± 0.08

ab
  

  cortisol II       1.44 ± 0.06
ab

  1.47 ± 0.04
ab

  1.45 ± 0.09
ab

  
                    

 HSI, % sham  1.86 ± 0.16
a
  1.62 ± 0.13

ab
  1.9 ± 0.11

a
  1.69 ± 0.12

ab
  

  cortisol I      1.69 ± 0.15
ab

  1.64 ± 0.18
ab

  1.29 ± 0.14
b
  

  cortisol II       1.64 ± 0.10
ab

  1.37 ± 0.13
b
  1.23 ± 0.11

b
  

                    

 Plasma glucose, mmol/l sham  7.50 ± 0.24
ab

  6.71 ± 0.42
ab

  6.23 ± 0.26
a
  7.08 ± 0.39

ab
  

  cortisol I      7.72 ± 0.45
bc

  9.17 ± 0.88
c
  6.16 ± 0.27

a
  

  cortisol II       10.1 ± 0.68
c
  9.09 ± 0.75

bc
  6.74 ± 0.61

ab
  

                    

 Plasma lactate, mmol/l sham  6.29 ± 0.41*  5.78 ± 0.62  3.85 ± 0.66  6.21 ± 0.28  

  cortisol I      5.36 ± 0.58  6.34 ± 0.28  5.55 ± 0.87  

    cortisol II            6.25 ± 0.22   5.67 ± 0.33   6.12 ± 0.37   
Values are mean ± S.E.M., (N = 8 ea).  Average plasma cortisol (14 and 28d): 6.0  1.2 (sham), 69.4 ± 0.9 (cortisol I) and 115.7 ± 1.7 ng/ml 9 
(cortisol II).  

† 
The 42d fish were sampled 8 d after the osmotic pumps ran out.  Values for a given parameter that do not share a common letter 10 

are different from one another as determined by ANOVA and Fisher’s PLSD test (P < 0.05). * no significant difference (P = 0.054)11 
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Figure 2.1. Effects of intraperitoneal implant of a micro-osmotic pump containing either vehicle (sham), 

20 g cortisol / g BW (cortisol I), 40 g cortisol / g BW (cortisol II), or no implant on (A) plasma 

cortisol, (B) food intake and (C) specific growth rate.  The no implant treatment was sampled at time 

0.  The osmotic pumps ran out at 34 d and is indicated by a dashed line. Values are means + S.E.M. (N = 

8).  Bars that do not share a common letter are significantly different from each other as determined by 

ANOVA and Fisher’s PLSD test (P < 0.05). 
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Figure 2.2. Effects of intraperitoneal implant of a micro-osmotic pump containing either vehicle (sham), 

20 g cortisol / g BW (cortisol I), 40 g cortisol / g BW (cortisol II), or no implant on (A) liver 

glycogen content, (B) white muscle glycogen content, (C) liver soluble protein content, (D) white 

muscle soluble protein content, (E) liver lipid content and (F) white muscle lipid content.  The no 

implant treatment was sampled at time 0.  The osmotic pumps ran out at 34 d and is indicated by a dashed 

line. Values are means + S.E.M. (N = 8).  Bars that do not share a common letter are significantly 

different from each other as determined by ANOVA and Fisher’s PLSD test (P < 0.05). 
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Figure 2.3. Effects of intraperitoneal implant of a micro-osmotic pump containing either vehicle (sham), 

20 g cortisol / g BW (cortisol I), 40 g cortisol / g BW (cortisol II), or no implant on (A) plasma growth 

hormone (GH) and on the mRNA levels of (B) liver GH receptor (GHR), (C) pituitary GH-1 and (D) 

pituitary GH-2.  The no implant treatment was sampled at time 0.  The osmotic pumps ran out at 34 d and 

is indicated by a dashed line. Values are means + S.E.M. (N = 8).  Bars that do not share a common letter 

are significantly different from each other as determined by ANOVA and Fisher’s PLSD test (P < 0.05).  

All mRNA expression values were normalized to EF1elongation factor 1; GenBank accession no. 

AF498320) the housekeeping gene and standardized to no implant values at Day 0. 
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Figure 2.4. Effects of intraperitoneal implant of a micro-osmotic pump containing either vehicle (sham), 

20 g cortisol / g BW (cortisol I), 40 g cortisol / g BW (cortisol II), or no implant on (A) plasma insulin-

like growth factor-I (IGF-I) and on the mRNA levels of (B) liver IGF-I, (C) liver IGF binding protein–1  

(IGFBP-1), (D) IGFBP-2, (E) white muscle IGF-I receptor A (IGF-IRa) and (F) receptor B (IGF-IRb).  

The no implant treatment was sampled at time 0.  The osmotic pumps ran out at 34 d and is indicated by a 

dashed line. Values are means + S.E.M. (N = 8).  Bars that do not share a common letter are significantly 

different from each other as determined by ANOVA and Fisher’s PLSD test (P < 0.05).  All mRNA 

expression values were normalized to EF1elongation factor 1; GenBank accession no. AF498320) 

the housekeeping gene and standardized to no implant values at Day 0. 
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Figure 2.5.  Effects of intraperitoneal implant of a micro-osmotic pump containing either vehicle (sham), 

20 g cortisol / g BW (cortisol I), 40 g cortisol / g BW (cortisol II) or no implant on the relationship 

between specific growth rate (SGR) and plasma IGF-I levels during (A) the cortisol dosing period and (B) 

recovery.  Analysis was performed with the Pearson product moment correlation test and the coefficients 

of determination (R) are reported within the legends for each treatment group.  Asterisks (*) denote a 

significant relationship between SGR and plasma IGF-I (P < 0.05). 
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Figure 2.6. Effects of intraperitoneal implant of a micro-osmotic pump containing either vehicle (sham), 

20 g cortisol / g BW (cortisol I), 40 g cortisol / g BW (cortisol II), or no implant on liver leptin mRNA 

expression levels.  The no implant treatment was sampled at time 0.  The osmotic pumps ran out at 34 d 

and is indicated by a dashed line. Values are means + S.E.M. (N = 8).  Bars that do not share a common 

letter are significantly different from each other as determined by one ANOVA and Fisher’s PLSD test (P 

< 0.05).  Leptin mRNA expression values were normalized to EF1elongation factor 1; GenBank 

accession no. AF498320) the housekeeping gene and standardized to no implant values at Day 0. 
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CHAPTER 3. EFFECT OF PARENTAL MATE CHOICE AND SEMI-NATURAL EARLY REARING 

ENVIRONMENT ON THE GROWTH PERFORMANCE AND SEAWATER TOLERANCE OF CHINOOK 

SALMON ONCORHYNCHUS TSHAWYTSCHA 
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3.1 Abstract 

 There is evidence suggesting that both allowing parents to choose mates and providing a 

natural rearing environment enhance offspring performance, but these conditions are usually 

denied to farmed fish.  Therefore, to assess whether parental mate choice and early rearing in a 

semi-natural spawning channel may benefit the culture of Chinook salmon, we conducted 90 d 

growth trials using hatchery fish (Hatchery), mate choice fish (i.e. the offspring of parents 

allowed to choose their own mate) that spent 6 months in a spawning channel prior to hatchery 

rearing (Channel) and mate choice fish transferred to the hatchery as fertilized eggs (Transfer).  

Reared separately, all stocks grew ~4.5 fold over 90 d but specific growth rate (G) and food 

conversion efficiency were higher in fresh water than after seawater transfer on Day 60.  In 

contrast, hatchery fish from mixed Hatchery/Channel and Hatchery/Transfer growth trials had a 

larger mass and length gain than their counterparts on Day 60, but reduced G in seawater.  In 

general, plasma levels of growth hormone, insulin-like growth factor I and cortisol did not differ 

between any fish groups in either the separate or mixed growth trials.  Despite some differences 

in gill Na
+
,K

+
-ATPase activity, all fish had a high degree of seawater tolerance and experienced 

virtually no perturbation in plasma chloride following seawater transfer.  Overall, all fish 

exhibited similar growth and seawater performance under traditional hatchery conditions and any 

benefit derived from either parental mate choice or semi-natural early rearing environment was 

only observed in the presence of mutual competition with Hatchery fish. 

Keywords: breeding strategy, early rearing habitat, hatchery, smolt physiology  
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3.2 Introduction 

 Studies of parental mate choice in vertebrates are providing increasing evidence that non-

random selection of mates at the time of breeding can generate benefits to the fitness of offspring 

(Bernatchez & Landry, 2003; Clutton-Brock & McAuliff, 2009).  For example, several studies 

have now shown that parental mate choice in Chinook salmon Oncorhynchus tshawytscha 

(Walbaum) and Atlantic salmon Salmo salar L. leads to an increase in the diversity of the major 

histocompatibility complex (MHC; Landry et al., 2001; Consuegra et al., 2008; Neff et al., 2008; 

Evans et al., 2011), which in turn can confer higher pathogen resistance (Arkush et al., 2002; 

Grimholt et al., 2003).  There is also some evidence that parental mate choice in salmonids can 

produce offspring with higher growth rates (Petersson & Järvi, 2007; Pitcher & Neff, 2007).  Yet 

supportive commercial hatcheries that produce smolts for the aquaculture industry and breeding 

programs that are aimed at augmenting wild salmon populations, artificially cross parents and 

deprive the progeny from the potential benefits of parental mate choice. 

 The relative fitness of salmon smolts can also be influenced by early rearing habitat.  In 

general, hatchery-reared fish have lower return rates than wild fish (Jonsson et al., 2003; Araki et 

al., 2008).  Moreover, although the results are equivocal (Berejikian, 1999; Fast et al., 2008), 

some studies have shown that the post-release survival of Chinook salmon reared in raceways 

with semi-natural habitat can be significantly higher than that of salmon reared in conventional 

raceways (Maynard et al., 1995, 2004).  Differences in the early rearing environment of 

salmonids can also lead to divergence in a variety of behavioural traits, including social 

aggression (Rhodes & Quinn, 1998; Metcalfe et al., 2003; Huntingford, 2004; Garner et al., 

2011) and competitive ability (Doyle & Talbot 1986; Ryer & Olla 1995; Berejikian et al., 2001).  

Ultimately, such behavioural differences may affect higher order processes such as growth 

performance (Berejikian et al., 2000). 

 The preparation of juvenile salmon for the transition from fresh water to seawater involves 

complex behavioural, morphological and physiological changes that are under endocrine control 

(Hoar, 1988; Clarke & Hirano, 1995; Björnsson et al., 2011).  For example, the plasma levels of 

growth hormone (GH) and insulin-like growth factor I (IGF-I), increase in late spring in 

association with the development of salinity tolerance in smolts (McCormick et al., 1995; 

Dickhoff et al.,1997), and injections of either hormone promotes growth and seawater adaptation 
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(Clarke et al., 1977; Miwa & Inui, 1985; McCormick et al., 1991).  Similarly, plasma cortisol 

levels increase during the parr to smolt transformation (Specker & Schreck, 1982; Shrimpton et 

al., 1994a) and stimulate hypo-osmoregulatory functions (Bisbal & Specker, 1991).  In part, 

these hormones contribute to the increase in euryhalinity of smolts by stimulating the activity of 

chloride cell Na
+
,K

+
-ATPase activity, a key enzyme involved in ion transport across the gill 

(Richman & Zaugg, 1987; McCormick, 1996).  Several studies have identified differences in 

plasma hormone levels and in gill Na
+
,K

+
-ATPase activity between wild and hatchery-reared 

smolts (McCormick & Björnsson, 1994; Shrimpton et al., 1994b; Sundell et al., 1998). Similarly, 

higher levels of plasma GH and greater seawater tolerance in hatchery-raised steelhead O. mykiss 

(Walbaum) transferred to semi-natural raceways than in hatchery-raised fish kept in traditional 

raceways suggests that rearing habitat may impact the endocrine control of smoltification 

(Zydlewski et al., 2003).  In contrast, to our knowledge the potential impact of parental mate 

choice on the hormonal profile of salmon smolts and their seawater tolerance has not been 

investigated.  

 Besides having the potential to increase growth performance and seawater tolerance, the use 

of parental mate choice and semi-natural early rearing is associated with lower labor costs, a 

lesser risk of mortality resulting from equipment failure and a reduced need for infrastructure 

relative to traditional hatchery techniques. However, mate choice breeding and semi-natural 

early rearing is rarely used for Chinook salmon smolt production because the egg-to-fry survival 

is relatively poor compared to what is observed in the hatchery.  For example, while ten Chinook 

salmon females can produce ~15,000 fry in the hatchery, the same broodstock will yield ~1,500 

fry in spawning channels (D.D. Heath, unpublished data).  Whether parental mate choice and 

semi-natural early rearing result in performance gains that outweigh the costs associated with 

lower egg-to-fry survival remains to be determined. 

 Therefore, the objective of this study was to assess if parental mate choice and early rearing 

habitat enhance the future growth performance and seawater tolerance of Chinook salmon smolts 

when being reared under common hatchery conditions.  For this purpose, we produced fish using 

standard hatchery techniques (Hatchery fish), offspring from parental mate choice that were 

reared in a semi-natural channel for 6 months (Channel fish), and to differentiate between the 

effects of breeding from those of early rearing, offspring from parental mate choice that were 
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transferred to the hatchery as fertilized eggs (Transfer fish).  We then conducted 90 d long 

growth trials in a hatchery and quantified relative growth rate, length gain, condition factor, feed 

conversion efficiency and the plasma levels of GH, IGF-I and cortisol.  We also assessed 

seawater tolerance by quantifying gill Na
+
,K

+
-ATPase and plasma chloride values prior to and 

24 h after seawater transfer on Days 60 and 61 of the growth trials, respectively.  Finally, to 

assess the relative performance of the different fish lines with and without competition, growth 

trials were carried out with separate groups of fish (Channel, Hatchery and Transfer) as well as 

with mixed groups of Channel/ Hatchery and Transfer/Hatchery fish.   

3.3 Materials and Methods 

3.3.1 Experimental Animals                          

 Experiments were conducted at Yellow Island Aquaculture Ltd. (YIAL; Quadra Island, BC, 

Canada: Latitude 50.133, Longitude -125.315) following the principles of the Canadian Council 

for Animal Care and using all female juvenile Chinook salmon that were drawn from the YIAL 

population. This population was founded with gametes from the Robertson Creek hatchery on 

Vancouver Island (BC, Canada) and has been maintained at YIAL since 1986.  The YIAL 

broodstock does not contain the male sex chromosome.  Males instead are produced through the 

use of hormonal sex-reversal on female XX salmon (Garner et al., 2011).  Note, however, that 

XX males grow to a similar body size and have similar circulating levels of sex steroids as XY 

males (Heath et al., 2002).  Moreover, XX and XY males have similar spawning behaviors and 

courtship success in the spawning channels used in the current study (Garner et al., 2010).  

Finally, previous studies using the YIAL Chinook salmon population have observed 

characteristic breeding behaviour and found that, as in wild salmon, mating patterns are affected 

by both competition and parental mate choice (Neff et al., 2008; Garner et al., 2010).  An 

analysis of genetic diversity across seven loci in 24 males from the YIAL and wild Quinsam 

River (Vancounver Island, BC) broodstocks revealed a high level of genetic diversity in both 

stocks, with an equivalent number of alleles (YIAL, 20.12 ± 0.82; Quinsam, 21.41 ± 0.97) and 

comparable heterozygosity (YIAL, 0.88 ± 0.02; Quinsam, 0.91± 0.02). 

 For this study, three groups of juvenile fish were generated: (1) Hatchery fish were the 

product of hatchery spawning and rearing; (2) Channel fish were the result of natural spawning 

and semi-natural rearing in spawning channels; and (3) Transfer fish resulted from natural 
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spawning and hatchery rearing (Fig. 3.1a-c).  Hatchery spawning was timed to coincide with 

peak spawning in the channel.  In brief, 10 male and female broodstock were used to produce 20 

families by fertilizing half of the brood from each female with the milt of a different male, and 

by using each pair of males to fertilize the eggs to two females.  The fertilized eggs were 

incubated by family in a Heath tray and at ~110 days post-fertilization (dpf), 70 fry from each 

family (1400 total) were pooled and transferred to a 3000 l tank for rearing at a density of < 2 g l
-

1
.  Fish were fed pellet food ad libitum both manually three times daily and continuously using a 

belt feeder.  Natural springs provided common water supply to both the spawning channels and 

the hatchery over the duration of rearing as well as the growth trials.  Seasonal variation in 

ground water temperature up to the growth trials occurred with a range of 4 to 10C.   

 For the Channel fish, 18 male and 12 female broodstock were transferred into a 153.5 m 

channel.  The channel had a water depth of ~1 m, a partially re-circulating water flow of ~300 l 

min
-1

, gravel that measured 3-6 cm in diameter and was protected by netting to exclude 

predators.  Broodstock were allowed to spawn without interference and were removed from the 

channel as they died.  Genetic analysis of the parents and progeny revealed that 17 of 18 males 

and all 12 females mated successfully (Garner et al., 2010).  At ~110 dpf (~ mid-Feb), once the 

fry had emerged, pellet food was provided ad libitum both manually three times daily and 

continuously using belt feeders installed above the channel.  Once the fry reached 1-2 g in size, 

after 2.5 months of feeding in the channel at a density below 0.05 g l
-1

 (~ late-Apr), 

approximately 1400 were collected by seine and transferred to a 3000 l tank in the hatchery.  In 

total, including the time spent at the egg/alevin stage and at the fry stage, the Channel fish spent 

~6 months in the Channel prior to being moved to the Hatchery. 

The Transfer fish were collected from the channel by pneumatic sampling at the eyed-egg 

stage, i.e. at ~48 dpf, and incubated in the hatchery.  This technique and its effectiveness have 

previously been described in detail (Berejikian et al., 2011).  In brief, eggs were netted as they 

were forced into the water column by compressed air injected into the channel gravel.  Sampling 

was conducted in the entire channel area, which allowed eggs from all redds to be sampled.  

 Approximately 1400 eggs were pooled and incubated in a Heath tray as described for 

Hatchery fish.  At ~110 dpf, all fry were pooled and transferred to a 3000 l tank and fed ad 

libitum using the same feeding regime as the Hatchery and Channel fish.   From May to mid-
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June, prior to the commencement of the growth experiment, all fish stocks were maintained in a 

common hatchery rearing environment in separate 3000 l tanks and fed ad libitum both manually 

and using a belt feeder as above (Fig. 3.1d). 

3.3.2 Experimental Setup of Separate and Mixed Growth Trials 

 Two weeks prior to the beginning of the experiment (mid-June), once all fish had reached a 

size of 5-7 g, each fish group was moved from the 3000 l tanks to duplicate 700 l tanks at a 

density of 15 kg m
-3

 to allow proper acclimation time to the density and feeding rations of the 

growth trial.  In the separate group growth trials, each tank contained 150 fish from the Hatchery, 

Channel or Transfer group (6 tanks in total).  In the mixed group growth trials, each tank 

contained equal numbers (i.e. 75 fish from each group) of either Hatchery and Channel fish, or 

Hatchery and Transfer fish (4 tanks in total; Fig. 3.1e).  In addition, fish in the mixed group 

growth trials were anesthetized in buffered (NaHCO3, 0.2 g/l) tricaine methanesulfonate (0.1 g/l, 

Syndel International, Qualicum Beach, BC, Canada) and injected with a passive integrated 

transponder (PIT) tag for identification.  All growth trials started on July 1
st
 (Day 0) when the 

fish were ~ 6 months old, lasted 90 days, and consisted of an initial 60 d in freshwater (flow rate: 

6 l min
-1

; 10  2C; pH 7.6 ± 0.1; dissolved oxygen > 7.5 mg l
-1

) followed by 30 d in full-

strength seawater (30 ppt; flow rate: 6 l min
-1

; 10 ± 2ºC; pH 8.1 ± 0.1; dissolved oxygen > 7.5 

mg l
-1

).  The transition from fresh water to seawater did not involve any fish handling and was 

accomplished within ~1 h after switching the water supply (the seawater flow rate was 12 l min
-1

 

for the first hour and returned to 6 l min
-1

 thereafter).  There were no mortalities associated with 

the 24 h seawater challenge.  During the acclimation and experimental period, i.e. between mid-

June and the end of September, all fish were manually fed a commercial salmon diet (EWOS 

Micro 1.2-2mm, EWOS, BC, Canada) three times daily and constantly supplied feed using a 24 

h automatic belt feeder up to 3% mean tank biomass.  All fish were kept on a 16:8 light:dark 

photoperiod cycle during the growth experiment. 

3.3.3 Sampling Procedure 

 Twenty fish from each group were sampled on Days 0, 30, 60, 61 (i.e. 24 h post-seawater 

transfer) and 90.  All fish were euthanized by lethal overdose of buffered tricaine 

methanesulfonate (Syndel, BC, Canada).  Mass (M) and fork length (LF) were measured on all 

fish, and on Days 60 and 61 a gill sample was collected for future analysis.  Ten fish from each 
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duplicate tank were quickly and randomly netted, terminally anesthetized so that all fish were 

sampled for blood within 5 minutes, and retained on ice for further tissue analysis.  Blood 

collected via caudal puncture was immediately centrifuged at 10,000 g for 3 min in a countertop 

centrifuge (IEC Centra CL3, Thermo Fisher Scientific, MA, USA).  The recovered plasma and 

gill tissue were initially frozen in liquid nitrogen and later stored at -80˚C until further analysis. 

Plasma analyses   

 Plasma cortisol concentrations were measured in triplicate by radioimmunoassay (RIA) as by 

Bernier et al., (2008).  Plasma IGF-I levels were assayed as described in Shimizu et al., (2000).  

Briefly, IGF-I was first extracted from plasma by acid-ethanol according to Breier et al., (1991) 

and quantified using recombinant trout IGF-I as standard and tracer, and anti-recombinant 

barramundi IGF-I as primary antibody (1:7,000; GroPep Bioreagents, Adelaide, Australia).  

Plasma GH levels were assayed as described by Swanson (1994) using recombinant trout GH as 

standard and tracer and anti-recombinant trout GH as primary antibody (1:25,000; GroPep 

Bioreagents).  IGF-I and GH were iodinated by the chloramine-T method.  For both the IGF-I 

and GH RIAs, approximately 7000 cpm of tracer in 50 μl was added to tubes containing 50 μl of 

sample, 50 μl of primary antibody and 150 μl of RIA buffer (30 mM NaH2PO4, 0.02% protamine 

sulphate, 10 mM EDTA, 0.025% NaN3, 0.05% (v/v) Tween-20, pH 7.5).  After a 48 h incubation 

at 4 ºC, the antibody-bound IGF-I or GH were complexed with secondary antibody (1:15, goat 

anti-rabbit IgG; AbD Serotec, Oxford, UK) and polyclonal rabbit anti-human IgG (1:200; Dako, 

Glostrup, Denmark), and precipitated by using ice-cold polyethylene glycol 6000 (PEG-6000; 

Sigma-Aldrich) and centrifugation at 4000 g for 30 min.  Plasma IGF-I and GH analyses were 

each performed in a single assay.  The lower detection limit of the IGF-I RIA was 40 pg ml
-1

 and 

the intra-assay coefficient of variability was 3.9% (n = 6).  The least detectable concentration of 

the GH RIA was 400 pg ml
-1

 and the intra-assay coefficient of variability was 6% (n = 6).  

Concentrations of plasma cortisol, IGF-I and GH were determined using 3-parameter sigmoidal 

curve regression equations (SigmaPlot 10, SPSS, Chicago, IL, USA) obtained from the standard 

curves.  Serial dilutions of trout plasma paralleled the standard curves in each RIA.  Plasma 

chloride measurements were performed using a chloride titrator (CMT 10, Radiometer 

Copenhagen, Denmark) and assayed in duplicate for each fish. 
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3.3.4 Gill Na
+
,K

+
-ATPase activity 

 Gill filament tissue was analyzed for Na
+
,K

+
-ATPase activity assayed using the microassay 

method of McCormick (1993).  Both Na
+
,K

+
-ATPase and bicinchoninic acid (BCA) protein 

assays (Pierce, Rockford, IL, USA) were run on a SpectraMAX 190 microplate reader using 

SOFTmax software 4.6 (Molecular Devices, Menlo Park, CA, USA).   

3.3.5 Calculations and Statistical Analyses 

 Briefly, condition factor (K) was calculated from mass (M, g) and fork length (LF, cm) as: K 

= 10
2
M/LF

b
, where b was obtained by regressing ln(M) on ln(L) using the data from all sampled 

fish (b = 3.24).  Specific growth rate (G) was defined as the relative percentage growth rate 

between sample intervals and calculated as: G = 100(ln Mt – ln Mt-x) x 
-1

, where Mt is the 

individual mass of fish (g) from sample point t, Mt-x is the average mass of fish (g) x days prior to 

the current sampling point and x = 30 days.  Relative fork length gain was calculated as: LF gain 

= (LFt – LFt-x) x 
-1

, where LFt is the individual fork length of fish (mm) from sample point t, LFt-x is 

the average fork length of fish (mm) x days prior to the current sampling point and x = 30 days.  

Relative food conversion efficiency (FCE) was calculated as: FCE = M R
-1

, where R is the mean 

food rationed per tank for the sampling interval and corrected for total biomass, and M is the 

relative mass increase of individual fish during that interval (i.e. Mt – Mt-x).  All results are 

presented as mean + S.E.M.  There were no significant differences between treatment replicates 

throughout the experiment.  Data was analyzed in SigmaStat 3.5 (SPSS, Chicago, IL, USA) 

using two way ANOVAs and time and fish treatment group type as factors followed by a 

pairwise Holm-Sidak post-hoc multiple comparison test with a sequential Bonferroni adjustment 

based on the number of treatments and sample points being considered (e.g. the comparison of 

parameters between Hatchery, Channel and Transfer fish sampled at 0, 30, 60, 61 and 90 d was 

analyzed using a Bonferroni correction of  = 0.05 / k, where k = 8 and adj = 0.0063).  Data that 

did not meet both the assumptions of the ANOVA (normality and equal variance) were either 

log- or arcsine-transformed prior to parametric analysis.  Global differences and interactions 

between variables denoted within the ANOVA are described in the Results section. 

3.4 Results  

 Equivalent mass (M) was gained by the Hatchery, Channel, and Transfer fish in the separate 

growth trials [P > 0.05; Fig. 3.2(a)].  Although the Hatchery fish were larger than either the 
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Channel [P < 0.001; Fig. 3.2(b)] or Transfer [P < 0.001; Fig. 3.2(c)] fish on Day 60, all fish had 

similar mass (P > 0.05) by the end of the mixed growth trials.  On average, the fish from all the 

three groups in the separate growth trials increased body mass by ~4.5-fold over 90 d.  K of 

Channel fish in the separate growth trials, though lower on Day 0 than in the other two groups (P 

< 0.001), increased over the next 30 d to where all fish had comparable K values after Day 30 [P 

> 0.05; Fig. 3.2(d)].   

 In the Hatchery and Channel mixed growth trial, Channel fish generally had lower K than 

Hatchery cohorts [P < 0.001; Fig 3.2(e)] and the difference was significant on Days 0 and 90 (P 

< 0.05).  Both Hatchery and Transfer fish had similar K values in the Hatchery and Transfer 

mixed growth trial [P > 0.05; Fig. 3.2(f)]. 

 Although the Transfer fish had lower G [P < 0.001; Fig. 3.3(a)], LF gain [P < 0.001; Fig. 

3.3(d)], and FCE [P < 0.001; Fig. 3.3(g)] than the Hatchery and Channel fish during the initial 30 

d period of the separate growth trials, these differences were not maintained over the next 30 d in 

fresh water nor during the seawater phase (P > 0.05).  In general, G and FCE were higher during 

the fresh water period than following seawater transfer, while LF gain in Transfer fish following 

seawater remained elevated relative to the other stocks.   

 In the mixed growth trials, while the G of Hatchery fish was consistently lower in seawater 

than in fresh water, the G of either Channel [Fig. 3.3(b)] or Transfer [Fig. 3.3(c)] fish remained 

unchanged throughout the experiment (P > 0.05).  During the seawater phase, Hatchery fish G 

was lower than either Channel (P < 0.001) or Transfer (P < 0.001) fish G.  LF gains were lower 

in Channel and Transfer fish than Hatchery cohorts during mixed trials in freshwater [Fig. 3.3(e 

& f)].  Channel fish continued to increase LF gain after the seawater exposure, surpassing gains 

by Hatchery counterparts [P < 0.001; Fig. 3.3(e)], however, this was not mirrored in the mixed 

Hatchery and Transfer reared fish [P > 0.05; Fig. 3.3(f)].  FCE values did not differ between the 

different groups (P > 0.05) and consistently decreased between the fresh water and seawater 

phase in the mixed group growth trials [Fig. 3.3(h & i)]. 

 Throughout both the separate and mixed growth trials, plasma GH levels did not differ 

between the Hatchery, Channel or Transfer fish at any given sampling time [P > 0.05; Fig. 3.4(a 

- c)].  Other than an increase in the Channel fish at Day 90 in the separate trial [P < 0.001 Fig. 
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3.4(a)] and a decrease in the Transfer fish at Day 30 in the mixed trial [P < 0.05; Fig. 3.4(c)], 

plasma GH levels remained relatively unchanged throughout.   

 In the separate trials, although plasma IGF-I did not differ between the three groups at any 

given sampling time (P > 0.05) the levels were transiently increased on Day 30 [P < 0.05; Fig. 

3.4(d)].  Similarly, both mixed trials were characterized by increases in plasma IGF-I levels on 

Day 30 [Fig. 3.4(e & f)] but the increase only reached significance in the Hatchery/Channel 

comparison [P < 0.01; Fig. 3.4(e)].  Other than a marked difference in plasma IGF-I levels 

between the Hatchery and Channel fish on Day 61 (i.e. one Day after seawater transfer; [P < 

0.01; Fig. 3.4(e)]), Hatchery fish had similar IGF-I plasma levels as either the Channel or 

Transfer fish in the mixed growth trials [P > 0.05; Fig. 3.4(e & f)].   

 Plasma cortisol in the separate trials were initially relatively low in fresh water, rose ~3-7 

fold to a peak on Day 60 and remained ~2-5 fold higher during the seawater period than during 

the first 30 d in fresh water [P < 0.001; Fig. 3.4(g)].  Similarly, in the Hatchery/Channel mixed 

trial, plasma cortisol levels rose by ~3 fold between Day 30 and 60 in fresh water and remained 

elevated during the seawater period [Fig. 3.4(h)]. In the Hatchery/Transfer mixed trial, cortisol 

levels rose more gradually in fresh water and peaked after transfer to seawater at levels that were 

~4-5 higher than on Day 0 [P < 0.001; Fig. 3.4(i)].  While plasma cortisol levels did not differ 

between the three groups of fish during the seawater period of the growth trials (P > 0.05), 

Channel fish had higher basal values than Hatchery fish in the first 30 d of fresh water rearing.  

In the Hatchery/Transfer mixed trial, there were significant differences in plasma cortisol 

between the two groups on sampling Days 30 and 60 (P < 0.01; Fig. 3.4i). 

 In the separate trials, though gill Na
+
,K

+
-ATPase activity of the Channel fish before and after 

seawater transfer did not differ (P > 0.05), both Hatchery (P < 0.001) and Transfer (P < 0.01) 

groups experienced a near two-fold increase in activity [Fig. 3.5(a)].  In contrast, while gill 

Na
+
,K

+
-ATPase activity of Hatchery fish in both mixed group trials did not change between 

Days 60 and 61, the enzymatic activity decreased in both the Channel and Transfer fish 

following entry into seawater [P < 0.05; Fig. 3.5(b & c)].  The transition between fresh water and 

seawater had no effect on plasma chloride levels in the separate trials [P > 0.05; Fig. 3.5(d)] and 

in the Hatchery/Transfer mixed trial [P > 0.05; Fig. 3.5(f)], but resulted in a small overall 

increase in the Hatchery/Channel mixed trial [P < 0.05; Fig. 3.5(e)].  However, either before or 
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after seawater transfer, plasma chloride concentrations did not differ between any of the groups 

in either the separate or mixed growth trials.   

3.5 Discussion 

 Independent of breeding strategy and early rearing environment, when comparisons are made 

under common hatchery conditions, results from this study suggest that parental mate choice and 

early rearing in a semi-natural habitat do not affect the overall growth performance, hormonal 

profile and seawater tolerance of Chinook salmon smolts.  In contrast, when groups of fish from 

different breeding and early rearing strategies are mixed with traditional hatchery fish and reared 

in the hatchery, we observed that parental mate choice and early rearing habitat can have 

significant effects on growth performance.  Interestingly, however, the differences in growth 

performance observed in the mixed trials were not associated with consistent changes in plasma 

GH, IGF-I or cortisol levels or due to differences in seawater performance.  Overall, no lasting 

advantage in growth performance was observed in fish resulting from parental mate choice and 

reared in a semi-natural environment. 

 Reared under identical hatchery conditions, the Hatchery, Channel and Transfer fish grew 

equally well during the 90 day separate growth trials.  Early rearing in the spawning channel did 

however produce Chinook salmon smolts with a lower K than in either Hatchery or Transfer fish.  

Similarly, stream-reared Atlantic salmon (McCormick et al., 1993), wild Coho salmon O. kisutch 

(Walbaum 1792) (Shrimpton et al., 1994b) and wild brown trout Salmo trutta L. (Sundell et al., 

1998) smolts all have lower K values than their hatchery counterparts.  Although the factors 

responsible for the smaller K of Channel fish are not known, it is important to note that all three 

groups of fish were fed the same diet ad libitum from first feeding.  The fact that Transfer and 

Hatchery fish had similar K values, and that Channel fish K no longer differed from the K of the 

two other groups after 30 days of common hatchery rearing, suggests that the cause for this 

difference in K is environmental and not genetic.  All three fish groups also experienced a similar 

relative decrease in G and FCE between Days 31-60 in fresh water and Days 61-90 in seawater.     

While growth rate is known to be inversely related to body size (Brett, 1979), the reduction in G 

following transfer to seawater is also likely a result of the physiological challenge associated 

with seawater adaptation (Clarke et al., 1981; Zaugg & Beckman, 1990; Zaugg & Mahnken, 

1991).  In Atlantic salmon, a transient decrease in G and FCE is a characteristic response to 
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seawater transfer and typically lasts 2 to 7 weeks (Usher et al., 1991; Stead et al., 1996; 

Handeland et al., 2003).  Overall, in the absence of any interaction between the Channel, 

Hatchery and Transfer fish, we found no evidence that either parental mate choice or early 

rearing in a semi-natural habitat has a sustained impact of the growth performance of fish within 

a conventional hatchery setting.  

 In contrast, the mixed growth trials revealed specific differences in growth performance 

between the Channel, Hatchery and Transfer fish.  For example, the smaller K of Channel fish 

contrasted to Hatchery fish at the beginning of the growth trial was still present 90 days later 

when these fish were allowed to interact in a common hatchery environment.  This persistent 

difference in K suggests that as a result of early rearing environmental effects Channel fish may 

have been conditioned to respond to food and to conspecifics in a different manner than 

Hatchery fish.  Indeed, as previously observed in steelhead trout (Berejikian et al., 1996; 2000), 

the increased complexity of semi-natural environments and the opportunity for additional natural 

food resources may have enabled Channel fish to develop innate territorial behaviour that 

persisted even after the fish were placed in the hatchery environment.  Similarly, the differences 

in Day 60 M, seawater G and LF gain within the Hatchery-Channel and Hatchery-Transfer group 

pairings suggest that in the presence of competitive interactions parental mate choice can impact 

the growth performance of juvenile Chinook salmon.  These results are consistent with the 

observation that brown trout parr and smolts resulting from mate choice have different growth 

rates than non-mate choice offspring when the experiment is conducted on small mixed groups 

of fish fed at restricted rates and allowed to establish dominance hierarchies (Petersson & Järvi, 

2007).  

Reared under intensive hatchery conditions and as separate groups, the Channel, Hatchery 

and Transfer fish had similar circulating levels of plasma GH and IGF-I.  These results suggest 

that within a hatchery setting and in fast growing fish, neither parental mate choice nor early 

rearing in a semi-natural environment affect the seasonal changes in plasma GH and IGF-I that 

are associated with smolting.  The ocean-type Chinook salmon stocks from southwestern British 

Columbia such as the YIAL stock migrate to sea as underyearlings after spending a few months 

in the river and estuary (Healey, 1991; Clarke & Hirano, 1995).  Although juvenile ocean-type 

Chinook salmon retain their hypo-osmoregulatory ability throughout the summer (Clarke et al., 
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1989), smolt migration in these stocks is generally complete by the end of June (Healey, 1991).  

As such, the GH and IGF-I hormonal profiles of the fish in this study are characteristic of smolts 

that are maintained in fresh water and transferred to seawater beyond their natural smolt window.  

The GH levels were maintained at moderately elevated levels throughout the summer (Clarke et 

al., 1989; Young et al., 1989; Dickhoff et al., 1997) and although the IGF-I levels were lower 

than maximum springtime levels (Shrimpton et al., 2007; Beckman et al., 2000), the peaks in 

plasma IGF-I levels on Day 30 correlated well with the fast growth rates that characterized the 

fresh water phase of the growth trials as previously observed in juvenile Chinook salmon 

(Beckman et al., 1998).   

In the mixed growth trials, with the exception of one time point, no difference in plasma GH 

or IGF-I were found between the paired groups of fish.  Moreover, although the difference in 

IGF-I levels between the Hatchery and Channel fish on Day 61 was marked, the physiological 

basis for this difference is not clear.  While acute stressors can result in a decrease in plasma 

IGF-I levels in fish (Davis & Peterson, 2006), the transfer to seawater did not elicit a stress 

response and both groups of fish had similar plasma cortisol levels.  In addition, previous studies 

in Altantic salmon have found that plasma IGF-I levels do not change in response to a 24 h 

seawater challenge (Nieves-Puigdoller et al., 2007; Monette et al., 2008).  Therefore, our results 

suggest that the observed differences in growth performance associated with either early rearing 

habitat or parental mate choice in the mixed growth trials cannot be attributed to differences in 

the circulating levels of GH or IGF-I.  Although GH and IGF-I play important roles in the 

regulation of somatic growth in fish, additional physiological processes such as food intake, 

digestion and assimilation also influence growth (Beckman, 2011; Johnston et al., 2011) and 

may have contributed to the differences in growth performance observed in this study.  

Our results suggest that early rearing of juvenile Chinook salmon in a semi-natural 

environment leads to higher resting cortisol concentrations when evaluated under typical 

hatchery conditions.  Similarly, wild Coho salmon smolts consistently have higher resting 

cortisol levels than hatchery-reared fish (Shrimpton et al., 1994a).  These differences in resting 

cortisol levels may also translate into differential responses to stressors.  Indeed, when Channel 

fish from this experiment were allowed to form social hierarchies in small groups of fish, the 

magnitude of the increase in plasma cortisol was significantly higher than in fish from either of 
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the hatchery-reared lines (Garner et al., 2011).  Interestingly, the differences in basal cortisol 

levels between the Channel and Hatchery fish in either the separate or mixed growth trials were 

not maintained in the hatchery environment beyond Day 30, i.e. at a time when cortisol levels 

increased in all groups.  While a previous study with the YIAL stock during the natural spring 

smolt window reported peak plasma cortisol values of ~35 ng ml
-1

 on May 31
st
 (Shrimpton et al., 

2007), sharp increases in plasma cortisol concentrations during the summer months have 

previously been reported in Coho salmon that were retained in freshwater (Young et al., 1989).  

Conceivably, as previously observed by Shrimpton et al., (1994a), differences in basal cortisol 

concentrations resulting from early rearing environment in this study were masked by the 

dynamic changes in cortisol levels that are associated with maintaining the hypo-osmoregulatory 

ability of smolts.  Similarly, the variable but significant differences in basal cortisol levels that 

were observed between the Hatchery and Transfer fish in the mixed growth trial were no longer 

observed post seawater transfer.   

Despite significant differences in Na
+
,K

+
-ATPase activity post seawater transfer between the 

different groups of fish in the separate and mixed group growth trials, all fish retained a high 

degree of hypo-osmoregulatory adaptability and experienced virtually no ion perturbation as a 

result of the change in salinity.  In fact, all fish groups retained Na
+
,K

+
-ATPase activity levels 

that were approximately equal to or greater than 4 mol ADP mg protein
-1

 h
-1

, the peak value 

reported in the YIAL stock during the natural spring smolt window (Shrimpton et al., 2007).  

Given the key role of GH and cortisol in stimulating gill Na
+
,K

+
-ATPase activity during the 

smoltification process (McCormick, 2009), we suggest that the moderately elevated levels of 

these hormones in all fish groups prior to seawater transfer contributed to the high degree of 

seawater tolerance.  Moreover, in spite of having lower Na
+
,K

+
-ATPase activity levels than the 

Hatchery fish 24 h after the switch to seawater, the Channel and Transfer fish had higher G 

during the seawater portion of the mixed group growth trials.  Therefore, independent of 

breeding strategy or early rearing environment, juvenile Chinook salmon reared for several 

months in a hatchery environment prior to seawater transfer all maintain equivalent seawater 

tolerance. 
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3.5.1 Conclusion 

Parental mate choice and early rearing in a semi-natural channel for ~6 months, or parental 

mate choice and transfer to the hatchery at the eyed-egg stage, do not have any sustained effects 

on the growth performance, hormonal profile or seawater tolerance of juvenile Chinook salmon 

reared under traditional hatchery conditions.  While the lower K and higher basal cortisol levels 

of Channel fish at the beginning of the growth trials indicate that early rearing in a semi-natural 

channel does have an impact on the physiology of these fish, the differences were eliminated 

within a couple of months of hatchery rearing.  Although we cannot exclude the possibility that 

early rearing of Chinook salmon in a semi-natural channel can lead to enhanced smolt 

characteristics as previously observed by Zydlewski et al., (2003) for steelhead trout, our results 

show that any benefit accrued from early rearing in a semi-natural environment are not sustained 

under traditional hatchery conditions.  As such, our findings have practical significance for both 

production hatcheries and facilities involved in stock enhancement. 
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Figure 3.1. Summary of the methods used to generate the three groups of juvenile Chinook salmon used 

in this study: Hatchery (H), Transfer (T) and Channel (C) fish.  Schematic shows (a) the timing and 

strategies used for breeding, (b) the timing of pneumatic egg sampling in the Transfer fish, (c) the 

differences in early rearing environments, (d) the common rearing period prior to the growth trials and (e) 

the experimental setup to assess the effects of parental mate choice, early rearing environment and 

competition on the growth performance in freshwater (FW) and seawater (SW). 
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Figure 3.2. Mass (M) (a, b, c) and (K) condition factor (d, e, f) of Hatchery (white), Channel (black) and 

Transfer (gray) juvenile Chinook salmon reared for 90 days either as separate (a, d) or mixed groups (b, e: 

mixed Hatchery/Channel; c, f: mixed Hatchery/Transfer). Fish were reared in freshwater (solid bars) 

between days 0 and 60, and in seawater (hatched bars) between days 61 and 90. Day 0 corresponds to 

July 1
st
. Values are means + S.E.M. (n=20 per group at each time point).  Bars that do not share a 

common letter are significantly different from each other within a specific treatment group of fish.  At a 

given time, the symbols *, † and ‡ indicate a significant difference from the Hatchery, Channel and 

Transfer groups, respectively (ANOVA, Holm-Sidak, P<0.05).  
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Figure 3.3. Relative specific growth rate (G) (a, b, c), fork length (LF) gain (d, e, f), and food conversion 

efficiency (FCE) (g, h, i) of Hatchery (white), Channel (black) and Transfer (gray) juvenile Chinook 

salmon reared for 90 days either as separate (a, d, g) or mixed groups (b, e, h: mixed Hatchery/Channel; c, 

f, i: mixed Hatchery/Transfer).  Fish were reared in freshwater (solid bars) between days 0 and 60, and in 

seawater (hatched bars) between days 61 and 90.  Day 0 corresponds to July 1
st
. Values are means + 

S.E.M. (n=20 per group at each time point).  Bars that do not share a common letter are significantly 

different from each other within a specific treatment group of fish.  Within a given time period, the 

symbols * and † indicate a significant difference from the Hatchery and Channel groups, respectively 

(ANOVA, Holm-Sidak, P<0.05). 
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Figure 3.4. Plasma growth hormone (GH; a, b, c), insulin-like growth factor I (IGF-I; d, e, f), and cortisol 

(g, h, i) concentrations of Hatchery (white), Channel (black) and Transfer (gray) juvenile Chinook salmon 

reared for 90 days either as separate (a, d, g) or mixed groups (b, e, h: mixed Hatchery/Channel; c, f, i: 

mixed Hatchery/Transfer). Fish were reared in freshwater (solid bars) between days 0 and 60, and in 

seawater (hatched bars) between days 61 and 90. Day 0 corresponds to July 1
st
. Values are means + 

S.E.M. (n=6 per group at each time point).  Bars that do not share a common letter are significantly 

different from each other within a specific treatment group of fish.  At a given time, the symbol * 

indicates a significant difference from the Hatchery group (ANOVA, Holm-Sidak, P<0.05). 
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Figure 3.5. Gill Na
+
,K

+
-ATPase activity (a, b, c) and plasma chloride concentration (d, e, f) of Hatchery 

(white), Channel (black) and Transfer (gray) juvenile Chinook salmon reared either as separate (a, d) or 

mixed groups (b, e: mixed Hatchery/Channel; c, f: mixed Hatchery/Transfer). Enzymatic activity and 

chloride levels were assessed after 60 days of rearing in freshwater (solid bars) and 24 h after transfer to 

seawater (hatched bars). Values are means + S.E.M. (n=6 per group at each time point).  Bars that do not 

share a common letter are significantly different from each other within a specific treatment group of fish.  

At a given time, the symbols * and ‡ indicate a significant difference from the Hatchery and Transfer 

groups, respectively. Global differences between sampling times are indicated by dissimilar letters 

(ANOVA, Holm-Sidak, P<0.05). 
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4.1 Abstract 

 The aim of this study was to determine whether parental breeding strategy and early 

rearing environment affect the social behavior and the endocrine response to stressors of juvenile 

Chinook salmon (Oncorhynchus tshawytscha).  Offspring (1-2 g in size) from traditional 

hatchery breeding and those from parental mate choice breeding were reared in a conventional 

hatchery setting or in semi-natural channels.  Once ~30 g, hatchery and mate choice fish from 

both rearing environments were either: a) sampled (control), b) air-exposed (AE) for 60 sec and 

sampled 1 h later, c) sampled after 5 days of continuous dyadic social interaction (SI) or d) AE 

and allowed to interact for 5 days (AE/SI).  In the hatchery environment, while hatchery fish 

were dominant in 70 and 80% of the dyadic trials in the SI and AE/SI treatments, plasma 

cortisol, growth hormone and insulin-like growth factor I levels within a given treatment did not 

differ between hatchery and mate choice fish.  In contrast, when reared in a semi-natural 

environment, mate choice fish were dominant in 70% of the dyadic trials in both the SI and 

AE/SI treatments, and had overall higher levels of GH and IGF-I and lower plasma cortisol in 

response to stress when contrasted to hatchery fish.  Therefore, while parental breeding strategy 

may not predict dominance, familiarity with the early rearing environment (i.e. from emergence 

until the 1-2 g size) enhances the competitive ability of juvenile Chinook salmon during dyadic 

interactions.  Early rearing environment also affects the endocrine response to stressors and 

freshwater semi-natural channel environments are associated with elevated hormonal 

responsiveness. 

Keywords: cortisol, dominance, hatchery, semi-natural channel, Chinook salmon, mate choice, 

endocrine growth axis   
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4.2 Introduction 

In an effort to improve the performance and survival of hatchery-reared salmonids after 

release into the wild, traditional hatchery rearing methods are being challenged with the 

introduction of alternative breeding methods (Clutton-Brock and McAuliff, 2009) and the use of 

semi-natural rearing environments (Weber and Fausch 2003; Maynard et al., 1995, 2004; Tatara 

et al. 2009).  Non-random selective breeding programs using parental mate choice have been 

shown to influence offspring behavior (Garner et al., 2010), growth performance (Madison et al., 

2013) and immune response (Arkush et al., 2002; Consuegra et al., 2008).  Parental mate choice 

in Chinook salmon (Oncorhynchus tshawytscha) and Atlantic salmon (Salmo salar) can also lead 

to an increase in the diversity of the major histocompatibility complex (MHC; Landry et al., 

2001; Neff et al., 2008; Garner et al., 2010; Evans et al., 2011).  Similarly, the use of semi-

natural or enriched stream environments in salmonid culture can affect growth rates (Tatara et 

al., 2009), survival (Maynard et al., 2004; Fast et al., 2008) and social behaviors such as 

aggression and competitive ability (Berejikian et al., 2001; Metcalfe et al., 2003; Sundström et 

al., 2003; Huntingford, 2004; Garner et al., 2011). 

Hatchery-reared juvenile salmonids are unrivalled in the controlled environment of the 

traditional hatchery and this environment has been shown to significantly alter the behavioral 

responses associated with predator avoidance (Berejikian, 1995), foraging (Olla et al., 1998; 

Brown et al., 2003) and territorial contests (Metcalfe et al., 2003).  Hatchery rearing can also 

lead to increased aggression (Rhodes and Quinn, 1998; Riley et al., 2005).  In general, the 

physiological acclimation to competitive conditions within hatchery populations that are 

maintained at elevated densities results in the production of fish that are generally more assertive 

(Bohlin et al., 2002; Brockmark and Johnsson, 2010).  In addition to behavioral correlates (e.g. 

aggression, posturing), social dominance in salmonids is usually associated with lower 

circulating levels of the stress hormone cortisol, increased feeding and growth rates (Øverli et al., 

2004; Gilmour et al., 2005; DiBattista et al., 2006), as well as elevated plasma growth hormone 

(GH) levels (Johnsson and Björnsson, 1994; Johnsson et al., 1996; Jönsson et al., 1998).  

Elevated food intake and growth rates associated with dominance often occur in conjunction 

with increases in plasma insulin-like growth factor I (IGF-I) but it remains uncertain if this is 

directly the result of dominant status (Vera Cruz and Brown, 2007; Shved et al., 2009) and not 

the effect of altered nutritional status (Duan and Plisetskaya 1993; Duan 1997).  Whether the 



90 

 

assertive and dominant behaviors of hatchery fish are retained once these fish are removed from 

the controlled hatchery environment and released into a more variable natural setting remains 

equivocal (Fleming et al., 1996; Weir et al., 2004; Van Leeuwen et al., 2011).   

In salmonids, there is also evidence that parental breeding strategy and early rearing 

environment can influence stress responsiveness.  In general, relative to fish produced in a 

traditional hatchery, salmonids reared in the wild or in a semi-natural environment exhibit a 

heightened stress-responsiveness (Woodward and Strange, 1987; Salonius and Iwama, 1993).  

For example, during the natural smoltification window in the spring, wild Coho salmon 

(Oncorhynchus kisutch) had significantly higher plasma cortisol levels and greater 

hypoosmoregulatory abilities than hatchery fish from the same stock (Shrimpton et al., 1994a, b).  

Juvenile Chinook salmon produced by parental mate choice and reared in semi-natural channels 

for approximately 6 months also had higher basal cortisol levels than their hatchery counterparts 

with comparable osmoregulatory ability (Garner et al., 2011; Madison et al., 2013).  While 

breeding strategies and early rearing environments may affect the stress responsiveness of 

salmonids, to date experiments have not specifically assessed their relative contribution to this 

key homeostatic process.   

Therefore, the goal of this study was to determine whether parental breeding strategies and 

early rearing environments affect the social behavior and the endocrine response to stressors of 

juvenile Chinook salmon.  For this purpose, Chinook salmon offspring were produced using 

standard hatchery techniques (hatchery breeding) or using parental mate choice (mate choice 

breeding).  Once the offspring from each breeding strategy reached a size of 1-2 g, they were 

either moved to hatchery tanks or to semi-natural channels where they were then raised until ~30 

g.  Since different stressors involve the recruitment of separate stress-sensitive neurocircuitries 

(Herman et al., 2003), and as breeding strategy and early rearing environment may have a 

differential effect on the endocrine response to physical (systemic) and social (processive) 

stressors, fish from each breeding strategy within a given environment were either a) sampled, b) 

air exposed (AE) for 60 sec, c) allowed to interact in dyadic social interactions (SI) for 5 days or 

d) AE and allowed to interact for 5 days (AE/SI).  Aggressive behavior, tank position and food 

acquisition were scored during the SI and AE/SI treatments to assign dominance, and the 

circulating levels of cortisol, GH and IGF-I were quantified in all fish to determine the endocrine 

response to stressors.   
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4.3 Materials and Methods  

4.3.1 Experimental Animals 

Experiments were conducted at Yellow Island Aquaculture Ltd. (YIAL; Quadra Island, BC, 

Canada) following the principles of the Canadian Council for Animal Care and using juvenile 

Chinook salmon that were drawn from the YIAL broodstock.  Development and characterization 

of the YIAL Chinook salmon broodstock has previously been described (Heath et al., 2002; 

Garner et al., 2010; Madison et al., 2013).  Juvenile fish used in this study originated either from 

parents spawned using commercial hatchery techniques (hatchery breeding) or from broodstock 

allowed to select their mate in a semi-natural channel (mate choice breeding).   

In the hatchery, 60 female and 120 male YIAL broodstock were used to produce 60 half-sib 

families by fertilizing half of the brood from each female with the milt from a different male.  

All females were four year old while males were a mix of both three and four year old fish.  

Hatchery breeding was timed to coincide with peak spawning in the channel.  The fertilized eggs 

were incubated by family in Heath trays and at ~110 days post-fertilization (mid-Feb), the fry 

from each family were transferred to separate 180 L tanks, fed ad libitum (Micro Crumble Starter 

Feed, EWOS, Surrey, BC, Canada) and maintained under hatchery conditions at a density of  5 

g/L until the 1-2 g size. 

For mate choice breeding, 60 female and 120 male YIAL broodstock were transferred into 

153.5 m semi-natural channels.  The channels had a water depth of ~1 m, a partially re-

circulating water flow (flow-through: ~30 L/min; re-circulated flow: ~360 L/min), gravel that 

measured 3-6 cm in diameter and protective netting to exclude predators.  In total, six channels 

were used, each containing 30 adults in a 2:1 male to female ratio.  Broodstock were allowed to 

spawn without interference and were removed from the channel as they died.  At ~110 dpf (mid-

Feb), once the fry had emerged, pellet food (Micro Crumble Starter Feed, EWOS) was provided 

ad libitum until the 1-2 g size. 

4.3.2 Experimental Setup 

In early April, the 1-2 g parr from the hatchery and mate choice breeding protocols were 

moved into one of two environments: hatchery tanks or semi-natural channels.  Fish selected for 

early rearing in the hatchery environment included 163 mate choice fish that were seined from 



92 

 

the channels and transferred to duplicate 3000 L hatchery tanks, and 160 hatchery fish that were 

randomly selected from the sixty 180 L family tanks and moved to duplicate 3000 L tanks.  

Photoperiod in the hatchery followed the natural cycle for Quadra Island and the water was 

maintained at a temperature of 8  2C, a pH of 7.6  0.2, with a dissolved oxygen of 7.2  1.2 

mg/L and a flow-through rate of 1-2 L/s.  From early April to September, offspring from both 

breeding strategies were maintained in their respective tanks until experimentation. 

Fish selected for early rearing in the semi-natural channels included 1000 mate choice fish 

that were randomly selected from a pool of fish seined from the six channels.  These mate choice 

fish were placed into duplicate channels (identical to the ones described above) in equal 

numbers.  Concurrently, approximately 1000 hatchery fish were randomly selected from a pool 

of fish (N = 2200, ~50 fish from 44 families) and placed into duplicate channels in equal 

numbers.  Between early April and September, the channels were exposed to natural photoperiod 

and weather, and supplied with a partially re-circulating water flow at a temperature of 8  2C, 

a pH 7.4  0.3 and dissolved oxygen of 8  0.5 mg/L.  In September, mate choice and hatchery 

fish were seined from the channels and pooled into separate 3000 L tanks in the hatchery for two 

weeks to ensure consistent feeding of both groups prior to experimentation.  Between April and 

September, in both rearing environment, all fish were fed 2% body weight per day on a 

commercial salmon diet (2-3 mm Taplow Chinook grower; Taplow Ventures Ltd., North 

Vancouver, BC, Canada). 

4.3.3 Experimental Procedure 

Independent of whether early rearing of the fish took place in the hatchery or in semi-natural 

channels, identical experimental procedures were used to assess the stress responsiveness of the 

fish from hatchery and mate choice breeding.  Hatchery and mate choice fish were anaesthetized 

in an aerated and buffered (NaHCO3, 0.2 g/l) solution of 0.1 g/l tricaine methanesulfonate (TMS, 

Syndel International Laboratories, BC, Canada), weighed and tagged using a transient liquid 

nitrogen brand (4 mm disk) placed either anterior or posterior to the dorsal fin as per Everest and 

Edmunson (1967).  One hatchery and mate choice fish were then immediately and randomly 

placed on either side of divided 10 liter flow-through (0.1 L/s) tanks, and left to acclimate 

without feeding for 48 h.  After the acclimation period, fish (N=10 for each group of fish and 

each treatment) were either: a) sampled (control treatment); b) netted and air-exposed for 60 sec, 
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returned to their respective tank and sampled exactly 1 h later (air exposure treatment; AE); c) 

allowed to interact by removing the barrier and sampled after 5 days of continuous social 

interaction (social interaction treatment; SI); or d) air exposed as above and immediately allowed 

to interact for 5 days prior to sampling (air exposure + social interaction treatment; AE/SI).  All 

fish destined for dyadic (1:1) social interactions, i.e. the SI and AE/SI fish, were size-matched (≤ 

2% wet mass and ≤ 5% fork length) prior to experimentation (Table 4.1).  Non-tagged hatchery-

reared fish from hatchery breeding were also sampled (N=10) to assess the potential effects of 

the branding procedure on the basal levels of plasma cortisol. 

In the SI and AE/SI treatments, dominance was determined by assigning points as per Doyon 

et al. (2003) for three parameters: aggressive behavior (charges, nips and chasing), position in 

the tank and food acquisition.  Aggressive behavior was recorded during three periods of 5 min 

observations within the first 4 h of interaction.  Feeding was performed by introduction of 

individual pellets to each dyad tank for a total of 5 min or until five consecutive pellets remained 

uneaten, and individual consumption was recorded blindly for each fish based on tag.  

Behavioral scoring of position in the tank and food acquisition was carried out twice daily 

throughout the 5 days of dyadic interactions.  The cumulative scores for aggressive behavior, 

position and food acquisition for each fish were then processed with a principle component 

analysis (XLStat version 7.5.2, AddinSoft NY, USA) to determine an overall dominance score 

that took into account the relative weight of each parameter.  Fish within a pair with the higher 

cumulative score was assigned a dominant status.   

At the end of all four treatments, fish were quickly netted from their tanks, euthanized by 

lethal overdose of aerated and buffered (NaHCO3, 2 g/l) TMS (1 g/l), and a blood sample was 

collected by caudal puncture using a K2EDTA (0.5 M)-treated syringe in < 3 min.  Blood 

samples were immediately centrifuged at 8000 g for 3 min in a 20ºC countertop centrifuge and 

the separated plasma frozen in liquid nitrogen on site and later stored at -80˚C for further 

analysis. 

4.3.4 Plasma Analyses   

Plasma cortisol concentrations were measured in a single assay in triplicate (by 

radioimmunoassay (RIA) as described by Bernier et al. (2008) with an interassay coefficient of 

variability of 3.0% (N=6).  Plasma IGF-I levels were assayed as described in (Shimizu et al., 

2000).  Briefly, IGF-I was first extracted from plasma by acid-ethanol according to Breier et al. 
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(1991) and quantified using recombinant trout IGF-I as standard and tracer, and anti-recombinant 

barramundi IGF-I as primary antibody (1:7,000; GroPep Bioreagents, Adelaide, Australia).  

Plasma GH levels were assayed as described by Swanson (1994) using recombinant trout GH as 

standard and tracer and anti-recombinant trout GH as primary antibody (1:25,000; GroPep 

Bioreagents).  IGF-I and GH were iodinated by the chloramine-T method.  For both the IGF-I 

and GH RIAs, approximately 7000 cpm of tracer in 50 μL was added to tubes containing 50 μL 

of sample, 50 μL of primary antibody and 150 μL of RIA buffer (30 mM NaH2PO4, 0.02% 

protamine sulphate, 10 mM EDTA, 0.025% NaN3, 0.05% (v/v) Tween-20, pH 7.5).  After a 48 h 

incubation at 4ºC, the antibody-bound IGF-I or GH were complexed with secondary antibody 

(1:15, goat anti-rabbit IgG; AbD Serotec, Oxford, UK) and polyclonal rabbit anti-human IgG 

(1:200; Dako, Glostrup, Denmark), and precipitated by using ice-cold polyethylene glycol 6000 

(PEG-6000; Sigma-Aldrich) and centrifugation at 4000 g for 30 min.  Plasma IGF-I and GH 

analyses were each performed in a single assay.  The lower detection limit of the IGF-I RIA was 

40 pg/mL and the interassay coefficient of variability was 7.1% (N=6).  The least detectable 

concentration of the GH RIA was 400 pg/mL and the interassay coefficient of variability was 

5.9% (N=6).  Concentrations of plasma cortisol, IGF-I and GH were determined using 3-

parameter sigmoidal curve regression equations (SigmaPlot 10, SPSS, Chicago, Il, USA) 

obtained from the standard curves.  Serial dilutions of salmon plasma paralleled the standard 

curves in each RIA. 

4.3.5 Calculations and Statistical Analyses 

Results are presented as mean + S.E.M. unless stated otherwise.  Data was analyzed using 

two way ANOVAs using breeding strategy and treatments as factors followed by a pairwise 

Holm-Sidak post-hoc multiple comparison test.  Unpaired t-tests were used to determine basal 

differences in GH and IGF-I levels between environments.  Data that did not meet the 

assumptions of the ANOVA were log-transformed to normalcy prior to analysis.  Data presented 

in percentage were arcsine transformed prior to analysis.  All analyses were performed using 

SigmaStat 3.5 (SPSS, Chicago, IL, USA) using a significance level of P < 0.05. 

4.4 Results 

The relative proportions of dominant fish out of 10 dyadic interactions between hatchery and 

mate choice fish in the SI and the AE/SI treatments for each early rearing environment are shown 
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in Table 4.2.  When reared in the hatchery environment, hatchery fish were dominant over mate 

choice fish in 70 and 80% of the social interactions in the SI and AE/SI treatments, respectively.  

Interestingly, when hatchery and mate choice fish were reared in the channels, opposite results 

were observed and mate choice fish were dominant over hatchery fish in 70% of the interactions 

in both the SI and AE/SI treatments.  Results from the principal component analysis showed that 

aggressive behavior was consistently the primary determinant of social status in the SI and AE/SI 

treatments.  On average, aggressive behaviors, position in the tank and feeding acquisition 

accounted for 59.0, 28.7 and 12.3% of the total cumulative behavioral score for fish reared in the 

hatchery environment.  Similarly, for the fish reared in a semi-natural channel, aggressive 

behaviors, position in the tank and feeding acquisition accounted for 55.9, 28.8 and 15.3% of the 

total cumulative behavioral score.  Independent of their social status, fish reared in the hatchery 

environment ate more than those reared in the channels in both the SI and AE/SI treatments 

(Table 4.3).  Within a given treatment and early rearing environment, dominant fish ate more 

than subordinates, however the differences only reached statistical significance in the fish that 

were reared in the hatchery environment.   

Mean plasma cortisol in the non-tagged and tagged control hatchery fish reared in the 

hatchery environment was 47.7±4.5 and 42.8±8.2 ng/ml, respectively, and did significantly differ 

from one another.  Basal cortisol levels did not vary either between rearing environments and 

were approximately 54 ng/ml (Fig. 4.1).  Independent of the treatment, hatchery and mate choice 

fish had similar plasma cortisol values when these were reared in the hatchery environment (Fig. 

4.1A).  While the AE treatment resulted in small but significant increases in plasma cortisol 

values in both groups of fish relative to controls, neither the SI nor the combined AE/SI 

treatments affected plasma cortisol values.  Reared in the channel environment, hatchery and 

mate choice fish also had similar plasma cortisol values under control undisturbed conditions 

(Fig. 4.1B).  In contrast, while the AE treatment increased cortisol levels in both groups of fish, 

the levels were 3.4-fold higher in the hatchery fish than in the mate choice fish.  As previously 

observed with hatchery-reared fish, neither the SI nor the combined AE/SI treatments affected 

plasma cortisol values in the channel-reared fish.  However, hatchery fish had plasma cortisol 

concentrations that were 3.0-fold higher than mate choice fish in the SI treatment.  Interestingly, 

the difference in plasma cortisol between groups of fish was no longer significant in the 

combined AE/SI treatment. 
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Although control plasma GH levels did not differ between the hatchery and mate choice fish 

in either early rearing environment, fish from the hatchery environment had circulating GH 

concentrations (~7.4 ng/ml) that were on average 2.7-fold lower than fish from the channel 

environment (~20.0 ng/ml; Fig 4.2).  Relative to the controls from the hatchery environment, the 

SI treatment significantly increased GH levels in the mate choice fish but not in the hatchery fish 

(Fig. 4.2A).  In contrast, neither the AE nor the AE/SI treatments had an effect on plasma GH 

levels.  Across the different treatments in the hatchery environment there was no difference in 

plasma GH values between the hatchery and mate choice fish.  Among the fish reared in the 

channel environment, plasma GH levels decreased in response to the SI and the AE/SI treatments 

in the hatchery fish and remained unchanged in the mate choice fish (Fig. 4.2B).  The AE 

treatment generally decreased GH values in both groups of fish but the differences were not 

significantly different from the control groups. 

Plasma IGF-I values in the hatchery fish control treatments did not differ between the two 

early rearing environments and were approximately 28 ng/ml (Fig. 4.3).  In contrast, IGF-I levels 

in the control mate choice fish from the hatchery environment (~30 ng/ml) were significantly 

lower than the levels in the control mate choice fish from the channel (~54 ng/ml).  In the 

hatchery environment, plasma IGF-I levels increased in response to the SI and the AE/SI 

treatments in both the hatchery and mate choice fish (Fig. 4.3A).  The AE treatment generally 

increased IGF-I values but the difference from the control treatment was only significantly 

different in the hatchery fish.  Overall, plasma IGF-I values in the hatchery environment, as 

previously observed for the plasma cortisol and GH values, did not differ between the hatchery 

and mate choice fish.  In the channels, the stress treatments collectively reduced plasma 

concentrations of IGF-I in the mate choice fish by approximately 30-50% of control values, with 

the largest reduction observed in the SI treatment (Fig. 4.3B).  In contrast, none of the treatments 

had an effect on plasma IGF-I levels in the hatchery fish.  Interestingly, while control and air-

exposed mate choice fish had higher plasma IGF-I levels than the hatchery fish, mate choice 

animals in the SI treatment had IGF-I values that were lower than the hatchery fish.   

On the whole, plasma cortisol values of control fish did not vary between environments but 

responded inversely proportional to one another independent on rearing environment but 

dependent on social status: subordinate mate choice fish in the hatchery, and hatchery bred fish 
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in channels had 64.5 ± 8 and 65.1 ± 18 ng/ml, respectively; while dominant hatchery fish in the 

hatchery and mate choice in the channels had 42.8 ± 8 and 43.6 ±12 ng/ml, respectively.  

Moreover, both GH and IGF-I levels in mate choice fish were elevated in the semi-natural 

channels when contrasted to the hatchery environment (P0.01); while no such effect was 

reported for hatchery fish (P=0.18 and 0.2, for GH and IGF-I, respectively). 

4.5 Discussion 

In the hatchery environment, although hatchery fish were dominant in 70% of the dyadic 

interactions, the endocrine responses of hatchery and mate choice fish to physical and social 

stressors were indistinguishable.  In contrast, when fish were reared in the semi-natural channels, 

mate choice fish were dominant in 70% of the dyadic interactions and clear differences in plasma 

hormone levels emerged between the hatchery and mate choice fish in response to the different 

stressors.  Regardless of rearing environment, dominant fish consumed more food than their 

subordinate counterparts.  While food intake may have influenced observed differences within 

hormone profiles of channel-reared smolts, altered nutritional status did not impact the endocrine 

responses of hatchery-reared fish as both stocks responded to acute and chronic stress 

comparably.  Overall, our results suggest that while parental breeding strategy does not predict 

dominant status during social interactions, familiarity of fish to the rearing environment has a 

clear impact on the stress responsiveness of juvenile Chinook stocks as well as on their 

competitive ability. 

4.5.1 Rearing Environment Modifies Social Behavior of Chinook Smolts 

Dominant hatchery-bred individuals raised in the controlled conditions of the hatchery 

displayed elevated incidence of assertive behavior and aggression over mate choice fish in 

dyadic social trials.  This is in accord with previous studies that had reported similar results for 

hatchery-reared Atlantic (Metcalfe et al., 2003) and Coho salmon (Rhodes and Quinn, 1998), as 

well as steelhead trout (Riley et al., 2005) in contrast to their naturally-reared counterparts when 

maintained in controlled conditions. However, with the novel contrast of breeding strategies in 

Chinook stocks rearing in the channels, mate choice fish ranked dominant in an identical 

proportion to those observed for hatchery fish reared in the hatchery.  Familiarity with the 

comparative environment does influence the establishment of social relationships through 

assertive behavior during competitive contests between resident and non-resident fish, e.g. in the 
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defense of territory or for the access to food, as demonstrated previously in hatchery- and semi-

naturally reared salmonids (Johnsson and Forser, 2002; Berejikian et al., 2000, 2001).  Yet, the 

lack of plasma cortisol support conveying subordinate status of hatchery-reared mate choice fish 

during social interaction trials in the current study attenuates the effects of these factors when 

contrasted within the controlled conditions of the hatchery.  Indeed, the reliability of ascertaining 

dominant behavior with common metrics, such as elevated growth rate and feeding, can be 

critically dependent on the conditions present within the rearing environment, as recently 

demonstrated in juvenile Chinook (Van Leeuwen et al. 2011).  Ultimately, as incidence of 

dominant behaviors also arise from conditions present within rearing environments (Berejikian et 

al., 2001; Metcalfe et al., 2003; Tatara et al., 2008), both competitive ability and aggression 

naturally-reared salmonids display when contrasted to hatchery-reared cohorts may likely be 

more accurately attributed to rearing environment.  While behavioral profiling can relay accurate 

information regarding stress responsiveness of salmonid fish across rearing environments that 

may ultimately predict the success of individuals within competitive social situations (e.g. 

Adams and Huntingford, 1996; Höjesjö et al., 2002; Schjolden et al., 2005), data presented here 

for the first time shows that hatchery-reared mate choice-bred Chinook salmon smolts display 

clear divergence of from the traditional behaviorally-subordinate hormonal profile. 

4.5.2 Environmental Influence on the Stress Response 

The high basal plasma cortisol levels of the juvenile Chinook salmon in this study (~50 

ng/ml) are characteristic of the levels seen in smolting salmon retained in fresh water over the 

summer months.  Previous work with the YIAL stock during the spring smolt window reported 

plasma cortisol values of ~35 ng/ml (Shrimpton et al., 2007) and progressively higher levels 

throughout the summer (Madison et al., 2013), comparable to levels observed here.  Similarly, 

Coho salmon smolts retained in fresh water over the summer months are characterized by a 

gradual increase in plasma cortisol levels (Young et al., 1989).  While YIAL Chinook smolts 

reared in semi-natural channels  have higher resting plasma cortisol levels than their hatchery 

counterparts in the first month post-hatchery transfer (Garner et al., 2011; Madison et al., 2013), 

the difference gradually disappears with prolonged hatchery rearing (Madison et al., 2013).  

Stressors used in the current study elicited a cortisol response in both stocks of fish, but the 

magnitude of plasma cortisol elevation was low in comparison with typical values reported for 

salmonids during similar emersion stresses (see Barton 2002).  In addition to seasonal influence 
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on cortisol production, the relatively small increase in plasma levels of this hormone with air 

exposure noted here may be a reflection of a reduced capacity of hatchery fish to respond to 

stress.  Fish reared in typical hatchery conditions can experience a low level of chronic stress that 

can result in the suppression of the cortisol response to novel stressors (Barton et al., 1987; 

Pickering and Pottinger, 1989; McCormick et al., 1998).  This phenomenon has long been noted 

to have particular effect on salmonids reared in controlled hatchery settings (Woodward and 

Strange, 1987; Salnonius and Iwama, 1993). In the current study, channel-reared fish were 

maintained in the hatchery for 2 weeks prior to the experiments and therefore this impact was 

minimized in these fish. 

4.5.3 Hatchery Rearing Attenuates the Cortisol Response to Air Exposure and Social Interaction 

In the hatchery, while the AE treatment did overall elicit a stress response, lack of difference 

in plasma cortisol between fish with AE/SI and SI treatments, and the fact that hatchery fish 

were still dominant in > 70% of the dyadic interactions in the AE/SI treatment, suggest that 

initial AE did not significantly affect the response to conspecific SI.  Earlier assessment of YIAL 

channel-reared fish showed larger differences in plasma cortisol concentrations in response to the 

formation of social hierarchies in small groups of fish (Garner et al., 2011), but here, contrast of 

similar fish stocks in 1:1 social dyads and subjected to AE/SI treatments yielded no such effect.  

Furthermore, though hatchery-bred fish were dominant in over 70% of the interactions within the 

hatchery, no differences in plasma cortisol levels were observed in mate choice fish with any 

treatment despite the clear differences in social rank.  Though most report a clear relationship 

between subordinate social status and elevated plasma cortisol levels well beyond those of 

dominant counterparts (reviewed by Gilmour et al., 2005 and Øverli et al. 2005, also see Øverli 

et al., 1999; Sloman et al., 2001; DiBattista et al., 2006; Bernier et al., 2008; Jeffrey et al., 2012), 

the current study in Chinook salmon as well as work in brown trout (see Sloman et al. 2000), 

suggest exceptions of this association may occur under some environmental rearing conditions 

traditionally considered innocuous.  Moreover, here we report that although differences in 

behavior clearly existed between stocks during social interaction, little distinction in the cortisol 

response to acute and social stress treatments was noted between Chinook bred from either 

strategy when reared in the hatchery environment. 
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4.5.4 Semi-natural Rearing Differentially Affects the Stress Response of Hatchery-bred Fish 

Contrasting these stocks following rearing in the channels, plasma cortisol levels of hatchery-

bred fish in response to AE were more than two-fold that of mate choice cohorts.  This may in 

part be explained by the reversal of social status between stocks following rearing in the semi-

natural environment as hatchery fish ranked subordinate in an equitable proportion of dyads to 

the hatchery environment (70%).  However cortisol levels in mate choice counterparts remained 

comparable to levels achieved when reared in hatchery conditions.  Given seasonal influence of 

the extended smoltification window experience by these fish, elevated cortisol levels may be 

further influenced by physiological response in anticipation of osmoregulatory changes (Carey 

and McCormick 1998; McCormick et al., 1998; Madison et al., 2013), which may be of 

particular consequence to fish maintained in outdoor semi-natural environmental conditions.  

However, in contrast to hatchery rearing, channel rearing resulted in levels of plasma cortisol in 

hatchery-bred fish that were elevated in relation to rank in accord with the accepted social 

paradigm.  In contrast to wild fish, hatchery fish generally display dominant behavior (reviewed 

by Weber and Fausch, 2003; but see Ruzzante, 1994; Metcalfe et al., 2003); as well as reduced 

stress responsiveness in more natural settings (Woodward and Strange, 1987; Salonius and 

Iwama, 1993).  However, here, hatchery fish reared in semi-natural conditions were subordinate-

ranked to mate choice fish and displayed elevated cortisol response to emersion stress and social 

interaction.  Pairing of competing Chinook salmon stocks in dyads for 5 d resulted in clear 

dichotomy within the cortisol response to stress between dominant mate choice and subordinate 

hatchery individuals.  Interestingly, cortisol production of mate choice fish was comparable in 

response to all stress treatments, regardless of rearing environment. 

4.5.5 The Influence of Rearing Environment on Circulating GH/IGF-I Levels 

Basal levels of both plasma IGF-I and GH of fish reared in either the hatchery or channel 

environment were comparable to those observed for other juvenile Chinook salmon within the 

smolting window (Beckman and Dickhoff, 1998; Beckman et al. 2003; Madison et al., 2013).  

However, differences in circulating levels of IGF-I and GH in control fish between rearing 

environments show that channel-reared fish sustained routine levels these hormones at nearly 

twice the level of their hatchery counterparts in the absence of stress.  Though here we are the 

first to present data on rearing environment effects on the endocrine growth axis of Chinook 

salmon (also see Madison et al., 2013), elevated levels GH/IGF-I in Atlantic salmon S. salar and 
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steelhead trout O. mykiss have been previously reported with hatchery fish held under more 

natural rearing conditions and in anticipation of seawater migration (Zydlewski et al., 2003; 

McCormick et al. 2013).  Here, we report an elevation of plasma GH and IGF-I levels within 

Chinook salmon smolts reared in under semi-natural conditions were contrasted to those reared 

in the hatchery.  Moreover, this effect was more pronounced in mate choice-bred fish than in 

their hatchery-bred counterparts.  

4.5.6 The Effect of Hatchery-rearing on the GH/IGF-I Axis in Response to Air Exposure and 

Social Interaction 

While air exposure generally had little impact on plasma GH and IGF-I levels on Chinook 

smolts apart from the initial differences noted in control fish, social interaction had significant 

impact on the endocrine response of smolts dependent on breeding strategy as well as rearing 

environment.  Reared in the hatchery, Chinook bred from hatchery or mate choice methods 

responded similarly to social interaction; elevated levels of GH and IGF-I were observed, 

regardless of social rank, or clear differences in food intake.  Typically, salmonids reared in 

hatchery settings remain dominant over semi-naturally reared individuals (Metcalfe et al. 2003; 

Sundström et al., 2003; Pearsons et al., 2007), often considered more aggressive and are 

characterized by elevated GH levels than subordinate counterparts (Johnsson and Björnsson, 

1994; Johnsson et al., 1996; Jönsson et al., 1998).  Here however, we observed no clear 

distinction between hatchery and mate choice fish in this regard as social interaction elevated 

plasma GH levels in both stocks of fish. Although similar evidence directly linking social status 

to circulating levels of IGF-I is lacking for salmonids, limited work in tilapia (Oreochromis) 

suggests the relationship between dominance and plasma IGF-I remains equivocal (see Vera 

Cruz and Brown, 2007; Shved et al., 2009).  Elevated levels in plasma GH of hatchery-reared 

fish were likely the result of sociality and not the results of changes associated with food intake 

as fish in the other treatments involving emersion stress showed no change in GH from control 

levels despite clear difference in food consumption between dominant and subordinate fish in 

dyads.  Moreover, plasma IGF-I levels were elevated with the advent of stress, an effect 

observed previously with acute and repeated stress in Atlantic salmon and rainbow trout 

(McCormick et al., 1998; Wilkinson et al., 2006).  Even though the impact of nutritional status 

on regulation of the endocrine growth axis is clear (see Sumpter et al., 1991; Farbridge and 

Leatherland, 1992; Björnsson, 1997; Pérez-Sánchez and Le Bail, 1999; Pottinger et al., 2003; 
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Wilkinson et al., 2006), and higher food intake was observed in dominant hatchery smolts 

compared to their subordinate mate choice counterparts, it appeared that both stocks of hatchery-

reared Chinook consumed sufficient rations to avoid additional influence of nutritional changes 

to circulating levels of GH and IGF-I during the trials. 

4.5.7 Breeding Method Differentially Affects Response of the Growth Axis to Stress in a Semi-

natural Rearing Environment 

Levels of plasma GH and IGF-I in channel-reared Chinook smolts were affected unequally 

during acute and chronic stress; GH was reduced with chronic social subordination in hatchery-

bred fish, while IGF-I was negatively impacted in dominant mate choice-bred fish in response to 

both AE and SI.  While the elevation in plasma GH associated dominance and aggression in fish 

may be typical, (see Johnsson and Björnsson, 1994; Johnsson et al., 1996; Jönsson et al., 1998), 

mate choice fish, fitting the characteristic dominant mould, maintained GH but IGF-I levels in 

plasma were considerably impacted by acute AE as well as SI.  Though stress can cause  

stimulation of GH levels in salmonids, it is difficult to link GH levels without considering 

accompanying reductions in food intake during periods of stress (e.g. Pickering et al., 1991; 

Farbridge and Leatherland, 1992; Wilkinson et al., 2006).  Stress results in an inhibitory effect 

on plasma IGF-I levels in a variety of different fish species (Davis and Peterson, 2006; Liebert 

and Schreck, 2006; Wilkinson et al. 2006; Saera-Vila et al., 2009), as well as stimulatory effects 

on IGF-I binding proteins that further inhibit the anabolic action of free IGF-I during stressors 

(see Kelley et al., 2001, 2002; Kajimura et al., 2003; Davis and Peterson, 2006; Pierce et al., 

2006; Shimizu et al., 2006; Shepherd et al., 2011).  As both IGF-I and IGFBPs  are largely 

regulated by changes in nutritional status (reviewed by Pérez-Sánchez and Le Bail, 1999; Picha 

et al., 2008), however, the marked reduction in food intake observed for channel-reared fish in 

the current study was likely the principal factor driving associated changes in circulating GH and 

IGF-I levels at this time.  Although mate choice fish demonstrated improved feeding (~2-fold) 

over hatchery fish in both trials, overall consumption was markedly less (~10-fold) than when 

stocks contrasted within the hatchery.  

4.5.8 A Note on the Influence of Fasting 

  In contrast to the hatchery environment, overall fish in the semi-natural channels ate 

significantly less but were also characterized by clear differences in plasma hormone levels 

between the hatchery and mate choice fish in response to the different stressors.  Low food 
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consumption rates and elevated plasma GH and IGF-I levels have been previously reported with 

the rearing of domesticated salmonids in semi-natural channels (Tymchuk et al., 2009).  This, in 

fact, may be due to assertive fish responding to an unfamiliar environment which promotes 

aggressiveness for long-term control of territory and resources through sacrifice of immediate 

yield (Cutts et al., 2002).  Yet, here it appears that this effect is not discernible within a 

conventional hatchery environment.  Higher feeding rates observed in fish reared in the hatchery 

may have masked differentiation within the responses of stocks, though comparable changes 

were not seen in plasma cortisol levels of hatchery fish within the semi-natural channel 

environment.  Many have reported changes to plasma elements of the growth axis become 

apparent after a minimum of one week of fasting (Sumpter et al., 1991; Leatherland and 

Farbridge, 1992; Johnsson et al., 1996), here however, reduced feeding impacts are likely evident 

within the results after 5 d of chronic stress when taking into account the additional influence of 

social interaction during this time (e.g. DiBattista et al., 2006).  Overall, food intake was not a 

reliable predictor of dominance in the hatchery environment in this study, though the clear 

distinction of social status-related food intake and associated changes in cortisol was observed 

for fish reared in the semi-natural environment.   

4.5.9 Conclusion 

The current study provides evidence that the early rearing environment, from hatch to the 1-2 

g size, has a significant impact on the social behavior of juvenile Chinook salmon.  Moreover, 

our results suggest that the early rearing environment alters the stress responsiveness and the 

regulation of key endocrine elements of the growth axis.  As such, our findings highlight the 

importance of assessing stock performance beyond the confines of the traditional hatchery 

rearing environment. 
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Table 4.1. Pre-experimental body weight (g) of size-matched juvenile Chinook salmon from 

hatchery and mate choice breeding either reared in a traditional hatchery setting (Hatchery) or in 

a semi-natural channel (Channel).  Fish were either allowed to interact in pairs for 5 days (social 

interaction; SI), or air exposed (AE) for 60 sec and allowed to interact in pairs for 5 days 

(AE/SI).  Values are means ± S.E.M. 

 Hatchery Breeding Mate Choice Breeding 

 SI AE/SI SI AE/SI 

Hatchery 27.3 ± 0.7 30.7 ± 0.9 27.3 ± 0.7 30.7 ± 0.9 

Channel 30.8 ± 1.7 34.9 ± 2.0 30.7 ± 1.7 34.7 ± 2.0 
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Table 4.2. Assessment of dominance among size-matched juvenile Chinook salmon from 

hatchery and mate choice breeding either reared in a traditional hatchery setting (Hatchery) or in 

a semi-natural channel (Channel).  Fish were either allowed to interact in pairs for 5 days (social 

interaction; SI), or air exposed (AE) for 60 sec and allowed to interact in pairs for 5 days 

(AE/SI).  Dominant status is presented as proportion of ten dyadic interactions and based on total 

cumulative behavioral score from a principle component analysis.  Relative contribution of 

aggressive behavior, position in the tank and food acquisition to the total cumulative behavioral 

score is also reported as a percentage.  

 
Hatchery Breeding Mate Choice Breeding 

 
SI AE/SI SI AE/SI 

Hatchery: 
    

Dominant status 7/10 8/10 3/10 2/10 

Aggressive behavior (%) 48.1 73.9 50.9 62.9 

Position in the tank (%) 36.2 22.4 31.2 25.3 

Feeding acquisition (%) 15.7 3.7 17.9 11.8 

Channel: 
    

Dominant status 3/10 3/10 7/10 7/10 

Aggressive behavior (%) 68.2 45.6 48.7 61.2 

Position in the tank (%) 26.6 34.0 32.1 22.5 

Feeding acquisition (%) 5.2 20.4 19.2 16.3 
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Table 4.3.  Cumulative five day food intake of dominant and subordinate size-matched juvenile 

Chinook salmon either reared in a traditional hatchery setting (Hatchery) or in a semi-natural 

channel (Channel).  Fish were either allowed to interact in pairs for 5 days (social interaction; 

SI), or air exposed (AE) for 60 sec and allowed to interact in pairs for 5 days (AE/SI). Values are 

means  S.E.M. (N=10). 

 

  Food Intake (mg/g BW) 

 SI AE/SI 

   Hatchery:*       

      Dominant 9.71 ± 4.38
a
 4.85 ± 2.73

a 
 

      Subordinate 1.00 ± 0.48
b
 1.51 ± 0.56

b 
 

   Channel:       

      Dominant 1.04 ± 0.62
b
 0.39 ± 0.32

c
 

      Subordinate 0.46 ± 0.21
b
 0.18 ± 0.18

c
 

       

Within a given treatment, values that do not share a common letter are significantly different 

from each other as determined by two-way analysis of variance and pairwise Holm-Sidak post-

hoc tests.  The asterisk indicates a significant difference between the Hatchery and Channel early 

rearing environments in the SI and AE/SI treatments (P < 0.05). 
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Figure 4.1.  Plasma cortisol of juvenile Chinook offspring originating from hatchery and mate choice 

breeding and either reared in (A) a traditional hatchery setting (breeding, P=0.055; treatment, P=0.017; 

breeding  treatment, P=0.706) or (B) a semi-natural channel (breeding, P<0.001; treatment, P<0.001; 

breeding  treatment, P=0.492).  Fish were either left undisturbed (Control), air exposed for 60 sec and 

returned to their original tank for 1 h (air exposure; AE), allowed to interact in size-matched pairs for 5 

days (social interaction; SI) or air exposed for 60 sec and allowed to interact in size-matched pairs for 5 

days (AE/SI).  Each bar represents a mean + S.E.M. (N=10).  Within a given breeding strategy and 

rearing environment, bars that do not share a common letter are significantly different from each other as 

determined by two-way analysis of variance and pairwise Holm-Sidak post-hoc tests.  For a given 

treatment, an asterisk indicates a significant difference between breeding strategies (P<0.05). 
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Figure 4.2.  Plasma growth hormone (GH) of juvenile Chinook offspring originating from hatchery and 

mate choice breeding and either reared in (A) a traditional hatchery setting (breeding, P=0.734; treatment, 

P<0.001; breeding  treatment, P=0.360) or (B) a semi-natural channel (breeding, P<0.001; treatment, 

P=0.028; breeding  treatment, P=0.189).  Fish were either left undisturbed (Control), air exposed for 60 

sec and returned to their original tank for 1 h (air exposure; AE), allowed to interact in size-matched pairs 

for 5 days (social interaction; SI) or air exposed for 60 sec and allowed to interact in size-matched pairs 

for 5 days (AE/SI).  Each bar represents a mean + S.E.M. (N=10).  Within a given breeding strategy and 

rearing environment, bars that do not share a common letter are significantly different from each other as 

determined by two-way analysis of variance and pairwise Holm-Sidak post-hoc tests.  For a given 

treatment, an asterisk indicates a significant difference between breeding strategies (P<0.05). 
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Figure 4.3.  Plasma insulin-like growth factor I (IGF-I) of juvenile Chinook offspring originating from 

hatchery and mate choice breeding and either reared in (A) a traditional hatchery setting (breeding, 

P=0.681; treatment, P<0.001; breeding  treatment, P=0.360) or (B) a semi-natural channel (breeding, 

P=0.275; treatment, P<0.01; breeding  treatment, P<0.001).  Fish were either left undisturbed (Control), 

air exposed for 60 sec and returned to their original tank for 1 h (air exposure; AE), allowed to interact in 

size-matched pairs for 5 days (social interaction; SI) or air exposed for 60 sec and allowed to interact in 

size-matched pairs for 5 days (AE/SI).  Each bar represents a mean + S.E.M. (N=10).   Within a given 

breeding strategy and rearing environment, bars that do not share a common letter are significantly 

different from each other as determined by two-way analysis of variance and pairwise Holm-Sidak post-

hoc tests.  For a given treatment, an asterisk indicates a significant difference between breeding strategies 

(P<0.05). 
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5.1 Abstract 

Parasitic infections in fish are characteristically associated with suppressed growth but the 

mechanisms responsible for this response are generally not understood. Previously, we have 

shown that Cryptobia salmositica infection results in a transient reduction in food intake and a 

corresponding increase in plasma leptin levels. Here we assessed the effects of Cryptobia 

infection on the growth hormone (GH) - insulin-like growth factor I (IGF-I) endocrine growth 

axis of rainbow trout (Oncorhynchus mykiss). Over a 14 wk period, control fish gained 38% 

more weight and consistently maintained higher growth rates than parasite-infected fish from 3 

weeks post-infection (wpi) onward.  Whereas plasma GH levels during peak parasitemia at 3 and 

4 wpi were 3-fold higher in parasite-infected fish than in control fish, plasma IGF-I levels during 

this time did not differ between treatments. In a separate 6 wk experiment designed to 

differentiate between the proximal effects of a reduction in energy intake from those of 

Cryptobia infection, parasite-infected fish were characterized by transient increases in pituitary 

GH-1 gene expression, plasma GH levels and liver IGF binding protein 2 (IGFBP-2) gene 

expression, and no change in the mRNA levels of liver GH receptor (GHR), IGF-I and IGFBP-1. 

In contrast, fish pair-fed to the Cryptobia-infected rainbow trout were characterized by a 

transient increase in liver IGF-I gene expression but no other change. Similarly, while Cryptobia 

infection resulted in a transient 5-fold increase in leptin, a 2-fold increase in hormone-sensitive 

lipase 1 and an 80% reduction in fatty acid synthase liver gene expression, the pair-feeding 

treatment did not. Together, these results show that Cryptobia infection, independent of its 

appetite-suppressing effects, induces a catabolic state where elevated levels of plasma GH 

promote lipolysis without stimulating IGF-I-mediated somatic growth. Our results also suggest 

that leptin contributes to the regulation of growth and metabolism during Cryptobia infection.     

Keywords: GH/IGF-I/IGFBP growth axis, parasitemia, anorexia, leptin, hypoxemia, pair-fed   
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5.2 Introduction 

Cryptobia salmositica is a common haemoflagellate parasite prevalent in all species of 

Pacific salmon of North America (for review see Woo 2003).  Chronic infection with Cryptobia 

characteristically results in significant anaemia, altered haemopoiesis, and increased 

susceptibility to environmental hypoxia through the impairment of erythrocyte function (Woo 

1979; Woo & Wehnert 1986; Laidley et al. 1988; Bahmanrokh & Woo 2001), as well as 

dysfunction of the endocrine stress response as a direct result of parasitemia (Madison et al. 

2013).  Typically, reduced haematocrit and hypoxemia, compensatory splenomegaly, as well as 

additional physical (e.g. exophthalmia, abdominal ascites) and behavioural characteristics are 

observable during infection but are most prevalent during peak parasitemia. 

Another prominent characteristic of Cryptobia infection is a marked reduction in food intake 

(Li & Woo 1991; Thomas & Woo 1992).  While the control of food intake in fish is centrally 

regulated by several key hormones in the hypothalamus (see Volkoff et al. 2005), peripheral 

factors, such as leptin, have also been shown to influence appetite (Volkoff et al. 2003; 

Murashita et al. 2008) as well as the regulation of growth (de Pedro et al. 2006; Murashita et al. 

2011).  Though leptin typically responds to changes in energy status in fish through the control 

of lipid metabolism predominantly during periods of starvation or fasting (Kling et al. 2009), 

additional evidence exists which suggests that parasite-induced anorexia may be coordinated by 

changes in circulating leptin levels (Roberts et al. 1999).  Indeed, the appetite-suppressing effects 

of Cryptobia infection in rainbow trout is associated with a marked transient increase in liver 

leptin gene expression that mirrors the changes in food intake, and a sustained increase in plasma 

leptin levels (MacDonald et al. 2013).  During prolonged Cryptobia infection, fish also 

experience reduced growth rates sufficient to significantly alter proximate body composition 

(Lowe-Jinde & Zimmerman 1991).  Although the characteristic reduction in feeding observed in 

Cryptobia-infected fish alone may explain the reduced growth which accompanies parasitemia, it 

is not known whether infection with Cryptobia affects the mechanisms responsible for the 

endocrine regulation of growth. 

The regulation of somatic growth is under primary control of the endocrine growth axis 

which is comprised of three key elements: growth hormone (GH), insulin-like growth factor I 

(IGF-I), and insulin-like growth factor binding proteins (IGFBPs) (see Björnsson 1997; Duan 

1997; Kelley et al. 2001; 2002; Johnston et al. 2011).  While the GH/IGF-I/IGFBP axis responds 
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primarily to energy intake to regulate the delivery of nutrients for essential cellular processes or 

to regulate energy reserve, it additionally controls catabolism of stored energy during situations 

where nutrient intake is limited or abolished, and growth is suppressed (see Björnsson 1997; 

Kelley et al. 2001; Mommsen et al. 2001).  During growth-favourable conditions, GH is 

synthesized and released from the pituitary to act upon its receptor (GHR) in the liver, 

stimulating the release of IGF-I into circulation.  The regulation of IGF-I bioavailability is under 

control of several IGFBPs which additionally regulate ligand-receptor binding and promote 

nutrient delivery and growth in key metabolic tissues (e.g. liver, muscle).  Under situations 

where growth is compromised, e.g. during starvation, stress or immune challenge, GH release 

acts to co-ordinate general catabolism of reserves to provide fuel through gluconeogenic, 

glycogenolytic, and lipolytic processes at the expense of growth (see Björnsson 1997).  Under 

these circumstances the growth-promoting actions of IGF-I are inhibited by select IGFBPs, in 

particular, IGFBP-1 and -2, which have been shown to be upregulated during fasting and 

catabolic events in tilapia (Oreochromis mossambicus; Kajimura et al. 2003), sunshine bass 

hybrids (Morone chrysops x M. saxatilis; Davis & Peterson 2006) and both Pacific 

(Oncorhynchus tshawytscha; Shimizu et al. 2006; 2009) and Atlantic salmon (Salmo salar; 

Bower et al. 2008).  

In addition to typical responses to nutritional status, recent work has shown significant 

induction of IGFBPs to environmental hypoxia (Kajimura et al. 2005, 2006; Rahman & Thomas 

2011), highlighting their mechanistic role in the control of growth in response to hypoxia.  In 

fish, hypoxia is also a potent inhibitor of appetite (Bernier & Craig 2005; Bernier et al. 2012) and 

growth (Wang et al. 2009), promoting gluconeogenesis primarily by stimulating glycolysis and 

lipolysis to fuel physiological processes critical to survival (Wu 2002; Gracey et al. 2011).  

Recently, work suggests leptin may be a crucial component of this mechanism as hypoxia has 

been shown to be a potent stimulator of leptin in both mammals (Synder et al. 2008; Wang et al. 

2008), and fish (Chu et al. 2010) as well as its receptors (Wong et al. 2007; Cao et al. 2011).    

Though the hypoxic response is typically the result of reduced external environmental oxygen 

levels, exposure to Cryptobia salmositica is known to increase hypoxia susceptibility of 

salmonids through the hypoxemic conditions caused by infection (Woo and Wehnert 1986).   

Therefore, the primary aim of this study was to characterize the effects of Cryptobia 

infection on the GH/IGF-I/IGFBP growth axis of rainbow trout and determine how these effects 
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may be related to the known appetite- and growth-suppressing actions of this disease.  A 

secondary aim was to assess the relationships between liver leptin gene expression and the 

expression of key regulators of liver lipid metabolism.  Finally, to differentiate between the 

proximal effects of a reduction in food intake on growth from those of a parasitic infection, we 

compared the effects of Cryptobia infection with those of restricted food intake on the above 

parameters.  We predict that Cryptobia infection will promote the catabolic actions of the 

endocrine growth axis.  Moreover, since the growth-suppressing effects of this disease are 

associated with both anorectic and hypoxemic conditions, we predict that the effects of 

Cryptobia infection on the GH/IGF-I/IGFBP growth axis will differ from those of restricted 

feeding. 

5.3 Materials and Methods 

5.3.1 Animals 

Sexually immature female rainbow trout were obtained from Rainbow Springs Trout Farm 

(Thamesford ON, Canada), and housed in the Rolf C. Hagen Aqualab at the University of 

Guelph (Guelph ON, Canada) for a period of two weeks in a 700 l tank at 12  1C and fed to 

satiation on 4 pt classic sinking trout food (Martin Mills, Elmira, ON, Canada) prior to 

distribution into experimental groups.  Following this acclimation period, all fish were 

anaesthetized using buffered tricaine methanesulfonate (0.1 g/l, Syndel BC, Canada), weighed 

and intraperitoneally implanted with a 125 KHz PIT tag (passive integrative transponder: 11.5 x 

2.1 mm, Biomark, Boise ID, USA) tag for individual identification.  All procedures were 

approved by the local Animal Care Committee and conform to the principles of the Canadian 

Council for Animal Care. 

5.3.2 Parasite Introduction 

The haemoflagellate parasite Cryptobia salmositica was injected into four host fish (~ 150 g) 

to achieve peak infection approximately 4 weeks post injection (wpi) at 12  1C, as previously 

observed in pilot experiments Bernier et al. (unpublished data).  At 4 wpi, host fish were 

terminally anaesthetized and a pooled whole blood sampled was analyzed for parasite load using 

a haemocytometer (Hausser Scientific, Horsham PA, USA).  Host fish blood was then diluted 

with sterile phosphate buffered saline (PBS) to a concentration of 100,000 parasites / 150 l, and 

injected into anaesthetized experimental fish.  All control  (PBS) and pair-fed fish were subjected 

to the same procedure as those infected with parasites, but received a sham 150 l injection of 
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PBS alone.  Though both experiments were performed under similar conditions, peak 

parasitemia was observed during 3-4 wpi in experiment A, while in experiment B peak parasite 

numbers were observed during 4-6 wpi. 

5.3.3 Experimental Setup 

A. Growth Experiment (14 wk) 

Two hundred size-matched fish (210 ± 2.7 g) were randomly assigned to either the PBS or 

parasite group into duplicate 125 l tanks each to be terminally sampled time post-injection (1, 2, 

3, 4, 8 and 14 wpi).  Physical indices of: mass gained (g) and specific growth rate (SGR: in % 

body weight: BW, over a given time interval) were recorded over the duration of the experiment. 

At a terminal sample point, all fish from an individual tank were rapidly (< 2 min) terminally 

anaesthetized in 0.2% v/v of 2-phenoxyethanol (Sigma-Aldrich, St. Louis MO, USA) and plasma 

was extracted via caudal puncture with 23 G needles containing 0.5 M EDTA as an anti-

coagulant, spun at 8,000 g for 4-5 min and plasma was removed and immediately stored in liquid 

nitrogen for further analysis. 

A.1 Food Intake  

All fish were maintained on 4 pt classic sinking trout food from Martin Mills (Elmira ON, 

Canada).  Prior to each terminal sample, fish to be sampled were fed to satiation with re-pelleted 

feed containing 5% 450 m carbon steel beads (Draiswerke Inc., Mahwah, NJ, USA) per dry 

mass of feed.  One-hundred twenty minutes later, all fish from a single tank were rapidly 

terminated with an overdose of 2-phenoxyethanol and X-rayed using an Acu-Ray HFJ portable 

X-ray unit (50 kV, 1.05 mAs @ 90 cm; Sterne ON, Canada).  After development of the 

radiographs, the number of steel beads in the gastrointestinal tract of the fish was tallied and the 

amount of feed consumed was calculated using a calibration curve.   

A.2 Plasma GH and IGF-I Analyses 

Plasma GH levels were assayed as described by Swanson (1994), using recombinant trout 

GH as standard and tracer and anti-recombinant trout GH as primary antibody (1:25,000; 

Novozymes GroPep Ltd.).  Plasma IGF-I levels were assayed as described in Shimizu et al. 

(2000).  Briefly, IGF-I was first extracted from plasma by acid-ethanol according to Breier et al. 

(1991), and quantified using recombinant trout IGF-I as standard and tracer, and anti-

recombinant barramundi IGF-I as primary antibody (1:7,000; Novozymes GroPep Ltd. Adelaide, 

Australia).  IGF-I and GH were iodinated by the chloramine-T method described by Le Bail et al. 
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(1991).  For both the IGF-I and GH RIAs, approximately 7000 cpm of tracer in 50 μL was added 

to tubes containing 50 μL of sample, 50 μL of primary antibody and 150 μL of RIA buffer (30 

mM NaH2PO4, 0.02% protamine sulphate, 10 mM EDTA, 0.025% NaN3, 0.05% (v/v) Tween-20, 

pH 7.5).  After a minimum of 48 h incubation at 4ºC, the antibody-bound IGF-I or GH were 

complexed with secondary antibody (1:15, goat anti-rabbit IgG; AbD Serotec, Oxford, UK) and 

polyclonal rabbit anti-human IgG (1:200; Dako, Glostrup, Denmark), and precipitated by using 

ice-cold polyethylene glycol 6000 (PEG-6000; Sigma-Aldrich) and centrifugation at 4000 g for 

30 min.  Plasma IGF-I and GH analyses were each performed in a single assay.  Concentrations 

of plasma IGF-I and GH were determined using 3-parameter sigmoidal curve regression 

equations (SigmaPlot 10, SPSS, Chicago, Il, USA) obtained from the standard curves.  Serial 

dilutions of trout plasma paralleled the standard curves in each RIA. 

B. Peak Infection Experiment (6 wk) 

A second experiment was performed to examine particular changes within the GH/IGF-

I/IGFBP growth axis during times of peak infection.  In this experiment, 100 size-matched fish 

(mean 138.1 ± 7.5 g) were randomly assigned to one of three treatments groups: PBS, parasite or 

pair-fed to be terminally sampled at 4 and 6 wpi.   Each treatment group was housed in duplicate 

125 l tanks (N = 10 per tank) and fed consistently to satiation for 4 weeks to establish a pre-

experimental growth rate.  The pre-experimental mean population mass was increased to 184.8 ± 

9.1 g to establish a consistent feeding regime prior to introduction of the parasite. 

B.1 Feeding and Food Intake 

All fish were maintained on 4 pt classic sinking trout food from Martin Mills (Elmira ON, 

Canada).  From the initial injection point (t = 0), control (PBS) fish were fed once daily to 

satiation to a maximum of the projected 3% tank biomass over the duration of the experiment.  

Fish infected with the parasite were fed to satiation only (with no maximum amount) and crude 

daily feed consumption was documented.  Pair-fed fish were fed only the mean amount of 

calculated food consumed by fish in parasite treatment tanks daily. At four- and six-weeks post 

injection, food intake of specific fish was analyzed using the identical X-radiography method 

described in Experiment A. 

B.2 Growth Indices 

Pre-experimental growth rate was monitored over the four weeks prior to introduction of the 

parasite to ensure all fish were growing equally.  During the injection of PBS or parasites, 
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physical indices of PIT-tagged fish were recorded for individuals for future comparison of 

parameters at terminal sample points either 4- or 6-weeks later.  At the terminal sample, all fish 

from an individual tank were rapidly terminally anaesthetized in 0.2% v/v of 2-phenoxyethanol, 

sampled for blood and tissues (pituitary, liver, and white muscle) and immediately frozen on dry 

ice or liquid nitrogen and stored at -80C for further analyses.  Plasma GH measure was also 

performed in this experiment following the identical protocol outlined in the 14 wk experiment. 

B.3 RNA extraction, first-strand synthesis and qRT-PCR  

All tissues were homogenized and total RNA extracted using Trizol Reagent (Invitrogen, 

Carlsbad, CA, USA).  RNA pellets were then re-dissolved in RNase-free water and quantified by 

ultraviolet (A260) spectrophotometry.  One to two micrograms of total RNA was treated with 

DNase I and reverse transcribed to cDNA using Superscript II RNase H-reverse transcriptase 

(Invitrogen) according to the manufacturer’s protocol.  Non-reverse transcribed (no-RT controls) 

representatives from each tissue were included during cDNA synthesis to monitor genomic 

contamination.  Triplicates of each cDNA sample were amplified by qRT-PCR using an ABI 

StepOne Plus sequence detection system (Applied Biosystems, Foster City, CA, USA).  Target 

genes were analyzed using qRT-PCR assays developed using the SYBR Green chemistry.  The 

15 μl reactions contained 11.25 μl Perfecta SYBR Green 2x PCR FastMix ROX (Quanta 

BioSciences Inc, Gaithersburg, MD, USA), 3.5 μl of 5 to 15-fold diluted first strand cDNA 

template or no-RT controls, and 1.875 μl of both forward and reverse primers (1.6 μM).  To 

verify that the amplification signal resulted from a single PCR product, a dissociation cycle from 

60-95ºC was performed following the 40th cycle.  Only samples with a unimodal dissociation 

curve and predicted melting temperature were analyzed.  Primer pairs for qRT-PCR were 

designed using Primer Express 3.0 (Applied Biosystems) based on rainbow trout (Oncorhynchus 

mykiss) sequences for the genes of target tissues (Table 5.1).  To account for differences in 

amplification efficiency, standard curves were constructed for each gene using known dilutions 

of cDNA from the targeted tissues.  Input values were obtained by fitting the average threshold 

cycle (CT) value to the antilog of the standard curve.  To correct for minor variations in template 

input and transcriptional efficiency, the input values were normalized to the housekeeping gene 

elongation factor 1 (EF1; GenBank accession no. AF498320), and standardized to PBS values 

at t = 0 (Exp. A) and at 4 wpi (Exp. B).  Initial pilot experiments revealed no changes in EF1 



121 

 

expression with parasite infection and therefore was selected as a housekeeping gene for all 

tissues examined in this study.   

5.3.4 Calculations and Statistical Analyses 

All results are presented as mean + SEM unless stated otherwise.  Non-parametric data was 

log10 transformed prior to statistical analysis.  Parametric data was analyzed using either 2-way 

Repeated Measures Analysis of Variance (ANOVA) (growth indices) or 2-way ANOVA 

(parasitemia, plasma hormones and mRNA expression) for treatment and time.  If interactions 

between variables existed, data was further analyzed by a one-way ANOVA with Holm-Sidak 

post-hoc tests.  All analyses were performed using SigmaStat 3.5 (SPSS Chicago, IL, USA) 

using a significance level of P < 0.05.   

5.4 Results 

5.4.1. Experiment 1: Effects of Cryptobia infection on growth rate and on plasma GH and IGF-I 

Parasitemia and food intake data for Experiment 1 were previously reported by MacDonald 

et al. (2013), and are only briefly summarized here.  Parasitemia of fish infected with C. 

salmositica increased exponentially from 0.0410
6
 to 11.0510

6
 parasites/ml between 1 and 3 

wpi.  Parasitemia declined rapidly thereafter to 3.9510
6
 parasites/ml at 4 wpi and remained at 

0.5610
6
 parasites/ml between 8 and 14 wpi.  In contrast, C. salmositica was undetectable in the 

control fish.  Food intake in the control treatment was maintained at ~14 mg/g BW throughout 

the 14 week growth trial.  In the parasite treatment, food intake did not differ from the control 

fish at 1 and 2 wpi, decreased rapidly to 3.7 mg/g BW at 3 wpi and recovered gradually back to 

control levels by 14 wpi. 

Over the 14 week experiment, control fish gained 38% more weight than the parasite-

infected fish (Fig. 5.1A).  While mass gain in the parasite treatment was lower than in the control 

treatment starting at 3 wpi, the difference reached significance at 8 and 14 wpi.  Similarly, while 

the growth rate of control fish remained at ~1.0 % BW/day for 14 weeks, SGR in the parasite 

treatment started to drop below the SGR of the control treatment at 3 wpi and the difference 

reached significance at 8 and 14 wpi (Fig. 5.1B).  Overall, the SGR of parasite-injected fish was 

consistently 30% lower than in saline-injected fish between 3 and 14 wpi. 

Plasma GH levels in the control treatment remained relatively stable over the 14 week 

experiment (Fig. 5.2A).  In contrast, the parasite-infected fish were characterized by a transient 

increase in plasma GH at 3 and 4 wpi with circulating levels being 3-fold higher than in the 
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control fish.  The increase in plasma GH in the parasite treatment was transient and corresponded 

with peak infection and maximal anorexia.  With the exception of a transient 28% increase at 2 

wpi in the parasite treatment, plasma IGF-I levels remained stable in both treatments over 14 

weeks (Fig. 5.2B). 

5.4.2. Experiment 2: Effects of peak Cryptobia infection on the regulation of the growth axis 

Whereas Cryptobia salmositica was undetectable in the control fish, parasitemia numbers 

were 2.41±0.75 x 10
6 

and 1.79±0.62 x 10
6
 parasites/ml at 4 and 6 wpi, respectively.  Relative to 

the control fish, food intake was reduced by 54% in the parasite treatment at 4 wpi (Fig. 5.3A).     

At 6 wpi, although food intake in the parasite treatment was still 20% lower than in controls, the 

difference in food consumption between these treatments was no longer significant.  At both 

sampling times, food intake did not differ between the pair-fed and parasite treatments.  On 

average, control fish gained 38% and 42% more weight than the parasite and pair-fed treatments 

at 4 and 6 wpi, respectively (Fig. 5.3B).  In addition, while there was an increase in mass gain 

between 4 and 6 wpi in the control treatment, this was not the case in the parasite and pair-fed 

treatments.  As observed in the 14 week growth trial, the SGR of control fish in Experiment 2 

was ~1.0 % BW/day at both sampling times and was consistently 33% lower in the parasite 

treatment (Fig. 5.3C).  SGR was also significantly lower in the pair-fed fish than in the controls 

but did not differ from the parasite treatment.   

Pituitary GH-1 and -2 mRNA levels were generally increased with parasite infection and to a 

lesser extent with pair-feeding (Fig. 5.4A & 5.4B).  However, while the average GH-1 mRNA 

levels in the parasite and pair-fed treatments were 2.1- and 2.7-fold higher than in the control fish 

at 4 and 6 wpi, respectively, variability in the expression of GH-1 was relatively high and only 

the parasite treatment at 4 wpi was significantly higher than the control treatment.  Similarly, the 

changes in GH-2 gene expression did not reach significance.  Liver GHR mRNA levels did not 

differ between treatments within a given sampling time, remained unchanged in the control fish 

between 4 and 6 wpi, but increased with time in the parasite and pair-fed treatments (Fig. 5.4C).  

Whereas plasma GH levels in the parasite-infected fish were 2.5- and 2.1-fold higher than in the 

control and pair-fed fish at 4 wpi, respectively, there was no difference between treatments at 6 

wpi (Fig. 5.4D). 

Relative to the 4 wpi control treatment, parasitemia had no effect on liver IGF-I gene 

expression but pair-feeding was associated with a 2-fold increase in the expression of this 
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transcript (Fig. 5.5A).  In contrast, IGF-I mRNA levels did not differ between treatments at 6 wpi 

but there was an increase in gene expression between 4 and 6 wpi in the parasite-injected fish.  

Overall, liver IGFBP-1 and -2 mRNA levels were differentially affected by parasite infection, 

but generally unresponsive to pair-feeding (Fig. 5.5B & 5.5C).  IGFBP-1 gene expression 

decreased between 4 and 6 wpi by 44% and 64% in the control and parasite treatments, 

respectively, but did not change in the pair-fed treatment.  IGFBP-2 gene expression transiently 

increased by 46% at 4 wpi in the parasite treatment, but was unaffected by pair-feeding at either 

sampling time.  

Parasite infection was also characterized by significant transient changes in the gene 

expression of liver leptin, FAS and HSL (Fig. 5.6).  Relative to controls, leptin mRNA levels in 

the parasite treatment increased 5.3-fold at 4 wpi and returned to basal levels at 6 wpi (Fig. 

5.6A).  In contrast, FAS gene expression in the parasite-infected fish decreased by 84% at 4 wpi 

and bounced back to control levels at 6 wpi (Fig. 5.6B).  HSL-1 and -2 gene expression both 

increased by nearly 2-fold relative to the control treatment at 4 wpi and returned to control levels 

at 6 wpi (Fig. 5.6C).  However, as a result of relatively high individual variability in the HSL-2 

data, only the change in HSL-1 reached statistical significance.  In contrast, pair-feeding had no 

effect on the expression of liver leptin, FAS or HSL at either 4 or 6 wpi.  

5.5 Discussion 

A. Growth Experiment 

Peak anorexia coincided with peak parasitemia during the 14 wk growth experiment.  During 

this period, between 3 and 4 wpi, both mass gained and SGR in the parasite treatment were 

reduced by nearly 60% relative to control fish.  Whereas circulating levels of GH increased 

several fold during the 3-4 wpi period in the Cryptobia-infected fish, there was only a minor 

increase in plasma IGF-I levels at 2 wpi, i.e. prior to the spike in plasma GH.  Overall, the 

growth-suppressing effects of parasitemia were most pronounced during a limited peak-infection 

window but the parasite-infected fish maintained positive growth rates over the 14 wk 

experiment.    

Previous examination of Cryptobia salmositica infection demonstrates a typical humoral 

immune response producing antibodies in response to parasites around 2-3 wpi (Sitjà-Bobadilla 

& Woo 1994; Chin & Woo 2005), while anorexia generally coincides with maximal parasitemia 
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(Li & Woo 1991; Thomas & Woo 1992; Chin et al. 2004) as was observed in the current study.  

Food intake remained lower than controls for several weeks following peak infection and 

anorexia, but was recovered fully by 14 wpi (MacDonald et al. 2013).  Earlier work by Li & 

Woo (1991) suggested anorexia brought on by parasitemia may indeed act to reduce plasma 

protein levels in an attempt to limit energy for proliferation of additional parasites during 

infection, thereby reducing the severity of the infection.  While this may be acutely beneficial for 

survival, the duration of anorexia in response to parasite infection lasted well beyond peak 

numbers in circulation which led to immediate and significant reductions in mass gain and 

growth rate of parasite-infected fish in our study.  This may ultimately negatively impact 

metabolism and divert energy away from growth processes towards the response to parasitemia, 

as severe lethargy was observed with parasite-infected fish in the current experiment.  In addition 

to anorexia, peak anemia which occurs during this period leads to hypoxemic effects, limiting 

oxygen carrying capacity and resulting in an increased sensitivity to environmental hypoxic 

conditions within Cryptobia-infected fish (Woo & Wehnert 1986; MacDonald et al. 2013).  

Thus, if anemic conditions brought about by chronic exposure to C. salmositica resulted in 

internal hypoxia, parasite-infected fish would be subjected to both the inhibition of food intake 

and augmented catabolism of internal energy reserves, inhibiting growth rate beyond that due to 

impaired oxygen transport alone (see Wang et al. 2009).   

Anorexia and growth inhibition has been previously characterized as typical characteristics 

of the immune response to Cryptobia infection (see Woo 2010), and it is only recently that the 

endocrine growth axis has been shown to be regulated during immune response to parasite 

infection in fish (Peterson et al. 2007; Sitjà-Bobadilla et al. 2008).  As previous review studies 

outlined the regulatory and reactive role of the growth axis on food intake (Lin et al. 2000; 

Shimizu et al. 2009), it is likely that the growth reduction in response to C. salmositica observed 

in the current study can be attributed to several of these factors working in combination.  

Significant increase in the circulating levels of GH observed presently suggest the period of peak 

parasitemia has the most impact on endocrine elements, though this may not be solely in direct 

response to parasite loads as this time also coincides with peak anorexia.  Situations of reduced 

intake and fasting are known to stimulate GH and inhibit IGF-I plasma levels (Gabillard et al. 

2006; Fox et al. 2009; Peterson et al. 2009; Shimizu et al. 2009), therefore, circulating GH in 

response to reduced feeding in parasite-infected fish may explain higher levels observed during 
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peak parasitemia.  However, elevated IGF-I levels during parasitemia appears counter-intuitive, 

though previous studies by Bilodeau et al. (2006) and Peterson et al. (2007) observed decreased 

plasma levels of IGF-I soon after channel catfish were challenged with Edwardsiella ictaluri.  

Collectively, data suggests that IGF-I production is not a key inhibitory target of the parasite-

induced attenuation of the growth-promoting actions of the endocrine growth axis.  However, 

what remains is a clear cumulative inhibitory impact of C. salmositica on growth over the 14 

wks of infection.  

 

B. Peak Infection Experiment 

The goal of the 6 wk peak parasitemia experiment was to differentiate the changes in the 

endocrine growth axis of the 14 wk growth experiment from the anorexic effects observed during 

peak infection.  Additionally, we examined the role of GH, leptin and lipid utilization during the 

peak infection period.  Though the effects of parasitemia on growth was comparable between 

experiments, the results of the peak infection experiment clearly indicated these were mainly due 

to nutritional changes brought on by anorexia as similar effects were observed in the pair-fed 

treatment.  Patterns of both GHs and GHR mRNA expression in parasite fish were not different 

from pair-fed fish yet differences were distinguishable between these treatments relative to the 

control fish during peak infection; elevated plasma GH was only observed at 4 wpi in parasite-

infected fish.  Furthermore, differences between treatments were observed in the expression of 

IGF-I in infected fish, with minor differences in IGFBP-1, -2 mRNA relative to pair-fed fish 

during peak parasitemia along with elevated leptin mRNA and transcripts of HSLs. 

During peak infection, pituitary GH-1 mRNA and plasma GH levels were elevated in relation 

to control fish, while additional changes to pituitary GH-2 and liver GHR transcripts were 

mirrored in pair-fed fish and were therefore likely the result of the associated nutritional changes 

during parasite-induced anorexia.  However, differences in GH-1 mRNA and circulating levels 

of GH clearly indicated an effect of parasite infection beyond those responses of food-rationed 

fish.  The known stimulatory effect of the immune response on GH production previously 

reported in fish (see mini-review by Yada 2007), may in part explain augmented GH synthesis 

and plasma levels observed in the current study, though not all of these related measures differed 

from the responses of pair-fed treament fish.  Comparable elevation to GHR transcripts in 

Cryptobia-infected and pair-fed fish during peak infection times suggests that nutritional status 
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may be responsible as immune challenge typically results in the reduction of GHR production.  

Studies have provided evidence of a parasite-induced inhibiton of GH receptors; demonstrated 

both in channel catfish infected with E. ictaluri and treated with recombinant bovine GH 

(Peterson et al. 2007), as well as gilthead seabream infected with Enteromyxum leei (Sitjà-

Bobadilla et al. 2008).  Though neither of these studies directly contrasted food consumption 

during the infection period, as did the current study, collectively the data suggests GH signaling 

is a central target of during the response to Cryptobia salmositica infection.  Although several 

previous studies have linked a reduction in nutrient intake in to an increase in GH secretion in 

fish (Johnsson 1996; Pottinger et al. 2003; Gomez-Requeni et al. 2005; Wilkinson et al. 2006), 

the differences in pituitary GH expression and plasma GH between the parasite and pair-fed 

treatments in this study suggest that the increase in GH secretion associated with Cryptobia 

infection is not due to a reduction in food intake. 

Elevated IGF-I transcript synthesis also occurred in Cryptobia-infected fish between 4 and 6 

wpi that was not observed in either control or pair-fed groups.  Interestingly, increases in plasma 

GH reported in the parasite fish at 4 wpi was contrasted by lower levels of IGF-I mRNA 

synthesis, while the significant elevation of IGF-I transcripts followed despite reduced GH levels 

in circulation by 6 wpi.  Peak parasitemia resulted in the insensitivity of IGF-I to elevated GH 

levels, an effect reported previously in IGF-I synthesis both in vivo with channel catfish (Small 

2005; Small & Peterson 2005) as well as in salmon hepatocyte cultures in vitro (Pierce et al. 

2005) in response to GH treatment.  Presently, the reductions in food intake during the peak 

infection period in the pair-fed treatment group fish was not enough to impact IGF-I synthesis 

levels.  Even with the typical reduction in IGF-I transcripts often associated with restricted 

rationing or fasting in fish (e.g. Shimizu et al. 1999; Peterson et al. 2009), we observed no 

change in liver IGF-I gene expression between 4 and 6 wpi in the current study.  Our results also 

indicated that food intake during peak infection with Cryptobia was still sufficient to not affect 

routine levels of IGF-I mRNA synthesis, though changes to mRNA expression of IGF binding 

proteins suggests their role in the additional regulation of IGF-I action post-transcriptional 

mechanisms during peak parasitemia may be preferred over changes in IGF-I synthesis outright.  

Elevation of liver IGFBP-2 mRNAs at 4 wpi was seen in parasite fish when contrasted to control 

groups, while pair-feeding fish at peak anorexia displayed no effect on the synthesis of these 

transcripts.  Disparate patterns emerged in IGFBP mRNA levels between parasite and pair-fed 
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fish indicating the endocrine response to reduced food intake differed from the response to peak 

parasite infection.  Though this is the first study to show the effect of infection with the parasite 

C. salmositica on IGFBP transcript levels in fish, IGFBP-1 and -2 have long been shown to be 

upregulated in mammals, for example with the response of pigs to infection with Sarcocystis 

miescheriana (see Prickett et al. 1992).   

Parasite infection additionally resulted in a near five-fold elevation in liver leptin transcripts 

at the onset of peak parasitemia at 4 wpi that was not mirrored in either control, or pair-fed 

treatment groups.  While there is some evidence that prolonged periods of fasting may stimulate 

liver leptin production in fish (Kling et al. 2009), our results, in combination with a related study 

MacDonald et al. (2013), clearly show that elevated leptin synthesis during Cryptobia infection 

is not in response to anorexia but rather the result of internal hypoxemic conditions.  Hypoxia-

sensitive leptin receptors have been characterized in both medaka (Wong et al. 2007) and crucian 

carp (Cao et al. 2011), while work in zebrafish also shows leptin mRNA to be rapidly inducible 

in response to hypoxic conditions during development and on through to adulthood via 

mediation of a hypoxia-inducible factor, HIF-I (Chu et al. 2010).  Furthermore, the latter study 

also observed elevated leptin expression in zebrafish to persist throughout hypoxic conditions up 

to 10 d.  Recent work in common carp by Bernier et al. (2012) also reported that the influence of 

hypoxia on leptin transcripts predominantly stemmed from low oxygen availability opposed to 

the effects due to the reduction in food intake observed as observed with pair-fed treatment 

groups.  In the present study, Cryptobia-infected fish subjected to hypoxemia during peak 

parasite numbers would have also been subjected to the inhibitory effects of elevated leptin 

synthesis on appetite and amplifying catabolic demand, an effect unmatched when contrasted to 

pair-feeding treatment.   

Leptin mRNA transcripts also coincided with similar changes in plasma GH levels, also 

observed only in parasite-infected fish.  In mammals, leptin production has long known to have 

potent stimulatory effects on GH secretion (Carro et al. 1997; Tannenbaum et al. 1998), though 

any direct evidence of similar actions in fish is lacking.  However, both hormones are involved in 

the regulation of metabolism during chronic periods of reduced food intake, of particular 

consequence to lipid stores, through their direct involvement in the regulation of lipolysis 

(O'Connor et al. 1993; Björnsson 1997; de Pedro et al. 2006).  Indeed, Cryptobia infection 

resulted in the upregulation of leptin and HSL-1 and 2 and suppression of FAS gene transcripts 
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after 4 wpi, as well as that the reduction to fat stores has been previously noted in fish infected 

with this particular parasite (Lowe-Jinde & Zimmerman 1991).  Earlier evidence of stimulated 

lipolysis in response to leptin treatment in fish was reported by Londraville & Duvall (2002) and 

de Pedro et al. (2006), although the stimulation of fatty acid oxidation for gluconeogenesis 

during conditions where oxygen may be limiting, would appear counterintuitive.  However, 

similar to the conditions observed in Cryptobia-infected fish, goby (Gillichthys mirabilis) held 

under hypoxic conditions for 5d were characterized by a marked reduction in hepatic lipids a 

reduced lipogenic capacity and a significant stimulation of lipolytic pathways (Gracey et al. 

2011).  In return, an increase in fatty acid hydrolysis during hypoxic conditions could provide a 

glycerol source for glycolysis (Gracey et al. 2011), and provide support for the regulatory role of 

leptin on lipid metabolism during internal hypoxic conditions.  

5.5.1 Conclusion 

This study demonstrates the impact of Cryptobia salmositica-induced anorexia on the 

endocrine growth axis in rainbow trout.  The significant inhibition of growth observed within 

this study can predominantly be attributed to a reduction in food intake caused by the appetite-

suppressing effects of peak parasitemia.  Furthermore, our results demonstrate that the catabolic 

state induced by Cryptobia infection elevates levels of plasma GH and promotes lipolysis, 

without the stimulation of IGF-I-mediated somatic growth.  We also suggest that leptin 

contributes to the regulation of growth and metabolism during Cryptobia infection.  This study is 

novel in that it is one of the first to address the effects of parasite infection independently from 

the effects of nutritional changes on the endocrine growth axis in salmonids.  Specifically, our 

results demonstrate that factors other than nutritional status may be regulating hormone-

controlled growth through uncoupling of the growth-promoting actions of the GH/IGF-I/IGFBP 

axis to support additional metabolic actions of GH, such as lipolysis, to supply energy during 

parasite challenge.  Future studies may be needed to examine the influence of the general 

immune response to parasitemia on both circulating and genomic elements of the endocrine 

growth axis as we cannot conclusively rule out collaborative effects of immune-endocrine 

interaction from the additive effects of hypoxemia within the expression patterns of our selected 

genomic targets. 
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Table 5.1. Sequences of primer pairs used in real-time reverse transcriptase-polymerase chain 

reaction assays. 

Gene 
GenBank 

accession no. 
Efficiency Sequence (5’ to 3’) 

EF1  AF498320 97.8% F: CCATTGACATTTCTCTGTGGAAGT 

   R: GAGGTACCAGTGATCATGTTCTTGA 

FAS CA341728.p.om.8* 99.1% F: AGACACTGGAGCGCGATTATG 

   R: GATGGTGAGCTGTCGGATCTC 

GH-1 M22731 89.5% F: TCAAGAAGGACATGCACAAGG 

   R: TCTCCAGCCCACGTCTACAGA 

GH-2 M24684 91.8% F: GGGTTTTCAAGCATTTTGCAT 

   R: ATGGATCAGTGGTAGCTCCGAGTA 

GHR
†
 AY861675 / AY751531 96.9% F: TGGAAGACATCGTGGAACCA 

   R: CATTCAGCAGGGTCCAGTTCA 

HSL-1 HQ225622.1 101.4% F: CGCCCTCCCGCCTTCTCA 

   R: GGCCCATATTCCGCAGTTTCCT 

HSL-2 HQ225623.1 101.8% F: CGCCCTCCCGTCTGCTCAC  

   R: GGCCCATATCCCGCAGTTTCT 

IGF-I M95183 92.1% F: GATGTCTTCAAGAGTGCGATGTG 

   R: CGCCGAAGTCAGGGTTAGG 

IGFBP-1 NM_001124561 91.0% F: AGGGTCCCTGCCACATTGA 

   R: CTAGTTCCTGCTGAGAGCTGG 

IGFBP-2 DQ146968 91.1% F: CGCCTCAGCCCAGAAATAGT 

   R: GTTTTAAGACTCAGGCCGATCAG 

Leptin AM042713 88.2% F: GAGGGCATGGACCCATTTC 

   R: GGCAGGCTTTCTATATGCTGATC 

EF1, elongation factor 1; FAS, fatty acid synthase; F, forward; GH, growth hormone; GHR, 

growth hormone receptor; HSL, hormone sensitive lipase; IGF-I, insulin-like growth factor I; 

IGFBP, IGF-binding protein; R, reverse.  * Sigenae accession number (SIGENAE bank; French 

program of analysis of breeding animal’s genome, www.sigenae.org). † Primers for GHR were 

designed over coding regions that are 100% homologous between the GHR2a and GHR2b 

variants. 
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Figure 5.1.  Effects of an intraperitoneal injection of phosphate-buffered saline (PBS; control treatment) 

or Cryptobia salmositica (100,000 parasites in PBS; parasite treatment) on (A) mass gained and (B) 

specific growth rate.  Sampling times within the control treatment that do not share a common lowercase 

letter, or within the parasite treatment that do not share an uppercase letter, are significantly different from 

each other as determined by a one-way ANOVA and by pairwise Tukey’s post-hoc test.  An * indicates a 

difference between treatments at a given time as determined by Student’s t-test.  The significance level 

for all statistical tests was P < 0.05.  Values are means ± S.E.M. (n=18).  BW, body weight; wpi, weeks 

post-injection. 
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Figure 5.2.  Effects of an intraperitoneal injection of phosphate-buffered saline (PBS; control treatment) 

or Cryptobia salmositica (100,000 parasites in PBS; parasite treatment) on plasma (A)  growth hormone 

(GH) and (B) insulin-like growth factor I (IGF-I).  Sampling times within the control treatment that do 

not share a common lowercase letter, or within the parasite treatment that do not share an uppercase letter, 

are significantly different from each other as determined by a one-way ANOVA and by pairwise Tukey’s 

post-hoc test.  An * indicates a difference between treatments at a given time as determined by Student’s 

t-test.  The significance level for all statistical tests was P < 0.05.  Values are means ± S.E.M. (n=8).  wpi, 

weeks post-injection. 
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Figure 5.3.  Effects of an intraperitoneal injection of phosphate-buffered saline (PBS; control treatment), 

Cryptobia salmositica (100,000 parasites in PBS; parasite treatment) or PBS and restricted feeding (pair-

fed treatment) on (A) food intake, (B) mass gained and (C) specific growth rate.  Whereas the control and 

parasite treatments were fed to satiation, the pair-fed treatment was fed the mean food intake consumed 

by the parasite treatment the day prior.  Treatments that do not share a common letter at a given time are 

significantly different from each other as determined by a one-way analysis of variance and pairwise 

Tukey’s post-hoc test.  Within a given treatment, an asterisk indicates a significant difference between 

sampling times as determined by Student’s t-test.  The significance level for all statistical tests was P < 

0.05.  Values are means + S.E.M.  (n=20).  BW, body weight; wpi, weeks post-injection. 
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Figure 5.4.  Effects of an intraperitoneal injection of phosphate-buffered saline (PBS; control treatment), 

Cryptobia salmositica (100,000 parasites in PBS; parasite treatment) or PBS and restricted feeding (pair-

fed treatment) on the gene expression of (A) pituitary growth hormone 1 (GH1), (B) pituitary GH2, (C) 

liver GH receptor (GHR), and on the circulating levels of (D) plasma GH.  Whereas the control and 

parasite treatments were fed to satiation, the pair-fed treatment was fed the mean food intake consumed 

by the parasite treatment the day prior.  Gene expression is normalized to the expression of elongation 

factor 1 (EF1) and is expressed relative to the control treatment at 4 weeks post-injection (wpi).  

Treatments that do not share a common letter at a given time are significantly different from each other as 

determined by a one-way analysis of variance and pairwise Tukey’s post-hoc test.  Within a given 

treatment, an asterisk indicates a significant difference between sampling times as determined by 

Student’s t-test.  The significance level for all statistical tests was P < 0.05.  Values are means + S.E.M. 

(n=6 for gene expression data and 8 for plasma GH). 
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Figure 5.5.  Effects of an intraperitoneal injection of phosphate-buffered saline (PBS; control treatment), 

Cryptobia salmositica (100,000 parasites in PBS; parasite treatment) or PBS and restricted feeding (pair-

fed treatment) on the gene expression of (A) liver insulin-like growth factor I (IGF-I), (B) liver IGF 

binding protein 1 (IGFBP-1), and (C) liver IGFBP-2.  Whereas the control and parasite treatments were 

fed to satiation, the pair-fed treatment was fed the mean food intake consumed by the parasite treatment 

the day prior.  Gene expression is normalized to the expression of elongation factor 1 (EF1) and is 

expressed relative to the control treatment at 4 weeks post-injection (wpi).  Treatments that do not share a 

common letter at a given time are significantly different from each other as determined by a one-way 

analysis of variance and pairwise Tukey’s post-hoc test.  Within a given treatment, an asterisk indicates a 

significant difference between sampling times as determined by Student’s t-test.  The significance level 

for all statistical tests was P < 0.05.  Values are means + S.E.M. (n=6). 
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Figure 5.6.  Effects of an intraperitoneal injection of phosphate-buffered saline (PBS; control treatment), 

Cryptobia salmositica (100,000 parasites in PBS; parasite treatment) or PBS and restricted feeding (pair-

fed treatment) on the gene expression of liver (A) leptin, (B) fatty acid synthase (FAS), (C) hormone 

sensitive lipase 1 (HSL-1) and (D) HSL-2.  Whereas the control and parasite treatments were fed to 

satiation, the pair-fed treatment was fed the mean food intake consumed by the parasite treatment the day 

prior.  Gene expression is normalized to the expression of elongation factor 1 (EF1) and is expressed 

relative to the control treatment at 4 weeks post-injection (wpi).  Treatments that do not share a common 

letter at a given time are significantly different from each other as determined by a one-way analysis of 

variance and pairwise Tukey’s post-hoc test.  Within a given treatment, an asterisk indicates a significant 

difference between sampling times as determined by Student’s t-test.  The significance level for all 

statistical tests was P < 0.05.  Values are means + S.E.M. (n=6). 
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6.1 Abstract 

Despite clear physiological duress, rainbow trout (Oncorhynchus mykiss) infected with the 

pathogenic haemoflagellate Cryptobia salmositica do not appear to mount a cortisol stress 

response.  We therefore hypothesized that the infection suppresses the stress response by 

inhibiting key effectors of the hypothalamic-pituitary-interrenal (HPI) axis.  To test this, we 

characterized the basal activity of the HPI axis and the cortisol response to air exposure in saline- 

and parasite-injected fish.  All fish were sampled at 4 and 6 weeks post-injection.  While both 

treatments had resting plasma cortisol levels, parasite-infected fish had lower levels of plasma 

adrenocorticotropic hormone (ACTH) than controls.  Relative to controls, infected fish had 

higher mRNA levels of brain preoptic area corticotropin-releasing factor (CRF) and pituitary 

CRF receptor type 1, no change in pituitary pro-opiomelanocortin (POMC)-A1, -A2 and -B gene 

expression, higher and lower head kidney melanocortin 2 receptor mRNA levels at 4 and 6 

weeks post injection, respectively, and reduced gene expression of key proteins regulating 

interrenal steroidogenesis: steroid acute regulatory protein, cytochrome P450scc and 11β-

hydroxylase.  Parasite-infected fish also had a reduced plasma cortisol response to a 60 s air 

exposure stressor.  Perfusion of head kidney tissues from parasite-infected fish had significantly 

lower ACTH-stimulated cortisol release rates than control fish.  These novel findings show that 

infection of rainbow trout with C. salmositica results in complex changes in the transcriptional 

activity of both central and peripheral regulators of the HPI axis and in a reduction in the 

interrenal capacity to synthesize cortisol. 

 

Keywords: Parasite infection, cortisol synthesis, hypothalamic-pituitary-interrenal axis, stress  
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6.2 Introduction 

 Challenges that disturb the homeostasis of an animal can be met by an activation of the stress 

response.  A key component of this response in fish involves the stimulation of the 

hypothalamic-pituitary-interrenal (HPI) axis (Wendelaar Bonga 1997).  Corticotropin-releasing 

factor (CRF) from the pre-optic area (POA) is the principle hypothalamic regulator of the HPI 

axis (Bernier et al. 2009).  CRF stimulates the secretion of the pro-opiomelanocortin (POMC)-

derived peptide adrenocorticotropic hormone (ACTH) from the anterior pituitary via the CRF 

type 1 receptor (CRF-R1; Flik et al. 2006).  In turn, ACTH binds to the melanocortin type 2 

receptor (MC2R; Aluru &Vijayan 2008) of the interrenal cells in the head kidney and regulates 

the synthesis and secretion of cortisol, the primary stress hormone in teleosts (Barton 2002).  

Key rate limiting steps for the production of cortisol includes the transport of cholesterol across 

the inner mitochondrial membrane by steroidogenic acute regulatory protein (StAR), the 

conversion of cholesterol to pregnenolone by the enzyme cytochrome P450 side chain cleavage 

(P450scc) and the hydroxylation of 11-deoxycortisol to cortisol by 11β-hydroxylase (Mommsen 

et al. 1999).  Given its importance for maintaining the dynamic steady state of the internal milieu 

in fish, several studies have characterized the impact of physical, environmental and social 

stressors on the principle effectors of the HPI axis (Huising et al. 2004; Bernier & Craig 2005; 

Fuzzen et al. 2010; Jeffrey et al. 2012).  In contrast, much less is known about the regulation of 

the HPI axis in response to the challenges associated with diseases. 

During immune challenges in mammals, activated macrophages produce pro-inflammatory 

cytokines such as tumor necrosis factor- (TNF-) and interleukin-1 (IL-1) that activate the 

hypothalamic-pituitary-adrenal (HPA) axis (Turnbull & Rivier 1999).  The resulting increase in 

circulating glucocorticoids affects numerous immune functions.  Systemically, glucocorticoids 

primarily exert anti-inflammatory effects which protect the organism from the damaging effects 

of an over-stimulation of the immune system (Sapolsky et al. 2000).  Similarly in fish, there is 

evidence that IL-1β can stimulate the activity of the HPI axis (Holland et al. 2002; Metz et al. 

2006) and that cortisol can inhibit the production of pro-inflammatory cytokines (Holland et al. 

2003; Stolte et al. 2008; Castillo et al. 2009).  Moreover, the elevated levels of plasma cortisol 

associated with either stressors or exogenous glucocorticoids are immunosuppressive and 

promote pathogen proliferation (Woo et al. 1987; Yada et al. 2002; Saeij et al. 2003a; Li et al. 
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2013). Overall, cortisol seems to play an important role in the regulation of the immune response 

in fish that can affect disease susceptibility and outcome (Verburg-van Kemenade et al. 2009). 

Though cortisol is a key effector of the HPI axis during the immune response, its production 

during infection with protozoan parasites is equivocal.  For example, rainbow trout infected with 

the pathogenic haemoflagellate Cryptobia salmositica (order Kinetoplastida, family Bodonidae) 

show no evidence of pituitary-interrenal axis activation either during disease onset or progression 

(Laidley et al. 1988).  Yet C. salmositica-infected fish are characterized by pronounced 

abdominal distension with ascites, exophthalmia, anaemia, anorexia, suppressed growth and 

lethargy, i.e. clear signs of physiological duress (Woo 1979; Woo 2003).  Similarly, common 

carp (Cyprinus carpio) infected with Trypanoplasma borreli (order Kinetoplastida, family 

Bodonidae), a close relative of C. salmositica, and human patients chronically infected with 

either Trypanosoma brucei or Trypanosoma cruzi (order Kinetoplastida, family 

Trypanosomatidae), the causative agents of African trypanosomiasis and Chagas disease, 

respectively, are all characterized by cortisol levels that do not differ from control subjects 

(Reincke et al. 1994; Mazon et al. 2006; Pérez et al. 2011).  In fact, both African 

trypanosomiasis and Chagas disease are characterized by dysfunctional adrenocortical and 

pituitary function (Reincke et al. 1998; Corrêa-de-Santana et al. 2006; Pérez et al. 2011). 

 In the present study, to determine how the HPI axis of rainbow trout is regulated during 

infection with C. salmositica, we characterized the basal activity of the HPI axis and the cortisol 

response to air exposure in saline- and parasite-injected fish.  Using an in vitro superfusion setup, 

we also determined the impact of C. salmositica infection on the cortisol synthesis capacity of 

the interrenals.  Given the absence of any change in plasma cortisol levels despite evidence of 

severe illness (Laidley et al. 1988), we hypothesized that C. salmositica infection suppresses the 

stress response by inhibiting key effectors of the HPI axis. 

6.3 Materials and Methods 

6.3.1 Fish 

 Sexually immature rainbow trout of either sex were obtained from Rainbow Springs Trout 

Farm (Thamesford, ON, Canada).  Prior to experimental use, the fish were housed in the Hagen 

Aqualab at the University of Guelph (Guelph, ON, Canada) in 800 l tanks supplied with aerated 

well water at 121C, fed daily to satiation with commercial trout feed (4 PT Regular; Martin 
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Mills, Elmira, ON, Canada) and kept on a 12:12-h light-dark photoperiod cycle.  All procedures 

were approved by the local Animal Care Committee and conform to the principles of the 

Canadian Council for Animal Care. 

6.3.2 Cryptobia salmositica: preparation of inoculum   

 An ampoule of frozen C. salmositica (strain TP4; cryopreserved at -90
0
C) was thawed and 

approximately 100,000 parasites were injected intraperitoneally into four rainbow trout (~150 g).  

At four weeks post injection (wpi), once clinical signs of Cryptobia infection were detected, the 

fish were terminally anaesthetized using an overdose of tricaine methanesulfonate (MS-222) and 

parasites were collected from the blood via caudal puncture using Na2EDTA-treated syringes and 

needles.  The number of parasites were determined using a haemocytometer (Hausser Scientific, 

Horsham, PA, USA) and the blood was diluted with sterile phosphate buffered saline (PBS; pH 

7.2) to a concentration of 100,000 parasites per 150 l. 

6.3.3 Experimental design 

Experiment 1: Effects of Cryptobia infection on the HPI axis in vivo 

 A total of 80 fish (average weight ~140 g) were randomly assigned to one of eight 125 l tanks 

(N = 10 per tank) and allowed to acclimate for four weeks.  Following the acclimation period, all 

fish were anaesthetized using buffered (NaHCO3, 0.2 g/l) MS-222 (0.1 g/l; Syndel, BC, Canada) 

and each fish in the four control tanks was inoculated intraperitoneally with 150 l of sterile PBS 

(control treatment); each fish in the remaining four tanks was injected with 100,000 parasites in 

150 μl of PBS (parasite treatment).  At 4 and 6 wpi, all the fish from one tank in each treatment 

were terminally anaesthetized using an overdose of MS-222 and sampled immediately to 

determine basal parameters.  Blood was drawn via caudal puncture using a Na2EDTA-treated 

syringe and parasite load determined as above.  The remaining blood was spun for 3 min at 8,000 

g and the plasma flash frozen in liquid nitrogen and stored at –80°C for later analysis of plasma 

cortisol and ACTH concentrations.  To quantify crf mRNA levels, the brain was removed, 

regionally dissected to isolate the pre-optic area (POA) and immediately frozen in liquid 

nitrogen.  Similarly, the whole pituitary was removed to quantify the expression of crf-r1, pomc-

a1, -a2 and -b, and the head kidney was sampled to measure mc2r, star, P450scc and 11β-

hydroxylase gene expression.   
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 In addition, to assess the stress responsiveness of the fish, at 4 and 6 wpi one tank from each 

treatment was rapidly drained to air expose the fish for 60 s and immediately filled once more 

with fresh aerated water.  Fish were not handled prior to sampling.  One hour after the air 

exposure stressor, the fish were terminally anaesthetized as above and a blood sample was taken 

for later analysis of plasma cortisol.   

Experiment 2: Effects of Cryptobia infection on cortisol secretion in vitro 

 A total of 40 fish (average weight ~140 g) were randomly assigned to one of four 125 l tanks 

(N = 10 per tank) and allowed to acclimate for four weeks.  Following the acclimation period, the 

fish from two tanks were injected with PBS and those from the other tanks were injected with C. 

salmositica as in Experiment 1.  At 4 and 6 wpi, 10 control and 10 parasite-infected fish were 

terminally anaesthetized and a blood sample was recovered to determine parasite load.  To assess 

cortisol release in vitro, a midline one cm
2
 area of the anterior head kidney was carefully 

dissected and immediately placed in 5 ml of ice cold 0.015 M HEPES/Tris-buffered superfusion 

medium (128 mM NaCl, 2 mM KCl, 2 mM CaCl2•2H2O, 0.25% w/v glucose, 0.03% w/v bovine 

serum albumin, 0.1 mM ascorbic acid, pH 7.4) for 30 min to flush residual endogenous cortisol 

from the dissection process.  Individual samples (200-300 mg) were finely diced, placed on a 

fine-meshed filter in a superfusion chamber. The chamber was sealed and superfused as per Metz 

et al. (2005) using 13  0.5C carbogen (95% O2, 5% CO2)-saturated medium at a flow-through 

rate of 40 l/min via a multichannel peristaltic pump (Minipuls 3, Gilson Inc., Middleton, WI, 

USA).  During an initial equilibration period of 90 min, fractions were collected every 30 min 

until endogenous cortisol production reached a steady state.  Following equilibration (t = 0 min), 

the head kidney preparations were superfused for 60 min with a medium containing 10
-7

 M 

human ACTH (hACTH, American Peptide Co., Sunnyvale, CA, USA) followed by the medium 

alone for the remainder of the experiment.  Fractions were collected every 20 min during peak 

cortisol production between 0 and 180 min, and every 30 min thereafter until the end of the 

superfusion.  All fractions were immediately frozen at -20C and analyzed for cortisol content 

using radioimmunoassay.  After superfusion, head kidney samples were removed from the 

chambers, sonicated (Vibracell, Sonics and Materials, Newtown, CT, USA) in 500 l ddH20 and 

analyzed for protein content (Bio-Rad Protein Assay with bovine serum albumin standards; Bio-

Rad Laboratories, Hercules, CA, USA).  Cortisol release from each sample is expressed relative 
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to the time 0 value and reported in pg/g protein/min.  Also calculated from each superfusion 

experiment are the maximal cortisol release following the addition of ACTH, the time delay 

between the addition of ACTH and maximal cortisol release and the total amount of cortisol 

released over the duration of the superfusion experiment. 

6.3.2 Cortisol and ACTH analyses 

 Plasma and superfusion medium cortisol concentration were measured in duplicate using 

radioimmunoassay (Bernier et al. 2008).  Briefly, 200 l of standard, diluted plasma or 

superfusion medium was combined with 200 l 
3
H-cortisol (5500-6000 cpm/tube, 70-100 

Ci/mmol, PerkinElmer, Boston, MA, USA) and 200 l of diluted rabbit anti-cortisol antibody 

(product code #R4866, Clinical Endocrinology Laboratory, University of California Davis, CA, 

USA).  Samples were incubated at 4C for 16 h then chilled on ice for 10 min prior to the 

addition of 200 l of dextran-coated charcoal suspension in phosgel buffer (5.75 g dibasic 

sodium phosphate, 1.28 g monobasic sodium phosphate, 1 g gelatin and 0.1 g thimerosal per 

1itre of dH2O, pH 7.6).  Samples were then vortexed and centrifuged at 3000 rpm at 4C for 12 

min.  The resultant supernatant was decanted directly into scintillation vials containing 5 ml of 

scintillation fluid (667 ml toluene, 333 ml Triton X-100, 4 g of 2,5-diphenyloxazole and 0.2 g of 

1,4-bis[5-phenyl-3-oxazolyl]-benzene; 2,2’-p-phenylene-bis[5-phenyloxazole]) for scintillation 

counting.  Cortisol measurement in extracted plasma and medium were diluted to fall within the 

20-80% range of the standard curve.  A serial dilution of rainbow trout plasma gave a 

displacement curve that was parallel to the standard curve and the lower detection of the assay 

was 15 pg/ml.  All plasma cortisol samples were measured in a single assay with and intra-assay 

variability of 1% (N = 4), while inter- and intra-assay variation of superfusion medium cortisol 

concentrations were 11.4% (N = 6) and 1.9% (N = 6), respectively.  

 Plasma ACTH levels were measured in duplicate using radioimmunoassay.  The reagents 

were provided and the procedure followed as outlined in the ImmuChem Double Antibody 

hACTH kit (product code #07-106101; MP Biomedicals, Orangeburg, NY, USA).  This assay 

was previously validated for use with trout plasma (Craig et al. 2005).  All samples were 

analyzed in one assay that had a lower detection limit of 10 pg/mL and an intra-assay variation 

of 5.1% (N = 8). Furthermore, a serial dilution of rainbow trout plasma gave a displacement 

curve parallel to the ACTH standard curve. 



149 

 

6.3.3 RNA extraction, first-strand cDNA synthesis and qRT-PCR 

 All tissues were homogenized and total RNA extracted using Trizol Reagent (Invitrogen, 

Carlsbad, CA, USA).  RNA pellets were then re-dissolved in RNase-free water and quantified 

using ultraviolet (A260) spectrophotometry.  One microgram of total RNA was treated with 

DNase I and reverse transcribed to cDNA using Superscript II RNase H-reverse transcriptase 

(Invitrogen) according to the manufacturer’s protocol.  Non-reverse transcribed (no-RT controls) 

representatives from each tissue, treatment and sampling time were included during cDNA 

synthesis to monitor genomic contamination.  Triplicates of each cDNA sample were amplified 

using an ABI StepOne Plus sequence detection system (Applied Biosystems, Foster City, CA, 

USA).  Each 15 μl reaction contained 7.5 μl of Perfecta SYBR Green 2x PCR FastMix ROX 

(Quanta BioSciences, Gaithersburg, MD, USA), 3.75 μl of 5- to 15-fold diluted first strand 

cDNA template or no-RT controls, and 1.875 μl of both forward and reverse primers (1.6 μM).  

Default cycling conditions were used: 5 min at 95°C followed by 40 cycles of 1 sec at 95°C and 

30 sec at 60°C.  This protocol was followed by a melting curve analysis to verify the specificity 

of the PCR products.  Primer pairs for qRT-PCR were designed using Primer Express 3.0 

(Applied Biosystems) based on rainbow trout sequences for each target gene (Table 6.1).  To 

account for differences in amplification efficiency, standard curves were constructed for each 

gene using known dilutions of cDNA.  Input values were obtained by fitting the average 

threshold cycle (CT) value to the antilog of the standard curve.  To correct for minor variations in 

template input and transcriptional efficiency, the input values were normalized to the expression 

level of the housekeeping gene elongation factor 1 (EF1). Initial pilot experiments revealed 

no changes in EF1 expression with parasite infection and thus EF1was selected as a 

housekeeping gene for this study. Gene expression data are reported as fold change from the 4 

wpi control treatment mRNA levels.    

6.3.4 Calculations and Statistical Analysis 

 All results are presented as mean + SEM.  For each variable in Experiment 1, a two-way 

analysis of variance (ANOVA) was followed by a Holm-Sidak post-hoc test for multiple 

comparisons to determine differences between treatments groups and between sampling times.  

In Experiment 2, a one-way repeated-measures ANOVA was followed by a Bonferroni post-hoc 

test  to determine differences in cortisol release rate from the time 0 value within a given 

treatment.  Differences in cortisol release rate, maximal cortisol release rate, response time to 
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maximal cortisol release rate and total cortisol release between treatments were determined by 

two-way ANOVAs and by pairwise Holm-Sidak post-hoc tests.  Non-parametric data was log-

transformed to comply with parametric assumptions prior to analysis.  All analyses were 

performed using SigmaStat 3.5 (SPSS Inc.) and P < 0.05 was considered statistically significant 

for all tests. 

6.4 Results 

 In contrast to the control fish, the infected fish showed clear signs of disease at 4 and 6 wpi.  

The infected fish were anorexic (Madison et al. 2013), lethargic and characterized by abdominal 

distension with ascites and exophthalmia.  No parasites were detected in the control fish while 

the parasitemias in infected fish were 2.41±0.75 x 10
6 

and 1.79±0.62 x 10
6
 parasites/ml at 4 and 

6 wpi, respectively. 

6.4.1 Experiment 1: Effects of Cryptobia infection on the HPI axis in vivo 

 Resting plasma cortisol levels were similar between the control and infected fish and they 

ranged between 1.5 and 3 ng/ml (Fig. 6.1).  Air exposure for 60 sec significantly increased 

plasma cortisol in both treatments and sampling times.  However, the average stress-induced 

increase in plasma cortisol over both sampling times was 31% lower in the control than in 

infected fish. 

 In the pre-optic region of the brain, crf gene expression at both 4 and 6 wpi were 5-fold 

higher in  infected  than in uninfected fish  (Fig. 6.2A).  Overall, pituitary crf-r1 transcript levels 

were higher in the infected than in the control fish, but the difference between treatments was 

greater at 4 wpi than at 6 wpi (Fig. 6.2B).  In contrast, the pituitary mRNA levels of pomc-a1, 

pomc-a2 and pomc-b did not differ between treatments at either sampling times (Fig. 6.2C-E), 

and basal plasma ACTH levels in the infected fish at both 4 and 6 wpi were 50% lower than in 

the control fish (Fig. 6.2F). 

 Parasite infection was also associated with multiple changes in transcriptional activity in the 

interrenal cells of the head kidney.  Relative to the control treatment, while the mRNA levels for 

mc2r in infected fish were increased by 2.8-fold at 4 wpi, they were decreased by nearly 70% at 

6 wpi (Fig. 6.3A).  Cryptobia infection also reduced the expression of head kidney star, P450scc 

and 11b-hydroxylase (Fig. 6.3B-D).  However, the reductions in transcript levels were only 
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significant to the time-matched control treatment at 6 wpi.  Relative to the control treatment, the 

mRNA levels of star, P450scc and 11b-hydroxylase in infected fish at 6 wpi were reduced by 69, 

64 and 75%, respectively. 

6.4.2 Experiment 2: Effects of Cryptobia infection on cortisol secretion in vitro 

 ACTH (10
-7

 M) stimulated the rate of cortisol release from head kidney tissues in the control 

and infected fish at 4 and 6 wpi (Fig. 6.4A, B).  However, the ACTH pulses elicited significantly 

larger increases in cortisol secretion rate in the control than in infected fish.  Specifically, relative 

to the time-matched controls, the infected fish at 4 and 6 wpi were characterized by 3.2-fold 

lower ACTH-stimulated maximal cortisol release rates (Fig. 6.4C).  Also, a 40% longer response 

time to maximal cortisol release rate (Fig. 6.4D) and 4.1-fold lower total cortisol release over the 

duration of the superfusion experiments (Fig. 6.4E) was observed in infected fish. 

6.5 Discussion 

This study provides the first characterization of the effects of a parasitic infection in a teleost 

species on the transcriptional activity of the HPI axis and on its principle endocrine products, 

ACTH and cortisol.  While our results confirm an earlier observation (Laidley et al. 1988) that 

infection of rainbow trout with the haemoflagellate C. salmositica does not affect baseline 

plasma cortisol levels, they also show that this disease has a significant impact on the HPI axis.  

Overall, C. salmositica infection of rainbow trout differentially affected the transcriptional 

activity of POA CRF, pituitary CRF-R1 and head kidney MC2R, StAR, P450scc and 11-

hydroxylase, key effectors of the HPI axis.  C. salmositica infection also disrupted the stress 

response of rainbow trout, lowered basal plasma ACTH levels and reduced cortisol synthesis 

capacity. 

Although a variety of stressors are associated with an increase in POA CRF gene expression 

in fish (Bernier et al. 2009), to our knowledge this is the first study to show that a parasite 

infection can result in an increase in the transcription of this gene.  Studies in mammals have 

shown that pro-inflammatory cytokines such as IL-1, IL-6 and TNF- increase CRF gene 

expression in the hypothalamic paraventricular nucleus (PVN) in response to infection by 

pathogens (Turnbull & Rivier 1999).  Similarly, the increase in brain CRF mRNA levels and 

content in fish given a peripheral injection of the cytokine-inducing bacterial endotoxin 
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lipopolysaccharide (Pepels & Balm 2004; Volkoff & Peter 2004) suggest that pro-inflammatory 

cytokines may mediate the increase in CRF gene expression observed in this study.  Although, 

the production of pro-inflammatory cytokine peaks during the early stages of T. borreli infection 

in common carp, the expression of IL-1 and TNF- is up-regulated in several immune organs 

up to at least 11 days post-infection (Engelsma et al. 2003; Saeij et al. 2003b).  However, peak 

C. salmositica infection in rainbow trout (i.e. ~4 weeks post-infection) is associated with marked 

decreases in head kidney and spleen IL-1 mRNA (L E MacDonald, S L Alderman, S Kramer, P 

T K Woo & N J Bernier 2013, unpublished observations).  Alternatively, the hypoxaemic 

conditions triggered by the ~50% reduction in haematocrit in C. salmositica-infected rainbow 

trout (Chin et al. 2004) may be responsible for the increase in POA CRF gene expression.  

Previously, we have shown that hypoxia exposure can increase the expression of POA CRF in 

rainbow trout (Bernier & Craig 2005). 

At the pituitary level, peak C. salmositica infection was associated with a significant increase 

in CRF-R1 gene expression.  Although increases in CRF-R1 expression are seen after the 

initiation of an acute stressor in mammals, chronic CRF stimulation of pituitary CRF-R1 leads to 

a down-regulation of CRF-R1 mRNA (Rabadan-Diehl et al. 1996; Kageyama & Suda 2009).  

Similarly, 24h of chronic restraint stress in common carp concomitantly increases the expression 

of POA CRF and reduces the expression of pituitary CRF-R1 (Huising et al. 2004).  As such, the 

chronic increase in POA CRF expression of C. salmositica-infected fish is most likely not 

responsible for the increase in pituitary CRF-R1.  Similarly, pro-inflammatory cytokines are not 

expected to mediate the increase in CRF-R1 expression since previous studies have shown that 

treatment with either LPS or IL-1 decreases pituitary CRF-R1 mRNA (De La Garza et al. 2005; 

Schmidt et al. 2003).  Instead, since chronic intermittent hypoxia results in a sustained up-

regulation of pituitary CRF-R1 mRNA in rats (Wang et al. 2004), the hypoxaemia that 

characterizes C. salmositica infection may be responsible for the increase in CRF-R1 

transcription. 

Despite increases in POA CRF and pituitary CRF-R1, C. salmositica-infected rainbow trout 

in this study were characterized by a lack of change in POMC-A1, -A2 and -B mRNA levels and 

by a paradoxical decrease in plasma ACTH levels.  Since CRF likely stimulates pituitary POMC 

gene transcription and ACTH secretion in fish as in mammals via CRF-R1 (Roberts et al. 1987; 
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Flik et al. 2006), our results suggest that Cryptobia infection is associated with an activation of 

the HPI axis and a disruption in the signalling pathways of the corticotropes that mediate the 

stimulatory actions of CRF on ACTH release.  Similarly, the blunted ACTH and cortisol 

responses to CRF treatment in patients infected with African trypanosomiasis suggest that a 

dysfunctional corticotropic response is associated with this parasitic disease (Reincke et al. 

1994). 

The marked reduction in the capacity of the interrenal tissue of C. salmositica-infected fish to 

synthesize cortisol in response to ACTH treatment in vitro also implies that this disease leads to 

interrenal dysfunction.   Likewise, the results of standard ACTH stimulation tests show that 

patients with African trypanosomiasis are characterized by adrenocortical insufficiency (Reincke 

et al. 1994).  Given the key role of StAR, P450scc and 11-hydroxylase in interrenal cell 

steroidogenesis (Mommsen et al. 1999; Fuzzen et al. 2010), the parasitemia-induced reduction in 

the expression of these genes likely contributed to the observed reduction in cortisol synthesis 

capacity.  However, despite having nearly identical cortisol responses to ACTH in vitro, the 4 

and 6 wpi groups of fish infected with C. salmositica had a marked difference in head kidney 

MC2R gene expression.  In a previous study, MC2R up-regulation in rainbow trout corresponded 

with an increase in interrenal tissue steroidogenic capacity and elevated cortisol production in 

vitro (Aluru & Vijayan, 2008).  Therefore, beyond a reduction in cortisol synthesis capacity, our 

results suggest that Cryptobia infection in rainbow trout also leads to a disruption in the 

signalling pathways that mediate the stimulatory actions of ACTH on interrenal steroidogenesis.    

In accordance with an impairment of corticotropic and interrenal function, we observed that 

C. salmositica-injected fish have a reduced cortisol response to a standardized 60 s air exposure 

stressor relative to saline-injected fish.  While the magnitude of the parasitemia-induced 

reduction in the stress response in vivo was relatively small in comparison to the marked 

suppression in in vitro cortisol synthesis capacity, the ACTH concentration used to stimulate 

maximal steroidogenesis in the superfusion experiments was approximately two orders of 

magnitude higher than the concentrations measured in the plasma of stressed rainbow trout 

(Doyon et al. 2006).  In contrast, the lack of difference in baseline plasma cortisol levels between 

treatments despite lower plasma ACTH levels in the parasite infected fish suggest that non-
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ACTH corticotropic signals may enhance the steroidogenic actions of ACTH in C. salmositica-

infected rainbow trout (Bernier et al. 2009). 

Parallel studies on the regulation of food intake and growth in C. salmositica-infected 

rainbow trout suggest that the cytokine leptin may be an important factor in the regulation of the 

HPI axis during parasitemia.  Leptin is a hypoxia-sensitive gene and its expression is stimulated 

by hypoxia-inducible factor 1 (HIF1) in response to an oxygen deficit in both mammals 

(Ambrosini et al. 2002) and fish (Chu et al. 2010; Bernier et al. 2012).  In rainbow trout, C. 

salmositica infection is associated with a marked increase in liver leptin gene expression and 

plasma leptin concentrations (L.E. MacDonald, S.L. Alderman, S. Kramer, P.T.K. Woo & N.J. 

Bernier 2013, unpublished observations).  Besides its important role in the homeostatic control 

of feeding and energy expenditure (Myers et al. 2008), leptin is involved in controlling the 

activity of the HPA (Roubos et al. 2012) and HPI (Gorissen et al. 2012) axes.  In common carp, 

for example, leptin suppresses basal and CRF-induced ACTH-secretion from superfused anterior 

pituitary glands, and attenuates ACTH-stimulated cortisol production (Gorissen et al. 2012).  In 

mammals, leptin inhibits the synthesis of corticosteroids by suppressing the adrenocortex 

expression of MC2R, StAR, P450scc and other key steroidogenic enzymes (Kruse et al. 1998; 

Su et al. 2012).  Moreover, although the actions of leptin on the synthesis and secretion of 

hypothalamic CRF and pituitary ACTH in mammals are still equivocal, leptin can increase PVN 

CRF gene expression and blunt plasma ACTH responses to stress (Heiman et al. 1997; 

Malendowicz et al. 2007, Roubos et al. 2012).  Therefore, while experiments are needed to 

identify the specific actions of leptin on the HPI axis of rainbow trout, given the above, it is 

conceivable that leptin is at least partly responsible for the blunted stress response and reduced 

cortisol synthesis capacity of C. salmositica-infected fish. 

In addition to pro-inflammatory cytokines and leptin, pathophysiological changes associated 

with parasitemia may contribute to the changes in HPI axis activity observed in this study.   For 

example, in the head kidney of C. salmositica-infected rainbow trout and T. borreli-infected 

common carp, parasitemia is characterized by a gradual proliferation of the interstitial 

haematopoietic tissue and an infiltration of extravascular parasites and phagocytes (Bunnajirakul 

et al. 2000; Bahmanrokh & Woo 2001).  At peak parasitemia, the extensive proliferation of 

lymphoid cells and infiltration of inflammatory cells leads to focal necrosis of the anterior kidney 
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(Bunnajirakul et al. 2000; Bahmanrokh & Woo 2001).  Moreover, during the later stages of T. 

borreli infection in common carp, the activated phagocytes of the head kidney produce high 

levels of nitric oxide (NO; Wiegertjes & Forlenza, 2010).  While the role of NO in the regulation 

of the HPI axis has not been determined and the actions of NO on the HPA axis are complex, in 

mammals NO can inhibit adrenal steroidogenesis (Monau et al. 2010) and reduce the release of 

hypothalamic CRF and pituitary ACTH (Mancuso et al. 2010).  Whether interrenal cell necrosis 

or NO production contributes to the dysfunction within the HPI axis in C. salmositica-infected 

rainbow remains to be determined.   

6.5.1 Conclusion  

Our study reveals that the relative stress hypo-responsiveness of C. salmositica-infected 

rainbow trout results from complex alterations in the activity of the HPI axis.  While the precise 

mechanisms responsible for this HPI axis dysfunction are not known, recent studies of 

haemoflagellate parasite-infected fish suggest that leptin, pro-inflammatory cytokines and NO 

production may be important factors.  Whether the hyporesponsive HPI axis of C. salmositica-

infected rainbow trout is adaptive or maladaptive remains to be determined.  The fact that 

cortisol-implants or stressors can increase parasitemia and mortality in C. salmositica-infected 

rainbow trout and T. borreli-infected common carp suggests that a hyporesponsive HPI axis 

could be adaptive (Woo et al. 1987; Saeij et al. 2003a).  In contrast, given the anti-inflammatory 

properties of cortisol in fish (Saeij et al. 2003a; Stolte et al. 2008), the lack of a cortisol stress 

response in C. salmositica-infected rainbow trout could be harmful to the host and contribute to 

an increased morbidity (Verberg-van Kemenade et al. 2011).  An intriguing possibility is that the 

sensitivity of head kidney phagocytes to the anti-inflammatory effects of cortisol may be 

mediated through an increase in the expression of glucocorticoid receptors in these cells (Stolte 

et al. 2008).  Overall, our results highlight the need for a better understanding of the 

contributions of the cortisol stress response to the pathogenesis of parasitic diseases in fish and 

of the complex interactions between the HPI axis and the immune system. 
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Table 6.1. Sequences of primer pairs used in real-time reverse transcriptase-polymerase chain 

reaction assays. 

Gene 
GenBank 

accession no. 
Efficiency Sequence (5’ to 3’) 

EF1  AF498320 96.0%   F: CCATTGACATTTCTCTGTGGAAGT 

     R: GAGGTACCAGTGATCATGTTCTTGA 

CRF AF296672 90.8%   F: ACAACGACTCAACTGAAGATCTCG 

     R: AGGAAATTGAGCTTCATGTCAGG 

CRF-R1 AY533879.1 87.8%   F: ACAGGCCGGCAGTGACA 

     R: CGTTGGCACTGTGGAATCTG 

POMC-A1 TC86162* 84.0%   F: CTCGCTGTCAAGACCTCAACTCT  

     R: GAGTTGGGTTGGAGATGGACCTC 

POMC-A2 TC89514* 87.4%   F: CTGAAAACAACCTCCTGGAGTGT 

     R: GAGAGGAGGGACAGAGGTAAGTAGAG 

POMC-B X69809.1 89.7%   F: GGCAGCCCAACCGCTAT 

     R: ATTGCTGGGTATATGGCTTCATG 

P450scc S57305.1 96.9%   F: GTAGGAGCCAAGATCTGGAGAGAT 

     R: GGTCCGCCTGGTTGAAGA 

11β-hydroxylase AF179894.1 88.4%   F: GCAGGAGGATCGCTGAGAAC 

     R: GACGGAAACTCAACAGGATGTG 

StAR NM_001124202.1 87.1%   F: GGAGGCGCTGCAGAAGTCTA 

     R: ATCTCAGTGGTCCATCCATCCT 

MC2R NM_001124680.1 89.0%   F: CGCTACGTCACCATCTTCCA 

     R: CGCCTCGTGGTCATGATGT 

CRF, corticotropin-releasing factor; CRF-R1, CRF receptor 1; P450scc, cytochrome P450 side-

chain cleavage enzyme; EF1, elongation factor 1; F, forward; MC2R, melanocortin 2 

receptor; POMC, pro-opiomelanocortin; R, reverse; StAR, steroid acute regulatory protein. * 

Accession numbers from the rainbow trout gene index (www.tigr.org) 
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Figure 6.1. Effects of an intraperitoneal injection of phosphate-buffered saline (control treatment) or 

Cryptobia salmositica (parasite treatment) on plasma (A) cortisol and (B) adrenocorticotropic hormone 

(ACTH) concentrations of rainbow trout.  At four or six weeks post-injection (wpi), fish were either 

undisturbed prior to sampling (control and parasite treatments) or air exposed for 60 s and sampled 60 

min later (control + stressor and parasite + stressor treatments).  Individual bars that do not share a 

common lowercase letter, or treatments that do not share an uppercase letter, are significantly different 

from each other as determined by two-way ANOVA and by pairwise Holm-Sidak post-hoc test. The 

significance level for all statistical tests was P < 0.05 (n=10). 
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Figure 6.2.  Effects of an intraperitoneal injection of phosphate-buffered saline (control treatment) or 

Cryptobia salmositica (parasite treatment) on the gene expression of (A) pre-optic area corticotropin-

releasing factor (CRF) and pituitary (B) CRF receptor 1 (CRF-R1), (C) pro-opiomelanocortin (POMC)-

A1, (D) POMC-A2 and (E) POMC-B of rainbow trout.  Fish were either sampled at four or six weeks 

post-injection (wpi).  Gene expression is normalized to the expression of elongation factor 1 (EF1) and 

is reported as fold change from the 4 wpi control treatment.  Individual bars that do not share a common 

lowercase letter, or treatments that do not share an uppercase letter, are significantly different from each 

other as determined by two-way ANOVA and by pairwise Holm-Sidak post-hoc test. The significance 

level for all statistical tests was P < 0.05 (n=10). 
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Figure 6.3.  Effects of an intraperitoneal injection of phosphate-buffered saline (control treatment) or 

Cryptobia salmositica (parasite treatment) on the gene expression of head kidney (A) melanocortin 2 

receptor (MC2R), (B) steroid acute regulatory protein (StAR), (C) cytochrome P450 side-chain cleavage 

(P450scc) or (D) 11-hydroxylase.  Fish were either sampled at four or six weeks post-injection (wpi).  

Gene expression is normalized to the expression of elongation factor 1 (EF1) and is reported as fold 

change from the 4 wpi control treatment.  Individual bars that do not share a common lowercase letter, or 

treatments that do not share an uppercase letter, are significantly different from each other as determined 

by two-way ANOVA and by pairwise Holm-Sidak post-hoc test. The significance level for all statistical 

tests was P < 0.05 (n=10). 
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Figure 6.4. In vitro cortisol release rate from rainbow head kidney tissue in a superfusion setup.  Fish 

received an intraperitoneal injection of either phosphate-buffered saline (control treatment) or Cryptobia 

salmositica (parasite treatment) and head kidney tissue were sampled at 4 (A) and 6 (B) weeks post-

injection (wpi).  Following an equilibration period of 90 min, the head kidney tissues were stimulated 

with 10
-7

 M human ACTH for 60 min as indicated by the shaded portions.  Asterisks indicate statistical 

differences with time 0 value within a treatment as determined by one way repeated measure ANOVA 

and by a Bonferroni post-hoc test.  The time interval during which a difference was identified between 

treatments is indicated by † symbol as determined by two-way ANOVA and by pairwise Holm-Sidak 

post-hoc test.  Also determined from the data presented in (A) and (B) are the maximal cortisol release 

rate (C), the response time to maximal cortisol release rate (D) and the total cortisol release (E) in 

response to ACTH stimulation.  Individual bars that do not share a common lowercase letter, or 

treatments that do not share an uppercase letter, are significantly different from each other as determined 

by two-way ANOVA and by pairwise Holm-Sidak post-hoc test. The significance level for all statistical 

tests was P < 0.05 (n=10). 
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CHAPTER 7.  GENERAL DISCUSSION: MAJOR FINDINGS, PERSPECTIVES AND LIMITATIONS 
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7.1 Summary of Major Findings and the Contributions to Physiology and Endocrinology 

Chapter Highlights 

Laboratory Experiments: 

 Sustained hypercorticoidic states representative of mild stress in salmonids had strong 

catabolic impact on endogenous metabolite stores (Chapter 2).  This was combined with 

reduced food intake, inhibited anabolic factors (e.g. IGF-I, IGF-IRs) and co-ordinated 

promotion of catabolic elements of the endocrine growth axis (e.g. GH, IGFBP-1 and 2) 

to negatively impact growth during hypercorticoidism. 

 

 Fish infected with Cryptobia salmositica subjected to suppressed cortisol production 

capacity as both in vivo and in vitro analyses demonstrated inhibition of both cortisol 

signaling in the brain and synthesis in the interrenals during peak parasitemia (Chapter 

6).  Infected fish were still able to mount a stress response during this time, but with 

diminished ability. 

 

 Parasite-infected fish also demonstrated similar catabolic effects and stimulation of 

growth-inhibitive endocrine elements to those observed in fish subjected to chronic 

hypercorticoidic states in Chapter 2, but in absence of cortisol (Chapter 5).  When 

parasite fish were contrasted to pair-fed group fish, it was apparent that the majority of 

the effects associated with catabolism during the disease were in response to changes in 

nutritional status due and reduced feeding.  Similarity in the endocrine responses of 

infected fish to those exposed to chronic hypercorticoidism indicated that much of the 

suppression of growth during the response to chronic stress also occurred through 

catabolism. This process was amplified in the presence of cortisol, but overall a 

comparable physiological response was achieved regardless of its presence. 

 

Field Experiments: 

 Both parental breeding method and early rearing environment had lasting impacts on the 

response to stress as well as the endocrine regulation of growth in juvenile Chinook 

salmon. 
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 The traditional intensive hatchery rearing environment was able to mask any impact of a 

parental mate choice breeding strategy in contrast to typical hatchery-bred fish (Chapter 

3).  However, measureable differences were revealed during the communal rearing of 

competing stocks, or following the response to osmotic challenge (e.g. salinity transfer). 

 

 Chinook salmon smolts produced from mate choice breeding showed comparable 

endocrine responses to hatchery fish when reared in the hatchery environment, despite 

clear dominant behavioural differences during social interaction (Chapter 4).  Further 

contrast of these stocks in outdoor semi-natural channels showed hatchery fish to incur 

significant reduction to growth rate and inhibition of endocrine growth factors beyond 

those observed in mate choice fish under the same conditions. 

 

 Combined, work demonstrated that the response of the endocrine growth axis to stress 

was altered by parental breeding strategy and early rearing environment. For example, the 

hatchery environment promoted the creation of a distinct 'hatchery' phenotype able to 

conceal the true assessment of performance given their clear dissimilarity in the semi-

natural environment. Field work promotes the re-evaluation of current methods and the 

advancement of purpose-specific Pacific salmonid aquaculture techniques. 

 

The findings of this thesis demonstrate that the stress response in salmonids involves 

complex changes in the regulation of the endocrine growth axis whereby the growth-promoting 

factors of the GH/IGF-I/IGFBP axis are suppressed and the catabolic actions of elements within 

this network are enhanced.  Beyond the direct contribution of cortisol to the regulation of 

growth, laboratory and field experiments also examined how breeding strategy, early rearing 

environment and parasite infection can affect the key effectors of the endocrine growth axis in 

salmonids.  Detailed discussion of the collective findings from Chapters 2-6 of this thesis and 

their significance to the fields of comparative fish physiology and endocrinology are considered 

below.    
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7.1.1 Effects of Hypercorticoidism on the GH/IGF-I/IGFBP Growth Axis and Leptin 

Chapter 2 of this thesis characterized the impact of stress on the regulatory elements of the 

GH/IGF-I/IGFBP growth axis using exogenous chronic cortisol dosing at levels representative of 

a state of mild stress.  The central deductions of this chapter corroborate previous findings which 

describe the general catabolic effects of elevated cortisol (see reviews Wendelaar Bonga 1997; 

Mommsen et al. 1999; Barton 2002).  However, this assessment examined the regulation of 

growth at whole-body and transcript level changes at constant and physiologically-relevant 

cortisol levels, providing a comprehensive depiction of the extent, severity of, and recovery from 

chronic stress.  Central findings of Chapter 2 add to a limited number of studies fish species that 

have demonstrated the coordinated regulation of the endocrine growth axis during elevated 

cortisol levels associated with the stress response (e.g. Pickering et al. 1991; Kakisawa et al. 

1995; Kajimura et al. 2003; Peterson & Small 2004, 2005; Jiao et al. 2006; Small et al. 2006; 

Wilkinson et al. 2006; Shepherd et al. 2011).  In accordance with these studies, growth inhibition 

by cortisol observed here occurred through the suppression of growth-promoting elements (e.g. 

IGF-I, IGF-IRs) as well as the stimulation of catabolic elements (e.g. IGFBPs) of the endocrine 

growth axis (see Fig. 7.1A).  Plasma levels of GH decreased with treatment though both GH and 

GHR mRNAs increased.  Results here demonstrate disparate trends occurred between pituitary 

GH, liver GHR and IGF-I synthesis, in accordance with studies in fish (e.g. Very et al. 2005; Jiao 

et al. 2006; Small et al. 2006).  Beyond indirect evidence provided by these studies as well as 

data provided in Chapter 2, direct evidence of elevated cortisol resulting in the uncoupling of 

the typical growth-promoting GH-GHR signaling controlling hepatic IGF-I synthesis as 

described for mammals (see McCarthy et al. 1990; King and Carter-Su 1995; Jux et al. 1998; Li 

et al. 1999; Delany et al. 2001), is currently unconfirmed in fish.  Elevated levels of GH 

synthesis during hypercorticoidism in this study were most feasibly related to the non-growth 

promoting actions of GH associated elevated catabolic activity; e.g. elevated lipolytic processes 

in coordination with peripheral metabolic factors such as leptin.  The stimulation of GH mRNA 

synthesis observed during hypercorticoidism was likely further influenced by the common effect 

of nutritive state and the impact of reduced food intake observed by others (Small et al. 2006; 

Wilkinson et al. 2006; Fox et al. 2009; Shimuzu et al. 2009).  However, data presented in 

Chapter 2 showed a common elevation of GH in a dose-dependent manner with cortisol 

treatment, and a similar trend was observed for leptin transcripts.  Both were followed by a 
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return of basal transcript levels following the dosing period.  GH has been previously shown to 

be elevated in response to cortisol treatment in mammals (see review by Vakili & Cattini 2012) 

as well as fish (Peterson & Small 2005; Yada et al. 2005), however, data on the stimulatory 

effects of cortisol on leptin in fish is limited.  Although in mammals the stimulation of leptin 

synthesis by glucocorticoids has been well characterized (see Roubos et al. 2012), work 

presented in Chapter 2 is the first to report the induction of leptin and GH synthesis during 

chronic exposure to elevated cortisol levels.  This stimulation of leptin observed during cortisol 

dosing indicates that leptin may be vital in regulating food intake and metabolism (e.g. lipolysis) 

in addition to its interaction with the HPI axis during conditions of chronic moderate stress. 

A Note* on the Findings of Andersen et al. 1991 

Previous work by Andersen et al. (1991) assessed the metabolic effects of chronic cortisol in 

rainbow trout, providing the methodology and basis of the work performed in Chapter 2.  Here, 

I consider it necessary to further explore their findings in contrast to Chapter 2 given the 

similarity between experimental design and cortisol delivery method.  Both studies resulted in 

comparable exogenous cortisol doses within circulation, yet their 10 d cortisol dosing had little 

or no effect on carbohydrate metabolism contrary to the clear effects reported in Chapter 2.  It is 

of interest to note that though similar model osmotic pumps were used for chronic exogenous 

delivery in similar circumstances, the control (sham) and cortisol treatment dosing between the 

two studies was quite distinct.  As shown in Chapter 2, sham treatment (Molecusol HPB 

solution vehicle only) resulted in mean plasma cortisol of 9.0 ± 0.9 ng/ml, while experimental 

dosing resulted in plasma levels of 69.4 ± 0.9 (I) and 115.7 ± 1.7 ng/ml (II) in treatment fish.  In 

contrast, plasma cortisol levels of sham fish in Andersen et al. (1991) reached ~50 ng/ml 

(experiment I) and 32.0 ± 14.0 ng/ml (experiment II), while treatment fish were between 100 and 

200 ng/ml.  It is evident that the surgical procedures as well as the ensuing conditions maintained 

by Andersen and colleagues resulted in lower cortisol levels than their anticipated dosed 

treatments, but sham fish had similar plasma concentrations comparable to the intended levels in 

our experimental treatment fish.  The cannulation procedure may have had significant impact on 

basal cortisol levels, and was not repeated in our experiment.  Furthermore, cortisol 

concentrations achieved in the sham groups in our study resulted in resting levels < 10 ng/ml, 

nearly 3-5 times lower than those controls of Andersen et al. (1991).  Consequently, the authors' 
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assessment of the effects of exogenous cortisol dosing may be unapparent in this light as albeit 

sham fish had lower plasma cortisol levels throughout their experimental trials, plasma titres 

were sufficient to induce changes in resting carbohydrate metabolism to prevent any 

differentiation between control and experimental treatments as suggested by the levels observed 

as described in Chapter 2.  Trends here may also explain the generally unpredicted effects 

observed within the first set of their experiments I and II, the lower initial state of hepatic 

glycogen stores in control fish noted by the authors in experiment III, and the typical effect of 

cortisol on glucose turnover reported in experiment IV.  It is also notable that cortisol-treated fish 

in Chapter 2 and in Andersen et al. (1991) displayed no significant changes in circulating 

glucose or lactate levels throughout either experiment, an effect still equivocally reported in trout 

(see Mommsen et al. 1999).  This notion is interesting as even though pre-experimental 

procedures performed by Andersen et al. may have led to elevated cortisol levels in control fish, 

there is little evidence within their study to suggest lactate is a preferred substrate for the stress 

response in accordance with data presented in Chapter 2.  In conclusion, given the clarity of the 

metabolic and genomic effects of chronic hypercorticoidism reported in Chapter 2, it is likely 

that the conflicting effects observed earlier by Andersen et al. (1991) were the result of control 

(sham) fish under a state of mild stress during experimentation.  Though plasma cortisol levels of 

sham fish in Andersen et al. were not typically considered severe when achieved episodically 

during acute stress, similar titres maintained at an elevated level past 10 d in our study resulted in 

significant stress-induced catabolism with lasting effect on metabolic caches as well as their 

recovery. 

* - dedicated to SF Perry at CSZ 2007, McGill   

7.1.2 The Impact of Parental Mate Choice and Early Rearing Environment on the Stress 

Response and Growth Performance 

The assessment of environmental and parental breeding strategy influence on the response of 

juvenile salmonids to social interaction and physical stress (e.g. air exposure, SW challenge) in 

Chapters 3 and 4 provided novel evidence of how both the stress response and regulation of the 

GH/IGF-I/IGFBP growth axis ultimately are shaped by parental mate choice and environment 

familiarity.  Under typical hatchery settings, genetic and environmental influence on stress 

responsiveness and growth performance was by and large undetectable between competing 
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stocks of Chinook.  Collectively, comparison of salmon stocks (i.e. hatchery, channel and 

transfer) showed that early rearing in a hatchery environment may conceal true assessment of 

stocks through physiological acclimatization and phenotypic plasticity to consistent 

environmental conditions.  The results from these studies further the notion that many current 

methods intent on optimizing growth in salmon aquaculture create inappropriate or even 

deceptive settings from which to appropriately assess contrasting performance, as the hatcheries 

themselves have impact on areas of behaviour and stress responsiveness, physiological and 

endocrine changes (e.g. Berejikian et al. 2000, 2001; Zydlewski et al. 2003; Le Vay et al. 2007; 

Pearsons et al. 2007).   

Work in Chapter 3 demonstrated the impact of hatchery conditions within the comparative 

environment as offspring from parental mate choice breeding and reared in a semi-natural 

channel at an early age displayed no lasting competitive advantage over typical hatchery-reared 

fish. However, though no overall differences in hypoosmoregulatory ability or the circulating 

elements of the endocrine growth axis were observed between hatchery and channel or transfer 

fish in response to seawater transfer, the extent of the physiological penalty to growth rate as a 

result of this challenge was dependent on the breeding method and parental influence on stress 

responsiveness.  Hatchery fish responded differently from mate choice offspring (channel, 

transfer) with altered cortisol response, Na
+
,K

+
-ATPase activity, and the recovery of growth rate 

to pre-stress levels.  Although data supports the notion that parental mate choice and semi-

natural rearing environment reduced the physiological impacts of stress, whether mate choice 

confers advantage to future fitness has yet to be determined.  Here, a discrepancy in growth 

performance was evident in the hatchery setting only with the presence of stress, by way of 

mutual competition and/or seawater transfer.  Physiological differences between mate choice and 

hatchery fish reported in Chapter 3 demonstrate the impact the hatchery environment had on 

performance, regardless of lineage, when conditions are controlled and resources are ample.   

Accordingly, Chapter 4 examined the role of contrasting competitive parental strategies 

(mate choice, hatchery) within the common early rearing environments of a typical hatchery 

setting and semi-natural channels, with particular focus on the ability of fish to respond to acute 

physical stress (emersion) in addition to chronic social stress induced by dyadic interaction.  

Results showed that rearing mate choice and hatchery-bred fish in a semi-natural channel 
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environment produces behavioural phenotypes that differ markedly from those produced in the 

traditional hatchery setting.  Assertive behaviour displayed by the resident fish - i.e. hatchery fish 

reared in the hatchery, mate choice fish in the spawning channels, suggested that familiarity with 

rearing environment was a central influence on behaviour and stress responsiveness during 

competitive interaction, a notion thoroughly debated for hatchery and wild salmon populations 

(see Woodward & Strange 1987; Berejikian et al. 1999, 2003; Metcalfe et al. 2003). Chapters 3 

and 4 clearly demonstrated that mate choice fish display equivalent endocrine and physiological 

responses to hatchery-bred fish, regardless of social rank, when contrasted in the hatchery 

environment.  Hatchery fish, however, failed to respond in a comparable manner outside of 

familiar settings.  The physiological consequences of acclimatization to the typical hatchery 

environment examined within this thesis provides evidence that artificial rearing environments 

ultimately reduce the capacity of the fish to respond to challenges within a natural and variable 

environment, as demonstrated through influence on osmoregulatory capacity (Shrimpton et al. 

1994b; Sundell et al. 1998), aggression, prey/predatory or feeding behaviour, and reduction in 

long-term fitness (Huntingford 2004; Araki et al. 2008; Araki & Schmid 2010).  Thus, 

alternative rearing and breeding strategies, such as those outlined in the field experiments of this 

thesis, may confer a competitive advantage to offspring when fish are reared for intended 

purposes such as restocking programs, or to supplement dwindling natural populations.  

7.1.3 Cryptobia Infection Alters Food Intake, the Endocrine Growth Axis and Leptin 

In Chapter 5, the growth-inhibiting effects of chronic Cryptobia salmositica infection and 

the subsequent impact on regulation of the GH/IGF-I/IGFBP growth axis were assessed in 

contrast to those effects due to reduced food intake alone, considered a characteristic symptom of 

peak parasitemia (Li & Woo 1991).  The reduction in growth observed in Cryptobia-infected fish 

was largely linked to the changes in intake during peak parasitemia resulting in suppression of 

growth-promoting processes of the growth axis and the coordination of catabolic processes as 

demonstrated by elevated lipolytic factors (HSL-1 and -2 transcripts) and suppressed lipogenesis 

(e.g. FAS).  The induction of leptin mRNA synthesis (> 5 fold) associated with peak parasitemia 

was not mirrored in pair-fed fish, but levels did return to baseline following the recovery of food 

intake.  Interestingly, data from Chapter 5 closely follows the characteristic lipolytic response 

also observed during exogenous cortisol dosing at levels representative of a mild state of chronic 

stress in Chapter 2 (see Fig. 7.1A), but the catabolic and lipolytic actions associated with the 
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stress response in Chapter 5 occurred independently of the influence of cortisol (see Fig. 7.1B).  

In both cases, lipolysis was likely under direction of elevated GH levels as shown in fish 

(Sheridan et al. 1994; Björnsson  1997; Norbeck et al. 2007; Rousseau & Dufour 2007), although 

whether the influence of leptin on GH secretion in fish is similar to that reported for mammals 

(Carro et al. 1997; Tannenbaum et al. 1998), is currently unknown.  Collectively the literature 

shows that reduced food intake and altered nutritional state are directly linked to the elevated 

synthesis of GH mRNA (Gabillard et al. 2006; Fox et al. 2009; Peterson et al. 2009; Shimizu et 

al. 2009), but the description of similar actions on leptin synthesis remains equivocal (see 

Huising et al. 2006; Kling et al. 2009; Li et al. 2010; Gogga et al. 2011; Tinoco et al. 2012).  

Still, the direct inhibition of appetite-regulating pathways and affected growth rates has been 

demonstrated through the use of recombinant leptin treatment in salmonids (Murashita et al. 

2008, 2011).  Here, Cryptobia-infected trout had elevated plasma GH and leptin transcripts as 

well as elevated lipolytic activity beyond levels observed in pair-fed fish.  Cryptobia-induced 

hypoxaemia, characteristic of peak parasite infection (Woo & Wehnert 1986; Chin et al. 2004; 

MacDonald et al. 2013 unpublished), can be considered a central factor contributing to the 

stimulation of hepatic leptin synthesis observed.  Hypoxia has known effects on the regulation of 

the production of leptin and its receptor through hypoxia-inducible factor (HIF)-1 response to 

oxygen deficit across mammals (Ambrosini et al. 2002; Grosfeld et al. 2002) and fish (Wong et 

al. 2007; Chu et al. 2010; Cao et al. 2011; Bernier et al. 2012) with impacts on the peripheral 

elements of endocrine axes as well as the promotion of lipid usage (Londraville & Duvall 2002; 

de Pedro et al. 2006).  The results reported in Chapter 5 provide novel evidence that central 

changes in the GH/IGF-I/IGFBP growth axis during Cryptobia infection were largely due to 

changes in food intake, however, elevated plasma GH, leptin mRNA and lipid usage during this 

time were in response to additional factors induced by parasitemia (e.g. hypoxaemia) as this 

occurred in the absence of any significant activation of an HPI stress response. 

7.1.4 Effects of Cryptobia Infection on the HPI Stress Axis  

Examination of the HPI axis during Cryptobia infection in Chapter 6 revealed an inhibitory 

effect of parasitemia on the stress response in vivo through the suppression of ACTH release and 

a reduction in cortisol synthesis capacity.  Additionally, in vitro analysis of interrenal 

steroidogenic function showed that even though cortisol signalling was impaired, infected fish 

were still able to mount a cortisol response to a novel stressor, although the response time, rate 
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and magnitude of the cortisol production were significantly impaired.  Here, these effects were 

comparable to the blunted ACTH and cortisol responses to CRF treatment in patients infected 

with African trypanosomiasis induced by a related Trypanosome (Reincke et al. 1994).  On the 

whole, suppression of the cortisol response during Cryptobia infection revealed a duress without 

stress paradigm which is characteristic of this family of parasites in both mammals and fish (see 

Fig. 7.1B).  Typically, the chronic response to stress involves down-regulation of CRF action on 

its receptor through inhibition of CRF-R1 transcripts in both mammals (Rabadan-Diehl et al. 

1996; Kageyama & Suda 2009) and fish (Huising et al. 2004) even though POA CRF mRNA can 

often be elevated in response to any number of stressors (see Bernier et al. 2009).  Here, work in 

Chapter 6 described a different trend where both CRF and CRF-R1 increased at peak 

parasitemia, indicating the role of additional factors previously noted to have disruptive action on 

HPI/A axis elements could be involved, such as: the pro-inflammatory cytokines IL-1 and 

TNF-(Reinecke et al. 1998; Turnbull & Rivier 1999; Engelsma et al. 2003), NO (Mancuso et 

al. 2010; Monau et al. 2010), and in particular, leptin (Bornstein et al. 1997; Kruse et al. 1998; 

Cherradi et al. 2001; Gorissen et al. 2012; Su et al. 2012; Chapter 5).   

Leptin has been reported to have a suppressive role on the cortisol stress response through 

direct effects on central components within both the HPA/HPI axes (see Roubos et al. 2012; 

Gorissen et al. 2012). Therefore, it may be that hypoxaemic-induced leptin synthesis was a 

primary mechanism responsible for the disconnect of typical CRF and CRF-R1 transcripts levels 

to chronic stress observed in Chapter 6, similar to the results reported for trout exposed to 

environmental hypoxia (Bernier & Craig 2005).  Moreover, elevated leptin synthesis has 

peripheral inhibitive effects on local cortisol synthesis in the adrenals (Bornstein et al. 1997; 

Kruse et al. 1998; Cherradi et al. 2001; Su et al. 2012), and here, reported for the first time in 

data presented in Chapters 5 and 6, in the interrenals of rainbow trout.  Interestingly, the 

suppression of the cortisol response by Cryptobia salmositica during parasitemia could be 

considered an adaptive strategy by the parasite as leptin has noted immunomodulatory effects, 

such as the stimulation of pro-inflammatory cytokines in mammals (Otero et al. 2006; Iikuni et 

al. 2008).  Glucocorticoids, however, are typically immunosuppressive (Pickering & Duston 

1983; Woo et al. 1987; Yada et al. 2002; Saeij et al. 2003a; Verburg-van Kemenade et al. 2009, 

2011; Li et al. 2013) and inhibit pro-inflammatory cytokines (Holland et al. 2003; Stolte et al. 

2008; Castillo et al. 2009).  Thus, the direct inhibition of the cortisol stress response by 
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Cryptobia remains counter-intuitive to parasitemia without considering the impact of the 

pleiotropic actions of elevated leptin synthesis. 

7.2 Thesis Limitations  

The predominant limitations of this thesis stem from experimental quantification of relative 

messenger RNA (mRNA) transcripts to represent physiological status of fish without direct 

verification of supporting changes in the proteins synthesized by target genes.  Where possible, 

plasma concentrations were assessed in conjunction with gene expression levels, particularly 

during examination of changes within the endocrine growth axis (Chapters 2, 3, 4 and 5), where 

both circulating levels of GH and IGF-I as well as tissue mRNA levels were quantified in 

experimental fish.  Disparate patterns of peptide and gene expression observed frequently within 

these experiments demonstrated the intricate endocrine control of the somatic growth as well as 

the limitations of using measures of individual elements within the GH/IGF-I/IGFBP axis to 

accurately assess growth status, in accordance with others (Johnson et al. 2003; Picha et al. 2006; 

but see Beckman 2011).  Here, the assessment of growth axis-associated receptors (e.g. GHR, 

IGF-IRs) and binding proteins (IGFBP-1, 2) was performed through relative changes within 

mRNA transcripts only, not peptide levels, and should be considered appropriately.   

Snapshot measures of circulating levels of free IGF-I between fish as representative of 

physiological status may not be adequate considering the additional regulation of IGF-I 

bioavailability by IGF binding proteins within the plasma.  Assessment of growth status through 

individual elements of the GH/IGF-I/IGFBP axis may be particularly challenging considering the 

breadth of action these hormones have in salmonids.  Yet, many have determined that data 

obtained from these methods to be valid for juvenile and smolting salmonids under similar 

conditions (Shimizu et al. 2000; Beckman 2011).  For example, seawater transfer can result in 

levels of GH and IGF-I that are elevated and maintained in a manner which may falsely appear 

to be related to somatic growth (Yada et al. 1992; Sakamoto & Hirano 1993; Bjornsson et al. 

1998).  These endocrine responses can be similar in magnitude despite dissimilar physiological 

bases of activation.  Naturally, typical responses of the GH/IGF-I/IGFBP axis occur in a pulsatile 

fashion (Le Bail et al. 1991; Tannenbaum et al. 1998; Bjornsson et al. 2002),  while sustained 

levels of these elements do not typically persist following removal of the stimulus (see Saera-

Vila et al. 2009).  Thus, ideal measure of both mRNA transcripts and circulating levels of the 
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elements of the GH/IGF-I/IGFBPs growth axis, in concert, would provide the most accurate and 

precise method of assessing the physiological and nutritional status of fishes.  Due to the lack of 

specific antibodies and logistical constraints, comprehensive analysis of these elements was not 

performed within this thesis but their relevance holds much potential for future studies. 

The difference in stimulus response time between the stress and growth axes is an important 

global limitation of this thesis.  Changes induced by the stress response are relatively rapid 

compared to changes within the growth axis or the changes in gene expression in general.  For 

example, blood sampling and measurement of the stress response within experimental fish at 

peak cortisol (e.g. 1 h post-stress, see Barton & Iwama 1991) occurs at the expense of peak gene 

expression (e.g. 24 h post-stimulus).  Conversely, sampling of fish 24 h post-stimulus would 

likely provide a clearer pattern of experiment-induced changes to mRNA transcripts of target 

genes, but the timing of such measure would occur at the expensive of accurately assessing the 

changes in corticosteroid levels induced from the stress response.  Considering the delay in 

responses, sampling of fish for assessment of both gene expression and plasma cortisol generally 

occurs at the expense of clarity of one measure or the other.  For example, in Chapter 6 of this 

thesis, plasma was sampled at 60 min post air exposure in treatment fish for cortisol analysis at 

the expense of the accurate assessment of gene expression of key targets within the stress 

response (< 24 h).  The timing of sampling was consistent ensure control fish were exposed to a 

comparable stress during the analysis of the stress response in parasite-infected fish during peak 

parasitemia.  However, in vitro perfusion techniques were used to corroborate changes in the 

stress response observed in vivo in an attempt to more accurately assess the effects of the 

parasitemia on cortisol synthesis in situ. 

Lastly, due to the nature of working with live Cryptobia parasites (Chapters 5 and 6), slight 

variation was observed in peak parasitemia, parasite load, timing, and duration of response 

between the 6 wk and 14 wk experiment presented in Chapter 5, which examined the impact of 

parasitemia on the growth axis of rainbow trout.  While the purpose of the growth experiment 

was to identify the mechanism behind the stunted growth previously observed during Cryptobia 

infection (Lowe-Jinde et al. 1991; Chin et al. 2004; MacDonald et al. unpublished), a shift of 

nearly two-weeks in peak levels was reported between chronic and peak experiments even 

though the environmental conditions were identical.  Variability in peak parasitemia was likely 
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due to virulence differences of parasites within the initial stages of the experiment (see Woo et 

al. 2003), it makes chronological comparison between chronic (14 wk) and peak infection (6 wk) 

experiments less than ideal. 

7.3 Salmonids, model Canadian species 

Teleosts, with nearly 20,000 species, represent 95% of all fish and two-thirds of all 

vertebrate species, and embody organisms which have adapted to a broad range of physiological 

challenges.  Salmonids of the subfamily Salmoninae, represent a distinct group of fishes that are 

of national importance to Canada.  Aquaculture is a billion dollar annual business in Canada, 

while salmon account for nearly 14% of all seafood exported to the US and Asia (DFO 2011).  In 

2009, Canadian exports from salmon aquaculture alone were 70% of the total production 

(154,169 tonnes) accounting for almost 80% of the total profit from all species cultured.  In 

addition to being a focal aquaculture species in Canada, salmon sport fisheries are also one of the 

most lucrative fisheries in the world.  Two and a half billion dollars were spent on recreational 

fisheries alone in Canada in 2005, while salmonids represented near 20% of over 350 million 

fish landed (DFO 2006).  Canadian salmonid fisheries are paramount in our international status 

on the world aquaculture stage, where west coast salmon, in particular, are considered a national 

icon on a global stage.  Promoting research that aims to enhance salmonid fisheries and 

aquaculture should be a high priority for Canadians as it represents the leading edge of the status 

of the industry at a national level.  The importance of salmonid study may not be without a sense 

of serendipity as this particular family of fish, also hosts a suite of physiological adaptations to 

both fresh and saltwater environments found within Canadian watersheds which make ideal 

models for the study of ecology, genetics, biochemistry, and physiology, the latter of which is 

the key theme of this dissertation. 

Advantages of salmonids as research models 

While Salmoninae represent a range of similar species, fish examined in this thesis are of 

the particular genera Oncorhynchus (Pacific salmons and trouts).  These include fish that have 

uniquely adapted an anadromous lifecycle, fluently inhabit both freshwater and seawater, 

regularly undergo long migrations, and are subjected extreme physiological conditions during 

their lifespan.  Salmon and trout, like most fish, are also unique among vertebrates in their ability 

to grow indeterminately (Mommsen 2001).  Unlike higher vertebrates, constant inclusion of 
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hyperplasia (growth through cell proliferation) and hypertrophic growth (increased cell size) 

make fish ideal models from which to gleam insight into the particular mechanisms involved in 

the regulation of somatic growth.  Salmonids are also social fish that are easily maintained in 

intensive aquaculture conditions with elevated density and excess food availability.  Decades of 

husbandry and management techniques have also made salmonids a focal model in genetics and 

breeding research.  As a result, several unique phenotypes and desirable traits have been 

achieved through selective salmon and trout breeding programs, including: sociality and 

behaviour (Pottinger & Carrick 2001; Øverli et al. 2002, 2004; Schjolden et al. 2005; Tatara et 

al. 2008), stress responsiveness (Pottinger & Carrick 1999; Pottinger 2006), growth rate 

(Fevolden et al. 2002; Pottinger 2006; Tatara et al. 2009) and disease resistance (Pickering & 

Pottinger 1989; Salonius & Iwama 1993).  In this thesis, I aimed to investigate the role of two 

competing breeding strategies of Pacific (Chinook) salmon, examining the characteristics of 

offspring derived from haphazard mating and mate-selection within the parental generation. 

Another important characteristic of salmonids as research models is that they inhabit two 

distinct aquatic environments over their lifestage, each environment encompasses its own set of 

distinctive challenges to the organism.  From a physiological standpoint, salmonids are 

superlative as a model from which to study the environmental adaptations, endocrinology, 

behaviour and biochemical mechanisms required to survive changing environments using a 

single organism.  A substantial amount of literature has been generated from the examination of 

interactions between salmonids and their environment, in both FW and SW, and the impact they 

have on adaptation and success.  Many have noted significant effects of early rearing 

environment and its ability to influence physiological and behavioural changes of fish 

particularly those reared in an intensive aquaculture setting (e.g. tanks, raceways, ponds, etc.), 

void of most selection pressures routine encountered in a natural environment (see Metcalfe et al. 

2003).  Altering the early rearing environment can have a significant impact on behaviour 

(Berejikian et al. 2000, 2001; Brockmark & Johnsson 2010), growth rate (Berejikian et al. 2000; 

Sundström et al. 2005), and the stress response (Schreck 1982; Barton 2002), however, those 

opposed to using aquaculture as means to supplement natural salmon populations often cite these 

environment-induced alterations as detrimental to the overall fitness in a natural setting.  

Conversely, it is our review and examination of these environmental impacts on fitness that leads 

the continual optimization of salmonid aquaculture and directs the critical appraisal and 
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improvement of stocking, management, and conservation strategies for salmonid species.  

Several have shown that changes induced through tailored rearing environments can have dire 

effects on performance and fitness in salmonids (Einum & Flemming 2001; Le Vay et al. 2007; 

Araki et al. 2008), however, by taking a more strategic approach to aquaculture through 

investigation of the physiological mechanisms behind behaviour, growth and stress, we may 

attempt to maximize beneficial characteristics while minimizing the unfavourable effects of 

artifical environments.  In this thesis I use behaviour, growth, and the stress response; all 

processes impacted by both breeding and early rearing environment, to examine the impact of 

semi-natural spawning channels or common intensive hatchery settings on the performance of 

juvenile Chinook salmon spawned from alternative breeding methods. 

7.4 Perspective: Elements of the GH/IGF-I/IGFBP Axis as Growth-Status Indicators 

The establishment of a single dependable marker indicative of the growth status of fish has 

long been considered a 'holy grail' of aquaculture; a solitary measure that would rapidly divulge 

the growth status of fish for the optimization of conditions to enhance growth. Typical 

candidates for such a measure include growth-stimulating elements within the GH/IGF-I cascade 

(see Perez-Sanchez & Le Bail 1999; Dyer et al. 2004; and review by De-Santis & Jerry 2007).  

However, as we begin to understand the complexity of the endocrine growth axis it appears no 

single measure will provide comprehensive appraisal of growth status alone.  Yet, review of 

current literature indicates that some situations exist where concordant growth can be assessed 

with an individual plasma measure, such as IGF-I, with potential of representing an accurate 

snapshot of the growth status of fish (see Beckman 2011).  

Beyond controlled circumstances, estimation of growth status through individual measures of 

the GH and IGF-I has been rendered less than ideal in part, due to the extensive effects of these 

hormones in a variety of physiological circumstances and general manipulation in response to 

stress, nutrition or environmental conditions.  For example, situations do exist where GH titres 

may correspond to growth rates though the involvement of GH in metabolic functions in lieu of 

growth, such as its catabolic involvement with the stress response in Chapters 2 and 4, or 

changes associated with osmoregulation in Chapter 3, generally preclude the sole measure of 

this hormone as representative of growth status.  Furthermore, it may be impractical to 

distinguish elevations in mRNA synthesis and circulating levels due to the growth-promoting 
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effects of GH apart from the catabolic changes to metabolic fuel usage and storage orchestrated 

by GH during homeostatic challenge (see Chapters 2, 3, 4 and 5).  Changes associated with the 

disruption of the typical GH-GHR signalling mechanisms that reduce growth through local 

inhibition of IGF-I synthesis during stress occurs in mammals (McCarthy et al. 1990; Jux et al. 

1998; Delany et al. 2001), while similar mechanisms exist in fish in their response to fasting (see 

Reindl & Sheridan; Bergan et al. 2012).  Further examination of the stress-induced actions of GH 

on peripheral IGF-I signaling may be difficult to discern without isolation from additional IGF-I 

regulation by IGF binding proteins or the influence of physiological processes specific to 

salmonid fish that induce an overlapping endocrine response.  For example, data presented in 

Chapter 2 of this thesis showed that anabolic status of control fish with high growth rates had 

elevated GH titres and mRNA levels as well as elevated IGF-I mRNA, but no change in 

circulating IGF-I levels even though IGF-I was generally concordant with specific growth rates 

throughout the experiment. Collectively, data from Chapters 2, 3, 4 and 5 of this thesis 

demonstrated that GH generally remained concordant with growth status under control 

conditions, in accord with others (Johnsson and Bjornsson 1994; Perez-Sanchez & Le Bail 

1999), but also that GH actions are not limited only to the promotion of somatic growth (see 

Bjornsson et al. 1997; Rosseau & Dufour 2007).  Appropriately, GH levels convey current 

nutritional and metabolic status of salmonid fish, including any response to starvation/fasting, 

restricted feeding, or reduced food consumption (Sumpter et al. 1991; Johnsson et al. 1996; 

Pottinger et al. 2003; Norbeck et al. 2007; Shimizu et al. 2009; Chapters 2, 4 and 5), yet, GH is 

not limited to these functions (see Pottinger et al. 2003; Uchida et al. 2003; Chapter 5).  

Association of this hormone to the stress response and elevated circulating glucocorticoid levels 

has been well characterized (see Pickering et al. 1991; McCormick et al. 1998; Wilkinson et al. 

2006; Saera-Vila et al. 2009; Chapter 2), whereby GH release regulates the catabolism of 

internal metabolic stores, promoting glycogenolysis, gluconeogenesis and lipolysis to provide 

energy during the response to stress at the expense of growth.  But, as demonstrated in Chapters 

5 and 6, the catabolic actions of GH were not dependent on the presence of cortisol, although its 

presence has a near synergistic effect with GH on catabolism during times of stress.  Indeed, the 

catabolic actions of growth hormone appear somewhat counterintuitive, though accretion does 

occur through elevated protein synthesis and reduced degradation orchestrated by GH (see 

Bjornsson 1997 and Mommsen 2001; Norbeck et al. 2007; Leggatt et al. 2009; also Chapter 2).  
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In this regard, the growth hormone moniker holds true.  Overall, work within this thesis 

demonstrated that the changes in GH synthesis and release are primarily in response to changes 

in nutritional state associated with elevated catabolism induced by the stress response as opposed 

to direct stimulation by cortisol in response to stress.   

Additional examination of GH/IGF-I influence in fieldwork experiments in Chinook salmon 

(Chapters 3 and 4) showed that the relative levels of GH during periods of growth can be 

further influenced by selective breeding methods and pressure from the domestication process 

itself, as previously reported in other salmonids (Johnsson et al. 1996; Lankford & Weber 2006; 

Tymchuk et al. 2009).  In particular, GH production can be altered by environmental and social 

conditions common to a typical hatchery, e.g. the formation of social hierarchies and assertive 

behaviour (Johnsson & Bjornsson 1994; Johnsson et al. 1996), unnatural photoperiod (Gomez et 

al. 1996), temperature changes (Bjornsson 1997; Perez-Sanchez & Le Bail 1999; Pottinger et al. 

2003) and even seasonality (Neilson et al. 1999, 2001).  However, perhaps the most obvious 

limitation with the sole use of GH or IGF-I titres to represent growth status of salmonids, is the 

stimulation of these hormones during smoltification and osmoregulatory processes (reviewed by 

McCormick et al. 2001; Shepherd et al. 2005; Liebert & Schreck 2006; Tipsmark et al. 2007).  

Additional regulation of IGF-I by IGFBPs also complicates the measure of free IGF-I as a single 

growth status indicator in fish, as IGFBPs can be rapidly inducible during hypoxia (Kajimura et 

al. 2006; Duan et al. 2010), fasting (Peterson et al. 2004) and post-prandial conditions (Shimizu 

et al. 2009), seawater challenge (Shepherd et al. 2005), smoltification (Beckman et al. 1998), 

temperature change (Davis & Peterson 2006; Shimizu et al. 2006) and handling stress (Shepherd 

et al. 2011).  All of the aforementioned can alter circulating IGF-I levels in fish during the 

response to both acute and chronic disturbances. 

What remains is that to meaningfully assess the physiological status of growth in fish, a suite 

of hormones is required, or at the very least, previous assessment of concordancy between the 

endocrine components and growth rate under specific physiological conditions is necessary (see 

Shimizu et al. 2009; Beckman 2011).   Presently, data within this thesis champion the notion that 

this information must be obtained using a suite of measures or with prior analysis of synchrony 

of GH/IGF-I/IGFBP axis elements to the physiological status of the individual in the intended 

setting.  
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7.5 Concluding Remarks  

 The work presented within this thesis further details the breadth of action that the HPI 

stress axis has on the regulation of somatic growth coordinated through multiple aspects of 

behaviour, metabolism and hormonal regulation.  Within this thesis, I have demonstrated through 

a variety of quantitative methods at the molecular, tissue, and whole-animal level, that there are 

clear influences of rearing environment and parental mate choice on growth through the 

GH/IGF-I/IGFBP axis as well as further regulation by the HPI stress axis in response to induced 

hypercorticoidism, social interaction and disease challenge.  Examination of the chronic effects 

of elevated plasma cortisol in trout provided comprehensive analysis of the coordinated 

suppression of growth and catabolism of energy reserves (lipids, carbohydrates, proteins) to 

supply the metabolic requirements brought about by hypercorticoidism (Chapter 2).  The 

impacts of parental mate-choice breeding strategy and semi-natural early rearing environment 

demonstrated the ability of traditional hatchery settings to promote a distinctive hatchery 

phenotype that was able to mask lineage effects unless fish were challenged with cohort 

competition or a challenge to homeostasis, for example seawater transfer (Chapter 3).  

Furthermore, early rearing in a semi-natural environment altered the stress responsiveness of 

juvenile salmon, an effect not observed between fish when reared in the hatchery.  Previous 

familiarity with the environment predicted assertive behaviour and the establishment of 

dominance by the resident fish in both the hatchery and channels (Chapter 4).  Mate choice 

effects were evidenced by reduced responsiveness to stress in the hatchery and semi-natural 

environments, resulting in reduced physiological penalty on the recovery of growth rate 

following the response to commonly encountered stressors.  Other work presented in this thesis 

demonstrated the novel effects of parasite infection on the inhibition of growth through the 

endocrine growth axis and stimulation of leptin (Chapter 5) as well as a disease-induced  

suppression of the HPI axis and cortisol stress response during peak infection (Chapter 6).  In 

summary, work presented in this thesis furthers knowledge of the endocrine mechanisms 

involved in the balance between stress and growth through manipulation of the GH/IGF-I/IGFBP 

growth axis while also expanding upon novel environmental and physiological influences that 

impact this relationship. 

In closing, this thesis highlights how the HPI axis and the release of cortisol stimulate 

catabolism and deter somatic growth by differential regulation of elements within the GH/IGF-



 

184 

 

I/IGFBP growth axis during the stress response.  In the absence of cortisol, however, stressors 

may still have an effect on the growth axis and on the regulation of metabolism.  Work here has 

demonstrated that intimate coordination occurs between the growth and stress axes at both 

central and local levels in response to stressors, both in the presence and absence of cortisol.  The 

findings of this thesis ultimately show that breeding strategy, early rearing environment and 

disease can have a significant impact on the intricate relationships between the growth and stress 

axes, and must therefore be taken into consideration to further our understanding of the 

mechanisms of both. 
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Figure 7.1. A diagram of the interactions between the hypothalamic-pituitary-interrenal (HPI) and growth 

hormone (GH), insulin-like growth factor I (IGF-I), IGF-binding protein (IGFBP), axes and novel 

interaction with leptin during (A) stress without duress (Chapter 2); and (B) duress without stress 

(Chapter 5 and 6), paradigms.  Bolded arrows represent the observed interactions under contrasting 

physiological scenarios.  Stimulation (+), Inhibition (-); Hormone-sensitive lipase (HSL), fatty acid 

synthase (FAS).  
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 (A) Stress without duress 

 

(B) Duress without stress 
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