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Dissertation Abstract

Sundh, Henrik (2009). Chronic Stress and Intestinal Barrier Function:

Implications for Infection and Inflammation in Intensive Salmon Aquaculture.
Department of Zoology/Zoophysiology, University of Gothenburg, Box 463, SE-405 30
Goteborg, Sweden

Aquaculture is a fast growing food-producing sector worldwide. This has increased the awareness
among the public as well as governments of the need to secure the welfare and health of farmed
fish. Atlantic salmon is, in non-Asian countries, one of the most successful aquacultured species.
Despite continuous improvement of husbandry practices and development of new vaccines, both
bacterial and viral diseases are main threats to the health of farmed Atlantic salmon. Chronic stress,
created by sub- optimal husbandry conditions is believed to be an important factor behind disease
outbreaks. The intestinal epithelium of Atlantic salmon is an important organ. Not just in nutrient
absorption, but also as a barrier, preventing antigens and pathogens within the intestinal lumen to
gain entrance to the host and thereby start an infection. Chronic stress is known to have a negative
impact on the intestinal barrier in mammals, a situation that can cause a leaky epithelium and
increased bacterial translocation. Stressful husbandry conditions could have a similar effect on the
intestine of Atlantic salmon and would thus be a major threat to the welfare of farmed fish.

This thesis aimed at elucidating the importance of the intestinal physical and immunological bartier
function in disease susceptibility of farmed Atlantic salmon. It further aimed to reveal the impact of
key husbandry conditions in Atlantic salmon aquaculture hypothesized to be potential threats to
health and welfare of the fish.

All husbandry conditions examined, z¢. hyperoxygenation combined with low water flow, low levels
of dissolved oxygen and high temperature as well as high fish density in combination with poor
water quality was concluded stressful to the fish. These common husbandry practises all generated
primary and secondary stress responses such as increased plasma cortisol levels, increased cortisol
release rate into the water and a decreased function of all intestinal barriers. Decreased physical
barrier was evident in the form of increased paracellular permeability. This was accompanied by
increased translocation rates of the pathogen bactetia Aeromonas salmonicida, suggesting an increased
risk for bacterial infections in fish under chronic stress. Dysfunction of the intestinal
immunological barrier was manifested as impaired expression of the pro-inflammatory cytokine
IFN-y. This down regulation could be the result of an immuno suppressive effect of cortisol but
could also be an effect of the decreased physical intestinal barrier resulting in increased leakage of
luminal antigens. The decreased expression of IFN-y could be a sign of decreased cellular immunity
which would render an intestinal barrier with reduced ability to cope with virus infections like the
IPNV. Chronic stress also resulted in increased homing of neutrophils and signs of sever local
inflaimmation. These findings suggest that stressed fish may experience increased disease
susceptibility towards viral pathogens like IPNV as well as an increased risk of developing chronic
intestinal inflammation.

Intestinal barrier function was further evaluated as a new scientific tool for assessment of potential
threats to welfare in aquaculture. The intestine was demonstrated to be a sensitive indicator of
stress at times when no or only minor differences in primary stress responses was observed

In conclusion, common husbandry may constitute a threat to health and welfare of farmed fish and
intestinal barrier function can serve as a valuable tool for assessing potential stressful husbandry
conditions in the future.

Keywords: Intestinal barrier function, stress, cortisol, Ussing chambers, welfare, health,
inflammation, neutrophils, cytokines, chronic stress, chronic inflammation
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Introduction

Atlantic salmon

Life cycle

Atlantic salmon (Sa/mo salar 1..) is one of the ~35.000 species of teleosts and
belongs to the family Sa/monidae. Atlantic salmon is an anadromous salmonid
which spawns and hatch in fresh water (FW) streams and rivers where they
after hatching further spend their juvenile life (Fig. 1). When the juveniles
called parr, reach a certain developmental stage, which is size- dependent, they
transform from parr into smolts through a process termed parr-smolt
transformation, or smoltification. This process is a pre-adaptation for a life in
seawater (SW) and is comprised of changes in behavior, morphology and
physiology (McCormick et al., 1998). Behavioral changes during smoltification
include a preference for swimming with the current and it is at this point the
salmon starts its migration towards the ocean. Before or during this migration,

Seawater -

Figure 1. The Atlantic salmon life cycle.

the physiological changes needed for a life in SW (see below) take place. The
SW post-smolts stay in the ocean for between 1-4 years before returning to
their native streams to fulfill their life cycle through spawning.

Independent of their external environment (FW or SW), fish maintain
their plasma osmolality at around one-third of that of SW. For salmonids,



smoltification is thus a complicated and sensitive life stage at which fish face
major osmoregulatory challenges. In FW, the salmon is hyperosmotic in
relation to the environment resulting in a continuous gain of water and loss of
ions, due to diffusion and osmosis. To counteract these passive forces, dilute
urine is produced, whereby ions are actively taken up from the environment
across the gills (Evans et al., 2005). In SW, on the other hand, the fish are
hypoosmotic compared to the environment and therefore gains ions and loses
water. The lost water is replaced through increased drinking rate (Fuentes et
al., 1996) and intestinal fluid uptake (Sundell et al., 2003) which is driven by
Na" /K -ATPases (NKA) located in the basolateral membrane of the intestinal
absorptive cells (enterocytes) and creating a solute-driven water inflow across
the intestinal epithelium (Sundell ¢z 4/, 2003, Veillette ez al, 1993). Excess
monovalent ions are secreted by mitochondria-rich chloride cells in the gills
(Evans et al., 2005) while divalent ions are mainly secreted by the kidney. The
changes in osmoregulatory physiology during the smoltification are
orchestrated by hormones, mainly cortisol and growth hormone.

Aquaculture

Aquaculture is the fastest growing animal food-producing sector worldwide
and has increased from less than 1 million tonnes in the early 1950s to 51.7
million tonnes in 2000, with a value of 78.8 billion US dollars (FAO, 2008).
Meanwhile, the capturing of wild fish has reached a maximum. Therefore, a
general consensus has emerged that aquaculture is the best possible way to
meet the growing need for fish and shellfish for human consumption which is
of great nutritional value for humans as well as a contributor to a continuous
growth of national economies (FAO, 2006). However, aquaculture, as well as
all culture of animals, still suffers from concerns that need to be addressed in
order to reach sustainability from an economic as well as an ethical and
environmental point of view. The aquaculture environment differs in many
aspects from the natural one, and may therefore constitute a potential
challenge to the wellbeing of the fish.

Atlantic salmon farming

Although aquaculture has been practiced for centuries, salmon farming is a
relatively young industry which has experienced a major expansion over the
past decades. So far, Atlantic salmon is one of the most successful
aquacultured species. Since the 1980s, when only a few thousand tonnes were
produced, the industry has expanded tremendously to a production of 1.6
million tonnes with Norway (38%) and Chile (34%) as the two dominating
salmon producing countries (Asche et al., 2009).



The fast growing aquaculture industry has increased the awareness
among both the public as well as governments of the need to secure the
welfare and health of farmed fish (Ashley, 2007, Conte, 2004, Ellis ez al., 2002,
Huntingford ez al., 2006, Chandroo et al., 2004). Welfare of farmed fish is also
a major issue for the industry, not only due to the perception of the public and
thereby acceptance of the product, but also because of its major impact on
production efficiency, quality and quantity (Ashley, 2007, FSBI, 2002).

Aquaculture conditions

Compared with the atmosphere, water is a harsh and restrictive medium which
aquatic animals such as fish have to face. Partial pressure as well as
concentration of atmospheric gas varies considerably compared with the
situation in air. Oxygen depletions are naturally occurring events making
respiration in this environment a challenge. As the surrounding water is the
respiratory medium, the dissolved oxygen (DO) content is a critical and
limiting water quality factor for salmon aquaculture. Moreover, the much
higher density of water compared with air, adds physical restrictions. Higher
water density increases the energetic cost of respiration and movement.
However, the surrounding water is not only the source of oxygen for the fish,
it also serves as a dilution medium for toxic metabolites and waste products
that needs to be excreted. In ancient China, where aquaculture was initiated
around 4000 years ago (Rabanal, 1988), fish was extensively cultured in static,
or low flow through ponds. In this environment, water was thus required to
provide physical living space for the fish, supply of oxygen, dilute toxic
metabolites excreted by the fish and serve as a source of nutrition in the form
of food organisms. The consequences of such a culturing system were a
limitation in the biomass of fish which could be stocked in a pond at any
given time. Providing food to the fish increased the production which, in turn
stretched the limitations as the oxygen consumption of the fish as well as the
accumulation of toxic metabolites rapidly became limiting factors. To
overcome these bottle necks, increased production could be achieved by
increasing the water flow through the pond. At this stage, when the
production converted to depend on flow of water, the rearing of fish became
intensive (Wedemeyer, 1997).

The intensification of Atlantic salmon smolt production includes high
fish densities. In order to limit water usage oxygen is added in order to
maintain adequate oxygen levels in the holding tanks (Wedemeyer, 1990).
Many hatcheries can only obtain 20% of the water needed for a natural supply
of sufficient oxygen levels in the tanks and hyperoxygenation of the inlet water
or addition of oxygen to the holding tanks are the easiest ways around this
problem. DO levels of 200 - 300% saturation have commonly been used in



aquaculture in order to reduce the specific water flow (L kg’ min™") (Brun,
2003). This procedure will have a negative impact on water quality in terms of
increased levels of ammonia and carbon dioxide together with decreased pH
(Fivelstad et al., 2004, Fivelstad et al., 1999, Ellis et al., 2002). In addition, the
hyperoxic environment per se may be damaging to the fish due to increased
levels of free oxygen radicals. Such environment has been hypothesized to be
a contributing factor to the increased disease susceptibility to fish pathogens
observed after SW transfer. However, scientific studies on the effect of the
intense FW rearing on the physiology of the fish are currently scarce (Brun,
2003). During the growth phase in SW, Atlantic salmon are held in large cages
at sea. According to Norwegian legislation, the density of fish in the cages
should not to exceed 25 kg m™. Moreover, it is stated that “he fish shall be kept
in an environment that is adapted to the needs of each specific species and that protects them
from unnecessary stress, pain and suffering’ (FAO, 2009). In order to achieve this, it
is important to define the composition of the environment which the fish are
subjected to, and the effects of the
different environmental components
may have on the physiology and
welfare of the fish. However, it is not
until recently that any substantial
knowledge = on  the  physical
environment in the sea cages has been
obtained. Much of this has been
accomplished through development
of a “cage environment laboratory” at
the Institute of Marine Research in
Bergen, Norway. This environmental
laboratory  consist of  full-scale
experimental sea cages equipped with
instruments which measure physical
parameters such as water current, DO
levels, temperature, salinity, light
intensity and fish density throughout
the water column (Fig. 2: Gytre, 2004,
Johansson ez al., 2007, Johansson ¢t al.,
Figure 2. The “cage environment 2006). The DO levels have been
laboratory” (°IMR). suggested as a key limiting factor for
salmon aquaculture (Ellis et al., 2002).

This is supported by data from cage environment studies which show that the
DO levels can be highly variable in both space and time and are affected by
factors such as stocking density, degree of stratification, water currents,
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position of the sea cages and seasonal variations. Moreover, tidal cycles exhibit
a major influence on the DO levels in farms situated in fjords, as these farms
are sheltered from other causes of water movement like wind, waves and
strong currents. Cyclic drops in DO levels, reaching as low as 50% (<5 mg ml
") for several hours have been observed when the tidal current changes
direction and the water current is close to zero (slack water). Further, during a
study in late summer, the combination of slack water and high water
temperature has been shown to cause the lowest and most critical DO levels
within the cages (Johansson et al., 2007). Although the sea cage environment
is now being described, the impact of this environment on the physiology of
the fish remains largely to be explored.

The stress response in fish

All living organisms are adapted to the environment they inhabit through the
natural selection of evolution. A prerequisite for life is being able to maintain
stability of essential physiological systems (homeostasis) (McEwen and
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Figure 3. The stress response in fish

Wingfield, 2003) independent of the external environment. In a changing
external environment, the homeostasis of the internal milieu is constantly
challenged and needs to be controlled by physiological mechanisms acting to
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restore the internal milieu within the narrow ranges necessary for the survival
of the animal (Stott, 1981).

Perhaps the most fundamental reaction preserved among all
vertebrates is the stress response (Fig. 3) elicited by an environmental change,
or a threat to homeostasis (a stressor). The, primary stress response, ze. the
release of stress hormones, is mediated by the hypothalamic-pituitary-
interrenal (HPI) axis and initiated by the central nervous system (CNS)
perceiving cues from the environment, a stressor. This is followed by a
neuroendocrine release of corticotropin releasing hormone (CRH) from the
hypothalamus. CRH, in turn, stimulates corticotropic cells of the anterior
pituitary to secrete adrenocorticotropic hormone (ACTH) which stimulates
the adrenal tissue in fish, as in other vertebrates, to synthesize and release
corticosteroids (Barton, 2002, Schreck et al., 2007). Of these, cortisol is the
main stress hormone in fish. In the circulation, it elicits a secondary stress
response restricted to target tissues expressing glucocorticoid receptors
(Mommsen et al., 1999). In fish, well documented secondary stress responses
are metabolic, cellular, osmoregulatory, hematological and immunological
changes, manifested among other things as increases in blood glucose and
lactate, heat shock protein production, changes in ion composition, changes in
haematocrit, lysozyme activity and antibody production (Barton, 2002, Barton
and Iwama, 1991). Finally, this creates a tertiary stress response, affecting the
long-term performance of the fish manifested as decreased growth, swimming
capacity, disease resistance, feeding activity and altered behaviour (Barton,
2002).

Welfare and health in aquaculture

Welfare
Welfare, or well-being, of an animal is a complex issue and it has been hard to
agree on a unified definition. Most definitions take into account the animal
feelings, functions and nature and are influenced by human concerns.
Definitions based on feelings mainly refer to the mental state of the animal,
whereas the function-based definitions focus on the ability of the animal to
cope and adapt to its environment without being forced beyond its physical
capacity. Nature-based definitions adopt the view that animals should be able
to express its natural behaviour. In the current thesis, welfare is mostly
discussed around the function-based definitions, even though changes in the
biological function of the fish also may affect the mental state of the fish.
Feeling-based definition of welfare requires the conviction that
animals are sentient and able to suffer, ze. experience pain and fear (Chandroo
et al., 2004). Whether fish are able to do so is a matter of an ongoing debate

12



(Rose, 2002, Chandroo et al., 2004, Sneddon et al., 2003). Some argues that
fish lack the brain centres believed to be a prerequisite for a sentient animal
capable of subjectively experiencing pain like humans, ze. neocortex (Rose,
2002). However, the sensory structures for detection of harmful stimuli
through nociceptors do exist in rainbow trout (Oncorhychus mykiss) (Sneddon et
al., 2003). Further, fish possess brain centres giving them the ability of
memory and learning (Huntingford et al., 2006) and it cannot be excluded that
other brain regions than the neocortex can mediate different states of pain and
fear (Huntingford et al., 2006, FSBS, 2002, Chandroo et al., 2004). Therefore,
environments and husbandry conditions that may be perceived as causing
suffering should be regarded as a potential threat to welfare from a feeling-
based point of view (Huntingford et al., 2006, FSBS, 2002). From a function-
based point of view, bad welfare arises when the biological functions of the
animals are compromised (Moberg, 2000). Broom, (1986) defined the welfare
of an individual as “is state as regards its attempts to cope with its environment’ in a
range from poor to good. This implies that that the animal is trying to
maintain homeostasis and should be able to react and change its physiology in
response to any changes in the surrounding environment. Thus, welfare
decreases as the ability to cope with the physical environment decreases.

Health

A well accepted definition of health is “an animal's state as regards its attempts to
cope with pathology” and pathology defined as “a detrimental derangement of molecules,
cells, tissues and functions that occur in living organisms in response to injurions agents or
deprivations” (Broom, 2007). Health and welfare are intimately connected in a
complex manner. Although it may seem obvious that the physical health of an
animal is fundamental for good welfare, poor health can, on the other hand,
be both the cause and effect of poor welfare. Animals that are subjected to a
change in their environment, but are unable to habituate, are subjected to
chronic stress which is a pre-pathological state placing the animals at increased
disease susceptibility due to the suppressive effects of prolonged stress on the
immune system (Yada and Nakanishi, 2002, Weyts et al., 1999). In this state
the health of the fish is not directly compromised, but the immune
suppression increases future risk of developing pathological conditions. This
increased risk of developing disease does place the fish in a state of bad
welfare (Broom, 2007) and any sign of disease indicates that the animals are
experiencing bad welfare (FSBS, 2002).

In 2007, Norwegian aquaculture reported an 8.7% loss of farmed
Atlantic salmon due to mortality, declassification at harvest and unknown
reasons (Norwegian Directorate of Fisheries (Fisheries, 2008)). Although no
exact reasons for mortality were reported, this indicates that the husbandry
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conditions may compromise the welfare and health of the fish. Moreover,
disease outbreaks in aquaculture are still of major concern for the aquaculture
industry (Skjelstad et al., 2007). The links between welfare, health and diseases
suggest that any occurrence of disease can be a sign of an underlying problem
with the environments the fish are subjected to (FSBI, 2002). However, the
knowledge on how husbandry conditions affect the physiology of the fish or if
these are stressful and constitute a threat to the welfare of the fish is currently
obscure.

Stress, welfare and health

One of the most important cues affecting biological functions is stress. In this
thesis, stress is defined as an adaptive biological response elicited in response to
a threat to the homeostasis of the individual. The threat then constitutes the
stressor. As previously discussed, in its struggle to maintain homeostasis, the
body has to adapt physiologically in response to internal and/or external
changes. This never-ending effort can be described in terms of allostasis, Ze. a
strive to maintain homeostasis through changes in physiological systems
responsible for maintaining the homeostasis (McEwen and Wingfield, 2003,
McEwen, 2002, Landys et al., 2006, Korte et al., 2006, Korte et al., 2005).
Allostasis allows an animal to actively adjust the physiology to predictable and
unpredictable life events (Landys et al., 2006) through complex interplay
between amongst others, the HPI-axis and the immune system (McEwen,
1998b, McEwen, 2002, McEwen, 1998a). Further discussion in this chapter
will focus on the role of the HPI-axis and cortisol in allostasis. Every change,
internally or externally, that elicits a primary stress response with elevated
plasma cortisol levels as a result, contributes to the allostatic load which can be
described as the energy needed to actively change the prior operation of
physiological systems to fit the new environment in order to maintain
homeostasis (McEwen and Wingfield, 2003). As the allostatic load increases,
more energy is needed to maintain homeostasis. When available energy
resources are approaching the energy needed for allostasis, more and more
energy must be re-allocated from “less important”, energy demanding
biological functions such as somatic growth, reproduction and immune
function, and the organism is thereby subjected to a pre-pathological state.
Less energy will be available for dealing with additional stressors, ze. “is state as
regards its attempts to cope with its environment’ has decreased, meaning its welfare
is becoming poorer and poorer. When the energy needed to maintain
homeostasis exceeds the available energy recourses, the organism suffers
allostatic overload or distress. At this stage, the risk of developing pathology is
evident, and a major threat to the health of the fish. Importantly, not all stress
is inherently bad and the intriguing task is to establish acceptable allostatic
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load and to determine when allostatic load becomes allostatic ovetload, :Z.e.
when stress becomes distress (Moberg, 2000).

Diseases in aquaculture

Viral diseases are currently the main threat to the health of farmed Atlantic
salmon. Infectious pancreatic necrosis virus (IPNV) and pancreas disease
(PD) are the two major viral diseases. Historically, furunculosis, caused by the
gram negative bacteria Aeromonas salmonicida, was one of the most common
diseases in salmon aquaculture. However, currently, winter ulcer, Moritella
viscosa, is regarded as the major bacterial threat. These pathogens are of major
concern for salmon farming industry (Skjelstad et al., 2007).

IPNV

IPNV is a member of the animal virus genus Aguabirnavirus belonging to the
tamily Birmavirdae. The virions of IPNV are approximately 60 nm in diameter
and are single-shelled, non-enveloped icosahedrons containing bi-segmented
double-stranded RNA (dsRNA) (Wolf, 1988, Rodriguez Saint-Jean et al.,
2003). The virus were initially a major problem in brook trout (Salvelinus
Sfontinalis M.) and rainbow trout hatcheries in North America (M Gonigle,
1941), but have subsequently also caused major concerns in Europe and Chile
and has been described as the biggest health problem in the history of
Norwegian aquaculture with annual losses estimated up to 100 million NOK
(Brun, 2003). IPNV outbreaks can occur from first feeding, but are generally
conceived as being inversely linked to the age of the fish; mortality being
highest in young fish and relatively rare in older fish (Wolf, 1988).

In Atlantic salmon aquaculture, the transfer of fish from FW to SW is
a particularly stressful event in the production cycle (Roberts and Pearson,
2005). During the first period after SW transfer, sudden and often extremely
high mortalities caused by IPNV can occur (Roberts and Pearson, 2005, Smail
et al., 1992, Melby et al., 1994, Jarp et al., 1995).

In salmonids suffering from an acute IPNV infection, common
histopathological signs are necrosis of pancreatic acinar cells, kidney and liver
tissue (Roberts and Pearson, 2005). Further, severe gut enteritis and complete
sloughing of the intestinal mucosa are commonly observed in moribund post
smolts (M Gonigle, 1941, McKnight and Roberts, 1976, Johansen and
Sommer, 2001, Roberts and Pearson, 2005, Wolf, 1988, Smail et al., 20006). It
has further been suggested that these damages created to the intestine may be
more acute than the necrosis of the pancreatic acinar cells (Smail et al., 1995,
Wolf, 1988, M"Gonigle, 1941).
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Aeromonas salmonicida

Aeromonas salmonicida ssp salmonicida (A. salmonicida), a Gram-negative bacteria,
is the causative agent of furunculosis. The disease is named after the
characteristic furuncles, ze. blisters occurring on the skin of infected fish.
These are connected to chronic infection, but acute furunculosis can occur
without any signs of furuncles (Cipriano and Bullock, 2001). A. salmonicida can
cause acute mortality in susceptible salmonids, but have also been reported to
infect other species of fish (Bricknell et al, 2006). Acute infections in
salmonids are often manifested as internal haemorrhages to visceral organs.
The fish usually stop feeding and thus, the gut is devoid of food, with a lumen
containing sloughed-off epithelial cells, blood and mucus (Cipriano and
Bullock, 2001). A. salmonicida can be found in the intestine of salmonids and
the intestine has been proven as an infection route in both rainbow trout and
Atlantic salmon (Ringe et al., 2009, Jutfelt et al., 2006, Jutfelt et al., 2007).
Translocation rates of _A. salmonicida across the intestinal epithelium are
affected by the developmental stage of the fish, and by the composition of the
diet (Jutfelt et al., 2007). However, it is currently un-known if the translocation
rate also is affected by stressors in the aquaculture environment of Atlantic
salmon.

The gastrointestinal tract of salmonids

Gross morphology

The gastrointestinal (GI) tract is basically a tube that extends from the mouth
to the anus. The mucosa lining the GI tract constitutes the interface between
the external and internal environment, and together with the associated
organs, the pancreas, liver and gall bladder, the GI tract provides essential
functions such as food digestion, nutrient uptake, osmoregulation and
immunity. The GI tract of salmonids consists of several distinct anatomical
regions, starting with a short muscular oesophagus leading in to the large
cardiac, U-shaped stomach, which is followed by pyloric stomach and a
pyloric sphincter controlling the release of food into the intestine (Burnstock,
1959). The teleost intestine in general is divided into a proximal and distal
region. The anterior part of the proximal region of salmonids has pyloric
caecas. These are finger-like extensions which increase the nutrient absorptive
surface area in the proximal intestine without increasing its length or thickness
(Clements and Raubenheimer, 2006). The distal region is radially larger and
darker in appearance and with a thicker muscle coat. Further, the distal region
is characterised by the annulo-spiral septa. These consist of circular
musculature and sub-mucosa extending into intestinal lumen, forming ridges
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all along the distal intestine. The significance of these ridges is unknown but
they have been suggested to aid in faeces formation (Burnstock, 1959).

Functional morphology of the intestine

By cross-sectioning the intestine, several distinct tissue layers can be observed
(Fig. 4). Lining the mucosa is a single-cell layer of columnar epithelial cells,
termed enterocytes, forming the ultimate barrier separating the content of the
lumen from the interior. The epithelial layer is scattered with mucus-secreting

Figure 4. Cross section
of Atlantic salmon
proximal intestine.

1) Lumen

2) Epithelial cells

3) Goblet cells

4) Lamina propria

5) Stratum compactum
6) Stratum granulosum
7) Muscle layer

8) Serosa

goblet cells. The epithelial cells rest on the basement membrane. Comparable
to mammals, the surface area of the epithelium is expanded by the formation
of fingerlike villi. Fish, however, lack the typical crypt structure of the
mammalian intestine and therefore, the villi are called mucosal or villous fold.
Beneath the basement membrane lies the lamina propria which is a capillary
network embedded in connective tissue. Together with the epithelial layer, this
forms the mucosa. Adjacent to the lamina propria is a layer of connective
tissue, blood vessels and nerves, forming two distinct layers; the stratum
compactum and the stratum granulosum. The stratum granulosum is
infiltrated by eosinophilic granular cells believed to be the equivalent to
mammalian mast cells (Reite, 1997). These layers rest upon longitudinal and
circular muscles. The perimeter of the intestine is covered by the serosa, which
is a thin layer of connective tissue attached to the mesenteric tissue.
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Barriers separating the internal environment from the

external

Fish are suggested to rely more upon innate immunity than adaptive
immunity, as this part of the immune system displays a slow response (4-6
weeks for specific antibodies to be produced in salmonids), the memory is
weak and the affinity of the antibodies is regarded as low compared to the
mammalian system (Magnadottir, 20006, Ellis, 2001, Tort, 2003). Fish are in
intimate contact with their aqueous environment, which is also a thriving
habitat for microorganisms, both virus and bacteria (Wilhelm and Suttle,
1999). Many of these microorganisms are pathogenic and able to infect fish.
The first line of defence a pathogen must breach in order to infect a host are
the innate physical barriers separating the host from the physical environment.
In fish, these are the skin, gills and gut (Press and Evensen, 1999). The gut is
different from the other barriers as it is inhabited by a vast number of
microbial cells. In mammals, microbial density has been estimated to be 10"
cells per millilitre of luminal content in the large intestine (Lukas et al., 2000).
In fish, the bacterial density is lower, with reported numbers of 10° — 10° cells
per millilitre of luminal content (Ringe et al., 1995). Normally, this indigenous
microflora remains harmless in the lumen. Rather, the commensal flora is
regarded as beneficial for the host by facilitating the digestion and providing
the host with nutrients otherwise inaccessible, functioning as a protection
against pathogenic bacteria by occupying ecological niches and other physical
resources, and inhibiting growth of bacterial pathogens like .A. salmonicida
(Joborn et al., 1997). In health, harmful luminal content is prevented host
entry by several layers of barriers which in concert cooperate and
communicate in order to prevent infection. If health is impaired, a breakdown
in this balance may reduce the protective barriers and thus allow pathogens
like IPNV and A. salmonicida to enter the host and induce infection.

Atlantic salmon intestinal barrier

The physical barrier

Enterocytes are connected on the apical side of the membrane via the tight
junctions (TJ) (Fig. 5). T] do not represent a rigid barrier but rather a fence,
regulating the passage of ions, water and other molecules as well as immune
cells, through the paracellular pathway. Further, the TJs are situated at the
apical membrane of the epithelial cells, generating a polarity to the epithelium,
by restricting the diffusion of lipids and proteins between the apical and
basolateral membrane (Fanning et al., 1999).
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Figure 5. The tight junctions of Atlantic salmon proximal intestine, possible
molecular arrangement.

TJs observed on ultrathin section electron micrographs appear as a set
of fusion points between the outermost parts of the cell membrane of
adjacent cells (Tsukita and Furuse, 1999). T] consists of several physiologically
regulated proteins forming the circumferential seals around adjacent epithelial
cells. Three of the main protein families found in TJs are occludins, claudins
and junction-associated membrane proteins (JAM). The claudins and
occludins forms the backbone of the TJ, while JAM appear to be important
for controlling the traffic of immune cells like T-lymphocytes, neutrophils and
dendritic cells through the paracellular pathway (Gonzalez-Mariscal et al.,
2003). For the claudins, 24 isoforms have been reported to date and two
isoforms of occludins have been found. The claudin isoforms do, among
other things, display different number of charged residues and claudin has
therefore been suggested to be the major protein participating in creating the
cation selectivity of the TJ. Most T] show some cation selectivity and this
physiological feature can be regulated by altering the claudin isoform present
in the T] (Fanning et al., 1999). To provide a functional seal of the paracellular
pathway and an epithelial barrier, the T] proteins are assembled and
positioned by cytosolic plaque proteins consisting of numerous proteins like
the zonula occludens (ZO-1, 2 and 3). In turn, the plaque proteins are
connected to the actin-ring of the cytoskeleton, creating a continuous
structure facing the apical side of the intestinal epithelium (Schneeberger and
Lynch, 2004).

The extrinsic barrier

The intestinal epithelial layer is protected by a mucus layer. This is created by
the apical release of mucin glycoproteins from goblet cells (Fig. 6A)scattered
in the intestinal epithelium (Shephard, 1994). An important role of the mucus
layer is to prevent uncontrolled attachment of bacteria to the intestinal
epithelial cells. This is achieved by the glycoproteins creating a matrix network
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which physically creates an effective diffusion barrier for the bacteria. The
mucus layer further contains antimicrobial factors such as antibacterial
peptides, lysosyme and proteases (Ellis, 2001) which will actively neutralize
possible intraluminal pathogens. Moreover, the mucus is constantly produced
by the goblet cells, which results in a constant flushing of the intestinal lumen,

carrying harmful substances and pathogens away and excreting them from the
tish.

The immunological barrier
Within the gut, pathogens such as viruses, bacteria, bacterial toxins and other
harmful substances are mixed with nutrients and water. Although the extrinsic
and physical barriers together are highly effective in preventing harmful
substances to enter the internal milieu, total exclusion is impossible. Pathogens
which breach the intestinal barrier will encounter the immunological barrier,
ze. the gut-associated lymphoid tissue (GALT). In fact, at least in mammals,
delivery of luminal microbes to the GALT is actively promoted by the host, in
order to develop tolerance towards the indigenous microbes (Kucharzik et al.,
2000). This takes place in specialized regions of the mammalian epithelium
called Peyer’s patches (PP) in the follicle associated epithelium (FAE). Located
to the PP are the microfold cells (M-cells) which are specialized antigen-
sampling epithelial cells with high transepithelial vesicular transport of luminal
antigens from the apical to the basolateral side. Further, the basolateral side of
the M-cells have a characteristic invagination which creates a pocket where
dendritic cells, lymphocytes, macrophages, plasma cells and occasionally
neutrophils are exposed to the antigens for further processing and priming of
an appropriate immune response consisting of production of cytokines and
specific antibodies (Kucharzik et al., 2000).

In the fish GALT the level of organization is lower, as M-cells as well
as PPs are thought to be absent (Dalmo et al., 1997, Press and Evensen, 1999).
Similar to mammals, fish have intraepithelial lymphocytes (Bernard et al.,
2006, McMillan and Secombes, 1997, Bakke-McKellep et al., 2007), lamina
propria lymphocytes (McMillan and Secombes, 1997, Bakke-McKellep et al.,
2007), macrophages (Rombout et al., 1989), mast cells (Fig. 6B) (Reite, 1998,
Reite and Evensen, 2006, Reite, 1997) and neutrophils (Fig. 6C) (Bakke-
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Figure 6. Cross sections of proximal Atlantic salmon intestine depicting important components
of the mucosal barriers. A.. intraepithelial goblet cells, B. mast cells and C. neutrophils



McKellep et al., 2000, Rombout et al., 1989). In fish, especially the second
intestinal segment, the distal region, has been shown to transport
macromolecules from the intestinal lumen through pinocytosis (Dalmo et al.,
1997), and further, to present them to macrophages in lamina propria and the
circulation (Rombout et al., 1985, Rombout and Van, 1989). Also, in absence
of true M-cells, macromolecular transport by enterocytes in the distal intestinal
region is considered to be of equal immunological importance as that of
mammalian M-cells, rendering an induction of an immune response (Rombout
and Van, 1989, Hart et al., 1988, Rombout et al., 1985, Nakamura et al., 2000).
However, macromolecular transport can also occur in the proximal region of
the salmonid intestine (Dalmo and Bogwald, 1996, Petrie and Ellis, 2000,
Jutfelt et al., 2007, Jutfelt et al., 2000, Jutfelt et al., 2008, Rombout et al., 1985).
Interestingly, immune cells expressing major histocompatibility complex
(MHC) class II have been observed within the epithelium of the proximal
intestine of Atlantic salmon (Koppang et al, 2003). However, the
immunological importance of the proximal intestinal region in Atlantic salmon
is currently obscure.

Immune surveillance and recognition of non-self, ze. harmful
pathogens, in the intestine is mediated by germ cell coded pattern recognition
receptors such as toll-like receptors (TLRs). These receptors recognize
molecular patterns which are common for a broad range of microbes
including lipopolysaccarides (LPS), peptidoglucans, bacterial DNA, dsRNA
and a range of other molecules expressed on the surface of pathogens. The
TLRs are an evolutionary ancient set of receptors as indicated by their
presence in plants, invertebrates as well as vertebrates. In mammals, 12 TLRs
have been reported so far, with TLLR3 and TLR4 recognizing dsSRNA and LPS
respectively (Blikslager et al.,, 2007). In mammalian enterocytes, TLRs are
expressed on the cell surface for surveillance of the intestinal lumen, within
the cytosol and endosomes for recognition of intracellular pathogens and on
the basolateral side for recognition of pathogens successful in passing the
intestinal barriers. Further, a wide range of other cells of the immune system
express TLRs including mast cells, macrophages and neutrophils stressing
their importance in the innate immune system. Upon activation, TLRs mediate
intracellular signaling cascades that results in the production of pro-
inflammatory cytokines and chemokines for recruitment of professional
phagocytes such as neutrophils for clearance of the recognized pathogen.

Fish possess more than 20 TLRs including orthologs to mammalian
TLRs. However, fish also have unique TLRs (Seya et al., 2009). For virus
dsRNA recognition fish have 2 separate TLRs, ze. TLR3 which is expressed in
endosomes and TLR22 expressed on the cell surface, sensing the environment
for the presence of dsRNA (Rodriguez et al, 2005, Rebl et al., 2007).
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Constitutive expression of both TLLR3 and TLR22 has been reported in the
pyloric caeca and intestine of rainbow trout (Rodriguez et al., 2005). Thus fish
appear to have an innate immune system in the intestine capable of sensing
the environment for virus.

Host-pathogen interaction

Animals have a well-developed innate defense system against pathogens.
However, during the co-evolution of host and pathogen, the pathogens have
evolved mechanisms which can utilize the host’s own defense mechanisms in
order to facilitate the penetration of the barriers and infect the host. Further,
epithelia such as the intestinal epithelial cells can serve as a site where viruses
are able to infect the host cells and initiate replication, while some viruses may
only use the epithelia such as the intestine for translocation in order to reach
the circulation for distribution and infection of other tissues.

IPN1”

Information regarding routes for virus infection in fish is scarce and the actual
route of IPNV translocation and infection is unknown. However, viruses are
likely to enter through the skin, gills and/or the digestive tract as clinical
outbreaks can be induced by immersion challenge and coincide with first
feeding of fry (Wolf, 1988). Data on interaction between IPNV and the
intestinal epithelium of salmonid fish show that the virus can be found within
the intestine eatly during a natural infection (Shankar and Yamamoto, 1994)
and after an intraperitoneal (i.p.) injection (Swanson et al., 1982). Although
these data indicate that the intestinal tract may serve as an entry route for
IPNV it has not been excluded that the virus entry can occur elsewhere and
reach the intestine through the systemic circulation.

Stress and the intestinal barrier

Stress in mammals has a profound effect on the GI tract. Both physiological
stress, like trauma, burns and surgeries, and psychological stress can induce
intestinal barrier dysfunction in mammals (S6derholm and Perdue, 2001).
Acute and chronic psychological stress in mammals has been shown to lead to
decreased transepithelial resistance (TER) concomitant with increased
intestinal permeability to small, inert marker molecules (mannitol or Ct-
EDTA) (Velin et al., 2004, S6éderholm et al., 2002, Santos et al., 2000, Santos
et al., 2001, Saunders et al., 1994, Santos et al.,, 1999) as well as increased
transport of macromolecules and bacteria from lumen through the intestinal
epithelium to the circulation (Velin et al., 2004, Kiliaan et al., 1998, Santos et
al., 1999, Santos et al., 2000).
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Similar effects of stress on the GI tract have been observed in fish.
Environmental stress in the form of netting, followed by a 4 h transportation,
results in goblet cell depletion and detachment of the intestinal epithelial cells
from the basement membrane in the common carp (Cyprinus carpio), the
Japanese colored carp (Cyprinus carpio haematopterns), the European eel (Anguilla
anguilla) and the African catfish (Clarias gariepinus) (Szakolczai, 1997). Social
stress resulted in flattening of the mucosal folds and loosening of the cell-to-
cell contact between enterocytes in the European eel (Peters, 1982). Increased
paracellular permeability has been observed in Atlantic cod (Gadhus morhua 1..)
subjected to acute stress (Olsen et al., 2008). In Atlantic salmon subjected to
15 min of acute stress, damages to the intercellular junctional complexes has
been observed up to 12 h after stress (Olsen et al., 2002). Similar intercellular
damages have been observed in rainbow trout subjected to 15 min acute
stress. Moreover, such stress results in intestinal barrier dysfunction measured
as increased paracellular permeability to mannitol (Olsen et al., 2005).
However, the effect of chronic environmental stress on the intestinal bartier
function of Atlantic salmon is currently unexplored.
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Scientific aims

Main objectives

The overall aim of this thesis has been to increase the knowledge on intestinal
barrier function and host-pathogen interaction in Atlantic salmon and the
understanding of how common husbandry conditions may affect this as well
as the overall welfare and health of Atlantic salmon. Focus has been on three
key husbandry conditions considered to be potential threats to the welfare of
the fish.

1. In intensive production of Atlantic salmon smolts, FW supply is
insufficient to maintain satisfactory oxygen levels. This is commonly
compensated for by water hyperoxygenation. This environmental
condition is hypothesised to be chronically stressful to the fish and an
underlying cause of increased susceptibility to IPNV infections during
the first weeks after transfer of the fish to SW.

2. During the growth phase in SW, the fish are kept in large sea cages.
Within the cages, large spatial and temporal variations in DO levels
occur due to changes in temperature and tidal currents. The most
critical decrease in DO levels are observed during tidal reversals in late
summer when the water temperature is elevated. It is hypothesised
that low DO levels are chronically stressful to the fish.

3. The schooling behaviour of salmon within the sea cages results in local
densities much higher than the recommended limits. This leads to
poor water quality. It is hypothesised that high density in combination
with poor water quality is chronically stressful to the fish.

It is generally accepted that chronic stress is a threat to animal welfare.
However, the degree of stress experienced by fish to different common
husbandry practises has not been elucidated. Therefore, in each experiment,
the physiological responses to stress have been monitored at several levels.
The levels of plasma cortisol in combination with the release rate of
cortisol into the water have been measured as indicators of the primary
stress response in response to different husbandry conditions. The
negative effects of stress on the intestinal barrier function in mammals are well
described and similar observations are reported from several species of fish
including Atlantic salmon. Therefore, intestinal barrier function has been
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evaluated as a possible research tool for assessment of welfare and
stressful husbandry conditions.

Information on physiological function of the intestinal barriers in fish is
scarce. This thesis aims at increasing the knowledge on the intestinal barrier
of Atlantic salmon in relation to physiological and immunological
factors.

Intestinal inflammation is the result of barrier dysfunction in mammals and is
influenced by chronic stress. It is hypothesised that chronic stress may have
similar effects on the intestinal barrier of fish. To elucidate this hypothesis,
intestinal inflammation, assessed as neutrophil infiltration and cytokine
expression, have been measured in response to chronic stress.

Chronic stress is known to lead to increased susceptibility to bacterial diseases
but the underlying mechanisms have not been fully clarified. The intestine of
fish has been demonstrated as a route for infection by bacterial pathogens.
Therefore, the translocation rate of pathogenic bacteria has been
measured to elucidate if this could be a cause of increased disease
susceptibility observed during chronic stress.

IPNV is currently a major problem in Atlantic salmon aquaculture.
Mammalian viruses utilize the intestinal epithelium for host infection.
Therefore, this thesis aims at developing a method to elucidate if the
intestinal epithelium is a translocation route for IPNV. Chronic stress has
been suggested to increase the disease susceptibility to IPNV. Therefore, it is
hypothesized that decreased barrier function caused by chronic stress
may be one important factor behind IPNV outbreaks.

25



Methodological considerations

The Ussing chamber technique

To study the effect of husbandry conditions on the intestinal barrier function
of Atlantic salmon, the Ussing chamber methodology has been used (Ussing
and Zerahn, 1951) Papers I, II, III and V). This is an established 2 vitro
technique for measurements of active and passive transports and transfers
across a live epithelial tissue.

Ussing chambers were invented and first described by the Danish
physiologist Hans Ussing, and used to study the capacity of an epithelium to
actively move ions and nutrients against an electrochemical and/or
concentration gradient in the frog skin (Ussing and Zerahn, 1951). Since, the
technique has been modified and developed further, although the basic
principle remains the same. Today, modified Ussing chambers, diffusion
chambers (Grass and Sweetana, 1988), are widely used to study physiological
mechanisms in multitude of species and tissues for applications as ion
transport mechanisms, nutrient uptake, protein absorption, drug absorption,
host pathogen interactions and pathophysiological mechanisms (Papers I, II,
III, V, Clarke, 2009, Jutfelt et al., 2007, Jutfelt et al., 20006, Jutfelt et al., 2008,
Sundell et al., 2003, Velin et al., 2004, Santos et al., 2001, Santos et al., 2000,
Séderholm and Perdue, 2001, Moeser et al., 2007, Saunders et al., 2002).

Sampling, tissue preparation and methodology

In order to preserve function, structure and viability, the intestine is dissected
using blunt forceps; adipose tissue is removed and the intestine cut open
before the tissue is washed and placed in ice cold buffered Ringer solution.
Thereafter, the serosal layer is removed by the use of fine forceps under
magnification. This is done for different reasons. Firstly, as with all i vitro
methods, isolation of the intestine from the fish renders a preparation without
blood circulation and the tissue has to rely solely on delivery of oxygen and
nutrients from the Ringer solution. The serosal layer is therefore removed to
facilitate delivery of these essential substances through passive diffusion to the
tissue. Secondly, the epithelial diffusion distances zz vivo are mostly shorter
than can be obtained in whole tissues 7z vifro, as substances 7z vivo have access
to the circulation directly after crossing the epithelial layer. Thus, in order to
reduce diffusion distances, the serosal layer is removed. Thereafter, the
intestine is mounted between two half-chambers filled with physiological,
buffered Ringer solution. Each half-chamber is continuously gassed with air
containing 0.3% CO, through a gas-lift arrangement which further generates
circulation, nutrient delivery and maintenance of O, and pH closest to the
tissue.
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Fish are ectothermic, and thus, the body temperature varies depending

on water temperature. In each experiment, the temperature in the chambers
has been maintained at the acclimation temperature by the use of cooling
mantles. The electrical properties: transepithelial resistance (TER),
transepithelial potential difference (TEP) and short-circuit current (SCC) of
the epithelium is continuously monitored as a viability control. Originally,
Ussing (1951) short-circuited the epithelium in order to determine the SCC.
This is a rather invasive procedure which may add net charges to the
epithelium and thereby affect the active transporting mechanisms of the
epithelium. The method used in the present thesis instead applies short
alternating positive and negative pulses of current. For each current pulse, the
corresponding response in TEP is recorded and the current-voltage pairs
plotted. A linear, least-square analysis is fitted to the current/voltage pairs in
which the slope describes the TER across the tissue and the intercept with the
voltage axis determines the TEP. SCC is further calculated using the law of
Ohm: SCC = -TEP/TER.
After mounting the peeled intestinal segments into the Ussing chambers, the
segments have been allowed a 60 min acclimation period in order for all
clectrical parameters to reach stable levels before the start of the 90 min
experiment. During the experiment, electrical parameters is measured every 5
min and the results presented as the mean TER, TEP and SCC over the last 5
sampling points.

Ussing chambers and intestinal barrier function

In order to establish a gradient of charges between two compartments, an
active transport is needed from one compartment to the other, concomitant
with a physical barrier that can withhold the charges from leaking back. The
intestinal epithelium creates this scenario with three different current sources
and their corresponding resistances. Thus, the intestinal epithelium can be
modelled as an electrical circuit consisting of two current sources in series (the
apical and the basolateral membranes) which are coupled in parallel with a
third current source, having its own resistance, the paracellular pathway and
the T] (Fig. 7). The active transports are attributed to ion transporters in the
apical and basolateral membrane with the major driving force being the
basolaterally located NKA. However, the fence property of the intrinsic
barrier is not absolute as it allows some ions to passively leak back. There are,
in theory, two pathways through which ions can pass across the epithelium:
the transcellular and the paracellular route. In a leaky epithelium, as the
intestine (Loretz, 1995), the apical and basolateral membranes of the
enterocytes have at least three orders of magnitude higher resistance to ion
fluxes compared to the paracellular route through the T] (Blikslager et al.,
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2007). Subsequently, the measurement of TER mainly reflects the tightness of
TJ]. When TER decreases, it means that the leakiness or permeability through
the T has increased resulting in reduced barrier function.

The interactions between TER, TEP and SCC are such that if the
permeability through the TJ] increased, the TER through the T] has decreased.
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Figure. 7. Schematic picture of the intestinal epithelium modeled as an electric circuit (A)
consisting of two current sources in series with their own resistance (the apical (R,) and the
basolateral (R,) membranes) which ate coupled in parallel with a third current source,
having its own resistance, the intercellular space (Ri;) and the TJ(Ry). The active transports
are attributed to ion transporters in the apical and basolateral membrane with the major
driving force being the basolaterally located NKA. (B) Schematic picture of theoretical
transepitihelial pathways.

In order to maintain TEP constant, SCC must increase. If SCC is maintained
and TER is reduced, so is TEP. These interactions between the electrical
measures by use of the Ussing methodology can be described in terms of an
analogy of “heating a house”. Consider the temperature outside to be -10 °C
and inside of the house you want to maintain 20 °C. Thus, you want to
maintain a temperature gradient (TEP) between the inside of the house
(blood) and the outside (lumen). Heat (SCC) is provided by the radiators
scattered along the walls (epithelial cells) of the house. The walls and the
windows (T7) constitute the physical barriers that prevent the cold air from the
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outside from mixing with the warm air on the inside. The walls are thick,
insulated and cannot be opened and allow very little entry of cold air. On the
other hand, the windows are very thin, leaky and can be opened. Thus, in
general, most of the cold air that is allowed access to the house is through the
windows. Therefore, the windows determine the barrier function of the house
(TER). If a window is opened, more cold air can enter the house. If
temperature (TEP) is to be maintained, the heat (SCC) must be turned up on
the radiators. Otherwise, the temperature (TEP) will decrease.

Complementary measures of permeability

Intestinal permeability can also be assessed by adding molecules of different
sizes and/or different chemical characters which will allow them to take
different routes through the epithelium. For measurement of vesicular,
transcellular transport bacteria, microspheres and horseradish peroxidase
(HRP; approx. 44 kDa) are commonly used. Steroid hormones and other
easily labelled small, lipophilic molecules, which can diffuse through the lipid
membrane of the cell, are used for measurement transcellular permeability.
For assessment of paracellular permeability through large pores, *'Cr-EDTA,
disaccharides (lactulose, cellobiose) and polyethylene glycols (PEG) around 1
kDa are commonly used, whereas assessment of permeability through small
pores is carried out using smaller monosaccarides like mannitol (~180 Da) as
well as small PEGs. 1n the current thesis, the probe used for assessment of
paracellular permeability was radio labelled mannitol (**C-mannitol) as it has
been extensively used for this purpose both zz witro and in vivo studies and
proven to work well also in fish (Papers I, II, III, V, Sundell et al., 2003,
Jutfelt et al., 2007, Jutfelt et al., 2000, Jutfelt et al., 2008). The advantage of
using two complementary measurements of paracellular permeability is that
TER measurements do not easily distinguish between changes in TJ and
physical damage to the epithelium. Physical damages are, however, are
instantly revealed by mannitol flux.

Thus, discrepancies between the two paracellular measures are not
infrequent (Papers II, V, Sundell et al., 2003, Jutfelt et al., 2008). The TJs
consists of complex protein structures where the number of T] strands are
suggested to be proportional to TER (Schneeberger and Lynch, 2004).
However, the protein composition of the TJ] strands greatly affects the
selective permeability for different molecules not solely dependent on
molecular size, but also dependent on electrical charge. Especially, the claudins
appear to be determinants of the selective size and charge-based permeability
through TJ. Inert hydrophilic marker molecules with intact tertiary structure
and shape, such as mannitol, mainly reflect the number and size of pores
within the TJ as well as the tightness of the whole junctional complexes
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including the paracellular spaces. These features are also reflected in the TER.
However, TER also reflects the overall net-charges of the pores, as well as the
influence of other barrier properties affecting the electrical resistance, such as
the extrinsic mucus layer (Schep et al., 1997, Schep et al.,, 1998, Shephard,
1994) and the surface area of the exposed tissue. Thus, the observed
discrepancy can be attributed to a differential expression and composition of
claudin isoforms showing differentiated slectivity for charged molecules. In
tish, 56 different claudin isoforms have been described in the pufferfish (Fugu
rubripes) (Loh et al., 2004) and 26 isoforms in Atlantic salmon (Tipsmark et al.,
2008). However, little information exists on the protein composition of TJs in
fish and the role of these claudins in the regulation of intestinal, epithelial TJs
of Atlantic salmon remains to be explored. However, discrepancies between
the two paracellular markers could also be due altered mucus secretion rate
and/or composition, a parameter that would affect the TER, but not the
permeability for mannitol. Moreover, as TER is calculated on the basis of the
exposed area in the serosal compartment rather than the actual surface area
exposed on the mucosal side. Subsequently, an increase in TER does not
inherently suggest that the paracellular permeability have decreased, but it may
instead reflect an attenuation of the mucosal surface area exposed in the
Ussing chambers caused by damages to the epithelium (Blikslager et al., 2007).

Bacterial translocation as a measure of disease resistance

Previous studies on both fish and mammals show that the intestine is used by
bacteria as well as viruses as a route of infection and stress has been shown in
mammals to greatly reduce the intestinal barrier against bacteria. The effect of
stress on the intestinal barrier against live 4. sa/monicida in fish was therefore
addressed in order to elucidate if changes in the intestinal barrier could be a
possible explanation to increased disease susceptibility during stress (Paper I).
In paper II, it was not possible to use this method due to practical reasons as
pathogens could not be used in the laboratory where the experiments in paper
paper II were conducted. In paper III, this bottleneck was overcome by the
use of heat-inactivated A. salmonicida (Jutfelt et al., 2008). However, Jutfelt
(2008) and co-workers showed that the translocation rate of heat-inactivated
A. salmonicida was significantly lower compared to live bacteria, in the distal
intestinal region of rainbow trout. The authors suggested that the heat
inactivation process may damage essential translocation facilitating
mechanisms at the surface of the bacteria. This could thus generate an
underestimation of the “true” translocation rate. The method nevertheless
serves as a good estimation of the transcellular vesicle transport (Paper III).
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IPNV translocation

One of the aims of this thesis was to develop a technique to elucidate if the
intestine is a route of infection for IPNV (Paper V). For this purpose, the
Ussing chamber method was chosen as it is widely used to study bacterial
translocation in both mammals and fish (Papers I, II, III, Jutfelt et al., 2007,
Jutfelt et al., 20006, Jutfelt et al., 2008, Velin et al., 2004, Kurkchubasche et al.,
1998). However, one challenge with the use of Ussing chambers in transport
and translocation studies is how to detect the transported or translocated
molecule/organism of target. In the present thesis, two complementary
methods were used to detect the presence of IPNV in the serosal
compartment of the Ussing chambers after 90 min of exposure. The classical
method of demonstrating the presence of live and virulent IPNV was used:
inoculation of serosal concentrates on to CHSE-214 cells and detection of
cytopathic effect (CPE). Although this classical detection method is relatively
sensitive, working with cells is time- and labour-intensive. Therefore, further
quantification of possible translocated virions was carried out by real time
quantitative (RQ)-PCR. The RQ-PCR technique is widely used in human
clinical medicine for studies on virus replication (Watzinger et al., 2000,
Watzinger et al., 2004) and is also a widely used technique for viral studies in
tish (Fridell et al., 2007, Milne et al., 2006, Taksdal et al., 2001, Blake et al.,
1995). In the current thesis, specific and sensitive primers were designed
allowing sensitive and accurate determination of translocated IPNV.

Immunohistochemistry

Immunohistochemistry (IHC) was used to investigate if chronic stress in fish
can lead to intestinal inflammation. To address this, the number of neutrophils
in the intestine was chosen as a marker for inflaimmation, as neutrophil
infiltration is a common sign of acute inflammation in mammals (S6derholm
et al., 2002, Kucharzik et al., 2001). For this purpose, a monoclonal antibody
(mADb) against Atlantic salmon neutrophils was used (Pettersen et al., 1995).
The advantage of having a mAb is that it is possible to specifically visualize
the cells expressing the antigen against which the antibody is raised. This is a
major advantage compared to classical tissue staining where cells needs to be
separated by morphology compared to colour by using IHC (Paper IV).
Classical staining with toluidine blue visualises the epithelium nicely and was
used for investigating possible structural alterations and/or damages to the
epithelium created by the husbandry conditions (Papers I and II). Moreover,
toluidine blue also stains mast cells which are easily distinguished from other
cells in the intestinal epithelium due to the staining of its characteristic
granules.
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Results and Discussion

Is everyday life stressful for farmed Atlantic salmon?

In the current thesis, several different experiments have been conducted, all
with the aim to investigate common husbandry conditions in salmon
aquaculture. All husbandry conditions examined, ze. hyperoxygenation
combined with low water flow (Paper I), low DO levels at low and high
temperature (Papers II and IV) and high fish density in combination with
poor water quality (Paper III) resulted in primary stress responses.

Stressots, stress and welfare

The degrees of stress elicited by the different husbandry conditions tested can
vary with number and type of stressors involved as well as with the severity of
each stressor. Depending on the degree of stress the impact of a particular
husbandry condition on the welfare of the fish may differ. In this section, the
degree of stress between and within each husbandry condition is discussed in
relation to the impact on the welfare and health of the fish.

Hyperscygenation combined with poor water quality

This husbandry condition resulted in chronically elevated plasma cortisol
levels after 26 days (Paper I). The allostatic load was revealed as increased
intestinal paracellular permeability and translocation of .A. salmonicida in the
distal intestine. The observed decrease in intestinal barrier function is
suggested to increase the risk of infection. Indeed, fish subjected to a similar
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experimental protocol revealed increased disease susceptibility to an IPNV
challenge after subsequent transfer to SW (Fridell et al., 2007). Moreover, the
IPNV challenge per se served as a stressor manifested by elevated levels of
plasma cortisol. This was also reflected in the cortisol release rate (Fig. 8) into
the water. Interestingly, fish subjected to stress in FW responded with a
stronger primary stress response to the IPNV challenge compared to
unstressed fish (Fig. 8). This reveals that stress in one life stage may affect the
outcome of additional stressors in a subsequent life stages. The IPNV
infection also decreased the intestinal barrier function. This was evident as
both an increased paracellular permeability and increased translocation of A.
salmonicida and may be one explanation behind the increased risk of disease
from secondary bacterial infections observed during acute IPNV infections
(Johansen and Sommer, 2001). All together, this husbandry condition is likely
to reduce the ability of Atlantic salmon post-smolts to cope with additional
stressors and represents therefore a major risk to the welfare of the fish.

Low DO levels at different temperatures

DO levels commonly observed in sea cages were stressful to the fish. At low
temperature, fish subjected to DO levels of 50% and 60% had elevated plasma
cortisol levels after 9 and 29 days, but not at later time points (Paper II).
Thus, low DO levels and the accompanying deteriorations of water quality act
as stressors for the fish and impose an allostatic load. According to plasma
cortisol levels solely, the allostatic load decrease with time. However, the
impact of the stressors as assessed as decreased intestinal barrier function was
observed throughout the experimental time. Thus, this environment is
stressful to the fish and although not reflected in plasma cortisol, 50% DO
may be detrimental due to the impact on intestinal barrier function and hence
a threat to the welfare of the fish.

Low DO levels and poor water quality experienced at elevated
temperature resulted in plasma cortisol levels with a similar pattern as
observed at low temperatures, ze. elevated plasma cortisol levels at 11 and 29
days but not at day 43. However, also in this experimental set up the intestinal
barrier function was disturbed throughout the experimental time. Moreover,
the detrimental effects on the intestinal barrier were more severe at the higher
temperature. This indicates that elevated temperature per se acts as an
additional stressor creating a higher allostatic load. The cyclic variations in DO
created to mimic slack water during tidal reversal, on the other hand, seemed
to be equally stressful to the fish as steady low DO levels of 50 and 60%.

Low DO levels further affected the immunological barrier of the
intestinal mucosa (Paper IV). This was observed as increased infiltration of
neutrophils in the proximal intestine in fish subjected to 50% DO levels as
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compared to 80% DO. Further, cytokine expression in the intestinal mucosa
was clearly affected by both decreased DO levels and increased temperature.
An immunosuppressive effect of the stressors was suggested as IFN-y was
down regulated at 50% DO and even further when fish were exposed to high
temperature.

Taken together, environmental situations commonly observed in sea cages
during Atlantic salmon on growth, with low and cyclic oxygen levels, are
apparently stressful to the fish. Increased water temperatures implies an
additional and even more severe stressor indicating that certain situations in
the sea cages, as during extreme summer conditions, can lead to increased risk
for impaired health and welfare of the fish.

High fish density and poor water quality
This environment was stressful to the fish and the degree of stress increased
with increased stocking density. Elevated plasma cortisol levels and increased
cortisol release rate of cortisol could be observed in the highest density (70 kg
m?; Fig. 9), but were not as evident in the intermediate densities (30 and 50 kg
m”) (Paper III). The elevated plasma cortisol levels decreased with time,
suggesting habituation. However, the intestinal barrier function decreased in a
dose-dependent manner in response to the severity of the stress, ze. the fish
density. Again, this was observed at time points when no differences in plasma
cortisol could be measured. Increased fish density resulted in decreased TER
and increased paracellular permeability to mannitol. The ability of the
epithelium to maintain TEP was also reduced while SCC increased. In general,
it appears that the threshold density for mediating a decreased barrier function
is between 30 and 50 kg m”.

Local signs of inflammation,was more evident in fish from the 70 kg
m” as compared to 10 kg m™. Also the expression of cytokines in the intestinal

Fig. 9. Experimental tanks from the stocking density experiment, showing Atlantic salmon
kept at the two extreme densities: 10 kg*m> and 70 kg*m3

34



mucosa was affected by density. IFN-y was down regulated in the 70 kg m”
compared to 10 kg m™ suggesting a suppression of the mucosal immune
barrier. Interestingly, there was difference between intestinal regions as the
expression of all cytokines measured was higher in the distal region compared
to the proximal region.

In conclusion, high stocking density leading to poor water quality is
chronically stressful to the fish as it elicits a primary stress response followed
by disturbed physical as well as immunological intestinal barriers. Thus, this
environment should be regarded as a threat to the welfare and health of the
fish.

Intestinal barrier function as a welfare indicator

The effect of a chronic stress response is an allostatic load, a “wear and tear”
on the animal which can be regarded as the cost for habituating to a sub-
optimal environment. As measured by intestinal barrier function, all
husbandry environments assessed in the present thesis revealed a “wear and
tear” on the intestinal barrier observed as increased paracellular permeability
(Papers I, IT and III) and increased translocation of live A. salmonicida (Paper
I), decreased ability to maintain an electrochemical gradient (Papers II and
V), as well as decreased transport of ions (Papers II, IIT and V). Importantly,
the intestinal barrier disturbances were apparent at time points where no or
only minor changes in plasma cortisol levels could be observed, suggesting
that monitoring the intestinal barrier function is a more sensitive method to
reveal chronic stress compared to plasma cortisol and/or cortisol release rate
(Papers II and III, Ellis et al., 2002, Schreck, 2000, Moberg, 2000). Moreover,
the intestinal immunological barrier was disturbed by several of the stressors
used. This was observed as increased infiltration of neutrophils (Paper IV),
more frequent incidences of local inflammation (Paper III) and reduced
expression of IFN-y (Papers III and IV). Thus, assessment of intestinal
barriers is suggested as important scientific welfare indicators to be used in
further evaluation of husbandry conditions. This can be of importance for
determining the legislation framework needed to secure the welfare of farmed
Atlantic salmon as well as other farmed species.

Stress and the physical barrier

Corticosteroids

Corticosteroids exhibit a major negative impact on the intestinal barrier
function in both fish and mammals. In rainbow trout, this is demonstrated
using slow-release cortisol implants. This treatment results in increased
paracellular permeability to mannitol concomitant with decreased TER
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(Sundell, unpublished results). In mammals, similar results have been obtained
after subjecting rats to environmental stress. Intestinal permeability increases
in response to degree of stress directly reflected in circulating glucocorticoid
levels (Meddings and Swain, 2000). Adrenalectomy and treatment with the
glucocorticoid receptor antagonist RU486 attenuates the stress effect
(Meddings and Swain, 2000). The suggested mechanism behind the effect of
corticosteroids on the intestinal barrier function is through reduction of bilary
production of immunoglobulin A (IgA). The role of IgA in the in the
intestinal lumen of mammals is to prevent adherence of bacteria to the
intestinal epithelium. However, as IgA levels decrease, luminal pathogens are
able to attach to the intestinal epithelium for interaction and initiation of
translocation. Moreover, the interaction between bacteria and epithelium
activates intracellular signalling pathways resulting in contraction of the f-actin
cytoskeleton (Fig. 7A), loosening of tight junctions and increasing intestinal
permeability (Spitz et al., 1994, Spitz et al., 1996). Interestingly, corticoid stress
is most pronounced in areas of the intestine having the highest concentration
of bacteria such as the mammalian colon (Spitz et al., 1994). This could be one
plausible mechanism behind decreased barrier function in paper L. The role of
IgM, the major immunoglobulin in teleosts, in the intestinal lumen is obscure
(Bakke-McKellep et al.,, 2007, Hatten et al., 2001). Nevertheless, stress in
salmonids has been demonstrated to cause a reduction in the protective
mucous layer leading to increased epithelial-bacteria interaction (Olsen et al.,
2005, Olsen et al., 2002, Szakolczai, 1997). Similar to mammals, the bacterial
density is higher in the distal intestine of fish (Ringe et al., 2003). Thus it is
plausible that the reduced barrier as observed in paper I, is a result of
increased attachment of bacteria to the intestinal epithelium resulting in
increased permeability and increased bacterial translocation as a result of stress
induced mucus depletion (Spitz et al., 1996, Olsen et al., 2005).

Increased paracellular permeability could be observed after long term
stress at time points when no, or only moderately elevated plasma cortisol
levels were observed (Papers II and III). This does not inherently suggest a
decreased activity of the corticosteroid system. Plasma cortisol concentration
is a reflection of the balance between the production and plasma clearance
rates of the hormone from the circulation and decreased plasma levels of a
hormone can indicate increased receptor binding and subsequent clearing of
the hormone (Mommsen et al., 1999). Thus, decreased circulating levels of
cortisol may suggest increased physiological importance.

36



CRH and mast cells

Another hormone released during stress, CRH, mediate stress-induced
abnormalities in the intestinal mucosa in mammals (Wallon et al., 2008, Santos
et al., 1999, Saunders et al., 2002, Moeser et al., 2007). CRH is released from
the hypothalamus during the primary stress response and plasma CRH levels
are elevated after stress (Moeser et al., 2007). CRH can also be released locally
as “immune CRH” by enteric nerves (Tsigos and Chrousos, 2002). In the rat,
decreased TER and increased transmucosal flux of HRP have been observed
after acute stress and could be blocked by pretreatment with the CRH
antagonist o helical CRH,_,, (Saunders et al., 2002, Santos et al., 1999).
Moreover, also 7 vitro stimulation of intestinal segments with CRH in Ussing
chambers mimicked the zz wvio results (Saunders et al., 2002). In witro
stimulation of human colon biopsies with CRH results in increased
transepithelial transport of HRP, but not paracellular permeability.
Pretreatment with the CRH antagonist o helical CRH, _,, abolishes the increase
in HRP transport (Wallon et al., 2008).

Interestingly, the mechanism behind increased paracellular
permeability by CRH in mammals has been linked to mucosal mast cells which
increase in number after stress. The stress effect in rats described CRH, was
abolished in mast cell deficient rats (Soderholm et al., 2002). Moreover, mast
cells express receptors for CRH, and by blocking these with a CRH-antagonist
(Wallon et al., 2008, Saunders et al., 2002) or by administration of the mast cell
stabilizer cromolyn (Moeser et al., 2007) the stress effect on the intestinal
barrier was attenuated. Further, convincing data on the role of mast cells in
barrier dysfunction have been obtained in experiments on early weaning
piglets. Weaning is regarded as a stressful event for the piglets and high levels
of corticosteroids and CRH can be measured. However, barrier dysfunction is
dependent on timing of weaning where early weaning induces decreased TER
and increased permeability to mannitol whereas if weaning is done later, the
intestinal barrier is unaffected despite high levels of CRH in the plasma. This
phenomenon is correlated to the expression of CRH- receptors on mast cells.
The number of receptors is up-regulated in early weaning pigs compared to
late weaning. Pre-administration of a mast cell stabilizer to early weaning pigs
attenuates the effect of weaning on the intestinal permeability (Moeser et al.,
2007). Moreover, other neuropeptides than CRH, such as substance P and
acetylcholine, are released from enteric nerves and cause mast cell
degranulation leading to increased paracellular intestinal permeability (Santos
et al., 1999).

In the fish intestine, mast cells are resident in the stratum granulosum
and highly involved in the inflammatory processes (Reite, 1998, Reite and
Evensen, 20006, Ellis, 1985, Ellis, 1977, Reite, 1997). During IPNV infection,
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mast cells accumulate in the proximal intestine, which is known to develop
acute inflaimmation during infection (Paper I, Smail et al., 1992, Smail et al,,
1995). Mast cells also increase in number during intestinal inflammation
caused by inclusion of soybean meal in the fish diet (Bakke-McKellep et al.,
2007). These intestinal inflammatory states are linked to increased paracellular
permeability (Paper I, Knudsen et al, 2008). The knowledge on stress-
mediated mast cell recruitment and regulation is scarce in fish. One study has
shown both acute and chronic stress generates a 2-fold increase of mast cells
in the gill epithelium of rainbow trout. However, in this study, the intestine
was not analysed (Holland and Rowley, 1998). Ir vitro stimulation with LPS
and TNF-a also significantly increased the number of mast cells in the gill
epithelium (Holland and Rowley, 1998) suggesting that mast cell recruitment is
an important mechanism in response to bacterial stress. Degranulation of mast
cells has been observed in several species of salmonids after stimulation with
noxious agents such as formalin-killed A. salmonicida and compound 48/80, a
substance promoting histamine release in mammals (Reite, 1997).
Interestingly, cortisol administration also results in mast cell degranulation
which thus provides a direct link between the primary stress response and
mast cell activation in fish (Reite, 1997). Moreover, similar to mammals, high
levels of CRH can be found in the plasma of fish after acute stress (Pepels et
al., 2004). Taken together, this suggests that CRH may contribute to the
decreased barrier effects in response to stress also in fish. If plasma CRH
levels are elevated during chronic stress, or if CRH is released locally in the
intestinal mucosa remains to be determined. There is however evidence for
mast cell regulation by enteric nerves. This has been shown as degranulation
of intestinal mast cells in rainbow trout 1-4 hours after ip. injection of
substance P (Powell et al.,, 1993b). Mast cells are commonly found in close
association to nerves in the intestine of rainbow trout (Powell et al., 1991).
Upon stimulation extensive degranulation has been observed in the lamina
propria and more moderate in the stratum granulosum (Powell et al., 1991).
Thus, mast cell contents are released in close proximity to the epithelium
where these substances may act and affect the barrier function of the intestine
in fish (Papers I, II, IIT and V).

Upon stimulation, mammalian mast cells release tryptase, instantly
modulates the integrity of the intestinal barrier (Jacob et al., 2005). In vitro
studies on T84 colonic epithelial cells, revealed tryptase receptors located to
the basolateral membrane (Jacob et al., 2005). When the tryptase receptors are
stimulated with a tryptase agonist or mast cell supernatant, increased
paracellular permeability is observed as decreased TER concomitant with
increased transcellular permeability to HRP (Jacob et al, 2005), thus
mimicking the effect of CRH. The mechanism behind increased paracellular
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permeability has been attributed to redistribution of ZO-1, occludin and
perijunctional f-actin to the cytosol (Jacob et al., 2005). Although not
described in Atlantic salmon, mast cells containing tryptase have been
observed in the intestine of the zebrafish (Danio rerio) (Dobson et al., 2008).
Similar to mammalian mucosal mast cells, tryptase was released upon
stimulation in response to the mast cell stimulator, compound 48/80. Thus, a
similar role of the brain-gut axis may indeed exist in fish similar to mammals.
It is therefore suggested that this axis is a potential mechanism of intestinal
barrier dysfunction in Atlantic salmon (Papers I, IL, I1I, V, Olsen et al., 2005,
Knudsen et al., 2008, Szakolczai, 1997).

Stress and the immune barrier

Neutrophils

In fish as well as in mammals, neutrophils are described as an innate
phagocytozing leukocyte abundant in the circulation and quickly recruited
from the blood to sites of inflaimmation where they are activated to
phagocytose pathogens and then undergo apoptosis (Parkin and Cohen, 2001,
Ellis, 1977, Do Vale et al., 2002, Afonso et al., 1998, Pettersen et al., 2003,
Hamdani et al., 1998).

Neutrophils could be observed in both stressed and unstressed fish
(Papers III and IV). Further, an increased homing of neutrophils was
observed in the proximal intestine of Atlantic salmon after exposure to 50% as
compared to 80% DO levels (Paper IV) and a similar pattern was seen in fish
reared at high densities (Paper III). Further, neutrophils could be observed in
the intercellular space between adjacent enterocytes (Papers III and IV)
indicating that that neutrophils may migrate through the intestinal epithelium
towards and into the lumen, a well studied phenomenon in mammals (Fig. 10;
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Gayle et al.,, 2000, Gayle et al., 2002, Jaye and Parkos, 2000, Chin and Parkos,
2006, Chin and Parkos, 2007). Microorganisms that breach the intestinal
barrier attract neutrophils to the area. This is achieved by bacterial products as
well as factors leaking out from damaged cells, which serve as chemo
attractants for the neutrophils. The ability of the epithelium to function as a
sentinel of the luminal environment by apically located TLRs plays an
important role in mediating neutrophil transmigration. In mammals, adhesion
of enteropathogenic bacteria such as E. ¢/ to the apical surface results in a
basolateral release of 11.-8, a potent neutrophil attractant, which is followed by
neutrophil transmigration into the lumen (Chin and Parkos, 2007). IL-8 is also
up regulated in rainbow trout intestinal epithelial cells stimulated with A.
salmonicida (Komatsu et al., 2009). In order to reach the lumen, the neutrophils
must traverse the paracellular junctional proteins. Therefore, neutrophils
express receptors on the cell surface allowing interaction with junctional
proteins without causing any major alterations in permeability of the
epithelium if migration is moderate. In fact, low level of neutrophil migration

is an important mechanism in the surveillance of the luminal milieu (Jaye and
Parkos, 2000, Parkos et al., 1992, Parkos et al., 1994).

Effects on the physical barrier

The number of neutrophils within the intestinal epithelium can be correlated
to intestinal permeability (Fig. 11; Paper II and IV, Parkos et al., 1994). This
increase can be both the effect and the cause of a increased permeability in the
intestinal epithelium (Papers IT and IV). In mammals, abundant migration of
neutrophils across the intestinal epithelium can cause severe damage to the
epithelium with loss of barrier function and leakage of luminal content and
microorganisms as major deleterious consequences (Gayle et al., 2002, Gayle

0,000003 1
0,000002 - .
0,000002 -

0,000001 T

Pappcms

0,000001 -

0,000000 -

0 50 100 150 200 250
Neutrophils cm

Figure 11. Correlation between paracellular permeability to mannitol (Papp)
and neutrophils in the intestinal epithelium of Atlantic salmon.



et al., 2000, Chin and Parkos, 2007). Thus, increased neutrophil transmigration
could be one possible mechanism behind the increased paracellular
permeability (Papers I, IT and III). Neutrophil transmigration could also be a
contributing factor to the increased translocation of bacteria observed in paper
I. This has been observed for some mammalian bacterial pathogens that
utilize the neutrophil mediated tissue destruction to cause host infection
(Perdomo et al. 1994b, Zychlinsky et al. 1994, Perdomo et al. 1994a).

Thus, although the neutrophils are important in the clearance of
antigens from the epithelium during an acute infection of the intestine (KKuhl
et al., 2007), studies in mammals describe a cost-benefit relationship between
migrating neutrophils and the integrity of the intestinal barrier. As
components of the innate immune system, neutrophils rely on non-specific
defence mechanisms such as the respiratory burst and the production of
reactive oxygen species, as well as granules containing proteolytic enzymes
(Weiss, 1989, Neumann et al., 2001). These factors are highly beneficial for the
host in pathogen clearance, but if not controlled, abundant neutrophil
activation and infiltration can generate tissue damage that can result in
increased intestinal permeability (Weiss 1989, Gayle et al. 2000).

All  together, tissue damage caused by non-specific defence
mechanisms and/or abundant neutrophil transmigration could be plausible
factors mediating increased permeability as observed in papers I, IT and III.

Neutrophils and intestinal barrier integrity: an extended view

By using the monoclonal antibody E3D9 specific for Atlantic salmon
neutrophils (Pettersen et al., 1995) it can be concluded that neutrophils appear
to be resident within both the proximal and distal intestine of apparently
unstressed, healthy control fish (Papers I, IV, Bakke-McKellep et al. 2000).
The short lifespan of neutrophils in combination with apoptosis after bacterial
phagocytosis is an important mechanism in the clearance of pathogens from
the infection site. According to the classic classical description of neutrophils,
the presence of neutrophils in apparently healthy, unstressed fish may appear
contradictory. It could however be argued that neutrophils serve an important
role in the maintenance of intestinal barrier integrity in fish by functioning as
antigen presenting cells. Among other locations, neutrophils could be
observed at the base of the epithelial cells (Papers III and IV) and they
seemed to be more abundant in the annulospiral septum compared to the
mucosal folds in the distal intestine (Paper IV). Interestingly, this location was
strikingly similar to the location of T-cells in the distal intestine of Atlantic
salmon (Bakke-McKellep et al. 2007). This suggests an interplay between
neutrophils and T-cells. In line with this, a mechanism of neutrophil action
presented in the mammalian literature describes a communication between
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neutrophils and T-cells, acting as a bridge between the innate and adaptive
immune system. When properly stimulated, mature neutrophils can escape
apoptosis, change surface receptor pattern and acquire a dendritic cell (DC)
like phenotype and function. DCs are immune cells capable of processing
antigens and loading it onto MHC molecules for presentation to other
immune cells (Basset et al., 2003). This has been demonstrated by cultivation
of human neutrophils with granulocyte/macrophage-colony (GM-CSF) in
combination with IFN-y which results in induced expression of MHC class 11
and the co-stimulatory molecules CD80, CD86 and CD83 on the neutrophils
(Iking-Konert et al., 2002, Hansch and Wagner, 2003). The latter is normally
considered to be specific for DCs (Lechmann et al., 2002). With expression of
MHC class II together with the co-stimulatory molecules, the neutrophils
possess the prerequisite for being antigen-presenting cells and evidence of
MHC class II presentation of antigen to T-cells in mammals is accumulating
(Hansch and Wagner, 2003, Culshaw et al., 2008, Radsak et al., 2000). Thus
far, perhaps the best data on neutrophils as antigen presenting cells have been
proposed also in fish (Chaves-Pozo et al., 2005). In this study, the gilthead
seabream (Sparus anrata) was 1.p. injected with intact [Zbrio anguillarnm and an
instant infiltration of neutrophils to the site of injection was observed. The
neutrophils are suggested to participate in the transportation of antigens to the
spleen where co-localization with lymphocytes was observed. Moreover, the
neutrophils in the sea bream constitutively expressed MHC class II mRNA
(Chaves-Pozo et al.,, 2005). If this scenario takes place in the intestine of
Atlantic salmon, then other signs on antigen presentation, besides the
histological co-localization of neutrophils and T-cells, must be found in
support for the hypothesis of neutrophils as antigen presenting cells.
Interestingly, expression of the co-stimulatory molecule CD83 has been
observed in the intestine of rainbow trout (Ohta et al., 2004) and sea bream
(Donate et al., 2007). However, the expression of CD83 can not be regarded
as a direct evidence for neutrophils, as CD 83 can also be expressed on
macrophages or other immune-related cells within the intestine (Dofiate et al.,
2007, Extlend et al., 20006). Koppang et al. (2003) observed MHC class 11
positive cells within the intestinal epithelium of Atlantic salmon. In the distal
region these cells were described as “DC- like” (Koppang et al., 2003).
Moreover, intraepithelial leucocytes expressing MHC class 1I located close to
the basal membrane the similar position as both the T-cells (Bakke-McKellep
et al., 2007) and neutrophils (Papers IV and III, Bakke-McKellep et al. 2000)
in Atlantic salmon indeed is in favour for such hypothesis. Although
speculative, it could be proposed that the neutrophils observed in the
epithelium in papers III and IV may be antigen presenting cells interacting
with the T-cells and neutrophils observed between the intestinal epithelial cells
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may be antigen sampling neutrophils (Fig. 10). Future studies are, however,
needed to test this hypothesis.

Cytokines

Cytokines are well-known modulators of intestinal barrier function in
mammals and most focus has been placed on TNF-a, IFN-y and IL-13
(Capaldo and Nusrat, 2009, Al-Sadi and Ma, 2007, Tedelind et al., 2003,
Bruewer et al., 2005, Utech et al., 2005). In the current thesis the expression of
these cytokines was examined in relation to disease resistance, intestinal barrier
function and inflammation (Papers III and IV).

T-cells are a major source of IFN-y. Broadly, T-cells can be divided
into cytotoxic cells (Tc) and helper cells (Th). The Tc cells express CD8" and
are involved in intracellular and antiviral immunity whereas CD4" helper cells
are mediators of the cell-mediated immune response by recognition of foreign
antigens and subsequent activation of other parts of the cell-mediated immune
response (Parkin and Cohen, 2001). Depending on the cytokines expressed,
CD4" Th-cells are divided into Th1l or Th2 cells. The Thl-cells mainly
produce IL-2, IFN-y, and TNF-a which mediate host defense against
intracellular pathogens by activating macrophages and enhancing antigen
presentation. On the other hand, Th2-cells mainly secrete 1L.-4, IL-5, I1L.-10
and IL-13 which promotes immune defense against extracellular pathogens by
stimulating production of antibodies (Romagnani, 1999, Elenkov and
Chrousos, 1999, Elenkov and Chrousos, 2002).

Elffects on disease resistance
A marked effect in cytokine expression could be observed by different
husbandry conditions (Papers IIT and IV). IFN-y expression was reduced by
both elevated temperature from 8°C to 16°C (paper IV) and high stocking
density (paper III). This down regulation could be the result of the immune
modulatory effects of cortisol acting on CD4" lymphocytes. In mammals,
glucocorticoids induces a shift in systemic cytokine production profile from an
induction of Thl-cells to Th2-cells as observed by inhibition of Thl cytokine
production while stimulating the production of Th2 related cytokines
(Calcagni and Elenkov, 2006, Elenkov, 2004). If such shift exist in fish, it is
likely that elevated plasma cortisol levels for several weeks as observed in
papers I, IT and III could mediate such a down-regulation. In agreement,
glucocorticoids down-regulates the expression of IFN-y in intraepithelial
lymphocytes (Zhang et al., 2005) suggesting that this shift may exist also at a
local tissue level.

The down regulation of IFN-y could also be the result of the
decreased physical intestinal barrier, leading to increased leakage of luminal
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antigens, generating an immune response (Paper III and IV, Komatsu et al.,
2009, Mulder et al., 2007). As if Th1 cells are unable to eradicate the antigens
from the intestinal mucosa, which could be the case if the physical intestinal
barrier is reduced for a prolonged period, an acute inflammation can switch
from a Th1 polarized inflammation to a less polar or even a Th2 dominated
inflammation with up-regulated expression of cytokines such as I1L-4, IL5, IL-
10 and IL-13 (Romagnani, 1999). Thus, the down-regulation of IFN-y could
be a sign of chronic intestinal inflammation.

IFN-y recruits phagocytic cells such as macrophages and stimulate the
functional activity of Tc cells. A decreased expression of IFN-y could thus be
a sign of decreased cellular immunity in the intestinal mucosa. This suggests
that stressed fish may be more susceptible to virus infections such as the
IPNV (Romagnani, 1999). Thus, stress mediated down-regulation of cellular
immunity in the intestinal mucosa could be one explanation behind the
increased susceptibility to IPNV, commonly observed during stress in
salmonids (Fridell et al., 2007, Roberts and Pearson, 2005, Smail et al., 1992,
Melby et al.,, 1994, Jarp et al., 1995). Moreover, this supports the view that
these husbandry conditions may render an intestinal barrier with reduced
ability to cope with virus infections like the IPNV (Papers I, IT and III).

Elffects on the intestinal barrier function

In mammals, cytokines are well known modualtors of the physical intestinal
barrier. In #n vitro studies using mammalian epithelial cell lines, several
mechanisms have been postulated for cytokine-mediated permeability
increases. IL-18, TNF-a and IFN-y all down regulate the expression of
occludin (Mankertz et al., 2000). Stimulation of epithelial cells with TNF-o and
IFN-y leads to internalization of TJ-associated proteins like JAM, occludin,
claudin and ZO-1 (Bruewer et al., 2003, Bruewer et al., 2005, Turner, 2000).
Moreover, these cytokines can also cause contraction of the f-actin filaments
attached to the plaque proteins of the TJs to physically separate the
enterocytes (Wang et al., 2005, Capaldo and Nusrat, 2009, Turner, 2000).

In the current thesis, none of these cytokines can be suggested to participate
in the maintenance of a leaky intestinal barrier in Atlantic salmon as no up-
regulation, but rather decreased expression, of these cytokines was observed
concomitant with increased barrier permeability (Paper I, IT and III). They
could however, still be suggested to initiate the increased permeability.
Mammalian studies investigating the role of cytokines on intestinal barrier
function are limited in time to around ten days. This is a shorter time span
than used when the cytokine expression was investigated in the current thesis
(Papers III and IV) and therefore, cytokines could be up-regulated shortly
after initiation of the stressor and then affect the permeability. When the
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cytokine expression decreases with time the increased permeability is
maintained by other factors. Such a scenario has been described in mice,
where the expression of IFN-y in the colon is highest on day one where after
the expression declines with time after a daily 2 h acute stress for 4 days
(Ferrier et al., 2003). The protein concentration of IFN-y follows the same
pattern, although the increase is evident 1 day after the observed increase in
mRNA expression. Interestingly, the change in mouse intestinal permeability
was is not significant until after day 4, when both the mRNA expression and
protein concentrations of IFN-y is declining (Ferrier et al., 2003). Further,
mice subjected to daily repeated stress for 5 days, decrease production of IFN-
Y, without changing the number of intraepithelial lymphocytes. This down
regulation is attributed to glucocorticoids (Zhang et al., 2005). Thus, it may be
suggested that the down regulation of IFN-y observed in fish subjected to
poor water quality due to high density, low DO levels and/or high
temperatures (Paper III and IV) can be attributed a glucocorticoid-mediated
shift in cytokine production from a Thl-dominated pattern to a more Th2-
dominated pattern. If so, there should be an up-regulation of Th2 cytokines
which, similar to the Thl pro-inflammatory cytokines IFN-y and TNF-«, are
able to modulate the tight T] proteins and increase the paracellular pathway.
Indeed, a series of Th2 cytokines, 11.-4, IL-6 and II.-13 have been shown to
cause increased paracellular permeability in epithelial cells of humans (Yang et
al., 2003, Colgan et al., 1994, Capaldo and Nusrat, 2009, Di Leo et al., 2002).
Interestingly, the two main groups of inflaimmatory bowel diseases (IBDs) in
humans are broadly characterized either a Thl- or a Th2-dominating
inflammation, depending on cytokine expression. Crohn’s disease is mainly
characterized as a Th1 pro-inflaimmatory disorder whereas Ulcerative colitis is
a Th2 dominated inflammatory disorder (Podolsky, 2002b, Podolsky, 2002a,
Lukas et al., 2006, Fuss et al., 1996). Thus, the increase in intestinal
permeability concomitant with down regulation of Th1-typical cytokines such
as IFN-y observed in the thesis can be speculated to be an Ulcerative colitis-
like Th2 intestinal inflammation.

Stress and intestinal inflammation

Atlantic salmon subjected to stressful husbandry conditions experience
increased homing of neutrophils (Papers III and IV) and mast cells (Paper I)
into the intestine. Similar observations have been reported from mammals
suffering from acute IBDs (Caso et al., 2008, Podolsky, 2002b, Gareau et al.,
2008, Mawdsley and Rampton, 2005). The etiology of IBD is obscure, but is
believed to result from an inappropriate and persistent activation of the
mucosal immune system driven by the endogenous microflora (Podolsky,
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2002b, Fasano and Shea-Donohue, 2005). One common sign amongst all IBD
is a loss of barrier function (Turner, 2006, Arrieta et al., 2000). Studies report
an association between stressful life events and relapse of disease (Levenstein
et al., 2000). It is therefore hypothesized that the stress-induced reduction of
the intestinal barrier resulting in leakage of luminal pathogens into the
intestine, is the triggering factor behind IBDs (Kelsall, 2008, S6derholm et al.,
2002, Séderholm and Perdue, 2001, Arrieta et al., 2006). However, there are
also other important factors influencing the generation of IBDs such as
genetic and environmental factors (Podolsky, 2002a, Podolsky, 2002b).

In comparison, the most striking resemblances between intestinal
inflammation in fish and mammals are the reduction of the physical barrier
measured as increased paracellular permeability (Papers I, II, IV, III,
Knudsen et al., 2008, Velin et al., 2004, Séderholm et al., 2002, Santos et al.,
2000, Santos et al, 2001, Saunders et al., 1994, Santos et al., 1999) and
increased transport of pathogenic bacteria and/or luminal antigens (Paper I,
Velin et al., 2004, Kiliaan et al., 1998, Santos et al., 1999, Santos et al., 2000).
These similarities, in combination with increased homing of neutrophils
(Papers III and IV) suggest that fish may suffer from a chronic intestinal
inflammation comparable with mammalian IBD. This should be regarded s a
major risk to the welfare of the fish.

Diseases in aquaculture

Aeromonas salmonicida

In combination with the increased permeability, the translocation rate of A.
salmonicida was higher in the stressed fish (Paper I). This could be a result of
increased antigen sampling by the enterocytes in the distal intestine. In
agreement, rats subjected to chronic stress display increased intestinal
transcellular uptake of HRP (Santos et al, 2000) and M-cell mediated
transcellular transport of E. co/i (Velin et al., 2004). For the bacteria to be
translocated through the intestine, the first step is adherence to the apical
membrane of the epithelial cells. Normally, the extrinsic mucus barrier
protects the epithelium and blocks this step. However, in stressed Atlantic
salmon, the mucus layer is sloughed off from the intestine and may allow
bacteria to colonize the surface of the enterocytes thus allowing for initiation
of translocation (Olsen et al., 2002). This agrees with studies on rats subjected
to chronic stress, which led to mucus depletion followed by increased bacterial
adherence and penetration into the enterocytes concomitant with increased
macromolecular permeability (Soderholm et al., 2002). Thus, the increase in
bacterial translocation could be an effect of weakening of the extrinsic barrier,
allowing bacteria to adhere to the enterocytes which will induce translocation
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in combination with increased transcellular transport. Moreover, increased
bacterial adherence per se could explain the increased paracellular permeability
observed. This, as bacterial adherence could initiate intracellular signal
transduction rendering increased permeability (Spitz et al., 1990).

IPNV

If a cell is susceptible to a specific virus or not is mainly dependent on
whether or not the cell expresses the right type of surface receptors that
mediate viral attachment and entry into cell (Bergelson, 2003). Normally, cell
surface proteins or surface lipids may function as receptors and therefore, the
sensitivity of a cell to a specific virus is dependent on whether the cell
expresses these molecules or not (Compans and Hertler, 2005). In the
intestinal epithelium, the polarity of the receptor expression, ze. on the apical
or basolateral membrane, determines if the virus can infect via the intestinal
lumen, or is dependent on transport to the basolateral membrane via the
circulation (Compans and Hertler, 2005).

The intestine as a route for systemic infection can be utilized by
viruses via several suggested pathways. Damages to the intestinal epithelium
would permit viruses to gain access to the circulation and further to
susceptible cells within the host (Bergelson, 2009, Bergelson, 2003). However,
a damaged barrier is not essential for virus access, as certain viruses such as
poliovirus, HIV-virus and reovirus utilize the M-cells for endocytosis from the
lumen and transcytosis through the cells (Kucharzik et al., 2000). This would
render a subsequent release at the basolateral side and a possibility for further
infection in the submucosa or of other susceptible cells (Smith and Helenius,
2004, Bomsel and Alfsen, 2003). For direct infection of intestinal epithelial
cells, virus may fuse with the epithelial membrane and be internalized into an
endosome for further transport to the replication machinery within the cytosol
(Bomsel and Alfsen, 2003). Moreover, some viruses can use T] proteins like
claudins and JAM attachment to initiate subsequent endocytosis and gain
access to the cell interior (Bergelson, 2009, Guttman and Finlay, 2009). As
mentioned in previous section, the intestine is a major target for IPNV during
infection. However, the intestine as a route of IPNV infection has not been
previously determined. The development of an IPNV translocation method
(Paper V) made it possible to provide iz vitro evidence showing that the
intestine of Atlantic salmon indeed serves as an infection route for IPNV
(Paper V). The translocation could not be correlated to the paracellular
permeability (Fig. 12) and it is therefore suggested to be mainly transcellular
(Paper V). More virions were translocated through the distal region of the
intestine compared to the proximal region (Paper V). A well characterised
feature of the distal intestine of fish is a high vesicular activity (Dalmo et al.,
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Figure 12. Correlation between intestinal permeability to
mannitol (P.pp) and translocated IPNV in the proximal and
distal region of Atlantic salmon.

1997) and a high rate of transport through pinocytosis in the epithelium. This
would render a higher translocation rate also of virions from the lumen in this
region. The high translocation rate in this intestinal region would also imply a
direct translocation of the virions across the intestinal epithelium with
possibility to enter the circulation and create a systemic infection. In the
proximal intestine, however, the rate of translocation was lower and previous
studies have shown a higher titre of virus in the epithelium of the proximal
than the distal intestine after IPNV infection. This could indicate a stronger
degree of replication occurring in the proximal intestine. The virions are
endocytosed at the apical membrane of the proximal intestine but instead of a
direct translocation across the epithelium for release into the circulation the
endosomes are released within the cytosol and virus replication is initiated.
The latter explanation is supported by the characteristic severe tissue damages
observed in the proximal but not distal, intestinal regions during an acute
IPNV infection (Paper I, M Gonigle, 1941, McKnight and Roberts, 1976,
Johansen and Sommer, 2001, Smail et al., 1992, Smail et al., 1995).

A hypothetical model for the effect of chronic stress in
Atlantic salmon

After the recognition of a stressor by the fish, the CNS elicits a series of
neuro-endocrine signals which results in elevated levels of plasma cortisol and
thus initiates allostasis to change the physiological operations to meet the new
demand. Depending on the nutritional status of the fish, ze. to a certain extent
feed appears to protect the individual from stress-induced increases in
intestinal permeability (Olsen et al., 2005, Spitz et al., 1996), the stress
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generates detachment of enterocytes from the basal membrane. A breakdown
in the physical barrier, increases paracellular permeability (Paper I (Olsen et
al., 2005, Meddings and Swain, 2000) and reduces levels of IgM in the
intestine together with sloughing of the mucous layer is the result (Olsen et al.,
2002, Olsen et al., 2005, Szakolczai, 1997). This allows luminal pathogenic
bacteria to attach and interact with the epithelial cells even further decreasing
the physical barrier (Spitz et al., 1996, Olsen et al., 2002, Olsen et al., 2005). In
parallel, central (CRH) and local release of neuropeptides (CRH and substance
P) causes degranulation of lamina propria mast cells which further exacerbate
the breakdown of the physical barrier (Powell et al., 1993a, Powell et al., 1991).
This allows luminal pathogens, such as A. salmonicida and IPNV, and other
luminal antigens to enter the lamina propria where these are recognized by the
mucosal immune system and thus, an inflaimmatory response is elicited
(Komatsu et al, 2009, Mulder et al, 2007). The production of pro-
inflammatory cytokines recruits leucocytes such as neutrophils (Papers III
and IV) and mast cells (Soderholm et al., 2002, Holland and Rowley, 1998)
into the intestinal epithelium for clearance of possible pathogens (Papers III
and IV). Enterocytes recognizing translocated bacteria and/or bacterial
products by TLRs, produce IL-8 (Komatsu et al., 2009) which guides the
neutrophils through the intercellular space (Fig. 10) Paper III and IV). The
neutrophils then pass through the T] and further out into the lumen. Other
neutrophils do not enter the lumen but instead sample the lumen for possible
pathogens and present them to intraepithelial T-cells. Neutrophils that have
reached the lumen start to release ROS and proteolytic enzymes, indeed killing
the microbes, but in parallel also results in further damage to the epithelium if
too abundant. Meanwhile, immune cells release cytokines such as IFN-y,
TNF-o and IL-$ (Komatsu et al., 2009, Mulder et al., 2007) for recruitment of
more immune cells but simultaneously causes a down regulation of TJ
proteins and contraction of the f-actin cytoskeleton which further increases
the intestinal permeability. This stage could be regarded as of crucial
importance. Either, the intestinal barrier function is restored (Blikslager et al.,
2007, Olsen et al., 2005) or maintained at a hyperpermeable state depending
on the duration of the stress response. If the stressor is acute, the stress
response may instantly be turned off and allow the physical barrier to reseal
while Th1-related immune cells such as Tc-cells, macrophages and neutrophils
(Paper III and IV) clear the mucosa from pathogens. In case of a chronic
stressor, however, (Papers I, II and III), the breakdown of the physical
barrier generates an increased, continuous flow of luminal pathogens and
antigens to the mucosal immune system, concomitant with elevated plasma
cortisol levels (Papers I, II and III). The immune system suffers from
overload and the Thl cells are unable to clear the mucosa from luminal
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antigens concomitant with a cortisol mediated suppression of production by
Th1 cells. These scenarios in concert polarize the inflammation progressively
from an acute towards a chronic state with increased expression of Th2
related cytokines such as IL.-4, IL-6, IL.-10 and IL.-13 of which IL.-4 maintains
the increase in paracellular permeability (Di Leo et al., 2002).

Conclusions

Based on the results from the current thesis, it is concluded that common
husbandry conditions is chronically stressful to the fish. This can be observed
as primary as well as secondary stress responses. It is also evident that the
degree of stress differs between different stressors, as well as within each
stressor.

Hyperoxygenation in combination with reduced water flow is
chronically stressful to the fish and elevates the plasma cortisol levels as well
as reduces intestinal barrier function and increases the disease susceptibility.
These observations may explain the increased disease susceptibility to IPNV
observed shortly after transferring the fish to SW. Stressful environments in
one life stage will determine the response to additional stress in subsequent
life stages. Thus, from these results it is suggested that this common
husbandry procedure should be regarded as a risk to the welfare of the fish.

Variations in water DO levels commonly observed in sea cages are
hazardous. As the DO levels approach 60% saturation, a primary stress
response is elicited and plasma cortisol levels increases. Depending on
duration of the stressor, the fish may habituate as observed by plasma cortisol
levels. However, an allostatic load is still evident as demonstrated by decreased
function of intestinal barriers. Moreover, the allostatic load increases even
more as the temperature is elevated.

Intestinal barrier function is proposed as a new scientific tool for
assessment of potential threats to welfare in aquaculture. This technique is a
sensitive indicator of stress at times when no or only minor differences in
primary stress responses can be observed and will be helpful in future studies
on the impact of husbandry conditions on the physiology of the fish. These
methods should be included in future studies related to determining the
legislation framework needed to secure the welfare of farmed Atlantic salmon
as well as other farmed species.

Chronic stress affects all the different intestinal barriers in Atlantic
salmon. A decreased physical barrier is evident in the form of increased
paracellular permeability. The decreased physical barrier is accompanied by
increased translocation rates of the pathogen bacteria Aeromonas salmonicida,
suggesting an increased risk for bacterial infections in fish under chronic
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stress. A dysfunction of the intestinal immunological barrier is observed as
impaired expression of several essential cytokines as well as increased
infiltration of neutrophils. These findings suggest that the fish may experience
increased disease susceptibility towards viral pathogens like IPNV as well as an
increased risk of developing intestinal inflaimmation similar to IBD as
observed in mammals.

The increased susceptibility to viral diseases is reinforced by the fact that
the intestine is an infection route for IPNV. IPNV interact with the intestinal
epithelium and elicits rapid changes in the active transports which could be
mediated by innate recognition of the virus by factors within the intestinal
epithelium. Moreover, prolonged exposure to IPNV further decreases the
intestinal barrier function as well as the active processes in the intestinal
mucosa leading to disturbed barrier integrity and nutrient uptake as well as
increased risk for secondary infections. The translocation method presented is
suitable for further research on how environmental and developmental factors
affect the interaction between virus and the intestinal epithelium.
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