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ABSTRACT

The intestinal tract of salmonids provides a dynamic interface that not only mediates
nutrient uptake but also functions as the first line of defence against ingested pathogens.
Exposure of the immune system to beneficial microorganisms and different dietary
immunostimulants via the intestine has been shown to prime the immune system and help
in the development of immune competence. Furthermore, the morphology and function of
teleostean intestines are known to respond to feed components and to ingested and
resident bacterial communities. Histological appraisal is still generally considered to be the
gold standard for sensitive assessment of the effects of such dietary modulation.

The aim of the present study was to improve understanding of salmonid intestinal
function, structure and dynamics and to use the knowledge gained to develop a model for
analysis, which would allow intestinal health to be assessed with respect to different
intestinal communities and feed components. Virtual histology, the process of assessing
digital images of histological slides, is gaining momentum as an approach to supplement
traditional histological evaluation methodologies and at the same time, image analysis of
digitised histological sections provides a practical means for quantifiable assessment of
structural and functional changes in tissues, being both objective and reproducible. This
project focused on the development of a rapid, practical analytical methodology based on
advanced image analysis, that was able to measure and characterise a range of features of
the intestinal histology of Atlantic salmon in a quantitative manner.

In the first research chapter, the development of a novel histological assessment
system based upon advanced image analysis was described, this being developed with the
help of a soybean feed model known to induce enteropathy in Atlantic salmon. This tool
targeted the evaluation of the extent of morphological changes occurring in the distal
intestine of Atlantic salmon following dietary modulation. The final analytical methodology
arrived at, could be conducted with minimal user-interaction, allowing rapid and objective
assessment of 12 continuous variables per histological frame analysed. The processing

time required for each histological frame was roughly 20-25 min, which greatly improved the
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ABSTRACT

efficiency of conducting such a quantitative assessment with respect to the time taken for a
subjective semi-quantitative alternative approach. Significant agreement between the fully
automated and the manual morphometric image segmentation was achieved, however, the
strength of this quantitative approach was enhanced by the employment of interactive
procedures, which enabled the operator / observer to rectify preceding automated
segmentation steps, and account f or t he s peci mResultssindivated that i o n
i mage analysis provided a viabl e @anbthang mad i v e
practical and time-efficient.

In the second research chapter, feeding Atlantic salmon a high inclusion level of
unrefined SBM (25 %) produced an inflammatory response in the distal intestine as
previously described by other authors. The model feed trial successfully generated
differentiable states, although these were not, for the most part, systemically differentiable
through the majority of standard immunological procedures used, being only detectable
morphologically. Quantitation of morphometric parameters associated with histological
sections using the newly developed image analysis tool successfully allowed identification
of major morphological changes. Image analysis was thus shown to provide a powerful tool
for describing the histomorphological structure of Atlantic salmon distal intestine. In turn, the
semi-automated image analysis methods were able to distinguish normal intestinal mucosa
from those affected by enteritis. While individual parameters were less discriminatory, use
of multivariate techniques allowed better discrimination of states and is likely to prove the
most productive approach in further studies.

Work described in the third research chapter sought to validate the semi-automated
image analysis system to establish that it was measuring the parameters it was purported to
be measuring, and to provide reassurance that it could reliably measure pre-determined
features. This study, using the same sections for semi-quantitative and quantitative
analyses, demonstrated that the quantitative indices performed well when compared to
analogous semi-quantitative descriptive parameters of assessment for enteritis prognosis.

The excellent reproducibility and accuracy performance levels indicated that the image
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ABSTRACT

analysis system was a useful and reliable morphometric method for the quantification of SB-
induced enteritis in salmon. Other characteristics such as rapidity, simplicity and adaptability
favour this method for image analysis, and are particularly useful where less experienced
interpreters are performing the analysis.

The work described in the fourth research chapter characterised changes in the
morphology of the intestinal epithelial cells occurring as a result of dietary modulation and
aspects of inflammatory infiltration, using a selected panel of enzyme and IHC markers. To
accomplish this, image analysis techniques were used to evaluate and systematically
optimise a quantitative immunolabelling assessment protocol. Digital computer-assisted
guantification of labelling for cell proliferation and regeneration (i.e. PCNA); programmed
cell death or apoptosis (i.e. TUNEL); EGCs and t-cell like infiltrates (i.e. active caspase-3
and CD3 respectively); mobilisation of stress-related protein regenerative processes (i.e.
HSP 70) and facilitation of nutrient uptake and ion transport (i.e. Na'K*-ATPase) provided
encouraging results. Through the description of the intestinal cellular responses at a
molecular level, such IHC expression profiling further characterised the inflammatory
reaction generated by the enteropathic diet. In addition, a number of potential diagnostic
parameters were described for fish intestinal health e.g. the relative levels of antigenicity
and the spatial distribution of antigens in tissues.

Work described in the final research chapter focused on detailed characterisation of
intestinal MCs / EGCs in order to try to elucidate their functional role in the intestinal
immune responses. Through an understanding of their distribution, composition and
ultrastructure, the intention was to better characterise these cells and their functional
properties. The general morphology, histochemical characteristics and tissue distribution of
these cells were explored in detail using histochemical, IHC and immunogold staining /
labelling, visualised using light, confocal and TEM microscopy. Despite these extensive
investigations, their physiological function and the content of their granules still remain
somewhat obscure, although a role as immunodulatory cells reacting to various

exogeneous signals through a finely regulated process and comparable to that causing the
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ABSTRACT

degranulation of mammalian MCs is suggested. The histochemical staining properties
demonstrated for salmonid MCs / EGCs seem to resemble those of mammalian mucosal
mast cells, with both acidophilic and basophilic components in their granules, and a granule
content containing neuromodulator / neurotransmitter-peptides such as serotonin, met-
enkephalin and substance-p. Consequently, distinguishable bio-chromogenic markers have
been identified that are of utility in generating a discriminatory profile for image analysis of
such cells. Haematoxylin-erythrosin-safran (HES) and May-Grinwald-Giemsa (MGG)
histochemical stains, and immunolabelling with anti-serotonin, met-enkephalin, substance-p

and caspases-3 / -7 antibodies proved informative.
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CHAPTER 1

GENERAL INTRODUCTION

The global aquaculture industry sector is developing rapidly (FAO, 2012), and its major
economic losses have, to date, been primarily due to disease, which thus remains a key
constraint to its continued growth (Oliva-T e | e s , 2012) . As the i
intensifies, the benefits of high quality feeds, which offer enhanced fish growth and
improved disease resistance, become more apparent (Trichet, 2010). Hence, over the past
two decades there has been increased attention focusing on understanding the
relationships between dietary formulation, growth efficiency, the immune system, and
prevention / control of disease (Landolt, 1989; Lovell, 1998; Good, 2004; Bricknell & Dalmo,
2005; Ringg et al., 2012; inter alia). It is widely recognised that nutritional modulation can
enhance the fishés i mmune system ane.gHZovet
al., 2010; Dong et al., 2013). It is also accepted that besides satisfying the dietary nutrient
requirements for maximum growth, certain feed additives can provide increased
immunocompetence and in turn increased resistance to disease (e.g. Chang et al., 2012;
Awad et al., 2013; Bui et al., 2014). This highlights the complex interaction between fish

nutrition and fish health (Lim & Webster, 2001; Kiron, 2012).

1.1. Nutrition, feed and fish health

The role of dietary ingredients and selective additives on the function of the immune
system in fish has been investigated since the 1960s, and scientific evidence supports a
direct role for nutrients in providing important cofactors and regulators / augmentation of the
immune response (Blazer, 1992; Waagbg, 1994). Some of the dietary components that
have been investigated include ingredients aimed at enhancing the fish immune response
(e.g. yeast derived, R-glucans, ¥ -3 fatty acids), stimulating the establishment of beneficial
gut microbes (e.g. probiotics and some types of prebiotics), stimulating digestive function

(e.g. butyric acid, glucuronic acid, lactic acid, glutamine, threonine, cysteine, and
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nucleotides) and reducing pathogen load in the gut (e.g. organic and inorganic acids,
essential oils, high levels of zinc oxide, herbs and spices, some types of prebiotics,
bacteriophages, and anti-microbial peptides) i Galeotti, 1998; Sakai, 1999; Gannam &
Schrock, 1999; Sahoo, 2007; Govind & Madhuri, 2012; inter alia. Overall, there are good
indications that changes in current dietary formulations, such as fortification of fish diets with
antioxidant vitamins, various protein and amino acids, lipids and essential fatty acids,
carbohydrates, minerals and dietary supplementation with non-nutritive immunostimulant
compounds, can increase immune function and disease resistance in fish, and may be a
cost effective means for reducing the levels of mortality in aquaculture due to disease
(Lovell, 1998; Sealey & Gatlin, 1999; Oliva-Teles, 2012). Therefore, by definition, such
dietary supplements can be considered as immunostimulants or otherwise functional
ingredients (i.e. products from natural or synthetic origin with different chemical
characteristics and mechanisms of action), that can be employed to enhance innate or non-
specific immune responses by interacting directly with cells and tissues mediating immunity
and activating them (Galindo-Villegas & Hosokawa, 2004).

The specific mode of action in fish of many of these ingredients is often difficult to fully
elucidate, partly due to the complex synergy and multi-factorial relationships between these
and other ingredients in the diet (Barker, 2000). Thus, much of our understanding of the
mechanisms behind functional ingredients comes from mammalian and avian studies.
Some of the modes of action suggested for functional ingredients in teleost fish include:
provision of a source of macro and / or micronutrients and enzymatic contribution to
digestion, action to improve gastric morphology, activities enhancing the immune response,
provision of inhibitory compounds (e.g. chemical substances that have a bactericidal or
bacteriostatic effect on microbial populations, which can alter interpopulation relationships
by influencing the outcome of competition for chemicals or available energy), inhibition of
virulence gene expression or disruption of quorum sensing (Galindo-Villegas & Hosokawa,
2004, Bricknell & Dalmo, 2005; Merrifield et al., 2010; Trichet, 2010). Extensive research is

nevertheless required to provide better comprehensive understanding of the mode of action
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of such dietary factors, and to measure and confirm the benefits accruing from their use in
fish. As better tools and biomarkers are developed, it should be feasible to assess the
benefits of use of these ingredients in a structured manner. Given increased knowledge
concerning mechanisms of action and improved techniques for assessing positive (and
negative) effects, the rational formulation of diets that modulate the immune system and
intestinal microflora, increasingly provides tools that may be employed in the
implementation of preventative health care strategies involving novel feeding practices

(Kiron, 2012).

1.2. Diet and the gastrointestinal tract of fish

The gastrointestinal tract is generally regarded in terms of its function as an organ of
digestion and absorption of nutrients, however, there is currently a great interest in this
organ with respect to its role as a physical and biochemical barrier to the exterior
environment, particularly in preventing attachment and invasion by pathogens, and as an
important immune organ (Urzla, 2013). The nutri ti onal composition
i ntestineds c omaneciosely linkedhtio the develbpment and maintenance of
gastrointestinal structural integrity. One of the unintended consequences of dietary
modulation and the feeding strategies followed, can be the loss of intestinal integrity
(Domeneghini et al., 2006), causing enhanced epithelial permeability that may lead to
enhanced uptake of macromolecules, bacterial products and antigens across the
epithelium. The presence of potentially pathogenic enteric bacteria, the proliferation and
metabolic activity of which may perturb the digestive function, can in turn lead to reduced
performance and susceptibility to disease (Montagne et al., 2003). In addition, enteritis and
poor gut morphology can lead to inefficient feed conversion and at the same time the repair
of damaged enterocytes is an energy-consuming activity, which in turn directs valuable
resources from growth to more urgent tissue repair and maintenance (Sweetman et al.,
2008). Thus the interactions between nutrient uptake, intestinal microflora, gut morphology
and the immune system wi | | have a maj or influence on

performance. Therefore, diet formulation to support intestinal health is fast becoming an
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important consideration for the aquaculture industry, because improvement of intestinal
health is essential for the welfare and growth efficiency of fish, especially when suitable
chemotherapeutants are not available or are not permitted by local guidelines or legal
frameworks (Choct, 2009).
Although Atlantic salmon (Salmo salar, Linnaeus, 1758) is one of the major high-value
fish species produced in aquaculture, knowledge of its gastrointestinal responses is far from
adequate, especially given the potential such knowledge has for understanding diet-induced
pathophysiology, which leads to various intestinal disorders (Chikwati et al., 2013a).
Understanding the effects that dietary mani pul ati

function should increase our knowledge concerning the mechanisms of action involved in

dietary manipulation.

1.3. Gastrointestinal tract structure in salmonids

The gastrointestinal tract (Gl) of teleosts consists of several distinct regions that differ
morphologically and histologically, as well as having distinct physiological functions. The Gl
tract can be divided into four distinct anatomical regions: the headgut, foregut, midgut and

hindgut (Harder, 1975; Wilson & Castro, 2011; Figure 1.1).

Foregut Midgut g 1st segment Midgut ¢ 2" segment Hindgut
1 1

Proximal intestine Distal intestine

Esophagus

Cardiac

Pyloriccaeca

Figure 1.1. Gastrointestinal tract of Atlantic salmon illustrating the different intestinal segments (see
Figure 1.5 for respective micrograph sections). (Al) Anterior intestine sample. (MIl) Mid intestine
sample. (DI) Distal intestine sample.

In most carnivorous fishes, including salmon, the Gl is a relatively short and simple
tube extending from the headgut. The function of the headgut, is to acquire food and

mechanically process it. The food subsequently passes into the foregut, which comprises a
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short muscular oesophagus leading into a large U-shaped cardiac stomach, where
digestion occurs through chemical and mechanical breakdown of the food. The cardiac
sphincter defines the anterior limits of the stomach in the same way that the pyloric
sphincter defines the posterior extremity, both controlling the rate at which the digesta are
released into the next segment, located just posterior to the stomach. This segment is the
midgut or intestine, beginning with a cluster of finger-like projections called the pyloric
caeca, which provide additional surface area for absorption and may also perform more
specialised functions. The midgut displays a short bend at its anterior end and accounts for
the greatest proportion of the Gl length, being the principal site of chemical digestion and
absorption. The final section of the Gl is the hindgut, which includes the rectum, a straight
tube to the vent or anus (Burnstock, 1959; Yasutake & Wales, 1983; Guillaume & Choubert,
2001; Rust, 2002; Lgkka et al., 2013).

Despite the various specialised regions of the Gl tract, cross-sectional tissue
organisation remains fairly similar throughout the tract (Jutfelt, 2006). The teleost& Gl wall
from foregut to hindgut consists of four concentric tissue layers: (1) the tunica mucosa,
comprising the epithelium and the lamina propria, vascularised connective tissue containing
nerves and leucocytes. The epithelium serves as a selectively permeable membrane that
separates the body from the external environment (lumen). Additionally, the capillaries
present in the lamina propria allow the exchange of materials between the host and the
outside environment, using the former epithelium as the site of exchange. (2) The
submucosa, an additional connective tissue layer penetrated by nerves and blood vessels
that supports the mucosa. (3) The tunica muscularis consisting of circular and longitudinal
layers of either striated or smooth muscle, vital for the segmental contractions that mix food
items and the peristaltic contractions that propel the chyme in a distal direction. (4) The
tunica serosa corresponds to an assemblage of mesothelial cells and loose connective
tissue containing blood vessels that cover the alimentary canal and other viscera lying
within the peritoneal cavity (Buddington

2011; Urzda, 2013; Figures 1.2 and 1.4).
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Visceraperitoneum

Serosa

Longitudinaimuscle

Circulamuscle

Submucosa

Laminapropria Muscularismucosa

Columnarepithelium

Figure 1.2. The organisation of the tissue layers in the tel
Buddington & Kuzdédmina, 2000).

1.3.1. Intestinal macroscopic anatomy

The intestine of salmonid species is generally divided into two main regions: the
upper anterior portion (also called the small, ascending, ileum, midgut or proximal
intestine), and the lower posterior portion (also called the large, descending, rectum,
hindgut or distal intestine) (Hibiya et al., 1982; Yasutake & Wales, 1983; Rust, 2002). The
terminology used by fish anatomists to describe the intestine segments is therefore
inconsistent (Guillaume & Choubert, 2001). As a result, sections described as anterior,
middle and posterior intestine; duodenum, jejunum and ileum often have different
meanings depending on the author. This confusion arises mainly from the absence of
obvious external anatomical landmarks, which makes the interpretation from different
publications challenging. Nevertheless, for this study authors such as Van den Ingh et al.
(1991), Baeverfjord & Krogdahl (1996), Krogdahl et al. (2003), Sanden et al. (2005),
Bakke-McKellep et al. (2007a), Knudsen et al. (2008) and Penn et al. (2011) were
followed, in naming the anterior portion t he A mrnaxitrhel ®gost eri or portion
intestine. Based on the external gross anatomy, the proximal region is more slender and

its anterior part has generally 50-70 pyloric caeca, while the distal region is radially larger,
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darker and with externally visible transverse blood vessels (Burnstock, 1959; Sundh,
2009; Lakka et al., 2013; Figure 1.1). Internally, the surface area of the intestinal mucosa
is arranged and expanded through a series of folds. However, due to the lack of the

typical crypt structure in comparison to the mammalian intestine, the terms mucosal or

villous folds are currently used to refer

innumerable mucosal folds impart a velvety appearance to the mucosa (Figure 1.3).

Figure 1.3. Scanning electron microscope (SEM) micrographs of the midgut from Atlantic salmon,

showing the luminal appearance of the mucosal folds (MF). Note that intestine samples have an
attached muscularis mucosa and so when in fixative solution they tend to curl up with their luminal

mucosa outwards (ML, Mucosa tissue layer). (SML) Submucosal tissue layer.

The depth and complexity of the folds varies across the different regions of the intestine
(Bruno& Poppe, 1996; Buddi ngton & Kuzdmina,
intestine the folds are irregular and are longitudinally orientated, and where caeca are
present, small parallel folds can be seen longitudinally orientated along the length of the
caecum. In the same intestinal region, where it is devoid of caeca, the folds have no
particular direction of orientation. In most of the anterior region of the distal intestine, large
circular and complex folds can be seen oriented transversely with respect to the tract
(asterisk in Figure 1.5 C), with simple folds lying in between those oriented longitudinally
with respect to the tract (arrow in Figure 1.5 C). In the posterior region of the tract, there is a
gradual transition from the large circular folds, similar to those seen in the previous region,

to smaller folds with an irregular pattern of folding (Lgkka et al., 2013).
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1.3.2. Intestinal microscopic anatomy

The basic histology of the Atlantic salmon was first described in detail by Gulland
(1898) and has recently been comprehensively reviewed by Lgkka et al. (2013). The
intestinal epithelium of salmonids consists of a single-cell layer of columnar absorptive cells
(enterocytes) with a distinctive apical brush border (BBM, Figure 1.6), which greatly extends
the surface of the apical membrane, increasing the area available for absorption and
exposure of membrane-bound digestive and absorptive enzymes (Jutfelt, 2006; Rust,
2002). The enterocytes are generally tall and narrow, with an elongated nucleus located just
below the middle of the cell and are attached to the connective tissue layer of the basement
membrane. Although relatively homogeneous in appearance, they show regional
differentiation, and in the distal intestine, absorptive cells with larger vacuoles in the apical
region are observed (Yamamoto, 1966; Ezeasor & Stokoe, 1981).

Interspersed among the enterocytes are goblet-type mucous cells (Figure 1.4 [4]),
which are filled with secretory granules mainly comprising acidic sialomucin
mucosubstances, although they also contain smaller amounts of sulfomucins (Wilson &
Castro, 2011). The mucus secreted by these cells and other digestive secretions forms a
boundary layer that covers the epithelium and is referred to as a glycocalyx (Buddington &
K u z 6anti000; Figure 1.6). Other cell types present in between the absorptive enterocytes,
especially in the basal region, include immune-associated cells (e.g. lymphocytes and
macrophages), and cells containing cytoplasmic granules which appear to have secretory
functions i.e. eosinophilic granule cells (Holmgren & Olsson, 2009).

Underlying the simple columnar epithelium is the lamina propria, a layer that is largely
comprised of a capillary network embedded in connective tissue (Sundh, 2009; Figure 1.4
[8]). Embedded in the lamina propria is the prominent stratum compactum (Figure 1.4 [5]), a
thick, often folded, layer of non-cellular fibrous material. Under this, is a layer of granule
cells (stratum granulosum; Figure 1.4 [6]), which can vary in thickness within the same
section (Jutfelt, 2006). The remainder of the lamina propria is composed of collagenous

tissue which merges with the inner region of the muscular layer (Figure 1.4 [7 and 8]),
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consisting of a thick inner circular region separated from a thin, outer longitudinal region by

a layer of connective tissue of varying thickness (Bullock, 1963; Figure 1.2).

Figure 1.4 Photomicrographs of the Atlantic salmon distal intestine illustrating the general tissue

organisation and the morphological tissue variations encountered across two different histological
grades: (A) normal morphology, (B) moderate inflammation to severe enteritis. (I) Mucosa (Il)
Submucosa* (1) Lumen (2) Columnar epithelium (3) Lamina propria (4) Mucous cell (5) Stratum
compactum (6) Stratum granulosum (7) Circular muscle (8) Longitudinal muscle (9) Serosa.
Transverse intestinal sections were stained with a combination of haematoxylin-eosin and Alcian
blue 8 GX.

! Term commonly used in all fishes, although technically a submucosa is only present in the groups with a mucosal
smooth muscle layer, which excludes the teleost fish (Burnstock, 1959; Wilson & Castro, 2011). However, throughout
this thesis, the muscle layer contributing to the longitudinal primary folds has been described as muscularis mucosa,
whereas the layer of connective tissue separating this musculature from the muscularis has been designated

submucosa, as recently described in the review of Lgkka et al. (2013).
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In the proximal intestine, the epithelium and the lamina propria are organised into small
folds, which have a tendency to branch. The stratum compactum and stratum granulosum
are not part of the folds but rather organised underneath them (Figure 1.5 A). Along the
anterior region of the distal segment, complex circular folds comprise the epithelium, lamina
propria, and a core of circularly-arranged smooth musculature, whereas the stratum
compactum extends a short distance into the base of such folds. The secondary folds of the
complex folds and the simple folds (triangles and arrow in Figure 1.5 C, respectively) are
comprised of epithelium and lamina propria (Figure 1.5 C). The folds at the end of this
segment have the same histological arrangement as in the proximal intestine, although they
are a bit more irregular in appearance (Lgkka et al., 2013).

Lastly, the perimeter of the intestine is covered by the serosa, which is a thin layer of

connective tissue continuous with the mesenteric tissue, and may contain adipose tissue

and blood vessels (Bullock, 1963; Figure 1.4 [9]).

Figure 1.5. Digital-scan photomicrographs of transverse sections of the intestinal tract of Atlantic
salmon, stained with haematoxylin-eosin (A & B) and with a combination of haematoxylin-eosin and
Alcian blue 8 GX (C). (A) Section from the anterior region of the proximal intestine, with pyloric
caeca. (B) Section from the posterior region of the proximal intestine. (C) Section from anterior region
of the distal intestine with complex (asterisk) and simple mucosal folds (arrow). The complex folds
are organised into simple secondary folds (triangles). (ML) Mucosal tissue layer. (SML) Submusocal

tissue layer. (MF) Mucosal folds.
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1.3.3. Intestinal surface area

Salmonids and some other teleost fish have specialised anatomical structures called
pyloric caeca (Figure 1.1) that are blind diverticuli of the most anterior (proximal) part of the
intestine, and are considered to be an extension to the surface area of intestine, the
purpose of which is to increase the absorptive surface area of the digestive tract (Guillaume
& Choubert, 2001). Similarly, the mucosa of the intestine is arranged into complex folds,
which greatly increase the total intestinal surface area, compared to that of a smooth bore
| ayer (Buddi ngt on Additiokdally thenénteracyte c2lil@r inembrane that
borders the lumen is highly folded into thousands of microvilli (Figure 1.6) forming an apical
brush border that increases the exposed area, relative to areas with unfolded membranes
(Buddington et al., 1997; Rust, 2002). The stated consequence of these distinctive
structural arrangements is that they can accommodate much more membrane than flat
surfaces and have much greater capacity for accommodating various cell types, membrane-
bound transporters and channels that endow the intestinal epithelium with its multifunctional

properties.

LM
BLM

LM

+ +

Figure 1.6. Transmission electron microscope (TEM) micrographs of the midgut from Atlantic salmon,
showing apical cytoplasm of absorptive cells. (A) Section from fish fed a fish meal based control diet.
(B) Fish fed a diet with inclusion of immunostimulant ingredients. (LM) Lumen (Mi) Mitochondria (MV)
Microvilli (BBM) Brush border membrane (BLM) Basolateral membrane (En) Enterocyte (arrows)

Junctional complex (++) Glycocalyx.
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