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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 (HTRIA) were found to be
promising indicators of stress response activation and recovery (HTR3C) in the brain, while
dopamine receptor genes (DRDI1 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, ADRAZ2D was the most expressed adrenergic
receptor in the analyzed HK cells, suggesting this a2 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 SA4, 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 a subtypes 1 and 2
ADRB1-3: adrenoreceptor type 3 subtypes 1to 3

ASICZ: 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:  heatshock protein family A (Hsp70) member 1A
HTRI1-6: serotonin receptor subtypes 1 to 6

IGHM: immunoglobulin heavy chain Mu

IL12B: interleukin 12B

IL1B: interleukin 18

IL6: interleukin 6

Lp.: 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 a

SIGLEC1: sialic acid binding Ig-like lectin 1 (Sialoadhesin)
SIGLEC15: sialic acid binding Ig-like lectin
TCR: T-cell receptor



TLRs: Toll-like receptors
TNFA: tumor necrosis factor a

TRPC1: transient receptor potential cation channel subfamily C member 1
ZAP70: zeta-chain associated protein kinase 70kDa



INTRODUCTION

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).

A B

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.
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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 (@verli 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 (@verli 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 (Boltafia et
al, 2013; Rey etal,, 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; Korytar 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 (@verli 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

12



INTRODUCTION

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 (@verli 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; Lérincz 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 (Fliigge,
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; Frohlich, 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
(al, a2 & ), which amount to 10 subtypes (Fliigge, 1999). a1l and B have activating effects while
a2 is inhibitory (Fliigge, 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

13



INTRODUCTION

(Fliigge, 1999; Biicheler et al., 2002). In this sense, monoaminergic neurons are self-regulatory
(Biicheler et al,, 2002), and control the number of synapses and receptors, including growth and
apoptosis of other monoaminergic neurons (Fligge, 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 (Fliigge,
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; @verli 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 (Hoglund 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 (@verli 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 (@verli et al., 2001; Moltesen et al., 2016; Hoglund 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; Korytar 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

Stress axis

Fishbrain

nerves

HPI Chromaffin

Blood
stream

Leukocytes

Head kidney (HK)

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 32 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 f3 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.
116, 116, Tnfa or Cxcl8). At the same time, anti-inflammatory cytokines, like Tgff, 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 a, 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.

Acute phase response
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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 18; TNFa: Tumor necrosis factor a) 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 ) and anti-
inflammatory factors (TGFb: Transforming growth factor (3). Adapted from Bayne and Gerwick
(2001); Magnadéttir (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 (Korytar 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 32 which is present in most
immune cells, also hypothesizing that Sialoadhesin on macrophages might interact with the (32
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; Bornhofft 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 Dapl2 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 detalil,
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; Korytar 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.

e 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.

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

e 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.

e 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.

e A large panel of markers for cell-specific genes was developed to be analyzed in the
adipose fin of 0. 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
IT). 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 0. mykiss and C. maraena. The selected genes were highly
expressed in the adipose fin compared to other organs (See Section 5.4 and publication V).

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 Highly expressed in Marker for
gene
Brain
ADR genes FB Target region for NA
HTR genes FB Target region for 5-HT
ADRA2C Whole brain Noradrenaline signaling
target/regulator
HTRIA 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
ADRAZA-2B; | HK cells Catecholamine signaling target
ADRB2-3
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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 All fins Small axons; nociception and

PRPH 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

PIEZ0O2 All fins mechanoreception

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
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concentration of monoamines in the forebrain and midbrain of Labroides dimidiatus and Naso
elegans (Abreu et al., 2018), rainbow trout 0. mykiss (@verli et al., 2001) and Arctic charr S.
alpinus (Backstrom 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; Svob Strac 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, ADRAZC 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 ADRAZC expression in other tissues would support
these findings as the highest expression of ADRAZC 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 (Grl). 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).
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Figure 5. Unpublished data for the average expression of ADRAZC 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 ADRAZ2 and two ADRB adrenergic receptor genes was found in the analyzed
HK cells, while ADRA1 receptor genes were non-detectable. The adrenergic receptor 32 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 a2 variant in the
interactions between catecholamines and immune cells. Unfortunately, there is not enough
information about ADRAZD, 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 0. 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 0. 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 1V) 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, I 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 Tissue Challenge Response Indication
markers
Brain and plasma
Cortisol Plasma Acute handling | Increase concentration | Acute stress
3h post-challenge
5-HIAA MB Acute handling | Increase concentration | Acute stress
3h post-challenge
Noradrenaline MB Acute handling | Increase concentration | Stress recovery
24h post-challenge
Dopamine MB Acute handling | Increase concentration | Stress recovery
24h post-challenge
Serotonin MB Acute handling | Increase concentration | Stress recovery
24h post-challenge
el Tissue Challenge Response Indication
markers
Brain
HTRI1A HB Acute handling | modulation 3h post- Acute stress
challenge
HTR6 MB Acute handling | Up-regulation 3h post- | Acute stress
challenge
ADRA1D and HB Acute handling | Down-regulation 3h Acute stress
ADRB3A post-challenge
HTR3C FB Acute handling | Down-regulation 24h Stress recovery
post-challenge
TPH1 FB 10d repeated Down-regulation after | Habituation
handling repeated handling
DRD1 and DRD4 | FB and 10d repeated Down-regulation after | Habituation
MB handling repeated handling
Immune response in vitro
IL1B, SAA and HK cells PAMPs Up-regulation at all Pro-inflammatory
CXCL8 time-points response
IL1B and CXCL8 HK cells Adrenaline Up-regulation at 1h Pro-inflammatory
and 3h response or/and
stress response
SAA HK cells Cortisol Up-regulation at all Pro-inflammatory
time-points response or/and
stress response
IL1B and CXCL8 HK cells PAMPs Decreased up- Stress response and
combined with | regulation at all time- dampened pro-
adrenaline points inflammatory
response
IL1B, SAA and HK cells PAMPs Decreased up- Stress response and
CXCL8 combined with | regulation at all time- dampened pro-

cortisol

points

inflammatory
response
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Immune response in vivo

IL1B,IL6, IL12B | HKtissue | A.salmonicida | Up-regulation after Pro-inflammatory
and TNFA i.p. injection 48h, Down-regulation | response
after 72h
IL1B,IL12B Peritoneal | A. salmonicida | Up-regulation after Pro-inflammatory
cells i.p. injection 72h response, cell-
migration
CXCL8 Peritoneal | A. salmonicida | Up-regulation after Pro-inflammatory
cells i.p. injection 72h response
Siglecs
CD22 FB and Acute handling | Up-regulation after 3h | Anti-inflammatory
HB response
MAG Spleen Acute handling | Down-regulation after | Myelination/
3h 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 HTRIA 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 (Jgrgensen et
al,, 1993; Korytar 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 (Jgrgensen 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; Kugceukgul Gule¢ and
Cengizler, 2012) to culture related challenges (Talbot et al.,, 2009; Korytar 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;
Fliigge, 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.
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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 °C 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 ADRAZD compared to ADRBZ2, which is the most
described adrenergic receptor in immune cells. There is little knowledge about ADRAZD, which
is described as a paralog of ADRAZ2A. These results suggested the necessity to characterize this
a2 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 ADRAZ2A and ADRB2. At
the same time, ADRA2D will be cloned and transfected to an existing fish cell-line, which will be
exposed to known a2 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 1V, 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 0. 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

e 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.

e 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.

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

e 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.

35



PUBLICATIONS

'.‘ frontiers
in Neuroscience

ORIGINAL RESEARCH
december 2020
hins.2020.591/38

publis
doi: 10.

OPEN ACCESS

Edited by:
Vance L. Trudeau,
University of Ottawa, Canada

Reviewed by:
Jesus M. Miguez,
University of Vigo. Spain
fobias Backstrom.
University of Koblenz and Landau,
Germany

*Correspondence:
Alexander Rebl
rebl@fbn-dummerstort.de
Ulrike Gimsa
gimsa@bn-dummerstorf.de

Specialty section:

This article was submitled o
Neuwroendocrine Science,

a section of the journal
Frontiers in Neuroscience

Received: 05 August 2020
Accepted: 16 Novernber 2020
Published: 04 December 2020

Citation:

Martorel-Ribera J, Venuto M1,

Otten W, Brunner B\, Goldammer T,
Reb! A and Gimsa U (2020)
Time-Dependent Effects of Acute
Handling on the Brain Monoamine
Systern of the Saimonid Coregonus
maracna

Front. Neurosci. 14:591738.

aoi: 10.3389/fins.2020.591738

Check for
updates

Time-Dependent Effects of Acute
Handling on the Brain Monoamine
System of the Salmonid Coregonus
maraena

Joan Martorell-Ribera’2, Marzia Tindara Venuto?, Winfried Otten2, Ronald M. Brunner’,
Tom Goldammer', Alexander Rebl™ and Ulrike Gimsa*
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The immediate stress response involves the activation of the monoaminergic
neurotransmitter systems including serctonin, dopamine and noradrenaline in particular
areas of the fish brain. We chose maraena whitefish as a stress-sensitive salmonid
species to investigate the influence of acute and chronic handling on the neurochemistry
of moncamines in the brain. Plasma cortisol was quantified to assess the activation
of the stress axis. In addition, we analyzed the expression of 37 genes related
to the monocamine system to identify genes that could be used as markers of
neurophysiological stress effects. Brain neurochemistry responded to a single handling
(1 min netting and chasing) with increased serotonergic activity 3 h post-challenge.
This was accompanied by a modulated expression of monoaminergic receptor genes
in the hindbrain and a significant increase of plasma cortisol. The initial response
was compensated by an increased monoamine synthesis at 24 h post-challenge,
combined with the modulated expression of serotonin-receptor genes and plasma
cortisol concentrations returning to control levels. After 10 days of repeated handling
(1 min per day), we detected a slightly increased noradrenaline synthesis and a down-
regulated expressicn of dopamine-receptor genes without effect on plasma cortisol
levels. In conclusion, the changes in serotonergic neurochemistry and selected gene-
expression profiles, together with the initial plasma cortisol variation, indicate an acute
response and a subsequent recovery phase with signs of habituation after 10 days of
daily exposure to handling. Based on the basal expression patterns of particular genes
and their significant regulation upon handling conditions, we suggest a group of genes
as potential biomarkers that indicate handling stress on the brain monoamine systems.

Keywords: catecholamines, marker genes, monoamine receptors, salmonids, serotonin, stress

Abbreviations: 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, 5-hydroxytryptamine; BSC, brain-sympathctic-chromatfin axis;
DA, dopamine; DOPAC, 34-dihydroxyphenylaceli id; FB, forebrain; MB, midbrain; HB, hindbrain; HPA, hypothalamic-
piluitary-adrenal axis; HPI, hypothalamic-piluitary-interrenal axis; HPLC, high-pressure liquid chromalography; HVA,
homovanillic acid; L.C, Iocus coeruleus; NA, noradrenaline; NLV, nucleus lateralis valvidae; POA, pre-oplic area; STR, striatum.
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Stress Effects on Salmonid Monoamine System

INTRODUCTION

The immediate stress response involves the activation of
the brain monoaminergic systems, including serotonin
(5-hydroxytryptamine; 5-HT), DA and NA as major
neurotransmitters. Depending on the type of stressor and
the duration and intensity of its occurrence (Barton, 2002), these
monoamines modulate the neuronal responses in particular
areas of the brain, principally the telencephalon, hypothalamus
and brain stem (Winberg and Nilsson, 1993; Kaslin and Panula,
2001). In essence, monoamines affect behavior, the formation
of memory and the activity of the brain regions that initiate the
neuroendocrine stress axes (Feldman et al., 1995; Viltart and
Vanbesien-Mailliot, 2007; Lorincz and Adamantidis, 2017) to
reprogram metabolism, immunity, growth and reproduction
(Silbergeld, 1974; Hemre and Krogdahl, 1996). This complex
response and the associated physiological changes aim to cope
with environmental and/or anthropogenic challenges to reinstall
homeostasis (Schreck et al., 2016). Handling procedures are
a common anthropogenic disturbance in aquaculture. They
activate the stress response in various fish species reflected by
increased plasma cortisol concentrations (Barton et al., 1987;
Barcellos et al, 2011), altered gene expression in the brain
in a specific time-course (Krasnov et al., 2005) and elevated
monoaminergic activity in particular brain regions (Gesto et al.,
2013). The initial stress response of fish is translated into a
systemic stress response via the hypothalamus. It directs the
endocrine reaction by initiating the “fight-or-flight response”
through the BSC axis (Feldman et al.,, 1995). This triggers the
release of the catecholamines adrenaline and noradrenaline
from the head kidney (Reid et al., 1998). Subsequently, the
initiation of the BSC axis is followed by the activation of the
HPI axis, which causes the release of cortisol into the circulation
(Wendelaar Bonga, 1997; Schreck et al., 2016). Eventually, the
HPI and the BSC induce a series of compensatory physiological
processes to direct the body’s metabolic resources to survival
needs (Irwin and Cole, 2013; Aerts, 2018).

Monoaminergic neurons project into wide areas of the brain
and in particular to those regions that form the limbic system,
which evaluates sensory inputs such as visual or olfactory cues
as possible threats (Vuilleumier, 2005) and initiates the central
stress response with monoamines as active messengers (Morgane
et al, 2005). Important monoaminergic neuron clusters are
situated in the fish hypothalamus, a control center of the limbic
system (Kaslin and Panula, 2001). In mammals, the limbic system
is composed of the hypothalamus, hippocampus, amygdala and
thalamus, while it is spread between the telencephalon and
the midbrain of teleost fishes (Winberg and Nilsson, 1993;
Panula et al., 2010; Mueller, 2012) (Figure 1).

Upon synaptic release, monoamines bind to their respective
receptors on the target cell. Depending on the type of
receptor, this binding can activate or inhibit neuronal functions
(Fliigge, 1999; Nichols and Nichols, 2008; Mishra et al.,
2018). In mammals, several types of receptors for 5-HT
(5-HT-1-7), dopamine (D1-5), adrenaline and NA (al, a2
and B) have been identified (Fliigge, 1999; Nichols and
Nichols, 2008; Maximino and Herculano, 2010; Frohlich, 2016;

Mishra et al., 2018). However, there is little information on their
orthologs in fish. For instance, the adrenergic receptor a2d is not
present in mammals, but it is strongly expressed in salmonids
(Martorell-Ribera et al., 2020).

In the fish brain, monoamines play an important role
in the mechanisms of stress coping. In particular, 5-HT
induces different activity patterns in proactive and reactive
salmonids (Winberg et al., 1992; @verli et al., 1999, 2001). In
addition, the genes encoding 5-HT receptors (HTRIA« and B)
in the telencephalon of rainbow trout Oncorhynchus mykiss
are down-regulated by stress (Moltesen et al., 2016). Such a
downregulation of 5-HT receptors may reduce 5-HT uptake and
lead to increased 5-HT-metabolism (Dwarkasing et al., 2016).
In line with this, the chasing of rainbow trout increased the
concentrations of 5-HIAA (the main 5-HT metabolite) in the
telencephalon and hypothalamus (Gesto et al., 2013). DA has
also an important role in modulating behavioral responses. For
example, increased dopaminergic activity in the telencephalon
of fish has been linked to avoidance behavior (Hoglund et al.,
2005) and reward (Teles et al, 2013). The expression of
the dopamine receptor 2 (DRD2) gene was up-regulated in
the brain of bold zebrafish Danio rerio compared to reactive
individuals (Thornqvist et al., 2019). Furthermore, handling
and treatment with anesthetics increased the concentrations
of DA metabolites in the telencephalon of Arctic charr
Salvelinus alpinus (Backstrom et al, 2017) comparable with
the aforementioned 5-HT levels in stressed rainbow trout.
Also NA, which contributes to vigilance and arousal (Singh
et al,, 2015), has been subject to increased turnover in rainbow
trout under stress conditions (@verli et al., 2001). In Arctic
charr, agonistic interactions increased NA concentrations in
the telencephalon of dominant individuals (Backstrom et al.,
2015). Taken together, the observed increase in monoamine
metabolites is an indicator for the stress response in different
salmonid species.

Maraena whitefish Coregonus maraena (Bloch) is a salmonid
fish present in the Baltic region in anadromous and landlocked
populations (Kottelat and Freyhof, 2007). In Germany, it
has been reared for intensive aquaculture production since
2005 (Jansen et al., 2008). Our previous studies revealed that
maraena whitefish is highly sensitive to stressors compared to
salmonids that are better adapted to husbandry conditions,
such as rainbow trout or Atlantic salmon Salmo salar
(Altmann et al, 2016; Korytdf et al, 2016; Rebl et al,
2018). This study investigates the influence of acute and
repeated (chronic) handling stress on the monoaminergic
systems in different brain regions of maraena whitefish. We
focused our research on stress-related changes in plasma
cortisol concentrations, monoamine neurotransmitters and
metabolites and the expression profile of monoamine-related
genes in the brain. Our specific aims were to elucidate
(i) which brain regions were activated during handling; (ii)
which monoaminergic systems showed increased sensitivity
to this type of stressor; (iii) how handling can affect HPI
activation; (iv) whether a single episode of handling was quickly
overcome or whether it can have long-lasting effects on the
monoamine neurochemistry of maraena whitefish and (v) how
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FIGURE 1 | Sagittal view of the whitefish brain. The brain was divided transversally, perpendicular to the rostral-caudal axis, in three parts throughout the
experiment: forebrain section (FB, blue underlay); midbrain section (MB, pink); hindbrain section (HB, orange). The FB comprised the telencephalon (dorsal and
ventral). The homologous regions to the mammalian amygdala and hippocampus are situated in the dorsal telencephalon while the ventral telencephalon comprises
the equivalent to the striatum (STR) and dorsally the preoptic area (POA) as described by Mueller (2012); Vindas et al. (2017); Geng and Peterson (2019). The
olfactory bulb (OB) was discarded. The MB included every region between optic tectum and diencephalon with the inferior lobes of the hypothalamus from a
dorsal-ventral view. The pretectal complex, where the teleost thalamus has been described, is located in the dorsal part of the section (Kaslin and Panula, 2001;
Mueller, 2012). The HB was composed of the cerebellum and the brainstem, including the nucleus lateralis valvulae (NLV), which was most probably partially divided
between MB and HB during dissection (Gaspar and Lillesaar, 2012). From a transversal view, the anterior edge of the cerebellum marked the sectioning line on the

brain stem. The different parts of the limbic system are marked in gray and the names in italics. Based on the aforementioned publications on teleost brain
organization, monoaminergic neuron populations are marked in yellow for DA neurons; orange for 5-HT neurons and purple for NA neurons: (1) telencephalic
complex; (2) pretectal complex; (3) hypothalamic paraventricular nucleus; (4) anterior raphe nuclei; (5) locus coeruleus.

the monoaminergic system responded over time to repeated
episodes of handling. Furthermore, we sought to identify genes
that might be suited as animal-based biomarkers for indicating
stress in different regions of the brain.

MATERIALS AND METHODS
Husbandry of Maraena Whitefish

The Institute for Fisheries of the State Research Center for
Agriculture and Fishery Mecklenburg-Western Pomerania
(Born, Germany) and BiMES - Binnenfischerei GmbH
(Friedrichsruhe, Germany) provided maraena whitefish for this
study. Fish were reared in fresh-water recirculation systems with
a stocking density of 10 kg/m® at 18°C and a 12:12-h day-night
cycle. Water quality was maintained by automated purification
and disinfection (bio-filter and UV light). The concentrations of
NH; ", NO,~, NO; ™, and NHj in the water, pH, temperature
and oxygen saturation were constantly recorded. Commercial
dry pellets (4.5 mm; Biomar, Inicio Plus, Aarhus, Denmark) were
distributed by automatic feeders at a daily rate of 0.8-4.0% of the
biomass of maraena whitefish in the tank.

Acute and Chronic Handling Experiments
All procedures have been approved by the Landesamt
fiir Landwirtschaft, Lebensmittelsicherheit und
Fischerei, Mecklenburg-Vorpommern, Germany (LALLF
M-V/TSD/7221.3-1-069/18). The fish (n = 48 in total) used in
the experiments were juvenile with a starting size of about 20 cm.
They were allowed to acclimatize to the recirculation system for
at least 2 weeks in the reservoir tank (500 1) and were transferred
to the experimental tanks 7 days before the experiments started.
These tanks were identical dark polyethylene cylinders with a
capacity of 150 L. Experiments were performed in the morning
(between 8 and 11 a.m.) to minimize the influence of circadian
rhythms on the measurements.

Each of the acute handling experiments started with eight
rearing tanks with one pair of fish per tank, and four identical
secondary tanks without fish (Figure 2). The fish were placed
in the tanks in pairs to ensure that the sampling and treatment
procedures disturbed the other animals that were part of the
experiment as little as possible. At the start of the experiment and
before the handling procedure, one fish per pair was euthanized.
This fish was designated the control fish (0 h). After sampling
of the control fish, the handling protocol was applied for 1 min
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FIGURE 2 | Sampling and handling protocol for the acute experiments. A pair of maraena whitefish was placed in each experimental tank (1) and left undisturbed for
acclimatization during 7 days prior to sampling. At day 7, the control fish were sampled for the 3 h or 24 h experiments before stress was applied to the test fish. The
timing was as follows: The control fish were caught and placed in a 2-phenoxyethanol (2-PE) bath for anesthetic overdosage, which takes approximately 2-5 min.
While the control fish were under anesthesia, the test fish remaining in the tank were subjected to the handling procedure treatment. The test fish were then
transferred to the secondary tank (2), where they remained either 3 h or 24 h until sampling. This procedure was applied to two primary tanks simultaneously, where
at the end two control fish were in the 2-PE bath and two test fish were transferred to the same secondary tank. The maraena whitefish were always in pairs of two,
except for the handling procedure (1 min), during which they were alone in the tank.

control
stress

2-PE bath

to the remaining fish, which was designated as test fish. The
handling protocol consisted of hunting and catching fish with
nets, intermittently lifting the fish out of the water and finally
transferring them to a secondary tank, where test fish pairs were
left undisturbed for either 3 h or 24 h. After this period, test
fish were euthanized and tissues samples were taken as described
below (see section “Sampling of Tissues”).

For the chronic handling experiment, control fish (n = 8)
and test fish (n = 8) were kept in pairs in the same condition
in eight separate tanks for the duration of the experiment. The
experiment was divided into two rounds of eight fish each to swap
the tanks for the test fish with the tanks for the controls. The test
fish were hunted and netted once a day for 1 min for 10 days,
while the controls were left undisturbed. The net lifting and tank-
transferring steps performed in the acute-handling procedure
were skipped in the chronic handling experiment to avoid
skin injuries. To minimize habituation, handling was always
performed at a random time within the 12 h “daylight’ period.
The fish were euthanized 10 days after the onset of the chronic
handling procedures, 24 h after the last handling procedure.

Sampling of Tissues

Before tissue sampling, fish were euthanized with an overdose of
2-phenoxyethanol (0.7 ml/l) followed by spine dissection at the
skull level. Sampling and killing methods followed the standards
described in the German Animal Welfare Act [§4(3) TierSchGJ.
Immediately after killing, blood was drawn from the caudal vein
using a heparinized syringe and centrifuged at 270 x g for
15 min at 6°C to obtain plasma, which was stored at —80°C.
Subsequently, the fish brain was quickly and carefully dissected
in three parts transversally and perpendicular to the rostral-
caudal axis: forebrain section (FB), midbrain section (MB), and
hindbrain section (HB). Figure 1 describes in detail the cutting
lines of the dissection and the brain parts used in this study.
The FB included the telencephalon (dorsal and ventral), while
the olfactory bulb was discarded. From the dorsal-ventral view,
the MB included each region between the optic tectum and
the inferior lobes of the hypothalamus. The HB was composed
of the cerebellum and the brainstem. In a transverse view, the
anterior edge of the cerebellum marked the line of incision
at the brainstem, thereby excluding the spinal cord. The three
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different sections were separately weighed and homogenized in
500 wl ice-cold PBS. The resulting homogenate was divided
into two aliquots and snap-frozen in liquid nitrogen for RNA
isolation or monoamine analysis (see sections “Quantification
of Monoamines and Metabolites” and “RNA Isolation and
cDNA Synthesis”).

Measurement of Plasma Cortisol

The cortisol concentration in plasma was quantified by
a competitive enzyme-linked immunosorbent assay (ELISA;
Cusabio Technology, Houston, TX, United States) according to
the manufacturer’s instructions. The level of absorbance was
measured at 450 nm in a Beckman Coulter DTX 800/880 Series
Multimode Detector (Beckman Coulter, Brea, CA, United States).

Quantification of Monoamines and

Metabolites

Concentrations of NA, DA, 5-HT and their metabolites HVA,
DOPAC and 5-HIAA were determined in the three brain regions
using HPLC with electrochemical detection. This method has
been described previously (Otten et al., 2010) and was used
with a slightly adjusted extraction procedure. A 250-pl amount
of brain samples homogenized in PBS was mixed on ice with
25 pl of 2 M and 25 pl of 0.2 M perchloric acid using
a manual homogenizer. Following centrifugation (2,400 x g;
4°C; 10 min), the supernatant was preserved on ice while
the pellet was resuspended in 300 pl of 0.2 M perchloric
acid and centrifuged. The pooled supernatants were mixed
and then centrifuged at 37,000 x g for 10 min at 4°C. The
remaining pellet was weighed with a precision balance and the
values obtained were used to calculate the concentration of
neurotransmitters in each brain section. Aliquots of 40 1 were
analyzed in duplicate. The HPLC system was equipped with a
125 mm Xx 4 mm reverse-phase column packed with Prontosil
C18 AQ (Bischoff Analysentechnik, Leonberg, Germany). The
mobile phase consisted of 58 mM sodium hydrogen phosphate
buffer containing 1.2 mM octanesulfonic acid, 0.3 mM EDTA,
0.2 mM potassium chloride, and 9% methanol at pH 3.6, and
was used at a flow rate of 1.2 ml/min. Electrochemical detection
was achieved by a SenCell with a glassy carbon working electrode
set at a potential of 600 mV (Axel Semrau GmbH, Sprockhével,
Germany). The HVA/DA, DOPAC/DA and 5-HIAA/5-HT ratios
were calculated as an index of DA and 5-HT turnover.

RNA Isolation and cDNA Synthesis

Total RNA from previously homogenized brain samples was
extracted using TRIzol Reagent (Life Technologies). RNeasy
Mini Kit (Qiagen, Hilden, Germany) was used to purify the
extracted product. The quality of the RNA was analyzed by
horizontal electrophoresis on 1%-agarose gels, which validated
the presence of intact 18S and 28S rRNA bands for the individual
RNA specimens. The RNA concentration was determined with a
NanoDrop One® spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States). The RNA obtained was reverse-
transcribed to single-strand cDNA using the SensiFAST cDNA

Stress Effects on Salmonid Monoamine System

Synthesis Kit (Bioline, London, United Kingdom). The reverse-
transcriptase reaction was set at 42°C for 50 min with a
subsequent inactivation step at 70°C for 15 min. Finally, the
synthetized cDNA was diluted in 80 w1 distilled water.

Real-Time Quantitative PCR (qQPCR)

RNA samples from the brains of maraena whitefish exposed to
the acute (sampled after 3 h or 24 h) and chronic handling
experiments along with the respective controls were analyzed
with multiplex qPCR technology (BioMark, Fluidigm, South
San Francisco, CA, United States) to study the effects of handling
on the transcript level. We designed a primer panel specific
for the monoaminergic and neurological stress response. In
this matter, orthologous gene sequences from Atlantic salmon
S. salar, Coho salmon Oncorhynchus kisutch, and rainbow trout
O. mykiss were aligned to the RNA-seq read collection of
maraena whitefish C. maraena (Brietzke et al., 2016) using the
program Bowtie2 (v 2.2.4). The resulting matching alignment
with C. maraena was sorted and indexed with the Samtools
package (v 1.6). Finally, the consensus sequences were visualized
and redeemed using the software Ugene (v1.29). These sequences
were used to design gene and species-specific primer pairs (see
Supplementary Table 1) using the PSQ Assay Design Software
1.0.6 (Biotage AB, Uppsala, Sweden) for amplifying products
with final lengths ranging from 140 to 180 bp. In addition,
qPCR assays were carried out on 48.48-Dynamic Array IFC
chips (Fluidigm) with EvaGreen fluorescence dyes (Bio-Rad,
Hercules, CA, United States) using the BioMark HD-System
(Fluidigm). One microliter of total RNA was reverse-transcribed
using the Reverse Transcription Master Mix (Fluidigm). The
resulting ¢cDNA was adjusted to 10 ng/5 pl and underwent
a subsequent pre-amplification of 11 cycles performed with
the PreAmp Master Mix (Fluidigm) and the primers at a
final concentration of 100 wM per primer pair. Afterward,
preamplified cDNA was treated with exonuclease I (Exol; New
England BioLabs, Ipswich, MA, United States). Then, the cDNA
samples were diluted in SsoFast EvaGreen Supermix with Low
ROX (Bio-Rad) and the 20 x DNA Binding Dye Sample
Loading Reagent. The cDNA samples and primer-pair mixes
were transferred to the corresponding sample and assay inlets
of the IFC chip using the IFC Controller RX (Fluidigm) and
the Load Mix 48.48 GE’ pre-set script. The IFC chip was
transferred to the BioMark HD-System (Fluidigm) to perform
the quantification reactions following the ‘GE 48 x 48 Fast
PCR + Melt v2.pcl’ cycling program. The obtained qPCR
data were analyzed using the Fluidigm RealTime PCR Analysis
Software v.4.5.2. All gPCR products were run on a 2%-agarose
gel to assess the integrity and specificity of the PCR products.
An external standard was used to calculate the relative gene
expression, which was normalized against the geometric mean
of the copy numbers of EEF1A1b, RPL9 and RPL32 (Altmann
et al,, 2015). The 37 genes analyzed belonged to seven gene
groups (Table 1). We studied a broad repertoire of genes involved
in the synthesis (TH, TPHI, and TPH2) and degradation
(MAO) of monoamines, and genes coding for monoamine
receptors (ADR, DRD, and HTR) and markers for neuronal
activity (FOSL) and neuronal plasticity (BDNF), downstream
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TABLE 1| Target genes.

Adrenergic receptors

Dopamine receptors

5-HT receptors

Monoamine synthesis and degradation

Official gene name; product

ADRA1B; adrenoceptor «1B

ADRA1D; adrenoceptor a1D

ADRA2A; adrenoceptor a2A

ADRAZ2B; adrenoceptor u2B

ADRA2C; adrenoceptor «2C

ADRA2D; adrenoceptor a2D

ADRB2; adrenoceptor 2

ADRBBA; adrenoceptor p3

DRD1; dopamine receptor D1

DRD2; dopamine receptor D2

DRD3; dopamine receptor D3

DRD4; dopamine receptor D4

DRD5; dopamine receptor D5

HTR1A; 5-hydroxytryptamine receptor 1A
HTR1B; 5-hydroxytryptamine receptor 1B
HTR1D; 6-hydroxytryptamine receptor 1D
HTR1E; 5-hydroxytryptamine receptor 1E
HTR1F; 5-hydroxytryptamine receptor 1F
HTR2A; 5-hydroxytryptamine receptor 2A
HTR2B; 5-hydroxytryptamine receptor 2B
HTR2C; 5-hydroxytryptamine receptor 2C
HTR3A; 5-hydroxytryptamine receptor 3A
HTR3C; 5-hydroxytryptamine receptor 3C
HTR4; 5-hydroxytryptamine receptor 4
HTR6; 5-hydroxytryptamine receptor 6
HTR7; 5-hydroxytryptamine receptor 7
TPH1; tryptophan hydroxylase 1

TPH2; tryptophan hydroxylase 2

Function

Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling

Neuron signaling

Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Neuron signaling, regulation of transcription
Synthesis of 5-HT

Synthesis of 5-HT

TH; tyrosine hydroxylase
MAO; monoamine oxidase
Neuronal activity

Microglia cell markers

Cortisol receptors

Summary of the gene groups analyzed for differential expression in the brain of
function are indicated.

factors of the monoamine activation (Benito and Barco, 2015;
Vindas et al., 2018). Cortisol receptor genes (GR1, GR2, and
MR) were analyzed as feedback regulators of the monoamine
system (Medeiros and McDonald, 2013). The expression of
microglial cell markers (CSF1IR and MPEG) was investigated as
an indicator for stress effects on this immune cell population
(Preston et al., 2018; Kuil et al., 2020).

Statistical Analysis

The effects of acute handling (fish sampled 3 and 24 h later) on
the neurotransmitter concentration in the brain and cortisol in
plasma were analyzed separately for statistical significance using
one-way ANOVA and Dunnett’s test for multiple comparisons.
In this case, measurements of control groups from the 3 and

BDNF; brain derived neurotrophic factor

FOSL1; FOS Like 1, AP-1 transcription factor subunit
CSF1R (MCSFR); Colony-stimulating-factor-1 receptor
MPEG1; Macrophage-expressed gene 1 protein
NRC1a (GR1); glucocorticoid receptor 1

NRC1b (GR2); glucocorticoid receptor 2

NRC2 (MR); mineralocorticoid receptor

Synthesis of catecholamines
Monoamine degradation

Growth factor, neurogenesis
Transcription factor, neuronal activity
Glia marker, cell differentiation

Glia marker, microbicidal activity
Regulation of transcription
Regulation of transcription
Regulation of transcription

maraena whitefish. Official name, protein product and brief description of the

24 h experiments (n = 16 in total) were compared with the
measurements of the fish at 3 h (n = 8) or 24 h (n = 8)
after treatment. The control groups were also used to determine
the basal level of neurotransmitters in the brain, which were
analyzed using ANOVA followed by Tukey tests. For the 10-
day chronic handling experiment, Student’s t-test was used to
compare the measurements of the control group (n = 8) with
those of the treated group (n = 8) regarding neurotransmitter
concentrations in the brain or cortisol levels in plasma. For
the gene-expression analysis of the brain, t-test was used to
compare the transcript level of each gene in the 3- and 24 h-
acute-handling groups (n = 6 each) and the chronic-handling
group (n = 6) with their corresponding control groups (n = 6
each). We reduced the sample size for gene expression to six
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in each group to fit all groups onto the same Fluidigm chip for
better comparability. The control groups from the acute handling
experiment (n = 12) were used to determine the gene-expression
profile of undisturbed fish between the different brain sections
and within the gene groups. These were analyzed using the t-test.
Tests were conducted using the software GraphPad Prism 8.0.
We defined genes as being significantly expressed if they were up
(>2-fold) or down-regulated (<—2-fold) with a p-value < 0.05.

RESULTS

Effects of Acute and Repeated Handling

on Plasma Cortisol Concentration

The concentration of cortisol in plasma was analyzed for
the acute (3 and 24 h post-challenge) and repeated handling
experiments. In the acute handling experiment, plasma cortisol
was significantly elevated (14.2 £ 3.1 ng/ml; p < 0.05) 3 h
after handling compared to plasma concentrations in control
fish (5.4 & 0.7 ng/ml). At 24 h post-challenge, plasma cortisol
(5.5 & 0.8 ng/ml) did not differ significantly from control levels.
After 10 days repeated handling, the cortisol concentration for
the challenged fish (7.6 & 2.3 ng/ml) showed no significant
increase over the control fish (4.4 + 0.5 ng/ml).

Basal Concentrations of
Neurotransmitters and Acute-Handling
Effects

We quantified the basal neurotransmitter concentrations in
the different brain regions of undisturbed maraena whitefish
(0 h; Figures 3A-F). The highest basal concentrations of
neurotransmitters were found in the FB and MB while lowest
were in the HB. The DA metabolites DOPAC and HVA were
similarly distributed across the three brain regions at low
concentrations (Figures 3D,E). The concentration of 5-HIAA
showed a rostral-caudal gradient (Figure 3F).

The concentrations of monoamines and their metabolites in
the different brain regions were measured at different times
after a single episode of acute handling and compared to the
baseline concentration of undisturbed fish (Figure 3). Brain
neurochemistry was mainly affected by acute handling in the MB.
The level of 5-HIAA significantly increased at 3 h post-handling
in the MB compared to the undisturbed fish (Figure 3F).
The three monoamine neurotransmitters NA, DA, and 5-HT
significantly increased in the MB at 24 h after exposure to
handling (Figures 3A-C). As the concentrations of metabolites
DOPAC, HVA, 5-HIAA did not change (Figures 3D-F), the
DOPAC/DA, HVA/DA, and 5-HIAA/5-HT ratios significantly
decreased 24 h post-handling in the MB (Figures 3G-I)
compared to the control group.

Expression Profiles of 37 Genes in
Different Brain Regions, as Well as
Acute-Handling Effects

We profiled the expression of 37 target and three reference
genes (Figure 4) across the selected brain regions (Figure 4A)

Stress Effects on Salmonid Monoamine System

and compared the transcript levels according to their functional
categories (Figure 4B). In the FB, the ADR and HTR genes were
most strongly expressed (Figure 4A, gene groups 1 and 3). The
5-HT receptor gene HTR6 was almost exclusively expressed in
the FB and might thus be a suitable marker gene (Figure 4A,
gene group 3). Besides this, HTR4 and HTR7 were strongly
expressed in the FB compared to the MB (—2 to —12-fold)
and the HB (—24 to —83-fold; Figure 4A, gene group 3). The
ADRA1d and DRD4 transcripts had a decreasing concentration
gradient from rostral to caudal brain regions, similar to the
5-HT receptor genes HTRIE, -1E -2C, HTR4, and HTR7. In
contrast, the neurotrophin gene BDNF was highly expressed
in the FB (Figure 4A, gene group 5), but less expressed
in the MB and HB.

In the MB, ADR, and HTR expression was slightly lower than
FB, while DRD genes shared similar expression levels in both FB
and MB (Figure 4A, gene groups 1-3). HTR3A was specifically
expressed in the MB and it may be a potential marker gene
for this brain region. Similar to HTR3A, HTRID was slightly
stronger expressed in the MB than in the other brain regions. In
contrast, there was less expression of the ADRA1b and ADRA2¢
genes in the MB (Figure 3A, gene group 1). The expression of
ADR and DRD genes was markedly lower in the HB than in the
other sections, especially for ADRA2a and ADRA2d (Figure 4A,
gene group 1). In contrast, ADRAIb and ADRA2c were strongly
expressed in the whole brain of maraena whitefish, while the
ADRB genes were least strongly expressed (Figure 4B, gene
group 1). Among dopaminergic receptor genes, DRDI was most
strongly expressed in the brain compared to the other DRD genes,
which shared similar (though lower) transcript levels (Figure 4B,
gene group 2). Among the serotonergic receptor genes, HTRIA,
-2B and -3C were the most widely expressed throughout the
brain with no differences between brain sections (Figure 4B,
gene group 3).

The microglial markers CSFIR and MPEG were evenly
distributed across the three brain sections (Figure 4A, gene group
6), with CSFIR being expressed more than ten times as much as
MPEG (Figure 4B, gene group 6). In the three brain sections,
expression of GR2 and MR was two to three times higher than
GRI (Figure 4B, gene group 7). Among the genes coding for
the tryptophan hydroxylase (Tph) enzymes, TPHI was slightly
less expressed in HB than in FB, while TPH2 was more strongly
expressed in MB and HB than in FB. Regarding the expression
of both TPH genes, TPHI was more strongly expressed in the FB
and MB than TPH2 (Figures 4A,B, gene group 4).

Acute handling affected the expression of genes coding for
the adrenergic receptor subtypes ADRAI and ADRB in the HB
region (Figure 5, gene group 1). In particular, ADRAId (—2.2-
fold) and ADRB3 (—2.5-fold) were down-regulated 3 h after
handling. Genes coding for the different subtypes of serotonergic
receptors were also affected by acute handling throughout the
brain (Figure 5, gene group 3). HTRID transcript level increased
6.3-fold after 3 h in the HB and 2.8-fold after 24 h in the FB. HTR6
was up-regulated (3.5-fold) in the MB 3 h post-handling. HTRIA
and HTR3C were down-regulated (—2-fold) after acute-handling
in the HB, while HTR3C was also down-regulated (—2.9-fold) in
the FB after 24 h.
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FIGURE 3 | Acute handling effects on neurotransmitter concentrations in the brain of maraena whitefish. The effects of acute stress were analyzed section-wise at
Oh(n=16),3h (1 =8),and 24 h (n = 8) after exposure to acute handling for (A) NA; (B) DA; (C) 5-HT; (D) DOPAC; (E) HVA; (F) 5-HIAA concentrations (pg/mg
tissue); and the ratios of (G) DOPAC/DA; (H) HVA/DA; and (1) HIAA/5-HT. Comparisons between handling and control groups were tested for statistical significance
using one-way ANOVA and Dunnett’s test for multiple comparisons and is indicated by (*) at p < 0.05 or non-significant tendency indicated as (+) at
0.05 < p < 0.10. The controls of the acute stress experiments (0 h; n = 16) were used to determine the abundance and distribution of neurotransmitters and
metabolites in the three brain sections of undisturbed maraena whitefish. Statistical analysis was performed using ANOVA with the Tukey test (o < 0.05). Error bars
indicate SEM; different characters (a-c) above the bars indicate statistically significant concentration differences between brain regions and within time points.

Effects of Repeated Handling on Brain
Neurotransmitter Concentrations and
Gene Expression

After the 10-day period of daily handling, brain
neurotransmitters were analyzed 24 h after the previous
handling episode (Figure 6). NA concentration was slightly

increased in FB and MB after 10 days of repeated handling
(p < 0.10; Figure 6A), but the concentration of the other
monoamines and metabolites was unaffected.

The expression of dopaminergic receptor genes was
modulated in the FB and MB after 10 days of repeated handling
(Figure 5, gene group 2). DRDI was —2.0-fold down-regulated
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FIGURE 4 | Gene expression profile of maraena whitefish brain. The gene expression was profiled in the control animals of the acute stress experiment (3 and 24 h;
n = 12) and analyzed with regard to (A) the different brain sections and (B) to the gene groups expressed. Results are expressed as fold-change values and colored
according to the legend on the right. (A) To assess the gene expression in the different sections, the gene-specific transcript numbers in the MB and HB are shown
relative to the respective transcript levels in the FB, which were set at 1.0. (B) Within the gene groups, the transcript numbers of the different genes are shown
relative to the respective transcript levels of the gene in the first row, which were set at 1.0. The gene groups comprised (1) adrenergic receptor genes; (2) dopamine
receptor genes; (3) 5-HT receptor genes; (4) monoamine synthesis genes; (5) neuronal activity markers; (6) microglia cell markers; (7) cortisol receptor genes. Genes
were considered significantly regulated (marked by an underline) in the event of at least a twofold up or down-regulation of the transcript concentration and a
p-value < 0.05 (Student's t-test).

of maraena whitefish. TPHI was —3.6-fold down-regulated
in the FB, while TH was 3.3-fold up-regulated in the HB
(Figure 5, gene group 4).

in the FB and DRD4 was —2.9-fold down-regulated in the
MB. In addition, the transcript levels of the enzymes involved
in monoamine synthesis were modulated in the FB and HB
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FIGURE 5 | Heatmap illustrating the effects of acute and chronic handling on gene expression in the brain of maraena whitefish. The heatmap shows the gene
expression in fold-change values in the different brain sections after acute (3 and 24 h) and chronic (10 days) handling stress. The transcript level of each gene (n = 6)
in the different brain sections and time-points was compared to its corresponding control group (1 = 6 each). The scale bar indicates up-regulation (orange) or
down-regulation (blue). Gray cells indicate non-detectable expression. The gene groups comprised (1) adrenergic receptor genes; (2) dopamine receptor genes; (3)
5-HT receptor genes; (4) monoamine synthesis genes; (5) neuronal activity markers; (6) microglial markers; (7) cortisol receptor genes. Genes were considered
significantly regulated in the event of either an (at least) twofold up- or down-regulation of the transcript concentration and a p-value < 0.05 (marked by an underline)
or non-significant tendencies at 0.05 < p < 0.10 (are marked with dashed lines).
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FIGURE 6 | Chronic handling effects on the neurotransmitter concentrations in the brain of maraena whitefish. The effects of repeated handling were analyzed
section-wise at O h (n = 16) and 10 days (n = 8) after exposure to acute handling for (A) NA; (B) DA; (C) 5-HT; (D) DOPAC; (E) HVA,; (F) HIAA concentrations (pg/mg
tissue); and the ratios of (G) DOPAC/DA; (H) HVA/DA; and (1) HIAA/5-HT. Statistical significance was assessed with Student’s t-test; non-significant tendency is
indicated as (+) at 0.05 < p < 0.10.

DISCUSSION

Low Monoamine Activity in the Hindbrain
and Specific Gene Expression Patterns

in Brain Sections of Maraena Whitefish

The first part of this study investigated the gene expression and
neurochemistry of sixteen individual maraena whitefish, which
served as reference individuals in the present study. Although
this cohort was considered as “control fish)” it was exposed

to unavoidable challenges, i.e., husbandry in the anthropogenic
environment as well as the sampling procedure.

Monoamine concentrations were analyzed in the three
selected sections of the brain (Figure 7). We observed
a decreasing concentration gradient of the investigated
neurotransmitters from FB to HB (Figure 7A). This is
consistent with our observation that the genes coding for
monoamine receptors are expressed more strongly in FB and
MB and less strongly in HB (Figure 4A; gene groups 1-3).
This finding may indicate a lower influence of monoamines
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FIGURE 7 | Graphical summary about (A1) the most strongly expressed genes with a similar distribution across the three brain sections; (A2) those genes that were
particularly high expressed in specific sections; and (A3) the spatial distribution of specific neurotransmitters. (B) Overview of the parameters that were affected by
acute and chronic handling at the different time points in the analyzed brain sections. (1) increased or (|) decreased ratios/concentrations in case of
neurotransmitters (NT) and >2-fold up- or <—2-fold down-regulation in the case of gene expression. Statistical significance is indicated with (*) at p < 0.05;
non-significant tendency indicated as (+) at 0.05 < p < 0.10. See Figure 5 for heatmap with all target genes.

on HB. Higher concentrations of the monoamines investigated
have already been described in the telencephalon and midbrain
of the client reef fish Labroides dimidiatus and Naso elegans
(Abreu et al., 2018), rainbow trout O. mykiss (Qverli et al,
2001) and Arctic charr S. alpinus (Backstrom et al., 2017).
The high basal expression of ADR and HTR genes in the
FB compared to other parts of the brain suggests that the
telencephalon is the main target of 5-HT and NA. This
assumption was supported by the high level of stored NA
in this section, which may indicate the strong innervation
of these areas by noradrenergic neurons. The high level of
the metabolite 5-HIAA in the FB is most likely the result of
5-HT metabolization processes. The high concentration of
monoamines and metabolites in the FB is coinciding with the

high expression of MAO, which is essential for the degradation
of monoamines (Winberg and Nilsson, 1993).

In our study, the expression of DRD genes in the HB was
generally lower than in the other sections. DRDI was the most
strongly expressed dopaminergic receptor gene in the three
brain sections analyzed in maraena whitefish. In contrast to our
findings, DRDI of zebrafish D. rerio was mainly found in the
brain stem and hypothalamic region, but not in the forebrain
(Maximino and Herculano, 2010). We found that the expression
of HTR genes was particularly high in the FB of maraena whitefish
compared to the other sections. In humans, prefrontal cortex
and hippocampus express almost all HTR-encoding genes, which
are a main target of serotonergic innervation (Svob Strac et al.,
2016). The corresponding regions of fish are presumably located
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in the telencephalic area and include the equivalent to the
amygdala, POA or the striatum, which are involved in the stress
response and subjected to 5-HT signaling. Among the HTR genes
analyzed, HTRIA was the most abundant transcript, which was
present in all three brain sections. A similar observation has been
made in Gulf toadfish Opsanus beta where 5-HT-1A modulates
the HPI axis (Medeiros et al., 2010). In mammals, 5-HT-1A is also
widely distributed in the brain, mainly present in the limbic areas
and the raphe nuclei where it inhibits the 5-HT signaling and
modulates the HPA axis (Fuller, 1992; Barnes and Sharp, 1999).

HTR4 and especially HTR6 were highly expressed in the
telencephalon compared to the rest of the brain (Figure 7A).
In mammals, these 5-HT receptors act post-synaptically and
induce cAMP signaling upon 5-HT binding (Branchek and
Blackburn, 2000; Rosel et al., 2004). A high HTR4 expression
has been observed in progenitors of motor neurons in zebrafish
D. rerio (Barreiro-Iglesias et al., 2015). In line with our results,
mammalian HTR4 is abundantly present in the mammalian
nigrostriatal system that corresponds in teleosts to a region from
the diencephalon to the telencephalon (Figure 1) (Barnes and
Sharp, 1999; O’Connell et al., 2011). The expression pattern of
HTRG6 in the telencephalon of maraena whitefish is similar to
that in the brain of the cichlid Astatotilapia burtoni (Loveland
etal., 2014). Previous studies on zebrafish (Lillesaar, 2011; Gaspar
and Lillesaar, 2012) suggest that 5-HT populations express
TPHI1 particularly in the hypothalamus (MB in this study), and
TPH2 in the pretectal complex and raphe (MB and HB in
this study). Our finding of similar expression levels of TPHI
in FB and MB of maraena whitefish was unexpected because
5-HT neurons, which normally express this gene, have not
been described in telencephalon so far. We could speculate that
TPHI is expressed by axonal projections of hypothalamic 5-HT
populations into telencephalic regions similar to the expression
of TPH2 by neurons from the raphe nuclei (Lillesaar et al.,
2009). Alternatively, we may have included in the dissection of
the FB the pineal gland or part of the posterior tuberculum,
which have been described to contain TPHI-expressing neurons
(Gaspar and Lillesaar, 2012).

The LC is situated in the brainstem of teleosts and harbors
an important noradrenergic cell population (Ekstrom et al.,
1986). Therefore, the presence of TH and the synthesis of
catecholamines would be expected here (Kaslin and Panula,
2001). However, TH transcripts were almost absent in HB.
Concentrations of NA, as well as DA and its metabolites, were
also low. The relatively small size of the LC in relation to the HB
section might be an explanation for this finding.

Cortisol is the end product of the HPI axis and a strong
regulator of the monoaminergic response in the brain (Medeiros
and McDonald, 2013). The expression of the cortisol receptor
genes GR2 and MR was significantly higher throughout the brain
than that of GR1, which suggests that these receptors might play a
stronger role in cortisol signaling in the brain, compared to other
organs where GR1 is predominant (Martorell-Ribera et al., 2020).

The expression of BDNF, which is an important factor for
neurogenesis and cell proliferation, was particularly high in the
FB. The brain of the killifish Nothobranchius furzeri displayed
a similarly pronounced expression of BDNF in the dorsal

telencephalic areas, suggesting that this region is essential for
neuronal growth and plasticity (D’Angelo et al., 2014).

Acute Handling Increased 5-HT Turnover
and Modulated Receptor Expression at

3 h Post-handling

Brain neurochemistry responded to acute handling with
significantly increased 5-HIAA in the MB at 3 h post-handling,
together with a slightly increased 5-HT turnover in FB and HB.
We speculate that this is the result of an elevated release of 5-
HT during and immediately after handling. A previous study
demonstrated an increased 5-HT turnover in the telencephalon
and hypothalamus of rainbow trout induced by chasing (Gesto
et al., 2013). In addition, increased 5-HIAA concentrations have
been linked to isolation and confinement stress of rainbow
trout (Overli et al., 2001). In Arctic charr, 5-HT and 5-HIAA
concentrations in the brain stem of dominant fish were lower
than in subordinate fish (Backstrom et al., 2015). In our study,
serotonergic activation was accompanied by significantly elevated
plasma cortisol levels 3 h after treatment, which indicates an
activated HPI axis (Wendelaar Bonga, 1997). Although this
cortisol concentration was significantly higher than that of
control fish, it was still below the established stress levels of
rainbow trout (Iwama et al., 1999; Barton, 2000; Schreck et al.,
2016). This may be an indication that the cortisol concentration
may have been higher before our first sampling, while it was
already decreasing at the time of sampling. Acute handling up-
regulated the HTR6 expression in the MB of maraena whitefish.
The basal expression of HTR6 in the MB is extremely low
and this condition might indicate its rather subordinate role in
the response to handling, especially in view of the high HTR6
expression in the FB of undisturbed fish.

The HB of maraena whitefish was expected to have important
5-HT neuron populations, which have been found in the NLV
and raphe nuclei of several teleost species (Lillesaar, 2011).
However, lower basal concentrations of 5-HT and 5-HIAA were
observed in the HB compared to the other sections. This section
displayed weakly increased 5-HT turnover 3 h after handling
(Figure 7B). Contrary, acute stressors have been reported to
increase of 5-HIAA/5-HT ratios in the brain stem of rainbow
trout (Gesto et al., 2008).

Our results showed that the expression of the HTRI family
genes was affected 3 h after handling. HTRID was up-regulated,
while HTRIA was downregulated. In mice, 5-HT-1D regulates
the activity of 5-HT neurons in the raphe nuclei (Vogelgesang
et al, 2017) by inhibiting 5-HT actions (Huang and Thathiah,
2015). 5-HT-1A controls the HPA axis in mammals and also
inhibits 5-HT signaling and, at the same time, it is regulated by
a negative feedback after cortisol release (Fuller, 1992; Zhong
and Ciaranello, 1995; Barnes and Sharp, 1999). In rainbow
trout, HTRIA was down-regulated in the telencephalon 1 to 4 h
post-stress (Moltesen et al., 2016), while it was upregulated in
subordinate Atlantic salmon parr (Thornqvist et al., 2015).

5-HT-3C promotes 5-HT signaling in mammals (Sangkuhl
et al, 2009). In this study, HTR3C was significantly down-
regulated in the brain of maraena whitefish 24 h post-handling
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(Figure 7B). The up-regulation of HTR1D and down-regulation
of HTR3C are most likely compensatory responses to counteract
this 5-HT release, which could affect the raphe 5-HT populations
of the brain stem, as described in brook trout Salvelinus fontinalis
and other teleosts (Bolliet and Ali, 1992; Lillesaar, 2011). The
adrenergic receptor genes ADRAID and ADRB3a were also
down-regulated in the HB 3 h post-handling. Both adrenergic
receptors act post-synaptically as activating modulators of NA
actions in the target neuron (Graybiel and Penney, 1999; Huang
and Thathiah, 2015; Maletic et al., 2017). ADRAID has been
shown to be up-regulated in the hippocampus of rats under
restraint stress (Campeau et al., 2010). ADRB3 genes code for
B3 receptors, which are generally involved in NA release and
neuron plasticity and are down-regulated during chronic stress
in mammals (Seki et al., 2018). Although no changes in NA brain
levels were observed 3 h post-handling, the down-regulation of
these two genes suggests that acute handling might result in
desensitization to NA in the HB.

The Initial Response to Handling Was
Compensated by Increased Monoamine

Concentrations at 24 h Post-handling

The initial serotonergic response 3 h post-handling was followed
after 24 h by increased concentrations of NA, DA and 5-HT in
the MB compared to control fish (Figure 7B). We assume that
the increased monoamine concentrations are the compensatory
response to the stress-related demand of monoamines to cope
with stress. The observed increase in neurotransmitters could be
explained by a reduced monoamine metabolism. However, the
metabolites were not reduced compared to the value at 0 h and the
gene expression of MAO was unaffected by stress. Alternatively,
the elevated monoamine concentrations could be the result
of an increased synthesis as a consequence of an accelerated
enzymatic activity of TPH and TH or the increased availability of
their substrates tryptophan and tyrosine. Both enzymatic activity
and substrate availability are likely to be affected by stress as
previously shown (Dunn and Welch, 1991; Chen and Miller,
2012). However, we did not detect an increased TPH and TH
gene expression at sampling times of 3 and 24 h. Unfortunately,
our data do not permit a final conclusion because we have
neither analyzed the protein content expression nor the activity
of the relevant enzymes. We think that the unchanged metabolite
concentrations and return of plasma cortisol levels to baseline
24 h after the challenge reflect recovery from stress and a return
of HPI activity to baseline between 3 and 24 h after the challenge.
In teleost fish, low reactivity to stress may indicate an increased
allostatic load (Madaro et al., 2015; Moltesen et al., 2016), which
also impairs the natural stress-response mechanisms (Schreck
et al., 2016). This implies the stress-dependent activation of the
DA and NA systems, although we did not detect any significantly
altered levels of DA or NA in the brain of maraena whitefish
3 h post-handling. After 24 h post-handling, only the expression
of 5-HT-related genes in the FB was affected (Figure 7B). The
down-regulation of HTR3C, which activates 5-HT signaling,
and the up-regulation of HTRID, which antagonizes the 5-
HT signaling, suggest a balanced 5-HT activity that migrated
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from the rear brain at 3 h post-handling to the telencephalon
24 h post-handling.

Repeated Handling Evoked a Weak

Monoaminergic Response

The 10-day repeated handling had no significant effects on the
brain neurochemistry (Figure 7B). Although the fish in the
chronic experiment were sampled 24 h after the last treatment,
the monoaminergic activity was not consistent with the observed
recovery period 24 h after acute treatment. Explanations for these
observations could be habituation processes, exhaustion of neural
responses or the effects of chronically elevated cortisol levels on
the monoaminergic systems. The possibility that the decreased
neurochemical response could be due to continuously elevated
cortisol levels in the brain could be excluded, since the cortisol
levels of repeatedly handled fish did not differ from those of
control fish at the end of the 10-day experiment and were not
significantly elevated even 24 h after acute handling. Moreover,
the observed plasma cortisol levels remained below the stress
levels described for rainbow trout (Schreck et al., 2016). Increased
DA metabolite concentrations without altered plasma cortisol
levels have been previously described in Arctic charr in response
to handling (Backstrom et al., 2017). Depletion or exhaustion of
neuronal responses are not very likely as we did not observe a
reduction of the neurotransmitter pool compared with controls,
which might decrease the monoaminergic response. Instead, we
found subtle modulations of the TPHI and TH expression. This
suggests that the monoamine synthesis pathways were sensitive
to repeated handling and may indicate habituation.

Isolated rainbow trout had increased NA levels in the
telencephalon and the optic tectum after 1 week (@verli et al.,
1999, 2001). Our results are consistent with these reports,
since we also observed slightly increased concentrations of
noradrenaline together with an upregulation of TH in HB.

Previous studies on the POA in the brain of cichlid fish
revealed increased levels of tyrosine hydroxylase after handling
stress, and a modulated expression of dopamine receptors and
genes related to 5-HT synthesis after repeated handling (Chabbi
and Ganesh, 2015).

DRDI and DRD4 were down-regulated in the FB and MB
of maraena whitefish, respectively. D1 activates the dopamine
signaling, while D4 inhibits it (Svingos et al., 2000; Centonze
et al., 2003; Mizuno et al., 2007). In studies with rodents, acute
and chronic stress modulated the expression of DRDI, depending
on the forebrain region analyzed (Rasheed et al., 2012). The
DA receptor D4 participates in the dopaminergic stress response
of primates (Arnsten et al, 2000). Taking into account the
aforementioned studies, the down-regulation of DRDI and DRD4
in our results points to the desensitization of the DA system
in the FB and MB.

Our results suggest that the 5-HT system was desensitized by
a repeated stressor compared to the 5-HT response to a single
episode of handling (see sections “Acute Handling Increased
5-HT Turnover and Modulated Receptor Expression at 3 h
Post-handling” and “The Initial Response to Handling was
Compensated by Increased Monoamine Concentrations at 24 h
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Post-handling”). However, markers derived from the synthesis
pathway of 5-HT are apparently promising indicators of the
serotonergic response to chronic stressors. TPH controls the rate-
limiting step of synthetizing 5-HT from tryptophan. Recently, a
study demonstrated a downregulation of TPH1 and TPH2 after
heat stress in medaka fish Oryzias latipes (Shimomura et al,,
2019). In our experiment, the repeated handling reduced TPH1
expression in the FB section of maraena whitefish. However, as
discussed in Section “Low Monoamine Activity in the Hindbrain
and Specific Gene Expression Patterns in Brain,” the expression
of TPHI was detected in 5-HT neurons, which should not be
present in the brain parts included in our FB sections. Therefore,
further investigations based on precise histology are required to
confirm our data.

CONCLUSION

The effects of stress on the brain neurochemistry vary remarkably
throughout the numerous interrelated regions of the brain. In this
study, we observed that acute handling activates the HPI axis and
serotonergic activity of the brain shortly after the challenge. At
24 h after acute handling, the return of plasma cortisol to baseline
together with an increase of brain monoamine concentrations
indicated a recovery. After 10 days of repeated handling, the
modest neurochemical response and the low cortisol levels might
reflect a habituation to the persistent challenge, as the increase
of the NA concentration is much weaker than at 24 h after the
single handling event. Based on the basal expression and the
significant regulation under handling conditions, we selected a
group of genes as potential markers that indicated the effects
of handling as a stressor on the brain monoamine systems, i.e.,
DRDI1, DRD4, ADRAID, ADRB3a, HTRIA, and HTR3C. Our
results suggest that maraena whitefish should be left undisturbed
for at least 24 h following routine aquaculture procedures that
include intense handling, such as size sorting or transportation.
This salmonid species apparently habituates to repeated handling
in the long term. Our study shows that a stress-sensitive species
such as maraena whitefish is able to adapt to the anthropogenic
stressors related to aquaculture conditions if enough time is made
available between challenges.
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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
e The HK of C. maraena showed a pronounced response to A. salmonicida.

e 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.

e (Cortisol decreased the expression of cytokine genes stronger than catecholamines, while
noradrenaline increased the expression of hormone receptors.

e 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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ARTICLE INFO ABSTRACT

Keywords: The functional spectrum of the teleostean head kidney covers haematopoietic, immune and endocrine signalling
Catecholamines pathways with physiological effects that are likely to conflict if activated at the same time. An in vivo experiment
Cytokines on the salmonid fish maraena whitefish (Coregonus maraena) revealed that the head kidney shows a remarkably

Inflammatory response
Maraena whitefish
Head-kidney cells
Salmonid fishes
Serum-amyloid alpha

strong response after injection of Aeromonas salmonicida within 48 h. In order to investigate the potential influence
of endocrine signalling on the initiation of immune responses, we established a primary culture of head-kidney
cells of maraena whitefish. For the characterisation of this model system, we used flow cytometry complemented
with an extensive panel of immunological/haematological and stress-physiological/neuroendocrinological QPCR
assays. More than one third of the cells expressed the characteristic signature of myeloid cells, while more than half
of the cells expressed those genes typical for lymphocytes and monocytes. In parallel, we quantified the expression
of genes encoding endocrine receptors and identified ADRAZD as by far the most highly expressed adrenergic-
receptor gene in head-kidney cells. The stimulation of the head-kidney cells with toll-like receptor ligands induced
the expression of typical immune genes (IL1B, CXCL8, TNF, SAA) after only 1 h. The incubation with the stress
hormones cortisol, adrenaline and noradrenaline also had an immune-activating effect, though less pronounced.
However, cortisol had the strongest suppressive effect on the stimulation-induced immune response, while adre-
naline exerted a comparably weaker effect and noradrenaline was almost ineffective. Moreover, we found that
cortisol reduced the expression of genes coding for adrenergic and some glucocorticoid receptors, while nora-
drenaline increased it. In conclusion, the primary head-kidney cells of maraena whitefish reflect the immunological
and neuroendocrinological diversity of the entire organ. This in vitro system allowed thus identifying the corre-
lative changes between the activities of hormones and immune factors in salmonid fish in order to contribute to a
better understanding of the regulation circuit between stress and immune defence.

1. Introduction stress should generally be kept at low levels, as it influences many im-
munological processes and may therefore increase the susceptibility to
Strict hygiene standards, vaccination and/or resistant fish strains are infections [1]. The signalling cascades that are stimulated by stress and

among the most effective measures to encounter and prevent disease that activate the immune system eventually converge in the teleostean
outbreaks and epidemics in finfish aquaculture. In addition, husbandry head kidney. Whenever antigenic structures are transported via the blood

Abbreviations: Aa, amino acid; ADR, adrenoreceptor; DAMP, damage/danger-associated molecular pattern; FACS, fluorescence-activated cell sorting; FSC, forward
scatter; IL, interleukin; LPS, lipopolysaccharide; NF-kB, nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells; NK cells, natural-killer cells; PAMP, pathogen-
associated molecular pattern; p.i., post injection; PRR, pattern-recognition receptor; qRT-PCR, quantitative reverse-transcriptase polymerase-chain reaction; SAA,
serum amyloid A; SSC, side scatter; TLR, toll-like receptor
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stream into the head kidney, they are recognised by pattern-recognition
receptors (PRRs), such as toll-like receptors (TLRs). These PRRs trigger the
expression of pro-inflammatory cytokines (Fig. 1) including interleukin-13
(IL1B), IL6, IL12B, CXC-chemokine ligand-8 (CXCL8), tumour-necrosis
factor a (TNF), as well as acute-phase proteins, such as serum-amyloid o
(SAA) [2,3]. Simultaneously, anti-inflammatory mechanisms (e.g. by the
cytokine TGFB) are induced to limit the extent of the immune response. In
addition, the head kidney is the main site of haematopoiesis [4] and an-
tibody production [5].

The haematopoietic and immunocompetent cells are in intimate
association with interrenal steroidogenic and monoaminergic chro-
maffin cells [3,6,7] (Fig. 1). Stressful conditions stimulate the interrenal
cells to release glucocorticoid hormones including the major stress
hormone cortisol [8,9]. When cortisol binds to the glucocorticoid re-
ceptor (NR3C1) in the cytosol, this complex migrates to the nucleus and
binds to its specific response elements to modulate the expression of a
broad range of genes [10,11]. Thereby, cortisol influences the viability
and proliferation of monocytic cells [12], the migration of lymphocytes,
the mobilisation of myeloid cells and the production of pro-in-
flammatory mediators [13]. In parallel, the sympathetic fibres that in-
nervate the head kidney trigger chromaffin cells to release the ca-
techolamines adrenaline and noradrenaline. In fish, these
catecholamines bind to a- and B-adrenoreceptors (ADRA, ADRB) in the
membrane and modulate, together with other hormones, a multitude of
physiological processes [14,15]. In particular, adrenaline and nora-
drenaline inhibit antibody production and suppress pro-inflammatory
cytokines and phagocytic activity [16,17]. However, human monocytes
showed enhanced pro-inflammatory responses when stimulated with an
ADRB agonist [18]. In this manner, the neuro-immune circuit triggers a
series of compensatory physiological processes to enable the sick in-
dividual to overcome its disease-related weakness and direct its meta-
bolic resources to survival needs [19]. Conversely, this means that
particular aspects of the immune system are constantly suppressed
during periods of prolonged stress [20-23] augmenting the risk of pa-
thogen invasion and infection. On the other hand, short-term stress is
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VIARKER-GENE PANEL  Fig. 1. Schematic representation of the
teleost head kidney as important endo-
crine, h ic, and i ti-
vating tissue. The major steps during the
establishment of an immune response in the
head kidney are illustrated; immune genes
profiled in this study are highlighted by
coloured hexagons. Gene names are abbre-
viated as listed in Table 1; the depicted
stress hormones are CORT, cortisol; A,
adrenaline; NA, noradrenaline. The panel of
marker genes used for the characterisation
of primary head-kidney cells is listed on the
right side.
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known to exert a stimulating effect on the immune system via the
sympathetic nervous system [24-26].

Altogether, the effects of stress on the teleostean immune system are
highly complex, since they depend on the type of stressor and its ex-
posure time as well as the identity of the affected (immune-) cell po-
pulations and the species. So far, the influence of stress hormones in
general, and catecholamines in particular, on the expression of immune
genes in head-kidney cells has rarely been examined and provided in
part contradictory results [16,17,27].

We chose maraena whitefish Coregonus maraena for our investiga-
tions, as this salmonid fish proved to be a suitable model organism for
studying aspects of the salmonid stress physiology [22,28]. Maraena
whitefish is remarkably more sensitive to particular stressors than its
close relatives rainbow trout Oncorhynchus mykiss [22,29] and Atlantic
salmon Salmo salar, which have long-term adaptations to intensive
farming conditions [30,31]. Concomitant with the increasing com-
mercial importance of maraena whitefish, efforts are intensifying to
convert their production from extensive to intensive systems [32,33].

Given the increasing importance of maraena whitefish and taking
into account the 3-R principles of animal experimentation, we estab-
lished primary cultures of head-kidney cells to address the following
questions: (i) Do gene-expression profiles of immune responses to
bacterial challenges in vivo correspond to in vitro responses of head-
kidney cells to PAMPs and are the expression dynamics comparable?
(ii) To what extent do primary-cell preparations from head kidneys
represent the immune-cell composition of the entire organ? (iii) How do
stress hormones modulate the expression of genes involved in the im-
mune-neuroendocrine crosstalk in head-kidney cells, and (iv) how do
they influence the pro-inflammatory immune response to PAMPs?

2. Materials and methods
2.1. Husbandry and sampling of maraena whitefish

Maraena whitefish were held in fresh-water recirculation systems at
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18 °C at a 12:12-h day-night cycle. Water quality was assured by con-
tinuous purification and disinfection (bio-filter and UV light). Water
parameters including NH, ", NO,~, NO3~ concentrations were mea-
sured twice a week, pH value, temperature and oxygen saturation were
constantly recorded. The fish were fed commercial dry pellets
(1.5-4.5 mm; Biomar) by automatic feeders at a daily rate of 0.8-4.0%
of their total biomass.

The killing and sampling method followed the standards described
in the German Animal Welfare Act [§ 4(3) TierSchG].

hall,

2.2, In vivo ¢ 1ge of maraena ish with A. salmonicida

Details of the in vivo challenge have already been published [34]. In
brief, we injected a 100-ul suspension containing 5 x 10° inactivated
A. salmonicida ssp. salmonicida (wild-type strain JF 2267) into the
peritoneal cavity of 18 maraena whitefish (n = 6 per time point). As a
negative control, 15 maraena whitefish (n = 5 per time point) received
an intraperitoneal injection of 100 pl sterile PBS solution. Fish were
sampled 24 h, 48 h and 72 h post treatment for liver, spleen, head
kidney, gills, and peritoneal cells.

2.3. Isolation and staining of head-kidney cells

Head-kidney tissues were isolated from freshly slaughtered fish and
either homogenised for RNA isolation (cf. 2.6) or placed into a sterile
container with Dulbecco's Modified Eagle's Medium (DMEM; Gibco) for
FACS sorting or primary-cell isolation.

The isolation of head-kidney cells for cultivation followed in essence
published protocols [13,35]. To obtain a single-cell suspension, head-
kidney tissue was homogenised in DMEM solution using a steel sieve
(500 pm, Roth). This head kidney-cell suspension was then successively
sieved through two cell strainers of 200 pm (both PluriSelect) and
thereafter 100 um (Falcon). Subsequently, cells were centrifuged at
524 x g for 5 min and resuspended in 3.0 ml DMEM. The cell suspension
was layered onto an isotonic Percoll gradient (3 ml; p = 1.084 g/ml)
and centrifuged at 800 x g for 30 min (6 °C, minimum deceleration).
The cell band in the DMEM/Percoll interface was collected and washed
with DMEM. After an additional centrifugation step (524 x g, 5 min),
the cell pellets were resuspended either in DMEM for primary-cell
culture or in phosphate-buffered saline (PBS; Biochrom) for FACS
sorting. For comparison, the Percoll-gradient centrifugation was
omitted to assess its efficiency in reducing the number of erythrocytes.
Prior to further steps, cell number and viability were measured with the
Cellometer Auto 2000 (Nexcelom Bioscience). Finally, cells were sub-
jected either to flow cytometry (cf. 2.4) or to cultivation in 6-well plates
(cf. 2.5).

For a basic characterisation of the isolated immune-cell populations,
head-kidney cells were placed on glass slides for May-Griinwald-Giemsa
staining. May-Griinwald solution (Brand) was applied on the cells for
1 min, washed with distilled water and transferred to a 1:20-diluted
Giemsa solution (Roth) for 30 min. After cleaning the slides with dis-
tilled water, microscopic observation was performed using the Nikon
TMS-F microscope and a Nikon Coolpix E5000 camera with MDC Lens
(Nikon).

2.4. Flow cytometry

Head-kidney cells suspended in 2 ml PBS solution (with a final
concentration of ~1 x 107 cells/ml) were sorted using a MoFlo XDP
high-speed cell sorter (Beckman Coulter) with an incorporated air-
cooled Coherent Sapphire laser (488 nm, 100 mW). The cells were
sorted through a 70-um nozzle at 60 psi in purify mode. The forward
scatter (cell size) was the trigger signal for all measurements. The side
scatter (cell granularity) was employed to sort the cells in two fractions,
low side-scattering intensity (fraction R1) and high side-scattering in-
tensity (fraction R2). These fractions were then collected in PBS and re-
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analysed, with a final sorting efficiency of 94% = 3%. This procedure
was performed with head-kidney cells from five different individuals
separately. To obtain a dry pellet of the fractions, cells were centrifuged
at 500 x g for 5 min and used for RNA extraction (cf. 2.6).

2.5. Primary culture and in vitro stimulation experiments

Purified head-kidney cells were cultivated in DMEM (Gibco) with
10% foetal bovine serum (Gibco) and 0.1% antibiotic-antimycotic so-
lution (Sigma) in 6-well plates (1.5 X 10° cells/ml). Cells were in-
cubated at 18 °C in a 3%-CO, atmosphere to adjust the pH of the culture
medium to that of the fish's body fluids.

Prior to conducting the stimulation experiments, we tested different
incubation times and PAMP/hormone concentrations [36]. Eventually,
primary head-kidney cells were cultured for 1 h, 3 h or 24 h with either
cortisol (hydrocortisone, 600 ng/ml, Sigma-Aldrich/Merck), adrenaline
((—)-epinephrine (+)-bitartrate 10 pM, Sigma-Aldrich/Merck) or nor-
adrenaline (L-(—)-norepinephrine (+)-bitartrate 10 pM, Sigma-Al-
drich/Merck). Because cortisol is diluted in ethanol (Roth), we stimu-
lated the primary cells also with this solvent to exclude that it affected
the expression of the chosen target genes.

In addition, head-kidney cells were stimulated with highly pure
natural or synthetic TLR ligands (all purchased from Invivogen), in the
following referred to as pathogen-associated molecular patterns
(PAMPs), either alone or in combination with the above hormones. We
applied a mixture of different PAMPs mimicking the heterogeneous
cocktail of microbial structures present during (co-)infections in the
host's circulation. It included the TLR4 ligand lipopolysaccharide (LPS)
from Escherichia coli (10 pg/ml), synthetic TLR2 ligands FSL-1 (100 ng/
ml), Pam,CSK, (100 ng/ml) and Pam3CSK4 (300 ng/ml), TLR5 ligand
flagellin from Salmonella typhimurium (FLA-ST, 100 ng/ml) and TLR3
ligand poly(I:C) of low molecular weight (10 pg/ml). The individual
stimulations were performed in triplicate in cells of three fish sepa-
rately. Post-stimulation, the cells were harvested in 100 pl lysis buffer
(Bioline) and 2 ul TCEP (tris(2-carboxyethyl)phosphine) reducing agent
(Bioline).

2.6. RNA isolation and cDNA synthesis

Tissue samples were homogenised by 2.8-mm ceramic beads
(Precellys, VWR/Avantor) at 6000 x rpm for 30 s using the Precellys24
Homogeniser (VWR/Avantor). Subsequently, total RNA was extracted
using TRIzol Reagent (Life Technologies) and purified with the RNeasy
Mini Kit (Qiagen). RNA from lysed cells was isolated and purified using
the Isolate 2 RNA Micro Kit (Bioline) without previous TRIzol
(Invitrogen) treatment. Finally, the RNA quality was checked by hor-
izontal electrophoresis on 1%-agarose gels. The RNA concentration was
determined using the NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific).

The SuperScript II Reverse Transcriptase Kit (Invitrogen, Life
Technologies) was used to synthesise first-strand cDNA from purified
total RNA. Reverse transcription was performed at 42 °C for 50 min
followed by an inactivation step at 70 °C for 15 min. The resulting
c¢DNA was purified using the High Pure PCR Product Purification-Kit
(Roche) and diluted in 100 pl distilled water.

2.7. Real-time quantitative PCR (qPCR)

Since the sequences of most target genes were not available in the
public databases, we searched our RNA-seq read collection from mar-
aena whitefish [37]. The program Bowtie2 (v 2.2.4) was used to align
orthologous sequences from Oncorhynchus mykiss, Oncorhynchus kisutch
and Salmo salar with our reads. The Samtools package (v 1.6) was used
to sort and index the obtained alignment. Then, the Ugene software (v
1.29) compiled the consensus sequences. Primers for qQPCR assays were
designed using the PSQ Assay Design Software 1.0.6 (Biotage AB). The
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selected primer pairs amplified products with lengths between 121 bp
and 239 bp with PCR efficiencies between 86.5% and 101.4%.

Small-scale qPCR assays were carried out with the LightCycler 96
System (Roche) using the SYBR Green fluorescence dye of the
SensiFAST SYBR No-ROX Kit (Bioline) in clear LightCycler 480 multi-
well plates (Roche). In detail, 1.5 pg of total RNA were reverse-tran-
scribed into ¢cDNA prior to the qPCR run. The qPCR cycling program
included an initial pre-incubation step at 95 °C for 10 min, followed by
40 cycles with a 15-s denaturation at 95 °C, a 10-s annealing step at
60 °C, and a 20-s extension period at 72 °C. Relative quantification of
expression was calculated using LightCycler 96 Software v1.1.

Multiplex-qPCR assays were carried out on 192.24 Dynamic Array
IFC chips (Fluidigm) with EvaGreen fluorescence dyes (Bio-Rad) using
the BioMark HD-System (Fluidigm). One microliter of total RNA was
reverse-transcribed using the Reverse Transcription Master Mix
(Fluidigm). Subsequently, a pre-amplification step was carried out
using the PreAmp Master Mix (Fluidigm) and a “primer master mix”
with a final concentration of 500 nM per primer pair. Following the
c¢DNA pre-amplification, a treatment with exonuclease I (Exol; New
England BioLabs) was performed. Then, the cDNA samples were diluted
in SsoFast EvaGreen Supermix with Low ROX (Bio-Rad) and 192.24
DELTAgene Sample Reagent (Fluidigm). The primer- and sample-
master mixes were transferred to the assay and sample inlets on the IFC
chip. After loading primers and samples onto the IFC chip using the IFC
Controller RX (Fluidigm), this IFC chip was transferred to the BioMark
HD-System (Fluidigm) to perform the quantification reactions following
the GE 192 x 24 FastPCR + Meltv2.pcl cycling program. The ob-
tained qPCR data were analysed using the Fluidigm RealTime PCR
Analysis Software v. 3.0.2.

The LightCycler-qPCR products were run on a 2%-agarose gel to
assess the integrity and specificity of the PCR products. A standard
curve based on serial dilutions (102107 copies) of each specific PCR
product was used to calculate the corresponding copy numbers. The
geometric mean of the reference genes EEF1A1b, RPL9, and RPL32 [38]
was used to normalise qQPCR data.

2.8. Statistical analysis

Multiple t-tests were conducted using the software GraphPad Prism
8 (Statcon) to calculate the statistical significance of the gPCR expres-
sion data. The traditional p-value of 0.05 was corrected according to the
Bonferroni method to avoid type-I errors. Thus, the threshold for the
gene-expression analysis of FACS-sorted cells was set at p = 0.002. For
the expression data of the cell-stimulation experiments, a corrected
p < 0.0024 indicated statistical significance.

3. Results

3.1. The head kidney of maraena whitefish shows a remarkably strong
response to challenge with A. salmonicida

To compare in vivo and in vitro responses, we first studied gene
expression following bacterial challenge in vivo. To this end, we es-
tablished 24 immunological and/or haematological and 15 stress-phy-
siological and/or neuroendocrinological qPCR assays (Table 1; Fig. 1)
based on our 1.3 million RNA-sequencing reads from maraena whitefish
[37]. These assays included the pro-inflammatory and acute-phase
genes IL1B, IL6, CXCL8, TNF, IL12B, SAA, MAPK1, and MAPK3, which
were used to profile the in vivo response in head kidney, spleen, liver,
gills and in peritoneal cells of maraena whitefish at three different time
points (24 h, 48 h, 72 h) after intraperitoneal injection of inactivated A.
salmonicida.

All selected immune genes were significantly regulated after A.
salmonicida injection, but their profiles reflected a particular tissue/cell
type (Fig. 2). In the peritoneal cells from the site of injection, the
transcript concentrations of ILIB, CXCL8, and TNF increased with
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progressive time post injection (p.i.) resulting in fold-change values
between 21.1 (CXCL8) and 42.1 (TNF). In the head kidney, the con-
centration of particular transcripts followed a more pronounced dy-
namic. Here, IL1B, IL6, IL12B, TNF, and MAPK1 showed nearly con-
gruent expression patterns, starting with no or a slight up-regulation at
24 h, which then turned into a strong up-regulation at 48 h with fold-
change values between 16.0 (TNF, MAPK1) and 122.0 (IL1B). Finally at
72 h, expression was even downregulated with fold-change values
ranging from —2.7 (MAPK1) to —33.2 (IL6). In the spleen and gills,
transcript levels of the selected immune genes were only moderately
(less than 10-fold) regulated at the different time points after stimula-
tion compared to non-stimulated controls. At 72 h p.i., SAA in spleen
(9.5-fold) and IL12B in gills (4.9-fold) were the most highly up-regu-
lated genes. In the liver, IL1B, SAA, and MAPK]I-transcript levels were
2.1- to 8.0-fold increased across the three time points p.i., while IL6 and
MAPK3 were downregulated (~-3-fold) at 72 h.

In summary, the head kidney of maraena whitefish exhibited strong
dynamics in the expression of early immune genes within the first 48 h
p.i. of A. salmonicida, whilst the spleen and gills responded only to a
limited extent.

3.2. A primary-cell culture of head kidney from maraena whitefish
sufficiently represents the immune-cell composition of the entire organ

Although widely used as a model system [39] the cellular compo-
sition of primary cultures of head-kidney cells has rarely been thor-
oughly analysed, especially in non-model fish species, for which de-
tection antibodies are scarce. To characterise an unstimulated in vitro
model of the head kidney from maraena whitefish with or without prior
purification by Percoll-gradient centrifugation, we combined tradi-
tional staining and microscopy techniques with FACS sorting and real-
time qPCR. The May-Griinwald-Giemsa staining of cells isolated from
the head kidney confirmed the presence of erythrocytes (ellipsoid cells
with orange-stained cytoplasm and blue-stained nuclei), lymphocytes
(spherical cells with a thin rim of cytoplasm in dark blue and purple
nuclei), monocytes (spherical cells with clear blue cytoplasm and
kidney-shaped nuclei), and granulocytes (spherical cells with clear blue
cytoplasm and lobulated purple nuclei) (Fig. 3A). All cells were ap-
parently smaller than 10 pm. The flow-cytometric sorting of the un-
stimulated head-kidney cells allowed the separation of two cell sus-
pensions, R1 enriched with less granular and smaller cells and R2 with
more granular and larger cells (Fig. 3B). In repeated analyses with a
total of five fish, more than half (55.5% = 3.0%) of all cells isolated
from the head kidney were sorted to fraction R1 and slightly more than
a third (36.6% = 2.7%) to fraction R2.

To determine the composition of these two cell suspensions R1 and
R2, we subjected both fractions to cell-type specific gene-expression
profiling (Fig. 3C1). To this end, we used 15 markers, which had pre-
viously been reported as characteristically expressed genes in distinct
immune-cell populations of fish [22,34,40-42]. These gPCR analyses
revealed that the R1 suspension contained significantly higher levels of
TCR (specific for T cells), NCAM1 (NK cells), MPEG1 (monocytes/
macrophages) and SPTB (erythrocytes) compared with the R2 suspen-
sion (with p < 0.001). Moreover, the R1 fraction contained pro-
nounced copy numbers of IGHM (B cells) and ITGA2B/CD41 (throm-
bocytes) compared to R2 (p < 0.04). DNTT (specific for lymphoblasts)
was expressed at a very low level (1-10 copies/ng RNA) in both frac-
tions, though significantly higher in R1 (with p < 0.0001). In the R2
fraction, we recorded significantly higher copy numbers of MPO, CSF3R
(both specific for granulocytes), and LCP1 (myeloid cells) compared
with the R1 fraction (with p < 0.0001). CSFIR (monocytes) was
weakly expressed in R2, but tended to be stronger in R1. TLR22b, TLRY,
and CD83 transcripts (indicating the presence of dendritic cells) as well
as HBB (erythrocytes) were similarly expressed in both fractions.

The purification of the isolated cells via a Percoll gradient sig-
nificantly reduced the number of erythrocytes but did not eliminate
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Table 1

Gene-specific qQPCR primers used in this study.
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Gene symbol (alias name)

Sense, antisense primer (5'— 3)

Gene product; function

Reported site of expression

ADRA1B
ADRA1D
ADRA2A
ADRA2B
ADRA2C
ADRA2D
ADRB2

ADRB3a

CD83

CSF1R (MCSFR)
CSF3R (GCSFR)
CXCL8 (IL8)
DNTT

HBB

HSP90AA1 (HSP90)
HSPA1A (HSP70)
IGHM

IL12B

IL1B

L6

ITGA2B (CD41)
LCP1

MAPK1 (ERK2)
MAPK3 (ERK1)
MPEG1

MPO

NCAM1

NR3Cla (GR1)
NR3C1b (GR2)
NR3C2 (MR)
SAA

SPTB

STAR

TGFB1b

TH

TLR22b (TLR13)

TLR9

CCGGGAGAAGAAAGCAGCTAAA, AGTTGAAGTAGCCCAGCCAGAA
TCCGTGCGCTTGATGAAGTTCT, AGACCATGTCAGATGGCTTCAG
TCCGCCCTATAGCCTCCAGAT, GACGCCAACGAAACCAGGAAG
AGCCACAGCGCTCTTTGCTAC, GGATGATGAGGGTCGCCACTA
TGTGGCTGATCTCGGCTGTTAT, AACCTGGTAGATCCTGATGAAGA
GTAGTGGCCGTTTTCACCAGC, CACACCAGGTGCTCCCAAAGT
TTCCAGCGGCTGCAGACGGT, AAGACGTCCGCCGCTGTCCA
GTTTGGATTGTGTCTGCTCTGAT, TGAGCAAAGGGATGTAGAATGAC
GTGGTACAAGCTCGGTGAGGA, TTACATTGGGCAGGAAGATATCG
TGCAACGTCCCGGTGAATACAA, ACAGCTACCTGGAGATGAGGC
ACAGCCACTCCTGGAGGACG, GCCAAAGCCCTAAGCAAGGGA
TAGACTCATTAAGAAGGTGGAGAT, TGTTGGCCAGCATCTTCTCAAC
TGCAGAGAGCTGGTATCCTGTA, CTCCTTCCCCCTGCGAAAGC
GGGAAGAGTTCTGATCGTCTAC, ACTTGTATGTGGCCAAGATGTTG
AGATACGAGAGCTTGACAGACC, TGCCAGACTTGGCGATGGTTC
CTCCTCTGGGTTGAAGGATTTG, GGCCATGAACCCCAACAACAC
AATTCCAATTCATTGAGCCAACTC, TCCCTCACGTTCGTCATATTCTT
GTTCGTCATGCTCCTCTGTGTT, CATTCTCGCCCTCGTACTTCC
AAGGACAAGGACCTGCTCAACT, ACCCAGCTCTTGTTCTCAGAGT
AGAAGCCTGTGGAAGAGATGTC, ATTGTGGGTATTCAGCCTTAACG
GACAAGCAAGCATAAACAACTATC, TGCAGTTATAGGGAGTAAAACAAG
ATGTTGGAGCAGGCTGACCGT, CTCTGGTCTCACCCTCGATTG
GTACATCCACTCAGCTAACGTC, GCTACATACTCCGTCAGGAAAC
CTATCCGTGCCAGCCCAAAGT, GTAACGACCACACCTGCTACTT
CATCAACACTTGGCTGGAACAG, GTTCCGTACTTGAACACGAGCG
TCTGCAACAACCTGAAGTACCC, TACGGTTAGAGACCTCCCTTAC
AAACCAGAGATCACCGTAACCC, AGGTGATCCTTTGGTAGAACTTG
CACAGTACCAAAGGATGGATTGA, TGCATGGAGTCCAGTAGCTTAG
TGCCCCTCAGACTTTTACGTAG, TGGTGGTGTTGGAACCGCTAAA
TGCTCAGCCCAGTTCCCAAAGA, TGCATGGCGTCCAGTAGCTTG
TTCCCTGGTGAAGCTGCTCGA,TGACTCCTGCTGCCCACCTG
CACTAAGGGGCGCATGCGTAT, CAATGTCTTGGATCTGGAATCTG
TGTGCGCTGGCATCTCCTACA, ATCCGCAAGCTGAGCAGTGAG
CATTCCAAGGTGCTAGGTCTGT, TCTTGGGGGTCTTGCCGATGT
GTTCGAGACGTTTGAAGCTAAGA, TTTTGACGTCCTCTGCGATCCT
CGGAGAGCAACAACCAAACA, GAGATAAGCCAGGAAGAGGTAGT

CCGCTCCTGCCAGGAAATCTAT, AGCTGGGTGTACCCCTTGTGTC
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Adrenoceptor alB;

contraction of blood vessels
Adrenoceptor alD;

contraction of blood vessels
Adrenoceptor a2A;

inhibition of NA release, hypotension
Adrenoceptor a2B;

regulation of vascular tone
Adrenoceptor a2C;

inhibition of adrenaline secretion
Adrenoceptor a2D;

unknown function

Adrenoceptor p2;

activation of glycogenolysis
Adrenoceptor B3;

lipolysis, ion transport

CD83 antigen;

antigen presentation
Colony-stimulating-factor-1 receptor;
cell differentiation
Colony-stimulating-factor-3 receptor;
cell differentiation
C-X-C-motif-chemokine ligand 8;
chemoattraction

DNA nucleotidylexotransferase;
cell maturation

Haemoglobin subunit beta;

oxygen transport
HSP90a-family-class A member 1;
chaperone function
Heat-shock-70kD protein 1A;
chaperone function
Immunoglobulin, heavy mu chain;
antigen binding, cell/cell interaction
Interleukin-12B;

NK-cell activation

Interleukin-1p;

inflammation

Interleukin-6;

inflammation

Integrin subunit alpha 2b;
cell-adhesion

Lymphocyte cytosolic protein 1;
cell adhesion
Mitogen-activated-protein kinase 1;
regulation of transcription
Mitogen-activated-protein kinase 3;
regulation of transcription
Macrophage-expressed gene 1 protein;
microbicidal activity
Myeloperoxidase;

microbicidal activity

Neural cell adhesion molecule 1;
cell-to-cell interaction
Glucocorticoid receptor 1;
regulation of transcription
Glucocorticoid receptor 1, variant b;
regulation of transcription
Mineralocorticoid receptor;
regulation of transcription
Serum-amyloid A;

chemoattraction

Erythrocytic spectrin beta;
membrane stability

Spleen, kidney, blood vessel
Blood vessel

Brain, spleen, kidney
Kidney

Brain, adrenal gland
Brain, heart

Lung, lymphocyte
Adipose tissue
Dendritic cell
Macrophage

Myeloid cell/granulocyte
Leukocyte
Lymphoblast
Erythrocyte
Ubiquitous
Ubiquitous

B cell

Leukocyte
Leukocyte
Leukocyte
Thrombocyte
Monocyte
Ubiquitous
Ubiquitous
Macrophage
Neutrophil granulocyte
NK cell

Ubiquitous
Ubiquitous
Ubiquitous

Liver

Erythrocyte

Steroid: ic Acute
synthesis of steroid hormones
Transforming-growth factor b1, variant b;
anti-inflammatory function

Tyrosine hydroxylase;

synthesis of catecholamines

Toll-like receptor 22b;

pattern recognition

Toll-like receptor 9;

pattern recognition

'y Protein;

cell
Leukocyte
Chromaffin cell
Dendritic cell

Dendritic cell

(continued on next page)
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Table 1 (continued)
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Gene symbol (alias name)  Sense, antisense primer (5'— 3’)

Gene product; function Reported site of expression

TNF (TNFa) TTTTCCCAGGGTGGGTTCGAG, GGAGTCTGAATAGCGCCAAATAA Tumour-necrosis factor; Leukocyte
inflammation
TCR (TCRa) GTAAAAGATGACATTGCAGGTGAA, CAACGATCACAACAGAACTGAAG T-cell receptor a; T cell
cell-cell interaction
. ~ ) similarly well represented in both fractions (Fig. 3C2). Only ADRAIB
o 5‘ w ﬁl. < E nx. and -A1D were not detectable (although three different primer pairs
; § é E ; ;(, § § were applied to each). ARDA2D had the highest transcript level in both
fractions (> 2500 copies/ng RNA). Notably, we detected in fraction R1
24h 25 A7 23 20 14 {19 =16 -1i1 slightly, but significantly higher levels of NR3C2, while fraction R2
Peritoneal contained higher levels of NR3C1 transcripts.
cells | 480 58 141 46 32 21 1720 18 Finally, we recorded the gene-expression patterns of the panel of
7on L3040 31 214 22 m 63 14 13 immune-cell markers (cf. Fig. 3C1, w/o HBB and SPTB) in (i) the entire
head kidney of untreated fish and (ii) isolated, Percoll-purified head-
kidney cells in order to determine whether certain immune-cell types
24h 23 53 25 12 17 15 42 14 were enriched or depleted in the eventual primary-cell culture. We note
Head in this context that the strength of the expression of a marker gene does
kidney 42N EASN ' B 1507 40 [H607 14 generally not correspond difectly with gle percentage of angimmune-
72h | 42.8 1.0 42 19 27 48 cell population. The quantification of the immune-cell genes in a tissue
sample of the entire head kidney revealed that the B-cell marker IGHM
24h D22 G " 00 e accounts for more than half (54.6%) of all selected immune cell-marker
) . : ) : ! ! transcripts, followed by the markers MPO (33.9%) and CSFR3 (5.4%),
Spleen | 48n 18 12 22 46 12 24 11 14 which are both characteristic of granulocytes (Fig. 3D1). The propor-
tion of the T-cell marker TCR (2.5%) and the thrombocyte marker
72h 48 15 60 47 28 95 13 i ITGA2B (1.3%) were detectable in the single-digit percentage range,
while the proportion of the marker genes for monocytes, dendritic cells,
24h 15 A4 36 24 10 22 48 18 lymphoblasts, and NK cells were below 1%. These expression data are
essentially similar to the data collected for the primary head-kidney
Gills | 48h 14 1.7 1.3 22 15 13 140 14 cells (Fig. 3D2). Nevertheless, the copy number of the dendritic cell
marker CD83 increased from 0.1% in the entire head kidney to 3.3%,
72h 47 34 37 A4 49 12 19 10 while the copy number of the thrombocyte marker ITGA2B decreased
from 1.3% to 0.7%.
24h 44 21 14 32 43 40 38 16 Taken together, our expression profiling proved that a primary-cell
) culture of the head kidney from maraena whitefish represents the broad
Liver | 4gh 21 43 45 4 13 80 25 12 spectrum of chromaffin, interrenal, and immune cells of lymphoid and
7oh 77 33 ATA 18 146 67 24 32 myeloid origin and thus well reflects the cell composition of the entire
head kidney.
Colour key

EEETIENT 0 o o 20 SR I
Fig. 2. Modulation of immune genes after injection of inactivated
A. salmonicida into maraena whitefish. The heat map illustrates average
expression ratios as fold-change values of the A. salmonicida-treated group re-
lative to the control groups (n = 5 each) for the immune genes ILIB, IL6,
CXCL8, TNF, IL12B, SAA, MAPK1, and MAPK3 (listed in columns) as measured
by multiplex qPCR. EEF1A1b, RPL9, and RPL32 were used as reference genes to
normalise the data. The analysed cells and tissues are listed on the left together
with the time points p.i.

them completely. However, it hardly altered the outcome of the cell-
sorting procedure. This was observed after microscopic examination
and confirmed in a parallel qPCR analysis revealing that the copy
numbers of HBB were significantly reduced. Vice versa, HBB was the
dominant transcript (86.7%) among the 15 blood-cell markers in the
discarded fraction after the Percoll purification (data not shown).
Additionally, we wanted to determine the “neuroendocrine capa-
city” of R1 and R2. These two fractions contained substantial copy
numbers of TH (between ~ 1100 and 1200 copies/ng RNA) and STAR
(between ~ 260 and 300 copies/ng RNA) indicating the presence of
chromaffin and interrenal cells, respectively (data not shown). Almost
all transcripts of the 11 selected receptors for cortisol (NR3Cla, -b, 2)
and catecholamines (ADRA1B, -A1D, -A2A, -A2C, -A2D, -B2, -B3A) were
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3.3. Cortisol is more effective than catecholamines in reducing the
expression of cytokine genes in head-kidney cells

To study the immune-neuroendocrine crosstalk, we stimulated
head-kidney cells with (i) stress hormones including cortisol, adrenaline
or noradrenaline; (ii) PAMPs including LPS, FSL-1, Pam,CSK,,
Pam3CSK, flagellin, and poly(I:C); and (iii) PAMPs together with one of
the stress hormones each.

The incubation of head-kidney cells with one of the three stress
hormones revealed that adrenaline had the strongest inducing effect on
the expression of the acute-phase genes IL1B (14.8-fold), CXCL8 (10.0-
fold), TNF (2.8-fold), IL6 (2.8-fold), and SAA (7.4-fold) within 3 h of
incubation (Fig. 4A). After 24 h, the SAA transcripts remained at an
elevated level, while the transcript levels of the cytokine genes returned
to the level found in unstimulated cells. Additionally, adrenaline
slightly induced (up to 3.0-fold) the expression of heat-shock genes
after 24 h of incubation (Fig. 4B). Cortisol had a comparatively weaker
effect on the expression of IL1B (3.8-fold), CXCL8 (2.8-fold), and SAA
(14.7-fold) during a 3-h period of incubation. After 24 h, SAA continued
to increase (up to 20.8-fold), while the transcript levels of most cyto-
kine genes were partially reduced (—2.5- to —2.7-fold) compared to
control cells. Concomitantly, cortisol decreased (—1.4- to — 3.5-fold)
the level of transcripts encoding adrenergic and mineralocorticoid
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Fig. 3. Comp lated head-
kidney cells isolated from maraena white-
fish. (A) Microscopic observation of freshly
isolated head-kidney cells from maraena white-
fish, stained with May-Griinwald-Giemsa solu-
tion. Four morphologically distinct blood-cell
types are labelled: E — erythrocyte; G — granu-
locyte; L — lymphocyte; M — monocyte. Scale
bar represents 10 um. (B) Representative dot
plot of the flow-cytometric analyses (n = 5) of
head-kidney cells isolated from five untreated
maraena whitefish. The sorting of these cells
was carried out according to the parameters cell
volume (abscissa) and granularity (ordinate).
The resulting two cell fractions are indicated as
orange (R1) and blue (R2) clouds. qPCR pro-
filing was performed in both fractions with a
panel of (C1) blood cell-marker genes and (C2)
genes encoding stress-hormone receptors. Two
bars per gene are shown. The left bars (dark
blue/orange) represent the results measured in
head-kidney cells having been purified by
Percoll density-gradient centrifugation; the right
bars (light blue/orange) represent measure-
ments in non-purified head-kidney cells. The
individual bars represent the percentage of the
transcript numbers recorded in fraction R1 (or-
ange) and R2 (blue), respectively, relative to the
summed transcript numbers of RI1+R2.
Expression values were normalised using
EEF1A1b, RPLY, and RPL32 as reference genes;
n.d. indicates not detectable expression. Error
bars indicate SEM; asterisks mark significant
(p < 0.05) transcript differences between
fraction R1 and R2. The heat map below each
graph indicates the average level of absolute
copy numbers per fraction. Profiling of immune-
cell markers in (D1) entire head kidney isolated
from three untreated maraena whitefish and
(D2) Percoll-purified head-kidney cells (n = 3)
from the head kidneys of three fish. The average
percentage of the three individual transcripts in
the total transcript number is given. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)

ition of unsti
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receptors (Fig. 4B). The 24-h incubation with noradrenaline elevated
the transcript abundance of some immune genes by 2- to 3-fold (IL1B,
116, IL12B), while others (CXCL8, SAA) were downregulated to a similar
extent (Fig. 4A). Nonetheless, the transcript level of almost all in-
vestigated adrenergic receptors increased at least 2.3-fold after 24-h

A © 2 - = ™
- o, Su¥EBspo gl
S a3 3RFIss s S

1h 22 43 21 10 44 40 63 12 42 12 -3
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Fig. 4. Modulation of immune and stress-related genes after in vitro sti-
mulation of Percoll-purified head-kidney cells with stress hormones and
PAMP reagents. The heat map illustrates the average expression ratios as fold-
change values of cells incubated with cortisol (CORT), adrenaline (A), nora-
drenaline (NA), PAMPs and combinations hereof relative to the untreated
controls for (A) the panel of immune genes and (B) the panel of stress-related
genes, as indicated above the drawings. EEF1A1b, RPL9, and RPL32 served as
reference genes. The different sampling time points together with the treatment
categories are given on the left hand; grey fields in the heat map indicate non-
detectable transcripts. The experiments were repeated with cells of three in-
dividual fish.

incubation with noradrenaline (Fig. 4B).

The stimulation of head-kidney cells with the PAMP cocktail alone
had the greatest effect on the expression of the selected immune genes.
The copy numbers of IL1B, CXCL8 und SAA were strongly upregulated
(~17- to 40-fold) as early as 3 h after PAMP stimulation (Fig. 4A). After
24 h, HSPA1A and HSP90AA1 also exhibited a moderate increase (~4-
to 5-fold) in copy number (Fig. 4B). The combination of PAMPs plus
cortisol reduced the transcript levels of IL1B, CXCL8, TNF, and SAA by
~ 3- to 6-fold compared to the stimulation with PAMPs alone (Fig. 4A).
The incubation with PAMPs plus adrenaline resulted in most cases in
similar copy numbers as recorded after incubation with adrenaline
alone. However, the transcript levels of IL1B, CXCL8, and TNF were
significantly lower after PAMPs/adrenaline stimulation compared to
stimulation with PAMPs alone. The transcript level of SAA was the only
exception, as it was almost five times higher after stimulation with
PAMPs/adrenaline compared with stimulation with adrenalin alone or
with PAMPs alone. The incubation with PAMPs plus noradrenaline re-
sulted in only minor changes in transcript levels compared to stimula-
tion with PAMPs alone. After 24 h of stimulation with PAMPs and
noradrenaline, we detected, moreover, a slight downregulation of
adrenergic-receptor genes, although this was less pronounced than the
effects induced by cortisol.

In summary, our experiments suggest that the three stress hormones
regulate early immune functions in an ambivalent manner.
Nevertheless, adrenaline mostly has a stimulatory impact on the im-
munity of head-kidney cells, while cortisol acts rather as an immune-
suppressive. In addition, noradrenaline upregulated the expression of
adrenergic-receptor genes, while cortisol reduced the expression of the
respective genes with increasing time of incubation.

4. Discussion

The teleostean head kidney is not only a lympho-myeloid com-
partment, but also the key mediator between the brain and endocrine
cells (reviewed in Refs. [2,3,8,43]). Consequently, different signals,
which are likely to have conflicting physiological effects, may reach the
head kidney at the same time. The major goal of the present study was
thus to analyse the early regulation of immune and endocrine genes
after stimulation of primary head-kidney cells from maraena whitefish.

4.1. Profiling of head kidney-cell cultures from maraena whitefish reveals
the tissue-characteristic composition of immune-cell populations and a high
density of hormone receptors

For the comparison of in vivo immune responses with head-kidney
cells in vitro, we first studied the expression profile of a panel of im-
mune-relevant genes within 72 h p.i. of A. salmonicida into maraena
whitefish. In the head kidney, we found the highest levels of transcripts
encoding pro-inflammatory cytokines at 48 h p.i., which generally
characterise a strong inflammatory response, similarly as described for
other salmonid species upon bacterial infection [44-46]. After 72 h p.i.,
a strong down-regulation of some of the cytokine genes in the head
kidney occurred concomitantly with the significant up-regulation of the
same genes in peritoneal cells. These dynamics are consistent with our
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previous study on maraena whitefish, which revealed that the propor-
tion of granulated cells increased in the peripheral blood accompanied
by altering concentrations of immune-relevant transcripts in certain
tissues in the course of the progressive inflammation [34]. The tissue-
dependent variations in copy numbers suggested that immune cells
migrate from the head kidney to the site of bacterial injection and to the
spleen as a secondary lymphoid organ. A chemokine gradient most
likely directs this trafficking, as previously described in other studies on
salmonid fish species [44,47,48]. Hence, these data together document
once more that the head kidney is of outstanding importance for es-
tablishing a local and/or systemic immune response by the enhanced
proliferation of immune cells and the expression of pro-inflammatory
mediators.

Since cell cultures allow analysing particular functions under pre-
cisely defined and adjustable conditions, we used a primary culture of
head-kidney cells to investigate the crosstalk between stress hormones
and immune activation. Primary cells are generally characterised by the
high integrity of the original biological activity compared to cell lines
[49]. For these reasons, they are considered the preferred tool for in
vitro analyses [39]. However, a primary culture of head-kidney cells
represents a complex composition of leucocytes, adipocytes and con-
nective-tissue cells [50,51] that exert highly cell-type- and moreover
species-specific stress and immune responses [11,52,53]. Our flow-cy-
tometric analysis of the isolated head-kidney cells from maraena
whitefish revealed the presence of two distinct cell populations, as
previously reported for head-kidney cells from rainbow trout [48].
About 56% of the head-kidney cells from maraena whitefish were
smaller and less granular and contained high levels of transcripts en-
coding the B- and T-cell receptors IGHM and TCR, respectively, and
transcripts encoding the perforin MPEG1. Based on these results, this
fraction appears to be a mixture of lymphocytes and monocytes/mac-
rophages. About 37% of the head-kidney cells were larger cells with
dominant intracellular granules and high levels of MPO, CSF3R, and
LCP1, all of which are considered as markers for granulocytes. The
markers for chromaffin (TH) and interrenal cells (STAR) were strongly
expressed in both fractions.

The quantity of cells included in both FACS-sorted fractions corre-
lated well with the results of the qPCR profiling of primary cells of the
head kidney. These measurements showed that on average ~58% of the
recorded immune-marker transcripts indicate lymphoid cells, while less
than 40% are granulocyte-specific transcripts. In this context, we note
again that the expression level of (a) particular marker gene(s) does not
allow predicting the actual relative number of cells that are positive for
this respective marker. Remarkably, the qQPCR analyses of the isolated
head-kidney cells compared with the entire head kidney suggested si-
milar blood-cell compositions. This underscores the suitability of pri-
mary-cell cultures of teleostean head kidneys as a valuable model
system for fish immunologists.

A further aspect of our study was the qualitative and quantitative
detection of the repertoire of receptors for both cortisol and catecho-
lamines in the head kidney of maraena whitefish. All selected receptors
were abundantly expressed in both fractions of head-kidney cell except
for ADRAIB and -D. Those are restricted to distinct mammalian neu-
ronal cell populations [54] and our preliminary results confirmed that
the same applies to fish (data published elsewhere). The copy number
of ADRA2D was almost three times higher than the sum of all copy
numbers for the other ten receptor genes together, which had been
quantified in both cell fractions of the head kidney. This was a rather
unexpected result, since ADRA2D is considered to be a “dispensable”
paralog of ADRA2A, which has been “lost two independent times during
the evolutionary history of vertebrates” [55]. The expression profiles
obtained for head-kidney cells of whitefish suggest that the receptor
density of the a-adrenoreceptors 2D is almost as high as that of the
colony-stimulating factor-3 receptor on granulocytes in fraction R2, and
more than half as high as the T cell-receptor density in cell fraction R1.
This example illustrates that the immune cells of the teleostean head
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kidney are intimately involved in stress-hormone signalling, which in
turn modulates their own immune activity [56,57]. This has been
proven by our subsequent in vitro tests.

4.2. Immune and neuroendocrine responses of head-kidney cells in response
to cortisol and catecholamines are species-specific

The classes of molecular patterns that communicate with the de-
fence system are well established. The damage-/danger- and the pa-
thogen-associated molecular patterns (DAMPs and PAMPs) alert the
host either after injury or in the presence of microorganisms and viruses
[58]. Beyond that, there are neural and endocrine signals that transmit
information from macroenvironmental sensing to modulate im-
munological processes, as well [8,19].

The in vitro stimulation with PAMPs induced a rapid and strong up-
regulation of the pro-inflammatory cytokine genes ILI1B and CXCL8 in
maraena whitefish, which matches well with results from other studies
on stimulated head-kidney cells of diverse fish species [59-61]. SAA
was also immediately and significantly up-regulated at all three time
points of PAMP stimulation. Although the liver is generally considered
the main source of SAA in fish [62-64], our data prove, once again, that
the head kidney has the potential to produce considerable amounts of
SAA. Previous studies demonstrated that the level of SAA transcripts is
remarkably increased in fish after the exposure to various stressors
including in vitro stimulation with PAMPs [63] or in vivo infection with
microorganisms [64-68] or parasites [69], rising temperatures [70],
hypoxia [71], skin lesions [72], hormonal treatment [73], high stocking
density [22,74], and confinement [75]. These correlations suggest that
the concentrations of SAA increase in fish not only in the context of
inflammation, but also during stress responses, as known for mammals
[76-78]. In line with these reports, we observed that the incubation of
the head kidney-cell cultures with cortisol continuously increased the
copy numbers of SAA over time, similar to the stimulation with PAMPs.
In contrast, within combination with PAMPS, cortisol antagonised
PAMP effects and led to a downregulation not only of SAA, but of the
cytokine-encoding genes as well.

Cortisol-immune interactions have been well explored in studies on
primary [13,16,17,79,80] and secondary [81] cell cultures from various
fish species, most of which agree that cortisol suppresses the stimula-
tion-dependent synthesis of cytokines, SAA and other pro-inflammatory
mediators. Although considered anti-inflammatory, cortisol on its own
initially (after 3 h) upregulated the pro-inflammatory cytokine genes
IL1B, IL6, and TNF and downregulated them after 24 h of incubation.
This response pattern deserves further attention. The concentration of
cortisol used here is in the same order of magnitude as observed in the
plasma of cortisol-treated salmons [82] and of other salmonid species
after stress [83] with some variations depending on species and
stressor.

In contrast to cortisol, there are only a few, partially contradictory,
studies that investigated the influence of catecholamines on the im-
mune activity in fish cells. A previous study in head-kidney cells from
gilthead seabream Sparus aurata showed that adrenaline weakly
downregulated IL1B and TGFB1 within 2 h of incubation, but strongly
decreased the LPS-induced ILIB expression [17]. Another study on
head-kidney cells from two different fish species demonstrated that the
2-h incubation with adrenaline reduced the expression of several cy-
tokines in rainbow-trout cells, but enhanced the expression of those
genes in the cells of gilthead seabream [27]. In combination with
PAMPs, adrenaline also stimulated the expression of cytokines in head-
kidney cells of seabream, but not of rainbow trout [16]. The authors
reasonably argued that the different husbandry environments generally
influence the individual amplitude of responses to stress hormones. In
addition, the domestication history of a species should be taken into
account as well. The intensive farming of rainbow trout and Atlantic
salmon over decades accumulated phenotypes of low-cortisol re-
sponders [84] with high levels of stress tolerance. This could explain
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why head-kidney cells from maraena whitefish, a relatively novel
aquaculture species, showed a measurable sensitivity towards cortisol
and adrenaline.

Noradrenaline only had a subtle impact on the expression of im-
mune genes in unstimulated cells. Furthermore, we could not demon-
strate a substantial influence of noradrenaline on the stimulation-de-
pendent regulation of immune genes. Although this is (to our
knowledge) the first study on noradrenaline in head-kidney cells of any
fish species yet, it has been reported that splenic macrophages from
spotted snakehead Channa punctatus showed a reduced phagocytic ac-
tivity after incubation with noradrenaline [85]. Notwithstanding this
observation, species-specific differences were again evident from an-
other study on peripheral-blood leucocytes from tilapia Oreochromis
aureus, which did not alter their phagocytic activity in response to
different doses of noradrenaline [86]. Of note, the catecholamine con-
centration of 10 pM for both adrenaline and noradrenaline may not
have the same biological relevance for the head-kidney cells. As adre-
naline is secreted from chromaffin cells into the blood, the head-kidney
cells are normally exposed to plasma levels, which are three orders of
magnitude lower in vivo than in our study (9 nM; [87]). However, head
kidney—as with most tissues with sympathetic innervation—is not only
constantly exposed to plasma levels of noradrenaline (1.8 nM; [87]),
but also to noradrenaline that “leaks out” from the synaptic cleft. It has
been shown in mammals [88] and carps [89] that the noradrenaline
levels are between 0.4 and 10 ug/g of various tissues. Assuming that 1 g
tissue is approximately 1 ml and the molecular weight of noradrenaline
bitartrate salt used here is ~337 g/mol, sympathetically innervated
tissues are constantly exposed to concentrations of noradrenaline of
about 10 puM. Therefore, the noradrenaline levels, which the head-
kidney cells are adapted to, may have been in the same order of mag-
nitude as the concentration we used in our study. This may explain the
rather small effects of noradrenaline compared to those of adrenaline.

4.3. Stress hormones modulate the sensitivity to stress signalling in head-
kidney cells of maraena whitefish

Our in vitro experiments showed that cortisol reduced the expression
of adrenergic-receptor genes during 24 h of incubation, while nora-
drenaline increased the expression of genes coding for adrenergic and
some glucocorticoid receptors. The simultaneous stimulation with
PAMPs resulted rather in a common downregulation. Indeed, it is es-
tablished in mammals that cortisol modulates the expression of adre-
nergic receptors [90] depending on the duration of the stress exposure
[91]. Short-term treatment with cortisol reduced, for instance, the
density of adrenoreceptors in several brain regions of male tree shrews
Tupaia belangeri [91]. We may have recorded this specific time window
in which cortisol down-regulates adrenoreceptors in head-kidney cells
of maraena whitefish. The fact that glucocorticoids are known to in-
crease B-adrenergic receptors in all cell types studied so far [92] con-
tradicts our findings. It is unlikely that our cells have been exposed to
high concentrations of bioactive adrenaline or noradrenaline for 24 h,
but it is rather likely that cells became stimulated initially before
adrenaline and noradrenaline were degraded. The observed gene-ex-
pression patterns would then be the result of this initial stimulation
followed by 24 h of cellular responses.

Another remarkable observation is that adrenaline slightly in-
creased the transcript level of the investigated heat-shock genes. This
finding is supported by a previous study on adrenaline, which increased
the transcript levels of HSP1A1 in hepatocytes [93]. The immune sti-
mulation with PAMPs triggered the expression of the investigated heat-
shock genes even stronger than adrenaline and these elevated transcript
levels were barely reduced by the presence of stress hormones. A si-
milar observation has been reported for rainbow-trout hepatocytes,
where lipopolysaccharide upregulated the transcript level of HSP1A1,
while cortisol did not alter it [80]. In addition to being well established
markers indicating cellular stress, HSPs act as vital interacting partners
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with glucocorticoids [94] and are hence intimately involved in the
suppression of immune responses. It is well documented for fish that
stress hormones regulate the synthesis of HSPs [95], but it remains to be
investigated how HSPs interfere with immunosuppression. The ob-
servation that HSPs support the suppressive activities of regulatory T
cells in mammals [96] is a starting point for further research on stress
physiology in fish.

5. Conclusions

In conclusion, we show that a primary culture of head-kidney cells
of maraena whitefish corresponds well with similar models from other
fish species, which facilitate simulations of particular aspects of endo-
crine and immune functions of the head kidney. Our in vitro tests in this
regard revealed that distinct immune parameters
(IL1B > SAA > CXCL8 > TNF > IL6) are well suited as a read-out
system to assess the impact of the analysed hormones on the immunity
(cortisol > adrenaline > noradrenaline) and the sensitivity to stress
signalling (noradrenaline > adrenaline > cortisol). They reflect a
section of the species-specific interdigitation of responses to microbes
and stress in the head kidney of maraena whitefish. In future studies,
we will use the here established gPCRs assays to investigate in vivo how
adverse social environments manipulate the neuro-immune crosstalk in
salmonid fish.
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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

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

e Siglec sequence analysis revealed that some teleost siglecs have regulatory capacities not
present in higher vertebrates

e The expression analyses of siglecs and associated enzymes indicated a gene- and tissue
specific regulation after C. maraena was exposed to handling stress

67



PUBLICATIONS

68

cells ﬁn\p@

Article

Characterization of Sialic Acid-Binding
Immunoglobulin-Type Lectins in Fish Reveals
Teleost-Specific Structures and Expression Patterns

Kim E. Bornhéfft *, Joan Martorell Ribera >>*(, Torsten Viergutz !, Marzia T. Venuto 1,
Ulrike Gimsa 3, Sebastian P. Galuska I* and Alexander Rebl 2-*

I Institute of Reproductive Biology, Leibniz Institute for Farm Animal Biology (FBN), Wilhelm-Stahl-Allee 2,

18196 Dummerstorf, Germany; bornhoefft@fbn-dummerstorf.de (K.EB.);
viergutz@fbn-dummerstorf.de (T.V.); venuto@fbn-dummerstorf.de (M.T.V.)

Institute of Genome Biology, FBN, Wilhelm-Stahl-Allee 2, 18196 Dummerstorf, Germany;
martorell-ribera@fbn-dummerstorf.de

Institute of Behavioural Physiology, FBN, Wilhelm-Stahl-Allee 2, 18196 Dummerstorf, Germany;
gimsa@fbn-dummerstorf.de

Correspondence: galuska.sebastian@fbn-dummerstorf.de (S.P.G.); rebl@fbn-dummerstorf.de (A.R.);
Tel.: +49-(0)-38208-68-769 (S.P.G.); +49-(0)-38208-68-721 (A.R.)

1t These authors contributed equally to this work.

check for
Received: 31 January 2020; Accepted: 24 March 2020; Published: 31 March 2020 updates

Abstract: The cellular glycocalyx of vertebrates is frequently decorated with sialic acid residues.
These sialylated structures are recognized by sialic acid-binding immunoglobulin-type lectins (Siglecs)
of immune cells, which modulate their responsiveness. Fifteen Siglecs are known to be expressed
in humans, but only four Siglecs are regularly present in fish: Siglecl, CD22, myelin-associated
glycoprotein (MAG), and Siglec15. While several studies have dealt with the physiological roles of
these four Siglecs in mammals, little is known about Siglecs in fish. In the present manuscript, the
expression landscapes of these Siglecs were determined in the two salmonid species Oncorhynchus
mykiss and Coregonus maraena and in the percid fish Sander lucioperca. This gene-expression profiling
revealed that the expression of MAG is not restricted to neuronal cells but is detectable in all analyzed
blood cells, including erythrocytes. The teleostean MAG contains the inhibitory motif ITIM; therefore,
an additional immunomodulatory function of MAG is likely to be present in fish. Besides MAG,
Siglec1, CD22, and Siglec15 were also expressed in all analyzed blood cell populations. Interestingly,
the expression profiles of genes encoding Siglecs and particular associated enzymes changed in a
gene- and tissue-specific manner when Coregonus maraena was exposed to handling stress. Thus,
the obtained data indicate once more that stress directly affects immune-associated processes.

Keywords: acute stress; ITIM; Salmonidae; siglecs; sialic acids; vertebrate evolution

1. Introduction

Innate immunity is of even more paramount importance for fish health than adaptive immune
mechanisms [1]. More than 50 regulators of innate immunity are known in fish today [2]; these regulators
maintain the balance between pathogen defense and pathophysiological manifestations. Some of these
innate-immune regulators recognize self-associated molecular patterns (SAMPs), a heterogeneous
group of molecules that stimulate inhibitory receptors to dampen immune responses [3-5]. The family
of sialic acids consists of more than 50 members [6] and belongs to the group of SAMPs [7]. Sialic
acids are frequently located at the terminal ends of glycans on glycoproteins and the glycolipids
that coat all mammalian cells in a glycocalyx. Immune cells abundantly express sialic acid-binding
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immunoglobulin-type lectins (Siglecs), which interact with these sialylated glycoconjugates and thus
prevent an excessive immunological response [8,9].

The Siglecs are divided into two subgroups: the CD33-related Siglecs and the highly conserved
Siglecs, including Siglecl (sialoadhesin), CD22 (Siglec2), MAG (Siglec4), and Siglec15. Both

subgroups comprise Siglecs that suppress the immune response or activate the immune system [9,10].

The inhibitory function of Siglecs is mediated by an intracellular immune-receptor tyrosine-based
inhibition motif (ITIM; signature: [I/V/L/S]-X-Y-X-X-[L/V] [9]), which is absent in immune-activating
Siglecs (Siglec14, Siglec15, and Siglec16 in humans). These Siglec receptors interact with DNAX proteins
(DAP10/DAP12), which carry immune-receptor tyrosine-based activation motifs (ITAMs) [9,11]. To date,
fifteen and nine Siglecs have been identified in human and mouse, respectively, each expressed by
defined cell types and responding to a particular set of ligands [12-14]. Remarkably, Siglec1, CD22,
MAG, and Siglec15 were already present in the animal kingdom before the separation of tetrapods and
teleost fishes more than 400 million years ago [15]. However, little is known about the physiological role
of Siglecs in teleosts [16,17] including their tissue-specific basal expression profiles. For this reason, the
present study aimed at the analysis of the expression landscapes of Siglecl, CD22, MAG, and Siglec15
in teleost fish. The expression profiling was complemented by in-depth analyses of the structures of
the aforementioned Siglec receptors. These investigations focused on three aquaculture fish species of
economic importance, (i) pikeperch (Sander lucioperca) as a representative of diploid percid fish, (ii)
rainbow trout (Oncorhynchus mykiss) and (iii) maraena whitefish (Coregonus maraena) as representatives
of the pseudotetraploid salmonid fishes that are currently undergoing species-specific reploidization
processes [18]. Notably, the rainbow trout has been adapted to intensive farming for decades, whereas
maraena whitefish is a novel aquaculture species and a useful model for dissecting the response of a
pseudo-wild fish to anthropogenic environments. Our previous transcriptomic analyses on the stress
physiology of the maraena whitefish revealed that the level of MAG transcripts is modulated by a
factor of approximately two in different organs after exposure to temperature and stocking-density
stress [19,20]. These findings suggested that Siglecs could potentially be biomarkers for immune and
stress responses in teleost fish. To address whether stress affects the expression of Siglec-encoding
genes, maraena whitefish were exposed to handling procedures [19,20]. The presently outlined study
provides novel insights into the physiological roles of Siglecs in teleost fish.

2. Materials and Methods

2.1. Fish Husbandry and Experimental Treatment

The animals used for this study were provided by the Institute for Fisheries of the State Research
Centre for Agriculture and Fishery Mecklenburg—Western Pomerania and BiMES Binnenfischerei
GmbH (Friedrichsruhe, Germany). Fish were held in freshwater recirculation systems under a 12:12
day-and-night cycle at 18 °C. Water quality was maintained by automated purification and disinfection
(bio-filter and UV light). In addition, the concentrations of NH4*, NO,~, NO3~, and NHj in the
water, pH value, temperature, and oxygen saturation were constantly recorded. The feeding material
consisted of commercial dry pellets (4.5 mm, INICIO Plus; BioMar, Brande, Denmark), which were
distributed by automatic feeders at a daily rate of 0.8-4.0%, depending on the biomass of the fish.

Maraena whitefish were acclimatized in the experimental tanks connected to a recirculation
system for a period of at least three weeks. Acute handling stress was induced by chasing, netting and
the transfer of fish to another tank for a period of one minute. Eight stressed and eight control fish were
euthanized with an overdose of 2-phenoxyethanol (0.7 mL/L; Sigma-Aldrich/Merck, Munich, Germany)
and then underwent spine sectioning at the skull level. These procedures followed the standards
described in the German Animal Welfare Act (§ 4(3) TierSchG) and were approved by the Landesamt fiir
Landwirtschaft, Lebensmittelsicherheit und Fischerei (Mecklenburg-Vorpommern, Germany; approval
ID: LALLF M-V/TSD/7221.3-1-069/18; date of approval: January 16, 2019). The brain of each maraena
whitefish was dissected into the hypothalamus, telencephalon, and hindbrain and sampled together
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with the spleen, liver, white muscle, gills, head kidney (HK), and heart. Samples were snap-frozen in
liquid nitrogen and stored at =80 °C. Husbandry and sampling of pikeperch and rainbow trout have
been described elsewhere [21,22].

2.2. Isolation and Microscopic Characterization of Head Kidney Cells from Maraena Whitefish

For HK cell isolation and cell sorting, HKs from freshly slaughtered maraena whitefish were
dissected and put into a Dulbecco’s Modified Eagle Medium (DMEM; Gibco/Thermo Fisher Scientific,
Bremen, Germany). The tissue was homogenized using a steel sieve (500 um, Carl Roth, Karlsruhe,
Germany) and then filtered through two cell strainers (200 um, pluriSelect Life Science, Leipzig,
Germany; 100 um, Falcon/Fisher Scientific, Schwerte, Germany). After centrifugation (524x g, 5
min) and resuspension in 3 mL DMEM, the cell suspension was added onto an isotonic Percoll
(Sigma-Aldrich/Merck) gradient (3 mL, p = 1.084 g/mL) and centrifuged at 800x g for 30 min at
6 °C with minimum deceleration. The erythrocyte pellet was stored at —80 °C for further RNA
extraction, while the cell band at the interface was collected in the DMEM and the volume was adjusted
for cell counting. Cell number and cell viability were determined using the Cellometer Auto 2000
(Nexcelom Bioscience, Lawrence, MA, USA). In addition, a portion of the cells separated by the Percoll
gradient were placed on glass slides, stained with a May-Griinwald-Giemsa solution (Brand, Wertheim,
Germany; Carl Roth), and then microscopically observed using a Nikon TMS-F microscope and a
Nikon Coolpix E5000 camera with an MDC Lens (Nikon, Tokyo, Japan).

2.3. Flow Cytometry

Flow cytometry was performed using a MoFlo XDP high-speed cell sorter (Beckman Coulter,
Krefeld, Germany) with an incorporated, air-cooled sapphire laser (488 nm, 100 mW). A total of ~20
million HK cells were sorted through a 70-um nozzle at 60 psi on purify mode into two fractions,
low side-scattering intensity (fraction I) and high side-scattering intensity (fraction II). Fractions I and
IT were collected in phosphate-buffered saline (PBS), centrifuged at 500x g for 5 min, and used for
RNA extraction. Subsequently, cell type-specific gene expressions were profiled, as described in detail
in [23].

2.4. RNA Isolation

Approximately 50 ug of each of the individual tissue samples were placed in separate reaction tubes
containing 1 mL of TRIzol Reagent (Life Technologies/Thermo Fisher Scientific) and homogenized using
the Precellys24 Homogeniser (6000 rpm, 30 s). After the addition of chloroform and a centrifugation
step (12,000 g, 15 min, 4 °C), the RNA contained in the resulting aqueous phase was purified using
the RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA was isolated from cells and purified using the
Isolate 2 RNA Micro Kit (Bioline, Luckenwalde, Germany) according to the manufacturer’s instructions
and without a previous treatment with TRIzol Reagent. The quality of the purified RNA was checked
using horizontal agarose-gel electrophoresis. RNA concentration was determined using the NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific).

2.5. Primer Design and Quantitative PCR

Species-specific quantitative PCR (qPCR) primers were designed for the target genes using PSQ
Assay Design 1.0.6 software (Biotage AB, Uppsala, Sweden). Amplicon length ranged from 140 to
180 bp (Table S1). Coding sequences for rainbow trout were retrieved from the NCBI public database.
To identify Siglec sequences from pikeperch or maraena whitefish, we aligned the orthologous
sequences from yellow perch (Perca flavescens) or rainbow trout, Atlantic salmon (Salmo salar) and
coho salmon (Oncorhynchus kisutch), respectively, with the recently published pikeperch genome [24]
or our RNA-seq read collection from maraena whitefish [25] using Bowtie 2 software (v. 2.2.4;
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). These alignments were then indexed and
sorted with the Samtools software package (v. 16; http://www.htslib.org/), and final consensus
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sequences were obtained with Ugene software (v. 1.29; http://ugene.net/). The amplicon sequences
selected from pikeperch were highly identical to the counterpart sequences selected from yellow perch
(SIGLEC1I: 92%; CD22: 98%; MAG: 91%), but they shared only moderate levels of identity with the
respective sequences of other fish species. Moreover, we did not find any SIGLEC15/CD33L3 sequences
from percid fish species in the public databases, so we used a CD33 sequence from barred knifejaw
(Oplegnathus fasciatus) instead. To take the uncertain assignment of the aforementioned sequences into
account, we extended the gene names of the pikeperch sequences by ‘-like” (abbreviated as ‘L’).

The integrity and specificity of the PCR products were assessed via standard PCRs (HotStarTaq
Plus DNA Polymerase, Qiagen) and single qPCR analyses (LightCycler 480 System, Roche, Mannheim,
Germany; SensiFAST SYBR No-ROX Kit, Bioline). A multiplex qPCR analysis was performed with the
48.48 Dynamic Array IFC chip (Fluidigm, South San Francisco, CA, USA) and the BioMark HD-System
(Fluidigm) using the nucleotide-binding EvaGreen fluorescence dye (Bio-Rad, Feldkirchen, Germany).
In detail, 1 pL of the extracted RNA was reverse-transcribed with the Reverse Transcription Master Mix
(Fluidigm). Then, the designed primer pairs and the PreAmp Master Mix (Fluidigm; 100 uM of mix per
pair) were used to perform 11 pre-amplification cycles with the individual cDNA samples adjusted at
10 ng/5 pL. The pre-amplified products were treated with exonuclease I (Exol; New England BioLabs,
Frankfurt am Main, Germany) and subsequently diluted in a pre-mixed solution of SsoFast EvaGreen
Supermix with Low ROX (Bio-Rad) and 20 x DNA binding dye sample loading reagent. The sample
and primer mixes were transferred to the respective inlets of the 48.48 Dynamic Array IFC chip, which
was thereafter primed in the BioMark IFC Controller MX (Fluidigm), running the Load Mix 48.48 GE
script. The loaded array chip was then placed in the BioMark HD-System (Fluidigm) to proceed with
the qPCR according to the GE 48 x 48 Fast PCR+Melt v2.pcl cycling program. Fluidigm RealTime
PCR Analysis Software (v. 3.0.2, https://www.fluidigm.com/software) was used to analyze the qPCR
results. To obtain the relative copy number of each transcript, a serial dilution-based standard curve
(102-10° copies) was used and the copy number was normalized with the geometric mean of three
suitable reference genes (EEF1A1b, RPLY, and RLP32 for maraena whitefish; EEF1A1, ACTB, and RPS5
for rainbow trout; and EEF1A1, RPS5, and RLP32 for pikeperch) [21,26-28].

2.6. Cloning

Since we retrieved only gene fragments of CD22 and MAG from our transcriptome of maraena
whitefish, we derived primers from the 5 and 3’ ends of the respective open reading frames. First,
a SuperScript I Reverse Transcriptase Kit (Invitrogen/Thermo Fisher Scientific) was used to transcribe a
total of 1 ug of RNA into cDNA. This reverse transcription was carried out at 42 °C for 50 min, followed
by an inactivation step at 70 °C for 15 min. Purification of the cDNA was performed using a High Pure
PCR Product Purification Kit (Roche), and the resulting cDNA was diluted in 100 uL of distilled water.
Subsequently, we used the HotStarTaq Plus DNA Polymerase (Qiagen) to generate the PCR products
of the full-length open reading frames. The purified (High Pure PCR Product Purification Kit; Roche)
amplicons were inserted into a pGEM-T-Easy vector (Promega, Walldorf, Germany). The obtained
plasmids were sequenced using the universal SP6/T7 primers and a MegaBACE capillary sequencer (GE
Healthcare, Freiburg im Breisgau, Germany). Twelve clones were picked and analyzed per amplified
sequence fragment.

2.7. In Silico Analyses

Sequence alignments were performed using the Clustal Omega tool of EMBL-EBI (https://www.
ebi.ac.uk/Tools/msa/clustalo/). The sequences of CD22, MAG and Siglec15 were derived by blasting
the orthologous sequences of rainbow trout (O. mykiss; Om), coho salmon (O. kisutch; Ok), Atlantic
salmon (S. salar; Ss), yellow perch (P. flavescens; Pf), and barred knifejaw (O. fasciatus; Of) against the
sequence assemblies of maraena whitefish and pikeperch [24,29]. In addition, the CD22 and MAG
sequences of maraena whitefish were completed by sequencing the results.
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We retrieved the following sequences from the NCBI database: Danio rerio (zebrafish) MAG:
XP_021337068; Takifugu rubripes (pufferfish) MAG: XP_011616490; Mus musculus (mouse) Siglec15:
NP_001094508, MAG: XP_030098048; CD22: NP_033975; and Homo sapiens (human) Siglec15:
NP_998767, MAG: AAB58805, CD22: NP_001762. The positions of the transmembrane domains of
murine and human Siglec15 were retrieved from Uniprot; the transmembrane areas of Siglec15 from
maraena whitefish and rainbow trout were predicted using SMART (http://smart.embl-heidelberg.de/).
The V-set, Ig-like domains of murine and human Siglec15 were determined using the SMART program;
the V-set, Ig-like domains of MAG and Siglec15 from fishes were estimated based on sequence
alignments; and the V-set, Ig-like domains of human MAG and murine MAG (pdb sequence: 5LF5)
were determined using the SMART program. In addition, the V-set, Ig-like domain of human and
mouse CD22 was determined using the SMART program, while the V-set, Ig-like domains of CD22
from maraena whitefish and rainbow trout were defined by sequence alignment.

The 3D modelling of the sialic acid-binding domain (V-set, Ig-like domain) of CD22 from human
and maraena whitefish was performed using YASARA 19.9.17. The structure of human CD22 was given
by the pdb sequence: 5VKM, published by Erefio-Orbea et al. [30]. Based on Uniprot, the sequence
was shortened to the first Ig-domain, responsible for sialic acid recognition. The sequence of the V-set
domain of CD22 from maraena whitefish was obtained by sequence alignment with the sequence of
the V-set, Ig-like domain of human CD22.The 3D-modelling of the sialic acid-binding domain (V-set,
Ig-like domain) of MAG from mouse and maraena whitefish was also performed using YASARA
19.9.17. The structure of the murine MAG was determined by Pronker et al. [31]. Using the generated
alignments, the sequence of murine MAG was shortened to the first Ig domain, which is responsible
for sialic acid-binding. The sequence of the V-set, Ig-like domain of MAG from maraena whitefish was
based on our cloned sequences.

The mechanistic interaction of Siglecs and associated factors was illustrated using the Ingenuity
Pathways Analysis software (IPA; Qiagen Bioinformatics software solutions) based on the Ingenuity
Knowledge Base. The constructed informal diagram was manually edited using the Path Designer tool
(IPA).

3. Results and Discussion

3.1. The Expression of Siglec-Encoding Genes in Different Tissues of Salmonid and Percid Fishes

The expression of Siglec-encoding genes in different lymphoid and non-lymphoid tissues of the
economically important farm-fish families Salmonidae and Percidae has, to our knowledge, not yet been
described in detail. To pave the road for future immunological studies of the sialic acid-dependent
regulation of immune processes in bony fish, we performed structural analyses and multiplex qPCR
measurements of the piscine Siglecs Siglecl, CD22, MAG, and Siglec15.

Siglecl plays an indispensable role in innate and humoral immunity, even though it contains
no immunomodulatory motifs [32]. The expression analyses (Figure 1) demonstrated that Siglecl
mRNA was most abundant in the spleens and HKs of pikeperch (>2 x 107 copies/ug RNA) and in
the spleens and gills of maraena whitefish (>2 X 10° copies/ug RNA) and rainbow trout (>3 x 10°
copies/ug RNA). The teleostean HK is considered the functional counterpart of the mammalian bone
marrow [1]. It contains considerable amounts of lymphocytes and macrophages [33], similar to the
spleen and gills. Probably, Siglec1 is mainly expressed on those immune cells, since it has been reported
that mammalian Siglec] is highly expressed on splenic and lymph-node macrophages [9,13].

CD22 was assigned as an activation marker for mature B cells in mammals, and the interaction of
CD22 with the B-cell receptor (BCR) has been well established in mammals. The highest levels of CD22
were found in the HKs of the salmonids maraena whitefish and rainbow trout (>2 x 10° copies/ug
RNA) as well as in the HKs of pikeperch (>3 x 10° copies/ug RNA). The high CD22 copy number
might indicate an analogous interaction between the CD22 and B cells of the teleostean HK.
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Figure 1. Tissue-specific expression of Siglecl, CD22, MAG, and Siglec15/CD33L in maraena whitefish
(C. maraena), rainbow trout (O. mykiss), and pikeperch (S. lucioperca). The gPCR data were normalized
by three reference genes. The resulting transcript numbers from the head kidney (HK) were set at 1.0,

0.025 0.001 gWiEN50.271 0.153

and the transcript numbers of the same gene in all other tissues were expressed as fractions. Lower and
higher transcript values than those of the HK are highlighted in blue and red, respectively, according to
the given color code. Non-detectable transcript numbers are indicated by gray fields.

Siglec15 is an immune-activating Siglec interacting with DNAX proteins [9,11]. The salmonid
fish species shared high expression levels of Siglec15 in the spleen (>15 x 10° copies/ug RNA). This
observation was in line with the fact that mammalian macrophages are the dominant expression site of
Siglec15 [13,34].

MAG is mainly involved in the stabilization of axon-myelin interactions, the inhibition of neurite
growth, and the inhibition of axon regeneration in mammals [35]. The copy numbers of MAG were
present in a range of tissues across the three analyzed fishes, with the highest MAG levels in the gills
(>8 x 10° copies/ug RNA). Notably, two MAG ohnologs were expressed in rainbow trout: MAGa and
MAGD, which are located on chromosomes 2 and 3, respectively. MAGa showed at least twice as many
transcript numbers as MAGD in the analyzed tissues, with muscle containing the highest number of
MAGB transcripts (>2 X 103 copies/ug RNA).

Since in mammals the highest amounts of MAG can be found in the central nervous system [35],
we also inspected the expression of MAG together with that of SIGLEC1, CD22, and SIGLEC15 in
different regions of the brains (hypothalami, telencephalons, and hindbrains) of maraena whitefish
(Figure 2). While the transcripts of Siglec1, CD22, and Siglec15 were detected at low or moderate levels
(<2.5 x 10 copies/ng RNA), we detected extremely high levels (~2.6 x 107 copies/ng RNA) of MAG in
the brains of maraena whitefish, especially in the hindbrains (>5 x 107 copies/ng RNA). The MAG
levels in the hindbrains exceeded even the relatively high MAG copy numbers in the gills, muscles,
and livers of maraena whitefish by 300- to 4000-fold (Figures 1 and 2).

The expression of Siglec15 was absent in telencephalon, but comparably high in the hypothalamus
of maraena whitefish (~2.5 x 10 copies/ug RNA). The murine SiglecH has previously been described
as activating an immune response in microglia cells [36]. SiglecH is known to interact with DAP12
and enhance the phagocytotic activity of glioma cells in mice [36,37]. It is conceivable that Siglec15
may play a similar immune-regulatory function in fish brains. This also applies to CD22, which is
expressed in mammalian microglia cells to decrease inflammatory effects [38].
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Figure 2. Expression of Siglecl, CD22, MAG, and Siglec15 in the different brain regions of maraena
whitefish. The qPCR data were normalized by the reference genes RPL9, EEF1A1b, and RPL32. The
resulting transcript numbers of the same genes in different brain regions are shown relative to the
respective transcript levels in the HKs, which were set at 1.0. Transcript values compared with those
found in HKs are colored according to the code on the right. Non-detectable transcript numbers are
indicated by a gray field.

3.2. The Expression Patterns of Siglec-Encoding Genes in Cell Populations of Maraena Whitefish

Since in mammals Siglecs are heterogeneously expressed in immune cells [39], we conducted a
subsequent qPCR analysis to determine which immune-cell populations express Siglecs in maraena
whitefish. To this end, we isolated the HKs (Figure 3A1) and extracted cells from these tissues
(Figure 3A2). The resulting cell suspension was then separated into leukocyte (Figure 3A3) and
erythrocyte (Figure 3A4) suspensions via Percoll treatment. Eventually, the leucocyte suspension
was further separated into a fraction I, enriched with less granular and smaller cells (presumably
lymphocytes and monocytes/macrophages), and a fraction II with more granular and larger cells
(presumably granulocytes) (Figure 3B). Profiling the copy numbers of Siglecl, CD22, MAG, and Siglec15
via multiplex qPCR revealed that the erythrocytes were the main cell population expressing all four
Siglecs (Figure 3C1-6).

The main function of mammalian erythrocytes is the transportation of oxygen, whereas teleostean
erythrocytes also exert immunological functions [40-43]. This may be due to the fact that teleostean
erythrocytes contain nuclei and are capable of regulating their gene expression if necessary [44],
in contrast to their mammalian counterparts [45,46]. In particular, fish erythrocytes are considered as
antigen-presenting cells, recognize pathogen-associated molecular patterns (PAMPs), phagocytose,
and influence the activity of other immune cells [40-43]. It is likely that Siglecs are also involved in
these erythrocyte-pathogen interactions. A closer look at the Siglec expression in erythrocytes from
maraena whitefish revealed that Siglec15 and CD22 were most highly expressed. This also applied to
all other immune cell fractions indicating that a high expression of CD22 in fish is not restricted to B
cells [47]. The expression of mammalian CD22 has been described as being predominately located in
B cells [47]. As the genomes of fish obviously lack any inhibitory CD33-related Siglecs (containing
the ITIM motif), it might be possible that CD22 may take over this role in the immune cells of fish.
In addition, the expression of MAG and Siglec1 was detectable in the analyzed immune cell populations
of maraena whitefish.
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Figure 3. Copy numbers (per ug RNA) of Siglecl, CD22, MAG, and Siglec15 in (A1) whole head kidneys
(HKs), (A2) extracted HK cells, (A3) a heterogeneous leukocyte suspension, (A4) erythrocytes, and (B)
one sorted cell fraction (I), enriched with lymphocytes and monocytes/macrophages, and one fraction
(IT) enriched with granulocytes (n = 5). (C) Siglec expression in the isolated cell fractions (C1) HK,
(C2) HK cells, (C3) erythrocytes, (C4) leukocytes, (C5) fraction I, and (C6) fraction II. QPCR expression
data for Siglec1 (black), CD22 (orange), MAG (purple), and Siglec15 (green) was normalized against the
GeoMean of the reference genes RPL9, EEF1A1b, and RPL32.

3.3. Sequence Comparison of Siglecs Expressed by Salmonid and Percid Fishes

We analyzed the nucleotide and amino-acid sequences of the evolutionarily conserved Siglecs in
fish and mammals in more detail because their expression profiles exhibited remarkable differences.
Siglecl contains no regulatory domains; for this reason, only the sequences of CD22, MAG, and
Siglec15 are presented here. Since the Siglec sequences of the pikeperch (SIGLEC1L, CD22L, MAGL,
and CD33L) revealed poor homology with its piscine orthologs (see Section 2.5), we disregarded these
sequences in the more detailed sequence analysis.

3.3.1. Sequence Comparison of Siglec2 (CD22)

In mammals, CD22 can counteract the BCR-triggered activation of B cells, when defined sialylated
structures are detected simultaneously with an antigen [48,49]. The clustering of a BCR with CD22
molecules causes the recruitment of SHP1 and SHP2 (encoded by the genes PTPN6 and PTPN11),
which leads to the inhibition of the kinase-dependent signaling pathway, along with the reduced
production of antibodies against the autoantigen [48,49]. This mechanism inhibits thus the synthesis of
autoantibodies. Teleosts produce three main types of immunoglobulins (IgM, IgD, and IgT/IgZ) that
act as BCRs [50,51]. The interplay between these immunoglobulins and CD22 might be regulated in a
mammalian-analogous way on teleostean B cells.

The N-glycosylation status of mammalian CD22 seems to be important for its activity. Twelve
N-glycosylation sites are known in mammalian CD22, six of which are close to the sialic acid-binding
domain (Ng7; N1g1; N112; N135; N16sa; Nazp). ACCOI‘diIlg to Orbea et al., Ng7, N112, N135, N1gs, Nogq can
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be exchanged by an alanine without functional loss, while the mutation of Nyg; disrupted protein
expression [30]. N-glycans at Nyp; are probably involved in the correct folding of the receptor.
Regarding the sequence comparison of the V-set Ig-like domain, which is responsible for sialic
acid-binding (Figure 4A), N1o; seems to be conserved from mammals to lower vertebrates (Ny¢s5 in
fishes), while Ng7 and Ny35 seem to be absent. Recently, Wasim et al. determined that mutations of N7,
Ni12, N13s, Nigs and Nog; resulted in a higher density of CD22 nanoclusters, along with a decreased
CD22-phosphorylation rate and an increased B-cell signaling, culminating in a reduced functionality
of CD22 [52]. Therefore, we took a closer look at the N-glycosylation sites in the CD22 orthologs from
maraena whitefish and rainbow trout. The alignment of the CD22 sequences from maraena whitefish
and rainbow trout suggested (Figure 4A and Figure S1) that the majority of N-glycosylation sites are
also present in CD22 of fish, although they are at slightly different positions compared to their human
orthologs. The N-glycosylation at Ng7, N1, N112, N4 and Npz; in human corresponds to Nsg, Nygs,
Ni12, Nig7 and Nyy; in fish. Moreover, we searched for ITIM domains in the CD22 orthologs of maraena
whitefish and rainbow trout, since these domains characterize inhibitory receptors in mammals [53].
An ITIM is present in CD22 of rainbow trout but not in the orthologous sequence of maraena whitefish
(Figure S1). However, our CD22 sequence of maraena whitefish was severely truncated, and we cannot
exclude the possibility that an ITIM is present there.

Furthermore, we analyzed the sialic acid-binding domain in more detail. Human CD22
preferentially binds «2,6-linked sialic acid. The binding is mediated by the amino-acid residues
Ri20, Ry31, E126 and Wipg in addition to Y44, which is responsible for the preference for «2,6-linked sialic
acid [30]. The sequence comparison (Figure 4A) demonstrated that Ry is conserved from mammals to
fish, while almost all other amino acids, necessary for sialic acid-binding in humans, are missing in the
investigated fish. In mice, Yg4 is replaced by F, indicating the conservation of the aromatic properties,
and also in fish, W resides close to Y4 in human [30].

In addition, we simulated 3D models of the V-set Ig-like domain of CD22 from maraena whitefish
based on the known 3D structure of the human counterpart [30]. This 3D model exhibited remarkable
structural differences between the CD22 orthologs from human and maraena whitefish (Figure 4B-D).
Hence, based on the modelling of CD22 from maraena whitefish (Figure 4B-D) combined with the
sequence alignment (Figure 4A), we suggest that the binding properties of CD22 have changed during
evolution. However, experimental data is needed to define the glycan-binding properties of CD22
in fishes.
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Figure 4. Sequence and structural comparison of CD22 from human and maraena whitefish. (A) The first
Ig domain of maraena whitefish and rainbow trout was determined by aligning sequences. The different
colors indicate the chemical properties of the amino acids as follows: red, small hydrophobic/aromatic
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amino acids; blue, acidic amino acids; magenta, basic amino acids; green, hydrophilic, polar, and small
amino acids. Black boxes show the amino acids that are essential for sialic acid-binding; red boxes
show the conserved N-glycosylation site Nyp;. In addition, the orange boxes indicate further amino
acids known to be a target for N-glycosylation. Numbering is based on the human CD22 sequence.
(B) YASARA was used to model the 3D structure of the sialic-acid-binding domain (V-set, Ig-like
domain) of CD22 from human (pdb: 5VKM, including 5 point mutations Ng7A, Nj12A, Ny35A, NigsA,
Na31 A [30]) and maraena whitefish. The sequence of the human MAG was shortened to the first Ig
domain. The sequence of the V-set, Ig-like domain of CD22 from maraena whitefish was based on
the alignments (see (A)). CD22 models from human and whitefish are labelled in blue and yellow,
respectively. Two different perspectives of the surface with a transparency of 30% are shown along
with the corresponding secondary structures. (C) Enlargement of the sialic-acid-binding domain of
CD22 from maraena whitefish in five different perspectives. (D) Amino acids responsible for sialic
acid-binding by CD22 from human and maraena whitefish. Surface and secondary structures are
shown. Bound glycans are specifically labeled as follows: galactose, cyan; N-acetyl-p-galactosamine,
purple; sialic acid, pink; a-D-mannose, yellow; 3-D-mannose, green.

3.3.2. Sequence Comparison of Siglec15

Siglec15 belongs to the activating receptors, interacting with DAP10/12 via a lysine residue in
the transmembrane domain [17]. This residue is well-conserved from fish to mammals (Figure 5A).
The exchange of lysine by alanine has been demonstrated to abrogate the interaction of Siglec15
with DAP10 or DAP12; this confirms the functional importance of the lysine residue. However, this
exchange might not impact the minimal FcRy interaction with Siglec15 [17].

Furthermore, sequence alignments of the first Ig domain were performed. Angata and colleagues
showed that an exchange of Ry43 to alanine results in the loss of sialic acid-binding and thus, in a loss
of the immune regulatory function of Siglec15 [17]. This amino acid is conserved from mammals to
lower vertebrates (Figure 5B). In addition, cysteine residues in the V-set, Ig-like domain are highly
conserved across vertebrates. One likely reason for this remarkable conservation is pathogen-driven
selection pressure. Our sequence alignments of the first Ig domain of the Siglec15 orthologs suggested
that the well-conserved cysteine residues that contribute to the tertiary structure by forming disulfide
bonds are present in the Siglec15 of the investigated salmonid species (Figure 5B). Nevertheless, the
cloned ortholog from zebrafish did not show strong binding to the tested glycans ex vivo, irrespective
of the presence or absence of cysteine residues [17].

3.3.3. Sequence Comparison of Siglec4 (MAG)

In mammals, MAG is involved in myelination processes through interactions with gangliosides.
The expression of MAG is restricted to Schwann cells and oligodendrocytes. The dimerization of MAG
is essential for specific axon-myelin spacing (9-12 nm) and strongly depends on the glycosylation
pattern of MAG [15,35,54,55]. Therefore, we also inspected potential N-glycosylation sites of the MAG
sequences from maraena whitefish and Atlantic salmon. Eight sites of N-glycosylation are known
in human MAG (Ngg, N223, NZ46/ N315, N332, N406/ N450, and N454). The residue sz is targeted
by C-mannosylation and conserved from fish to humans (Wy; in fish). Therefore, it is likely that
this residue contributes to the functionality of MAG [31]. Our sequence alignment showed that the
N-glycosylation sites of the three Ig-domains of the MAG were conserved together with residue W»; of
the murine MAG sequences (Figure 5C and Figure S2).
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Figure 5. Analysis of specific properties of Siglec15 and MAG. (A) Sequence alignment of the
transmembrane domain of Siglec15. The positions of the transmembrane domains of murine and
human Siglec15 were retrieved from Uniprot, while the transmembrane area of Siglec15 from maraena
whitefish and rainbow trout were predicted using SMART. The black box highlights the transmembrane
lysine residue, which interacts with DAP10/12. (B) Sequence alignments of the first Ig domain of
Siglec15. The alignment illustrates the conserved cysteine residues (black boxes) of Siglec15 as well
as the conserved arginine residue (blue box) and a conserved hydrophobic amino acid (Y, red box),
which are involved in sialic acid-binding [17]. Sequence alignments were performed using the Clustal
Omega tool of EMBL-EBI. Different colors label the chemical properties of the amino acids: red,
small hydrophobic/aromatic amino acids; blue, acidic amino acids; magenta, basic amino acids; green,
hydrophilic, polar, and small amino acids. (C) The presence of specific N-glycosylation sites and IIM
motifs of MAG from salmon and whitefish are shown. The position of the amino acid residue refers to

the human sequence. For accession numbers, see Section 2.7.

In addition, these MAG sequences harbor immune-regulatory ITIMs in their intracellular sections,
whereas their mammalian counterparts lack these motifs. In 2004, Lehmann et al. detected a proximal
ITIM motif in the MAG orthologs of zebrafish and pufferfish [16]. Lehmann et al. suggested that these
motifs are involved in signal transduction and contribute to biological functions different from those
described for mammalian MAG [16]. Furthermore, our previous sequence analysis [15] confirmed the
presence of ITIMs in coelacanth, while almost all investigated higher vertebrates were ITIM-negative.
Consequently, the ITIM motif seems to be an ancestral feature that has persisted in most Siglecs
but was lost during the evolution of higher vertebrates [15,16]. The presence of ITIM motifs in the
intracellular part of MAG in salmonid fish might contribute to inhibiting immunological responses,
while mammalian MAGs merely stabilize axon-myelin interactions by binding to GD1a and GT1b, two
gangliosides present in the brain. Unlike the MAG in mammals, the MAG in fish seems to be involved
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in immunomodulatory processes. To analyze its carbohydrate-binding pocket in more detail, the 3D
structure of MAG from maraena whitefish was simulated and compared with its murine ortholog
(Figure 6A-C).
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Figure 6. Sequence and structural comparison of MAG from mouse and maraena whitefish. (A) YASARA
was used to model the 3D structure of the sialic-acid-binding domain (V-set, Ig-like domain) of MAG
from mouse and maraena whitefish. Based on the sequence alignments performed, the sequence of the
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murine MAG was shortened to the first Ig domain. The sequence of the V-set Ig-like domain of MAG
from maraena whitefish was based on the performed alignments (see (D)). MAG models from mouse
and maraena whitefish are labelled in green and brown, respectively. Two different perspectives of
the surface with a transparency of 30% are shown along with the corresponding secondary structures.
(B) Enlargement of the sialic-acid-binding domain of MAG from maraena whitefish in five different
perspectives. (C) Amino acids responsible for sialic acid-binding by MAG from mouse and maraena
whitefish. Surface and secondary structures are shown. Bound glycans are specifically labeled as
follows: galactose, cyan; N-acetyl-np-galactosamine, purple; sialic acid, pink. (D) Sequences of MAG
from zebrafish, pufferfish, human, and mouse were available in the NCBI database: zebrafish MAG:
XP_021337068; pufferfish MAG: XP_011616490; murine MAG: XP_030098048; human MAG: AAB58805.
The V-set, Ig-like domain of the mouse MAG was determined by analyzing the pdb sequence (pdb:
5LF5) with SMART. The V-set Ig-like domain of the human MAG was assessed using SMART. For
zebrafish, pufferfish, maraena whitefish, and rainbow trout, V-set, Ig-like domains were detected using
sequence alignment. The different colors indicate the chemical properties of the amino acids as follows:
red, small hydrophobic/aromatic amino acids; blue, acidic amino acids; magenta, basic amino acids;
green: hydrophilic, polar, and small amino acids. Black boxes show the amino acids that are essential
for sialic acid-binding, red boxes show conserved cysteine residues [16] and the orange box indicates a
glycosylation site.

Based on the crystal structure of murine MAG, the program determined that the secondary structure
of MAG from maraena whitefish contains 37.6% beta sheets, 18.3% alpha-turn-helices, and 44.0%
coiled coils, whereas that of murine MAG contains only 34.9% beta sheets, 22.0% alpha-turn-helices,
and 43.1% coiled coils (Figure 6A). Although several amino acid residues differed between the MAG
sequences from mouse and maraena whitefish, no significant changes were visible with regard to the
sialic-acid-binding domain (Figure 6B,C). The binding pockets of MAG from mouse and maraena
whitefish for Neu5Ac-«2,3-Gal-f1,3-GalNAc are highly comparable. The data suggest analogous
functions of MAG in maraena whitefish and mammals. In addition, we aligned the sequences
of the selected MAG orthologs to compare the presence of essential amino acids that mediate the
protein-carbohydrate interaction. In human MAG, amino acids Ry1s, Yg5, N12s, T128, and Ypp7 are
responsible for sialic acid-binding [31]. These amino acids were conserved throughout evolution
(Figure 6D), indicating once more [16] the preserved potential of MAG to bind to sialic acid across a
range of vertebrate classes.

3.4. The Influence of Handling Stress on the Expression of Siglecs in Maraena Whitefish

Stress is known to affect immune processes [2]. To investigate the impact of stress on a panel of
nine selected target genes related to the Siglec signaling, we exposed maraena whitefish to one-minute
handling procedures (including chasing and exposure to air) and sampled the fish three hours after this
treatment. Subsequently, we recorded the expression of the genes encoding the four Siglecs present in
fish (Siglec1, CD22, MAG, and Siglec15), the associated non-receptor tyrosine kinases LYN, SYK, and
ZAP70 in addition to the non-receptor tyrosine phosphatase PTPN6 (alias SHP1) and PTPN11 (alias
SHP2) (Figure 7A). Gene profiling revealed that the transcript levels of the four Siglecs were modulated
in a tissue-specific fashion after exposure to stress (Figure 7B). Siglecl and CD22 were 2.0- to 4.3-fold
upregulated in telencephalon and hindbrain but substantially downregulated in the heart as well as
the spleen (Siglec1) and muscle (CD22). All other tissues exhibited comparable values in untreated and
stressed fish.



PUBLICATIONS

Cells 2020, 9, 836 16 of 20

A SIGLEC1 10}
v BCR complex CD22 Y SIGLEC15

PTENI1 ik ZABT0

NFAT family
P 6 El'\\
d . ERK12” YK
PlaRC

Head kidney{ 0.80 1.25 - 092 090 070 090 0.70 0.80
Liver{ 1.22 112 0.74

080 090 1.20 0.60
Gills 1 097 1.13 100 1.00 110 120 0.80
Spleen 0.63 088 130 120 100 1.10 0.80
Heart . I 090 0.80 0.90

Muscle

Telencephalon

Hypothalamus{ 240 120 090 1.30 n 070 090 070 120 H

Hindbrain{ 2.00 - 0.90 - 100 090 060 - 0.90

Figure 7. (A) Functional relationship between Siglec receptors and associated kinases (red symbols)
and phosphatases (blue symbols) in a schematic B cell. Interactions are displayed by broken (indirect
influence) or full (direct influence) lines. Cellular and nuclear membranes are colored in light blue and
brown, respectively. Please note that these relationships are supported by at least one reference, which
are based exclusively on investigations in mammalian species (accessible in the Ingenuity Knowledge
Base). (B) Tissue-specific expression of genes encoding Siglecs (Siglecl, CD22, MAG, Siglec15) and
downstream factors (LYN, PTPN6, PTPN11, SYK, ZAP70) in maraena whitefish exposed to three hours
of handling stress. QPCR data were normalized by the reference genes RPL9, EEF1A1b, and RPL32.
The heat map shows the averaged fold-change values in the respective tissue relative to the same tissue
from unstressed fish, colored according to the code on the right. Non-detectable transcript numbers are
indicated by gray fields.

Surprisingly, MAG expression was not influenced in the brain and was downregulated in nearly
all other tissues. This effect was especially pronounced in both lymphoid organs spleen and HK. Since
MAG from maraena whitefish contains an ITIM, this data might indicate the immunomodulatory
capacity of MAG in salmonid fish. Furthermore, few MAG transcripts were detected in gills of stressed
maraena whitefish, and these fish also exhibited reduced Siglec15-transcript level in their gills. As the
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respiratory organs of fish, gills are directly exposed to significant environmental changes, including
exposure to air, and are thus expected to induce fast responses.

The genes encoding the three Siglec-associated kinases (LYN, SYK, and ZAP70) and two
phosphatases (PTPN6 and PTPN11) were expressed at high levels (between ~2200 and ~71,500
copies/ug RNA) in HK, gills and spleen, but at low levels (<450 copies/ug RNA) in muscle,
telencephalon, hypothalamus, and hindbrain. Handling stress did not affect the expression of
the aforementioned enzyme genes, except for LYN in muscle (~4-fold downregulated), hypothalamus
(~2-fold downregulated), and telencephalon (~2-fold upregulated), as well as PTPN6 in muscle
(~3-fold downregulated) (Figure 7B). Since we recorded these alterations in those tissues that
had only relatively low basal concentrations of the respective transcripts, the observed expression
data should not be overestimated. We rather assume that the stress-dependent regulation of the
activity of Siglec-associated enzymes in fish does not occur at the transcript level. In contrast,
the expression patterns of Siglec-encoding genes showed characteristic factor-specific alterations, both
under homeostatic conditions and in response to handling stress. Although the biological significance
of these changes remains unknown, the data obtained in the present study strongly suggests that the
function of individual Siglecs has partially changed during the evolution of vertebrates.

4. Conclusions

The present study draws three main conclusions:

e Our qPCR analyses suggested that the basal gene-expression patterns of Siglec1, CD22, MAG, and
Siglec15 are largely conserved across salmonid and percid fishes. In contrast to mammals, CD22 is
highly expressed in several blood-cell populations. Similarly, the expression of MAG in fish is not
restricted to the cells of the nervous system but is detectable in a range of blood cells.

e Stress modulates the expression of Siglecs (but not of the associated enzymes) in a tissue-dependent
fashion and most likely influences the cellular reactivity against PAMPs and DAMPs.

e The genomes of fish lack CD33-related Siglecs, which exert inhibitory functions. Our structural
analyses indicated that CD22 and MAG contain inhibitory motifs (ITIM) in salmonid fish. We
speculate that these ITIM-containing Siglecs may compensate the deficiency of the canonical
inhibitory Siglecs. This first assumption might be the starting point for subsequent studies to
clarify whether CD22 and MAG have an immunosuppressive effect in fish.

Supplementary Materials: The following materials are available online at http://www.mdpi.com/2073-4409/9/4/
836/s1: Figure S1: Sequence alignment of CD22 of rainbow trout (XM_021620093) and the obtained sequence of
CD22 of maraena whitefish, Figure S2: Sequence alignment of MAG from salmon and the obtained sequence of
MAG of maraena whitefish, Table S1: Primer sequences and accession codes.
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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 0. 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

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

e 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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Abstract: In stock enhancement and sea-ranching procedures, the adipose fin of hundreds of
millions of salmonids is removed for marking purposes annually. However, recent studies proved
the significance of the adipose fin as a flow sensor and attraction feature. In the present study, we
profiled the specific expression of 20 neuron- and glial cell-marker genes in the adipose fin and
seven other tissues (including dorsal and pectoral fin, brain, skin, muscle, head kidney, and liver)
of the salmonid species rainbow trout Oncorhynchus mykiss and maraena whitefish Coregonus
maraena. Moreover, we measured the transcript abundance of genes coding for 15 mechanoreceptive
channel proteins from a variety of mechanoreceptors known in vertebrates. The overall expression
patterns indicate the presence of the entire repertoire of neurons, glial cells and receptor proteins on
the RNA level. This quantification suggests that the adipose fin contains considerable amounts of
small nerve fibers with unmyelinated or slightly myelinated axons and most likely
mechanoreceptive potential. The findings are consistent for both rainbow trout and maraena
whitefish and support a previous hypothesis about the innervation and potential flow sensory
function of the adipose fin. Moreover, our data suggest that the resection of the adipose fin has a
stronger impact on the welfare of salmonid fish than previously assumed.

Keywords: adipose fin; fin-clipping; welfare; Oncorhynchus mykiss; Coregonus maraena; salmonids;
mechanoreceptors; innervation

PUBLICATIONS

1. Introduction

Salmonid fishes, including rainbow trout Oncorhynchus mykiss (Walbaum, 1792), Atlantic salmon
Salmo salar L., and maraena whitefish Coregonus maraena (Bloch, 1779) are farmed in aquaculture
facilities all over the world [1]. Their common characteristic is the adipose fin, which is situated on
the dorsal midline between dorsal and caudal fin, although a total of 6000 species from eight orders
of the Teleostei all possess an adipose fin [2]. Large numbers of artificially bred juvenile salmonids
are released into sea-ranching procedures every year to produce 4.4 million tons of top-class food fish
[3]. Furthermore, billions of salmonids are released in restocking or stock-enhancement projects [4].
Most of these animals are tagged to monitor the success of those research projects or indicate
ownership relations [5] and to identify escapees from aquaculture farms. Those are considered as a
serious problem since they reduce the natural gene pool [6].
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In order to determine the most appropriate method suitable for routine large-scale screenings of
all salmonids bred in Norwegian aquaculture systems, the Panel on Animal Health and Welfare of
the Norwegian Scientific Committee for Food Safety evaluated all available marking techniques in
2016. These comprised (i) externally attached visible tags, (ii) visible internal tags, (iii) chemical
marking, (iv) remotely detectable internal tags, (v) freeze branding, and (vi) fin clipping. The clipping
of fins, especially of the adipose fin, was found to be the most applied and was evaluated as the only
persistent and cost-efficient technique available. Unlike other fin structures [7], the adipose fin does
not regrow when clipped completely [8-11]. In addition, fin clipping compromises the welfare of the
fish [12]. Nonetheless, in European countries, such as Sweden, Estonia, and Latvia, all hatchery-
reared salmon are mandatorily marked by adipose-fin clipping to facilitate the differentiation of
farmed fish from natural stocks [13]. Adipose-fin clipping of Pacific salmon species is performed on
amuch larger scale. In the State of Washington (US) alone, more than 200 million juvenile salmonids
are adipose fin-clipped every year [14]. Dozens of recapture studies reveal inconclusive influences on
the growth and survival of fin-clipped animals [8-11,15-21]. Noteworthy in the context of fish welfare
is that the resection of the adipose fin significantly reduces the swimming efficiency of O. mykiss
juveniles in a flowing current [22]. Subsequent studies proved the innervation of the adipose fin in
brown trout Salmo trutta [23] and a mechanoreceptive function of the adipose fin in catfish Corydoras
aeneus [24]. These studies underscore that the adipose fin is not a useless body appendage, as
originally claimed [25], but a mechanosensor contributing to optimal swimming performance [26].

Fin-clipping not only removes a supposedly useful organ. It can be assumed that the process
itself causes pain. Nowadays, it is indisputable that fish are sentient beings [27-30], at the latest since
damage- and pain-signaling nociceptors have been discovered in O. mykiss [27,29-31].

Somatosensory perception involves the activation of primary sensory neurons, whose somas
reside within the dorsal root ganglia (DRG) or cranial sensory ganglia in the head region of the lateral
line system [32-34] (Figure 1). The DRG neurons are pseudo-unipolar [33]. The axon has two
branches, one penetrating the spinal cord to synapse with central nerve-system (CNS) neurons, and
the other forms free peripheral endings or associates with peripheral targets. They respond to a wide
range of stimuli comprising noxious mechanical or thermal stimuli as well as different kinds of touch
[33,35]. Previous studies on higher vertebrates based on single-cell RNA-seq [35-47] and
immunohistology [48-54] have identified particular sets of genes that indicate either specific sections
and/or specific functions of the neuron and glial cells. The discovery of local mRNA translation
within the axon outside the neuronal soma (reviewed in [55]) allows further analysis of the quality
and functions of the nerves. All relevant genes selected in this study were shown to be present within
the axon of sensory neurons (supplementary materials of [41]).

In order to evaluate the influence of the adipose-fin resection based on measurable and thus
objective criteria, we profiled the expression of a panel of 35 genes in the adipose fins (AF) of O.
mykiss and C. maraena. The obtained qPCR data were compared against the expression in a range of
further tissues, including dorsal and pectoral fin, brain, skin, muscle, head kidney (HK), and liver.
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Figure 1. The pseudo-unipolar dorsal root ganglion (DRG) of a vertebrate neuron cell. Dendrites and
synaptic connections within the spinal cord (green) are shown on the left side. The soma (pink) lies
within the DRG beside the spinal colon. The axon (yellow) connects dendrites and soma to the
peripheral ending (red) where the axon ramifies into free nerve endings or builds up receptor
structures like Merkel, Ruffini, Meissner, or Pacinian corpuscles. The signal transmission between the
peripheral ending and receptor structures is similar to synapses, which use equal neurotransmitters.
The axon can be enveloped by myelinating Schwann cells (turquoise). The panel of genes selected for
the present study and the expected site of translation are listed below the illustration. The graph is
based on a free illustration (Wikipedia) by Mariana Ruiz Villarreal.

2. Materials and Methods

2.1. Fish and Sampling

Juvenile O. mykiss of the German selection strain BORN at the age of 15 months (n =7, 26.24 +
0.78 cm, 302.71 + 42.78 g) were selected for this analysis, as these salmonids are naturally adapted to
flow regime. Fish were kept in a flow-through aquaculture system of the State Research Centre for
Agriculture and Fisheries (LFA-MV). Additionally, we chose C. maraena (n =3, 17.5 + 1.08 cm, 64.37 +
10.88 g) as a second salmonid species for our investigations, also kept in recirculating aquaculture
systems from the LFA-MV. After stunning and killing fish by electrical flow, brain, muscle, skin, HK,
and liver were sampled. In addition, we resected AF, dorsal fin, (DF), and pectoral fin (PF) as entire
target tissues without removing the skin. Samples were immediately transferred to liquid nitrogen
and stored at -80 °C until further processing.

The experimental protocol was approved by the Committee on the Ethics of Animal Experiments
of Mecklenburg-Western Pomerania (Landesamt fiir Gesundheit und Soziales LAGuS; approval ID:
7221.3-1-012/19).

2.2. Gene Selection and Primer Design

We selected 35 genes, which have been described as selectively expressed by either nerve cells,
glial cells, or receptor corpuscles. Unlike mammals, the common ancestor of the extant salmonid
species underwent an additional teleost- and an additional salmonid-specific round of whole-
genome duplication (WGD) [1,56]. These two events multiplied the number of particular genes in,
for instance, O. mykiss and C. maraena. The WGD-derived paralogous genes are known as ohnologs
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[56], but their individual functions are largely unknown yet and it is to be expected that they are
expressed to varying degrees. Our designed primer pairs detect either multiple paralogs/ohnologs or
specifically a particular paralog/ohnolog. These details are listed together with the accession numbers
and putative functions of the 35 target genes in Appendix A, Table Al. BLAST searches were
performed using the NCBI server to identify possible gene duplicates and transcript variants in
salmonids. All identified sequences were aligned using the Clustal Omega Multiple Alignment tool.
Gene-specific oligonucleotides were designed applying Pyrosequencing Assay Design software
v.1.0.6 (Biotage). The same primer pairs were used for the quantification of cDNA samples from O.
mykiss and C. maraena.

2.3. RNA Preparation and cDNA Synthesis

The tissues were homogenized and RNA was isolated using Trizol (Life Technologies - Thermo
Fisher Scientific, Karlsruhe, Germany), followed by a purification with the RNeasy Mini Kit (Qiagen,
Hilden, Germany) with 15 min in-column DNase treatment. Spectrophotometry (NanoDrop One,
Thermo Fisher Scientific, Karlsruhe, Germany) and gel electrophoresis were used to evaluate the
quality and quantity of the isolated RNA. SuperScript II Reverse Transcriptase Kit (Thermo Fisher
Scientific, Karlsruhe, Germany) was used to generate cDNA according to the manufacturer’s
instructions.

2.4. Gene-Expression Profiling via gPCR

Quantitative real-time PCR (qPCR) was carried out on the LightCycler 96 system (Roche, Basel,
Switzerland) to detect and quantify specific transcript amounts. The LightCycler protocol used was
optimized for a 12-ul reaction volume. A ready-to-use SensiFAST SYBR No-ROX Mix (Bioline,
Luckenwalde, Germany) was mixed with the cDNA aliquots and applied to Light Cycler 480
Multiwell 96 plates (Roche). The qPCR program included an initial denaturation (95 °C, 5 min.),
followed by 40 cycles of denaturation (95 °C, 5 min.), annealing (60 °C, 15 s) and elongation (72 °C,
15 s) steps and the fluorescence measurement (72 °C, 10 s). All melting curves were inspected to
validate the absence of unspecific amplicons. In addition, PCR products were visualized on agarose
gels to assess product size and quality. Individual copy numbers were calculated based on external
gene-specific standard curves (107103 copies per 5 uL). To control for variations in isolation, reverse-
transcription yield, and amplification efficiency [57], the obtained copy numbers were then
normalized with a factor based on the geometric mean of the three reference genes EEF1A1, RPS5
and 18S (O. mykiss) and RPL9, RPL32, and EEF1A1b (C. maraena), respectively [58-60].

Due to the lack of sequence information regarding transcript variants of C. maraena, the
amplicons of the C. maraena genes were sequenced. Sequencing was performed with qPCR primers
using the ABI BigDye Terminator v3.1 Cycle Sequencing Kit and ABIPrism DNA sequencer (Applied
Biosystems, Waltham, MA, USA), following the modified Sanger method [61].

2.5. Data Analysis

All data were evaluated for statistical significance using IBM SPSS Statistics 25. Global analysis
of variance or Kruskal-Wallis H-Test was used with subsequent post-hoc tests. In all tests, a p-value
of <0.05 indicated significance. Standard error of the mean (SEM) was calculated as described by [62].

3. Results

Sequences from 37 genes (including orthologue variants) were identified for O. mykiss and C.
maraena, and expression profiling was performed in eight selected (strongly and weakly innervated)
tissues. The gene panel was divided into two sets. Set 1 contained genes that indicate the presence of
nervous cells, particularly those that are expressed exclusively in the neuronal axon, dendrites, or
nucleus. Set 2 contained genes that indicate the presence of specific receptor structures. In general,
expression of all analyzed marker genes was detectable in the adipose fin, often exceeding the
expression levels of other nerve-traversed tissues. The presentation in this section is limited to those
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genes that have been identified as informative markers in previous studies and that showed
significant differences in expression between tissues in the present study. (Data on other genes are
given in Figure 4a and Appendix Figure AT).

3.1. The Adipose Fin Showed High Levels of Neuron Marker Expression

The neuron-marker genes NEFL, PRPH, PVALB7, NGFR, GFAP, MPB, MPZ (Figure 2), and
PMP22, S100B, NCAM1, SOX10 (Figure A1) were detectable at high levels (between 1 x 10% and 4 x
106 transcripts per 1 ug RNA) in the three fin types (AF, DF, and PF) investigated in the rainbow trout
and maraena whitefish (Figure A2). In most cases, the expression represented only a fraction of that
detected in brain samples. On the other hand, the expression levels of all above-mentioned neuron
marker genes (except for PVALB7 in the fins) significantly surpassed the expression in the liver by
>45-fold (PRPH) to >210.3-fold (NCAM1) and in the HK by >1.2-fold (NCAM1) to >37.2-fold (MBP).
Particularly, the genes coding for neurofilament light polypeptide (NEFL) and neurofilament 4
(PRPH) (markers for small axons) showed significantly higher mRNA abundances in AF compared
with skin (18.4 and 4.4-fold higher), muscle (6.4- and 1.3-fold higher), liver (41.2- and 2.9-fold higher)
and HK (8.6- and 1.7-fold higher). Noteworthy, the gene encoding the high-affinity calcium ion-
binding protein parvalbumin (PVALB?), a marker gene for large axons, was highly expressed (>1 x
105 copies/ug RNA) in skin, muscle, and brain (Figure 2).

NGEFR transcripts encoding the neurotrophic receptors, which characterize types of neurons and
neuron-associated glial cells, were detected at high levels (>1 x 10° copies/ug RNA) in brain, skin,
muscle, and the three fin types, while it was virtually absent in liver and HK (Figure 2). Moreover,
the NGFR copy number was >6.2-fold higher in AF compared with the copy number in skin, liver,
and HK and even exceeded the values in brain samples. The glial-cell marker genes GFAP, MBP,
MPZ (Figure 2), PMP22, S100B, NCAM1, and SOX10 (Figure Ala) were highly expressed (from >2 x
104 to >5.7 x 106 copies/ug RNA) in the brain, as expected. Particularly, the gene encoding the glial
fibrillary acidic protein (GFAP) was strongly expressed in the brain but was also detectable in AF and
DF in substantial levels. The genes coding for the myelin-forming MBP, MPZ (Figure 2), and PMP22
(Figure Ala) were strongly expressed in the skin and to a lesser but still remarkable extent in the fins.
The general neuron and glial-cell marker genes S100B, NCAM1, and SOX10 (Figure 4a, Figure Ala)
were strongly expressed in brain, skin, muscle, and the three fins investigated, but merely detectable
in the liver.

PUBLICATIONS

93



PUBLICATIONS

Genes 2020, 11,21 6 of 23

Set 1: Axon marker

PRPH
ax108q T 2x10f
T 2x108 ol [ —
2 = 500000 s
k4 — b4 —
& 120000 S 120000
§ 1000004 & 10000
£ 80000 E 8000
2 600004 2 6000
2 400004 Z 4000
8 200004 8 2000
o
& & & o & & e K & & o & o
F S E # S EF S
PVALB7
2.0x107
K |.5x10:-
G 1.0x10™
S 5.0x10°4 H
5 e
H
2 15000
5
2 10000
=
& 50001
S
o
& f & 2 S
¥ & < G o8
Set 1: Glial cell marker
NGFR
— GFAP
4x105- e ———— 4x10°
S ER S
E 2 2
G 3x10n v 1x10
a o
& 2 15000
8 20" & 12500
£ € 10000
TS L D
g 2 50
S 8 2500
R I COf & & e
?QQ@,&“OO\V\A°Q“°(§ N S
« \“
mMBP MPZ
3 L
T dx 5 310
3w T |
3 . : x
& 400000y T 22— g
r S 1x10°
é 300000 g s00000
2 200000 g 600000
>
2 100000- z  4ooooo
S 8 200000
&

LR #\1@” & E WO
Figure 2. Expression levels of selected neuron and glial cell marker genes from Set 1 across tissues.
The expression levels are given as absolute copy numbers (per 1 ug RNA) normalized against three
reference genes. Statistically significant deviations are indicated only between AF and the other
tissues. Expression values determined in brain were excluded from the statistical evaluation.
Significance levels are indicated by * p <0.05, ** p <0.01, *** p <0.001. Error bars indicate the SEM.

3.2. Genes Coding for Mechanoreceptor Proteins were Expressed in the Adipose Fins

The receptor marker genes TRPC1, ASIC1, -2 and -4, KCNK2 and -4 and PIEZO2 showed distinct
expression patterns in the investigated tissues (Figure 3 and Figure 4b). TRPC1 is a mechanoreceptive
channel protein, whose mRNA level was extremely high in brain (~850,000 copies/ug RNA), followed
by AF (~10,000 copies/ug RNA) and muscle (~8000 copies/ug RNA) (Figure 3). The genes coding for
the mechanoreceptive potassium channel protein KCNK2, -4 and -10 were most strongly expressed
in the brain (>2500 copies/ug RNA). Among the KCNK genes, KCNK2 revealed the highest transcript
abundance (with up to ~380,000 copies/ug RNA) in brain, AF (~33,000 copies/ug RNA), PF (~20,000
copies/ug RNA), and muscle (~13,000 copies/ug RNA) (Figure 3). In the same way, ASIC transcripts
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were found in high amounts in the brain (>135,000 copies/ug RNA). In the remaining tissues, high
levels of ASIC2 were mainly present in AF (~14,000 copies/ug RNA), DF (~8000 copies/ug RNA), skin
(~11,000 copies/ug RNA), muscle (~7000 copies/ug RNA), and HK (~18,000 copies/ug RNA) (Figure
3), while ASIC4 levels were high in fins, muscle, and HK (Figure 4b and Figure A1b).
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Figure 3. Expression levels of selected mechanoreceptor marker genes from Set 2 across tissues. The
expression levels are given as absolute copy numbers (per 1 ug RNA) normalized against three
reference genes. Statistically significant deviations are indicated only between AF and the other
tissues. Expression values determined in brain were excluded from the statistical evaluation.
Significance levels are indicated by * p <0.05, ** p <0.01, ** p <0.001. Error bars indicate the SEM. The
presentation is limited to those genes which have proven to be particularly significant and meaningful
in literature research, all others are listed in Appendix Figure Alb and Figure 4b.

PIEZO2 was analyzed with three transcript variant-specific primer pairs. The primer pairs 1 and
4 are located on an alternatively spliced PIEZO2 variant, which is specific to neurons in mammals
[63]. Primer pair 3 is specific for two PIEZO2 transcript variants including one that has not been
exclusively described for neurons in mammals [63]. Transcript variant 1 was strongly expressed in
AF and brain (~9200 to ~12,000 copies/ug RNA) (Figure 3). Transcript variant 4 was detectable in the
AF at a level 0f~2000 copies/ug RNA, and to a lesser extent in the other examined tissues (>1000
copies/ug RNA in PF, skin, and muscle; <100 copies/ug RNA in DF, liver, HK, and brain) (Figure
Alb). The transcript variant 3 was strongly expressed (>35,000 copies/ug RNA) in the PF, DF, brain,
and, to a significantly lesser extent (~6000 copies/pg RNA), in the AF (Figure Alb).

3.3. Comparison of Gene Expression between Salmonid Species

In addition to the expression analysis of neuron- and glial-cell marker genes in O. mykiss, the
expression of a subset of these genes was profiled in C. maraena. Here, a generally lower copy number
level than in O. mykiss was found (Figure A2). TRPC1 showed a congruent expression pattern in C.
maraena and O. mykiss, but in the latter species, it was higher expressed by a factor of 10. The general
neuron-marker genes NEFL and NGFR showed almost similar expression patterns between the
tissues of both species, but the expression levels are higher in the adipose fin of O. mykiss by the factor
42.6 and 6.3, respectively, in comparison to C. maraena. Interestingly, the PIEZO2 primer pair 1
generated considerably higher levels in C. maraena. Moreover, this transcript variant was more
strongly expressed in C. maraena in the dorsal fin than in the adipose fin, whereas the opposite was
observed in O. mykiss.
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4. Discussion

4.1. Gene-Expression Profiling Indicates the Innervation of the Salmonid Adipose Fin

We established qPCR assays for 20 genes specific for neurons and glial cells (cf. Figures 1 and
4a). The obtained qPCR data suggest the presence of nerve fibers in the adipose fin. This is indicated
by specific gene-expression patterns of glial cells that are generally absent in tissues without direct
association to neurons [51]. The transcripts coding for ten mechanoreceptors (cf. Figures 1 and 4b)
have been selected to cover a wide range of receptors known from vertebrates. The AF showed the
most prominent expression of mechanoreceptors compared with the innervated tissues brain, skin,
and muscle, all of which have well-defined mechanoreceptive potentials.

NEFL and PRPH are the most widely used marker genes for small axons [45,64]. The reception
spectrum of fibers expressing these markers covers sensations from nociception to mechanoreception
[35,65]. NEFL and PRPH transcripts were highly abundant in all three fin types analyzed. On the
other hand, they were expressed only at low levels in brain, skin, and muscle, suggesting that other
kinds of neurons are present there. PVALB7 is a marker for very large, strongly myelinated neurons
[66,67] and was outstandingly high-expressed in brain and skin, but showed low expression values
in fins. This might indicate that large nerve trunks do not innervate the fins.

GFAP is a marker for astrocytes in the CNS and Schwann cells in the PNS [68-71]. GFAP was
most abundantly expressed in the brain and in AF. This is in line with findings from Buckland-Nicks
and colleagues [23], who identified plenty of GFAP-positive cells within the AF using antibody
staining. The association of GFAP-positive cells, nerve cells, and collagen was described by Buckland-
Nicks [23] as common for receptor structures.

NGFR and SOX10 are highly specific marker genes of innervated tissues [37,51,65,72,73]. Both
were unanimously and significantly lower transcribed in the liver and HK compared with brain and
fins. The NGFR gene was even more highly expressed in the AF than in the DF or even the brain,
indicating the presence of nerve structures [51,65,72-74].

PIEZO2 is known as key mechanotransducer, particularly in sensory afferents [39]. Orthologs in
mammals and fish show a high degree of conservation of the nucleotide (nt) sequences and exon

Borders (Figure A3). Accordingly, we found abundant PIEZO2 copy numbers in all fins, with
varying copy numbers between the different salmonid-specific transcript variants. ASIC2, TPRCI,
and KCNK2 build up channel proteins with mechanoreceptive function. ASIC2 mainly occurs in
mechanoreceptive afferents. TPRCI is responsible for mechanoreception in a tactile and contact-
related manner [46]. KCNK?2 is described as being physiologically important for tuning the activation
of mechanoreceptive DRG neurons [75]. These three genes were expressed in the adipose fin to a
much greater extent compared to all other innervated tissues except the brain.
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Figure 4. Expression profile of (a) neuron and glial cell- and (b) mechanoreceptor-specific marker
genes across all the tissues investigated in O. mykiss. Field numbers indicate the absolute copy number
per 1 ug RNA. Color codes range from low abundance (dark blue) to high abundance (bright yellow)
relative to the mean expression value of each particular gene. Expression in the brain was mostly
excluded from the HeatMap illustration due to extremely high expression levels.

4.2. The Expression of Neuron- and Glial-Cell Markers is Tissue-Specific in Salmonids

We recorded tissue-specific expression patterns for most of the investigated genes, which are
putatively involved in the proprioceptive machinery in the muscle.

The muscle tissue of rainbow trout expressed relatively high levels of ASIC1, TRPC1, KCNK10,
and CACNA1H. Additionally, the copy numbers of all ASIC and PIEZO2 variants were detected at
substantially high levels. Moreover, the copy numbers of SLC1A2, a glutamate transporter, and TPH2,
the rate-limiting enzyme in the serotonin synthesis [76], were at high concentrations. Glutamate has
several well-known and proposed functions in the muscle tissue. On the one hand, it acts as
neurotransmitter within the muscle spindles [77]. On the other hand, it might be metabolized in the
muscle, and SLC1A2 is necessary for its transport [78]. TPH2 is vital for efferent y-motor neurons
using serotonin in the sensory feedback of muscle spindles [79]. ASICs are involved in mammalian
muscle spindle mechanotransduction [80,81], and PIEZO2 is considered as the principle
mechanotransducer in proprioception [67]. Taken together, these genes indicate the presence of
mechanoreceptive muscle spindles. Confirmatory, markers for nerves and glial cells, in particular,
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PRPH, NGFR, GFAP, MBP, MPZ, and PMP22, were also expressed in substantial levels in the muscle
of rainbow trout. Furthermore, the strong expression of NCAM1 and SOX10 in the muscle indicates
a higher density of glial cells, which are necessary for large nerve fibers. PVALB7, which is required
in innervating muscle spindles with large neurons [67], was present in the muscle in similar high
copy numbers as in brain.

The skin tissue of the rainbow trout shows a different expression pattern compared to all other
tissues and appears to be interspersed with large nerve strands. This is consistent with the knowledge
about the nerve supply of the skin of higher vertebrates [33-35,44]. The cutaneous low-threshold
mechanoreceptors (LTMRs), responsible for touch sensitivity in vertebrates, possess large and highly
myelinated neurons that require correspondingly high amounts of glial cells. In the skin of mammals,
particularly high proportions of glial-cell-specific genes MPZ, MBP, PMP22, and S100B, as well as
the neuron marker PVALB?7, are expressed. This agrees with the results of this study on rainbow trout.
However, only few copies were detected for the mechanoreceptive channel proteins (necessary for
LTMRs), except for TPRC1, KCNK?2, ASIC1, and ASIC2, and the modulator CACNATH. We note that
mechanoreception in the skin requires several other receptor proteins that have not been included in
the present study.

In HK tissue, many specific nerve markers, such as TUBB3, STMN2, MAP2, and SULT4A1,
revealed particularly high expression levels. The teleost HK is a lympho-myeloid compartment
containing immune and endocrine cells, which secrete cortisol, thyroid hormones, and
catecholamines [82], such as dopamine. Serotonin is known to stimulate the secretion of cortisol in
fish [83]. In this context, we refer to two important non-immune cells with different origin, the
chromaffin cells, and the interrenal cells [84]. The chromaffin cells are descendants of neural crest
cells, which share many functions and secretion patterns with peripheral neurons and glial cells [85].
Above all, ASICs and PIEZO1 were strongly expressed in the HK. Both gene products are known to
be involved in the fluid balance of teleost cells [86]. Of note, PIEZO1 is not associated with nerve cells
and was considered rather as a reference gene in this study. In addition, the genes TH, TPH2, and
SCL17A7, coding for enzymes involved in the serotonin and dopamine synthesis and the transport
of glutamate, respectively, were strongly expressed in HK. The cell adhesion molecule NCAMI is
responsible for maintaining glial-neuronal connections [87] and has vital functions in natural killer
cells and dendritic cells [88]. Both immune-cell populations are abundantly present in the HK since
this organ is the main hematopoietic organ in fish [84]. TUBB3, a microtubule-forming gene, was
included in this study as another reference gene, since its transcripts are not transported to the axons
[41]. This supports our observation that the HK has by far the highest concentration of TUBB3
transcripts compared with the more innervated tissues.

In the liver, there is virtually no expression of any receptor channel protein. Only PIEZO1 was
detectable at higher levels. Besides, SLC17A8 encoding a glutamate transporter was highly expressed.
Glutamate transporters allow the uptake of glutamine and glutamate into the liver cells, where
glutamate is involved in amino-acid metabolizing pathways [89].

The genes NTRK2, NTRK3, and GFRa2 encode neurotrophic receptors and were used in this
study to distinguish between the different nerve types, as previously done in studies on mammalian
models [32,33,43,45,63,67]. Neurotrophins control the differentiation and survival of nerve cells,
whereby different classes of neurons depend on different neurotrophins [90]. However, the present
study revealed remarkably high levels of neurotrophin-encoding transcripts in the liver and,
therefore, neurotrophins might have a cross-tissue function.

4.3. Mechanosensation is a Characteristic of the Salmonid Adipose Fin

The overall expression profile of the adipose fin (Figure 5) highly suggests the presence of nerve
endings including mechanoreceptive channel proteins. PRPH, NEFL, and NGFR indicate the presence
of small neurons with unmyelinated or slightly myelinated axons. This assumption is supported by
the presence of the myelin-forming genes MBP, MPZ and PMP22 in the adipose fin (compared to
skin and muscle tissue, for instance), although at low levels. The suggested afferent nerve endings—
defined as free nerve endings, C-fibres, C-LTMRs, and Ad-fibers—may be coupled to collagen fibers
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via GFAP-positive glial cells [23,91]. These are able to sense mechanical stimuli through movements
of the fin structure. TRPC1, PIEZO2, and KCNKs were only recently described as markers for C-
LTMRs [65]. The expression profiles of the fins of rainbow trout indicate the presence of smaller
mechanoreceptive C-fibres. Besides the mechanoreceptive function, it seems moreover likely that
pain signals can be perceived in the adipose fin since many smaller nerve cells are known to be
nociceptors. These were, however, not included in our gene panel.

Epldermis g
pld Meissner, | Pacinian- Neuromast
Free nerve endings 9 corpuscle  SOrPuscle
Dermis . Merkel-
Receptor cells
morphology
Subcutis
Name § non-pep.  pep. pep. § SA-I SAT RA-T RA-I
Sitent-N CCnmn eme emp AM O AMCLIMR iy prvMR - LTMR - LTMR
Marker PRPH | PRPI | PRPII  PRPH  PRPH  TRPCI Asic2
genes KCNK+4 Asicr
PIEZO2 PIEZO2 | PIEZO2 | PIEZO2  SI00B  ASICY
PRPH TPH2 | ASIC2  ASIC2
KCNK4 ASICZ | S100B  ASICT
NCAMI
Function Inflam-  Mech. Cold Mech.-heat Mech. Stinging Pleasent Skin Light Movement, Water
mation  pain  pain pain pain  pain  touch  streach  pressure vibration movement

Figure 5. Summary of the possible presence of somatosensory receptors in the adipose fin of rainbow
trout. Listed are the genes indicating the presence of nociceptors with free nerve endings (red, orange)
and with specialized receptor structures (green) and cutaneous LTRMs with receptor corpuscles
(blue) as well as neuromasts (light red). Marker genes identified in the adipose fin in ample amounts
are printed in black. Marker gene names are printed in white if the expression in the AF was not
outstandingly high in the comparison of the tissues analyzed. The specific cell types for which the
listed genes are characteristic are labeled as follows: Non-peptideric C-fibre mechano-heat receptor
(non-pep.-C-MH), peptideric mechano-cold nociceptor (pep. C-MC), peptideric C-fibre mechano-heat
nociceptor (pep. C-MH), A-fibre mechanonociceptor (AM), C-fiber low-threshold mechanoreceptor
(C-LTMR), AB-fiber slowly-adapting type I and type IILTMR (SA-ILTMR and SA-IILTMR), AB-fibre
rapidly-adapting type I and type I LTMR (RA-I LTMR and RA-II LTMR). Marker genes were
extracted from literature [35-47,65,92,93], figure is adapted from [35].

5. Conclusions

The present study suggests that the adipose fin is innervated by a high amount of small nerve
fibers with, most probably, mechanoreceptive potential. In the adipose fin of rainbow trout and
maraena whitefish, the entire repertoire of neurons, glial cells, and receptor proteins seems to be
present on the RNA level. This supports a previous hypothesis about the adipose fin as a flow sensor
[22,23], and thus its significance for the animal’s locomotion in water currents. With regard to the
welfare of fish, our data accelerate the discussion about the use of adipose-fin clipping for marking
purposes. On the one hand, the adipose fin is a criterion for the choice of suitable sexual partners [94]
and, on the other hand, contributes to the swimming efficiency [26]. Thus, the resection of the adipose
fin tissue seems to be a less suitable method, particularly from an economic point of view regarding
sea ranching and large-scale aquaculture in the future.
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Appendix A
Table A1. Primer assays used in the present study.
() (B) © (D) (E) (F) ©)
Accession Code of | o ion Code of Paralogs of
- . . Selected Ortholog of (A) in .\ N 85 O g ense and Antisense Primer Sequence (5 -3) Prediction of Specificity of Primers (F) for
Gene Symbol  Localization Basic Function . (D) in O. mykiss (Chromosome -
0. mykiss (Incl. o . Derived from (D) Selected Ortholog (D)
P o) no.; % CDS Divergence to [D])
Neuron marker
XM_021621429 (11; 91.4%) A P . . Binding to XM_021621429 (no mismatch), but
NEFL Axon Neurofilament XM_021605918 (6) XM_021602316 (5; 71.1%) %ﬁ::&%ﬁif;ﬁg{gﬁt&gf not to XM_021602316, XM_021590833
XM_021590833 (29; 70.6%) 6 and 7 mismatch
. = . GTGAGTCACTAACACACTGCATA, Not binding to XM_021606185 (sense: 6
NEFH Myelinated axons ~ Neurofilament XM_021621725 (11) XM_021606185 (6; 91.2%) TGTTTGTCTCCTGCTCTGCTCT . N

Unmyelinated

ACGTGCAGGTGAGTGTCCAGA,

PRPH o, Neurofilament XM_021610098 (7) XM_021569035 (17; 92.2%) AT CACCAAACTIGGACTTGTA  Binding to both paralogs (sense: 2 mismatches)
Microtubule XM_021586327 (26; 98.8%) AGGCCTCATCCTCTAAGTACGT, Binding to XM_021586327, but ot to
TuBE3 Axon assembly XM_021607465 (6) XM_021580863 (23; 85.0%) CCTTGGCCCAGTTGTTACCAG XM_021580863 (sense: 6 mismatches)
) o . ) CGCAGCGGCTGACTCITTTGA, - o
PVALB7  Myelinated axon  Calcium binding XM_021557489 (13) XM_021624534 (12; 97.4%) CACUCAAATCCOTTOAGTACGA  Binding to both paralogs (sense: 1 mismatch)
) XM_021598102 (3; 84.4%) Not binding to XM_021598102 XM_021585013,
STMN2 Axon Ngm;;k,’:sle XM_021559849 (14) XM_021585013 (3; 84.7%) Ti%?x&%tﬁé‘;gﬁggzc’ XM_021572874 (3 to 10 mismatches per
ynami XM_021572874 (18; 96.8%) primer)
) Microtubule CGTCAAGAAGAAAAAAGCCGTGA, o
MAP2  Neurondendrites oo XM_021597500 (3) XM_021579611 (22; 86.9%) ACTOTACOT T COTCCTAGAC Binding to both paralogs (sense: 1 mismatch)
XM_021576384 (20; 86.7%) Binding to XM_021576584, but not binding to
RBFOX3  Neuronal nucleus Ne":‘;‘:'q’;;‘:e"s XM_021581050 (23) XM_021625440 (12; 81.2%) gﬁfﬁgﬁgg&%ﬁg&% T, XM_021625440, XM_021556260 (sense: 9-nt
produ XM_021556260 (13; 84.3%) gap)
Glial cell and glial cell type marker
Astrocytes and
- N ) TGACGGAGCTGACCCAACTGA, o .
GFAP Schw(asncr; cells  Cell communication  XM_021558456 (13) XM_021625581 (12; 98.9%) TOT AT GCACTCTCIG TG Binding to both paralogs (no mismatch)
Astrocytes and GAACAGCTATCTGTGATGTGTCT,
ALDHILY liver cells Energy supply XM_021610613 (7) TCCATCAGGTCAGCCAGCTTAT
Myelinating SC R o oas (o
vennat , ) - ; ATCAGATTAGCACGTTCTTTGG, Not binding to XM_021594735 (antisense: 39-
p . : 2;928%
MBP and oligo Myelin formation ~ XM_021571745 (18) XM_021594735 (7; 92.8%) AT T AT AAGET e
dendrocytes
Myelinating SC e - )
; vennat , ) ’ ATCTACACGGGCTGGGAGCG, Binding to XM_021614027 (antisense: 3
MPZ and oligo Myelin formation  XM_021588760 (28) XM_021614027 (8; 93.3%) CCCOTOTAGTOOAACATAGACA ismatehes
dendrocytes
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Myelinating SC Binding to XM_021581303 (antisense: 1
;92.2% CTT , )
i i Mot wLomgsay  MO2SBB@Rn0  1cmocacateercaccaate, R E SRR
dendrocytes - (13;77.5%) e (antisense: 5 mismatches)
Glial cells and . ) ATTACAAACCACAATGACIGACCT, e
S100B neurons Calcium bmdmg XM_021608876 (7) XM_021571442 (18; 96.5%) TGGTCCTTCACTTGCCCTGTAA Bmdmg to XM_021571442 (sense: 1 mismatch)
— XM_021623770 (12; 91.5%) Binding to XM_021623770 (2-3 mismatches),
NCAM1 G]‘:l ‘Er"::“d Sf:::“:z;:“: XM_021617837 (10) XM_021588052 (27; 74.7%) fl‘_l_c',lf\GAGC;\CA c ATl'lA gfg//\\ci\cc';\rzﬁccf\cc but not to XM_021588052, XM_021582629
eurons ommunicatio’ XM_021582629 (24; 75.7%) (sense: >9-nt gap)
I XM_021556808 (13; 98.7%) e VS Binding to XM_021556808 (no mismatch), but
S0X10 (’]‘:L:ig:‘:“d Neuron survival XM_021567709 (17) XM_021558042 (13; 75.4%) L‘Z;;gg\é\é\:é‘c’\gé&/&(éﬁé\ not to XM_021558042, XM_021625106
XM_021625106 (12; 75.2%) antisense: 5-7 mismatches)
Neuron characterization
NGER Glial cells and Neuron assembly and 100100 XM_021625607 (12; 98.2%) CAGTGCCTAGACAGTGAGACC, Binding to XM_021625607 (no mismatch), but
neurons survival - XM_021565429 (16; 80.6%) CCTCATTCAGGTAGTAGTTGTAG not to XM_021565429 (sense: 38-nt gap)
N XM_021621031 (11; 93.7%) U . Binding to XM_021621031 (no mismatch), but
NTRK2 A-delta LTMR nsc'ﬂ:l‘:l‘l’;ji'“il XM_021605433 (6) XM_021602994 (5; 84.8%) %?é?gg’%‘“&?gg}&?‘gﬁ:g: not to XM_021602994, XM_021622759
surviv XM_021622759 (12; 85.2%) e 8 " i >6mi os,
Proprioceptors _ Signalling and XM_021568341 (2; 94.9%) CAAGAACATCACCTCAATACACAT, .
NTRK3 and LTMR neuron survival XM_021591923 (1) XM_021593111 (2; 82.3%) GGTTCTTCGATAAGTTTATGTAGC Not binding to XM_021593111
_— XM_021621031 (11; 93.7%) .
Signalling and . ; ATTATCTCAGGGATGCACACTGT,  Not binding to XM_021621031, XM_021622759,
GRaz CLTMR neuron survival XM_021605433 (6) ;}\':‘A-gzzl?z”zz:;‘ ((152'_8:53;2) TGGCAGCGCTTACGGTTACAC XM_021602994 (sense: > 4-nt gap)
Receptor / synapse ch izati
Glial cells, XM_021573109 (2; 94.2%) Binding to XM_021573109 (2-3 mismatches),
SLC1A2 neurons,  Glutamate transport  XM_021600639 (1) XM_021608174 (6; 82.2%) A?ixgﬁzgﬁ:ﬁai?&?ﬁti’\ but not to XM_021625950 (sense: 18-nt gap)
receptors XM_021625950 (12; 80.4%) and XM_021608174 (7 mismatches)
Glial cells, .. )
- XM_021565125 (16; 94.4%) TACGGCAGCTTTGGGATCTTCT,  Binding to XM_021565125 (sense: 1 mismatch),
SLct7a7 :‘;:;::1 Glutamate transport  XM_021575504 (20) XM_021558924 (13; 80.2%) AAAAGGCTCTCCAAGGCGTGTT but not to XM_021558924 (sense: 12-nt gap)
Glial cells, o )
: TATGGTGTATTTGGGATCATATGG,  Binding to XM_021574127 (sense, antisense: 1
SLC17A8 neurons,  Glutamate transport  XM_021601245 (1) XM_021574127 (2; 93.4%) CANTITCTCAGTOOCGCTCANTA iamateh)
receptors
Glial cells,
TGTTCGAGACGTTTGAAC AA
TH neurons, Dopamine synthesis XM_021564247 (2) (C;' C%AGCA?I‘%Cl'CcTGccrgccfl
receptors
Glial cells,
g GCCCTACGCCTTTTTCAGGAG,
TPH2 neurons, Serotonin synthesis XM_021576444 (2) AGGCGTGTTGAAGGAGATGATAT
receptors
SULT4A1  Neuron nucleus " UrPosed neuro- XM_021577380 (21) XM_021564205 (15; 99.5%) CCCAGATGAGATTGGTCTGATG, Binding to XM_021564205 (no mismatch)

synthesis

TCGCCATGTAGATCACCTTGGA
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Afferent neuron
. Stretch-receptor
ending and

XM_021588681 (28)

XM_021590114 (28; 90%)
XM_021614324 (8; 88.0%)/
XM_021614323 (8; 87.5%)/

GATAGTATATCCAGTGCCTACAC,
CTACTGCTGCTGTCAGTCGATT,
AGAGAGGTCAAAAAGGGCAACG,

14 of 23

Pair 1 binding to XM_021588681 and
XM_021614324; pair 3 binding to
XM_021614324; pair 4 binding to
XM_021588681; no pair binds to

channel XM_021614322 (8; 94.8%), TCCTGGCTCTCCATGCGATAG,
590114, XM_( 3
receptors XM_021622313 (11; 78.3%), AACTGTGATGTAACAACGGTAAG, 1 IXSZ*;?; (::::3 ﬁ":ﬂ:ﬁlﬁﬁ:or ot
XM_021564358 (15; 80.2%) ACGTCCTCTGGTGGTCTGTTTT - )
Non-sensory _ Stretch-receptor oo ] ACTGTAGTTTGTGGGAGACGCT, . )
PIEZO1 - e XM_021585995 (26) XM_021607119 (6; 97.1%) TCTCT T TGACCAGCCGOTTA Binding to XM_021607119 (1-3 mismatches)
Binding to XM_021566621 (sense: 3
XM_021566621 (16; 94.3%) h
Mechano-receptor - AGACGGATGAGACCACGTTTGA, mismatches), but not to XM_021610711,
Asict Receptors iy XM_021615628 (9) XM_021610711 (7; 82.15%) > iy Y utno -o2tel
channel XM_021567553 (17; 79.0%) AGGGTGGGGGCAAATATATCAG XM70215675::.3 (sense, antisense: > 5
~ Mechano-receptor - ] CTGCCCTTGCCAAGTTGTCAAT, o -
ASIC2 Receptors channel XM_021558500 (13) XM_021625621 (12; 98.7%) T ATCCGTGATGTA CTCAG Binding to XM_021625621 (no mismatch)
Mechano-receptor N ] ATATCCAACAGGACGAGTATCTC, s .
ASIC4 Receptors PN XM_021579184 (22) XM_021596998 (3; 96.5%) CCTCACCCTLIGTTOCTGACAT Binding to XM_021596998 (sense: 1 mismatch)
Mechano-receptor TAAGCCCTCCATCGCTAAACTG,
TRPCL Receptors channel NM_001185053 (1) GGCATTACAGAGAGTACACTCG
Mcchano—rcccptor GTGACTTTGTGGCCGGTGAAAA,
KCNK2 Receptors channel XM_021600681 (4) CCCCTACCTCCTCCTTGGTTT
Mechano-receptor N ) CAGCGACCTCATAAAGAGTGTG,  Binding to XM_021561640 (sense, antisense: 2-
KCNK4 Receptors PN XM_021583157 (25) XM_021561640 (14; 87.6%) CTOCTOCOACAMAGCTTACE et
Mechano-receptor N XM_021583031 (25;90.5%),  GTGGAGAAGATATACAGGCAAAAA, Not binding to XM_021583031 (sense or
KCNK1 R« XM_021574081 (1
CNK10 eceptors channel 021574081 (19) XM_021611349 (8; 72.7%) TGATAGCGTGATGATGACAAAGTA antisense: > 4 mismatches)
Acti ial M lati f firi "GCTAGAGTGTTGAAGCTGTTG,
Cacnazr  Action potential Modulation of firing 0 oo CGCTAGAGTGTTGAAGCTGTTG

generation zone patterns

TCTCCTCGGAACACTCCAGTTT
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Set 2: Mechanoreceptor marker
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Figure A1. (a). Expression levels of the remaining neuron and glial cell marker genes from Set 1 across
tissues in O. mykiss. The expression levels are given as absolute copy numbers (per 1 pug RNA)
normalized against three reference genes. Statistically significant deviations are indicated only

on values determined in the brain were excluded from the
statistical evaluation. Significance levels are indicated by * p < 0.05, ** p <0.01, *** p < 0.001. Error bars

between AF and the other tissues. Expre

indicate the SEM. (b). Expression levels of mechanoreceptor-encoding and synapse marker genes
from Set 2 across tissues in O. mykiss. The expression levels are given as absolute copy numbers (per
1 ug RNA) normalized against three reference genes. Statistically significant deviations are indicated
only between AF and the other tissues. Expression values determined in brain were excluded from
the statistical evaluation. Significance levels are indicated by * p < 0.05, ** p < 0.01, ** p < 0.001. Error
bars indicate the SEM.
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Figure A2. Expression levels of Set 1 and Set 2 marker genes across tissues in C. maraena. The
expression levels are given as absolute copy numbers (per 1 ug RNA) normalized against three
reference genes. Statistically significant deviations are indicated only between AF and the other
tissues. Expression values determined in brain were excluded from the statistical evaluation.
Significance levels are indicated by * p < 0.05, ** p < 0.01, ** p < 0.001. Error bars indicate the SEM.
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M.musculus39-40 ATAGGATGGATAGCTTAGATTCCCGGGACAGTATCTCCAGetgctacactgaagcgaccc 5458
D.rerio ACAGTCTGGATTCATTCGCTTCCAGAGACAGCATCTCCAGCGCATACACCGAAGCCACCA 6180
O.mykiss ACTCCATTGTATCTATGGCCTCCAGGGATAGTATATCCAGTGCCTACACTGAGGCCACCA 4651
* * Kok kkk ok ok Kk kK KKKKK Xkkkk ko kk koK
M.musculus40 tgctgatctcaaggcagtccacccttgatgatttagatggacaag---acc------ ccg 5509
D.rerio TGCTGTTTTCCCGCCAGTCCACCTTGGACGATTTGGACGACATGCCTCAGA--—--~— ATA 6234
O.mykiss TGCTGTTCTCCCGACAAGACACGCTGGACGAGCTGGACGGAATGCCGTCAGACGTTCCCA 4711
kkkkk K Kk ok kK Kk ok kk kk Kk Kk *
M.musculus40 ttcctaaaacaagcgagcegtgctcecggectaggecteccgtaaaatgttcagectggacatgt 5569
D.rerio TTCCCAAAACCAGCGAACGCGCTCGACCCAAACTGCGCAAAATGTACGGCCTCGACATGT 6294
O.mykiss TTCCCAAAACCAGCGAGCGTGTCCGGCCCAAACTCTGTAAGATCTACGGCCTGGACGCCT 4771
Khkhkk hhkkkk hhkhkhkk *k * *k Kk * * * * Kk Kk *k Kk Kkkk Khk*k *
M.musculus40-41 cctcttcgtcagctgacagtggcagtgt---agcatcaagCGAGCCCACACAGTGTACCA 5629
D.rerio CCAACTCCTCTGCGGACAGCGGAAGCAGCGTCATCTCCAGTGAGGCTACTCAGTGCGTCA 6354
O.mykiss CCAAATCGACTGACAGCAGCA---GTAGCCAAGTGTCCAGCGAGGCGACTCAGTGCATCA 4831
* ok *k k% *kx * Kk Kk kkk ok kK KkkkK *ox

Figure A3. Part of the Clustal Omega Alignment of mouse, zebrafish Danio rerio (Hamilton, 1822), and
O. mykiss PIEZO2 CDS (European Bioinformatics Institute, 2018). Shown are exons 39 through 41 with
high identity across the species. Exon-exon boundaries are labeled in blue and red. Position of primer
pair 1 is shown by grey underlay. Exon 40 of the murine ortholog is alternatively spliced and deleted
in non-neural tissues [63]. Sequence and exon-exon borders were provided by [63]. (Accession number
D. rerio XM_021468270).
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