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Abstract

Fish in aquaculture is known to ingest less feed after exposure to stressors such as handling,
crowding, vaccination and transportation. In scientific studies, this phenomenon has been
ascribed to an appetite-reducing effect of stress, namely the stress hormone cortisol, or other
aspects of the physiological stress response. However, preliminary findings have suggested
that during recovery from stress fish has not necessarily lost the will to feed, but rather the
ability to feed.

To test the hypothesis that decreased feed intake in salmonids subjected to stressful situations
is at least in part caused by other factors than a reduction in appetite, feed intake and attempts
at feed intake in isolated rainbow trout was closely monitored after transfer to a novel
environment. In a follow-up study known appetite markers were measured in the
hypothalamus and plasma in rainbow trout receiving exogenous cortisol through feed.
Furthermore, | also investigated alteration of the gastrointestinal (Gl) tract in rainbow trout,

by measuring stomach volume after exogenous cortisol exposure.

From these studies | found that the anorectic stage following subjection to stress is, at least
partly, mediated through some physical obstruction in the upper Gl tract. | saw that nearly all
fish went through three distinct phases of feeding behavior subsequent to stress exposure:
Passive/anorectic, active but unable, and active and able. The second stage is an intermediate
phase between being completely passive and successfully ingesting feed. The intermediate
phase of feeding behavior has not been reported earlier. Here, fish are seen actively trying to
ingest feed, but appearing unable to swallow, and thus repeatedly spitting grabbed pellets
back out. I also noted that reduced feed intake in response to cortisol treatment was not
caused by the alteration of neither corticotropin-releasing factor, cocaine- and amphetamine-
regulated transcript, neuropeptide Y, leptin or arginine vasotocin, all which are known
appetite-regulating factors. When examining stomach volume of rainbow trout
intraperitoneally injected with cortisol, | found that stomach volume was significantly reduced

(p<0.05) compared to control.

In conclusion, the sum of these findings indicates that the observed reduction of feed intake in
stressed salmonids is not caused by the lack of appetite per se, but rather a physical
obstruction somewhere along the upper Gl tract, rendering the fish willing but unable to

ingest feed. The mechanisms contributing to this behavior are still to be elucidated.
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1 Introduction

Teleost fish are currently emerging as alternatives to rodents in biomedical and behavioral
research due to easy maintenance, short generation times, and increasingly mapped
genomes[1, 2]. In addition to being a much used comparative model [3, 4], members of the
family Salmonidae also dominate the rapidly growing aquaculture industry [5, 6], in which
the utilization of feed resources is an important constraining factor. Impaired fish growth is
commonly observed in aquaculture [5] as well as in small-scale experimental rearing and it is
widely accepted that stress is an important contributor to this costly predicament. Common
fish culture-associated stressors such as crowding [7-9], vaccination [10] and handling [11,
12] have been shown to decrease growth in fish. The transportation in itself acts as a stressor
and increases plasma cortisol even after several hours has passed [13, 14]. A number of later
studies have shown that administration of the stress hormone cortisol have similar growth
impairing effects, and it is generally accepted that the negative effects of stress on growth are
largely mediated by cortisol [15-17].

It has been postulated that stress and the stress hormone cortisol reduces appetite in fish [15],
resulting in decreased feed intake and growth rate. Although it may be correct that these
factors impair feed intake, it might not be as correct to claim that it is because they simply
reduce appetite. According to the Merriam-Webster dictionary, the medical definition of
appetite is any of the instinctive desires necessary to keep up organic life; especially: the
desire to eat [18]. It is however disputable whether the actual desire for food is affected by
cortisol or glucocorticoids. Humans who received a synthetic glucocorticoid had significantly
increased intake of calories compared to untreated controls [19], implying appetite
stimulatory effects of glucocorticoids. Cortisol is also a potent inducer of obesity in humans
[20]. In fish however, the effect appears to be the opposite. Several studies claim that stress
and cortisol reduces appetite in fish [15, 16, 21]. The life cycle of anadromous fish such as
Atlantic and Pacific salmon (i.e. several Oncorhynchus species) involves one or more
extended phases of homing migration [22, 23], during which levels of cortisol and other
steroids increase dramatically [24-26]. Notably, at least in anadromous species, food intake
appears to decrease or cease completely during upstream migration prior to spawning. Kadri
et al. (1995) found that Atlantic salmon (Salmo salar) became anorectic preparing for return
to the home river to spawn [27], and ceased eating several weeks before their estimated

migrating timepoint. Calderwood (1907) refers to two studies of the stomach content of adult
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Atlantic salmon, in which only a few stomachs (9 of 4162) contained food items [28]. Any
sports fisherman can however testify to the fact that migrating salmonid fish, including
salmon, will at least sometimes readily bite on prey-like fishing lures and baits. Hence it
would appear that even a close to completely anorectic life-stage does not imply a complete

inhibition of feeding instincts and behavior.

In view of the above, even if the onset of anorexia in migrating as well as stressed salmonids
certainly seem to be mediated through cortisol and the hypothalamus-pituitary-interrenal
(HPI) axis (the fish homolog to the mammalian hypothalamus-pituitary-adrenal (HPA) axis),
the possibility that cortisol inhibits food intake through other mechanisms than the reduction
of appetite exists. In the following, | will explore the possibility that stressful circumstances
(specifically, the transfer between two different rearing environments) and exogenous cortisol
treatment inhibits the intake of food through other means than by affecting the drive to eat.

Impetus for the proposition above comes from a small pilot study done by Johansen et al.
(unpublished), where it was discovered that 3 out of 4 fish that had been exposed to cortisol
(668.48 £ 225.32 ng/ml, mean + s.e.m.) had pellets stuck in their esophagus at the time of
sampling (Figure 1), while the presence of engulfed but undigested pellets was not recorded

in an untreated control group.
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Figure 1 Number of pellets in the esophagus of a small cohort of juvenile rainbow trout

Each data point represents one individual fish, and individuals no. 5-8 received exogenous cortisol at 4 ug/g
body weight for 4 days prior to sampling



Although there is little point in doing statistical analysis on such small data set (c.f. Figure 1),
these results are intriguing. Why did three out of the four cortisol treated fish have food stuck
in their throat? The possibility emerges that rather than bran mediated appetite inhibition,
physical or physiological changes in the gut and/or esophagus simply prevents food from
being ingested during stress or cortisol induced anorexia. Such a mechanism would also be in
line with the common observation that migrating anadromous salmon ceases food intake but

continues to react to lures, artificial flies, and even live-bait such as earthworms.

Previous observations done by this research group and mentioned by others [16], has shown
that fish in stressful situations often will attempt to eat when food is presented, but food items

will be spit out rather than ingested, where after new attempts are made.

This behavior has however never been quantified. Records of individual feeding behavior is
not easily obtained from groups of fish, which may explain why previous studies have
concluded that stressed fish lose their appetite, based on the finding that feed intake is
reduced. In order to lay forward further studies as to the exact mechanism behind stress-
induced anorexia in comparative vertebrate models, a primary aim of this thesis is to quantify
food spitting behavior of rainbow trout after transfer to rearing in isolation in a novel rearing
environment. Additionally, I will describe the time-course of the transition to normal feed
intake at ordinary rearing temperatures in freshwater. Furthermore, I will test the tentative
hypothesis that the corticosteroid “stress hormone” cortisol induces a physical constriction of
gut volume, but does not affect neuroendocrine control of appetite per se. Testable hypotheses
are stated after a brief review of these physiological systems.

1.1 Cortisol and stress

The stress response is comprised by many factors and several of the contributors are also
important in other signaling pathways, making it a less straight forward condition to study.
Elevated plasma cortisol is however the most established indicator of stress in salmonids.
Cortisol is a steroid hormone and is the main corticosteroid in fish. It is an end-product of the
HPI axis and is regulated by a negative feedback loop, both to the hypothalamus, the pituitary
and the interrenal cells. Cortisol binds to intracellular glucocorticoid receptors (GR) which are
found throughout the body. Binding of cortisol to GR will translocate the ligand-receptor

complex to the cell nucleus where it will exert its function as a transcription factor, either by
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inducing transcription of genes or inhibiting them. Cortisol is also known to bind to
membrane receptors and exert rapid non-genomic actions, like producing more forceful
contractions [29] and inducing harmful reactive oxygen species in muscle tissue [30]. These
rapid non-genomic effects are also affecting behavior and brain function [31]. Hence, the
outcome of the GR activation will depend on what type of cell and tissue the receptor is

activated in.

Cortisol is involved in several important processes in the fish body, ranging from the
circadian rhythm [32], energy metabolism and balance [33], osmoregulation [34], and of

course, the involvement in the stress response [21], which is the main interest in this thesis.

Cortisol as an indicator of stress is widely accepted throughout the academic community, and
prolonged elevations in plasma cortisol levels indicate that the organism is having trouble
adapting to whatever is causing the stress. While acute exposure to stress has proven to be
beneficial to an organism (eustress), prolonged exposure to elevated levels over longer
periods can be detrimental (distress) [35]. Acute stress will for example stimulate
neurogenesis and neural plasticity i.e. the ability to make new neural connections in the brain
to be able to adapt. Extended periods of stress, on the contrary, is inhibiting on these
processes [4]. Further, stress is linked to a variety of gastrointestinal dysfunctions in humans
[36], and there has also been reported direct effects on the gut wall in fish, where the

permeability of enterocytes in the intestine is increased [37, 38].

Cortisol does not only affect the physiology during times of stress, but also the behavior. The
stress response is known to increase appetite in mammals [39] yet decrease the feed intake in
fish. Madison et al. (2015) found that rainbow trout given osmotic cortisol pumps over 14 or
28 days, had significantly reduced feed intake in addition to alterations of several appetite
markers [40]. The measurement of certain appetite markers can help elucidate an animal’s

appetite.

1.2  Appetite markers

Appetite is not the same as feed intake. The term ‘appetite’ describes the will and urge to
consume food items, not the specific act of eating. Appetite marker is a collective term used
for molecules that influence appetite in either direction, and comprises both brain derived

neurohormones and neurotransmitters in addition to molecules produced by or enacted upon



peripheral tissues. Inducers of appetite are called orexigenic and inhibiters are called
anorexigenic factors. The hypothalamus is considered the ‘appetite center’ of the brain, which
regulates hunger and satiety, while receiving peripheral signals from the gastrointestinal (GI)
tract and adipose tissue [41]. Appetite markers can therefore be assessed by measuring the
amount of mMRNA of a certain gene in the hypothalamus [42]. Appetite markers that are

produced outside of the brain are often peptides and can be measured in plasma.

1.2.1 Leptin

Fish leptin peptide is mainly expressed in the liver [43] and has receptors in the hypothalamus
where it exerts its function through the Janus kinase (JAK) coupled with signal transducers
and activators of transcription (STAT) and phosphatidylinositol-3-kinase (PI13K) signaling
pathways [44, 45]. The leptin peptide both suppresses and induces several other appetite-
regulating molecules. It downregulates neuropeptide Y (NPY) mRNA expression (see section
1.2.3) [43], while stimulating the expression of cocaine- and amphetamine-regulated
transcript (CART) mRNA [46] (see section 1.2.3). Rainbow trout injected with recombinant
leptin intraperitoneally has previously shown significant reduction in feed intake and
expression of NPY mRNA [43]. Dragogo-Jack et al.(2005) found that leptin was significantly
lowered when blocking cortisol biosynthesis in humans [47], indicating that cortisol is a direct
inducer of leptin production.

1.2.2 Arginine vasotocin

Arginine vasotocin (AVT) is the non-mammalian homolog to vasopressin. It is an
oligopeptide produced in the hypothalamus and is involved in several processes, €.g.
regulation of the circadian rhythm, osmotic regulation, reproduction, and social hierarchy
formation among others [48]. High doses lead to decrease in aggression and loss in fights for
domination resulting in social subordination, which in turn is associated with a chronic stress
response [49]. It is also a potent anorexigen, resulting in significantly lower feed intake if
injected intracerebroventricularly, as well as significant increase in expression of
proopiomelanocortin (POMC) and CART in the hypothalamus, both of which are known
anorexigens [50]. AVT also work in synergy with corticotropin-releasing factor (CRF) to
stimulate the secretion of adrenocorticotropic hormone (ACTH) in the sustained stress

response mediated through the HPI axis [51].
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1.2.3 Neuropeptides

Neuropeptide Y (NPY) is a potent orexigenic factor and an important stress-coping
hormone [52], which is produced mainly in the central nervous system and is stimulated by
increased levels of cortisol [53]. NPY peptide is highly upregulated in obese rats [54] and is
also significantly increased in fasted rats who were anticipating food [55] indicating that NPY

has a close relationship to feed intake.

Corticotropin-releasing factor (CRF) is the first product of the HPI axis. It is released
from the hypothalamus during stressful conditions and is potentiated by adrenaline [56]. CRF
binds to corticotropin-releasing-factor receptors (CRFRS) in the pituitary, facilitating the
release of adrenocorticotropic hormone (ACTH). ACTH binds to receptors in the interrenal
cells in the head kidney and triggers the release of cortisol into the blood stream. CRF release
is under a negative feedback loop from cortisol, meaning elevated levels of cortisol causes
lower levels of CRF, which in turn causes lower levels of cortisol. Elevated levels of CRF
however, is known to evoke anxiety responses and decrease feed intake [57, 58], implying

anorexigenic properties.

Cocaine- and amphetamine-regulated transcript (CART) has a complex role in
appetite regulation, and it has been shown to function both as an anorexigenic and orexigenic
factor [59]. The CART peptide is transcribed as a pro-peptide, and is cleaved by prohormone
convertase (PC) to CART(55-102) [60], which is the most studied fragment in relation to
appetite regulation. In a study done by Kristensen et al. (1998) an intracerebroventricular
(ICV) injection of CART(55-102) in rat brains inhibited feeding in both fed and fasted rats
while also suppressing the orexigenic effect of NPY [46]. In another study, CART(55-102)
stimulated the release of NPY in hypothalamus explants [61]. It has been demonstrated that
CART(55-102) delays gastric emptying though the HPA axis, specifically CRF when injected
in to rat brains [62], and injection of CRF significantly increased plasma CART
immunoreactivity [63]. These studies connect CART directly to CRF and the stress response

mediated through the HPI axis.



A brief summary of the different appetite markers is given in Table 1.

Effect on appetite Affected by

stress/cortisol

Leptin Decreased Upregulated Madison et al., 2015 [40]

AVT  Decreased Upregulated Backstréom & Winberg, 2009 [49],
Gesto et al., 2014 [50]

CRF  Decreased Upregulated Backstrom et al., 2011 [64], Doyon
et al., 2005 [53]

NPY  Increased Upregulated Doyon et al., 2005 [53],
Madison et al., 2015 [40]

CART Decreased Upregulated @ Cortés et al., 2018 [65]?,
Downregulated ®  Conde-Sieira et al., 2010 [66]°

Table 1 A summary of the different appetite markers assessed in this thesis and their effect on appetite.
AVT: arginine vasotocin, CRF: corticotropin-releasing factor, NPY: neuropeptide Y, CART: cocaine- and
amphetamine-regulated transcript.
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1.3  Aims of study

Test the hypothesis that salmonid fish in a stressful situation (specifically: after
transfer to novel environment) will engulf but not ingest food items, and that the

frequency of this behavior will decrease with time after the stressor.

Investigate if cortisol alters the physical attributes of the upper gastrointestinal tract by

measuring stomach volume in cortisol-implanted fish.

Investigate the effect of exogenous cortisol given in the feed on appetite markers in

the hypothalamus and in plasma.



2 Materials and methods

2.1 Study 1: Feeding behavior in isolation after
transfer to novel environment

The aim of this study was to quantify specific components of feeding behavior in rainbow
trout under stress, i.e. after transfer to social isolation in a novel rearing environment.
Cessation of feed intake is a time-honored indicator of stress in teleost fish [67-69]. Hence, it
is reasonable to assume that the transfer process which involves physical capture with a dip
net, anaesthetizing and weighing followed by a change in both the physical and social
environment would induce a stress response. Indeed, the resumption of feed intake after
transfer to a novel environment has frequently been used as an indicator of stress reactivity, or
coping style, in fish [70-72]. Explicitly, the hypothesis to be tested was that the frequency of
spitting behavior was high directly after transfer but decreased with time as fish got adapted

to their rearing environment.

2.1.1 Experimental animals

The research animals for this study was obtained at Valdres @rretoppdrett (Rgn Gard,
Valdres, Norway), when the fish were 10 months old. The rainbow trout were transported by
car in bags of oxygenated water and a small amount of diluted AQUI-S to calm them during
the transportation. The fish were kept at the fish holding facilities of the Department of
Biosciences at the University of Oslo for 10 weeks, in a circular holding tank with circulatory
system and continuous water exchange. They received dechlorinated Oslo tap water held at
approximately 6-8 °C. After the 10-week acclimation period, 20 fish were moved to isolation.
The fish were distributed into 5 aquaria, with dimensions of 100x50x50 cm, holding roughly
240 liters of water. Four fish shared one aquarium divided by three PVC walls. This gave
approximately 60 liters of water to each fish. The fish were kept on a 12:12 light:dark cycle.
The body weight at the time of isolation was 217.8 grams + 56.6 grams (mean * standard
deviation, SD). In isolation, fish were hand fed to a maximum of approximately 1% of body
weight with commercial rainbow trout pellets (Spirit Trout 300-40A 4,5 Se, Skretting AS,
Stavanger, Norway) once a day. This study was done in the springtime, from April 30" to
June 7" at the University of Oslo, Blindern, Norway.
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2.1.2 Feeding regime for rearing in isolation for 39 days

As feeding behavior was the primary interest in this study, a set of feeding criteria had to be
implemented, as illustrated in Figure 2 and explained more detailed in the figure text. The
argument for using feeding criteria was to assure uniform feeding opportunities for all fish.
From experience, fish who did not respond to pellets or had started to spit during feeding, was
not going to change behavior that day. In addition, it appeared as fish who did eat would
continue to eat until it became full followed by spitting of the pellets it could not ingest,
possibly due to congestion in the stomach. Thus, based on earlier observations from the pilot

study, at set number of pellets for each category of reaction was determined.

Offer 5 pellets
Reacts / \ Reacts

on <2 on 23
Keep feeding until //\
If swallowed =26 If swallowed <5

Swallows 20 Ignores >5

Spits 10

Feeding ends

Figure 2 Feeding criteria for the 39 days in isolation

The fish were first offered 5 pellets, dropped in the water one by one. Feeding continued only for fish that
reacted on 3 or more pellets. In such cases, feeding continued until one of the following end points were
achieved: 1) If a total number of 10 pellets had been intercepted but spat out, feeding was terminated 2) If 20
pellets was actually consumed, feeding was terminated 3) In intermediate cases, i.e. fish that started to spit
before achieving to swallow 20 pieces feeding was terminated after spitting 5 pellets. 4) Feeding was also
terminated if 5 or more pellets were ignored in succession.



“Reaction” to distributed feed was defined as a successfully engulfed pellet. Fish looking at or
nibbling at pellets without actually taking the item into its mouth were not counted in this
category. After a fish had reached one of the end points, it was observed until it had stopped
moving to ascertain if it would try to eat feed from the bottom of the aquaria or spit any of the
pellets counted as ingested. The fish were fed in the same order every day. All uneaten

pellets, either they were ejected after intake or entirely disregarded, were removed by a
suction tube after all fish were fed. Which meant that the fish fed first, would have its
discarded or ignored pellets in the aquaria for quite some time while the other fish were fed,
and had the chance to eat them without being observed. Food eaten in this manner was not

counted.

2.2 Study 2: Effect on chronic cortisol
administration on neuroendocrine appetite
markers

After establishing the pattern of recovery of feed intake during acclimation to rearing in a
novel environment an attempt was made to use cortisol implants to study the effect of this
hormone on feeding behavior and appetite markers. For reasons unknown the implants (made
according to the method describe by Gregory and Wood [16]) proved ineffective to provide
exogenous cortisol levels, resulting in plasma cortisol levels at 11.47 £ 2.76 ng/ml for control
group (n=9) and 9.58 + 1.08 ng/ml for cortisol group (n=7, mean + s.e.m.). Thus, the
materials analyzed in this study had to be taken from a study performed in 2013 in relation to

a previous project [73].

2.2.1 Experimental animals

To examine peptide levels in plasma and mMRNA expression on signaling peptides known to
be involved in appetite regulation, analysis was performed on hypothalamus and plasma
obtained from a previous MSc project at UiO-IBV. A short summery will be given here. For
more details refer to MSc thesis by Karoline Sletbak Ngstrud [73].

Rainbow trout were obtained from Valdres @rretoppdrett (as above). The fish were held at the
same fish holding facilities as utilized above, and acclimated for three weeks before transfer
to rearing in isolation. In this period, the fish were fed a diet corresponding to 1% body
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weight with commercial trout pellets (EFICO, Enviro, 920, Biomar, Brande, Denmark). The
holding tank was aerated and supplied with dechlorinated Oslo tap water, at 5-7 °C. During
the whole length of the experiment the fish were kept in a 12:12 light:dark cycle, and fed once
a day with the same feed as during acclimation.

30 fish weighing 161.6 grams + 24.5 grams (mean + SD) were acclimated for 12 days in
isolation before treatment began. Four fish shared one aquarium with the same dimensions as
in study #1, and was divided with PVC walls to separate the fish. The fish who were in the
same aquarium received the same treatment. Experimental groups were established in a 2x2
design as follows: Cortisol treatment vs. control with a duration of 2 or 7 days. Fish who did
not eat during the acclimation period were removed from the analysis, which resulted in one

fish from 2-day control group and one fish from 7-day control group being removed.

2.2.2 Exogenous cortisol administration and signaling

peptides in plasma
Cortisol was administered through the feed, as described by Ngsterud [73], i.e. 15 mg rape
seed oil containing 500 mg hydrocortisone powder (Sigma-Aldrich) was applied to one kg
commercial rainbow trout feed inside a vacuum coater. Control feed was coated with pure
rape seed oil. The fish were fed daily to satiation or to a maximum of 0.8% of body weight,
with either a control diet or a cortisol-enriched diet for two or seven days. Consumption of the
entire available ration would then correspond to a cortisol dose of 4 ug/g body weight per day
Notably, however, control fish and fish treated with cortisol only consumed about 2/3 of the
available food (approximately 0.6 % B.W. / day), while food intake dropped to about 50% of
the available ration (0.4 % B.W. / day) after 7 days of cortisol treatment. Circulating plasma
cortisol levels were thus lower in the 7 day treatment group than in the 2 day treatment group
(Figure 4 below). The concentration of plasma cortisol was determined by radio immune
assay (RIA) based on the assay described by Pottinger and Carrick (2001) [74] performed by

Ngsterud and colleagues in 2013. See [73] for more details.

Leptin analysis

Plasma was stored at -20 °C between Nesterud’s study and the current study. Analysis of
plasma leptin was done using a commercially available ELISA kit for detecting leptin in
salmon, manufactured by CUSABIO (College Park, MD, USA, catalog #CSB-EL012870FI).



The plasma was diluted 1:250 by adding 1.0 ul of plasma to 249 pl Sample Diluent. Enclosed
protocol was followed, and concentration from optic density (OD) was calculated by using the

four-parameter logistic curve software found on www.myassays.com

Vasotocin analysis

Analysis of plasma arginine vasotocin was done using a commercially available species-
independent ELISA kit for detecting vasopressin, manufactured by Nordic BioSite (Taby,
Sweden, catalog #EKX-98E17C). The plasma was not diluted. Enclosed protocol was
followed, and concentration from OD was calculated with the same software as for the leptin

analysis.

2.2.3 Appetite markers in the hypothalamus

Experimental fish were sampled after two days and at seven days of treatment, and
anesthetized in 1 mg MS-222 (tricaine methanesulfonate, Sigma-Aldrich, St. Louis, MO,
USA\) per liter water, followed by cutting the spinal cord. The hypothalamus was dissected
out following protocol developed by @verli et al.[75] The hypothalamus was thereafter stored
at -80 °C in RNAlater until analysis of mMRNA expression of select candidate genes involved

in appetite regulation.

RNA extraction from tissue

Hypothalami were thawed and homogenized in 1 ml TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) using lysing matrix D beads from MP medicals (1 bead/mg tissue) in 2 ml reaction
tubes and shook in a homogenizing machine (FastPrep®-24 Classic Instrument, MP
Biomedicals, LLC, OH, USA) on 4.0 m/s in 20 seconds. The homogenizing step was repeated
after an incubation period for 2 minutes on ice. 750 ul homogenate was then transferred to
new RNase-free tubes and incubated in room temperature (RT) for 10 minutes. Chloroform
was added in a 1:5 ratio (150 pl chloroform to 750 pl homogenate) and mixed by flipping the
tubes up-side-down ten times. The samples were allowed to incubate for another 5 minutes in
RT, and then centrifuged (Mega Star 600R, VWR, Germany) at 4 °C, 12000g for 20 minutes.
200 pl of the supernatant was transferred to new nuclease free tubes and 200 pl isopropanol
was added. The samples were vortexed and incubated in RT for 10 minutes followed by

incubation at -20 °C for 20 minutes. For the RNA to be pelletized, the samples were
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centrifuged in at 120009 at 4 °C for 10 minutes. The supernatant was removed, the pellet
washed with 500 ul 75% cold ethanol 2 times, followed by centrifugation for five minutes at
7500q at 4 °C. After removing as much ethanol as possible the pellet was centrifuged one
more time for one minute using the same setting as in the previous step. The pellets were then
allowed to dry until they became transparent followed by dissolving the pellets in 30 ul of

DEPC water. All steps were performed on ice, if nothing else was noted.

DNase treatment

After RNA was extracted from the tissues, 3.6 ul of DNase buffer and 2 ul DNase was added
to each tube using TURBO DNA-free Kit by Invitrogen™ (catalog number: AM1907). The
samples were incubated at 37 °C for 30 minutes, followed by 1 ul DNase inactivation reagent
and 2 minutes incubation in RT. After incubation the samples were centrifuged for one
minute at 12000g at 4 °C and 30 pl of the supernatant was transferred to new tubes. 3 ul of the
samples were saved for quality- and concentration analysis (Table 2A and B). All RNA

samples were stored at -80 °C.

RNA guantity and quality

A RNA concentration (ng/ul)
Mean 126.69 + 4.53 Mean 8.81+0.12

Median 128.87 Median  8.95

Highest 166.09 Highest  9.60

Lowest 39.34 Lowest 7.30

Table 2 RNA concentration measured by Nanodrop™ 1000 (A), and RNA integrity number (RIN) measured
by Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) (B). n=30 for both A and B.
Mean with £ s.e.m.



cDNA synthesis

The concentration of the extracted RNA was determined using Nanodrop™ 1000
Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA) (Table 2A) and
the amount of RNA to make 200 ng/ul was calculated. cDNA was made following the
enclosed protocol in the iScript™ c¢cDNA Synthesis Kit by Bio-Rad Laboratories Inc. (catalog
#1708891SP). The PCR cycling program contained a priming step for 5 minutes at 25 °C, a
reverse transcription step for 20 minutes at 46 °C, and a reverse transcriptase inactivation step
for 1 minute at 95 °C on a T100 Thermal cycler by Bio-Rad (Hercules, CA, USA).

gPCR

Primers sequences for the appetite markers neuropeptide Y (NPY), corticotropin releasing
factor (CRF) and cocaine- and amphetamine-regulated transcript (CART) and for the internal
reference gene elongation factor 1-o (EF1-a) were previously published [40]. Primers were
ordered from Invitrogen (Thermo Fisher Scientific Inc., MA, USA) with the sequences stated
in Table 3.

Primer sequence (5°-3) Predicted Accession number

amplification

product (bp)

EF 1-a F: CCATTGACATTTCTCTGTGGAAGT 106 AF498320
R: GAGGTACCAGTGATCATGTTCTTGA

NPY F: CGGTCAAACCCGAAAATCC 111 AF203902
R: TCTTCCCATACCTCTGCCTTGT

CRF F: ACAACGACTCAACTGAAGATCTCG 54 AF296672
R: AGGAAATTGAGCTTCATGTCAGG

CART F: CCTCGACACAAGAAGTGTGAGAGA 81 CA380644
R: TGTAGTGCTCCAAGCAGTTGCT

Table 3 Nucleotide sequence of primers used for quantitative real-time PCR
EF 1-a: elongation factor 1-a, NPY: neuropeptide Y, CRF: corticotropin releasing factor, CART: cocaine- and
amphetamine-regulated transcript, F: forward primer, R: reverse primer, bp: base pairs.
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10 ul gPCR reaction contained 5 ul Power SYBR Green PCR master mix (Applied
Biosystems), 2 ul 10 uM primer mix (1:1 forward and reverse primer (Invitrogen)) and 3 pl 5-
fold diluted cDNA. The samples were run in duplicates together with a standard curve, made
from the sample with the highest concentration of RNA. The standard curve was made by

five-fold dilution, to get a 5-point curve with concentration ranging from 1:1 to 1:625.

Real-time quantitative PCR (qPCR) was performed on the LightCycler 96 by Roche

Diagnostics GmbH (Mannheim, Germany), using a 2-step amplification program (Table 4).

Program Cycles Acquisition Temperature
mode (°C)
Preincubation 1x None 95 600 4.4
Amplification 45x None 95 10 4.4
Single 60 30 2.2
Cooling 1x None 37 30 2.2

Table 4 Cycling conditions for g°PCR



2.3 Study 3: Gut volume after exogenous
cortisol exposure

To investigate whether cortisol induced any anatomical changes in the upper GI, a new
experiment was initiated. The fish in this study were injected with a cortisol implant in the
abdomen which insured a steady increase of cortisol in the bloodstream, so that any effects
could not be attributed to direct effects of locally high cortisol concentrations on the gut wall.
Furthermore, to make sure that any observed changes in gut volume was not due to that
cortisol treated fish ate less than the control, the fish were sampled as soon as the cortisol fish
showed signs of struggling to eat their daily ration, but before they started to eat less than the

controls.

2.3.1 Experimental animals

24 juvenile rainbow trout from Store Restrup Fiskeri (Nibe, Denmark) weighing 74.1 grams +
11.2 grams (mean + SD) were isolated from a holding tank kept at 15 °C, and allowed to
acclimate for four days before treatment started. The fish were fed to 0.8% of their body

weight, kept at a 13:11 light:dark cycle, with water temperature at 12 + 1 °C.

Cortisol administration and doses was given as elucidated by T. R. Gregory and C.M. Wood
(1999) [16]: A cortisol pellet was made by dissolving 25 mg cortisol per ml in melted coconut
oil, at a ratio of 10 ml per gram of fish, giving a cortisol dose of 250 ug/g body weight
(cortisol as 11,17,21-trihydroxypregn-4-ene-3,20-dione, Sigma-Aldrich). The cortisol-coconut
oil solution was injected peritoneally into 12 fish, while a control group was injected with
pure coconut oil. When the injection came in contact with the cold water it solidified, making
a sustained-release pellet. The animals were anesthetized in 1 mg MS-222 per liter water, and
killed by cutting the spinal cord. Cortisol analysis was done at the laboratory of Danish
Technical University, Hirtshals, Denmark by Dr. Patricia Da Silva.

2.3.2 Assessment of stomach volume

Freshwater rainbow trout saline (ringer solution) was made by mixing 7.25g NaCl, 0.186g
KCI, 0.23g MgSQO4-7H,0, 0.37g CaCl,-2H-20, 1.0g D-Glucose and 1.0g NaHCO3 per 1 liter
MiliQ water. The stomachs were excised by cutting the esophagus as far up as possible and

cutting below the lower stomach sphincter separating the stomach from the intestines. The
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stomach was emptied before being fastened on a 50 ml burette with surgical thread, as
illustrated in Figure 3. The burette was filled with ringer solution and the stomach was filled
for 150 seconds with the ringer solution. The volume was noted, and the burette closed before
refilling the burette with ringer solution. Thereafter the burette was re-opened, and the

stomach was allowed to fill for another 150 seconds.

Figure 3 Stomach volume was measured by filling with ringer solution

2.3.3 Leptin analysis

Analysis of plasma leptin was done using the same ELISA kit as in study #2. The plasma was
diluted 1:100 by adding 10 pl of plasma to 40 pl Sample Diluent followed by 15 ul from this
solution to 285 pl of Sample Diluent. Enclosed protocol was followed, and concentration

from OD was calculated with the same software as for the previous ELISA analysis.



2.4  Statistical analysis

Effects of time after transfer to novel environment on feeding behavior in study #1 were
assessed by repeated measure analysis of variance (RM ANOVA). In study #2 effects of feed
intake were analyzed by RM ANOVA followed by Mauchly's Test for Sphericity with
Greenhouse-Geisser (GG) sphericity correction when assumption for sphericity was not met,
and effects of chronic cortisol administration on molecular appetite markers was assessed by
two-way ANOVA followed by Tukey HSD post-hoc testing. In study #3 gut volume after
exogenous cortisol exposure was analyzed by unpaired t-tests. Outliers were determined using

Bonferroni outlier test. Statistical significance level for all tests was p<0.05.

In all studies where cortisol was measured, plasma cortisol levels had to be log transformed
prior to analysis, to achieve homogenous variance. The log transformation yielded a p=0.45
using Levene’s homogeneity test in study #2 and p=0.99 for study #3. All data are presented

as mean * standard error of mean (s.e.m.) if nothing else noted.

In studies #2 and #3, specific growth rate (SGR) was calculated using body weight by
treatment start (BWo), body weight by sampling point (BW1) and the length of treatment

(BwW,

period (t, in days), as SGR = %BW"). Condition factor (CF) was calculated as CF, =

BW,,
(FLn3

stomach volume in study #3, the volume was calculated as stomach-body weight-ratio =

) X 100, where n is the given time-point (start or end). To determine an individual’s

stomach volume

( o ) X 100, rendering the relative volume.
1

All analysis and production of graphs were performed using R programming language [76] in
RStudio (RStudio Inc., Boston, USA). For detailed description of functions and packages,

please refer to appendix section 5.2.
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3 Results

3.1 Study 1: Feeding behavior in isolation after
transfer to novel environment

To examine feeding behavior during and after adaptation to a stressful situation in rainbow
trout, ingested and spitted feed was registered over a period of 39 days after transfer from
communal rearing to isolation in a novel environment. An absolute majority of the
experimental fish would show complete anorexia for a variable period of time after transfer to
rearing in isolation. In the current study, | focus on the fact that after a variable number of
days of complete feeding inhibition, fish would begin to express a spitting behavior when
attempting to feed, where the fish would try to ingest the food, but spit it back out, sometimes
with such force they would recoil backwards. This behavior was characterized by flaring of
the gills, opening and closing of the mouth, and a form of twitching of the body in a motion
reminiscent of coughing in humans. In an intermediate period before the fish successfully
ingested all of its daily ration, the fish would often spit the pellet out and try to ingest it again.
This could go on for several minutes. In combination with the initial preliminary observation
that cortisol treated fish had pellets stuck in their throat, this indicates an anatomical

obstruction of the upper Gl tract in stressed fish.

Although the spitting behavior was notably reduced the last 10 days of the study, it did not
disappear completely. This was due to the fact that some fish became full before the feeding
endpoint was met, and to make sure that the fish actually were full it was offered more pellets
until it had spat 5 consecutive times. Figure 4 shows the detailed time course of the behavioral
transition described above. Apart from the expected increase in food consumption after
transfer, it was apparent that spitting was more extensive directly after the first feeding
attempts, whereafter this behavior decreased significantly. Figure 4A shows that most of the
fish were passive during feeding the first few days, however after approximately 14 days
100% of the fish reacted to feeding. A highly significant increase in amount of feed ingested
was detected with time after isolation (Repeated measure ANOVA,; F3s 779) = 46.03, p<0.001)
depicted in Figure 4B. Regarding amounts of feed spitted the effect of time in isolation was

also highly significant (Repeated measure ANOVA,; Fg,779) = 4.39, p<0.001), as seen in



Figure 4C. Spitting behavior in 4C closely overlap with the number of fish reacting to feeding
in the first days (4A).
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Figure 4 Over time more fish would attempt to eat, ingest more feed and spit less

The number of fish reacting to feeding increased with time after transfer to rearing in isolation (A). Feed intake
increased as more of the fish reacted and successfully ingested feed (B). Spitting behavior (as number of pellets
spitted out of all pellets reacted upon, in percent) reached a peak after 10 days before declining (C). N = 20.
Data in A presented as number of fish reacting to feed for any given day and as mean = s.e.m in B and C.
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3.2 Study 2: Effect on chronic cortisol
administration on molecular appetite markers

To examine whether cortisol influenced known appetite markers, cortisol was given in the
feed for 2 or 7 days, while control groups received untreated feed in the same period. This
approach aimed at providing information not only about the effect of cortisol treatment, but
also about changes over time.

3.2.1 Feed intake and growth in respect to cortisol treatment

In the following sections, the data is divided into groups depending on duration of cortisol
treatment (i.e. 2 days and 7 days). For feed intake two repeated measure ANOVAs (RM
ANOVA) were performed using the feed intake for a given day as response, and treatment
and day as factors (Figure 5). This subdivision into two separate analysis was made since 50%
of the fish were sampled after 2 days of treatment (see final n in Figure 5 caption). Due to a
logistical issue, some feeding data for day 7 were missing, resulting in this day being omitted
from the analysis, it is however depicted in the graph. The RM ANOVA for feed intake in the
first 12 days (excluding day 7) revealed a significant effect of time (RM ANOVA,; F(10,329) =
27.61, p<0.001), with GG correction for sphericity which provided a p-value of <0.001. There
was no significant effect of later treatment grouping (RM ANOVA; F(1,329) = 0.62, p=0.43) nor
any interaction of grouping and days (RM ANOVA,; F0,3209) = 0.43, p=0.93). Feed intake for
the last 5 days revealed significant effects of treatment (RM ANOVA,; F(1,79) = 10.46, p<0.01)
and days (RM ANOVA,; Fu,79) = 2.83, p<0.05), however when correcting for sphericity the
adjusted p-value for time was p=0.07. In addition, no interactions were found (RM ANOVA,
F79)= 1.73, p=0.15). From visual observation, reduced feed intake in cortisol treated fish
appeared to result, at least in part, from the same spitting behavior as noted in study #1. This
spitting behavior was, however, not assessed in this study.
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Figure 5 Cortisol treatment reduced feed intake in fish fed cortisol for 7 days

Percent of daily ration eaten per day, with n=14 in control and n=16 in cortisol group in A, and n=7 in control
and n=8 in cortisol group in B. Upward pointing arrows indicate sampling time points of 7 control and 8 cortisol
treated fish in both A and B. The sampling was subsequent to feeding on the indicated days. Data presented as
mean * s.e.m.
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The cortisol data was compared by two-way ANOVA with log transformed cortisol levels as
response variable, and treatment and time as factors where the analysis showed a significant
effect of treatment (ANOVA, F,29)= 79.19, p<0.001) and interaction of treatment and time
(ANOVA; F(1,209)=5.71, p<0.05). A Tukey HSD test revealed that plasma cortisol was
significantly different between cortisol treated fish compared to controls following both 2
(Tukey; p<0.001) and 7 (Tukey; p<0.001) days of treatment (Figure 6A). There was no
significant effect of treatment (ANOVA,; F1,20) = 1.17, p=0.28), treatment period (ANOVA,
F(1,29 = 0.14, p=0.72) nor any interaction effect (ANOVA,; F29) = 1.03, p=0.32) on SGR,
Figure 6B.
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Figure 6 Cortisol treatment increased plasma cortisol levels but had no significant effect on specific
growth rate (SGR)

Cortisol levels were higher in the cortisol treated fish compared to control groups (A). Specific growth rate
(percent growth per day) did not change significantly during the treatment period (B). All control groups n=7
and all cortisol groups n=8. Data presented as mean + s.e.m. Tukey HSD post-hoc test: *** = p<0.001 versus
treatment control



3.2.2 Signaling peptides in plasma

Protein levels of two different appetite markers were analyzed in plasma of the fish treated
with cortisol for 2 and 7 days. Two-way ANOVA revealed significant effects of treatment
(ANOVA; F(1,29) = 5.25, p<0.05), borderline significance of treatment period (ANOVA; F(1,29)
=4.08, p=0.05) but no significant interactions (ANOVA,; F(,29) = 2.15, p=0.15) on plasma
leptin levels (Figure 7A). Plasma vasotocin (Figure 7B) showed no significant change in
treatment nor interaction (ANOVA; F(1,209) = 1.75, p=0.20 for treatment and F1,209) = 0.62,
p=0.44 for interaction), however there was a significant effect of treatment period (ANOVA,;
F(1,20) = 5.10, p<0.05).
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Figure 7 Cortisol treatment significantly affected levels of leptin, while treatment period affected levels of
vasotocin

Plasma leptin was significantly lowered of cortisol treatment compared to the control groups, p<0.05 (A).
Plasma vasotocin significantly increased over time, p<0.05 (B). Bars for a given parameter that do not share a
common letter are significantly different from one another. All control groups n=7 and all cortisol groups n=8.
Data presented as mean + s.e.m.
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3.2.3 Effects of cortisol treatment on mMRNA levels of
hypothalamic appetite markers

MRNA levels of three appetite markers were measured in the hypothalamus of controls and
fish treated with cortisol for 2 and 7 days. There was a significant effect of cortisol treatment,
but not of treatment period on expression of CRF (ANOVA; F1,29) = 4.45, p<0.05). There was
no significant interaction effect between cortisol treatment and treatment period, indicating
that the effect of cortisol did not depend on treatment duration (F1,29) = 0.64, p=0.43 for
period and F29) = 0.06, p=0.81 for interaction) (Figure 8A). No significant effects of cortisol
treatment were found for NPY mRNA expression (F,29) = 1.36, p=0.25 for treatment, F1,29) =
0.68, p=0.42 for treatment period, F(,29) = 0.56, p=0.46 for interaction) (Figure 8B). No
significant effect of treatment was found for CART mRNA expression (F(1,29)= 3.92, p=0.06).
Nor was there was a significant effect of treatment period or interaction (F,20) = 1.10, p=0.30

and F,20) = 0.05, p=0.82 for period and interaction, respectively) (Figure 8C).
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Figure 8 Cortisol treatment significantly decreased expression of corticotropin-releasing factor (CRF)
Corticotropin-releasing factor (CRF) was significantly decrease after cortisol treatment, p<0.05 (A). Neither
neuropeptide Y (NPY) (B) nor cocaine- and amphetamine-regulated transcript (CART) (C) expression was
significantly altered by cortisol treatment. Bars for a given parameter that do not share a common letter are
significantly different from one another. All control groups n=7 and all cortisol groups n=8. Data presented as
mean £ s.e.m.



3.3 Study 3: Gut volume after exogenous
cortisol exposure

To examine if cortisol affected the attributes of the upper Gl of fish, cortisol was given as an
intraperitoneal (IP) injected implant, and feed intake noted over a period of 7 days followed

by measurement of stomach volumes post mortem. The fish were sampled when the cortisol
treated group started to struggle to ingest feed i.e. showing spitting behavior, but before they

ingested less feed than the control fish.

3.3.1 Feed intake during acclimation and treatment

Feed intake for each fish per day was noted as percent of daily ration ingested, where 100%
would entail 0.8% of the specific individual’s body weight (Figure 9A). There were no
significant differences between the control group and the cortisol group in feed intake during
the 7 day treatment period (T-test; t22) = 0.26, p=0.80) (Figure 9B).
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Figure 9 Cortisol treatment had no significant effect on feed intake
Percent of daily ration ingested per day (A), and mean percent feed ingested per day during treatment period (B).
Control group (n=12), cortisol group (n=12). Data presented as mean +s.e.m.
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3.3.2 Cortisol and spitting behavior

To confirm that the plasma cortisol levels were increased by the cortisol implants, cortisol
levels were analyzed by T-test, which revealed significantly higher levels of plasma cortisol

in the cortisol group (T-test; tq4) = - 4.08, p<0.01) (Figure 10A). Spitting behavior was also
noted in this experiment, as percent of daily ration spitted during the 7 day treatment period as
seen in Figure 10B. There were no significant differences between treatment groups in

spitting behavior during treatment period (T-test; te2) = - 0.98, p=0.34).
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Figure 10 Cortisol treatment increased plasma cortisol levels, but had no significant effect on spitting
behavior

Cortisol treated fish had significantly higher levels of plasma cortisol compared to the treatment control, p<0.01
(A). Spitting behavior showed as mean percent of daily ration spitted during treatment period (B). Control group
(n=8), cortisol group (n=8) in A, and control group (n=12), cortisol group (n=12) in B. Data presented as mean
+s.e.m. T-test: ** = p<0.01



3.3.3 Growth and plasma leptin

R (BW1—BWy)

Specific growth rate (SG ) was significantly reduced by the cortisol treatment (T-

test; to) = 4.02, p<0.001) as showed in Figure 11A. The change in condition factor (CF1 -
CFo) was also significantly lowered by the cortisol treatment (T-test; t22) = 2.35, p<0.05)
(Figure 11B). There were no significant differences in plasma leptin between the treatment
groups (T-test; tas) = - 0.17, p=0.87) (Figure 11C).
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Figure 11 Growth rate was significantly reduced by 7 days of exogenous treatment

There was a significant reduction in specific growth rate (SGR) in cortisol treatment group, p<0.001 (A). There
was also a significance in difference in condition factor (CF) between start of treatment and end of treatment,
p<0.05 (B). Plasma leptin levels were not altered by treatment (C). Control group (n=12) and cortisol group
(n=12) for graph A and B, and control group (n=8) and cortisol group (n=8) for graph C. Data presented as mean
+s.e.m. T-test: * = p<0.05, *** = p<0.001
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3.3.4 Stomach volume

To establish the relationship between stomach volume and body weight, a linear model was
formed, using body weight as predictor and stomach volume as response. There was a
significant correlation (Pearson’s; r* = 0.41, p=0.001) between body weight and stomach
volume. While the control group retained its significance when the correlation was separated
into groups (Pearson’s; 12 = 0.47, p<0.05), the significance disappeared from the cortisol
group (Pearson’s; 2 = 0.29, p=0.09) (Figure 12A).

To investigate whether cortisol affected the stomach volume, relative stomach volumes were

calculated as (W) x 100. Stomach volumes were significantly reduced by the
1

cortisol treatment (T-test; t0) = 2.14, p<0.05), but note that statistical significance was
contingent on the removal of one outlier from the cortisol treated group (Bonferroni outlier
test; adjusted p<0.05) (Figure 12B).

A B
61 122029 p=0.09 61
r2=0.47,p=0.02 A o *
= A Lo T 1
£ ET
s . = g
£ =& 4 ne
= 53
2 g =)
S S =
£ oD 5.
o 282
® 85
ze
O .
70 80 90 100 110 07 . '
Body weight (grams) CONTROL CORTISOL
~+ CONTROL =+ CORTISOL [ JcontroL [ cormsoL

Figure 12 Stomach volume was significantly lower in the cortisol treatment group

There was a significant correlation between stomach volume and body weight, Pearson’s p=0.001 (not shown,
see text), but when separated into groups, the correlation was no longer significant for the cortisol group
(Pearson’s p=0.09) (A). Stomach volume was significantly lower in the cortisol treated group (B). Control group
(n=11) and cortisol group (n=11). r? signifies the Pearson correlation coefficient and p signifies the significance
level. Data presented as one dot/triangle per individual with regression line in A, and as mean £ s.e.minB. T-
test: * = p<0.05



4 Discussion

In this study | sought to test the hypothesis that stressed salmonid fish will attempt to feed but
not be able to successfully ingest food and that this behavior is transient. | also wanted to
investigate if appetite markers were affected by acute cortisol treatment. Additionally, |
aspired to investigate if cortisol implantation affected the physiology of the upper Gl tract by

measuring stomach volume.

To study my hypothesis, | examined feed intake in response to transfer to a novel
environment, measured how protein and mMRNA expression levels of selected neuroendocrine
appetite markers were affected by cortisol treatment, and how stomach volumes changed in
response to cortisol implantation. In addition to the expected general increase in feed intake
during acclimation to a novel environment, a primary observation is a high incidence of
attempted feeding subsequent to transfer, a behavior that decreased over time. This transition
in behavior from complete anorexia via a period of attempted, but unsuccessful feed intake, to
normal feed intake suggests that stress inhibits the desire to eat only temporarily, while there

is an extended period when fish indeed has appetite but are physically unable to ingest food.

4.1 Feeding behavior can be separated into
three phases

I will in the following paragraphs elaborate in more detail on the somewhat peculiar
phenomenon observed in the long-term behavioral study (study #1), that fishes go through a
phase of actively taking available feed pellets into the mouth cavity, but apparently without
being physically able to swallow. It would appear that feeding behavior can be divided into
three phases: Passive/anorexic: where the fish is completely inactive and does not respond to
feeding in any manner. Feed can land on its nose, yet the fish remains immobile. Active but
unable: where the fish actively seeks the feed, meaning the fish look at it, swim towards it and
engulf it. However, the food is spitted/coughed back out. Active and able: where the fish
actively seek the feed and successfully ingest it without spitting. Spitting behavior is most
prominent subsequent to transfer or when exposed to high enough exogenous cortisol levels.
This finding suggests that stressed fish has an appetite, but there is a temporary impediment
somewhere along the esophagus and/or upper digestive tract hindering the fish to ingest feed

in the period where the stress response is at the descending arm of the peak. Only a very
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limited number of fish (4 of 20) skip the passive/anorectic phase and go straight to the active
but unable phase (1 of 20 fish even went straight to ingesting 94% of daily ration on the first
day of feeding), as seen in Figure 3A and C. What is revealed from these studies, are that the
individual differences are enormous. The fish that feed first exhibits a proactive coping
mechanism to stress, whereas those that starts later display a reactive coping mechanism [77].
This is the most likely explanation as to why some fish eat the day after transfer while others

might wait as long as a month (or longer) to eat the first pellet.

The effect of stress on appetite and feed intake has generally been studied in grouped fish,
rather than in isolation. This method is adequate when studying stress response in relation to
or together with social hierarchy, but unsuitable when social rank is not one of the study
parameters. Additionally, it is challenging to assess the feeding behavior for the individual
fish, and may result in an extrapolated conclusion that the fish has lost their appetite when
more feed is left uneaten after feeding. However, when fish are isolated, the stress effects
resulting from subordination is abolished, and feeding behavior can be examined more closely

and correctly.

4.2 None of the studied appetite markers
indicated inhibition of appetite

Fish fed with cortisol showed significantly decreased CRF mRNA expression. This may be a
result of the negative feedback loop excised of cortisol on the hypothalamus, but nevertheless
given the known anorectic effects of CRF the observation is not in line with an appetite
suppressive effect of cortisol. However, other studies have found CRF transcription highly
upregulated, e.g. in response to high stocking density, expression of CRF mRNA increased to
levels 4 times higher than control after 6 hours [66], while subjection to cortisol treatment by
osmotic pumps increased expression approximately 2.5 times control levels after 14 days
[40]. Whether it is due to the methods of achieved/administered cortisol, the doses, or even

the duration of the experiments, the reasons for the marked reduction is yet to be unraveled.

There was no significant alteration in the other two studied hypothalamic appetite markers,
NPY and CART. This finding is somewhat contradictory to previous studies where gene
expression of NPY and CART was significantly altered as immediate as 6 hours and also after

14 and 28 days following subjection to stress or cortisol treatment [40, 66]. NPY mRNA



expression in both the mentioned studies was significantly increased, although in this study,
NPY mRNA was barely elevated (p=0.25). This discrepancy could indicate that the time
frames of this current study lie somewhere in-between the other two resulting in a decrease
both before and after an increase, or that the triggering of the stress response was performed
differently, i.e. osmotic cortisol pump and high stocking density versus cortisol lased feed.
CART mRNA was also significantly lowered in response to high stocking density for 6 hours
[66], however not significantly decreased in response to cortisol delivered by osmotic pumps
for 14 days [40], which could indicate that the effect on CART is mainly acute and is
approximately rescued after 7 days, as shown here (Figure 8C). However, CART is a satiety
hormone [59], and decreased levels should therefore not be associated with decreased feed
intake. These findings indicate that CART is not a possible culprit in relation to the observed
reduction in feed intake. NPY however, is an orexigen, meaning increased levels should result
in increased feed intake. Yet, this is not the case when fish were treated with cortisol for 14
days by osmotic pumps. Even though NPY mRNA was significantly increased, the fish ate
significantly less [40]. This, together with slightly elevated NPY levels in this current study
(Figure 8B), indicates that the orexigenic effects of NPY is inhibited by other anorexigenic

mechanisms.

Moreover, a decrease in plasma leptin was observed in fish receiving exogenous cortisol
through the feed. Treatment but not time appeared as a significant factor, however one should
not entirely ignore that leptin levels were notably lower after 2 days compared to 7 days of
treatment (Figure 6A). Cortisol has previously been shown to increase the expression of leptin
MRNA in hepatocytes of rainbow trout in vitro after 24 hours of cortisol treatment [40]. Such
an increase was however, not evident in fish treated with cortisol-feed for 2 days. On the
contrary, these fishes had the lowest levels of plasma leptin coinciding with prominent levels
of plasma cortisol. Leptin was also measured after IP cortisol admission (study #3) where
control and cortisol treated fish had similar levels, revealing that acute cortisol treatment did
not affect plasma leptin. Furthermore, even though the fish who received IP injection of
cortisol ate as much as the control group, the cortisol treated fish had significantly lower
growth rates compared to control treated fish, as seen in Figure 10A and B. This implies that
the nutrients in the ingested feed was not fully utilized, thus corresponding well with previous
findings, that cortisol alters function of the Gl tract [78]. However, fish fed cortisol for 7 days
did not have significant reduction in growth rates even though these fish ate significantly less
than the control fish. This could be a result of different cortisol doses given in the two studies.
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Fish who received cortisol intraperitoneally had 31.86 ng/ml + 6.07 ng/ml plasma cortisol
compared to fish who received cortisol through the feed, where levels were 86.79 ng/ml +
28.18 ng/ml (data as mean £ s.e.m). This difference could be due to the fact that cortisol
levels raised much quicker in fish fed cortisol as it was dependent on how much feed the fish
ate. Thus, by day 7 of treatment with cortisol-feed the fish had already experienced cortisol
levels in accordance with what is seen for 2 days of treatment in Figure 5A. Hence, the
reduction in growth rates due to cortisol treatment could be a result of more steady increase in
the IP injected study versus the sharp peak in the cortisol fed study.

4.3 Reduction of stomach volumes

I also found that fish with cortisol implants had smaller stomach volumes compared to
controls (p<0.05). This finding could very well be a possible explanation to as why stressed
aquaculture fish suffer a reduction in feed intake, and why migrating salmonids are found
without food in their digestive system. Fasting is known to reduce stomach length and mass
[79], but in this case, the duration of the experiment in combination with a relatively moderate
dose of exogenous cortisol, was specifically intended to end before any reduction in feed
intake commenced. A decrease of stomach volume occurring due to stress or stress hormones
has not previously been documented in fishes that still take food. Indeed, stress is known to
alter the function of the Gl tract in both mammals and fish [15, 36-38, 80], and has also been
reported to affect the upper esophageal sphincter (UES) tone in humans [81]. The UES in
fish, however, is mainly known to be involved in the process of drinking while in seawater,
while swallowing reflexes in response to food, appears not to be extensively studied. The
swallowing reflex in teleost fishes is at least partially under the control of the
glossopharyngeal-vagal motor complex (GVC) located in the medulla oblongata, where the
vagal X1 branch from GVC constricts the UES through acetylcholine neurotransmitters to the
muscular end- plate. Thus, UES striated muscles are constricted directly by activation from
vagal stimuli through nicotinic acetylcholine receptors (nNAChR) [82]. The activity of the
GVC neurons is under control of the area posterma in the medulla oblongata and is stimulated
and inhibited by angiotensin Il and atrial natriuretic peptide, respectively. GVC activity can
also be inhibited by adrenaline, noradrenaline and dopamine in a dose-dependent manner,
suggesting the presence of adrenergic and dopamine receptors in the GVC, which when
inhibited results in a more relaxed sphincter and thus increased drinking [83].



Although mechanisms regulating constriction of the esophagus or innovation of the
swallowing reflex are poorly described in fish, particularly in response to stress, it could be
noted that Farrar and Rodnick (2004) found that cortisol doses as low as 36 ng/ml in males
and 3.6 ng/ml in females induced more forceful contractions in rainbow trout heart strips,
while blocking the GR with the GR antagonist mifepristone abolished this effect [84]. The
fact that cortisol has this contractile effect in the striated muscles of the heart, could imply
that something similar might happen in the striated muscles in the esophagus/UES and the
smooth muscles of the gut. When plasma cortisol levels as low as 30 ng/ml increases
contractility in the heart, it is not entirely unlikely that cortisol levels 20 times that influence
the muscles in the gut. Given that cortisol levels are highly elevated in migrating salmonids
[24, 25] as well as in stressed aquaculture fish [7-14] such an effect of cortisol could possibly
contribute to reduced feed intake under both these circumstances.

4.4 Methodical considerations

Ideally, all of these three studies should have been merged to one study. In that respect that
feed intake and feeding behavior after transfer to novel environment would be noted followed
by cortisol treatment when feed intake had normalized. Thereafter sampling of the fish when
the cortisol treated group would express spitting behavior where appetite markers in plasma
and hypothalamus were measured and volume of the stomach assessed. However, due to the
time frame of this project, it could simply not be done. As mentioned in section 2.2 (materials
and methods for study #2), the attempt to achieve exogenous cortisol levels by IP injection

failed, and the time limit prohibited another pursuit.

In addition, one cannot exclude the possibility that protein degradation in plasma could have
occurred after four years in a -20 °C freezer. Hypothalamus RNA integrity seemed well

enough (Table 2B), but no integrity testing was done for plasma.

One could argue that the observed spitting behavior seen after a few days of ingesting cortisol
treated feed is due to different taste of the pellets compared to untreated feed. This argument
however, is flawed. The same behavior is evident after transfer to novel environment and after
IP injection of cortisol, thereby concluding that spitting behavior is directly connected to the

stress response.
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Moreover, isolation of experimental fish such as rainbow trout can act as a stressor, seeing as
these fish are social animals and form hierarchies. However, isolation is unavoidable in this
case due to the difficulties of observing individual feeding behavior when in communal
rearing tanks.

Another key thing to remember, is that MS-222 is known to increase cortisol levels, and may
aggravate the stress response when used as a tranquilizer, however, studies in salmon has
shown that cortisol release peaks 30 minutes after exposure followed by a drop to control
levels four hours later [85], implying no long term effects.

4.5  Future perspectives

To further assess the impact on the upper esophageal sphincter and gut physiology, a
histological examination could be useful. Furthermore, one could prepare stomach and
esophagus strips and follow the protocol from Farrar and Rodnick (2004) [84] to investigate if
the phenomenon is mediated through the same, or similar, mechanisms. One could also
explore if serotonin plays a crucial role, as this molecule is a known regulator of the HPI axis
in fish and abundant in the gastrointestinal tract [86, 87]. Another possible experiment could
be to evaluate spitting behavior after blocking the receptors for glucocorticoids (intracellular
and/or membrane bound), catecholamines, nicotinic acetylcholine, atrial natriuretic peptide,
all together, in different combinations or separately. One could also examine if the inability to
ingest feed is mediated trough nitric oxide and other non-adrenergic non-cholinergic
neurotransmitters in the gut. One could also investigate the effects of catecholamines and
hypothalamic-sympathetic-chromaffin cell axis, as the activation of the HPI axis increases
both the storage and release of catecholamines during a stress response [88]. Further, one
could try to determine where along the pathway from the brain to the muscle cells in the
esophagus the inability to ingest food originates. Moreover, one could in addition investigate
if some of the known enteric neuropeptides, like calcitonin gene related peptide, NPY,
tyrosine hydroxylase, substance P, vasoactive intestinal polypeptide and galanin, plays a role
in constricting UES during stress in salmonids [89, 90]. As this finding was unscrutinized

until now, much is left to explore about this phenomenon.



4.6 Summary and conclusion

These studies revealed that rainbow trout will exhibit a spitting behavior in an intermediate
period after transfer to novel environment, between the passive/anorectic stage and actively
feeding. I also found that none of the investigated appetite markers indicated reduced appetite
as a cause to the reduced feed intake. Furthermore, | found that fish implanted with cortisol
had smaller stomachs even though there was no reduction in feed intake. Therefore, if cortisol
and stress truly reduced appetite, one would expect that attempts to feed would decrease in
stressed fish. One would also expect an expression profile of appetite markers indicative of
reduced appetite. On the contrary, | found small or no effects of cortisol on the levels of
appetite markers. This supports our hypothesis that feed intake is not reduced due to a lack of
appetite, but rather the physical ability to ingest feed. This conclusion applies to the period of
post-stress acclimation when active feeding attempts can be seen, but engulfed feed items are

regurgitated instead of consumed.

The question of why salmonids has evolved such a mechanism, remains unanswered. It could
be a way of conserving energy during times of migration, seeing as keeping a digestive
system functioning while there is little to no food available is unfavorable. Simultaneously, it
could be due to the fact that there is high activity in the sympathetic nervous system during
acute stress, and having food in the Gl tract could be adverse when not digested properly.

From these findings, I further hypothesize that cortisol might induce a contraction of the
muscles in the Gl tract walls, alternatively generate changes making the passages narrower. A
reduced stomach volume might imply a direct effect of cortisol on the Gl tract walls, however
this must be investigated further. Revealing this mechanism could have huge impacts on the
aquaculture industry in relation to moderating the reduced growth in anorectic fish and to

minimizing leaked nutrients from uneaten and undigested feed [91].
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5Appendices

5.1 List of abbreviations

ACTH Adrenocorticotropic hormone

ANOVA Analysis of variance

AVT Arginine vasotocin

bp Base pairs

BW Body weight

CART Cocaine- and amphetamine-regulated transcript
cDNA Complementary DNA

CF Condition factor

CRF Corticotropin-releasing factor

CRFR Corticotropin-releasing factor receptor
DEPC Diethyl pyrocarbonate

DNA Deoxyribonucleic acid

DNase Deoxyribonuclease

DR Dissociation reagent

EF 1-a Elongation factor 1-a

ELISA Enzyme linked immunosorbent assay
FL Fork length

GG Greenhouse-Geisser

Gl Gastrointestinal

GR Glucocorticoid receptor

HPA Hypothalamus-pituitary-adrenal

HPI Hypothalamus-pituitary-interrenal
ICV Intracerebroventricular

IP Intraperitoneal

JAK Janus kinase

MRNA Messenger RNA

NPY Neuropeptide Y

oD Optical density

PC Prohormone convertase

PCR Polymerase chain reaction



PI3K Phosphatidylinositol-3-kinase

POMC Proopiomelanocortin
gPCR Quantitative polymerase chain reaction
RIN RNA integrity number

RM ANOVA Repeated measure ANOVA

RNA Ribonucleic acid

RNase Ribonuclease

RT Room temperature

SD Standard deviation

s.em Standard error of mean

SGR Specific growth rate

STAT Signal transducers and activators of transcription

5.2 Functions and packages in R

The functions and packages used to compute the statistics and produce the graphs for this
thesis included the functions “aov”, “anova”, “cor.test”, “cooks.distance”, “Im”, “t.test” in the
R stats package, the functions “annotate”, “geom_vline”, “scale fill grey”,

“scale_y discrete”, “scale x_discrete”, and “theme” in the ggplot2 package [92], the function

29 ¢¢

“geom_signif” in the ggsignif package [93], the functions “ggarrange”, “ggbarplot”,

9% ¢ 9% ¢ 2% ¢¢ % ¢ 99 ¢

“ggdotplot”, “ggline”, “ggpaired”, “ggpar”, “ggscatter”, “stat compare means”, “stat_cor”
and “theme pubr” in the ggpubr package [94], the function “dunn.test” in the dunn.test
package [95], the function “outlierTest” in the car package [96], the functions “as.data.table”,
“melt” and “merge” in the data.table package [97], the function “homog.test” in onewaytests
package [98], the function ezANOVA in the ez package [99], and the function “%>%" in the

magrittr package [100].
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5.3 Supplementary tables

Number of fish 20
Body weight start (grams) 217.8 +12.65
Body weight end (grams) 307.8 £ 17.83
Table 5 Physiological information about the fish in study #1
Data presented as mean + s.e.m.
CONT?2 CORT?2 CONTY7 CORTY7
Number of fish 7 8 7 8
Mean feed intake in treatment 55.82 + 64.37 + 67.00 £ 39.35 +
period (% of daily ration) 5.53 6.79 4.60 3.89
Body weight treatment start 157.36 = 168.44 + 165.29 + 155.38 =
(grams) 9.66 10.23 9.16 7.63
Body weight end (grams) 176.07 = 187 +11.1 196.43+ 179.81
10.16 9.11 8.53
Plasma cortisol (ng/ml) 246+ 132 43329 403+1.28 86.79%
101.51 28.18
Leptin (ng/ml) 215.49 + 1155+ 227.45 + 205.51 +
33.58 14.84 35.41 21.15
Vasotocin (pg/ml) 442.97 + 483.19 + 549.03 + 707.44
29.14 61.45 46.24 116.18

Table 6 Physiological information about the fish in study #2
CONT2 = control treatment 2 days, CORT2 = cortisol treatment 2 days, CONT7 = control treatment 7 days and
CORT?7 = cortisol treatment 7 days. Data presented as mean + s.e.m.




Control Cortisol

Number of fish 12 (8) 12 (8)

Mean feed intake in 87.50+5.41 85.68 + 4.57
treatment period

Body weight treatment 82.27 +3.77 82.97 £ 3.53

start (gram)

Body weight end (grams) 98.33+4.48 92.01+4.33
Specific growth rate 2.29+£0.20 1.29+0.14
Stomach volume (ml)* 4.08 £0.33 2.75+0.42
Plasma cortisol (ng/ml) (8.79 £ 2.12) (31.86 £ 6.07)
Plasma leptin (ng/ml) (137.83 £ 13.92) (141.41 £ 10.32)

Table 7 Physiological information about the fish in study #3
Parenthesis represent data from 8 individuals in each group. * represents data from 11 individuals from each
group. Data presented as mean * s.e.m.
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