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Summary   
 
The teleost maraena whitefish Coregonus maraena is a salmonid fish native to the Baltic Sea 
region. With only a few natural populations remaining, they are maintained through large re-
stocking programs and intensive aquaculture production. These high-yield aquaculture systems 
have to adapt the animal needs to the particular conditions of the farm and vice-versa. Within 
this framework, biological responses and demands that occur naturally in the wild face a 
number of unique challenges. These may be amplified conditions that are also present in the 
wild or new conditions related to human interventions. Animals will respond to culture-related 
stressors with a complex physiological reaction. This response, known as the stress response, is 
initiated in the brain and triggers the release of stress hormones in the head kidney (HK). 
Cortisol and catecholamines induce a series of compensatory physiological processes to re-
direct the metabolic resources of the organism toward survival needs. Depending on the type of 
challenge, intensity and duration, the activation of the stress response can lead to decreased 
well-being. To understand and assess the impact and severity of these challenges, markers need 
to be developed that provide a reliable source of information, reflecting the interaction between 
the biological systems and the environmental factors of chemical, physical or biological origin. 
The main line of work of this project was divided between the impact of the stress response on 
the brain monoamine system, and the neuro-immune interactions in the head kidney at the 
cellular level. Therefore, we aimed at obtaining a range of indicators at different levels of the 
neuro-immune axis which can help understand the biological and welfare status of C. maraena 
when confronted with handling and immune challenges. In the search for promising markers, 
particular interest was placed on the siglec machinery for cell-cell interactions, as these are a 
key feature for the modulation of cellular immune responses in vertebrates. Additionally, gene-
based markers have been used to characterize somatosensory networks in the adipose fin of 
salmonids, underpinning the functionality of this appendix and raising concerns about fin 
clipping as a means to mark fishes. The use of gene-based markers played a central role in this 
project as it allowed for the simultaneous evaluation of a large panel of promising markers in 
different tissues and under different challenges. The effects of handling were first observed in 
brain neurotransmitter dynamics and further assessed by changes in plasma cortisol 
concentration. This indicated the activation and recovery phases of the stress response at 3h and 
24h post-challenge, respectively. The low stress response after 10d of repeated handling 
indicated the habituation of the animals to a recurrent stressor. In this sense, adrenaline 
receptor genes (ADRA1D, ADRB3A) and serotonin receptor genes (HTR1A) were found to be 
promising indicators of stress response activation and recovery (HTR3C) in the brain, while 
dopamine receptor genes (DRD1 and DRD4) were potential indicators of habituation. The 
analysis of the HK cell-organization revealed the presence of B cells and granulocytes, and to a 
lesser extent T cells and monocytes. Interestingly, ADRA2D was the most expressed adrenergic 
receptor in the analyzed HK cells, suggesting this α2 receptor variant as a major target for 
catecholamine-immune interaction. The sensitivity of acute phase genes to immune challenges 
was confirmed by the in vivo experiments with A. salmonicida injection and the in vitro exposure 
of HK cells to TLR ligands. At the same time, the exposure of isolated cells to stress hormones 
alone resulted in the up-regulation of IL1B, CXCL8 and SAA, indicating the sensitivity of these 
marker genes to stress stimuli of different origins. Combined exposure to stress hormones and 
pathogen-associated molecular patterns showed the suppressive effects of cortisol and 
adrenaline when the immune response is activated. In addition, noradrenaline was able to 
modulate the expression of hormone receptors but weak as an immune regulator. The study of 
siglecs in three teleost species showed a higher distribution of siglec genes in immune-related 
organs. At the same time, the exposure of C. maraena to a single episode of handling up-
regulated Siglec1 and CD22 in the brain, and down-regulated MAG in the spleen. This suggests a 
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tissue-specific effect on siglec expression. Finally, the gene-based study of the salmonid adipose 
fin indicated the presence of nerves and neurons involved in nociception and mechanosensation. 
This supports the functionality of the adipose fin and raises concerns about fin clipping 
procedures. Overall, these studies collectively pursued a better understanding of C. maraena and 
how teleost biology responds to a challenging environment.  
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Abbreviations  
 
5-HIAA:  5-hydroxyindoleacetic acid 
5-HT:  serotonin 
A:  adrenaline  
ADRA1-2:     adrenoreceptor type α subtypes 1 and 2 
ADRB1-3:  adrenoreceptor type β subtypes 1 to 3 
ASIC2:  acid sensing ion channel subunit 2 
BSC:  Brain-sympathetic-chromaffin axis 
cAMP:  cyclic adenosine monophosphate  
CD22:  CD (cluster of differentiation) 22 molecule (Siglec 2) 
CSF3R:  colony stimulating factor 3R 
CXCL8:  Interleukin 8 (IL-8 or chemokine (C-X-C motif) ligand 8) 
DA:  dopamine 
DAMPs:  damage-associated molecular patterns 
Dap12:  DNAX-activating protein 12 kDa  
DRD1-4:  dopamine receptor subtypes 1 to 4 
FB:  forebrain section 
GFAP:  glial fibrillary acidic protein 
NR3C1A-B:  glucocorticoid receptor type 1 and 2  
HB:  hindbrain section 
HK:  head kidney 
HK-cells:  head kidney cells 
HPI:  hypothalamic-pituitary-interrenal axis 
HSP90AA1:  heat shock protein 90 Alpha family class A member 1 
HSPA1A:       heat shock protein family A (Hsp70) member 1A 
HTR1-6:        serotonin receptor subtypes 1 to 6 
IGHM:           immunoglobulin heavy chain Mu 
IL12B:           interleukin 12B 
IL1B:             interleukin 1β 
IL6:                interleukin 6 
I.p.:                intraperitoneal  
ITAM:           immunoreceptor tyrosine-based activation motif 
ITIM:             immunoreceptor tyrosine-based inhibitory motif 
KCNK2:         potassium two pore domain channel subfamily K member 2 
MAG:             myelin associated glycoprotein 
MB:                midbrain section 
MPO:             myeloperoxidase 
NR3C2:         mineralocorticoid receptor 
NA:                noradrenaline 
NEFL:            neurofilament light chain 
NGFR: nerve growth factor receptor 
PAMPs:  pathogen-associated molecular patterns 
PIEZO2:  Piezo type mechanosensitive ion channel component 2 
PRPH:  peripherin 
PRRs:  pathogen recognition receptors 
SAA:  serum amyloid α 
SIGLEC1:      sialic acid binding Ig-like lectin 1 (Sialoadhesin) 
SIGLEC15:    sialic acid binding Ig-like lectin 
TCR:              T-cell receptor 



6 
 

TLRs:            Toll-like receptors 
TNFA:           tumor necrosis factor α 
TRPC1:         transient receptor potential cation channel subfamily C member 1 
ZAP70:          zeta-chain associated protein kinase 70kDa 
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1. Introduction 
 
1.1. Maraena whitefish and the welfare concerns in salmonid 
aquaculture 
 
The teleost maraena whitefish Coregonus maraena (Bloch, 1779; Fig. 1A) is a salmonid fish 
present in the Baltic Sea area in anadromous and landlocked populations (Fig. 1B). In the 
northern Baltic, juveniles can undertake migrations of up to 700 km, from spawning rivers to 
foraging areas in the sea (Kottelat and Freyhof, 2007). With only a few natural populations 
remaining, its natural stocks are decreasing, only maintained by the large re-stocking programs 
carried out by the Baltic countries since the 90s (Jansen et al., 2008). It has been listed as 
vulnerable in the IUCN Red List of Threatened Species due to overfishing, water pollution and 
dam construction (Freyhof and Brooks, 2011). In Germany, maraena whitefish has been reared 
for intensive aquaculture production since 2005 (Jansen et al., 2008). The production in the 
Baltic area had an approximate average of 850 tons per year from 2009 to 2018 (Eurostat). Due 
to its high market value, it has been introduced in many lakes within its native range (Kottelat 
and Freyhof, 2007). 
 

 
 
 
Figure 1. A) Adult individual of C. maraena. B) Distribution of C. maraena in the Baltic Sea 
region, orange area indicates native distribution and purple area indicates introduced 
populations. Map figure from IUCN Red List of Threatened species.  
 
Nowadays, commercially profitable aquaculture implies high yield production based on 
intensive farms, as they have to supply for the increasing demand of finfish products while many 
wild stocks are being overexploited or depleted. In 2018, the world aquaculture production 
almost doubled capture fisheries yield (FAO, 2020). Such production systems have to adapt the 
animal needs to the particular conditions of the farm and vice-versa. In this framework, 
biological responses and demands that naturally occur in the wild are confronted with a series 
of exotic challenges of anthropogenic nature. These challenges can be amplified conditions also 
present in the wild (e.g. infections in closed systems) or new conditions related to human 
intervention (e.g. handling, finclipping). Over the years and due to their high economical 
interest, Atlantic salmon Salmo salar and rainbow trout Oncorhynchus mykiss have become the 
model animals to study salmonid physiology, and the main source of information about 
salmonid welfare in farming conditions.  

A B 
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Recently, two guidelines (Noble et al., 2018, 2020) summarized the welfare needs of these 
species in aquaculture conditions in four groups: health, feeding resources, behavior and quality 
of the environment. In summary, a proper health status is to the result of fighting against 
pathogen infections and diseases, including skin injuries related to handling or those caused by 
predators. Feeding resources have to be available to avoid starvation and cover the nutritional 
needs of the animals. Fish have to be able to display a natural behavior. This includes exploring 
their surroundings, rest, socialize with their peers and sexual behavior. The optimum quality of 
the environment is reached when water quality, temperature, salinity and oxygen concentration 
meet the demands for each species.  
 
As most teleost species, salmonids are ectotherm which implies that the temperature of their 
bodies is dictated by the temperature of the surrounding water column. In particular to 
salmonids, different life stages have different preferable temperature ranges (Sauter et al., 
2001). This makes thermal regulation a factor to be considered when setting the temperature 
conditions of the farm. Another characteristic of salmonids is that they are anadromous. They 
are born in freshwater and migrate to salt water towards adulthood, returning to freshwater for 
spawning. This ability to adapt their physiology to different osmolalities throughout their life is 
of major importance for the welfare needs at different life stages (McCormick, 2012). In some 
situations, anadromous fish can be physically blocked to reach the sea, becoming a landlocked 
population which will go through the entire life cycle in fresh water. This is the case of the 
different species of Coregonus inhabiting many lakes of northern Europe (Kottelat and Freyhof, 
2007). 
 
For the specific challenges studied in this work, handling procedures can cause injuries of the 
skin and especially the eyes, leading to secondary infections or loss of vision. Moreover, handling 
has been described as an activator of the stress response in salmonids (Barton et al., 1987). 
Optimized handling equipment and technics are essential to minimize the potential harm (e.g. 
vacuum pump system for life fish instead of group netting) (Noble et al., 2012). Removal of the 
adipose fin or fin clipping is a common practice in salmon aquaculture to differentiate farm 
escapees from wild individuals or to identify fish that are part of re-stocking projects (ICES 
WGBAST Report, 2007). This appendix was originally considered useless (Garstang, 1931). 
However, recent works point that it is a functional sensing organ (Buckland‐Nicks, 2016) and 
that its removal has negative effects on fish performance (Reimchen and Temple, 2004). Finally, 
disease and infection are naturally occurring events that can also affect fish in otherwise good 
welfare condition. However, good hygiene standards and strict control of the water quality can 
avoid major pathogen outbreaks in aquaculture facilities.  
 
 
1.2. The stress response in fish 
 
The presence of multiple and overlapping stressors in aquaculture requires a complex 
physiological response. Depending on the type of challenge, intensity and duration, this 
condition can lead to a decreased welfare status (Broom and Corke, 2002; Huntingford et al., 
2006). When confronted with a challenge, the stress response is activated, leading to the 
regulation of multiple systems in the organism in order to re-organize the energetic demands 
and to cope with the stressor. This implies the sudden overload of the organism’s allostasis and 
the subsequent counter-reaction to return the system to an ideal allostatic range or homeostasis. 
The concept of homeostasis can be defined as the state of steady internal conditions that are 
most favorable to the biological processes of the organism and maintained by living systems, 
while allostasis is the energy-bound effort of the organism to reach this optimum range 
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(Wendelaar Bonga, 1997; Iwama et al., 1998; Ramsay and Woods, 2014). These physiological 
and molecular mechanisms involved in the stress response are highly conserved throughout the 
vertebrate sub-phylum and are key to the survival of the organism in a changing environment 
(Winberg and Nilsson, 1993).  
 
The stress response is categorized in three levels (Fig. 2). The primary response is initiated in 
the brain and controlled by the hypothalamus and the surrounding regions of the forebrain 
(Winberg and Nilsson, 1993; Panula et al., 2010; Mueller, 2012). In this initial phase and during 
the stress response, brain monoamines play a major role as neurotransmitters and modulate the 
activity of the brain areas involved (Winberg and Nilsson, 1993; Kaslin and Panula, 2001). Upon 
initiation of the response, the hypothalamus activates the brain-sympathetic-chromaffin axis 
(BSC) (Wendelaar Bonga, 1997; Barton, 2002). Sympathetic fibers transfer the stress signals 
from the hypothalamus through the spinal cord and the sympathetic ganglia, these innervate the 
head kidney (HK) and form synapses with chromaffin cells. Synapse activity will trigger the 
release of the catecholamines adrenaline (A) and noradrenaline (NA) from the chromaffin cells 
into the blood stream (Reid et al., 1998). Following the activation of the BSC, the hypothalamus 
also initiates the activation of the hypothalamic-pituitary-interrenal (HPI) axis. CRH-releasing 
neurons project from the hypothalamus to innervate the pituitary gland and stimulate the 
release of ACTH in the circulation. This hormone will, in turn, induce the interrenal cells in the 
head kidney to release cortisol in the circulation (Wendelaar Bonga, 1997).  
 
The secondary response (minutes to hours) starts once the stress hormones reach their target 
organs. This will induce changes in physiological parameters like blood pleasure and heart rate, 
as well as the increase of glucose and lactate concentration in plasma to prompt the availability 
of energy resources where needed. At this point and if the challenge is successfully overcome, 
this would be the end of the acute stress response also named “fight or flight” response. The 
tertiary response (days to weeks) is defined when the stress axes are continuously activated, 
due to constant or unavoidable stressors, and the system cannot return to homeostasis, the 
mechanisms conforming this response become dysregulated also impairing the functioning of 
the other systems under its control.  
 
Energy resources and availability are limited. Therefore, the re-allocation of these resources to 
the systems needed for the stress response, will have trade-offs with other functions of the 
organism, which will subsequently affect growth, disease resistance, reproduction, behavior and 
swimming capacity in the long-term (Wendelaar Bonga, 1997; Barton, 2002; Segner et al., 2012).  
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Figure 2. Summarizing view of the three levels of the stress response in fish. 1. Primary 
response: Stress axes activation resulting in stress hormone release from the HK. 2. Secondary 
response: The stress hormones induce the re-organization of energy resources. 3. Tertiary 
response: Systemic long-term effects of stressors. 
 
 
1.3. Effects of the stress response on biological systems 
 
It has been demonstrated that standard aquaculture practices can result in increased 
susceptibility of fish to disease (Mazur and Iwama, 1993; Conte, 2004; Dror et al., 2006). 
However, stressors can have a dual role in immune modulation. Acute stressors that do not 
affect homeostasis in the long term can positively stimulate the immune response in some cases. 
For instance, cells and molecules participating in the innate and adaptive immunity (T-cells) can 
be activated after acute stress (Dhabhar, 2002; Wojtaszek et al., 2002). This modulation of the 
immune response is initially driven by the different hormones of the HPI axis, mainly cortisol, as 
well as by catecholamines released in the HK (Weyts et al., 1999). Instead, chronic stressors 
generally have a suppressive role on the immune system. This is mainly driven by the 
continuous elevation of circulating cortisol which inhibits the release of pro-inflammatory 
cytokines while inducing the release of anti-inflammatory agents (Weyts et al., 1999). In 
addition, stress can reduce the amount of leukocytes in blood (Dhabhar, 2002; Tort, 2011) and 
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particularly affect B-cell populations, inducing apoptosis and reducing the production of 
antibodies (Weyts et al., 1998; Varsamos et al., 2006). 
  
In homeostasis, the energy reserves of the fish will be allocated to growth and maturation. In 
this sense, the stress response and the regulatory actions of cortisol reduce the energy available 
for growth at different levels (Jentoft et al., 2005). First, stressors can impair feeding behaviors 
reducing feed-intake (Leal et al., 2011). Increased plasma cortisol regulates the endocrine 
control of appetite, inducing the release of leptin and inhibiting the release of ghrelin (Janzen et 
al., 2012; Madison et al., 2015). Second, monoamines can negatively affect the release of growth 
hormone (Gahete et al., 2009). Third, nutrient absorption in the gut will also be impaired due to 
activity of the HPI axis, reducing the available energetic resources (Barton et al., 1987).  
 
The stress response can affect the pituitary-hypothalamic-gonadal (HPG) axis at different levels, 
acting directly or indirectly to the reproductive structures and decreasing the reproductive 
performance of the animals. Increased cortisol levels in plasma observed after acute handling or 
crowding were accompanied by a reduction of sexual hormones in plasma of salmonid fish  
(Campbell et al., 1994; Kubokawa et al., 1999). Stress can impair ovulation times, also affecting 
egg viability and size (Mileva et al., 2011). Moreover, exposure of adults to stressors can affect 
the survival of the progeny after hatching (Campbell et al., 1992; Mileva et al., 2011).  
 
Fish behavior is defined by the constant activity of the animals in order to adapt to their external 
environment and internal cues, in a continuous pursuit of optimizing various parameters 
simultaneously: temperature, oxygen, pH, salinity, feeding, disease or danger. Accomplishing 
these demands will vary inter- and intra-specifically also taking into account the life stage of the 
animal, sexual maturity and the variability of its natural habitat (Barton, 2002; Pankhurst, 2011; 
Cockrem, 2013) The effect of stressors on behavior will change depending on which kind of 
challenge the animal is facing, how long it lasts, and how far it is from the optimal range. In 
addition, previous experiences with the same stressor can facilitate the habituation of the animal 
to that situation and change its behavioral response (Nilsson et al., 2012). The stress axes also 
participate in the setting of proactive and reactive behaviors in fish. Proactive fish show bold 
behavior and tend to aggression and dominance in the group, while reactive fish display shy 
behavior and subordination (Øverli et al., 2004; Huntingford et al., 2010). During the 
establishment of social hierarchies in rainbow trout, dominant fish had low cortisol levels in 
plasma, while subordinate individuals showed a continuous activation of the HPI and 
monoamine systems in the brain as described for chronic stress (Øverli et al., 1999). The 
activation of the HPI can also affect behavior in other circumstances. In Pacific salmon, elevated 
plasma cortisol has been linked to success in migration from sea to spawning rivers. Also, high 
cortisol levels are observed during migration periods (Carruth et al., 2002). Moreover, it has 
been demonstrated in zebrafish that teleost can adopt behavioral and emotional fever, choosing 
warmer water gradients when confronted with pathogens or stressors, respectively (Boltaña et 
al., 2013; Rey et al., 2015). 
 
 
1.4. Evaluation of markers to monitor fish welfare under aquaculture-
related challenges 
 
The meaning of biomarkers from different scientific perspectives (e.g. clinical, toxicological, 
welfare) have all in common that they are substances or characteristics that indicate an up-
coming condition (Mayeux, 2004). At the same time, biomarkers have to be understood as an 
objective and replicable measurement that reflects the interaction between a biological system 
and an environmental agent of chemical, physical or biological origin (World Health Orgnization, 
1993). An excessive amount of stressors in farming conditions can impair the immune system of 
the animals, facilitating the appearance of diseases (Mazur and Iwama, 1993). In order to 
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understand and evaluate the impact and severity of these challenges, traditional and potential 
biomarkers are constantly validated and developed in the pursuit of a reliable source of 
information to the actual biological status and well-being of the fish. These markers will indicate 
the health status including the level of distress, factors that will ultimately have an impact on 
aquaculture production (Sadoul and Geffroy, 2019). In this sense, markers should be designed in 
a species-specific manner as the coping capacities and resilience greatly vary among teleosts 
(Castanheira et al., 2017; van Treeck et al., 2020). This is of special importance in species 
recently introduced to intensive aquaculture or with not yet developed breeding programs to 
obtain aquaculture-adapted animals (Mylonas and Robles, 2019). In order to obtain a reliable 
diagnostic and avoid false-negatives, a broad panel of markers should be appropriate, as relying 
on single indicators can overlook underlying challenges (Johansen et al., 2006). These should 
integrate different levels of the animal biological response, from gene expression to behavioral 
treats, including established physiological parameters like variations in plasma cortisol and 
glucose (Silbergeld, 1974; Sumpter et al., 1986; Broom, 2006). Physiological parameters can 
complemented with non-invasive measurements, such as growth rate, feeding intake or visual 
inspection for injury and infection (Johansen et al., 2006; Noble et al., 2020).  
 
Gene-expression techniques have been used to search for candidate genes that are sensitive to 
environmental disturbances, and therefore useful as welfare markers for disease and distress 
(Gornati et al., 2005; Krasnov et al., 2005; Korytář et al., 2016). In addition, the distribution of 
gene transcripts that are related to particular biological functions can be used to indicate the 
functional attributes of cells, tissues and organs. The profile of gene expression in different 
organs and tissues can facilitate the selection of marker-genes with tissue-specific relevance 
(Son et al., 2005; Qin et al., 2016).  
Different methodologies provide tools to investigate from small groups of genes (RT-qPCR), to 
whole transcriptomes (RNA-Seq), allowing simultaneous evaluation of potential markers in 
different tissues and under different challenges. However, gene expression markers should be 
supported by other physiological markers at the protein level (e.g. plasma hormones), as 
changes in RNA copies need not necessarily reflect protein availability (Seibel et al., 2021). 
 
 
1.4.1. The brain and neuroendocrine response to anthropogenic stressors: 
Monitoring the activity of the brain monoamine system 
 
As the awareness of fish sentience and farm-related stress-load are becoming a welfare concern 
(Bshary and Brown, 2014), efforts are being put towards breeds that can better cope with farm-
related stressors (Øverli et al., 2001; Olesen et al., 2003). In this sense, neuroendocrine–related 
markers are key to understand and evaluate the level of distress at a given point. These markers 
can help to elucidate the coping range of the animal to unavoidable challenges and the return to 
homeostasis (Sadoul and Geffroy, 2019). Changes in plasma cortisol concentration are a 
standardized indicator of stressful events, as this hormone is the end-product of the HPI axis. 
Certain limitations appear with the use of cortisol due to its rapid fluctuations and a species-
specific response. The range of cortisol response in each specie has to be addressed properly, as 
the cortisol response changes from one species to another and is also affected by life-stage and 
gender (Bermejo-Nogales et al., 2014; Castanheira et al., 2017; Martos-Sitcha et al., 2017). In 
addition, cortisol is involved in other processes independent from stress. For instance, cortisol 
usually increases after feeding and its concentration underlie a circadian rhythm being elevated 
at early hours (or start of daily activity) and slowly decreases during the day (Delaney and 
Klesius, 2004; Cui et al., 2010; Basu et al., 2016). Therefore, the complementation of cortisol 
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measurements with the analysis of other neuroendocrine markers, together with gene 
expression or behavior, can only improve the interpretation of the animal’s stress status.   
Measuring the changes in brain monoamine activity at the onset of the stress response allows to 
interpret the effects of a particular stressor (Gesto et al., 2013). This includes the observation of 
the patterns of release and synthesis of the different monoamines, which play different roles in 
stress coping and behavior (Øverli et al., 1999). In detail, monoamine release will be translated 
into changes in the neurotransmitter reserves of the pre-synaptic neuron. Neurotransmitters are 
rapidly released in the synaptic cleft and metabolized to secondary compounds. Both 
neurotransmitters and metabolites can be measured and quantified (Otten et al., 2010).  
 
The study of the brain response implies a number of difficulties, ranging from the inherent 
anatomic complexity of the brain, which complicates sampling procedures, to the use of highly 
specialized equipment to measure neurotransmitter concentrations, and the necessity to 
euthanize the fish to obtain samples, making impossible to perform repeated measurements on 
the same individual at different time-points. Overall, the analysis of hormones and 
neurotransmitters involved in the stress axes helps to identify the stage of the stress response 
and the intensity of a challenge. This can be complemented with the gene regulation analysis 
during the stress response, which allows the selection of gene-based markers that facilitate the 
monitoring of potential stressors. 
 
The brain as the center of systemic regulation is an interesting target to investigate the impact of 
stressors in cultured fish (Winberg and Nilsson, 1993). This organ and its many interrelated 
regions and neurotransmitters offer a wide range of potential welfare markers to be 
investigated and assessed. In particular to this thesis, the activity of monoamine 
neurotransmitters is closely related to the activation of the limbic system, this is composed of 
several interconnected brain regions including the hypothalamus and the amygdala (Kaslin and 
Panula, 2001). The limbic system is involved in the interpretation of external cues and the 
trigger of the neuroendocrine stress response, which can be followed by a systemic reaction and 
behavioral adaptation (Feldman et al., 1995; Viltart and Vanbesien-Mailliot, 2007; Lőrincz and 
Adamantidis, 2017).  
 
Monoamine neurons and their respective neurotransmitters, serotonin (5-HT), dopamine (DA) 
and NA, modulate the activity of the different brain regions that process stressful cues and 
initiate the stress response (Winberg and Nilsson, 1993; Kaslin and Panula, 2001). Once 
released, brain monoamines interact with their correspondent receptors in the target neuron 
and regulate gene expression and the electrical signaling through the axon. Depending on the 
type of receptor, which can be activatory or inhibitory of monoamine activity, the 
neurotransmitter-receptor binding will decrease or enhance the signaling of the neuron (Flügge, 
1999; Nichols and Nichols, 2008; Mishra et al., 2018). In mammals, seven types of serotonin 
receptors (5-Htr) with a total of 14 subtypes have been described. While 5-Htr1 and 5-Htr5 are 
inhibitory, 5-Htr2; 3; 4; 6; and 7 are activating (Nichols and Nichols, 2008; Fröhlich, 2016). 
There are five types of dopamine receptors (D1-5) described in mammals and fish (Maximino 
and Herculano, 2010), with D1 and D5 showing activating and D2; 3; and 4 inhibitory effects on 
dopamine actions (Mishra et al., 2018). Vertebrates have three types of adrenergic receptors 
(α1, α2 & β), which amount to 10 subtypes (Flügge, 1999). α1 and β have activating effects while 
α2 is inhibitory (Flügge, 1999). 
 
The modulation of gene expression induced by monoamine neurotransmitters also affects 
monoamine receptor genes, involving a feed-back regulation of the monoamine systems. 
Hormones of the stress axis such as cortisol or ACTH also participate in this feed-back control 
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(Flügge, 1999; Bücheler et al., 2002). In this sense, monoaminergic neurons are self-regulatory 
(Bücheler et al., 2002), and control the number of synapses and receptors, including growth and 
apoptosis of other monoaminergic neurons (Flügge, 1999). This influences the neuronal 
plasticity mechanisms that will shape the formation of brain networks. Therefore, conforming 
the particular behavioral responses that individuals exert upon incoming challenges (Flügge, 
1999; van den Heuvel, 2014). 
 
The role of brain monoamine neurons and their respective neurotransmitters was firstly studied 
in mammals and has also been described in fish. In particular, 5-HT induced different activity 
patterns in proactive and reactive fish (Winberg et al., 1992; Øverli et al., 1999, 2001) and 
affected the expression of 5-HT receptors after a stressor was applied (Moltesen et al., 2016). 
Increases in DA activity in the forebrain have been linked to avoidance behavior (Höglund et al., 
2005) and reward (Teles et al., 2013). In vertebrates, NA has a major role during wakefulness 
and arousal (Singh et al., 2015) and shows an increased turn-over in fish subjected to stressful 
stimuli (Øverli et al., 2001). Handling has been established as a common stressor in aquaculture 
as it has been shown to activate the stress response in several teleost species. After handling, 
increases in plasma cortisol levels have been reported (Barton et al., 1987; Barcellos et al., 
2011), supported by altered gene expression in the brain (Krasnov et al., 2005) and changes in 
the brain monoaminergic activity (Gesto et al., 2013). 
 
Due to this close relation between monoamines, stress hormones and monoamine receptors, this 
part of the thesis (Publication I) had a particular focus on the regulation of monoamine receptor 
genes during a stressful challenge, as the extended repertoire of monoamine receptors in the 
brain offered a wide range of promising stress markers. Most of the research on the brain 
monoaminergic response in fish has been performed on species that have been extensively 
reared and adapted to aquaculture (Øverli et al., 2001; Moltesen et al., 2016; Höglund et al., 
2020). In this sense, a newly introduced aquaculture species like C. maraena proved its 
sensitivity to common aquaculture stressors like disease, crowding and temperature (Altmann 
et al., 2016; Korytář et al., 2016; Rebl et al., 2018), indicating that this species is a promising 
candidate to study the stress-related neuroendocrine response. However, a knowledge gap 
emerges regarding the monoamine system of C. maraena as this is, to our knowledge, the first 
study on the brain neurochemistry and monoamine related gene expression in C. maraena.  
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1.4.2. Effects of stress hormones on the early immune response: Markers of 
the neuro-immune modulation of HK leukocytes 
 

 

Figure 3. Summary of the stress-induced neuro-immune interaction in the HK. The initial 
activation of the stress axes in the brain lead to the release of stress hormones in the HK. HPI 
axis hormones and BSC nerves interact in the HK with interrenal and chromaffin cells, 
respectively. The release of cortisol and catecholamines will modulate the immune response, 
boosting innate immunity and reducing antibody production. 
 
The use of in vitro methods in teleost research is highly valuable, as it reduces the welfare 
impact and ethical concerns of live experiments. Primary cell culture techniques are becoming a 
powerful tool, considering the large variety of species used in aquaculture and the lack of 
established cell lines. The combination of gene-expression analysis and primary-cell in vitro 
methods allow the researcher to target highly specific challenges in a short period of time. The 
aim is to obtain markers that are sensitive to a particular stimulus or cue, mimicking the cellular 
reaction naturally occurring in the organism. However, the obtained markers have to be 
assessed in vivo for life animal monitoring (Fierro-Castro et al., 2013; Seibel et al., 2021). The 
sensitivity of immune cells to pathogenic cues and stressors make them a promising choice for 
primary culture and allow to identify the cellular pathways that are most affected in each case.  
 
The HK tissue is the primary source of leukocytes for primary culture in fish as it fosters 
important hematopoietic populations. In this organ, immune cells from the innate and adaptive 
response mature from early hematopoietic undefined stages to fully functional mature 
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leukocytes. In particular, the HK is the origin and maturing site for B cells together with several 
myeloid cell lineages, mainly monocytes, neutrophils and erythrocytes. In addition, the HK is the 
end-point of the primary stress response, here the above mentioned hematopoietic populations 
are mixed with interrenal and chromaffin cells, which are in charge of secreting cortisol and 
catecholamines, respectively (Gazola et al., 1995). In this sense, the head kidney becomes a hub 
for neuro-immune interactions in teleost fish (Fig. 3). 
 
The interaction of stress hormones and immune cells has different effects in the innate and 
adaptive immune systems also varying under acute or chronic stress conditions (Dhabhar, 2002; 
Wojtaszek et al., 2002). In general, acute stressors modulate the immune response by enhancing 
the activity of innate immunity also increasing the traffic of neutrophils in the circulation and 
the migration of circulating macrophages into tissues. In contrast, antibody-producing 
lymphocytes migrate from the circulation to lymphoid tissues and their antibody production is 
reduced by stress (Weyts et al., 1999; Marino and Cosentino, 2013). Acute stressors can induce 
the activation of the acute phase response in the absence of pathogenic cues, stimulating the 
release of pro-inflammatory cytokines (Sunyer and Tort, 1995; Demers and Bayne, 1997). The 
constant release of stress hormones over time, as induced by chronic stress, has a general 
suppressive effect on the immune functions also related to desensitization processes due to a 
continuous exposure to stress hormones  (Yada, 2007; Stolte et al., 2008a, 2008b; Teles et al., 
2013).  
 
In fish, three types of cortisol receptors have been described Gr1, Gr2 and MR (Greenwood et al., 
2003). The receptor-ligand complex will actively enhance or inhibit the expression of particular 
genes and modulate the activity of immune cells (Mommsen et al., 1999; Aluru and Vijayan, 
2009). In general, cortisol will have suppressive effects on the immune system, decreasing the 
synthesis and release of pro-inflammatory cytokines, leukocyte proliferation and antibody 
production (Wendelaar Bonga, 1997; Weyts et al., 1999). However, some parts of the innate 
immunity can be enhanced by the release of cortisol, facilitating the availability of acute phase 
proteins, macrophage activity and leukocyte traffic (White and Fletcher, 1985; Flory, 1989; 
Weyts et al., 1999).  
 
Catecholamines interact with the immune system through the different adrenergic receptors 
present in immune cells (Fabbri and Moon, 2016). In particular, the β2 receptor type is the most 
commonly present among leukocytes and has shown inhibitory functions (Sanders and 
Kavelaars, 2007). In immune cells, the activation of adrenergic receptors by adrenaline or NA 
can negatively affect phagocytic activity and reduce the pro-inflammatory response. In B cells, 
the effects of catecholamines in antibody production depend on which adrenergic receptor is 
activated, therefore with inhibition or enhancing effects (Flory, 1990; Flory and Bayne, 1991). 
Furthermore, catecholamines can provoke increased pro-inflammatory activity of monocytes 
when β receptors are activated (Grisanti et al., 2010). 
 
The initial immune response is mediated by the detection of pathogenic cues via specialized 
receptors in the cells known as pattern-recognition receptors or PRRs. These receptors 
recognize particular motifs in pathogen-borne structures or pathogen-associated molecular 
patterns (PAMPs). Among the different types of PRRs, toll-like receptors (TLR) are 
transmembrane receptors with a particular leucine-rich extracellular domain (Kawasaki and 
Kawai, 2014). TLRs can be found mainly in circulating macrophages and dendritic cells, which 
act as whistleblowers of early pathogen infection (Altmann et al., 2016). These initiate the acute 
phase response (Fig. 4) by enhancing the expression and release of acute phase cytokines (e.g. 
Il1β, Il6, Tnfα or Cxcl8). At the same time, anti-inflammatory cytokines, like Tgfβ, will be also 
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released to modulate the immune response (Geven and Klaren, 2017; Rebl and Goldammer, 
2018). Subsequently, pro-inflammatory cytokines will induce the liver to release acute phase 
proteins (e.g. serum amyloid α, C-reactive protein) in the circulation (Bayne and Gerwick, 2001). 
These molecules participate in antimicrobial activities and tissue repair also enhancing the 
activity of the complement system (Mold et al., 1999). As mentioned in the previous chapter, the 
use of gene-expression techniques can cover a wide spectrum of the interrelated pathways 
involved in the acute phase response. This includes the processes of neuro-immune modulation 
carried out by hormones of the stress axes. The final result will be a selection of markers for the 
single and combined in vitro challenges. 
 
 

 
 
 
Figure 4. Schematic representation of the acute-phase response. Upon interaction with 
pathogenic cues (e.g. PAMPs; pathogen associated molecular patterns), macrophages release 
pro-inflammatory cytokines (CXCL8: Interleukin 8; IL6: Interleukin 6; IL12: Interleukin 12; IL1b: 
Interleukin 1β; TNFa: Tumor necrosis factor α) to facilitate the activation and recruitment of 
neutrophils and T cells, which subsequently mount the cellular immune response. The release of 
cytokines also induces the release of acute-phase proteins (SAA: Serum amyloid α) and anti-
inflammatory factors (TGFb: Transforming growth factor β). Adapted from Bayne and Gerwick  
(2001); Magnadóttir (2006). 
 
 
1.4.3. Siglecs as regulators of the immune cell response and the effects of 
stress on siglec signaling 
 
Siglecs are lectin transmembrane proteins with an extracellular immunoglobulin-like domain 
that recognizes sialic acids present on the cell surface, participating on the cell-cell interaction 
machinery (Varki, 2011, 2017a, 2017b). The effects of stressors on the immune system and the 
immune response have been extensively studied (Weyts et al., 1999). However, there is a lack of 
research regarding stress-response and siglecs. Stressors may have an impact on siglec function 
as they are present in most types of immune cells and play an important role regulating the 
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innate and adaptive immune response. Previous transcriptomic studies showed that 
temperature and crowding stress affected the expression of MAG (Siglec 4) in different organs of 
C. maraena (Korytář et al., 2016; Rebl et al., 2018). In addition, the possible interaction between 
siglecs and stress-hormone receptors was pointed in recent works. It was described that 
bacterial sialic acids form interactions with adrenergic receptor β2 which is present in most 
immune cells, also hypothesizing that Sialoadhesin on macrophages might interact with the β2 
from endothelial cells, initiating a signaling cascade (Virion et al., 2019).  
 
The most conserved siglecs have been described in teleosts (Sialoadhesin, Mag, Cd22, Siglec 15) 
including a gene coding for Cd33 (Jeswin et al., 2018). However, there is no extensive research 
about teleost siglecs function, including tissue distribution or cell-specific expression. It can be 
assumed that the most evolutionary conserved siglecs also conserve their function in fish, as 
seen in the preserved function of various siglec orthologues throughout vertebrates. However, 
some functional variability has been described for teleost siglecs compared to mammalian 
siglecs (e.g. Mag) (Crocker and Varki, 2001; Bornhöfft et al., 2018). 
 
Most siglecs play an inhibitory role on the immune activatory cascade via the ITIM motifs in 
their intracellular domain (Jandus et al., 2011). These ITIM motifs interact with neighbor 
activating receptors carrying ITAM domains and inhibit cellular activation (Ravetch and Lanier, 
2000; Angata et al., 2007). In particular to the Siglecs studied in this thesis, Cd22 (Siglec 2) has 
been mainly described in B cells acting as a modulator of B-cell receptor activity and inhibiting 
antibody production. Down-regulation of B-cell receptor signaling is done through several ITIM 
motifs present in the intracellular domain of Cd22 (Crocker, 2005; Nitschke, 2005; Tedder et al., 
2005; Varki and Angata, 2006). Sialoadhesin (Siglec 1) is specific for macrophages and regulates 
cellular adhesion processes, crucial for the endocytosis of pathogens and cell-cell interactions 
(Crocker et al., 2007; Chang and Nizet, 2014). As opposite to inhibitory siglecs, Siglec 15 
interacts with Dap12 proteins to activate their ITAM domain. This facilitates the immune 
activatory pathways involving Zap70 (Angata et al., 2007). Siglec 15 is also involved in bone 
formation (Macauley et al., 2014). Mag (Siglec 4) is mostly characteristic of the nervous tissue of 
vertebrates and particularly of myelination-related cells, like oligodendrocytes and Schwann 
cells (Quarles, 2007). Mag has stabilizing functions in the interaction between axons and myelin 
(Sun et al., 2004). However, in fish it appears to have ITIM intracellular motifs, suggesting that 
fish Mag might have a role modulating signal transduction (Lehmann et al., 2004). 
 
 
1.4.4. Functional markers to identify welfare concerns: The somatosensory 
function in the adipose fin 
 
The process of adipose fin resection implies the potential loss of sensory functions and arises 
concerns on the welfare impact of this tagging method. The use of fin clipping has been 
demonstrated to reduce the swimming performance of rainbow trout juveniles when 
confronting water streams (Reimchen and Temple, 2004), as well as activating the stress 
response with elevated plasma cortisol (Gamperl et al., 1994). The presence of the adipose fin in 
particular fish lineages, has been related to the constant swimming conditions characteristic of 
turbulent waters (Temple and Reimchen, 2008). Mechanosensation in regular fins has been 
described throughout the vertebrate sub-phylum, becoming a key feature for the animal 
proprioception (Lowenstein, 1956; Bardach and Case, 1965; Williams IV et al., 2013). In detail, 
the action of water flow is translated to passive deformation of the adipose fin (Stewart and 
Hale, 2013). This structural change affects the collagen fiber network inside the fin and triggers 
a mechanosensory response by the adjacent nervous cells (Kimani, 1995). This mechanism has 
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been described in the adipose fin of the catfish C. aeneus (Reimchen and Temple, 2004; 
Buckland‐Nicks, 2016). In addition, projections of nerves have been identified in the fin 
epidermis, these have been related to the sense of touch and water flow detection (Reimchen 
and Temple, 2004). In this sense, the profile of expression for cell-specific genes can be used in 
the adipose fin as markers to classify the cellular groups involved in sensory functions and 
clarify the mechanosensory mechanisms of this appendix. 
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2. Aims and Objectives 
 
C. maraena is particularly sensitive to stressors which occur in aquaculture (Altmann et al., 
2016; Korytář et al., 2016; Rebl et al., 2018). This species is a valued commercial fish, indicating 
the need of extended research to develop markers for the welfare evaluation of C. maraena. Here 
the line of work has been dedicated to the impact of the stress response on the brain monoamine 
system and the head kidney immune response. Therefore, we aimed at obtaining a range of 
indicators at different levels of the neuro-immune axes, which can help elucidate the welfare 
status of C. maraena when confronted with aquaculture-related stressors, in particular with 
handling and immune activation. In addition, the distribution of gene-based markers was used to 
characterize functional aspects of the monoamine and immune system in the brain and HK, 
respectively. In the search of potential markers, particular interest was put on the Siglec 
machinery for cell-cell interactions, as these are key features in the modulation of the cellular 
immune response. The gene-based characterization of the somatosensory networks in the 
adipose fin, allowed supporting the previous hypothesis on its functionality and point out the 
welfare concerns implied in fin clipping, which is performed in most cultured salmonid species.  
 
Study I: 
Considering the brain as the control center of the stress response, this study aimed at analyzing 
the effects of acute and repeated handling on the brain monoaminergic systems of C. maraena.  

• The analysis of the basal distribution of transcripts and neurotransmitters intended to 
identify the brain regions with higher monoamine activity and the most relevant 
monoamine-related genes.  

• After acute and repeated handling, this study endeavored to interpret the regulation of 
specific genes and monoamine activation patterns as indicators of stress response in the 
C. maraena brain. This was supported by measurements of plasma cortisol 
concentrations. 
 

Study II: 
The HK is the end-point of the primary stress response and hematopoietic center. Therefore, 
primary cultures were established to test the effects of the stress response on early immune 
activation in C. maraena.  

• A preliminary in vivo approach with C. maraena aimed at identifying sensitive tissues 
and marker genes of early pathogen infection 

• Combined methodologies were planned to reveal the most relevant immune populations 
in the HK of C. maraena. Additionally, a gene-marker panel was designed to profile the 
stress-related receptors in isolated HK-cells. 

• Exposure of HK primary cultures to stress hormones and pathogenic stimuli was aimed 
at identifying gene-based markers of acute-phase response and neuro-immune 
modulation.  

 
Study III: 
As known immune regulators in mammals, siglecs were characterized in different teleost tissues 
to be assessed as markers for acute handling. 

• In order to clarify the evolutionary conservation of siglec functions, the characterization 
of siglec structures was planned for three different teleost species, together with the 
expression profile of siglecs in different tissues. 

• Analysis of tissue-specific expression of Siglecs after acute stress was expected to 
elucidate the potential of Siglecs and Siglec-related genes as stress markers. 
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Study IV: 
Additionally, the use of gene-based markers was planned to profile the neuronal groups 
involved in the sensory functions of the salmonid adipose fin. 

• A large panel of markers for cell-specific genes was developed to be analyzed in the 
adipose fin of O. mykiss and C. maraena with the aim to identify the different groups of 
neurons and neuron-related cells involved in mechanosensation and nervous 
innervation. 
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3. General Discussion 
 
3.1. Characterization of functional aspects through marker 
distribution in unchallenged animals 
 
The markers listed in the following table are intended to identify particular characteristics and 
functions in organs and tissues, based on the findings and referenced works of the four peer-
reviewed publications included in this thesis. Monoamine-related gene expression was analyzed 
in different sections of C. maraena brain. Monoamine-related markers were selected when high 
expression was observed in comparison to other markers of the same group (e.g. 5-HT receptor 
genes) or comparing the expression of the three brain sections studied: FB, MB and HB (See 
Section 5.1 and publication I). The expression of cell-specific genes and stress-axis receptors was 
analyzed in isolated HK cells from C. maraena. Markers were selected when high expression was 
observed in comparison to other markers of the same group (e.g. ADR genes) or comparing the 
expression of the myeloid and lymphocytic fraction of the HK (See Section 5.2 and publication 
II). The expression of SIGLEC genes was analyzed in immune-relevant organs, brain sections and 
different cell fractions of the HK. Here are listed the organs with higher siglec-specific 
expression (See Section 5.3 and publication III). Mechanosensory-related gene expression was 
analyzed in different fins and organs of O. mykiss and C. maraena. The selected genes were highly 
expressed in the adipose fin compared to other organs (See Section 5.4 and publication IV). 
 
 
Table 1. List of the most relevant gene-based markers measured in unchallenged animals to 
identify particular characteristics and functions in organs and tissues. 
 

Selected 
gene 

Highly expressed in Marker for 

Brain 
ADR genes  FB Target region for NA 

HTR genes FB Target region for 5-HT 

ADRA2C Whole brain Noradrenaline signaling 
target/regulator 

HTR1A Whole brain 5-HT signaling target/regulator 

DRD1 Whole brain Dopamine signaling target/regulator 

HTR4 FB 5-HT signaling target/regulator 

HTR6 FB 5-HT signaling target/regulator 

GR2 Whole brain Cortisol signaling target/regulator 

MR Whole brain Cortisol signaling target/regulator 

HK cells 
ADRA2D HK cells Catecholamine signaling target 

ADRA2A-2B; 
ADRB2-3  

HK cells Catecholamine signaling target 
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3.1.1. Basal neurochemistry and monoamine-related gene expression 
identify the telencephalon and hypothalamus as the predominant 
monoaminergic-activity areas in C. maraena 
 
Unchallenged animals were analyzed to obtain the basal distribution of monoamine 
neurotransmitters and monoamine-related genes in the brain. This was aimed to identify the 
most relevant regions regarding monoamine activity and storage, including the basal levels of 
monoamines and metabolites in each brain section and reveal particular genes with a 
characteristic distribution or transcript abundance.  
The analysis of neurotransmitter and metabolite concentration in the different brain sections 
indicated that the telencephalon and the hypothalamus including the optic tectum were the 
main sites of monoamine storage and synthesis. These findings correlated with the stronger 
expression of different monoamine receptor families in these areas. Therefore, the forebrain of 
maraena stands out as an important target for monoamine signaling of the adrenergic and 
serotonergic systems. Supporting these results in C. maraena, previous studies have described 
similar neurotransmitter distribution in the brain of other teleosts, indicating higher 

NR3C1A HK cells; myeloid fraction Cortisol signaling target 

NR3C2 HK cells; lymphocytic fraction Cortisol signaling target 

MPO HK cells; myeloid fraction Microbicidal activity, myeloid cells 

CSF3R HK cells; myeloid fraction Cell differentiation, myeloid cells 

IGHM HK cells; lymphocytic fraction Antigen binding, B cells 

TCR HK cells; lymphocytic fraction Cell-cell interaction, T cells 

Siglec distribution 
SIGLEC1 Spleen Macrophages, cell adhesion 

processes 
CD22 Head kidney B-cells/leukocytes, B-cell regulation. 

 
MAG HB, Head kidney cells Schwann cells, myelinated nerve 

structures. Immune regulation in 
fish. 

SIGLEC15 Gills, Head kidney cells Immune-activatory capacities 

Mechanosensation 
NEFL and 
PRPH 

All fins Small axons; nociception and 
mechanoreception 

NGFR Adipose fin, dorsal fin Innervation, nerve structures 

GFAP Adipose fin, dorsal fin Glia cells 

TRPC1 Adipose fin, brain mechanoreception 

KCNK2 Adipose fin, brain mechanoreception 

ASIC2 Adipose fin, brain mechanoreception 

PIEZO2 All fins mechanoreception 
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concentration of monoamines in the forebrain and midbrain of Labroides dimidiatus and Naso 
elegans (Abreu et al., 2018), rainbow trout O. mykiss (Øverli et al., 2001) and Arctic charr S. 
alpinus (Backström and Winberg, 2017). Particular of the telencephalon was the high expression 
of ADR and HTR genes when compared with the other brain sections. In particular, HTR4 and 
HTR6 were specifically expressed in the telencephalon (Table 1). Together with the higher 
concentration of 5-HT and its metabolites in the forebrain areas, this underlines the importance 
of the serotonergic system in the telencephalon with more than 50% of the HTR genes analyzed 
being significantly higher expressed in the telencephalon than in the other sections of the brain. 
Similar distribution is reported in humans where most HTR genes are expressed in the amygdala 
and hippocampus which are equivalent regions of the fish telencephalon (Winberg and Nilsson, 
1993; Panula et al., 2010; Mueller, 2012; Švob Štrac et al., 2016). Overall, this part of the study 
identified the forebrain and midbrain as the main areas of monoamine storage and synthesis in 
the brain of C. maraena, including higher expression of the adrenergic and serotonergic 
receptors. 
 
As for the whole brain, ADRA2C, HTR1A and DRD1 were the dominant transcripts of their 
respective receptor families. Interestingly, ADRA2C was almost absent in head kidney cells 
analyzed in publication II. This indicates that this receptor subtype has specificity for the brain. 
Preliminary unpublished data regarding ADRA2C expression in other tissues would support 
these findings as the highest expression of ADRA2C outside the brain tissue is found in the 
spleen but 80-fold lower compared to the brain and it is absent in other tissues such as head 
kidney (Figure 5).  
 
In particular to the expression of cortisol receptor genes, we observed how NR3C1B (Gr2) and 
NR3C2 (MR) were highly present in the brain compared to NR3C1A (Gr1). In contrast, NR3C1A 
expression was predominant in the isolated HK cells analyzed in publication II. This could 
indicate that Gr2 and MR are the main cortisol receptors involved in the feed-back regulation of 
the HPI axis in the brain, which directly affects the brain monoaminergic response (Medeiros 
and McDonald, 2013). 
 
 

 
 
Figure 5. Unpublished data for the average expression of ADRA2C in different tissues from two 
individuals of C. maraena. The expression in the different tissues was normalized against the 
expression in the telencephalon and shown as fold-change. Blank cells in grey indicate non-
detectable expression. 
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3.1.2. Characterization of HK cells as a tool to analyze the neuro-immune 
crosstalk in a non-model teleost 
 
The characterization of the HK cells through microscopy, size/granularity sorting and cell-
specific gene expression indicated that B cells and granulocytes were the most abundant 
immune sub-types in this organ, followed by monocytes and T cells. Microscopic inspection of 
HK cells prior to cell-sorting indicated the presence of cells with lymphocytic morphology. The 
selected cell-specific genes for T and B cells TCR and IGHM, respectively, were clearly higher 
expressed in the low-granularity/small-size cluster of the cell-sorting, as expected for 
lymphocytes, supporting the reliability of the selected markers. For the myeloid lineage, MPO 
and CSF3R were specifically highly expressed in the high-granularity/large-size cluster, 
confirming the specificity of these genes for granulocytic cells. Interestingly, genes with specific 
expression in monocytes (LCP1, MPEG1) were differentially expressed in both clusters of the cell 
sorting, possibly due to the large-size/low-granularity nature of these cells or the presence of 
different maturing stages of monocytes (Wulff et al., 2006).  
The expression of stress-hormone receptor genes was analyzed in the two cell fractions 
obtained from HK cells after sorting. These results indicated the presence of six out of the eight 
adrenergic receptors targeted and three cortisol receptors. Overall, the receptor-expression 
panel was evenly distributed between the lymphocytic and the myeloid fractions with some 
exceptions. In detail, GR1 was higher expressed in the myeloid fraction while MR was higher in 
the lymphocytic fraction (Table 1). This indicates the possible gates of cortisol signaling into 
innate and adaptive immunity, which it is supported by previous findings on the different 
distribution of cortisol receptors in different types of human leukocytes (Lu et al., 2017). The 
expression of four ADRA2 and two ADRB adrenergic receptor genes was found in the analyzed 
HK cells, while ADRA1 receptor genes were non-detectable. The adrenergic receptor β2 is the 
most commonly found in human immune cells and the only described for lymphocytes (Sanders 
and Kavelaars, 2007; Estrada et al., 2016).  In our findings, the expression of ADRB2 was even 
with most of the other adrenergic receptor genes and not specific for any of the two cell 
fractions. Interestingly, ADRA2D had higher expression than the sum of all the other receptor 
genes in both analyzed cell fractions indicating the potential role of this α2 variant in the 
interactions between catecholamines and immune cells. Unfortunately, there is not enough 
information about ADRA2D, as it was lost during evolution for mammals, and it is considered a 
paralog of ADRA2A (Céspedes et al., 2017). Altogether, these findings suggested that the innate 
and adaptive immune capacities of the head kidney can be observed in HK cells in vitro, and 
pointed the gates of neuro-immune communication in this organ. 
 
 
3.1.3. Siglec gene-expression is biased towards immune organs and 
indicates a teleost-specific siglec distribution.  
  
The expression analysis of SIGLEC genes in O. mykiss, C. maraena and S. lucioperca indicated that 
the pattern of distribution of SIGLECs is higher in immune-related organs with the exception of 
MAG, which was also highly expressed in brain (Table 1). SIGLEC1 expression was higher in 
immune-related organs of the studied fish such as spleen, head kidney and gills. Similar 
observations were made for SIGLEC15, which was also highly expressed in spleen of trout and C. 
maraena. This is in line with previous findings reporting SIGLEC1 and SIGLEC15 to be highly 
expressed in mammal macrophages (Crocker et al., 2007; O’Reilly and Paulson, 2009; Macauley 
et al., 2014). CD22 was mainly expressed in the head kidney of all three fish studied. The known 
interaction of Cd22 with B-cell receptor in mammalian B cells (Nitschke, 2005; Tedder et al., 
2005) supports our previous findings described in publication II, where C. maraena HK harbored 
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an important population of B cell-like lymphocytes as observed by the high numbers of IGHM, 
microscopic characteristics and light scatter properties. At the same time, CD22 had high 
expression levels in erythrocytes and fraction I and II of the cell sorting, indicating that Cd22 in 
fish might not be restricted to lymphocytes, as is the case in mammals (Chappell et al., 2017; 
Clark and Giltiay, 2018). SIGLEC15 and CD22 were also the most expressed SIGLECs in the 
different cell fractions of hematopoietic HK cells, which points to their immune-modulatory role 
in regulating the activation of intracellular ITAM domains of immune cells (Angata et al., 2007; 
Jandus et al., 2011).  
 
As Mag is involved in the interaction between axons and myelin, it was expected to be highly 
expressed in brain and nervous tissue (Quarles, 2007). Our findings supported this hypothesis, 
with MAG being highly expressed in the hindbrain section. This part of the brain gathers bundles 
of myelinated axons from the brainstem joining the spinal cord (Duval et al., 2019). MAG was 
also highly expressed in the gills of the salmonid fish analyzed. The presence of MAG in this 
immune-related organ might be in accordance with the immune-regulatory capacities of piscine 
Mag. ITIM motifs in MAG have been described for zebrafish (Lehmann et al., 2004) and 
confirmed in the sequence analysis for C. maraena and trout in publication III. This ITIM motif 
has been lost in higher vertebrates (Lehmann et al., 2004).  
 
When comparing the amino acid sequences of CD22 between different species, the results 
indicated that the most N-glycosylation sites in the human orthologue are conserved in the 
studied salmonids. At the same time, the presence of an ITIM motif was found in the O. mykiss 
sequence, indicating that the immune function of CD22 is conserved throughout vertebrates. 
However, most of the amino acids involved in sialic acid binding in humans where absent in fish 
CD22 and the 3D model comparison showed significant structural differences, altogether 
affecting the CD22 binding capacities. The analysis of SIGLEC15 amino acid sequence indicated 
that the immune-regulatory function of this siglec has been conserved throughout evolution, 
maybe due to the constant presence of particular pathogens with a defined sialic pattern. The 
cysteine residues forming the extracellular Ig domain were well-conserved between fish and 
mammals. At the same time, the key lysine residue for intracellular signal transduction with 
Dap12 proteins was also well conserved with high vertebrates. In summary, the characterization 
of salmonid SIGLECs indicate the conserved nature of siglec functions, and the particular 
immune-modulatory role of teleost siglecs. 
 
 
3.1.4. The gene expression analysis of the adipose fin indicates nervous 
innervation and mechanosensory functions 
 
Previous studies based on histological analysis and animal trials have described the 
mechanosensory capacities of the adipose fin and identified an extensive network of neuronal 
innervations and the presence of astrocyte-like cells involved in sensory functions (Temple and 
Reimchen, 2008; Aiello et al., 2016; Buckland‐Nicks, 2016). In the same direction, this project 
(Publication IV) aimed at the development of an extensive panel of genes that could be used as 
cell-specific functional markers in salmonid adipose fins, and further identify the possible cell 
types responsible for somatosensation and nervous innervation in this appendix. To this end, 
the expression patterns in the adipose fin were compared to the expression levels in other 
organs with known mechanosensory function or neuronal innervation, with the brain as the 
main reference tissue.  
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To elucidate the presence of neurons and neuronal innervation, genes whose mRNA is known to 
be present in the neuronal axons were used as indicators of innervation, together with marker 
genes for glial cells, astrocytes and Schwann cells based on the assumption that these cell-types 
are mostly present in tissues when associated to neurons and nerve fibers (Reinisch and 
Tschachler, 2012). The expression of PRPH, NEFL, and NGFR was particularly high in the adipose 
and other fins analyzed. In particular, NGFR was higher expressed in the adipose fin than in the 
brain (Table 1). NGFR is a known marker for neurons and innervated tissues (Hartmann et al., 
2004; Li et al., 2018). In combination with NEFL and PRPH, the presence of these genes identify 
neurons with small unmyelinated axons (Lariviere and Julien, 2004; Zeisel et al., 2018). Small 
unmyelinated neurons are usually involved in nociception and mechanosensory functions, 
forming free nerve endings close to the epidermis as reception networks for incoming stimuli (Li 
et al., 2018). In this direction, GFAP was used as a marker for astrocytes and was mostly 
expressed in the adipose fin and the brain. Astrocyte-like cells expressing GFAP would interact 
between nerve endings and the structure of collagen fibers present in the adipose fin, acting as a 
motion receptor through deformation of the collagen structure (Buckland‐Nicks, 2016). This is 
further supported by the particularly high expression of TRPC1, PIEZO2, and KCNKs in the 
adipose fin. These are defined markers of C-fiber low threshold mechanoreceptor neurons, 
which have afferent free-nerve endings and are involved in the sensation of touch (Li et al., 
2018). Overall, the implementation of gene-based markers supported the nervous innervation of 
the adipose fin and the presence of various sensory networks related to pain, movement and 
touch. In this sense, the impact on fish welfare has to be considered, as the loss of the adipose fin 
due to marking purposes can diminish swimming performance, in addition to the stress load 
delivered by the painful procedure of fin resection and the chance of an opportunistic infection.   
 
 
3.2. Response of the selected markers to aquaculture-related 
challenges 
 
The following table shows the possible interpretation of the selected immune and stress 
response markers based on the findings of publications I, II and III and their correspondent 
discussions. Acute and chronic stress response was studied in C. maraena by the means of a 
single episode of handling or repeated handling for 10 days, respectively (See Section 5.1 and 
publication I). The concentrations of plasma cortisol and brain neurotransmitters were 
measured at different time-points for acute (3h, 24h) or repeated handling (10d). 
Neurotransmitter concentration was measured in three different sections of the brain (FB, MB 
and HB). Here the time-points and/or brain sections which showed significant changes in 
plasma cortisol or brain neurotransmitter concentrations are listed with respect to the control 
individuals. The expression of genes related to monoamines was analyzed using the same brain 
sections and time-points after handling. Genes significantly up- or down-regulated are 
summarized in the table. The expression of immune genes was analyzed at different time-points 
(1h, 3h and 24h) after HK-cells from C. maraena were stimulated in vitro with stress hormones 
and PAMPs. In addition, individuals from C. maraena were exposed to A. salmonicida (See 
Section 5.2 and publication II). In this case, the expression of immune-related genes was 
analyzed at different time-points (24h, 48h and 72h) in different organs and tissues. Here the 
most sensitive genes for the different immune stimulations applied are summarized. Siglec-
related gene expression was analyzed in different organs and brain sections of C. maraena 3h 
after a single episode of handling (See Section 5.3 and publication III). The table shows in which 
tissue the siglec genes were most affected by handling. 
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Table 2. List of selected neuroendocrine and gene-based markers for C. maraena which were 
particularly sensitive to handling, A. salmonicida infection or in vitro to stress hormones or/and 
immune stimulation. 
 
 
Neuroendocrine 
markers Tissue Challenge Response Indication 

Brain and plasma 
Cortisol Plasma Acute handling Increase concentration 

3h post-challenge 
Acute stress  

5-HIAA MB Acute handling Increase concentration 
3h post-challenge 

Acute stress 

Noradrenaline MB Acute handling Increase concentration 
24h post-challenge 

Stress recovery 

Dopamine MB Acute handling Increase concentration 
24h post-challenge 

Stress recovery 

Serotonin  MB Acute handling Increase concentration 
24h post-challenge 

Stress recovery 

Gene-based 
markers  Tissue Challenge Response Indication 

Brain  
HTR1A  HB Acute handling modulation 3h post-

challenge 
Acute stress 

HTR6 MB Acute handling Up-regulation 3h post-
challenge 

Acute stress 

ADRA1D and 
ADRB3A 

HB Acute handling Down-regulation 3h 
post-challenge 

Acute stress 

HTR3C  FB Acute handling Down-regulation 24h 
post-challenge 

Stress recovery 

TPH1  FB 10d repeated 
handling 

Down-regulation after 
repeated handling 

Habituation  

DRD1 and DRD4 FB and 
MB 

10d repeated 
handling 

Down-regulation after 
repeated handling 

Habituation 

Immune response in vitro 
IL1B, SAA and 
CXCL8 

HK cells PAMPs Up-regulation at all 
time-points 

Pro-inflammatory 
response 

IL1B and CXCL8 HK cells Adrenaline  Up-regulation at 1h 
and 3h 

Pro-inflammatory 
response or/and 
stress response  

SAA HK cells Cortisol  Up-regulation at all 
time-points  

Pro-inflammatory 
response or/and 
stress response 

IL1B and CXCL8 HK cells PAMPs 
combined with 
adrenaline 

Decreased up-
regulation at all time-
points  

Stress response and 
dampened pro-
inflammatory 
response  

IL1B, SAA and 
CXCL8 

HK cells PAMPs 
combined with 
cortisol 

Decreased up-
regulation at all time-
points 

Stress response and 
dampened pro-
inflammatory 
response 
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Immune response in vivo 

IL1B, IL6,  IL12B 
and TNFA  

HK tissue A. salmonicida 
i.p. injection 

Up-regulation after 
48h, Down-regulation 
after 72h 

Pro-inflammatory 
response 

IL1B, IL12B Peritoneal 
cells 

A. salmonicida 
i.p. injection 

Up-regulation after 
72h 

Pro-inflammatory 
response, cell-
migration 

CXCL8 Peritoneal 
cells 

A. salmonicida 
i.p. injection 

Up-regulation after 
72h 

Pro-inflammatory 
response 

Siglecs  
CD22 FB and 

HB 
Acute handling Up-regulation after 3h Anti-inflammatory 

response 
MAG Spleen Acute handling Down-regulation after 

3h 
Myelination/ 
immune regulation 

SIGLEC1 MB Acute handling Up-regulation after 3h Presence of 
macrophage-like 
cells, cell adhesion 
processes, 
endocytosis 

 
 
3.2.1. A short episode of acute handling mobilizes the monoamine systems 
in the brain and the serotonergic response in particular.  
 
The initial effects of a short handling episode (1 minute) were observed in the brain of maraena 
through the different analyzed levels of the serotonergic system, including the activation of the 
HPI as indicated by the increased cortisol levels 3h after the challenge (Wendelaar Bonga, 1997). 
Handling induced the release of 5-HT in the hypothalamic areas as indicated by the increased 5-
HT metabolite 5-HIAA, this was corresponded with the modulation of adrenergic and 
serotonergic receptor gene-expression, mainly in the cerebellum and brainstem areas (Table 2). 
Particularly interesting was the down-regulation of HTR1A in the HB section 3h after handling, 
this gene codes for the 5-HT receptor 5-HT-1A which is actively involved on the modulation of 
HPI axis in fish and HPA in mammals by inhibiting 5-HT signaling (Fuller, 1992; Barnes and 
Sharp, 1999; Medeiros et al., 2010). HTR1A was the most expressed HTR gene in the whole brain 
of maraena, it can be hypothesized that changes in the number of HTR1A transcripts implied a 
stronger regulatory effort compared to other less expressed HTRs. This suggests HTR1A as a 
reliable marker for the initial response to acute handling on the brain serotonergic system. 
 
The monoaminergic activity in the brain changed 24h after the acute handling. Monoamine 
metabolite concentration in the brain and cortisol in plasma returned to pre-stress levels, 
indicating the recovery to homeostasis after the initial activation of the stress response (Schreck 
et al., 2016). At the same time, elevated concentrations of all monoamines analyzed were 
observed in the midbrain areas. This can be understood as a compensatory action to the initial 
demand of monoamines during the stress-response to acute handling. HTR3C was the most 
affected gene 24h after handling with down-regulation in the telencephalon. This gene was also 
down-regulated 3h after the stressor in the hindbrain section but not with statistical 
significance. This repeatedly observed down-regulation at different time-points could indicate 
that acute stressors have a relatively long-lasting effect on the expression of HTR3C. As this 
receptor is involved in the activation of 5-HT signaling, this down-regulation could point to a 
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feed-back dampening of 5-HT activity after the initial 5-HT release triggered by acute handling 
(Sangkuhl et al., 2009). 
 
Repeated handling for a period of 10 days had no effects on the activation of the HPI axis or 
monoaminergic activity. As observed by the unchanged plasma cortisol levels and 
neurotransmitter concentration in the brain. With no signs of a stress-recovery stage as seen 
24h after acute handling, the lack of response to repeated handling might be explained as 
habituation to the stressor. In this sense, the modulation of TPH1 and TH expression suggests 
the sensitivity of monoamine synthesis pathways to repeated handling and might be an indicator 
of habituation, although the expression of TPH1 in FB section is inconsistent with previous 
findings (Lillesaar et al., 2009; Gaspar and Lillesaar, 2012). Modulation of DA receptor 
expression (DRD1 and DRD4) in the frontal brain sections might indicate desensitization to DA 
signaling. Effects on gene expression for DA receptors and synthesis enzymes have been 
reported in fish after repeated handling in the past (Chabbi and Ganesh, 2015).  
 
In summary, the FB and MB can be identified as promising areas of study regarding monoamine 
systems in the brain because they enclose a rich repertoire of monoamine receptors with high 
basal expression, and have a sustained high concentration of monoamine neurotransmitters in 
unchallenged animals (See section 3.1.1 and publication I). Considering the initial understanding 
of maraena as a stress-sensitive fish, here it presents as particularly resilient to stressful 
challenges when confronted with repeated short stressors over time. At the same time, the 
results of the acute stress experiment suggest that maraena has a stress-recovery period of at 
least 24h. These results indicate that maraena is sensitive to intense and unexpected challenges 
but also shows habituation capacities to repeated handling.  
 
 
3.2.2. Acute-phase genes are promising markers to study neuro-immune 
interactions at the cellular level 
 
The in vivo stimulation of C. maraena with A. salmonicida i.p. injections resulted in the strong up-
regulation of pro-inflammatory genes IL1B, IL6, CXCL8, TNFA, IL12B in head kidney after 48 h 
and peritoneal cells after 72 h (Table 2). General down-regulation of the same group of genes 
was observed in the head kidney 72 h post-injection. These results could indicate the initial 
activation of immune cells 48h post-injection and the subsequent migration of these activated 
immune cells from the head kidney to the injection site in the peritoneum at 72 h. This has been 
reported in previous works in maraena and other salmonids and identifies the head kidney as a 
center for cell-mediated pro-inflammatory responses against bacterial infection (Jørgensen et 
al., 1993; Korytář et al., 2013; Brietzke et al., 2015; Altmann et al., 2016).  
 
The response of acute-phase genes against pathogenic cues was further investigated in vitro 
with extracted HK cells from maraena, this time in combination with the major stress hormones 
of the HK and analyzing the expression of the stress-hormone receptors previously 
characterized in the immune populations of the HK (See section 3.1.2 and publication II). The 
exposure to PAMPs triggered the up-regulation of acute-phase genes similar to those previously 
observed in HK and peritoneal cells during the in vivo stimulation with A. salmonicida. In this 
case, IL1B, CXCL8 and SAA had a strong initial up-regulation (Table 2). This confirmed the 
sensitivity of acute-phase response genes, which has been previously reported for various fish 
species (Jørgensen et al., 2000; Iliev et al., 2005; Seppola et al., 2008; Chettri et al., 2011), and 
indicates the importance of the head kidney in the initial response to pathogens and reliability of 
IL1B, CXCL8 and SAA as early markers of pathogen-immune encounters.  
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Cultured cells exposed to cortisol responded with strong up-regulation of SAA, which increased 
from 1h to 24h. SAA has been well documented as a sensitive marker to various stressors, from 
inflammatory processes (Villarroel et al., 2008; Rebl et al., 2009; Kuçceukgul Guleç and 
Cengizler, 2012) to culture related challenges (Talbot et al., 2009; Korytář et al., 2016; Sveen et 
al., 2018). The exposure to cortisol also induced the early but weak up-regulation of IL1B and 
IL6, this was followed by down-regulation of most cytokines after 24h. When combined with 
PAMPs, cortisol greatly dampened the PAMP-induced pro-inflammatory response observed for 
cytokine genes and SAA. The results indicate an early pro-inflammatory influence of cortisol that 
would follow the HPI axis activation. This would be opposed by the increased anti-inflammatory 
capacities of cortisol when pathogenic cues are present. The exposure to adrenaline had similar 
effects, with stronger pro-inflammatory activity than cortisol when the hormone was exclusively 
added to primary cells, but it was less effective than cortisol at counteracting the pro-
inflammatory activation when combined with PAMPs. This dual role of adrenaline as pro-
inflammatory immune modulator has been reported for other teleosts with varying responses 
(Castillo et al., 2009; Khansari et al., 2017b, 2017a), indicating that catecholamine-immune 
interactions might be species-specific. The culture of HK-cells with stress hormones alone had 
different effects on the analyzed panel of adrenergic receptors. Catecholamines had in general an 
up-regulatory role of their own receptors starting from 3h of incubation and mainly through NA. 
The opposite was observed in the effects of Cortisol, which down-regulated most of the 
adrenergic receptors. Cortisol can act as a feed-back regulator of the monoamine activity 
including the expression of adrenergic and other monoamine receptors (Nakane et al., 1990; 
Flügge, 1999; Medeiros and McDonald, 2013). In summary, these results pointed the ambivalent 
role of stress hormones, when observing the modulatory effects exerted on immune cells with or 
without pathogenic cues. 
 
Heat shock proteins are closely related to cortisol signaling and cellular stress (Bertorelli et al., 
1998) and have also been reported to participate in immune-modulatory activities (Wachstein 
et al., 2012). Interestingly, the incubation with cortisol did not have major effects on HSP 
expression. However, the exposure to PAMPs and/or catecholamines had a similar effect on HSP 
genes by up-regulating them 24h after the start of the experiment. This indicates the sensitivity 
of HSP expression to stress and pathogenic cues. The ambivalent response to stress and 
pathogen cues of IL1B, CXCL8 and SAA indicates the dual capacities of immune genes, as has been 
reported for cytokine transcripts (Irwin and Cole, 2011). This points the sensitivity of these 
genes as early markers for fish status and the necessity of a careful interpretation of the results.  
 
 
3.2.3. Acute handling can influence the tissue-specific expression of siglecs 
and support their role as immune-regulators in fish 
 
The effect of a short episode of acute handling (1 minute) on the expression of SIGLECs was 
studied in different organs and brain sections of C. maraena. SIGLEC1, CD22 and MAG were the 
most affected genes 3h after the handling challenge (Table 2). SIGLEC1 was up to 3-fold up-
regulated in the different brain sections of C. maraena. Interestingly, SIGLEC1 is particularly 
expressed in macrophages and the expression levels of SIGLEC1 in the telencephalon are similar 
to those observed in the HK (See publication III). This could indicate a similar set of 
macrophage-like cells expressing SIGLEC1 in the brain. Having in mind that 3h after acute 
handling the brain stress response is still activated in C. maraena (See publication I), the up-
regulation of SIGLEC1 after handling might be related to the modulation of microglia or CNS-
resident macrophages (Groh et al., 2016; Siew and Chern, 2018). These findings point SIGLEC1 
as a promising marker for the stress response of macrophage-like cells in the brain.  



GENERAL DISCUSSION 

32 
 

Handling up-regulated the brain expression of CD22. The function of Cd22 has been mostly 
described as a regulator of B-cell activity (Crocker et al., 2007). Interestingly, in the brain of mice 
it is produced by neurons to be released as an anti-inflammatory agent to modulate microglia 
activity (Mott et al., 2004). This could indicate that the increased levels of CD22 are linked to 
microglia activation due to the brain stress response at the moment of sampling, making this 
gene an interesting marker for neurological reactivity to ongoing stress response.  
 
The expression of MAG in C. maraena was previously reported to be affected by temperature in 
the microarray study of Rebl et al (2018). In detail, MAG was 2-fold up-regulated in the spleen 
after C. maraena was exposed to an increase from 18 to 24 ℃ in water temperature. This is 
opposed to the findings of this thesis (See publication III), where the exposure to handling 
down-regulated the expression of MAG in the spleen. In higher vertebrates, MAG is restricted to 
cells involved in the myelination of axons and has no immune-regulatory functions (Quarles, 
2007). However, the MAG orthologue in teleost presents an ITIM motif and therefore the 
capacity to modulate the activity of the cell (Lehmann et al., 2004). These results support the 
modulatory effects of stressors on MAG gene expression, and identify the spleen as an 
interesting target organ to evaluate MAG immune-regulatory functions. 
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4. Conclusions and future perspectives 
 
This project was directed towards the characterization and evaluation of a diverse group of 
markers for salmonid fish, and C. maraena in particular. The marker distribution analysis in 
unchallenged fish aimed to clarify the organization and function of the target tissues. At the 
same time, established markers and new candidates were assessed in C. maraena as indicators 
of the stress response when confronted to handling and immune stimulation. For the first time, 
the distribution and activity of the monoamine system was analyzed in the brain of C. maraena. 
Changes in brain monoamines proved to be a suitable complement to plasma cortisol 
concentrations, facilitating the interpretation of the stage and intensity of the stress response in 
fish after handling. Adrenergic and serotonergic genes were highlighted as sensitive markers of 
stress response activation and recovery, while dopaminergic genes were promising indicators of 
habituation. The use of isolated HK cells resulted in a powerful tool to simulate neuro-immune 
interactions at the cellular level, and revealed acute-phase genes as sensitive markers of such 
challenges. Moreover, the techniques and methodologies used in this part of the work for C. 
maraena can be easily adapted to other non-model species that are newcomers to aquaculture. 
The analysis of the structure and tissue expression of the studied SIGLEC genes indicated their 
conserved status across vertebrates with teleost-specific immune functions and distribution. In 
addition, SIGLEC gene-regulation proved to be sensitive to acute handling in a tissue-specific 
manner. Finally, the expression profile of cell-specific genes in the salmonid adipose fin, revealed 
the presence of neurons, neuron-related cells and somatosensory receptors, supporting the flow 
sensory capacities of this appendix at the gene level. Overall, the present work provides an 
extended panel of markers to better understand how C. maraena responds to a challenging 
environment. 
 
The research on the effects of handling in the stress response of C. maraena is still an ongoing 
project with promising results. Here, further analyses have been done with a focus on the head 
kidney response to evaluate the effects of handling on the neuro-immune interaction in vivo. 
Cortisol and plasma parameters have been studied together with an extended transcriptomic 
analysis of the head kidney tissue at 3h and 24h post stress, and after 10d of repeated handling. 
The obtained transcriptomic data will be processed with IPA software to identify the regulatory 
pathways affected by handling. In addition, the phagocytic capacities of head kidney cells will be 
analyzed three hours after acute handling to discern the effects of and acute stressor to the 
immune performance of the myeloid population resident in the HK. The results of this study are 
in preparation for a peer-reviewed publication. 
 
In publication II, the expression analysis of adrenergic receptor genes in isolated HK-cells 
revealed the unexpectedly high expression of ADRA2D compared to ADRB2, which is the most 
described adrenergic receptor in immune cells. There is little knowledge about ADRA2D, which 
is described as a paralog of ADRA2A. These results suggested the necessity to characterize this 
α2 receptor and further investigate its function in fish cells. To this end, the coding sequence of 
the gene will be sequenced and analyzed for specificities compared to ADRA2A and ADRB2. At 
the same time, ADRA2D will be cloned and transfected to an existing fish cell-line, which will be 
exposed to known α2 agonists and the catecholamines adrenaline and NA. The activity of cAMP 
and gene expression will be used to analyze the signal transduction capacities of the receptor 
and the response to its ligands. 
 
Further research is planned in order to evaluate the effects of adipose fin rejection from a 
multiparametric approach. This is supported by the findings exposed in publication IV, together 
with the previous knowledge on the functionality of the adipose fin as a flow sensor, and the 
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reports on impaired swimming capacity after adipose fin rejection. High-throughput gene 
expression methods will be implemented to analyze the forebrain response of O. mykiss to fin 
rejection in a flow-current environment. This will be complemented with measurements of the 
brain monoamine activity and classic physiological stress markers. In addition, the swimming 
performance after fin rejection will be analyzed through video monitoring of the animals in a 
custom-built flow tank. 
 
Different teleost species show a variety of stress responses and tolerance to up-coming 
challenges. In this respect, plasma cortisol concentration is an extensively used and accepted 
marker of the HPI activation. Therefore, it would be particularly beneficial to establish the 
ranges of plasma cortisol concentrations in C. maraena during the different stages of the stress 
response to obtain a maraena-specific range of plasma cortisol which would improve the stress-
related studies using this particular specie. In this sense, the setting of a stress response 
experiment should be planned, involving a simple but effective challenge that clearly activates 
the stress response. Taking into account the previous experiences with handling stress, it could 
be estimated that the effects of an acute stressor to C. maraena last approximately 24h hours. 
With this in mind, plasma samples should be taken with 30 minutes intervals from the exposure 
to the stressor until 24h post-challenge. These samples would be later analyzed to determine the 
cortisol concentration in plasma, obtaining a detailed picture of the HPI activation after an acute 
challenge. 
 
A promising field of study that could expand our understanding of Coregonidae is the stress and 
immune response of anadromous and landlocked populations in the Mecklenburg area. One 
characteristic of Coregonus species is the large number of isolated populations across Europe, 
which evolved in a great variety of species, subspecies and hybrids within the Coregonus genus. 
This indicates the speciation pressures on these fishes and their genetic adaptation to their 
actual environments. Research in this direction could open the chance to find well-adapted 
breeds to Mecklenburg culturing conditions from a stressor/resilience perspective. At the same 
time, it would give insights on how the stress response is affected by the different conditions of 
salinity, feeding or temperature of landlocked, anadromous and sea environments.    
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5. Publications 
  
5.1. Publication I: Time-dependent effects of acute handling on the 
brain monoamine system of the salmonid Coregonus maraena  
 
The stress response involves the activation of particular areas of the brain and the release of a 
variety of effector molecules including monoamine neurotransmitters. This study analyzed the 
stress response to handling in the brain of the salmonid Coregonus maraena, which was selected 
as a stress-sensitive species in adaptation to intensive aquaculture. Measurements of brain 
neurochemical activity were combined with plasma cortisol concentration and a panel of 37 
genes related to the monoamine system as potential stress markers. In addition, brain 
neurochemistry and gene expression of undisturbed individuals aimed to identify the most 
relevant regions regarding monoamine activity and storage, as well as identifying particular 
genes with a characteristic distribution. 
 
 
Highlights 
 

• Brain monoamine activity responded to acute handling with increased serotonergic 
activity 3 h post-challenge, together with a significant increase of plasma cortisol. In 
addition, the expression of monoaminergic receptor genes was modulated in the 
hindbrain. 

 
• Monoamine synthesis in the brain increased 24 h after acute handling and was 

accompanied by the modulation of serotonin-receptor expression. The concentrations of 
plasma cortisol returned to control levels. 
 

• 10 days of repeated handling down-regulated dopamine receptor genes but had little 
effects on brain monoamine or plasma cortisol concentrations.  

 
• Neurochemistry and gene expression of unchallenged animals identified the forebrain 

and midbrain as the main areas of monoamine storage and synthesis, including higher 
expression of the adrenergic and serotonergic receptors. 
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5.2. Publication II: Early response of salmonid head-kidney cells to 
stress hormones and toll-like receptor ligands   
 
The head kidney (HK) is a suitable candidate to study stress-related neuro-immune interactions 
in teleosts, as it gathers hematopoietic populations and endocrine cells, which are in charge of 
secreting the stress hormones cortisol and catecholamines. The immediate immune response in 
the HK of C. maraena was tested in vivo after A. salmonicida i.p. injection. Subsequently, we 
characterized the primary culture of head-kidney cells from C. maraena using flow cytometry, 
microscopy and an extensive panel of qPCR assays. Finally, the HK primary culture was used to 
compare the influence of stress hormones cortisol, adrenaline and noradrenaline in parallel 
approaches on the establishment of an immune response and the expression of endocrine 
receptors. 
 
Highlights 
 

• The HK of C. maraena showed a pronounced response to A. salmonicida. 
  

• Primary cell culture of the HK reflected well the composition of the entire organ. In 
addition, HK cells expressed a high density of endocrine receptors. 

 
• Cortisol decreased the expression of cytokine genes stronger than catecholamines, while 

noradrenaline increased the expression of hormone receptors.  
 

• The sensitivity of acute phase genes to immune challenges was confirmed by the in vivo 
experiments with A. salmonicida injection and the in vitro exposure of HK cells to TLR 
ligands. 
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5.3. Publication III: Characterization of sialic acid-binding 
immunoglobulin-type lectins in fish reveals teleost-specific structures 
and expression patterns  
 
Siglecs are immunoglobulin-type lectins that modulate the response of vertebrate leukocytes 
upon recognition of extracellular sialic acid residues. While several siglecs are conserved among 
vertebrates, little is known about their function in fish. In this work, the expression profile of 
four known siglecs in teleost was analyzed in different tissues of C. maraena, O. mykiss and S.  
lucioperca. In addition, the aminoacid sequence of these piscine siglecs was analyzed for 
immune-regulatory motifs. To confirm previous reports on the sensitivity of siglec genes to 
aquaculture related stressors, the expression of siglecs was analyzed in the tissues of C. maraena 
after a short episode of handling. 
 
Highlights 
 

• The expression profile of siglec genes in three teleost species showed a higher 
distribution of siglecs in immune-related organs. 

 
• Siglec sequence analysis revealed that some teleost siglecs have regulatory capacities not 

present in higher vertebrates  
 

• The expression analyses of siglecs and associated enzymes  indicated a gene- and tissue 
specific regulation after C. maraena was exposed to handling stress 
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5.4. Publication IV: Gene profiling in the adipose fin of salmonid fishes 
supports its function as a flow sensor 
 
The adipose fin is present in several teleost species and has been described to act as a flow 
sensor in certain water conditions. In consequence, the tagging method consisting on adipose fin 
resection has proven to impair sensory functions and activate the stress response in fish. To 
further characterize the sensory functions of the salmonid adipose fin, this project established a 
large panel of marker genes for the adipose fin of O. mykiss and C. maraena. These markers were 
intended to classify the cellular groups involved in sensory functions and clarify the 
mechanosensory mechanisms of this appendix. 
 
Highlights 
 

• The expression of the selected markers indicated the nervous innervation of the adipose 
fin, and the presence of neurons with small unmyelinated axons. 

 
• Marker genes specific for astrocytes were highly expressed in the adipose fin. Also highly 

expressed were genes related to mechanoreceptor neurons with afferent free-nerve 
endings. 
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